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Abstract

Many internal organs change volume periodically. For example, the stomach accommodates 

ingested food and drink, the bladder stores urine, the heart fills with blood, and the lungs expand 

with every breath. Specialized peripheral sensory neurons function as mechanoreceptors that 

detect tissue stretch to infer changes in organ volume, and relay this information to the brain. 

Central neural circuits process this information and evoke perceptions (satiety, nausea), control 

physiology (breathing, heart rate), and impact behavior (feeding, micturition). Yet, basic questions 

remain about how neurons sense organ distension, and whether common sensory motifs are 

involved across organs. Here, we review candidate mechanosensory receptors, cell types, and 

neural circuits, focusing on the stomach, bladder, and airways. Understanding mechanisms of 

organ stretch sensation may provide new ways to treat autonomic dysfunction.
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Internal organ mechanosensation

Mechanosensory neurons detect a variety of forces. External sensory neurons detect forces 

in the environment, including those that elicit the sensations of touch, hearing, and 

mechanical pain. Recent advances have revealed key features of external mechanosensory 

neurons [1], including the identities of some mechanically gated ion channels that function 

as sensory receptors [2]. Other internal sensory neurons detect a diversity of forces from 

within the body that can inform for instance about blood pressure changes in the vasculature, 

urine passing through the urethra, or esophageal expansion during swallowing. Other 

internal mechanosensory neurons function as proprioceptors or sense mechanical irritants 

that evoke cough, sneeze, gagging, or pain. This review will highlight a particular class of 

internal mechanosensory neurons specialized to inform on visceral organ volume changes.

Many organs, including the stomach, heart, lung, bladder, and intestine, periodically fill and 

empty while carrying out their normal physiological functions. Dedicated sensory neurons 

report on changes in organ volume to help orchestrate appropriate physiological and 
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behavioral responses. While organ distension might seem like a common physical stimulus, 

there are unique features of volume sensing in different organs related to anatomy, filling 

rate, force vectors, and organ accommodation and mobility. For example, the bladder fills 

slowly with urine (liquid) over hours, the stomach fills during a meal (solid and/or liquid) in 

minutes, and the lungs fill with air (gas) in seconds. To accommodate differing physical 

parameters, sensory neurons in various organs can display highly specialized terminal 

morphologies and utilize distinct sensory receptors, although data remain limited in some 

systems. Perhaps the most progress towards understanding force sensation in internal organs 

has been made in the airways, with recent studies revealing an essential role for the 

mechanically gated ion channel Piezo2 [3]. Furthermore, stretch of different organs can 

evoke different physiological responses, and to achieve this, sensory neurons must engage 

appropriate neural circuits and be sensitive to distinct neuromodulators. The goal of this 

Review is to highlight common and unique features of stretch sensation in three different 

organs: the bladder, stomach, and airways. We note that sensory pathways can vary across 

species; we try to generalize when possible, but primarily discuss work in the mouse, where 

genetic approaches have enabled perturbation studies to elucidate the roles of particular 

genes and neurons.

Airway stretch

During passive breathing, sensory neurons detect airway expansion that occurs with every 

breath. In 1868, Ewald Hering and Josef Breuer revealed a key physiological role for airway 

mechanosensation when they reported the now-classical respiratory reflex named after them, 

the Hering-Breuer inspiratory reflex (HB reflex) [4]. The HB reflex is evoked by increasing 

gas pressure in the lungs and airways, and is characterized by a reflexive inhibition of 

inspiration and prolongation of expiration. The HB reflex contributes to normal respiratory 

rhythms and may also protect the airways from damage associated with overinflation. 

Additionally, airway stretch regulates smooth muscle tone, vascular tone, and heart rate [5–

7]. Furthermore, the HB reflex may be modulated during particular physiological states, 

such as heavy exercise [8], or impacted during pathologies such as asthma, pulmonary 

fibrosis, airway obstruction, and lung damage; for excellent reviews on airway sensory 

neurons, see [9–16].

Airway stretch sensation is mediated by the vagus nerve, which provides the major 

innervation of the pulmonary system (Figure 1) [11]. Surgical transection of the vagus nerve 

(vagotomy) eliminates the HB reflex [4], and electrical or optogenetic stimulation of vagal 

afferents causes a reflexive apnea similar to the HB reflex [15, 17]. Different vagal afferents 

derive from the neural crest (jugular ganglion) and epibranchial placodes (nodose ganglion), 

with sensory neurons of the nodose ganglion mediating respiratory responses to airway 

distension [3]. Vagal afferents in the nodose ganglion relay respiratory inputs to a brainstem 

region termed the nucleus of the solitary tract (NTS), while jugular ganglion inputs are 

instead mostly relayed to the paratrigeminal nucleus [18, 19]. Second-order NTS neurons 

that respond to airway stretch include so-called ‘pump cells’ and ‘inspiratory-β cells’ and 

are localized to a discrete anterior and ventrolateral region of the visceral NTS (the visceral 

NTS refers to the NTS division that receives sensory input from internal organs and is 

caudal to the gustatory NTS involved in taste processing) [20]. Pump cells in turn send 
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various projections, including to brainstem respiratory nuclei where they interrupt intrinsic 

oscillations that promote rhythmic inspiration [20].

Electrical recordings of the vagus nerve revealed at least three major classes of sensory 

neurons that innervate the lungs and upper airways: slowly adapting stretch receptors 

(SARs), rapidly adapting stretch receptors (RARs), and chemoreceptors [11]. SARs are 

myelinated fast-conducting A fibers that display low-threshold and graded responses to 

airway stretch [21]. In vivo calcium imaging within the mouse nodose ganglion revealed that 

SAR responses occur in only ~4% of nodose sensory neurons, or about 90 neurons per 

ganglion [22]. Airway stretch responses are similarly evoked by infusion with ambient air, 

oxygen, or the inert gas nitrogen, consistent with a mechanical response [22, 23]. SARs are 

activated by increases in lung volume that occur with each inhalation during relaxed 

(eupneic) breathing [22, 23].

Similar to SARs, RARs are also stretch-sensitive myelinated A fibers [21], but their 

frequency can vary across species [24]. RARs display high threshold responses, are not 

richly active during eupneic breathing, and are also activated by lung deflation [11]. 

Additionally, RARs may contribute to irritant responses, such as cigarette smoke- induced 

cough [25, 26]. Chemoreceptors are slower conducting C fibers that function in airway 

defense, with potential roles in cough [27], airway hypersensitivity [28], and modulation of 

immune function [29]. Chemical or optogenetic activation of airway C fibers causes rapid 

and shallow breathing [17, 30], perhaps to limit toxin absorption [11]. Sensory neurons from 

dorsal root ganglia (DRG) also innervate the airways, although more sparsely than vagal 

afferents, and their function remains largely uncharacterized.

The morphology of force-sensing neurons in the airways that mediate the HB reflex is 

unclear. Attempts to quantify SARs in different regions of the airways by focal pressure 

application have suggested a distributed anatomy with variable results about their location in 

trachea, extrapulmonary bronchi, and intrapulmonary airways [13]. Adding complexity, 

while some electrophysiological approaches suggested that SARs are abundant in large 

extrapulmonary airways, other studies suggested that the HB reflex is more powerfully 

evoked by mechanical input in smaller airways [11, 13]. Some variation may be due to 

species of study, but it is also possible that neurons with mechanoreceptive fields in different 

airway regions display different activities during respiration, with intrapulmonary receptors 

blocking inspiration and upper airway receptors promoting expiration [11]. Higher 

resolution anatomical studies of afferent nerve terminals suggested that SARs reside near 

airway smooth muscle [31], although alternative sites of airway mechanosensation have also 

been proposed [11,32]. Additional studies are needed to clarify the location and architecture 

of force-sensing structures in the airways.

Recent progress revealed that the mechanically gated ion channel Piezo2 is essential for 

airway mechanosensation and the HB reflex [3]. Piezo2 is an enormous protein, comprised 

of over 2000 amino acids and at least 26 transmembrane α-helices, that forms an ion 

channel intrinsically gated by mechanical force [33]. High resolution cryo- electron 

microscopy revealed that the related channel Piezo1 forms a trimeric propeller blade 

structure with a central pore embedded in curved membrane; one model posits that 
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membrane tension flattens the central membrane, allowing for allosteric gating of the 

channel pore [34, 35]. Piezo2 is expressed in some DRG sensory neurons [36], where it 

mediates gentle touch and limb proprioception [33], as well as in a subset of vagal sensory 

neurons [17]. Piezo2-expressing vagal afferents in the airways are SARs, and 

optogenetically activating them acutely inhibits breathing, trapping animals in a state of 

exhalation [3]. Global knockout of Piezo2 is lethal due to respiratory distress, but mice with 

selective elimination of Piezo2 from epibranchial placode-derived cells (Phox2b-Cre; 
Piezo2fl/fl mice, herein named Piezo2epKO mice) survive [3], allowing for interrogation of 

Piezo2 function in nodose ganglion neurons. Piezo2epKO mice fail to display both vagal 

afferent responses to airway stretch across a range of stimulus intensities (Figure 1B), as 

well as the HB reflex. Furthermore, conditional ablation of Piezo2 in adult animals using a 

tamoxifen-inducible Cre driver line diminishes airway stretch-evoked nerve responses and 

respiratory reflexes, suggesting that Piezo2 functions directly in stretch sensation rather than 

in afferent neuron development [3]. Intriguingly, human patients with loss of Piezo2 function 

can survive, but display a spectrum of dramatic physiological impairments that includes 

respiratory complications during infancy [37]. Taken together, these findings indicate a key 

role for Piezo2 in neurons that sense airway stretch. Piezo2epKO mice should allow for a 

better understanding of the role of lung volume sensing in health and disease.

Stomach stretch

During a meal, the stomach expands to accommodate ingested food and drink. Neurons 

sense increases in stomach volume, and trigger neural circuits that inhibit feeding behavior 

and promote digestion [38]. Small increases in stomach volume evoke the sensation of 

satiety or fullness, while larger increases in stomach volume evoke distinct sensations of 

nausea and pain [39]. The stomach consists of discrete anatomical regions, with stretch-

induced meal accommodation occurring primarily in the forestomach or fundus (Figure 2). It 

is conceivable that pharmacological strategies to stimulate or enhance stomach stretch 

responses will become available once the underlying sensory transduction mechanism is 

understood at a molecular level, possibly providing much-needed therapeutic approaches to 

curb appetite [40].

The stomach receives dense innervation from vagal, DRG, and enteric neurons [41]. The 

vagus nerve is thought to mediate responses to stomach stretch associated with fullness, as 

surgical vagotomy below the diaphragm blocks fullness from gastric distension [42, 43]; 

DRG neurons also detect stomach stretch [44, 45], but their role in perception and behavior 

is less clear. Vagal afferents respond to stomach stretch and tension in a graded manner with 

thresholds that correspond to volume changes that occur during a meal, and with little or no 

adaptation [46, 47]. Vagal afferents display at least three types of terminal morphologies 

within the stomach: intraganglionic laminar endings (IGLEs), intramuscular arrays (IMAs) 

and mucosal endings (Figure 2) [41]. IGLEs are located near mechanosensory hotspots in 

the stomach [48], where they appose enteric ganglia between layers of stomach muscle [49]. 

Genetic approaches revealed that vagal afferent subtypes containing GLP1R (in GlpIr-ires-
Cre mice) both respond to stomach stretch and form IGLE terminals (Figure 2), directly 

linking neuron response properties and anatomy [22]. IGLE terminals are observed not just 

in the stomach but also in the esophagus (vagal), proximal small intestine (vagal), and colon 
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(DRG) [41, 50]. IMAs appear as long, parallel fibers within a muscle layer, resembling 

muscle spindle afferents, and are closely associated with interstitial cells of Cajal [51]; 

however, methods for selective interrogation of IMAs are lacking, and a mechanosensory 

role for IMAs has not been experimentally demonstrated [52].

IGLEs are proposed to be intrinsically mechanosensitive based on response kinetics, as 

stretch evokes fast responses that occur within 6 milliseconds and persist in calcium- free 

media [53]. However, this short latency does not strictly preclude synaptic transmission, 

which can occur on faster time scales at some synapses. It also remains unclear why IGLEs 

form such intimate contacts with enteric neurons. IGLE architecture in colon (from DRG 

neurons) can be disrupted in mutant mice that lack enteric ganglia, yet these extrinsic 

neurons still retain some stretch sensitivity [54], suggesting that mechanosensation does not 

require a stereotyped structure within an IGLE. Instead, electron microscopy of IGLE 

terminals within esophagus suggested that extrinsic sensory afferents are presynaptic to 

enteric neurons [55], although functional evidence for sensory neuron to enteric neuron 

communication within IGLEs has not been demonstrated. Together, these findings raise the 

possibility of a model where IGLE- forming extrinsic afferents are intrinsically 

mechanosensitive, relay inputs to the brain to control behavior, and communicate within 

IGLEs to enteric neurons, perhaps for local control of gut motility and/or digestion. Other 

possible models are that IGLE-forming extrinsic neurons are second-order to other primary 

mechanosensory cells, or that both extrinsic neurons and enteric neurons are intrinsically 

mechanosensitive.

The molecular mechanism by which IGLEs sense stomach stretch is unknown. 

Pharmacological studies indicated that high concentrations of benzamil (100 μΜ), an 

inhibitor of ENaC/ASIC channels (but also other ion channels at this concentration), blocked 

mechanical responses in an ex-vivo esophagus preparation rich in IGLE terminals [53], 

ASIC channels are expressed by vagal sensory neurons, although IGLE mechanical 

responses persist in individual ASIC knockout mice [56], Stomach stretch responses were 

reduced but not eliminated in ASIC2 and ASIC3 knockout mice, but increased in ASIC1 

knockout mice [56], The residual mechanosensory responses in ASIC knockout mice 

suggest that either ASICs are redundant, or that there is another principal mechanosensor. 

Piezo2 has also been proposed to function as a mechanoreceptor in tissue culture cells 

derived from enterochromaffin cells [57], but an in vivo role for Piezo2 in gastrointestinal 

stretch sensation has not been shown.

Glp1r-ires-Cre mice enable genetic tagging of stomach-stretch responsive neurons for direct 

analysis of peripheral and central neuron anatomy, physiological function (e.g., by 

optogenetics), conduction velocity, neuromodulation, gene expression, and other properties 

[22]. GLP1R neurons additionally account for intestine stretch-responsive IGLEs, as well as 

some other neuron types. Cellular imaging and optogenetics-assisted conduction velocity 

measurements revealed that vagal GLP1R neurons are predominantly capsaicin-sensitive, 

slow-conducting C fibers [22]. In vivo calcium imaging within vagal ganglia indicated that 

17% of vagal sensory neurons respond to stomach stretch, and that 81 % of stomach stretch-

responsive neurons contain GLP1R [22].
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In vagal afferents, GLP1R is frequently co-expressed with several other receptors for gut 

hormones including cholecystokinin (CCK) and peptide YY (PYY) [22]. GLP-1, CCK, and 

PYY are all satiety hormones, and GLP-1 is a powerful incretin used in the clinic to promote 

insulin release in diabetic patients [58]. These and other feeding-control hormones such as 

ghrelin and leptin have been proposed to modulate stomach stretch responses [59, 60], 

perhaps providing integration of mechanical and chemical signals. CCK, GLP1, and other 

gut hormones activate distinct intracellular signaling pathways, and additional studies are 

needed to understand the consequences of activating these various pathways in stomach 

stretch sensors. Of gut hormones analyzed, CCK is sufficient to stimulate stomach stretch-

responsive afferents in vitro [22, 61, 62]. Yet, intestinal nutrients, which promote CCK 

release, do not activate gastric mechanoreceptors in vivo, as calcium imaging of vagal 

ganglia revealed that gastric mechanoreceptors and intestinal chemoreceptors are distinct 

cell populations [22]. Perhaps in vivo, CCK provides subthreshold sensitization of 

mechanoreceptors to promote satiety signaling when physiologically appropriate, such as 

during a meal.

Stomach stretch sensors activate neural circuits that reduce appetite and control digestive 

physiology. Genetically guided anatomical mapping approaches revealed that vagal GLP1R 

neurons project to a discrete brainstem region in the medial NTS and adjacent area postrema 

[22]. Furthermore, neurons intrinsic to this region express the immediate early gene cFos 

after gastric distension [63]. The projection domain of stomach stretch-responsive neurons is 

distinct from NTS regions that receive airway input, consistent with a topographic map in 

the brainstem for visceral input [17, 20, 22, 64]. cFos induction in the NTS increases with 

the extent of gastric distension [63], and similarly located neurons also express cFos 

following exposure to nutrients, leptin, or nausea-inducing chemicals [65, 66]. Additional 

studies are needed to understand whether the NTS differentially represents satiety and 

nausea through discrete neural pathways, or through changing activity patterns in a ‘labeled 

line’ constituted by the same neurons. Future studies are needed to understand how 

information about gastric distension is routed to control behavior, presumably by altering 

activity in appetite- control neurons of the hypothalamic arcuate nucleus [67] and/or 

aversion-promoting neurons in the parabrachial nucleus [68].

Bladder stretch

Neurons that sense bladder volume are essential for proper control of micturition (urination) 

[69–73]. The bladder is a hollow organ that fills slowly and progressively with urine, and 

increasing bladder volume (and thereby stretch) promotes the drive to urinate. In humans, 

bladder pressures of 5–15 mmHg elicit the sensation of bladder fullness, 20–25 mmHg 

induce urgency, and 30 mmHg evoke pain [72]. Inappropriate bladder control can be 

common in the young and old, and dysfunction of neural circuits that control the bladder can 

cause medical problems such as uncontrollable urination (incontinence).

Bladder sensory neurons detect bladder stretch, and relay this information to brainstem 

regions that drive micturition [74]. Bladder sensory neuron soma reside in lumbar and sacral 

DRG, rather than vagal ganglia, and access the bladder through the hypogastric, pelvic, and 

pudendal nerves [74, 75]. Sensory input from the bladder is transmitted through the spinal 
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cord, triggering both local spinal reflexes and ascending input to the brainstem [74]. Low 

levels of bladder stretch trigger spinal cord circuits that activate a sympathetic response 

resulting in bladder accommodation [74]. Increasing bladder stretch blocks sympathetic 

responses, and promotes micturition drive primarily through ascending input to two key 

brainstem regions: the periaqueductal gray (PAG) and the pontine micturition center (PMC) 

[74, 76, 77]. Together, the PAG and PMC form a bistable system that switches between 

‘guarding’ when the bladder fills with continence and ‘voiding’ [74]. Many brain regions 

provide input to the PAG and PMC, allowing for integration of bladder volume information 

with forebrain circuits relevant for voluntary induction or restraint of micturition [78]. For 

example, when the bladder is in a low- volume state, forebrain circuits can suppress 

micturition until a socially appropriate opportunity arises [74], or promote micturition in 

animals that use urinary scent marks for pheromone-based social communication [79]. High 

bladder volumes can override forebrain circuits, leading to uncontrollable and reflexive 

micturition.

The PMC is a command center that communicates with motor efferent pathways to the 

urinary tract, and bilateral PMC lesions impair micturition [80]. Single unit recordings 

revealed that activity in most PMC neurons (70–80%) is tightly linked to motor function, 

including ‘direct neurons’ that fire before and during reflexive bladder contractions, and 

‘inverse neurons’ that fire between bladder contractions [81, 82]. PMC direct neurons 

express CRH and glutamate, and optogenetic activation of direct neurons promotes 

micturition, while genetically silencing them suppresses micturition [83]. PMC direct 

neurons initiate voiding through descending motor programs that contract bladder smooth 

muscle and relax the urethral sphincter.

Volume sensing in the bladder is essential for the voiding reflex, but underlying mechanisms 

are incompletely understood [69–73]. Anatomically, the interior bladder surface consists of 

an epithelial layer termed the urothelium (Figure 3). The urothelium forms a tightly sealed 

barrier to confine bladder contents, but also functions as a sensory structure [84]. 

Specialized ‘umbrella cells’ constitute the urothelium surface; as bladder volume increases, 

umbrella cells change shape dramatically - like an opening umbrella - to accommodate 

volume increases by expanding epithelial surface area. Basally, the basement membrane of 

the urothelium is penetrated by sensory afferents, with particularly dense innervation in 

bladder regions near the urethral opening. Sensory neurons that terminate near the basal 

urothelium include those that sense bladder stretch; other bladder sensory neurons are 

urethral mechanoreceptors, innervate the vasculature, form antenna-like endings in muscle, 

and function as nociceptors [71,85].

Bladder distension activates urothelium-innervating A-delta fibers in a graded manner, with 

response thresholds of 5–15 mmHg similar to sensation thresholds [86]. Neurons with low 

and high response thresholds are reported [87], suggesting that increases in bladder volume 

evoke variable perceptions (from filling to discomfort to pain) by activating additional 

classes of sensory neurons. Neurons with low-threshold and high- threshold responses would 

presumably evoke distinct sensations by coupling to different higher-order neural circuits. 

An alternative model is that stretch-responsive neurons collectively function as a rheostat, 

with increasing signal intensity across the sensory neuron repertoire differentially read by 
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central neural circuits to increase micturition drive and change evoked perception. Separate 

from A fibers, slow- conducting C-fibers display high threshold responses or are silent 

during bladder stretch, but can be sensitized by chemical modulators that may enhance 

mechanical responses during injury or inflammation [74].

Sensory neurons that respond to bladder stretch may be first-order neurons intrinsically 

sensitive to force and/or second-order neurons that receive input from urothelial stretch 

sensors. Stretch responses persist in some but not all bladder sensory neurons after surgical 

removal of the urothelium, or (in some studies), in low-calcium conditions where synaptic 

release is reduced [88]. These findings suggest that at least some neurons do not require 

urothelial input to fire but may instead be intrinsically mechanosensitive. Pharmacological 

studies revealed that these neurons, like esophageal IGLEs, are sensitive to high 

concentrations of benzamil, but not to blockers of other candidate mechanoreceptors [88]. 

However, the identity of mechanoreceptors utilized by afferent nerves remains unclear.

Bladder stretch also triggers mechanical responses in the urothelium, leading to release of 

chemical transmitters that can activate afferent nerves. For example, stretch promotes a 10- 

to 50-fold increase in ATP release from the urothelium [89, 90], with a response threshold of 

~4 mmHg and a response magnitude that correlates with the extent of stretch [91]. ATP 

applied in vitro activates bladder afferents through the ionotropic ATP receptors P2X2 and 

P2X3 [92]. It is difficult to quantify ATP levels in vivo near afferent terminals, and 

pharmacological studies have produced conflicting results about the role of purinergic 

receptors in physiological stretch sensation [88, 93]. Knockout of P2X2 and P2X3 in mice 

alters bladder function, increasing bladder capacity and decreasing voiding frequency [92]. 

ATP-mediated control of bladder accommodation may involve purinergic receptor-

dependent mobilization of vesicular trafficking in umbrella cells to change bladder surface 

area [94]. Afferent nerve responses to bladder stretch persist in P2X2/P2X3 double 

knockouts [92], suggesting another redundant or dominant mechanosensory pathway; the 

administered volume that triggers a threshold nerve response is increased [92], but this effect 

may be explained by altered bladder accommodation. Notably, ATP release is further 

enhanced following injury and inflammation, and perhaps purinergic signaling sensitizes 

stretch responses during these conditions to decrease accommodation and promote early 

voiding [95, 96]. Adding complexity, ATP is just one of many factors that influences bladder 

afferent activity, with roles for nitric oxide, acetylcholine, prostaglandins, and peptide 

hormones also reported [71, 97, 98].

Mechanoreceptors that sense force in the urothelium, like those in bladder sensory afferents, 

are unknown. Several candidates have been proposed, including channels of the ENaC, TRP, 

and Piezo families [88, 99, 100]. The TRPV4 ion channel is a candidate to contribute to 

stretch-evoked responses in the urothelium, where it is abundantly expressed [99]. TRPV4 

agonism promotes calcium increases in bladder urothelium and ATP release, and TRPV4 

knockout mice display incontinence-like behavior with reduced (but not eliminated) calcium 

mobilization and ATP release in bladder urothelium after stretch [99, 101, 102]. TRPV4 can 

be gated by osmolarity changes, heat, chemical agonists, and other stimuli [103], but its 

precise biochemical function in urothelial cells requires elucidation. More generally, 

additional studies are essential to understand the primary force-sensing apparatus in the 
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bladder that ultimately results in afferent nerve activity. Understanding mechanisms of 

bladder stretch sensation may offer new ways to treat bladder dysfunction.

Concluding Remarks

Many internal organs change volume dynamically while they temporarily fill with food 

(stomach), urine (bladder), blood (heart), and air (lungs). Dedicated sensory neurons monitor 

the volumetric state of internal organs- as reflected by tissue stretch or pressure - to help 

control basic physiological functions such as breathing, heart rate regulation, digestion, 

micturition, and feeding behavior.

Much remains to be discovered about how different mechanosensory neurons sense forces 

associated with internal organ stretch (see ‘Outstanding Questions’). Extrinsic afferents in 

stomach and bladder display intimate but poorly understood contacts with local cells: enteric 

neurons and urothelial cells respectively. It remains unclear also which cell types first sense 

force in the bladder and stomach to initiate afferent signals to the brain, and what sensory 

receptors they utilize. Airway sensory neurons that mediate the HB reflex are first-order 

mechanoreceptors and utilize Piezo2, but additional studies are needed to understand the 

architecture of force-sensing terminals in the airways. Extrinsic sensory neurons are also 

sensitive to various hormones, including CCK (stomach), GLP1 (stomach), and ATP 

(bladder, stomach, airways) and hormones may sensitize sensory responses, modulate 

presynaptic neurotransmitter release, or evoke other cellular responses. Additional work is 

required to understand hormone-activated signaling pathways in sensory neurons, and the 

consequences on physiology and behavior. Furthermore, while this Review focused on some 

of the best studied systems and pathways, less is known about other mechanosensors, such 

as DRG neurons in the stomach and RARs in the airways, as well as stretch sensing 

mechanisms in other organs such as the heart and intestine.

Available evidence appears to indicate a high degree of sensory neuron specialization across 

organ systems, with sensory neurons in each organ displaying many unique features (Table 

1). Low-threshold gastric and airway distension activates vagal afferents, while bladder 

stretch activates DRG afferents. Airway stretch sensors, and likely gastric stretch sensors, 

are intrinsic first-order mechanosensors, while bladder afferents may function as primary or 

secondary neurons during normal bladder filling. IGLE terminals near enteric neurons sense 

forces throughout the alimentary canal, including in the esophagus, stomach, duodenum, and 

colon. Force in the bladder is sensed in the urothelium by epithelial cells and/or by free 

sensory endings, while force in the airways may involve endings in smooth muscle [31]. 

Together, these findings indicate that bladder, stomach, and airway stretch sensors can 

display at least some variations related to neuron morphology, response properties, receptor 

utilization, and neuromodulation.

Some common features of sensory perception across different organs are also apparent. For 

example, changing stimulus intensity can alter perception, with high- magnitude distension 

of both stomach and bladder evoking discomfort and pain. It is unclear how such volume 

increases are functionally coded by afferent network activity. Perhaps high organ volumes 

shift perceptions by recruiting high-threshold mechanoreceptors with different central 
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connectivity. Alternatively, activity across the sensory neuron repertoire may be integrated to 

measure the extent of volume filling. Different strategies for intensity coding are used by 

other sensory systems. In the olfactory system, increasing odor concentration can recruit 

separate low-affinity olfactory receptors that may change odor perception [104]. In the 

gustatory system, however, sensors for bitter and sweet (but not salt) are more homogenous, 

with variable signal intensity likely encoded within a single labeled line rather than by 

discrete low- and high-threshold sensing pathways [105].

Why have unique sensory mechanisms evolved in each organ for stretch sensation? A 

comparative analysis of primary force-sensing receptors may provide insights into how 

evolution independently solved related problems in mechanosensation. Piezo2 is a 

mechanically gated ion channel essential for airway stretch sensation [3], and we await a 

similar characterization of stretch sensing receptors and pathways in the bladder, stomach, 

and other internal organs like the esophagus, intestine, heart, and vasculature. The 

availability of powerful genetic approaches for cell type-selective gene manipulation should 

enable definitive loss-of-function studies for receptor identification. Understanding basic 

principles of stretch sensation across organs should enable new ways to treat dysfunctions of 

the autonomic nervous system.

Acknowledgements

We thank Bernardo Sabatini, Sara Prescott, and Chen Ran for comments. Support was from NIH grants DP1 
AT009497 (SDL), R01 DK103703 (SDL), 5F31 HL132645 (BDU), and an HHMI Faculty Scholars Award (SDL).

References

1. Abraira VE and Ginty DD (2013) The sensory neurons of touch. Neuron 79 (4), 618–39. [PubMed: 
23972592] 

2. Ranade SS et al. (2015) Mechanically Activated Ion Channels. Neuron 87 (6), 1162–1179. 
[PubMed: 26402601] 

3. Nonomura K et al. (2017) Piezo2 senses airway stretch and mediates lung inflation-induced apnoea. 
Nature 541 (7636), 176–181. [PubMed: 28002412] 

4. Hering E and Breuer J (1868) Die Selbststeuerung der Athmung durch den Nervus vagus. 
Sitzungsber Akad. Wiss. Wien 57, 672–677.

5. Anrep GV et al. (1936) Respiratory variations of the heart rate. Proceedings of the Royal Society B 
119, 191–213.

6. Bainbridge FA (1920) The relation between respiration and the pulse-rate. J Physiol 54 (3), 192–
202. [PubMed: 16993458] 

7. De Burgh Daly M et al. (1967) The reflex effects of alterations in lung volume on systemic vascular 
resistance in the dog. J Physiol 188 (3), 331–51. [PubMed: 6032204] 

8. Coleridge HM et al. (1978) II. Effect of CO2 on afferent vagal endings in the canine lung. Respir 
Physiol 34 (1), 135–51. [PubMed: 705075] 

9. Carr MJ and Undem BJ (2003) Bronchopulmonary afferent nerves. Respirology 8 (3), 291–301. 
[PubMed: 14528878] 

10. Coleridge HM and Coleridge JC (1994) Pulmonary reflexes: neural mechanisms of pulmonary 
defense. Annu Rev Physiol 56, 69–91. [PubMed: 8010756] 

11. Coleridge HM and Coleridge JC (2011) Reflexes evoked from tracheobronchial tree and lungs. 
Comprehensive Physiology, 395–429.

12. Mazzone SB and Undem BJ (2016) Vagal Afferent Innervation of the Airways in Health and 
Disease. Physiol Rev 96 (3), 975–1024. [PubMed: 27279650] 

Umans and Liberles Page 10

Trends Neurosci. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Schelegle ES and Green JF (2001) An overview of the anatomy and physiology of slowly adapting 
pulmonary stretch receptors. Respir Physiol 125 (1–2), 17–31. [PubMed: 11240150] 

14. Widdicombe J (2001) Airway receptors. Respir Physiol 125 (1–2), 3–15. [PubMed: 11240149] 

15. Widdicombe J (2006) Reflexes from the lungs and airways: historical perspective. J Appl Physiol 
(1985) 101 (2), 628–34. [PubMed: 16601307] 

16. Yu J (2005) Airway mechanosensors. Respir Physiol Neurobiol 148 (3), 217–43. [PubMed: 
16143281] 

17. Chang RB et al. (2015) Vagal Sensory Neuron Subtypes that Differentially Control Breathing. Cell 
161 (3), 622–33. [PubMed: 25892222] 

18. Driessen AK et al. (2015) The Role of the Paratrigeminal Nucleus in Vagal Afferent Evoked 
Respiratory Reflexes: A Neuroanatomical and Functional Study in Guinea Pigs. Front Physiol 6, 
378. [PubMed: 26733874] 

19. McGovern AE et al. (2015) Distinct brainstem and forebrain circuits receiving tracheal sensory 
neuron inputs revealed using a novel conditional anterograde transsynaptic viral tracing system. J 
Neurosci 35 (18), 7041–55. [PubMed: 25948256] 

20. Kubin L et al. (2006) Central pathways of pulmonary and lower airway vagal afferents. J Appl 
Physiol (1985) 101 (2), 618–27. [PubMed: 16645192] 

21. Knowlton GC and Larrabee MG (1946) A unitary analysis of pulmonary volume receptors. Am J 
Physiol 147, 100–14. [PubMed: 21000728] 

22. Williams EK et al. (2016) Sensory Neurons that Detect Stretch and Nutrients in the Digestive 
System. Cell 166 (1), 209–21. [PubMed: 27238020] 

23. Adrian ED (1933) Afferent impulses in the vagus and their effect on respiration. J Physiol 79 (3), 
332–58. [PubMed: 16994466] 

24. Karlsson JA et al. (1988) Afferent neural pathways in cough and reflex bronchoconstriction. J Appl 
Physiol (1985) 65 (3), 1007–23. [PubMed: 3053580] 

25. Lai CJ and Kou YR (1998) Stimulation of pulmonary rapidly adapting receptors by inhaled wood 
smoke in rats. J Physiol 508 (Pt 2), 597–607. [PubMed: 9508820] 

26. Sellick H and Widdicombe JG (1971) Stimulation of lung irritant receptors by cigarette smoke, 
carbon dust, and histamine aerosol. J Appl Physiol 31 (1), 15–9. [PubMed: 5556953] 

27. Undem BJ et al. (2002) Physiology and plasticity of putative cough fibres in the Guinea pig. Pulm 
Pharmacol Ther 15 (3), 193–8. [PubMed: 12099763] 

28. Han L et al. (2018) Mrgprs on vagal sensory neurons contribute to bronchoconstriction and airway 
hyper-responsiveness. Nat Neurosci.

29. Baral P et al. (2018) Nociceptor sensory neurons suppress neutrophil and gamma delta T cell 
responses in bacterial lung infections and lethal pneuomonia. Nature Medicine in press.

30. Coleridge HM et al. (1983) Rapid shallow breathing evoked by selective stimulation of airway C 
fibres in dogs. J Physiol 340, 415–33. [PubMed: 6887055] 

31. Bartlett D, Jr. et al. (1976) Location of stretch receptors in the trachea and bronchi of the dog. J 
Physiol 258 (2), 409–20. [PubMed: 957165] 

32. Lembrechts R et al. (2012) Neuroepithelial bodies as mechanotransducers in the intrapulmonary 
airway epithelium: involvement of TRPC5. Am J Respir Cell Mol Biol 47 (3), 315–23. [PubMed: 
22461428] 

33. Murthy SE et al. (2017) Piezos thrive under pressure: mechanically activated ion channels in health 
and disease. Nat Rev Mol Cell Biol 18 (12), 771–783. [PubMed: 28974772] 

34. Guo YR and MacKinnon R (2017) Structure-based membrane dome mechanism for Piezo 
mechanosensitivity. Elife 6.

35. Saotome K et al. (2017) Structure of the mechanically activated ion channel Piezo1. Nature.

36. Coste B et al. (2010) Piezo1 and Piezo2 are essential components of distinct mechanically 
activated cation channels. Science 330 (6000), 55–60. [PubMed: 20813920] 

37. Chesler AT et al. (2016) The Role of PIEZO2 in Human Mechanosensation. N Engl J Med 375 
(14), 1355–1364. [PubMed: 27653382] 

38. Powley TL and Phillips RJ (2004) Gastric satiation is volumetric, intestinal satiation is nutritive. 
Physiol Behav 82 (1), 69–74. [PubMed: 15234593] 

Umans and Liberles Page 11

Trends Neurosci. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



39. Feinle C et al. (1997) Effects of duodenal nutrients on sensory and motor responses of the human 
stomach to distension. Am J Physiol 273 (3 Pt 1), G721–6. [PubMed: 9316477] 

40. Ponce J et al. (2015) The REDUCE pivotal trial: a prospective, randomized controlled pivotal trial 
of a dual intragastric balloon for the treatment of obesity. Surg Obes Relat Dis 11 (4), 874–81. 
[PubMed: 25868829] 

41. Brookes SJ et al. (2013) Extrinsic primary afferent signalling in the gut. Nat Rev Gastroenterol 
Hepatol 10 (5), 286–96. [PubMed: 23438947] 

42. Gonzalez MF and Deutsch JA (1981) Vagotomy abolishes cues of satiety produced by gastric 
distension. Science 212 (4500), 1283–4. [PubMed: 7233218] 

43. Phillips RJ and Powley TL (1998) Gastric volume detection after selective vagotomies in rats. Am 
J Physiol 274 (6 Pt 2), R1626–38. [PubMed: 9608017] 

44. Qin C et al. (2007) Duodenal afferent input converges onto T9-T10 spinal neurons responding to 
gastric distension in rats. Brain Res 1186, 180–7. [PubMed: 17997398] 

45. Traub RJ et al. (1996) Differential c-fos expression in the nucleus of the solitary tract and spinal 
cord following noxious gastric distention in the rat. Neuroscience 74 (3), 873–84. [PubMed: 
8884783] 

46. Iggo A (1957) Gastro-intestinal tension receptors with unmyelinated afferent fibres in the vagus of 
the cat. Q J Exp Physiol Cogn Med Sci 42 (1), 130–43. [PubMed: 13485363] 

47. Paintal AS (1954) A study of gastric stretch receptors; their role in the peripheral mechanism of 
satiation of hunger and thirst. J Physiol 126 (2), 255–70. [PubMed: 13222282] 

48. Zagorodnyuk VP et al. (2001) Intraganglionic laminar endings are mechano-transduction sites of 
vagal tension receptors in the guinea-pig stomach. J Physiol 534 (Pt 1), 255–68. [PubMed: 
11433006] 

49. Rodrigo J et al. (1975) Vegetative innervation of the esophagus. II. Intraganglionic laminar 
endings. Acta Anat (Basel) 92 (1), 79–100. [PubMed: 1163197] 

50. Berthoud HR et al. (1997) Distribution and structure of vagal afferent intraganglionic laminar 
endings (IGLEs) in the rat gastrointestinal tract. Anat Embryol (Berl) 195 (2), 183–91. [PubMed: 
9045988] 

51. Powley TL and Phillips RJ (2011) Vagal intramuscular array afferents form complexes with 
interstitial cells of Cajal in gastrointestinal smooth muscle: analogues of muscle spindle organs? 
Neuroscience 186, 188–200. [PubMed: 21530617] 

52. Phillips RJ and Powley TL (2000) Tension and stretch receptors in gastrointestinal smooth muscle: 
re-evaluating vagal mechanoreceptor electrophysiology. Brain Res Brain Res Rev 34 (1–2), 1–26. 
[PubMed: 11086184] 

53. Zagorodnyuk VP et al. (2003) Mechanotransduction by intraganglionic laminar endings of vagal 
tension receptors in the guinea-pig oesophagus. J Physiol 553 (Pt 2), 575–87. [PubMed: 
14500769] 

54. Spencer NJ et al. (2008) Identification of functional intramuscular rectal mechanoreceptors in 
aganglionic rectal smooth muscle from piebald lethal mice. Am J Physiol Gastrointest Liver 
Physiol 294 (4), G855–67. [PubMed: 18218672] 

55. Neuhuber WL (1987) Sensory vagal innervation of the rat esophagus and cardia: a light and 
electron microscopic anterograde tracing study. J Auton Nerv Syst 20 (3), 243–55. [PubMed: 
3693803] 

56. Page AJ et al. (2005) Different contributions of ASIC channels 1a, 2, and 3 in gastrointestinal 
mechanosensory function. Gut 54 (10), 1408–15. [PubMed: 15987792] 

57. Wang F et al. (2017) Mechanosensitive ion channel Piezo2 is important for enterochromaffin cell 
response to mechanical forces. J Physiol 595 (1), 79–91. [PubMed: 27392819] 

58. Chambers AP et al. (2013) Integration of satiety signals by the central nervous system. Curr Biol 
23 (9), R379–88. [PubMed: 23660361] 

59. Li Y et al. (2011) Low-affinity CCK-A receptors are coexpressed with leptin receptors in rat 
nodose ganglia: implications for leptin as a regulator of short-term satiety. Am J Physiol 
Gastrointest Liver Physiol 300 (2), G217–27. [PubMed: 21109591] 

60. Page AJ et al. (2007) Ghrelin selectively reduces mechanosensitivity of upper gastrointestinal vagal 
afferents. Am J Physiol Gastrointest Liver Physiol 292 (5), G1376–84. [PubMed: 17290011] 

Umans and Liberles Page 12

Trends Neurosci. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



61. Blackshaw LA and Grundy D (1990) Effects of cholecystokinin (CCK-8) on two classes of 
gastroduodenal vagal afferent fibre. J Auton Nerv Syst 31 (3), 191–201. [PubMed: 2084184] 

62. Schwartz GJ et al. (1991) Integration of vagal afferent responses to gastric loads and 
cholecystokinin in rats. Am J Physiol 261 (1 Pt 2), R64–9. [PubMed: 1858957] 

63. Willing AE and Berthoud HR (1997) Gastric distension-induced c-fos expression in 
catecholaminergic neurons of rat dorsal vagal complex. Am J Physiol 272 (1 Pt 2), R59–67. 
[PubMed: 9038991] 

64. Altschuler SM et al. (1989) Viscerotopic representation of the upper alimentary tract in the rat: 
sensory ganglia and nuclei of the solitary and spinal trigeminal tracts. J Comp Neurol 283 (2), 
248–68. [PubMed: 2738198] 

65. Monnikes H et al. (1997) Pathways of Fos expression in locus ceruleus, dorsal vagal complex, and 
PVN in response to intestinal lipid. Am J Physiol 273 (6 Pt 2), R2059–71. [PubMed: 9435662] 

66. Yamamoto T et al. (1992) C-fos expression in the rat brain after intraperitoneal injection of lithium 
chloride. Neuroreport 3 (12), 1049–52. [PubMed: 1337282] 

67. Sternson SM and Eiselt AK (2017) Three Pillars for the Neural Control of Appetite. Annu Rev 
Physiol 79, 401–423. [PubMed: 27912679] 

68. Carter ME et al. (2015) Parabrachial calcitonin gene-related peptide neurons mediate conditioned 
taste aversion. J Neurosci 35 (11), 4582–6. [PubMed: 25788675] 

69. Andersson KE (2002) Bladder activation: afferent mechanisms. Urology 59 (5 Suppl 1), 43–50. 
[PubMed: 12007522] 

70. Birder L and Andersson KE (2013) Urothelial signaling. Physiol Rev 93 (2), 653–80. [PubMed: 
23589830] 

71. Janssen DAW et al. (2017) Urothelium update: how the bladder mucosa measures bladder filling. 
Acta Physiol (Oxf) 220 (2), 201–217. [PubMed: 27804256] 

72. Merrill L et al. (2016) Receptors, channels, and signalling in the urothelial sensory system in the 
bladder. Nat Rev Urol 13 (4), 193–204. [PubMed: 26926246] 

73. Zagorodnyuk VP et al. (2010) Structure-function relationship of sensory endings in the gut and 
bladder. Auton Neurosci 153 (1–2), 3–11. [PubMed: 19682956] 

74. de Groat WC et al. (2015) Neural control of the lower urinary tract. Compr Physiol 5 (1), 327–96. 
[PubMed: 25589273] 

75. Keast JR and De Groat WC (1992) Segmental distribution and peptide content of primary afferent 
neurons innervating the urogenital organs and colon of male rats. J Comp Neurol 319 (4), 615–23. 
[PubMed: 1619047] 

76. Blok BF and Holstege G (2000) The pontine micturition center in rat receives direct lumbosacral 
input. An ultrastructural study. Neurosci Lett 282 (1–2), 29–32. [PubMed: 10713388] 

77. Ding YQ et al. (1997) Direct projections from the lumbosacral spinal cord to Barrington’s nucleus 
in the rat: a special reference to micturition reflex. J Comp Neurol 389 (1), 149–60. [PubMed: 
9390766] 

78. Valentino RJ et al. (1994) Evidence for widespread afferents to Barrington’s nucleus, a brainstem 
region rich in corticotropin-releasing hormone neurons. Neuroscience 62 (1), 125–43. [PubMed: 
7816195] 

79. Ferrero DM and Liberles SD (2010) The secret codes of mammalian scents. Wiley Interdiscip Rev 
Syst Biol Med 2 (1), 23–33. [PubMed: 20836008] 

80. F BFJ. (1925) The effect of lesions of the hind- and mid-brain on micturition in the cat. 
Experimental Physiology 15 (1), 81–102.

81. Bradley WE and Conway CJ (1966) Bladder representation in the pontine- mesencephalic reticular 
formation. Exp Neurol 16 (3), 237–49. [PubMed: 5928979] 

82. Sasaki M (2005) Properties of Barrington’s neurones in cats: units that fire inversely with 
micturition contraction. Brain Res 1033 (1), 41–50. [PubMed: 15680338] 

83. Hou XH et al. (2016) Central Control Circuit for Context-Dependent Micturition. Cell 167 (1), 73–
86 e12. [PubMed: 27662084] 

84. Khandelwal P et al. (2009) Cell biology and physiology of the uroepithelium. Am J Physiol Renal 
Physiol 297 (6), F1477–501. [PubMed: 19587142] 

Umans and Liberles Page 13

Trends Neurosci. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



85. Gabella G and Davis C (1998) Distribution of afferent axons in the bladder of rats. J Neurocytol 27 
(3), 141–55. [PubMed: 10640174] 

86. Habler HJ et al. (1993) Myelinated primary afferents of the sacral spinal cord responding to slow 
filling and distension of the cat urinary bladder. J Physiol 463, 449–60. [PubMed: 8246192] 

87. Xu L and Gebhart GF (2008) Characterization of mouse lumbar splanchnic and pelvic nerve 
urinary bladder mechanosensory afferents. J Neurophysiol 99 (1), 244–53. [PubMed: 18003875] 

88. Zagorodnyuk VP et al. (2009) Mechanotransduction and chemosensitivity of two major classes of 
bladder afferents with endings in the vicinity to the urothelium. J Physiol 587 (Pt 14), 3523–38. 
[PubMed: 19470774] 

89. Ferguson DR et al. (1997) ATP is released from rabbit urinary bladder epithelial cells by 
hydrostatic pressure changes--a possible sensory mechanism? J Physiol 505 ( Pt 2), 503–11. 
[PubMed: 9423189] 

90. Knight GE et al. (2002) ATP is released from guinea pig ureter epithelium on distension. Am J 
Physiol Renal Physiol 282 (2), F281–8. [PubMed: 11788442] 

91. Vlaskovska M et al. (2001) P2X3 knock-out mice reveal a major sensory role for urothelially 
released ATP. J Neurosci 21 (15), 5670–7. [PubMed: 11466438] 

92. Cockayne DA et al. (2005) P2X2 knockout mice and P2X2/P2X3 double knockout mice reveal a 
role for the P2X2 receptor subunit in mediating multiple sensory effects of ATP. J Physiol 567 (Pt 
2), 621–39. [PubMed: 15961431] 

93. Rong W et al. (2002) Activation and sensitisation of low and high threshold afferent fibres 
mediated by P2X receptors in the mouse urinary bladder. J Physiol 541 (Pt 2), 591–600. [PubMed: 
12042363] 

94. Wang EC et al. (2005) ATP and purinergic receptor-dependent membrane traffic in bladder 
umbrella cells. J Clin Invest 115 (9), 2412–22. [PubMed: 16110327] 

95. Sun Y et al. (2001) Augmented stretch activated adenosine triphosphate release from bladder 
uroepithelial cells in patients with interstitial cystitis. J Urol 166 (5), 1951–6. [PubMed: 11586266] 

96. Takezawa K et al. (2016) Authentic role of ATP signaling in micturition reflex. Sci Rep 6, 19585. 
[PubMed: 26795755] 

97. Birder LA et al. (1998) Adrenergic- and capsaicin-evoked nitric oxide release from urothelium and 
afferent nerves in urinary bladder. Am J Physiol 275 (2 Pt 2), F226–9. [PubMed: 9691011] 

98. Ishizuka O et al. (1995) Prostaglandin E2-induced bladder hyperactivity in normal, conscious rats: 
involvement of tachykinins? J Urol 153 (6), 2034–8. [PubMed: 7752389] 

99. Gevaert T et al. (2007) Deletion of the transient receptor potential cation channel TRPV4 impairs 
murine bladder voiding. J Clin Invest 117 (11), 3453–62. [PubMed: 17948126] 

100. Miyamoto T et al. (2014) Functional role for Piezo1 in stretch-evoked Ca(2)(+) influx and ATP 
release in urothelial cell cultures. J Biol Chem 289 (23), 16565–75. [PubMed: 24759099] 

101. Everaerts W et al. (2010) Inhibition of the cation channel TRPV4 improves bladder function in 
mice and rats with cyclophosphamide-induced cystitis. Proc Natl Acad Sci U S A 107 (44), 
19084–9. [PubMed: 20956320] 

102. Mochizuki T et al. (2009) The TRPV4 cation channel mediates stretch-evoked Ca2+ influx and 
ATP release in primary urothelial cell cultures. J Biol Chem 284 (32), 21257–64. [PubMed: 
19531473] 

103. Nilius B et al. (2004) TRPV4 calcium entry channel: a paradigm for gating diversity. Am J 
Physiol Cell Physiol 286 (2), C195–205. [PubMed: 14707014] 

104. Malnic B et al. (1999) Combinatorial receptor codes for odors. Cell 96 (5), 713–23. [PubMed: 
10089886] 

105. Yarmolinsky DA et al. (2009) Common sense about taste: from mammals to insects. Cell 139 (2), 
234–44. [PubMed: 19837029] 

Umans and Liberles Page 14

Trends Neurosci. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Outstanding questions

1. What receptors and pathways underlie sensation of stretch in the bladder, 

stomach, and other organs?

2. What is the location and architecture of primary force-sensing terminals in the 

airways and bladder?

3. What is the importance of interactions between afferent neurons and resident 

enteric neurons (stomach) and urothelial cells (bladder)?

4. How are mechanosensory neurons modulated by hormones and other 

extracellular signals (like GLP1, CCK, and ATP)?

5. How do DRG and enteric neurons contribute to internal organ sensation?

6. How do ascending sensory networks distinguish low-intensity and high-

intensity stretches, known to evoke different perceptions?

7. How do neural circuits route stomach stretch inputs to higher-order brain 

centers that control feeding and/or nausea?

8. What features of stretch sensation are common across sensory organs, and 

what are specialized?

9. Are sensory mechanisms conserved across evolution in species with different 

internal organ anatomy and function?
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Highlights

• Sensory neurons detect stretch of bladder, stomach, and airways to inform on 

organ volume and enable appropriate physiological and behavioral responses.

• Piezo2 mediates airway stretch sensation and the Hering-Breuer inspiratory 

reflex.

• Stomach stretch is sensed by IGLE terminals between layers of stomach 

muscle.

• Primary mechanoreceptors that underlie afferent nerve responses to bladder 

and stomach stretch sensation are unknown.
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Figure 1. Sensory innervation of the lungs.
(A) Vagal sensory neurons send afferent fibers to the lungs (red) as well as central 

projections to the anterolateral portion of the visceral NTS (dark blue), caudal to the 

gustatory NTS (light blue). Nodose ganglion- derived Piezo2 neurons sense airway stretch, 

although sensory terminal morphology awaits additional characterization. (B) Whole vagus 

nerve electrophysiological responses to airway stretch are lost in Piezo2epko mice. Adapted 

from [3] (C) Genetically guided anatomical mapping of vagal sensory afferents in a lobe of 

the mouse lung (scale bar = 1 mm), adapted from [6].
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Figure 2. Sensory innervation of the stomach.
(A) Patterns of vagal sensory neuron innervation in mouse stomach are drawn (magenta) 

based on observations from anatomical tracing experiments [22]. Vagal fibers enter along the 

esophagus and radiate over the stomach surface. A cross-section (parallelogram) of stomach 

tissue is depicted (bottom right), showing mucosal layers, and two orthogonal layers of 

stomach muscle. Enteric neurons of the myenteric plexus reside between muscle layers and 

are innervated by IGLEs. IMAs are found in each muscular layer in parallel with muscle and 

near interstitial cells of Cajal. The stomach also receives input from DRG sensory neurons, 

and additional vagal sensory neurons that access stomach mucosa (not shown). (B) A single 

vagal GLP1R neuron responds to stomach stretch, as measured by in vivo calcium imaging 

in vagal ganglia. Adapted from [22]. (C) Vagal GLP1R neurons form IGLE terminals, as 

visualized by genetically guided anatomical mapping (scale bar = 100 μm) [22]. Note the 

proximity of IGLE terminals (magenta) to enteric ganglia (gray).
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Figure 3. Sensory innervation of the bladder.
The bladder is innervated by three spinal nerves, with sensory neuron soma located in dorsal 

root ganglia from the sacral and lumbar spinal cord. The outer layers of the bladder include 

serosa and adventitial connective tissue surrounding three layers of smooth muscle, 

collectively named the detrusor muscle, arrayed in alternating orientations. The lamina 

propria contains vasculature and interstitial cells of Cajal, similar to the gastrointestinal tract. 

The mucosa consists of a transitional epithelium overlying a basement membrane, with 

umbrella cells facing the lumen to form an expandable membrane surface. Nerve terminals 

are particularly concentrated in the lamina propria and the basal layer of the urothelium. 

Afferent sensory neurons communicate locally within the spinal cord (red) and provide 

ascending input to the brainstem (blue). PAG: periaqueductal grey; PMC: pontine 

micturition center.
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Table 1.

Key features of sensory neurons that detect distension of the airways, stomach, and bladder.

Airways Stomach Bladder

Physiological
responses to stretch

apnea (HB reflex),
cardiovascular tone

satiety (medium),
digestion, pain (high)

accommodation (low),
micturition (medium),
pain (high)

Afferent nerve type vagal (HB reflex) vagus (satiety), spinal
(unknown function),
enteric (digestion)

spinal

Primary sensory cell extrinsic neuron proposed: extrinsic
neuron; role of enteric
neurons unknown

proposed: urothelial
cells and/or extrinsic
neuron

Anatomy of sensory
Terminal

proposed: terminals
near smooth muscle

IGLE terminals in
urothelium

Sensory neuron
modulators

proposed: respiratory
gases

gut hormones (e.g.
CCK)

inflammatory cues
(e.g. ATP)

Central targets NTS NTS dorsal spinal cord,
PAG, PMC

Primary stretch-
activated sensory
receptor for afferent
nerve signaling

Piezo2 ? ?
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