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Abstract
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Among numerous challenges encountered at the beginning of extrauterine life, the most celebrated
is the first breath that initiates a life-sustaining motor activity 1. The neural systems that regulate
breathing are fragile early in development, and how they adjust to support breathing at the time of
birth is not well understood. Here, we identify a neuropeptide system that becomes activated
immediately upon birth and supports breathing. Mice lacking pituitary adenylate cyclaseactivating peptide (PACAP) selectively in retrotrapezoid nucleus (RTN) neurons displayed
increased apneas and blunted CO2-stimulated breathing; re-expression of PACAP in RTN neurons
corrected these breathing deficits. Deletion of the PACAP receptor, PAC1, from the pre-Bötzinger
Complex (preBötC), an RTN target region responsible for respiratory rhythm generation,
phenocopied breathing deficits observed with RTN deletion of PACAP, and suppressed PACAPevoked respiratory stimulation in the preBötC. Notably, a striking postnatal burst of PACAP
expression occurred in RTN neurons precisely at the time of birth, coinciding with exposure to the
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external environment. Neonatal mice with deletion of PACAP in RTN neurons displayed increased
apneas that were further exacerbated by changes in ambient temperature. Our findings demonstrate
that well-timed PACAP expression by RTN neurons provides an important supplementary
respiratory drive immediately after birth, and reveal key molecular components of a peptidergic
neural circuit that supports breathing at a particularly vulnerable period in life.

Author Manuscript

Respiratory chemoreceptor neurons of the RTN provide a critical CO2/H+-modulated
excitatory drive to the brainstem respiratory rhythm generator and pre-motor circuits that is
primarily dependent on glutamate transmission 2–4. Dysfunction of RTN neurons is
implicated in congenital central hypoventilation syndrome (CCHS), a disorder caused by
mutations in the Phox2b transcription factor and characterized by increased apneas and
reduced respiratory CO2 sensitivity 52. All RTN chemoreceptor neurons express Phox2b,
Nmb, and PACAP 6. Interestingly, PACAP variants are associated with sudden infant death
syndrome (SIDS) 7, and PACAP-null mice display a SIDS-like phenotype, with apneas and
blunted CO2-stimulated breathing 8,9. We therefore examined a potential neuromodulatory
role for PACAP in control of breathing by RTN neurons.

Author Manuscript

Mice with loxP sites at the PACAP gene were crossed to Phox2b-Cre mice (Fig. 1a) 10,11
and PACAP deletion was confirmed in Phox2b- and Nmb-expressing neurons in the RTN
from Phox2b::Cre;PACAPfl/fl mice (Extended Data Fig. 1a,b). We assessed effects of
PACAP deletion on respiration in these mice by whole body plethysmography, under
hyperoxic conditions to minimize influence of peripheral chemoreceptors. CO2-stimulated
breathing was depressed in Cre-positive PACAPfl/fl mice, relative to Cre-negative control
littermates (by ~25% at 8% CO2, Fig. 1b), largely due to a reduced effect of CO2 on
breathing frequency (Extended Data Fig. 1c,d). There was no genotype-dependent difference
in hypoxia-stimulated breathing (10% FiO2; Extended Data Fig. 1e), which is not driven by
RTN neurons 2. In addition, these mice displayed a 4-fold higher incidence of spontaneous
apneas (Fig. 1c).

Author Manuscript

We employed a series of complementary lentiviral injection/expression strategies to target
RTN neurons more selectively and to manipulate PACAP expression more acutely. For this,
lentiviral constructs expressing Cre or PACAP, driven by the Phox2b-responsive PRSx8
promoter, were injected, respectively, into the RTN of PACAPfl/fl mice (knockout) or Crepositive PACAPfl/fl mice (rescue) (Fig. 1a, Extended Data Fig. 2a) 12–14. This approach
provided high transduction efficiency and specificity: at 4 weeks following injection, ~40%
−80% of Nmb+ RTN neurons were virally-transduced (mCherry+) and ~87%−100% of
mCherry+ cells contained the specific RTN neuron marker, Nmb (Extended Data Fig. 2b,c)
6, with no difference between experimental and control virus. This preferential transduction
of Nmb+ cells indicates that our injections largely avoided nearby Phox2b-expressing C1
neurons 6, which rarely express PACAP at this rostrocaudal level (Extended Data Fig. 2d–f).
In PACAPfl/fl mice injected with virus expressing Cre-mCherry, but not mCherry alone,
PACAP expression was undetectable in most infected RTN neurons (Extended Data Fig. 2g).
Correspondingly, CO2-stimulated ventilation (VE) was decreased from the pre-injection
control (by ~50%), via effects on both frequency (fR) and tidal volume (VT), and apnea
frequency was increased ~4-fold from pre-injection control (Fig. 1d, Extended Data Fig. 2h–
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j). Conversely, viral-mediated re-expression of PACAP in RTN neurons of
Phox2b::Cre;PACAPfl/fl mice restored CO2-stimulated breathing and rescued apnea
frequency to levels observed in Cre-negative PACAPfl/fl littermates, an effect not seen in
mice injected with control virus (Extended Data Fig. 2b, Fig. 1e).

Author Manuscript

We leveraged this lentiviral approach to deliver control and PACAP shRNA lentivirus to the
RTN region in Phox2b::GFP mice with wild type PACAP alleles (Fig. 1f, Extended Data
Fig. 3a). For both PACAP and scrambled shRNA lentivirus, viral transduction was again
efficient and specific (~34–87% of RTN neurons were transduced, and ~95–98% of
transduced cells were RTN neurons; Extended Data Fig. 3b). We confirmed depletion of
PACAP transcripts in RTN neurons transduced with PACAP shRNA, whereas PACAP
expression was unaffected in nearby uninfected RTN neurons and unchanged in both
infected and uninfected RTN neurons from mice injected with control lentivirus (Fig. 1f,
Extended Data Fig. 3c,e). Moreover, there was no effect of either construct on expression of
VGlut2 (Slc17a6), the vesicular transporter required for glutamate-mediated respiratory
effects of RTN 3,4 (Extended Data Fig. 3d,e). The ventilatory response to CO2 was
unaffected by control shRNA but sharply reduced by PACAP shRNA (~40%), reflecting
blunted CO2-induced increases in both fR and VT (Fig. 1g, Extended Data Fig. 3f,g). Again,
PACAP depletion in RTN neurons had no effect on hypoxia-stimulated breathing (Extended
Data Fig. 3h) but caused a ~3-fold increase in apneas (Fig. 1g). These findings indicate that
PACAP supports respiratory drive from CO2/H+-sensitive RTN neurons.
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The blunted CO2-stimulated breathing in mice following PACAP depletion in RTN could
reflect reduced activation of RTN neurons, or altered neuropeptide signaling to downstream
respiratory effector neurons. Therefore, we first tested whether PACAP depletion affected
the CO2/H+-sensitivity of RTN neurons, in vitro and in vivo. The effect of pH on RTN
neuron firing in neonatal mouse brainstem slices 12,14 was unaffected by Cre-mediated
deletion of PACAP (Extended Data Fig. 4a,b) and, in a subset of neurons assayed by
multiplex single cell qPCR following recording, we found no effect on expression of the two
putative RTN proton sensors (Gpr4, Kcnk5; Extended Data Fig. 4c) 2,14. In vivo, there was
no difference in CO2-induced Fos expression in RTN neurons, a surrogate for neuronal
activation, after either Cre-mediated PACAP deletion (Extended Data Fig. 2k) or shRNAmediated knockdown of PACAP (Extended Data Fig. 4d) 12. This indicates that RTN
neurons retain the ability to respond to CO2/H+ after PACAP depletion and suggests that
local PACAP autocrine/paracrine signaling is not critical for normal RTN activation by CO2.
Indeed, we found only sparse expression of PAC1, the PACAP receptor, in RTN neurons
(<5%, Extended Data Fig. 4e).
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We next examined whether PACAP contributions to CO2-stimulated breathing are mediated
downstream of CO2/H+-activated RTN neurons, e.g., by PAC1-expressing RTN neuronal
targets that regulate breathing. RTN neurons project to respiratory-related brainstem areas
(Extended Data Fig. 4g) 2, and mCherry+ fibers from viral-infected RTN neurons were
evident around somatostatin (Sst)-expressing neurons in the preBötC (Extended Data Fig.
4h), a region that contains the core circuitry for respiratory rhythm generation 1,15. In the
preBötC, PAC1 expression and CO2-evoked Fos induction were observed in neurons and,
less frequently, in astrocytes (Extended Data Fig. 4i). In neurons, CO2-induced Fos
Nature. Author manuscript; available in PMC 2021 June 02.
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expression was found in PAC1-containing excitatory and inhibitory neurons, which function
interdependently to regulate breathing rhythm 16, and also in cells that did not express
detectable levels of PAC1 (Extended Data Fig. 4i). Importantly, regardless of cell type, CO2evoked Fos expression in the preBötC region was strongly reduced in mice after either
shRNA- or Cre-mediated PACAP depletion in RTN neurons (Fig. 2a,b, Extended Data Fig.
4f). These data suggest that respiratory effects of RTN-expressed PACAP are mediated, in
part, by PAC1 receptor-expressing neurons within the preBötC.

Author Manuscript

To test whether the preBötC is a relevant site for respiratory effects of PACAP, we made
pressure microinjections of PACAP directly into the preBötC of anesthetized mice while
recording diaphragmatic EMG (dEMG) as a measure of central respiratory output (Fig.
2c,d). PACAP increased both the frequency and amplitude of dEMG bursts (Fig. 2d,f,
Extended Data Fig. 5a). These effects were not mimicked by vehicle injections and were
dependent on pipette location relative to the preBötC (Fig. 2e,f, Extended Data Fig. 5a,b). In
addition, microinjection of PACAP into the preBötC region of a rhythmic neonatal slice
preparation, in which bursting respiratory motor nerve activity denotes fictive respiratory
drive 1, yielded concentration-dependent increases in respiratory frequency that were not
different across a range of neonatal time points (P0-P10) (Fig. 2g,h, Extended Data Fig. 5e–
g). As in the adult, PAC1-expressing cells overlapped and intermingled with Sst-expressing
neurons in the perinatal preBötC, whereas VPAC1 and VPAC2 receptor transcripts (also
activated by PACAP 17) were undetectable in preBötC neurons at any age examined
(Extended Data Fig. 5h,i).
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We used shRNA-mediated knockdown to test whether PAC1 in preBötC neurons contributes
to respiratory effects of PACAP (Fig. 3a). PAC1 is expressed in multiple cell types in the
preBötC (Extended Data Fig. 4i), which is a molecularly and functionally heterogeneous
group of neurons 1. Therefore, viral shRNA constructs and mCherry were driven by
separate, non-selective promoters (H1, EF1α). Four weeks after bilateral virus injections,
PAC1 expression was clearly reduced in PAC1 shRNA-expressing preBötC neurons (Fig.
3a). Infected neurons covered a variable amount of the preBötC in individual mice, but there
was no difference in the average coverage for PAC1 and control shRNAs (Extended Data
Fig. 6a–c). Following unilateral shRNA knockdown of PAC1, the stimulatory effects of
ipsilateral PACAP injection on respiratory output (dEMG) were reduced at preBötC sites
where DL-homocysteic acid (DLH) remained effective (Fig. 3b,d,e, Extended Data Fig. 5c);
by contrast, respiratory effects of PACAP microinjections were preserved in mice transduced
with control shRNA (Fig. 3c,e) or in which the PAC1 shRNA virus injection was
mistargeted (Extended Data Fig. 5d).
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After CO2 exposure, the number of Fos-expressing cells in the preBötC of PAC1-depleted
mice was reduced by ~74% relative to CO2-exposed mice infected with control shRNA (Fig.
3f,g), to levels comparable to those observed following PACAP deletion in RTN or in
control mice not exposed to CO2 (confidence interval in Fig. 3g). PAC1 depletion in the
preBötC was associated with blunted CO2-stimulated breathing (~24%), in this case due to
diminished effects on fR (Fig. 3h, Extended Data Fig. 6d,e), and again with no effect on
hypoxia-stimulated breathing (Extended Data Fig. 6f). PAC1 depletion in the preBötC also
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increased apnea frequency (~2-fold; Fig. 3h), further phenocopying effects of PACAP
depletion in RTN neurons.
Global deletion of PACAP in mice is associated with cardiorespiratory disturbances and
greater susceptibility to death in the early postnatal period 8,9,18. As noted, PAC1 receptor
expression in the preBötC approximated adult levels throughout development (Extended
Data Fig. 5h). By contrast, PACAP transcripts appeared at low levels in RTN neurons in the
late embryonic period up to e19.5, increased sharply in the days immediately after birth (P0P3), and then gradually diminished through the early postnatal period and into adulthood
(Fig. 4a,b, Extended Data Fig. 7a,b). This striking developmental expression pattern was not
observed for other transcripts in RTN neurons (Extended Data Fig. 7c), or for PACAP in the
NTS or in nearby TH-expressing C1 neurons (Extended Data Fig. 7d).
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We tested whether this prominent increase in RTN neuronal PACAP expression, precisely
between e19.5 and P0, reflected a well-timed gene regulatory program or was related to
changes that occur in association with birth. To this end, we injected timed-mated pregnant
dams with the antiprogestin mifepristone (RU486) to precipitate pre-term birth at different
embryonic time points (e17.5-e19.5) 19. The pre-term pups were retrieved and processed for
in situ hybridization or sc-qPCR within 10–60 min after birth and, in some cases, before the
mother had extracted the pup from the amniotic sac (en caul) (Fig. 4c). Remarkably, and
unlike their embryonic counterparts in utero, PACAP expression was already apparent in
RTN neurons from pre-term mice that were delivered as early as e17.5 (Fig. 4d,e, Extended
Data Fig. 8a). This rapid increase of PACAP expression after birth was not observed in mice
that were retrieved from within the amniotic sac (Fig. 4d,e, Extended Data Fig. 8a),
suggesting that PACAP upregulation may be stimulated by exposure to the ambient
environment, and it became apparent within minutes after birth (Fig. 4f,g). Again, these
early postnatal changes in PACAP expression were not observed for other genes examined in
RTN neurons (Extended Data Fig. 8b). Thus, a striking and selective burst of PACAP
expression occurs in RTN neurons at the time of birth, upon initiation of air breathing.
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Finally, we tested whether PACAP in Phox2b-expressing neurons also contributes to
breathing in neonatal mice (Fig. 4h). Indeed, CO2-stimulated ventilation was severely
blunted (by >50%) in Phox2b::Cre;PACAPfl/fl mouse pups throughout the early neonatal
period (P2-P12), by comparison to Cre-negative PACAPfl/fl littermates, via effects on both
tidal volume and breathing frequency (Fig. 4i, Extended Data Fig. 9a,b,d). In addition,
neonatal Phox2b::Cre;PACAPfl/fl mouse pups showed a ~3-fold greater incidence of apneic
episodes versus control littermates under hyperoxic conditions (Fig. 4j, Extended Data Fig.
9c). We examined apnea frequency in two further cohorts of conditional knockout pups
under normoxic conditions, in which peripheral chemoreceptor inputs could offset loss of
RTN drive 2; we additionally paired that with acute thermal stressors that can cause
disordered breathing in neonates with underdeveloped thermoregulatory systems 20, as
observed previously in PACAP-deleted mouse pups (cold) 8,21 or associated with SIDS in
human infants (warm) 22. Apnea frequency remained ~3-fold higher in Cre-positive
PACAPfl/fl mouse pups, relative to Cre-negative littermates in normoxia under thermoneutral
conditions (30°C) 20. Moreover, while exposure to either cooler or warmer temperatures
increased apnea frequency in both Cre-negative and Cre-positive mice, the incidence of
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apnea remained ~3-fold higher in Cre-positive pups, yielding a much larger increase in the
absolute number of apneas (Fig. 4j, Extended Data Fig. 9e). Thus, PACAP in Phox2bexpressing neurons is protective of respiration in neonatal mice, including during breathing
disturbances provoked by acute thermal stress.
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Collectively, this work identifies a PACAP/PAC1-based neuropeptide brainstem microcircuit
within a specific respiratory chemosensory network that reinforces breathing control
systems, and which activates during the critical neonatal period when an otherwise immature
and fragile respiratory control system transitions from producing periodic fetal breathing
movements to continuous air-breathing. Even under normal conditions, neonates display
blunted CO2-stimulated breathing and disordered breathing 23, and dysfunction in
homeostatic chemosensory systems is often implicated in early childhood breathing
disturbances (e.g., CCHS, apnea of prematurity, SIDS) 23. SIDS is a leading cause of
postnatal death, but remains a syndrome without a positive diagnosis 24,25. A prevailing
triple-threat hypothesis holds that some undefined combination of genetic predisposition,
environmental stressor (e.g., thermal stress), and critical period converge with lethal
consequences 22,25,26. Among possible predisposing factors, genetic variants in PACAP and
PAC1 have been associated with SIDS, albeit inconclusively 7,27; brainstem abnormalities in
PACAP and PAC1 have been observed in postmortem specimens from human SIDS infants
28; and neonatal mice with global genetic deletion of PACAP display blunted CO - and
2
hypoxia-induced ventilatory stimulation together with a SIDS-like phenotype 8,9,18. Our data
define CO2-sensitive RTN neurons as a relevant neural substrate in which PACAP
expression is upregulated precisely at birth, a critical period for regulating breathing; the
normal developmental decrease of this neuropeptide system, or its pathological disruption,
may provide predisposing conditions that increase susceptibility to the stress-induced apneas
and blunted CO2-stimulated homeostatic responses implicated in SIDS and other neonatal
breathing disturbances.

Materials and Methods

Author Manuscript

Experiments were performed on mice of either sex, following procedures adhering to
National Institutes of Health Animal Care and Use Guidelines and approved by the Animal
Care and Use Committee of the University of Virginia, or in accordance with the guidelines
of the Canadian Council on Animal Care and approved by the University of Alberta Animal
Ethics Committee. Mice were housed in 12:12 dark:light conditions, with temperature ~22–
24°C and ~40% relative humidity (30–70%). These studies used multiple different mouse
lines: FVB and C57BL/6 mice were obtained from Jackson Labs; a Phox2b::GFP BAC
transgenic mouse line (Jx99) was developed by the GENSAT project and characterized
previously 30; a previously described Phox2b::Cre BAC transgenic mouse line 11 was
obtained from Jackson Labs (Stock #016223); and a mouse line with targeted insertion of
loxP sites surrounding exon 2 of Adcyap1 (the PACAP gene) was kindly provided by Drs.
Rachel Ross and Brad Lowell (Beth Israel Deaconess Medical Center, Boston, MA) 10. We
crossed mice with floxed PACAP alleles to Phox2b-Cre mice 10,11 which yielded PACAPfl/fl
mice that were Cre-positive (47%) and Cre-negative (53%) at near Mendelian proportions
(220 pups; 7 breedings, one male and two females each). Experiments were performed on
adult mice (8–15 weeks old), unless otherwise indicated. Mice were randomly assigned to
Nature. Author manuscript; available in PMC 2021 June 02.
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experimental/control group, with sample size chosen based on existing literature and
previous experience with similar studies.
Brainstem slice preparation
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For cellular electrophysiology and single neuron harvest from neonatal and adult Jx99 mice,
transverse brainstem slices were prepared as described previously 6,12,31. For neonates, mice
were anesthetized by hypothermia (<P5) or with ketamine and xylazine (375 mg/kg and 25
mg/kg, i.m.) and rapidly decapitated; brainstems were immediately removed and slices (300
μm) cut with a vibrating microslicer (DTK Zero 1; Ted Pella, Redding, CA) in an ice-cold,
sucrose-substituted Ringer’s solution containing the following (in mM): 260 sucrose, 3 KCl,
5 MgCl2, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, and 1 kynurenic acid. Slices
were incubated for 30 min at 37°C, and subsequently at room temperature, in normal
Ringer’s solution containing the following (in mM): 130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2,
1.25 NaH2PO4, 26 NaHCO3, and 10 glucose. The cutting and incubation solutions were
bubbled with 95% O2 and 5% CO2. Adult mice (from 50-day old to 200-day old) were
deeply anesthetized by intraperitoneal injection of ketamine (as above), and perfused
transcardially with 25–30 ml of ice-cold NMDG aCSF (in mM: 93 NMDG, 2.5 KCl, 1.2
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 Na-ascorbate, 2 thiourea, 3 Na-pyruvate,
12 N-acetyl-L-cysteine, 10 MgSO4, 0.5 CaCl2, pH was adjusted to 7.3–7.4 with 10N HCl)
saturated with 95% O2/5% CO2. The mice were rapidly decapitated, and the heads were
submerged in ice-cold NMDG aCSF, bubbled with 95% O2/5% CO2, and the brainstems
removed and cut in the coronal plane (150 μm) with the vibrating microslicer in the same
solution. After a brief recovery period (≤ 12 min in NMDG aCSF at 32–34 °C) the slices
were transferred into HEPES holding aCSF (in mM: 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 glucose, 5 Na-ascorbate, 2 thiourea, 3 Na-pyruvate, 12 N-acetyl-Lcysteine, 2 MgSO4, 2 CaCl2, pH was adjusted to 7.3–7.4 with KOH or HCl if necessary)
bubbled with 95% O2/5% CO2.
Single-cell molecular biology of RTN neurons

Author Manuscript

Individual GFP- and/or mCherry-labeled RTN neurons were harvested under direct vision
from mouse brainstem slices in the recording chamber of a fluorescence microscope (Zeiss
Axioimager FS, Carl Zeiss Microscopy, White Plains, NY) for expression analysis of
multiple genes by either multiplex nested single cell RT-PCR (sc-PCR) or multiplex
quantitative sc-PCR (sc-qPCR), as described previously 12,32. Intron-spanning, nested
primer sets across splice sites for each gene of interest that were used in scPCR reactions
were independently validated (Supplementary Table 1, for primer information), and notemplate negative controls were included for each reaction. For sc-qPCR, primers that
yielded short amplicons were utilized (Supplementary Table 2), cycle threshold (Ct) levels
of test genes were re-scaled by their average, transformed into relative quantities using the
amplification efficiency, normalized to GAPDH (an internal reference gene; ΔCt = Ct(test) –
Ct(GAPDH)), and expressed as 2−ΔCt 33.
Virus production
We used lentivirus to infect neurons of the RTN and preBötC for shRNA-mediated
knockdown (of PACAP, Adcyap1; and PAC1, Adcyap1r1) and for PACAP re-expression and
Nature. Author manuscript; available in PMC 2021 June 02.
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Cre expression in the RTN. For cell-specific transduction of Phox2b-expressing RTN
neurons, we prepared a customized lentivirus targeting vector that included an artificial
promoter, PRSx8, which incorporates 8 repeats of a Phox2a/b binding element 12,13. For
knockdown experiments, the PRSx8 promoter was used to drive expression of a PACAP
shRNA hairpin sequence (see Supplementary Table 3) that was embedded in a mir30a site
within an artificial intron, along with mCherry 12. For PACAP re-expression in RTN
neurons, the targeting construct was modified to replace the artificial intron with the PACAP
coding sequence, an IRES and mCherry (Mm Adcyap1 cDNA from MGC, Clone ID:
6829765; Dharmacon, MMM1013–202799047). For Cre expression in RTN neurons, we
used a previously described PRSx8-Cre virus, modified to include an IRES-mCherry
reporter 4. For knockdown of PAC1 in preBötC neurons, we incorporated a PAC1 shRNA
downstream of an EF1α promoter in pLVTHM (gift from Didier Trono; Addgene plasmid #
12247) 14,34. To test each shRNA hairpin, HEK293T cells were co-transfected with the viral
targeting construct and an expression construct with the cognate cDNA (PACAP, as above;
Mm PAC1 cDNA from MGC, Clone ID: 6852762; Dharmacon, MMM1013–202859842);
we used qRT-PCR to determine knockdown efficiency at 72 h of 90% and 70% for PACAP
and PAC1, respectively.

Author Manuscript

Replication-deficient high-titer lentivirus was produced in-house. Briefly, HEK293T cells
were transfected with a pseudotyping envelope plasmid and a second generation packaging
plasmid (pMD2.G, psPAX2; gifts from Didier Trono; Addgene 12259, 12260). The viral
supernatant was harvested 48–72 h later, when transfection efficiency was ~100% (gauged
by mCherry fluorescence). The virus was purified by low speed centrifugation and syringe
filtration (Millipore Sigma SLHV033RS) to remove cellular debris, and then concentrated
by ultra-centrifugation (30,000 RPM, 2.5h, 4°C; Beckman SW 41 Ti rotor). The pellet was
re-suspended in DMEM and the virus was stored at −80°C. For titer estimation, we
incubated HEK293T cells with a dilution series of virus and counted the number of
fluorescent cells (~5.0 × 1010 TU/ml).
Lentivirus injection into the mouse RTN and preBötC
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Adult Phox2b::GFP and Phox2b::Cre;PACAPfl/fl mice (8–11 weeks old) were anesthetized
with ketamine/dexmedetomidine HCl (100 mg/kg and 0.2 mg/kg, i.p.), mounted in a
stereotaxic apparatus and maintained at 37°C with a servo-controlled heating pad. After
craniotomy, a pipette filled with lentivirus (diluted to ~2 × 109 TU/ml) was inserted at
coordinates ~1.4 mm lateral to midline, 1.0 mm caudal to lambda and 5.2–5.5 mm ventral to
the pial surface of the cerebellum 29. In addition to stereotaxic coordinates, we recorded
antidromic field potentials elicited by stimulating the mandibular branch of the facial nerve
to locate the position of the facial motor nucleus more precisely. For bilateral injections in
the RTN, the tip of the injection pipette was positioned 100 μm below the facial motor
nucleus 12,14, and at each of 3 rostro-caudally aligned sites separated by 200 μm. For
preBötC injections, the pipette was positioned 700 μm behind the caudal end of the facial
motor nucleus and 4.95 to 5.25 mm ventral to the pial surface of the cerebellum, with
bilateral injections at two rostrocaudal sites, separated by 100 μm. In a subset of mice used
for subsequent PACAP injection and dEMG recording, control and PAC1 shRNA virus was
injected unilaterally. The glass injection pipette was connected to an electronically-
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controlled pressure valve (Picospritzer II) and brief pressure pulses (3–6 ms) were used to
inject 100–150 nl of virus. After surgery, mice were treated with ampicillin (100 mg/kg, sc),
atipamezole (2 mg/kg, sc), and ketoprofen (4 mg/kg, sc). At least 4 weeks elapsed following
virus injection before mice were examined in ventilatory and histochemical assays.
Breathing measurements
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Ventilatory responses were measured in conscious, unrestrained adult and neonatal mice by
whole body plethysmography (EMKA Technologies, Falls Church, VA) 12. A mass flow
regulator (Alicat Scientific, Tucson, AZ) provided quiet, constant and smooth flow through
the animal chamber (adult: 0.5 l/min; neonate: 0.1 l/min,). Mice were habituated to the
plethysmography chamber for 4 h the day prior to testing and again for 2–3 h immediately
before the test protocol. For adult mice, the protocol entailed an initial period in hyperoxia
(1 h, 100% FiO2) followed by three sequential incrementing CO2 challenges (7 min
exposures to 4%, 6%, 8% CO2, balance O2; each separated by 5 min of 100% O2). For
hypoxia challenges, mice were exposed to 10% O2, balance N2 for up to 15 min. For
neonatal mice, specialized chambers were used that were smaller in volume than the adult
mouse chambers (Data Sciences International, St. Paul, MN) and outfitted with a custom
remote video monitoring/recording system time-linked to the plethysmography data
acquisition. The neonatal chambers contained a built-in warming pad that, together with
placement of incandescent heating lamps, maintained the chamber at elevated baseline
ambient temperature (26°C). An initial acclimation period for neonatal mice in hyperoxia
(30–60 min in 60% O2, balance N2) preceded 6 min challenges in hyperoxic hypercapnia
(10% CO2, 60%, O2, balance N2), in hypoxia (12%, O2, balance N2) and in normoxia (21%
O2, balance N2), each separated by 6 min of hyperoxia (60% O2, balance N2). To test effects
of temperature variations (from 22°C to 38°C) on apnea incidence, heating lamps were
moved closer or further from the chambers; the chamber temperature was monitored using a
thermometer (Thermalert TH-5), a temperature logger (DS1923-F5#, Thermochron,
Baulkham Hills, AU) and followed in real time with the plethysmography software (iOX/
EMKA, EMKA Technologies). Absolute measures of VT by plethysmography can be
imprecise, especially in neonates, but the range of VT values we obtained aligns well with
published values 35,36; in addition, relative comparisons were made across experimental
groups, and in individual mice under control conditions and CO2 exposure. For both adults
and neonates, hypercapnic exposure was performed in hyperoxia to minimize contributions
of peripheral chemoreceptors to the hypercapnic ventilatory reflex 37,38 and attribute
ventilatory effects primarily to central chemoreceptors.
Analysis of responses to ventilatory challenge
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Ventilatory flow signals were recorded, amplified, digitized and analyzed using iOX 2.10
(EMKA Technologies) to determine ventilatory parameters over sequential 20 s epochs (~50
breaths), during periods of behavioral quiescence and regular breathing. Minute ventilation
(VE, ml/min/g) was calculated as the product of respiratory frequency (fR, breaths/min) and
tidal volume (VT, ml/breath), and normalized to body weight (g). For analysis of the basal
VE in hyperoxia, or acute hypercapnic ventilatory response, we sampled 10 consecutive
epochs (200 s, representing ~400–500 breaths at rest) that showed the least inter-breath
irregularity during the steady-state plateau period after each CO2 exposure, as determined by
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Poincaré analysis. For neonates, we obtained measurements from periods of time when the
mice were visibly quiescent. The response to hypoxia was determined from the peak VE
during the hypoxic exposure (from a 20 s epoch at ~30 s to 1 min) 12. Analysis was
performed by individuals blinded to treatment and/or genotype.
Apnea analysis

Author Manuscript

The frequency of apneic episodes was determined in periods (30–60 min) of quiescent
breathing under hyperoxic conditions (adults: 100% O2, neonates: 60% O2) or in neonates
under normoxic conditions (21% O2) while varying ambient temperature (22°C-38°C). Raw
respiratory waveform data was processed off-line using Spike2 software (Cambridge
Electronic Design, UK). Apneas identified by the software were manually verified.
Spontaneous apneas were operationally defined as periods with an expiratory time >0.8 s
that were not preceded by a sigh; this equates to the time for ~2 normal breath cycles, since
the breathing frequency for BL6/J mice during quiet breathing is 160 breaths/min, or ~370
ms/breath. Individuals quantifying apneas were blinded to treatment and/or genotype; data
from individual mice at different ages (P2-P5, P6-P9, P10-P12) were averaged, and treated
as a single data point for analysis.
In vivo hypercapnia-induced Fos expression

Author Manuscript
Author Manuscript

In vivo activation by CO2 of RTN and preBötC neurons was assessed in adult Phox2b::GFP
mice (P60-P100) by Fos protein or mRNA expression 12. Mice were habituated to the
plethysmography chamber for 4 h one day before and again 2 h prior to CO2 exposure.
When used for Fos immunohistochemistry, mice were exposed for 45 min to hypercapnia
(12% CO2, 60% O2, balance N2) followed by 45 min of hyperoxia (60% O2, balance N2).
When used for ISHH, mice were exposed to hypercapnia for 35 min without a subsequent
hyperoxic exposure period. Mice were anesthetized with ketamine and xylazine (200 mg/kg
and 14 mg/kg, i.p.), perfused transcardially with 4% paraformaldehyde/0.1 M phosphate
buffer and their brainstems were cut on a vibrating microtome (VT1000S; Leica Biosystems,
Buffalo Grove, IL) into 30 μm coronal or parasagittal sections. For immunostaining, we first
detected GFP, mCherry, or SST by indirect immunofluorescence (primary and secondary
antibodies listed in Supplementary Table 4). Subsequently, sections were incubated
overnight with Fos primary antibody (goat anti-Fos, Santa Cruz sc-52-G), 1 h with
biotinylated secondary antibody (donkey anti-goat, 705–065-147; Jackson Immunoresearch,
West Grove, PA) and 45 min with avidin-HRP (PK6100, Vector Labs, Burlingame, CA)
followed by development of nickel-intensified 3, 3’-diaminobenzidine reaction product. For
detection of Fos transcripts by fluorescence in situ hybridization, sections were mounted on
charged slides, dried overnight and reacted following protocols described in Multiplex in
situ hybridization histochemistry).
In vivo PACAP injections in the preBötC
To determine respiratory effects of PACAP injections into the preBötC of adult mice, we
used a similar approach as described above for viral injections, but with additional
diaphragm electromyography (dEMG) measurements as an indication of central respiratory
output as previously described 39. Thus, anesthetized mice (ketamine/dexmedetomidine
HCl; 100 mg/kg, 0.2 mg/kg, i.p.) were mounted in a stereotaxic apparatus, maintained at
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37°C with a servo-controlled heating pad, and wire hook electrodes were placed bilaterally
in the diaphragm. A combination of stereotaxic coordinates and antidromic facial field
recordings was used to identify the preBötC region (see above) for placement of a pressureinjection pipette containing vehicle (PBS) or PACAP-38 (10 μM in PBS; 4031157, Bachem,
Torrance, CA) and rhodamine-labeled latex beads (Lumafluor, Durham, NC); brief pressure
pulses (3–6 ms; Picospritzer II) were used to inject PBS (30 nl), DL-homocysteic acid (10 nl,
4 mM, 40 pmol) or PACAP (10 μM, 0.3 pmol). Analog recordings of dEMG activity
(bandpass, 300–3000 Hz) were acquired on a computer via a Micro1401 digitizer
(Cambridge Electronic Design) and processed off-line using Spike2 software (v. 8.0;
Cambridge Electronic Design) to digitally filter the EKG artifact, and to rectify and integrate
the dEMG signal (time constant, 0.03 s). The respiratory frequency (fR) was triggered from
the integrated EMG signal and dEMG burst amplitude was measured using a peak detection
feature of the Spike 2 software, with fR and dEMG amplitude taken as an index of overall
inspiratory neural output (in arbitrary units). After dEMG recording, mice were immediately
perfused, and brainstem sections processed for SST and choline acetyltransferase (ChAT)
immunohistochemistry to determine the location of the injection relative to the preBötC.
In vitro PACAP injections in the preBötC
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Rhythmically-active medullary slices were prepared from neonatal FVB mice (postnatal day
0–3 and P9–10) using methods similar to those described previously 40–42. Briefly, animals
were anesthetized with isoflurane and the brainstem-spinal cord was isolated in cold (4°C)
artificial cerebrospinal fluid (aCSF) containing (in mM): 120 NaCl, 3 KCl, 1.25 NaH2PO4, 1
CaCl2, 2 MgSO4, 26 NaHCO3, 20 D-Glucose and bubbled with 95% O2–5% CO2. The
brainstem-spinal cord was placed on the chuck of a vibrating microtome (VT1200S; Buffalo
Grove, IL) and serial, 100–200 μm sections were cut in the rostral to caudal direction.
Sections were trans-illuminated to identify specific subnuclei of the inferior olive in the
slice, which serve as markers of the rostral boundary of the preBötC 42 and a single 550 μm
(P0–3) or 600 μm (P9–10) rhythmic transverse slice containing the preBötC was obtained.
Slices were pinned, rostral surface up, in a 5 ml recording chamber, continuously perfused
(100 ml recirculating, 8 ml min−1, 25 ± 1°C) and [K+] in the aCSF was increased to 5 mM
or 9 mM 42. Inspiratory-related motor activity was recorded via suction electrodes placed on
the hypoglossal (XII) nerve rootlets and/or the rostral surface of the slice overlying the
preBötC. Signals were amplified, band-pass filtered (300 Hz to 1 kHz), rectified, and
integrated. Data were acquired using Axoscope 9.2 and a Digidata 1322 A/D (Molecular
Devices, Sunnyvale CA, USA).
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Substance P (Tocris, Minneapolis, MN) and PACAP (Bachem) were prepared in aCSF ([K+]
= 5 or 9 mM to match the aCSF) as stock solutions and frozen until needed. Drugs were
applied unilaterally via pressure injection from triple-barreled pipettes (5–6 μm outer
diameter per barrel, borosilicate glass capillaries, World Precision Instruments, Sarasota, FL,
USA). Microinjections were controlled by a programmable stimulator (Master-8; A.M.P.I.,
Jerusalem, Israel) connected to a Picospritzer (Spritzer4 Pressure Micro-Injector).
Consecutive drug applications were separated by a minimum of 15 min. Substance P (1 μM,
10 s, ~30 nl) was locally applied to identify the preBötC based on a characteristic
immediate, increase in inspiratory frequency (>2-fold) 43 as the injection site was moved in
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a grid-like fashion until the characteristic response was observed. PACAP-38 (0.1, 1.0 and
10 μM in aCSF with 5 or 9 mM K+; Bachem 4031157) was injected at the identified site (30
sec, ~90 nl; 60 sec, ~180 nl). Drug effects on preBötC frequency were assessed off-line
using pCLAMP 9.2 (Clampfit, Molecular Devices) and Microsoft Excel. Frequency values
are reported relative to baseline (average instantaneous frequency over the minute
immediately preceding the drug-injection); response time course was obtained by averaging
instantaneous frequency into 30 s bins, and peak relative frequency by a moving average of
6 consecutive bursts.
In vitro recordings of pH sensitivity of RTN neurons
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Cell-attached recordings of pH sensitivity of GFP-labeled RTN neurons were performed in
transverse brain slices (300 μm) prepared from neonatal
Phox2b::Cre;Phox2b::GFP;PACAPfl/fl mice (P4-P16), as previously described 12,14. Slices
were placed in a chamber on a fixed-stage fluorescence microscope equipped with
fluorescence and infrared Nomarski optics (Zeiss AxioExaminer) at room temperature in
HEPES-based buffer (mM): 140 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose,
with pH adjusted between 7.0 and 8.0 by addition of HCl or NaOH. Patch electrodes (3–6
MΩ) for cell-attached recordings were filled with (mM): 120 KCH3SO3, 4 NaCl, 1 MgCl2,
0.5 CaCl2, 10 HEPES, 10 EGTA, 3 Mg-ATP, and 0.3 GTP-Tris (pH 7.2, adjusted with
KOH). Firing activity was recorded using pCLAMP software, a Multiclamp 700A amplifier
and Digidata 1440A digitizer (Molecular Devices). All recordings were made in the
presence of strychnine (30 μM), bicuculline (10 μM), and 6-cyano-7-nitroquinoxaline-2,3dione (CNQX, 10 μM). Firing rate histograms of RTN neuronal discharge were generated by
integrating action potential discharge in 10 s bins using Spike2 software (Cambridge
Electronic Design), and the pH sensitivity of individual RTN neurons was assessed by linear
regression analysis to obtain a pH50 value (i.e., pH at which firing rate was half that obtained
at pH 7.0) 12,14. A subset of recorded cells was harvested following recording for multiplex
sc-qPCR, as described 12. The recordings and analysis were performed by investigators
blinded to the Cre genotype of Phox2b::Cre;Phox2b::GFP;PACAPfl/fl littermates.
Multiplex in situ hybridization histochemistry (ISHH)
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Multiplex fluorescent in situ hybridization was performed as described previously 6. Mice
were anesthetized (ketamine/dexmedetomidine HCl; 100 mg/kg, 0.2 mg/kg, i.p.), perfused
transcardially with 4% paraformaldehyde and post-fixed in the same fixative overnight at
4°C. Brainstem sections were cut (30 μm), mounted onto charged slides and dried overnight,
before processing according to manufacturer instructions for RNAscope® (Advanced Cell
Diagnostics Newark, CA, SCR_012481). In most cases, sections were incubated for 2 h at
40°C with catalog oligonucleotide probes targeting transcripts (Supplementary Table 5):
PACAP (Adcyap1); PAC1 (Adcyap1r1); VGlut2 (Slc17a6); Sst; Phox2b; Fos; Glutamate
decarboxylases 1 and 2 (Gad1, Gad2); Aldehyde dehydrogenase family 1, member L1
(Aldh1l1); and microtubule-associated protein 2 (Map2). After incubation with probes,
tissue was treated according to the manufacturer’s protocol (ACD). The presence of residual,
recombined PACAP transcript in Cre-positive Phox2b::Cre;PACAPfl/fl mice (see Extended
Data Fig 1b) was detected by the catalog RNAscope probe for Adcyap1. Therefore, to
demonstrate effective Cre recombination by ISHH we obtained a custom-designed probe
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targeting the short, deleted exon 2 region of the recombined transcript, and modified the
RNAscope protocol by reducing the probe incubation time to 1h.
When combined with detection of GFP, mCherry, ChAT or SST, sections were first
subjected to the ISHH protocol and then rinsed 2 × 2 min in blocking buffer (10% horse
serum, 0.1% triton in 100 mM Tris buffer), incubated for 1 h in blocking buffer containing
primary antibodies. Sections were rinsed 2 × 2 min in Tris buffer, incubated for 30 min in
Tris buffer with secondary antibodies, rinsed and allowed to air dry. Slides were covered
with Prolong Gold with DAPI Anti-fade mounting medium (Molecular Probes, Eugene,
OR).
Cell counts and analysis
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Serial coronal sections (1:3 series) through the rostrocaudal extent of the RTN were mounted
on glass slides, and images were acquired using an epifluorescence microscope (Zeiss
Axioimager Z1, Carl Zeiss Microscopy) equipped with Neurolucida software (MBF
Bioscience, Williston, VT); images were assembled for presentation using Photoshop (v. 19–
21) and CorelDraw (v. 17). Labeled neurons were counted and aligned for averaging
according to defined anatomical landmarks 29. No stereological correction factor was
applied. Averaged cell counts obtained from multiple sections from each mouse were treated
as a single data point for subsequent analysis. For virus injections in the preBötC (see
Extended Data Figs. 5c,d, 6a,b), we outlined the region in parasagittal brainstem sections
that contained mCherry-labeled neurons, traced those onto the relevant sections of the mouse
atlas (Figs 111 and 112 of 29) using Photoshop and ImageJ to estimate the fractional
coverage of the preBötC region (according to anatomical landmarks and SST
immunohistochemistry, mapped onto the same sections). The investigator assessing and
quantifying cellular profiles and transduced regions was blinded to treatment and/or
genotype.
Timed pregnancy and induction of pre-term birth in mice
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In order to obtain mouse pups at precise embryonic stages, we paired male and female
Phox2b::GFP mice overnight and verified the start of gestation by the appearance of a
copulation plug. For inducing pre-term birth, we used the antiprogestin RU486
(mifepristone), following procedures outlined in 19. Thus, from a stock of RU486 (10 mM in
absolute ethanol), we prepared a 150 μg/ml solution in sterile water and made a single
injection (1 ml, sc) of that diluted sterile solution into the interior left or right flank of the
pregnant dam (e16.5-e18.5). Pups were typically delivered within 24 h of the RU486
injection (1–3 days pre-term), at which point they were either transcardially perfused for
multiplex ISHH or rapidly decapitated to prepare brainstem slices for neuron harvesting and
multiplex single cell qRT-PCR.
Animals obtained while still within the amniotic sac were transferred immediately following
birth to ice-cold HEPES-buffered saline, and the amniotic membranes were manually
removed. For ISHH, animals were transcardially-perfused by gravity flow with 1 ml
heparinized phosphate-buffered saline followed by 1–2 ml 4% paraformaldehyde; the brains
were removed from the skull using a dissection microscope, post fixed overnight in 4%
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paraformaldehyde at 4°C, sectioned on a vibratome and then processed for ISHH. For
quantitative single cell PCR, the head was removed, transferred to oxygen-bubbled
dissection solution and, after recovering 1–2 other pups in similar fashion, the brains were
extracted and prepared for slice preparation. For litters in which the dam extracted the pups
from the amniotic sac, pups were transferred to heated bedding for pre-determined periods
of time, anesthetized by hypothermia on ice for five minutes, and then either transcardially
perfused and processed for ISHH or decapitated for brain slice preparation and single cell
harvest, as described above.
Statistics
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Results are presented as mean ± SEM, or in box and whiskers plots (i.e., median bisecting a
box bounded by 25th and 75th percentile, with whiskers representing the range). All
statistical analyses were performed using GraphPad Prism (v. 8.2, GraphPad Software, San
Diego, CA), with parametric tests employed for normally-distributed datasets. Details of
specific tests are provided in the text or figure legends. Statistical significance was set at
P<0.05.

Extended Data
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Extended Data Figure 1. Validation of PACAP recombination in RTN neurons from
Phox2b::Cre;PACAPfl/fl mice.

a. Multiplex in situ hybridization for PACAP and Nmb in the ventral brainstem of
Phox2b::Cre;PACAPfl/fl mice that were either Cre-negative (left) or Cre-positive (right). The
boxed areas in low-power fluorescence images (middle) are expanded in higher power
images (lower) to reveal selective PACAP deletion from Nmb-expressing RTN neurons in
Cre-positive mice, with no effect on PACAP expression in midline regions. Nmb+ neurons
indicated with asterisk are expanded in insets; arrow indicates non-Nmb+ cell that expresses
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PACAP. Data representative of two replicate experiments from each of three Cre-negative
and Cre-positive mice. Coronal section, scale bars = 200 μm and 100 μm.
b. Single cell RT-PCR of GFP-labeled RTN neurons, verified by expression of Phox2b and
Nmb, from control Cre-negative PACAPfl/fl mice (lanes 1–3) and Phox2b::Cre;PACAPfl/fl
mice (lanes 4–6). PACAP transcripts from Cre-positive RTN neurons were smaller, as
expected for excision of exon 2; when recombined, this excision creates a frameshift
mutation 10. Data representative of 16 cells from Cre-negative and Cre-positive mice (N=2
each).
c,d. Effects of raised ambient CO2 (FiCO2, 4%−8%; balance O2) on respiratory frequency
(c: fR, breaths/min, mean ± SEM) and tidal volume (d: VT, μl/breath/g, mean ± SEM) in
PACAPfl/fl (N=23) and Phox2b::Cre;PACAPfl/fl mice (N=12). VT: F1,33=0.5134, P=0.4787;
fR: F1,33=10.22, P=0.0031, **, P=0.0013, ***, P=0.0005 for PACAPfl/fl vs. Cre;PACAPfl/fl
by 2-way RM ANOVA (Sidak multiple comparison).
e. Ventilation (VE, ml/min/g; median, 25–75%ile with minima and maxima) in varied
ambient O2 (normoxia: FiO2, 21%; hypoxia: FiO2, 10%; hyperoxia: FiO2, 100%) for
PACAPfl/fl (N=23) and Phox2b::Cre;PACAPfl/fl mice (N=12). F1,99=5.332, P=0.0230, for
PACAPfl/fl vs. Cre;PACAPfl/fl by 2-way ANOVA (NS, Sidak multiple comparison).
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Extended Data Figure 2. Effects of Cre-mediated deletion of PACAP in RTN neurons of adult
mice on breathing and CO2-evoked neuronal activation in vivo.
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a. Schematic depicting approach for PRSx8 promoter-driven lentiviral injections in
PACAPfl/fl mice using stereotaxic coordinates and antidromic facial field potentials to locate
the RTN. Outline of experimental design for recording physiological responses before and 4
weeks after lentivirus injections.
b. Virally-infected (mCherry+) RTN neurons (Nmb+) in Phox2b::Cre;PACAPfl/fl mice
injected with control or PACAP-expressing lentivirus. Coronal section, scale bar=100 μm
(N=9 mice each).
c. Quantification of viral transduction specificity (% of mCherry-labeled neurons in the RTN
region that were Nmb+) and efficiency (% of Nmb-expressing neurons that were mCherry+)
in mice injected with lentivirus expressing mCherry (control) or PACAP (N=9 each), or
mCherry (no Cre) and Cre-mCherry (N=5 each).
d. Multiplex in situ hybridization for PACAP, Nmb and TH in the caudal RTN region of the
rostral ventrolateral medulla (−6.5 mm, relative to Bregma); boxed area from low-power
merged image is expanded (right) to show that Nmb-expressing RTN neurons universally
express PACAP (yellow arrows) whereas only few TH-expressing C1 neurons express
PACAP in this region and most PACAP-expressing C1 cells are located mediodorsal to the
RTN (purple arrows). PACAP is also expressed in non-RTN, non-C1 cells (red arrowheads).
Representative of 3 independent experiments (as quantified in e,f). Coronal section, scale
bars = 100 μm
e,f. Cell counts from in situ hybridization experiments (N=3) through the C1 region
quantifying TH-expressing C1 neurons that also express PACAP (e; mean ± SEM), and the
percentage of PACAP-expressing C1 neurons (f; mean ± SEM). Note that most neurons in
the caudal C1 express PACAP, whereas progressively fewer rostral C1 neurons express
PACAP in the region that overlaps with the RTN. (X marks the approximate rostrocaudal
level depicted in d).
g. Multiplex in situ hybridization for PACAP and Nmb combined with immunostaining for
mCherry in the RTN region of PACAPfl/fl mice that were injected with virus for mCherry or
Cre-mCherry (schematic on right). Transduced RTN neurons are indicated by yellow arrows
and uninfected RTN neurons by green arrows. Coronal section, scale bar = 100 μm.
h. Effects of raised ambient CO2 (FiCO2, 4%−8%; balance O2) on ventilation (VE,
ml/min/g; mean ± SEM), respiratory frequency (fR, breaths/min; mean ± SEM) and tidal
volume (VT, μl/breath/g; mean ± SEM) in PACAPfl/fl injected in the RTN with control
(mCherry) or Cre-mCherry lentivirus. Phox2b::Cre;PACAPfl/fl mice (N=5 each). The 95%
CI are from all mice prior to virus injection. VE: F2,68=47.38, VT: F2,68=16.22, fR:
F2,68=23.05, all P<0.0001 for treatment main effects; *, P<0.05, **, P<0.005, ***, P<0.001,
****, P<0.0001 for Cre vs. initial; +, P<0.05, ++, P<0.005, ++++, P<0.0001 for Cre vs. no
Cre, by 2-way ANOVA (Tukey’s multiple comparison).
i,j. CO2-evoked change in VE (i) and apnea frequency (j) in PACAPfl/fl mice prior to and 4
weeks following RTN injection of control (mCherry) or Cre-mCherry lentivirus (N=5 each;
as in Fig. 1d). ΔVE: F3,16=11.39, P=0.0003: apnea: F3,16=34.3, P<0.0001 by ANOVA; **,
P=0.012 (i) and ****, P<0.0001 (j) Cre-mCherry vs. control or pre-injection (Tukey’s
multiple comparison). Box-and-whisker plots in this and other panels define the median, the
25–75%ile, and the minima and maxima. The shaded regions depict 95% CI for uninjected
PACAPfl/fl mice.
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k. Combined multiplex in situ hybridization for Nmb and Fos, and immunostaining for
mCherry, in PACAPfl/fl mice injected with lentivirus for control (mCherry) or Cre-mCherry
after exposure to CO2 (12% CO2, 60% O2, balance N2 for 35 min). CO2-induced Fos
expression was observed in numerous uninfected (green arrows) and virally-transduced RTN
neurons (yellow arrows). For both control and Cre-mCherry (n=5 each). The percentage of
CO2-activated RTN neurons (mean ± SEM) was not different in uninfected and infected
RTN neurons from control- or Cre-mCherry-injected mice. Coronal section, scale bar = 100
μm.
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Extended Data Figure 3. Breathing is suppressed by PACAP knockdown in RTN neurons.

a. Upper: Lentiviral construct incorporating PACAP (or control) shRNA sequence at a
Drosha site derived from miR30a was embedded in an artificial intron upstream of an
mCherry coding sequence and driven by a PRSx8 promoter. Lower: Schematic illustrating
lentiviral injection approach and follow up validation of knockdown and respiratory
assessment.
b. Quantification of viral transduction specificity (% of mCherry-labeled neurons in the RTN
region that were GFP+) and efficiency (% of GFP-labeled neurons that were mCherry+) in a
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subset of mice expressing control (n=6) or PACAP shRNA (n=10). Box-and-whisker plots in
this and other panels define the median, the 25–75%ile, and the minima and maxima.
c,d. In situ hybridization combined with GFP and mCherry immunohistochemistry showing
expression of transcripts for PACAP (c) or VGlut2 (d) in RTN neurons transduced with
lentivirus expressing control shRNA (upper) or PACAP shRNA (lower). Transduced RTN
neurons indicated by yellow arrows, uninfected RTN neurons by green arrows. Data
representative of two replicate experiments from mice injected with virus for control (N=6)
and PACAP shRNA (N=10). Coronal section, scale bar = 100 μm.
e. Schematic shows single GFP-expressing RTN neurons aspirated under direct vision into
pipettes from brainstem slices, and processed for multiplex quantitative RT-PCR (upper).
Cumulative frequency distribution of PACAP (middle) and VGlut2 (lower) transcript levels
from uninjected mice (GFP), or mice infected with either control or PACAP shRNA. Red
arrow indicates % of cells infected with PACAP shRNA in which PACAP expression was
undetectable. Insets: Individual cell expression levels for PACAP and VGlut2 (relative to
GAPDH; median and 95% CI, with number of cells: number of mice). ****, P<0.0001 vs.
GFP & CON, by Kruskal–Wallis one-way ANOVA.
f. Effects of raised ambient CO2 (FiCO2, 4%−8%; balance O2) on respiratory frequency (fR,
breaths/min; mean ± SEM) and tidal volume (VT, μl/breath/g; mean ± SEM) from mice prior
to and 4 weeks following RTN injection with either control (n=9) or PACAP (n=13) shRNAexpressing lentivirus. fR: F3,160=6.68, P<0.0001, for treatment by 2-way ANOVA; *,
P=0.0414 in 4% and P=0.0272 in 8% CO2, **, P=0.0011, for PACAP shRNA vs. initial
(Tukey’s multiple comparison). VT: F3,160=9.94, P<0.0001, for treatment by 2-way
ANOVA. *, P=0.0115, **, P=0.0011, for PACAP shRNA vs. initial (Tukey’s multiple
comparison).
g. CO2-evoked change in VE in Phox2b::GFP mice prior to and 4 weeks following RTN
injection of control (n=9) or PACAP shRNA (n=13) expressing lentivirus. ***, P=0.0002 by
two-sided Wilcoxon matched-pairs signed rank test.
h. Ventilation in varied ambient O2 (normoxia: FiO2, 21%; hypoxia: FiO2, 10%; hyperoxia:
FiO2, 100%) from mice 4 weeks following RTN injection with either control (n=9) or
PACAP (n=13) shRNA-expressing lentivirus. F3,120=0.1761, P=0.9124, for treatment
(control vs. PACAP shRNA) by 2-way ANOVA.
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Extended Data Figure 4. CO2 sensitivity of RTN and preBötC neurons after PACAP depletion.

a. Firing rate histogram from cell-attached recording of RTN neuron exposed to acidified
and alkalized bath solutions in brainstem slice from a Cre-positive Phox2b::Cre;PACAPfl/fl
mouse.
b. The pH sensitivity of RTN neurons (pH50, pH where firing rate is half that obtained at pH
7.0) obtained from Phox2b::Cre;PACAPfl/fl mice that were Cre-negative or Cre-positive. (n
cells: N mice; P=0.8248 by unpaired t-test). Box-and-whisker plots in this and other panels
define the median, the 25–75%ile, and the minima and maxima.

Nature. Author manuscript; available in PMC 2021 June 02.

Shi et al.

Page 20

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

c. Single cell qRT-PCR for the indicated transcripts from RTN neurons harvested after
recordings of pH sensitivity in brainstem slices from Cre- or Cre+ Phox2b::Cre;PACAPfl/fl
mice (n cells: N mice); F3,80=7.729, P=0.0001 for interaction by 2-way ANOVA, ****
P<0.0001 for PACAP from Cre- vs. Cre+ mice.
d. Left: Mice injected with lentivirus for control (upper) or PACAP shRNA (lower) were
exposed to CO2 (12% CO2, 60% O2, balance N2 for 45 min). Immunohistochemistry for
GFP and mCherry (left), and Fos (right), reveals CO2-induced Fos expression in numerous
uninfected (green arrows) and lentiviral-transduced RTN neurons (yellow arrows). Right:
Percentage of Fos-immunopositive expressing RTN neurons (mean ± SEM) under control
conditions (0% CO2) and after CO2 exposure in uninjected mice (N=3 each), and in mice
injected with lentivirus expressing either control or PACAP shRNA (N=3 each). Coronal
section, scale bars = 100 μm.
e. GFP immunohistochemistry for Phox2b-expressing RTN neurons combined with in situ
hybridization for PAC1 receptor. Filled arrow: Phox2b-expressing RTN neuron associated
with PAC1; filled arrowheads, Phox2b-expressing RTN neurons without PAC1; empty
arrow: PAC1-expressing neuron outside the RTN. Data representative of experiments from 3
mice. Coronal section, scale bar = 100 μm.
f. Upper: Fos immunolabeling in coronal brainstem sections from uninjected mice under
control conditions and after CO2 exposure, and in CO2-exposed mice that had received RTN
injections of lentivirus expressing scrambled or PACAP shRNA. Scale bar = 100 μm. Lower:
Quantification of Fos-immunolabeled cells in the preBötC region. Averaged cell counts (±
SEM) were obtained from multiple sections in either coronal or parasagittal plane from
individual mice and treated as a single data point for subsequent analysis (N=mice analyzed
for each condition). Data from coronal and parasagittal sections were essentially identical
and combined for subsequent analysis. For coronal: F3,8=22.4, P=0.003 by ANOVA; control
vs. CO2, P=0.0007; control vs. CO2+sc, P=0.0027; CO2+sh vs CO2, P=0.0015; CO2+sh vs
CO2+sc, P= 0.0060 (Tukey’s multiple comparison). For parasagittal: F3,10=27.25, P<0.0001
by ANOVA; control vs. CO2, P<0.0001; control vs. CO2+sc, P=0.0003; CO2+sh vs CO2,
P=0.0009; CO2+sh vs CO2+sc, P=0.0030 (Tukey’s multiple comparison).
g. Schematic in the parasagittal plane illustrating the location of CO2/H+-sensitive
chemoreceptor neurons in the RTN and their projections to respiratory regions of the
brainstem. NTS, nucleus tractus solitarius; LBP, lateral parabrachial nucleus; KF, KöllikerFuse.
h. Immunofluorescence labeling for mCherry and ChAT combined with multiplex in situ
hybridization for PAC1, Sst and/or Fos in coronal sections containing the preBötC from
mice injected in the RTN with lentivirus expressing control or PACAP shRNA. The preBötC
was identified by its location relative to the nucleus ambiguus (i.e., see ChAT-IR) in a region
with a high concentration of Sst-expressing neurons. The preBötC is innervated by fibers
from lentivirus-infected RTN neurons (see mCherry staining), and contains cells that express
PAC1. After exposure to elevated CO2 (12%, 60% O2, balance N2 for 35 min) preBötC cells
express Fos. The data are representative of two replicate experiments from each of 6 mice
tested for CO2-induced Fos expression after control lentivirus injection in RTN. Scale bar =
100 μm.
i. Histochemical localization of PAC1 and CO2-induced Fos expression together with
markers for neurons (Map2) or astrocytes (Aldh1l1), and for excitatory (VGlut2) or
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inhibitory neurons (Gad1, Gad2). Insets: merged images from boxed regions at higher
magnification. Filled arrows: PAC1- and Fos-expressing cells containing the marker; open
arrows: PAC1- and Fos-expressing cells without the marker; filled arrowhead: Fos with no
PAC1 or marker; empty arrowhead: PAC1 cells containing the marker but no Fos. Data
representative of two replicate experiments from each of 4 mice. Coronal section, scale bar =
100 μm.
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Extended Data Figure 5. Effect of PACAP injection in the preBötC on respiratory output.
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a. Summary data illustrating effects of vehicle (PBS) and PACAP injections in the preBötC
(n=15 injections, N=6 anesthetized mice) on dEMG burst frequency (fR) and burst
amplitude. Data were normalized relative to control values before PBS. Box-and-whisker
plots in this and other panels define the median, the 25–75%ile, and the minima and
maxima. RM-ANOVA on absolute values for fR; F2,28=62.71, ****, P<0.0001 for PACAP
vs. control and PBS; and for amplitude: F2,28=13.39, ***, P=0.0002 and P=0.0005 for
PACAP vs. control and PBS (Tukey’s multiple comparison).
b. Injection locations mapped onto ventral brainstem cutouts from images of parasagittal
sections at two levels (1.2 and 1.32 mm lateral, from Figs. 111 and 112 of 29), color coded
for effect size. The approximate location of the preBötC (orange shaded) is based on the area
caudal to FN, rostral to LRt, and ventral to NA containing neuronal Sst-expression (not
shown).
c. Rate histogram of inspiratory burst frequency and integrated dEMG during vehicle, DLH
(40 pmol) and PACAP (0.3 pmol) injection into the ipsilateral and contralateral preBötC of
an anesthetized mouse 4 weeks after on-target unilateral injection of PAC1-shRNAexpressing lentivirus (ipsilateral data reproduced from Fig. 3b, ipsilateral injection sites
shown in Fig. 3d).
d. Upper: Photomicrograph from parasagittal brainstem section of the single mouse (of N=6)
with an off-target injection of PAC1 shRNA lentivirus (i.e., outside the preBötC). The
approximate boundary of virally-transduced cells (mCherry-expressing) outside the preBötC
(red dashed area) and PACAP injection site in the preBötC (green) were mapped onto
ventral brainstem cutout (from Fig. 111 of 29). Parasagittal section, scale bar = 200 μm.
Lower: Corresponding rate histogram of inspiratory burst frequency and integrated dEMG
during vehicle, DLH (40 pmol) and PACAP (0.3 pmol) injection into the ipsilateral preBötC.
e. Time course depicting the effect on hypoglossal nerve burst frequency (mean ± SEM) of
pressure injections of PACAP (1 μM, 10 μM) into the preBötC of rhythmic brain slice
preparations prepared from two age groups of neonatal mice (P0-P3, N=8 slices; P9-P10,
N=7 slices).
f. Peak relative hypoglossal nerve burst frequency after PACAP application (1 uM and 10
μM) in rhythmic brain slice preparations were not different in two age groups of neonatal
mice (P0-P3, P9-P10); data from all ages were pooled for statistical analysis. *, P=0.0316,
****, P<0.0001 relative to baseline, by ANOVA.
g. Rhythmic brain slice (P0) was bathed in 5 mM K+ to reduce network excitability and the
effect of pressure injection of PACAP (100 nM) on hypoglossal nerve burst activity was
determined. Inset: Peak relative hypoglossal nerve burst frequency after 100 nM PACAP
injection in slices bathed in 5 mM K+ (P0-P3, N=6).
h. Multiplex in situ hybridization for Sst and PAC1 transcripts combined with ChAT
immunostaining in parasagittal brainstem sections containing the preBötC from mice at the
indicated embryonic and postnatal ages. Images representative of (mice:litters): e19.5 (12:3),
P1 (11:3), P4 (8:3), P7 (8:3), P14 (8:3), and P120 (3). Parasagittal sections, scale bar = 100
μm.
i. Multiplex in situ hybridization for Sst and either VPAC1 (V1pr1, upper) or VPAC2
(V1pr2, lower) transcripts combined with ChAT immunostaining in parasagittal brainstem
sections containing the preBötC from mice at the indicated embryonic and postnatal ages.
Note the absence of either VPAC1 or VPAC2 expression in preBötC neurons, with a
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developmental increase in VPAC2 transcripts evident in ChAT-IR neurons of the nucleus
ambiguus beginning around P7 and persisting into adulthood (arrows). Images representative
of (mice:litters): e19.5 (9:3), P1 (9:3), P4 (6:3), P7 (6:3), P14 (6:3), and P120 (3)
Parasagittal sections, scale bar = 100 μm.
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preBötC and effects on CO2-stimulated breathing.
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a,b. Upper: Bilateral fluorescent images of transduction region overlaid on dark field images
of parasagittal brainstem sections from mice injected with PAC1 shRNA-expressing (a) and
control (b) lentivirus. Parasagittal sections, scale bars = 500 μm. Lower, left: Viral
transduction regions from the two images were superimposed on a schematic of the relevant
brainstem region (adapted from Plate 111 of 29). The preBötC region (orange shaded) was
approximated based on a similar tracing of concentrated Sst expression (not shown), and by
its relationship to select anatomical features. Lower, right: The intersection of the viral
transduction region with the preBötC region was determined from each of these tracings
(and from a second set of bilateral images, corresponding to Plate 112 of 29), and averaged
to obtain a percentage overlap with the preBötC. The effect of increasing concentrations of
CO2 (balance O2) on VE was measured before and 4 weeks after preBötC injection of PAC1
shRNA-expressing lentivirus, and the % reduction in CO2-stimulated breathing determined
(at 8% CO2).
c. Percentage overlap of the viral transduction region with the preBötC in mice injected with
control or PAC1 shRNA-expressing lentivirus (N=7 and 10). P=0.07, by Mann-Whitney test.
Box-and-whisker plots in this and other panels define the median, the 25–75%ile, and the
minima and maxima.
d. Effects of raised ambient CO2 (FiCO2, 4% to 8%; balance O2) on respiratory frequency
(fR, breaths/min; mean ± SEM) and tidal volume (VT, μl/breath/g; mean ± SEM) before and
4 weeks following preBötC injection with either control (N=9) or PAC1 (N=11) shRNAexpressing lentivirus. VT: F3,144=0.612, P=0.6082; fR: F3,144=7.761, P<0.0001, for
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condition by 2-way ANOVA. *, P<0.05, PAC1 shRNA vs. initial; ++, P<0.01, PAC1 shRNA
vs. control shRNA (Tukey’s multiple comparison).
e. CO2-evoked change in VE in Phox2b::GFP mice before and 4 weeks following preBötC
injection of control (N=9) or PAC1 shRNA (N=13) expressing lentivirus. **, P=0.0039 by
two-sided Wilcoxon matched-pairs signed rank test.
f. Ventilation in varied ambient O2 (normoxia: FiO2, 21%; hypoxia: FiO2, 10%; hyperoxia:
FiO2, 100%; median, 25–75%ile with minima and maxima) from mice before and 4 weeks
following RTN injection with either control (N=9) or PACAP (N=13) shRNA-expressing
lentivirus. F3,108=1.204, P=0.3120, for treatment by 2-way ANOVA.
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Extended Data Figure 7. Developmental expression of PACAP and GAPDH in RTN neurons.

a. Expression of PACAP, Nmb and VGlut2 in RTN neurons assessed by multiplex in situ
hybridization from RTN neurons at the indicated postnatal ages. Images representative of
(mice:litters): e17.5 (17:3), e19.5 (18:3), P0 (12:3), P3 (10:3), P6 (9:3), P14 (9:3), P50 (5),
and P120 (4). Coronal sections, scale bar = 100 μm.
b. Left: Cumulative probability distribution for individual PACAP expression values (2-ΔCt,
relative to GAPDH) from single cell qRT-PCR of RTN neurons at four different embryonic
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and postnatal ages (cells:mice): e17.5-e19.5 (97:20); P0-P3 (150:20); P4-P14 (218:24); P52P200 (114:14). Inset: Individual cell PACAP expression levels within each group, relative to
GAPDH (2-ΔCt). Box-and-whisker plots in this and other panels define the median, the 25–
75%ile, and the minima and maxima. ****, P<0.0001 vs. e17.5-e19.5, ++++, P<0.0001 vs.
P0-P3, by Kruskal–Wallis one-way ANOVA with Dunn’s multiple comparisons test. Right:
Grouped box plot of median values for each of the embryonic and postnatal ages. (From raw
data presented in Fig. 4b).
c. Expression of Phox2b, Nmb, and VGlut2 assessed by multiplex sc-qPCR from RTN
neurons harvested from brainstem slices at the indicated postnatal ages (cells:mice): e17.5
(14:6); P1 (16:3); P3 (18:3); P5 (17:2); P8 (14:2); P11 (29:3); P50 (15:2); P100 (25:3). *,
P=0.0176, **, P=0.0026, by Kruskal-Wallis ANOVA with multiple Dunn’s post-hoc
comparisons to P1.
d. Multiplex in situ hybridization at the indicated postnatal ages for PACAP expression in
TH-expressing neurons in the caudal C1 region (−6.9 mm, relative to Bregma) and in
Phox2b-expressing NTS neurons (−7.1 mm, relative to Bregma). Images representative of
(mice:litters): e18.5 (12:3), e19.5 (12:3), P0 (10:3), P1 (8:3), and P5 (8:3). Coronal sections,
scale bar = 100 μm.
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Extended Data Figure 8. PACAP expression in Nmb-expressing RTN neurons from pre-term
mice.

a. Multiplex in situ hybridization for PACAP and Nmb in RTN neurons from pre-term mice
born at e17.5, e18.5, and e19.5. Newborn pups were extracted from the amniotic sac by the
dam (upper row), retained in the amniotic sac until transcardial perfusion (middle row), or
obtained after one day of postnatal life (lower row, P1). The data are representative of
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(mice:litters): e17.5, P0o (12:3), P0i (6:3), P1 (6:3); e18.5, P0o (12:3), P0i (5:3), P1 (6:3);
e19.5, P0o (13:3), P0i (4:3), P1 (6:3). Coronal sections, scale bar = 100 μm.
b. Expression of Phox2b, Nmb, and VGlut2 assessed by multiplex sc-qPCR from RTN
neurons harvested from brainstem slices of preterm mouse pups (e17.5-e19.5) at the
indicated postnatal days (P0-P2); at birth (P0), some pups were taken en caul (in the
amniotic sac; P0i) or after maternal extraction from the amniotic sac (P0o). (n:N values as in
Fig. 4e). Box-and-whisker plots define the median, the 25–75%ile, and the minima and
maxima.
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Extended Data Figure 9. CO2-stimulated breathing and apnea incidence in conditional PACAP
knockout mice across the early postnatal period and during thermal stress.
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a. Ventilation in hyperoxia (60% O2, balance N2) and in hyperoxic hypercapnia (10% CO2,
60% O2, balance N2) in Phox2b::Cre;PACAPfl/fl mice and Cre-negative, PACAPfl/fl control
littermates (n=14 pups each, from 3 litters) at different early postnatal ages (P2-P5, P6-P9,
P10-P12). ****, P<0.0001, for genotype by 2-way RM ANOVA (Sidak’s multiple
comparison).
b. Summary data of the CO2-induced change in VE at the indicated early postnatal ages for
Phox2b::Cre;PACAPfl/fl mice and Cre-negative, PACAPfl/fl control littermates (P2-P5, N=14
each; P6-P9, N=14 each; P10-P12, N=11 & 13). Box-and-whisker plots in this and other
panels define the median, the 25–75%ile, and the minima and maxima. F1,74=78.42,
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P<0.0001, for genotype by 2-way ANOVA. ****, P<0.0001 genotype effect for age group
(Sidak’s multiple comparison).
c. Summary data of apnea incidence in Phox2b::Cre;PACAPfl/fl mice and Cre-negative,
PACAPfl/fl control littermates at different early postnatal ages (P2-P5, N=13 &14; P6-P9,
N=14 each; P10-P12, N=13 each). F1,75=69.13, P<0.0001, for genotype by 2-way ANOVA.
***, P=0.0002, ****, P<0.0001 genotype effect for age group (Sidak’s multiple
comparison).
d. Summary data for the CO2-induced change in VE (ml/min/g), VT (μl/breath/g), and fR
(breaths/min) in Phox2b::Cre;PACAPfl/fl mice and Cre-negative, PACAPfl/fl control
littermates (n=14 pups each, from 3 litters); data from individual mice at different ages (P2P5, P6-P9, P10-P12) were averaged, and treated as a single data point for analysis between
genotypes. ****, P<0.0001, ***, P=0.0002, **, P=0.0032 (by unpaired t-test).
e. Summary data of apnea incidence in Phox2b::Cre;PACAPfl/fl mice and Cre-negative,
PACAPfl/fl control littermates at different ages (P2-P5, P6-P9, P10-P12); mice were studied
in normoxia at the indicated ambient temperatures (N, number of mice for each age and
condition). ****, P<0.0001, for genotype effect by 2-way ANOVA; +, P= 0.0143, ++, P=
0.0059, +++, P=0.0002, ++++, P<0.0001, comparing Cre- vs. Cre+ at the indicated ambient
temperatures (Sidak’s multiple comparison).
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Figure 1. Breathing is suppressed by PACAP deletion in RTN neurons.
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a. Phox2b::Cre and PACAPfl/fl mice were crossed to delete PACAP from Phox2b-expressing
RTN neurons and PRSx8 promoter-driven lentivirus constructs were injected into mouse
RTN. FN, facial motor nucleus.
b. Ventilatory response to elevated CO2 (mean ± SEM) in Phox2b::Cre;PACAPfl/fl (N=12)
and PACAPfl/fl mice (N=23). F1,132=51.47, P<0.0001, for genotype by 2-way ANOVA. **,
P=0.004, ***, P=0.0003, ****, P<0.0001 (Tukey’s multiple comparison).
c. Apnea frequency in Phox2b::Cre;PACAPfl/fl (N=14) and Cre-negative PACAPfl/fl mice
(N=23). **, P<0.0001, by two-sided Mann-Whitney t-test. (Box-and-whisker plots: median,
25–75%ile, minima and maxima).
d,e. CO2-evoked change in VE (left) and apnea frequency (right) before and 4 weeks after
RTN injection of control (mCherry) or PACAP-mCherry lentivirus in
Phox2b::Cre;PACAPfl/fl mice (d, N=9 each), and control or Cre-mCherry lentivirus in
PACAPfl/fl mice (e, N=5 each). ΔVE: F3,16=11.39, P=0.0003; apnea: F3,16=34.3, both
P<0.0001 by ANOVA; **, P=0.012 and ****, P<0.0001 Cre-mCherry vs. control or preinjection (Tukey’s multiple comparison). **, P=0.0078 (VE) and P=0.0039 (apnea), pre vs.
post-PACAP by two-sided Wilcoxon matched-pairs signed rank test. Shaded regions depict
95% confidence intervals (CI) for Cre-negative PACAPfl/fl mice.
f. Injection of shRNA-expressing lentivirus in RTN of Phox2b::GFP mice. Cumulative
frequency distribution of PACAP expression determined by qRT-PCR of individual GFPexpressing RTN neurons from uninjected Phox2b::GFP mice (GFP; 31 neurons:5 mice), or
mice transduced with control (32:6) or PACAP shRNA (46:7); arrow indicates % of cells
with undetectable PACAP expression. ****, P<0.0001 vs. GFP and control, by Kruskal–
Wallis one-way ANOVA and Dunn’s test).
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g. Ventilatory response to CO2 (left; mean ± SEM) and apnea frequency (right) from mice
before and 4 weeks following RTN injection with either control or PACAP shRNAexpressing lentivirus (N=9 and 13). CO2 response: 95% CI from all mice prior to virus
injection; F2,164=26.94, P<0.0001, for treatment by 2-way ANOVA. **, P=0.005, ****,
P<0.0001, PACAP vs. initial; +, P<0.05, ++++, P<0.0001, PACAP vs. control (Tukey’s
multiple comparison). Apnea frequency: ***, P<0.001 by two-sided Wilcoxon matchedpairs signed rank test.
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Figure 2. CO2 and PACAP activate preBötC neurons and respiratory output.
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a,b. Parasagittal images of CO2-induced Fos mRNA expression around PAC1-expressing
cells in the preBötC (a) and corresponding quantification of Fos+ cells under the indicated
conditions (b, N=mice). Box-and-whisker plots: median, 25–75%ile, minima and maxima.
ANOVA for Phox2b::GFP mice: F3,22=50.79; for PACAPfl/fl mice: F3,13=97.68. ****,
P<0.0001, vs. uninjected-CO2 and control virus+CO2 (Tukey’s multiple comparison). Scale
bar=100 μm, r=rostral, d=dorsal.
c. PACAP injection into the preBötC of anesthetized mice to determine effects on diaphragm
EMG (dEMG).
d. Rate histogram of inspiratory burst frequency (upper) during injection of vehicle (PBS)
and PACAP (0.3 pmol), with expanded view of integrated dEMG burst profiles (below).
e. Parasagittal brainstem section illustrating injection sites in the preBötC (left) that were
mapped from N=6 mice (right) onto parasagittal ventral brainstem cutouts 29 (1.2 and 1.32
mm lateral, rostral at left, preBötC region shaded); sites color coded for effect on inspiratory
neural output. X marks injection location for data in d; red dots mark injection sites depicted
on left. Scale bar=200 μm. NA, nucleus ambiguus; LRt, lateral reticular nucleus.
f. Effects of PBS and PACAP injections in the preBötC (15 injections, 6 mice) on inspiratory
neural output. Data normalized relative to control values before PBS. F2,28=30.41 by RMANOVA on absolute values; ****, P<0.0001, PACAP vs. PBS or control (Tukey’s multiple
comparison).
g. Rhythmic brainstem slice from neonatal mice (upper, P0-P10) and exemplar recording
showing increased respiratory (nXII) burst frequency after unilateral microinjections of 10
μM PACAP (60 s) into the preBötC (P1; lower).
h. Time series of averaged effect on nXII burst frequency (mean ± SEM) and peak relative
frequency of nXII burst (inset) after PACAP injection into the preBötC (1 μM, n=14; 10 μM,
n=12; N=15 slices). F3,48=12.44 by ANOVA; *, P=0.0147, ****, P<0.0001 relative to
baseline (with Bonferroni multiple comparison).
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Figure 3. PAC1 knockdown in the preBötC blocks PACAP-evoked and CO2-stimulated
respiratory activation and increases apnea frequency.
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a. PAC1 transcript expression in uninfected (green arrows) and virally-transduced (mCherryimmunoreactive; yellow arrows) neurons in preBötC after control (N=14) or PAC1 shRNA
(N=16). Parasagittal section, scale bar=100 μm.
b,c. Rate histogram of inspiratory burst frequency and integrated dEMG during injection of
vehicle (PBS), DL-homocysteic acid (DLH, 40 pmol) and PACAP (0.3 pmol) in ipsilateral
preBötC after viral transduction with PAC1 shRNA (b) or control shRNA (c).
d. Parasagittal section showing PAC1 shRNA-transduced neurons (mCherry) and PACAP
injection site (encircled, from mouse in b). Representative of on-target virus and PACAP
injection sites (N=5 mice each for control and PAC1 shRNA). Scale bar=200 μm
e. Effects of vehicle (V), DLH (D), and PACAP (P) injections in the preBötC on inspiratory
neural output in mice transduced with PAC1 shRNA or control lentivirus (N=5 each). Boxand-whisker plots: median, 25–75%ile, minima and maxima. Data normalized relative to
control values before each injection. F2,24=30.41 by 2-way ANOVA; ***, P<0.0001, PACAP
vs. PBS or control (Tukey’s multiple comparison).
f. CO2-induced Fos expression in preBötC injected with lentivirus for control (N=9) or
PAC1 shRNA (N=11). Immunolabeling for mCherry and ChAT denotes viral transduction
and location of NA. Parasagittal section, scale bar=100 μm.
g. CO2-evoked Fos-immunoreactive cells (mean ± SEM) in the preBötC after control or
PAC1 shRNA injection in the preBötC (N=mice). Shaded regions: 95% CI for uninjected
mice ± CO2 exposure (from Fig. 2b) *, P=0.0159, control vs. PAC1 shRNA by two-sided
Mann-Whitney test.
h. Ventilatory response to CO2 (left; mean ± SEM) and apnea frequency (right) from mice
before and 4 weeks following preBötC injection with control or PAC1 shRNA-expressing
lentivirus (N=9 and 11). For CO2 response: 95% CI from all mice prior to virus injection;
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F2,148=9.362, P=0.0001, for treatment by 2-way ANOVA. *, P=0.0308, ***, P=0.0009,
PAC1 vs. initial; +, P=0.0278; ++, P=0.0029, PAC1 vs. control (Tukey’s multiple
comparison). For apnea frequency: *, P=0.0127 by two-sided Wilcoxon matched-pairs
signed rank test.
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Figure 4. Early postnatal expression and respiratory function of PACAP.
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a. PACAP transcript expression in Nmb-expressing RTN neurons before and after full term
birth (e19.5, N=18 pups; P0, N=12; P3, N=10, from 3 litters each). Coronal section, scale
bar=100 μm.
b. Single cell qRT-PCR determining PACAP expression levels in RTN neurons harvested
from Phox2b::GFP mice at the indicated embryonic and postnatal time points.
(n=cells:N=mice): e17.5 (46:12); e18.5 (22:3); e19.5 (29:5); P0 (46:7); P1 (49:6); P2 (28:4);
P3 (27:3); P4 (60:6); P5 (41:5); P6 (33:4); P7(42:4); P10 (15:2); P12 (17:2); P14 (10:1); P52
(17:2); P100 (20:3); P152 (19:2); P180 (31:5); P200 (27:2). Box-and-whisker plots: median,
25–75%ile, minima and maxima.
c-e. Time-mated female mice were injected with RU486 (c, mifepristone;150 μg, sc) to
induce preterm birth (e17.5-e19.5) and obtain pups en caul (in the amniotic sac; P0in) or
after maternal extraction from the amniotic sac (P0out) for multiplex ISHH (d) or sc-qPCR
(e). In d (n=mice:N=litters): P0o (12:3); P0i (6:3). In e (n=cells:N=mice): e17.5: 0o (9:5), 0i
(12:3); e18.5: 0o (16:6), 0i (8:3), P1 (6:2), P2 (12:3); e19.5: 0o (15:5), P1 (10:3), P2 (10:2).
**, P<0.01, ***, P=0.0005, ****, P<0.0001 by Kruskal–Wallis ANOVA, with Dunn’s posthoc comparison to corresponding embryonic time point (e17.5-e19.5, reproduced from b).
Coronal section, scale bar=100 μm.
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f,g. Preterm neonatal pups (e19.5) were taken at the indicated time points following birth for
multiplex ISHH (f; 6 mice:3 litters each) or sc-qPCR (g; n=cells:N=mice): 1 min, (14:2); 5
min, (10:2); 15 min (8:1); 20 min (15:2); 30 min (14:2); 60 min (12:2); 120 min (13:2). **,
P<0.01, ***, P=0.0005, ****, P<0.0001 by Kruskal–Wallis one-way ANOVA, with Dunn’s
post-hoc comparison to e19.5 (from b). Coronal sections, scale bar=100 μm.
h,i. Exemplar plethysmography traces (h, both P3) and summary data from neonatal
Phox2b::Cre;PACAPfl/fl and PACAPfl/f pups (i, P2-P12; n=14 pups:N=3 litters each) under
control hyperoxic conditions (60% O2) and during CO2 exposure (10% CO2, 60% O2).
F1,52=41.62, P<0.0001, for genotype by 2-way ANOVA. ****, P<0.0001 (Sidak’s multiple
comparison).
j. Left: Apnea frequency determined during quiet breathing in 60% O2 at 26°C. ****,
P<0.0001, by unpaired t-test. Right: Separate cohorts of Cre-positive and Cre-negative
PACAPfl/fl littermates tested in a thermoneutral environment (30°C) and during exposure to
cold (24°C and 22°C; n = 6 & 7 for Cre- and Cre+, from 3 litters) or warm (38°C; n = 8 &
10 for Cre- and Cre+, from 4 litters). F3,67=13.73; F3,67=47.05, F1,67=163.2 for interaction,
temperature and genotype, all P<0.0001 by 2-way ANOVA; **, P=0022, ***, P=0.0002,
****, P<0.0001 for Cre- vs. Cre+ at the indicated temperatures (Sidak’s multiple
comparison).
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