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Despite their seemingly elementary roles, the colon and rectum undertake a variety

of key processes to ensure our overall wellbeing. Such processes are coordinated

by the transmission of sensory signals from the periphery to the central nervous

system, allowing communication from the gut to the brain via the “gut-brain axis”.

These signals are transmitted from the peripheral terminals of extrinsic sensory nerve

fibers, located within the wall of the colon or rectum, and via their axons within

the spinal splanchnic and pelvic nerves to the spinal cord. Recent studies utilizing

electrophysiological, anatomical and gene expression techniques indicate a surprisingly

diverse set of distinct afferent subclasses, which innervate all layers of the colon and

rectum. Combined these afferent sub-types allow the detection of luminal contents,

low- and high-intensity stretch or contraction, in addition to the detection of inflammatory,

immune, and microbial mediators. To add further complexity, the proportions of these

afferents vary within splanchnic and pelvic pathways, whilst the density of the splanchnic

and pelvic innervation also varies along the colon and rectum. In this review we traverse

this complicated landscape to elucidate afferent function, structure, and nomenclature

to provide insights into how the extrinsic sensory afferent innervation of the colon and

rectum gives rise to physiological defecatory reflexes and sensations of discomfort,

bloating, urgency, and pain.

Keywords: sensory nerve, spinal afferent, colon, sensory transduction, rectum,mouse, peripheral nervous system,

dorsal root ganglia

INTRODUCTION

Neural control of the colon and rectum is provided by distinct neuronal populations, whose cell
bodies lie either within the gut wall (intrinsic; enteric neurons and viscerofugal neurons) (Furness,
2006, 2012) or outside it (extrinsic; sensory afferents or sympathetic neurons). Of most relevance
to the direct generation of perceivable sensations, including pain, are the extrinsic sensory afferent
neurons innervating the colon and rectum via the spinal nerves. Although, spinal afferents are
generally associated with higher-threshold sensations such as discomfort, bloating, urgency, and
pain, they are also equipped to convey information on physiological events (Harrington et al.,
2018). These neurons also form the afferent limb of spinal and brainstem reflexes, enabling long
range control of gastrointestinal motility and secretion through efferent pathways (Brierley et al.,
2004; Brookes et al., 2013; Brierley and Linden, 2014).
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Extrinsic sensory afferents that innervate the colon and
rectum are subdivided based on the location of their
soma. Splanchnic nerve cell bodies are located within the
thoracolumbar dorsal root ganglia (DRG), whilst pelvic afferents
have cell bodies within the lumbosacral DRG (Grundy and
Brierley, 2018). Correspondingly, their central axons terminate
within the dorsal horn of the thoracic, lumbar and sacral
spinal cord, where they synapse with second order neurons
(Sadeghi et al., 2018). To add further complexity the relative
contributions of the pelvic and splanchnic innervations vary
along the colon and rectum. The proximal colon is innervated by
the thoracic and lumbar spinal cord via the lumbar splanchnic
nerve (Harrington et al., 2018). In contrast, the distal colon
has dual spinal innervation via both the lumbar splanchnic
nerve and sacral pelvic nerves (Harrington et al., 2018). Based
on nerve lesion studies (Kyloh et al., 2011) and retrograde
transport studies (Grundy et al., 2018), the colorectum also
receives predominant innervation from the lumbosacral spinal
cord, via the sacral pelvic nerves, although there are contrasting
reports depending on the species and retrograde tracer used (see:
Christianson and Davis, 2010).

While not the focus of this review, we also note
neuroanatomical evidence of a third, vagal source of afferent
innervation that reaches distal colon in rats (Berthoud et al., 1990,
1997; Wang and Powley, 2007; Herrity et al., 2014). The colon
represents the largest microbial reservoir in the body. Recent
studies demonstrate that the effects of microbial composition
on emotional behavior, and brain structure are vagus nerve-
dependent, which has stimulated interest in this pathway (Bercik
et al., 2011; Bravo et al., 2011). Electrophysiological recordings
from this pathway have also recently been described (Buckley
and O’Malley, 2018). Whether these pathways are prominent in
other species remains to be demonstrated.

Besides the “pelvic” and “splanchnic” anatomical distinction
of spinal afferents to the colorectum, numerous other
classification schemes have also been applied to determine
“sub-types” or “subclasses” of afferents (Brierley et al., 2004,
2008, 2009). Such studies have employed a variety of techniques
including (i) electrophysiological recording methods alone
(Brierley et al., 2004, 2008, 2009; Page et al., 2004, 2005, 2007;
Hughes et al., 2009b; Osteen et al., 2016; Bellono et al., 2017;
Castro et al., 2017) or (ii) electrophysiological recordings with
subsequent anatomical analysis (Lynn et al., 2003; Spencer
et al., 2008b; Zagorodnyuk et al., 2010; Lynn and Brookes,
2011; Humenick et al., 2015; Hibberd et al., 2016), or (iii)
anatomical analysis without electrophysiological recordings
(Spencer et al., 2014), or (iv) on the basis of gene expression
alone (Hockley et al., 2018b). Therefore, a major task for afferent
neurobiology is to integrate the various classification schemes
applied to colonic afferents in order to identify basic afferent
subtypes and ascertain a more unified classification scheme.
Therefore, in this review, we aim to reconcile the complicated
landscape of colonic sensory afferent structure, function,
and nomenclature. This is important as sensory pathways
innervating these organs are implicated in the aberrant sensation
associated with common clinical gastrointestinal disorders. This
includes the hypersensitivity of afferent pathways being linked

with abdominal pain associated with organic diseases such
as inflammatory bowel disease (Farthing and Lennard-Jones,
1978; Rao et al., 1987) of functional bowel disorders such as
irritable bowel syndrome (Lembo et al., 1994). For a detailed
review of the mechanisms involved see; (Brierley and Linden,
2014). Conversely, in humans, aging has been shown to be
associated with impaired visceral sensory perception in response
to mechanical stimulation of the rectum (Lagier et al., 1999),
whilst diabetes induced fecal incontinence, is associated with
impaired rectal sensation (Wald and Tunuguntla, 1984; Caruana
et al., 1991).

DISTINCT CLASSES OF SENSORY
AFFERENTS INNERVATE THE
GASTROINTESTINAL TRACT OF ANIMALS
AND HUMANS

The predominant classification scheme applied to murine
colorectal afferents, has been the functional classifications
that describe afferent capabilities to transduce and encode
muscular distension, and/or mucosal deformation (Table 1;
Brierley et al., 2004; Brierley, 2012). These classes include (1)
muscular afferents (which respond in a wide dynamic range
to circular stretch/distension from low thresholds), (2) low-
threshold mucosal afferents (which are activated by distortion
of the intestinal mucosa), (3) muscular/mucosal afferents (which
respond to both circular stretch and mucosal distortion), and
(4) vascular endings that wrap around blood vessels in the
mesentery, and (5) serosa, or submucosal space, and respond
to high-threshold stimuli (Brierley et al., 2004; Brookes et al.,
2013; Brierley and Linden, 2014). A sixth afferent class, termed
mechanically insensitive, or “silent afferents,” are activated by
inflammatory or immune mediators (Table 1; Brierley et al.,
2005a,b; Feng and Gebhart, 2011; Feng et al., 2012).

Studies of human ileum, appendix, colon (ascending,
transverse, sigmoid, descending), and rectum have demonstrated
the presence of afferents with function characteristics compatible
with serosal (Jiang et al., 2011; Hockley et al., 2016; Yu et al.,
2016; McGuire et al., 2017), mesenteric (Hockley et al., 2016;
Yu et al., 2016; McGuire et al., 2017), muscular (Jiang et al.,
2011; Yu et al., 2016; McGuire et al., 2017), muscular-mucosal
(Jiang et al., 2011; McGuire et al., 2017), and mucosal afferents

TABLE 1 | Simple firing response profiles of the functional classes of afferents

innervating the murine colon and rectum.

Class Stroke Probe Stretch

Mucosal Yes Yes No

Muscular mucosal Yes Yes Yes–low threshold

Muscular No Yes Yes–low threshold

Serosal No Yes Yes–high threshold

Mesenteric No Yes Yes–high threshold

Mechanically insensitive

or “silent afferents”

No (in naïve

conditions)

No (in naïve

conditions)

No (in naïve conditions)

Frontiers in Cellular Neuroscience | www.frontiersin.org 2 December 2018 | Volume 12 | Article 467

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Brierley et al. Spinal Afferents to the Gut

TABLE 2 | Functional classes of afferents innervating the human intestine and rectum.

Region

Number of preparations (number of successful

recordings)

Stimuli applied Functional classification

Number of units
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Hockley et al., 2016 6 7 – – 15 – – Yes Yes Yes ND 0 0 0 3 1 α ND

Jiang et al., 2011 – – 27 (4) – – – – Yes Yes Yes 5 0 1 2 2 0 0 0

McGuire et al., 2017 (4) (1) (1) (1) (23) (5) Yes Yes Yes 46 0 1 18 23 2 2 0

Ng et al., 2016 – – – 5 5 – 8 Yes No No ND N/A 19* N/A 3* ND

Peiris et al., 2011 – 18 (9) 9 (4) – – – – Yes No No ND N/A 2* 0 β ND

Yu et al., 2016 10 (6) – 4 (2) – 5 (5) 12 (5) 2 (1) Yes Yes Yes 34 1 0 2 5 2 2 24

*Number of focal hotspots, number of units undefined. α silent afferents represented the majority of recorded units, number undefined. β silent afferents identified, number undefined.

N/A, not applicable; ND, no data.

(Table 2; Yu et al., 2016). Studies by Peiris et al. (2011) and
Ng et al. (2016) identified afferent firing in colon and rectum
sensitive to focal probing but did not systematically test the
effect of gut distension, or mucosal stroking, and therefore
the mechanosensitive afferents identified in these studies could
represent any of the mechanically-sensitive functional classes.
Recruitment of “silent afferents” by inflammatory mediators has
also been demonstrated in human colon (Peiris et al., 2011;
Hockley et al., 2016; Yu et al., 2016; McGuire et al., 2017),
including those which subsequently acquire mechanosensitivity
(Ng et al., 2016). Serosal and muscular colorectal afferents are
by far the most commonly reported afferent in human studies
to date, with very few mucosal and muscular-mucosal afferents
identified (Table 2). To date, no single study of human colorectal
afferents has identified the full complement of functional
classifications identifiable in rodents, and large numbers of
unclassified afferents were reported by Yu et al. (2016). It is
possible that technical limitations under which human tissue
experimentation is done differentially affect survival among the
functional afferent classes (aged and diseased subjects, with
varying time in storage, and time between loss of tissue blood
supply and immersion in oxygenated saline). Human afferent
recordings performed to date have typically pooled data acquired
from preparations derived from different locations along the
entire colon, rectum, appendix, or ileum (Hockley et al., 2018a).
Afferent sensitivity in human bowel, like that in rodents is also
reduced with advancing age (Keating et al., 2016; Yu et al., 2016).
Thus, it is currently unknown whether all functional classes
of afferent are homogenously present along the large intestine.
Overall, these studies suggest there are afferents with similarities
in functional properties in both mouse and human, however
the positive identification, and correlation with their underlying
structures in both species is also required.

In the mouse, all sensory afferent classes innervating the colon
and rectum have nerve conduction velocities within the C-fiber
range, whilst the vast majority of afferents are also peptidergic
(Jones et al., 2005; Brierley et al., 2008, 2009). As discussed below,

the peripheral endings of many afferents display specialized
anatomical structures, rather than the “free nerve endings” that
they were traditionally thought to possess (Brookes et al., 2013).
Afferents that do have free nerve endings appear to correspond
to the putative nociceptive vascular/serosal/mesenteric class,
whose simple endings terminate adjacent the gut and mesenteric
vasculature (Brunsden et al., 2007; Song et al., 2009; Humenick
et al., 2015). The known specialized endings include the long
studied intraganglionic laminar endings of vagal (Lawerentjew,
1929; Nonidez, 1946; Rodrigo et al., 1975; Berthoud et al.,
1995), and spinal origin (Lynn et al., 2003; Olsson et al.,
2004) that correspond with low-threshold tension receptors.
There are also specialized “intramuscular arrays” identified in
rat and guinea pig vagal (Berthoud and Powley, 1992; Kressel
et al., 1996; Fox et al., 2000; Wang and Powley, 2000) and
spinal nerves (Lynn et al., 2003; Olsson et al., 2004), as well
as vagal “web-like” endings in rat (Powley et al., 2012, 2013).
Vagal intramuscular arrays and web-like endings have not been
correlated with functional studies, however spinal intramuscular
arrays have been correlated with muscular afferents of the guinea
pig internal anal sphincter (Lynn and Brookes, 2011). Recent
advances in selective neuroanatomical tracing of visceral afferents
in mice have further identified complex arrays of endings whose
functional properties remain to be identified (Brookes et al., 2013;
Spencer et al., 2014, 2016). This is important as this diversity in
ending structure is a contributing factor to the vastly different
sensory functions of these afferent classes. Another contributing
factor to this diverse function is the different cohorts of ion
channels and receptors expressed by these afferents (Figure 2A;
Brierley et al., 2004; Erickson et al., 2018; Sadeghi et al., 2018), as
discussed below.

Functional classifications currently applied to murine
afferents are built upon a large body of earlier work conducted
in other species. Initial electrophysiological recordings from
visceral afferent nerves of cats, rabbits, and frogs were reported
in the 1930’s (Adrian et al., 1932; Tower, 1933; Gammon and
Bronk, 1935). Development of single fiber afferent recordings
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(Paintal, 1953), enabled a series of studies by Paintal and Iggo
utilizing stomach and small intestine. They described the low
threshold vagal muscular afferents in cat, sheep, and goat
(Paintal, 1953, 1954a,b; Iggo, 1955, 1956, 1957b) and mucosal
receptors in cat (Iggo, 1957a; Paintal, 1957). Muscoal afferent
endings, presumed to be located in the mucosa as they were
ablated by its removal, while muscular afferents persisted and
were inferred to be located in the outer musculature (Iggo,
1957a). Afferents with combined properties of muscular and
mucosal receptors were later described by Harding and Leek in
sheep (Harding and Leek, 1972). In rat upper gastrointestinal
tract, muscular, and mucosal afferents were characterized in a
series of reports by Clarke and Davison (1974, 1975, 1976, 1978).
Major contributions followed by Andrews, Scratcherd, Grundy,
Blackshaw, and their collaborators who revealed in ferret and rats
the detailed stimulus-response properties of mechanosensitive
afferents (Andrews et al., 1980; Blackshaw et al., 1987b; Lynn
and Blackshaw, 1999), chemosensitive afferents (Blackshaw and
Grundy, 1990, 1993; Grundy et al., 1995; Richards et al., 1996;
Eastwood et al., 1998), and their roles in autonomic reflexes
(Grundy et al., 1981; Blackshaw et al., 1987a; Blackshaw and
Grundy, 1988). These topics have been extensively reviewed
(Andrews, 1986; Grundy and Scratcherd, 1989; Blackshaw et al.,
2007; Grundy and Schemann, 2007).

Visceral pain and the search for visceral nociceptors has
long been a topic of interest (Ness and Gebhart, 1990; Cervero,
1994) Early studies demonstrated major differences with somatic
pain. Strong gut distension, chemical irritants, and heat could
evoke visceral pain (Ness and Gebhart, 1990). However, other
stimuli such as cutting, pinching, burning, and piercing—all
strongly pain-evoking applied to skin or muscle—were not
painful when applied to viscera in animals and conscious humans
(vonHaller, 1755; Lennander, 1902; Carlson and Braafladt, 1915).
While this may be in part due to the experimental conditions
(Ness and Gebhart, 1990), the mesentery and its vasculature,
by contrast, was commonly reported as exquisitely sensitive to
mechanical deformation by traction or by ischaemia, causing
intense, nauseating pain (Lennander, 1902; Gray, 1922; Morley,
1931). The sensitivity of visceral afferents to strain of the
mesenteric vasculature was noted among the earliest visceral
afferent recordings (Tower, 1933; Gernandt and Zotterman,
1946). Detailed electrophysiological studies by Bessou and Perl
(1966), Floyd and Morrison (1974), Floyd et al. (1976), and
Morrison (1973) localized the vasculature branching points in
mesentery and locations on the gastrointestal serosa as focal
mechanotransduction sites of c fiber afferents. Furthermore,
Song et al. showed mechanotransduction sites of these afferents
correlated with free paravascular nerve endings, whether in the
mesentery (“mesenteric” afferents) or gut (“serosal” afferents)
(Song et al., 2009).

MUSCULAR AFFERENTS

Muscular afferents in the colon and rectum, whether recorded
using ex vivo rodent preparations or in vivo in the splanchnic
or pelvic nerves of cats and rats (Blumberg et al., 1983; Jänig
and Koltzenburg, 1991; Sengupta and Gebhart, 1994a) display
similar response profiles. In the colon and rectum, muscular

afferents respond to low distension pressures (<20mm Hg);
(Malin et al., 2009) or low-intensity stretch stimuli (<3 g) within
the physiological range (Table 1; Figure 1A; Brierley et al., 2004;
Hughes et al., 2009b). Muscular afferents are more prevalent
within the pelvic innervation where they represent 21% of all
mechanosensitive afferents, and 17% of all afferents (Brierley
et al., 2004; Feng and Gebhart, 2011). Muscular afferents are
relatively rare in the splanchnic pathway representing 10% of all
mechanosensitive afferents and 6% of all afferents (see Figure 1;
Brierley et al., 2004; Hughes et al., 2009b; Feng and Gebhart,
2011). Pelvic muscular afferents are found in both the distal colon
and rectum and adapt more slowly to maintained distension
compared to splanchnic muscular afferents, which are only
found in the distal colon (Brierley et al., 2004; Hughes et al.,
2009b; Feng and Gebhart, 2011). The anatomical transduction
sites of rectal muscular afferents have been identified in the
guinea pig as flattened branching endings in the myenteric
ganglia called rectal intraganglionic laminar endings (or rIGLEs).
Morphologically they appear similar to IGLEs innervating the
stomach via the vagus nerve, but are smaller in size, less
complex in structure, and are non-peptidergic (Brookes et al.,
2013, 2016; Spencer et al., 2014, 2016). Muscular afferents are
activated by contraction of either the circular or longitudinal
muscle of the colon and rectum. Noteably, murine rectal
muscular afferents have significantly greater stretch-responses
than colonic muscular afferents suggesting that the encoding of
mechanosensory information differs between colonic and rectal
stretch-sensitive pelvic afferents (Feng et al., 2010). Therefore,
muscular afferents likely respond to physiological levels of
distension caused by the passage of fecal matter in the distal colon
and particularly the rectum, thereby contributing to defecatory
reflex pathways (Harrington et al., 2018). Indeed, low amplitude
(non-painful) distensions of human rectum is well known to
evoke a sensation of fullness followed by an urge to defecate
(Hurst, 1911; Boring, 1915; Kwan et al., 2002; De Ocampo et al.,
2007; Gundling et al., 2010).

The voltage-gated sodium channel NaV1.6 has been
demonstrated to play a key role in the function of pelvic
muscular afferents (Figure 1; Harrington et al., 2018). NaV1.6
protein is expressed by the cell soma of colon-innervating
sensory neurons, whilst NaV1.6 is expressed by afferent nerve
endings within the distal colon and rectum of mice (Feng et al.,
2015). Using pharmacological blockers of NaV1.6 reduces the
number of action potentials fired in response to stretch of the
distal colon and rectum (Feng et al., 2015).

MUCOSAL AFFERENTS

Mucosal afferents in the colon and rectum are generally
silent and do not fire action potentials at rest. However,
they generate a brief burst of action potentials in response
to very light stroking or compression of the mucosa in the
colon or rectum (Brierley et al., 2004). The magnitude of
this response increases proportionally with increasing stimulus
strengths applied to their receptive fields (Brierley et al., 2004).
Mucosal afferents are not sensitive to distension or contraction
(Table 1; Brierley et al., 2004). As mucosal afferents display
a remarkable sensitivity to low-threshold stimuli applied to
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FIGURE 1 | Different classes of afferent innervating the colon and rectum and the ion channels and receptors contributing to their function. (A) The colon and rectum

are innervated by two distinct spinal pathways, the lumbar splanchnic and sacral pelvic nerves. The cell bodies of these splanchnic and pelvic afferents are located

within the thoracolumbar (T10-L1) and lumbosacral (L6-S1) DRG, respectively. Six broad classes of afferents exist. (1) mesenteric (splanchnic only),

(2) muscular/mucosal (pelvic only), (3) serosal (splanchnic and pelvic pathway), (4) muscular (splanchnic and pelvic pathway), (5) mucosal (splanchnic and pelvic

pathway) (Brierley et al., 2004), and (6) mechanically insensitive ‘silent’ afferents (splanchnic and pelvic pathway), which lack mechanosensitivity in naïve conditions but

are recruited by chemical stimuli (Brierley et al., 2005a; Feng and Gebhart, 2011). A key list of excitatory ion channels and receptors that contribute to afferent function

are listed for each subclass (Brierley, 2010). (B) Distribution of the receptive fields of afferent endings throughout the distal colon and rectum from Hughes et al.

(2009b) with permission, with the percentages of the respective afferent classes recorded within the splanchnic and pelvic nerves (Brierley et al., 2004; Hughes et al.,

2009b; Feng and Gebhart, 2011). ASIC, Acid sensing ion channel; TRP, transient receptor potential channel (TRP); vanilloid 1 (TRPV1), vanilloid 4 (TRPV4), ankyrin 1

(TRPA1), voltage-gated sodium channel: Nav, MIA, mechanically insensitive afferents; TNF-a, tumor necrosis α, interleukin receptor (IL-R); P2X, ligand-gated ion

channel; P2Y, G-protein-coupled purinoceptor; 5-HT3, 5-Hydroxytryptamine receptor 3; PAR2, protease activated receptor 2. Bradykinin R1, Bradykinin receptor 1.

the mucosa, they likely play a crucial mechanosensory role in
detecting the particle size of luminal contents (Harrington et al.,
2018).

Within the colon, mucosal afferents are rare representing only
4% of mechanosensitive afferents (Brierley et al., 2004) and 1%
(Feng and Gebhart, 2011) of the total afferents recorded from the
splanchnic nerves of the mouse (Figure 1). In contrast, mucosal
afferents within the distal colon and rectum are more frequently
observed in the pelvic innervation. Overall, mucosal afferents
represent 25% of mechanosensitive afferents and ∼15% of all
afferents recorded within the pelvic nerve (Brierley et al., 2004;
Hughes et al., 2009a; Feng and Gebhart, 2011). The increased
abundance of mucosal afferents in the distal colon and rectum
suggests an important role in transmitting information about
stool consistency as material passes from the proximal to distal
colon and into the rectum (Harrington et al., 2018). Therefore,
pelvic mucosal afferents likely contribute to the control of
defecation, via conscious perception of stool passage in the
rectum and anal canal (Jänig and Koltzenburg, 1991; Sengupta
and Gebhart, 1994a). In mice, the anatomy of pelvic mucosal
afferents has recently been identified, with fibers consisting of
single or branched fine varicose axons that ramify within the
mucosa. These studies revealed that 11% of all the pelvic afferent
endings project into the mucosa. Of these mucosal endings, 90%

were found to express calcitonin gene-related peptide (CGRP),
and are therefore peptidergic (Spencer et al., 2014).

In terms of key channels contributing to mucosal afferent
function, TRPA1 (transient receptor potential ankyrin 1)
is located in mucosal nerve fibers (Brierley et al., 2009),
whilst TRPA1 agonists (cinnamaldehyde or mustard oil) evoke
mechanical sensitization of pelvic mucosal afferents (Brierley
et al., 2009). Correspondingly, mucosal afferents fromTRPA1−/−

mice display deficits in action potential firing to mucosal
stimulation (Brierley et al., 2009) (Figure 1). Compatible with a
role formucosal afferents in defecation control, mustard solution,
which contain TRPA1 agonists, evoked the urge to defecate
upon application to the human rectum (Boring, 1915) whilst
intracolonic allyl isothiocyanate (TRPA1 agonist) evoked colonic
motility and defecation in dogs (Someya et al., 2015).

More recently, it has been demonstrated that mucosal
afferents can communicate directly with enterochromaffin
cells, which are key cells within the epithelial lining of the
colon and rectum. Enterochromaffin cells express a wide
variety of channels and receptors, including the odorant
receptor Olfr588 and the α2A adrendoreceptor (Adrα2A)
(Bellono et al., 2017). Activation of these receptors by
the microbial metabolite isovalerate, or by norepinephrine,
respectively, results in 5-HT (5-hydroxytryptamine, serotonin)
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FIGURE 2 | Schematic diagram of the ex vivo DRG-gut preparation used for recording lumbosacral colorectal afferent nerve cell bodies (Hibberd et al., 2016). Nerve

cell bodies were randomly impaled and assessed for antidromic action potentials evoked by electrical stimulation of the mesentery. Neurons with positive responses

were further characterized mechanically, electrophysiologically and neurochemically. Figure modified from Hibberd et al. (2016).

release from enterochromaffin cells. This 5-HT then activates
5-HT3 receptors expressed on mucosal afferents to induce
mechanical hypersensitivity (Figure 1; Bellono et al., 2017).
Accordingly, mucosal afferents play a key role in detecting both
themechanical and chemical environment within the distal colon
and rectum.

MUSCULAR/MUCOSAL AFFERENTS

As discussed above, distinct classes of mucosal and muscular
afferents have been clearly identified. However, there also exists
a separate distinct class of afferent that display the properties of
both muscular and mucosal afferents (Brierley et al., 2004). That
is, they respond to both low-threshold distension or contraction
of the colon and rectum in addition to light mucosal distortion
of the mucosa (Table 1; Harrington et al., 2018). In the mouse,
these spinal muscular/mucosal afferents occur only within the
pelvic innervation of the distal colon and rectum (Figure 1).
Muscular/mucosal afferents are not present within the splanchnic
innervation, but represent ∼25% of mechanosensitive and 17%
of the total pelvic innervation (Brierley et al., 2004; Hughes
et al., 2009b; Feng and Gebhart, 2011). Together with their low-
distension thresholds, this suggests they may also contribute to
spinal defecatory circuits and conscious sensation (Harrington
et al., 2018). Recent anatomical anterograde tracing studies
have identified a remarkably complex array of different pelvic
afferent ending morphologies across the various layers of the
colorectum. Among those are endings within the Crypts of
Lieburkuhn and the submucosal ganglia, which may represent
the anatomical correlate of muscular/mucosal afferents (Spencer
et al., 2014).

The acid sensing ion channel ASIC3 and the transient receptor
potential channel TRPV1 play key roles in the function of
pelvic muscular/mucosal afferents (Figure 1). Muscular/mucosal
afferents from ASIC3−/− and TRPV1−/− mice have significantly
reduced mechanical sensitivity, compared with those in wild-
type mice. In vivo these decreases in mechanosensory function
correlate with reduced pain responses to colorectal distension
(Jones et al., 2005). Intra-colonic zymosan induces elevated
pain response to colorectal distension in mice. However, this
sensitizing action is lost in ASIC3−/− mice (Jones et al., 2007),
suggesting ASIC3 also contributes to peripheral sensitization in
the colon and rectum (Brierley, 2010).

VASCULAR, SEROSAL AND MESENTERIC
AFFERENT ENDINGS

Afferents with receptive fields on the mesenteric attachment and
serosa were originally described in recordings from splanchnic
nerves (Bessou and Perl, 1966; Morrison, 1973; Blumberg
et al., 1983). Mesenteric afferents fire action potentials to focal
compression or stretch of the mesentery (Table 1; Morrison,
1973; Blumberg et al., 1983). Depending on the species recorded
from, single mesenteric afferent neurons can have up to seven
punctate receptive fields (Morrison, 1973; Blumberg et al.,
1983; Jänig and Koltzenburg, 1991; Sengupta and Gebhart,
1994a,b; Lynn and Blackshaw, 1999). Mesenteric afferents
often show rapidly adapting distension-evoked firing responses
and have distension-response thresholds in the noxious range
(Blumberg et al., 1983; Brierley et al., 2004, 2008, 2009;
Hughes et al., 2009b). Therefore, mesenteric afferents likely
contribute to signaling mechanically induced pain and display
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mechanical hypersensitivity in disease states (Hughes et al.,
2009b). Mesenteric afferents are specific to the splanchnic
innervation, where they represent ∼50% of all mechanosensitive
afferents and ∼30% of all splanchnic afferents innervating the
colon (Brierley et al., 2004; Hughes et al., 2009b; Feng and
Gebhart, 2011) Mesenteric afferents have not been identified
from the pelvic innervation (Table 1; Brierley et al., 2004,
2005a).

Earlier studies of serosal afferents described them as being
“indistinguishable” from mesenteric afferents, other than by the
locations of their receptive fields (Morrison, 1973). However,
recent studies have shown they are distinct (Brierley et al.,
2004). These afferents were speculated to terminate in the serosa
(hence “serosal”). However, the term is likely a misnomer,
as their punctate transduction sites have been correlated with
paravascular nerves both in mesentery and in the submucosa
(Brookes et al., 2013, 2016; Spencer et al., 2014, 2016). Similarly,
despite an abundance of high-threshold “serosal” afferents in
pelvic pathways (Brierley et al., 2004), selective tracing of pelvic
afferents did not reveal nerve terminals in the serosal layer
(Spencer et al., 2014).

Collectively, this class of afferents has been referred to
as “serosal”, “nociceptors”, “high-threshold,” and “vascular”
(Brierley et al., 2004; Song et al., 2009; Brookes et al., 2013;
Castro et al., 2013, 2017; Harrington et al., 2018). Generally,
these afferents do not respond to low-threshold mechanical
stimuli and respond to noxious intensities of distension (>40mm
Hg; Brierley et al., 2008) or stretch (>9 g; Hughes et al.,
2009b; see Table 1). Such properties match the original in vivo
reports of colonic afferents with high-thresholds to distension
(Sengupta et al., 1990; Sengupta and Gebhart, 1994a,b). Based
on their physiological response profiles these “vascular/serosal”
and “mesenteric afferents” display the properties of high-
threshold mechanonociceptors (Harrington et al., 2018). Unlike
mesenteric afferents, serosal afferents are common to both the
splanchnic and pelvic pathways, representing ∼33% of all the
mechanosensitive afferents and ∼29% of all afferents in these
respective pathways (Table 1).

Vascular/serosal high-threshold afferents not only respond
to high-threshold mechanical stimuli, but also respond to a
wide variety of inflammatory and immune mediators, including
bradykinin, tumor necrosis factor alpha (TNF-α), interleukin
(IL)-2, IL-6, IL-1β (Brierley et al., 2005b; Hughes et al., 2013;
Campaniello et al., 2016) and activators for purinoreceptor
subtypes P2X, P2Y, Protease activated receptor 2 (PAR2), and
TRPV1 (Brierley et al., 2005a; Sipe et al., 2008; Hockley et al.,
2016). Numerous ion channels including voltage-gated sodium
channels (NaV1.1, NaV1.8, NaV1.9), ASIC3, TRPV4, TRPA1,
TRPV1 are all integral to high-threshold afferent function and
also contribute to afferent sensitization (Page et al., 2005, 2007;
Brierley et al., 2008, 2009; Hockley et al., 2016; Osteen et al.,
2016; Inserra et al., 2017; Salvatierra et al., 2018). These afferents
also display mechanical hypersensitivity in inflammatory and
chronic visceral hypersensitivity states (Table 1; Brierley et al.,
2009; Hughes et al., 2009a, 2014; Castro et al., 2013, 2017;
Brierley and Linden, 2014; de Araujo et al., 2014; Osteen et al.,
2016).

MECHANICALLY INSENSITIVE “SILENT”
AFFERENTS

Numerous studies have reported the existence of colonic afferents
that are initially mechanically-insensitive, but subsequently
respond to mechanical stimuli following exposure to chemicals
and inflammatory mediators (Table 1; Brierley et al., 2005a,b;
Feng and Gebhart, 2011). In naïve preparations frommice∼33%
of all splanchnic and ∼23% of pelvic afferents in the distal
colon and rectum are mechanically insensitive (Figure 1; Feng
and Gebhart, 2011). Treatment of mice with zymosan leads to
a decrease in the proportion of “silent” afferents at both short
and long-term time points post-zymosan treatment (Feng and
Gebhart, 2011). Interestingly, there is a corresponding increase
in the proportion of mechanically sensitive high-threshold
vascular/serosal afferents at the same time points, suggesting the
mechanically insensitive afferent become sensitized and develop
the properties of vascular/serosal afferents (Harrington et al.,
2018). The increase in the proportion of vascular/serosal afferents
following insult may increase the afferent barrage from the
periphery to the spinal cord in response to distension and
contraction, resulting in persistent pain states.

Overall, there is evidence for multiple types of silent
afferents, this includes mechanically insensitive afferents that
respond to chemical stimuli, but do not subsequently become
mechanosensitive (Brierley et al., 2005a). Secondly, there
are silent afferents that are not chemically activated, but
are mechanically sensitized (Feng and Gebhart, 2011) and
thirdly, silent afferents that are chemically activated and
mechanically sensitized (Figure 1; Feng and Gebhart, 2011).
Collectively these observations suggest that mechanosensory
proteins may exist in vascular/serosal afferent endings that
are quiet in naïve situations, but can develop functionality
following inflammatory insult. This process would therefore
allow the afferent to respond to mechanical stimuli after the
insult (Harrington et al., 2018). Recently it was demonstrated
that “silent” nociceptors in the skin are characterized by the
expression of the nicotinic acetylcholine receptor subunit alpha-
3 (CHRNA3) (Prato et al., 2017). In these neurons, nerve
growth factor induces Piezo2-dependent mechanosensitivity.
Retrograde tracing studies show that CHRNA3 (+) neurons
innervating deep somatic tissues and visceral organs represent
∼50% of all peptidergic nociceptive afferents (Prato et al.,
2017).

PROFILING MURINE GASTROINTESTINAL
SPINAL AFFERENTS USING EX VIVO

DRG-GUT PREPARATIONS

Little is known of how neuroanatomical structures directly
relate to the functional classifications described above (Spencer
et al., 2014). The combined application of physiological-
mapping of sensory transduction sites with neuroanatomical
tracing of afferent terminals in the guinea pig has been
critical for identifying the types of mechanosensory endings
that exist in that species (Zagorodnyuk and Brookes, 2000;
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Zagorodnyuk et al., 2001; Lynn et al., 2003; Song et al.,
2009; Lynn and Brookes, 2011). As discussed above at least
5 distinct classes of mechanosensitive gastrointestinal afferent
endings may occur (Brookes et al., 2013). These include the
low threshold, tension-sensitive intraganglionic laminar endings
(Zagorodnyuk and Brookes, 2000; Zagorodnyuk et al., 2001;
Lynn et al., 2003), medium/high-threshold vascular afferents
(Song et al., 2009; Humenick et al., 2015), low-threshold
intramuscular arrays (Lynn and Brookes, 2011), low-threshold
muscular-mucosal afferents (Brookes et al., 2013), and mucosal
afferents (Brookes et al., 2013). The latter two classes currently
lack direct correlations between sensory transduction sites and
their neuroanatomical structures. This is also the case for
mechanically insensitive afferents from the splanchnic and pelvic
nerves.

The extensive availability of gene technologies makes highly
desirable a similarly detailed understanding of the function
of murine visceral afferents and the morphological structures
that underlie them. It is reasonable to expect that similar
afferents occur in mouse as has been reported in the guinea
pig, but direct evidence is elusive. A major obstacle to obtaining
such evidence in mouse is a high density of afferents and
other neurons supplying the gut. This makes the difficult
task of identifying single afferent nerve endings in combined
physiological-morphological studies. Nevertheless, preliminary
studies combining electrophysiological recordings of single
afferent neurons with neuroanatomical tracing have been
conducted (Spencer et al., 2008a,b). More recently, ex vivo DRG-
gut preparations have been employed by Malin et al. (2009)
and Hibberd et al. (2016) (Figure 2). This alternative approach
enables single cell electrophysiological characterization to be
combined with studies of nerve cell body morphology and
neurochemistry.

Ex vivo DRG-gut preparations comprise individual or
multiple DRG, spinal nerve pathways, and a segment of gut.
These preparations are sharp dissected free from the body and
setup for intracellular electrophysiological recordings (Figure 2).
Thus, electrophysiological recordings are made from the nerve
cell bodies of gastrointestinal spinal afferent neurons with their
connections to the gut intact (Figure 3). Similar preparations,
were developed and used extensively for studies of cutaneous
afferents (Ritter et al., 2000; Woodbury et al., 2001) before
adaptation to gut studies (Malin et al., 2009). Since a minority
of all spinal afferent neurons make projections to the viscera
(Cervero et al., 1984; Robinson et al., 2004), a robust method of
discriminating gut-innervating afferents is required in DRG-gut
preparations before the application of mechanical or chemical
stimuli. This may be done by recording action potential firing
responses to electrical stimulation of extrinsic nerve pathways
during random impalements of DRG nerve cell bodies.

Conventional extracellular electrophysiological recordings of
spinal afferent axons are relatively high throughput, robust
to mechanical disturbances and can be combined with rapid
neuronal tracing of endings after recording (Zagorodnyuk and
Brookes, 2000). On the other hand, intracellular recordings afford
an opportunity to observe electrophysiological characteristics in

FIGURE 3 | Examples of high, moderate and low frequency afferents.

Matched micrographs show the nerve cell body morphology revealed by

carboxyfluorescein (green) and CGRPα content (magenta). The firing response

of each cell to a 40 cmH2O distension of the colorectum are shown.

Calibration, 50µm. Figure modified from Hibberd et al. (2016).
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greater detail. They also provide single cell recordings without
the need to discriminate firing among multiple cells, and
readily allow nerve cell body morphological, and neurochemical
characteristics to be assessed, and related to mechanosensory,
and chemosensory characteristics. It also possible to trace central
spinal projections of DRG neurons, enabling correlation of
afferent functional properties with their central neuroanatomy.
This possibility remains to be exploited in ex-vivo DRG-gut
preparations, but has been performed extensively in cutaneous
afferents (Woodbury et al., 2001, 2004, 2008; Woodbury and
Koerber, 2003, 2007; Albers et al., 2006).

Murine spinal afferents that innervate the colorectum have
been recorded in two studies utilizing ex vivo DRG-gut
preparations. These studies recorded pelvic colorectal afferents
with nerve cell bodies in the L6 (Malin et al., 2009; Hibberd et al.,
2016), and S1 DRG (Hibberd et al., 2016). Select characteristics
of distension-sensitive afferents recorded by Malin et al. (2009)
and Hibberd et al. (2016) are compared in Table 3 and described
here.

Similar populations of distension-sensitive colorectal afferent
neurons recorded from L6 DRG were referred to as “high
frequency” cells in both Malin et al. (2009), and Hibberd
et al. (2016) (Figures 3, 4). High frequency afferents in both
studies comprised similar proportions of all colorectal afferents
in both studies (27–29%), and had the steepest distension-
response firing profiles with wide dynamic ranges and low
distension-response thresholds. Additionally, they fired with
similar average frequencies at 40 cm H2O and had similar
action potential half-peak durations (Table 3). The high degree
of CGRP and TRPV1 colocalization in the mouse colorectum

suggests that afferents lacking TRPV1 are also likely to lack
CGRP (Sharrad et al., 2015). Interestingly, the majority of
high frequency afferents recorded by Malin et al. (2009) lacked
TRPV1- and GFRα3-immunoreactive content, while all high-
frequency afferents recorded by Hibberd et al. lacked CGRPα

Hibberd et al. (2016).
Distension-sensitive afferents with low thresholds and wide

dynamic ranges fit into the functional classifications of
“muscular” and “muscular/mucosal” (Brierley et al., 2004).
Whilst it remains to be definitively demonstrated which of these
classes the high frequency afferents belong to, there is evidence
that muscular/mucosal afferents can be separated into low and
high frequency firing sub-populations (Brierley et al., 2004).
Interestingly, intraganglionic laminar endings are one of few
colorectal afferent nerve terminals in mouse colorectum that lack
CGRP and have nerve cell bodies in the L6 ganglia (Spencer et al.,
2014). In guinea pig, rectal IGLEs are low threshold distension-
sensitive mechanoreceptors that lack capsaicin-sensitivity (Lynn
et al., 2003). It is possible that high frequency afferents recorded
byMalin et al. (2009), Hibberd et al. (2016), and Lynn et al. (2003)
represent similar populations of low-threshold, wide dynamic
range afferents that have intraganglionic laminar endings (Lynn
et al., 2003).

Generally slower distension-evoked firing rates were
associated with TRPV1-immunoreactivity and CGRPα

expression (Malin et al., 2009). However, CGRPα occurred in a
group of distension-sensitive, low-threshold colorectal afferents,
similar to high frequency afferents (Hibberd et al., 2016). This
group of afferents had wide dynamic firing ranges, but more
modest distension-response profiles. Thus, they were described

TABLE 3 | Properties of murine colorectal afferents recorded in L6 and S1 DRG with intact connections to the gut.

Hibberd et al., 2016 Malin et al., 2009

High frequency % of distension-sensitive cells

Distension threshold (cm H2O)

MFR at 40 cm H2O (Hz)

Action potential amplitude (mV)

Action potential half-peak duration (ms)

Neurochemistry

Nerve cell body size (µm2 )

27

<10

12.9 ± 1.1

57 ± 1.1

1.8 ± 0.2

CGRPα-neg

635 ± 62

29

2.6 ± 0.4

11 ± 1.5

59 ± 0.5

1.8 ± 0.1

83% TRPV1-neg, 87% GFRα3-neg

–

Moderate frequency % of distension-sensitive cells

Distension threshold (cm H2O)

MFR at 40 cm H2O (Hz)

Action potential amplitude (mV)

Action potential half-peak duration (ms)

Neurochemistry

Nerve cell body size (µm2 )

41%

<10

7.3 ± 0.4

63 ± 1.9

± 0.03

CGRPα-pos

796 ± 79

Low frequency % of distension-sensitive cells

Distension threshold (cm H2O)

MFR at 40 cm H2O (Hz)

Action potential amplitude (mV)

Action potential half-peak duration (ms)

Neurochemistry

Nerve cell body size (µm2 )

32

<10

1.7 ± 0.1

63 ± 2.2

1.7 ± 0.7

CGRPα-pos

889 ± 90

71

17.5 ± 1.1

1.4 ± 0.4

62 ± 1.6

2.3 ± 0.1

86% TRPV1-pos, 41% GFRα3-pos

-

MFR, mean firing rate; CGRPα, calcitonin gene-related peptide α; GFRα3, glial cell line-derived neurotrophic factor (GDNF) family receptor α 3; TRPV1, transient receptor potential

vanilloid 1; DRG, dorsal root ganglion.
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FIGURE 4 | Distension response profiles of high, moderate, and low frequency

afferents (Hibberd et al., 2016). Graph modified from original in Hibberd et al.

(2016).

as “moderate frequency” afferents (Figures 3, 4). A proportion
of capsaicin-sensitive, TRPV1-immunoreactive afferents (Malin
et al., 2009) had threshold close to, or below 10 cm H2O, raising
the possibility these cells represent a similar population to those
described as moderate frequency (Malin et al., 2009). Similar
to the high frequency afferents, moderate frequency afferents
fit either the muscular and/or muscular/mucosal functional
classifications. Indeed, subsets of lumbo-sacral low-threshold
distension-sensitive afferents (muscular, and muscular/mucosal)
have been identified as capsaicin-sensitive (Brierley et al., 2005a;
Jones et al., 2005; Spencer et al., 2008a; Zagorodnyuk et al., 2011;
Kiyatkin et al., 2013).

Malin et al. (2009) reported a group of distension-
sensitive colorectal afferents that had relatively higher thresholds
(∼17.5 cmH2O/12.9 mmHg) (Malin et al., 2009), flatter
distension-response profiles and slower firing frequencies.
This group, referred to as “low frequency” afferents, were
predominantly TRPV1-immunoreactive and capsaicin-sensitive.
Colorectal afferents referred to as “low frequency” were also
recorded by Hibberd et al. (2016) (Figures 3, 4). They had
similarly flat distension response profiles, slower average firing
rates, and expressed CGRPα. However, low frequency afferents
recorded by Hibberd et al. (2016) had lower distension-response
thresholds and tended to fire in bursts (Figure 3; Hibberd et al.,
2016). The serosal functional class of afferents typically show

relatively slow firing rates, flat distension-response curves and
capsaicin sensitivity. Low frequency afferents could represent
the serosal functional class. However, serosal afferent thresholds
have been described as significantly higher than those tested
by Malin et al. (2009) or Hibberd et al. (2016): ∼45 mmHg in
tube preparations (Hughes et al., 2009b), or the equivalent of
68–136 cm H2O in flat sheet preparations (Zagorodnyuk et al.,
2011).

NON-RESPONSIVE AFFERENTS

Populations of afferents were responsive to pelvic or rectal nerve
stimulation but not to distension or focal tissue compression.
These cells remain to be characterized in detail and may include
high-threshold serosal afferents, mechanically-insensitive silent
afferents, and/or afferents whose axons pass through pelvic or
rectal nerves en passant to other pelvic visceral organs. All such
cells recorded by Hibberd et al. (2016) contained CGRPα and had
electrophysiological properties otherwise similar to distension-
sensitive colorectal afferents.

SUMMARY

The colon and rectum are innervated by a surprisingly diverse
and distinct set of sensory afferent subclasses. These afferents
innervate all layers of the colon and rectum and have activation
thresholds ranging from the imperceptible through to the
noxious range. Although further work is required to conclusively
document the combined structure, function, and molecular
profile of each afferent subtype within the splanchnic and pelvic
nerves, our current knowledge provides us with fundamental
information of howmechanical and chemical stimuli are detected
within the colon and rectum. New technologies may also allow
greater understanding of the functional properties of colonic
afferents as well as the integration of their sensory inputs into
higher levels (Makadia et al., 2018; Spencer et al., 2018). Future
studies identifying how the structure, function, and molecular
profile of each afferent subtype potentially changes in disease
states will be important in the treatment of gastrointestinal
disorders affecting the colon and rectum.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

FUNDING

SB is a National Health and Medical Research Council of
Australia (NHMRC) R.D Wright Biomedical Research Fellow
(APP1126378). Research in SB laboratory supported by NHMRC
Project Grants #1083480, #1139366, and #1140297. TH is
supported by an NHMRC Project grants #1140297 and 1127140
to NS.

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 December 2018 | Volume 12 | Article 467

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Brierley et al. Spinal Afferents to the Gut

REFERENCES

Adrian, E. D., Bronk, D. W., and Phillips, G. (1932). Discharges
in mammalian sympathetic nerves. J. Physiol. 74, 115–133.
doi: 10.1113/jphysiol.1932.sp002832

Albers, K. M., Woodbury, C. J., Ritter, A. M., Davis, B. M., and Koerber, H. R.
(2006). Glial cell-line-derived neurotrophic factor expression in skin alters the
mechanical sensitivity of cutaneous nociceptors. J. Neurosci. 26, 2981–2990.
doi: 10.1523/JNEUROSCI.4863-05.2006

Andrews, P. (1986). Vagal afferent innervation of the gastrointestinal tract. Prog.
Brain Res. 67, 65–86. doi: 10.1016/S0079-6123(08)62757-0

Andrews, P. L., Grundy, D., and Scratcherd, T. (1980). Vagal afferent discharge
from mechanoreceptors in different regions of the ferret stomach. J. Physiol.
298, 513–524. doi: 10.1113/jphysiol.1980.sp013098

Bellono, N. W., Bayrer, J. R., Leitch, D. B., Castro, J., Zhang, C., O’donnell,
T. A., et al. (2017). Enterochromaffin cells are gut chemosensors
that couple to sensory neural pathways. Cell 170, 185.e16–198.e16.
doi: 10.1016/j.cell.2017.05.034

Bercik, P., Park, A. J., Sinclair, D., Khoshdel, A., Lu, J., Huang, X., et al.
(2011). The anxiolytic effect of bifidobacterium longum NCC3001 involves
vagal pathways for gut-brain communication. Neurogastroenterol. Motil. 23,
1132–1139. doi: 10.1111/j.1365-2982.2011.01796.x

Berthoud, H. R., Jedrzejewska, A., and Powley, T. L. (1990). Simultaneous labeling
of vagal innervation of the gut and afferent projections from the visceral
forebrain with dil injected into the dorsal vagal complex in the rat. J. Comp.

Neurol. 301, 65–79. doi: 10.1002/cne.903010107
Berthoud, H. R., Kressel, M., Raybould, H. E., and Neuhuber, W. L. (1995). Vagal

sensors in the rat duodenal mucosa: distribution and structure as revealed by in
vivo DiI-tracing. Anat. Embryol. 191, 203–212. doi: 10.1007/BF00187819

Berthoud, H. R., Patterson, L. M., Neumann, F., and Neuhuber, W. L. (1997).
Distribution and structure of vagal afferent intraganglionic laminar endings
(IGLEs) in the rat gastrointestinal tract. Anat. Embryol. 195, 183–191.
doi: 10.1007/s004290050037

Berthoud, H. R., and Powley, T. L. (1992). Vagal afferent innervation of the rat
fundic stomach: morphological characterization of the gastric tension receptor.
J. Comp. Neurol. 319, 261–276. doi: 10.1002/cne.903190206

Bessou, P., and Perl, E. R. (1966). Amovement receptor of the small intestine. J.
Physiol. 182, 404–426. doi: 10.1113/jphysiol.1966.sp007829

Blackshaw, L., and Grundy, D. (1990). Effects of cholecystokinin. (CCK-8) on
two classes of gastroduodenal vagal afferent fibre. J. Auton. Nervous Syst. 31,
191–201. doi: 10.1016/0165-1838(90)90185-L

Blackshaw, L. A., Brookes, S. J., Grundy, D., and Schemann, M. (2007). Sensory
transmission in the gastrointestinal tract. Neurogastroenterol. Motility 19:1–19.
doi: 10.1111/j.1365-2982.2006.00871.x

Blackshaw, L. A., and Grundy, D. (1988). Reflex responses of vagal efferent
fibres influenced by gastrointestinal mechanoreceptors to electrical afferent
stimulation in the anaesthetized ferret. Q. J. Exp. Physiol. Cogn. Med. Sci. 73,
1001–1004. doi: 10.1113/expphysiol.1988.sp003209

Blackshaw, L. A., and Grundy, D. (1993). Effects of 5-hydroxytryptamine on
discharge of vagal mucosal afferent fibres from the upper gastrointestinal tract
of the ferret. J. Auton. Nerv. Syst. 45, 41–50. doi: 10.1016/0165-1838(93)90360-7

Blackshaw, L. A., Grundy, D., and Scratcherd, T. (1987a). Involvement
of gastrointestinal mechano- and intestinal chemoreceptors in vagal
reflexes: an electrophysiological study. J. Auton. Nerv. Syst. 18, 225–234.
doi: 10.1016/0165-1838(87)90121-4

Blackshaw, L. A., Grundy, D., and Scratcherd, T. (1987b). Vagal afferent discharge
from gastric mechanoreceptors during contraction and relaxation of the ferret
corpus. J. Auton. Nerv. Syst. 18, 19–24. doi: 10.1016/0165-1838(87)90130-5

Blumberg, H., Haupt, P., Jänig, W., and Kohler, W. (1983). Encoding of visceral
noxious stimuli in the discharge patterns of visceral afferent fibres from the
colon. Pflugers Arch. 398, 33–40. doi: 10.1007/BF00584710

Boring, E. G. (1915). The sensations of the alimentary canal. Am. J. Psychol. 26,
1–56. doi: 10.2307/1412877

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T.
G., et al. (2011). Ingestion of lactobacillus strain regulates emotional behavior
and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. U.S.A. 108, 16050–16055. doi: 10.1073/pnas.1102999108

Brierley, S. M. (2010). Molecular basis of mechanosensitivity.Auton. Neurosci. 153,
58–68. doi: 10.1016/j.autneu.2009.07.017

Brierley, S. M. (2012). Guanylate cyclase-C receptor activation: unexpected
biology. Curr. Opin. Pharmacol. 12, 632–640. doi: 10.1016/j.coph.2012.10.005

Brierley, S. M., Carter, R., Jones, W. III., Xu, L., Robinson, D. R., Blackshaw, L.
A., et al. (2005a). Differential chemosensory function and receptor expression
of splanchnic and pelvic colonic afferents in mice. J. Physiol. 567, 267–281.
doi: 10.1113/jphysiol.2005.089714

Brierley, S. M., Hughes, P. A., Page, A. J., Kwan, K. Y., Martin, C. M.,
O’donnell, T. A., et al. (2009). The ion channel TRPA1 is required for normal
mechanosensation and is modulated by algesic stimuli. Gastroenterology 137,
2084.e3–2095.e3. doi: 10.1053/j.gastro.2009.07.048

Brierley, S. M., Jones, R. C. III., Gebhart, G. F., and Blackshaw, L. A.
(2004). Splanchnic and pelvic mechanosensory afferents signal different
qualities of colonic stimuli in mice. Gastroenterology 127, 166–178.
doi: 10.1053/j.gastro.2004.04.008

Brierley, S. M., Jones, R. C. III., Xu, L., Gebhart, G. F., and Blackshaw, L. A. (2005b).
Activation of splanchnic and pelvic colonic afferents by bradykinin in mice.
Neurogastroenterol. Motil. 17, 854–862. doi: 10.1111/j.1365-2982.2005.00710.x

Brierley, S. M., and Linden, D. R. (2014). Neuroplasticity and dysfunction after
gastrointestinal inflammation. Nat. Rev. Gastroenterol. Hepatol. 11, 611–627.
doi: 10.1038/nrgastro.2014.103

Brierley, S. M., Page, A. J., Hughes, P. A., Adam, B., Liebregts, T., Cooper, N. J.,
et al. (2008). Selective role for TRPV4 ion channels in visceral sensory pathways.
Gastroenterology 134, 2059–2069. doi: 10.1053/j.gastro.2008.01.074

Brookes, S., Chen, N., Humenick, A., Spencer, N. J., and Costa, M. (2016). Extrinsic
sensory innervation of the gut: structure and function.Adv. Exp. Med. Biol. 891,
63–69. doi: 10.1007/978-3-319-27592-5_7

Brookes, S. J., Spencer, N. J., Costa, M., and Zagorodnyuk, V. P. (2013). Extrinsic
primary afferent signalling in the gut. Nat. Rev. Gastroenterol. Hepatol. 10,
286–296. doi: 10.1038/nrgastro.2013.29

Brunsden, A. M., Brookes, S. J., Bardhan, K. D., and Grundy, D. (2007).
Mechanisms underlying mechanosensitivity of mesenteric afferent fibers to
vascular flow. Am. J. Physiol. Gastrointest. Liver Physiol. 293, G422–G428.
doi: 10.1152/ajpgi.00083.2007

Buckley, M. M., and O’Malley, D. (2018). Development of an ex vivo method for
multi-unit recording of microbiota-colonic-neural signaling in real time. Front.
Neurosci. 12:112. doi: 10.3389/fnins.2018.00112

Campaniello, M. A., Harrington, A. M., Martin, C. M., Ashley Blackshaw,
L., Brierley, S. M., and Hughes, P. A. (2016). Activation of colo-rectal
high-threshold afferent nerves by Interleukin-2 is tetrodotoxin-sensitive
and upregulated in a mouse model of chronic visceral hypersensitivity.
Neurogastroenterol. Motil. 28, 54–63. doi: 10.1111/nmo.12696

Carlson, A., and Braafladt, L. (1915). On the sensibility of the gastric mucosa.
Amer. Jour. Physiol. 36:153. doi: 10.1152/ajplegacy.1915.36.2.153

Caruana, B. J.,Wald, A., Hinds, J. P., and Eidelman, B. H. (1991). Anorectal sensory
and motor function in neurogenic fecal incontinence. Comparison between
multiple sclerosis and diabetes mellitus. Gastroenterology 100, 465–470.
doi: 10.1016/0016-5085(91)90217-9

Castro, J., Harrington, A. M., Garcia-Caraballo, S., Maddern, J., Grundy, L.,
Brierley, S. M., et al. (2017). alpha-conotoxin Vc1.1 inhibits human dorsal
root ganglion neuroexcitability and mouse colonic nociception via GABAB
receptors. Gut 66, 1083–1094. doi: 10.1136/gutjnl-2015-310971

Castro, J., Harrington, A. M., Hughes, P. A., Martin, C. M., Ge, P.,
Shea, C. M., et al. (2013). Linaclotide inhibits colonic nociceptors and
relieves abdominal pain via guanylate cyclase-C and extracellular cyclic
guanosine 3’,5’-monophosphate. Gastroenterology 145, 1334.e1–11–1346.
e1–11. doi: 10.1053/j.gastro.2013.08.017

Cervero, F. (1994). Sensory innervation of the viscera: peripheral basis of visceral
pain. Physiol. Rev. 74, 95–138. doi: 10.1152/physrev.1994.74.1.95

Cervero, F., Connell, L. A., and Lawson, S. N. (1984). Somatic and visceral primary
afferents in the lower thoracic dorsal root ganglia of the cat. J. Comp. Neurol.

228, 422–431. doi: 10.1002/cne.902280309
Christianson, J. A., and Davis, B. M. (2010). “The role of visceral afferents

in disease,” in Translational Pain Research: From Mouse to Man, eds L.
Kruger and A. R. Light (Boca Raton, FL: CRC Press/Taylor & Francis),
51–76.

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 December 2018 | Volume 12 | Article 467

https://doi.org/10.1113/jphysiol.1932.sp002832
https://doi.org/10.1523/JNEUROSCI.4863-05.2006
https://doi.org/10.1016/S0079-6123(08)62757-0
https://doi.org/10.1113/jphysiol.1980.sp013098
https://doi.org/10.1016/j.cell.2017.05.034
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1002/cne.903010107
https://doi.org/10.1007/BF00187819
https://doi.org/10.1007/s004290050037
https://doi.org/10.1002/cne.903190206
https://doi.org/10.1113/jphysiol.1966.sp007829
https://doi.org/10.1016/0165-1838(90)90185-L
https://doi.org/10.1111/j.1365-2982.2006.00871.x
https://doi.org/10.1113/expphysiol.1988.sp003209
https://doi.org/10.1016/0165-1838(93)90360-7
https://doi.org/10.1016/0165-1838(87)90121-4
https://doi.org/10.1016/0165-1838(87)90130-5
https://doi.org/10.1007/BF00584710
https://doi.org/10.2307/1412877
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1016/j.autneu.2009.07.017
https://doi.org/10.1016/j.coph.2012.10.005
https://doi.org/10.1113/jphysiol.2005.089714
https://doi.org/10.1053/j.gastro.2009.07.048
https://doi.org/10.1053/j.gastro.2004.04.008
https://doi.org/10.1111/j.1365-2982.2005.00710.x
https://doi.org/10.1038/nrgastro.2014.103
https://doi.org/10.1053/j.gastro.2008.01.074
https://doi.org/10.1007/978-3-319-27592-5_7
https://doi.org/10.1038/nrgastro.2013.29
https://doi.org/10.1152/ajpgi.00083.2007
https://doi.org/10.3389/fnins.2018.00112
https://doi.org/10.1111/nmo.12696
https://doi.org/10.1152/ajplegacy.1915.36.2.153
https://doi.org/10.1016/0016-5085(91)90217-9
https://doi.org/10.1136/gutjnl-2015-310971
https://doi.org/10.1053/j.gastro.2013.08.017
https://doi.org/10.1152/physrev.1994.74.1.95
https://doi.org/10.1002/cne.902280309
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Brierley et al. Spinal Afferents to the Gut

Clarke, G., and Davison, J. (1976). Response of distension sensitive, vagal afferent
nerve endings to controlled inflation of the rat stomach. J. Physiol. 256,
P122–P123.

Clarke, G. D., and Davison, J. S. (1974). Proceedings: vagal afferent nerve endings
in the gastric antral mucosa of the rat. J. Physiol. 239, 41p−42p.

Clarke, G. D., and Davison, J. S. (1975). Tension receptors in the oesophagus and
stomach of the rat. J. Physiol. 244, 41p−42p.

Clarke, G. D., and Davison, J. S. (1978). Mucosal receptors in the gastric antrum
and small-intestine of rat with afferent-fibres in the cervical vagus. J. Physiol.
Lond. 284, 55–67. doi: 10.1113/jphysiol.1978.sp012527

de Araujo, A. D., Mobli, M., Castro, J., Harrington, A. M., Vetter, I., Dekan,
Z., et al. (2014). Selenoether oxytocin analogues have analgesic properties
in a mouse model of chronic abdominal pain. Nat. Commun. 5:3165.
doi: 10.1038/ncomms4165

De Ocampo, S., Remes-Troche, J. M., Miller, M. J., and Rao, S. S. (2007). Rectoanal
sensorimotor response in humans during rectal distension. Dis. Colon Rectum

50, 1639–1646. doi: 10.1007/s10350-007-0257-y
Eastwood, C., Maubach, K., Kirkup, A. J., and Grundy, D. (1998). The

role of endogenous cholecystokinin in the sensory transduction of
luminal nutrient signals in the rat jejunum. Neurosci. Lett. 254, 145–148.
doi: 10.1016/S0304-3940(98)00666-1

Erickson, A., Deiteren, A., Harrington, A. M., Garcia-Caraballo, S., Castro, J.,
Caldwell, A., et al. (2018). Voltage-gated sodium channels: (NaV)igating the
field to determine their contribution to visceral nociception. J. Physiol. 596,
785–807. doi: 10.1113/JP273461

Farthing, M. J., and Lennard-Jones, J. E. (1978). Sensibility of the rectum to
distension and the anorectal distension reflex in ulcerative colitis. Gut 19,
64–69. doi: 10.1136/gut.19.1.64

Feng, B., Brumovsky, P. R., and Gebhart, G. F. (2010). Differential roles
of stretch-sensitive pelvic nerve afferents innervating mouse distal colon
and rectum. Am. J. Physiol. Gastrointest. Liver Physiol. 298, G402–G409.
doi: 10.1152/ajpgi.00487.2009

Feng, B., and Gebhart, G. F. (2011). Characterization of silent afferents in
the pelvic and splanchnic innervations of the mouse colorectum. Am. J.

Physiol. Gastrointest. Liver Physiol. 300, G170–G180. doi: 10.1152/ajpgi.00406.
2010

Feng, B., La, J. H., Tanaka, T., Schwartz, E. S., Mcmurray, T. P., and Gebhart, G.
F. (2012). Altered colorectal afferent function associated with TNBS-induced
visceral hypersensitivity in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 303,
G817–G824. doi: 10.1152/ajpgi.00257.2012

Feng, B., Zhu, Y., La, J. H., Wills, Z. P., and Gebhart, G. F. (2015). Experimental
and computational evidence for an essential role of NaV1.6 in spike initiation
at stretch-sensitive colorectal afferent endings. J. Neurophysiol. 113, 2618–2634.
doi: 10.1152/jn.00717.2014

Floyd, K., Hick, V. E., and Morrison, J. (1976). Mechanosensitive
afferent units in the hypogastric nerve of the cat. J. Physiol. 259:457.
doi: 10.1113/jphysiol.1976.sp011476

Floyd, K., and Morrison, J. (1974). Splanchnic mechanoreceptors in the dog. Exp.
Physiol. 59, 361–366. doi: 10.1113/expphysiol.1974.sp002279

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

Neurol. 428, 558–576. doi: 10.1002/1096-9861(20001218)428:3&lt;558::AID-
CNE11&gt;3.0.CO;2-M

Furness, J. B. (2006). The organisation of the autonomic nervous
system: peripheral connections. Auton. Neurosci. 130, 1–5.
doi: 10.1016/j.autneu.2006.05.003

Furness, J. B. (2012). The enteric nervous system and neurogastroenterology. Nat.
Rev. Gastroenterol. Hepatol. 9, 286–294. doi: 10.1038/nrgastro.2012.32

Gammon, G., and Bronk, D. (1935). The discharge of impulses from Pacinian
corpuscles in the mesentery and its relation to vascular changes. Am. J. Physiol.

114:77. doi: 10.1152/ajplegacy.1935.114.1.77
Gernandt, B., and Zotterman, Y. (1946). Intestinal pain: an electrophysiological

investigation on mesenteric nerves. Acta Physiol. Scand. 12, 56–72.
doi: 10.1111/j.1748-1716.1946.tb00367.x

Gray, H. T. (1922). Remarks on obscure intestinal colic. Br. Med. J. 1, 253–257.
doi: 10.1136/bmj.1.3190.253

Grundy, D., Bagaev, V., and Hillsley, K. (1995). Inhibition of gastric
mechanoreceptor discharge by cholecystokinin in the rat. Am. J. Physiol.

268:G355. doi: 10.1152/ajpgi.1995.268.2.G355
Grundy, D., Salih, A. A., and Scratcherd, T. (1981). Modulation of vagal efferent

fibre discharge by mechanoreceptors in the stomach, duodenum and colon of
the ferret. J. Physiol. 319, 43–52. doi: 10.1113/jphysiol.1981.sp013890

Grundy, D., and Schemann, M. (2007). Enteric nervous system. Curr. Opin.
Gastroenterol. 23, 121–126. doi: 10.1097/MOG.0b013e3280287a23

Grundy, D., and Scratcherd, T. (1989). “Sensory afferents from the gastrointestinal
tract,” in Handbook of Physiology: The Gastrointestinal System, Motility and

Circulation, eds J. D. Wood and S. G. Schultz (Bethesda, MD: The American
Physiological Society), 593–620.

Grundy, L., and Brierley, S. M. (2018). Cross-organ sensitization between the colon
and bladder: to pee or not to pee?Am. J. Physiol. Gastrointest. Liver Physiol. 314,
G301–G308. doi: 10.1152/ajpgi.00272.2017

Grundy, L., Harrington, A. M., Castro, J., Garcia-Caraballo, S., Deiteren, A.,
Maddern, J., et al. (2018). Chronic linaclotide treatment reduces colitis-
induced neuroplasticity and reverses persistent bladder dysfunction. JCI Insight
3:e121841. doi: 10.1172/jci.insight.121841

Gundling, F., Seidl, H., Scalercio, N., Schmidt, T., Schepp, W., and Pehl, C.
(2010). Influence of gender and age on anorectal function: normal values from
anorectal manometry in a large caucasian population. Digestion 81, 207–213.
doi: 10.1159/000258662

Harding, R., and Leek, B. F. (1972). Gastro-duodenal receptor responses to
chemical and mechanical stimuli, investigated by a ’single fibre’ technique. J.
Physiol. 222, 139p−140p.

Harrington, A. M., Castro, M., Erickson, A., Grundy, L., and Brierley, S. M.
(2018). Extrinsic Sensory Afferent Nerves Innervating the Gastrointestinal Tract
in Health and Disease. London: Elsevier.

Herrity, A. N., Rau, K. K., Petruska, J. C., Stirling, D. P., and Hubscher, C. H.
(2014). Identification of bladder and colon afferents in the nodose ganglia of
male rats. J. Comp. Neurol. 522, 3667–3682. doi: 10.1002/cne.23629

Hibberd, T. J., Kestell, G. R., Kyloh, M. A., Brookes, S. J., Wattchow, D. A.,
and Spencer, N. J. (2016). 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–G573. doi: 10.1152/ajpgi.00462.2015
Hockley, J. R., Tranter, M. M., Mcguire, C., Boundouki, G., Cibert-

Goton, V., Thaha, M. A., et al. (2016). P2Y receptors sensitize
mouse and human colonic nociceptors. J. Neurosci. 36, 2364–2376.
doi: 10.1523/JNEUROSCI.3369-15.2016

Hockley, J. R. F., Smith, E. S. J., and Bulmer, D. C. (2018a). Human visceral
nociception: findings from translational studies in human tissue.Am. J. Physiol.

Gastrointest. Liver Physiol. 315, G464–G472. doi: 10.1152/ajpgi.00398.2017
Hockley, J. R. F., Taylor, T. S., Callejo, G., Wilbrey, A. L., Gutteridge, A., Bach,

K., et al. (2018b). Single-cell RNAseq reveals seven classes of colonic sensory
neuron. Gut doi: 10.1136/gutjnl-2017-315631. [Epub ahead of print].

Hughes, P. A., Brierley, S. M., and Blackshaw, L. A. (2009a). Post-inflammatory
modification of colonic afferent mechanosensitivity. Clin. Exp. Pharmacol.

Physiol. 36, 1034–1040. doi: 10.1111/j.1440-1681.2009.05248.x
Hughes, P. A., Brierley, S. M., Martin, C. M., Brookes, S. J., Linden, D. R., and

Blackshaw, L. A. (2009b). Post-inflammatory colonic afferent sensitisation:
different subtypes, different pathways and different time courses. Gut 58,
1333–1341. doi: 10.1136/gut.2008.170811

Hughes, P. A., Harrington, A. M., Castro, J., Liebregts, T., Adam, B., Grasby, D. J.,
et al. (2013). Sensory neuro-immune interactions differ between irritable bowel
syndrome subtypes. Gut 62, 1456–1465. doi: 10.1136/gutjnl-2011-301856

Hughes, P. A., Moretta, M., Lim, A., Grasby, D. J., Bird, D., Brierley, S. M.,
et al. (2014). Immune derived opioidergic inhibition of viscerosensory afferents
is decreased in irritable bowel syndrome patients. Brain Behav. Immun. 42,
191–203. doi: 10.1016/j.bbi.2014.07.001

Humenick, A., Chen, B. N., Wiklendt, L., Spencer, N. J., Zagorodnyuk, V. P.,
Dinning, P. G., et al. (2015). Activation of intestinal spinal afferent endings
by changes in intra-mesenteric arterial pressure. J. Physiol. 593, 3693–3709.
doi: 10.1113/JP270378

Hurst, S. A. F. (1911). The Sensibility of the Alimentary Canal. London: Oxford
Medical Publications.

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 December 2018 | Volume 12 | Article 467

https://doi.org/10.1113/jphysiol.1978.sp012527
https://doi.org/10.1038/ncomms4165
https://doi.org/10.1007/s10350-007-0257-y
https://doi.org/10.1016/S0304-3940(98)00666-1
https://doi.org/10.1113/JP273461
https://doi.org/10.1136/gut.19.1.64
https://doi.org/10.1152/ajpgi.00487.2009
https://doi.org/10.1152/ajpgi.00406.2010
https://doi.org/10.1152/ajpgi.00257.2012
https://doi.org/10.1152/jn.00717.2014
https://doi.org/10.1113/jphysiol.1976.sp011476
https://doi.org/10.1113/expphysiol.1974.sp002279
https://doi.org/10.1002/1096-9861(20001218)428:3&lt
https://doi.org/10.1016/j.autneu.2006.05.003
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.1152/ajplegacy.1935.114.1.77
https://doi.org/10.1111/j.1748-1716.1946.tb00367.x
https://doi.org/10.1136/bmj.1.3190.253
https://doi.org/10.1152/ajpgi.1995.268.2.G355
https://doi.org/10.1113/jphysiol.1981.sp013890
https://doi.org/10.1097/MOG.0b013e3280287a23
https://doi.org/10.1152/ajpgi.00272.2017
https://doi.org/10.1172/jci.insight.121841
https://doi.org/10.1159/000258662
https://doi.org/10.1002/cne.23629
https://doi.org/10.1152/ajpgi.00462.2015
https://doi.org/10.1523/JNEUROSCI.3369-15.2016
https://doi.org/10.1152/ajpgi.00398.2017
https://doi.org/10.1136/gutjnl-2017-315631
https://doi.org/10.1111/j.1440-1681.2009.05248.x
https://doi.org/10.1136/gut.2008.170811
https://doi.org/10.1136/gutjnl-2011-301856
https://doi.org/10.1016/j.bbi.2014.07.001
https://doi.org/10.1113/JP270378
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Brierley et al. Spinal Afferents to the Gut

Iggo, A. (1955). Tension receptors in the stomach and the urinary bladder. J.
Physiol. 128, 593–607. doi: 10.1113/jphysiol.1955.sp005327

Iggo, A. (1956). Central nervous control of gastric movements in sheep and goats.
J. Physiol. 131, 248–256. doi: 10.1113/jphysiol.1956.sp005460

Iggo, A. (1957a). Gastric mucosal chemoreceptors with vagal afferent fibres in the
cat. Exp. Physiol. 42, 398–409. doi: 10.1113/expphysiol.1957.sp001284

Iggo, A. (1957b). Gastro-intestinal tension receptors with unmyelinated
afferent fibres in the vagus of the cat. Exp. Physiol. 42, 130.
doi: 10.1113/expphysiol.1957.sp001228

Inserra, M. C., Israel, M. R., Caldwell, A., Castro, J., Deuis, J. R., Harrington, A. M.,
et al. (2017). Multiple sodium channel isoformsmediate the pathological effects
of Pacific ciguatoxin-1. Sci. Rep. 7:42810. doi: 10.1038/srep42810

Jänig, W., and Koltzenburg, M. (1991). Receptive properties of sacral primary
afferent neurons supplying the colon. J. Neurophysiol. 65, 1067–1077.
doi: 10.1152/jn.1991.65.5.1067

Jiang, W., Adam, I. J., Kitsanta, P., Tiernan, J., Hill, C., Shorthouse, A., et al.
(2011). ’First-in-man’: characterising the mechanosensitivity of human colonic
afferents. Gut 60, 281–282. doi: 10.1136/gut.2010.229799

Jones, R. C. III., Otsuka, E., Wagstrom, E., Jensen, C. S., Price, M. P., and
Gebhart, G. F. (2007). Short-term sensitization of colon mechanoreceptors is
associated with long-term hypersensitivity to colon distention in the mouse.
Gastroenterology 133, 184–194. doi: 10.1053/j.gastro.2007.04.042

Jones, R. C. III., Xu, L., and Gebhart, G. F. (2005). 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, 10981–10989. doi: 10.1523/JNEUROSCI.0703-05.2005

Keating, C., Nocchi, L., Yu, Y., Donovan, J., and Grundy, D. (2016). Ageing
and gastrointestinal sensory function: altered colonic mechanosensory and
chemosensory function in the aged mouse. J. Physiol. 594, 4549–4564.
doi: 10.1113/JP271403

Kiyatkin, M. E., Feng, B., Schwartz, E. S., and Gebhart, G. F. (2013).
Combined genetic and pharmacological inhibition of TRPV1 and P2X3
attenuates colorectal hypersensitivity and afferent sensitization. Am. J. Physiol.

Gastrointest. Liver Physiol. 305, G638–G648. doi: 10.1152/ajpgi.00180.2013
Kressel, M., Berthoud, H. R., and Neuhuber, W. L. (1996). Vagal innervation

of the rat pylorus: an anterograde tracing study using carbocyanine dyes
and laser scanning confocal microscopy. Cell Tissue Res. 275, 109–123.
doi: 10.1007/BF00305379

Kwan, C. L., Mikula, K., Diamant, N. E., and Davis, K. D. (2002). The relationship
between rectal pain, unpleasantness, and urge to defecate in normal subjects.
Pain 97, 53–63. doi: 10.1016/S0304-3959(01)00490-0

Kyloh, M., Nicholas, S., Zagorodnyuk, V. P., Brookes, S. J., and Spencer,
N. J. (2011). Identification of the visceral pain pathway activated
by noxious colorectal distension in mice. Front. Neurosci. 5:16.
doi: 10.3389/fnins.2011.00016

Lagier, E., Delvaux, M., Vellas, B., Fioramonti, J., Bueno, L., Albarede, J.
L., et al. (1999). Influence of age on rectal tone and sensitivity to
distension in healthy subjects. Neurogastroenterol. Motil. 11, 101–107.
doi: 10.1046/j.1365-2982.1999.00145.x

Lawerentjew, B. (1929). Experimentell-morphologische studien über den feineren
bau des autonomen nervensystems. II. Über den Aufbau der Ganglien
der Speiseröhre nebst einigen Bemerkungen über das Vorkommen und die
Verteilung zweier Arten von Nervenzellen in dem autonomen Nervensystem.
Zeitschrift fur Mikroskopisch-Anatomische Forschung 18, 233–262.

Lembo, T., Munakata, J., Mertz, H., Niazi, N., Kodner, A., Nikas, V.,
et al. (1994). Evidence for the hypersensitivity of lumbar splanchnic
afferents in irritable bowel syndrome. Gastroenterology 107, 1686–1696.
doi: 10.1016/0016-5085(94)90809-5

Lennander, K. G. (1902). Beobachtungen über die Sensibilität in der Bauchhöhle.
Mitteilungen aus den Grenzgebieten der Medizin und Chirurgie, Bd. X 38,
35–104.

Lynn, P. A., and Blackshaw, L. A. (1999). In vitro recordings of afferent fibres with
receptive fields in the serosa, muscle and mucosa of rat colon. J. Physiol. 518,
271–282. doi: 10.1111/j.1469-7793.1999.0271r.x

Lynn, P. A., and Brookes, S. J. (2011). Function and morphology
correlates of rectal nerve mechanoreceptors innervating the guinea
pig internal anal sphincter. Neurogastroenterol. Motil. 23, 88.e9–95.e9.
doi: 10.1111/j.1365-2982.2010.01593.x

Lynn, P. A., Olsson, C., Zagorodnyuk, V., Costa, M., and Brookes, S. J. (2003).
Rectal intraganglionic laminar endings are transduction sites of extrinsic
mechanoreceptors in the guinea pig rectum. Gastroenterology 125, 786–794.
doi: 10.1016/S0016-5085(03)01050-3

Makadia, P. A., Najjar, S. A., Saloman, J. L., Adelman, P., Feng, B., Margiotta, J. F.,
et al. (2018). Optogenetic activation of colon epithelium of the mouse produces
high-frequency bursting in extrinsic colon afferents and engages visceromotor
responses. J. Neurosci. 38, 5788–5798. doi: 10.1523/JNEUROSCI.0837-18.2018

Malin, S. A., Christianson, J. A., Bielefeldt, K., and Davis, B. M. (2009). TPRV1
expression defines functionally distinct pelvic colon afferents. J. Neurosci. 29,
743–752. doi: 10.1523/JNEUROSCI.3791-08.2009

McGuire, C., Boundouki, G., Hockley, J. R. F., Reed, D., Cibert-Goton, V., Peiris,
M., et al. (2017). Ex vivo study of human visceral nociceptors. Gut 67, 86–96.
doi: 10.1136/gutjnl-2016-311629

Morley, J. (1931). Abdominal Pain. Edinburgh: E & S Livingstone.
Morrison, J. F. (1973). Splanchnic slowly adapting mechanoreceptors with

punctate receptive fields in the mesentery and gastrointestinal tract of the cat.
J. Physiol. 233, 349–361. doi: 10.1113/jphysiol.1973.sp010311

Ness, T. J., and Gebhart, G. F. (1990). Visceral pain: a review of experimental
studies. Pain 41, 167–234. doi: 10.1016/0304-3959(90)90021-5

Ng, K. S., Brookes, S. J., Montes-Adrian, N. A., Mahns, D. A., and
Gladman, M. A. (2016). Electrophysiological characterization of human rectal
afferents. Am. J. Physiol. Gastrointest. Liver Physiol. 311, G1047–G1055.
doi: 10.1152/ajpgi.00153.2016

Nonidez, J. F. (1946). Afferent nerve endings in the ganglia of the
intermuscular plexus of the dog’s oesophagus. J. Comp. Neurol. 85, 177–189.
doi: 10.1002/cne.900850204

Olsson, C., Costa, M., and Brookes, S. J. (2004). Neurochemical characterization of
extrinsic innervation of the guinea pig rectum. J. Comp. Neurol. 470, 357–371.
doi: 10.1002/cne.20000

Osteen, J. D., Herzig, V., Gilchrist, J., Emrick, J. J., Zhang, C., Wang, X.,
et al. (2016). Selective spider toxins reveal a role for the Nav1.1 channel in
mechanical pain. Nature 534, 494–499. doi: 10.1038/nature17976

Page, A. J., Brierley, S. M., Martin, C. M., Hughes, P. A., and Blackshaw, L. A.
(2007). Acid sensing ion channels 2 and 3 are required for inhibition of visceral
nociceptors by benzamil. Pain 133, 150–160. doi: 10.1016/j.pain.2007.03.019

Page, A. J., Brierley, S. M., Martin, C. M., Martinez-Salgado, C., Wemmie, J. A.,
Brennan, T. J., et al. (2004). The ion channel ASIC1 contributes to visceral but
not cutaneous mechanoreceptor function. Gastroenterology 127, 1739–1747.
doi: 10.1053/j.gastro.2004.08.061

Page, A. J., Brierley, S. M., Martin, C. M., Price, M. P., Symonds, E., Butler, R., et al.
(2005). Different contributions of ASIC channels 1a, 2, and 3 in gastrointestinal
mechanosensory function. Gut 54, 1408–1415. doi: 10.1136/gut.2005.071084

Paintal, A. (1954a). The response of gastric stretch receptors and certain other
abdominal and thoracic vagal receptors to some drugs. J. Physiol. 126:271.

Paintal, A. (1954b). A study of gastric stretch receptors. Their role in the peripheral
mechanism of satiation of hunger and thirst. J. Physiol. 126:255.

Paintal, A. (1957). Responses from mucosal mechanoreceptors
in the small intestine of the cat. J. Physiol. 139, 353–368.
doi: 10.1113/jphysiol.1957.sp005896

Paintal, A. S. (1953). Impulses in vagal afferent fibres from stretch receptors in the
stomach and their role in the peripheral mechanism of hunger. Nature 172,
1194–1195. doi: 10.1038/1721194a0

Peiris, M., Bulmer, D. C., Baker, M. D., Boundouki, G., Sinha, S., Hobson, A.,
et al. (2011). Human visceral afferent recordings: preliminary report. Gut 60,
204–208. doi: 10.1136/gut.2010.221820

Powley, T. L., Baronowsky, E. A., Gilbert, J. M., Hudson, C. N., Martin, F. N.,
Mason, J. K., et al. (2013). Vagal afferent innervation of the lower esophageal
sphincter. Auton. Neurosci. 177, 129–142. doi: 10.1016/j.autneu.2013.03.008

Powley, T. L., Gilbert, J. M., Baronowsky, E. A., Billingsley, C. N., Martin, F.
N., and Phillips, R. J. (2012). Vagal sensory innervation of the gastric sling
muscle and antral wall: implications for gastro-esophageal reflux disease?
Neurogastroenterol. Motil. 24, e526–e537. doi: 10.1111/nmo.12003

Prato, V., Taberner, F. J., Hockley, J. R. F., Callejo, G., Arcourt, A., Tazir, B.,
et al. (2017). Functional and molecular characterization of mechanoinsensitive
“Silent” nociceptors. Cell Rep. 21, 3102–3115. doi: 10.1016/j.celrep.2017.11.066

Rao, S. S., Read, N. W., Davison, P. A., Bannister, J. J., and Holdsworth,
C. D. (1987). Anorectal sensitivity and responses to rectal distention

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 December 2018 | Volume 12 | Article 467

https://doi.org/10.1113/jphysiol.1955.sp005327
https://doi.org/10.1113/jphysiol.1956.sp005460
https://doi.org/10.1113/expphysiol.1957.sp001284
https://doi.org/10.1113/expphysiol.1957.sp001228
https://doi.org/10.1038/srep42810
https://doi.org/10.1152/jn.1991.65.5.1067
https://doi.org/10.1136/gut.2010.229799
https://doi.org/10.1053/j.gastro.2007.04.042
https://doi.org/10.1523/JNEUROSCI.0703-05.2005
https://doi.org/10.1113/JP271403
https://doi.org/10.1152/ajpgi.00180.2013
https://doi.org/10.1007/BF00305379
https://doi.org/10.1016/S0304-3959(01)00490-0
https://doi.org/10.3389/fnins.2011.00016
https://doi.org/10.1046/j.1365-2982.1999.00145.x
https://doi.org/10.1016/0016-5085(94)90809-5
https://doi.org/10.1111/j.1469-7793.1999.0271r.x
https://doi.org/10.1111/j.1365-2982.2010.01593.x
https://doi.org/10.1016/S0016-5085(03)01050-3
https://doi.org/10.1523/JNEUROSCI.0837-18.2018
https://doi.org/10.1523/JNEUROSCI.3791-08.2009
https://doi.org/10.1136/gutjnl-2016-311629
https://doi.org/10.1113/jphysiol.1973.sp010311
https://doi.org/10.1016/0304-3959(90)90021-5
https://doi.org/10.1152/ajpgi.00153.2016
https://doi.org/10.1002/cne.900850204
https://doi.org/10.1002/cne.20000
https://doi.org/10.1038/nature17976
https://doi.org/10.1016/j.pain.2007.03.019
https://doi.org/10.1053/j.gastro.2004.08.061
https://doi.org/10.1136/gut.2005.071084
https://doi.org/10.1113/jphysiol.1957.sp005896
https://doi.org/10.1038/1721194a0
https://doi.org/10.1136/gut.2010.221820
https://doi.org/10.1016/j.autneu.2013.03.008
https://doi.org/10.1111/nmo.12003
https://doi.org/10.1016/j.celrep.2017.11.066
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Brierley et al. Spinal Afferents to the Gut

in patients with ulcerative colitis. Gastroenterology 93, 1270–1275.
doi: 10.1016/0016-5085(87)90255-1

Richards,W., Hillsley, K., Eastwood, C., and Grundy, D. (1996). Sensitivity of vagal
mucosal afferents to cholecystokinin and its role in afferent signal transduction
in the rat. J. Physiol. 497:473. doi: 10.1113/jphysiol.1996.sp021781

Ritter, A. M., Woodbury, C. J., Albers, K., Davis, B. M., and Koerber,
H. R. (2000). Maturation of cutaneous sensory neurons from normal
and NGF-overexpressing mice. J. Neurophysiol. 83, 1722–1732.
doi: 10.1152/jn.2000.83.3.1722

Robinson, D. R., Mcnaughton, P. A., Evans, M. L., and Hicks, G. A. (2004).
Characterization of the primary spinal afferent innervation of the mouse
colon using retrograde labelling. Neurogastroenterol. Motil. 16, 113–124.
doi: 10.1046/j.1365-2982.2003.00456.x

Rodrigo, J., Hernández, C., Vidal, M., and Pedrosa, J. (1975). Vegetative
innervation of the esophagus. II. Intraganglionic laminar endings. Acta

Anatomica 92, 79–100. doi: 10.1159/000144431
Sadeghi, M., Erickson, A., Castro, J., Deiteren, A., Harrington, A. M., Grundy,

L., et al. (2018). Contribution of membrane receptor signalling to chronic
visceral pain. Int. J. Biochem. Cell Biol. 98, 10–23. doi: 10.1016/j.biocel.2018.
02.017

Salvatierra, J., Castro, J., Erickson, A., Li, Q., Braz, J., Gilchrist, J., et al. (2018).
NaV1.1 inhibition can reduce visceral hypersensitivity. JCI Insight 3:121000.
doi: 10.1172/jci.insight.121000

Sengupta, J. N., and Gebhart, G. F. (1994a). Characterization of mechanosensitive
pelvic nerve afferent fibers innervating the colon of the rat. J. Neurophysiol. 71,
2046–2060. doi: 10.1152/jn.1994.71.6.2046

Sengupta, J. N., and Gebhart, G. F. (1994b). Mechanosensitive properties of pelvic
nerve afferent fibers innervating the urinary bladder of the rat. J. Neurophysiol.
72, 2420–2430. doi: 10.1152/jn.1994.72.5.2420

Sengupta, J. N., Saha, J. K., and Goyal, R. K. (1990). Stimulus-response function
studies of esophageal mechanosensitive nociceptors in sympathetic afferents of
opossum. J. Neurophysiol. 64, 796–812. doi: 10.1152/jn.1990.64.3.796

Sharrad, D. F., Hibberd, T. J., Kyloh, M. A., Brookes, S. J., and Spencer, N. J. (2015).
Quantitative immunohistochemical co-localization of TRPV1 and CGRP in
varicose axons of the murine oesophagus, stomach and colorectum. Neurosci.
Lett. 599, 164–171. doi: 10.1016/j.neulet.2015.05.020

Sipe, W. E., Brierley, S. M., Martin, C. M., Phillis, B. D., Cruz, F. B., Grady, E.
F., et al. (2008). Transient receptor potential vanilloid 4 mediates protease
activated receptor 2-induced sensitization of colonic afferent nerves and
visceral hyperalgesia. Am. J. Physiol. Gastrointest. Liver Physiol. 294, G1288–
G1298. doi: 10.1152/ajpgi.00002.2008

Someya, S., Nagao, M., Shibata, C., Tanaka, N., Sasaki, H., Kikuchi, D., et al.
(2015). Intracolonic administration of the TRPA1 agonist allyl isothiocyanate
stimulates colonic motility and defecation in conscious dogs. J. Gastrointest.
Surg. 19, 1342–1349. doi: 10.1007/s11605-015-2813-4

Song, X., Chen, B. N., Zagorodnyuk, V. P., Lynn, P. A., Blackshaw, L. A.,
Grundy, D., et al. (2009). Identification of medium/high-threshold extrinsic
mechanosensitive afferent nerves to the gastrointestinal tract. Gastroenterology
137, 274–284. doi: 10.1053/j.gastro.2009.02.061

Spencer, N. J., Hibberd, T. J., Lagerström, M., Otsuka, Y., and Kelly,
N. (2018). Visceral pain: novel approaches for optogenetic control of
spinal afferents. Brain Res. 1693, 159–164. doi: 10.1016/j.brainres.2018.
02.002

Spencer, N. J., Kerrin, A., Singer, C. A., Hennig, G. W., Gerthoffer, W.
T., and Mcdonnell, O. (2008a). Identification of capsaicin-sensitive rectal
mechanoreceptors activated by rectal distension in mice. Neuroscience 153,
518–534. doi: 10.1016/j.neuroscience.2008.02.054

Spencer, N. J., Kerrin, A., Zagorodnyuk, V. P., Hennig, G. W., Muto, M.,
Brookes, S. J., et al. (2008b). Identification of functional intramuscular
rectal mechanoreceptors in aganglionic rectal smooth muscle from piebald
lethal mice. Am. J. Physiol. Gastrointest. Liver Physiol. 294, G855–G867.
doi: 10.1152/ajpgi.00502.2007

Spencer, N. J., Kyloh, M., Beckett, E. A., Brookes, S., and Hibberd, T. (2016).
Different types of spinal afferent nerve endings in stomach and esophagus
identified by anterograde tracing from dorsal root ganglia. J. Comp. Neurol. 524,
3064–3083. doi: 10.1002/cne.24006

Spencer, N. J., Kyloh, M., and Duffield, M. (2014). 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. doi: 10.1371/journal.pone.0112466
Tower, S. S. (1933). Action potentials in sympathetic nerves, elicited by stimulation

of frog’s viscera. J. Physiol. 78, 225–245. doi: 10.1113/jphysiol.1933.sp002999
von Haller, A. (1755). A dissertation on the sensible and irritable parts of animals.

Bull. Instit. History Med. 4, 651–699.
Wald, A., and Tunuguntla, A. K. (1984). Anorectal sensorimotor dysfunction

in fecal incontinence and diabetes mellitus. Modification with biofeedback
therapy. N. Engl. J. Med. 310, 1282–1287. doi: 10.1056/NEJM198405173102003

Wang, F. B., and Powley, T. L. (2000). Topographic inventories of vagal afferents
in gastrointestinal muscle. J. Compar. Neurol. 421, 302–324. doi: 10.1002/
(SICI)1096-9861(20000605)421:3<302::AID-CNE2>3.0.CO;2-N

Wang, F. B., and Powley, T. L. (2007). Vagal innervation of intestines: afferent
pathways mapped with new en bloc horseradish peroxidase adaptation. Cell
Tissue Res. 329, 221–230. doi: 10.1007/s00441-007-0413-7

Woodbury, C. J., and Koerber, H. R. (2003). Widespread projections from
myelinated nociceptors throughout the substantia gelatinosa provide
novel insights into neonatal hypersensitivity. J. Neurosci. 23, 601–610.
doi: 10.1523/JNEUROSCI.23-02-00601.2003

Woodbury, C. J., and Koerber, H. R. (2007). Central and peripheral anatomy of
slowly adapting type I low-threshold mechanoreceptors innervating trunk skin
of neonatal mice. J. Comp. Neurol. 505, 547–561. doi: 10.1002/cne.21517

Woodbury, C. J., Kullmann, F. A., Mcilwrath, S. L., and Koerber, H. R. (2008).
Identity of myelinated cutaneous sensory neurons projecting to nocireceptive
laminae following nerve injury in adult mice. J. Comp. Neurol. 508, 500–509.
doi: 10.1002/cne.21693

Woodbury, C. J., Ritter, A. M., and Koerber, H. R. (2001). Central anatomy of
individual rapidly adapting low-threshold mechanoreceptors innervating the
“hairy” skin of newborn mice: early maturation of hair follicle afferents. J.
Comp. Neurol. 436, 304–323. doi: 10.1002/cne.1069

Woodbury, C. J., Zwick, M., Wang, S., Lawson, J. J., Caterina, M. J., Koltzenburg,
M., et al. (2004). Nociceptors lacking TRPV1 and TRPV2 have normal
heat responses. J. Neurosci. 24, 6410–6415. doi: 10.1523/JNEUROSCI.1421-
04.2004

Yu, Y., Daly, D. M., Adam, I. J., Kitsanta, P., Hill, C. J., Wild, J., et al.
(2016). Interplay between mast cells, enterochromaffin cells, and sensory
signaling in the aging human bowel. Neurogastroenterol. Motil. 28, 1465–1479.
doi: 10.1111/nmo.12842

Zagorodnyuk, V. P., and Brookes, S. J. (2000). Transduction sites of vagal
mechanoreceptors in the guinea pig esophagus. J. Neurosci. 20, 6249–6255.
doi: 10.1523/JNEUROSCI.20-16-06249.2000

Zagorodnyuk, V. P., Brookes, S. J., and Spencer, N. J. (2010). Structure-function
relationship of sensory endings in the gut and bladder. Autonomic Neurosci.

Basic Clin. 153, 3–11. doi: 10.1016/j.autneu.2009.07.018
Zagorodnyuk, V. P., Chen, B. N., and Brookes, S. J. (2001). Intraganglionic

laminar endings are mechano-transduction sites of vagal tension
receptors in the guinea-pig stomach. J. Physiol. 534, 255–268.
doi: 10.1111/j.1469-7793.2001.00255.x

Zagorodnyuk, V. P., Kyloh, M., Nicholas, S., Peiris, H., Brookes, S. J., Chen, B.
N., et al. (2011). Loss of visceral pain following colorectal distension in an
endothelin-3 deficient mouse model of Hirschsprung’s disease. J. Physiol. 589,
1691–1706. doi: 10.1113/jphysiol.2010.202820

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Brierley, Hibberd and Spencer. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 December 2018 | Volume 12 | Article 467

https://doi.org/10.1016/0016-5085(87)90255-1
https://doi.org/10.1113/jphysiol.1996.sp021781
https://doi.org/10.1152/jn.2000.83.3.1722
https://doi.org/10.1046/j.1365-2982.2003.00456.x
https://doi.org/10.1159/000144431
https://doi.org/10.1016/j.biocel.2018.02.017
https://doi.org/10.1172/jci.insight.121000
https://doi.org/10.1152/jn.1994.71.6.2046
https://doi.org/10.1152/jn.1994.72.5.2420
https://doi.org/10.1152/jn.1990.64.3.796
https://doi.org/10.1016/j.neulet.2015.05.020
https://doi.org/10.1152/ajpgi.00002.2008
https://doi.org/10.1007/s11605-015-2813-4
https://doi.org/10.1053/j.gastro.2009.02.061
https://doi.org/10.1016/j.brainres.2018.02.002
https://doi.org/10.1016/j.neuroscience.2008.02.054
https://doi.org/10.1152/ajpgi.00502.2007
https://doi.org/10.1002/cne.24006
https://doi.org/10.1371/journal.pone.0112466
https://doi.org/10.1113/jphysiol.1933.sp002999
https://doi.org/10.1056/NEJM198405173102003
https://doi.org/10.1002/(SICI)1096-9861(20000605)421:3<302::AID-CNE2>3.0.CO;2-N
https://doi.org/10.1007/s00441-007-0413-7
https://doi.org/10.1523/JNEUROSCI.23-02-00601.2003
https://doi.org/10.1002/cne.21517
https://doi.org/10.1002/cne.21693
https://doi.org/10.1002/cne.1069
https://doi.org/10.1523/JNEUROSCI.1421-04.2004
https://doi.org/10.1111/nmo.12842
https://doi.org/10.1523/JNEUROSCI.20-16-06249.2000
https://doi.org/10.1016/j.autneu.2009.07.018
https://doi.org/10.1111/j.1469-7793.2001.00255.x
https://doi.org/10.1113/jphysiol.2010.202820
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Spinal Afferent Innervation of the Colon and Rectum
	Introduction
	Distinct Classes of Sensory Afferents Innervate the Gastrointestinal Tract of Animals and Humans
	Muscular Afferents
	Mucosal Afferents
	Muscular/Mucosal Afferents
	Vascular, Serosal and Mesenteric Afferent Endings
	Mechanically Insensitive ``Silent'' Afferents
	Profiling Murine Gastrointestinal Spinal Afferents Using ex vivo DRG-gut Preparations
	Non-Responsive Afferents
	Summary
	Author Contributions
	Funding
	References


