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Summary
Background Breathing disorders (BD) (apnoeas/hypopneas, periodic breathing) are highly prevalent in chronic
heart failure (CHF) and are associated with altered central respiratory control. Ample evidence identifies the retrotra-
pezoid nucleus (RTN) as an important chemosensitivity region for ventilatory control and generation of BD in CHF,
however little is known about the cellular mechanisms underlying the RTN/BD relationship. Within the RTN, astro-
cyte�mediated purinergic signalling modulates respiration, but the potential contribution of RTN astrocytes to BD
in CHF has not been explored.

Methods Selective neuron and/or astrocyte-targeted interventions using either optogenetic and chemogenetic
manipulations in the RTN of CHF rats were used to unveil the contribution of the RTN on the development/mainte-
nance of BD, the role played by astrocytes in BD and the molecular mechanism underpinning these alterations.

Findings We showed that episodic photo-stimulation of RTN neurons triggered BD in healthy rats, and that RTN
neurons ablation in CHF animals eliminates BD. Also, we found a reduction in astrocytes activity and ATP bioavail-
ability within the RTN of CHF rats, and that chemogenetic restoration of normal RTN astrocyte activity and ATP lev-
els improved breathing regularity in CHF. Importantly, P"X/ P2X7 receptor (P2X7r) expression was reduced in
RTN astrocytes from CHF rats and viral vector-mediated delivery of human P2X7 P2X7r into astrocytes increases
ATP bioavailability and abolished BD.

Interpretation Our results support that RTN astrocytes play a pivotal role on BD generation and maintenance in the
setting CHF by a mechanism encompassing P2X7r signalling.
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Introduction
Chronic Heart failure (CHF) is associated with a high
incidence of abnormal breathing patterns (i.e., Cheyne-
stokes respiration) which are closely related to poor
prognosis and higher mortality.1 Previous studies sug-
gest that the pathophysiology of abnormal breathing
patterns in CHF is linked in part to abnormal central
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Research in context

Evidence before this study

Disordered breathing (i.e. apnoeas/hypopneas, periodic
breathing) are highly prevalent in chronic heart failure
(CHF), one of the most prevalent cardiovascular diseases
among the elderly population worldwide. Despite, the
precise mechanisms underlying breathing disorders
generation in the setting of cardiac failure are still not
known; however, alterations in ventilatory chemoreflex
drive has been closely linked to unstable breathing in
CHF and disease progression. Recent evidence showed
the contribution of astrocytes (residing within brain-
stem chemoreceptor areas) on breathing regulation
and its dependence on ATP signalling. Indeed, puriner-
gic signaling in the retrotrapezoid nucleus (RTN), a main
brainstem region for ventilatory chemoreflex regulation,
can modulate chemoreceptor neurons activity and
breathing. Yet, nothing is known about the role of astro-
cytes and/or purinergic signalling on disordered breath-
ing during CHF progression.

Added value of this study

This is the first study assessing the contribution of med-
ullary astrocytes on the development/maintenance of
disordered breathing in non-ischemic CHF. Here we
showed that experimental CHF rats displayed metabolic
inhibition of RTN astrocytes and decreased ATP-related
signalling at the RTN triggering irregular breathing.
Accordingly, restoration of normal astrocyte activity
using chronic chemogenetic activation normalized
breathing in CHF. Altered purinergic signalling in the
RTN of CHF rats was linked to downregulation of astro-
cytic P2X7r and P2X7r�/� knockout mice mimics the
respiratory phenotype observed in CHF. Finally, trans-
gene delivery of the human P2X7r selectively into RTN
astrocytes increases ATP bioavailability and completely
abolished disordered breathing in CHF.

Implications of all the available evidence

Our results strongly support the role of RTN astrocytes
in the maintenance of disordered breathing in CHF by a
mechanism encompassing purinergic signaling through
the P2X7r. Our work represents an advance in the
understanding of the generation of breathing disorders
during CHF progression and provides comprehensive
and mechanistic insights for the future development of
novel strategies to reduce breathing disorders in the
setting of CHF.

Articles

2

chemoreflex function and attendant instability in the
respiratory control system.2�4 Central chemoreceptors,
which play an important role in respiratory control,
respond to subtle changes in brain PCO2 to minimize
acid-base changes and provide a tonic drive to breathe
under eupneic conditions.5�7 The molecular identity
of the sensors that mediate central respiratory
chemoreception has been extensively studied in the ret-
rotrapezoid nucleus (RTN) since it is considered a major
nodal point for regulation of respiration during varia-
tions in brain PCO2.

8,9 Indeed, the 2-pore domain K+

background channel TASK-2 and the G-coupled proton
sensor GPR4 has both been implicated in H+ sensing in
RTN chemoreceptor neurons.10 Despite the intrinsic
chemo-sensitive properties of RTN neurons, recent evi-
dence supports the role of glial cells on the regulation of
breathing.11�13 Particularly, the role of RTN astrocytes
has received great attention in the recent years in the
field of central chemoreception.14,15

Astrocyte-derived ATP acting on purinergic receptors
has been proposed to play an important role in respira-
tory regulation, and there is increasing evidence indicat-
ing astrocytes as the main source for purinergic drive at
the RTN level.16 It has been shown that astrocytes resid-
ing in the RTN respond to physiological decreases in
pH with vigorous elevations in intracellular Ca2+ and
release of ATP which in turn activates RTN neurons
inducing adaptive increases in breathing.11 Further-
more, applications of selective purinergic P2X receptor
blockers into the RTN reduced respiratory response to
increasing CO2 levels but also causes irregular breath-
ing patterns at rest,17 suggesting that purinergic signal-
ling within the RTN contributes to eupnoeic respiratory
rhythm. This notion has not been rigorously tested in
physiological or pathological settings. Accordingly, the
potential role of astrocytes in modulating RTN function
in the setting of CHF, as well as the molecular mecha-
nisms involved in this process have not been explored.
Recently, we showed that ablation of RTN neurons in
experimental CHF completely restores normal central
chemoreflex function.18 Importantly, the existence of an
RTN-like structure has been documented in humans,
increasing translational potential of basic research asso-
ciated with RTN function.19,20 Despite the fact that the
role of the RTN in regulating the hypercapnic ventila-
tory response is well established, the mechanisms
involved in RTN-mediated regulation of ventilation at
rest in CHF remains largely unknown.

Therefore, the aims of the present study were to
determine the contribution of the RTN and examine the
role of astrocytes on disordered breathing in experimen-
tal CHF. Since it has been shown that astrocyte-derived
ATP played a role in the regulation of altered neuronal
function in myocardial infarcted rats,21 we also aimed to
determine whether astrocyte-mediated purinergic sig-
nalling contribute to the development/maintenance of
breathing disorders in CHF. To address these aims we
used a combination of several physiological and molecu-
lar approaches in a non-ischemic volume overload
model of CHF. We chose this model because it recapitu-
lates disordered breathing and chemoreflex alterations
observed in human CHF without the potential con-
founding influence of decreases in brain perfusion.22 In
this study we reveal a novel molecular mechanism that
www.thelancet.com Vol 80 Month June, 2022
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governs disordered breathing in experimental CHF.
Our studies demonstrate that astrocytic P2X7 receptors
(P2X7r) in the RTN play a pivotal role in generation of
irregular breathing patterns observed in CHF rats.
More importantly, we show that cell-targeted upregula-
tion of astrocyte P2X7r in the RTN of CHF animals
completely normalizes irregular breathing patterns.
Methods

Animals
Experiments were performed using adult male Sprague
Dawley rats (n=80) obtained from colonies maintained
at the animal facility of the Pontificia Universidad
Cat�olica de Chile. Analyses were carried out when
the rats reached 16 weeks of age. Adult male P2X7r
knock-out mice (n=13) generated by Gabel’s group at
Pfizer were obtained from Jackson Laboratory
(IMSR_JAX:005576) to establish an in-house colony.
C57BL/6J mice (RRID:IMSR_JAX:000664) were used
as wild type (n=9). Analyses in mice were performed at
12 weeks of age. All animals/samples were simulta-
neously randomised to the treatment groups without
considering any other variable. The animals were
group-housed and maintained on a 12-h light cycle
(lights on 07:00) and had ad libitum access to water
and food. The animals were housed in a temperature-
controlled room at 23§1°C with 60 § 5% relative
humidity. The number of animals per experimental
group were calculated to obtain a statistical power
between 0.9 to 1.0 (1-b), which rules out false positives
in our results, and determined in relation to statistical
difference observed in our previous studies.
Animal preparation for the in vivo studies
Brain injections and fibre optic implantation were per-
formed on a stereotaxic frame (David Kopf Instruments,
model 940). Animals were anesthetized with an intra-
peritoneal injection of a mixture 3:1 of ketamine (100
mg/kg) and xylazine (10 mg/kg), respectively. For
chronic heart failure induction, echocardiography,
mini-osmotic pump (Alzet, 2ML2 model) implantation,
and telemetry transmitter (Data Science International,
HD-S10 model) implantation, rats were anesthetized
with isoflurane (5% for induction, 2% for maintenance,
balanced with O2). During surgery, animals were main-
tained at 36§1°C using a homeothermic monitoring
system (ThermoStar, RWD). In all animals, incisions
were closed in two layers using absorbable sutures for
internal closures (BBraun, Vycril 4-0), and steel clips
for skin. Antibiotic (enrofloxacine, 100 mg/kg, s.c) and
analgesic (ketoprofen, 5 mg/kg, s.c.) were administered
every 24 h for 3 days following surgery. At the end of
experimental protocol, all animals were humanely
www.thelancet.com Vol 80 Month June, 2022
euthanized with an overdose of sodium pentobarbital
(100 mg/kg, i.p.).
Heart failure model
Non-ischemic heart failure was induced by the surgical
creation of an arteriovenous (A-V) fistula as previously
described.22�25 Briefly, rats were anesthetized (isoflur-
ane 2%, balanced with O2) and the inferior vena cava
and the abdominal aorta were exposed using a midline
incision. Both vessels were clamped, caudal to the renal
artery and to the aortic bifurcation, respectively. The
aorta was punctured using an 18-gauge needle and
advanced until it perforated the adjacent vena cava.
Immediately afterward, a drop of Histoacryl glue
(BBraun, cat# 1050052) was used to seal the aorta at the
puncture point. In the control group, the sham surgery
was done in the same manner as described above except
there was no creation of an A-V fistula. No significant
changes in arterial blood gases have been previously
reported in A-V fistula rats.18,23
Echocardiography
Longitudinal evaluation of cardiac function during the
progression of CHF (4 and 8-weeks post CHF induc-
tion) was performed in anesthetized rats (isoflurane
2%, balanced with O2) using transthoracic M-mode
echocardiography at the level of the mid-papillary mus-
cle using a parasternal short-axis view (Mindray Z6
Vet). The criterion for establishment of the CHF model
was an increase in left ventricle end-diastolic volume
(EDV) and stroke volume (SV) (>2-fold) relative to
Sham without changes in ejection fraction (EF).25,26

Prior to treatments performed at 4 weeks, rats that met
the criteria (85% of total fistulated animals) for CHF
were selectively grouped to sure ensure equal grade of
cardiac dysfunction.
Lesions with substance P-conjugated saporin
At 4-weeks post-CHF or Sham surgery, rats were anes-
thetized (ketamine 100 mg/kg; and xylazine 10 mg/kg,
i.p.) and fixed to a stereotaxic frame. Bilateral injections
of saporin toxin conjugated to substance P (SSP-SAP;
0.6 ng/30 nl; Advanced Targeting Systems, cat# IT-11)
were administered into the RTN to destroy neurons that
express substance P receptors (NK1R). SSP-SAP dose
was selected based on previous studies showing a 60-
70% ablation of pH-sensitive neurons that expresses
the transcription factor Phox2b and are non-catechol-
aminergic (Phox2b+TH�) in the RTN of rats.18,27 Facial
motoneurons, catecholaminergic and serotonergic neu-
rons, and neurons located in the ventral respiratory col-
umn caudal to the facial motor nucleus are not affected
by these injections. Three separate injections of SSP-
SAP were placed 2.0 mm lateral, 2.4§0.2 mm caudal to
lambda and 8.5 mm ventral from the surface of the
3
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brain, as previously reported,28 and according to The Rat
Brain in Stereotaxic Coordinate,29 using a Hamilton
syringe (0.5 µL, Neuros Syringe, Model 7000.5 KH, 32
gauge, Point Style 3, part# 65457-01) connected to con-
trolled flow injection (2 nl/seg, Microinjection Syringe
Pump, part# UMP3T-2, WPI). Vehicle operated rats
were injected with sterile saline solution. No significant
changes in arterial blood gases have been previously
reported in A-V fistula rats after SSP-SAP
administration.18
Injection of lentivirus and instrumentation
A lentiviral vector (LVV) carrying the Phox2b-responsive
promoter PRSX8 and an enhanced version of the photo-
activable cationic channel channelrhodopsin2 (ChR2
H132R) fused to eYFP (pLenti-PRSX8-ChR2(H132R)-
eYFP; Construct: Ruth Stornetta, University of Virginia,
Addgene plasmid cat# 89539) was used for photoactiva-
tion of RTN neurons.30 LVV was produced at 1.2 £ 109

viral particles/ml kindly provided by Dr. Thiago Mor-
eira, University of Sao Paulo. A volume of 450 nl (150 nl
in 3 sites separated by 200 µm along the anteri-
or�posterior axis) containing LVV-PRSX8-ChR2
(H132R)-eYFP was injected unilaterally into RTN
(2.0 mm lateral, 2.4§0.2 mm caudal to lambda and
8.5 mm ventral from the surface of the brain) of four
healthy rats (300 § 10 g) by controlled flow injection (2
nl/seg) using a Hamilton syringe (0.5 ml) connected to
an injection needle (32 gauge). As a control, an LVV not
carrying ChR2(H132R) was injected in the contralateral
side (Vehicle; 150 nl in 3 sites separated by 200 µm
along the anterior�posterior axis). This vector was used
solely to control for possible nonselective effects of
photo- stimulation in this region of the brain. After
virus injection, two optical fibres (Cannula 2.5 mm; Sil-
ica 200 mm; NA 0.66; Protrusion length 8.5mm; Priz-
matix Ltd) assemblies were implanted into the RTN
(tips 0.3 mm dorsal to the vector injection site) and fixed
to the cranium using dental cement and jeweler's
screws as previously described.31 Animals were main-
tained for no less than 4 weeks before they were used in
physiological experiments. The surgical procedures and
virus injections produced no observable behavioural or
respiratory effects and these rats gained weight nor-
mally.
Designer receptors exclusively activated by designer
drugs (DREADDs)
Ready-to-use adeno-associated virus serotype 5 (AAV5)
particles (titter: 7 £ 1012 vg/ml) produced from pAAV-
GFAP-hM3D(Gq)-mCherry (Construct: Bryan Roth,
UNC Chapel Hill, Addgene plasmid cat# 50478) was
used to chronically activate astrocytes.32 Briefly, 450 nl
of solution (150 nl in 3 sites separated by 200 µm along
the anterior�posterior axis) containing AAV5-GFAP-
hM3D(Gq)-mCherry was delivered bilaterally into the
RTN (1.8 mm lateral, 2.4§0.2 mm caudal to lambda
and 8.5 mm ventral from the surface of the brain) at 4
weeks post-CHF induction in six rats (350 § 20 g) by
controlled flow injection (2 nl/seg, Syringe infusion
pump, KD scientific) using a Hamilton syringe (0.5 ml)
connected to an injection needle (32 gauge). After 2
weeks of virus injections, a mini-osmotic infusion
pump (Alzet, 2ML2 model) loaded with 2 mL clozapine
N-oxide dihydrochloride (CNO, 100mM; HelloBio Inc,
cat# HB6149) was surgically implanted (s.c.) for con-
stant CNO administration (5µL/h for 14 days). Animals
were maintained for 2 weeks before they were used in
physiological experiments. As a control, an AAV not car-
rying DREADDS (AAV5-GFAP.eGFP.WPRE.hGH,
Addgene cat#105549) was injected bilaterally in the
RTN of six CHF control rats. This vector was used solely
to control for possible nonselective effects of constitu-
tive activity of overexpressed DREADD receptors and
for DREADD-independent effects of CNO. To control
for this last possibility, we confirmed that CNO infusion
did not have effect on cardiorespiratory physiology.
P2X7r adeno-associated virus
Customized AAV serotype 5 constructs containing the
P2X7 receptor gene (NM_019256.1) under the control
of GFAP promoter fused to GFP (AAV5-GFAP-P2X7r-
P2A-GFP, 1 £ 1013 vg/ml) were packaged and purified
by VIROVEK’s AAV production system. A volume of
450 nl (150 nl in 3 sites separated by 200 µm along the
anterior�posterior axis) containing AAV5-GFAP-P2X7r-
P2A-GFP was delivered bilaterally into the RTN
(1.8 mm lateral, 2.4§0.2 mm caudal to lambda and
8.5 mm ventral from the surface of the brain) at 4 weeks
post-CHF induction in six rats (350 § 20 g) by con-
trolled flow injection (2 nl/seg) using a Hamilton
syringe (0.5 ml) connected to an injection needle (32
gauge). Animals were maintained for 3 weeks before
they were used in physiological experiments. As a con-
trol, 450 nl of AAV5-GFAP.eGFP.WPRE.hGH virus was
injected bilaterally in six CHF+Ctrl rats. This vector was
used solely to control for possible nonselective effects of
viral transfection in this region of the brain. In P2X7r
knockout mice three AVV injections (total volume: 300
nl) were delivery bilaterally into the RTN at 6.6§
0.15 mm caudal to bregma, 1.5 mm lateral to the mid-
line, and 4.6 mm below the dura mater according to
The Mouse Brain Atlas in Stereotaxic Coordinate,33 using
a Hamilton syringe (0.5 µl) connected to a 32-gauge
injection needle with controlled flow injection (2nl/seg).
Ventilatory chemoreflex function
All the experiments were performed between 10:00
and 16:00 h, at an ambient room temperature of 24§2°
C. Animals were habituated to a whole-body
www.thelancet.com Vol 80 Month June, 2022
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plethysmography chamber (5 L, EMKA Technologies)
for two consecutive days prior to recording. On the day
of the experiment, a minimum of 2 h was allowed for
the rat to acclimatize to being in the chamber prior to
initiation of measurements. Respiratory flow was
recorded with a differential pressure transducer. The
signal was amplified (X500) and digitized at 1 kHz.
Area of the curve of the inspiratory flow was calibrated
by injecting 5 mL of dry air into the chamber with a
syringe. Tidal volume (VT), respiratory frequency (Rf),
minute ventilation (VE: VT x Rf), inspiratory time (Ti),
expiratory time (Te), total respiratory time (TTOT), respi-
ratory drive (VT/Ti), peak inspiratory flow (PiF) and
peak expiratory flow (PeF) were analyzed by using
ECGauto software (EMKA technologies, France) as pre-
viously described.24,26 Central chemoreceptors were
stimulated by exposures to hyperoxic hypercapnia (7%
CO2�93% O2) gas challenges given for 10 min (2 min
for mice). The input and output flow were 2.0 l/min
and 1.5 l/min, respectively. The hypercapnic ventilatory
response (HCVR) was obtained by calculating the slope
of the VE between FiCO2 0.03% and 7%. The ventilatory
response-curves were fitted to the inspiratory CO2

according to the following exponential function: VE =

K*exp(FiCO2) + plateau. All recordings were made at an
ambient temperature of 25 § 2°C. By convention, in all
representative tracings, a negative deflection in the flow
signal represents inspiration and a positive deflection in
the flow signal represents expiration.
Breathing irregularity
Recordings were made between 10.00 and 16.00 h.
Resting breathing was recorded over the course of 2h
while the rats breathed room air in the plethysmograph
chamber. All ventilatory variables were analysed during
the last hour of the recording to make sure the animals
were sleeping (periods of sleep evidenced by non-activ-
ity-related events assessed by radio-telemetry units com-
bined with video monitoring). Breathing patterns were
evaluated by an unbiased investigator related to group/
condition/treatment animal allocation. Respiratory sta-
bility at rest was assessed by construction of Poincare
plots and quantified by analysis of SD1 (standard devia-
tion 1) and SD2 (standard deviation 2) of the breath-to-
breath interval variability over six different random seg-
ments of 400 consecutive breaths. VT oscillations were
analysed by the calculation of the coefficient of variation
of the magnitude of each VT cycle in the same respira-
tory segments.26 In addition, an index of breathing vari-
ability was calculated using the irregularity score (IS) as
described previously.34�36 Briefly, IS was calculated as a
percentage using the following equation: 100 £ ABS
(TTOTn � TTOTn�1)/TTOTn�1 for the n

th respiratory cycle.
A lower irregularity score indicates a more regular respi-
ratory rhythm. Breathing disorders were quantified dur-
ing 1 h of resting breathing as previously described.26
www.thelancet.com Vol 80 Month June, 2022
Briefly, spontaneous apnoeas were defined as the cessa-
tion of breathing for at least three respiratory cycles, as
determined by respiratory rate for the prior 10 s;
hypopneas were defined as reductions in breath
amplitude <50% of the normal VT, for at least three
respiratory cycles, as determined by VT amplitude
average of the preceding 10 s of regular breathing;
sighs, were defined as a breath cycle with amplitude
>50% of the average cycle amplitude of the preced-
ing 10 s of regular breathing; post-sigh apnoea’s
were defined as the cessation of breathing for at least
three respiratory cycles immediately after a sigh.
Duration of apnoeas, hypopneas and post-sigh
apnoea’s was quantified as well.
Photo-stimulation
On the day of the recordings, rats were briefly anesthe-
tized with isoflurane (5% balanced in O2 for 3 min) to
connect the head fibre optic leads to a fibre optic patch
cord (Prizmatix Ltd) and then animals were placed in
the ventilatory chambers for unrestrained whole-body
plethysmography (5 L, EMKA Technologies). A mini-
mum of 1 h was allowed for rats to recover after connect-
ing the fibre optic patch cord to the power source.
Photo-stimulation of ChR2-expressing RTN neurons
was performed using an Ultra High-Power LED (460
nm) with UHP-Mic-LED Current Controller (Prizmatix
Ltd). For optogenetic activation trains of pulses were
controlled by pulse train generator software (Pulser
2.3.1, Prizmatix Ltd). Stimulation consisted of 10 ms
pulse duration delivered at 20 Hz applied during epi-
sodes of 30 s as previously described 37. Laser output
measured at the tip of the fibre was set at 12 mW prior
to the insertion of the fibre in each experiment. Stimula-
tion trains were applied every 6 min over the course of 1
h. The power setting of the light was kept constants for
all experiments.
Active expiration
The presence of active expiration was identified as previ-
ously described.38 Briefly, six segments of resting
breathing were randomly chosen by an investigator
blinded to group assignment. From these segments
300 consecutive respiratory cycles were analysed. We
evaluated the total volume of expired air during the
respiratory cycle by analysing the area under the curve
of respiratory flow. To determine the presence of forced
breaths, the expiratory phase was divided into two parts:
early expiration (E1), corresponding to the initial 50% of
the total expiratory time; and late expiration (E2), corre-
sponding to the final 50% of the total expiratory time.
Increases in the ratio between E2 and E1 expiratory
phases (E2/E1) was used as the indicator of active expi-
ration. Analyses were performed using a custom routine
written in MATLAB (The MathWorks, Inc.).
5
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qPCR
Rat brains were immediately removed after endpoint
physiological experiments, frozen in liquid nitrogen
and stored at �80°C for subsequent use. Frozen brain-
stem containing RTN neurons were obtained by cutting
600-mm of coronal section through the medulla oblon-
gata between 11.9 to 11.3 mm caudal to bregma using a
cryostat. The RTN was punched using a blunt 15�gauge
needle attached to a syringe as previously described.23,24

RNA isolation and cDNA synthesis were performed
using the RNAqueous Micro� (cat# AM1931, Ambion)
and iScript� (cat# 1725037 Promega) kits respectively,
according to manufacturer instructions. RNA purity
was assessed by spectrophotometry through the 260/280
ratio (1.88 § 0.11). Gene expression was assessed by
SYBR green chemistry real-time PCR following reverse
transcription of total RNA. Real-time PCR was performed
using the ABI prism 7700 Sequence Detection System
(Applied Biosystems). b-Actin mRNA was quantified as
an internal control for each sample and quantifications
were performed using the 2-DDCT method.
Western blot
Brainstem was dissected on ice and immediately frozen
at �80°C. Then, coronal sections were cut at the level of
the RTN (11.6§0.3 mm caudal to bregma) using a Leica
CM3050S cryostat. Samples (50µg) were resolved by 10
% SDS-PAGE (Bio-Rad) and transferred to a PVDF
membrane (Immobilon-P, cat# IPVH00010 Millipore).
Chronic neuronal activation was assessed with a rabbit
mAb anti-FosB (1:1000 dilution; cat# 2251, Cell Signal-
ling Technology). Astrocyte activation was assessed with
a rabbit mAb anti-Glial Fibrillary Acidic Protein (GFAP)
(1:2000 dilution; cat# Z0334, DAKO). Astrocyte density
was assessed with a mouse mAb S-100b (1:1000 dilu-
tion; cat# sc-393919 Santa Cruz Biotechnology). P2X7r
expression was assessed with a rabbit mAb anti-P2X7r
(1:1000 dilution, cat# KP11801, Calbiochem). Following
stripping procedure (Restore Plus, cat# 46430, Thermo
Scientific), the membranes were probed with a mouse
mAb anti-b-actin antibody (1:2000; Sigma). Next, mem-
branes were incubated 1h to room temperature with
horseradish peroxidase-conjugated goat secondary anti-
body as appropriate (anti-rabbit, cat# 074�1506, KPL;
anti-mouse, cat# 074-1806, KPL) for 1 h at room tem-
perature. A C-DiGit Blot Scanner (LI-COR) was used as
detection system, and the images were analysed with
the software image studio lite version 5.2. The relative
amount of protein of interest was calculated as the ratio
of intensity of the band relative to the intensity of
b-actin.
ATP determinations
ATP levels in the RTN were determined by a quantita-
tive bioluminescence assay (cat# A22066, Invitrogen)
according to manufacturer’s instructions. Briefly, tissue
was lysed with RIPA buffer containing ATPase inhibitor
on ice for 10 min.39 Reaction solution containing 1X
reaction buffer, 1 mM DTT, 0.5 mM D-luciferin, 1.25
µg/ml firefly luciferase was prepared. 10 µL of superna-
tant was mixed with 100 µL reaction solution in white
96 well plate and then measured for luminescence at
560 nm using Synergy HTX microplate reader (Bio-
Tek). Blank reaction and standard ATP solution was
included as controls.
Immunofluorescence
Animals were deeply anaesthetized with urethane
(40 mg kg�1 i.p.) and perfused through the ascending
aorta with saline solution (NaCl 0.9%) followed by 4%
phosphate-buffered (0.1 M; pH 7.4) paraformaldehyde
(cat# P6148, Merck). The brain was removed and stored
in the perfusion fixative for 3 h at room temperature
and later maintained in 30% sucrose prior to cryopreser-
vation. All histochemical procedures were performed
using free-floating sections (30µm). To identify P2X7r
and NMB mRNA, we used multiplex ISH with RNA-
scope (probe cat# 458841 and 494791, respectively;
Advanced Cell Diagnostics) according to the man-
ufacturer’s directions. Sections were briefly washed in
sterile PBS 1X, mounted on charged slides, and dried
overnight.40 For fluorescence immunohistochemistry,
sections were rinsed, then incubated in a Tris-buffered
solution of 1% Bovine Serum Albumin, 0.5% Triton-X,
and 150 mM sodium chloride, and then rinsed and incu-
bated with primary antibody at 4°C overnight. GFAP
were detected with a rabbit mAb GFAP (1:1000 dilu-
tions, cat# Z0334, DAKO). TH and Phox2b were
detected with mouse and rabbit antibodies, respectively
(TH: 1:2000 dilution; Chemicon; Phox2b: 1:800 dilu-
tion; gift from J.F. Brunet, EcoleNormale Superieure,
France). Sections were then rinsed and incubated with
secondary antibody (goat anti-mouse Alexa 488, Invitro-
gen; donkey anti-rabbit Alexa 594, Jackson ImmunoRe-
search Laboratories) for 60 min and rinsed again before
mounting on slides. ChR2-eYFP was detected by
enhanced green fluorescent protein (eGFP) immunore-
activity, using mouse anti-GFP antibody (1:2000, cat#
11814460001 Roche), followed by goat anti-mouse Alexa
488 (1:500; Invitrogen) as previously described.41 Slides
were covered with ProLong Gold with DAPI anti-fade
mounting medium (cat# P36931, Thermo Scientific).
Cell counting and imaging
A Zeiss 710 microscope was used to image the sections
and perform subsequent analysis. Immunofluorescence
was examined under epifluorescence illumination. The
locations of TH and Phox2b marked in the retrotrape-
zoid nucleus region were plotted in sections from 10.40
to 12.08 mm caudal to bregma (8 sections/animal). The
www.thelancet.com Vol 80 Month June, 2022
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profile counts of the animals that received bilateral
microinjections of SSP-SAP were compared with the
vehicle rats. The ZEN Image Analysis module was used
for cell counting. QuPath, quantitative open-source soft-
ware was used to estimated RNA probe expression
according to manufacturing instruction.
Statistics
The statistical analysis was performed with GraphPad
Prism 8.0 statistical software. Figures were designed
using the vector graphics editor CorelDRAW X7. Nor-
mal distribution of the data was assessed with the Sha-
piro-Wilk normality test. Statistical significance of data
with normal distribution was evaluated using unpaired
Student’s t test or one-way ANOVA test, followed by a
Sidak post-hoc analysis, as mentioned in text. Correla-
tions were performed using Pearson analysis. All P val-
ues are reported either in the text or in corresponding
figure legends. Data are presented as mean § standard
error (SE) in text and tables. A P value of � 0.05 was
considered statistically significant.
Ethics approval
All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH
Publication eighth edition, update 2011). All experimen-
tal protocols were approved by the IACUC from the
Pontificia Universidad Cat�olica de Chile (protocol ID
#170710022). All efforts were made to reduce the num-
ber of animals used and to minimize animal suffering.
Role of the funding source
The funders had no role in the study design, data collec-
tion, data analysis, interpretation of results, or writing
of the report.
Results

Role of RTN in pathophysiology of breathing disorders
in heart failure
Increased chemosensitivity to hypercapnia associated
with breathing instability is considered a serious
adverse prognostic factor in CHF patients.2�4 Accord-
ingly, we used experimental CHF rats to assess the
contribution of RTN neurons to breathing
disorders.18,23,26,42 CHF rats showed overt signs of car-
diac hypertrophy compared to control rats (Supplemen-
tary Table 1). As previously reported, CHF rats display:
(i) enhanced ventilatory response to hypercapnia
(HCVR), a measure of central chemoreflex sensitivity
(Figures 1A, B; S1b,c), (ii) respiratory rhythm irregular-
ity (Figure 2a�c), (iii) oscillatory breathing patterns
characterized by fluctuations in tidal volume (VT)
www.thelancet.com Vol 80 Month June, 2022
amplitude (Figure 2a,c,e), and iv) a higher apnoea/hypo-
pnea index (AHI) (Figure 2a,f). Importantly, the
enhanced HCVR was positively correlated with AHI in
CHF rats but not in control rats (Figure S1d). Then, to
test whether RTN neurons are necessary for central che-
moreflex potentiation (i.e., enhanced HCVR) and disor-
dered breathing in the setting of CHF, we selectively
ablated RTN neurons using substance P-conjugated
saporin toxin (SSP-SAP) (Figure S1a). Partial lesions of
RTN neurons completely normalized the enhanced
HCVR in CHF rats (Figure 1a�c). Notably, elimination
of RTN neurons in CHF rats resulted in marked
improvements in breathing regularity (Figure 2a�e)
and significant decreases in AHI to levels comparable to
those obtained in control rats (Figure 2f; Supplementary
Table 2). In addition, the respiratory late: early expira-
tion phase ratio, an index of forced breathing, was
increased in CHF and this was dependent on the integ-
rity of RTN neurons since partial ablation of RTN neu-
rons in CHF rats abolished forced breathing (Figure 1d,
e). Approximately 60% of RTN chemoreceptor neurons
(Phox2b+/TH-) were destroyed by SSP-SAP toxin treat-
ment (Figure 1f,g). No changes in baseline ventilatory
parameters nor in upper airway permeability index
were found between groups (Supplementary Table 3).
Together, these results support a previously undocu-
mented role for RTN chemoreceptor neurons contribut-
ing to the generation of disordered breathing in CHF.
Episodic photo-stimulation of RTN chemoreceptor
neurons induces irregular breathing
During periodic breathing in CHF the alternating pat-
tern of apnoeas can induce repetitive activation of che-
moreceptors due to oscillations in PaCO2 creating a
putative positive feedback loop that perpetuates breath-
ing irregularities.43,44 The contribution of RTN chemo-
receptor neurons to this phenomenon has not been
thoroughly tested. To evaluate the impact of repetitive
stimulation of RTN neurons on breathing regularity,
we selectively expressed the light-sensitive cation
channel channelrhodopsin-2 into RTN chemoreceptor
neurons (Figure S2). Consistent with previous
observations,31,37,45 high frequency photo-stimulation of
RTN neurons produced acute increases in ventilation
(Figure 3a,f). Notably, after RTN photo-stimulation
breathing pattern became progressively more irregular
compared to the pre-stimulation condition. This irregu-
larity was characterized by increases in breath-to-breath
interval variability and fluctuations in the amplitude of
each ventilatory cycle (i.e., non-symmetrical distribution
of the VT histogram) (Figure 3d,i). As shown
previously,18,46 repetitive stimulation of RTN neurons
induced a progressive decline in baseline ventilation,
but these decreases in ventilation were accompanied by
a progressive increase in irregularity scores (IS)
(Figure 3j,l). Importantly, it has been proposed that
7



Figure 1. RTN neurones are required for the enhanced central chemoreflex drive and active expiration in chronic heart failure rats.
(a) representative traces of one rat per group showing tidal volume (VT) and respiratory frequency (Rf) at rest and during central che-
moreflex stimulation with hypercapnia (FiCO2 7%) measured by unrestrained whole-body plethysmography. (b,c) quantification of
central chemoreflex sensitivity in Sham control rats and CHF rats treated with vehicle or SSP immunotoxin, (b) measurement of min-
ute ventilation (VE) in hypercapnia vs. normocapnia and (c) hypercapnic ventilatory response (HCVR). (d) representative traces of
ventilation showing the early (E1) and late expiratory (E2) phases. (e) measurement of active expiration as the late-to-early (E2/E1)
expiratory ratio. (f) representative images of histological sections (30 mm) of the ventral surface of the brainstem of rats receiving
SSP toxin or vehicle (0.9% NaCl) in the RTN (scale bar 200 µm). (g) quantification of the total number of RTN chemosensory neurons
(Phox2b+ TH- phenotype) in Sham control rats and CHF rats treated with Vehicle or with the SSP toxin. Data show mean § s.e.m.;
Data was analysed using one-way ANOVA; *: p<0.05 vs. Sham+Veh, +: p<0.05 vs. CHF+Veh; #: p<0.05 vs. Sham+SSP). n=8 animals
per group.
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neuroplasticity in the RTN modulates synaptic strength
and respiratory network excitability in response to ele-
vated CO2 (i.e. natural stimuli).47 Here, repetitive RTN
photo-stimulation in healthy rats mimics multiple
effects of abnormally elevated PaCO2 levels (i.e., oscil-
latory breathing, hypopneas) supporting our results
(Figure 2) demonstrating the importance of the RTN to
the generation of disordered breathing.
RTN drives breathing disorders in heart failure via an
astrocyte-dependent mechanism
Considering that CHF rats showed a higher prevalence
of breathing disorders and that these were dependent
on RTN chemoreceptor neurones, we aimed to deter-
mine if these neurons display molecular characteristics
of increased neuronal activity (Figure S3a). Using
immunoblot, we observed that CHF animals showed
similar DFosB protein expression in RTN micro
punches compared to control rats suggesting no chronic
RTN neuronal activation in CHF (Figure 4a). Since
RTN astrocytes can regulate neuronal function through
synaptic and non-synaptic modulation,14,15,48 we
determined in the same RTN samples, the activity of
astrocytes residing within the RTN. Immunoblot analy-
ses showed that CHF rats display a »40% decrease in
the expression levels of the glial fibrillary acidic protein
(GFAP) compared to control rats, with no changes in
glial cell density as noted by similar expression of
S100B protein in CHF and control (Figure 4b,c). These
results strongly suggest that RTN astrocytes may
undergo metabolic inhibition in CHF. Previous evi-
dence indicates that CO2/H

+-evoked activation of RTN
astrocytes results in ATP release.11 Using a quantitative
bioluminescence assay, we determined the bioavailabil-
ity of ATP within the RTN in CHF rats. ATP levels were
significantly lower in CHF compared to control
(Figure 4d). Furthermore, ATP levels were positively
correlated with astrocyte metabolic activity in the RTN
(Figure S3c). Therefore, we hypothesized that inhibition
of RTN astrocytes may play a role in the development of
disordered breathing during CHF. An adeno-associated
virus (AAV) containing an excitatory designer receptor
exclusively activated by designer drugs (DREADDs;
hM3Dq) under the control of GFAP promoter was bilat-
erally injected into the RTN of CHF rats (CHF
www.thelancet.com Vol 80 Month June, 2022



Figure 2. Partial RTN neurones ablation in chronic heart failure rats improve resting breathing pattern. (a), representative traces of
resting ventilation in one rat per group. Arrowheads highlight respiratory disorders such as apnoeas and hypopneas. (b,c) represen-
tative plots of ventilatory variability in one rat per group. (B) Poincar�e plots showing breath-to-breath TTOT variability. (c) histograms
of VT cycle amplitudes. (d-f) measurements of respiratory instability during resting ventilation. (d) irregularity score (IS), (e) coefficient
of variation of VT respiratory cycles, (f) apnoea-hypopnea index (AHI). Data show mean § s.e.m.; Data was analysed using one-way
ANOVA; *: p<0.05 vs. Sham+Veh, +: p<0.05 vs. CHF+Veh; #: p<0.05 vs. Sham+SSP). n=8 animals per group.
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Figure 3. Repetitive optogenetic photo-stimulation of RTN neurons elicits breathing disorders. (a) representative traces of ventila-
tory flow, respiratory frequency (Rf) and tidal volume (VT) at rest, before, during and after unilateral high frequency photo-stimula-
tion of RTN neurons measured by unrestrained whole-body plethysmography (460 nm, 30 s trains of 10 ms pulses delivered at
20 Hz spaced by 6 min during 1 h). (b) representative picture of one rat during optogenetic stimulation. (c) Neuromedin B positive
neurons within the RTN co-localized with channelrhodopsin2 (ChR2). RTN neurons were transduced in-vivo with a lentiviral vector
to express ChR2 (LVV-PRSX8-ChR2-YFP). RNAscope against neuromedin B (Nmb) revealed that YFP+ cells within the RTN co-express
Nmb, a biomarker of RTN chemoreceptor neurons (scale bar 50 µm). (d,e) representative plots of ventilatory variability before and
after optogenetic RTN photo-stimulation. (d) Poincare plots showing breath-to-breath variability. (e) histograms of VT cycle ampli-
tudes. (f) minute ventilation (VE) during photo-stimulation. (g-i) quantification of ventilatory variability parameters at different laser
gains during the experimental protocol. (g) short-term variability (SD1) and long-term variability (SD2, h) of breath-to-breath variabil-
ity. (i) coefficient of variation of VT, (j) representative traces of ventilation during the first and last train of light pulse stimulation (pre
and post light ON). (k) quantification of VE and (l) irregularity score (IS) before (»200 breaths), during (»50 breaths) and after (»200
breaths) photo-stimulation. Data show mean § s.e.m.; Data was analyzed using one-way analysis of variance (ANOVA) (f-i: *:
p<0.05 vs. Pre-stimulation, #: p<0.05 vs. post-stimulation) and paired t-test (k, *: p<0.05 vs. baseline, +: p<0.05 vs. Pre-stimulation;
l, *: p<0.05 vs. Pre-stimulation). n=4 animals.
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+DREADDGq) for chronic astrocyte chemo-genetic acti-
vation (Figure S3b). Compared to CHF rats injected
with an empty vector (CHF+Ctrl), long-term activation
of RTN astrocytes (4 weeks) using clozapine-n-oxide
(CNO) in CHF+DREADDGq rats did not change the
ventilatory response to hypercapnia (Figures 4e�g; S3e,
www.thelancet.com Vol 80 Month June, 2022
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f) nor eupnoeic baseline ventilatory and cardiac parame-
ters (Supplementary Tables 4 and 5). In contrast, disor-
dered breathing in CHF was abrogated by long-term
stimulation of RTN astrocytes. As shown in Figure 4,
breathing rate and amplitude were both significantly
improved in CHF+DREADDGq rats (Figure 4h-l). The
incidence of apnoeas/hypopneas were also reduced by
chronic activation of RTN astrocytes using DREADDGq

in CHF rats (Figure 4q; Supplementary Table 6). As
shown in Figure 4m, DREADDGq expression was exclu-
sively targeted to GFAP positive cells within the RTN
(-11.6 caudal to bregma). As expected, long-term activa-
tion of DREADDGq in the RTN induced the recovery of
GFAP levels in CHF rats along with increases in ATP
levels (Figure 4n�p). Importantly, recovery of ATP bio-
availability in the RTN of CHF rats that underwent
chemo-genetic astrocyte activation was significantly
associated with decreases in AHI (Figure S3g). Also,
activation of RTN astrocytes did not further exacerbate
the heightened hypercapnic ventilatory response
observed in CHF rats. In contrast, we found that activa-
tion of RTN astrocytes is closely linked to increases in
hypercapnic ventilatory response in Sham rats (Figure
S3d). Together these results support that notion that
RTN astrocytes and astrocyte-mediated ATP signalling
play a fundamental role in regulating resting breathing
in CHF and that decreases in RTN astrocyte activity in
CHF play a role in the development of breathing disor-
ders.
Reduced P2X7 receptor expression in the RTN
promotes irregular breathing in heart failure
Astrocytes represent the major source of purinergic
drive in the RTN under normal conditions.16,17 It has
been shown that P2X7 receptor (P2X7r)-mediated ATP
release amplifies intracellular Ca2+ signalling in astro-
cyte cell cultures from the spinal cord49 and this mecha-
nism serves as a main substrate to maintain synaptic
network activity.50 Accordingly, to test whether the
P2X7r may participate in the astrocyte-driven breathing
disorders in the pathophysiology of CHF, we first ana-
lysed mRNA and protein expression levels of the P2X7r
in the RTN. Compared to control rats, CHF animals
showed a significant reduction in P2X7r expression at
both transcript and protein levels (Figure 5a,b). Next,
using RNAscope multiplex in situ hybridization, we con-
firmed that P2X7r mRNA co-localized with GFAP posi-
tive cells in the RTN (Figure 5c), supporting the notion
that P2X7r within RTN astrocytes could participate in
purinergic signalling and consequently in breathing
regulation (Figure 5d). The contribution of the P2X7r to
respiratory physiology has not been previously explored,
therefore, to determine if the P2X7r plays a role in regu-
lation of breathing we first studied ventilation in P2X7r
knock-out mice (P2X7r�/�). Interestingly, both wild
type (WT) and P2X7r�/� mice showed nearly identical
www.thelancet.com Vol 80 Month June, 2022
central chemoreflex gain (Figures 5e,f; S4b,c), but
P2X7r�/� mice exhibited a slight decrease in resting
minute ventilation compared to WT mice (Supplemen-
tary Table 7). These results agree with previous reports
showing that purinergic signalling can modulate RTN
chemoreflex function but does not mediate chemore-
ceptor neuron pH sensitivity.51 In contrast to our che-
moreflex findings, we observed irregular breathing
patterns at rest in P2X7r�/� mice compared to WT
mice. Figure 4g illustrates the loss of ventilatory stabil-
ity and the increases in apnoea incidence observed in
the P2X7r�/� mutant mice. Poincare plots from
P2X7r�/� mice showed wide dispersion of the breath-
to-breath intervals and non-symmetrical distribution of
VT amplitudes compared to WT mice (Figure 5h,i).
Accordingly, both SD1 and SD2 breath to breath (B-B)
interval variability indexes, and the coefficient of varia-
tion of VT were both markedly augmented in P2X7r�/�

mice compared to WT age-matched controls
(Figure 5J�L). AHI was also higher in P2X7r�/� mice
compared to WT mice (Figure 5M). Next, in order to
test how much of these effects were attributable to
P2X7r deficiency within the RTN, we selectively over-
expressed the P2X7r in RTN astrocytes from P2X7r-/-

mice. For this, AAV5 constructs containing the
P2X7r gene under the control of GFAP promoter
were injected bilaterally into the RTN of P2X7r�/�

mice (P2X7r�/�+AVVP2X7r) (Figure S4a). Selective
restoration of P2Xr expression into RTN astrocytes
had no effects on the hypercapnic ventilatory
response (Figure 5e,f) but markedly improved breath-
ing pattern regularity in the P2X7r�/� mice and
decreased the incidence of apnoeic episodes
(Figure 5g�m). Together, these data unveil a novel
role of the astrocyte P2X7r in RTN-mediated respira-
tory rhythm regulation.
RTN-targeted restoration of the P2X7r expression
abolishes disordered breathing in heart failure
Since downregulation/lack of P2X7r in RTN astrocytes
was associated with reductions in ATP availability and
the development of breathing disorders in healthy
rodents, and since CHF rats showed reduced astrocyte
P2X7r expression and irregular breathing, we aimed to
determine the potential salutary effect of cell-targeted
increases in P2X7r expression on the incidence of
breathing disorders in rats with CHF. Accordingly, we
bilaterally injected an empty viral vector or viral vector
expressing the P2X7r under GFAP promoter (Figure
S5a) into the RTN of CHF rats. Increasing the expres-
sion of the P2X7r within RTN astrocytes of CHF rats
(CHF+P2X7r) did not significantly change central che-
moreflex gain (Figures 6a,b and S5c,d) but produced a
slight rise in minute ventilation in normoxia (Supple-
mentary Table 10). Remarkably, the hallmark irregular
resting breathing patterns observed in CHF rats were
11



Figure 4. Contribution of RTN astrocytes to breathing disorders in heart failure. (a) RTN relative protein expression levels of FosB,
Glial fibrillary acidic protein (GFAP, b) and S100b (c) in Sham rats (n=8) and CHF rats (n=8). (d) measurements of RTN ATP levels in
Sham and CHF rats. (e) representative traces of VT and Rf at rest and during central chemoreflex stimulation by hypercapnia (FiCO2

7%) in CHF rats transfected with an excitatory Designer Receptors Exclusively Activated by Designer Drugs (CHF+DREADDGq, n=6)
and control empty vector (CHF+Ctrl, n=6) following chronic (for 2 weeks) DREADD activation with clozapine-N-oxide (CNO). (f,g)
quantification of central chemoreflex sensitivity in CHF+Ctrl and CHF+DREADDGq rats, (f) the difference in minute ventilation (VE) in
hypercapnia vs. baseline ventilation and (g) the hypercapnic ventilatory response (HCVR). (h) representative traces of ventilation of
one CHF+Ctrl and one CHF+DREADDGq rat. Arrowheads showing apnoeas and hypopneas. (i,j), representative plots of ventilatory
variability at rest. (I) Poincare plots showing breath-to-breath TTOT variability. (j) histograms of VT. (k-m) measurements of respiratory
instability during resting ventilation. (k), irregularity score (IS), (l), coefficient of variation of VT. (m) histological confirmation of RTN
astrocytic viral transfection of the excitatory DREADD (mCherry fluorescence) (scale bar 100 µm). (n) western blots experiments
showing relative GFAP protein levels in the RTN of CHF+Ctrl (n=6) and CHF+DREADDGq rats (n=5). (o) measurement of RTN ATP lev-
els. (p) Correlation analysis between GFAP expression and ATP levels. (q) apnoea-hypopnea index (AHI) Data show mean § s.e.m.;
Data was analysed using unpaired t-tests (a-d *: p<0.05 vs. Sham; e-q *: p<0.05 vs. CHF+Ctrl). (a-d).
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Figure 5. Lack of P2X7r in the RTN is linked to disordered breathing. (a) relative P2X7r mRNA and (b) protein expression in Sham
control rats (n=6) and CHF rats (n=6) by qPCR and western blot, respectively. (c) representative image of astrocytic P2X7r mRNA
immunolabelling in brainstem sections containing the RTN in one Sham and CHF rat (scale bar 20 µm). (d) quantification of P2X7r
RNA spots detected (e) representative traces of VT and Rf in one wild-type mouse (WT; n=9), P2X7r KO mouse (P2X7r�/�; n=9) and
one KO mouse transfected with an adenoviral vector expressing the P2X7 receptor (P2X7r�/�+AAVP2X7r n=4) into the RTN at base-
line normoxic conditions and during hypercapnic stimulation. (f) measurements of VE at baseline and during hypercapnia (FiCO2

7%) in WT, P2X7r�/� and P2X7r�/�+AAVP2X7r mice. (g) representative traces of resting ventilation in one WT, P2X7r�/� and P2X7r�/

�+ AAVP2X7r mouse. (h-i), representative plots of ventilatory variability at rest. (h) Poincare plots showing breath-to-breath variability.
(i) histograms of VT. (j-m) measurements of respiratory instability during resting ventilation in all experimental groups. (j-k) SD1 and
SD2 of the breath-to-breath variability, respectively, (l) coefficient of variation of VT cycle amplitudes, (m) apnoea-hypopnea index
(AHI). Data show mean § s.e.m.; Data was analyzed using unpaired t-tests (a,b, *: p<0.05 vs. Sham), two-way ANOVA (f, #: p<0.05 vs.
its own VE in baseline) and one-way ANOVA (g-m, *: p<0-05 vs. WT, +: p<0.05 vs. P2X7r�/�+ AAVP2X7r).
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completely normalized by restoration of P2X7r expres-
sion in RTN astrocytes of CHF+P2X7r rats (Fig 6c�h,
Supplementary Table 11). In addition, RTN ATP bio-
availability was augmented by P2X7r overexpression in
CHF rats (Figure 6i�k). Together, these results strongly
support the notion that RTN astrocytes play a pivotal
role in the generation/maintenance of disordered
breathing in CHF through a P2X7r-dependent mecha-
nism.
Discussion
Irregular breathing patterns, including apnoeas/hypo-
pneas and oscillatory breathing are highly prevalent in
several diseases. However, the mechanisms underlying
dysregulation of respiratory control are not fully known.
Unstable breathing varies with changes in chemorecep-
tor activity through mechanism involving CO2-induced
central instability.52�54 Interestingly, astrocytes residing
within brainstem chemoreceptor areas are capable of
regulate breathing through ATP release.11,55 Here we
show that the lack of P2X7r selectively expressed in
astrocyte of the RTN, a main source for brain chemore-
ception that controls respiratory chemoreflex drive, trig-
ger irregular breathing. In addition, using experimental
CHF rats, a disease characterized by breathing irregular-
ities, we found that astrocyte activity, ATP levels and
P2X7r gene and protein expression were all reduced in
the RTN. Importantly, chronic chemogenetic activation
of RTN astrocytes in CHF increased ATP levels and
improve breathing pattern regularity. Finally, increasing
the expression of P2X7r only in RTN astrocytes
markedly reduced apnoea incidence and oscillatory
breathing in both CHF rats and P2X7r-/- knockout
mice. Our results support that the RTN contribute to
the maintenance of irregular breathing and that RTN
astrocytes play a pivotal role on breathing pattern regu-
lation by a mechanism encompassing ATP release and
the P2X7r.

The cellular mechanisms that underlie irregular
breathing patterns in CHF are poorly understood. Che-
moreceptors play a major role in the ventilatory adjust-
ments to hypercapnia/hypoxia56 but their influence on
resting breathing, particularly when they are disrupted
(as in CHF) is not yet completely understood. Central
chemoreceptor neurones in the RTN are key players in
the regulation of the CO2-mediated central ventilatory
drive.8 The present study confirms previous reports
showing that RTN chemoreceptor neurones regulate
ventilation in hypercapnia and extends these findings
with new and comprehensive evidence showing that
repetitive stimulation of RTN chemoreceptor neurons
triggers ventilatory plasticity leading to irregular oscil-
latory breathing.18 Identifying all of the mechanisms
underpinning the effects of RTN stimulation on respira-
tory rhythm is outside of the scope of the present study,
but it is plausible that repetitive stimulation of RTN
chemoreceptor neurones results in anomalous afferent
neural input (i.e. asynchronous) to the respiratory pat-
tern generator.9 It has been proposed that in pathophys-
iological contexts characterized by breathing disorders
(e.g., CHF), alterations in RTN-mediated chemoreflex
function induces instability in the respiratory control
network, fostering a feed-forward mechanism that per-
petuates breathing irregularity.8,57 It is worth noting
that no specific cellular or molecular mechanisms have
been identified as putative pathways involved in RTN
chemoreceptor-mediated disordered breathing. Previ-
ous studies have shown that astrocytes residing within
the RTN modulate chemoreceptor neurones through
the release of one or more gliotransmitters that regulate
chemoreceptor neurones function.11,14,16 In the present
study we provide compelling evidence that RTN astro-
cytes play an important role in oscillatory breathing in
CHF. Our data shows that reduced activity of astrocytes
in CHF is accompanied by decreased levels of ATP, a
well-known gliotransmitter, and that increasing astro-
cyte activity using an excitatory DREADDGq not only
increases ATP bioavailability but also normalizes disor-
dered breathing in CHF rats. Deciphering whether this
effect is the consequence of the direct actions of ATP
and/or related purines on RTN chemoreceptor neuro-
nes, or alternatively, an autocrine effect of ATP on RTN
astrocytes to further facilitate the release of another glio-
transmitter is outside the scope of present study and
remains to be determined. However, it has been shown
that purinergic modulation of RTN neurones depends
on the propagation of Ca2+ waves coming from ventral
surface astrocytes, possibly by the activation of Ca2+-per-
meable P2X channels present on the astrocyte cell sur-
face

55

. Indeed, elegant experiments performed by
Gourine, and colleagues demonstrated that increases in
medullary astrocyte activity results in a Ca2+ -dependent
ATP release in micromolar amounts.11,12,55 Interest-
ingly, among the P2X receptor family, the P2X7 recep-
tor is preferentially expressed in glial cells and displays
activity-dependent allosteric regulation through Ca2+ -cal-
modulin.58 Furthermore, low micromolar concentrations
of ATP activate P2X7r increasing its open probability and
cationic conductance.59 The latter also leads to pannexin 1
recruitment to form an active heterodimer complex
(P2X7r-pannexin1) that is responsible for ATP release.60

Thus, the P2X7r is a promissory candidate to modulate
ATP release within the RTN. Our study shows that P2X7r
is constitutively expressed in RTN astrocytes and that dele-
tion in P2X7r-/- mice results in irregular resting breathing
patterns that are reversed by selective RTN astrocyte-tar-
geted expression of the P2X7r. We validated these findings
using a pathologically relevant model characterized by dis-
ordered breathing (i.e., CHF) in which we show for the
first time that CHF rats have reduced expression of P2X7r
in the RTN and that viral transfection of the P2X7r into
RTN astrocytes completely restores normal breathing pat-
terns in CHF rats.
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Figure 6. P2X7r upregulation in RTN astrocytes restores normal breathing patterns in heart failure. (a) representative traces of one
CHF+Ctrl and one CHF rat after transfection with AAV5- GFAP-P2X7r-P2A-GFP (CHF+P2X7r) showing tidal volume (VT) and respira-
tory frequency (Rf) at rest and during central chemoreflex stimulation with hypercapnia (FiCO2 7%). (b) quantification of VE at base-
line and during central chemoreceptor stimulation with hypercapnia. (c) representative traces of resting ventilation obtained in one
CHF+Ctrl rat and one CHF+P2X7r rat. Arrowheads shows breathing disorders. (d,e) representative plots of ventilatory variability at
rest in one CHF+Ctrl rat (n=7) and one CHF+P2X7r rat (n=7) . (d) Poincare plots showing breath-to-breath TTOT variability. (e) histo-
grams of VT. (f,h) measurements of respiratory instability during resting ventilation in the 2 groups. (f) irregularity score (IS), (g) coef-
ficient of variation of VT, (h) apnoea-hypopnea index (AHI). (i) visual confirmation of astrocytic viral transfection in the RTN by GFP
fluorescence and GFAP immunolabeling (scale bar 100 µm). (j-k), relative protein expression levels of the P2X7r (j) and GFAP (k) in
RTN micro-punches. (l) quantification of RTN ATP levels. Data show mean § s.e.m.; Data was analysed using unpaired t-tests (c-l *:
p<0.05 vs. CHF+Ctrl).
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Several limitations are inherent in our study. First, our
study was not oriented to provide anatomical landmarks
for each stereotaxic approximation (i.e. ablation, optoge-
netic and/or chemogenetic experiments) targeting the
RTN. Then, physiological data and cell count/immunoloc-
alization served as proof of success of our experimental
approaches. Specifically, we counted RTN phox2b positive
neurons devoid of TH staining (classical phenotype of
www.thelancet.com Vol 80 Month June, 2022
RTN chemoreceptor neurons described elsewhere in the
literature) within the ventral aspect of the medulla and
reported fewer RTN phox2b neurons following stereotaxic
injection of SSP-saporin toxin. Using the exact same ste-
reotaxic coordinates, we found that optogenetic stimula-
tion of this area triggers the classic ventilatory response
elicited by activation of RTN neurons. Accordingly, both
our immunohistochemical and physiological data strongly
15
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support that we effectively target the RTN region. Second,
we showed that normalizing RTN astrocyte activity and/or
the restoration of the P2X7r expression within RTN astro-
cytes significantly improved breathing function in CHF
rats. However, this study was not focused on the study of
other pathological hallmarks of CHF. Indeed, the effects
of our interventions on neurohumoral activation (that take
place in CHF and has been suggested to be partially regu-
lated by the chemoreflex pathway) was not tested. Then,
future studies are needed to show any potential beneficial
effect of normalizing RTN function on neurohumoral acti-
vation in the setting of CHF. Lastly, the relative short-term
of our experiments targeting RTN astrocytes did not allow
us to fully unveil the therapeutic potential of our interven-
tions on CHF progression. Further studies should focus
on the effects of restoring RTN function on disease pro-
gression.

In summary, astrocytic P2X7r within the RTN plays
a role in respiratory rhythm regulation and may be a
promising candidate for the treatment of respiratory dis-
orders in CHF. Whether targeting the P2X7r may help
improve breathing in other pathological conditions is
an exciting topic that deserves further investigation.
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