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Piezo2 senses airway stretch and 
mediates lung inflation-induced apnoea
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Respiratory organs experience repetitive and wide-ranging mechanical 
forces during breathing. On average, an adult man ventilates 0.5 l of air 
per breath and can inhale up to 3.5 l of air1. These mechanical forces 
within the airways are thought to serve as cues to trigger physiological 
responses2,3. However, the respiratory function of mechanotransduc-
tion is not well understood, partly owing to our inability to selectively 
modulate mechanotransduction. A potential respiratory role of mech-
anotransduction is illustrated by the Hering–Breuer inspiratory reflex: 
artificial inflation of lungs in anaesthetized animals induces immediate 
cessation of respiration (apnoea), which subsequently terminates fur-
ther inspiration, presumably to prevent over-expansion of the lungs2–4.

The airways are innervated by both vagal and spinal sensory neu-
rons, whose cell bodies are located in the jugular (superior)–nodose 
(inferior) ganglia complex and thoracic dorsal root ganglia (DRG), 
respectively5–7. Although little is known about the function of somatic 
primary afferent neurons during respiration7, the role of vagal inner-
vation to the airway has been predominantly explored by denervation 
experiments and electrophysiological recordings of vagal nerves3,5. 
These studies have shown that vagal sensory neurons convey essential 
sensory information (for example, measurements of lung inflation, 
arterial oxygen pressure, and arterial pH) to the respiratory centre of 
the brainstem2,3,5,6. Vagotomized rats, for example, show dysregulated 
breathing characteristics such as a 1.7-fold increase in tidal volume 
(volume per breath) and a 2.4-fold decrease in breathing frequency 
in the absence of proper vagal sensory feedback6,8. Importantly, the 
Hering–Breuer reflex is mediated by vagal sensory neurons, although 
the underlying molecular mechanism of mechanotransduction by 
these neurons is unknown2,3,5,6. A recent study identified two distinct 
vagal sensory neuron subtypes that innervate the lung and have unique 
 functions: activation of neurons expressing the purinergic  receptor 
P2ry1 induces apnoea, whereas activation of neurons expressing 
the neuropeptide receptor Npy2r causes rapid, shallow breathing9. 
However, the stimulus (mechanical and/or chemical) that drives the 
firing of these neurons remains unknown.

At birth, our respiratory system undergoes striking structural 
changes as liquid-filled fetal lungs are inflated with air to allow 
 efficient gas exchange10. This mechanical transformation is a critical 
and  challenging process for newborns, and defects in this process are 
a notorious cause of perinatal mortality10. However, even less is known 
about the role of mechanotransduction in newborn respiration than 
in adult breathing11. Previous studies have suggested that vagal inner-
vation is also critical for establishing newborn respiration, as vagot-
omized newborn lambs have unexpanded lungs and compromised 
breathing12,13. Whether these phenotypes are associated with impaired 
mechanotransduction in the airway is not clear, as vagal sensory neu-
rons also detect a variety of chemicals3.

Piezo2, a mechanically activated cation channel, is the principal 
mechanotransducer in low-threshold cutaneous mechanoreceptors and 
skeletal-muscle-innervating proprioceptors in mice14–17. On the basis 
of the function of Piezo2 as a mechanotransducer and its abundance in 
various populations of sensory neurons9,15,18, we used Piezo2-deficient 
mouse models to investigate whether Piezo2-mediated mechanotrans-
duction is involved in respiratory function.

Respiratory defects in Piezo2−/− mice
When Piezo2 was constitutively and globally ablated in mice, Piezo2-
deficient (Piezo2−/−) mice were born in the expected Mendelian ratio, 
but died within 24 h of birth19 (Fig. 1a). Newborn Piezo2−/− pups 
showed signs of respiratory distress, such as cyanosis and gasping  
(Supplementary Information Video 1) and also failed to suckle 
(Fig. 1b). Piezo2−/− pups showed significantly decreased oxygen satu-
ration levels (% SpO2) in blood compared to their wild-type littermates 
(Fig. 1c). We examined the breathing activities of Piezo2−/− newborn 
mice by whole-body plethysmography and detected that respiratory 
frequency (breaths per minute) was significantly lower in Piezo2−/− 
pups than in their wild-type littermates (Fig. 1d, e). Moreover, in 
wild-type pups, each inspiration was immediately followed by the 
expiratory peak, but this breathing pattern was disrupted in Piezo2−/− 
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pups (Fig. 1f, g). As these data suggest that respiration is compromised 
in Piezo2−/− mice, we performed histological characterization of  
the lungs of these mice. Haematoxylin and eosin staining of lung  
sections from Piezo2−/− mice revealed substantially reduced airspaces 
throughout all lobes compared to wild-type lungs (Fig. 1h, i). This 
phenotype was consistently observed in all Piezo2−/− pups from  
independent litters. We investigated whether respiratory complications 
in Piezo2−/− newborn mice were caused by Piezo2 ablation during  
prenatal lung development10,20, but found no defects in embryonic 

lung anatomy, pneumocyte differentiation, or clearance of the fetal 
pulmonary fluid in Piezo2−/− embryos or newborn mice (Fig. 1j, 
Extended Data Fig. 1). Collectively, these results suggest that Piezo2−/− 
mice develop normally but show signs of respiratory failure after  
birth.

Piezo2 expression in the respiratory system
The respiratory system involves various tissues, such as the  brainstem, 
airway tract and lungs, sensory and autonomic nervous systems, 
motor neurons, and respiratory muscles. To investigate how ablation 
of Piezo2 disrupts respiration, we first assessed Piezo2 expression in 
the  respiratory system using the previously described Piezo2–GFP-
IRES-Cre (Piezo2GFP) reporter line21 (Extended Data Fig. 2). Piezo2GFP 
reporter mice express the Piezo2–GFP (green fluorescent protein) 
fusion protein as well as Cre recombinase through an internal ribosome 
entry site (IRES) under the Piezo2 promoter. Within the airway tract of 
these mice, we detected GFP expression in pulmonary neuroepithelial 
cell bodies (NEBs) but not in other cell types of the lung (Extended 
Data Fig. 2a). NEBs have been proposed to function as oxygen sensors, 
mechanosensors, and chemosensors of the airway, but their exact role 
remains unclear3,22,23. We also detected GFP expression in neuronal 
cells of the jugular–nodose ganglia complex, trigeminal ganglia and 
thoracic DRG9,15,16 (Extended Data Fig. 2b–e). However, we did not 
detect GFP expression in respiratory control centres of the brainstem, 
the dorsal nucleus of the vagus nerve, motor neurons in the spinal 
cord, sympathetic ganglia, diaphragm or intercostal muscles6,10,24 
(Extended Data Fig. 2f–k). In addition to the respiratory system, we also 
examined GFP expression in other major organs that might indirectly 
affect respiration, including the heart, liver and kidneys. However, 
we did not detect GFP expression in these organs (data not shown).  
We also crossed the Piezo2GFP mouse line with the tdTomato reporter 
line (Ai9) and generated Piezo2GFP;Ai9 mice because tdTomato, which 
is highly expressed after Cre-mediated recombination can serve as 
a more sensitive detection method than GFP immunostaining. It is 
important to note that this is a lineage tracing method;  therefore, even 
cells that transiently expressed Piezo2 during development would be 
permanently labelled with tdTomato. In Piezo2GFP;Ai9 mice, tdTomato 
was present in pulmonary NEBs, vagal and spinal sensory neurons, and 
endothelial cells in various tissues (Extended Data Fig. 3). Collectively, 
our two reporter studies suggest that Piezo2 is expressed in pulmonary 
NEBs, vagal and spinal sensory neurons, and possibly all endothelial 
cells (Extended Data Fig. 2l).

Tissue-specific Piezo2 cKO mouse lines
To investigate which Piezo2-expressing cell types contribute to 
Piezo2−/− lethality and respiratory distress, we generated Piezo2 
conditional knockout (cKO) mice using various tissue-specific Cre 
mouse lines (Table 1). To eliminate Piezo2 in all endothelial cells,  
we crossed Tie2Cre (Tie2 is also known as Tek) mice with Piezo2fl/fl mice 
to generate Tie2Cre;Piezo2cKO mice21,25 (Extended Data Figs 4a–e, 5a).  
Tie2Cre;Piezo2cKO mice survived to adulthood without displaying any 
health complications (Table 1). Characterization of newborn mice 
showed that Tie2Cre;Piezo2cKO and wild-type pups had comparable 
% SpO2 and lung morphology (Fig. 2a, b). These results suggest that 
ablation of Piezo2 in endothelial cells is not sufficient to cause the  
respiratory complications and lethality seen in Piezo2−/− mice.
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Figure 1 | Respiratory distress and lethality observed in Piezo2−/− 
newborn mice. a, Survival curve. WT, wild-type. b, A representative 
picture of newborn mice. Arrow indicates milk in the stomach.  
c, % SpO2 in wild-type and Piezo2−/− newborn mice. * * * P <  0.001,  
Mann–Whitney test. Bars represent mean ±  s.e.m. d–g, Respiratory 
patterns. d, f, Representative traces of respiratory air flow (ml s−1).  
E, expiration; I, inspiration. e, Breaths per min; g, per cent of inspirations 
followed by expiratory peak; * P <  0.05, * * P <  0.01, unpaired Student’s  
t-test, mean ±  s.e.m. h–j, Haematoxylin and eosin staining of sections of 
the left lung. Lungs were isolated immediately after birth (h), about 6 h 
after birth (i), or at embryonic day (E)18.5 (j). Scale bars, 100 μ m. Number 
of animals shown in parentheses.

Table 1 | Summary of tissue-specific Piezo2 conditional knockout mouse characterization

Tissue-specific Cre mouse
Cre expression

Survival of Piezo2 cKO at birth
ECs NEB Nodose Jugular Trigeminal DRG

Tie2Cre Yes No No No No No Yes
Phox2bCre No No Yes No No No Yes
Wnt1Cre No No No Yes Yes Yes No
Advillin CreERT2+Tam No No Yes Yes Yes Yes KD induced in adults

ECs, endothelial cells. KD, knockdown. Ratios of Piezo2 cKO mice derived from crosses between various Cre;Piezo2+/− and Piezo2fl/fl mice: Tie2Cre;Piezo2cKO mice, 15/59 (25.4%); Phox2bCre;Piezo2cKO 
mice, 17/51 (33.3%) at 3 weeks after birth; Wnt1Cre;Piezo2cKO mice, 9/34 (26.4%) at postnatal day 0, 0/25 (0%) at postnatal day 1.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Next, we ablated Piezo2 in vagal and spinal sensory neurons by 
using two independent Cre lines: Phox2bCre and Wnt1Cre26,27. The 
Phox2bCre line targets Piezo2 in nodose ganglia, which are derived 
from epibranchial placodes, whereas the Wnt1Cre line targets Piezo2 
in jugular, trigeminal and dorsal root ganglia, all of which are derived 
from the neural crest5,28,29 (Table 1, Extended Data Figs 4f–m, 5b, c).  
Phox2bCre;Piezo2cKO mice also survived to adulthood (Table 1),  
and Phox2bCre;Piezo2cKO and wild-type newborn mice showed 
 comparable % SpO2 and lung structure (Fig. 2c, d). These results 
 indicate that Piezo2 in nodose ganglia is not, by itself, required to 
 establish adequate respiration at birth and that its absence does not lead 
to the lethality seen in Piezo2−/− mice. By contrast, Wnt1Cre;Piezo2cKO 
newborn mice died within 24 h of birth (Table 1). Like newborn 
Piezo2−/− mice, Wnt1Cre;Piezo2cKO pups showed signs of respira-
tory distress, such as cyanosis and gasping, and also failed to suckle 
(Supplementary Information Video 2), and their % SpO2 was lower 
than that of wild-type littermates (Fig. 2e). Histological examina-
tion of the lungs of Wnt1Cre;Piezo2cKO mice also revealed smaller 
airspaces than in wild-type lungs (Fig. 2f). On the basis of their 
 phenotypes, we  performed whole-body plethysmograph recordings 
in Wnt1Cre;Piezo2cKO mice. In parallel to the respiratory patterns 
observed in Piezo2−/− mice, Wnt1Cre;Piezo2cKO mice also showed 
reduced respiratory frequency and a significantly lower percentage of 
inspirations followed by the expiratory peak compared to wild-type 
littermates (Fig. 2g–j).

Airway-innervating Piezo2+ neurons
To elucidate the role of Piezo2+ sensory neurons in respiration, we 
investigated whether Piezo2+ sensory neurons innervate the airway 
organs in adult mice. The presence of tdTomato+ nerve fibres inner-
vating NEBs in the lungs of Piezo2GFP;Ai9 mice indicated that Piezo2 
is expressed in airway-innervating sensory neurons at least  during 
 development (Extended Data Fig. 3b). To test whether Piezo2 is 
expressed in respiratory sensory neurons of adult mice, we performed 
retrograde labelling of airway-innervating sensory neurons by injecting  
octadecyl (C18)-oxycarbocyanine (DiO) into the bottom of the  
trachea of adult Piezo2GFP mice to label sensory terminals innervating the  
trachea and/or the lungs28. GFP+ DiO+ neurons were detected in both 
the jugular–nodose ganglia complex and the thoracic DRG, suggesting  
that Piezo2 is indeed expressed in adult vagal and spinal sensory 
 neurons that innervate the airway (Fig. 3a, b).

We next characterized the physiological function of airway- 
innervating Piezo2+ sensory neurons. We crossed Piezo2GFP mice 
with Cre-dependent channelrhodopsin-2 (lox-ChR2) reporter mice 
to generate Piezo2GFP;lox-ChR2 mice, and tested the consequences of 
activating Piezo2+ vagal sensory neurons using optogenetics9. Airway-
innervating vagal sensory neurons contain a mixed population of 
fast-conducting myelinated A fibres and slow-conducting unmyeli-
nated C fibres5. Brief optogenetic stimulation (0.8 ms) of the vagal nerve 
trunk of Piezo2GFP;lox-ChR2 mice caused a compound action potential 
firing, consisting primarily of A-fibre responses (11.6 ±  4.7 m s−1) and 
some C-fibre responses (0.68 ±  0.11 m s−1) (Extended Data Fig. 6a, b).  
The current generated by selective stimulation of Piezo2+ vagal 
fibres was predominantly, but not exclusively, fast-conducting. In this 
experiment we potentially activated sensory neurons that transiently 
expressed Piezo2 during development as well as those that express 
Piezo2 in adult mice. We also characterized Piezo2+ vagal sensory 
neurons by isolating the jugular–nodose ganglia complex from adult 
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Figure 2 | Characterization of tissue-specific Piezo2 conditional 
knockout (cKO) mice. a, b, Tie2Cre;Piezo2cKO newborn mice.  
c, d, Phox2bCre;Piezo2cKO newborn mice. e–j Wnt1Cre;Piezo2cKO newborn 
mice. a, c, e, % SpO2. * * P <  0.01, Mann–Whitney test. NS, statistically  
not significant. Bars represent mean ±  s.e.m. b, d, f, Haematoxylin and 
eosin staining of sections of the left lung. Right panels in d and f show 
Piezo2-depleted tissues in red. J, jugular ganglion. N, no-dose ganglion. 
g, i, Representative traces of respiratory air flow (ml s−1). h, Breaths per 
minute. j, Per cent of inspirations followed by expiratory peak. * P <  0.05, 
unpaired Student’s (h) or Welch’s (j) t-test, mean ±  s.e.m. All scale bars, 
100 μ m. Number of animals shown in parentheses.
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Figure 3 | Characterization of Piezo2+ vagal sensory neurons. a, b, GFP 
immunostaining in the jugular–nodose (J–N) ganglia complex (a) and 
thoracic DRG (b) of Piezo2GFP reporter mice injected with DiO retrograde 
tracer into the lower tracheal lumen. Yellow arrowheads mark GFP+ DiO+ 
cells. Samples from four mice were analysed. Scale bars, 100 μ m.  
c, Respiratory responses to focal illumination (blue shading) of the vagus 
nerve in Piezo2GFP;lox-ChR2 mice. Respiratory rhythms (representative 
traces, bottom) were measured by recording tracheal pressure. d, Light-
induced changes in breathing rate over 10-s trial. * * * * P <  0.0001, 
unpaired Student’s t-test, mean ±  s.e.m.
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Piezo2GFP reporter mice and immunostaining it with the A- and C-fibre 
markers Nefh and IB4, respectively30,31. Consistent with Piezo2 expres-
sion in both A- and C-fibres, subpopulations of GFP+ neurons co- 
localized with either Nefh or IB4 (Extended Data Fig 6c, d).

Strikingly, longer optogenetic stimulation (10 s, 50 Hz) of the vagal 
nerve trunk caused immediate apnoea that lasted through the entire 
stimulation period and resulted in a decrease in the average breathing 
rate of about 75% when compared to the unstimulated rate (Fig. 3c, d). 
During optogenetic stimulation, the respiration of Piezo2GFP;lox-ChR2 
mice was trapped in a state of exhalation based on their lung volume 
at apnoea (Extended Data Fig. 6e–g). Breathing activities returned to 
normal after optogenetic stimulation was removed (Fig. 3c). These data 
show that Piezo2+ vagal sensory neurons innervate the airway organs 
and modulate respiration by inducing a respiratory block in a similar 
manner as previously described for P2ry1+ vagal neurons9. This is not 
surprising, as a large number of P2ry1+ neurons also express Piezo2 
(ref. 9).

We also investigated how inputs from Piezo2+ vagal sensory  neurons 
are organized centrally. Infection of the jugular–nodose  ganglia  
complex with AAV-flex-tdTomato in adult Piezo2GFP mice yielded  
tdTomato+ neuronal fibres in the nucleus of the solitary tract (NTS), 
the respiratory centre that is innervated by vagal sensory neurons9 
(Extended Data Fig. 6h).

Piezo2 is an airway stretch receptor
To test whether Piezo2 functions as a mechanotransducer in airway- 
innervating sensory neurons directly, we performed in vivo vagal 
sensory nerve recordings in adult sensory neuron-specific Piezo2 
conditional knockout mice. We used the previously described 
AdvillinCreERT2;Piezo2cKO mice to ablate Piezo2 in the majority of 
vagal and spinal sensory neurons in adult mice15 (Extended Data 
Fig. 7a–d and Table 1). We inflated the lungs of the mice by injecting 
air through their tracheae and simultaneously measured vagal  sensory 
nerve responses. AdvillinCreERT2;Piezo2cKO mice showed greatly 

reduced vagal nerve firing in response to lung inflation when com-
pared to wild-type mice (Fig. 4a). These data provide direct evidence 
that Piezo2 functions as a key stretch transducer of airway-innervating 
vagal neurons.

We next tested whether ablation of Piezo2 in sensory neurons 
would affect normal breathing in adult mice. We compared respiratory 
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Figure 4 | Respiratory characteristics in adult 
AdvillinCreERT2;Piezo2cKO mice. a, Left, whole vagus nerve recording 
during lung inflation. Repeated measures two-way ANOVA: genotype 
F(1,18) =  8.077, P =  0.0108; air flow F(3,54) =  28.62, P <  0.0001; interaction 
F(3,54) =  6.372, P =  0.0009. * P <  0.05, * * * P <  0.001, Sidak’s post-hoc test; 
mean ±  s.e.m. Right, Piezo2-depleted tissues shown in red. b–d, Whole-
body plethysmograph recordings under anaesthesia. Average frequency (b)  
and average tidal volume (c); * P <  0.05, unpaired Welch’s (b) or Student’s 
(c) t-test, mean ±  s.e.m. d, Representative traces of respiratory air flow.  
E, expiration; I, inspiration. Number of animals shown in parentheses.

Figure 5 | Impaired detection of lung inflation in adult 
Phox2bCre;Piezo2cKO mice. a, b, Whole vagus nerve recordings.  
a, Representative traces; b, Normalized nerve activity (mean ±  s.e.m.). 
Repeated measures two-way ANOVA: genotype F(1,10) =  18.93, P =  0.0014; 
air flow F(3,30) =  10.75, P <  0.0001; interaction F(3,30) =  13.94, P <  0.0001. 
* P <  0.05, * * * P <  0.001, * * * * P <  0.0001, Sidak’s post-hoc test. Piezo2-
depleted tissues shown in red (b, right). c, d, Respiratory patterns during 

lung inflation. c, Representative traces of tracheal pressure. Steps indicate 
induced pressure increases and each deflection is a breath. d, Normalized 
respiration rate (mean ±  s.e.m.). Repeated measures two-way ANOVA: 
genotype F(1,10) =  188.7, P <  0.0001; air flow F(3,30) =  97.48, P <  0.0001; 
interaction F(3,30) =  126.4, P <  0.0001, * * * * P <  0.0001, Sidak’s post-hoc test. 
Number of animals shown in parentheses.
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parameters measured by whole-body plethysmograph recordings in 
AdvillinCreERT2;Piezo2cKO and wild-type mice (Fig. 4b–d, Extended 
Data Table 1). AdvillinCreERT2;Piezo2cKO mice showed a 1.3-fold 
increase in tidal volume compared to wild-type littermates (Fig. 4c and 
Extended Data Table 1), which is similar to the tidal volume change 
observed in vagotomized adult mammals6,8. The increased tidal volume 
in AdvillinCreERT2;Piezo2cKO mice suggests that lung volume changes 
are not precisely detected, and that AdvillinCreERT2;Piezo2cKO mice are 
likely to breathe in excess air compared to wild-type littermates. By 
contrast, breathing frequency was normal in AdvillinCreERT2;Piezo2cKO 
mice (Fig. 4b), whereas vagotomized adult mice and other mammals 
show reduced breathing frequency6,8,32. This difference suggests that 
other sensory inputs besides Piezo2-mediated mechanotransduction 
might be responsible for controlling breathing frequency. Moreover, 
there was a strong trend towards decreased duration of pause before 
inspiration in AdvillinCreERT2;Piezo2cKO mice, resulting in a prolonged 
duration of expiratory air flow (P =  0.08; Fig. 4d upper peak traces, 
Extended Data Table 1). Our data show that Piezo2-mediated mech-
anotransduction is required for normal breathing in adult mice.

Previous studies have suggested that vagal sensory neurons in the 
nodose ganglia are the main source of low-threshold mechanosensors 
innervating the lower airway organs5,28,33. On the basis of our obser-
vations in AdvillinCreERT2;Piezo2cKO mice, we investigated whether 
Piezo2 serves as the low-threshold mechanotransducer in nodose 
sensory neurons by assaying inflation-dependent vagal neuronal 
activity and normal respiratory activity in adult Phox2bCre;Piezo2cKO 
mice. The vagal nerve response to lung inflation was abolished 
in Phox2bCre;Piezo2cKO mice (Fig. 5a, b), indicating that Piezo2 
 functions as the major stretch sensor to detect lung inflation in the 
vagus nerve. AdvillinCreERT2;Piezo2cKO mice showed a slightly milder 
effect on inflation-induced vagal activity than did Phox2bCre;Piezo2cKO 
mice, and this might be due to incomplete ablation of Piezo2 from 
 inducible Cre activity15. We also monitored basal respiratory  activities 
in Phox2bCre;Piezo2cKO mice and, as expected, these mice showed 
increased tidal volume and normal breathing frequency compared to 
wild-type littermates (Extended Data Fig. 8a, b).

To further characterize Piezo2 as the airway mechanotransducer,  
we assayed Hering–Breuer mechanoreflex responses in both 
Phox2bCre;Piezo2cKO and AdvillinCreERT2;Piezo2cKO mice. Although 
wild-type littermate mice showed a clear halt of respiration as their lungs 
were inflated, both Phox2bCre;Piezo2cKO and AdvillinCreERT2;Piezo2cKO 
mice continued their normal respiration, indicating that this mechan-
oreflex was impaired in both strains of Piezo2-deficient mice (Fig. 5c, d,  
Extended Data Fig. 8c). We also performed a control experiment to 
test the respiratory reflex to a non-mechanical stimulus in Piezo2-
deficient mice. Intravenous injection of the C-fibre activator phe-
nylbiguanide (PBG) resulted in acute apnoea in both wild-type and 
AdvillinCreERT2;Piezo2cKO mice (Extended Data Fig. 8d, e), indicating  
that the chemoreflex response is normal in Piezo2-deficient mice.  
We also considered the possible involvement of Piezo2-mediated pro-
prioception in respiratory control, as proprioceptors might provide 
feedback on respiratory muscle activities34. PvalbCre;Piezo2cKO mice, in 
which proprioception is impaired17, showed an intact Hering–Breuer 
reflex and normal breathing parameters, suggesting that Piezo2 in pro-
prioceptive neurons is not essential for the airway mechanoreflex and 
basal respiration (Extended Data Figs 7e, f, 8f–h). Our data suggest that 
Piezo2 expressed in the nodose ganglia is the major mechanotrans-
ducer required for the Hering–Breuer reflex and respiratory volume 
control in adult mice.

Discussion
Our analyses, via selective activation of Piezo2+ sensory neurons and 
conditional ablation of Piezo2 channels, have uncovered roles for  
airway mechanotransduction in respiratory physiology. Piezo2 in nodose 
sensory neurons is a stretch sensor that is required for lung volume reg-
ulation and the Hering–Breuer reflex in adult mice, whereas Piezo2 in 

sensory neurons of neural crest origin is required for proper lung expan-
sion and the onset of efficient respiration in newborn mice (Extended 
Data Fig. 9). Our mouse genetics data demonstrate that Piezo2 is a 
 versatile mechanotransducer, functioning as a sensor of lung inflation 
in addition to touch and proprioception15,17. Recently, humans  carrying 
compound inactivating variants of PIEZO2 were reported to have   
selective loss of discriminative touch perception and profoundly 
decreased proprioception; these individuals also exhibited shallow 
breathing during infancy35,36. Thus, the general role of Piezo2 in soma-
tosensory mechanotransduction is conserved between mice and humans.

Beyond the regulation of normal respiration, airway mechanotrans-
duction might contribute to respiratory diseases. We previously 
reported that a subtype of distal arthrogryposis type 5 (DA5) is caused 
by autosomal dominant mutations of PIEZO2 with slower inactivation 
kinetics than the wild-type channel37. Most patients with DA5  suffer 
from joint contractures and develop restrictive lung diseases37,38. Our 
data raise the possibility that overactivation of PIEZO2+ vagal  neurons 
might overtly increase lung stretch responses in these patients and lead 
to respiratory complications. Moreover, compromised mechanotrans-
duction in the respiratory system (possibly via PIEZO2) could play a 
more substantial role in the clinic. For example, an attenuated Hering–
Breuer reflex is reported in patients with chronic obstructive pulmo-
nary disease (COPD)39. Sleep apnoea in adults and/or sudden infant 
death syndrome has also been suggested to be associated with dys-
functions in sensory neurons innervating the upper airway, including  
the oral and nasal cavities and larynx3,40–42.

As shown in the respiratory system, mechanical forces serve as cues 
to trigger subsequent biological responses in many visceral organs, 
but the mechanisms or physiological importance of mechanotrans-
duction in other visceral organs has not been fully elucidated14. Our 
study suggests that genetic manipulations of Piezo2 in mice could be 
used to explore the role of mechanotransduction in other biological 
processes within the viscera, such as heart rate control, satiety, and 
bladder function35,36,43–45.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MeThODS
All animal procedures were approved by the Institutional Animal Care and Use 
Committees of The Scripps Research Institute and Harvard Medical School.
Mouse lines. Piezo2−/− mice were generated by breeding Piezo2fl/fl and EIIaCre 
mice21 (The Jackson Laboratory, stock# 3724). The Piezo2GFP-IRES-Cre 
(Piezo2GFP) mouse line has been previously described21. Tie2Cre;Piezo2cKO(fl/−), 
Phox2bCre;Piezo2 cKO(fl/−), Wnt1Cre;Piezo2 cKO(fl/−), PvalbCre;Piezo2 cKO(fl/−) 
and AdvillinCreERT2;Piezo2fl/− (before Tam induction) mice were generated by 
 breeding Tie2Cre (stock# 4128), Phox2bCre (stock# 16223), Wnt1Cre (stock# 3829), 
PvalbCre (stock# 8069) or AdvillinCreERT2 lines15 with Piezo2fl/fl and Piezo2+/− 
mice. Each of these Cre mouse lines was also crossed to Ai9 reporters (stock# 
7909). Piezo2GFP;lox-ChR2 mice were generated by breeding Piezo2GFP mice with 
lox-ChR2 mice (stock# 12569).
Histology. Haematoxylin and eosin staining. Lungs were removed from either 
embryonic day (E)18.5 mouse embryos or newborn mice and processed for  
paraffin embedding. Paraffin sections were deparaffinized before haematoxylin 
and eosin staining.
Immunofluorescence. For Extended Data Figs 2, 3, lungs, trigeminal ganglion, 
diaphragm and intercostal muscles were removed from newborn mouse pups. 
The jugular–nodose complex and brainstem were removed from both newborn 
mouse pups and adult mice. Tracheal parasympathetic ganglia were removed from 
adult mice. DRG and sympathetic ganglia were isolated from the upper thoracic 
region (Th1–3) of adult mice. Spinal cord from the lumbar region was isolated from  
postnatal mice. All tissues were briefly fixed in 4% paraformaldehyde (PFA)/ 
phosphate buffered saline (PBS) and then incubated in 30% sucrose/PBS over-
night at 4 °C. Fixed tissues were cryo-embedded in OCT compound (Sakura) and 
cryo-sectioned for immunofluorescence as previously described21.
Analysis of lung branching, vessel pattern and alveolar epithelial differentiation 
by whole-mount immunostaining. Lungs were removed from E16.5 and E18.5 
mouse embryos and fixed in 80% methanol/20% dimethylsulfoxide (DMSO) over-
night at 4 °C. Whole lobes from E16.5 and E18.5 mice were stained for α SMA to 
visualize conducting airways, arteries and veins. Whole lobes from E18.5 mice were 
stained for E-cadherin, Muc1, T1α , and SpC to assess distal epithelial morphology  
and to visualize alveolar progenitors and nascent type I and II pneumocytes. 
Whole-mount immunostaining was performed as previously described46 with the 
following modifications: lobes were incubated with primary antibodies diluted in 
blocking solution (PBS with 5% donkey serum, 3% bovine serum albumin (BSA) 
and 0.5% Triton-X-100) for three nights at 4 °C and with secondary antibodies 
conjugated to Alexa fluorophores (488, 568, 647) for two nights at 4 °C. Stained 
specimens were dehydrated in methanol and cleared in benzyl alcohol:benzyl  
benzoate (1:2). Samples were imaged on chambered coverslips with an inverted 
laser scanning confocal microscope (Zeiss LSM780).
Antibodies. The following antibodies were used: GFP (1:500, Life Technologies, 
A10262 or A11122); Nefh (1:1,000, Aves laboratory, NFH or 1:1,000, Abcam, 
ab8135); CGRP (1:500, Abcam, ab43873); NeuN (1:500, Millipore, MAB377); 
PECAM1 (1:100, Abcam, ab28364); PV (1:500, Swant, PV 2); α -bungarotoxin 
(1:500, Life Technologies, B13423); advillin (1:500, Abcam, ab72210); Tuj1 (1:500, 
Covance, MMS-435P-250); α SMA–Cy3 (1:200, Sigma, C6198); E-cadherin (1:500, 
Life Technologies, 13-1900); MUC-1 (1:500, Fisher Scientific, HM1630P0); 
T1α  (1:50, DSHB, 8.1.1); proSP-C (1:300, Millipore, AB3786); ChAT (1:300, 
Millipore, AB143); Piezo2 (1:1,000)21; IB4-Alexa Fluor568 conjugate (1:200, Life 
Technologies, I21412).
Pulse oximetry. Newborn mouse pups were subjected to pulse oximetry and heart 
rate recordings (MouseSTAT, Kent Scientific Corporation). The heads of new-
born mice were placed in a ring-shaped oxygen sensor and the mice were allowed 
to acclimatize for 1 min, and then O2 saturation levels (% SpO2) and heart rates 
were recorded every 15 s for 5 min. O2 saturation levels associated with heart rates 
greater than 200 b.p.m. were used for data analyses for reliability and accuracy.
Whole-body plethysmography. Freely behaving newborn and anaesthetized 
adult mice were subjected to whole-body plethysmography (Buxco system, DSI)47. 
Data were analysed with FinePointe software (Buxco system, DSI). For data from  
newborn mice, respiratory frequency was manually analysed by counting the num-
ber of inspiratory peaks with peak flow more than 0.3 ml/s and these were distin-
guished from background levels monitored when the chamber was empty. Values 
for air flow of newborn mice are possibly imprecise owing to technical limitations 
of monitoring respiration in newborn mice, while measurements of respiratory 
frequencies are precise48. Adult (10–14 weeks old) mice were anaesthetized with 
1% isoflurane in 0.4 l/min oxygen supply during recording and data were collected 
for 10 min after a 15 min acclimation period in the recording chamber.
Wet-to-dry weight ratio. E18.5 embryos were delivered by caesarean section and 
were induced to breathe. Lungs were removed 6 h after delivery. After removing  
excess liquid by blotting, lung samples were weighed (wet weight). Next, the 

samples were dried overnight at 80 °C, and re-weighed the next day (dry weight). 
Water content of lungs was determined by the difference between the wet and 
dry weights49.
Electron microscopy. Lungs from newborn mice were placed in ice cold fixative  
consisting of 1% PFA +  3% glutaraldehyde in 0.1 M cacodylate buffer + 5 mM 
CaCl2 pH 7.3 overnight. Following a wash in cacodylate buffer, the tissues were 
further fixed in 1% OsO4 with 0.75% potassium ferricyanide in 0.1 M cacodylate 
buffer for 2 h, again washed in cacodylate buffer and then dehydrated in a graded 
ethanol series followed by transitioning in propylene oxide. The lung tissue pieces 
were embedded in Embed 812/Araldite (Electron Microscopy Sciences). Thick 
sections (2 μ m) were cut, mounted on glass slides and stained in toluidine blue 
for general assessment of the tissues in the light microscope. Subsequently, 70 nm 
thin sections were cut, mounted on copper slot grids coated with parlodion and 
stained with uranyl acetate and lead citrate for examination on a Philips CM100 
electron microscope (FEI) at 80 kV. Images were documented using a Megaview 
III ccd camera (Olympus Soft Imaging Solutions GmbH).
Adeno-associated virus (AAV) infections of the J–N complex. AAV infection 
of the J–N complex was performed as previously described9. Briefly, after the left 
J–N complex of adult mice was surgically exposed under anaesthesia by making an 
incision along the ventral surface of the neck and blunt dissection, a micropipette 
containing AAV-flex-tdTomato (Penn Vector Core, AV-9-ALL867, titre 1.3 ×  1013 
genome copies per ml) was inserted into the J–N complex. Virus solution was 
injected (140 nl) using a Nanoject II. Animals recovered from surgery and were 
killed 4–8 weeks later for tissue removal.
Retrograde tracing of neurons innervating the lung. Surgery was carried out on 
8–10-week-old Piezo2GFP mice. After mice were anaesthetized using isoflurane, the 
trachea was exposed by a midline cervical incision. 1 μ l of the fluorescent tracer 
(1% DiO in N,N-dimethylformamide (DMF)) was injected into the tracheal lumen 
between two cartilage rings close to the bronchus using a microsyringe50,51. The 
animals were sutured and were allowed to recover for 7 days for sufficient labelling 
of cell bodies. On the eighth day after surgery, all animals were killed and ganglia 
were removed. The J–N complex, upper thoracic (Th1–3) DRG, and lumbar DRG 
were collected from each animal for cryo-sectioning and immunofluorescence. 
The lumbar DRG served as a control: animals with DiO labelling in their lumbar 
DRG were removed from the experimental cohort as this indicated leakage of 
DiO during injection.
Quantitative real-time polymerase chain reaction (qRT–PCR). For 
Tie2Cre;Piezo2cKO and control mice, lungs were removed from adult mice (n =  4) 
and were processed into a single-cell suspension. Cells were then stained with 
PE-conjugated CD31 antibody (BD Pharmingen) for 30 min to 1 h on ice and were 
subjected to fluorescence-activated cell sorting (FACS). DAPI+ cells were excluded, 
and DAPI− CD31+ and DAPI− CD31− cells were sorted into separate tubes  
containing TRIzol. Total RNA was isolated for qRT–PCR. For Wnt1Cre;Piezo2cKO 
and control pups, DRG were removed from newborn pups (n =  5) and placed 
into TRIzol. Total RNA was isolated and subjected to qRT–PCR as previously 
described4.
In situ hybridization. The jugular–nodose complex was isolated from adult mice 
and fixed in 4% PFA/PBS for 4 h on ice. They were then incubated in 30% sucrose/
PBS overnight at 4 °C. On the next day, fixed tissues were cryo-embedded in OCT 
compound and cryo-sectioned at 8 μ m. Sections were subjected to in situ hybri-
dization according to the manufacturer’s protocol (Advanced Cell Diagnostics).
Optogenetic stimulations and analyses. Optogenetic stimulation of the vagus 
nerve was performed as previously described9. Mice were deeply anaesthetized 
(isoflurane, 1.5–2%, Abbott Laboratory), freely breathing, and maintained at  
normal body temperature. Briefly, in order to measure the conduction velocity of 
vagal sensory neurons, a short light pulse (0.8 ms) was delivered via an optic fibre 
positioned on the left vagus nerve trunk 1 mm beneath the recording electrodes 
and coupled to a laser light source (473 nm, 150 mW, Ultralaser). Light-induced 
compound action potentials were recorded by whole-nerve electrophysiology 
(50 kHz sampling rate), amplified (CP511, Grass), and acquired with a data 
acquisition system (MP150, Biopac). Fibre conduction velocity was determined 
by  varying the distance between the optic fibre and recording electrode (travel 
distance); the resulting time lags in peak maxima (Δ t) were plotted as a function 
of travel  distance, revealing characteristic A and C fibre types. The total currents 
carried by A or C fibres were calculated by integrating the corresponding peak area 
in the compound action potential. The A–C ratio reported here may underrepre-
sent fold enrichment as the A and C peaks were not completely separated in most 
recordings. In order to investigate the effect of Piezo2+ vagal sensory neuron acti-
vation on respiration, light stimulations (5 ms pulses at 50 Hz, 75–125 mW/mm2  
intensity) were delivered to the base of the left nodose ganglion. Respiration rate 
was measured using an amplifier-coupled pressure transducer (Cwe) cannulated 
into the trachea. A breath was scored if the lung volume increased to at least 10% 
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of mean tidal volume. Total lung volume was calculated by integrating lung volume 
across 10-s periods during baseline and stimulation with or without light. High 
volume state was defined as greater than mean volume during tidal breathing.
Tamoxifen treatment. Tamoxifen (Sigma) dissolved in corn oil was injected 
as previously described15. Briefly, in adult AdvillinCreERT2;Piezo2fl/− (test) and 
Piezo2fl/+ (control) mice, tamoxifen was injected at 150 mg/kg (body weight) for 
5 consecutive days. The mice were allowed to recover for 1 week, and they were 
subjected to a static force von Frey test to confirm Piezo2 knockdown15. Mice with 
efficient Piezo2 knockdown (mice displaying reduced sensitivity to low threshold 
mechanical stimuli) were subjected to plethysmography recordings, the Hering–
Breuer reflex test or whole vagus nerve electrophysiology recording the following 
week. AdvillinCreERT2;Piezo2cKO mice refer to AdvillinCreERT2;Piezo2fl/− (+ Tam), 
and WT mice refer to Piezo2fl/+ (+ Tam).
Whole vagus nerve electrophysiology recording. Whole vagus nerve electrophy-
siology recording was performed as previously described9. Briefly, in deeply anaes-
thetized mice (isoflurane, 1.5–2%, Abbott Laboratory), the left vagus nerve was 
cervically transected, and the peripheral transected end was desheathed and placed 
onto a pair of platinum-iridium electrodes. In the case of nerve recording with 
artificial airway inflation, air was introduced into the airway at a flow rate of 200, 
400, 600 or 800 cc/min via a tracheal cannula (PE-50, Braintree Scientific), while 
the mice were kept anaesthetized with 1.5–2% isoflurane gas supplied through 
another tracheal cannula. Multiunit neural activity was amplified (CP511, Grass 
Technologies), digitized (MP150, Biopac), recorded with AcqKnowledge data 
acquisition program (Biopac), and integrated with a time constant of 1 s. Lung-
inflation-induced responses were calculated by subtracting baseline neural activity 
from activity recorded during stimulus. The response to serotonin (10 mM, 400 μ l,  
intraperitoneal injection) over a 100-s period after administration was used for 
normalization.
The Hering–Breuer reflex test. Phox2bCre;Piezo2cKO and wild-type littermate 
mice (10–14 weeks old) were deeply anesthetized (isoflurane, 1.5–2%, Abbott 
Laboratory), freely breathing, and maintained at normal body temperature. 
Airway pressure was measured using an amplifier-coupled pressure transducer 
(Cwe) cannulated into the trachea and recorded with a M150 data acquisition 
system (Biopac). A breath was scored if lung volume was increased to at least 
10% of mean tidal volume. Air was introduced into the airway at flow rate of 
200, 400, 600 or 800 cc/min via a tracheal cannula (PE-50, Braintree Scientific). 
AdvillinCreERT2;Piezo2cKO, PvalbCre;Piezo2cKO mice and their wild-type littermates 
(10–14 weeks old) were anaesthetized with 200 mg/kg (body weight) ketamine HCl 
(Henry Schein) injected intraperitoneally. The depth of anaesthesia was assessed 
in terms of movement reactions to tactile stimulation. The trachea was exposed 
by a midline cervical incision. The trachea was then cut horizontally between 
two cartilage rings, and an 18 G needle attached to a three-way stopcock was 
inserted into the trachea lumen. One end of the three-way stopcock was attached 
to a syringe (through which air was injected), and the other end could be ‘open’ 
or ‘closed’. Shortly after the needle was placed in the trachea, mice were left to 
vent freely through the open end to obtain a baseline breathing pattern. After the 
baseline was obtained, the open end was switched to the closed position so that 
air from outside was blocked, and then 0.3 ml air was injected through the syringe 
into the trachea4. After air was injected, the three-way stopcock was kept closed 
for 8–10 s, and then was opened so that mice could resume their autonomous 
breathing. Respiratory activities throughout the experiment were videotaped and 
were quantified by movement of the abdomen. The number of respiratory activities 
observed between 2 and 6 s after air injection was normalized to the baseline and 
was compared between Piezo2-deficient and wild-type mice.
Phenylbiguanide (PBG) induced C-fibre-mediated pulmonary reflex. 
AdvillinCreERT2;Piezo2cKO and wild-type mice (10–14 weeks old) were anaes-
thetized with 1.5 g/kg (body weight) urethane (SPEX CertiPrep) injected 
 intraperitoneally. The depth of anaesthesia was assessed in terms of movement 
reactions to tactile stimulation. The experiment was performed as previously 
described4. Briefly, PBG (Sigma-Aldrich, 100 μ g/ml, 20 μ l) was administrated 
intravenously after the left femoral vein was cannulated with polyethylene tubing. 
Respiratory pattern was monitored by an air flow sensor (Buxco system, DSI).

Statistics. All data analysed by statistical analyses are detailed in the figure legends. 
All statistical analyses were performed with GraphPad Prism6. When unpaired 
Student’s t-test was applied, similarity of variance between groups was confirmed 
by F test. Data from qPCR experiments of isolated DRG or endothelial cells 
were analysed by unpaired Welch’s t-test. Oxygen saturation levels in blood were 
analysed by Mann–Whitney test. Wet to dry lung ratio data were analysed by 
unpaired Student’s t-test. Weight of lung or liver was analysed by Kruskal–Wallis 
nonparametric test. Weight of heart was analysed by one-way ANOVA. Respiratory 
parameters were analysed by Student’s or Welch’s t-test. Data of whole vagus nerve 
electrophysiology recording and Hering-Breuer reflex with air flow of multiple 
steps were analysed by repeated measures two-way ANOVA with Sidak’s post-hoc. 
All statistical analyses were two-sided.
Sample size choice. The specific number of independent experiments or animal 
numbers used for all experiments is outlined in the corresponding figures or their 
legends. For qRT–PCR analysis, sample sizes were chosen on the basis of our previ-
ous studies, in which we performed at least three separate experiments per sample 
to ensure statistical significance. For oxygen saturation levels in blood, data were 
obtained from between 4 and 40 animals per genotype. All respiratory parameters 
or whole vagus nerve electrophysiology recording data represent results from 2–4 
independent rounds of testing with multiple mice of both genotypes per cohort. 
All mice tested were littermate controls. Both male and female mice were used 
for all experiments. AdvillinCreERT2;Piezo2cKO mice were subjected to static force 
von Frey test based on our previous studies to confirm Piezo2 knockdown before 
experiments. All experimental procedures were performed in a blinded manner. 
No randomization was applied. No statistical method was used to predetermine 
sample size.
Data availability. The datasets generated during and/or analysed during  
the current study are available from the corresponding author on reasonable  
request.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | Characterization of lung development in 
Piezo2−/− mice. a, b, Whole-mount staining for α SMA in the left lobe of 
lungs from E16.5 (a) and E18.5 (b) wild-type and Piezo2−/− mice. L1–L6, 
lateral branches of the left lobe. E16.5: wild-type n =  4, Piezo2−/− n =  3; 
E18.5: wild-type n =  4, Piezo2−/− n =  5. A normal conducting airway and 
vessel pattern was observed in Piezo2−/− lungs at late embryonic stages.  
c, d, Whole-mount immunostaining for E-cadherin and Muc-1 (c) or 
E-cadherin, T1α , and SpC (d) in left lobes from E18.5 wild-type and 
Piezo2−/− mice. Arrows indicate proximal (P) to distal (D) direction. Left 
panels, lower magnification; right panels, higher magnification of the 
distal region. Solid circles in right panels indicate alveolar progenitors 
in the distal region. Solid hexagons in left panels indicate nascent type I 
pneumocytes. Yellow dashed circles in left panels indicate nascent type II 
pneumocytes. A normal epithelial morphology and no defects in alveolar 
epithelial patterning and differentiation were observed Piezo2−/− lungs. 

e, Representative ultrastructures of wild-type and Piezo2−/− newborn 
lungs. Black arrows mark type I pneumocyte extensions. White dotted 
circles mark type II pneumocytes. White arrowheads within white dotted 
circles mark lamellar bodies. RBC, red blood cells. Samples from four 
mice per genotype were analysed. Normal morphology and similar 
abundances of type I and II pneumocytes, endothelial cells, red blood 
cells and surfactant proteins were observed in Piezo2−/− lungs compared 
to wild-type lungs. f, Wet-to-dry lung ratio 6 h after delivery at E18.5 to 
assess clearance of fetal pulmonary fluid. NS, statistically not significant. 
Unpaired Student’s t-test. Bars represent mean ±  s.d. g, Per cent weight of 
postnatal day (P)0 lung, heart, and liver normalized to whole body weight. 
Bars represent mean ±  s.e.m. NS, statistically not significant. Kruskal–
Wallis nonparametric test (lung and liver) or one-way ANOVA (heart). 
Scale bars, 500 μ m (a, b); 33 μ m (c, d, left); 22 μ m (c, d, right); 5 μ m (e).
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Extended Data Figure 2 | Piezo2 expression in the respiratory system. 
a, Co-immunostaining for GFP and Nefh in P0 Piezo2GFP reporter lung. 
Arrow, NEB. Smaller panels on right show a magnified view of NEB 
stained for GFP and CGRP (a marker of NEBs). b, c, GFP immunostaining 
in the jugular–nodose complex from P0 (b) and adult (c) Piezo2GFP 
reporter mice. Dotted line demarcates the boundary of the jugular– 
nodose complex. d, e, GFP immunostaining in P0 trigeminal ganglion (d)  
or adult thoracic DRG (e) from Piezo2GFP reporter mice. Dotted  
line in (d) demarcates the boundary of the trigeminal ganglion.  
f, Co-immunostaining for GFP and NeuN in a sagittal section of  
P0 Piezo2GFP brainstem. g, h, GFP and α BTX (a marker of neuromuscular 

junction) co-staining in P0 Piezo2GFP diaphragm (g) and intercostal 
muscles (h). i, Co-immunostaining for GFP and NeuN in adult Piezo2GFP 
lumbar spinal cord. Dotted circle indicates motor neuron localization. 
j, Co-immunostaining for GFP and NeuN in adult Piezo2GFP brainstem. 
Dotted circle marks dorsal nucleus of the vagus nerve, X. k, Co-
immunostaining for GFP and Tuj1 in thoracic sympathetic ganglia from 
adult Piezo2GFP reporter mice. l, Schematic summary of Piezo2–GFP 
expression in the respiratory system. VII, facial nucleus; BötC, the 
Bötzinger complex; VRG, ventral respiratory group; RB, rib bone;  
Vt, ventricle. Scale bars, 20 μ m (smaller panels on right in a), 100 μ m  
(all other panels).
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Extended Data Figure 3 | Characterization of tdTomato expression 
in the respiratory system of Piezo2-GFP-IRES-Cre (Piezo2GFP);Ai9 
reporter mice. a, b, Immunostaining for PECAM1 (a) and CGRP (b) 
with tdTomato epifluorescence in postnatal lungs. Arrow in (b) indicates 
tdTomato+ nerve fibre innervating NEB. Dotted line in (b) demarcates 
the lung epithelium. c, tdTomato epifluorescence in P0 jugular–nodose 
complex. Dotted line in (c) demarcates the boundary of the jugular–
nodose complex. d, tdTomato epifluorescence in adult thoracic DRG.  
e, f, tdTomato epifluorescence in adult nucleus of the solitary tract (NTS) 
(e) and in adult spinal trigeminal nucleus (Sp5) (f), where axons of nodose 
and jugular/trigeminal sensory neurons project, respectively52,53. Smaller 

panels on right in f show a magnified view of Sp5 with Nefh staining. g–i, 
PECAM1 immunostaining with tdTomato epifluorescence in  
P0 brainstem (g), adult diaphragm (h), and P0 intercostal muscle (i).  
j, PV immunostaining with tdTomato epifluorescence in postnatal 
lumbar spinal cord. Dotted circle marks motor neuron localization. 
k, Tuj1 immunostaining with tdTomato epifluorescence in adult 
thoracic sympathetic ganglia. l, ChAT immunostaining and tdTomato 
epifluorescence in tracheal parasympathetic ganglia from adult reporter 
mice. Scale bars, 25 μ m (a, l, smaller panels on right in f), 20 μ m (b),  
100 μ m (c–k).
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Extended Data Figure 4 | See next page for caption.
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Extended Data Figure 4 | Characterization of tissue-specific Cre 
activities via Ai9 reporters. a, b, tdTomato epifluorescence in P0 
Tie2Cre;Ai9 lung with PECAM1 staining (a) or CGRP staining (b).  
c, tdTomato epifluorescence in P0 Tie2Cre;Ai9 jugular–nodose complex 
with PECAM1 staining. Dotted line demarcates the boundary of the 
jugular–nodose complex. d, tdTomato epifluorescence in adult  
Tie2Cre;Ai9 thoracic DRG. Dotted line demarcates the boundary  
of the DRG. e, tdTomato epifluorescence in P0 Tie2Cre;Ai9 trigeminal 
ganglion with Advillin staining. TdTomato signal co-localizes with 
PECAM1+ endothelial cells in a and c. f–i, tdTomato epifluorescence  
in P0 Phox2bCre;Ai9 lung with CGRP staining (f), P0 jugular–nodose 
complex with Advillin staining (g), adult thoracic DRG (h), and P0 
trigeminal ganglion with Advillin staining (i). TdTomato signal is present 
in nodose ganglia (g), but absent in lung cells and NEBs (f), jugular ganglia 
(g), DRG (h), and trigeminal ganglia (i). Arrows in f indicate tdTomato+ 

vagal nerve fibre innervating the lung epithelium. Dotted line in h 
demarcates the boundary of DRG. j–m, tdTomato epifluorescence in P0 
Wnt1Cre;Ai9 lung with CGRP staining (j), P0 jugular–nodose complex (k), 
adult thoracic DRG (l), and adult jugular–nodose complex with  
Piezo2 staining (m). m′, m′′, Higher magnification images of m. Arrows 
show tdTomato expression in both jugular neuronal cell bodies and 
satellite cells. Arrowheads show tdTomato expression only in satellite  
cells. TdTomato signal is present in neuronal cell bodies of jugular  
ganglia (k, m) and DRG (l), and satellite cells in the jugular–nodose 
complex and DRG (k–m), but absent in lung cells and NEBs (j) and 
neuronal cell bodies of nodose ganglia (k, m). TdTomato+ nerve fibres 
innervate the lung (j). Dotted lines indicate boundaries of the ganglia. 
VII +  VIII, facial-acoustic complex. Scale bars, 50 μ m (b), 12.5 μ m (m′, 
m′′), 100 μ m (all other panels).
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Extended Data Figure 5 | Characterization of Piezo2 knockdown 
in Piezo2 conditional knockout mice. a, Characterization of Piezo2 
knockdown by qRT–PCR using FACS-sorted CD31+ (or PECAM1+)  
lung cells from adult wild-type and Tie2Cre;Piezo2cKO mice. b, Piezo2  
in situ hybridization in the jugular–nodose complex of adult wild-type  
and Phox2bCre;Piezo2cKO mice. Dotted circles mark nodose ganglia (N).  
c, qRT–PCR using DRG isolated from P0 wild-type and Wnt1Cre;Piezo2cKO 
pups. * P <  0.05, * * * P <  0.001, * * * * P <  0.0001, unpaired Welch’s t-test for 
a, c. Data are presented as mean ±  s.e.m. Scale bar, 100 μ m.
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | Optogenetic activation of Piezo2+ vagal 
sensory neurons in Piezo2GFP;lox-ChR2 mice. a, A compound action 
potential response following brief optogenetic stimulation (blue lightning 
sign) of vagus nerve in Piezo2GFP;lox-ChR2 mice. b, A and C currents 
classified on the basis of corresponding peak area in the compound action 
potential. Dashed line: A–C ratio of 1. Data are presented as mean ±  s.e.m. 
c, GFP, Nefh and IB4 co-staining in adult Piezo2GFP jugular–nodose 
complex. Red arrows indicate GPF+ Nefh+ IB4− cells; blue arrows indicate 
GFP+ Nefh− IB4+ cells. d, Percentage of Nefh or IB4 positive cells among 
GFP+ cells in adult Piezo2GFP jugular–nodose complex. e–g, State of 
respiratory trapping following optogenetic stimulation (50 Hz, 10 s) of 
vagus nerve in Piezo2GFP;lox-ChR2 mice. Representative trace showing 

changes in lung volume following optogenetic activation in Piezo2GFP; 
lox-ChR2 mice (e). Per cent change in total lung volume in Piezo2GFP; 
lox-ChR2 mice without and with light (f). The percentage of time in a high 
lung volume state (greater than mean volume during tidal breathing) in 
Piezo2GFP;lox-ChR2 mice without and with light (g). * * * P <  0.001,  
* * * * P <  0.0001, paired t-test, mean ±  s.e.m. h, Brainstem of Piezo2GFPmice 
with AAV-flex-tdTomato injection to the jugular–nodose complex. Sol, 
solitary tract; CC, central canal; AP, area postrema; L-NTS; ventral, lateral, 
ventrolateral, interstitial, and intermediate NTS subnuclei; M-NTS; 
dorsolateral, dorsomedial, medial, and commissural NTS subnuclei. Scale 
bars, 100 μ m.
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Extended Data Figure 7 | Characterization of AdvillinCreERT2 and 
PvalbCre activity via Ai9 reporter. a, tdTomato epifluorescence and DAPI 
staining in the lung from adult AdvillinCreERT2;Ai9 +Tam reporter mice. 
TdTomato is not expressed in lung cells. Instead, tdTomato+ nerve fibres 
innervate the lung. b, tdTomato epifluorescence, CGRP and DAPI staining 
in lungs from adult AdvillinCreERT2;Ai9 +Tam reporter mice. TdTomato 
is not expressed in NEBs. Dotted line demarcates the lung epithelium. 
Bronch, bronchioles. c, d, tdTomato epifluorescence in adult jugular–
nodose complex (c) and tdTomato epifluorescence and DAPI staining 
in adult thoracic DRG (d) from AdvillinCreERT2;Ai9 +Tam reporter mice. 
TdTomato is expressed in both the jugular–nodose complex (c) and the 
DRG (d). e, f, tdTomato epifluorescence and DAPI staining in the lung (e)  
and jugular–nodose complex (f) of adult PvalbCre;Ai9 reporter mice. 
TdTomato is not expressed in lung cells and neuronal cell bodies in the 
jugular–nodose complex. Scale bars, 100 μ m.
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Extended Data Figure 8 | Respiratory properties of various Piezo2-
deficient mouse lines. a, b, Average frequency (a) and average tidal 
volume (b) of adult wild-type and Phox2bCre;Piezo2cKO mice under 
anaesthesia. * P <  0.05, unpaired Student’s t-test, mean ±  s.e.m.  
c, Respiration activity during lung inflation (0.3 ml air) normalized  
to baseline in adult wild-type and AdvillinCreERT2;Piezo2cKO mice.  
* P <  0.05, unpaired Welch’s t-test, mean ±  s.e.m. d, e, Phenylbiguanide 
(PBG)-induced chemoreflex in adult AdvillinCreERT2;Piezo2cKO 
mice. Representative traces of respiratory air flow from wild-type and 

AdvillinCreERT2;Piezo2cKO mice with 2.0 μ g PBG intravenous injection (d). 
Baseline and longest breath interval after PBG injection. Bars represent 
mean ±  s.e.m. (e). f, g, Average frequency (f) and average tidal volume (g)  
of adult wild-type and PvalbCre;Piezo2cKO mice under anaesthesia. 
Unpaired Student’s t-test, mean ±  s.e.m. h, Respiration activity during 
lung inflation (0.3 ml air) normalized to baseline in adult wild-type and 
PvalbCre;Piezo2cKO mice. Unpaired Welch’s t-test, mean ±  s.e.m. NS, 
statistically not significant.
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Extended Data Figure 9 | Roles of Piezo2 in respiratory system.  
a, Piezo2 in nodose sensory neurons. It has been widely reported 
that nodose sensory neurons contain low-threshold mechanosensors 
innervating the lower airway tract including the lungs, while jugular 
sensory neurons contain high-threshold mechanosensors that innervate 
the upper airway tract, such as the larynx and the trachea. In addition, 
nodose sensory neurons project to the NTS6,53, a synaptic station required 
for the Hering–Breuer reflex in the brainstem54. Consistent with these 
findings, Piezo2 expression is detected in the jugular–nodose ganglia 
complex, and Piezo2+ nerve fibres project to the NTS. Moreover, adult 
mice lacking Piezo2 in the nodose ganglion show abolished vagal nerve 
responses to lung inflation, increased tidal volume, and an impaired 
Hering–Breuer inspiratory reflex. In addition to the nodose ganglia, 
Piezo2 is also expressed in the jugular, trigeminal, and dorsal root ganglia. 
We observed similar phenotypes in mice with Piezo2 depletion induced in 
virtually all sensory neurons in the adult. These data suggest that Piezo2 
in nodose sensory neurons is the major stretch sensor required for lung 
volume regulation and the Hering–Breuer reflex response in adult mice.  
b, Piezo2 in jugular, trigeminal and/or spinal sensory neurons. In newborn 
mice, Piezo2 in sensory neurons of the neural crest origin is required for 
proper lung expansion and establishing efficient respiration as both global 
Piezo2 knockout and neural crest-derived sensory neuron-specific Piezo2 
conditional knockout newborn mice showed hypoventilation, decreased 
inspiratory activity, altered expiratory pattern and unexpanded lungs. 
Our genetic studies also suggest that Piezo2 is not required in nodose 
ganglia for newborn lung expansion and respiration; however, this lack 
of requirement does not imply lack of involvement, and could be due to 

functional redundancy (that is, Piezo2 in jugular, trigeminal and/or  
dorsal root ganglia can compensate for Piezo2 deficiency in nodose 
ganglia). Although sensory neuronal control of respiration in newborn 
animals remains largely unknown, the newborn airway experiences a 
large pressure change in the course of lung expansion55. Piezo2-mediated 
mechanosensory feedback of the airway might be crucial for subsequent 
motor output (for example, control of diaphragm discharge or prevention 
of upper airway narrowing) to establish proper breathing patterns in 
newborn animals. The data presented here do not identify the exact cause 
of lethality in Piezo2-deficient newborn animals; however, we speculate 
that lethality in pups might be due to a combined effect of hypoventilation 
and lack of nutrients owing to inability to suckle. c, Piezo2 in NEBs. In 
addition to airway-innervating sensory neurons, Piezo2 is also expressed 
in pulmonary NEB cells, which are likely to be innervated by Piezo2+ 
afferents (Extended Data Fig. 3b, arrow). NEBs are enigmatic pulmonary 
cells whose physiological function is unclear3,22,23. Previous studies 
have suggested that the inflation-induced vagal nerve responses that are 
responsible for the Hering–Breuer reflex are slowly adapting2,4,5,7. While 
Piezo2 channels are generally rapidly adapting when assayed in cultured 
cells16, Piezo2 channels in Merkel cell–neurite complexes in the skin give 
rise to slowly adapting firing responses21,56 that are proposed to be caused 
by dual Piezo2 expression in both epidermal Merkel cells and associated 
afferents21,56. Therefore, it is possible that NEBs also contribute to sensing 
lung inflation in concert with Piezo2+ mechanosensory afferents. Future 
efforts will explore whether pulmonary NEBs function as mechanosensory 
cells, similar to Merkel cells.
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extended Data Table 1 | respiratory properties of anaesthetized wild-type and AdvillinCreERT2;Piezo2cKO mice

Respiratory properties measured in wild-type (n =  9) and AdvillinCreERT2;Piezo2cKO (n =  7) mice during plethysmograph recordings under anaesthesia (unpaired Student’s (S) or Welch’s (W) t-test)57,58.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


	Piezo2 senses airway stretch and mediates lung inflation-induced apnoea
	Authors
	Abstract
	Respiratory defects in Piezo2−/− mice
	Piezo2 expression in the respiratory system
	Tissue-specific Piezo2 cKO mouse lines
	Airway-innervating Piezo2+ neurons
	Piezo2 is an airway stretch receptor
	Discussion
	References
	Acknowledgements
	Author Contributions
	Figure 1 Respiratory distress and lethality observed in Piezo2−/− newborn mice.
	Figure 2 Characterization of tissue-specific Piezo2 conditional knockout (cKO) mice.
	Figure 3 Characterization of Piezo2+ vagal sensory neurons.
	Figure 4 Respiratory characteristics in adult AdvillinCreERT2Piezo2cKO mice.
	Figure 5 Impaired detection of lung inflation in adult Phox2bCrePiezo2cKO mice.
	Extended Data Figure 1 Characterization of lung development in Piezo2−/− mice.
	Extended Data Figure 2 Piezo2 expression in the respiratory system.
	Extended Data Figure 3 Characterization of tdTomato expression in the respiratory system of Piezo2-GFP-IRES-Cre (Piezo2GFP)Ai9 reporter mice.
	Extended Data Figure 4 Characterization of tissue-specific Cre activities via Ai9 reporters.
	Extended Data Figure 5 Characterization of Piezo2 knockdown in Piezo2 conditional knockout mice.
	Extended Data Figure 6 Optogenetic activation of Piezo2+ vagal sensory neurons in Piezo2GFPlox-ChR2 mice.
	Extended Data Figure 7 Characterization of AdvillinCreERT2 and PvalbCre activity via Ai9 reporter.
	Extended Data Figure 8 Respiratory properties of various Piezo2-deficient mouse lines.
	Extended Data Figure 9 Roles of Piezo2 in respiratory system.
	Table 1Summary of tissue-specific Piezo2 conditional knockout mouse characterization.
	Extended Data Table 1Respiratory properties of anaesthetized wild-type and AdvillinCreERT2Piezo2cKO mice.




