J Physiol 597.10 (2019) pp 2741-2766 2741

Chemosensitivity of Phox2b-expressing retrotrapezoid
neurons is mediated in part by input from 5-HT neurons

Yuanming Wu"*, Katherine L. Proch">*, Frida A. Teran"*® {l%, Ryan J. Lechtenberg', Harsh Kothari’
and George B. Richerson!>%3¢

! Department of Neurology, University of lowa, lowa City, IA, 52242, USA

2Graduate Program in Neuroscience, University of lowa, lowa City, IA, 52242, USA

3 Department of Pediatrics, University of lowa, Iowa City, IA, 52242, USA

*Department of Molecular Physiology & Biophysics, University of lowa, lowa City, IA, 52242, USA
5Neurology Service, Veterans Affairs Medical Center, Iowa City, IA, 52242, USA

®Towa Neuroscience Institute, University of lowa, lowa City, IA, 52242, USA

Edited by: David Wyllie & Gregory Funk

Key points

e Neurons of the retrotrapezoid nucleus (RTN) and medullary serotonin (5-HT) neurons are
both candidates for central CO,/pH chemoreceptors, but it is not known how interactions
between them influence their responses to pH.

e We found that RTN neurons in brain slices were stimulated by exogenous 5-HT and by
heteroexchange release of endogenous 5-HT, and these responses were blocked by antagonists
of 5-HT; receptors.

e The pH response of RTN neurons in brain slices was markedly reduced by the same antagonists
of 5-HT; receptors.

e Similar results were obtained in dissociated, primary cell cultures prepared from the ventral
medulla, where it was also found that the pH response of RTN neurons was blocked by
preventing 5-HT synthesis and enhanced by blocking 5-HT reuptake. Exogenous 5-HT did not
enable latent intrinsic RTN chemosensitivity.

e RTN neurons may play more of a role as relays from other central and peripheral chemo-
receptors than as CO, sensors.

Abstract Phox2b-expressing neurons in the retrotrapezoid nucleus (RTN) and serotonin (5-HT)
neurons in the medullary raphe have both been proposed to be central respiratory chemoreceptors.
How interactions between these two sets of neurons influence their responses to acidosis is not
known. Here we recorded from mouse Phox2b+ RTN neurons in brain slices, and found that their
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response to moderate hypercapnic acidosis (pH 7.4 to ~7.2) was markedly reduced by antagonists
of 5-HT; receptors. RTN neurons were stimulated in response to heteroexchange release of
5-HT, indicating that RTN neurons are sensitive to endogenous 5-HT. This electrophysiological
behaviour was replicated in primary, dissociated cell cultures containing 5-HT and RTN neurons
grown together. In addition, pharmacological inhibition of 5-HT synthesis in culture reduced
RTN neuron chemosensitivity, and blocking 5-HT reuptake enhanced chemosensitivity. The
effect of 5-HT on RTN neuron chemosensitivity was not explained by a mechanism whereby
activation of 5-HT?; receptors enables or potentiates intrinsic chemosensitivity of RTN neurons,
as exogenous 5-HT did not enhance the pH response. The ventilatory response to inhaled CO,
of mice was markedly decreased in vivo after systemic treatment with ketanserin, an antagonist
of 5-HT, and 5-HT; receptors. These data indicate that 5-HT and RTN neurons may interact
synergistically in a way that enhances the respiratory chemoreceptor response. The primary role
of RTN neurons may be as relays and amplifiers of the pH response from 5-HT neurons and other
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chemoreceptors rather than as pH sensors themselves.
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Introduction

Respiratory motor output is generated by a network
of neurons in the caudal brainstem. Arterial Pco, is
a major factor that determines the rate and depth of
breathing, acting indirectly through changes in tissue pH
(Pappenheimer et al. 1965; Fencl et al. 1966; Loeschcke,
1982; Nattie, 1999; Nattie & Li, 2012). Peripheral chemo-
receptors contribute to the ventilatory response to CO,,
but most of the response is mediated by central respiratory
chemoreceptors (CRCs) in the brainstem. Identification of
specific CRC neurons and/or glia responsible for sensing
CO,/pH has been the focus of intense study (Mitchell et al.
1963; Nattie et al. 1991, 1993; Sato et al. 1992; Okada et al.
2002; Mulkey et al. 2004; Richerson, 2004; Richerson et al.
2005; Gourine et al. 2010). Within the medulla, neuronal
candidates for CRCs that have been identified include: (1)
5-HT neurons in the medullary raphe and ventrolateral
medulla (VLM) (Richerson, 1995, 2004; Wang et al. 2001;
Bradley et al. 2002; Richerson et al. 2005; Teran et al.
2014), and (2) neurons of the RTN that express Phox2b
(Pattyn et al. 1999; Mulkey et al. 2004, 2007; Stornetta et al.
2006; Onimaru et al. 2012; Kumar et al. 2015). Phox2b is
expressed in a limited subset of neurons, including visceral
afferents, the central targets of these afferents, and many
pre- and postganglionic sympathetic and parasympathetic
neurons (Pattyn et al. 1999). Phox2b-expressing neurons
are particularly attractive as CRCs because >90% of
patients with congenital central hypoventilation syndrome
(CCHS), characterized by severe loss of central chemo-
reception, have mutations or an increased number of
polyalanine repeats in this gene (Amiel et al 2003;
Weese-Mayer et al. 2003).

The retrotrapezoid nucleus (RTN) has extensive
projections to respiratory nuclei (Smith et al. 1989; Rosin

et al. 2006) and overlaps with the parafacial respiratory
group, which plays a role in respiratory rhythm generation
(Onimaru et al. 2008, 2009, 2012; Guyenet & Mulkey, 2010;
Pagliardini et al. 2011; Tkeda et al. 2015). The RTN was
first identified as being involved in CO, chemoreception
on the basis of focal lesions and neuronal recordings in
cats in vivo, although these results were not interpreted
as direct evidence that chemoreception resides within the
RTN (Nattie et al. 1991, 1993). Phox2b neurons in the
RTN were proposed as CRCs when they were found to
respond to acidosis with a large increase in firing rate
in vivo and in brain slices (Mulkey et al. 2004), and
additional data suggest they are critically important for
the ventilatory response to hypercapnia in vivo (Kumar
et al. 2015). However, to evaluate the relative importance
of aneuron asa CRC it is necessary to know the magnitude
of its intrinsic (cell-autonomous) response to changes in
pH across a physiological range (i.e. near 7.3) (Richerson
et al. 2005). RTN neurons have been reported to have an
intrinsic pH response (Onimaru et al. 2012; Wang et al.
2013), but it has not been determined what role synaptic
input plays in the overall response. In fact, RTN neurons
are highly chemosensitive in vivo (Mulkey et al. 2004),
but less so in brain slices (Mulkey et al. 2004). After acute
dissociation they are even less sensitive (Wang et al. 2013).

Some 5-HT neurons lie close to the RTN (Mulkey
et al. 2004), and other 5-HT neurons project to the VLM
including the RTN (Ptak et al. 2009; Brust et al. 2014).
5-HT neurons are highly chemosensitive to acidosis, with
a three-fold average increase in firing rate in response to a
decrease in pH from 7.4 to 7.2 in slices (Richerson, 1995;
Bradley et al. 2002; Brust et al. 2014), when isolated in cell
culture (Wang et al. 2001, 2002; Richerson, 2004; Teran
et al. 2014) and after acute dissociation (Corcoran et al.
2009). Given that 5-HT has been reported to stimulate
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RTN neurons (Mulkey et al. 2007) via 5-HT, and 5-HT;
receptors (Hawryluk et al. 2012; Hawkins et al. 2015;
Shi et al. 2017), it is possible that the response to CO,
of RTN neurons could be due in part to stimulation by
5-HT released in proportion to the magnitude of acidosis.
Here we tested this hypothesis using recordings from
mouse RTN neurons in brain slices. We then replicated
and extended these results using primary, dissociated cell
culture. Our results suggest that at least a subset of RTN
neurons owe a substantial component of their chemo-
sensitivity to input from chemosensitive 5-HT neurons,
and may also act as a relay of chemosensory afferents from
other CRCs and peripheral chemoreceptors.

Materials and methods
Ethical approval

All procedures and experiments involving mice were
carried out with approval of the University of Iowa
Institutional Animal Care and Use Committee (approval
ref. no. 7111250), and in strict accordance with
the recommendations given by Grundy (2015). The
investigators understand the ethical principles under
which the journal operates and this work complies with the
animal ethics checklist. The minimum possible number
of animals was used. All mice had free access to food and
water. If not otherwise mentioned, animals were killed
with an overdose of isoflurane (3-5%).

Reporter mice and genotyping

Experiments were performed using mice genetically
expressing the fluorescent reporters tdTomato in Phox2b
neurons, enhanced green fluorescent protein (eGFP) in
cholinergic neurons, and/or enhanced yellow fluorescent
protein (EYFP) in 5-HT neurons. To generate mice,
breeding stocks were obtained for the following four
genetic constructs: (1) ePet-EYFP mice (Scott et al. 2005)
that express EYFP under control of the enhancer element
for Petl, a transcription factor found exclusively in 5-HT
neurons (Hendricks et al. 1999) (mice provided by Evan
Deneris; Case Western Reserve University, Cleveland, OH,
USA); (2) Phox2b-Cre mice that express Cre recombinase
in Phox2b neurons (B6(Cg)-Tg(Phox2b-cre)sJke/J) (mice
provided by Paul Gray; Washington University, St
Louis, MO, USA); (3) floxed tdTomato mice (B6.Cg-Gt
(ROSA)26Sormo(CAG-tdTomato)Hze 1y - (https://www.jax.org/
strain/007909); and (4) ChAT—eGFP mice that express
eGFP in choline acetyltransferase (ChAT)-expressing
neurons (ChATPAC-eGFP) (https://www.jax.org/strain/00
7902). Mice from these strains were bred to each other
to generate offspring with two to four of these alleles, as
indicated. Genotypes were verified in all mice by obtaining
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tail samples that were digested and subjected to PCR using
the following primers:

YFP1-GAACTCCAGCAGGACCATGT; YFP2 — TATAT
CATGGCCGACAAGCA. Transgenel — GGGGTGGGCA
AAGATAAAG; Transgene2 — CTGCAGGCTAGAAGCAA
ATG. YFP product = 219 bp; transgene product = 588 bp.

Phox2b Common — CCGTCTCCACATCCATCTTT;
Phox2b WT — GTACGGACTGCTCTGGTGGT; Phox2b
Cre — ATTCTCCCACCGTCAGTACG; WT product = 300
bp, mutant product = 600 bp.

tdTomatoWTFor — AAGGGAGCTGCAGTGGAGTA;
tdTomatoWTRev - CCGAAAATCTGTGGGAAGTC;
tdTomatoMutantFor — CTGTTCCTGTACGGCATGG;
tdTomatoMutantRev — GGCATTAAAGCAGCGTATCC;
mutant product = 196 bp, WT product = 297 bp.

ChATFor - AGTAAGGCTATGGGATTCATTC;
ChATRev - AGTTCACCTTGATGCCGTTG;
Internal Positive Control Forward -
CAAATGTTGCTTGTCTGGTG; Reverse -
GTCAGTCGAGTGCACAGTTT; Transgene product =
600 bp; gontrol product 200 bp.

Agarose gel electrophoresis was used to detect PCR
product of the expected sizes.

Brain slices and cell culture

For brain slices, juvenile mice (13-21 days old) of the
appropriate genotype were killed by decapitation and their
brains rapidly removed. A vibratome was used to make
200-um-thick transverse slices from the medulla near the
caudal pole of the VII nucleus. Verification that slices
were prepared at the correct level was done by identifying
VII motor neurons and RTN neurons using fluorescence
microscopy to visualize the expected fluorophores.

To prepare cell cultures, tissue was harvested from the
medulla of neonatal mice (postnatal days P1-P4) of the
desired genotype. Pups were decapitated, their brain-
stems were rapidly removed, and the tissue was immersed
in sterile-filtered, ice-cold HEPES buffer containing (in
mMm): NaCl 130, KCl 4, MgCl, 1, CaCl, 1.5, HEPES 10,
dextrose 10 and NaOH 3. A region of tissue was pre-
pared manually with a scalpel blade by making a trans-
verse cut near the pontomedullary junction and another
one approximately 2 mm more caudally. From this region
a cut in the horizontal plane was made to isolate the
ventral medulla including the RTN, raphe pallidus, raphe
magnus, parapyramidal region, and parts of the raphe
obscurus and VII motor nucleus (Fig. 1). This tissue
was digested with papain in HEPES buffer for 30 min,
then washed with complete MEM (SAFC Biosciences,
Lenexa, KS, USA) with 0.15% trypsin inhibitor and 0.15%
bovine serum albumin. Digested tissue was triturated
with a fire-polished Pasteur pipette, and plated as a cell
suspension (of neurons and glia) onto 12 mm round
coverslips coated with poly-L-ornithine. After 5-7 days,
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when a confluent glial bed had formed, cultured cells were
fed with Neurobasal medium with 2% B-27 supplement
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
containing cytosine arabinoside (1 uM) to suppress glial
growth. At 21 days in vitro, and thereafter as needed, they
were fed with half medium changes (49.5% Neurobasal
medium, 49.5% complete MEM, 1% B-27 supplement).
Cultured cells were allowed to mature for at least 20 days
prior to using them for experiments (Cerpa et al. 2017).

Some cultured cells were treated with p-
chlorophenylalanine (PCPA), an antagonist of tryptophan
hydroxylase, to deplete 5-HT prior to recording. PCPA
(Sigma Aldrich, St Louis, MO, USA) was dissolved in
culture medium to a concentration of 100 M and added
to culture plates to a final concentration of 10 um 24 h
prior to recording. Control cells were treated with an
equal volume of culture medium without PCPA. PCPA
was included in artificial cerebrospinal fluid (aCSF) for
recordings from neurons if it was present in culture
medium.

Y. Wu and others
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Electrophysiology

Coverslips plated with cultured cells were transferred
to a recording chamber on the stage of an inverted
Axiovert 100 or an upright Axioskop FS2 microscope
(Carl Zeiss USA, Thornwood, NY, USA). Brain slices
were transferred to a recording chamber on an upright
Axioskop FS2 microscope, and held down with nylon
mesh. Cultures and brain slices were both superfused with
aCSF containing (in mm): NaCl 124, KCl 3, NaHCO;
26, NaH,PO, 1.3, CaCl, 2, MgCl, 2 and dextrose
10, maintained at room temperature. The aCSF was
continuously bubbled with 95% 0,/5% CO,, resulting
in a pH of 7.4. Acidosis was induced by bubbling the
same solution in a separate reservoir with 9% CO,/91%
O,, resulting in a pH of ~7.2. Changes in pH were
made by switching the superfusate rapidly between
reservoirs. For all recordings, aCSF contained blockers
of fast synaptic transmission [100 uM picrotoxin, 50 um
(&£)-2-amino-5-phosphonopentanoic acid (AP-5) and
10 uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)].

D

Figure 1. Characterization of Phox2b-Cre::Floxed-tdTomato mice and dissection for cell culture

A-D, distribution of Phox2b neurons (red) in transverse slices. Tissue ventral to the dotted lines was harvested for
culture. Numbers in each panel denote distance from Bregma. E, high-power view of the inset in D. F, schematic
of scalpel cuts made to tissue during dissection. Scale bars: 1 mm (A), 50 um (E).

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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The GABAj receptor antagonist CGP-55845 (1 um) was
also included in aCSF for brain slice recordings.

For recordings from brain slices, RTN neurons were
identified based on their location ventral and ventromedial
to the VII motor nucleus, expression of red fluorescence
(Phox2b-tdTomato) and absence of green fluorescence
(ChAT—GFP). For recordings from cell culture, RTN
neurons constituted most of the neurons that expressed
red, but not green, fluorescence that were included within
the region of dissection, other than 22% of neurons with
that pattern that were also immunoreactive for tyrosine
hydroxylase (TH; see below).

The gramicidin perforated-patch technique was used
for recordings from cell culture (Ebihara et al. 1995),
whereas whole-cell recordings were used for brain slices.
Patch clamp electrodes (7-12 M2; borosilicate glass) were
pulled on a micropipette puller (Model #P-97; Sutter
Instrument Co., Novato, CA, USA) and filled with intra-
cellular solution containing (in mMm): 135 KOH, 135
methanesulfonic acid, 10 KCl, 5 HEPES and 1 EGTA
(pH 7.2; osmolarity 275 4+ 5 mOsm I™). Recordings
were performed with a Multiclamp 700B microelectrode
amplifier (Molecular Devices, Sunnyvale, CA, USA) and
data were collected using a Digidata 1440A acquisition
system and PClamp software (Molecular Devices). All
recordings were made in current clamp mode, typically
with injection of constant current as necessary to establish
a stable baseline firing rate between 0.1 and 2 Hz. The
amount of current injection was then kept constant for
the rest of the recording. Chemosensitivity was quantified
by measuring the change in firing rate in response to an
increase in CO, from 5% to 9% (pH 7.4 to ~7.2). RTN
neurons in culture were classified as chemosensitive if they
responded to this change in CO,/pH with an increase in
firing rate of at least 20%, or by at least 0.2 Hz if baseline
firing rate was less than 1 Hz.

Measurement of 5-HT levels in vivo and in culture

CMA 7 microdialysis probes (2 mm diameter,
CMA Microdialysis, Solna, Sweden) were implanted
stereotaxically using sterile technique under anaesthesia
(ketamine 100 mgkg ™!, xylazine 10 mgkg™!; 1.p.) targeting
the amygdala, a region known to receive heavy innervation
from 5-HT neurons. Although the amygdala receives
projections from a different subset of 5-HT neurons than
those that project to the RTN, all 5-HT neurons express the
same 5-HT transporter, and thus undergo heteroexchange
release (Rudnick & Wall, 1992; Rudnick, 2002) in response
to the same stimuli. Due to the small size of the medulla
and the loss of critical functions if there was damage to
that area of the brain, the amygdala was used as a surrogate
to measure heteroexchange release of 5-HT. Implanted
animals were placed in a CMA 120 freely moving collection
system (CMA Microdialysis) and allowed to recover for
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at least 20 h. Basal monoamine dialysate samples were
collected the following day every 30 min at a flow
rate of 0.8 ul min~! for 3 h in a refrigerated fraction
collector (CMA 470, Harvard Apparatus, Holliston, MA,
USA). 3,4-Methylenedioxymethamphetamine (MDMA)
30 mg kg~! was injected 1.p. and microdialysate samples
were collected for an additional 3 h. Microdialysis
experiments were done at the same time of day for all
animals to control for diurnal monoamine fluctuations. At
the completion of microdialysis experiments, mice were
killed with 5% isoflurane and their brain was extracted
to confirm probe placement by cryostat sectioning and
cresyl violet staining. Only data from accurate placements
were used. The concentration of 5-HT in the micro-
dialysate was determined using a high-performance liquid
chromatography (HPLC) system (HTEC-500, Eicom,
Kyoto, Japan) coupled with an electrochemical detector
(ECD) and autosampler (AS-700, Eicom, San Diego,
CA). A graphite working electrode was used (WE-3G)
and the applied voltage to the conditioning cell was
+400 mV. Microdialysate samples were automatically
injected into a CA-ODS pre-column and PP-ODSII
column (Eicom). The column temperature was set
at 25°C and elution was performed with a mobile
phase composed of 1.5% methanol in 0.1 M phosphate
buffer (pH 5.4) containing 50 mg 1-! EDTA-2Na and
500 mg 17! sodium dodecylsulfate, at a flow rate of
500 ul min~'. The retention time of 5-HT was ~5.3 min.
Concentrations were determined from calibration curves
using a concentration range of 0.01-100 pg ul™!.

To measure 5-HT release in culture, coverslips plated
with cells cultured from the ventromedial medulla as
described previously (Wang et al. 1998) were placed in
24-well culture plates and rinsed three times with 0.5 ml
aCSF containing (in mMm): NaCl 124, KCl 3, NaHCOs 26,
NaH,PO, 1.3, CaCl, 2, MgCl, 2 and dextrose 10 at room
temperature and bubbled with 5% CO, to a pH of 7.4.
After the third rinse, aCSF was replaced with 100 uM or
500 uM MDMA in 200 wl aCSF or an equal volume of
aCSF without MDMA. After 1 h of incubation at 37°C,
aCSF was collected into vials and filtered through 0.22 um
filters. Aliquots were spiked with internal standard (iso-
proterenol) and vortexed with 30% perchloric acid to a
final concentration of 0.2 M. Aliquots were placed on ice
for 30 min and centrifuged at 14 000 g for 15 min at
4°C. The resultant supernatants were mixed with 1 M
sodium acetate to adjust the pH to 3.0 and transferred
to a 96-well plate within a 4°C autosampler. Culture
aCSF samples (12 pul) were automatically injected into
a CA-ODS pre-column and a SC-30DS column (Eicom)
and eluted with mobile phase (80% 0.1 M citrate-acetate
buffer, pH 3.5, 20% methanol, with 220 mg 17! sodium
octane sulfonate and 5 mg ml~! EDTA) at a flow rate of
340 ul min~—!. The retention time of 5-HT was ~ 17.6 min.
5-HT concentrations were determined from calibration
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curves with a concentration range of 1-100 pg 1! and
are presented as the percentage change from control.
Statistical comparisons among groups were carried out
with a Kruskal-Wallis one-way ANOVA on ranks with a
Dunn’s multiple comparisons test (significance level set at
P < 0.05).

Whole animal plethysmography

C57BL/6 mice underwent standard open-flow (200
ml min~!), whole-body plethysmography as pre-
viously described (Hodges et al. 2008). The plethysmo-
graph chamber was a commercially available model
(Buxco, Wilmington, NC, USA), but the remainder of the
plethysmography equipment was custom-designed and
built (Kim et al. 2018). The chamber was maintained
at 30°C with a heat lamp and a feedback controller
(TCAT-2AC; Physitemp Instruments, Clifton, NJ, USA).
Body temperature was recorded by telemetry probes
(IPTT-300; BMDS, Seaford, DE, USA) inserted into the
peritoneal cavity via a midline incision using sterile
technique at least 3 days before experiments. Surgery was
performed under isoflurane anaesthesia (1-2%) with the
level assessed by response to toe pinch. The procedure
typically lasted less than 1 min including stapling of
the incision. All data were acquired with custom-written
MATLAB software that was also used to calculate breathing
frequency, tidal volume and minute ventilation using
established methods (Drorbaugh & Fenn, 1955). The
protocol consisted of at least 20 min in 0% CO,, 50%
0,, balance N, followed by at least 5 min each of exposure
to 5% and 7% CO, with 50% O, and balance N,. At 0%
CO,, 15 min was allowed for mice to adjust to the chamber
before gathering data. Under each condition, at least 90 s
of data were gathered while mice were awake but sitting
quietly without chewing, licking, scratching, walking or
exhibiting other behaviours that disrupt normal eupnoea.
Mice were then returned to their home cage for at least 3 h
with access to food and water, after which they were given
an injection of ketanserin (10 mgkg™', 1.p.). After waiting
15 min, they were placed in the plethysmograph and the
protocol was repeated to measure the response to hyper-
capnia. Data were analysed using MATLAB and GraphPad
Prism 7 software (La Jolla, CA, USA). Ventilation under
each condition was normalized to the value for each animal
at baseline without drug at 0% CO,.

Anatomy and imaging

To characterize the anatomy of RTN and 5-HT neurons,
adult mice of the appropriate genotype were deeply
anaesthetized with ketamine-xylazine and perfused trans-
cardially first with phosphate buffered saline (PBS)
containing (in mM): 137 NaCl, 2.7 KCI, 10 Na,HPO,
and 1.8 KH,POy, and then with 4% paraformaldehyde in
phosphate buffer (PB) containing (in mm): 80.4 Na,HPO,
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and 21.8 NaH,PO,. Paraformaldehyde was diluted from
methanol-free 16% ampules (ThermoFisher Scientific,
Rockford, IL, USA). Brains were removed, post-fixed by
immersion in 4% paraformaldehyde in PB overnight,
and cryoprotected in 30% sucrose prior to slicing with a
cryostat (Leica CM 3050 S, Buffalo Grove, IL, USA). Tissue
slices (35 um thick) were mounted directly on micro-
scope slides, washed briefly with PB and mounted with
Vectashield hard-set medium with DAPI (Vector Labs,
Burlingame, CA, USA). They were imaged with a confocal
microscope (TCS SP5 11, Leica, Buffalo Grove, IL, USA) to
visualize tdTomato, GFP, YFP and/or DAPI.

In the rostral medulla of Phox2b-Cre::Floxed-
tdTomato:: ChAT—eGFP reporter mice, red fluorescent
neurons were found only in those regions where Phox2b
is known to be expressed at some point during embryonic
or postnatal life (Pattyn et al. 1999; Dauger et al. 2003;
Stornetta et al. 2006; Kang et al. 2007; Dubreuil et al. 2008),
including the RTN, facial motor nucleus (VII), nucleus
tractus solitarius (NTS), nucleus ambiguus pars compacta
(NAc) and Cl1 adrenergic group (Fig. 1). Both RTN
neurons and nearby motor neurons expressed tdTomato,
but could be differentiated from each other as motor
neurons also expressed eGFP. RTN neurons were more
ventral and ventromedial, and were concentrated near the
caudal pole of the VII nerve nucleus (Dubreuil et al. 2008).

Photomicrographs were taken of each neuron after
patch clamp recording, including high power (40x)
differential interference contrast (DIC) and fluorescence
images, and for brain slice recordings low power (4x)
brightfield images to document anatomical location. Some
neurons recorded in acute brain slices were filled with
biocytin during whole-cell recording. They were trans-
ferred to cold 4% paraformaldehyde in PB overnight
and stained with Cy5-conjugated streptavidin (Jackson
ImmunoResearch, West Grove, PA, USA). They were
mounted with Vectashield hard-set medium with DAPI.
Cultured cells were transferred on coverslips to cold 4%
paraformaldehyde in PB for 2-12 h. They were washed
briefly with PBS prior to mounting with Vectashield
hard-set medium with DAPI. Cultured cells and neurons
in brain slices were imaged using confocal microscopy to
visualize Cy5, tdTomato and GFP.

Some RIN neurons have been described as
non-chemosensitive (Mulkey et al. 2004); however,
catecholaminergic Phox2b neurons in the VLM are
also reported to be non-chemosensitive (Lazarenko
et al. 2009). To discriminate between these two cell
types in experiments studying non-chemosensitive RTN
neurons, cultured cells were fixed as described above, and
immunostained for TH using a sheep primary anti-TH
(Novus Biologicals, Littleton, CO, USA), and a donkey
anti-sheep IgG secondary antibody conjugated to Cy5
(Jackson ImmunoResearch). Cells were identified based
on their fluorescence and location, and assessed with

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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confocal microscopy for the presence of Cy5. Immuno-
histochemistry revealed that neurons with TH immuno-
reactivity constituted 22% of Phox2b+/ChAT— neurons
in our cultures.

Drug sources

CNQX, SB258719, SB269970, paroxetine maleate and
CGP-55845 were obtained from Bio-Techne Corp.
(Minneapolis, MN, USA). MDMA was obtained from
Cayman Chemical (Ann Arbor, MI, USA). DL-AP5
and serotonin hydrochloride were obtained from both
Bio-Techne Corp and Sigma-Aldrich. All other drugs
and chemicals were obtained from Sigma-Aldrich. Stock
solutions were made for SB258719, SB269970 and
ketanserin using DMSO at the minimum volume possible,
and DMSO was added to all control solutions at the same
final concentration.

Analysis and statistics

Firing rate and pH were averaged in 10 s bins and plotted
versus time while recording in real time, and again offline,
using software custom written using Visual Basic. The
response of neurons to acidosis and to pharmacological
agents was calculated by comparing the mean firing rate
for all except the first 1 min under each condition using
a plot template developed for Origin Pro 7.0 (OriginLab,
Northampton, MA, USA). The duration of exposure to
each condition was decided based on whether firing rate
had reached steady state. In a minority of cases, cells were
exposed to acidosis more than once during exposure to
drug and during wash-out to reach a steady state, and
in those cases the last exposure to acidosis was used
to calculate the response. When that was the case, the
responses changed consistent with gradual wash in or
wash out of the drug being tested so the last exposure
was a more accurate representation of the drug effects. In
some cases, neurons were exposed to drugs more than once
(e.g. Fig. 3A), but in those cases only the first exposure to
drug and wash out were used to calculate the summary
data. Data were graphed and tested statistically using
GraphPad Prism 7. Except where noted, data were analysed
using a two-way ANOVA with repeated measures and the
Holm-Sidak test for multiple comparisons, or a paired
two-tailed ¢ test, as appropriate. Prism does not report P
values that are less than 0.0001, so those are expressed as
P < 0.0001. Data expressed as X = Y are mean =+ SD. Error
bars on plots are standard error of the mean.

Results

In brain slices, 5-HT neurons project to and stimulate
Phox2b neurons

It has previously been shown that medullary
5-HT neurons project to the RIN (Rosin et al.
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2006; Mulkey et al. 2007; Brust et al. 2014). In
Phox2b-Cre::Floxed-tdTomato::ePet-EYFP:: ChAT—eGFP
mice, in which 5-HT neurons are labelled with EYFP,
Phox2b neurons are labelled with tdTomato, and
cholinergic neurons are labelled with eGFP, there
were abundant EYFP processes within the RTN near
tdTomato+/eGFP— neurons (Fig. 2A and B). Thus,
the anatomical substrate exists for 5-HT neurons to
communicate with Phox2b RTN neurons through either
synaptic or paracrine mechanisms.

In brain slices, chemosensitive RTN neurons are
stimulated by 5-HT (Mulkey ef al. 2007; Hawryluk
et al. 2012; Hawkins et al. 2015), and this response
is blocked by ketanserin, an antagonist of 5-HT, and
5-HT; receptors (Mulkey et al. 2007). RTN neurons
are also stimulated by 5-carboxamidotryptamine (5-CT;
5 uM), a 5-HT; receptor agonist, and the response
to 5-CT is blocked by SB258719 (10 wum), a 5-HT;
receptor antagonist (Hawkins et al. 2015). We performed
whole-cell patch clamp recordings from RTN neurons
under direct visualization in brain slices prepared
from Phox2b-Cre::Floxed-tdTomato:: ChAT—eGFP mice.
As above, RTN neurons were identified based on their
location, their expression of tdTomato but not eGFP, and
an increase in firing rate in response to acidosis (pH 7.4 to
7.2).Bath application of 5-HT (10 M) stimulated chemo-
sensitive Phox2b+/Chat— neurons in the RTN, and this
response was blocked by a third 5-HT receptor antagonist,
SB269970 (10 um) (Fig. 2Cand D; n=9).

SB258719 and SB269970 are both competitive
antagonists of recombinant 5-HT; receptors (Romero
et al. 2006), and are regarded as selective for
5-HT; receptors. SB258719 has no previously reported
off-target effects, whereas SB269970 does have low-affinity
antagonist activity at the o,-adrenergic receptor (Foong &
Bornstein, 2009). The results of Hawkins et al. (2015) with
SB258719, Mulkey et al. (2007) with ketanserin, and those
presented here with SB269970 are consistent with chemo-
sensitive RTN neurons in brain slices being stimulated by
5-HT acting on 5-HT; receptors.

In brain slices, RTN chemosensitivity was decreased
by SB269970

It has been reported that RTN neurons have an intrinsic
response to acidosis (Mulkey et al. 2004; Onimaru et al.
2012; Wang et al. 2013), but it is not clear whether the very
large changes in firing rate induced in RTN neurons by
changes in pH in vivoare entirely cell-autonomous. In fact,
the response of RTN neurons in brain slices is considerably
smaller than their response in vivo (Mulkey et al. 2004).
After acute dissociation their response is even smaller
(Wang et al. 2013). For example, the firing rate of RTN
neurons in vivo increases from approximately 0.5 to 8 Hz
when end-tidal CO, increases from 5% to 8% (causing a
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decrease of 0.2 pH units) (Mulkey et al. 2004). In brain
slices, a decrease of 0.2 pH units leads to an increase in
firing rate from approximately 0.5 to only 1.5 Hz (Mulkey
et al. 2004). After acute dissociation, a decrease of 0.2 pH
units leads to an increase in firing rate from 2.8 to only
3.8 Hzin one group of RTN neurons and from 4.5 to 5.5 Hz
in another (Wang et al. 2013). With greater physical iso-
lation of RTN neurons, progressively larger changes in
pH have been used to induce a measurable response. For
example, acutely dissociated neurons have been stimulated
by changing pH from 8.0 to 7.0 (Wang et al. 2013),
which is much larger than the 0.1 pH units needed to
strongly stimulate breathing in vivo (Pappenheimer et al.
1965; Fencl et al. 1966). These data suggest an alternative
hypothesis that the pH response of RTN neurons is due in
part to extrinsic effects.

We examined whether the hypercapnic response
of RTN neurons is due in part to stimulation by
5-HT released from chemosensitive serotonergic neurons.
To test this, whole-cell patch clamp recordings were
made from RTN neurons in brain slices prepared
from Phox2b-Cre::Floxed-tdTomato:: ChAT—eGFP mice
after blocking ionotropic glutamate, glycine and GABA
receptors, and metabotropic GABAg receptors. Chemo-
sensitivity was quantified by measuring the change in
firing rate in response to hypercapnic acidosis. As pre-
viously reported from rat brain slices (Mulkey et al. 2004,
2007; Hawryluk et al. 2012; Hawkins et al. 2015), a subset
of Phox2b RTN neurons were sensitive to acidosis, with an
increase in CO; from 5% to 9% (pH 7.4 to ~7.2) causing

Y. Wu and others

-&- Control
1 -0 SB269970

J Physiol 597.10

anincreasein firing rate from 0.73 +0.77 t0 5.87 = 3.40 Hz
(n = 16) (Fig. 3A and B). The response of these neurons
was larger than previously reported for RTN neurons in
brain slices, possibly because the age of the mice used
here (P16.0 & 1.5) was greater than that used previously
for rats (P7 to P10; or P7 to P12) (Mulkey et al. 2004,
2007; Hawryluk et al. 2012; Hawkins et al. 2015), and the
hypercapnic ventilatory response increases over this age
range in rodents in vivo, as does chemosensitivity of 5-HT
neurons in vitro (Wang & Richerson, 1999; Cerpa et al.
2017).

To determine whether chemosensitivity of RTN
neurons in brain slices was dependent on 5-HT receptor
activation, the response to acidosis was first examined in
control aCSFE, and then in aCSF with SB269970 (10 um).
SB269970 reduced chemosensitivity of RTN neurons in
brain slices (Fig. 3A and B). For this group of neurons
(n = 7), firing rate increased from 0.33 £ 0.44 to
5.28 &£ 3.68 Hz in response to acidosis in control aCSF
(P = 0.0002). In aCSF with SB269970, firing rate was
0.39 £ 0.73 Hz at pH 7.4 and 2.22 &+ 1.19 Hz at pH ~7.2
(P=0.14). The response to acidosis in SB269970 was 37%
of the response in control aCSF (P = 0.009) (Fig. 3B).
The decrease in the response to acidosis by SB269970 was
reversible in all neurons tested.

The locations of a subset of RTN neurons were
documented either by biocytin injections (Fig. 3C) or by
brightfield images of the electrode tip, and are shown in
Fig. 3D. All recordings of RTN neurons in slices were in
approximately this same region. These locations coincided

Figure 2. In brain slices, RTN neurons are
stimulated by 5-HT neuron input

A and B, confocal z-stack images of the VLM at
the level of the caudal pole of the VII nucleus
showing neurons in the region of the RTN that
were Phox2b-positive (red) and ChAT-negative
(channel not shown) with abundant 5-HT
neuron processes in close proximity (green).
There were many en passant swellings and
terminal boutons typical of neurotransmitter
release sites. Scale bars: 20 um. C, example of
an RTN neuron that was chemosensitive (first
stimulus) and also was stimulated by 5-HT

(10 wm). The response to 5-HT was decreased
by SB269970 (10 um). D, summary of
responses to 5-HT and block by SB269970
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A (n = 9). For differences between baseline and
k=1 5-HT: **P = 0.002; ns, not significant. Scale
bar: 10 min (Q).

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society



J Physiol 597.10

with those previously described for chemosensitive RTN
neurons (Mulkey et al. 2004).

The interaction between 5-HT and RTN neurons was
recapitulated in cell culture

Cell culture has advantages for studying neuronal electro-
physiology compared to brain slices, such as lack of recent
traumatic and ischaemic injury (Richerson & Messer,
1995), more stable and longer duration patch clamp
recordings, ability to study neurons that are older and
more developmentally mature (Cerpa et al. 2017), and
better long-term control of experimental conditions such
as prolonged or repeated exposure to drugs. However,
neuronal properties can sometimes be altered in cell
culture, making it important to verify that the neuronal
properties to be studied are comparable to those in brain
slices.

Primary, dissociated cell cultures were prepared from
the rostral ventral medulla of Phox2b-Cre::Floxed-
tdTomato mice. Mice also carried the ChAT—eGFP
allele, and sometimes ePet-EYFP. These reporters allowed
identification of Phox2b+ neurons, while permitting
differentiation of motor neurons from the VII motor
nucleus and the nucleus ambiguus. Those regions
are the only ones included in our dissections for
culture that contain Pho2b+, other than the C1 area
that contains catecholaminergic neurons. Immuno-
histochemistry revealed that neurons with TH immuno-
reactivity constituted only 22% of Phox2b+/ChAT—
neurons in our cultures. These catecholaminergic neurons
have previously been reported to be not chemosensitive
(Mulkey et al. 2004). The majority of neurons in our

Effect of 5-HT on pH sensitivity of RTN neurons
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cultures that were Phox2b+/ChAT— were chemosensitive
(56%) and were therefore identified as being from the
RTN. In the following text, Phox2b+/ChAT— neurons in
culture that were chemosensitive are referred to as ‘RTN
neurons.

Primary cell cultures contained neurons with four
patterns of fluorescence: tdTomato+/GFP—; tdTomato+/
GFP+; EYFP+; or not fluorescent. None of the EYFP+
neurons were tdTomato+ or GFP+. There were processes
from some EYFP+ neurons that coursed along the
processes of tdTomato+/GFP— neurons and formed close
appositions (Fig. 4A and B), suggesting that serotonergic
neurons had synaptic connections with, or paracrine
release sites near, RTN neurons in culture as they do in
vivo (Fig. 2) (Rosin et al. 2006; Mulkey et al. 2007; Brust
etal 2014).

When 5-HT (10 M) was bath applied to cultured RTN
neurons, it caused depolarization and a large increase
in firing rate (Fig. 4C-F). In all RTN neurons in which
it was tested (n = 5), the response to 5-HT (10 um)
was blocked by SB269970 (10 um) (Fig. 4C and D).
In control aCSF, firing rate increased from 1.03 % 0.40
to 5.71 £ 1.56 Hz in response to 5-HT (P = 0.0003).
When SB269970 was added to the bath solution firing rate
was 0.61 £ 0.60 Hz at baseline and 1.75 4+ 1.39 Hz in
5-HT (P = 0.33). This response to 5-HT in aCSF with
SB269970 was 35.0 & 14.4% of the response in control
aCSF (P = 0.0009).

Exogenous 5-HT was also applied to RTN neurons in
culture (n = 5) in the presence and absence of SB258719
(Fig. 4E and F). Firing rate in control aCSF increased
from 0.17 & 0.21 to 7.61 & 7.33 Hz in response to 5-HT
(P=0.03). As was reported in brain slices (Hawkins et al.

SB SB B
~ Ctl 269970 Wash 269970 Wash -+ Control

=129 : ' ' ' g 61 o s2s9970 s

L o -+ Wash
Figure 3. In brain slices, RTN L 8 T 4
chemosensitivity was decreased by the E >
5-HT7 receptor antagonist SB269970 £ 4 E 24 ns
A, chemosensitivity of an RTN neuron in a brain L
slice was reversibly inhibited by the 5-HT7

receptor antagonist SB269970 (10 uMm). B,
summary of responses to SB269970, which
were consistent for RTN neurons (n = 7). The
block of chemosensitivity by SB269970 was
reversible in all neurons tested. C, example of a
chemosensitive RTN neuron labelled during
recording with biocytin (magenta). VIl = facial
motor nucleus, py = pyramidal tract. Phox2b
(red). D, map of pH-sensitive neurons inhibited
by SB269970 showing their location in the
RTN. For differences between firing rate at pH
7.4 (baseline) and pH ~7.2 (acidosis):

%P < 0.001; ns, not significant. Scale bars:
10 min (A), 200 um (C), T mm (D).
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2015), the response to 5-HT was blocked by SB258719
(10 M) (0.09 & 0.18 to 0.57 & 0.52 Hz; P= 0.99), with a
decrease in the response to 5-HT to 8.26 & 3.41% of the
control response (P = 0.03). The decrease in the response
to 5-HT by SB258719 was reversible in all neurons tested.

These results demonstrate that the anatomical and
physiological interactions of RTN neurons and 5-HT
neurons were recapitulated in culture, and the response
to 5-HT had similar pharmacology as in brain slices.

Release of endogenous 5-HT from serotonergic
neurons activates RTN neurons in slices and culture

It has previously been shown that MDMA causes
heteroexchange release of 5-HT via 5-HT transporter

SB
269970

O

Control Wash

Firing rate (Hz)
Firing rate (Hz)

and others J Physiol 597.10
reversal (Rudnick & Wall, 1992; Rudnick, 2002). To
confirm that MDMA causes release of 5-HT in the mouse
brain in vivo, a microdialysis catheter was placed in the
amygdala, a region that receives heavy innervation from
5-HT neurons, and is known to be important for seizure
generation and propagation (Dlouhy et al. 2015). Samples
of dialysate were collected every 30 min, and 5-HT content
was measured using HPLC-ECD. After treatment with
MDMA (30 mg kg~! 1.p.), there was a rise in extracellular
5-HT to more than 1000% of baseline (Fig. 54; n = 3
animals per group). MDMA also caused release of 5-HT
from cell cultures of the rostral ventral medulla. Coverslips
containing cultured cells were treated for 1 h with MDMA
(100 or 500 M) added to aCSE. Sister cultures were treated
identically except that MDMA was not added to the aCSF.
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Figure 4. The interaction between 5-HT
and RTN neurons was recapitulated in
cell culture

A, a 5-HT neuron (green) has a large process
which, along with multiple other neurites,
forms close appositions with the major
dendrite of a nearby RTN neuron (red). B, a
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bundle of processes from RTN neurons (red) is
closely associated with multiple processes
from 5-HT neurons (green). C, a different
cultured RTN neuron responded to
exogenous 5-HT (10 wum), and this was
reversibly blocked by SB269970 (10 um). D,
summary data showing consistency of block
of the 5-HT response by SB269970 in culture
(n =5). E, an RTN neuron in cell culture
responded to exogenous 5-HT (10 uMm), and
the response was blocked by SB258719

(10 um). F, summary data showing
consistency of block of the 5-HT response in
culture by SB258719 (n = 5). For differences
between 5-HT response and baseline:

*P < 0.05; ***P < 0.0003; ns, not significant.
Scale bars: 20 um (A and B), 10 min (C),

20 min (E).
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MDMA caused a dose-dependent increase in extracellular
5-HT levels as measured with HPLC-ECD (Fig. 5B).
Based on these results, it was predicted that if 5-HT
neurons had synaptic terminals or other release sites
in close apposition to dendrites of RTN neurons, 5-HT
receptors on those RTN neurons would be activated upon
MDMA-provoked release of 5-HT. Recordings were made
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from cultured RTN neurons continuously superfused with
aCSF at a rate of 1 ml min~'. Bath application of MDMA
(100 pum; n=3) induced a rapid and reversible increase in
firing rate from 0.18 & 0.27 to 3.09 & 0.93 Hz (P = 0.045)
(Fig. 5C and D). MDMA (40 pum; n = 3) also induced
a response, although it was smaller (from 0.34 % 0.58
to 1.57 & 1.1 Hz; P = 0.035). The response to 100 uMm
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Figure 5. MDMA stimulated RTN neurons by inducing 5-HT release from serotonergic neurons

A, MDMA (30 mg kg~", 1.r.) caused a large increase in extracellular 5-HT levels in the amygdala compared to saline
controls as measured using in vivo microdialysis in C57BI/6J mice (n = 3 males per group; 1 animal was excluded
from each group in the plot due to discontinuous sample collection). The arrow indicates injection of MDMA or
saline. Values are mean levels normalized to the baseline for each animal. B, treatment of cultured neurons from
the ventral medulla with MDMA (100 or 500 M) in aCSF for 1 h increased extracellular 5-HT levels significantly.
Values represent mean levels normalized to cultures treated with aCSF for 1 h. *P = 0.016; **P = 0.003 compared
with aCSF-treated cultures (n = 6 coverslips per group). C, MDMA (100 uM) induced an increase in firing rate
of an RTN neuron in culture, and this was blocked by the 5-HT; antagonist SB269970 (10 uMm). D, summary
data of MDMA responses showing that the responses, and the block by SB269970, were consistent in culture
(n = 3). For differences between MDMA response and baseline: *P = 0.045; **P = 0.001; ns, not significant. E,
a chemosensitive RTN neuron in a brain slice responded to MDMA (40 M) application. F, summary of the effect
of MDMA (40 uM) on the firing rate of RTN neurons in brain slices (n = 4). *P = 0.03. Scale bars: 10 min (C),

20 min (E).
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MDMA was blocked by $B269970 (10 um) with firing
rate 0.27 £ 0.32 Hz at baseline and 1.11 £ 0.75 Hz with
MDMA (P = 0.60) (Fig. 5C and D). These results are
consistent with MDMA causing heteroexchange release of
5-HT and activation of 5-HT; receptors. These results also
indicate a close association of 5-HT and RTN neurons, as
continuous flow of bath solution across the cultured cells
is expected to rapidly wash away 5-HT from release sites.
Thus, for 5-HT to have an effect it must have been released
from boutons of 5-HT neurons that were closely associated
with RTN neurons that express 5-HT receptors. MDMA
(40 um) also induced a response in RTN neurons in brain
slices (from 0.56 = 0.49 t0 8.19 = 3.45 Hz; n=4; P=0.03)
(Fig. 5Eand F).

Chemosensitivity of RTN neurons was blocked
by SB269970 in culture

To study the effect of acidosis on RTN neurons in
culture, perforated patch clamp recordings were made
from RTN neurons after blocking ionotropic glutamate
and GABA receptors. Hypercapnic acidosis (pH 7.4 to
~7.2) caused firing rate to increase by more than 20%
in 56% of cultured Phox2b+/ChAT— neurons (n = 123).
In those neurons, firing rate increased from 0.73 £ 1.09
to 3.17 £ 2.97 Hz in response to acidosis (n = 68;
P <0.0001, paired ttest). In contrast, a minority (n=5/15)
of Phox2b+/ChAT+ neurons (motor neurons) increased
their firing rate by more than 20% in response to acidosis.
However, as a group the average firing rate of these neurons
(0.29 £ 0.31 Hz at pH 7.4; 1.34 &+ 1.28 Hz at pH ~7.2;
n=>5) did not change significantly in response to acidosis
(P=0.13).

Synaptic connections often form between neurons
grown in cell culture (Bekkers et al. 1990). Neurons and
glia in culture can also communicate via non-synaptic or
non-vesicular mechanisms (e.g. via paracrine release of
neurotransmitter or reversal of transporters) (Wu et al.
2001, 2007). To determine whether chemosensitivity of
RTN neurons was mediated via release of 5-HT in cell
culture, as in brain slices (Fig. 3), recordings were made
from RTN neurons in culture and their response to acidosis
was measured before and during exposure to 5-HT;
receptor antagonists.

In RTN neurons in culture (7 = 10), SB269970 (10 um)
caused a large reduction in the response to acidosis
(Fig. 6A—C). In control aCSF, firing rate increased in
response to acidosis from 0.33 £ 0.45 to 3.66 & 3.06 Hz
(P = 0.0002), whereas in SB269970 firing rate did
not change in response to acidosis (0.11 + 0.25 to
0.39 &+ 0.50 Hz; P = 0.95). The response in SB269970
was 8.2% of the response to acidosis in control solution
(P = 0.0003). Thus, SB269970 caused a large decrease
in the chemosensitivity of RTN neurons in culture, as in
brain slices.

Y. Wu and others
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Previous in vitro experiments on RTN neuron chemo-
sensitivity have been performed at room temperature
(Mulkey et al. 2004, 2007; Hawkins et al. 2015), as
have those on 5-HT neuron chemosensitivity (Richerson,
1995; Bradley et al. 2002; Wang et al. 2002; Brust ef al.
2014; Cerpa et al. 2017), in part to enhance stability of
patch clamp recordings. To determine whether chemo-
sensitivity was dependent on 5-HT receptor activation ata
temperature closer to normal body temperature, the above
experiments were repeated with bath temperature = 31°C
(Fig. 6D and E). The response to acidosis was very similar
to that when recording at room temperature, including
block by SB269970. In control aCSF, firing rate increased
from 0.79 & 1.4 to 4.54 £ 2.2 Hz in response to acidosis
(n=9; P < 0.0001). In aCSF with SB269970, firing rate
changed from 0.18 £ 0.26 to 0.81 =% 0.92 Hz in response
to acidosis, which was not significant (P = 0.06). The
response in SB269970 was 17% of the response in control
aCSF (P = 0.0003). The decrease in chemosensitivity was
reversible in all neurons tested.

Ketanserin is a less selective 5-HT receptor antagonist
with affinity for 5-HT, and 5-HT?7 receptors that has also
been shown to block stimulation of RTN neurons by 5-HT
in brain slices (Mulkey ef al. 2007). Here it was found
that ketanserin decreased the response to acidosis of RTN
neurons in culture (Fig. 6F and G). Firing rate increased
in response to acidosis from 0.30 & 0.34 to 4.44 + 4.16 Hz
in control aCSF (P = 0.01; n = 7), whereas firing rate did
not change in response to acidosis in 10 uM ketanserin
(0.21 £0.48 t0 1.03 £ 1.85 Hz; P=0.98). The response to
acidosis in ketanserin was 19.7% of the response in control
solution (P = 0.045). Thus, 5-HT; receptor antagonists
decreased chemosensitivity of RTN neurons in culture, as
in brain slices. Taken together, these results support a role
of 5-HT}; receptors in chemosensitivity of RN neurons.
These data also validate the use of cell culture for studying
the pH response of RTN neurons, as the results for the
above experiments were the same as those in brain slices.

Chemosensitivity of RTN neurons was due to release
of endogenous 5-HT

If the response of RTN neurons to acidosis is due to release
of 5-HT from neighbouring 5-HT neurons, then chemo-
sensitivity of RTN neurons should be reduced if 5-HT
synthesis is inhibited. Patch clamp recordings were made
from RTN neurons in cultures treated for 24 h before
recording with either vehicle (n = 9) or the tryptophan
hydroxylase inhibitor PCPA (10 um; n = 8) (Fig. 7A
and B). Selection of neurons was made based only on
whether they expressed tdTomato and not eGFP, and not
on whether they had a response to acidosis. For neurons
treated with vehicle, firing rate increased from 0.20 £ 0.26
to5.54 + 3.43 Hzinresponse to acidosis (P < 0.0001). RTN
neurons treated with PCPA did not respond to acidosis

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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Figure 6. 5-HT; antagonists blocked chemosensitivity of RTN neurons in culture

A, membrane potential of a cultured RTN neuron that responded to acidosis in aCSF by increasing its firing
rate. Chemosensitivity was blocked by SB269970 (10 um). B, firing rate plot of an RTN neuron showing that
chemosensitivity was blocked by SB269970 (10 um). C, summary of the effect of SB269970 on RTN neurons
in culture (n = 10). D, example of an RTN neuron in culture recorded at a bath temperature of 31°C. The pH
response and block by SB269970 were similar to recordings at room temperature. £, summary of recordings from
RTN neurons at 31°C, showing consistent chemosensitivity and block by SB269970 (n = 9). F, chemosensitivity
of an RTN neuron in culture was reduced by ketanserin (10 um). G, summary of the effect of ketanserin on RTN
neurons in cell culture (n = 7). For differences between firing rate at pH 7.4 (control) and pH ~7.2 (acidosis):
**P < 0.0001; **P = 0.0002, *P = 0.01; *P < 0.05; ns, not significant. Scale bars, 50 mV by 5 s (A), 10 min

(B, D and F).
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(0.19 £ 0.35 Hz at pH 7.4; 1.15 &+ 2.08 Hz at pH ~7.2;
P =0.72). The response of PCPA-treated cells was 18% of
that in cells treated with vehicle (P = 0.0005).

If a large component of the response of RTN neurons to
acidosis is due to vesicular 5-HT release from chemo-
sensitive 5-HT neurons, then blocking 5-HT reuptake
should lead to a larger response to hypercapnic acidosis.
Recordings were made from RTN neurons in culture
before and during exposure to paroxetine (1 M), a highly
selective 5-HT reuptake inhibitor (SSRI). Compared to
the control response to acidosis (from 0.04 £+ 0.07 to
2.49 £ 2.09 Hz), the response to acidosis during exposure
to paroxetine was 88% larger (from 0.54 £ 0.82 to
5.17 &+ 2.64 Hz) (Fig. 7C and D; n = 9; P = 0.0003).
In some cases (n = 2), the response to acidosis was
prolonged after return to control pH (Fig. 7C) consistent
with accumulation of 5-HT in the extracellular space near
sites of vesicular 5-HT release. In other cases a more rapid
return to baseline occurred. This might happen if the
processes of some RTN neurons are covered by glia and
others are not. In the latter case, superfusion of monolayer
cultures with bath solution would lead to rapid diffusion
or convection of 5-HT away from its receptors.
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5-HT does not enable latent intrinsic chemosensitivity
of RTN neurons

It has previously been shown that LmxIb""? mice, which
lack nearly all central 5-HT neurons, have a blunted
hypercapnic ventilatory response (HCVR) in vivo (Hodges
et al. 2008). However, the HCVR can be restored by
intracerebroventricular infusion of 5-HT. This suggests
that 5-HT neurons may act to enhance the chemo-
sensitivity of non-serotonergic chemoreceptor neurons
either instead of, or in addition to, having a role as CO,/pH
sensors themselves. Given these alternative roles of 5-HT
neurons, the finding that 5-HT; receptor antagonists
block RTN neuron chemosensitivity is consistent with two
models that are not mutually exclusive: (1) 5-HT neurons
drive RTN neurons by releasing 5-HT in proportion to
the level of acidosis, or (2) tonic 5-HT enables RTN
neurons to express latent intrinsic chemosensitivity. Pre-
vious studies demonstrated that 5-HT stimulates RTN
neurons in brain slices, but does not enhance their
chemosensitivity (Mulkey et al. 2007). We evaluated
whether RTN neurons behaved in a similar way in
culture.
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Figure 7. Chemosensitivity of RTN neurons is dependent on release of endogenous 5-HT by

neighbouring processes of 5-HT neurons

A, an RTN neuron in culture treated with the tryptophan hydroxylase antagonist PCPA (10 wm for 24 h) had a small
response to acidosis (right) compared to an RTN neuron treated with control medium (left). B, summary data from
PCPA-treated RTN neurons (n = 8) compared to control neurons (n = 9) showing a smaller response to acidosis
after depletion of 5-HT. For differences between response to acidosis in PCPA compared to control: **P = 0.0005.
C, the SSRI paroxetine (1 um) increased the amplitude of the response to acidosis of this RTN neuron in culture,
and prolonged the recovery. D, summary data of CO; responses of RTN neurons in culture (n = 9) showing that
they were consistently larger in paroxetine: ***P = 0.0003 for control versus paroxetine. Scale bars: 5 min (A4),

20 min (Q).
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A group of RTN neurons that were chemosensitive  2.31 = 1.64 Hz. However, 5-HT did not potentiate the
(n = 7) increased their firing rate from 1.80 &+ 0.93  response of these chemosensitive neurons to acidosis as
to 3.21 £ 1.62 Hz in response to acidosis (7.4 to  the slope of the firing rate versus pH curve did not
7.2, P = 0.0002). When 5-HT (10 um) was added to  change, with firing rate increasing to 4.11 £+ 1.80 Hz
the bath solution, the baseline firing rate increased to  in response to acidosis (P < 0.0001) (Fig. 8A and B).
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Figure 8. Exogenous 5-HT did not reveal latent chemosensitivity of RTN neurons

A, exogenous 5-HT (10 um) caused an increase in baseline firing rate of this chemosensitive RTN neuron but did
not enhance the response to acidosis. B, bath-applied 5-HT induced an increase in firing rate of chemosensitive
neurons (n = 7), but did not enhance chemosensitivity as indicated by a lack of change in the slope of the pH
response. C, in this non-chemosensitive RTN neuron, exogenous 5-HT (10 um) caused an increase in baseline
firing rate but did not reveal a latent response to acidosis. D, in most RTN neurons, 5-HT did not increase
chemosensitivity (chemosensitive in red, n = 7; non-chemosensitive in black, n = 5). E, after endogenous 5-HT
was decreased to near zero by pretreatment with PCPA (10 um for 24 h), exogenous 5-HT did not enable intrinsic
RTN neuron chemosensitivity. Shown is the pH response of a PCPA-treated neuron first in aCSF and then in aCSF
with exogenous 5-HT (10 uM). Blue arrows — the amount of depolarizing current injection was decreased in a
stepwise fashion from 40 to 0 pA to counteract the excitatory effect of exogenous 5-HT. F, summary of results
from experiments like those in £ (n = 15), showing that exogenous 5-HT did not enable latent chemosensitivity in
RTN neurons. Scale bars: 10 min (4, C and £). ns, not significant.
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This finding is the same as that previously reported for
RTN neurons in brain slices (Mulkey et al. 2007). For
Phox2b+-/ ChAT— neurons that were not chemosensitive
(n=5), 5-HT did not confer chemosensitivity upon them
(Fig. 8Cand D). All neurons that were evaluated for their
5-HT response (chemosensitive and not chemosensitive)
were subsequently found to be immunonegative for TH.
It is possible that the baseline level of extracellular 5-HT
present in our cultures was already sufficient to fully
enable chemosensitivity of RTN neurons so that adding
exogenous 5-HT (Fig. 8A-D) did not cause any additional
effect. To rule out this possibility, ventral medullary
cultures were first treated with PCPA (10 uMm for 24 h asin
Fig. 7). The response of RTN neurons (# = 15) to acidosis
was then measured in control aCSF and aCSF containing
exogenous 5-HT (10 um) (Fig. 8E and F). In control
aCSF, PCPA-treated RTN neurons had a small increase
in firing rate from 0.36 & 0.65 to 1.02 £ 1.48 Hz that was
not statistically significant (P = 0.13). When 5-HT was
added to the bath solution (Pco, 5%), firing rate increased
from 0.36 + 0.70 to 7.26 + 4.274 Hz. Depolarizing
current was then decreased so that the baseline firing
rate was close to that prior to the addition of 5-HT.
Then, in aCSF containing 10 M 5-HT, PCPA-treated RTN
neurons did not develop chemosensitivity, with firing rate
0.31 & 0.57 Hz at baseline and 0.70 £ 1.59 Hz in acidosis
(P = 0.38). The response in aCSF with 5-HT was not
significantly different from that in control aCSF (P=0.57).

The effect of serotonergic drugs on 5-HT neurons was
fundamentally different than on RTN neurons

To determine if the response of 5-HT neurons to
serotonergic manipulations was different from the
response of RTN neurons, we repeated some of the key
experiments described above on 5-HT neurons identified
using ePet-EYFP reporter mice. There was no effect of
SB269970 on the chemosensitivity of ePet-EYFP neurons
in cell culture (n = 4) (Fig. 9A), indicating that SB269970
did not directly affect chemosensitivity of 5-HT neurons
and that 5-HT; receptor activation was not required for a
pH response. For this group of neurons in control aCSE,
acidosis caused a change in firing rate from 0.06 &+ 0.06
to 2.62 £ 1.48 Hz. In aCSF with SB269970 (10 um),
acidosis caused a change in firing rate from 0.24 £ 0.37
to 2.09 &£ 1.26 Hz. There was no significant difference in
these responses (P = 0.60).

Depletion of 5-HT using pretreatment with PCPA
(10 um for 24 h) did not reduce chemosensitivity of
ePet-EYFP neurons (Fig. 9C and D). In control neurons
(n = 9), acidosis induced a change in firing rate from
0.36 = 0.51 to 1.34 &= 1.20 Hz (P = 0.04). In neurons
treated with PCPA (n = 9), acidosis induced a change in
firing rate from 0.46 & 0.55 to 2.47 £ 1.78 Hz (P = 0.005).
The response to acidosis was not different between groups
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(P=0.13). There was in fact a trend towards an increase in
chemosensitivity in PCPA-treated EYFP neurons, possibly
due to a decrease in activation of inhibitory 5-HTj, auto-
receptors.

The SSRI paroxetine did not increase the response of
5-HT neurons to acidosis (n = 4; Fig. 9E and F). In
control aCSF, acidosis caused a change in firing rate from
0.51 & 0.68 to 2.15 & 1.48 Hz. In aCSF with paroxetine,
acidosis caused a change in firing rate from 0.22 £ 0.41
to 1.71 &£ 1.23 Hz. Paroxetine did not cause a significant
change in these responses (P = 0.66). In fact, there was
a trend towards a decrease in chemosensitivity, this time
possibly due to increased activation of inhibitory 5-HT},
autoreceptors.

Thus, chemosensitive 5-HT neurons had a very
different response to serotonergic agents compared to
RTN neurons. These results are consistent with chemo-
sensitivity of 5-HT neurons being cell-autonomous and
not due to release of 5-HT onto each other.

The 5-HT; receptor antagonist SB258719 has
off-target effects

Previous experiments studying the effect of 5-HT on RTN
neurons used SB258719 (Hawkins et al. 2015), because
it was considered to be a selective antagonist of 5-HT;
receptors (Romero et al. 2006). We wanted to use this drug
to replicate those findings, and confirmed that SB258719
does block the response of RTN neurons to 5-HT, in our
case using culture (Fig. 4). SB258719 has not been reported
to have any off-target effects, but in pilot experiments we
found that it reduced chemosensitivity of 5-HT neurons
in brain slices (Fig. 104; n = 2) and cell culture (n = 3).
There is no evidence that 5-HT neurons express 5-HT;
receptors, or that they are stimulated by 5-HT, leading to
the conclusion that SB258719 has an unreported off-target
effect. This prevented us from relying on SB258719 for our
primary conclusions about RTN neuron chemosensitivity.
However, we did perform the following experiments to be
certain that its effects, including those on 5-HT neurons,
did not falsify our hypothesis.

The effect of SB258719 (10 uM) was tested on chemo-
sensitivity of RTN neurons in brain slices (Fig. 10B and
C). For a subset of RTN neurons (n = 9), firing rate
increased from 1.05 &£ 0.84 to 6.34 &+ 3.31 Hz in response
to acidosis in control aCSF (P < 0.0001), whereas there
was no response to acidosis in SB258719, with firing rate
0.60 £ 0.74 Hz at pH 7.4 and 0.82 4 0.99 Hz at pH ~7.2
(P = 0.99). The response to acidosis in SB258719 was
4% of the response in control aCSF (P < 0.0001). The
block of chemosensitivity by SB258719 was reversible in
all neurons tested in slices.

The effect of SB258719 was also tested on chemo-
sensitivity of RTN neurons in cell culture. When SB258719
(10 uMm) was added to aCSF, there was a large reduction
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in the response of RTN neurons to acidosis (Fig. 10D
and E). In control aCSF, firing rate increased in response
to acidosis from 1.14 £ 140 to 2.29 + 2.54 Hz
(n = 26; P < 0.0001), whereas in SB258719 firing rate
did not change in response to acidosis (0.79 £ 1.16 to
1.07 & 1.33 Hz; P = 0.25). The increase in firing rate in
SB258719 was 25% of the response to acidosis in control
aCSF (P < 0.0001). The block of chemosensitivity by
SB258719 was reversible in all neurons tested in culture.
The decrease in chemosensitivity of RTN neurons seen
here with SB258719 could be due to inhibition of chemo-
sensitivity of 5-HT or RTN neurons, block of 5-HT;
receptors on RTN neurons, or a combination of these

Effect of 5-HT on pH sensitivity of RTN neurons
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effects. These results, taken alone, do not prove that RTN
neuron chemosensitivity is dependent on input from 5-HT
neurons, but neither do they alter the conclusions made
from the other experiments.

The hypercapnic ventilatory response in vivo was
markedly decreased by ketanserin

As described above, ketanserin is a 5-HT receptor
antagonist with affinity for both 5-HT, and 5-HT;
receptors. Ketanserin has previously been shown to block
stimulation of RTN neurons by 5-HT in brain slices
(Mulkey et al. 2007 a), and we showed here that it decreased
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Figure 9. The response of 5-HT neurons to serotonergic agents was fundamentally different than that

of RTN neurons

A, SB269970 did not affect chemosensitivity of this 5-HT neuron cultured from the ventromedial medulla. B,
summary of effect of SB269970 on chemosensitivity of serotonergic neurons in culture (n = 4). C, PCPA pre-
treatment did not reduce chemosensitivity of serotonergic neurons in culture. Shown are pH responses of a
control neuron (left) and a PCPA-treated neuron (right). D, summary of the effect of PCPA on the chemosensitivity
of serotonergic neurons (n = 9 neurons per group). E, paroxetine did not increase the chemosensitivity of this
serotonergic neuron in culture. F, summary of the effect of paroxetine on the chemosensitivity of serotonergic
neurons (n = 4). Scale bars: 10 min (4), 5 min (C and E). ns, not significant.
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the response of RT'N neurons to acidosis in culture (Fig. 6F
and G). 5-HT, receptors are also expressed by other
neurons that are part of the respiratory network (Ptak et al.
2009). Therefore, it was predicted that ketanserin would
reduce the HCVR in vivo. When ketanserin (10 mg kg™
1.P.) was administered to C57BL6 mice (n = 12) there was
a decrease in minute ventilation at 0% CO, (from 1.00 to
0.49 +0.23, P < 0.0001) (Fig. 11A and B). The HCVR was

Y. Wu and others

J Physiol 597.10

also inhibited, with ventilation at 5% CO, decreased from
2.58 £ 1.03 to 0.71 & 0.34 (P < 0.0001) and at 7% CO,
decreased from 3.95 &+ 1.90 to 1.04 =+ 0.46 (P < 0.0001;
two-way ANOVA using the Holm-Sidak test for multiple
comparisons). The slope of the ventilation response to 5%
CO, was decreased by 86%, and to 7% CO, by 81%. The
effect on ventilation was mediated by a decrease in both
tidal volume and frequency (Fig. 11C and D). The slope
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Figure 10. The 5-HT; receptor antagonist SB258719 blocks the response of RTN neurons to acidosis, but

also blocks 5-HT neuron chemosensitivity

A, SB258719 blocked the chemosensitivity of this 5-HT neuron in a brain slice. Similar results were seen in slices
(n = 2) and cell culture (n = 3). SB258719 has been considered a highly selective 5-HT7 antagonist, but was not
known to have this off-target effect. B, an RTN neuron in a brain slice was stimulated by hypercapnic acidosis.
Chemosensitivity was reversibly inhibited by SB258719 (10 um). C, the response to SB258719 was consistent for
RTN neurons in brain slices (n = 9). Block of chemosensitivity by SB258719 was reversible in all neurons tested.
D, an RTN neuron in cell culture was stimulated by hypercapnic acidosis, and this chemosensitivity was reversibly
inhibited by SB258719 (10 um). E, summary of the effect of SB258719 on chemosensitivity of RTN neurons in
culture (n = 26). For differences between firing rate at pH 7.4 (control) and pH ~7.2 (acidosis): ***P < 0.0001;
*P < 0.05; ns, not significant. Scale bars: 10 min (A, C and E).
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of the frequency curve decreased by 60% from 0% to 5%
CO,, and by 53% from 0% to 7% CO,. The slope of the
tidal volume curve decreased by 84% from 0% to 5% CO,,
and by 63% from 0% to 7% CO,.

Discussion

Breathing is highly sensitive to brain tissue acidosis, with
ventilation approximately tripling in goats in response to
a decrease of brain extracellular pH from 7.35 to 7.25
(Pappenheimer et al. 1965; Fencl et al. 1966). CRCs are
assumed to have a cell-autonomous (intrinsic) response
to pH that approaches this degree of sensitivity, although
such a large response may not be an absolute requirement
for the respiratory system as a whole to respond adequately
(Richerson et al. 2005). There are a number of groups
of neurons in the brain, and some glia, that have been
proposed to be CRCs, including Phox2b+ neurons in the
RTN and 5-HT neurons in the medullary raphe (Nattie,
1999; Mulkey et al. 2004; Richerson et al. 2005; Nattie
& Li, 2009). However, the relative roles of these various
candidates are not yet clear (Nattie, 1999), and it is not
known how they interact with each other to produce a
coordinated response.

The pH response of RTN neurons is mediated in part
by synaptic input from chemosensitive 5-HT neurons

It has previously been shown that RTN neurons in brain
slices are stimulated by exogenous 5-HT, and that this
response is blocked by SB258719 and ketanserin (Mulkey
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et al. 2007), both of which are antagonists of 5-HT;
receptors. We extended these results by showing in brain
slices that: (1) RTN neurons are also stimulated by release
of endogenous 5-HT from neighbouring neurons; (2) the
responses to exogenous and endogenous 5-HT are blocked
by SB269970 (a third 5-HT; receptor antagonist, and;
(3) the pH response of RTN neurons is blocked by all
three 5-HT; receptor antagonists. In addition to obtaining
these new findings in brain slices, we replicated all of
the above results in cell culture. Using cell culture, we
also demonstrated that chemosensitivity of RTN neurons
was markedly reduced by blocking synthesis of 5-HT,
and chemosensitivity was enhanced by blocking 5-HT
reuptake. 5-HT neurons had a fundamentally different
response to these experimental conditions, and their
chemosensitivity had no dependence on endogenous
5-HT. Taken together, these results indicate that a large
component of the pH response of RTN neurons is due
to input from chemosensitive 5-HT neurons under these
experimental conditions.

5-HT neurons have many properties expected for CRCs
(Richerson, 1995, 2004; Veasey et al. 1995; Bradley et al.
2002; Richerson et al. 2005; Hodges et al. 2008; Ray et al.
2011; Brust et al. 2014; Teran et al. 2014). Their firing rate
in vitro increases 3-fold (e.g. 1 to 3 Hz) with a decrease in
pH from 7.4 to 7.2 (Wang et al. 1998, 2001, 2002), which
approaches the degree of sensitivity of the response of
the respiratory network in vivo (see above). RN neurons
receive abundant input from medullary 5-HT neurons
(Mulkey et al. 2007; Brust et al. 2014) and it has previously
been shown that 5-HT stimulates RTN neurons (Mulkey
et al. 2007; Hawryluk et al. 2012; Hawkins et al. 2015).
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Figure 11. The HCVR in vivo was decreased by systemic ketanserin (10 mg kg~! i.p.)

A, plethysmography traces from a mouse during exposure to 0% CO; and 7% CO; at baseline and after treatment
with ketanserin. B, ketanserin significantly reduced minute ventilation at 0, 5 and 7% CO; (n = 12 animals). The
y-axis represents ventilation normalized to baseline breathing at 0% CO,. Frequency (C) and tidal volume (D) were
also significantly reduced by ketanserin. P < 0.0001 for ventilation in ketanserin compared to control.
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Therefore, the chemosensitivity of RTN neurons could be
due in part to input from 5-HT neurons, because brain
slices containing the RTN also contain 5-HT neurons.
This possibility has previously been considered, and was
tested in brain slices by measuring the pH response of RTN
neurons in the presence and absence of exogenous 5-HT
(5 uM) (Mulkey et al. 2007). Consistent with our results
in culture, this led to ‘a parallel upward shift in the pH
sensitivity curve’ (Mulkey et al. 2007), which was inter-
preted as indicating that the ‘actions of pH and serotonin
are independent and additive’. However, we would favour
an alternative interpretation of that result, because that
is what would be expected if RTN neurons are driven by
5-HT neurons in proportion to the degree of acidosis.

The approaches we used to determine if chemo-
sensitivity of RTN neurons is due to input from 5-HT
neurons (5-HT receptor antagonists and 5-HT depletion)
had not previously been used. Our findings could be
interpreted in one of two ways: (1) 5-HT is released
in response to acidosis, and stimulates RTN neurons
proportionally; or (2) 5-HT is released at a constant
level and enables chemosensitivity of RTN neurons by
activating a pH-sensitive ion current in RTN neurons.
The latter possibility is not consistent with the lack of an
effect of exogenous 5-HT on the pH response in brain
slices (Mulkey ef al. 2007) and in culture (Fig. 8), and also
does not take into account that 5-HT neurons increase
their firing rate in response to hypercapnia. Thus, the pre-
sent data indicate that a substantial component of chemo-
sensitivity of RTN neurons is not cell-autonomous.

Chemosensitivity of RTN neurons was reduced by
92-96% when treated with SB258719, by 63-92% with
SB269970, and by 80% with ketanserin. It is unclear how
much of the residual pH response is intrinsic. Some of the
residual response could be due to stimulation of 5-HT
receptors unaffected by the above antagonists, release
of thyrotropin releasing hormone (TRH) or substance
P from 5-HT neurons (Mulkey et al. 2007), or release
of ATP by glia (Gourine et al. 2010). Thus, the upper
limit of the cell-autonomous response to a change in pH
from 7.4 to 7.2 is 8-37% of the total response, but is
likely to be less than that due to evidence for non-5-HT;
receptor-mediated extrinsic mechanisms.

It is not yet clear why our results do not support a
large role for intrinsic chemosensitivity in RTN neurons,
in light of previous results (Mulkey et al. 2004). First,
it is important to consider alternative interpretations
of the current data. Recordings from brain slices were
made in the region where chemosensitive RTN neurons
were first described: ventral and ventromedial to the VII
motor nucleus (Mulkey et al. 2004). It has subsequently
been reported that there is also a subset of RTN neurons
located ventrolateral to the VII motor nucleus that may
be chemosensitive (Shi et al. 2017), although evidence for
chemosensitivity in that region is indirect and not based on
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electrophysiological recordings. We did not sample these
neurons in brain slices, so we cannot exclude the possibility
that this subset of RTN neurons has intrinsic chemo-
sensitivity. However, our cell cultures would have included
each of the different populations of RTN neurons, and
there was no evidence of a subpopulation whose chemo-
sensitivity was not dependent on 5-HT receptor activation.

The current set of recordings was made from brain
slices older than P13 and from neurons of equivalent
age in cell culture. It is possible that RTN neurons
have intrinsic chemosensitivity in neonatal mice, and
their response to pH becomes dependent on 5-HT input
only after serotonergic neuron chemosensitivity matures
(Cerpa et al. 2017). There might be other explanations
for the differences between our results and those reported
previously, such as experimental conditions that might
facilitate intrinsic chemosensitivity of RTN neurons. For
example, there could be modulatory inputs that cause
intrinsic chemosensitivity in vivo, and they may not be
operative under the conditions of our in vitro experiments.
Nonetheless, the results presented here demonstrate that a
significant portion of the pH response of RTN neurons can
be due to synaptic input from 5-HT neurons under some
conditions, and it remains to be determined whether there
are other conditions in which intrinsic chemosensitivity
is sufficiently robust in RTN neurons to make a major
contribution to the ventilatory response to physiological
changes in CO,.

Experimental proof of an intrinsic response
to acidosis

As above, there are potential explanations for the current
results that do not exclude a role of RTN neurons as
chemoreceptors. However, it is possible that intrinsic
chemosensitivity of RTN neurons is less important than
previously believed, because there are methodological
issues that are not widely considered when interpreting
experiments designed to study intrinsic chemosensitivity.

RTN neurons respond to acidosis in brain slices after
blockade of glutamate and P2X receptors. This was inter-
preted as suggesting that they are intrinsically chemo-
sensitive (Mulkey et al. 2004). However, this approach
would not block synaptic input from many other neuro-
transmitters, including 5-HT. In recognition of that fact,
Mulkey et al. (2004) measured changes in input resistance
of RTN neurons in brain slices in response to a change
in pH from 7.5 to 6.9 during voltage clamp recordings in
the presence of tetrodotoxin (TTX) in an attempt to block
action potential-dependent synaptic activity (Mulkey et al.
2004). Similarly, in an in vitro brainstem/spinal cord pre-
paration from neonatal rats, a change in pH from 7.8
to 7.2 led to an increase in membrane potential in the
presence of TTX and Cd*", and in high Mg?*/low Ca**
solution (Onimaru et al. 2012). These methods may be
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more effective at isolating neurons, but it is important
to consider that none of them completely blocks release
of neurotransmitters. For example, GABA, dopamine,
5-HT and other neurotransmitters continue to be released
in TTX, zero Ca’*, Cd*", and/or high Mg*"/low Ca**
solution, via a variety of vesicular and non-vesicular
mechanisms involving quantal release, graded potentials,
transporter reversal, hemichannels, anion channels, etc.
(Otis et al. 1991; Attwell et al. 1993; Levi & Raiteri,
1993; Falkenburger et al. 2001; Rossi et al. 2003; Ye et al.
2003; Borland & Michael, 2004; Wu et al. 2007; Lee et al.
2010). These alternative forms of release have been clearly
demonstrated and can be surprisingly robust (Levi &
Raiteri, 1993; Richerson & Wu, 2003; Rossi et al. 2003;
Wau et al. 2007). Thus, the methods that have been used to
block synaptic activity do not ensure that the pH response
of RTN neurons is cell-autonomous. Moreover, none of
them would block glial release of signalling molecules
(Gourine et al. 2010).

Focal acidosis within the RTN stimulates breathing (Li
& Nattie, 2002; Nattie & Li, 2012), which is consistent
with RTN neurons being intrinsically chemosensitive.
However, focal acidosis would also stimulate glia in the
RTN, and this would release ATP onto Phox2b neurons
(Gourine et al. 2010). In addition, axonal processes of
5-HT neurons within the RTN could respond to local
changes in pH (directly or via effects on chemosensitive
glia) and release 5-HT onto Phox2b neurons. Thus, there
are alternative explanations for these results other than
intrinsic chemosensitivity of RTN neurons.

It has been reported that 91% of RTN neurons express
the proton-activated receptor Gpr4 (Kumar et al. 2015),
which has been considered as evidence supporting a role
of RTN neurons as pH sensors. However, the role of Gpr4
in chemoreception has recently been called into question
(Hosford et al. 2018). Gpr4 is widely expressed, including
in 100% of 5-HT neurons in the medullary raphe and 83%
of Cl1 adrenergic neurons, as well as by the carotid bodies
(Kumar et al. 2015). Gpr4 is also expressed at high levels
in vascular endothelia including in the brain (reviewed
by Hosford et al. 2018), as detected using antibodies, in
situ hybridization, GFP expression driven by the Gpr4
promoter, and cre-mediated GFP expression in cells with
a developmental history of Gpr4 expression (Qiao et al.
2006; Sun et al. 2016; Hosford et al. 2018). In contrast
to the result of Kumar et al. (2015), Hosford et al. (2018)
reported that Gpr4 is expressed in a sparse number of RTN
neurons, and at low levels (5-HT neurons in the dorsal
raphe abundantly expressed Gpr4, but unlike Kumar er al
(2015), they did not specifically report on the medullary
raphe. As reported by Hosford et al. (2018), the sensitivity
to pH of Gpr4 occurs across a range (7.4-8.0) that would
not be suitable for CO, monitoring for respiratory control.
Finally, as reported by Kumar et al (2015), many RTN
neurons remain chemosensitive after genetic deletion of
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Gpr4 (Kumar et al. 2015), which is not surprising given
the current results. Although Kumar et al. (2015) reported
that knockout of Gpr4 alone or with Task2 reduces the
ventilatory response to CO, in vivo, Hosford et al. (2018)
found that pharmacological inhibition of Gpr4 does not
affect the HCVR (Hosford et al. 2018). Thus, it remains
an open question whether expression of Gpr4 supports the
idea that RTN neurons have intrinsic chemosensitivity.

The most definitive method to demonstrate intrinsic
chemosensitivity is to record from a neuron after acute
dissociation. RTN neurons have been reported to retain
pH sensitivity after they are physically isolated in this way
(Wang et al. 2013), but the response is significantly smaller
than in vivo or in brain slices (see above). It is possible
that the residual response is entirely intrinsic, but acutely
dissociated neurons can retain active synaptic boutons
attached to the postsynaptic membrane (Yang et al. 2011;
Zhou et al. 2014). These boutons could possibly still
respond to acidosis by releasing neurotransmitters, so that
even some of the residual pH response seen in dissociated
RTN neurons (Wang et al. 2013) may be extrinsic. Thus,
experiments used to test for intrinsic chemosensitivity
of RTN neurons have relied on methods that do not
necessarily block all extrinsic effects.

Use of cell culture to study the interaction of 5-HT
and RTN neurons

Many previous studies on RTN physiology have been
performed using rodent brainstem slices. Slices have the
advantage of maintaining tissue architecture, but they also
have drawbacks in that cells are acutely damaged, and
the tissue is thick so that changes in pH are buffered
and pharmacological agents have restricted access to deep
neurons and may not wash out easily (see Fig. 5). It is
also common to use immature animals for brain slices
to optimize tissue health, but their physiology may be
different than in adults (Cerpa et al. 2017).

Cell culture has been used effectively across many fields
of neuroscience to study neuronal physiology (Banker
& Goslin, 1998). Cultured neurons recover from injury
after plating and can be maintained for weeks during
which many properties develop normally, as has been
shown to be the case for pH sensitivity of 5-HT neurons
(Cerpa ef al. 2017). In primary, dissociated cell culture,
neurons grow on top of a thin layer of glia and are
easily accessible to pharmacological agents and protons.
Patch-clamp recordings are often stable for hours, allowing
complex experimental protocols with exposure to multiple
conditions, including demonstration of reversibility and
reproducibility of responses. The generalizability of data
obtained from neuronal culture needs to be verified for
each physiological process to be studied, but for those
properties that are preserved, this method can allow
rigorous and detailed studies to be performed.
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Here we first used brain slices to identify a role
of serotonergic signalling in chemosensitivity of RTN
neurons, and then showed that these mechanisms
are recapitulated in long-term primary co-cultures of
dissociated medullary raphe and RTN tissue. The
following results were found to be essentially identical
in cell culture and brain slices (reported here and/or in the
literature): (1) 5-HT neurons form appositions with RTN
neurons; (2) exogenous 5-HT stimulates RTN neurons;
(3) release of endogenous 5-HT stimulates RTN neurons;
(4) the responses to 5-HT from either source are blocked
by three different 5-HT; receptor antagonists; (5) acidosis
stimulates approximately 50% of RTN neurons; (6) the
response to acidosis is blocked by three 5-HT; receptor
antagonists; and (7) exogenous 5-HT does not induce
latent chemosensitivity intrinsic to RTN neurons.

These findings provide confidence that results obtained
in culture accurately reflect the biology of RTN neuron
chemosensitivity and the influence of 5-HT input. The
use of cell culture allowed data to be obtained from a
larger number of neurons for longer durations and with
more stable responses than would have been possible
using slices. Cell culture also allowed us to show that the
chemosensitivity of RTN neurons was markedly reduced
when synthesis of 5-HT was blocked by PCPA, and that
blocking 5-HT reuptake increased the pH response. The
use of cell culture for the study of chemosensitivity,
including interactions between 5-HT and RTN neurons,
opens up a variety of new experiments that would not
otherwise be possible.

RTN neurons: pH sensors or relays of chemoreceptor
input?

The present data indicate that intrinsic chemosensitivity
of mature RTN neurons is not as large as previously
thought, and that a significant component of their pH
response is due to synaptic input. These neurons might
be most important as backup, or ‘emergency, chemo-
receptors (Nattie, 1999) that respond to larger changes
in pH than used in the experiments presented here.
Alternatively, they may play a greater role as a relay of
input from other pH chemosensors, including peripheral
chemoreceptors (Takakura et al. 2006), 5-HT neurons
(Rosin ef al. 2006; Mulkey et al. 2007; Brust et al. 2014),
other chemosensitive central neurons (Nattie & Li, 2009,
2012) and glia (Gourine et al. 2010). RTN neurons do
receive input from many putative chemoreceptor sites
(Rosin et al. 2006). If RTN neurons function as a relay,
that alone could explain why chemoreception is decreased
after genetic deletion of RTN neurons (Ramanantsoa et al.
2011; Ruffault er al. 2015) without requiring that they also
have intrinsic chemosensitivity. The finding that about
half the HCVR response is retained in adults after deletion
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of RTN neurons (Ramanantsoa et al. 2011) indicates that
other chemoreceptors must be involved.

An additional function of RTN neurons might be to
amplify the CO,/pH response of the network. The very
large response of RTN neurons to hypercapnia in vivo
relative to other CRC candidates has sometimes been cited
as evidence that RTN neurons are respiratory chemo-
receptors. This conclusion would be valid if their response
to acidosis is intrinsic, but their large response when
they are embedded within the network may provide
an important clue to their function. Given that RTN
neurons receive synaptic input from many putative
chemoreceptors, they may relay this widespread chemo-
receptor input, and possibly amplify it, leading to a
much larger response to acidosis than that of any of
the individual chemoreceptor neurons. This amplification
could occur if RTN neurons have some low-level intrinsic
chemosensitivity, but could even occur without RTN
neuron chemosensitivity via a non-linear response to
synaptic input. This possibility reinforces the argument
that individual CRCs do not have to possess a pH response
that is as sensitive to pH as the respiratory network as a
whole (Richerson et al. 2005; Teran et al. 2014). The large
response of RTN neurons to hypercapnia in adult rodents
in vivo arising from these hypothetical amplification
mechanisms could solve a biological problem where a
respiratory network that must be exquisitely sensitive
to pH needs to be built from individual components
with inherent limitations on their sensitivity at the
molecular/cellular level.

Future work will be needed to address a number of
issues. The effect on RTN neurons of a larger range
of pH changes should be examined, and it should be
determined how much of the response is intrinsic versus
being mediated by other signalling pathways (e.g. other
5-HT receptors, substance P, TRH or ATP). The role of
glia should also be defined, as well as whether 5-HT
input is monosynaptic, and whether 5-HT release is
synaptic or extrasynaptic. A molecular approach should
be used to verify the identity of the 5-HT receptor sub-
type involved instead of relying on pharmacology. Finally,
it will be important to distinguish roles of the RTN in
pH sensation versus relaying chemoreceptor information
versus contributing to respiratory rhythm generation
(Onimaru et al. 2009; Goridis et al. 2010; Ikeda et al. 2015;
Ruffault et al. 2015). However, our findings show that
a large component of the response of Phox2b-expressing
RTN neurons to pH within a narrow range expected to
occur under physiological conditions in vivo is extrinsic —
mediated in part by release of 5-HT in proportion to the
level of acidosis. This finding suggests that the RTN could
be more important as an integrative centre, relay of chemo-
receptor information or amplifier of the pH response, than
as a chemoreceptor site.

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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