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ABSTRACT
Pain involving thoracic, abdominal, or pelvic organs is a common cause for physician consulta-
tions, including one-third of chronic pain patients who report that visceral organs contribute to their
suffering. Chronic visceral pain conditions are typically difficult to manage effectively, largely be-
cause visceral sensory mechanisms and factors that contribute to the pathogenesis of visceral pain
are poorly understood. Mechanistic understanding is particularly problematic in “functional” vis-
ceral diseases where there is no apparent pathology and pain typically is the principal complaint.
We review here the anatomical organization of the visceral sensory innervation that distinguishes
the viscera from innervation of all other tissues in the body. The viscera are innervated by two
nerves that share overlapping functions, but also possess notably distinct functions. Additionally,
the visceral innervation is sparse relative to the sensory innervation of other tissues. Accordingly,
visceral sensations tend to be diffuse in character, are typically referred to nonvisceral somatic
structures and thus are difficult to localize. Early arguments about whether the viscera were in-
nervated (“sensate”) and later, whether innervated by nociceptors, were resolved by advances
reviewed here in the anatomical and functional attributes of receptive endings in viscera that con-
tribute to visceral pain (i.e., visceral nociceptors). Importantly, the contribution of plasticity (i.e.,
sensitization) of peripheral and central visceral nociceptive mechanisms is considered in the con-
text of persistent, chronic visceral pain conditions. The review concludes with an overview of the
functional anatomy of visceral pain processing. © 2016 American Physiological Society. Compr
Physiol 6:1609-1633, 2016.

Introduction
Pain is a complex sensory experience that is modulated sig-
nificantly by the central nervous system (CNS). Despite the
high prevalence of chronic visceral pain conditions and their
notable negative effect on quality of life, knowledge about
mechanisms that underlie the physiology of visceral pain has
lagged significantly behind advances in understanding non-
visceral pain (e.g., neuropathic and inflammatory). This cir-
cumstance arose in part because early clinicians disagreed
about whether the viscera received any sensory innervation
and later whether that innervation included nociceptors. That
the viscera were less accessible than skin and other tissues
also hindered advancement of knowledge about visceral pain
mechanisms.

Accordingly, we begin this review by providing a histor-
ical context for discussion of the anatomical complexities of
the visceral sensory innervation. We then consider recent and
emerging knowledge about the location and functional charac-
teristics of sensory receptive endings in visceral organs, focus-
ing on nociception/pain and the consequences of nociceptor
sensitization to chronic visceral pain conditions. The review
concludes with consideration of the functional anatomy
and central processing of visceral pain. Neither pharmaco-
logic nor nonpharmacologic management of visceral pain is
considered.

Historical Perspectives
Throughout much of human history, diseases and their man-
ifestations, including pain, were largely seen and treated as
the confluence of various negative influences, ranging from
celestial factors to dietary digressions, humoral imbalances,
and poisons (222). Religious writings and early philosophers
often described pain as divine punishment or as a conse-
quence of excess and immorality. Such a view on causes of
pain and human suffering continued to influence the practice
of medicine well into medieval ages, even though Hippocrates
already used empiric methods, observing and describing cases
and concluding that pain is a symptom of disease and may
function as an important prognostic sign (2). While his writ-
ings include causal inferences, Hippocrates did not go as far as
testing his views by deliberately manipulating nature. Such an
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approach required the intellectual revolution of the enlight-
enment. Descartes was the most prominent philosopher of
this era. He shifted the prevailing paradigm and postulated
a reflex that linked a sensory experience with a stimulus,
central processing, and finally a response that could be exper-
imentally tested (65). This conceptual model is predicated on
specialized sensory mechanisms that correlate with specific
sensations. However, pain was seen as distinct as it could be
triggered by different stimulus modalities and was thus not
easily reconciled with the notion of specialized sensory recep-
tors. It was not until the middle of the nineteenth century that
the physiologist Ernst Heinrich Weber described the existence
of common sensory experiences with a special emphasis on
pain, and also differentiated visceral from muscular or cuta-
neous feelings (256). However, progress in our understanding
of human visceral physiology remained slow, largely due to
difficulties gaining access to inner organs for experimental
observations. Initial experimental insight came from surgeons
who treated injuries and made seminal observations on human
visceral function. In his classic experiments on gastric func-
tion, William Beaumont reported some vague sensations his
patient experienced during manipulations through a gastrocu-
taneous fistula (15). While he emphasized the importance of
nerves in conveying sensory information, Beaumont ascribed
the gastric pain he rarely observed to vascular congestion,
drawing on parallels to cutaneous inflammation with its asso-
ciated erythema and pain.

With the introduction of local and general anesthesia,
abdominal surgeries were more commonly performed and
allowed surgeons to systematically examine responses to their
manipulations during operations. These early experimenters
were struck by the discrepancy between the presence and
severity of abdominal pain seen in some clinical conditions,
such as a renal colic, and the apparent insensitivity of visceral
structures to touch or even cutting. In contrast, they noted that
the parietal peritoneum was quite sensitive to pain, thus lead-
ing them to conclude that the viscera were insensate and that
visceral pain emanated from indirect distortions of the pari-
etal peritoneum (132). This paradigm received support from
anatomic studies which had shown specialized nerve endings
with structures similar to Pacinian bodies in the mesentery and
peritoneal surfaces (219). However, critics raised questions
about the appropriateness of the sensory stimulus, as cutting
as performed during surgery did not represent a physiolog-
ically meaningful stimulus. Right around this time, human
physiologists switched to approaches with intubation of gas-
trointestinal (GI) structures and applied distending stimuli
or instilled solutions with different temperatures and chemi-
cals. The emerging picture suggested that viscera were indeed
able to provide some vague sensation and that visceral stim-
ulation could even cause pain without necessarily distorting
the parietal peritoneum (95, 96, 150, 180). Infusion of alco-
holic and, less so, hot solutions were felt by healthy volun-
teers. Interestingly, only patients with peptic ulcer disease
perceived gastric instillation of acidic solution and described

pain, leading to the initial formulation of the concept of
sensitization, labeled “hyperesthesia” by early investigators
(97). Combining experimental manipulation of visceral struc-
tures with radiographic contrast studies, contractions of the
intestinal muscles emerged as yet another phenomenon asso-
ciated with pain (30). Astute clinicians brought the apparent
disparate information together when considering their obser-
vations in patients with appendicitis; they had noticed two
types of pain with the dull, midabdominal pain driven by
apparent visceral sensory input earlier in the disease process,
presumably due to distension, while the intense and localized
pain in the right lower abdomen was caused by later extension
of inflammation with peritoneal involvement (157).

As these physicians and physiologists reflected on their
observations, they noted that visceral pain was often felt at a
distant site (188). While the detailed structural and functional
correlates were not yet established, the referral of visceral
pain to cutaneous sites was correctly interpreted as a conse-
quence of spinal convergence, with visceral input presumably
triggering a somatic input through a “viscerosensory reflex”
(145). This interpretation not only provided an explanation of
referred pain, but also identified spinal pathways as important
in conveying painful input from the inner organs. Consis-
tent with the importance of these spinal afferent pathways in
visceral nociception, bilateral resection of paravertebral gan-
glia for hypertrophic cardiomyopathy abolished acute pain
in response to visceral distension and thermosensation (193).
The view that viscera were insensate was thus increasingly
replaced by findings highlighting unique aspects of sensory
input from inner organs. While not initially described as a
“brain gut axis,” the impact of pain on autonomic function
soon became obvious, as pain did not only originate in vis-
ceral structures, it could also profoundly affect GI motility,
secretion, heart rate, and blood pressure (38). The potential
influence went beyond the regulation of autonomic function,
with physiologists starting to view visceral sensation as a
physical correlate of or even cause for emotions humans feel
(221). Thus, within a few decades, the structural and func-
tional basis of visceral sensation and pain as well as their
unique characteristics had been established.

Burden of Visceral Pain
Pain involving chest, abdomen, or pelvis is among the most
common causes for physician consultations in the United
States, accounting for more than 25 million emergency room
visits and 2.5 million hospitalizations annually (Fig. 1). Look-
ing beyond these numbers, the true burden for society and
individuals becomes evident through large epidemiologic
studies, which indicate that about one third of the US popu-
lation will report pain that had lasted for more than 6 months
(111). At least one third of persons with chronic pain report
diseases of abdominal, pelvic, or chest organs as contributing
to their suffering (111, 201). While the prevalence of chronic
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Figure 1 Clinical and economic burden of abdominal and chest
pain. Annual emergency room encounters (top panel) and hospitaliza-
tions (bottom panel) were abstracted from the Nationalwide Emergency
Room Databank and the Nationwide Inpatient Sample. The results are
based on discharge diagnoses codes that included abdominal (blue)
or chest (black) pain.

pain is greater in women and increases with age, early studies
also demonstrated the importance of visceral pain in younger
individuals. For example, more than 10% of randomly cho-
sen children had a history of abdominal pain, which was more
common in girls, children reporting that other family members
had abdominal problems, and was affected by emotional fac-
tors (10). Current evidence suggests that about half of those
children will likely continue experiencing abdominal pains
and problems more than two decades later (49). For those
affected, the chronic pain and discomfort negatively impact
quality of life (105, 106, 177), drive healthcare utilization
and cost (135, 177) and decrease productivity through absen-
teeism or even prolonged disability (63, 116, 135). Under-
standing visceral sensory mechanisms and factors that con-
tribute to the pathogenesis of visceral pain will play a key
role in reducing this tremendous burden for individuals and
society.

Structural Basis of Visceral Nociception
Peripheral organization of visceral sensory
innervation
The viscera receive a complex innervation from two sets of
nerves, either vagal and spinal nerves or two anatomically

distinct sets of spinal nerves. In addition, most viscera are
derived from midline structures and thus have bilateral sen-
sory innervation. The spinal innervation of viscera has long
been referred misleadingly to as sympathetic because these
afferent fibers are anatomically associated with efferent axons
of the sympathetic division of the autonomic nervous sys-
tem. Langley (128) described them as “afferent sympathetic
fibers,” modified by others to “sympathetic afferents” to
describe visceral afferent fibers. Conversely, vagal and pelvic
nerve afferents were called parasympathetic because of their
anatomical association with the parasympathetic division of
the autonomic nervous system. Extrapolating from these
anatomical data, the presumed function of “parasympathetic”
afferent innervation focused on autonomic control rather than
sensation and perception, while visceral pain and other sensa-
tions was thought to be conveyed to the CNS by afferent “sym-
pathetic” fibers. Experimental data do not support such func-
tional distinction between these anatomically defined afferent
pathways. Visceral afferent fibers are thus best described by
nerve name to avoid assumed functions as implied by confus-
ing terminology (e.g., “sympathetic afferents,” an unfortunate
oxymoron).

Visceral afferent pathways are commonly differentiated
based on the termination of their central processes into cra-
nial (i.e., vagal) and spinal components. The vagus nerve is
the most far-reaching sensory nerve in the body, innervat-
ing essentially all internal organs in the chest and abdomen
and extending even to some pelvic structures (42). Notably,
at least 80% of axons in the vagus nerve are afferent, the
cell bodies of which are contained in the nodose (primarily)
and the more rostral jugular ganglia. Neurons in the jugu-
lar ganglion are derived from the neural crest and, based
on their origin and properties, are more comparable to dor-
sal root ganglion neurons (243, 264). The central terminals
of vagal afferents project principally to the nucleus of the
solitary tract in the dorsal medulla. About 5% of vagal affer-
ents terminate in the upper cervical spinal cord (C1-2) and
likely contribute to referred sensations as well as propriospinal
mechanisms of nociceptive modulation (82). Consistent with
such a role, vagal afferent stimulation modulates spinal tho-
racic and lumbar nociceptive transmission and has analgesic
effects in humans. While vagal afferent input was largely
thought not to be involved in visceral nociception, mounting
evidence suggests that vagal input plays a role in chemono-
ciception (see later) and, importantly, contributes to aversive
feelings, such as bloating, nausea, and apnea and to the affec-
tive dimensions and unpleasantness associated with visceral
pain.

Figure 2 illustrates the spinal nerve innervation of the
viscera from cervical to sacral spinal segments. As is char-
acteristic for all spinal sensory pathways, the cell bodies of
visceral afferent neurons are located in dorsal root ganglia
(DRG). Yet, different from spinal somatic (i.e., nonvisceral)
nerves, many visceral afferent fibers traverse pre- and par-
avertebral ganglia en route to the spinal cord, where they may
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Figure 2 Illustration of visceral afferent innervation. (A) The vagus nerve, with cell bodies in the nodose ganglion and central
terminals in the brainstem nucleus tractus solitarii (NTS), innervates organs in the thoracic and abdominal cavities. Spinal visceral
nerves innervate the same thoracic and abdominal organs, as well as those in the pelvic floor. Note that neither the vagal nor spinal
innervation of thoracic organs (proximal esophagus, heart, lungs, trachea, etc.) is illustrated. Most spinal afferents pass through para
(parav-)- and pre (prev-)- vertebral ganglia (inset boxes 1 and 2, respectively; see B for expanded details). Neither DRG nor distribution
of afferents between paravertebral ganglia are illustrated (see B). Prevertebral ganglia: CG, celiac ganglion; IMG and SMG, inferior
and superior mesenteric ganglia, respectively; and PG, pelvic ganglion. Paravertebral ganglia are not named and are illustrated as a
vertical (sympathetic) chain. Abbreviations: GSN, greater splanchnic nerve; HGN, hypogastric nerve; and S, secretory and M, motor
neurons (B).

branch and send off collaterals that synapse with prevertebral
ganglionic neurons and thus modulate organ function. Vis-
ceral afferent fibers also spread rostrally and/or caudally in
the sympathetic trunk, thus often sending terminals to several
spinal segments. Within the spinal cord, visceral afferents
typically terminate in the superficial laminae of the spinal
dorsal horn (e.g., lamina I and II), which also is the principal
site of spinal termination of somatic nociceptive afferents, to
the intermediolateral cell column and sacral parasympathetic
nucleus, where they influence sympathetic and parasympa-
thetic efferent outflow to the viscera, and to lamina X, the
area around the central canal.

Most viscera (e.g., the GI tract and heart) also possess an
intrinsic nervous system with neuron somata located within
the organs themselves. This intrinsic neuronal network is
probably best understood within the GI tract (i.e., the enteric
nervous system), where it encodes and controls basic patterns
regulating secretion, motility and blood flow (57,86). Enteric
neurons thus include sensory neurons required to modulate
GI function. In addition, enteric neurons also interact with
the extrinsic, afferent innervation of the gut. However, the
anatomic organization and physiological role of such inter-
actions is still poorly understood at present; it is unlikely
that enteric neurons contribute directly to conscious sensa-
tion and/or pain (20, 57).

Visceral Afferent Fibers and Receptive
Endings
The relatively low innervation density of visceral organs has
limited our insight into structural specialization and possible
transduction mechanisms of visceral afferent endings. The
majority of visceral afferent fibers are thinly myelinated Aδ
or unmyelinated C fibers which are thought to form unen-
capsulated “free” nerve endings in their target organs. This
view are largely based on presumed parallels between visceral
and nonvisceral somatic Aδ and C fibers. Early observations
had demonstrated a small number of Pacinian corpuscles in
the mesentery, which are associated with Aβ fibers (221).
Recent investigations have demonstrated more structural and
functional specialization of vagal and spinal afferents within
the proximal GI tract and the rectum, respectively. These
studies focused on mechanosensation, as distension of hol-
low organs is a commonly used experimental, physiologically
meaningful and adequate, potentially noxious visceral stimu-
lus (164,165). Based on the nature of the triggering stimulus,
sensory elements responding to stretch or tension are thought
to be located in the smooth muscle layers of the gut. Based on
earlier and ongoing work [e.g., (20, 119, 226, 265)], a recent
review (33) of extrinsic primary afferent signaling in the gut
proposed there were five structurally distinct sensory endings
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in the gut wall that account for perceived sensations from the
gut: intraganglionic laminar endings (IGLEs), mucosal end-
ings, muscular-mucosal endings, intramuscular endings, and
vascular endings. These and other endings are described later.

Vagal afferents
Detailed tracing studies of vagal afferents in rodents identi-
fied two distinct structures in esophagus, stomach and—with
decreasing density—in the small bowel designated IGLEs
and intramuscular arrays (IMAs). The IGLEs lie parallel to
the muscularis and intercalate with structures within myen-
teric ganglia (83). As indicated earlier, the density of IGLEs
decreases in more distal areas, but they can be identified
throughout the length of the GI tract (253). Vagal fibers branch
into shorter terminals within their target organs, with each ter-
minal forming an IGLE or even clusters of IGLEs, a finding
that corresponds with physiologic studies showing that vis-
ceral afferents may have multiple and at times distant receptive
fields (21, 174). The preferential distribution of IGLEs in the
proximal and very distal GI tract points at a potential regula-
tory role in food intake and defecation, which are associated
with conscious perception, but not pain. Using a fluorescent
label genetically tagged to a voltage-gated sodium channel,
NaV1.8, Gautron and colleagues described additional vagal
afferents that branch within myenteric ganglia without form-
ing specialized structures such as IGLEs (87). The detailed
functions of these contacts between the intrinsic and extrinsic
nervous systems are not yet fully understood.

The IMAs are also thought to have mechanoreceptive spe-
cialization, but differ from IGLEs in morphology, distribution,
and likely also in their physiological properties. As suggested
by the name, IMAs form long and partially interconnected
arrays within GI muscular layers and run in parallel with the
circular or longitudinal muscle. In contrast to IGLEs, vagal
IMAs are primarily found in the proximal stomach and in
sphincteric structures of the upper GI tract, and are uncom-
mon in the intestines (83,253). While not supported by direct
experimental evidence, the differences in structure and dis-
tribution suggests that IGLEs respond to muscle tension and
may detect rhythmic motor activity whereas IMAs may func-
tion as stretch receptors. As these specialized structures are
associated with vagal afferent input to the CNS, and as the
contribution of vagal afferents to visceral nociception remains
open to discussion, IGLEs and IMAs may contribute to vis-
ceral sensations, such as fullness or bloating, but not likely to
pain during gastric or intestinal distension.

Even less in known about the structure of presumptive
chemoreceptive endings, which not only contribute to the
local regulation of GI function, but may also play a role in
satiation, nausea or chemonociception. Detailed studies of the
rodent foregut demonstrated three distinct patterns of vagal
mucosal afferents (190). The terminals form varicose endings
or circles in the villous, at crypts or around antral glands, sug-
gesting responses to luminal contents or mucosal signals. The

latter was further supported by detailed immunohistochemi-
cal studies in transgenic mice expressing a fluorescent label
tagged to a sodium channel. Many of the gastric and intesti-
nal endings were seen in close proximity of enteroendocrine
cells, providing a structural basis for signaling between these
specialized epithelial cells and the afferent terminals (87)

Spinal afferents
Detailed information about spinal afferent terminals in vis-
cera was unavailable until recently, when morphologically
distinct nerve endings were characterized for the first time
in a mammalian visceral organ by Spencer and colleagues
(228). One week after injecting a fluorescent and biotinylated
dextran conjugate into the L6 or S1 DRG of a mouse, the
characteristics of more than a dozen types of spinal affer-
ent pelvic/rectal nerve endings were described in detail. As
illustrated in Figure 3, the greatest proportions of endings
were located in the submucosa (32% of all labeled end-
ings), circular muscle (25%) and myenteric ganglia (25%),
revealing a complex range of distinct types of endings, vir-
tually all of which were characterized by multiple varicosi-
ties. Few endings were found in longitudinal muscle (1%),

LM

MG

CM

SM

Mucosa

11%

6%

11%

6%

5%

12%

1%

14%

SG

CL

Figure 3 Illustration of different types of pelvic/rectal nerve afferent
endings innervating the mouse colorectum. Varicose endings include
those defined anatomically as branching (blue, ), complex (red,

), or simple (green, ), and present in different proportions
in various layers of the colorectum: longitudinal muscle (LM), circular
muscle (CM), submucosa (SM), and mucosa. Not illustrated are intra-
ganglionic varicose endings (IGVEs), which are common in myenteric
ganglia (MG) and rectal intraganglionic laminar endings (rIGLEs) in
MG and submucosal ganglia (SG). Note the high proportions complex
type endings (14% of the total colorectal innervation) at the level of the
Crypts of Lieberkhun (CL) and simple type endings in the submucosa
(11%) that consist of axon terminals that encircle the base of the Crypts
(with few or no varicosities) and innervate into the mucosa. The smooth

muscle vasculature is innervated by simple endings ( ), but not exten-
sively (5% of the total innervation), and varicose endings were rare in
longitudinal muscle (1%). Adapted, with permission, from Spencer and
colleagues (228).
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submucosal ganglia (∼1% rectal IGLEs), or blood vessels
(5%) and no endings were found in the serosa. Approxi-
mately 5% of endings in myenteric ganglia were rectal IGLEs,
similar to those described in rat and guinea pig (266-268).
Interestingly, none of the rectal IGLEs in mouse or guinea
pig was immunoreactive for calcitonin gene-related pep-
tide (CGRP). In circular muscle, three morphologically dis-
tinct classes of endings were found, termed complex- and
branching-type (equally common, ∼11%-12% of all afferent
endings) and simple-type (2%). All branching type endings,
but only 10% of complex-type endings, were immunoreac-
tive for CGRP. The same types of endings were present in
the submucosa, where complex-type and simple-type end-
ings were more common (11% and 14%, respectively) than
branching type endings (6% of all afferent endings). In con-
trast to branching-type endings in circular muscle, none in
the submucosa was CGRP immunopositive (and neither were
complex-type endings in the submucosa). Only simple-type
endings in the submucosa were immunopositive for CGRP
(95%). Although CGRP immunoreactivity is commonly taken
to identify an axon as afferent, 20-30% of pelvic/rectal
nerve afferent somata in mouse L6-S1 DRG are not CGRP
immunopositive (196), which corresponds with the described
neurochemical properties of nerve endings within the gut
wall (228). While the detailed structure-function relationship
remains unknown, some of these endings certainly contribute
to nociception because pelvic neurectomy in the rat (162,242)
and mouse (118) abolishes responses to noxious colorectal
distension.

In a subsequent study, the same research approach
(injection of dextran amine into T8-T12 DRG) was employed
to examine the spinal afferent innervation of the mouse
esophagus and stomach (227). In the stomach, the most com-
mon sites of innervation of spinal afferent endings was within
myenteric ganglia, where 43% of all labeled nerve endings
were identified as intraganglionic vesicular endings (IGVEs)
in circular muscle (25%) and in the mucosa (16%). Virtually
all IGVEs identified in the stomach were immune-positive for
CGRP and had similar morphologies to the IGVEs previously
identified in mouse colorectum (228). There was no apparent
topographical location of IGVEs across the fundus, corpus
or antral region of the stomach wall. In the stomach circular
muscle layer, as in the colorectum, endings were of the simple
or complex type. Whereas the branching or complex type of
ending predominated in the colorectum, they were rare (3% of
the total innervation) in the stomach where simple-type end-
ings were most common, consisting of a single varicose axon
in the corpus, fundus, or antrum. In contrast to the colorectum,
where 31% of all spinal afferent endings were identified in
the submucosa (228), spinal afferent endings were rare in the
gastric submucosa/submucosal ganglia, reflecting the fact that
the stomach has very little, or no, submucosa and submucosal
ganglia. Spinal afferent endings in the stomach longitudinal
muscle were infrequent (3%) and endings on blood vessels
comprised 9% of all endings identified. In comparison with
the colorectum, spinal nerve endings in the stomach exhibited

markedly less complexity in the different types of spinal
afferent endings as well as substantially fewer numbers of
afferent endings. Many fewer axons and nerve endings were
identified in the esophagus. In the lower esophagus, the only
major class of spinal afferent ending identified was a varicose
class of ending that ramified within myenteric ganglia of the
striated muscle, similar to IGVEs identified in the stomach
and colorectum.

Complexities of the Visceral Innervation
The aggregate of data, ranging from low innervation density
to branching of peripheral terminations with several receptive
fields, branching of central terminals within the spinal cord
and viscerovisceral convergence correlate well with the dif-
fuse character and poor localization of visceral pain and often
make visceral pain a diagnostic challenge.

Density of innervation
Although the visceral sensory innervation is complex and
extensive, with bilateral inputs from vagal and multiple spinal
nerves, the number of afferents projecting to visceral struc-
tures is relatively low when compared with the nonvisceral
somatic innervation. Detailed structure-function studies of the
nucleus of the solitary tract, the brainstem terminus of vagal
afferent input, suggest structural specialization of areas within
the nucleus (160). However, whether and to what extent this
correlates with selective input from different viscera remains
to be established. More is known about spinal terminations of
visceral afferent inputs.

Current estimates suggest that only 5% to 15% of the
total afferent input into the spinal cord arises from the vis-
cera. The splanchnic nerves convey afferent input from most
abdominal organs into the spinal cord, from upper thoracic
(T2) to upper lumbar (L2) segments. Cervero and colleagues
(43), using anterograde transport of horseradish peroxidase
(HRP) to label visceral sensory somata, found that only 6.2%
and 5.2% of DRG cells were labeled in cat T8 and T9 DRG,
respectively, following HRP application to the central end of
the greater splanchnic nerve. Using the same HRP tracing
strategy in the rat, 10% to 15% of all T8 to 11 DRG somata
were reported labeled from the greater splanchnic nerve (166).
These reported proportions of visceral afferents stand in con-
spicuous contrast to the much greater proportion of second
or higher order spinal neurons that respond to visceral stim-
ulation, which may be as high as 50% and could be related
to the extensive arborization and spread of visceral afferent
terminals within the spinal cord (93, 235).

Convergence of inputs and referred sensations
At the level of the spinal cord, virtually all second order
spinal dorsal horn neurons that receive a visceral input also
receive convergent somatic input from skin and/or muscle
(Fig. 4). Such viscerosomatic convergence onto second order
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DRG DCML STT

Figure 4 Viscerosomatic and viscerovisceral convergence of periph-
eral afferent inputs onto a second-order spinal dorsal horn neuron. The
area of referred sensation for the urinary bladder (blue) and prostate
(brown) includes the lower abdomen. As illustrated, afferent input asso-
ciated with different individual dorsal root ganglion (DRG) somata from
skin/subcutaneous tissue (gray), bladder (blue), and prostate (brown)
(or other abdominal/pelvic organs) commonly converge onto a single
spinal neuron. Visceral afferent input is conveyed to supraspinal sites
by two ascending spinal pathways: the spinothalamic tract (STT) in the
ventrolateral spinal cord and a dorsal column medial lemniscal (DCML)
pathway in the medial spinal cord.

spinal neurons has long been considered the underlying struc-
tural basis for the referral of visceral sensations and pain
to somatic (nonvisceral) sites, advanced by Ruch (200) as
the “convergence-projection” theory of referred visceral sen-
sation. For example, cardiac ischemia typically manifests
as retrosternal pain that radiates to the neck, left shoulder
or jaw whereas pelvic and lower abdominal sensations and
pain are referred typically to the abdomen (e.g., Fig. 5).
Commonly, spinal second order neurons also receive con-
vergent input from other visceral organs, contributing to
cross-organ sensitization via viscero-visceral convergence
(36, 88, 126) (e.g., colon and urinary bladder, gall bladder
and heart). Cross-organ sensitization most commonly arises
between organs within thoraco-upper abdominal or between

Normal

IBS

Transverse

Descending
Ascending

Figure 5 Areas of referred sensation from balloon distension of the
ascending, transverse, and descending human colon in healthy, normal
subjects (yellow) and subjects with IBS. Note the increase in area of
referred sensation associated with IBS.

pelvic-lower abdominal areas, much like viscerosomatic
referred sensations are viscerotopically distributed.

Dichotomizing axons
Referred sensations could also result from what are termed
dichotomizing (or bifurcating) axons that arise from a single
sensory neuron cell body in a DRG and innervate two tis-
sues (or two organs). When investigators initially searched
for dichotomizing axons, either no (90) or very few (187)
were found and the concept was essentially disregarded for
decades. More recently, however, retrograde labeling of vis-
ceral afferents from different organs using improved tracing
methods has revealed dual innervation of organs from a sin-
gle DRG neuronal cell body. Although there is experimen-
tal behavioral and physiological evidence of thoracic-upper
abdominal cross-organ sensitization, most quantitative studies
have been directed to lower abdominal-pelvic organs. Thus,
the colon and bladder in rat and mouse (51), the colon and
uterus in rat (44), and the prostate and bladder in rat (47)
and mouse (210, 211) have been shown to be innervated by
axons arising from a single DRG neuronal cell body. These
experiments involve injection of different fluorescent tracers
into the walls of different organs. After sufficient time for
transport from the afferent terminals in the organ (e.g., 7-
14 days), DRGs are removed, sectioned, and the number of
labeled cells containing either one or both tracers counted.
In contrast to earlier work where at most only a few double-
labeled DRG cells were found, the proportions of double-
labeled DRG neurons have been reported to range up to 20%
of the total number of labeled DRG neurons. For example, the
proportion of DRG neurons in rodents reported to innervate
both the colon and bladder is 14% to 21% (51), colon and
uterus, 5% to 15% (44), and prostate and bladder, 7% to 19%
(47, 210). Because the visceral innervation overall represents
a relatively small proportion of all spinal afferents, the num-
ber of dichotomizing axons innervating the viscera represent
only one-fifth or less of that small proportion of all spinal
afferents. With increasing documentation of the presence of
dichotomizing axons, they were proposed as important to the
development of cross-organ sensitization. For example, acute
(185) or chronic (24, 126) colon irritation leads to increased
frequency of urinary bladder contractions, reduced intercon-
traction intervals, and altered micturition reflexes. Conversely,
experimental urinary bladder inflammation in rodents leads
to hypersensitivity to colon distension (24,185). That periph-
eral mechanisms are engaged is supported by electrophysi-
ological studies of DRG somata and single fiber recordings
of visceral afferents. In cultured DRG neurons labeled from
the bladder and taken from rats with an experimental colitis
(147), increases in a capsaicin-evoked inward current and in
the peak amplitude of a tetrodotoxin-resistant sodium current
were reported, suggesting an increase in excitability of blad-
der DRG neurons. Similarly, in vitro recordings of rat pelvic
nerve bladder afferents after either acute or chronic colon
irritation revealed sensitization of bladder afferents to both
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mechanical and chemical stimuli (244, 245). In the mouse,
in vitro recordings of colon pelvic nerve afferents after blad-
der inflammation revealed sensitization of colon afferents to
mechanical stimulation (35). Similarly, inflammation of the
mouse prostate leads to bladder inflammation, increases uri-
nary bladder voiding frequency, induces hypersensitivity to
bladder distension, and sensitizes bladder pelvic nerve affer-
ents (210). These results suggest a contribution by peripheral
mechanisms to cross-organ sensitization, but do not negate
that cross-organ sensitization must also be contributed to by
converging afferent input onto second- or higher-order neu-
rons in addition to (or rather than) input from branching affer-
ent endings (36).

Functional Basis of Visceral Nociception
Pain, nociception, visceral nociceptors, and
sensitization
Pain arising from internal organs is produced by stimuli
that include hollow organ stretch/distension, traction on the
mesentery, organ hypoxia/ischemia and “chemical stimuli,”
by which is meant endogenous mediators of inflammatory
processes. In the Sherringtonian context, these stimuli are
noxious (“nocuous”) if they are “adequate” as excitants of
nociceptive receptive endings. Sherrington (221) advanced
the terminology that endures today, presciently distinguish-
ing between pain (an unpleasant sensory and emotional
experience) and the underlying neural components that pro-
cess noxious stimuli (nociception). Sherrington’s terminology
has been heuristically important, but is today unfortunately
applied indiscriminately to include all tissues. Originally, nox-
ious stimuli were those that damaged or threatened damage
to the skin, but today it is appreciated that tissue damage
is neither a necessary nor sufficient excitant of nociceptors
in all tissues. Adequate stimuli differ for skin and internal
organs. Cutting, pinching and burning stimuli are adequate
as excitants of cutaneous nociceptors, but not reliably so for
visceral nociceptors. The difference between cutaneous and
visceral nerves was appreciated by Sherrington (220), who
commented that activation of visceral nerves rarely resulted
in conscious sensations, but that sensations when produced
were typically those of discomfort or pain. In addition to this
early experimental insight, clinical findings highlight the dis-
cordance between perceived pain and lack of actual or poten-
tial tissue damage, as there is a group of chronic, painful
“functional” visceral disorders that exist in the absence of an
apparent pathobiological explanation. It is now widely appre-
ciated that adequate noxious stimuli differ for skin, muscle,
bone/joints, and the viscera. Thus, the defining characteris-
tics of cutaneous nociceptors are not necessarily applicable to
nociceptors innervating other tissues.

Visceral nociceptors
Sherrington’s nociceptors were receptive endings in the skin
that had: (i) high thresholds for response, namely a response

threshold at the beginning of the noxious (potentially tissue-
damaging) range and (ii) encoded suprathreshold intensities
of noxious stimuli as an increased frequency of discharge
and greater magnitude of response. Nociceptors were sub-
sequently found to possess the ability to sensitize, manifest
by increased excitability, reflected by a decrease in response
threshold, an increase in response magnitude, and occasion-
ally development of spontaneous activity (examples of sensi-
tized responses are illustrated in Fig. 6).

These nociceptor properties, however, are not uniformly
applicable to all tissues. Nociceptors in all tissues are char-
acterized by two common properties: they encode stimulus
intensity into the noxious range and they sensitize (89). It is
now appreciated that many nociceptors, including those in
skin and the viscera, have low, non-noxious intensity thresh-
olds for response. In the viscera, most mechanosensitive end-
ings have low thresholds for response, encode stimulus inten-
sity into the noxious range, and sensitize (e.g., 213,214,260).
So, while some nociceptors do have high response thresholds,
not all do and thus response threshold is not a defining feature
of nociceptors.

Noxious visceral stimuli
In his treatise on pain, Lewis (136) reviewed the general inef-
fectiveness of cutting, burning, or pinching of visceral tissues
for producing pain in humans, noting that the most reliably
effective pain-producing stimuli were mechanical, including
traction of the mesentery, hollow organ distension, and com-
pression of some solid organs (e.g., testes). Distending stimuli
in the GI tract were reported to be most painful when longer,
continuous segments were distended, implying that spatial
summation is important to the generation of sensations, con-
sistent with the relatively sparse innervation of the distal gut.
Because the GI tract is readily accessible through natural ori-
fices, clinical studies in humans documented early-on that
distension of hollow organs was noxious. Payne and Poulton
(180) repeated earlier studies of Hertz (96) before experimen-
tally distending their own esophaguses (181, 182), reporting
the pain as “continuous and burning” and “gripping” at lesser
and greater distending volumes, respectively. These investiga-
tors also correlated sensations with distending volumes and
pressures, establishing the importance of luminal pressure
rather than volume as the appropriate distending stimulus
with respect to pain. Because all hollow organs are compli-
ant to some extent and may even actively accommodate in
response to volume changes (e.g., stomach, distal bowel, and
urinary bladder), stimulus intensity is inconstant when dis-
tending volume is held constant. An initially noxious intensity
constant volume stimulus will distend the organ to accommo-
date an even greater volume, thus altering transmural pressure
and resulting in a net decrease in stimulus intensity. Subse-
quent investigators confirmed that controlled constant pres-
sure stimulation was the “adequate” noxious stimulus for dis-
tension of hollow organs. Thus, when studying hollow organ
pain, pressure (not volume) thresholds are more reliably and
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Figure 6 Examples of sensitization (red) of behavior (A, increased responses to colorectal
distension after intracolonic treatment with an inflamogen), afferent fibers (B, awakening of a
“silent,” mechanically insensitive colorectal afferent fiber; C, increase in response of a pelvic
nerve afferent fiber to circumferential organ stretch), and single cells [D, responses of dor-
sal root ganglion neurons innervating the urinary bladder to current injection from a control
and bladder-inflamed rat; E, tetrodotoxin-resistant (TTX-r) currents recorded from dorsal root
ganglion neuron patches from a control and bladder-inflamed rat].

reproducibly correlated with “pain” thresholds. The pain pro-
duced by constant pressure organ distension in human sub-
jects is reported to replicate the location (referred sensations),
quality and intensity of pathologically experienced pain asso-
ciated with the same organs [see (163) for extensive review].

Accordingly, non-human animal studies of visceral noci-
ception have distended the gallbladder, esophagus, stomach,
small bowel, colorectum, vagina, uterus, and urinary bladder.
The best characterized model is colorectal distension, which
has been employed in rodents, cats, dogs and non-human
primates, with studies in mice and rats most common. Gastric
(172) and urinary bladder (161) distension have also been
characterized. It is a significant advantage of colorectal dis-
tension that it can be performed in unanesthetized animals in
the absence and/or after inflammation or organ insult. Other

animal models of organ distension typically require sedation
or anesthesia, thus complicating assessment of the stimulus
as noxious. For a distending stimulus (or any stimulus) to be
considered noxious in intensity, its application must evoke
a nociceptive reflex or nocifensive behavior, which could
be a nociceptive withdrawal or pseudaffective response,
passive or active avoidance of the stimulus, or other learned
behavior. In the absence of evidence of a nocifensive behav-
ioral response to the stimulus, assertion of the stimulus as
noxious is uncertain.

Nociceptor sensitization
As indicated above, an important property of nociceptors is
their ability to sensitize, expressed as an increase in response
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magnitude and a decrease in response threshold (89). Sen-
sitization represents an increase in nociceptor excitability,
typically resulting from a change in the chemical milieu at
the nociceptor ending associated with tissue insult. In luminal
portions of the GI tract, pancreas, urinary bladder, prostate,
and other organs, insult ranges from ulceration and inflam-
mation (e.g., inflammatory bowel disease, Crohn’s disease,
cystitis, nonbacterial prostatitis, etc.) to organ sensitization in
the apparent absence of an underlying pathobiological cause
(e.g., “functional” GI disorders). The mediators and mech-
anisms that contribute to sensitization of visceral afferent
endings include a continuously increasing list of endogenous
molecules released or synthesized at the site of insult, attracted
there in response to the insult, or translocated from within the
nociceptor to its membrane (e.g., receptors and ion channels).
Insults also lead to post-translational modifications of key
players and, over time, epigenetic changes.

Experimental studies of nociceptor sensitization have
revealed several “facts.” Mechanisms of sensitization and the
molecules producing sensitization vary in different tissues,
different organs, and with different models of inflammation
or injury. Moreover, it is unlikely that any single molecule
produces full sensitization. In early studies of endogenous
algogens and inflammatory mediators as sensitizers of noci-
ceptors, bradykinin (BK) was considered to be the most effec-
tive sensitizer. Subsequently, using an in vitro rat saphenous
nerve-skin preparation, Kessler et al. (115) studied the effects
of an inflammatory soup (IS) composed of BK, serotonin, his-
tamine and prostaglandin E2 (all at 10−5 M) and established
that “… there is a significant synergism between inflammatory
mediators, acting to induce more intense and more sustained
discharge via many nociceptors than single mediators alone
could achieve.” This research group also documented that pro-
tons induce lasting excitation and sensitization to mechanical
stimulation in the same skin-nerve preparation (230), thus
launching the experimental use of an acidified IS to study
nociceptor sensitization. IS has since been employed to sen-
sitize visceral nociceptors and as a “sensitizing” enema in
behavioral studies of colorectal hypersensitivity (e.g., Fig. 6).
Experimentally, IS has proven useful to characterize receptive
endings as nociceptive (non-nociceptors do not sensitize), is
reversible and relatively short-acting, permitting the study of
multiple afferent endings during an experimental preparation.
While useful and efficacious as an experimental tool, IS is
principally that, and does not address endogenous molecules
and mechanisms of visceral nociceptor sensitization, which
include cytokines, chemokines, growth factors, etc.

An experimental approach establishing that soluble
endogenous mediators play a role in visceral afferent sen-
sitization involves application of supernatants from incubated
biopsy tissues of controls and patients with functional dis-
orders to rodent afferent endings or their cell bodies (e.g.,
37, 40, 246). Beyond using the in vitro assay as a potential
biomarker, investigators have confirmed the role of other sig-
naling pathways in peripheral sensitization. For example, ser-
ine proteases, potentially derived from epithelial cells, mast

cells, immunocytes, or bacteria (249), play a unique role as
they may provide a link between the luminal flora, innate
immunity, and sensory neuron activation that could contribute
to the pathogenesis of IBS (14, 37, 40, 246).

Visceral Afferent Sensitivity
Because stretch/distension of hollow organs has been estab-
lished in both human and non-human animal studies as phys-
iologically relevant and potentially noxious, mechanosensa-
tion has been studied most extensively (as discussed below).
However, visceral afferent endings described as mechanosen-
sitive are not necessarily selectively responsive only to
mechanical stimuli. When examined, which has not been
done systematically, most mechanosensitive visceral afferents
have been found to also be chemosensitive and/or thermosen-
sitive, and thus are multimodal (“polymodal”). Accordingly,
it is often assumed, in the absence of documentation, that most
visceral afferents are multimodal in character and exhibit
exaggerated (“sensitized”) responses to all modalities of
stimulation after appropriate sensitization. The proportions of
chemically specific, thermally specific, and mechanically spe-
cific receptive endings, as opposed to bi- or tri-modal receptive
endings, in either the vagal or spinal visceral innervations are
unknown.

Chemonociception
In studies of vagal and spinal afferent chemosensitivity,
the focus has been on hormones and nutrients generally
applied experimentally to mucosal surfaces along the GI tract
(76,77,109,258) innervated by vagal afferents. Activation of
these chemosensitive visceral endings, such as produced by
amino acids, lipids, and products of digestion of foods and
secretions, are not usually associated with conscious percep-
tion. However, low pH in the proximal GI tract, ingestion
of toxins, and exogenous molecules in high concentration
(e.g., capsaicinoids), and products of ischemia, such as lac-
tate can give rise to discomfort and pain (99, 100, 206, 209).
In humans, gastro-esophageal reflux disease (GERD, gastric
acid reflux into the lower esophagus), gastric ulcers, myocar-
dial ischemia, lower airway irritation, and even apnea are all
associated with discomfort if not also pain. While experimen-
tal evidence from non-human animal studies is limited, both
spinal and vagal afferents have been reported to contribute
to chemonociception. Chemonociception of vagal afferents is
highlighted below (stomach and lungs) as is chemonocicep-
tion of spinal cardiac afferents. Chemosensitivity of spinal
afferents is addressed earlier relative to visceral nociceptor
sensitization as well as below in the section on mechanically
insensitive afferents (MIAs).

For example, acid exposure of the rat stomach leads to
expression of the immediate early gene c-fos in brainstem
neurons, revealing neuronal activation via vagal (and not
spinal) pathways (209). In support, behavioral (visceromotor)

1618 Volume 6, October 2016



Comprehensive Physiology Visceral Pain

responses to intragastric administration of acid (750 μL of
0.15 or 0.3 mol/L HCl) were abolished after bilateral subdi-
aphragmatic vagotomy, but were unaffected by splanchnec-
tomy (125). Conversely, splanchnectomy abolished responses
to noxious balloon distension (80 mmHg) of the stomach,
revealing that the vagal gastric innervation conveys chemono-
ciceptive whereas the spinal gastric innervation conveys
mechanonociceptive information. Further support for vagal
involvement in chemonociception was provided in single fiber
recording experiments. Exposure of the rat stomach to acids
(glycocholic acid and hydrochloric acid) not only activated
mechanosensitive gastric afferents recorded from the cervical
vagus nerve, but also enhanced responses of these vagal affer-
ents to mechanical (gastric distension) stimulation. Similarly,
exposure of the stomach to heated saline (46◦) for 30 min
enhanced subsequent responses to gastric distension, reveal-
ing sensitizing interactions between chemical, thermal, and
mechanical stimulus modalities (113).

As is typical of most visceral afferent activity, innervation
of the lower airways does not usually contribute to conscious
sensations. Discomfort and/or pain are common, however,
in conditions of dyspnea, chronic cough, chronic obstruc-
tive pulmonary disease, and inhalation of irritant chemicals.
In these conditions, it appears that the vagal rather than the
spinal innervation plays the major role. The cell bodies of
vagal sensory axons are contained in the nodose and jugular
ganglia, which are derived from placode and neural crest cells,
respectively. Accumulating evidence suggests significant dif-
ferences between them. Undem and colleagues have provided
evidence that the vagal ganglionic source of axons supply-
ing the airways is associated with the neurochemical and
physiological phenotype of the afferent fiber (117, 159, 243).
Nodose ganglion Aδ-fibers have low thresholds for mechani-
cal activation, adapt rapidly to mechanical stimulation and are
not activated by capsaicin. In contrast, jugular ganglion Aδ-
fibers have higher thresholds for mechanical activation, adapt
slowly to mechanical stimulation and are typically respon-
sive to capsaicin. C-fibers associated with somata in both the
nodose and jugular ganglia are also mechanically sensitive
and also respond to capsaicin and BK (243); in addition, C
fibers innervating the lung from the nodose ganglion express
P2X receptors and respond to purinergic agonists (jugular
C-fibers do not). Because proportions of these mechanically
sensitive nodose and jugular ganglia afferents are sensitive to
acidic solutions and other algogenic chemical stimuli, they
are considered to function as “irritant receptors.” Considering
the physiological response to activation of these afferents, we
may need to broaden the definition of visceral nociceptors
as the potentially noxious airway stimuli often trigger cough
rather than pain. In support, airway inflammation increases
the mechanical sensitivity of the rapidly adapting population
of vagal afferents and triggers an increase in the synthesis of
neuropeptides substance P and CGRP (39).

Myocardial ischemia in humans leads to the release
and accumulation of a variety of substances in sinus blood
(e.g., adenosine, BK, lactate, prostaglandins, and serotonin)

(152,175,176) that have the ability to activate cardiac afferent
fibers in the spinal innervation. For example, coronary artery
occlusion in non-human animals causes a rapid decrease in
myocardial pH due to rising proton and lactic acid concentra-
tions, both of which have been reported to activate ischemia-
sensitive cardiac afferent fibers in the cat spinal splanch-
nic innervation (176). Ischemia-sensitive cardiac (175) and
abdominal splanchnic afferents are also responsive to BK,
serotonin and prostaglandins [see (140,152) for overview] as
well as mechanical probing.

Mechanonociception
Mechanosensitive visceral afferent neurons have been most
commonly studied by recording afferent fiber activity in
teased fiber preparations where one or a few axons are
recorded. Earlier studies were carried out in vivo, recording
either from afferent axons in peripheral nerves or from axons
in dorsal rootlets. Such studies permit distension of hollow
organs, but make difficult the localization of receptive end-
ings in the organ, which are relatively inaccessible. Presently,
visceral afferents are more commonly studied ex vivo, usu-
ally from a nerve attached to an in-bath organ or from DRG
somata in continuity with the organ in a bath. This approach
permits localization of sites of receptive endings in the organ,
which is characteristically opened and pinned flat in an organ
bath, but does not permit organ distension. Instead, controlled
stretch has been employed to replicate organ distension.

In vivo studies

Although it was eventually accepted that pain arose directly
from internal organs, there remained disagreement as to
whether the viscera were innervated by nociceptors. Hypothe-
ses were advanced, as they had been years previously with
respect to theories of pain mechanisms in general, that visceral
pain resulted from the pattern or frequency of afferent input
from organs (excluding the notion of “specificity”). In a study
of 32 splanchnic nerve afferents innervating the ferret gall-
bladder and biliary duct, 10 fibers localized to the biliary duct
were described that had high thresholds (≥20 mmHg) to dis-
tension (41). Because responses to distension of these fibers
correlated with increases in blood pressure, a pseudaffective
response, the stimulus was considered noxious, and the fibers
were presumed to be nociceptors. The response magnitude
of fibers with low thresholds (2-5 mmHg) was already maxi-
mum at the intensity of distension producing a pseudaffective
reflex. In a study of 107 inferior splanchnic nerve afferents
innervating the cat colon, 84 (78%) responded to distension of
the colon, a proportion of which (18 fibers) had high thresh-
olds (≥25 mmHg) for response to distension (28). In a com-
panion paper (94), intra-arterial injection of the algogen BK
was reported to excite 92% of 54 of the distension-responsive
units tested (from the larger sample described immediately
before this). The authors concluded that inferior splanchnic
nerve afferents innervating the cat colon were involved in
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visceral nociception, but represented a functionally homoge-
nous innervation of the colon and arguing against the presence
of a selective nociceptor innervation of the organ. Similarly, in
studies of the lumbar splanchnic innervation of the cat bladder
and urethra (12) and of the pelvic nerve innervation of the cat
lower urinary tract, colon and anus (13) and urinary bladder
(91), the Kiel (Germany) group concluded that noxious events
in the organs studied were not encoded by specific activation
of visceral nociceptors, but by some other mechanism, such
as the pattern of summation of afferent input.

Subsequent in vivo single fiber recordings, however, of
splanchnic nerve afferent fibers innervating the opossum
esophagus (216,217) or rat stomach (173), hypogastric nerve
afferents innervating the uterus of the cat (101) or rat (18),
and pelvic nerve afferents innervating the rat colon (213)
or urinary bladder (214, 218) all reported the existence of
two groups of mechanosensitive afferent fibers. The larger
proportion of mechanosensitive afferents (70%-80%) had
thresholds for response to distension in the physiologic range
(<5 mmHg); the remainder (20-30%) had high thresholds
for response (∼25-30 mmHg). Both low and high thresh-
old mechanoreceptors are generally slowly adapting and have
receptive endings assumed to be located in organ muscle lay-
ers. In contrast to the notion of functional homogeneity of
the visceral afferent innervation, evidence of a significant
proportion of mechanosensitive afferents with high thresh-
olds for response to distension, which have been described in
many organs (e.g., colon, gall and urinary bladders, stomach,
and uterus) and in different species (e.g., cat, ferret, opossum,
and rodents), was taken as confirmation of the existence of
visceral nociceptors that responded to acute, noxious mechan-
ical stimulation. In many of the studies described above,
intra-arterial administration of BK also activated distension-
responsive afferents, supporting their assignment to the noci-
ceptor category. In addition, many low and high threshold
visceral mechanoreceptors also respond to various chemical
and/or thermal stimuli. Although not widely investigated, the
available evidence suggests that most if not all mechanosen-
sitive visceral afferent fibers are bi- or multimodal.

Because complementary behavioral evidence was not
available for all organs studied, it was only probable and not
certain that distension to 20 or 25 mmHg was noxious. For
rat and mouse colon and urinary bladder, and for rat stomach,
studies in unanesthetized animals subsequently confirmed that
visceromotor pseudaffective responses or avoidance behav-
ior is produced, depending on the size of the balloon used
to distend the organ, typically at distending pressures of 25
to 30 mmHg (50, 112, 162, 172). Despite the foregoing, these
studies did not resolve the “pattern” versus “specificity” argu-
ment about visceral nociception. Our views of what is a vis-
ceral nociceptor, however, were clarified by two key findings.
First, many visceral afferent fibers with low thresholds for
response to distension were found to encode stimulus inten-
sity well into the noxious range, a property of nociceptors.
Similarly, group III and IV skeletal muscle afferents (261)
and joint afferents (203) with low response thresholds and

C-fiber low threshold mechanoreceptor cutaneous afferents
(192) have also been documented to encode stimulus intensity
into the noxious range. Moreover, the slope of visceral afferent
encoding functions was greater for low threshold afferents, as
was response magnitude, to noxious intensities of organ dis-
tension than responses of afferents with high thresholds for
response to distension. Second, as discussed in detail later,
both low and high threshold visceral mechanoreceptors were
found to sensitize (i.e., an increase in response magnitude
typically associated with a reduction in response threshold)
in the presence of organ insult or inflammation, suggesting
that visceral mechanonociceptors include those with thresh-
olds for response in the physiologic range. This is not incon-
sistent with the notion that there is considerable homogeneity
among mechanosensitive afferents innervating hollow organs,
at least with respect to an ability to contribute to nociceptive
signaling.

Unlike spinal (i.e., splanchnic) visceral afferents, esopha-
geal and gastric vagal afferents have been reported uni-
formly to have low thresholds for organ distension (215-217),
although they continue to respond and encode stimulus inten-
sity well into the noxious range. Whereas vagal IGLE and
IMA receptive endings in the GI tract have been shown to
be mechanosensitive, they appear to be primarily associated
with regulatory roles or sensations such as fullness, bloating,
or nausea. While these subjective percepts are typically not
considered in the context of nociception and pain, intensities
correlate with discomfort ratings and change with experimen-
tal interventions that alter pain ratings in human volunteers
(56, 237).

Ex vivo studies

Results of ex vivo studies of visceral afferent fibers
have established good correspondence with earlier in vivo
studies; significant discrepancies from characterization of
mechanosensitive afferents in vivo have not been reported
to date. Accordingly, ex vivo organ-nerve preparations have
largely supplanted in vivo recording approaches because
such preparations permit broader functional characteriza-
tion of mechanoreceptive endings. Receptive endings in the
bronchial tree, esophagus, stomach, pancreas, ureter, uri-
nary bladder, colon, and uterus have been variously classed
as mucosal, tension (muscular), muscular-mucosal, mesen-
teric, and serosal. Receptive ending classifications are based
on responses to different types and intensities of mechan-
ical stimulation and not with respect to histologic loca-
tion, although for mouse stomach, bladder and colon there
is histologic correspondence with several classes of end-
ings (227, 228, 265). Thus, gastric and colonic mucosal
and bladder urothelial receptors respond to gentle brush-
ing or stroking of the receptive field, but do not respond to
stretch of the organ. In contrast, muscular (tension) receptors
respond to stretch, but do not respond to mucosal/urothelial
stroking, and mucosal-muscular receptors respond to gen-
tle mucosal/urothelial stroking as well as to stretch,
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Figure 7 Responses of mouse afferent endings to mechanical stim-
ulation of the colorectum. Endings were identified by electrical stim-
ulation (e-stim; leftmost column; red arrow indicates stimulus artifact)
and classified based on responses to different mechanical stimuli. All
mechanosensitive endings responded to blunt vertical probing (0.4-1.4
g) of the colorectal mucosal surface or mesenteric attachment (desig-
nated “mesenteric” and present only in the lumbar splanchnic innerva-
tion of the colorectum; see Fig. 8). Endings designated muscular were
also activated by circumferential stretch (0-170 mN). Mucosal endings
were also activated by stroking the mucosal surface (10 mg) and mus-
cular/mucosal endings were also by both stretch and stroking. Endings
previously designated as serosal, and activated only by blunt prob-
ing, are here designated “probing only” as there is no evidence that
pelvic/rectal nerves innervate the serosa (228). MIAs do not respond
to any mechanical stimulus. Mucosal endings are rare (1%) and muscu-
lar endings uncommon (5%) in the lumbar splanchnic innervation of the
colorectum; mesenteric endings that respond to relatively high intensity
probing are unique to the lumbar splanchnic innervation of the colorec-
tum (see Fig. 8). See (32,78) for additional details.

suggesting the presence a receptive ending close to the
muscularis mucosae (see Fig. 7 for examples). Mesenteric
mechanoreceptors respond to probing along the mesenteric
attachment, typically associated with the vasculature, but not
to stretch. Afferent endings classed as serosal respond to blunt
probing of the receptive field, but not to mucosal stoking or
stretch [although see Hughes et al. (103)]. As there is no his-
tologic evidence for receptive endings in the serosa (228), the
designation of an afferent ending as “serosal” is inaccurate
and their role remains obscure at present. Accordingly, they
are identified here as responsive to probing only. It has been
advanced that the serosal class of afferent represents a “vas-
cular” afferent (33, 104) that serves as a transduction site for

stretch and distending stimulation of hollow viscera (226). If
correct, then many (all?) of the 30% to 35% of mechanosensi-
tive afferents designated as “serosal” in previous studies actu-
ally innervate the vasculature and are thus “vascular.” The
proposed designation “vascular” is based largely on studies
carried out in the guinea-pig ileum using an anterograde trac-
ing technique in culture that labels both extrinsic efferent
and afferent fibers (239), thus making it difficult to distin-
guish spinal afferent endings from other classes of afferents
and efferents that also innervate the target organ. Moreover,
the designation “vascular” is inconsistent with the finding,
based on selective labeling of afferent endings by intra-DRG
injection of tracer, that only ∼5% of pelvic/rectal nerve end-
ings in the mouse colon are associated with blood vessels
(228) and also that “serosal” afferents do not reliably respond
to stretch except at supraphysiologic intensities [see (103)].
These divergent results regarding primary afferent innerva-
tion of the gut vasculature not only likely reflect the tracing
methods used, but also raise the issue of species differences
that to date have not been carefully addressed.

Studies using ex vivo organ-nerve preparations have doc-
umented that some vagal and some spinal visceral afferents
have multiple receptive fields in stomach and colon, respec-
tively, but small receptive fields (1-2 mm2) with irregular
shapes are most common. In summary, it seems likely that
both low- and high-threshold visceral mechanoreceptors con-
tribute to visceral nociception in acute and persistent vis-
ceral pain. The encoding properties and sensitization of low
threshold visceral afferent fibers may explain why normally
nonsensed, low-intensity physiological stimuli are perceived
as uncomfortable or painful in functional bowel and bladder
disorders.

As described previously, the internal organs are innervated
by two nerves. It has long been appreciated clinically that
the different innervations have different functions. Because
ex vivo organ-nerve studies permit localization of recep-
tive endings and assignment to mechanosensitive classes,
evidence of overlapping and distinct features of different
nerves innervating an organ support clinical impressions.
The colorectum and urinary bladder are innervated by the
hypogastric-lumbar splanchnic nerve (LSN) and pelvic nerve
(PN) with cell bodies located, respectively, in thoracolumbar
and lumbosacral DRG. Figures 8 and 9 illustrate the propor-
tions of different afferent endings and their locations in the
mouse colorectum and urinary bladder, respectively, derived
from hypogastric-LSN and PN. The proportions of stretch-
activated mechanosensitive afferents in the LSN and PN differ
significantly as do the distribution of receptive endings.

The pie charts in Figure 8, which represent results from
more than 600 PN and 200 LSN afferent endings identified
using an unbiased electrical search strategy, illustrate that
relatively few LSN afferent endings in the mouse colorec-
tum are stretch sensitive whereas ∼30% of PN afferents are
stretch sensitive muscular or muscular-mucosal afferent end-
ings. There are no PN endings associated with the mesenteric
attachment whereas more than one-third of mechanosensitive
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Figure 8 Proportions and topographical distribution of mechanosensitive and mechanoin-
sensitive afferents recorded from the PN and LSN innervations of the mouse colorectum. Both
the proportions and distribution of receptive endings significantly differ between the LSN and
PN pathways of innervation. Note the broader and more caudal distribution of endings in the
PN pathway relative to the clustering of endings along the mesenteric edge of the colon and
high proportion of endings on the mesenteric attachment, which respond only to blunt probing,
in the LSN pathway. The proportions of afferent classes are derived from greater than 600 PN
and 200 LSN afferent endings; the topographical distributions of these endings are illustrated
in proportion to the number of endings studied, but not all endings are illustrated to retain
clarity. Adapted, with permission, from (78,80,81).

endings in the LSN innervation of the mouse colorectum are
associated with the mesenteric attachment. Similarly, recep-
tive endings that respond to stroking of the mucosal surface
(“mucosal” afferents) are prominent in the PN and virtually
absent in the LSN innervation. Endings identified as prob-
ing only and mechanically insensitive (discussed later) are
more or less equally represented in both innervations. Not
only are the proportions of endings different between the two
innervations, the topographical distribution of afferent end-
ings shown in Figure 8 are significantly different. The LSN
innervation is clustered on and near the mesenteric attachment
and edge of the colorectum and extends more proximally
than the PN innervation, which is widely and more homo-
geneously distributed across the distal colorectum. In addi-
tion, mechanosensitive endings in the PN innervation have
lower response thresholds and greater magnitude of response
than their LSN counterparts (32). Similarly, the LSN and PN

innervations of the mouse urinary bladder exhibit differences
coherent with their innervation of the colorectum. Endings
with sensitivity to stroking of the urothelium are prominent in
the PN innervation and virtually absent in the LSN innerva-
tion. Also, the proportion of stretch-sensitive muscular affer-
ents is significantly greater in the PN than LSN innervation.
And, as in the colorectal innervations, PN receptive endings
are more homogeneously distributed throughout the bladder
whereas LSN receptive endings are clustered at the base of
the bladder (260).

Consistent with an emphasis on hollow organ distension
in in vivo studies, ex vivo studies of visceral nociception have
focused on stretch-sensitive afferents, which are almost exclu-
sively found in the PN innervation in rodents. In support,
transection of the PN abolishes behavioral responses to col-
orectal distension whereas transection of the LSN innervation
is without influence (118, 242).
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Figure 9 Proportions and topographical distribution of mechanosensitive afferents recorded
from the PN and LSN innervations of the mouse urinary bladder. Both the proportions and dis-
tribution of receptive endings significantly differ between the LSN and PN pathways of innerva-
tion. Note the widespread distribution of endings in the PN pathway relative to the clustering
of endings at the base of the bladder in the LSN pathway. Adapted, with permission, from
(260).

Ex vivo studies of visceral afferent endings are now being
extended to human tissue. First in man recordings from
mesenteric nerves were reported using surgically excised,
fresh human colon and vermiform appendix-mesentery tis-
sues (183). Ongoing activity was low, averaging 2 to 2.5
action potentials/s. Application of IS to the serosal surface
of the appendix and intraluminal application of capsaicin
to the colon both significantly increased afferent fiber dis-
charge. Blunt probing of the colonic serosal surface also gen-
erated afferent fiber responses. In a commentary accompany-
ing the report by Peiris and colleagues (183), Grundy’s group
described their preliminary results from human colon record-
ings, using a mucosal surface-up preparation similar to that
used in rodent colorectal recordings, and identified mesenteric
nerve afferents with mechanosensitivity to mucosal stroking,
circumferential stretch and blunt probing, corresponding to
muscular-mucosal, muscular, and serosal endings described
in rodents (110). These reports represent promising starts to
the eventual study of diseased human tissue and examination
of endogenous sensitizing mediators.

In addition to studies on receptive endings, ex vivo study of
visceral sensory neurons using patch clamp methodology has
examined voltage- and ligand-gated channels, which cannot

at present be examined in afferent endings. Such studies are of
course dissociated from afferent function, and instead address
questions of the roles of such channels in visceral neuron
excitability. Whole cell (or membrane) patch clamp studies
require the ability to identify visceral sensory neurons, com-
monly after DRG excision and dissociation of cells, achieved
by prior injection of a retrograde label into muscle layers of the
organ of interest. Consistent with recordings of afferent fibers,
either in vivo or ex vivo, isolated visceral sensory neurons
are also not typically spontaneously active. However, cells
obtained from animals with experimentally induced inflam-
mation show significant oscillation of the resting membrane
potential, resulting in spontaneous action potential discharge,
demonstrating an increase in excitability. This increase in
excitability is associated with an increase in voltage-sensitive
sodium currents, primarily a tetrodotoxin-resistant sodium
current (e.g., Fig. 6E), enhanced expression and function of
voltage-sensitive calcium currents, and a decrease in voltage-
sensitive potassium currents, primarily the transient or A-
type current (22, 60, 191, 231, 263). While not systematically
assessed in animal models of visceral hypersensitivity, it is
likely that results mirror qualitatively those seen in primary
afferents projecting to other areas and that other voltage-gated

Volume 6, October 2016 1623



Visceral Pain Comprehensive Physiology

currents, such as low threshold calcium or inwardly rectifying
currents, contribute to the changes in neuron excitability
(127, 255).

In addition to voltage-sensitive ion channels, the expres-
sion and properties of ligand-gated channels also change in
animal models of visceral nociception. Ischemia is the most
common cause of cardiac pain. Tissue acidosis due to accu-
mulation of lactate activates cardiac afferents in the inferior
cardiac nerve and likely triggers ischemic pain. Consistent
with ischemia-produced acidosis as a trigger of cardiac pain, a
study of cardiac sensory neurons and noncardiac sensory neu-
rons randomly selected from the same DRG reported that a
greater proportion of cardiac sensory neurons than noncardiac
sensory neurons expressed acid sensing ion channels (ASICs;
16, 17). Based on the properties of proton-evoked currents,
most visceral sensory neurons express different members
of ASICs as well as the H+-sensitive vanilloid receptor
TRPV1. A high percentage (60%-80%) of mouse and rat
colon sensory neurons express TRPV1 (52, 146, 197), which
has been reported to be the principal detector in mouse colon
of extracellular acidosis (234). Serotonin, which is present
in colonic enterochromaffin cells and is released in high
concentrations during mucosal stimulation, acutely alters
TRPV1 function in mouse colon sensory neurons, shifting the
temperature-activation curve of TRPV1 to normal body tem-
peratures (233). This may be relevant because some studies
of patients with functional bowel diseases, such as irritable
bowel syndrome (IBS), suggest changes in serotonin release
and/or reuptake within the intestinal mucosa, raising the ques-
tion whether modulation of TRPV1 function may contribute
to enhanced responses to normally subliminal physiologic
stimuli seen in these patients. Further, animal models of vis-
ceral inflammation as well as various human disorders from
GERD, painful bladder syndrome (PBS) to rectal urgency
have all been associated with increases in TRPV1 expression
(4, 5, 23, 45, 149).

Mechanically insensitive afferents
Silent, or “sleeping” afferents were first described in the affer-
ent innervation of the knee joint of the cat (204). In these
experiments, electrical stimulation was used to search for
afferents in filaments of the medial articular nerve, after which
afferent endings in the joint were located using mechanical
stimuli. Most group III and IV joint afferents were found
to be associated with a mechanosensitive receptive ending,
but some were not. These MIAs did, however, “awaken”
and acquire mechanosensitivity after joint inflammation. The
awakening of MIAs represents sensitization of their recep-
tive endings coupled (typically) with tissue insult and MIAs
are thus also described as silent nociceptors. Because MIAs
are characterized by their ability to acquire mechanosensitiv-
ity in inflammatory conditions (205), they contribute signifi-
cant additional peripheral input to the development of hyper-
algesic conditions. It has since been documented that MIAs
comprise 15% to 20% of the C-fiber innervation of human

skin (208). MIAs have also been reported in the viscera, usu-
ally detected by action potentials that appeared in a recording
after application of an inflammatory mediator to the tissue.
For example, in a study of unmyelinated afferents innervating
the cat urinary bladder, Häbler et al. (92) reported that some
previously nonmechanosensitive afferents started to respond
to increases of intravesical pressure after acute bladder inflam-
mation produced by intratraluminal application of chemical
irritants (turpentine or mustard oil). Similarly, myocardial
ischemia has been reported to recruit mechanically insensi-
tive (sleeping) cardiac splanchnic afferent fibers in cats (175).
Such findings have also been obtained in studies of the GI
tract. While only focusing on activation by chemical stimuli,
some presumably mechanically insensitive (sleeping) affer-
ents were activated by bile acid, a potential component of gas-
tric content, suggesting the presence of chemosensors (which
also responded to other chemicals studied) (174). Because
these afferents were not characterized before application of
an inflammatory mediator, their designation as MIAs was
uncertain. Subsequently, using an electrical search strategy,
∼25% of both the LSN and PN innervations of the mouse col-
orectum was determined to be mechanically insensitive (78)
(see Fig. 8A).

Accordingly, awakening of silent nociceptors in the col-
orectum could contribute to persistent hypersensitivity. In sup-
port, MIAs acquire mechanosensitivity (sensitize) following
exposure ex vivo to an acidic IS, but—as mentioned earlier—
MIAs in the LSN and PN pathways are different. In the col-
orectal PN innervation, 71% of MIAs acquired mechanosen-
sitivity after exposure to IS (e.g., Fig. 6B) whereas only 23%
of MIAs in the LSN innervation did so (78). In this ex vivo
experimental preparation, sensitization of MIAs by an acidic
IS was short lasting (∼20 min) and reversible, but repro-
ducible. In a recent study of long-lasting visceral hypersensi-
tivity, a key finding was that the proportion of PN MIAs was
significantly decreased by 50% in colorectum from hyper-
sensitive mice (24 days after intracolonic zymosan treatment)
(80), suggesting a switch of some MIAs from a mechanically
insensitive to sensitive phenotype. Interestingly, it was the
“serosal”/probing only and not either of the stretch-sensitive
afferent classes (muscular or muscular-mucosal) that corre-
spondingly increased in proportion. Population studies such
as these can be difficult to interpret because there was no
increase in the proportions of stretch-sensitive afferents in
the distal colon from hypersensitive mice. As stretch corre-
sponds to distension as a physiologically relevant stimulus
and as sensitization correlates with enhanced responses to
distension in vivo, the role of MIAs in persistent colorectal
hypersensitivity remains undefined.

Noting that some MIAs exhibit chemosensitivity, a recent
study has examined this more systematically. Using an opto-
genetic approach to bypass the process of transduction (gener-
ator potential) and focus on transformation (spike initiation)
at colorectal MIA sensory terminals, it was concluded that
transformation is a critical factor, distinguishing osmosen-
sitive from inflammation-sensitive MIAs and suggesting a
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previously unappreciated heterogeneity of chemosensitive,
MIA endings (79).

Plasticity of Visceral Afferent Nociceptive
Mechanisms
Sensitization, discussed earlier, is the trigger underlying vis-
ceral afferent nociceptive plasticity. In virtually all chronic
conditions characterized by pain as the principal complaint,
including chronic visceral pain disorders, the perceived sen-
sation is initiated by activity in sensory (afferent) neurons.
Sensitization not only affects afferent excitability (i.e., spon-
taneous generation of action potentials or an increase in
the number of action potentials in response to a stimulus),
but also signal transduction (i.e., depolarization triggered by
different modalities of stimulation—mechanical, chemical,
or thermal). Persistent afferent drive subsequently alters the
excitability of the higher order neurons and interneurons in
the spinal cord and brain stem upon which they terminate. In
the spinal cord (initially), the increase in excitability of spinal
dorsal horn neurons is referred to as “central sensitization”
(discussed later), which in fact leads to changes in neuron
excitability at supraspinal sites as well. Thus, changes in the
CNS typically arise initially from afferent drive. In the vis-
ceral realm, central sensitization underlies referred somatic
(nonvisceral) hypersensitivity, including the increase in areas
of referred sensation, and contributes to cross-organ sensitiza-
tion (because second order spinal neurons receive convergent
visceral inputs).

Persistent visceral afferent drive (i.e., sensitized afferent
input) contributes to the maintenance of two prominent
visceral pain disorders, IBS and bladder pain syndrome,
as documented experimentally in animals and humans by
silencing visceral afferent input into the spinal cord. Instilling
lidocaine into the rectum of sensitized rats blunted responses
to colorectal distension and reduced the associated cutaneous
hypersensitivity (269). Consistent with these findings,
intrarectal instillation of lidocaine decreased spontaneous
pain, perceived discomfort during colorectal distension, and
referred hypersensitivity to palpation of the abdomen in two
placebo-controlled trials in IBS patients (70,251). While other
groups could not reproduce these findings (131, 198), con-
ceptually similar results were seen after intravesical lidocaine
infusion in interstitial cystitis(IC)/PBS patients (168). Daily
intravesicular instillation of lidocaine for 5 consecutive days
produced a significant reduction in symptoms that lasted up
to 15 days after beginning the daily lidocaine treatment (168).
Subsequently, several groups confirmed a rapid response with
clinically meaningful reductions in symptoms (pain, urgency,
and voiding frequency) in about 60% of IC/PBS patients
that were sometimes even maintained for several months
after cessation of repeated therapy (144, 167, 169, 179).
These experimental outcomes in humans, in which the local
anesthetic was restricted to a peripheral site of action, confirm
the significant contribution of persistent afferent drive to pain

and discomfort in these visceral pain conditions. Importantly,
the results imply that rectifying afferent sensitization by
silencing can lead to long-lasting relief of persistent visceral
pain.

Experimental studies in mice have investigated the
class(es) of visceral afferent that sensitizes and contributes
to persistent afferent drive and organ hypersensitivity. Organ
insult produces organ hypersensitivity and afferent sensitiza-
tion (e.g., Fig. 6B and C, respectively), which is often studied
in the relatively short term (e.g., 1-14 days). Recently, the
consequences of organ insult have been followed for longer
periods of time to assess the persistence of hypersensitivity
and afferent sensitization after insult. Intracolonic instillation
of trinitrobenzene sulfonic acid (TNBS) has long been used
experimentally to model colitis in rodents, producing a
hapten-induced colorectal inflammation of 7-14 days dura-
tion (depending on TNBS concentration), and more recently
to model a postinfectious gastroenteritis after resolution of
the TNBS-produced colorectal inflammation (e.g., 28 days
post-TNBS). In a study in mice, colorectal afferents were
recorded ex vivo seven (acute inflammation) or 28 days
(recovery) after intracolonic TNBS (103). The authors
reported significant increases in mechanosensitivity in LSN
“serosal” afferents (see earlier comments about serosal class
afferents), but no other afferent class, during both the acute
inflammatory and recovery phases. They concluded that
colonic afferents with high mechanosensory thresholds, but
not those with low mechanosensory thresholds, contribute
to inflammatory hypersensitivity. In a similar study in mice,
Feng et al. (81) reported that hypersensitivity to colorectal
distension was apparent 7 and 14 days after intracolonic
TNBS, consistent with the resolution of colorectal inflam-
mation at 10 to 14 days and was resolved by day 28 with
no resensitization through day 56. In recordings from pelvic
nerve afferents ex vivo, single-fiber recordings revealed a net
increase in afferent drive from stretch-sensitive colorectal
afferents at day 14 post-TNBS and reduced proportions
of mechanically insensitive afferents (MIAs) at days 14 to
28. In a related study (80), intracolonic zymosan (which
produces a modest and ∼24 h duration colorectal inflam-
mation) produced persistent hypersensitivity to colorectal
distension (>24 days). Pelvic nerve muscular-mucosal, but
not muscular, stretch-sensitive afferents exhibited persistent
sensitization. As with intracolonic TNBS, the proportion of
MIAs (relative to control) was significantly reduced by 50%,
whereas the proportion of serosal/probing only afferents
was significantly increased from one-third to one-half of
the afferent sample studied. These results suggested that
MIAs acquired mechanosensitivity and, along with sensitized
muscular-mucosal afferents that respond to stretch, contribute
to the afferent drive that sustains hypersensitivity to colorectal
dissension.

Another approach to evaluate long-term consequences of
organ insult and the persistence of hypersensitivity involves
neonatal insults directed at specific organs (e.g., colon and
bladder) or stress-producing protocols such as maternal
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separation. The results of such studies are described later in
the section on Plasticity of Central Pain Mechanisms. While
there is one report suggesting that colonic afferents in adult
rats are sensitized after neonatal colonic insult (6), the periph-
eral versus central consequences of neonatal manipulations
have yet to be carefully studied. Certainly, neonatal stresses
engage widespread responses throughout the animal and thus
organ hypersensitivity studied in the adult must be associated
with CNS correlates with other behavioral changes, arguing
against an isolated effect on sensory mechanisms (254).

Central Processing of Visceral Pain
Contribution of central pain mechanisms
Clinicians have long recognized the importance of stress
and emotion in visceral pain (38, 182, 257). This at times
anecdotal evidence finds support in epidemiological stud-
ies, which highlight the importance of central processing and
modulation of visceral pain. Chronic visceral pain syndromes
show a distinct female predominance in Western countries
(3, 67, 184), which cannot be sufficiently explained by con-
sistent and striking differences in responses to acute stimuli,
such as visceral distension (151, 224). The common coex-
istence of chronic pain syndromes affecting different areas
of the body points at altered central processing in addi-
tion to possible prior peripheral injury with sensitization of
afferent pathways (1, 8, 137, 143, 259). Patients with chronic
visceral pain also often report a history of sexual or phys-
ical abuse and suffer from comorbid anxiety and depres-
sion, suggesting an important role of affect as confounder
(26, 66, 98, 121, 130). Anxiety and depression do not only
coexist, they also closely correlate with the symptom sever-
ity in chronic disorders associated with pain (25, 178). In
experimental settings, manipulation of emotion through fear-
evoking images, music, cognitive, or emotional stress alters
subjectively perceived pain ratings during visceral stimula-
tion, establishing affect as an important modulator of visceral
sensory processing (54, 186, 199). Detailed statistical model-
ing provided some mechanistic clues and supports a model,
in which anxiety drives hypervigilance and catastrophizing
and depression leads to somatoform manifestations, all of
which may contribute to visceral hypersensitivity and pain
(53, 122, 123, 248).

Functional Anatomy of Visceral Pain
Processing
Conceptual models focusing on the role of central mecha-
nisms of visceral pain found their structural correlates with
several converging lines of evidence. Early studies of visceral
afferent pathways examined spinal projections to the brain.
They initially established a role for the spinothalamic tract

and, more recently, a role for a dorsal column-medial lem-
niscal pathway (7, 9, 155) (e.g., see Fig. 4), but could not
account for the complex sensory and emotional responses to
visceral stimuli. Focusing on more rostral brain structures,
animal experiments using electrical stimulation of mesenteric
or abdominal vagal nerve branches showed activation of the
secondary sensory, cingulate, and insular cortices (48, 107).
Recordings from the thalamus as an important integrative
and relay station revealed visceral representation in the pos-
terolateral area, with most neurons only responding to high
threshold stimuli and receiving convergent input from several
visceral as well as somatic structures (34). These experimen-
tal data corresponded with emerging findings from human
studies. Stimulation of the ventrocaudal nucleus of the thala-
mus in patients with movement disorders rarely causes vis-
ceral pain, which is associated with strong affective responses
(61, 133, 134). While such visceral pain responses are rare in
patients operated for neurosurgical treatment of movement
disorders (171), patients with poststroke pain more com-
monly experience pain, albeit mostly projected to nonvisceral
regions, demonstrating the plasticity and role of the CNS in
chronic pain syndromes (62). Consistent with animal data,
clinical studies also supported a role of the insula in central
visceral pain after strokes (29).

Recent developments in functional brain mapping enabled
more systematic studies of brain activation during visceral
stimulation and thus led to a more detailed understanding of
central processing of visceral sensation and pain. Viscerally
evoked cortical potentials were first recorded from healthy
humans using electrical stimulation of the rectal mucosa
(55). With dipole mapping, localization of activated areas
in the brain became possible, which led to the demonstra-
tion of somatosensory and insular cortical activation dur-
ing esophageal stimulation (11). Combined with functional
magnetic resonance imaging and positron emission tomogra-
phy, a fairly stereotypic pattern of brain activation emerged
with stimulation of esophagus (114), stomach (124,141,247),
colorectum (223), and bladder distension (148). The brain
regions involved largely represent distinct components of
the subjective experience during visceral pain. Thalamus,
insula, and the more dorsal part of the anterior cingulate
cortex presumably perform discriminatory assessments of
visceral sensory information; the amygdala, subgenual por-
tion of the cingulate cortex, and the locus coeruleus regulate
emotional arousal, while the frontal and parietal cortices are
associated with cognitive appraisal (120). These areas over-
lap with regions activated during painful stimulation of other
body areas and have thus been labeled the “neuromatrix of
pain” with relatively subtle differences between visceral and
somatic pain related to the activation of regions within the
insular, cingulate, and prefrontal cortices (68, 153, 232, 250).
Interestingly, activity in this functional network already
increases during subliminal stimulation, arguing against a
specific role in pain perception (114). Indeed, these regions
are also activated during other subjective experiences, such
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as hunger or itch, and may reflect processing of interoceptive,
homeo- or allostatic signals, which are relevant for survival
and are thus closely linked to arousal and emotion (59).

Plasticity of central pain mechanisms
Consistent with the previously described role of affect and
stress as modulators of visceral pain, experimental studies
showed enhanced activation of brain areas involved in vis-
ceral sensation and emotional arousal when visceral stimuli
were applied in the context of aversive or stressful condi-
tions (54, 186, 199). The plasticity of pain processing goes
beyond a modulatory influence of such contextual factors, as
classical conditioning paradigms can result in similar acti-
vation patterns with real and anticipated visceral stimulation
(225,262). Conversely, placebo or nocebo effects can decrease
or increase pain ratings and the associated changes in brain
activation during experimental stimulation (72,141,142,207).
Beyond such acute experimental studies, epidemiologic data
suggest a potentially more lasting impact of stressors, espe-
cially when experienced during periods of high plasticity
(e.g., early in life) or with traumatic events. Patient interviews
and population-based studies demonstrated a link between a
history of sexual and/or physical abuse and the presence of
functional GI disorders associated with pain (66, 238). Such
adverse or traumatic events may play an even more impor-
tant role if they occur early in life, a period characterized by
high plasticity of the nervous system (31). These observa-
tions prompted mechanistic studies in animal models, which
confirmed that maternal deprivation, mild gastritis or urinary
bladder/colonic stimulation (mechanical and chemical) dur-
ing the perinatal period all lead to enhanced responses to
visceral stimulation in adult life (6,64,139,194). While early
studies suggested relatively specific effects on visceral sen-
sory pathways (58, 138), more recent data point at more gen-
eralized changes in distress tolerance and resultant activation
of the hypothalamic-pituitary-adrenal axis (252, 254).

Interestingly, quantitative studies of grey and white matter
densities showed more widespread changes, which overlap
with regions activated during acute painful stimulation and
partially correlate with pain rating, duration or the associ-
ated anxiety (27, 84, 85, 212). These results not only confirm
the role of these areas in the subjective experience of pain,
they also highlight the plasticity of the CNS with functional
and structural changes being associated with chronic pain
experiences.

Central pain processing in disease
Many studies have examined differences in the activation of
brain regions in patients with chronic visceral pain syndromes.
While variations in experimental paradigms, underlying dis-
eases, brain imaging techniques, and analyses limit the com-
parison, the currently available evidence suggests more quan-
titative rather than qualitative differences between patients

and healthy controls (19, 154). Altered activation patterns in
the brainstem have been related to hyperresponsiveness (19)
and anxiety (69). Consistent with the role of central control
mechanisms of emotional arousal in functional bowel disor-
ders, anxiety, and depression ratings correlated with increased
pain ratings and enhanced activation of the cingulate cortex
(73, 74, 195). Interestingly, such increased pain ratings and
brain activation seem to be independent of stimulus modality
and location, suggesting a more widespread effect of exper-
imental stress and stress tolerance on central processing and
pain perception in these patients (250). This interpretation
is supported by experiments with repeat assessments sepa-
rated by several months, showing a decrease in the rating of
acute pain intensity during visceral distension, mediated by
a decrease in state anxiety (158). Consistent with these find-
ings, a recent meta-analysis concluded that patients with IBS
exhibit enhanced activation of brain areas associated with
emotional arousal and endogenous pain modulation, while
the involvement of regions responsible for discriminative vis-
ceral processing is similar compared to controls, suggesting
that dysregulation of affective rather than sensory mecha-
nisms contributes to disease manifestations in these individ-
uals (241).

Stress-related mechanisms of central sensitization
Based on the enhanced activation of brain areas associated
with emotional arousal and the known effects of stress hor-
mones on primary afferent neurons, changes in neuroen-
docrine responses to stress were extensively examined in
patients with visceral pain syndromes. The results are vari-
able, but suggest that increased levels of corticotrophin-
releasing hormone (CRH) or cortisol more closely correlate
with anxiety than with pain ratings (46, 189, 229). Injec-
tion of CRH lowered pain thresholds only when visceral
distensions followed repetitive “priming” distension, sup-
porting some modulating contribution of the hypothalamic-
pituitary-adrenal axis on visceral sensation (170). Conversely,
the administration of a nonspecific CRH antagonist lowered
anxiety and visceral pain ratings in response to stimulation
(202). While peripheral expression of CRH receptors poten-
tially contribute to these effects (129,236), recently published
brain imaging studies highlight the effects of CRH receptors
on emotional arousal, as administration of a CHR receptor
subtype 1 antagonist blunted the heightened activation of the
associated brain areas in patients with IBS (102).

Preclinical data demonstrated a similar modulation of
anxiety and stress response through neurokinin 1 (NK-1)
receptors (71). In a small proof of concept trial, a selective
NK-1 receptor antagonist reduced anxiety and pain ratings
associated with decreased activation of the insula and anterior
cingulate cortex during rectal distension in IBS patients (240).
Interestingly, recent ligand-binding studies show lowered
NK-1 binding potential throughout the brain of patients with
visceral pain, thus further supporting a role of this signaling
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pathway in the central modulation of visceral sensation
and pain (108).

Concluding Comments
Mechanisms of visceral pain share many characteristics with
pain experiences emanating from other areas of the body.
However, the anatomical basis with dual innervation and cen-
tral projections to areas controlling affect as well as the related
clinical data showing a significant impact on mood distinguish
visceral from cutaneous or other somatic pain. Converging
findings derived from animal and human studies are finally
providing us with detailed information about structure and
function of visceral afferent neurons and their role in nocicep-
tion and chronic pain There is compelling evidence that both
peripheral and central sensitization contribute to the devel-
opment of chronic visceral pain syndromes. A unique and
emerging feature is the complex interaction between the high
density of microbial colonization in the colon, the resulting
interactions with the innate and adaptive immune system and
the direct or indirect effects of these interactions on afferent
pathways (75, 156). These newly gained insights have led to
the development of more targeted interventions ranging from
psychological therapies to manipulation of the intestinal flora
in patients suffering from these common disorders.

References
1. Aaron LA, Burke MM, Buchwald D. Overlapping conditions among

patients with chronic fatigue syndrome, fibromyalgia, and temporo-
mandibular disorder. Arch Intern Med 160: 221-227, 2000.

2. Adams F. The Genuine Works of Hippocrates. New York: William
Wood and Company; 1886.

3. Agreus L. The epidemiology of functional gastrointestinal disorders.
Eur J Surg Suppl (583): 60-66, 1998.

4. Akbar A, Yiangou Y, Facer P, Brydon WG, Walters JRF, Anand P.
Expression of the TRPV1 receptor differs in quiescent inflammatory
bowel disease with or without abdominal pain. Gut 59(3): 767-774,
2010.

5. Akbar A, Yiangou Y, Facer P, Walters JRF, Anand P, Ghosh S.
Increased capsaicin receptor TRPV1 expressing sensory fibres in irri-
table bowel syndrome and their correlation with abdominal pain. Gut
57: 923-929, 2008.

6. Al-Chaer ED, Kawasaki M, Pasricha PJ. A new model of chronic
visceral hypersensitivity in adult rats induced by colon irritation during
postnatal development. Gastroenterology 119(3): 1276-1285, 2000.

7. Al-Chaer ED, Lawand NB, Westlund KN, Willis WD. Visceral nocicep-
tive input into the ventral posterolateral nucleus of the thalamus: a new
function for the dorsal column pathway. J Neurophysiol 76: 2661-2674,
1996.

8. Almansa C, Rey E, Sánchez RG, Sánchez ÁÁ, Dı́az–Rubio M. Preva-
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