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Abdominal pain is common in patients with active inflammation of the colon but can persist even in its absence, suggesting other mechanisms 
of pain signaling. Recent findings suggest colon epithelial cells are direct regulators of pain-sensing neurons. Optogenetic activation of epithelial 
cells evoked nerve firing and pain-like behaviors. Inhibition of epithelial cells caused the opposite effect, reducing responses to colon distension 
and inflammatory hypersensitivity. Thus, epithelial cells alone can regulate the activation of pain circuits. Future goals are to define the anatom-
ical and cellular mechanisms that underlie epithelial–neural pain signaling and how it is altered in response to colon inflammation.

Lay Summary 
New studies using optogenetic mouse models support a role for epithelial cells that line the colon as important contributors to pain signaling. 
Increasing epithelial activity was found to stimulate pain-sensing neurons, whereas inhibition of epithelial cells reduced pain.
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Introduction
Chronic abdominal pain is a major burden for patients with 
inflammatory bowel disease (IBD) and other conditions of col-
itis.1 Histological healing of the mucosal lining is associated 
with disease remission and reduced pain and is the desired 
treatment outcome. However, it is not uncommon for patients 
who exhibit healing and reduced inflammation to continue to 
experience pain,2, 3 suggesting factors other than the inflam-
matory milieu drive pain signaling. Such factors may include 
changes in the central nervous system (CNS; ie, central facili-
tation) that affect the psychological state of patients, lead-
ing to increased anxiety, catastrophizing, and hypervigilance.4 
Persistent pain in remission may also reflect yet-to-be-defined 
changes that occur in the peripheral tissue that sensitizes 
nerve fibers within the colon. In this regard, here we review 
recent studies that support a role for the lining epithelial cells 
of the colon as contributors to pain signaling in the absence 
of elevated inflammation.5, 6 Analysis of optogenetic mouse 
models that allow specific targeting of the epithelium has 
shown that increasing the activity of epithelial cells is suffi-
cient to activate pain-sensing neurons and cause an increase 
in behavioral pain responses.5 In other studies, it was found 
that decreasing activity of epithelial cells reduced pain asso-
ciated with colon inflammation.6 These findings contribute to 
a growing body of research that is defining how epithelial 
cells communicate with nerve fibers, glial cells, and immune 
cells within the gut and the functional significance of these 
interactions. They also support the prioritization of treatment 
strategies for IBD that promote repair of the epithelial lining 

as a means to reduce pain. Topics to be discussed are Pain in 
IBD, Epithelial Cell Types of the Colon, Nerve Innervation of 
the Colon, Optogenetic Models to Study Epithelial–Neural 
Communication in the Colon, Activation of Epithelial Cells 
and Nerve Activity, Inhibition of Epithelial Cells and Nerve 
Activity, and Future Directions for Research.

Pain in IBD
The complex pathophysiology of IBD, for example, changes in 
gut permeability, immune signaling, and stress level, has hin-
dered detailed understanding of mechanisms underlying its 
etiology and the pain signaling pathways engaged. Preclinical 
and clinical studies have suggested a process in which dam-
age to the epithelial lining leads to infiltration of bacteria that 
causes an inflammatory immune cell infiltration.7–10 Release 
of cytokines and other neuroactivators (adenosine triphos-
phate [ATP], chemokines, interferon, dopamine, and prote-
ases) from immune cells, which can bind receptor proteins on 
terminals of sensory neurons within the colon, is postulated 
to increase neuronal activity and stimulate pain signaling 
circuits.11–13 Paradoxically, pain can be experienced in both 
active and quiescent IBD; patients with pain often exhibit 
inflammation,11 but patients with no evidence of epithelial 
damage or elevated inflammation may report pain as well.3 
The disconnect between inflammation and pain, as well as a 
new understanding of the impact of the microbiome profile 
on pain,14–16 suggests pain may involve changes unrelated to 
immune signaling. In this regard, recent studies of epithelial 
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cells of the skin17 and colon5, 6 using optogenetic approaches 
suggest a direct role for the epithelium in driving neural activ-
ity and activation of pain pathways.

The bowel is richly innervated by neurons that have cell 
bodies located in both extrinsic (spinal dorsal root ganglia 
[DRG] and autonomic) and intrinsic (myenteric and sub-
mucosal) ganglionic structures. Pain is perceived in response 
to the activity of extrinsic sensory neurons within the DRG.18 
These sensory neurons project to all regions of the gut and 
function as both homeostatic sensors and as transducers to 
the CNS (spinal cord and brain) sensations of pain, bloat-
ing, fullness, and urgency.19 In addition to afferent activity, 
sensory nerves also have efferent functions. Under inflamma-
tory conditions, the neuronal release of neuropeptides (eg, 
calcitonin gene-related peptide [CGRP], substance P) can ac-
tivate immune cells (eg, macrophages, mast cells), which lead 
to increased cytokine and protease release, driving a circu-
lar inflammatory cycle termed neurogenic inflammation.12, 20 
Such neural–immune signaling, in both peripheral tissues and 
spinal cord, is thought to be a significant factor in maintaining 
chronic pain conditions.

In addition to neural–immune signaling, recent studies 
in the skin have revealed a direct role for epithelial cells 
(keratinocytes) in neural activation and pain signaling.17, 21 
Keratinocyte activity was shown to cause action potential fir-
ing in diverse subtypes of cutaneous afferents, ranging from 
large myelinated fibers to unmyelinated nociceptor subtypes. 
These findings have implications for understanding the mech-
anisms that underlie the pain, itch, and changes in thermal 
sensation that can accompany chronic inflammatory condi-
tions of the skin. They also lead to the question of whether 
epithelial cells of other barrier tissues, such as the colon, can 
similarly drive neural activity and influence pain signaling. 
Here we review findings that have shown, using optogenetic 
strategies in the mouse colon, that colonic epithelial lining 
cells do indeed have an active and independent role in visceral 
pain signaling.

Epithelial Cell Types of the Colon
Colon epithelial cells are diverse in chemical phenotype and 
function and have long been known to have a critical role in 
the pathophysiology of visceral inflammatory diseases. They 
form a simple columnar epithelial lining that absorbs water 
and nutrients that facilitate the formation and removal of 
fecal material. Epithelial cells undergo a constant, highly regu-
lated renewal of constituent secretory and signaling cell types. 
Secretory cells include Goblet cells, which are enriched in the 
colon and produce a thick layer of protective mucus that is 
the first line of immune defense, being impenetrable to bac-
teria.22, 23 Tuft cells and numerous subtypes of enteroendocrine 
cells (EECs; eg, L cells, enterochromaffin cells [ECs], D cells) 
are more specialized, secreting peptide/hormone transmitters 
such as cholecystokinin, peptide YY, and somatostatin.24–28 
Epithelial cells also synthesize and release classical neuro-
transmitters such as glutamate,29 5-hydroxytryptamine (5-
HT, serotonin),30 acetylcholine,31 and ATP,32 all of which can 
stimulate neuronal activity.33 In this regard, EC cells are of 
particular interest as they function as electrically excitable 
chemosensors.34 ECs express the transient receptor protein 
ankyrin repeat 1 ion channel,35 agonists of which include 
chemical irritants such as mustard oil.36, 37 ECs also release 

5-HT that, through activation of 5-HT3 receptors on sensory 
afferents, can evoke changes in neurons that lead to sensitiza-
tion, which may cause pain associated with irritable bowel 
syndrome (IBS) and IBD.38

Nerve Innervation of the Colon
Nerve innervation of the colon is comprised of intrinsic (en-
teric) and extrinsic neuron populations. Intrinsic neurons of 
the colon have cell bodies in ganglia located between sub-
mucosal and myenteric smooth muscle layers and are quite 
diverse in phenotype.39, 40 Intrinsic neurons have complex 
anatomical and functional connections with surrounding glial 
cells, interstitial cells of Cajal, and sympathetic and parasym-
pathetic neurons (autonomic input), which allow coordinated 
regulation of colon motility and movement of gut contents.41

Extrinsic sensory neurons (primary afferents) convey sen-
sory information from the colon to the CNS and are also 
diverse in phenotype.42 Cell bodies of extrinsic neurons are 
located in DRG that is positioned laterally along with thora-
columbar and lumbosacral spinal levels. In the colon, an-
terograde tracing studies show branching of sensory nerves 
around myenteric ganglia, circular smooth muscle layers (but 
rarely to longitudinal muscle), the submucosa, and mucosal 
layers.40 Immunolabeling also shows nerve fibers that contain 
the transient receptor potential vanilloid type 1 (TRPV1) ion 
channel and the neuropeptide CGRP to be closely associated 
with overlying epithelial cells.5, 40 Interestingly, some epithe-
lial EECs exhibit specialized cytoplasmic processes known as 
neuropods.43 Electron microscopic and viral tracing studies 
have shown neuropod containing EECs form synaptic-like 
connections with local neural fibers, providing a means for 
fast neurotransmission between the epithelial layer and the 
nervous system.44

Numerous studies have linked dysregulation of sensory 
neuron activity to IBD and functional gastrointestinal dis-
orders (eg, IBS).3, 16, 20 Electrophysiological and molecular 
properties of colon sensory neurons indicate a functional role 
as nociceptors, for example, they are activated in response 
to colon distension and express inflammatory neuropep-
tides (eg, CGRP) and the capsaicin receptor TRPV1.12, 20, 45 
Phenotypic changes in sensory afferents, for example, changes 
in ion channel gene expression and membrane properties, are 
also considered factors in the development and transition 
to chronic visceral pain.46–49 Sensory neuron communica-
tion with sympathetic and parasympathetic systems through 
spinal pathways, which are regulators of bowel motility, is 
also a possible means by which disturbance in normal bowel 
function could lead to hypersensitivity.50, 51

Optogenetic Models to Study Epithelial–
Neural Communication in the Colon
While there is evidence of functional communication between 
sensory neurons and epithelial cells, mechanisms underlying 
this signaling have been difficult to define because of the intim-
ate association of nerves with epithelial, immune, and glial cell 
types. To address this complexity, optogenetic models to allow 
specific activation of epithelial cells alone were developed.5 In 
these studies, Cre/Lox recombination technology was used to 
drive expression of the excitatory channelrhodopsin (ChR2) 
protein or the inhibitory archaerhodopsin (Arch) in colon epi-
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thelial cells. ChR2 is a blue light-activated nonselective cation 
(Ca2+, Na+) channel that enables depolarization of the cell, 
whereas Arch is a yellow light-activated proton (H+) pump 
that causes cell hyperpolarization. Hyperpolarization inhibits 
cell activity by blocking the influx of divalent cations, espe-
cially Ca2+, which requires a negative membrane potential 
(which is normally maintained by K+ and Na+ channel activ-
ity). To target each opsin to colon epithelial cells, mice that 
express Cre recombinase under the control of the villin gene 
were crossed with mice with a floxed transcriptional stop 
element upstream of gene sequences encoding either ChR2-
YFP or Arch-YFP fusion proteins. Because villin, an actin-
binding protein, is expressed in all lining epithelial cells of the 
colon, all types (enterocytes, goblet cells, EECs, etc.) express 
the selected opsin.

Activation of Epithelial Cells and Nerve 
Activity
To determine if epithelial stimulation could engage neural 
signaling, sensory neuron activity was examined in an ex 
vivo open colon preparation from mice that express ChR2 in 
colon epithelial cells (Vil-ChR2 mice; Figure 1A). In response 
to blue light (473 nm) stimulation of epithelial cells, teased 
fiber analysis of the pelvic nerve showed that nearly half of all 
fibers fired high-frequency trains of action potentials, often in 
patterns similar to those evoked by mechanical stimulation 
of the colon surface.5 In addition, the response of 70% of 
the epithelial-activated neurons showed a decrease in firing 
frequency when assayed in the presence of purinergic recep-
tor (P2X and P2Y) antagonists, supporting the role of ATP 
and/or UTP as major regulators of epithelial–sensory neuron 
signaling in the colon.

To determine if epithelial stimulation could engage neural 
circuitry in vivo, the effect of ChR2-mediated epithelial activa-
tion on nerve activity was assessed by recording visceromotor 
behavioral responses (VMRs), which are a surrogate for vis-
ceral pain-like behavior, in Vil-ChR2 mice. Colon epithelium 
was stimulated by the insertion of a blue light fiber optic probe 
into the colorectum of a lightly anesthetized mouse. Blue light 
illumination of the colon epithelial cells evoked VMRs, as 
measured by electromyographic recordings of the abdominal 
musculature, to a similar extent as those recorded in response 
to balloon distension (stretching) of the colon (Figure 1B and 
C).5 That ChR2-mediated activity of epithelial cells alone is 
sufficient to evoke pain-like behaviors shows the capability 
of the epithelium to directly engage neural circuitry and sup-
ports the hypothesis that visceral hypersensitivity results, at 
least in part, from functional changes in epithelial–neuronal 
communication.

Inhibition of Epithelial Cells and Nerve Activity
Stimulation of the colon epithelium engages neural circuits, 
suggesting that a reduction in epithelial activity might inhibit 
neuronal firing and in so doing, reduce visceral nociception 
(VMRs). Studies done using mice that express the inhibitory 
yellow light-activated Arch-EGFP protein in colon epithelial 
cells (Vil-Arch mice) showed this to be the case6 (Figure 2A). 
The ability of Arch-mediated inhibition of epithelial cells to 
block pain was assessed by in vivo measure of VMRs in re-
sponse to colorectal distension in the presence or absence of 
Arch stimulation. Epithelial inhibition was produced using a 
yellow laser (589 nm) fiber optic probe equipped with a bal-
loon distension device inserted into the colorectum. In Vil-
Arch mice, but not control mice, Arch-mediated inhibition of 

Figure 1. Optogenetic activation of the colon epithelium initiates nociceptive responses. A, The excitatory channelrhodopsin (ChR2) is conjugated to a 
yellow fluorescent protein (YFP) to enable visualization. ChR2-YFP (green) expression is restricted to the colon epithelium in Vil-ChR2 mice. Nerve fibers 
throughout colon layers are labeled with the pan-neuronal marker PGP9.5 (yellow). B, Visceromotor responses (VMRs) to blue light stimulation of the 
colon lumen were measured in control littermate mice (not expressing ChR2) and Vil-ChR2 mice. Control mice did not display VMRs to laser, whereas 
Vil-ChR2 mice displayed robust VMRs, indicating nociceptive responses. C, Example electromyographic recordings of VMR in control and Vil-ChR2 mice 
in response to blue light stimulation. Scale bar = 100 µM (A). Adapted with permission from Ref. 5.
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colon epithelial cells diminished VMRs in response to colon 
distension by 76% (Figure 2B and C). Importantly, in mice 
with colitis induced by dextran sodium sulfate (DSS; 3% in 
drinking water), Arch-mediated inhibition of the epithelium 
reduced VMRs by 55%.6 Thus, inhibition of colon epithelial 
cells reduced pain-like responses to distension in both healthy 
mice and in mice with DSS-induced inflammation.

How, mechanistically, Arch-mediated inhibition and cell 
hyperpolarization cause a reduction in colon nociception is as 
yet unclear. For neurons, light activation of Arch and subse-
quent hyperpolarization are known to inhibit action potential 
firing by blocking Ca2+ influx.52 For nonneuronal epithelial 
cells that do not have action potential events, a similar block 
in Ca2+ signaling is predicted to occur, which could function-
ally decrease a distension-mediated (Ca2+ dependent) release 
of ATP (or other neuromodulators). Reduced extracellular 
ATP would reduce the activity of purinergic receptors ex-
pressed on extrinsic sensory terminals and inhibit firing.5, 32 
Arch activity could also impact 5-HT signaling, by inhibition 
of the electrically excitable ECs, which release 5-HT in an 
activity-dependent manner.34, 53

Future Directions in Research
That experimentally induced changes in the activity of epithe-
lial cells alone can either generate or block activity in sensory 
afferents strongly support a role for colon epithelial cells in 
pain signaling (Figure 3). Breakdown in mucosal permeabil-
ity, changes in the mucus barrier, or alterations in products 
produced by commensal bacteria, all may impact epithelial 
properties and in so doing change neural activity. In the con-
text of IBD, most studies of epithelial cells have focused on 
disruption in the epithelial barrier, enabling bacterial infiltra-
tion leading to immune infiltration and resultant neural sen-
sitization.9 However, the findings described here suggest the 
epithelium itself can be a regulator of neural sensitization in 
the absence of barrier disruption, suggesting a more direct 
role in pain signaling.

Further research to define the changes that occur in colon 
epithelial cells in IBD and to determine how these changes re-
late to neuronal sensitization and hypersensitivity is needed. 
As visceral pain is difficult to treat and can persist long after 
resolution of the precipitating injury or disease, changes in 
epithelial properties have been considered as a driver of sen-
sitization.9, 10, 54 Indeed, studies showed that bladder epithelial 
cells from patients with interstitial cystitis pain were more 
sensitive to pharmacological stimulation than epithelial cells 
derived from control patients.55 Colon epithelial cells may also 

exhibit changes in response to inflammation that could alter 
communication with surrounding nerve fibers. For example, 
biopsies and feces from IBD patients show increased serine 
protease activity and a 100-fold elevation in active thrombin 
that is derived, at least in part, from the epithelium.54, 56–60 
Proteases can act on receptors expressed by sensory neurons 
that can sensitize ion channels expressed on afferent terminals 
(eg, TRPV1)61 and in so doing, may serve as a link between 
IBD pathogenesis and pain.62, 63

Whether specialized subtypes of epithelial cells preferen-
tially communicate with neurons is also unknown. EEC cells, 
which express neurotransmitters critical to gut function (5-
HT) and activate neurons, appear to be central players.34 
Studies in animal models and of human colon tissue have 
shown that inflammation impacts EEC activity and pheno-
type,64 supporting the idea that inflammation alters normal 
communication between EECs and sensory afferents. Future 
studies could employ additional Cre-lines to target specific 
EEC subtypes and examine how activation of each affects 
nociception under normal and inflammatory conditions. 
Detailed understanding of the neurotransmitters and recep-
tors that underlie epithelial–neural signaling and how im-
mune and glial cells factor into this signaling are also needed 
areas of investigation.65

Another area of intense interest is to define the types of sen-
sory afferents that are engaged by colon epithelial activation. 
This can be accomplished using the expanding list of mouse 
strains that express genetically encoded calcium indicators (eg, 
GCaMPs) and voltage indicators that allow real-time imaging 
of nerve activity. Defining afferent subtypes would allow the 
development of more refined, pharmacologic or natural prod-
uct (peppermint) approaches that target specific afferent types 
and receptors, for example, TRP channel receptors (TRPM866), 
cannabinoid receptors.67 Defining afferent pathways can also 
reveal their input and circuitry within the spinal cord and 
brain, broadening targets for treatment. In this regard, recent 
work has shown that sensory afferents activate parasympa-
thetic pathways and that sympathetic input to the colon can 
evoke calcium transients in lining epithelial cells.50, 51

Finally, although changes in epithelial cell properties can 
activate or inhibit neuron activity, it is not clear if this occurs 
via direct or indirect communication. Direct fast communi-
cation would be predicted to occur via synaptic structures, 
which have been shown for EECs and nerves.43 Whether these 
connections transmit pain signals and if similar relationships 
exist with other epithelial cell types are still undefined. The 
role of intermediate cell types such as immune cells and glial 
cells and how they impact epithelial–neural transmission are 

Figure 2. Optogenetic inhibition of the colon epithelium reduces visceromotor responses (VMRs) to colorectal distension (CRD). A, The inhibitory 
archaerhodopsin (Arch) is conjugated to an enhanced green fluorescent protein (EGFP) to enable visualization. Arch-EGFP (green) is specifically expressed 
in colon epithelial cells under the villin-Cre driver in Vil-Arch mice. B, VMRs to 60 mmHg CRD were recorded in Vil-Arch and control littermate mice before 
(Baseline) and during yellow light application to the colon lumen (+ Laser). C, Yellow light significantly reduced the VMR to CRD in Vil-Arch mice (n = 11; 
*P < .05) but not in control littermate mice (n = 7; P = .93). From Ref. 6; for permission to reuse, please contact Wolters Kluwer Health, Inc.
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other areas of interest. Although many questions remain, 
defining how epithelial–neural communication occurs in the 
colon is essential to fully understand how pain develops and 
for the design of new strategies to relieve pain.
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