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We sequenced the transcriptome of brainstem interneurons in the specialized respiratory rhythmogenic
site dubbed preBotzinger Complex (preB6tC) from newborn mice. To distinguish molecular
characteristics of the core oscillator we compared preBotC neurons derived from Dbx1-expressing
progenitors that are respiratory rhythmogenic to neighbouring non-Dbx1-derived neurons, which
support other respiratory and non-respiratory functions. Results in three categories are particularly
salient. First, Dbx1 preBo6tC neurons express k-opioid receptors in addition to p-opioid receptors
that heretofore have been associated with opiate respiratory depression, which may have clinical
applications. Second, Dbx1 preBo6tC neurons express the hypoxia-inducible transcription factor Hifla
at levels three-times higher than non-Dbx1 neurons, which links core rhythmogenic microcircuits
to O,-related chemosensation for the first time. Third, we detected a suite of transcription factors
including Hoxa4 whose expression pattern may define the rostral preBo6tC border, Pbx3 that may
influence ipsilateral connectivity, and Pax8 that may pertain to a ventrally-derived subset of Dbx1
preBotC neurons. These data establish the transcriptomic signature of the core respiratory oscillator at
a perinatal stage of development.

Neural rhythms that drive inspiratory breathing movements in mammals originate from the brainstem
preBotzinger complex (preBotC)"2. Neurons derived from Dbx1-expressing progenitors comprise its rhythmo-
genic core®”. Although we know the site and neuronal constituents at the point of origin of respiratory rhythm,
the cellular and molecular mechanisms that generate and control respiration remain incompletely understood.

Electrophysiological recordings in preB6tC neurons generally, and Dbx1-derived preBotC neurons in particu-
lar, have characterized intrinsic membrane properties, including ion channels, membrane pumps and transport-
ers, as well as synaptic currents that influence the neural mechanisms of respiration® ' 1. However, testing their
relative rhythm- and pattern-generating roles typically relies on promiscuous pharmacology and leads to incon-
clusive results. We argue that identifying specific subunits, isoforms, and genes that underlie putatively rhythmo-
genic conductances and integral membrane proteins would facilitate more conclusive experiments. Knowledge
of the newborn mouse preBotC transcriptome — the expressed transcripts and their relative quantity - could be
exploited to develop targeted physiological experiments, with the added benefit of uncovering novel genes that
may influence preBotC development as well as regulate respiratory function.

Here we provide the first RNA-Seq gene expression profile for preB6tC neurons in newborn mice. We ana-
lysed gene expression levels within the Dbx1 population as well as differential expression between Dbx1 and
non-Dbx1-expressing populations, and we interpret their significance for defining the structure and function
of the preBotC in the context of existing literature. These data are publicly available in an open access database
(NCBI gene expression omnibus, https://www.ncbi.nlm.nih.gov/geo/) for custom analyses and applications that
interrogate preBo6tC development as well as the cellular and molecular neural bases for breathing behaviour.
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Figure 1. Schematic explanation of experiments and analyses. (a) Transverse medullary slice from a neonatal
mouse containing the preBo6tC with tdTomato labelling in Dbx1-derived neurons. (b) Magnification from panel
a showing tdTomato expressing Dbx1 neurons and an extraction on the right performed under Dodt imaging.
(c) Six samples (three Dbx1, three non-Dbx1) were acquired. Each sample consists of 15 neurons. (d) RNA-Seq
workflow as detailed in the text. (e) Bioinformatic workflow as detailed in the text.

Results and Discussion

We identified Dbx1-derived neurons (hereafter, Dbx1 neurons) in neonatal mouse preBotC slices by tdTomato
fluorescence, which resulted from crossing the Dbx1 Cre-driver strain, Dbx1 CreERT2 with a floxed responder strain,
Rosa26'4™ma and then preparing transverse slices that expose the preBétC. We harvested 15 preBétC neurons
per sample. We collected three separate Dbx1 samples (Pos1, Pos2, and Pos3) and three separate non-Dbx1 neu-
ron samples (Negl, Neg2, and Neg3), i.e., six samples from six different animals in total (Fig. la—c).

We employed RNA-Seq (Fig. 1d,e) to identify 49,568 gene candidates in the murine Ensembl database'?
expressed in both Dbx1-derived and non-Dbx1-derived preB6tC neurons, including 22,050 protein-coding
genes. All of the genes belong to one of 43 biotypes, which includes pseudogenes, long non-coding'® and short
non-coding RNAs', as well as predicted genes'? (Table 1). The distribution of reads per kilobase of transcript per
million mapped reads (RPKM) follows a power law (Fig. 2a and its inset) as expected for RNA-Seq and microar-
ray data’®. The median and mean for RPKM are 1.74 and 11.43, respectively.

There were 23,263 genes with aligned reads (i.e., non-zero RPKM) in the Dbx1 samples and 23,015 genes
in the non-Dbx1 samples. Figure 2b plots ARPKM (RPKMp,; - RPKM,,,,_ps,;)- The left knee illustrates genes
more highly expressed in the Dbx1 samples, whereas the right knee illustrates genes more highly expressed in the
non-Dbx1 samples (the knees of Fig. 2b are depicted at higher resolution in Fig. 2¢).

Dbx1-expressing progenitors give rise to preB6tC neurons and glia'®. Both Dbx1 and non-Dbx1 samples
expressed neuronal marker genes such as synapsin 1, Snap25, and Tubb3 (among others) at levels exceeding
the median RPKM by more than two orders of magnitude (we combined Dbx1 and non-Dbx1 samples to assess
neuronal markers in general; RPKM measured 313.14299.2, mean & SD). Non-neuronal cell marker genes
were undetectable or minimally expressed (we similarly combined Dbx1 and non-Dbx1 samples to assess glial
markers; RPKM measured 1.7 3.2, mean & SD)'” '8, 'Thus, our Dbx1 and non-Dbx1 samples reflect neurons as
opposed to glia (Fig. 3).
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Protein Coding

IG_C_gene 13 2 1 1 1 1 0
IG_D_gene 19 0 0 0 0 0 0
IG_J_gene 14 0 0 0 0 0 0
IG_LV_gene 2 0 0 0 0 0 0
IG_V_gene 218 4 9 0 6 3 3
TEC 2690 607 941 710 708 647 473
TR_C_gene 8 0 0 1 1 0 1
TR_D_gene 4 0 0 0 0 0 0
TR_J_gene 70 0 6 0 1 3 1
TR_V_gene 144 5 4 0 5 3 2
polymorphic_pseudogene 69 6 6 4 11 10 6
protein_coding 22021 | 13026 | 13650 | 12849 | 13409 | 13457 | 12541
Pseudogenes

IG_C_pseudogene 1 0 0 0 0 0 0
IG_D_pseudogene 3 0 0 0 0 0 0
IG_V_pseudogene 155 2 0 1 3 3 1
IG_pseudogene 2 0 0 0 0 0 0
TR_J_pseudogene 10 0 1 0 0 0 0
TR_V_pseudogene 34 0 1 0 0 0 0
processed_pseudogene 7282 2058 2111 1878 1893 2100 2013
pseudogene 100 32 36 25 26 28 28
transcribed_processed_pseudogene 197 72 86 82 79 79 67
transcribed_unitary_pseudogene 8 2 6 3 3 3 3
transcribed_unprocessed_pseudogene | 191 38 36 41 35 36 30
unitary_pseudogene 26 7 8 10 9 6 6
unprocessed_pseudogene 2433 | 92 107 89 86 86 82
Long non-coding RNAs

3prime_overlapping ncRNA 2 0 0 0 0 0 0
antisense 2415 443 634 517 492 519 378
bidirectional_promoter_IncRNA 61 21 27 19 18 25 19
lincRNA 4247 532 728 537 630 598 438
macro_IncRNA 1 0 0 0 0 0 0
processed_transcript 749 240 295 243 236 238 199
sense_intronic 270 62 89 81 68 67 47
sense_overlapping 25 6 7 7 7 9 10
Short non-coding RNAs

Mt_rRNA 2 0 0 0 0 0 0
Mt_tRNA 22 0 0 0 0 0 0
miRNA 2201 56 106 83 82 84 63
misc_RNA 564 34 33 27 27 23 20
rRNA 354 9 10 9 9 12 9
ribozyme 22 4 6 3 4 3 3
sRNA 2 0 0 0 0 0 0
scRNA 1 0 0 0 0 0 0
scaRNA 46 6 9 9 5 7 6

Table 1. The number of genes with non-zero reads for Dbx1 (Pos1, Pos2, Pos3) and non-Dbx1 (Negl, Neg2,
Neg3) samples by biotype. ‘Total’ refers to the total number of genes in the Ensembl database of each biotype.

Amino acid neurotransmitters. Excitatory preBtC neurons are respiratory rhythmogenic!®-?*. Inhibitory
neurons, which populate the preB6tC in roughly equal numbers, regulate respiratory rhythm and mediate senso-
rimotor integration®*-* (q.v., refs 11, 30).

Given the well-established role of Dbx1 preB6tC neurons in rhythm generation®* 6%, we expected the
Dbx1 samples to express transcripts associated with excitatory transmitter phenotype. By contrast, we expected
non-Dbx1 samples to exhibit markers of both excitatory and inhibitory transmitter phenotypes.

The log, fold change (L2FC) quantifies the relative level of expression between Dbx1 and non-Dbx1 neu-
rons. L2FC > 0 for genes more highly expressed in Dbx1 neurons; L2FC < 0 for genes more highly expressed in
non-Dbx1 neurons. However, there is no statistical test associated with L2FC per se. We evaluated differential
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Figure 2. Summary of RNA-Seq data. (a) RPKMs sorted by numerical mean value for each gene across the
49,568 genes in the Ensembl database. Inset shows the distribution of all RPKM values (148,704 values for each
the Dbx1 and non-Dbx1 sample sets) in 1000 bins, which conforms to a power law. Count on the ordinate refers
to the number of genes in each bin. (b) Difference in RPKMs between Dbx1 and non-Dbx1 samples for all genes
(i.e., ARPMK =RPKMyp,,,; — RPKM, o;.pby1)- (€) Top portion shows a detail from panel b featuring the 50 genes
with greatest expression in non-Dbx1 samples (ARPMK < 0). Bottom portion shows a detail of the 50 genes
with greatest expression in Dbx1 samples (ARPMK > 0). (d) Difference in RPKMs between Dbx1 and non-
Dbx1 samples for 50 transcription factors with greatest expression in non-Dbx1 samples (top, ARPMK < 0) and
Dbx1 samples (bottom, ARPMK > 0). For both ¢ and d, if L2ZFC > 0, then genes for which p < 0.05 are labelled
in plain magenta typeface and those at FDR < 0.1 are labelled in bold magenta typeface; if L2FC < 0, then genes
at p <0.05 are labelled in plain cyan typeface and those at FDR < 0.1 are labelled in bold cyan typeface.

expression between the two populations via a Wald test that computes a raw probability and a false discovery rate
(FDR) that adjusts for multiple comparisons (see Methods).

Dbx1 neurons expressed glutamate-synthesizing enzymes, transporters, and receptors (Supplementary
Fig. S1a). Slc17a6, encoding Vglut2, was expressed more than two-fold higher in Dbx1 compared to non-Dbx1
neurons; the associated L2FC measured 1.28. Of all 49,568 genes examined, the raw RPKM difference (i.e.,
ARPKM) for Slc17a6 rank 61°. Nevertheless, Slc17a6 was not differentially expressed according to the orthodox
threshold of FDR < 0.1 (p=0.0066, FDR =0.29). The Benjamini-Hochberg correction®' used to calculate FDR
aggressively combats Type I errors, i.e., false positive discoveries®" ¥, at the expense of inflating false negatives
(Type IT errors)*?. We argue that the FDR in the case of Slc17a6 most likely reflects a Type II error because an array
of independent studies demonstrate that Dbx1 neurons are the predominant source of glutamatergic neurons
within the preBotC> 478,

Contrary to our expectations, gene expression for inhibitory amino acid-synthesizing enzymes and trans-
porters was commensurate for Dbx1 and non-Dbx1 neurons (Supplementary Fig. S1b), quantified by L2FC ~ 0.
For Slc6a5, encoding glycine transporter 2, i.e., GlyT2, L2FC measured —0.11 (p = 0.84, FDR = 1.0). For glutamic
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Gene name Symbol  Means Samples (Dbx1*)  Samples (Dbx17)
MPos  MNeg Pos1 Pos2 Pos3 Neg1 Neg2 Neg3 RPKM

Neuron markers

tubulin beta 3 class IlI Tubb3

stathmin 2 Stmn2 1000
synaptosome associated protein 25 Snap25

neurofilament, light polypeptide Nefl

synapsin | Syn1

enolase 2 Eno2 100

Astrocyte markers

solute carrier family 1 member 3 Slc1a3
aldehyde dehydrogenase 1 family member L1 Aldh1/1
glial fibrillary acidic protein Gfap 10

Oligodendrocyte markers

myelin oligodendrocyte glycoprotein Mog
platelet derived growth factor receptor alpha  Pdgfra 1
chondroitin sulfate proteoglycan 4 Cspg4

Microglia markers
tumor necrosis factor Tnf

Figure 3. Heat maps showing relative levels of neuronal and glial marker expression. Gene names and symbols
are organized according to cell type. Mean RPKM of samples, and RPKM of each sample is indicated by a
pseudo-colour scale (right). Genes for which L2FC > 0 and p < 0.05 are labelled in magenta typeface. Genes for
which L2FC < 0 and p < 0.05 are labelled in cyan typeface.

acid decarboxylase 1, i.e., Gadl, encoding GAD1, L2FCg,,;, measured —0.28 (p = 0.62, FDR = 1.0). Finally, for
glutamic acid decarboxylase 2, i.e., Gad2, encoding GAD2, L2FC, 4, measured —0.34 (p=0.35, FDR=1.0).

The RNA related to inhibitory synaptic transmission may remain untranslated in most Dbx1 preBotC neurons
similar to excitatory CA1 hippocampal neurons where post-transcriptional regulation controls neurotransmitter
phenotype*. Nevertheless, a non-negligible subset of Dbx1 preBstC neurons communicate via chloride-mediated
synaptic inhibition. For example, Gray et al. (ref. 4) identified inhibitory Dbx1 preB6tC neurons that expressed
GADI1 or GlyT2. Dbx1 preBo6tC neurons with inhibitory transmitter phenotype would be well equipped to peri-
odically suppress activity in respiratory nuclei such as the expiratory-related lateral parafacial respiratory group-
38 or the post-inspiratory complex®, both of which discharge neural bursts out-of-sync with the preB6tC. It is also
possible that inhibitory Dbx1 preB6tC neurons suppress orofacial behaviours during the inspiratory phase of the
breathing cycle*>*! or participate in inhibitory pulmonary stretch receptor feedback.

Peptides and peptide receptors. Peptide and peptide receptor expression differentiates the preBstC
from neighbouring cell groups*>-¥. Tacr1 and Tacr3, which encode tachykinin (i.e., neurokinin) receptors were
expressed in both Dbx1 and non-Dbx1 preB6tC neurons but there was no evidence of differential expression
(L2FCyyr; =1.09, p=0.08, FDR = 0.83; L2FCy,,; =0.50, p=0.42, FDR = 1.0, Supplementary Fig. S2). These data
are consistent with neurokinin receptor expression being a useful, but not exclusive*’, marker of rhythmogenic
preBotC neurons* 485051,

The endogenous ligands for neurokinin 1 receptors, neurokinin A and substance P, both result from tachy-
kinin precursor 1 (Tacl), which is highly expressed in both sample populations (RPKM > 60, Supplementary
Fig. S2) but Tacl did not meet the criterion for differential expression (L2FC =1.36, p=0.018, FDR = 0.48).
This result is not surprising given that substance P is a cotransmitter in overlapping populations that modulate
preBotC function?®°2 53,

Opiate-induced respiratory depression is mediated, in part, by pre- and post-synaptic effects of
p-opioid-receptor activation in the preB6tC** >*-5%. Both Dbx1 and non-Dbx1 preB6tC neurons expressed
p-opioid receptor transcript Oprm1, but at levels less than the median RPKM across all expressed genes (0.74
for Oprm1 vs. the population median of 1.74). Oprm1 was not differentially expressed (L2ZFC=0.55, p=0.29,
FDR = 1.0). It is unclear whether other opioid receptors contribute to respiratory depression, but it remains a
realistic possibility because the p-opioid agonist DAMGO ([D-Ala?, N-MePhe*, Gly-ol]-enkephalin), which
has potent effects in vitro*, also acts at 6- and k-opioid receptors®. Fentanyl, used in vivo because it crosses
the blood-brain barrier, activates p- and k-opioid receptors®. The k-opioid receptor transcript Oprkl was
expressed in both Dbx1 and non-Dbx1 neurons. Although OprkI expression level appeared much higher
than OprmI (RPKMg,,; = 2.61 vs. RPKMy,,,,; = 0.74) this difference was not statistically significant by the
Wilcoxon-Mann-Whitney U-test (p =0.09, Supplementary Fig. S2). OprkI was commensurately expressed in
Dbx1 and non-Dbx1 preBotC neurons (L2ZFC=0.92, p=0.16, FDR = 0.97). k-opioid receptors have been asso-
ciated with stress and anxiety®!, but their expression in preB6tC neurons suggests they may be relevant to opiate
neuromodulation of respiratory rhythm or behaviours linked to respiration.

Somatostatin (Sst) and somatostatin receptor (Sstr1, Sstr2, Sstr3, Sstr5) expression characterize preBotC neu-
rons that serve obligatory rhythmogenic or premotor functions” ® 44 47-4%.62-64_Of all our transcriptomic data from
both Dbx1 and non-Dbx1 preB6tC neurons, Sst had the highest expression level of any gene (*in Supplementary
Fig. S2 and Fig. 2¢), but it was not differentially expressed (L2ZFC=0.92, p=0.14, FDR=0.93). Somatostatin
receptor genes Sstrl, Sstr2, Sstr3, and Sstr5 were expressed too at lower levels (Supplementary Fig. S2).

Transcription factors and other distinguishing markers of preB6tC Dbx1 and non-Dbx1 neu-
rons. Combinatorial codes of transcription factors, expressed in the developing spinal cord and hindbrain,
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Gene name Symbol  Means Samples (Dbx1*)  Samples (Dbx1-)
MPos  MNeg Pos1 Pos2 Pos3 Neg1 Neg2 Neg3 RPKM

homeobox A4 Hoxa4 100
homeobox A2 Hoxa2
homeobox C4 Hoxc4
homeobox B5 Hoxb5
homeobox B4 Hoxb4
homeobox A3 Hoxa3
homeobox C5 Hoxc5 10
homeobox D3 Hoxd3
homeobox B2 Hoxb2
homeobox B3 Hoxb3
homeobox A7 Hoxa7
homeobox C13 Hoxc13
homeobox C6 Hoxc6é
homeobox A9 Hoxa9 1
homeobox D4 Hoxd4
homeobox D12 Hoxd12
homeobox D9 Hoxd9
homeobox B6 Hoxb6
homeobox A1 Hoxa1
homeobox A13 Hoxa13
homeobox A11 Hoxa11
homeobox A10 Hoxa10
homeobox B8 Hoxb8
homeobox B9 Hoxb9
homeobox D8 Hoxd8
homeobox B1 Hoxb1
homeobox B7 Hoxb7
homeobox C11 Hoxc11
homeobox C10 Hoxc10
homeobox C12 Hoxc12
homeobox B13 Hoxb13
homeobox D13 Hoxd13
homeobox D10 Hoxd10
homeobox D11 Hoxd11
homeobox A6 Hoxa6
homeobox A5 Hoxab
homeobox D1 Hoxd1
homeobox C9 Hoxc9
homeobox C8 Hoxc8
paired box 8 Pax8
paired box 2 Pax2
paired box 6 Pax6
paired box 3 Pax3
paired box 5 Pax5
paired box 9 Pax9
paired box 4 Pax4
paired box 7 Pax7
paired box 1 Pax1
hypoxia inducible factor 1 alpha subunit Hifla
PBX homeobox 3 Pbx3
LIM homeobox 1 Lhx1
LIM homeobox 5 Lhx5
PBX homeobox 1 Pbx1
ladybird homeobox 1 Lbx1
even-skipped homeobox 2 Evx2
even-skipped homeobox 1 Evx1
teashirt zinc finger homeobox 3 Tshz3
methyl-CpG binding protein 2 Mecp2
engrailed homeobox 1 En1
GATA binding protein 3 Gata3
early growth response 2 Egr2
Fork Hox protein P2 Foxp2
T-cell leukemia homeobox 3 Tix3
paired like homeobox 2t Phox2b
ATA binding protein 2 Gata2
paired-like homeodomain transcription factor 2 Pitx2
pancreas specific transcription factor, 1a Ptf1a
atonal bHLH transcription factor 1 Atoh1
LIM homeobox transcription factor 1 beta Lmx1b
ISL1 transcription factor Isl1
developing brain homeobox 1 Dbx1

Figure 4. Heat maps showing relative levels of selected transcription factors in three categories: Hox genes,

Pax genes, and other genes. Transcription factors are sorted in descending order according to mean RPKM in
the Dbx1 samples. If L2ZFC > 0, then genes at p < 0.05 for differential expression are labelled in plain magenta
typeface and those at FDR < 0.1 are labelled in bold magenta typeface. If L2FC < 0, then genes at p < 0.05 are
labelled in plain cyan typeface and those at FDR < 0.1 are labelled in bold cyan typeface. RPKM is indicated by a
pseudo-colour scale (right).

govern the assembly of central pattern generating circuits for locomotion and breathing®-%¢. We cross-referenced
our RNA-Seq results with a list of murine transcription factors (RIKEN Institute, Wako, Japan) as well as the
curated TF-checkpoint project® to determine the transcription factors expressed in Dbx1 and non-Dbx1 neu-
rons. We detected 1,281 transcription factors among protein-coding genes. Figure 2d depicts 100 transcription
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factors sorted according to the difference in their expression levels (ARPKM). Figure 4 shows heat maps for
transcription factor expression in each Dbx1 and non-Dbx1 neuron sample. Transcription factors differentially
expressed in the Dbx1 population include Hifla (L2FC=1.52, p=0.0001, FDR = 0.022) and Pbx3 (L2FC=1.06,
p=0.00093, FDR = 0.093). Hifla and Pbx3 occupy the first and third positions of Fig. 2d (lower plot).

HIF-1 (hypoxia-inducible factor 1, a protein complex) regulates gene transcription cascades in response to
hypoxia’®-72. Its expression increases within minutes under hypoxic conditions’. We constantly perfused oxy-
genated solution through the tissue as we isolated neurons from the superficial 40 um of the tissue slices (e.g.,
Fig. 1b) wherein there is no diminution of the oxygen gradient’* 7. Hif1a, differentially-expressed at higher levels
in Dbx1 neurons, encodes the O,-sensing component of the complex (the HIF-1a subunit). In heterozygotic
Hifla knockouts, the carotid body, the primary sensor of arterial O,, no longer reacts to hypoxia, which is lethal’.
To our knowledge HIF-1a has not been associated with respiratory rhythm generation directly, although its
upregulation in brainstem may occur at high-altitudes during hypoxic conditions””. HIF-1a being highly- and
differentially expressed in core rhythmogenic neurons suggests that Dbx1 preB6tC neurons may be programmed
to increase ventilation in response to hypoxia.

HIF-1a is widely associated with angiogenesis’®. preBotC neurons are embedded within a network of arteri-
oles” like chemosensitive retrotrapezoid neurons®’, which suggests that preB6tC neurons, like their retrotrape-
zoid counterparts, need access to blood for chemosensation.

Pbx3 is a Hox gene cofactor®!. The expression pattern for Pbx3 is mosaic in transverse sections of the newborn
mouse medulla at the level of the preB5tC?? as well as in parasagittal sections from the Allen Institute developing
mouse brain atlas (AIDMBA) (Fig. 5a, AIDMBA: P4, Pbx3, slide 10). DbxI and Pbx3 knockout-mice both die
perinatally due to central hypoventilation®* 2. Dbx1 knockout mice never breathe and form no preBstC>“. In
contrast, the Pbx3 knockout mice breathe irregularly with periodic apnoea, which indicates that the preBotC is
present but dysfunctional. Pbx3 was shown to interact with other Pbx genes and Hox genes to influence connec-
tivity of motor neurones in ipsilateral motor pools®>. We posit that Pbx3 may influence ipsilateral connectivity in
the preBotC. Commissural connectivity, in contrast, is governed by Robo3 in Dbx1 preB6tC neurons®, which was
ostensibly undetected (Dbx1 samples, RPKM = 0.06 + 0.06; non-Dbx1 samples, RPKM = 0.01 = 0.02) most likely
because commissural projections are mature by early post-natal development. Failure to properly interconnect
locally could impair emergent network rhythmicity® 24, and impede normal respiration in Pbx3-deficient mice.

Mafb (in the 27* position of Fig. 2d, lower) is essential for neonatal breathing; the preB6tC in mice lacking
Mafb suffers severe anatomical deficits, including overall cell loss®. No evidence indicates differential expression
of Mafb in the Dbx1 preBotC population (L2ZFC=0.25, p=0.57, FDR=1.0).

Phox2b is a key regulator of autonomic visceral reflex pathways®>-” as well as cardiorespiratory-related che-
mosensitive circuitry®®=%°. Phox2b was detected in 2 of 3 non-Dbx1 samples, undetected in 2 of 3 Dbx1 samples,
and minimally detected in the third Dbx1 sample. However, Phox2b did not meet the criterion for differential
expression (L2FC = —1.75, p=0.0060, FDR =0.28, Fig. 2d [36™ position, upper plot] and Fig. 4).

Homeobox (Hox) genes govern cell fate identity along the anterior-posterior axis®!. We observed a cascade
of expression among the Hox2-5 genes across the Hoxa, Hoxb, Hoxc, and Hoxd chromosomal clusters, which
peaked with Hoxa4 (Fig. 4). Hoxa4 showed the second highest ARPKM among all transcription factors (Fig. 2d,
lower plot, and Fig. 4), but it did not pass the threshold for differential expression (L2FC =1.39, p=0.0022,
FDR =0.16). In the anterior-posterior axis of the lower medulla, Hoxa4 expression stops at the caudal border
of the compact division of the nucleus ambiguus, which coincides with the rostral limit of the preBotC (Fig. 5b,
reproduced with permission from ref. 92), and thus Hoxa4 expression might influence the rostral preB6tC bound-
ary, which would apply to both Dbx1 and non-Dbx1 neurons. Hox genes that are also relevant to respiration, in
the cervical spinal cord and not the brainstem, include Hoxa5 and Hoxc5%, which influence phrenic motoneuron
development and survival. That these genes continue to be expressed postnatally to maintain the organization of
phrenic motor columns may be generalizable to postnatal expression of Hox genes in the preBotC postnatally, but
that remains to be investigated.

Paired box (Pax) genes influence cell lineage specification’. Pax8 was the highest expressed transcription fac-
tor of its class (Fig. 4) in both Dbx1 and non-Dbx1 neurons (L2FC=0.17, p=0.79, FDR = 1.0), which is notable
because Pax8 expression perdures in ventral hindbrain neurons in adult mice”. Data from the AIDMBA show
Pax8 expression clustered in the vicinity of the preBo6tC at P4 (Fig. 5¢; Pax8, slide 11) and Pax8 expression is on
the ventral edge of Dbx1 expression at E11.5 (Fig. 5d and e, AIDMBA: Dbx1, slide 9, and Pax8, slide 9). Pax7 was
completely undetected (Fig. 4). Pax2 had the highest L2FC among Pax genes but did not meet the criterion for
differential expression (L2FC =1.39, p=0.0067, FDR =0.30). Even though Pax8 and Pax2 were not differentially
expressed, these data are consistent with core preB6tC rhythmogenic neurons making up the ventral subset of VO
interneurons (i.e., V0y), which express Dbx1 as well as Pax8 and Pax2, but not Pax7. In contrast, Dbx1-derived
dorsal interneurons (VO0p,), which may reside in the reticular formation and not the preBétC, express Pax7> 5%,

Dbx1 was undetected in preBotC neurons (Fig. 4) because its expression is restricted to embryonic develop-
ment (E9.5-E11.5)* 4169, Two of the Dbx1 samples (Pos2 and Pos3) exhibited Evx1 expression for a mean RPKM
of 5.76. The third Dbx1 sample (Pos1) did not show EvxI expression. Evxl was not detected in any non-Dbx1
samples. Because four of the six samples did contain detectable Evx1, DESeq. 2 cannot compute statistics beyond
raw reads. Nevertheless, we suspect that a significant subset of Dbx1-expressing progenitor cells differentiate
into EvxI-expressing ventral (VOy) interneurons, which ultimately form the preBotC core. In the lumbar spi-
nal cord, EvxI expression is critical for VO interneuron identity®. Commissural VO, interneurons in zebrafish
spinal cord require EvxI (and Evx2) to become glutamatergic'®. We posit that Evx] may play analogous roles in
Dbx1-derived interneurons of the preBotC.

One Dbx1 sample (Pos1) expressed Enl, which defines canonical V1 interneurons'®-1%. En1 expression in
the ventral medulla at early postnatal stages overlaps with the preB6tC so one of our samples may have inadvert-
ently included Enl-expressing interneurons (AIDMBA, P1, engrailed 1, i.e., En1, slides 52-54), which would also
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Figure 5. Transcription factors in the hindbrain and preB6tC. (a) Nissl-stained section (left) and corresponding
section labelled by in situ hybridization for Pbx3 (Allen Institute Developing Mouse Brain Atlas [AIDMBA],
Pbx3 at P4, slide 10, expression in situ is codified by green-red pseudo-colour scale by AIDMBA). (b) Hoxa4-
expressing brainstem cells (green) in a parasagittal section with NK1R (TacrI) labelling in red. Modified from
Fig. 2 of Huang et al., 2012 (ref. 92), used with permission. (c) Nissl-stained section (left) and corresponding
section labelled by in situ hybridization for Pax8 (AIDMBA, Pax8 at P4, slide 11). (d) Parasagittal sections of the
mouse brainstem at E11.5 showing Dbx1 and Pax8 expression, respectively (AIDMBA, Dbx1 at E11.5, slide 9;
Pax8at E11.5, slide 9).

explain the lack of Evx1 expression in Posl, since these two transcription factors (Evx1 and Enl) are mutually
exclusive in V0 and V1 interneurons, respectively!®.

Within the non-Dbx1 population, we found two differentially expressed genes associated with inhibitory neu-
rons. Gata2 (L2FC = —3.78, p=2.57E-12, FDR=7.62E-09,) specifies inhibitory V2b interneurons in spinal cord
locomotor circuits'®. Also, the 5-HT, , receptor (Htrla, L2FC=—2.37, p=0.000031, FDR =0.009) is associated
with glycinergic (i.e., non-Dbx1) preB6tC neurons'®. These data suggest that non-Dbx1 preB6tC neurons are
inhibitory, and thus could transiently suppress activity expiratory parafacial neurons®-*® or the post-inspiratory
interneurons®, which are silent during preBstC inspiratory bursts. Inhibitory non-Dbx1 preBotC neurons might
also coordinate inspiratory rhythm with whisking and other orofacial behaviors*®*!.

Neither Dbx1 nor non-Dbx1 preBotC neurons express Atohl (Fig. 4), which is an embryonic transcrip-
tion factor associated with progenitors of the central chemoreceptive ventral parafacial (pFy) or retrotrapezoid
nucleus*> 1%-1%8 We observed low expression of Tlx3 and Egr2 (a.k.a., Krox20 [ref. 109]). The combined RPKM
of Tix3 and Egr2 measured 0.78 = 1.20. Those data are not surprising because TIx3 and Egr2 are associated with
the parafacial and serotonergic raphé neurons, but not preBotC neurons. Tshz3 and Mecp2, which are linked to
respiratory-related dysfunction, and the latter specifically with Rett syndrome!*-112, showed modest expression
across both Dbx1 and non-Dbx1 neurons. Their combined RPKM measured 3.33 - 1.62.
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A notable gene, which is not a transcription factor, but was significantly differentially expressed in Dbx1
samples was synaptotagmin-10 (Syt10, L2FCgy, ;o= 2.34, p=0.00034, FDR = 0.047), which is involved in synaptic
exocytosis''> !4, and could be involved in synaptic depression observed in preBstC rhythmogenic neurons®* 1.

Neonatal preBo6tC transcriptome provides a baseline for comparative analyses during devel-
opment. We present this transcriptome, including non-coding transcripts, from perinatal Dbx1 preB6tC
neurons, which are obligatory rhythm- and pattern-generating interneurons for breathing. We also present the
transcriptome of non-Dbx1 preBo6tC neurons, which serve non-rhythmogenic respiratory and non-respiratory
functions. We analysed the perinatal transcriptome because animals at this age are widely employed in respira-
tory neurobiology research, and provide testable predictions for experiments in adult rodents® 1117 Further,
brainstem tissue explants from neonatal fluorescent reporter mice are optimal for visual identification and isola-
tion of single cells. These data can be exploited or meta-analysed to design new experiments and approaches that
manipulate Dbx1 and non-Dbx1 neuron development and physiology and thus elucidate their roles in the neural
generation and control of breathing.

Methods

Animals.  All procedures were approved by the Institutional Animal Care and Use Committee at the College
of William and Mary, which conforms to the guidelines of the US Public Health Service policy on humane care
and use of laboratory animals (Office of Laboratory Animal Welfare, the National Institutes of Health, Bethesda,
MD). To identify Dbx1-derived preBotC neurons, we crossed female tamoxifen-inducible Dbx1 Cre-driver mice
(Dbx1€ERT2; Hirata et al., 2009; stock no. 028131, The Jackson Laboratory, Bar Harbor, ME) with male reporter
mice whose Rosa26 locus was modified by targeted insertion of a loxP-flanked STOP cassette followed by a gene
for the fluorescent protein tdTomato (Rosa26'7™*°, stock no. 007905; The Jackson Laboratory). Tamoxifen
(22.5mg/kg body mass) was administered to pregnant dams during gestation at embryonic day 9.5 (ref. 16).
In their offspring, Dbx1°*tR™2; Rosa26'4Tm° mice, Cre-mediated recombination resulted in cytosolic tdTomato
expression in cells derived from DbxI-expressing progenitors.

Medullary slices. Neonatal Dbx1°®R™%; Rosa26'4™°m# mice (postnatal day 2) of both sexes were anesthetized
by hypothermia and their neuraxes were dissected in ice-cold artificial cerebrospinal fluid (aCSF) containing
the following (in mM): 124 NaCl, 3 KCl, 1.5 CaCl,, 1 MgSO,, 25 NaHCO;, 0.5 NaH,PO,, and 30 dextrose equil-
ibrated with 95% O,/5% CO,, pH 7.4. We prepared transverse brainstem sections (500 um thick) whose rostral
surface exposed the preBotC, which was verified by its position between the semi-compact division of the nucleus
ambiguus and the dorsal boundary of the principal loop of the inferior olive''® (Fig. 1a). Slices were perfused with
ice-cold aCSF bubbled with 95% O,/5% CO, at 5ml/min.

Neuron isolation. Dbxl preBstC neurons were identified using epifluorescence and removed under
bright-field imaging (specifically, a version of differential interference contrast microscopy called ‘Dodt’ by Zeiss)
on a fixed-stage microscope. Non-Dbx1 neurons were identified as neuronal somata without tdTomato fluores-
cence. We fabricated and heat-sterilized micropipettes from borosilicate capillary glass (1.50 mm outer diameter,
0.86 mm inner diameter). Micropipettes were devoid of solution prior to the isolating cells. After forming a seal
with the plasma membrane, we applied negative pressure to draw single neurons into the tip of the micropipette
(Fig. 1b). Tips containing the sampled neurons were immediately broken in sterile RNase/DNase-free tubes sub-
mersed in liquid nitrogen until a total of 15 neurons were collected. Each sample of 15 neurons was collected from
a different animal (Fig. 1¢c, n=6). We also performed mock cellular isolations as a control, bringing micropipettes
into contact with the slice surface but without collecting cells. In mock cell isolations, we drew the same amount
of fluid as real experiments, and performed cDNA synthesis in exactly the same manner as the real samples
(n=3).

cDNA synthesis. Nuclease-free water and lysis buffer with RNase inhibitor, from the SMART-Seq v4 ultra
low input RNA kit for Sequencing (634889, Clontech, Mountain View, CA), were added to each tube to raise
the volume to 10.5pL. The contents were incubated with sonication for 5min to lyse the neurons and release
cytoplasmic RNA, and then transferred to a 0.2 mL RNase-free PCR tube. First strand cDNA was synthesized by
performing reverse transcription in a thermal cycler (42 °C for 90 min, 70 °C for 10 min). Then these cDNAs were
primed with the 3’ SMART-Seq CDS Primer IIA, and we used the SMART-Seq v4 Oligonucleotide for template
switching at the 5" end of the transcript. The cDNA was then amplified by LD-PCR from the SMART sequences
introduced by 3’ SMART-Seq CDS Primer IIA and the SMART-Seq v4 Oligonucleotide in a heated thermal cycler
(95°C for 1 min, 17 cycles of 98 °C for 105, 65 °C for 30, 68 °C for 3 min; 72 °C for 10 min). PCR-amplified cDNA
was purified by immobilization on Agencourt AMPure XP beads (A63880, Beckman Coulter, Brea, CA), which
were then washed with 80% ethanol and cDNA was eluted with elution buffer. Amplified cDNA was validated
using the Agilent 2100 Bioanalyzer and Agilent’s High Sensitivity Kit (5067-4626, Agilent Technologies, Santa
Clara, CA), and its concentration was determined using Qubit dsSDNA High-sensitivity Assay Kit (Molecular
Probes). The full-length cDNA output was processed with the Nextera Library Preparation Kits (FC-131-1024,
Ilumina, San Diego, CA) to obtain cDNA libraries for RNA-Seq experiments. Dbx1 and non-Dbx1 samples con-
tained an average of 1481 &+ 352 pg/ul of amplified cDNA, whereas mock cell-isolation samples contained 93 pg/
ul cDNA (n=3). Thus our transcriptome reflects cytoplasmic RNA from preBotC neurons. Figure 1d illustrates
cDNA synthesis and quality control steps.
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Sequence analysis. The six cDNA libraries were submitted to the DNA Sequencing Center at Brigham
Young University (Provo, UT) for sequencing on an Illumina - HiSeq. 2500. We received an average of 15,310,365
single-end reads per sample, with an average read length of 49.5bp (range: 35-50bp). We received these
sequences and quality scores in the form of FASTQ files (first part of Fig. le) and aligned them to the mm10
murine genomic database from the University of California at Santa Cruz (http://hgdownload.soe.ucsc.edu/
downloads.html) using Tophat2 software'! with the parameters specified in “TophatParameters.txt”, running on
the Galaxy cluster computer at Johns Hopkins University (https://usegalaxy.org/). Average mapping rate was 85%.
We sorted the binary alignment/map (BAM) files using Samtools (http://www.htslib.org/download/), utilities that
process short DNA sequence read alignments, and then we applied HTSeq-count'® to map reads to genes with
the following general command:

htseg-count -f baxm -s no -i gene name BAMFILE.bam genes.gtf>BAMFILE.txt

where genes . gt £ is the gene annotation from the Ensembl (described below). This resulted in an average of
21,131,831 aligned reads across the six samples of which 7,815,666 uniquely mapped to genes. We implemented
custom Python scripts to compute reads per kilobase of transcript per million mapped reads (RPKM) for each
gene in each sample by normalizing for exon length according to the Ensembl mouse gene annotation database.
These scripts read the Ensembl mouse gene annotation database (http://www.ensembl.org/Mus_musculus/Info/
Index), and then apply the gtf-to-genes—1.40 package (https://pypi.python.org/pypi/gtf_to_genes) to extract the
total exon length for each gene. We analysed transcription factors by cross-referencing our transcriptome data to
the Riken Institute (Wako, Saitama, Japan) list of transcription factors (http://genome.gsc.riken.jp/TEdb/tf_list.
html) and the TF-checkpoint database (http://www.tfcheckpoint.org/data/TFCheckpoint_download_180515.txt)
from the Norwegian University of Science and Technology (Trondheim, Norway). We evaluated differential gene
expression between Dbx1 and non-Dbx1 samples via the DESeq. 2'*! algorithms performed on the HTSeq-count
output (Fig. le).

We wrote more than 20 custom Python/R scripts to process the data displayed in Figs. 2-4 and Supplementary
Figs S1-S9; and to process the DESeq. 2 results. These start from the BAM files generated from running the orig-
inal FASTQ files on Tophat with the default parameters using the UCSC mm10 standard murine genome. They
may be run sequentially from the beginning using the “runAll.sh” shell script that has been provided. The bio-
informatics procedures are illustrated schematically in Fig. 1e. These scripts are freely available and open source
(http://dbx1seq.sourceforge.net/).

Differential expression. We evaluated differential gene expression between Dbx1 and non-Dbx1 neurons
using DESeq. 2 (ref. 121), which computes the probability of obtaining the observed mean difference in gene
expression if the Dbx1 and non-Dbx1 samples were drawn from the same underlying genetically homogenous
population (the null hypothesis) as well as an adjusted probability, which reflects the false discovery rate (FDR)
associated with multiple comparisons (i.e., ~50,000 genes). Significance level was set at FDR =0.1 by convention.
DESeq. 2 modifies the dataset to account for heteroscedasticity intrinsic to RNA-Seq data when calculating the
raw p-value from a Wald test. DESeq. 2 calculates FDR* using a Benjamini-Hochberg correction®!, which aggres-
sively combats Type I errors, i.e., false positive discoveries®" > at the expense of inflating false negatives (Type I
errors)®. Acknowledging that p-value thresholds can be misleading if experiments are not analysed in context'?,
we interpret our data according to raw and adjusted probability (i.e., FDR) for genes that prior and corroborating
literature suggests have respiratory neurobiological relevance. The associated log, fold change (L2FC) quantifies
the degree of differential expression. L2FC > 0 for genes more highly expressed in the Dbx1 samples; L2ZFC < 0
for genes more highly expressed in the non-Dbx1 samples.

Data availability. The original data, which includes FASTQ files (raw nucleotide sequences and quality
scores) and processed data files (sequenced reads that have been aligned and normalized to a murine reference
genome) are publicly available in the NCBI Gene Expression Omnibus database, https://www.ncbi.nlm.nih.gov/
geo/, accession number GSE100356.

References
1. Smith, J. C,, Ellenberger, H. H., Ballanyi, K., Richter, D. W. & Feldman, J. L. Pre-Bétzinger complex: a brainstem region that may
generate respiratory rhythm in mammals. Science 254, 726-729 (1991).
2. Feldman, J. L., Del Negro, C. A. & Gray, P. A. Understanding the rhythm of breathing: so near, yet so far. Annu. Rev. Physiol. 75,
423-452 (2013).
. Bouvier, J. et al. Hindbrain interneurons and axon guidance signaling critical for breathing. Nat. Neurosci. 13, 1066-1074 (2010).
. Gray, P. A. et al. Developmental origin of preBétzinger complex respiratory neurons. J. Neurosci. 30, 14883-14895 (2010).
5. Picardo, M. C. D., Weragalaarachchi, K. T. H., Akins, V. T. & Del Negro, C. A. Physiological and morphological properties of Dbx1-
derived respiratory neurons in the pre-Bétzinger complex of neonatal mice. J. Physiol. 591, 2687-2703 (2013).
6. Wang, X. et al. Laser ablation of Dbx1 neurons in the pre-Bétzinger Complex stops inspiratory rhythm and impairs output in
neonatal mice. eLife 3, €03427 (2014).
7. Cui, Y. et al. Defining preBétzinger Complex Rhythm- and Pattern-Generating Neural Microcircuits In Vivo. Neuron 91, 602-614
(2016).
8. Koizumi, H. et al. Voltage-Dependent Rhythmogenic Property of Respiratory Pre-Botzinger Complex Glutamatergic, Dbx1-
Derived, and Somatostatin-Expressing Neuron Populations Revealed by Graded Optogenetic Inhibition. eNeuro 3 (2016).
9. Vann, N. C,, Pham, E. D., Hayes, J. A., Kottick, A. & Negro, C. A. D. Transient Suppression of Dbx1 PreBotzinger Interneurons
Disrupts Breathing in Adult Mice. PLOS ONE 11, 0162418 (2016).
10. Funk, G. D. & Greer, J. J. The rhythmic, transverse medullary slice preparation in respiratory neurobiology: contributions and
caveats. Respir. Physiol. Neurobiol. 186, 236-253 (2013).
11. Richter, D. W. & Smith, J. C. Respiratory rhythm generation in vivo. Physiol. Bethesda Md 29, 58-71 (2014).
12. Curwen, V. et al. The Ensembl Automatic Gene Annotation System. Genome Res. 14, 942-950 (2004).
13. Mercer, T. R., Dinger, M. E. & Mattick, J. S. Long non-coding RNAs: insights into functions. Nat. Rev. Genet. 10, 155-159 (2009).
14. Stefani, G. & Slack, E. J. Small non-coding RNAs in animal development. Nat. Rev. Mol. Cell Biol. 9, 219-230 (2008).

W

SCIENTIFICREPORTS|7:8669|DOI:10.1038/s41598-017-09418-4 10


http://hgdownload.soe.ucsc.edu/downloads.html
http://hgdownload.soe.ucsc.edu/downloads.html
https://usegalaxy.org/
http://www.htslib.org/download/
http://www.ensembl.org/Mus_musculus/Info/Index
http://www.ensembl.org/Mus_musculus/Info/Index
https://pypi.python.org/pypi/gtf_to_genes
http://genome.gsc.riken.jp/TFdb/tf_list.html
http://genome.gsc.riken.jp/TFdb/tf_list.html
http://www.tfcheckpoint.org/data/TFCheckpoint_download_180515.txt
http://S1
http://S9
http://dbx1seq.sourceforge.net/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/

www.nature.com/scientificreports/

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34.
35.
36.
37.
38.
39.
. Moore, . D. et al. Hierarchy of orofacial rhythms revealed through whisking and breathing. Nature 497, 205-210 (2013).
41.
42.
43.
44.
45.
46.

47.
48.

49.
50.
51.
52.
53.
54.

55.
56.

57.

Piras, V. & Selvarajoo, K. The reduction of gene expression variability from single cells to populations follows simple statistical laws.
Genomics 105, 137-144 (2015).

Kottick, A., Martin, C. A. & Del Negro, C. A. Fate mapping neurons and glia derived from Dbx1-expressing progenitors in mouse
preBotzinger complex. Physiol. Rep. 5, 13300 (2017).

Cahoy, J. D. et al. A Transcriptome Database for Astrocytes, Neurons, and Oligodendrocytes: A New Resource for Understanding
Brain Development and Function. J. Neurosci. 28, 264-278 (2008).

Zhang, Y. et al. An RNA-Sequencing Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral
Cortex. J. Neurosci. 34, 11929-11947 (2014).

Greer, J. J., Smith, J. C. & Feldman, J. L. Role of excitatory amino acids in the generation and transmission of respiratory drive in
neonatal rat. J. Physiol. 437, 727-749 (1991).

Funk, G. D., Smith, J. C. & Feldman, J. L. Generation and transmission of respiratory oscillations in medullary slices: role of
excitatory amino acids. J. Neurophysiol. 70, 1497-1515 (1993).

Ge, Q. & Feldman, J. L. AMPA receptor activation and phosphatase inhibition affect neonatal rat respiratory rhythm generation. J.
Physiol. 509, 255-266 (1998).

Wallén-Mackenzie, A. et al. Vesicular glutamate transporter 2 is required for central respiratory rhythm generation but not for
locomotor central pattern generation. J. Neurosci. 26, 12294-12307 (2006).

Rubin, J. E., Hayes, J. A., Mendenhall, J. L. & Del Negro, C. A. Calcium-activated nonspecific cation current and synaptic depression
promote network-dependent burst oscillations. Proc. Natl. Acad. Sci. USA. 106, 2939-2944 (2009).

Guerrier, C., Hayes, J. A., Fortin, G. & Holcman, D. Robust network oscillations during mammalian respiratory rhythm generation
driven by synaptic dynamics. Proc. Natl. Acad. Sci. USA. doi:10.1073/pnas.1421997112 (2015).

Carroll, M. S. & Ramirez, J.-M. Cycle-by-cycle assembly of respiratory network activity is dynamic and stochastic. J. Neurophysiol.
109, 296-305 (2013).

Brockhaus, J. & Ballanyi, K. Synaptic inhibition in the isolated respiratory network of neonatal rats. Eur. J. Neurosci. 10, 3823-3839
(1998).

Bongianni, E, Mutolo, D., Cinelli, E. & Pantaleo, T. Respiratory responses induced by blockades of GABA and glycine receptors
within the Botzinger complex and the pre-Botzinger complex of the rabbit. Brain Res. 1344, 134-147 (2010).

Janczewski, W. A., Tashima, A., Hsu, P, Cui, Y. & Feldman, J. L. Role of inhibition in respiratory pattern generation. J. Neurosci. 33,
5454-5465 (2013).

Sherman, D., Worrell, . W,, Cui, Y. & Feldman, J. L. Optogenetic perturbation of preBétzinger complex inhibitory neurons
modulates respiratory pattern. Nat. Neurosci. 18, 408-414 (2015).

Smith, J. C., Abdala, A. P. L., Borgmann, A., Rybak, I. A. & Paton, J. E. R. Brainstem respiratory networks: building blocks and
microcircuits. Trends Neurosci. 36, 152-162 (2013).

Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B Methodol. 289-300 (1995).

Noble, W. S. How does multiple testing correction work? Nat. Biotechnol. 27, 1135-1137 (2009).

Yendrek, C. R., Ainsworth, E. A. & Thimmapuram, J. The bench scientist’s guide to statistical analysis of RNA-Seq data. BMC Res.
Notes 5, 506 (2012).

Cao, Y. et al. Presence of mRNA for glutamic acid decarboxylase in both excitatory and inhibitory neurons. Proc. Natl. Acad. Sci.
USA 93, 9844-9849 (1996).

Janczewski, W. A. & Feldman, J. L. Distinct rthythm generators for inspiration and expiration in the juvenile rat. J. Physiol. 570,
407-420 (2006).

Pagliardini, S. et al. Active expiration induced by excitation of ventral medulla in adult anesthetized rats. J. Neurosci. 31, 2895-2905
(2011).

Huckstepp, R. T. R., Cardoza, K. P,, Henderson, L. E. & Feldman, J. L. Role of Parafacial Nuclei in Control of Breathing in Adult
Rats. J. Neurosci. 35,1052-1067 (2015).

Huckstepp, R. T., Henderson, L. E., Cardoza, K. P. & Feldman, J. L. Interactions between respiratory oscillators in adult rats. eLife
5, (2016).

Anderson, T. M. et al. A novel excitatory network for the control of breathing. Nature 536, 76-80 (2016).

Kleinfeld, D., Deschénes, M., Wang, F. & Moore, J. D. More than a rhythm of life: breathing as a binder of orofacial sensation. Nat.
Neurosci. 17, 647-651 (2014).

Gray, P. A. Transcription factors and the genetic organization of brain stem respiratory neurons. J. Appl. Physiol. Bethesda Md 1985
104, 1513-1521 (2008).

Gray, P. A. Transcription factors define the neuroanatomical organization of the medullary reticular formation. Front. Neuroanat
7,7 (2013).

Gray, P. A, Rekling, J. C., Bocchiaro, C. M. & Feldman, J. L. Modulation of respiratory frequency by peptidergic input to
rhythmogenic neurons in the preBotzinger complex. Science 286, 15661568 (1999).

Guyenet, P. G., Sevigny, C. P, Weston, M. C. & Stornetta, R. L. Neurokinin-1 receptor-expressing cells of the ventral respiratory
group are functionally heterogeneous and predominantly glutamatergic. J. Neurosci. 22, 3806-3816 (2002).

Liu, Y.-Y. et al. Substance P and enkephalinergic synapses onto neurokinin-1 receptor-immunoreactive neurons in the pre-
Bétzinger complex of rats. Eur. J. Neurosci. 19, 65-75 (2004).

Llona, I. & Eugenin, J. Central actions of somatostatin in the generation and control of breathing. Biol. Res. 38, 347-352 (2005).
Stornetta, R. L. et al. A group of glutamatergic interneurons expressing high levels of both neurokinin-1 receptors and somatostatin
identifies the region of the pre-Bétzinger complex. J. Comp. Neurol. 455, 499-512 (2003).

Wei, X.-Y., Zhao, Y., Wong-Riley, M. T. T,, Ju, G. & Liu, Y.-Y. Synaptic relationship between somatostatin- and neurokinin-1
receptor-immunoreactive neurons in the pre-Bétzinger complex of rats. J. Neurochem 122, 923-933 (2012).

Pagliardini, S., Adachi, T, Ren, ], Funk, G. D. & Greer, J. ]. Fluorescent tagging of rhythmically active respiratory neurons within
the pre-Bétzinger complex of rat medullary slice preparations. J. Neurosci. 25, 2591-2596 (2005).

Hayes, J. A. & Del Negro, C. A. Neurokinin receptor-expressing pre-botzinger complex neurons in neonatal mice studied in vitro.
J. Neurophysiol. 97, 4215-4224 (2007).

Ljungdahl, A., Hokfelt, T. & Nilsson, G. Distribution of substance P-like immunoreactivity in the central nervous system of the
rat—I. Cell bodies and nerve terminals. Neuroscience 3, 861-943 (1978).

Ptak, K. e al. Raphé neurons stimulate respiratory circuit activity by multiple mechanisms via endogenously released serotonin
and substance P. J. Neurosci. 29, 3720-3737 (2009).

Lalley, P. M. Mu-opioid receptor agonist effects on medullary respiratory neurons in the cat: evidence for involvement in certain
types of ventilatory disturbances. Am. J. Physiol. Regul. Integr. Comp. Physiol 285, R1287-1304 (2003).

Pattinson, K. T. S. Opioids and the control of respiration. Br. J. Anaesth. 100, 747-758 (2008).

Zhang, Z., Xu, E, Zhang, C. & Liang, X. Activation of opioid mu receptors in caudal medullary raphe region inhibits the ventilatory
response to hypercapnia in anesthetized rats. Anesthesiology 107, 288-297 (2007).

Montandon, G. et al. PreBotzinger Complex Neurokinin-1 Receptor-Expressing Neurons Mediate Opioid-Induced Respiratory
Depression. J. Neurosci. 31, 1292-1301 (2011).

SCIENTIFICREPORTS|7:8669|DOI:10.1038/541598-017-09418-4 11


http://dx.doi.org/10.1073/pnas.1421997112

www.nature.com/scientificreports/

58.
59.
60.
61.
62.
63.
64.
65.
. Jessell, T. M. Neuronal specification in the spinal cord: inductive signals and transcriptional codes. Nat. Rev. Genet. 1, 20-29 (2000).

67.

68.

75.
76.
77.

78.
79.

80.

84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
. Moran-Rivard, L. et al. Evx1 is a postmitotic determinant of v0 interneuron identity in the spinal cord. Neuron 29, 385-399 (2001).
100.

101.
102.

Ballanyi, K., Ruangkittisakul, A. & Onimaru, H. Opioids prolong and anoxia shortens delay between onset of preinspiratory
(pFRG) and inspiratory (preBotC) network bursting in newborn rat brainstems. Pfliig. Arch. Eur. J. Physiol. 458, 571-587 (2009).
Zhao, G.-M,, Qian, X., Schiller, P. W. & Szeto, H. H. Comparison of [Dmt1]DALDA and DAMGO in Binding and G Protein
Activation at i, §, and k Opioid Receptors. J. Pharmacol. Exp. Ther. 307, 947-954 (2003).

Gharagozlou, P, Hashemi, E., DeLorey, T. M., Clark, J. D. & Lameh, J. Pharmacological profiles of opioid ligands at kappa opioid
receptors. BMC Pharmacol. 6, 3 (2006).

Van't Veer, A. & Carlezon, W. A. Role of kappa-opioid receptors in stress and anxiety-related behavior. Psychopharmacology (Berl.)
229, 435-452 (2013).

Tan, W. et al. Silencing preBotzinger complex somatostatin-expressing neurons induces persistent apnea in awake rat. Nat.
Neurosci. 11, 538-540 (2008).

Tupal, S. et al. Testing the role of preBétzinger Complex somatostatin neurons in respiratory and vocal behaviors. Eur. J. Neurosci.
doi:10.1111/ejn.12669 (2014).

Montandon, G. et al. G-protein-gated Inwardly Rectifying Potassium Channels Modulate Respiratory Depression by Opioids.
Anesthesiology 124, 641-650 (2016).

Jessell, T. M. & Sanes, J. R. Development. The decade of the developing brain. Curr. Opin. Neurobiol. 10, 599-611 (2000).

Grillner, S. & Jessell, T. M. Measured motion: searching for simplicity in spinal locomotor networks. Curr. Opin. Neurobiol. 19,
572-586 (2009).

Garcia-Campmany, L., Stam, E. J. & Goulding, M. From circuits to behaviour: motor networks in vertebrates. Curr. Opin. Neurobiol.
20, 116-125 (2010).

. Chawla, K., Tripathi, S., Thommesen, L., Laegreid, A. & Kuiper, M. TFcheckpoint: a curated compendium of specific DNA-binding

RNA polymerase II transcription factors. Bioinformatics 29, 2519-2520 (2013).

. Semenza, G. L. Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Curr. Opin. Genet. Dev. 8, 588-594 (1998).
. Iyer, N. V. et al. Cellular and developmental control of O2 homeostasis by hypoxia-inducible factor 1c.. Genes Dev. 12, 149-162

(1998).

. Prabhakar, N. R. & Semenza, G. L. Regulation of carotid body oxygen sensing by hypoxia-inducible factors. Pflugers Arch. 468,

71-75 (2016).

. Semenza, G. L. Hydroxylation of HIF-1: Oxygen Sensing at the Molecular Level. Physiology 19, 176-182 (2004).
. Brockhaus, J., Ballanyi, K., Smith, J. C. & Richter, D. W. Microenvironment of respiratory neurons in the in vitro brainstem-spinal

cord of neonatal rats. J. Physiol. 462, 421-445 (1993).

Hill, A. A., Garcia, A. J., Zanella, S., Upadhyaya, R. & Ramirez, ]. M. Graded reductions in oxygenation evoke graded
reconfiguration of the isolated respiratory network. J. Neurophysiol. 105, 625-639 (2011).

Semenza, G. L. & Prabhakar, N. R. The Role of Hypoxia-Inducible Factors in Oxygen Sensing by the Carotid Body. In Arterial
Chemoreception 1-5, doi:10.1007/978-94-007-4584-1_1 (Springer, Dordrecht, 2012).

Jochmans-Lemoine, A., Shahare, M., Soliz, J. & Joseph, V. HIF1a and physiological responses to hypoxia are correlated in mice but
not in rats. J. Exp. Biol. 219, 3952-3961 (2016).

Ke, Q. & Costa, M. Hypoxia-Inducible Factor-1 (HIF-1). Mol. Pharmacol. 70, 1469-1480 (2006).

Falk, S. & Rekling, J. C. Neurons in the preBotzinger complex and VRG are located in proximity to arterioles in newborn mice.
Neurosci. Lett. 450, 229-234 (2009).

Onimaru, H., Ikeda, K. & Kawakami, K. Relationship between the distribution of the paired-like homeobox gene (Phox2b)
expressing cells and blood vessels in the parafacial region of the ventral medulla of neonatal rats. Neuroscience 212, 131-139
(2012).

. Moens, C. B. & Selleri, L. Hox cofactors in vertebrate development. Dev. Biol. 291, 193-206 (2006).
. Rhee, J. W. et al. Pbx3 deficiency results in central hypoventilation. Am. J. Pathol. 165, 1343-1350 (2004).
. Hanley, O. et al. Parallel Pbx-Dependent Pathways Govern the Coalescence and Fate of Motor Columns. Neuron 91, 1005-1020

(2016).

Blanchi, B. et al. MafB deficiency causes defective respiratory rhythmogenesis and fatal central apnea at birth. Nat. Neurosci. 6,
1091-1100 (2003).

Pattyn, A., Morin, X., Cremer, H., Goridis, C. & Brunet, ]. E. The homeobox gene Phox2b is essential for the development of
autonomic neural crest derivatives. Nature 399, 366-370 (1999).

Dauger, S. et al. Phox2b controls the development of peripheral chemoreceptors and afferent visceral pathways. Development 130,
6635-6642 (2003).

D’Autréaux, F, Coppola, E., Hirsch, M.-R,, Birchmeier, C. & Brunet, J.-E. Homeoprotein Phox2b commands a somatic-to-visceral
switch in cranial sensory pathways. Proc. Natl. Acad. Sci. USA 108, 20018-20023 (2011).

Dubreuil, V. et al. A human mutation in Phox2b causes lack of CO2 chemosensitivity, fatal central apnea, and specific loss of
parafacial neurons. Proc. Natl. Acad. Sci. USA 105, 1067-1072 (2008).

Kanbar, R, Stornetta, R. L., Cash, D. R., Lewis, S. J. & Guyenet, P. G. Photostimulation of Phox2b medullary neurons activates
cardiorespiratory function in conscious rats. Am. J. Respir. Crit. Care Med. 182, 1184-1194 (2010).

Ruffault, P-L. et al. The retrotrapezoid nucleus neurons expressing Atoh1 and Phox2b are essential for the respiratory response to
CO2. eLife 4, (2015).

Pearson, J. C., Lemons, D. & McGinnis, W. Modulating Hox gene functions during animal body patterning. Nat. Rev. Genet. 6,
893-904 (2005).

Huang, W.-H. et al. Atohl Governs the Migration of Postmitotic Neurons that Shape Respiratory Effectiveness at Birth and
Chemoresponsiveness in Adulthood. Neuron 75, 799-809 (2012).

Philippidou, P, Walsh, C. M., Aubin, J., Jeannotte, L. & Dasen, J. S. Sustained Hox5 gene activity is required for respiratory motor
neuron development. Nat. Neurosci. 15, 1636-1644 (2012).

Blake, J. A. & Ziman, M. R. Pax genes: regulators of lineage specification and progenitor cell maintenance. Development 141,
737-751 (2014).

Okamura-Oho, Y. et al. Broad Integration of Expression Maps and Co-Expression Networks Compassing Novel Gene Functions in
the Brain. Sci. Rep. 4, (2014).

Pierani, A. et al. Control of interneuron fate in the developing spinal cord by the progenitor homeodomain protein Dbx1. Neuron
29, 367-384 (2001).

Champagnat, J., Morin-Surun, M.-P,, Bouvier, J., Thoby-Brisson, M. & Fortin, G. Prenatal development of central rhythm
generation. Respir. Physiol. Neurobiol. 178, 146-155 (2011).

Talpalar, A. E. et al. Dual-mode operation of neuronal networks involved in left-right alternation. Nature 500, 85-88 (2013).

Juarez-Morales, J. L. et al. Evx1 and Evx2 specify excitatory neurotransmitter fates and suppress inhibitory fates through a Pax2-
independent mechanism. Neural Develop. 11, 5 (2016).

Gosgnach, S. et al. V1 spinal neurons regulate the speed of vertebrate locomotor outputs. Nature 440, 215-219 (2006).

Alaynick, W. A, Jessell, T. M. & Pfaff, S. L. SnapShot: spinal cord development. Cell 146, 178-178.e1 (2011).

SCIENTIFICREPORTS|7:8669|DOI:10.1038/s41598-017-09418-4 12


http://dx.doi.org/10.1111/ejn.12669
http://dx.doi.org/10.1007/978-94-007-4584-1_1

www.nature.com/scientificreports/

103. Alvarez, E. . et al. Postnatal phenotype and localization of spinal cord V1 derived interneurons. J. Comp. Neurol. 493, 177-192
(2005).

104. Zhou, Y., Yamamoto, M. & Engel, J. D. GATA2 is required for the generation of V2 interneurons. Development 127, 3829-3838
(2000).

105. Manzke, T. et al. Serotonin receptor 1A-modulated phosphorylation of glycine receptor a3 controls breathing in mice. J. Clin.
Invest. 120, 4118-4128 (2010).

106. Tupal, S. et al. Atohl-dependent rhombic lip neurons are required for temporal delay between independent respiratory oscillators
in embryonic mice. eLife €02265, doi:10.7554/eLife.02265 (2014).

107. Rose, M. F, Ahmad, K. A,, Thaller, C. & Zoghbi, H. Y. Excitatory neurons of the proprioceptive, interoceptive, and arousal
hindbrain networks share a developmental requirement for Math1. Proc. Natl. Acad. Sci. USA. 106, 22462-22467 (2009).

108. Rose, M. F. et al. Math1 is essential for the development of hindbrain neurons critical for perinatal breathing. Neuron 64, 341-354
(2009).

109. Jacquin, T. D. et al. Reorganization of pontine rhythmogenic neuronal networks in Krox-20 knockout mice. Neuron 17, 747-758
(1996).

110. Amir, R. E. et al. Rett syndrome is caused by mutations in X-linked MECP2, encoding methyl-CpG-binding protein 2. Nat. Genet.
23, 185-188 (1999).

111. Van den Veyver, I. B. & Zoghbi, H. Y. Methyl-CpG-binding protein 2 mutations in Rett syndrome. Curr. Opin. Genet. Dev. 10,
275-279 (2000).

112. Shahbazian, M. D. & Zoghbi, H. Y. Molecular genetics of Rett syndrome and clinical spectrum of MECP2 mutations. Curr. Opin.
Neurol. 14, 171-176 (2001).

113. Sugita, S., Shin, O.-H., Han, W,, Lao, Y. & Stidhof, T. C. Synaptotagmins form a hierarchy of exocytotic Ca2+ sensors with distinct
Ca2+ affinities. EMBO ] 21, 270-280 (2002).

114. Cao, P, Maximov, A. & Stidhof, T. C. Activity-Dependent IGF-1 Exocytosis Is Controlled by the Ca2+-Sensor Synaptotagmin-10.
Cell 145, 300-311 (2011).

115. Kottick, A. & Del Negro, C. A. Synaptic Depression Influences Inspiratory-Expiratory Phase Transition in Dbx1 Interneurons of
the preBotzinger Complex in Neonatal Mice. J. Neurosci. 35, 11606-11611 (2015).

116. Feldman, J. L. & Del Negro, C. A. Looking for inspiration: new perspectives on respiratory rhythm. Nat. Rev. Neurosci. 7, 232-242
(2006).

117. Ramirez, J.-M., Dashevskiy, T., Marlin, I. A. & Baertsch, N. Microcircuits in respiratory rhythm generation: commonalities with
other rhythm generating networks and evolutionary perspectives. Curr. Opin. Neurobiol. 41, 53-61 (2016).

118. Ruangkittisakul, A., Kottick, A., Picardo, M. C. D., Ballanyi, K. & Del Negro, C. A. Identification of the pre-Bétzinger complex
inspiratory center in calibrated ‘sandwich’ slices from newborn mice with fluorescent Dbx1 interneurons. Physiol. Rep. 2, e12111
(2014).

119. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome
Biol. 14, R36 (2013).

120. Anders, S., Pyl, P. T. & Huber, W. HTSeq-a Python framework to work with high-throughput sequencing data. Bioinformatics 31,
166-169 (2015).

121. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq. 2. Genome
Biol. 15, 550 (2014).

122. Halsey, L. G., Curran-Everett, D., Vowler, S. L. & Drummond, G. B. The fickle P value generates irreproducible results. Nat. Methods
12,179-185 (2015).

Acknowledgements

The authors thank Paul A. Gray and Jean Champagnat for critical feedback on the manuscript. This work was
supported by the National Institutes of Health grants R0O1-HL104127 (PI: CA Del Negro), R21-NS087257 (P1: CA
Del Negro), R15-HD077624 (PI: MS Saha), and the National Science Foundation grants 1257895 (PI: MS Saha)
and 1121606 (PI: GD Smith).

Author Contributions

A K. and C.A.D.N. conceived of the study. A.K., M.C.D.P,, A.D.H., C.A.D.N. and M.S.S. designed the experiments.
A K. and M.C.D.P. collected the biological samples and A.K., M.C.D.P., A.D.H., and M.S.S. prepared the
samples for RNA-Seq. J.A.H., R.D.S., G.D.S., AD.H, M.S.S., M.C.D.P, AK.,, and C.A.D.N. analysed the data.
J.A.-H., AD.H,, RD.S.,, and M.S.S. performed DESeq. 2 analyses. ].A.H. and A.K. prepared all the figures and
tables. J.A.H. and C.A.D.N. and wrote the manuscript. A.D.H. and M.S.S. edited the manuscript. All co-authors
approved the final version.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09418-4

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:8669|DOI:10.1038/541598-017-09418-4 13


http://dx.doi.org/10.7554/eLife.02265
http://dx.doi.org/10.1038/s41598-017-09418-4
http://creativecommons.org/licenses/by/4.0/

	Transcriptome of neonatal preBötzinger complex neurones in Dbx1 reporter mice

	Results and Discussion

	Amino acid neurotransmitters. 
	Peptides and peptide receptors. 
	Transcription factors and other distinguishing markers of preBötC Dbx1 and non-Dbx1 neurons. 
	Neonatal preBötC transcriptome provides a baseline for comparative analyses during development. 

	Methods

	Animals. 
	Medullary slices. 
	Neuron isolation. 
	cDNA synthesis. 
	Sequence analysis. 
	Differential expression. 
	Data availability. 

	Acknowledgements

	Figure 1 Schematic explanation of experiments and analyses.
	Figure 2 Summary of RNA-Seq data.
	Figure 3 Heat maps showing relative levels of neuronal and glial marker expression.
	Figure 4 Heat maps showing relative levels of selected transcription factors in three categories: Hox genes, Pax genes, and other genes.
	Figure 5 Transcription factors in the hindbrain and preBötC.
	Table 1 The number of genes with non-zero reads for Dbx1 (Pos1, Pos2, Pos3) and non-Dbx1 (Neg1, Neg2, Neg3) samples by biotype.




