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Abstract

Understanding the locations of extrinsic sensory nerve endings in the 
gastrointestinal tract and their mechanisms of activation is essential 
to advancing our understanding of how communication along the 
gut–brain axis affects health and disease. The gastrointestinal tract 
detects diverse stimuli (chemical, mechanical and thermal signals) 
via two major types of primary afferent (sensory) nerves: vagal and 
spinal afferents. Viscerofugal neurons represent a third pathway that 
has been indirectly implicated in gut–brain signalling. These spinal 
and vagal afferents transmit sensory signals to the brain through 
distinct pathways, and although the origins of their nerve cell bodies 
are known, their nerve endings remain poorly understood. New 
evidence indicates that single dorsal root ganglia neurons can give 
rise to multiple different morphological types of endings within 
different gut layers, and that Piezo2 channels have a major role in 
detecting mechanosensory stimuli by gut-projecting spinal afferents. 
Morphological studies suggest that substances released from 
enteroendocrine cells can activate the terminals of vagal and spinal 
afferent endings within the mucosa through a paracrine mechanism. 
Here, we review the distinct spinal and vagal afferent types alongside 
viscerofugal pathways revealed by advances in neurogenetic 
techniques and high-resolution anterograde tracing, linking them 
to their physiological role in gut–brain communication.
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major challenge to discrimination and characterization of individual 
sensory neuronal populations. Thus, the locations and characteristics 
of the nerve cell bodies of vagal and spinal afferents that supply the gut 
are well characterized compared with their peripheral axons and termi-
nals, particularly spinal afferents. As molecular profiling and classifi-
cation of spinal and vagal afferents has moved ahead rapidly9–13, a lack 
of robust and high-resolution afferent-selective labelling techniques 
has hampered the study of their terminals, leading to a conspicuous 
weakness in our understanding of how and where sensory transduction 
take place in the gut wall — a critical component of interoception and 
gut–brain communication.

Previous studies applied non-selective neuronal tracing from 
peripheral nerves to the gut following ex vivo electrophysiological 
recording from the same nerves. This powerful approach enabled 
putative afferent nerve endings to be systematically correlated with 
electrophysiologically mapped mechanotransduction sites, including 
vagal and spinal intraganglionic laminar endings (IGLEs)14–16, and spinal 
vascular afferents17. However, non-selective labelling of both afferent 
and efferent axons presented an ongoing challenge to identification 
of only sensory endings, particularly in densely innervated areas.  
To achieve selective spinal afferent labelling, anterograde tracing from 
DRG was required. This had been demonstrated in larger animals18–20 
and was well established for vagal afferent tracing from rat and mouse 
nodose ganglia21,22. Thus, anterograde tracing from DRG using dextran 
biotin22,23 was developed as a survival surgery for the first selective, 
high-resolution labelling of spinal afferent endings in mice24,25 and 
now also in rats26. An unexpectedly complex array of ending types 
were revealed in mice25,27. Those identified include endings previously 
correlated with electrophysiological mapping (IGLEs and vascular 
afferents), as well as multiple ‘new’ types whose functional correlates 
are unknown. It is perhaps no coincidence that the previously unknown 
types of afferent endings are located in densely innervated regions (for 
example, myenteric plexus, submucosal plexus and circular muscle), 
with structures that are otherwise indistinguishable from intrinsic 
and extrinsic efferent nerves. Anterograde tracing has also shown 
the occurrence of multiple different morphological types of sensory 
endings arising from single-parent axons26,28,29, supporting similar 
observations in vagal afferents30,31, and whose functional implications 
remain unknown. Tracing from different spinal segments (for exam-
ple, thoracic compared with lumbosacral DRG) also uncovered major 
differences in diversity of spinal afferent endings across different gut 
regions (for example, stomach versus distal colon) and visceral organs 
(for example, uterus where only three distinct types of endings were 
identified32).

Transgenic reporter mice have been useful for both central and 
peripheral neuroscience by enabling live visualization of genetically 
defined neuronal populations. Reporter mice enable bulk labelling of 
nerve populations in peripheral organs, such as the gut. This process 
can help identify targets of entire neurochemical classes of neurons33, 
but high density labelling obscures fine morphological detail of nerve 
endings and makes it challenging to follow the trajectory of a single 
axon and identify the endings that arise from single primary afferent 
neurons. Many neurochemical markers also lack specificity, for exam-
ple, calcitonin gene-related peptide (CGRP) is expressed in vagal and 
spinal afferents and some enteric neurons, making uncertain the origin 
of labelled axons. Despite these challenges, the morphologically dis-
tinct vagal IGLEs34, and vagal mucosal endings, have been successfully 
identified by bulk labelling in transgenic reporter mice, whose origins 
are demonstrated by vagotomy35. Further advances have been driven 

Key points

	• Compared with the upper gastrointestinal tract (stomach and 
oesophagus), the distal colon and rectum exhibit the highest density 
and greatest morphological diversity of spinal afferent endings; 
however, little is known about those nerve endings in the distal small 
intestine, caecum and proximal colon.

	• Single multi-ending spinal afferents in the colon have been identified, 
giving rise to multiple morphological types of sensory endings across 
different gut layers.

	• A major class of spinal afferent endings, identified as intraganglionic 
varicose endings, has been found within myenteric ganglia of both 
the stomach and colon; spinal intraganglionic varicose endings might 
belong to multiple genetically distinct classes of afferent fibres.

	• Distinct populations of vagal intraganglionic laminar endings 
and mucosal afferents have been implicated in mediating satiety, 
oesophageal peristalsis and the motivational aspects of feeding 
behaviour.

	• Enteric viscerofugal neurons have been implicated in peripheral 
reflexes, including the ‘ileal brake’, which can affect feeding behaviour.

	• Enterochromaffin cells communicate with spinal and vagal afferent 
endings in the mucosa via paracrine signalling mechanisms.

Introduction
In vertebrate animals, two distinct sensory pathways have evolved to 
provide extensive extrinsic innervation of the gastrointestinal tract 
and other internal organs — the spinal and vagal afferent nerves. These 
nerves are capable of detecting various sensory modalities within the 
gut and follow distinct anatomical pathways into the central nervous 
system (CNS)1–4. Although spinal afferent neurons first send sensory 
signals into the spinal cord and then brain, vagal afferent neurons send 
their sensory signals directly into the brainstem, bypassing the spi-
nal cord (Fig. 1). Nerve cell bodies of spinal and vagal afferents lie in 
the peripheral nervous system, within dorsal root ganglia (DRG) and 
nodose/jugular ganglia, respectively. Both pathways are formed by 
pseudounipolar neurons whose axons bifurcate, projecting at one end 
into the CNS and into the gut at the other. Together, these spinal and 
vagal pathways account for the great majority of afferent gut–brain 
communication. Although this Review focuses on the fundamental 
anatomical and functional characteristics of the sensory endings in 
the gut arising from these two afferent pathways, it is noteworthy 
that gut–brain interactions, often in combination with the gut micro-
bial environment, have garnered substantial attention owing to their 
roles in cognitive–emotional functions such as anxiety, depression, 
motivation and memory, as well as neurodegenerative conditions and 
ageing5–8. This aspect underscores the broader importance of gut–brain 
pathways beyond gut-related functions and sensation. Additionally, 
a third neuronal pathway, formed by enteric viscerofugal neurons 
(VFNs), has been implicated in gut–brain signalling and is described 
separately later.

The gut is a nexus of enteric, sympathetic and parasympathetic 
neurons, in addition to spinal and vagal afferent nerves, presenting a 
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by refinements including intersectional genetic labelling, viral trans-
duction of sensory ganglia and sparse labelling through controlled 
induction of recombinase36–39.

Identification of sensory nerve terminals is a major focus of this 
Review, but this aspect represents one of many ways to describe and 
classify sensory neurons. Sensory nerve terminals correlate with spe-
cific molecular profiles, sensory and physiological functions. The pro-
cess of determining these correlations represents a more incomplete 
and larger task that is currently underway to understand gut–brain 
communication. However, extensive studies combining novel molecu-
lar profiling, neuroanatomical and neurophysiological approaches 
have recently made important advances towards defining these correla-
tions among vagal afferents40. At present, vagal IGLEs are perhaps the 
most comprehensively understood type of sensory nerve ending in the 
gut. They have been extensively mapped along the gut and reconciled 
with their electrophysiological functional class with detailed studies 
of their mechanotransduction mechanisms14,15,41. Molecular profil-
ing reveals multiple IGLE subclasses and molecular targets, whereas 
neurogenetic manipulations suggest that IGLE populations control 
satiety and regulate oesophageal peristalsis39,40,42. Comparably little 
is understood of the other sensory nerve endings in the gut. Indeed, 
although gut spinal9 and vagal afferents13 have been classified into 
multiple groups based on molecular profiling, none among the spinal 
afferents is conclusively linked to a nerve ending type, highlighting 
a major knowledge gap in gut–brain pathways. Here, we survey the 
morphological types of extrinsic sensory neurons along the gut–brain 
axis, linking them where possible to their molecular characteristics and 
physiological functions. The VFNs are then also described, represent-
ing a unique enteric neuronal population now implicated in gut–brain 
interactions.

Spinal afferent nerve endings
Intraganglionic varicose endings
Spinal intraganglionic varicose endings (IGVEs) comprise varicose 
axons that traverse myenteric ganglia, often branching into multiple 
varicose axon terminal arbors that weave around myenteric neurons25. 
They represented ~17% of L6–S1 colonic spinal endings25 and 43% of 
T8–T12 gastric spinal afferent endings in the mouse27 (Fig. 2). T7–T11 
DRG in rat supply similar ‘ganglionic-type’ endings in stomach26. Phys-
iological importance of varicosities in IGVEs is currently not clear, 
although they might represent sites of increased sensory ion channel 
expression and/or release sites for CGRP or other substances to fulfil an 
efferent-type function. A similar type of afferent neurons in myenteric 
plexus are ‘internodal’ endings, comprising varicose axons such as 
IGVEs but are restricted to internodal strands without branching25,27. 
A population of IGVEs expresses the mechanosensor, Piezo2 (ref. 43), 
and these IGVEs seem to occur along the whole mouse gut from stomach 
to distal colon43.

IGVEs belong to multiple afferent types. First, most IGVEs con-
tained CGRP (66% of colonic lumbosacral IGVEs and >90% of gastric 
T8–T12 IGVEs)25,27. Secondly, single-parent axons possess multiple 
combinations of afferent structures, which include IGVEs, with or with-
out intramuscular endings, and submucosal and mucosal endings28,29 
(discussed further later). Finally, at least four genetically and physi-
ologically distinct spinal afferent populations in distal colon have 
IGVEs, and a fifth seems to have the internodal endings37. Properties 
of the five genetically defined spinal afferent populations identified in 
the extensive study by Wolfson et al. are summarized in Table 1. They 
are characterized by their main genetic handles to tyrosine receptor 

kinase B (TrkB+), tyrosine hydroxylase (TH+), bone morphogenetic 
protein receptor type 1b (Bmpr1b+), somatostatin receptor 2 (Sstr2+) 
and adrenoceptor alpha 2a (Adra2a+).

Although it remains to be demonstrated by anterograde trac-
ing, the sparse genetic labelling approach used by Wolfson et al.37 
showed that each genetically defined population had IGVEs, except 
Sstr2 afferents, which had internodal endings (Table 1). TrkB afferents 
had extensive IGVEs, engulfing more myenteric cell bodies than IGVEs 
of other classes. Fully compatible with immunolabelling25,44, two of 
four IGVE afferent classes co-expressed the CGRPα encoding gene, 
Calca, as did Sstr2 afferents with internodal endings, and TH afferents 
lacked TrpV1 (Table 1).

All the genetically defined populations tested by Wolfson et al. 
showed sensitivity to colonic distension. Although three of five afferent 
populations gave rise to endings in other layers (for example, labelling 
TH+  afferents revealed both IGVEs and intramuscular endings, see 
Table 1), both TrkB+ and Bmpr1b+ afferents gave rise to IGVEs alone, 
strongly suggesting that IGVEs are distension-sensitive, probably medi-
ated by their Piezo2 expression43. Nevertheless, the distension response 
profiles of different afferents that use IGVEs were distinct37, compatible 
with the idea of variability or uncoupling of sensory modality with nerve 
ending morphology40.

Interestingly, Bmpr1b+ afferents are a population that lack TrpV1, 
the pain-associated and heat-sensitive vanilloid channel, and yet this 
population of afferents mediated the largest contribution to colonic 
pain-evoked behaviours (through Piezo2)37. This finding suggests that 
TrpV1 is not a complete marker of nociceptive endings in mouse, but 
also reinforces the importance of Piezo2 for mechanically evoked pain 
signalling from the colon when considering previous data showing 
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Fig. 1 | Major sensory pathways linking gut to brain. Schematic diagram 
showing the major sensory pathways linking gut to brain, including the vagal 
(blue), thoracolumbar spinal (red) and lumbosacral spinal (yellow) sensory 
pathways.

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Review article

major contributions to mechanically evoked pain signalling from 
TrpV1+ afferents that express Piezo2, but not Piezo1 (refs. 45,46). See 
Table 2 for a summary of studies that have identified IGVEs or IGVE-like 
endings.

Rectal intraganglionic laminar endings
Morphologically, intraganglionic lamellar endings in rectum (rIGLEs) 
are highly distinct, and their functional correlate has been identified in 
electrophysiological recordings16. They have highly arborized, flattened 
endings corresponding to low-threshold, tension-sensitive mecha-
noreceptors that were presumed to be of spinal origin47. Confirming 
this aspect, rIGLEs were traced from L6–S1 DRG in mice25. They are 
primarily located in myenteric ganglia, although rare rIGLEs occur in 
submucous ganglia25. Rectal IGLEs lack CGRP25,47, but about 30% contain 
glutamate transporter VGluT1 or VGluT2 (ref. 47). Rectal IGLEs are less 
common than IGVEs in mouse, representing ~5% of identified spinal 
afferent endings25. This finding suggests that, in myenteric ganglia, 
IGVEs preferentially arise from spinal afferents, whereas IGLEs pref-
erentially originate from vagal afferents in the upper gastrointestinal 

tract (discussed subsequently), where none seems to have a spinal 
origin in mouse27 or rat26. See Table 2 for a summary of studies that 
have identified rIGLEs.

Intramuscular endings
About 25% of lumbosacral colonic spinal afferent endings and T8–12 
gastric spinal afferent endings were intramuscular25,27. Along the gut, 
the density of intramuscular innervation from spinal and vagal affer-
ent sources is similar in the stomach, but preferentially arises from 
spinal sources in small intestines and colon, where it is over twice the 
density of vagal innervation48. The varicose nerve ending structures of 
spinal intramuscular afferents were virtually always located in circular 
muscle, but small numbers (<5%) occur in longitudinal muscle25,27. In the 
colon, intramuscular endings were divided into three morphological 
types: simple, branching and complex25, of which more than 90% were 
branching or complex. Gastric endings comprised only two of these: 
simple and complex, with the great majority simple (~88%). Thus, the 
colonic lumbosacral endings seem to favour more complex structures 
than T8–T12 gastric endings. The rat gastric intramuscular innervation 
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Fig. 2 | Mouse colonic and gastric spinal afferents. Schematic diagram 
summarizing the types of mouse colonic and gastric spinal afferents identified 
by anterograde and their distribution across tissue layers within the gut wall. 
Numbers denote the morphological subtypes of spinal afferents identified 
in the colon. Longitudinal intramuscular endings (rare) (1); intraganglionic 
varicose endings (2); intraganglionic laminar endings (rare in mouse 

colorectum) (3); internodal endings (4); branching intramuscular endings (5); 
simple intramuscular endings (6); complex intramuscular endings (7); 
branching submucosal endings (8); vascular afferent endings (9); submucosal 
intraganglionic laminar endings (rare) (10); complex submucosal endings (11); 
simple mucosal crypt endings (12); mucosal villus endings (13).
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by spinal afferents shows a similar preponderance of circular muscle 
innervation over longitudinal muscle26. Though not quantified, the 
longitudinal innervation in rat appears more extensive than in mouse 
and the intramuscular endings generally seem to have more complex 
branching patterns26. Those afferents, as well as colonic branching 
endings in mouse, have drawn comparisons with vagal intramuscu-
lar arrays (IMAs), although differences in terminal morphology and 
orientation were noted26. There is a paucity of functional correlation 
studies with intramuscular afferents, and it is unknown whether the 
different branching patterns of intramuscular afferents confer unique 
functional capabilities or reflect differing capacities to detect and 
integrate sensory input. In one study, IMA-like endings in the guinea pig 
internal anal sphincter were reported to correlate with low-threshold 
slowly adapting mechanoreceptors49. In addition, Wolfson et al. iden-
tified TH+ colonic spinal afferents had IMA-like endings or IGVEs and 
this neuronal class behaved similar to low-threshold slowly adapting 
mechanoreceptors. However, it is unclear whether TH+ afferents detect 
stretch from IMAs, IGVEs or both37. See Table 2 for a summary of studies 
that have identified spinal afferent intramuscular endings.

Vascular afferents
The fine varicose nerve endings of the gut vasculature are well char-
acterized, correlating with mid-high threshold mechanoreceptors17, 
and likely represent the so-called serosal and mesenteric functional 
afferent classifications that have been described in electrophysiological 

studies4. In mice, vascular afferents represented ~9% of T8–12 gastric 
endings and ~5% of lumbosacral colorectal endings25,27. Vascular affer-
ents innervate mesenteric arteries, following them through to sub-
mucosal arterioles. Thus, individual afferents can transduce sensory 
stimuli from locations inside and outside the gut wall17 and are sensitive 
to gut distension and strong contractions17, as well as distortion of the 
mesenteric vasculature50. Vascular afferents express CGRP, confer-
ring an effector role as a vasodilator51, which can be activated by gut 
distension52. Vascular afferents might also act on gut enteric nervous 
system motor circuits50, suggesting they co-innervate enteric ganglia. 
Thus, some IGVE-like endings might be collaterals of vascular affer-
ents. However, co-innervation was not observed in rat stomach53 and 
this question remains unresolved. See elsewhere for further review of 
vascular afferents4 and see Table 2 for a summary of studies that have 
identified spinal vascular afferents.

Submucosal endings
Although not present in the stomach27, a substantial proportion (~32%) 
of lumbosacral spinal afferent endings innervate the mouse colonic 
submucosa25 (Table 2). About one-third of these are ‘simple’ submucosal 
afferents, comprising bare axons, conspicuous by their absence of 
prominent varicosities, that weave around colonic crypts and lack spe-
cialized terminals (for example, see Fig. 10 in ref. 25). The tendency to 
weave around and encircle crypts resembles a much simplified type of 
vagal mucosal crypt afferents (discussed subsequently)54. Most simple 

Table 1 | Summary of the spinal afferent characteristics described by Wolfson et al.37

Characteristics Key feature Genetic subtype

TrkB TH Bmpr1b Sstr2 Adra2a

Expression profile Calca − − + + +

TrpV1 − − − + +

Piezo2 + + + Low −

TrpA1 − − − − +

NEFH + − + − −

Neuroanatomy IGVE ++++ + + IN +

Intramuscular − + − − −

SMP − − − + +

Mucosa − − − + −

NCB size Large Small Large Small Small

Physiologya Threshold Low Low High High ND

Adaptation Rapid Slow Slow Slow ND

Profile across noxious range Saturating Saturating Encode Encode ND

Peak firing (Hz) ~70 ~300 ~500 ~100 ND

Fibre type Aδ C Aδ C ND

AP waveform Narrow Wide Narrow Wide ND

Optogenetic activationb Pain response magnitude None Low High Mod ND

Evoked pain behaviours None PD Voc/PD/mov Voc/PD ND

Putative role – Physiological Physiological Pain Pain ND

 + and – denote expression and lack of expression, respectively. ++++ denotes the more extensive ramification and myenteric nerve cell bodies engulfed by TrkB IGVEs compared with the other 
genetic subtypes described by Wolfson et al.37. –, not applicable; Adra2a, adrenoceptor alpha 2a; AP, action potential; Bmpr1b, bone morphogenetic protein receptor type 1B; IGVE, intraganglionic 
varicose ending; IN, internodal; mov, inhibition of movement; NCB, neuron cell body; ND, no data; NEFH, neurofilament heavy polypeptide; PD, pupil dilation; SMP, submucosal plexus; 
Sstr2, somatostatin receptor 2TH, tyrosine hydroxylase; TrkB, tyrosine receptor kinase B; Voc, vocalization; aDistention response profile and electrophysiology. bUpon optogenetic activation.
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Table 2 | Identified spinal sensory nerve endings

Tissue layer Ending type Morphology Putative functions Gastrointestinal 
location or other 
organs

Method (model 
species)

DRG Gene/protein 
markers

Ref.

Myenteric 
plexus

IGVE Pain37, regulating  
gut motility43

Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP+ (66%) 25

Distal colon SGL (Ms) – TrkB, TH, 
Bmpr1b, 
Adra2a

37

Stomach DRG tracing (Ms) T8–T12 CGRP+ (>90%) 27

Stomach, 
duodenum, 
jejunum, ileum, 
proximal colon, 
distal colon

IVT (Ms) – Piezo2 43

Stomach DRG tracing (rat) T7–T11 – 26

Internodal Pain37 Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP+ (100%) 25

Distal colon SGL (Ms) – Sstr2 37

rIGLE Low-threshold 
mechanoreceptors16 
speculated role  
in defecation  
and sensation  
of fullness4,16

Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP (100%, 
myenteric)

25

Rectum BT + electrophysiology 
(GP)

– – 16

Rectum BT (GP) VGluT1 
(~30%), 
VGluT2 
(~30%)

47

Circular 
muscle

Intramuscular – Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP+  
varying by 
morphology

25

Stomach DRG tracing (Ms) T8–T12 CGRP+ (100%) 27

Distal colon SGL (Ms) – TH 37

Stomach DRG tracing (rat) T7–T11 – 26

IAS BT + electrophysiology 
(GP)

– – 49

Blood 
vessels

Vascular Medium–high  
threshold 
mechanoreceptors  
with speculated  
role in pain4,17

Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP+ (100%) 25

Stomach DRG tracing (Ms) T8–T12 CGRP+ (100%) 27

Stomach DRG tracing (Rat) T7–T11 26

Ileum, distal 
colon, 
mesentery, 
bladder

BT + electrophysiology 
(GP)

– – 17

Submucosa Submucosal – Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP+  
varying by 
morphology

25
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submucosal afferents contain CGRP25 and TRPV1 (ref. 36). The remain-
ing two-thirds of submucosal afferents lack CGRP and are more highly 
ramifying, termed ‘branching’ and ‘complex’ submucosal afferents. 
Despite their abundance, functional studies of identified submucosal 
endings are lacking. Submucosal endings were also identified among 
the Sstr2+ and Adra2a+ spinal afferent populations studied by Wolfson 
et al. (Table 1). Sstr2+ afferents showed high threshold stretch sensitivity, 
but whether this feature is mediated by submucosal endings or other 
types of Sstr2+ endings (Table 1) remains to be shown. Notably, both 
Sstr2 and Adra2a were expressed across multiple classes defined by 
Hockley et al., possibly explaining the occurrence of multiple ending 
types within those populations.

Mucosal endings
Mucosal endings in the stomach and colon comprised 16% and 11% of 
spinal afferent endings (from L6–S1 and T8–12 DRG, respectively), with 
the vast majority containing CGRP. Mucosal afferents do not reach 
the gut lumen but terminate adjacent to the mucosal epithelial cell 
border25,27. Microbial, inflammatory and nutritional signals in the gut 
lumen can be transmitted through this neuroepithelial interface, 
discussed together with vagal mucosal afferents later.

In the stomach, spinal afferents comprised less than half the num-
ber of mucosal endings supplied by vagal afferents48. Different genetic 
reporter approaches show general concurrence that spinal afferents 
provide the minority of small intestinal mucosal innervation (approxi-
mately <25% of the total afferent supply) relative to vagal afferents35,48. 
Detailed analysis by Serlin and Fox35 further discriminated villus and 
crypt innervation, finding the supply of both types of spinal mucosal 
afferents is largely constant along the small intestine, contrasting with 
an overt and decreasing proximo-distal gradient of vagal mucosal affer-
ents, which was most pronounced among the villus afferents. A strong 
reversal of the preponderance of vagal mucosal afferents occurs in the 
colon, where most mucosal afferents are spinal and vagal afferents sup-
ply ~10% of the level of spinal innervation48. See Table 2 for a summary 
of studies that have identified spinal afferent mucosal endings.

Multi-ending afferents
Earlier vagal afferent tracing from nodose ganglia to rat stomach 
revealed single afferents possessing both intraganglionic and intra-
muscular ending structures22,30. The functional implications of vagal 

multi-ending afferents remain unknown55. A similar situation has 
become apparent among spinal afferents, after sparse anterograde 
labelling generated by small volume tracer injections in DRG made 
single afferent tracing possible28,29.

To date, three different types of multi-ending spinal afferents have 
been observed arising from lumbosacral DRG to the mouse colon28,29. 
These include myenteric-muscular afferents, comprising both intra-
muscular endings and myenteric IGVEs28 (Fig. 3). Notably, Ma et al. also 
report a ‘mixed-type’ spinal afferent in the rat stomach, including an 
IGVE-like ganglionic component and branching intramuscular endings.

There are also CGRP+ myenteric–muscular–submucosal afferents  
that have IGVEs, combined with intramuscular and complex-type 
submucosal endings29. A third type of spinal afferent is myenteric– 
submucosal–mucosal neurons that lack CGRP (Fig. 4), which fea-
ture IGVEs combined with branching-type submucosal endings and 
simple-type mucosal endings29.

The occurrence of single spinal afferent neurons with multiple 
different morphological types of endings is likely underappreciated 
owing to the inherent difficulty of axon tracing, and the current data are 
unlikely to represent the full array of afferent types. We speculate that 
the assortment of endings possessed by an afferent might contribute to 
modularity of sensory capabilities and explain the difference between 
well-known functional classes identified in electrophysiological studies 
(for example, see ref. 56) such as muscular units, which are sensitive 
to stretch, and muscular-mucosal units, which are sensitive to both 
stretch and mucosal stoking. An additional and non-mutually exclusive 
possibility is that multiple endings enable local effector functions.

Vagal afferent nerve endings
Features
Intraganglionic laminar endings. Vagal afferent neurons provide a 
rich sensory innervation to the upper gut, including the oesophagus, 
stomach, small intestine and to a lesser extent, parts of the colon57. 
Vagal IGLEs are the most distinguishable afferent structures in the 
gut and one of the most extensively characterized (Table 3). They 
comprise flattened leaf-like endings that ramify within the myenteric 
ganglia. Vagal IGLEs were first identified in dog oesophagus58 and 
then more comprehensively characterized in monkeys and cats59,60, 
rats21, guinea pigs14 and mice22,61. They are distributed along most of 
the gastrointestinal tract, from oesophagus to distal colon. Within and 

Tissue layer Ending type Morphology Putative functions Gastrointestinal 
location or other 
organs

Method (model 
species)

DRG Gene/protein 
markers

Ref.

Mucosa Mucosal Speculated role 
detecting luminal 
content and 
mucosal shear, 
contributing to 
sense of defecatory 
urge165

Distal colon, 
rectum

DRG tracing (Ms) L6–S1 CGRP+ (93%) 25

Stomach DRG tracing (Ms) T8–T12 CGRP+ (100%) 27

Duodenum, 
jejunum, Ileum, 
caecum, distal 
colon

IGL (Ms) – NaV1.8+/Wnt1+  48

A full version of this table is available as Supplementary Table 1. Morphology of nerve endings based on authors’ observations of own data. – indicates a lack of testing or specific reporting. 
Adra2a, adrenoceptor alpha 2a; Bmpr1b, bone morphogenetic protein receptor type 1B; BT, bulk tracing; CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglia; GP, guinea pig;  
IAS, internal anal sphincter; IGL, intersectional genetic labelling; IGVE, intraganglionic varicose ending; IVT, intrathecal viral transduction; Ms, mouse; Piezo2, piezo-type mechanosensitive ion 
channel component 2; rIGLE, intraganglionic lamellar ending in rectum; SGL, sparse genetic labelling; Sstr2, somatostatin receptor 2; TH, tyrosine hydroxylase; TrKB, tyrosine receptor kinase B;  
VGluT1, vesicular glutamate transporter 1; VGluT2, vesicular glutamate transporter 2.
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across gut organs, vagal IGLE density generally follows a proximodistal 
gradient favouring higher densities in the oesophagus, stomach and 
upper small intestine57,62,63.

Different gut regions are preferentially populated by genetically 
distinct vagal IGLEs40. In mice, most oesophageal IGLEs are Prox2+/
Glp1r−, gastric IGLEs Prox2+/Glp1r+ and intestinal IGLEs Prox2−/Oxtr+ 
(refs. 38,39,42). Piezo2 was more common in oesophageal and gastric 
IGLEs than those of intestine and colon, suggesting that similar nerve 
ending structures might use different mechanosensors in different 
gut regions40. Trophic factor interactions also seem to be region-
ally specific, as survival and abundance of intestinal but not gastric 
IGLEs were enhanced by neurotrophin-4 (NT-4)64 and suppressed by 
brain-derived neurotrophic factor65, whereas oesophageal IGLEs also 
show neurotrophin-3 dependence66. In rats, most intestinal but not 
oesophageal or gastric IGLEs are capsaicin-sensitive67, compatible with 
regional Trpv1 mRNA expression patterns identified in mouse IGLEs40.

Oesophageal and gastric IGLEs in guinea pig were the first gut 
afferent structures identified by neuronal tracing following trans-
duction site mapping, and they corresponded to low-threshold, 
slowly adapting tension receptors14,41 as hypothesized21. They are 
functionally similar in mice, but a small subset might be rapidly 
adapting42. The genes expressed by putative IGLEs include several 
mechanotransduction-associated ion channels, such as Piezo2, Asic1, 
Asic2 and Kcnk2 (refs. 42,68).

Compatible with observed abnormalities of low-threshold ten-
sion receptors in oesophageal dysmotility69, it was demonstrated 
that ablation of oesophageal and gastric IGLEs leads to severely dis-
rupted oesophageal transit42. Although disrupted oesophageal transit 

could represent a downstream, indirect consequence of vagal IGLE 
ablation, the finding is consistent with their long-suspected role in 
regulating peristalsis70,71. Similarly, other gastric IGLE populations are 
hypothesized to regulate gastric motility42.

The intestinal vagal IGLEs are implicated in satiation, as meal 
sizes are decreased or increased by modulating the abundance of 
intestinal IGLEs through NT-4 over-expression (more IGLEs72) and 
under-expression (fewer IGLEs65), respectively. Accordingly, short-term 
feeding was potently inhibited by acute chemogenetic or optogenetic 
stimulation of Prox2−/Oxtr+ IGLEs, whereas activation of the predomi-
nantly gastric Glp1r+ IGLEs also evoked a major but less pronounced 
feeding inhibition39,48,73. Importantly, long-term feeding behaviour is 
altered to compensate for IGLE-associated changes in meal sizes65,72, 
suggesting the role of IGLEs in satiation is principally short term and 
separate from mechanisms underlying long-term maintenance of food 
intake and body weight. Indeed, this process might be the case for the 
entire vagal innervation of the gut as vagotomy or deafferentation in 
mice had little effect on long-term food intake, despite alterations 
in meal structure74. Paradoxically, vagotomy in rodents and humans 
can cause decreases, rather than increases in food intake75,76; an effect 
possibly mediated by hyperexcitability of central vagal circuits after 
vagotomy, referred to as ‘phantom satiation’77.

Intramuscular arrays. Vagal IMAs are intramuscular endings featur-
ing multiple linked and parallel varicose nerve fibres that run together 
with longitudinal muscle or circular muscle22,30,57. IMAs associate with 
intramuscular interstitial cells of Cajal, with which they run in parallel, 
form appositions and require for development78,79. Some IMAs issue 

a b

Longitudinal muscle

Myenteric ganglia

Circular muscle

Submucosa

Mucosa

Submucosal ganglia

DRG
CGRP+

Spinal cord

CGRP+

CGRP–

Fig. 3 | Myenteric–mucosal and multi-ending spinal afferents. Schematic 
diagram of a multi-ending myenteric–mucosal spinal afferent neuron (part a) 
and myenteric–muscular–submucosal and myenteric–submucosal–mucosal 

spinal afferents (part b). CGRP, calcitonin gene-related peptide; DRG, dorsal root 
ganglia. Part a adapted from ref. 28, Springer Nature Limited. Part b adapted with 
permission from ref. 29, Wiley.

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Review article

extensive collateral endings into myenteric ganglia, forming apparent 
contacts with enteric neurons31. The distribution of IMAs along the 
gut is focused, occurring most prominently in the lower oesophageal 
sphincter, gastric fundus, distal antrum, pylorus and restricted loca-
tions in duodenum and colon22,31,57 (Table 3). The IMA-dense stomach 
regions are noted as more likely to show dissociation between gut 
wall tension and length31, forming in part the basis of speculation that 
vagal IMAs are length receptors that complement tension-sensitive 
IGLEs. In line with this finding, Zhao et al.40 obtained the first functional 
data from putative IMAs, finding genetically identified IMAs showed 
sustained activation to gut distension and express Piezo2. Neuroge-
netic manipulation of IMAs to probe their broader physiological role 
remains limited39.

Specialized antral IMAs form web-like endings adjacent to the 
gastric sling muscles31. Described as a honeycombed network of lamel-
lar neurites located between the serosa and longitudinal muscle, they 
were initially considered a distinct type of vagal ending80,81 but subse-
quently identified as a morphological variation of longitudinal IMAs 
that correlates with location along the antrum31. No functional data 
from identified web-like endings are yet available.

Mucosal endings. Vagal mucosal innervation is not as well charac-
terized as the endings in the muscularis externa. Two general types, 
vagal villus and crypt endings, have been described in the rodent small 
intestine35,54,82. Villus endings occur within the lamina propria of villi 
and, similar to spinal mucosal endings, can reach the basal lamina with-
out protruding between epithelial cells to the lumen54. Among vagal vil-
lus endings, three morphological subtypes were identified in the small 
intestine, which were classified as simple, branched and spiral-type 
endings83. Additionally, ‘light bulb-like’ and ‘umbrella-like’ endings in 
villi were also described in mouse duodenum, as well as rare endings 
that bridge conjoined villi35. Mucosal vagal afferent endings are rare 
in the colon compared with those supplied by spinal afferents48. They 
show the simple-type morphology, but also complex, and lamellar84. 
Vagal crypt endings in small intestine issue multiple collateral axons 
from the base of a mucosal crypt that spiral up to encircle the crypt 
neck and those of several adjacent crypts54. In gastric antrum, distinct 
vagal endings form ‘bushy’ terminal arbors of varicose endings along 
the epithelial walls of the gastric glands54. Viral anterograde label-
ling from the nodose/jugular complex in mice revealed oesophageal 
mucosal afferents comprising varicose, longitudinally oriented and 
highly branching axons located beneath the epithelium85. Networks 
of longitudinally oriented vagal mucosal afferents also occur in rats, 
densely innervating the uppermost oesophagus and, to a lesser extent, 
the lowermost oesophagus, with relatively sparse innervation of the 
oesophageal body21,86,87. The upper oesophagus might have special 
importance for protective reflexes and its large mucosal afferent sup-
ply arises from not just nodose but also the jugular-petrosal ganglia, 
which have a distinct embryonic origin common with DRG neurons87.

Vagal mucosal afferents have been genetically identified along 
the gut35,40,48 (Table 3). Gpr65+ vagal afferents target gastric, intestinal 
and colonic mucosa, most densely innervating villi of duodenum and 
jejunum35,38,48 and they are distension-insensitive38. Despite apparent 
sensitivity to intraluminal food38, acute activation or inactivation of 
Gpr65+ vagal afferents does not affect food intake39,48, but can alter 
hepatic glucose production, suggesting a gluocoregulatory role48. 
The Gpr65+ vagal afferents might not represent a single type, nor the 
only vagal mucosal afferents39,40,48. SSt+ and Calca+ vagal afferents 
also express Gpr65+ but comprise non-overlapping populations that 

target gastric mucosal villi in distinct regions: the pyloric antrum 
and lesser curvature region of the corpus, respectively39. Another 
population of vagal intestinal afferents that are distinct from Gpr65+ 
afferents expresses both Vip and Uts2b and innervates the intestinal 
mucosal villi39. Unlike Gpr65+ afferents, these mucosal afferents were 
activated by duodenal stretch40 and therefore might represent the 
‘muscular–mucosal’ or ‘tension–mucosal’ functional class of vagal 
afferents described in electrophysiological studies88,89. Despite func-
tional differences, the Gpr65+ and Vip/Uts2b+ mucosal afferents were 
described as morphologically indistinguishable, suggesting an uncou-
pling of nerve ending morphological class from sensory modality40. 
As with Gpr65+ vagal afferents, activation of Vip/Uts2b vagal afferents 
did not acutely alter food intake39, but they might act a generalist gut 
nutrient sensor (responding to dietary fat, sugar and amino acids) 
that acts in parallel with Trpa1-expressing vagal afferents that respond 
specifically to dietary fat, both of which were required for development 
of fat-containing food preference; a process independent from taste 
perception of fat90. However, this finding requires further clarification 
and confirmation of the specific afferent types involved, as later stud-
ies have suggested vagal afferent pathways that underlie motivated 
behaviours are nutrient-specific91.

Extent of vagal afferent innervation along the gastrointestinal 
tract. Anterograde labelling from nodose ganglia has consistently 
revealed a weak or absent vagal afferent innervation in the terminal 
gastrointestinal tract — distal colon and rectum. Early studies of Wang 
and Powley57 and Berthoud et al.92 demonstrated that there is a gradient 
in vagal afferent endings in the gastrointestinal tract with many more 
endings rostrally (in oesophagus and stomach) and a progressive 
decline towards the colon (see Figs. 13 and 19 in ref. 57 as examples). In 
rats, Berthoud et al.92 performed anterograde labelling from nodose 
ganglia and found IGLEs in the ascending and transverse colon but did 
not report any IGLEs in the descending (distal colon). These findings 
are similar to those reported by Spencer et al.84 in mouse colon, in 

5-HT

Anterograde tracer
injected into DRG

Spinal a�erent
nerves

Spinal a�erent nerve terminal

Mouse distal colon 3.6 µm
24.1 µm

EC cell

Fig. 4 | Mucosal paracrine signalling at nerve terminals. Depiction of mucosal 
paracrine signalling, showing an epithelial cell and basolateral mucosal nerve 
terminals. At present, the bulk of evidence indicates the primary mode of 
transmission from enteroendocrine cells to afferent neurons, which is paracrine 
rather than synaptic. DRG, dorsal root ganglia; EC, enterochromaffin; 5-HT, 
5-hydroxytryptamine.
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Table 3 | Identified vagal sensory nerve endings

Tissue layer Ending type Morphology Putative functions Gastrointestinal location 
or other region

Method 
(species)

Gene/protein 
markers

Ref.

Myenteric 
plexus

IGLE Tension-sensitive 
mechanorecep-
tors14, intestinal 
IGLEs might be 
polymodal40; 
implicated in 
short-term satia-
tion (intestinal and 
gastric)39 and 
regulation of 
oesophageal 
peristalsis42

Oesophagus, cardia NG TI (rat) – 21
Fundus NG TI (rat) – 30
Pylorus NG TI (rat) – 217
Fundus NG TI (rat) – 218
Pylorus NG TI (rat) – 82
Fundus, corpus, antrus, 
duodenum, jejunum, 
ileum, carcum proximal 
colon, mid colon

NG TI (rat) – 92

Oesophagus, fundus, 
corpus

NG TI (rat) – 67

Fundus, corpus, antrum, 
duodenum, caecum

NG TI (rat) – 219

Oesophagus, fundus, 
corpus

NG TI (rat) – 63

LES, fundus, corpus, 
antrum, pylorus, 
duodenum

NG TI (Ms) – 22

LES, cardia, fundus, 
corpus, antrum, pylorus, 
duodenum, jejunum, 
ileum, caecum (ileocaecal 
junction), proximal colon, 
mid colon, distal colon

NG TI (rat) – 57

Fundus, corpus, antrum, 
duodenum, ileum

NG TI (Ms) – 64

Fundus, corpus, antrum NG TI (Ms) – 78
Fundus, corpus, antrum NG TI (Ms) – 79
Oesophagus NG TI (Ms) – 66
Oesophagus NG TI (Ms) – 62
LES, cardia NG TI (rat) – 80
Antrum NG TI (rat) – 81
Cardia, duodenum NG VT (Ms) Glp1r+   38
Fundus, corpus, antrum NG VT (Ms) Glp1r+  39
Duodenum, jejunum, 
ileum, proximal colon, 
mid colon, distal colon, 
rectum

NG VT (Ms) Oxtr+  39

Oesophagus NG + JG VT (Ms) – 85
Oesophagus, LES, fundus, 
corpus, antrum, pylorus, 
duodenum, mid colon

NG VT (Ms) VGluT2+ 40

Cardia NG VT (Ms) Glp1r+ 40
Cardia, duodenum,  
mid colon

NG VT (Ms) Agtr1a+ 40

Cardia NG VT (Ms) Piezo2+ 40
Oesophagus NG VT (Ms) Nts+ 40
Mid colon NG VT (Ms) Trpv1+ 40
Cardia, duodenum NG VT (Ms) Drd2+ 40
Oesophagus IGL (Ms) Prox2+/Glp1r− 42
Fundus IGL (Ms) Prox2+/Glp1r+ 42
Antrum IGL (Ms) Runx3+/Glp1r+ 42
Oesophagus BT + electrophys-

iology (GP)
– 14

Cardia BT + electrophys-
iology (GP)

– 41

Oesophagus NG VT (GP) – 220
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Tissue layer Ending type Morphology Putative functions Gastrointestinal location 
or other region

Method 
(species)

Gene/protein 
markers

Ref.

Circular and 
longitudinal 
muscle

IMA Stretch 
receptors40, 
broader function 
unresolved, 
anatomical 
distributions in 
stomach and 
around sphincters 
suggest potential 
role controlling 
local muscle 
activities31,57,71

Fundus NG TI (rat) – 30
Oesophagus, fundus, 
corpus

NG TI (rat) – 67

Fundus, pylorus NG TI (rat) – 219
LES, fundus NG TI (rat) – 63
Fundus NG TI (rat) – 221
LES, cardia, fundus, 
corpus, antrum, pylorus, 
duodenum

NG TI (Ms) – 22

LES, cardia, fundus, 
corpus, antrum, pylorus, 
duodenum, jejunum, 
ileum, caecum, proximal 
colon, mid colon,  
distal colon

NG TI (rat) – 57

Fundus, corpus, antrum NG TI (Ms) – 78
Fundus, corpus, antrum NG TI (Ms) – 79
Antrum NG TI (rat) – 81
LES, cardia, antrum, 
pylorus

NG TI (rat) – 80

Pylorus NG TI (rat) – 222
Fundus, corpus, antrum NG TI (rat) – 31
LES, cardia, antrum NG VT (Ms) VGluT2+ 39
Oesophagus NG + JG VT (Ms) – 85
LES, fundus, corpus, 
antrum, pylorus,  
mid colon

NG VT (Ms) VGluT2+ 40

LES, fundus, corpus, 
antrum, pylorus,  
mid colon

NG VT (Ms) VGluT2+α 40

Oesophagus NG VT (Ms) VGluT2+β 40
Oesophagus NG VT (Ms) Piezo2+ 40
Cardia NG VT (Ms) Vip+ 40
Oesophagus, cardia,  
mid colon

NG VT (Ms) Trpv1+ 40

LES NG VT (Ms) P2ry1+ 40
LES NG VT (Ms) Calb2+α 40
Oesophagus, mid colon NG VT (Ms) Drd2+ 40

Mucosa Other and subtype undefined – Oesophagus NG TI (rat) – 21
Pylorus NG TI (rat) – 217
Duodenum, jejunum, 
ileum

NG TI (rat) – 114

Jejunum NG TI (rat) – 223
Oesophagus NG + JG VT (Ms) – 85
Oesophagus, LES, fundus, 
corpus, antrum, pylorus, 
duodenum, mid colon

NG VT (Ms) VGluT2+ 40

Oesophagus, cardia, 
duodenum

NG VT (Ms) Gpr65+ 40

Antrum NG VT (Ms) Sst+ 40
Oesophagus, LES,  
mid colon

NG VT (Ms) Trpv1+ 40

Cardia NG VT (Ms) Glp1r+ 40
Oesophagus, cardia NG VT (Ms) Agtr1a+ 40
Duodenum NG VT (Ms) Vip+ 40
Oesophagus, cardia NG VT (Ms) P2ry1+ 40
Oesophagus, cardia,  
mid colon

NG VT (Ms) Drd2+ 40

Table 3 (continued) | Identified vagal sensory nerve endings
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which anterograde tracing studies from nodose ganglia were found 
to generate sparse labelling in the proximal and sometimes mid colon, 
but never the distal 30 mm of large bowel.

Interestingly, three independent laboratories recently suggested 
that vagal afferents provide a rich sensory innervation to the distal 
colon of mice93–95. Technical issues could underlie the different obser-
vations in antegrade and retrograde tracing studies. Both techniques 
are subject to limitations. Anterograde tracing requires that sufficient 
time is allowed for tracer to reach nerve terminals while tissue is fixed 

before clearance of the tracer21 or, in ex vivo preparations, signs of nerve 
degeneration96. The assumption with retrograde tracing studies is that 
the injected tracer does not leak out of the gut from the injection site 
and, second the tracer does not spread within the gut wall, remaining 
spatially restricted at the injection site. Our studies97 have shown this 
aspect is not true for cholera toxin-B (CTB), suggesting extreme caution 
when interpreting the results of injecting even small volumes of CTB 
into visceral organs. For example, a recent retrograde tracing study 
reported that even single injections of minute quantities of CTB into 

Tissue layer Ending type Morphology Putative functions Gastrointestinal location 
or other region

Method 
(species)

Gene/protein 
markers

Ref.

Mucosa  
(continued)

Villus Gpr65+ subtype —  
nutrient38 or 
osmolarity 
sensors90 involved 
in acute regulation 
of gastric 
motility38

Duodenum NG TI (rat) – 82

Proximal colon, mid 
colon, distal colon

NG TI (rat) – 57

Duodenum NG TI (rat and 
Ms)

– 54

Duodenum, jejunum, 
ileum

TR ± vagotomy 
(Ms)

NaV1.8+ 35

Proximal colon, mid colon NG TI (Ms) – 84

Corpus, antrum, 
duodenum, jejunum, 
ileum

NG VT (Ms) VGluT2+ 39

Duodenum, jejunum, 
ileum

NG VT (Ms) Gpr65+ 38

Corpus, antrum, 
duodenum, jejunum, 
ileum

NG VT (Ms) Gpr65+ 39

Duodenum, jejunum, 
ileum

NG VT (Ms) Vip+/Uts2b+ 39

Duodenum, jejunum, 
ileum

NG VT (Ms) Glp1r+ 39

Duodenum NG VT (Ms) Sst+ 39

Fundus, corpus, antrum, 
duodenum, jejunum, 
ileum, mid colon

IGL (Ms) NaV1.8+/
Gpr65+

48

Crypt – Duodenum NG TI (rat) – 82

Duodenum NG TI (rat and 
Ms)

– 54

Duodenum, jejunum, 
ileum, mid colon, rectum

NG VT (Ms) VGluT2+ 39

Duodenum, jejunum, 
ileum

TR ± vagotomy 
(Ms)

NaV1.8+ 35

A full version of this table is available as Supplementary Table 2; regions with higher and lower densities (when reported) are indicated on Supplementary Table 2. Morphology of nerve endings 
based on authors’ observations of own data unless stated otherwise. Zhao et al.40 report % area innervated by IMAs and mucosal endings rather than density. α, ‘cIMAs’ described as ‘irregular 
muscular endings with circular parent neurites’; β, ‘oesophageal IMAs’. – indicates a lack of testing or specific reporting. Agtr1a, angiotensin II receptor type 1; BT, bulk tracing; Calb2, calbindin 2;  
Drd2, dopamine D2 receptor; GL, genetic labelling; Glp1r, glucagon-like peptide 1 receptor; GP, guinea pig; Gpr65, G protein-coupled receptor 65; IGL, intersectional genetic labelling;  
IGLE, intraganglionic laminar ending; IMA, intramuscular array; JG, jugular ganglion; LES, lower oesophageal sphincter; Ms, mouse; NaV1.8, voltage-gated sodium ion channel 1.8;  
NG, nodose ganglion; Nts, neurotensin; Oxtr, oxytocin receptor; P2ry1, purinergic receptor P2Y1; Piezo2, piezo-type mechanosensitive ion channel component 2; Prox2, prospero homeobox 2;  
Runx3, runt-related transcription factor 3; Sst, somatostatin; TI, tracer injection; Trpv1, transient receptor potential cation channel subfamily V member 1; Uts2b, urotensin 2B; VGluT2, vesicular 
glutamate transporter 2; Vip, vasoactive intestinal polypeptide; VT, viral tracing. IMA ending type morphology adapted with permission from ref. 224, Elsevier. Mucosal villus morphology 
adapted with permission from ref. 225, Elsevier. Mucosal crypt morphology adapted with permission from ref. 54, Wiley.
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the distal colon caused extensive nonspecific labelling of large numbers 
of neurons in nodose ganglia97. Notwithstanding, distal colon vagal 
afferents were identified by retrograde tracing with efforts to control 
for potential spread of tracer94. Although colonic distension could acti-
vate neurons in the nucleus of the tractus solitarius (NTS)95, it is unclear 
whether this finding is due to direct distal colonic innervation by vagal 
afferents and/or secondary activation of other NTS-projecting cranial 
nerves (for example, 5: trigeminal, 7: facial and 9: glossopharyngeal), 
as colon distension in conscious mice induces multiple behavioural 
changes including pupil dilation, mobility, writhing, facial grimace 
and vocalization37.

Transgenic reporter mice might help resolve these discrepant 
observations of distal colonic vagal afferents associated with neuronal 
tracers and functional studies. Borgmann et al. noted: ‘innervation 
density of PHOX2B vagal afferents decreased beyond the ileum’ and 
‘significantly fewer endings in muscular layers and sparse innervation 
of crypts’ were detected48. In fact, the spinal afferent ‘innervation of 
colon crypts was ~10-fold more as compared with PHOX2B innervation’, 
which labelled vagal afferents. Using the Wnt1-cre line to label spinal 
afferents, the authors noted: ‘innervation of the stomach and small 
intestine was … sparser, as compared with vagal afferent innervation’48. 
These results would favour the long-held view that vagal innervation 
of the distal colon is sparse, but further studies are needed.

Spinal afferents encode noxious and non-noxious stimuli
Until relatively recently it had been taught that spinal afferent neurons 
functionally encode largely or exclusively painful sensations, with 
little emphasis on potential to encode non-nociceptive stimuli. This 
notion has changed substantially in recent. For example, compelling 
evidence shows spinal afferents have a role in regulating steady-state 
feeding responses48, and signal the presence of ingested macronutri-
ents from the upper small intestine and hepatic portal vein98, including 
detection of glucose for regulating hypothalamic neurons that control 
food intake99. From an electrophysiological standpoint, direct record-
ings in mice100 and guinea pig16 have shown that a major population of 
spinal afferents responds to low thresholds of mechanical stimulation, 
which are activated well below the noxious range. Indeed, stimuli such 
as noxious distension that can recruit afferents with high-distension 
thresholds inevitably recruit all low-threshold afferents too, which can 
continue to encode higher firing intensities into the noxious range. 
Thus, it seems tenable that nociception, at least from the distal colon 
and rectum, likely arises from bulk activation and recruitment of dif-
ferent classes of visceral afferents with different morphological and 
neurochemical phenotypes101, although the relative contributions from 
specific neuronal classes might not be equal37,46. In contrast to spinal 
pathways, it is worth noting that vagal afferents, whose function is tra-
ditionally assumed non-nociceptive, can also encode noxious signals 
from oesophagus and stomach102. They have been shown to arise from 
the neural crest-derived jugular ganglion103, and are relatively insensi-
tive to serotonin104, but the identity of their peripheral nerve endings 
and genetic classification currently remains undefined.

Spinal afferent axons in the rectal nerves are potently activated 
by low levels of mechanical distension and contractions of the mus-
cle layers16,56,105. Various ion channels are expressed on spinal affer-
ent endings that likely contribute to mechanosensory transduction 
from the lower bowel. Piezo2 channels in gut-projecting DRG neurons 
have a major part in sensing mechanical stimuli and ablation of Piezo2 
from spinal but not vagal afferents over a large spatial distribution of 
spinal segments, which potently influenced transit throughout the 

gastrointestinal tract43. This study also showed that humans lacking 
Piezo2 have major deficits in colonic output43. The authors raised 
important questions as to whether Piezo2 in sensory endings detects 
the luminal contents passing through the gut or the constant gut con-
tractions triggered by luminal contents. In a study published in 2022, 
L6 and S1 DRG were bilaterally removed from mice and no change in 
faecal pellet output was observed, but mechanical pain from the rectum 
was abolished106. This surgical procedure affects the terminal ~2 cm of 
sensory innervation in the colon and rectum106, which is likely an area 
insufficient to affect whole gut transit.

EECs and extrinsic afferent endings
The vast majority of 5-hydroxytryptamine (5-HT) in the body is made 
in the gut mucosa107, which is important because there is evidence 
associating endogenous 5-HT levels with various neuropsychiatric dis-
orders such as anxiety and depression108. Hence, there is considerable 
interest in how 5-HT released from enteroendocrine cells (EECs) in the 
gut mucosa communicates with extrinsic primary afferent nerve end-
ings in the gut wall. How peripherally released serotonin activates the 
sensory endings of spinal and vagal afferent endings in the periphery 
is particularly important because gut-released (peripheral) seroto-
nin does not cross the blood–brain barrier but could contribute to 
anxiety-like behaviours109.

It was proposed that some EECs might signal via synaptic contacts 
with mucosal afferent nerve endings110,111. However, although high 
tactile acuity in a cutaneous context has clear adaptive advantages 
for motor control by enabling rapid and accurate interaction with the 
environment, the physiological utility for the spatiotemporal precision 
of synaptic signalling from gut epithelial cells is unclear. Such synapses 
have also been questioned in the light of the relatively rapid migra-
tion and turnover of gut epithelial cells compared with the process of 
synapse formation112. There has been a paucity of key anatomical and 
quantitative evidence to support the idea that synapses are formed 
between EECs and extrinsic afferent nerve endings, in vivo113. Analysis 
of the spatial relationship between EECs and afferent nerve fibres does 
not rule out the existence of enteroendocrine synapses but suggests 
they are very rare. No close relationship was identified between rat 
vagal mucosal afferents and CCK-expressing EECs114. Moreover, nodose 
anterograde tracing in mice which showed vagal afferent nerve end-
ings in the small intestine and colonic mucosa83,84 never made close 
contacts with EECs, which is consistent with what is known about 
synaptic transmission (~10–20 nm distances). Likewise, single colonic 
mucosal afferents traced from DRG lacked close contacts with EECs115. 
Further studies found that apparent anatomical contacts between 
vagal afferents and intestinal or colonic GLP-1-secreting L-cells were 
‘exceptionally rare’112 and that the mucosa lacked the common syn-
aptic marker, PSD95 (ref. 112). Taken together, the distances between 
EECs and spinal or vagal afferent nerve endings in situ are typically 
many hundreds of times greater than those between presynpatic and 
postsynaptic membranes in vertebrates116 (Fig. 5), and therefore most 
input from EECs to mucosal afferents is likely to be paracrine117. Indeed, 
it could be speculated that a paracrine mode of transmission is better 
suited than synaptic transmission to accommodate rapid cell dynam-
ics in the mucosa and provides a divergent mode of communication to 
amplify signalling from sparse populations of enteroendocrine cells.

Visceral afferents and central brain function
The concept of interoception has been put forth to describe the pro-
cess by which the body’s internal state is detected, represented and 
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integrated within the brain and its dysfunction is associated with a 
plethora of neurological and neuropsychological disorders8. Gut–brain 
communication, therefore, represents a critical component of intero-
ception; although a full survey of the potential role of gut–brain axis 
in neurological and neuropsychiatric functions is beyond the scope 
of this Review, it is notable that major interest in gut–brain commu-
nication is driven by reports of its functional relevance extending to 
aspects of brain function as broad as emotion118,119, motivation120,121 
and learning122. Gut vagal signalling has been implicated in energy 
restriction-induced123,124 and microbially induced anxiolysis125 in ani-
mals. Anxiety was reduced by vagal afferent lesion in rats119 including 
chronic lesion of Cck receptor expressing vagal afferents126, which are 
predominantly mucosal and intramuscular sensory neurons in the 
upper gastrointestinal tract127. By contrast, intestinal Vip/Uts2b+ vagal 
mucosal afferents in mice co-express Cckar13, raising the possibility that 
this genetic subclass contributes to modulation of anxiety. Depres-
sive symptoms128, and the action of antidepressants129, have also been 
implicated with vagal afferent signalling and its interaction with the 
gut microbial environment. For more extensive review of gut–brain 
axis in development of psychiatric disorder and neurodegenerative 
disease, see elsewhere108,130–132.

Outstanding questions
Mapping classification schemes and characterization of thora-
columbar endings. The advances in gene expression profiling, neu-
ronal tracing and neurogenetic manipulation techniques add new 
ways of testing and classifying visceral afferents. While adding com-
plexity, it can be unclear how classification schemes relate. One of the 
major classification schemes has been stimulus–response functional 
classification based on firing responses to stretch, mucosal strok-
ing and von Frey hair probing, termed: mucosal; muscular/tension; 
muscular–mucosal/tension–mucosal; serosal/mesenteric; and mechani-
cally insensitive/silent afferents45,56,88,89,133–135. How these afferent func-
tional classes reconcile with new genetic classifications is currently 
unknown. Harnessing discriminating molecular targets of putative 
genetic classes identified by molecular profiling studies represents a 
potential pathway by which this issue could be resolved as neurogenetic 
manipulation techniques are amenable for combined use with estab-
lished physiological recording techniques. Multimodal approaches could 
reveal shortcomings of classification schemes, as it had been thought that 
serosal and not mucosal afferents were nociceptive. Yet, neuroanatomi-
cal investigations highlight an absence of endings in the serosa, whereas 
some Sstr2+ high-threshold afferent neurons have mucosal endings.
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Fig. 5 | Gut viscerofugal pathways. Schematic diagram depicting the gut 
viscerofugal pathways. The size/colour of the links to prevertebral ganglia indicates 
the relative numbers of viscerofugal neurons in the pathway, as suggested by 
retrograde tracing studies in guinea pigs and rats91,134,135. The possibility of direct 

enteric to central nervous system (rectospinal and vagal) viscerofugal pathways 
has been suggested by a relatively small number of studies and is indicated by grey 
dotted lines, representing possible direct connections between the enteric and 
central nervous systems92,93,96. VFN, viscerofugal neuron.
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As noted, the most comprehensively profiled visceral afferents 
could be vagal IGLEs, particularly the gastric IGLEs, which were among 
the first to have their electrophysiological (tension-sensitive, mus-
cular afferents) and morphological identities correlated41. The latest 
evidence links them to a genetic class, central projections and a physi-
ological role in short-term satiety39,40,48. Our understanding of vagal 
afferents is ahead that of spinal afferents. Indeed, most peripheral 
endings of the thoracolumbar spinal afferent innervation of the gut 
remain to be characterized (particularly in mid gastrointestinal tract: 
small intestine, caecum and proximal colon). Characterizing both path-
ways is important because mechanical activation of thoracolumbar or 
lumbosacral afferents to the same gut region differentially activates 
spinal136 and brainstem circuits137, implying that the two pathways dif-
ferentially contribute to autonomic and affective signalling among 
spinal afferents.

Moreover, how genetic classifications relate to anatomical– 
functional data of their peripheral endings is currently poorly under-
stood among the spinal afferents versus vagal afferents. The molecular 
classification of DRG neurons10–12 has been applied specifically to 
gut afferents, whereby Hockley et al. defined seven colonic spinal 
afferent classes; five that were shared between thoracolumbar and 
lumbosacral DRG and two populations specific to lumbosacral DRG9. 
Redundancy and shared expression of mechanosensory and che-
mosensory ion channels across multiple putative genetic classes 
led the authors to conclude that the prospect of predicting their 
relationship with other existing classification schemes based on 
molecular profile alone was limited. Nevertheless, two spinal affer-
ent classes that expressed Nefh, termed ‘mNFa’ and ‘mNFb’, were 
speculated to be mucosal afferent subtypes based on expression 
of 5-HT receptors and peptone chemosensors9. Interestingly, their 
genetic profiles somewhat resemble the TrkB and Bmpr1b afferents, 
respectively, described by Wolfson et al.37, which had IGVEs, whereas 
Sstr2+ afferents had mucosal endings but low Nefh expression. Clearly, 
extensive multimodal investigations are necessary to complete the 
process of mapping molecular classifications to peripheral ending 
structures, central projections, electrophysiological properties and 
physiological functions.

Plasticity of sensory afferents. Vagal afferents show capacity for 
sensitization138 and desensitization139,140, including pregnancy and 
diet-driven changes in mechanosensitivity141,142, as well as circadian 
variation in mechanosensitivity143 and central processing144. In addi-
tion to central alterations145,146, spinal afferents become chronically 
hypersensitive after a bout of inflammation, such as the ones that 
can occur in irritable bowel syndrome, which is characterized by 
visceral hypersensitivity147. Indeed, human irritable bowel syndrome 
is associated with increased extrinsic sensory and immune markers 
in the gut148. Likewise, human inflammatory bowel diseases show 
increased density of gut perivascular innervation149, with upregulation 
of extrinsic sensory neurochemical markers, substance P and TRPV1 
(refs. 150,151), as well as upregulation of substances capable of activat-
ing putatively nociceptive gut afferents152. Previously insensitive/silent 
afferents can acquire mechanosensitivity in response to inflammatory 
mediators134 that can be released upon interaction with microbial 
products153. Moreover, the appearance of novel, previously uniden-
tified genetically defined clusters of spinal afferent neurons follow-
ing infection has been described154. Profound time-of-day variation 
in bladder spinal afferent excitability has been reported, probably 
reflecting physiological circadian clock gene oscillations155. Multiple 

gut functions oscillate over 24 h, as well as the relative abundances, 
metabolism and spatial organization of gut microbial populations156,157. 
It is likely that gut spinal afferents show functional oscillations across 
the day, but this aspect remains untested. Together, both long-term 
and short-term changes in physiological or pathophysiological sta-
tus could underlie large differences in the potential for activation 
of primary afferent nerve endings and therefore interoception. The 
nature of these changes remains poorly understood, particularly in 
human gut.

Human extrinsic gut afferents. The first electrophysiological study 
of sensory nerve endings in human gut was reported by Sirotin in 
1961 (ref. 158), who recorded from ex vivo stomach and small intes-
tine. Fifty years later, several studies emerged that together identi-
fied the presence of all electrophysiological functional subclasses in 
human large intestine and distal small intestine159–164, which are likely 
to be predominantly of spinal sensory origin and we have reviewed in 
detail165. Sirotin reported gastric and intestinal afferent responses to 
nutrient perfusion and this study is currently the most likely among 
human gut afferent studies to be based on vagal afferent recordings. 
Remarkably, even less is understood of the neuroanatomy of human 
extrinsic afferents. de Fontgalland et al.151 first applied the rapid bio-
tinamide tracing technique to colonic mesenteric paravascular nerve 
trunks, labelling branching varicose extrinsic nerve fibres along the 
vasculature. However, the afferent or efferent nature of these fibres 
is unknown. The same approach has been applied to human colonic 
nerves in combination with common immunohistochemical mark-
ers of sensory neurons166, revealing ~4% of extrinsic axons contained 
substance P and 6% contained CGRP, whereas most axons (~34%) were 
presumptively sympathetic containing either TH or somatostatin. As 
yet, there are no detailed descriptions of the morphology of human 
extrinsic afferents, and even the most morphologically conspicuous 
afferents described in animal models, the IGLEs, are yet to be identified 
in human gut.

Viscerofugal neurons
Enteric VFNs are a special case in gut–brain communication. Being 
enteric neurons, their nerve cell bodies are located in the enteric gan-
glia within the gut wall. Unlike all other enteric neurons, their axons 
leave the gut. Extrinsic nerve trunks through which the spinal or vagal 
afferents and autonomic efferents project also contain axons of VFNs. 
Most viscerofugal axons terminate in the sympathetic prevertebral 
ganglia (PVG). However, there are reports of small populations of 
VFNs with projections as far as the spinal cord167,168 and brainstem169. 
VFNs with prevertebral projections have been indirectly implicated in 
gut–brain satiety signalling through reports of a role in glucoregulation 
and through mediating the afferent arm of the so-called ileal brake170. 
In this section, we summarize what is known of this elusive neuronal 
class before describing advances in the past decade and questions 
that remain unresolved.

Discovery, distribution and targets
Viscerofugal neurons were implied by studies in the 1940s, showing that 
distension of a segment of gut acutely inhibited motility in a second 
gut segment, linked only through PVG171,172. These studies indicated that 
some enteric neurons left the gut wall and synapsed on prevertebral 
sympathetic neurons, which in turn projected back into the gut. Den-
ervation and retrograde tracing studies later provided the structural 
evidence for VFNs.
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The density of enteric viscerofugal nerve cell bodies with projec-
tions to the PVG has a proximodistal gradient along the gastrointes-
tinal tract with the majority located in the large intestine. They are 
also preferentially positioned close to the mesenteric attachment, 
resulting in a circumferentially biased distribution around the gut. 
The exception to this finding is in the rectum, where the mesentery is 
more evenly distributed.

Retrograde tracing indicates that the great majority of VFNs 
project to prevertebral ganglia (Fig. 5). Small populations have been 
traced from pelvic ganglia173 and the CNS. The latter includes VFNs 
in rectum167,168 and colon174,175, with projections via dorsal roots into 
the spinal cord, and VFNs that project along vagal pathways14,41 from 
oesophagus, stomach and small intestine to the brainstem169. This 
aspect raises the possibility that VFNs directly connect enteric nervous 
system (ENS) and CNS.

Morphology and neurochemistry
Most enteric viscerofugal nerve cell bodies have shapes typical of 
uniaxonal neurons176. Thus, viscerofugal neurons resemble the most 
common neurons in the ENS. Although not identified in most studies, 
small proportions of multiaxonal VFNs have been reported173,177,178.

Knowledge of VFN neurochemical profiles is based primarily on 
immunolabelling of retrogradely traced or lesioned VFNs in guinea pig 
models. Development of multiplexed immunolabelling in whole-mount 
tissue recently expanded the power of this approach179. It enabled test-
ing of 14 neurochemical markers in the same VFNs in human colon, 
thereby in a single study making them arguably the best characterized 
VFN population to date. Single-cell RNA sequencing will readily surpass 
these data, but has yet to be applied to identified VFNs.

Among the markers tested, choline acetyltransferase is a consist-
ently identified substance in guinea pig, rat and human VFNs, probably 
reflecting the importance of acetylcholine as a neurotransmitter in 
sympathetic ganglia. Vasoactive intestinal peptide (VIP) is a VFN marker 
in guinea pig, in which its role as a co-transmitter has been studied180–183 
and is useful for selective identification of VFN synapses in coeliac 
ganglia184–186. VIP also occurs in VFNs of the rat, dog and cat187,188. How-
ever, this prominent VFN marker is largely absent from pig189,190 and 
human colonic VFNs179. In 2023, CART+ VFNs in mouse ileum and colon 
were suggested to regulate blood glucose via projections to pancreas 
and liver-projecting sympathetic neurons191. As with VIP, human colonic 
VFNs lack CART179. Thus, it seems that neuropeptide transmitters in 
VFNs show cross-species variability, possibly indicating a less critical 
functional role or greater interchangeability. For extensive review of 
VFN neurochemistry, see elsewhere192.

Sympathetic connections
VFN circuits are structured for regulating gut motility and secretion 
behaviour, as predicted by studies of intestinointestinal reflexes. The 
terminals of VFNs synapse with visceromotor sympathetic neurons 
within prevertebral ganglia, but not with vasomotor sympathetic 
neurons. The visceromotor sympathetic neurons receive numerous 
subthreshold cholinergic–nicotinic synaptic inputs from VFNs and 
relatively few suprathreshold inputs from preganglionic neurons. This 
finding suggests the importance of signal integration and the spa-
tial and temporal summation of VFN inputs. Gut distension increases 
the frequency of nicotinic fast excitatory postsynaptic potentials in 
sympathetic neurons193 and might also evoke slow excitatory post-
synaptic potentials via VFN-released neuropeptides182. Visceromotor 
sympathetic axons densely innervate the entire gastrointestinal tract 

where they release noradrenaline, acting presynaptically to suppress 
cholinergic transmission among myenteric neurons194 to inhibit motil-
ity and by a combination of presynaptic and postsynaptic mechanisms 
to inhibit enteric secretomotor neurons195,196.

Gut volume sensors
Early studies of intestinointestinal reflexes which implied mechanical 
stimuli can activate VFNs. Ex vivo intracellular electrophysiological 
recordings from sympathetic neurons in guinea pig and mouse PVG 
preparations with the gut attached revealed that distension-evoked 
VFN firing was partly sensitive to blockade of synaptic transmis-
sion in the gut180,197–199, implying distension activates VFNs directly 
by mechanotransduction, and synaptically via mechanosensitive 
enteric pathways that converge on VFNs. The analysis and manipula-
tion of gut volume and pressure changes, linked to the frequency of 
VFN inputs, demonstrated sensitivity to gut volume in mouse and 
guinea pig200,201. This finding is compatible with the hypothesis that 
VFN circuits have a physiological role in regulating gut volume by 
permitting gut filling and by counteracting contractility triggered 
by intraluminal content202.

Latest advances
In the past decade, a range of new observations driven in part by novel 
recording and neurogenetic techniques have led to new ideas as to the 
physiological role(s) of VFN–sympathetic circuits. These new findings 
are discussed here.

Identification of a potent physiological stimulus. The first single-unit 
recordings from identified VFNs in guinea pig colon gave further sup-
port for direct mechanosensitivity203,204 to gut volume205. However, 
they also revealed strong activation just before gut contractions, that 
is, before changes in gut mechanical status. In addition, they revealed 
synchronization of burst firing behaviour among VFN assemblies 
mediated by nicotinic transmission. Together, this feature pointed to a 
major role for synaptic activation of VFNs that was associated with gut 
contractility, but was not dependent on its mechanical effects. A major 
advantage of recording motor patterns in mouse rather than guinea 
pig colon is that the neural activity during the major neurogenic motor 
pattern, the colonic motor complex (CMC), persists during paralysis 
of smooth muscle. Thus, we found that VFN firing is temporally syn-
chronized and potently activated during the CMC, despite paralysis 
of smooth muscle mechanical activity206. The synchronized firing of 
VFNs was identical to that which occurs across the myenteric plexus 
to generate CMCs — a rhythmic 2 Hz firing pattern207. Simultaneous 
recordings with gut sympathetic efferents revealed that the ~2 Hz fir-
ing pattern is faithfully transmitted via sympathetic neurons back into 
the gut, which suggests a previously unrecognized level of integration 
of the ENS, whereby VFN–sympathetic circuits enact rapid and direct 
ENS excitation-limiting self-regulation across otherwise distant gut 
segments.

VFNs and gut–brain satiety signalling. Two major studies applied 
extensive neurogenetic techniques to examine VFNs for the first 
time. The first by Muller et al. reported that a subset of small and 
large intestine VFNs express the neuropeptide CART and form cir-
cuits with liver-projecting and pancreas-projecting prevertebral 
sympathetic neurons. Through these circuits, chemogenetic acti-
vation of CART neurons increased blood glucose and decreased 
insulin levels, causing reductions in short-term food intake in mice. 
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CART neuron ablation through DTA expression or microbial deple-
tion evoked opposing glucoregulatory effects. In a second major 
study, Zhang et al. supported earlier findings that suggested VFNs 
mediate the ileal brake208, a well-known response to nutrients in the 
small intestine that acutely suppress appetite209. In this mechanism, 
nutrient-evoked GLP-1 release onto ileal VFNs activated sympathetic 
neurons to induce gastric relaxation in mice170. This suppressed feed-
ing through spinal afferent detection of gastric volume, leading to 
modulation of hypothalamic circuits involved in appetite regulation. 
By contrast, subsequent studies demonstrated insensitivity among 
ileal enteric neurons to mucosally applied GLP-1, raising doubt as to 
the role of VFNs210.

Human VFN and multiplexed immunolabelling. VFNs in human 
gut were identified in 2023 and characterized extensively by multi-
plexed immunolabelling, as noted earlier179. A remarkable observa-
tion was that VFNs lacked unique combinations of neurochemicals 
(a neurochemical code). Rather, their neurochemical codes resem-
bled those of previously described human enteric neurons, which 
included codes characteristic of all major classes such as excitatory 
and inhibitory motor neurons, ascending and descending interneu-
rons and sensory neurons. Furthermore, the neurochemical code 
of a VFN was associated with the cell body morphology and axonal 
projections congruent with the major class matching that code. For 
example, when human VFNs expressed a neurochemical code of 
intrinsic sensory neurons, they also had the multiaxonal nerve cell 
body morphology that is characteristic of intrinsic sensory neurons; 
those with codes matching excitatory motor neurons or ascending 
interneurons had uniaxonal morphologies and, indeed, their axons 
typically ascended along the gut before exiting via mesenteric nerve 
trunks. Thus, it must be asked whether viscerofugal neurons derive 
from major enteric neuronal classes, retaining many of their typical 
features but acquire a new axonal target. If so, recruitment might not 
be random, as 69% of human VFNs resembled excitatory motor neu-
rons, which is disproportionately high compared with the 30% that 
excitatory motor neurons represent among all myenteric neurons 
in the same region211.

Activation by noxious stimuli. Stebbing et al.212 have shown in 
anaesthetized rats that acute gut stimulation with intraluminal 
2,4,6-trinitrobenzenesulfonic acid increases firing of gut-projecting 
prevertebral sympathetic neurons, driven predominantly by VFNs. The 
response, if any, on the effector side of the VFN–sympathetic circuits 
during activation by 2,4,6-trinitrobenzenesulfonic acid remained elu-
sive, as it was not associated with a detectable motility response. The 
authors speculated that sympathetic activity evoked by noxious stimuli 
could recruit sympathetic neurons involved in regulating immune 
function and inflammation.

Outstanding questions
Topography of VFN–sympathetic circuits. Physiological studies and 
the density gradient of VFN populations along the gut suggest that 
VFN–sympathetic circuits tend to operate in a distal-to-proximal direc-
tion (Fig. 5). However, intestinointestinal reflexes have been shown 
to operate in both directions along the gut213. Additionally, the study 
by Muller et al.191 suggests cross-organ VFN–sympathetic pathways 
from gut to liver and from gut to pancreas. It is unknown whether this 
feature represents the full extent of VFN influence on other organs 
via sympathetic neurons, which highlights a need for comprehensive 

input–output mapping of the VFN–sympathetic circuits along the gut, 
across organs and into the CNS.

Physiological roles of VFN–sympathetic circuits. Although major 
studies into the physiological role of VFNs have revealed novel and 
unexpected findings, they address relatively obscure or minor popula-
tions, including those with projections to liver and pancreas-projecting 
sympathetic neurons191, and ileal VFNs170. A demonstrated physiological 
role remains elusive for most VFNs, which are found in the greatest num-
bers in the large intestine214,215 and which synapse with gut-projecting 
motility and secretion-inhibiting sympathetic neurons216. Traditional 
approaches, such as transection of viscerofugal axons in mesenteric 
nerve trunks, cannot be applied without ablating sympathetic axons as 
well as spinal and/or vagal afferent axons. Thus, although their location 
and semblance to major ENS neuronal classes present a major chal-
lenge to selective control or lesion of VFNs, what the papers by Zhang 
and Muller demonstrate is that combinations of localized, genetically 
targeted approaches now make possible a physiological interrogation 
of the major VFN–sympathetic circuits. Finally, functional investiga-
tions of VFNs beyond those that project to prevertebral ganglia are 
yet to be made.

Conclusions
The bidirectional communication between the gut and brain, once 
considered predominantly a conduit for regulating digestion, is now 
recognized as a critical axis underpinning overall health and well-being. 
Although vagal afferents have been relatively well characterized, 
advances in high-resolution anterograde tracing and neurogenetic 
tools have begun to illuminate the previously obscure landscape of spi-
nal afferent innervation, revealing an unexpected level of complexity. 
Gut-projecting spinal afferents deploy an extraordinarily diverse array 
of sensory endings, particularly evident in the distal colon and rectum, 
which exhibit the highest density and morphological variety. Among 
the most striking discoveries are IGVEs embedded within myenteric 
ganglia and the observation that single spinal afferent neurons can pos-
sess multiple, morphologically distinct endings across different layers 
of the gut wall, suggesting a high degree of integrative sensory capacity. 
Piezo2 has emerged as a key mediator of spinal afferent responses to 
both physiological distension and noxious mechanical stimuli from 
the colon, marking a key transduction mechanism of visceral sensa-
tion. Alongside direct neuronal sensing, paracrine communication 
from EECs to both spinal and vagal afferent terminals represents an 
additional and potentially synergistic modality of sensory activation. 
Establishing a comprehensive map of these sensory architectures and 
their transduction mechanisms along the gut–brain axis in the healthy 
state is a prerequisite for deciphering the broader physiological and 
pathological contexts, including interactions with the gut microbiome. 
Future research must focus on correlating the newly identified morpho-
logical and genetic classes of afferents — including the multi-ending 
neurons and distinct IGVE subtypes — with specific sensory modalities 
and physiological roles. Elucidating how the nervous system differenti-
ates between noxious and non-noxious visceral stimuli to trigger appro-
priate responses, whether pain behaviours or physiological reflexes, 
remains a critical challenge. Additionally, the functional significance 
of the third pathway involving enteric viscerofugal neurons, implicated 
in reflexes such as the ileal brake, requires further investigation to fully 
appreciate the multifaceted nature of gut–brain signalling.

Published online: xx xx xxxx

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Review article

References
1.	 Grundy, D. & Scratcherd, T. in Handbook of Physiology: The Gastrointestinal System, 

Motility and Circulation (eds Wood, J. D. & Schultz, S. G.) (The American Physiological 
Society, 1989).

2.	 Sengupta, J. & Gebhart, G. in Physiology of the Gastrointestinal Tract 1 (ed. Johnson, L. R.) 
483–520 (Raven Press) (1994).

3.	 Cervero, F. Sensory innervation of the viscera: peripheral basis of visceral pain. Physiol. 
Rev. 74, 95 (1994).

4.	 Brookes, S. J. H., Spencer, N. J., Costa, M. & Zagorodnyuk, V. P. Extrinsic primary afferent 
signalling in the gut. Nat. Rev. Gastroenterol. Hepatol. 10, 286 (2013).

5.	 Décarie-Spain, L., Hayes, A. M. R., Lauer, L. T. & Kanoski, S. E. The gut–brain axis and 
cognitive control: a role for the vagus nerve. Semin. Cell Dev. Biol. 156, 201 (2024).

6.	 Teckentrup, V. & Kroemer, N. B. Mechanisms for survival: vagal control of goal-directed 
behavior. Trends Cogn. Sci. 28, 237 (2024).

7.	 Cryan, J. F. et al. The microbiota–gut–brain axis. Physiol. Rev. 99, 1877 (2019).
8.	 Chen, W. G. et al. The emerging science of interoception: sensing, integrating, 

interpreting, and regulating signals within the self. Trends Neurosci. 44, 3 (2021).
9.	 Hockley, J. R. F. et al. Single-cell RNAseq reveals seven classes of colonic sensory 

neuron. Gut 68, 633 (2019).
10.	 Li, C. L. et al. Somatosensory neuron types identified by high-coverage single-cell 

RNA-sequencing and functional heterogeneity. Cell Res. 26, 83 (2016).
11.	 Usoskin, D. et al. Unbiased classification of sensory neuron types by large-scale 

single-cell RNA sequencing. Nat. Neurosci. 18, 145 (2015).
12.	 Zeisel, A. et al. Molecular architecture of the mouse nervous system. Cell 174, 999 

(2018).
13.	 Kupari, J., Häring, M., Agirre, E., Castelo-Branco, G. & Ernfors, P. An atlas of vagal sensory 

neurons and their molecular specialization. Cell Rep. 27, 2508 (2019).
14.	 Zagorodnyuk, V. P. & Brookes, S. J. Transduction sites of vagal mechanoreceptors  

in the guinea pig esophagus. J. Neurosci. 20, 6249 (2000).
15.	 Zagorodnyuk, V. P., Chen, B. N., Costa, M. & Brookes, S. J. H. Mechanotransduction 

by intraganglionic laminar endings of vagal tension receptors in the guinea-pig 
oesophagus. J. Physiol. 553, 575 (2003).

16.	 Lynn, P. A., Olsson, C., Zagorodnyuk, V., Costa, M. & Brookes, S. J. H. Rectal 
intraganglionic laminar endings are transduction sites of extrinsic mechanoreceptors  
in the guinea pig rectum. Gastroenterology 125, 786 (2003).

17.	 Song, X. et al. Identification of medium/high-threshold extrinsic mechanosensitive 
afferent nerves to the gastrointestinal tract. Gastroenterology 137, 274 (2009).

18.	 Robertson, B. & Aldskogius, H. The use of anterogradely transported wheat germ 
agglutinin-horseradish peroxidase conjugate to visualize cutaneous sensory nerve 
endings. Brain Res. 240, 327 (1982).

19.	 Aldskogius, H., Elfvin, L. G. & Andersson Forsman, C. Primary sensory afferents in the 
inferior mesenteric ganglion and related nerves of the guinea pig: an experimental 
study with anterogradely transported wheat germ agglutinin-horseradish peroxidase 
conjugate. J. Auton. Nerv. Syst. 15, 179 (1986).

20.	 Clerc, N. & Mazzia, C. Morphological relationships of choleragenoid horseradish 
peroxidase-labeled spinal primary afferents with myenteric ganglia and mucosal 
associated lymphoid tissue in the cat esophagogastric junction. J. Comp. Neurol. 347, 
171 (1994).

21.	 Neuhuber, W. L. Sensory vagal innervation of the rat esophagus and cardia: a light and 
electron microscopic anterograde tracing study. J. Auton. Nerv. Syst. 20, 243 (1987).

22.	 Fox, E. A., Phillips, R. J., Martinson, F. A., Baronowsky, E. A. & Powley, T. L. Vagal afferent 
innervation of smooth muscle in the stomach and duodenum of the mouse: morphology 
and topography. J. Comp. Neurol. 428, 558 (2000).

23.	 Walter, G. C., Phillips, R. J., Baronowsky, E. A. & Powley, T. L. Versatile, high-resolution 
anterograde labeling of vagal efferent projections with dextran amines. J. Neurosci. 
Methods 178, 1 (2009).

24.	 Kyloh, M. & Spencer, N. J. A novel anterograde neuronal tracing technique to selectively 
label spinal afferent nerve endings that encode noxious and innocuous stimuli in visceral 
organs. Neurogastroenterol. Motil. 26, 440 (2014).

25.	 Spencer, N. J., Kyloh, M. & Duffield, M. Identification of different types of spinal afferent 
nerve endings that encode noxious and innocuous stimuli in the large intestine using a 
novel anterograde tracing technique. PLoS ONE 9, e112466 (2014).

26.	 Ma, J. et al. Spinal afferent innervation in flat-mounts of the rat stomach: anterograde 
tracing. Sci. Rep. 13, 17675 (2023).

27.	 Spencer, N. J., Kyloh, M., Beckett, E. A., Brookes, S. & Hibberd, T. J. Different types of 
spinal afferent nerve endings in stomach and esophagus identified by anterograde 
tracing from dorsal root ganglia. J. Comp. Neurol. 524, 3064 (2016).

28.	 Spencer, N. J., Kyloh, M. A., Travis, L. & Dodds, K. N. Sensory nerve endings arising from 
single spinal afferent neurons that innervate both circular muscle and myenteric ganglia 
in mouse colon: colon–brain axis. Cell Tissue Res. 381, 25–34 (2020).

29.	 Spencer, N. J., Kyloh, M. A., Travis, L. & Dodds, K. N. Identification of spinal afferent nerve 
endings in the colonic mucosa and submucosa that communicate directly with the 
spinal cord: the gut–brain axis. J. Comp. Neurol. 528, 1742–1753 (2020).

30.	 Berthoud, H. R. & Powley, T. L. Vagal afferent innervation of the rat fundic stomach: 
morphological characterization of the gastric tension receptor. J. Comp. Neurol. 319, 
261 (1992).

31.	 Powley, T. L., Hudson, C. N., McAdams, J. L., Baronowsky, E. A. & Phillips, R. J. Vagal 
intramuscular arrays: the specialized mechanoreceptor arbors that innervate the smooth 
muscle layers of the stomach examined in the rat. J. Comp. Neurol. 524, 1 (2016).

32.	 Dodds, K. N., Kyloh, M. A., Travis, L., Beckett, E. A. H. & Spencer, N. J. Morphological 
identification of thoracolumbar spinal afferent nerve endings in mouse uterus. J. Comp. 
Neurol. 529, 2029 (2021).

33.	 Niu, X. et al. Mapping of extrinsic innervation of the gastrointestinal tract in the mouse 
embryo. J. Neurosci. 40, 6691 (2020).

34.	 Gautron, L. et al. Genetic tracing of Nav1. 8-expressing vagal afferents in the mouse. 
J. Comp. Neurol. 519, 3085 (2011).

35.	 Serlin, H. K. & Fox, E. A. Abdominal vagotomy reveals majority of small intestinal mucosal 
afferents labeled in Na(v) 1.8cre-rosa26tdTomato mice are vagal in origin. J. Comp. Neurol. 
528, 816 (2020).

36.	 Schuster, D. J. et al. Visualization of spinal afferent innervation in the mouse colon by 
AAV8-mediated GFP expression. Neurogastroenterol. Motil. 25, e89 (2013).

37.	 Wolfson, R. L. et al. DRG afferents that mediate physiologic and pathologic 
mechanosensation from the distal colon. Cell 186, 3368 (2023).

38.	 Williams, E. K. et al. Sensory neurons that detect stretch and nutrients in the digestive 
system. Cell 166, 209 (2016).

39.	 Bai, L. et al. Genetic identification of vagal sensory neurons that control feeding. Cell 
179, 1129 (2019).

40.	 Zhao, Q. et al. A multidimensional coding architecture of the vagal interoceptive system. 
Nature 603, 878 (2022).

41.	 Zagorodnyuk, V. P., Chen, B. N. & Brookes, S. J. Intraganglionic laminar endings are 
mechano-transduction sites of vagal tension receptors in the guinea-pig stomach. 
J. Physiol. 534, 255 (2001).

42.	 Lowenstein, E. D. et al. Prox2 and Runx3 vagal sensory neurons regulate esophageal 
motility. Neuron 111, 2184 (2023).

43.	 Servin-Vences, M. R. et al. PIEZO2 in somatosensory neurons controls gastrointestinal 
transit. Cell 186, 3386 (2023).

44.	 Sharrad, D. F., Hibberd, T. J., Kyloh, M. A., Brookes, S. J. H. & Spencer, N. J. Quantitative 
immunohistochemical co-localization of TRPV1 and CGRP in varicose axons of the 
murine oesophagus, stomach and colorectum. Neurosci. Lett. 599, 164 (2015).

45.	 Jones, R. C. 3rd, Xu, L. & Gebhart, G. F. The mechanosensitivity of mouse colon afferent 
fibers and their sensitization by inflammatory mediators require transient receptor 
potential vanilloid 1 and acid-sensing ion channel 3. J. Neurosci. 25, 10981 (2005).

46.	 Xie, Z. et al. Piezo2 channels expressed by colon-innervating TRPV1-lineage neurons 
mediate visceral mechanical hypersensitivity. Neuron 111, 526 (2023).

47.	 Olsson, C., Costa, M. & Brookes, S. J. Neurochemical characterization of extrinsic 
innervation of the guinea pig rectum. J. Comp. Neurol. 470, 357 (2004).

48.	 Borgmann, D. et al. Gut–brain communication by distinct sensory neurons differently 
controls feeding and glucose metabolism. Cell Metab. 33, 1466 (2021).

49.	 Lynn, P. A. & Brookes, S. J. H. Function and morphology correlates of rectal 
nerve mechanoreceptors innervating the guinea pig internal anal sphincter. 
Neurogastroenterol. Motil. 23, 88 (2011).

50.	 Humenick, A. et al. Activation of intestinal spinal afferent endings by changes in 
intra-mesenteric arterial pressure. J. Physiol. 593, 3693 (2015).

51.	 Dunn, W. R., Hardy, T. A. & Brock, J. A. Electrophysiological effects of activating the 
peptidergic primary afferent innervation of rat mesenteric arteries. Br. J. Pharmacol. 140, 
231 (2003).

52.	 Meehan, A. G. & Kreulen, D. L. A capsaicin-sensitive inhibitory reflex from the colon  
to mesenteric arteries in the guinea-pig. J. Physiol. 448, 153 (1992).

53.	 Ma, J. et al. Organization and morphology of calcitonin gene-related peptide- 
immunoreactive axons in the whole mouse stomach. J. Comp. Neurol. 531, 1608 (2023).

54.	 Powley, T. L., Spaulding, R. A. & Haglof, S. A. Vagal afferent innervation of the proximal 
gastrointestinal tract mucosa: chemoreceptor and mechanoreceptor architecture. 
J. Comp. Neurol. 519, 644 (2011).

55.	 Zheng, H., Lauve, A., Patterson, L. & Berthoud, H. Limited excitatory local effector function 
of gastric vagal afferent intraganglionic terminals in rats. Am. J. Physiol. 36, 661 (1997).

56.	 Brierley, S. M., Jones, R. C. III, Gebhart, G. F. & Blackshaw, L. A. Splanchnic and 
pelvic mechanosensory afferents signal different qualities of colonic stimuli in mice. 
Gastroenterology 127, 166 (2004).

57.	 Wang, F. B. & Powley, T. L. Topographic inventories of vagal afferents in gastrointestinal 
muscle. J. Comp. Neurol. 421, 302 (2000).

58.	 Nonidez, J. F. Afferent nerve endings in the ganglia of the intermuscular plexus of the 
dog’s oesophagus. J. Comp. Neurol. 85, 177 (1946).

59.	 Rodrigo, J., Hernandez, C., Vidal, M. & Pedrosa, J. Vegetative innervation of the 
esophagus. II. Intraganglionic laminar endings. Acta Anat. 92, 79 (1975).

60.	 Rodrigo, J. et al. Sensory vagal nature and anatomical access paths to esophagus 
laminar nerve endings in myenteric ganglia. Determination by surgical degeneration 
methods. Acta Anat. 112, 47 (1982).

61.	 Sang, Q. & Young, H. The origin and development of the vagal and spinal innervation 
of the external muscle of the mouse esophagus. Brain Res. 809, 253 (1998).

62.	 Raab, M. & Neuhuber, W. Number and distribution of intraganglionic laminar endings 
in the mouse esophagus as demonstrated with two different immunohistochemical 
markers. J. Histochem. Cytochem. 53, 1023 (2005).

63.	 Neuhuber, W. L., Kressel, M., Stark, A. & Berthoud, H. R. Vagal efferent and afferent 
innervation of the rat esophagus as demonstrated by anterograde DiI and DiA tracing: 
focus on myenteric ganglia. J. Auton. Nerv. Syst. 70, 92 (1998).

64.	 Fox, E. A. et al. Neurotrophin-4 deficient mice have a loss of vagal intraganglionic 
mechanoreceptors from the small intestine and a disruption of short-term satiety. 
J. Neurosci. 21, 8602 (2001).

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Review article

65.	 Biddinger, J. E. & Fox, E. A. Reduced intestinal brain-derived neurotrophic factor increases 
vagal sensory innervation of the intestine and enhances satiation. J. Neurosci. 34, 10379 
(2014).

66.	 Raab, M., Worl, J., Brehmer, A. & Neuhuber, W. L. Reduction of NT-3 or TrkC results in 
fewer putative vagal mechanoreceptors in the mouse esophagus. Autonomic Neurosci. 
Basic Clin. 108, 22 (2003).

67.	 Berthoud, H. R., Patterson, L. M., Willing, A. E., Mueller, K. & Neuhuber, W. L. 
Capsaicin-resistant vagal afferent fibers in the rat gastrointestinal tract: anatomical 
identification and functional integrity. Brain Res. 746, 195 (1997).

68.	 Kefauver, J. M., Ward, A. B. & Patapoutian, A. Discoveries in structure and physiology 
of mechanically activated ion channels. Nature 587, 567 (2020).

69.	 Satchell, P. M. & McLeod, J. G. Abnormalities of oesophageal mechanoreceptors 
in canine acrylamide neuropathy. J. Neurol. Neurosurg. Psychiatry 47, 692 (1984).

70.	 Neuhuber, W. L., Raab, M., Berthoud, H. R. & Wörl, J. Innervation of the Mammalian 
Esophagus 185 (Springer Verlag, 2006).

71.	 Phillips, R. J. & Powley, T. L. Tension and stretch receptors in gastrointestinal smooth 
muscle: re-evaluating vagal mechanoreceptor electrophysiology. Brain Res. Brain Res. 
Rev. 34, 1 (2000).

72.	 Chi, M. M., Fan, G. & Fox, E. A. Increased short-term food satiation and sensitivity 
to cholecystokinin in neurotrophin-4 knock-in mice. Am. J. Physiol. 287, R1044  
(2004).

73.	 Brierley, D. I. et al. Central and peripheral GLP-1 systems independently suppress eating. 
Nat. Metab. 3, 258 (2021).

74.	 Berthoud, H. R. The vagus nerve, food intake and obesity. Regul. Pept. 149, 15 (2008).
75.	 Gortz, L., Bjorkman, A. C., Andersson, H. & Kral, J. G. Truncal vagotomy reduces food and 

liquid intake in man. Physiol. Behav. 48, 779 (1990).
76.	 Kral, J. G. Behavioral effects of vagotomy in humans. J. Auton. Nerv. Syst. 9, 273 (1983).
77.	 Gautron, L. The phantom satiation hypothesis of bariatric surgery. Front. Neurosci. 15, 

626085 (2021).
78.	 Fox, E. A., Phillips, R. J., Martinson, F. A., Baronowsky, E. A. & Powley, T. L. C-Kit mutant 

mice have a selective loss of vagal intramuscular mechanoreceptors in the forestomach. 
Anat. Embryol. 204, 11 (2001).

79.	 Fox, E. et al. Selective loss of vagal intramuscular mechanoreceptors in mice mutant for 
steel factor, the c-Kit receptor ligand. Anat. Embryol. 205, 325 (2002).

80.	 Powley, T. L. et al. Vagal afferent innervation of the lower esophageal sphincter. 
Auton. Neurosci. Basic Clin. 177, 129–142 (2013).

81.	 Powley, T. L. et al. Vagal sensory innervation of the gastric sling muscle and antral 
wall: implications for gastro-esophageal reflux disease? Neurogastroenterol. Motil. 24, 
e526–e537 (2012).

82.	 Berthoud, H. R., Kressel, M., Raybould, H. E. & Neuhuber, W. L. Vagal sensors in the 
rat duodenal mucosa: distribution and structure as revealed by in vivo DiI-tracing. 
Anat. Embryol. 191, 203 (1995).

83.	 Spencer, N. J., Kyloh, M. A., Travis, L. & Hibberd, T. J. Mechanisms underlying the gut–brain 
communication: how enterochromaffin (EC) cells activate vagal afferent nerve endings in 
the small intestine. J. Comp. Neurol. 532, e25613 (2024).

84.	 Spencer, N. J., Kyloh, M. A., Travis, L. & Hibberd, T. J. Identification of vagal afferent nerve 
endings in the mouse colon and their spatial relationship with enterochromaffin cells. 
Cell Tissue Res. 396, 313 (2024).

85.	 Harsanyiova, J., Ru, F., Zatko, T., Kollarik, M. & Hennel, M. Vagus nerves provide a robust 
afferent innervation of the mucosa throughout the body of the esophagus in the mouse. 
Dysphagia 35, 471 (2020).

86.	 Dütsch, M. et al. Vagal and spinal afferent innervation of the rat esophagus: a combined 
retrograde tracing and immunocytochemical study with special emphasis on 
calcium-binding proteins. J. Comp. Neurol. 398, 289 (1998).

87.	 Wank, M. & Neuhuber, W. L. Local differences in vagal afferent innervation of the rat 
esophagus are reflected by neurochemical differences at the level of the sensory 
ganglia and by different brainstem projections. J. Comp. Neurol. 435, 41 (2001).

88.	 Page, A. J. & Blackshaw, L. A. An in vitro study of the properties of vagal afferent fibres 
innervating the ferret oesophagus and stomach. J. Physiol. 512, 907 (1998).

89.	 Page, A. J., Martin, C. M. & Blackshaw, L. A. Vagal mechanoreceptors and chemoreceptors 
in mouse stomach and esophagus. J. Neurophysiol. 87, 2095 (2002).

90.	 Li, M. et al. Gut–brain circuits for fat preference. Nature 610, 722 (2022).
91.	 McDougle, M. et al. Separate gut–brain circuits for fat and sugar reinforcement combine 

to promote overeating. Cell Metab. 36, 393 (2024).
92.	 Berthoud, H. R., Patterson, L. M., Neumann, F. & Neuhuber, W. L. Distribution and structure 

of vagal afferent intraganglionic laminar endings (IGLEs) in the rat gastrointestinal tract. 
Anat. Embryol. 195, 183 (1997).

93.	 Meerschaert, K. A. et al. Unique molecular characteristics of visceral afferents arising 
from different levels of the neuraxis: location of afferent somata predicts function and 
stimulus detection modalities. J. Neurosci. 40, 7216 (2020).

94.	 Osman, S., Tashtush, A., Reed, D. E. & Lomax, A. E. Analysis of the spinal and vagal 
afferent innervation of the mouse colon using neuronal retrograde tracers. Cell Tissue 
Res. 392, 659 (2023).

95.	 Wang, Q. et al. Comparative localization of colorectal sensory afferent central 
projections in the mouse spinal cord dorsal horn and caudal medulla dorsal vagal 
complex. J. Comp. Neurol. 532, e25546 (2024).

96.	 Tassicker, B. C., Hennig, G. W., Costa, M. & Brookes, S. J. Rapid anterograde and 
retrograde tracing from mesenteric nerve trunks to the guinea-pig small intestine 
in vitro. Cell Tissue Res. 295, 437 (1999).

97.	 Hibberd, T. J. et al. Optogenetic activation of the gut–brain axis in freely moving mice 
using a fully implantable wireless battery-free device. Am. J. Physiol. Gastrointest. 
Liver Physiol. 328, G545 (2025).

98.	 Wang, H. et al. Parallel gut-to-brain pathways orchestrate feeding behaviors. Nat. Neurosci. 
28, 320 (2025).

99.	 Goldstein, N. et al. Hypothalamic detection of macronutrients via multiple gut–brain 
pathways. Cell Metab. 33, 676 (2021).

100.	 Zagorodnyuk, V. P. et al. Loss of visceral pain following colorectal distension in an 
endothelin-3 deficient mouse model of Hirschsprung’s disease. J. Physiol. 589, 1691 
(2011).

101.	 Hibberd, T. J. et al. Identification of different functional types of spinal afferent neurons 
innervating the mouse large intestine using a novel CGRPalpha transgenic reporter 
mouse. Am. J. Physiol. Gastrointest. Liver Physiol. 310, G561 (2016).

102.	 Kollarik, M., Ru, F. & Brozmanova, M. Vagal afferent nerves with the properties of 
nociceptors. Auton. Neurosci. 153, 12 (2010).

103.	 Yu, S., Undem, B. J. & Kollarik, M. Vagal afferent nerves with nociceptive properties in 
guinea-pig oesophagus. J. Physiol. 563, 831 (2005).

104.	 Yu, S., Ru, F., Ouyang, A. & Kollarik, M. 5-Hydroxytryptamine selectively activates the 
vagal nodose C-fibre subtype in the guinea-pig oesophagus. Neurogastroenterol. Motil. 
20, 1042 (2008).

105.	 Spencer, N. J. et al. Identification of capsaicin-sensitive rectal mechanoreceptors 
activated by rectal distension in mice. Neuroscience 153, 518 (2008).

106.	 Kyloh, M. A. et al. Disengaging spinal afferent nerve communication with the brain in live 
mice. Commun. Biol. 5, 915 (2022).

107.	 Erspamer, V. Occurrence and distribution of 5-hydroxytryptamine (enteramine) in the 
living organism. Z. Vitam. Horm. Fermentforsch. 9, 74 (1957).

108.	 Margolis, K. G., Cryan, J. F. & Mayer, E. A. The microbiota–gut–brain axis: from motility 
to mood. Gastroenterology 160, 1486 (2021).

109.	 Bayrer, J. R. et al. Gut enterochromaffin cells drive visceral pain and anxiety. Nature 616, 
137 (2023).

110.	 Bellono, N. W. et al. Enterochromaffin cells are gut chemosensors that couple to sensory 
neural pathways. Cell 170, 185 (2017).

111.	 Kaelberer, M. M. et al. A gut–brain neural circuit for nutrient sensory transduction. 
Science 361, eaat5236 (2018).

112.	 Cao, N., Merchant, W. & Gautron, L. Limited evidence for anatomical contacts between 
intestinal GLP-1 cells and vagal neurons in male mice. Sci. Rep. 14, 23666 (2024).

113.	 Fox, E. A. & Serlin, H. K. Gaps in our understanding of how vagal afferents to the small 
intestinal mucosa detect luminal stimuli. Am. J. Physiol. Regul. Integr. Comp. Physiol. 
327, R173 (2024).

114.	 Berthoud, H. R. & Patterson, L. M. Anatomical relationship between vagal afferent fibers 
and CCK-immunoreactive entero-endocrine cells in the rat small intestinal mucosa. 
Acta Anat. 156, 123 (1996).

115.	 Dodds, K. N. et al. The gut–brain axis: spatial relationship between spinal afferent nerves 
and 5-HT-containing enterochromaffin cells in mucosa of mouse colon. Am. J. Physiol. 
Gastrointest. Liver Physiol. 322, G523 (2022).

116.	 Kandel, E. R. et al. Principles of Neural Science Vol. 4 (McGraw-Hill, 2000).
117.	 Touhara, K. K. et al. Topological segregation of stress sensors along the gut crypt–villus 

axis. Nature 640, 732–742 (2025).
118.	 Klarer, M., Weber-Stadlbauer, U., Arnold, M., Langhans, W. & Meyer, U. Abdominal vagal 

deafferentation alters affective behaviors in rats. J. Affect. Disord. 252, 404 (2019).
119.	 Klarer, M. et al. Gut vagal afferents differentially modulate innate anxiety and learned 

fear. J. Neurosci. 34, 7067 (2014).
120.	 Fernandes, A. B. et al. Postingestive modulation of food seeking depends on 

vagus-mediated dopamine neuron activity. Neuron 106, 778 (2020).
121.	 Kim, J. S. et al. The gut–brain axis mediates bacterial driven modulation of reward 

signaling. Mol. Metab. 75, 101764 (2023).
122.	 Suarez, A. N. et al. Gut vagal sensory signaling regulates hippocampus function through 

multi-order pathways. Nat. Commun. 9, 2181 (2018).
123.	 Inoue, K. et al. Reduction of anxiety after restricted feeding in the rat: implication for 

eating disorders. Biol. Psychiatry 55, 1075 (2004).
124.	 Willette, A. A. et al. Calorie restriction reduces psychological stress reactivity and 

its association with brain volume and microstructure in aged rhesus monkeys. 
Psychoneuroendocrinology 37, 903 (2012).

125.	 Bravo, J. A. et al. Ingestion of Lactobacillus strain regulates emotional behavior and central 
GABA receptor expression in a mouse via the vagus nerve. Proc. Natl Acad. Sci. USA 108, 
16050 (2011).

126.	 Krieger, J. P. et al. Neural pathway for gut feelings: vagal interoceptive feedback from the 
gastrointestinal tract is a critical modulator of anxiety-like behavior. Biol. Psychiatry 92, 
709 (2022).

127.	 Diepenbroek, C. et al. Validation and characterization of a novel method for selective 
vagal deafferentation of the gut. Am. J. Physiol. Gastrointest. Liver Physiol. 313, G342 
(2017).

128.	 Pu, Y. et al. A role of the subdiaphragmatic vagus nerve in depression-like phenotypes 
in mice after fecal microbiota transplantation from chrna7 knock-out mice with 
depression-like phenotypes. Brain Behav. Immun. 94, 318 (2021).

129.	 West, C. L. et al. Identification of SSRI-evoked antidepressant sensory signals by 
decoding vagus nerve activity. Sci. Rep. 11, 21130 (2021).

130.	 Socała, K. et al. The role of microbiota–gut–brain axis in neuropsychiatric and 
neurological disorders. Pharmacol. Res. 172, 105840 (2021).

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Review article

131.	 McVey Neufeld, S. F., Ahn, M., Kunze, W. A. & McVey Neufeld, K. A. Adolescence, the 
microbiota–gut–brain axis, and the emergence of psychiatric disorders. Biol. Psychiatry 
95, 310 (2024).

132.	 Loh, J. S. et al. Microbiota–gut–brain axis and its therapeutic applications in 
neurodegenerative diseases. Signal Transduct. Target. Ther. 9, 37 (2024).

133.	 Brierley, S. M. et al. Differential chemosensory function and receptor expression 
of splanchnic and pelvic colonic afferents in mice. J. Physiol. 567, 267 (2005).

134.	 Feng, B. & Gebhart, G. F. Characterization of silent afferents in the pelvic and splanchnic 
innervations of the mouse colorectum. Am. J. Physiol. Gastroint. Liver Physiol. 300, G170 
(2011).

135.	 Bian, Z. et al. High-throughput functional characterization of visceral afferents by optical 
recordings from thoracolumbar and lumbosacral dorsal root ganglia. Front. Neurosci. 15, 
657361 (2021).

136.	 Harrington, A. M. et al. Colonic afferent input and dorsal horn neuron activation differs 
between the thoracolumbar and lumbosacral spinal cord. Am. J. Physiol. Gastrointest. 
Liver Physiol. 317, G285 (2019).

137.	 Wang, Q. et al. Splanchnic and pelvic spinal afferent pathways relay sensory information 
from the mouse colorectum into distinct brainstem circuits. J. Neurochem. 169, e70211 
(2025).

138.	 Li, H. et al. Chronic stress induces hypersensitivity of murine gastric vagal afferents. 
Neurogastroenterol. Motil. 31, e13669 (2019).

139.	 Kentish, S. et al. Diet-induced adaptation of vagal afferent function. J. Physiol. 590, 209 
(2012).

140.	 Kentish, S. et al. Altered gastric vagal mechanosensitivity in diet-induced obesity persists 
on return to normal chow and is accompanied by increased food intake. Int. J. Obes. 38, 
636–642 (2014).

141.	 Clarke, G. S. et al. Pregnancy and a high-fat, high-sugar diet each attenuate 
mechanosensitivity of murine gastric vagal afferents, with no additive effects. J. Physiol. 
603, 1461 (2025).

142.	 Li, H. et al. Pregnancy-related plasticity of gastric vagal afferent signals in mice. 
Am. J. Physiol. Gastrointest. Liver Physiol. 320, G183 (2021).

143.	 Kentish, S. J., Frisby, C. L., Kennaway, D. J., Wittert, G. A. & Page, A. J. Circadian variation in 
gastric vagal afferent mechanosensitivity. J. Neurosci. 33, 19238 (2013).

144.	 Ragozzino, F. J., Peterson, B. A., Karatsoreos, I. N. & Peters, J. H. Circadian regulation of 
glutamate release pathways shapes synaptic throughput in the brainstem nucleus of the 
solitary tract (NTS). J. Physiol. 601, 1881–1896 (2023).

145.	 Chang, X., Zhang, H. & Chen, S. Neural circuits regulating visceral pain. Commun. Biol. 7, 
457 (2024).

146.	 Grinsvall, C. et al. Association between pain sensitivity and gray matter properties in the 
sensorimotor network in women with irritable bowel syndrome. Neurogastroenterol. 
Motil. 33, e14027 (2021).

147.	 Hughes, P. A. et al. Post-inflammatory colonic afferent sensitisation: different subtypes, 
different pathways and different time courses. Gut 58, 1333 (2009).

148.	 Akbar, A. et al. Increased capsaicin receptor TRPV1-expressing sensory fibres in irritable 
bowel syndrome and their correlation with abdominal pain. Gut 57, 923 (2008).

149.	 Birch, D., Knight, G. E., Boulos, P. B. & Burnstock, G. Analysis of innervation of human 
mesenteric vessels in non-inflamed and inflamed bowel — a confocal and functional 
study. Neurogastroenterol. Motil. 20, 660 (2008).

150.	 de Fontgalland, D., Brookes, S. J., Gibbins, I., Sia, T. C. & Wattchow, D. A. The neurochemical 
changes in the innervation of human colonic mesenteric and submucosal blood vessels in 
ulcerative colitis and Crohn’s disease. Neurogastroenterol. Motil. 26, 731 (2014).

151.	 De Fontgalland, D., Wattchow, D. A., Costa, M. & Brookes, S. Immunohistochemical 
characterization of the innervation of human colonic mesenteric and submucosal blood 
vessels. Neurogastroenterol. Motil. 20, 1212 (2008).

152.	 Higham, J. P. et al. Transcriptomic profiling reveals a pronociceptive role for angiotensin 
II in inflammatory bowel disease. Pain 165, 1592 (2024).

153.	 Ochoa-Cortes, F. et al. Bacterial cell products signal to mouse colonic nociceptive 
dorsal root ganglia neurons. Am. J. Physiol. Gastrointest. Liver Physiol. 299, G723 
(2010).

154.	 Forster, P. M. et al. A transcriptional atlas of gut-innervating neurons reveals activation 
of interferon signaling and ferroptosis during intestinal inflammation. Neuron 113, 
1333–1351.e7 (2025).

155.	 Christie, S. & Zagorodnyuk, V. Time-of-day dependent changes in guinea pig bladder 
afferent mechano-sensitivity. Sci. Rep. 11, 19283 (2021).

156.	 Leembruggen, A. J. L., Stamp, L. A., Bornstein, J. C. & Hao, M. M. Circadian control 
of gastrointestinal motility. Adv. Exp. Med. Biol. 1383, 191 (2022).

157.	 Hibberd, T. J. et al. Circadian rhythms in colonic function. Front. Physiol. 14, 1239278 
(2023).

158.	 Sirotin, B. Electrophysiological study of reception from certain internal organs in man. 
Bull. Exp. Biol. Med. 50, 873 (1961).

159.	 Hockley, J. R. et al. P2Y receptors sensitize mouse and human colonic nociceptors. 
J. Neurosci. 36, 2364 (2016).

160.	 Jiang, W. et al. ‘First-in-man’: characterising the mechanosensitivity of human colonic 
afferents. Gut 60, 281 (2011).

161.	 McGuire, C. et al. Ex vivo study of human visceral nociceptors. Gut 67, 86 (2017).
162.	 Ng, K. S., Brookes, S. J., Montes-Adrian, N. A., Mahns, D. A. & Gladman, M. A. 

Electrophysiological characterization of human rectal afferents. Am. J. Physiol. 
Gastrointest. Liver Physiol. 311, G1047 (2016).

163.	 Peiris, M. et al. Human visceral afferent recordings: preliminary report. Gut 60, 204 (2011).

164.	 Yu, Y. et al. Interplay between mast cells, enterochromaffin cells, and sensory signaling 
in the aging human bowel. Neurogastroenterol. Motil. 28, 1465 (2016).

165.	 Brierley, S. M., Hibberd, T. J. & Spencer, N. J. Spinal afferent innervation of the colon 
and rectum. Front. Cell Neurosci. 12, 467 (2018).

166.	 Humenick, A. et al. Extrinsic innervation of myenteric plexus of human large intestine 
via colonic nerves. Cell. Mol. Gastroenterol. Hepatol. 19, 101479 (2025).

167.	 Neuhuber, W. L. et al. Rectospinal neurons: cell bodies, pathways, immunocytochemistry 
and ultrastructure. Neuroscience 56, 367 (1993).

168.	 Doerffler-Melly, J. & Neuhuber, W. L. Rectospinal neurons: evidence for a direct 
projection from the enteric to the central nervous system in the rat. Neurosci. Lett. 92, 
121 (1988).

169.	 Holst, M. C., Kelly, J. B. & Powley, T. L. Vagal preganglionic projections to the enteric 
nervous system characterized with Phaseolus vulgaris-leucoagglutinin. J. Comp. Neurol. 
381, 81 (1997).

170.	 Zhang, T., Perkins, M. H., Chang, H., Han, W. & de Araujo, I. E. An inter-organ neural circuit 
for appetite suppression. Cell 185, 2478 (2022).

171.	 Kuntz, A. The structural organization of the inferior mesenteric ganglia. J. Comp. Neurol. 
72, 371 (1940).

172.	 Kuntz, A. & Saccomanno, G. Reflex inhibition of intestinal motility mediated through 
decentralized prevertebral ganglia. J. Neurophysiol. 7, 163 (1944).

173.	 Luckensmeyer, G. B. & Keast, J. R. Distribution and morphological characterization of 
viscerofugal projections from the large intestine to the inferior mesenteric and pelvic 
ganglia of the male rat. Neuroscience 66, 663 (1995).

174.	 Suckow, S. & Caudle, R. Identification and immunohistochemical characterization of 
colospinal afferent neurons in the rat. Neuroscience 153, 803 (2008).

175.	 Suckow, S. K. & Caudle, R. M. NMDA receptor subunit expression and PAR2 receptor 
activation in colospinal afferent neurons (CANs) during inflammation induced visceral 
hypersensitivity. Mol. Pain 5, 54 (2009).

176.	 Hibberd, T., Spencer, N. J., Brookes, S., Costa, M. & Yew, W. P. Enteric control of the 
sympathetic nervous system. Adv. Exp. Med. Biol. 1383, 89 (2022).

177.	 Hibberd, T. J., Spencer, N. J., Zagorodnyuk, V. P., Chen, B. N. & Brookes, S. J. H. Targeted 
electrophysiological analysis of viscerofugal neurons in the myenteric plexus of guinea 
pig colon. Neuroscience 275, 272 (2014).

178.	 Ermilov, L. G. et al. Morphological characteristics and immunohistochemical detection 
of nicotinic acetylcholine receptors on intestinofugal afferent neurones in guinea-pig 
colon. Neurogastroenterol. Motil. 15, 289 (2003).

179.	 Chen, B. N. et al. Characterization of viscerofugal neurons in human colon by retrograde 
tracing and multi-layer immunohistochemistry. Front. Neurosci. 17, 1313057 (2023).

180.	 Parkman, H. P., Ma, R. C., Stapelfeldt, W. H. & Szurszewski, J. H. Direct and indirect 
mechanosensory pathways from the colon to the inferior mesenteric ganglion. 
Am. J. Physiol. 265, G499 (1993).

181.	 Ma, R. C. & Szurszewski, J. H. Modulation by opioid peptides of mechanosensory 
pathways supplying the guinea-pig inferior mesenteric ganglion. J. Physiol. 491, 435 
(1996).

182.	 Ermilov, L. G., Schmalz, P. F., Miller, S. M. & Szurszewski, J. H. PACAP modulation of the 
colon-inferior mesenteric ganglion reflex in the guinea pig. J. Physiol. 560, 231 (2004).

183.	 Love, J. A. & Szurszewski, J. H. The electrophysiological effects of vasoactive intestinal 
polypeptide in the guinea-pig inferior mesenteric ganglion. J. Physiol. 394, 67 (1987).

184.	 Gibbins, I. L., Jobling, P., Teo, E. H., Matthew, S. E. & Morris, J. L. Heterogeneous 
expression of SNAP-25 and synaptic vesicle proteins by central and peripheral inputs 
to sympathetic neurons. J. Comp. Neurol. 459, 25 (2003).

185.	 Costa, M. & Furness, J. B. The origins, pathways and terminations of neurons with VIP-like 
immunoreactivity in the guinea-pig small intestine. Neuroscience 8, 665 (1983).

186.	 Anderson, R. L., Jobling, P., Matthew, S. E. & Gibbins, I. L. Development of convergent 
synaptic inputs to subpopulations of autonomic neurons. J. Comp. Neurol. 447, 218 
(2002).

187.	 Lundberg, J. M. et al. Occurrence of vasoactive intestinal polypeptide (VIP)-like 
immunoreactivity in certain cholinergic neurons of the cat: evidence from combined 
immunohistochemistry and acetylcholinesterase staining. Neuroscience 4, 1539 (1979).

188.	 Leranth, C. & Feher, E. Synaptology and sources of vasoactive intestinal polypeptide 
and substance P containing axons of the cat celiac ganglion. An experimental electron 
microscopic immunohistochemical study. Neuroscience 10, 947 (1983).

189.	 Barbiers, M., Timmermans, J. P., Adriaensen, D., De Groodt-Lasseel, M. H. & 
Scheuermann, D. W. Topographical distribution and immunocytochemical features of 
colonic neurons that project to the cranial mesenteric ganglion in the pig. J. Auton. Nerv. 
Syst. 44, 119 (1993).

190.	 Timmermans, J. P. et al. Occurrence, distribution and neurochemical features of small 
intestinal neurons projecting to the cranial mesenteric ganglion in the pig. Cell Tissue 
Res. 272, 49 (1993).

191.	 Muller, P. A. et al. Microbiota-modulated CART(+) enteric neurons autonomously regulate 
blood glucose. Science 370, 314 (2020).

192.	 Szurszewski, J. H. & Linden, D. R. in Physiology of the Gastrointestinal Tract Vol. 1 
(ed. Johnson, L. R.) 583–627 (Academic Press, 2012).

193.	 Crowcroft, P. J., Holman, M. E. & Szurszewski, J. H. Excitatory input from the distal colon 
to the inferior mesenteric ganglion in the guinea-pig. J. Physiol. 219, 443 (1971).

194.	 Hirst, G. D. S. & McKirdy, H. C. Presynaptic inhibition at mammalian peripheral synapse? 
Nature 250, 430 (1974).

195.	 Shen, K. Z. & Surprenant, A. Mechanisms underlying presynaptic inhibition through 
alpha 2-adrenoceptors in guinea-pig submucosal neurones. J. Physiol. 431, 609 (1990).

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology

Review article

196.	 North, R. A. & Surprenant, A. Inhibitory synaptic potentials resulting from alpha 
2-adrenoceptor activation in guinea-pig submucous plexus neurones. J. Physiol. 358, 17 
(1985).

197.	 Bywater, R. A. Activity following colonic distension in enteric sensory fibres projecting to 
the inferior mesenteric ganglion in the guinea pig. J. Auton. Nerv. Syst. 46, 19 (1993).

198.	 Miller, S. M. & Szurszewski, J. H. Colonic mechanosensory afferent input to neurons in 
the mouse superior mesenteric ganglion. Am. J. Physiol. Gastrointest. Liver Physiol. 272, 
G357 (1997).

199.	 Stebbing, M. J. & Bornstein, J. C. Electrophysiological analysis of the convergence of 
peripheral inputs onto neurons of the coeliac ganglion in the guinea pig. J. Auton. Nerv. Syst. 
46, 93 (1993).

200.	Anthony, T. L. & Kreulen, D. L. Volume-sensitive synaptic input to neurons in guinea pig 
inferior mesenteric ganglion. Am. J. Physiol. 259, G490 (1990).

201.	 Miller, S. M. & Szurszewski, J. H. Relationship between colonic motility and cholinergic 
mechanosensory afferent synaptic input to mouse superior mesenteric ganglion. 
Neurogastroenterol. Motil. 14, 339 (2002).

202.	Szurszewski, J. H., Ermilov, L. G. & Miller, S. M. Prevertebral ganglia and intestinofugal 
afferent neurones. Gut 51, i6 (2002).

203.	Hibberd, T. J., Zagorodnyuk, V. P., Spencer, N. J. & Brookes, S. J. H. Identification and 
mechanosensitivity of viscerofugal neurons. Neuroscience 225, 118 (2012).

204.	Hibberd, T. J., Zagorodnyuk, V. P., Spencer, N. J. & Brookes, S. J. H. Viscerofugal neurons 
recorded from guinea-pig colonic nerves after organ culture. Neurogastroenterol. Motil. 
24, 1041 (2012).

205.	Palmer, G., Hibberd, T. J., Roose, T., Brookes, S. J. & Taylor, M. Measurement of strains 
experienced by viscerofugal nerve cell bodies during mechanosensitive firing using 
digital image correlation. Am. J. Physiol. Gastrointest. Liver Physiol. 311, G869 (2016).

206.	Hibberd, T. J. et al. A novel mode of sympathetic reflex activation mediated by the enteric 
nervous system. eNeuro 7, ENEURO.0187-20.2020 (2020).

207.	 Spencer, N. J. et al. Identification of a rhythmic firing pattern in the enteric nervous system 
that generates rhythmic electrical activity in smooth muscle. J. Neurosci. 38, 5507 (2018).

208.	Van Citters, G. W. & Lin, H. C. Ileal brake: neuropeptidergic control of intestinal transit. 
Curr. gastroenterol. Rep. 8, 367 (2006).

209.	Spiller, R. C. et al. The ileal brake — inhibition of jejunal motility after ileal fat perfusion in 
man. Gut 25, 365 (1984).

210.	 Fung, C. et al. Nutrients activate distinct patterns of small-intestinal enteric neurons. 
Nature 644, 1069–1077 (2025).

211.	 Chen, B. N. et al. Types of neurons in the human colonic myenteric plexus identified by 
multilayer immunohistochemical coding. Cell. Mol. Gastroenterol. Hepatol. 16, 573 (2023).

212.	 Stebbing, M. J. et al. A ganglionic intestinointestinal reflex activated by acute noxious 
challenge. Am. J. Physiol. Gastrointest. Liver Physiol. 326, G360 (2024).

213.	 Kreulen, D. L. & Szurszewski, J. H. Reflex pathways in the abdominal prevertebral ganglia: 
evidence for a colo-colonic inhibitory reflex. J. Physiol. 295, 21 (1979).

214.	 Messenger, J. P. & Furness, J. B. Distribution of enteric nerve cells that project to the 
coeliac ganglion of the guinea-pig. Cell Tissue Res. 269, 119 (1992).

215.	 Messenger, J. P. & Furness, J. B. Distribution of enteric nerve cells projecting to the superior 
and inferior mesenteric ganglia of the guinea-pig. Cell Tissue Res. 271, 333 (1993).

216.	 Gibbins, I. L., Teo, E. H., Jobling, P. & Morris, J. L. Synaptic density, convergence, and 
dendritic complexity of prevertebral sympathetic neurons. J. Comp. Neurol. 455, 285 
(2003).

217.	 Kressel, M., Berthoud, H. R. & Neuhuber, W. L. Vagal innervation of the rat pylorus: 
an anterograde tracing study using carbocyanine dyes and laser scanning confocal 
microscopy. Cell Tissue Res. 275, 109 (1994).

218.	 Berthoud, H. Anatomical demonstration of vagal input to nicotinamide acetamide 
dinucleotide phosphate diaphorase-positive (nitrergic) neurons in rat fundic stomach. 
J. Comp. Neurol. 358, 428 (1995).

219.	 Phillips, R. J., Baronowsky, E. A. & Powley, T. L. Afferent innervation of gastrointestinal 
tract smooth muscle by the hepatic branch of the vagus. J. Comp. Neurol. 384, 248 
(1997).

220.	Kollarik, M. et al. Transgene expression and effective gene silencing in vagal afferent 
neurons in vivo using recombinant adeno-associated virus vectors. J. Physiol. 588, 4303 
(2010).

221.	 Phillips, R. J. & Powley, T. L. Gastric volume detection after selective vagotomies in rats. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 274, R1626 (1998).

222.	 Powley, T. L. et al. Organization of vagal afferents in pylorus: mechanoreceptors arrayed 
for high sensitivity and fine spatial resolution? Auton. Neurosci. Basic Clin. 183, 36 
(2014).

223.	 Williams, R., Berthoud, H.-R. & Stead, R. Vagal afferent nerve fibres contact mast cells in 
rat small intestinal mucosa. Neuroimmunomodulation 4, 266 (1997).

224.	 Powley, T. L. & Phillips, R. J. Vagal intramuscular array afferents form complexes with 
interstitial cells of Cajal in gastrointestinal smooth muscle: analogues of muscle spindle 
organs? Neuroscience 186, 188–200 (2012).

225.	 Serlin, H. K. & Fox, E. A. Neurotrophin-4 is essential for survival of the majority of vagal 
afferents to the mucosa of the small intestine, but not the stomach. Auton. Neurosci. 233, 
102811 (2021).

Author contributions
The authors contributed equally to all aspects of the article.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at  
https://doi.org/10.1038/s41575-025-01132-1.

Peer review information Nature Reviews Gastroenterology & Hepatology thanks Keith Sharkey 
and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2025

http://www.nature.com/nrgastro
https://doi.org/10.1038/s41575-025-01132-1

	Gut–brain communication: types of sensory nerves and mechanisms of activation

	Introduction

	Spinal afferent nerve endings

	Intraganglionic varicose endings

	Rectal intraganglionic laminar endings

	Intramuscular endings

	Vascular afferents

	Submucosal endings

	Mucosal endings

	Multi-ending afferents


	Vagal afferent nerve endings

	Features

	Intraganglionic laminar endings
	Intramuscular arrays
	Mucosal endings
	Extent of vagal afferent innervation along the gastrointestinal tract

	Spinal afferents encode noxious and non-noxious stimuli

	EECs and extrinsic afferent endings

	Visceral afferents and central brain function

	Outstanding questions

	Mapping classification schemes and characterization of thoracolumbar endings
	Plasticity of sensory afferents
	Human extrinsic gut afferents


	Viscerofugal neurons

	Discovery, distribution and targets

	Morphology and neurochemistry

	Sympathetic connections

	Gut volume sensors

	Latest advances

	Identification of a potent physiological stimulus
	VFNs and gut–brain satiety signalling
	Human VFN and multiplexed immunolabelling
	Activation by noxious stimuli

	Outstanding questions

	Topography of VFN–sympathetic circuits
	Physiological roles of VFN–sympathetic circuits


	Conclusions

	Fig. 1 Major sensory pathways linking gut to brain.
	Fig. 2 Mouse colonic and gastric spinal afferents.
	Fig. 3 Myenteric–mucosal and multi-ending spinal afferents.
	Fig. 4 Mucosal paracrine signalling at nerve terminals.
	Fig. 5 Gut viscerofugal pathways.
	Table 1 Summary of the spinal afferent characteristics described by Wolfson et al.
	Table 2 Identified spinal sensory nerve endings.
	Table 3 Identified vagal sensory nerve endings­.




