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SUMMARY

Breathing is a bilaterally synchronous behavior that relies on a respiratory
rhythm generator located in the brainstem. An essential component of this
generator is the preBotzinger complex (preBo6tC) that paces inspirations. Little is
known about the developmental origin of interneuronal populations forming the
preBotC oscillator network. We show that the homeobox gene Dbx1 controls the
fate of glutamatergic interneurons required for preBotC rhythm generation in the
mouse embryo. We also show that a conditional inactivation in Dbx1-derived
cells of the Roundabout receptor 3 (Robo3) gene, necessary for axonal midline
crossing, results in left-right de-synchronization of the preB6tC oscillator.
Together, these findings identify Dbx1-derived interneurons as the core
rhythmogenic elements of the preBotC oscillator, and Robo3-dependent guidance
signaling in these cells as a requirement for bilaterally synchronous activity.

INTRODUCTION

Breathing is a motor behavior generated by a respiratory rhythm generating
network located in the brainstem that produces a synchronous bilateral drive
onto cranial and spinal populations of motor neurons that innervate cranial,
thoracic and abdominal respiratory muscles!.

A functional respiratory network is necessary for survival at birth, and
respiratory-like movements and respiratory-like network activity in the brainstem
are detected before birth. In fetal and newborn rodents, the respiratory rhythm
generating network consists of two distinct but functionally coupled oscillators:
the retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG), and the
preBétzinger Complex (PreB6tC). Previous work in the mouse embryo revealed
that the embryonic parafacial (e-pF) oscillator (the forerunner of the RTN/pFRG)
and the preBo6tC emerge independently at distinct anterior-posterior positions
close to the facial branchiomotor nucleus and to the nucleus ambiguus (n.a.),
respectively?. The e-pF and preBsétC become active sequentially, first the e-pF at
E14.5 and then, at E15.5, the preB6tC oscillator with which the e-pF couples®. As
recently shown, in multiple mutant mice in which the RTN/pFRG does not form?™*
one of its roles is to increase the frequency of the respiratory rhythm generating
network through entrainment of the preBotC that in turn controls the motor
output.

Little is known about the developmental origin and molecular determinants of
preBo6tC neurons. The preBo6tC identified first functionally® is anatomically
characterized as a collection of glutamatergic neurons in the ventral respiratory
column, located beneath the n.a., that express the neurokinin typel receptor
(NK1R)® and somatostatin (Sst)” 8. Accordingly, chemical ablation of NK1R®
preBétC neurons or genetic/viral silencing of Sst-positive preBétC neurons'® stop
breathing in rats.

Mafb mutants are the only mouse mutants in which the preBé6tC is disrupted?,
but the early widespread expression of Mafb in the caudal hindbrain leaves open
the possibility that impaired development of other structures contributes to the



lethal respiratory phenotype of these mutants. We have previously reported an
“absent breathing” phenotype associated to a defective preBo6tC oscillator after
disruption of the type 2 vesicular glutamate transporter in the conditional
Nestin::Cre;Vglut2'/'°* mutant’®>. However, the global and non selective
disruption of glutamatergic transmission in these mice precluded evaluation of
the specific contribution of preBétC neurons to the breathing deficit.

The bilateral synchronization of the preBo6tC is likely to rely on commissural
projections’” & 13 * including those arising from glutamatergic NK1R” and Sst” 8
neurons. However, the molecular mechanisms underlying commissural
connectivity of the preB6tC have not been addressed. Several recent studies
have shown that in the mammalian hindbrain and spinal cord, the development
of many commissural projections is controlled by the Roundabout 3 receptor
(Robo3; also known as Rig1)*°,

In vertebrates, the intricate spatial order of diverse neuronal types, essential to
the subsequent formation of functional circuits arises from transcriptional codes
coordinating anterior-posterior and dorsal-ventral patterning of the neural tube®*
2l Distinct classes of interneurons and motor neurons differentiate in relation to
the expression of homeodomain proteins within progenitor domains at defined
locations in the neural tube®?. In mammals, the role of transcriptionally identified
commissural interneurons in regulating the function of neural networks has been
best characterized at the level of the central pattern generator that controls
locomotion in the spinal cord®. There, the absence of so-called ventral (V) VO or
V3 classes of interneurons that originate respectively from progenitor cells (P) PO
and P3 that express the Dbx1 and Nkx2.2/Siml genes, correlates with impaired
left/right alternation®* and impaired robustness of the symmetrical left/right
patterning of locomotor activity!®. By analogy with the spinal cord, and
considering that V3 interneurons are absent at the level of the hindbrain, where
the P3 progenitor domain is replaced by a PvMN domain that gives rise to
visceral motor neurons®>?®, we considered the progeny of Dbx1l-expressing
(Dbx1*) PO progenitors to be candidate preB6tC neurons and investigated the
respiratory outcome of a null mutation of the Dbx1 gene®.

In this study, we have used several transgenic mouse lines to identify the origin
of preBotC neurons and the molecular identity of their embryonic progenitors.
We show that rhythm generation by the preB6tC depends on the homeobox gene
Dbx1, expressed in the PO neural progenitor domain of the hindbrain®®' *°. Dbx1
ablation completely silences the preBotC and causes a massive loss of preBotC
glutamatergic neurons, including all NK1R* and Sst* interneurons. Dbxl1-
dependent neurons ensure not only rhythmicity but also bilateral synchrony of
the preB6tC, where Robo3 signaling is required for these cells to project to the
contralateral preB6tC. The selective disruption of Robo3 in the descendants of
Dbx1* progenitors results in a preBotC featuring asynchronous left/right
rhythmicity. This suggests that the “core preB6tC”, i.e. the collective of cells
insuring its two essential properties (rhythm generation and bilateral synchrony),
arises from the Dbx1* progenitor domain. Thus, Dbx1, beyond its classical role in



the regionalization of the neuroepithelium and specification of neuronal subtypes,
emerges as a key regulator for the assembly of a vital oscillator network.

RESULTS

Dbx1 null mutants do not breathe.

At birth, Dbx1 null (Dbx1"*?"*22) mutants have a beating heart but show no
breathing movements, turn cyanotic and die within minutes of delivery (Fig. 1).
Unlike Dbx1 heterozygous (Dbx1"““*) and wildtype littermates who initiate
breathing (f = 80.2 £ 7.7 breath/min, n=10 from 3 litters) immediately after
birth or upon delivery from uterine horns on embryonic (E) day E18.5 (Fig. 1a),
all Dbx1"*#'*°Z pups (E18.5, n=7; PO, n=3) failed to do so (Fig. 1b). At E15.5,
the onset of so-called “fetal breathing”?, electrophysiological recordings and
calcium imaging on Dbx1-*¥'*Z transverse preBétC slices (n=7, Fig. 1c-f) and
whole hindbrain preparations (n=3, Fig. 1g-j), revealed the absence of
respiratory rhythm-like fluorescence changes in the preBétC area (Fig. 1c,d)
and activity in the 4™ cervical root (C4) where the phrenic nerve exits to
innervate the diaphragm (Fig. 11i,j). Furthermore, bath applications of glutamate
agonists AMPA (1 pM, n=2) and NMDA (1 pM, n=3, data not shown), or the
neuropeptide Substance P (1 upM, n=4), failed to initiate preBé6tC and C4
rhythmic bursting activity (Fig. 1e,f). In contrast, spontaneous rhythmic
fluorescence changes in the e-pF oscillator area (f = 12.9 £ 0.6 burst/min, n=5)
were spared in Dbx1-*% embryos (f = 15.1 + 1.9 bursts/min, n=3, Fig. 1g-j).
Hence, although active, the e-pF oscillator was apparently unable to rhythmically
drive the respiratory motor outputs in the absence of a functional preBétC
oscillator. These observations suggest that the respiratory deficit of Dbx1-2#/-¢Z
mice is central and results from the catastrophic impairment of the preBétC
oscillator.

Dbx1-derived interneurons in the preBotC.

Next we examined the contribution of Dbx1* progenitors to the preBotC by
genetic fate-mapping, using the previously characterized Dbx1-** [ine®® in
which beta-Galactosidase (B-Gal) expression outlasts that of Dbx1, which is
turned-off as progenitors exit the cell cycle** (Fig. 2a-d), and a novel Dbx1'"s
¢ line (see methods) allowing visualization of Dbx1-derived cells in physiological
preparations (Fig. 2e-g). In Dbx1“**¥* E15.5 embryos (n=9), double
immunostaining for B-Gal and Isletl,2 (Isl1,2) a motor neuronal marker??,
indicated that B-Gal positive (B-Gal*) cells had migrated medially from
ventricular positions near the sulcus limitans to populate territories bordering the
Isl1,2* hypoglossal and dorsal motor vagal nuclei, and radially to a occupy a
ventro-lateral area in the vicinity of the Isl1,2* n.a.*? (Fig. 2c). The position of
B-Gal* cells beneath the n.a. corresponded well with the spatially restricted
domain where, in transverse medullary slice preparations loaded with Calcium
green-1 AM, spontaneous rhythmic fluorescence changes characterize the
activity of the preBotC oscillator (Fig. 2d)*2. Imaging in this region at cellular
resolution in E15.5 Dbx1'"5¢"" preBotC slices, and selecting GFP* cells for which



registration with the optical signal was obvious, showed synchronous rhythmic
fluorescent changes for 54/64 GFP* cells from 5 slices (Fig. 2h,i). Furthermore,
the rhythmic status of Dbx1-derived cells in the vicinity of the n.a. was confirmed
by whole cell recordings (Fig. 2j,1). Seven of ten recorded GFP* neurons (5
slices) spontaneously discharged rhythmic bursts of action potentials (Fig. 2k)
and, in voltage clamp mode, showed transient volleys of inward synaptic currents
in phase with population bursting activity recorded from the contralateral
preBotC (Fig. 2l). Thus Dbx1-derived cells feature functional signatures of
preBotC neurons.

To estimate the birthdate of Dbxl-derived cells of the preBotC area, we
performed single-pulse BrdU injections on pregnant dams from E9.5 to E14.5
(Supplementary Fig. 1d-h). Results show that the majority of B-Gal* cells in
the preBotC area are born between E10.5 (37.8 %) and E11.5 (41.9 %).
Virtually no B-Gal*,BrdU* cells were found following injections at E9.5 (1.6 %),
E12.5 (2.8 %) or E13.5 (0.9 %) (Supplementary Fig. 1i). The number and
position of B-Gal* cells in the preBotC area at E15.5 (74 + 6 cells/sect,
n=9 embryos) and E18.5 (79 * 3 cells/sect, n=5 embryos, Supplementary.
Fig. 1a-c) were similar, confirming their final settling in the preBétC at E15.5°2
and the perdurance of B-Gal protein expression® at least up to E18.5.

We used triple immunostaining for B-Gal, Isl1,2 (Fig. 3a) and either Sst or
NK1R, two established markers for subsets of preBoétC neurons (Fig. 3b,c), to
further define the molecular phenotype of 3-Gal* cells (Fig. 3d-i). We found that
91 % of Sst* neurons co-expressed B-Gal and were thus derived from Dbx1™"
progenitors (Fig. 3d,e,t). Conversely, Sst™ neurons accounted for about 13 % of
B-Gal* cells of the preBotC area (Table 1). Because of the predominant staining
of cellular processes by anti-NK1R antibodies (Fig. 3f,g), B-Gal expression in
NK1R" somas, although verified in all cases, depended on few observations and
should be considered as a qualitative indication that the majority of NK1R* cells
also derived from Dbx1* progenitors.

Glutamatergic neurotransmission is required for rhythm generation in the
preBstC> 3% 3* and the type 2 vesicular glutamate transporter (Vglut2) therein for
the loading of synaptic vesicles'?. Therefore, we next investigated whether Dbx1-
derived PreB6tC neurons were glutamatergic. Combining B-Gal immunostaining
and in situ hybridization for Vglut2® revealed that 82 % of B-Gal* cells in the
preB6tC area were Vglut2* (Fig. 3h,i and Table 1), including most (96 %) Sst*
neurons (Fig. 3j). These data suggest that a subset of Dbx1* progenitors gives
rise between E10.5-11.5 to glutamatergic interneurons displaying, at later
embryonic stages, the appropriate locations, neurochemical identities and
functional properties of constitutive neurons of the preBo6tC.

Disruption of preB6tC molecular identity.

The absence of respiratory-like rhythmic activity in Dbx1-%“*Z mutant could be
caused by an absence or a substantial depletion of preB6tC neurons. To test this
hypothesis we counted the number of B-Gal*, NK1R* and Sst*™ neurons in control
and Dbx1"°#*%Z muytants.



The spatial distribution and total number of B-Gal™ cells in the preB6tC area were
similar in Dbx1"*¥* (74.6 + 6.0 cells/section; 9 embryos) and in Dbx1-2#a
mice (71.5 £ 6.5 cells/section; 5 embryos), suggesting that the absence of the
Dbx1 protein in progenitors affected neither the survival nor the migration of
Dbx1-derived neuronal progenies in the preBétC (Fig. 3a,k).

However, in Dbx1-#%Z mutants, there was an abnormal differentiation of the
preBotC shown most conspicuously by the complete absence of Sst and NK1R
immunoreactivity (Fig. 3I,m). This resulted from loss of expression of the
markers in B-Gal* cells (Fig. 3n-q,u).

Most importantly, the impairment of the differentiation of Dbx1-derived cells in
the mutants extended to the loss of Vglut2 expression in 90 % of B-Gal* cells
(Fig. 3r,s,u, Tablel). The latter change is probably the cause of the preBo6tC
functional deficit.

The PreBo6tC originates in ventral Dbx1* domain.

In the developing spinal cord, the Dbx1* progenitor domain is subdivided along
the dorsoventral axis into dorsal and ventral subdomains by their respective
expression and lack of Pax7** °. To establish whether such a partitioning of
Dbx1-expressing progenitors exists in the hindbrain and accordingly allocate the
preBotC progenitors, we performed Pax3/7 immunostaining in Dbx1“*** mice
and analyzed the conditional Pax7::Cre;Dbx1°™ mutant where only Pax7*,Dbx1*
progenitors express the diphtheria toxin and consequently die (Fig. 4). In E10.5
Dbx1"*“*/* embryos, dorsal but not ventral Dbx1* progenitors co-expressed Pax7
as in the spinal cord (Fig. 4a). In Pax7::Cre;Dbx1°™ mice, although the dorsal
Dbx1* domain of progenitors was effectively missing (Fig. 4a-c), neither the
functional alterations nor the molecular changes identified in Dbx1-2#/taZ
mutants were observed. In transverse slices, rhythmicity of the preBé6tC was
maintained (Fig. 4d) and was generated at a frequency (f = 4,7 £ 0,9
burst/min, n=7) similar to control preparations (wild-type : f = 4,5 £ 0,4
burst/min, n=26). In addition, Sst* and Vglut2* cells were found in numbers
(Sst™: 7.7 £ 1.0 cells/sect; Vglut2*: 87.4 +4.2 cells/sect, 3 embryos) similar to
those found in Dbx1"*** embryos (Sst*: 9.4 + 1.2 cells/section; Vglut2*: 80.0 +
3.2 cells/section, 4 embryos, Fig. 4e,f). Furthermore, qualitatively, NK1R
expression was also spared in the Pax7::Cre;Dbx1°™ mutants (Fig. 4g). To
further support the idea that Dbx1-derived Sst*, NK1R* and Vglut2* cells of the
preBotC area originate from the ventral subdomain of Dbx1* progenitors we
investigated comparatively the outcome of the Dbx1l mutations on Evx1® cells
thought to arise from the Dbx1* ventral progenitor subdomain at the spinal
level®* 2°, As shown in Figure 4a-c, at E10.5 in the hindbrain, Evx1* cells were
confined to lateral positions of the ventral Dbx1*/Pax7~ subdomain (Fig. 4a) and
were preserved in Pax7::Cre;Dbx1°™ embryos (Fig. 4c). Unexpectedly, later in
development, at E15.5, almost half (46 %) of Evx1 cells present in the preB6tC
area were found not to derive from Dbx1* progenitors as they neither co-
expressed B-Gal nor were found affected in Dbx1"*** and Dbx1-*#'*“ embryos
(Fig. 4h,i). The complementing half of Evx1* cells however, contributed to about



a third (31 %) of the B-Gal* cell population of the preBotC area (Fig. 4h and
Table 1) and almost all (98 %) expressed Vglut2 (Fig. 4l-0). Since the full
complement of Evx1* cells was maintained in Pax7::Cre;Dbx1°™ embryos (Fig.
4j,k) while Evx1-expression was lost in B-Gal* cells of the Dbx1"***3“ embryos
(Fig. 4i,k), we conclude that Sst* and NK1R™" cells, like Evx1*/B-Gal* cells, are
glutamatergic preBotC interneurons arising from ventral Dbx1* progenitors.

As expected from the functional conservation of the e-pF oscillator, lineage
tracing experiments in Dbx1"*#* embryos revealed no contribution to the e-pF
by cells deriving from Dbx1l* progenitors. Moreover, immunostaining in
Dbx1-°#*Z embryos showed that the e-pF neurons as defined by Phox2b®,
Isl1,2” and vGlut2* expression®” 3 were preserved (Supplementary Figure
2c,d).

Impaired preBotC commissural connectivity.

Apart from its rhythmogenic property, the other essential feature of the preBétC
is its bilaterally synchronous mode of activity. We therefore explored whether
this property was, like rhythmic activity, intrinsic to the Dbx1-derived population
of neurons.

We first asked whether commissural connectivity in the preBotC was altered in
Dbx1-#*%Z embryos. In Dbx1“*“* preBétC slices, we recorded optically the
responses evoked by electrical stimulation delivered between rhythmic
spontaneous bursts by concentric bipolar electrodes positioned over the preBo6tC
on one side or on the midline. In all cases (n=3 slices and see ref.'? 3?), bilateral
preBotC fluorescence changes were evoked (Fig. 5a,b), similar to those
occurring spontaneously (data not shown)32. In contrast, in Dbx1-'a
preparations (n=4), preBo6tC stimulations evoked fluorescence changes spatially
restricted to cells in the immediate vicinity of the stimulating electrode. Midline
stimulations systematically failed to evoke any responses in the preBotC areas,
or anywhere else in the slice (Fig. 5g,h). Thus, the Dbx1 null mutation disrupts
all excitatory communication across the midline between ventrolateral areas of
the medulla encompassing the preBoétC. Corroborating this, in Dbx1*** preBstC
transverse slices, tracing experiments using unilateral injections of biocytin in the
preBotC area, identified retrogradely-stained neurons in the contralateral
preBotC as well as the presence of anterogradely-stained axonal terminals (Fig.
5c¢). Sixty seven percent of preBo6tC commissural interneurons retrogradely
labeled with biocytin co-expressed B-Gal (Fig. 5d,j), 16 % co-expressed Sst*
(Fig. 5e,k) and 8,5 % Evx1* (Fig. 5f,1). In Dbx1*“*** mutant preparations, the
number of commissural preBétC interneurons was reduced by 89 % largely
owing to the loss of retrograde labeling in B-Gal* cells (Fig. 5i,j). Collectively,
these data show that preBotC commissural excitatory communication is
functionally and anatomically disrupted in Dbx1-““*? embryos and suggest that
the formation of contralateral projections is an intrinsic property of Dbx1-derived
cells.



Independent left/right rhythms in the absence of commissures.

The Roundabout receptor 3 (Robo3) is a key regulator of commissure formation
in the spinal cord and hindbrain'®*®, Robo3 null (Robo3%¢"™) mutants die at
birth for still unknown reasons. We thus asked whether the preB6tC bilateral
synchronization was disrupted in these animals.

We first investigated whether Dbx1-derived cells of the preB6tC express Robo3.
In double heterozygous Dbx1-***;Robo3°"* embryos about 30 % of B-Gal* cells
in the preBo6tC area were found to be GFP*, which corresponded to about half of
GFP* cells present in the preBotC area (Supplementary Fig. 3a,b, Table 1).
There was an absence of GFP expression in B-Gal* cells in Dbx1-*#-2°2:Robo3°%™*
mutants (Supplementary Fig. 3), a finding consistent with disrupted
commissural connectivity.

We then optically recorded activity of the preB6tC in transverse slices (n=6), or
that of the facial motor nucleus concurrently with the electrical activity of C4
output in whole hindbrain preparations (n=5) from E15.5 Robo3°"°" embryos
(Fig. 6). In slices, spontaneous rhythmic activity of the preB6tC was preserved
in the left and right preBo6tC, although with a slightly slower frequency than in
Robo3°™* or wildtype embryos (Robo3®™¢" f = 3.1 £ 0.2 bursts/min, 12
preBotC from 6 slices; pooled controls, 4.5 £ 0.4 bursts/min, 26 slices).
However, there was a complete loss of the bilateral synchronization (Fig. 6a). In
whole hindbrain preparations, rhythmic co-active bursts of activity were recorded
in the facial motor nucleus and C4 root on the same side of the midline but never
from opposite sides (n=6 preparations, Fig. 6d,e). Notably, the rhythmic activity
in Robo3°™¢" preparations was suppressed by bath application of the preBotC-
depressing p-opiate agonist DAMGO (0.1 pM, n=3, data not shown). Tracing
experiments in which we injected biocytin unilaterally to the preBotC in
Robo3°/¢F" slice preparations revealed the absence of any midline-crossing
axons (Fig. 6b,c). This confirms that Robo3 is required for axons to cross the
midline in the hindbrain!®. Accordingly, Robo3°™¢" E18.5 embryos (n=5)
delivered from uterine horns or PO neonates (n=2) featured a conspicuous split
breathing behavior characterized by independent left and right rhythmic
contractions of the diaphragm (see Supplementary Movie 1) indicating that, in
the absence of Robo3, unilateral rhythmic motor circuits can be maintained
throughout the hindbrain and the spinal cord. Such uncoordinated left and right
rhythmic respiratory efforts probably preclude efficient breathing thus explaining
cyanosis and death of all (7/7) E18.5-delivered or born Robo3°"/¢* animals
within 8 hours of birth. These data are consistent with the essential role of Robo3
signaling for commissural axon pathfinding in the hindbrain and also suggest that
commissural connectivity may be dispensable for emergence of respiratory
rhythmic activity.

Finally, we asked whether Robo3-mediated signaling was required cell-
autonomously in Dbx1-derived neurons for bilateral synchrony of the preBo6tC
using a mouse carrying a Robo3 conditional allele (Robo3'/'*)!”, PreB&tC rhythm
generation and bilateral synchronization was compared between wildtype (Fig. 7
a-d) and Dbx1::Cre;Robo3"'* mutant mice (Fig. 7e-h). As previously observed



in Robo3°¢" mutants, in all transverse slice preparations tested (n=6), the
Robo3 conditional mutation spared rhythmic activity in left and right preBé6tC
(4.9 £ 0.4 bursts/min, 12 preB6tC), but led to their complete de-synchronization
(Fig. 7e,f). In addition, biocytin tracing experiments in Dbx1::Cre;Robo3'/°*
preparations showed a 92 % deficit of stained commissural interneurons (Fig.
7g-h; wildtype : 56.4 + 5.3 cells/preBotC, n=5; Dbx1::Cre;Robo3' /% ;: 4.3 +
2.3 cells/preBétC, n=5) comparable to that of Dbx1****“ embryos (see Fig. 5).
Like Robo3°"¢* mutants, none of Dbx1::Cre;Robo3'°* animals (this will be
described in a separate report) survived after birth.

These data demonstrate the necessary role of Dbx1-derived neurons in enforcing
bilateral synchrony of the preB6tC, an essential feature that depends on the 30
% fraction of Dbx1-derived cells in the complex that express Robo3. Thus, like
rhythm generation, bilateral synchrony of the pre-B6tC emerges as a property
intrinsic to Dbx1-derived cells.

DISCUSSION

Using molecular genetic strategies in embryos, we found that Dbx1-
expressing progenitors give rise to the neurons necessary for rhythm generation
and bilateral synchrony of the preBotC, the main respiratory oscillator.
Spontaneous, collective and bilateral preB6tC rhythmic behavior is permanently
abrogated in the absence of Dbxl, leading to the complete absence of
respiratory efforts at birth. The Dbx1 null mutation causes a massive reduction of
the number of glutamatergic preBotC interneurons including its constitutive
NK1R- and Sst-expressing neurons. The glutamatergic neurons born outside the
ventral domain of Dbx1* progenitors, including those of the spared e-pF
oscillator, are unable to compensate for the lethal respiratory deficit resulting
from the Dbx1 inactivation. In addition, preventing commissural Dbx1-derived
interneurons from projecting axons across the midline is sufficient to de-
synchronize the rhythms of left and right preB6tC. Thus, in the hindbrain, the
homeobox gene Dbx1l stands upstream of a developmental program providing
neurons with the molecular properties that ensure built-in rhythm generation,
bilateral synchrony, as well as to some extent, neuromodulatory influence and
responsiveness of the vital preBotC respiratory oscillator.

Rhythm generation in the preBotC relies on glutamatergic synaptic
transmission. In vitro, the preBé6tC rhythmic activity can be reversibly
suppressed by the transient inhibition of AMPA/Kainate receptors® 3% 3% and its
embryonic emergence is prevented in Vglut2 null mutants'?. The deletion® 3> or
the silencing'® respectively of NK1R- and Sst-expressing preBétC neurons
disrupts breathing in the adult rat. We have shown that NK1R- and Sst-
expressing preBo6tC interneurons are lacking in Dbx1-*#'*? mutants. Since
NK1R* and Sst®™ neurons may form only partially overlapping neuronal
populations in the preBétC!°, the severe respiratory impact of their deletion is
probably due to their role in supporting the glutamatergic neurotransmission
required for rhythm generation’” *°. Indeed, most (82 %) preBsétC Dbx1-derived



cells express Vglut2 and are missing in the Dbx1*?"*2Z embryos. Therefore we
propose that the complete absence of rhythm in the preBotC of Dbx1-¢#/tacz
embryos results from a depletion of glutamatergic interneurons. This is
consistent with current models of rhythm generation in the preB6tC in which
glutamatergic interneurons contribute the recurrent excitatory connections,
priming the collective and periodic all or none population burst firing defining the
oscillator activity! > 7 12 34,36,

The associated collective loss of NK1R, Sst and chiefly Vglut2 expression
demonstrate that Dbx1 is required to specify the molecular properties that
characterize the preB6tC anatomically® ° and underlie its function. The
Dbx1-2°#*Z  anatomical and functional preBétC phenotypes are not recapitulated
in a Pax7::Cre;Dbx1°™ mice, indicating that little if any of the phenotype is
contributed by cells originating in the dorsal domain of Dbx1* progenitors.
Therefore, the critical neurons ensuring rhythm generation of the preBotC belong
to the VOv interneuronal class®*.

A propensity shared by both preB6tC cells and VO spinal cord
interneurons®® is to project axons across the midline. We have identified Robo3
as a necessary receptor for this process. Notably, in Dbx1::Cre;Robo3'°*
embryos, left/right synchrony of the preBotC is abolished. However, rhythmic
preBotC are spared on either side of the midline in conditional or straight Robo3
null mutants. This is consistent with previous observations of maintained preBo6tC
rhythmic activity in slices following midline section®” or in island preparations®®
thus demonstrating that commissural connectivity is dispensable for both
emergence and maintenance of the rhythm. Therefore, rhythm generation
appears as a Dbx1-dependent and Robo3-dispensable process critically relying
on ipsilateral glutamatergic re-excitatory connections.

The strength of the link between Dbx1l and Robo3 probably ensures that
the preBo6tC constitutes a major commissural hub of central respiratory circuits.
The adult respiratory motor command in vivo involves sequential phases (e.g.
inspiratory, post-inspiratory and expiratory!’ *°), that proceed in synchrony
across the midline. Robustness of bilateral co-activity of the central control of
breathing rests on the existence of multiple excitatory commissural relays at
sensory integrative and pre-motor levels® that all probably depend on Robo3. A
major finding of the present study is that a large fraction of preB6tC cells
endowed with both glutamatergic and commissural identities are Dbxl1-
dependent. This includes VOv Sst*, Evx1®™ and probably the majority of NK1R™"
cells collectively candidate neurons for rhythm generation and bilateral
synchrony. Therefore, our data demonstrate that ventral Dbx1* progenitors of
the caudal hindbrain are fated to become confined sources of rhythmic neural
activity with built-in synchronicity across the midline. This is consistent with
previous findings in the adult rat showing that Sst* neurons contribute to the
preBétC commissural apparatus’- ® and specifically project onto major respiratory
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relay structures in the brainstem including the preBétC” 8. Spinal Evxl cells
comprise rostrally projecting commissural interneurons*® that may, in the
hindbrain, contribute to couple the preB6tC with the e-pF?. Future experiments
should reveal to what extent Dbx1l-derived and/or Robo3-expressing neurons
further support the connectivity of the respiratory rhythm generating network,
such as between the preB6tC and the e-pF or between the oscillator level and
pre-motor circuits. In any case, Dbx1l and Robo3 stand as major determinants of
the respiratory central network.

Inactivation of Robo3 has been shown to spare the ability of axons to
navigate and finally project onto their normal target, but on the ipsilateral side®’.
Consistent with this, the rhythmic entrainment of facial and C4/phrenic motor
neuronal targets was spared unilaterally in Robo3 null mutants. Therefore, at the
preBotC level, re-routed axons probably form ipsilateral connections with other
preBotC neurons that are, in terms of rhythm generation, functionally equivalent
to those normally established with contralateral partners. Robo3 expression in
Dbx1-derived cells is lost in the absence of Dbx1 protein. Previous studies have
identified several transcription factors that directly control the expression of Robo
receptors*” *2, In Lhx2/Lhx9 knockout, the selective loss of Robo3 expression on
a subset of DI1 spinal cord commissural interneurons prevents their axons from
crossing the midline. Our results suggest that Robo3 could also be a
transcriptional target of Dbx1.

We are not aware of any human respiratory deficits that would point to an
unbalanced left/right central respiratory command. Recent studies have shown
that mutations in genes encoding axon guidance receptors such as DCC* and
Robo3'® lead to specific motor deficits that, at least to some extent, involve
hindbrain commissures. The rare human syndrome horizontal gaze palsy with
progressive scoliosis (HGPPS) is caused by mutations in the Robo3 gene. Patients
are unable to perform conjugate lateral eye movements and have reduced
hindbrain and spinal cord commissures, including uncrossed corticospinal tract
and dorsal column-medial lemniscus'®. One of the two signature traits of HGPPS
patients is a severe scoliosis of unknown origin. Although speculative, the
dramatic independence of left/right breathing activities and diaphragm
contractions in Robo3 null mice raises the possibility that, owing to its continuous
character, even a mild inbalance of the periodic mechanical constraint exerted by
respiration on the axial skeleton may result in the abnormal posture of HGPPS
patients.

Hindbrain interneurons in para-facial and para-vagal locations organize
into rhythmically active cellular assemblies in the mouse embryo and pre-figure
respectively the two oscillators comprising the fetal and postnatal respiratory
rhythm generating network. Several features indicate that the e-pF and PreBotC
oscillators are not serially homologous structures. They derive from respectively
dorsal and ventral domains of the neural tube, giving rise to Db2*® and VO
neurons. In mice, their constituent cells are respectively born before E10.5 (JF
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Brunet and C Goridis personal communication) and during E10.5-11.5 (this
study), a sequence matching their later functional emergence at E14.5% and
E15.5%. We have previously shown that the preBétC oscillator could emerge in
the absence of e-pF oscillator’ and show here that the converse is also possible
in the Dbx1'*#*2Z mutant. This firmly establishes that the embryonic parafacial
and the preB6tC oscillators arise independently. Thus, the preBotC appears to be
inserted within an e-pF containing network; the complete absence of breathing in
Dbx1-#%Z mutants in the presence of an active e-pF oscillator further
demonstrates that the preB6tC then takes on a prominent role.

Knowledge about the intrinsic logic of central pattern generating neuronal
networks (CPGs) remains a challenging issue in neuroscience. The respiratory
rhythm generating network in the hindbrain controls an exclusively synchronous
bilateral motor behavior!, while the locomotor CPG in the spinal cord, in most
vertebrates, is able to transit between left/right alternating and synchronous
modes**. Our study points to the allocation of a pool of neural progenitors for the
assembly of these two CPGs, and to Dbx1 and Robo3, expressed in these cells,
as candidate targets of regulatory interaction that may constrain their respective
operating principles. Dbx1-derived VO commissural interneurons in the lumbar
spinal cord have been shown to have a largely (70 %) inhibitory glycinergic or
GABAergic nature while the remainder express Vglut2?*. The absence of VO
interneurons in Dbx1-#'*Z mutants leads, at the spinal cord level, to a marked
increase in incidence of abnormal bilateral co-bursting of the left and right
flexor/extensor motoneurons during drug-induced locomotion in vitro?*. Thus, at
the spinal level, the VO interneurons mediate crossed inhibition conditioning
left/right alternating phasic activity. In the hindbrain, three independent lines of
evidence - electrical stimulation, retrograde tracing and Robo3 conditional
deletion - demonstrate the commissural phenotype of Dbxl-derived
interneurons. However, unlike in the spinal cord, 82 % of VO interneurons in the
preBotC area are glutamatergic and therefore directly transmit their excitation
across the midline to enforce bilateral phasing of activities. Recently glycinergic
neurons, estimated to contribute to 20 % of the preB6tC population, were shown
to have pacemaker membrane properties *°. Although neither the Dbx1-derived
nature of these cells nor altogether the pacemaker status of Dbx1-derived cells
have been established, the possibility exists that these glycinergic cells could
complement the fraction of Dbx1-derived glutamatergic neurons. If this were the
case, our results suggest that the different balance between the excitatory and
inhibitory VO interneurons in the hindbrain and the spinal cord may be a
fundamental divergence of the respiratory and locomotor CPGs’ building blocks.
Regulatory genes specifying the glutamatergic fate in the preBétC are unknown
but differ from those operating in the dorsal neural tube, which require TIx3%, a
transcription factor not expressed in the VO domain. Because an optimal
excitatory/inhibitory ratio would appear to take on a crucial importance, an
immediate concern is now to investigate regional regulatory mechanisms
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affecting PO progenitors and the ensuing neurogenic programs that control the
excitatory versus inhibitory cell fate of VOv interneurons in the caudal hindbrain.
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LEGENDS

Figure 1 Disrupted breathing and rhythm generation in the preBétC of Dbx1 null
mice.

(a,b) Plethysmographic recordings of the ventilation of Dbx1“*** (a) and
Dbx1-#t2Z (p) E18.5 embryos 1 min after surgical delivery. All Dbx1-%*
initiated respiratory cycles of inspirations (upward deflections) and expirations
(downward deflections), whereas all Dbx1-*#*®“ mutants animals did not show
any sign of ventilation and died cyanotic. (c,d) Bilateral rhythmic fluorescence
changes (AF/F) of the preB6tC in E15.5 slice preparations (¢, dorsal at top) were
absent in the mutant (d). (e,f) Corresponding concurrent electrophysiological
(Int. top traces) and optical (AF/F, bottom traces) recordings showing
spontaneous preB6tC rhythmic bursts increasing in frequency in the presence of
substance P (SubP) in Dbx1"*#* preparations (e) ; activity of the preBotC was
absent in Dbx1'*#**Z preparations and could not be induced by SubP (f). (g,h)
Calcium imaging of the ventral surface in E15.5 Dbx1"*#* (g) and Dbx1-2#/-Z
(h) whole hindbrain preparations. Rhythmic activity of the e-pF oscillator (green
outline), partially coupled at this stage to that of nVII (white dotted outline) is
maintained in the Dbx1 null mutant. (i, j) Simultaneous optical recordings (top
two traces) of the e-pF (green) and of the nVII (black) and electrophysiological
recording of the fourth cervical spinal root (C4, bottom trace) in Dbx1“““* (i)
and Dbx1-“*2Z (j) preparations. The rhythmic activity of the e-pF is spared in
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Dbx1-2°#2Z preparations albeit in the absence of any activity of the motor
outputs. Scale bars (in um): VII: facial motor nucleus.

Figure 2 Dbx1-derived cells in the preBo6tC are rhythmically-active.

(a) Expression of Dbx1 protein in a Dbx1-*#* E10.5 transverse hindbrain section.
(b) B-Gal protein expression. (c¢) B-Gal protein expression (green) in half of a
E15.5 transverse section (midline at right) and Isletl,2 (red) expressed by the
XIIn and the n.a. (d) Peak fluorescence change (AF/F) during one burst of the
preBotC in half of a physiological slice (midline at left). (e) Expression of Dbx1 in
a Dbx1"s¢*" E10.5 transverse hindbrain section. (f) GFP protein expression. (g)
GFP expression in a E15.5 preBotC slice preparation during an
electrophysiological recording session. (h) Same field (blue rectangle in g)
showing GFP expression (red) and Calcium Green-1 AM loaded cells (CaG, green)
and at higher magnification the merged image (right) used to derive the
individual rhythmic activity of 11 double labeled (yellow) preBotC cells. (i)
Corresponding fluorescence changes of individual cells (black) and averaged
preBotC signal (blue). (j) GFP expression (green) and DIC image used to position
the patch micropipette (arrows). (k) Membrane potential changes (top trace) of
a GFP* preBo6tC neuron showing spontaneous rhythmic burst discharges of action
potential phased to the integrated (Int. bottom trace) preBotC population
bursting activity. (I) Membrane current changes in the same neuron showing
rhythmic bursting volleys of synaptic currents phased to the activity of the
preBotC. Scale bars (in um): a,b,e,f (100); c,d (500); h (50); j (15). E10.5
sections are taken from the level of rhombomere 7. n.a.: nucleus ambiguus, XII:
hypoglossal nucleus.

Figure 3. Phenotypic profiles of Dbxl-derived cells of the preB6tC.
Immunohistochemical stainings in Dbx1"““* (a-j) and Dbx1'®#'%Z (k-s)
embryos. (a,k) B-Gal (green) and Isletl,2 (red) expressions in E15.5 transverse
sections. (b,lI) Sst expression, (¢,m) NK1R expression at E18.5. (d,n) Sst
expression in the preBotC area (dotted square in a,k). (e,0) Merged Isletl,2
(blue), B-Gal (green) and Sst (red) expressions, insert showing a co-labeled B-
Gal*,Sst* neuron. (f, p) NK1R expression, (g,q) merged Islet1,2 (blue), B-Gal
(green) and NK1R (red) expressions, insert showing a co-labeled B-Gal*,NK1R"
neuron. (h,r) Vglut2 ISH, (i,s) merged expressions of B-Gal (green)
immunoreactivity combined to Vglut2 ISH (red). (j) Vglut2 ISH (red) and
immunostaining for Sst (green). (t) Histogram showing the fractions of Sst* cells
in the preBo6tC area that are co-expressing B-Gal (white) or not (gray) in both
genotypes. Note that Sst expression relies on Dbx1l-derived neurons and is
suppressed in the Dbx1 null mutant. (u) Same histogram for Vglut2™ cells. About
half of Vglut2 expression in the preBétC area is accounted by Dbx1-derived cells
(white) and is largely absent in the Dbx1 null mutant. In histograms, neurons
were counted on 3-8 sections from 5 (t, Dbx1-““*) and 4 (t, Dbx1#/*Z : y)
animals, and results are given as the average number of cells in the preBoétC
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area per 20 ym section; error bars represent s.e.m. Scale bars (in ym): a-c, k-
m (300); d-i, n-s (50), insets (15); j (25). n.a.: nucleus ambiguus.

Figure 4 The preB6tC derives from ventral Dbx1* progenitors.

(a) Pax3/7 (blue), Dbx1 (green) and Evx1 (red) expressions in a E10.5 Dbx1-**
hindbrain transverse section. Right panel: magnification of the square in the left
image.Evx1® VOy interneurons arise laterally from the ventral Dbx1* Pax7~
progenitors and not from dorsal Pax7*,Dbx1* progenitors giving rise to VOp
interneurons. (b,c) Same experiments in Dbx1%***Z sections (b), showing the
complete loss of Dbx1* progenitors, and from the Pax7::Cre;Dbx1°™ mutant (c)
showing Dbx1 protein expression restricted to the ventral domain. (d) Calcium
imaging in a Pax7::Cre;Dbx1°™ E15.5 slice showing preserved preBétC rhythmic
activity . (e-g). E18.5 transverse sections in the Pax7::Cre;Dbx1°™ mutant
showing in the preBo6tC area the conserved expressions of Sst (e), Vglut2 (f) and
NK1R (g). (h,i) Expressions of Isletl,2 (blue), B-Gal (green) and Evx1l (red) in
Dbx1"°** (h) and Dbx1'*#“Z (j) in the preBétC area at E15.5 showing two
populations of Evx1* cells co-expressing (yellow) or not(red) B-Gal. Note the
selective lack of B-Gal*,Evx1* cells in Dbx1"*#%Z mutants. (j) Evx1® cells are
preserved in the Pax7::Cre;Dbx1°™ mutant. (k) Histogram (mean % s.e.m.)
showing the changes, in the preBo6tC area, in the number of Evx1l* cells and,
when applicable, the fractions co-expressing B-Gal (yellow) or not (red). (I-0) B-
Gal (blue, 1), Evx1 (green, m), Vglut2 (red, n) and merged expressions (0)in the
preBotC area. Note the combined expressions of B-Gal and Vglut2 in all Evx1*
cells (arrows). Scale bars (in um): a (200); inset, b, ¢ (50); d (500); e-j (100);
I-o (50). E10.5 sections are taken from the level of rhombomere 7. n.a.: nucleus
ambiguus.

Figure 5 preB6tC commissural connectivity is disrupted in Dbx1 null mutants.

preBétC commissural connectivity in Dbx1*** (a-f) and Dbx1-*#**? (g-i) E15.5
slices. (a,b,g,h) Calcium Green-1 AM loaded preBo6tC slices used to optically
record the left (black outlined region) and right (red outlined region) preBo6tC
evoked responses (AF/F, middle panel) showing the location of the stimulating
electrode on the right preBo6tC (a,g) or on the midline (b,h). Color traces at right
are super-imposed responses of the right (red) and the left (black) preBotC to
five individual electrical stimulations (black arrowhead). Note the absence of
contralateral responses in the Dbx1 null mutant. (c,i) Biocytin (green) and NK1R
(red) expressions in E15.5 slices injected with biocytin onto the right preB6tC
(arrow). Right panels are higher magnifications of the contralateral preBo6tC
(dotted square) showing abundant retrogradely-labeled somas (green) in
Dbx1"**/* (¢) but not in Dbx1'*#“° (i) slices. (d-f) Biocytin-labeled somas
(green) in the preBotC area of Dbx1-*“* slices, counterstained for (red) B-Gal
(d), Sst (e) and Evx1 (f). (J) Histogram showing the fractions of biocytin-labeled
preBotC cells co-expressing B-Gal (white) or not (gray) in both genotypes. Note
the dramatic reduction of commissural neurons in null mutants, owing to the
absence of double-labeled cells. (k,I) Histograms showing, in Dbx1"*#"* slices,

15



the fractions of biocytin-labeled cells co-expressing (white) Sst (k) and Evx1 (I).
Results are given as the average number of biocytin® cells in the preBo6tC area
co-expressing the marker per physiological slice; error bars represent s.e.m.
Scale bars (in um): a,b,g,h (500); c,i (500); insets (50); d-f (20). n.a.: nucleus
ambiguus.

Figure 6 Left/right de-synchronization of the preBétC and of motor neuronal
outputs in Robo3%¢* embryos.

(@) Calcium Green-1 AM loaded E15.5 preBotC slice used to optically record
activities of the left (L outlined region) and right (R outlined region) preB6tC (L
and R traces below). Note the presence of spared rhythmic calcium fluorescence
changes in both the left and right preBé6tC (AF/F panels sampled at the time
indicated by asterisks on traces) in the absence of bilateral synchronization. (b)
Biocytin injections (white arrow) in wildtype (WT, top) and Robo3%"/¢ (bottom)
physiological slices showing respectively the presence (black arrowhead) and the
absence of contralaterally-labeled preBotC neurons. (c) Higher magnification
view of NK1R (red) and Biocytin (green) expressions over the midline in the
same slices, showing that midline crossing axons present in WT (left) are missing
in Robo3°¢ mutant slices. (d) Whole hinbrain E15.5 preparations (left
schematic, anterior at top) used to concurrently record, optically the activities of
the left and right facial motor nucleus (nVII) anteriorly, and electrophysiologically
the left and right C4 spinal root, posteriorly. Note on corresponding traces that
the rhythmic activity of the nVII (AF/F panels, midline: dotted line) and C4 motor
outputs is bilaterally-synchronized in a wildtype preparation (WT, top set of
traces) but unilaterally synchronized in a Robo3%™/¢ preparation (bottom set of
traces). (e) Corresponding left/right nVII cross-correlations for WT (dotted
curve) and Robo3°¢*  Scale bar (um): a,b,d (500); c, (200). n.a.: nucleus
ambiguus.

Figure 7 Left/right de-synchronization of the preBé6tC in the
Dbx1::Cre;Robo3"¥°* conditional mutant.

(a) Integrated population electrical activity of the left (L Int.) and right (R Int.)
preBotC recorded in a E15.5 wildtype slice showing rhythmic and synchronized
bursts. (b) Corresponding left/right preBotC cross-correlogram. (c) Isletl,2
(blue), Biocytin (green) and NK1R (red) expressions in a physiological slice
injected with biocytin onto the right preB6tC (arrow) showing retrogradely-filled
contralateral preBotC neurons (dotted square) shown at higher magnification in
(d). (e-f) Same experiments as in (@) and (b) in a Dbx1::Cre;Robo3" /"
conditional mutant physiological slice showing de-synchronized rhythmic
activities of the left and right preB6tC (e), resulting in a flat cross-correlogram
(F). (g-h) Same experiments as in (c) and (d) in the Dbx1::Cre;Robo3' "
mutant showing that preb6tC commissural connectivity is disrupted and that the
number of retrogradely-labeled contralateral preBo6tC neurons is massively
reduced (h). Scale bars (in um): ¢,g (300); d, h (50). n.a.: nucleus ambiguus.
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Supplementary Figure 1 Dbx1-derived preBo6tC cells are born during the
E10.5-11.5 period.

(a=c) Immunohistochemical stainings showing the perdurance of B-Gal protein
between E15.5 and E18.5. (a,b) Merged expressions of Isletl,2 (red) and B-Gal
(green) on 20 pm transverse sections of Dbx1“*“* embryos at E15.5 (a) and
E18.5 (b). Half-sections are shown, with the dotted line representing the midline
and the dotted square the preB6tC area. (¢) Histogram showing, in the preBo6tC
area, the average number (+ s.e.m.) of B-Gal* cells per 20 ym section. There is
no obvious difference between the two developmental stages. (d-i) Birthdating
experiments of B-Gal* cells in the preBsétC area on Dbx1“*“* embryos. (d-h)
Immunohistochemical stainings on 20 uym transverse sections at E15.5 showing
BrdU (red), B-Gal (green) and merged expressions (right panels) after single
pulse BrdU injection (inj.) at indicated stage. Co-expression (yellow) was only
observed when BrdU was injected at E10.5 (e) or E11.5 (f). (i) Histogram
showing, in the preBo6tC area, the percentage of B-Gal* cells that were also
positive for BrdU, for each stage of BrdU injection (BrdU inj.). Scale bars (in
pm): a,b (300); d-h (50). n.a.: nucleus ambiguus.

Supplementary Figure 2 Phox2b* and Vglut2® cells of the e-pF oscillator are
maintained in Dbx1 null mice.

Immunohistochemical stainings and ISH at E15.5 on 20 pym transverse sections
at the level of the e-pF, on Dbx1**“*’* (a,b) and Dbx1'*#®Z nul| (¢,d) embryos.
(@) Merged expressions of Isletl,2 (blue), B-Gal (Green) and Phox2b (red)
showing Phox2b*,Islet1,2” e-pF cells (arrows) located beneath and lateral to the
facial motor nucleus (nVII, expressing both markers; left sides are shown). Note
that none are co-expressing B-Gal. (b) Merged expressions of Isletl,2 (blue), B-
Gal (Green) and vGlut2 ISH (red), showing that glutamatergic e-pF cells (arrows)
are not co-expressing B-Gal. (c,d) Same experiments as in (a) and (b) in
Dbx12°#2Z hy|l embryos, showing that e-pF cells are maintained (arrows). Scale
bar (in pm): 200.

Supplementary Figure 3 Robo3 is expressed by Dbx1-derived interneurons.

Immunohistochemical stainings of E15.5 transverse sections of Robo3%™/*
embryos also carrying either the Dbxl heterozygous mutation
(Dbx1"*“*:Robo3°™'*, a,b) or the Dbx1 null mutation (Dbx1-*#“Z:Robo3°/*,
c,d). (a) GFP expression (Green), B-Gal expression (red) and merged
expressions in the preB6tC area showing co-labeled (yellow) somas. (b)
Histogram showing, in the preBo6tC area, the fractions of GFP™ cells, presumably
commissural, that are Dbxl-derived (yellow) or not (green). (c¢) Same
experiment as in (a) on a Dbx1 null embryo. Note the almost complete absence
of double-labeled somas. (d) Same quantification as in (b) in a Dbxl1 null
embryo, showing a reduction of the total number of GFP* cells, largely owing to
the lack of double-labeled GFP*,B-Gal* cells. In (b) and (d), cells were counted in
the preB6tC area in 2-7 20 ym sections from 3 and 2 animals respectively and
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results are given as the average number of cells in the preB6tC area per 20 um
section (£ s.e.m.). Scale bars (in um): 50. n.a.: nucleus ambiguus

Supplementary Videol Split left/right breathing in Robo3 mutants.

The movie shows a 7s sequence of spontaneous breathing of an E18.5
Robo3° /CFP fetus shot 15 min after surgical delivery, and 5 hours before death.
The animal is exposed ventral side up and features left/right de-synchronized
movements of the rib cage.

Table 1. Summary of cellular phenotypes in Dbx1-*** and Dbx1"-2**/a¢%
embryos

@ In parenthesis, ratio of the total number of cells counted in 3 to 9 sections from
n animals.

% of B-Gal* cells expressing the marker % of marker* cells expressing B-Gal
Dbx 1%+ Db 1 tacz/tacz Dbx 1132+ Dbx1tc2/acz

Marker
Vglut2 81,7 (917/1122, n=4)? 8,4 (198/2351, n=4) 52,0 (917/1765, n=4) 9,6 (198/2073, n=4)
Robo3
(GFP) 28,5 (441/1547, n=3) 4,2 (33/784, n=2) 44,7 (441/986, n=3) 8,3 (33/398, n=2)
Evx1 31,3 (471/1505, n=3) 0,4 (7/1973, n=3) 53,9 (471/874, n=3) 1,4 (7/494), n=3)
Sst 13,2 (254/1921, n=5) 0,0 (1/2351, n=4) 91,1 (254/284, n=5) 0,0 (1/10, n=4)

Left: proportions of Dbx1-derived cells expressing the marker, right: proportions
of cells expressing the marker that are Dbx1-derived in the two genotypes.

METHODS

Experiments were performed in keeping with European and French agricultural
ministry guidelines for the care and use of laboratory animals (Council directives
2889 and 86 / 609 / EEC).

Animal strains

All mutant mice lines were described previously: Dbx1™MZ 29 (Dpx1-%°?),
Dbx1::Cre %, Robo3°™® !8 Robo3'* 17, pPax7::Cre *. Dbx1"™°" animals were
generated by inserting an IRES-GFP-pGK-Hygro" cassette into the BamH1 site
present in the 3’ UTR of the Dbx1l gene. Recombination was achieved in two
steps using the I-Scel-induced gene replacement system?®. All mice were bred in
a C57BL6 background. Day of plug was considered EO.5.

In situ hybridization and Immunohistochemistry
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Transverse 20 ym sections were obtained using a cryostat (Leica). The methods
for in situ hybridization (ISH) coupled with immunohistochemistry and for
double-fluorescence ISH on cryosections have been described®. Evx1l and Vglut2
(Slc17a6) riboprobres were synthesized using a DIG RNA labeling kit (Roche) as
specified by the manufacturer. For fluorescent immunohistochemistry, sections
were incubated overnight at 4 °C with one or several of the following primary
antibodies: anti-NK1R (Sigma S8305; 1:5000), rabbit anti-somatostatin
(Peninsula Labs T-4103; 1:500), rabbit anti-GFP (Invitrogen A11122; 1:1000),
chicken anti-B-Gal (abcam 9361; 1:1000), chicken anti-GFP (Aves Labs 1020;
1:2000), mouse anti-Isletl,2 (DSHB 39.4D5c; 1:250) and guinea-pig anti-Evx1
(gift from T.M. Jessell; 1:4000). The following secondary antibodies were used:
donkey anti-rabbit Cy5 (Jackson IR 744-176-152; 1:500), goat anti-rabbit Alexa
594 (Invitrogen A11012; 1:500), goat anti-chicken Alexa 488 or 647 (Invitrogen
A11039 and A21449 respectively; 1:500), goat anti-mouse FITC, Cy3 or Cy5
(Abcam 6945, 6563 and 6785-1; 1:500) and donkey anti-guinea-pig Cy3
(Jackson IR 706-166-148; 1:500). Biocytin was revealed using extravidin
conjugated to either FITC or Cy3 at 1:400 final concentration during the
secondary antibody incubation. Slides were scanned on a SP2 confocal
microscope (Leica Microsystems). A contrast enhancement and a noise reduction
filter were applied under Adobe Photoshop to images.

Definition of the preB6tC area and cellular counts

The embryonic preBotC area is defined using previous physiological and
anatomical criteria®® °° that were confirmed in the present study. Spontaneous
rhythmic activity characterizing the preBo6tC is present in transverse slice
preparations in a domain ventral and medial to the n.a. that is fully
circumscribed by a 300 ym x 300 pm square positioned such that the ventral
aspect of the n.a. is set in the dorsolateral quadrant (Figs 3,4). Rhythmic
activity was systematically detected at the rostral surface of 450 pm-thick
transverse medullary slices respectively set 250 um and 300 um posterior to the
caudal limit of the facial nucleus in E15.5 and E18.5 embryos. These slices
encompass a 300-350 pm longitudinal column of the ventrolateral medulla
presenting highest density of interneurons showing somatic and cellular
processes expressing high level of NK1R* at these stages and at E18.5 highest
density of Sst* neurons. Thus neuronal counts in the preBotC area were
performed within the volume defined by the 300 pm x 300 ym square area,
having an anterior posterior extent of 300 pym starting 250 pm and 300 um
caudal to the posterior limit of the facial motor nucleus respectively for E15.5
and E18.5 embryos.

For each marker, neurons were counted manually on raw images, with the help
of the cell counter plug-in in Image], in 3 to 9 cryosections from the preB6tC
area on one side, in 2 to 4 animals. Cellular counts per section from all animals
were summed to calculate the proportions presented in Table 1 or were averaged
per animal and a grand mean £ s.e.m was calculated across animals to produce
cells per section histograms summarizing anatomical stainings in Figures 3, 4, S1
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and S3. For cellular counting after retrograde tracing experiments using biocytin,
physiological 450 pum thick slices were frozen and re-sectioned in 20 um thick
sections and retrogradely-filled neurons were counted from all sections. Then
these numbers were averaged across preparations and are expressed in the text
and Fig. 5j,k,l as mean + s.e.m. per preBo6tC.

In vitro preparations

Pregnant mice were sacrificed by cervical dislocation on E15.5. Embryos were
excised from the uterus and kept at 16-18 °C in artificial cerebrospinal fluid
(aCSF) bubbled with carbogen (95 % 02, 5 % CO02) until the electrophysiological
and/or optical recordings sessions. aCSF composition in mM was: 120 NaCl, 8
KCl, 1.26 CaCl2, 1.5 MgCl2, 21 NaHCO3, 0.58 Na2HPO4, 30 glucose, pH =7.4. A
high external [K+] was purposefully used to ensure maintenance of the
functional mode of the preBo6tC previously described at the time of its
emergence*2, Whole hindbrain preparations and preBétC slices were prepared as
previously described®. In brief, hindbrains attached to the first 6 segments
spinal segments were isolated from the embryo and either transferred in a
recording chamber, ventral side up, for recordings, or embedded in an agar
block, mounted onto a vibratome (Leica) and serially sectioned in the transverse
plane from rostral to caudal until the posterior limit of the facial nucleus was
reached. Using this as landmark we further removed a 200 to 250 um thick slices
and then performed the 450 um thick physiological slice that exposes the
preBotC at its rostral surface. Both en bloc preparations and slices were kept at
30 °C in a recording or injection chamber and continuously superfused with
oxygenated aCSF. Prior to any recordings or injection, preparations were allowed
to recover for 30min.

Electrophysiological recordings

C4 nerve root activity in whole hindbrain preparations and population activity of
the preBo6tC on transverse slices were recorded using glass micropipettes suction
electrodes (150 pm tip diameter) filled with aCSF and connected through silver
wires to a high-gain AC amplifier (Grass, 7P511). The signhal was filtered
(bandwidth: 3 Hz-3k Hz), integrated using an electronic filter (Neurolog System,
time constant 100 ms), recorded on a computer via a digitizing interface
(Digidata 1322A; Molecular Devices, Sunnyvale, CA, USA) and analyzed with the
pClamp9 software (Molecular Devices).

Whole-cell patch-clamp neuronal recordings of GFP-expressing cells were
performed on transverse slices using a E-600-FN upright microscope (Nikon,
Tokyo, Japan) equipped with a standard epifluorescent illumination system and a
Coolsnap HQ CCD camera (Photometrics, Tucson, AZ). After identification of a
GFP* cell in the area of the preBotC, whole-cell recording was achieved under
visual control using differential interference contrast (DIC). Patch electrodes
(resistance of 4 to 6 MQ) were pulled from borosilicate glass tubes (Clark GC
150TF, Pangbourn, UK) and filled with a solution containing (in mM): 123 K-
gluconic acid, 21 KCI, 0.5 EGTA, 3 MgCl2, 10 HEPES, pH 7.2, supplemented with
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1 mg/ml biocytine (Molecular Probes, Eugene, OR). Electrophysiological signals
were recorded using an Axopatch200B amplifier (Molecular Devices), a digitizing
interface (Digidata 1322A, Molecular Devices) and the software program
pClamp9 (Molecular Devices). Substance P (SP) and the p-opiates agonist
DAMGO were obtained from Sigma, dissolved in aCSF and bath-applied for 10 to
15 minutes at the final concentration of 0.1 pM. Values are given as means %
SEM and statistical significance was tested using unpaired difference Student’s t
test. Differences were regarded as significant if p<0.05.

Calcium imaging

Whole hindbrain and slices were incubated for 40 min in oxygenated aCSF
containing the cell-permeable calcium indicator dye Calcium-Green 1AM. After a
30 min recovery period in the recording chamber to wash out the dye excess,
whole hindbrain preparations were positioned in the recording chamber with the
ventral side up. Fluorescence images were captured with a cooled CCD camera
(Coolsnap HQ, Photometrics, Tucson, AZ) using an exposure time of 100 ms in
overlapping mode (simultaneous exposure and readout) mounted on an E-600-
FN upright microscope (Nikon) equipped with a standard epi-fluorescent
illumination system. A fluorescein filter set was used to excite the dye and
capture the emitted light, during periods of 60 to 180 s. Images were analyzed
using Metamorph software (Universal Imaging Corporation, West Chester, PA).
To perform calcium imaging of GFP expressing cells, we first acquired images of
GFP cells together with corresponding DIC images. After dye loading, we
carefully re-positioned over the same cellular field by aligning cellular profiles
with the DIC image stored prior to incubation. The GFP-labeled cells false
colored red image (Fig. 2h, top) and the calcium-loaded cells false colored green
image (Fig. 2h, bottom) were overlayed to determine double labeled somas and
to position regions of interest for measurements of fluorescence changes
(encircled cells in Fig. 2h). In all cases, the average intensity in a region of
interest was calculated for each frame and changes in fluorescence were
normalized to their initial value by expression as the ratio of changes in
fluorescence to initial fluorescence (AF/F).

Plethysmographic recordings

E18.5 fetuses delivered from pregnant dams (Dbx1-*““* in-crossings) or PO
neonates were placed inside an enclosed 30 ml plethysmographic chamber for 90
seconds. Chamber temperature was taken before and after the recording.
Ventilation was measured by recording pressure fluctuations, relative to a
reference chamber of corresponding size, that are proportional to tidal volume.
Data were sampled at 1 KHz. Respiratory frequency was calculated on a breath-
to-breath basis using whole body plethysmography (Buxco Electronics Inc., NY,
USA) and analysed using Elphy (UNIC, CNRS).

Retrograde labeling of commissural neurons in the preB6tC
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Biocytin was dissolved at 2 mg/ml in distilled water containing 2 % DMSO
and a few pg of Fast-Green FCF (Sigma) to obtain a solution visible under
standard transmitted light illumination. Using broken-tip patch clamp micro-
pipette (tip diameter 10-20 um), the solution was pressure injected during 45
minutes onto the preB6tC area on medullary transverse slices continuously
superfused with oxygenated aCSF of the same composition as above. A larger
micro-pipette (tip diameter 100-200 uym) connected to a pump was placed above
the injection site to continuously absorb any dye overspill thus ensuring its focal
application. After the injection, micropipettes were removed and the slice was
maintained in the chamber for at least 1 hour to allow intracellular diffusion of
the dye, then it was fixed in 4 % PFA at 4 °C for 2 hours, then rinsed in PBS and
immuno-processed. For cellular counting, the 450 um slices were cryoprotected
in 30 % sucrose, frozen, re-sectioned into 20 pm sections and processed for
immunohistochemistry as described above.
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