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Optogenetic Activation of Colon Epithelium of the Mouse
Produces High-Frequency Bursting in Extrinsic Colon
Afferents and Engages Visceromotor Responses
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Epithelial cells of the colon provide a vital interface between the internal environment (lumen of the colon) and colon parenchyma. To
examine epithelial–neuronal signaling at this interface, we analyzed mice in which channelrhodopsin (ChR2) was targeted to either
TRPV1-positive afferents or to villin-expressing colon epithelial cells. Expression of a ChR2-EYFP fusion protein was directed to either
primary sensory neurons or to colon epithelial cells by crossing Ai32 mice with TRPV1-Cre or villin-Cre mice, respectively. An ex vivo
preparation of the colon was used for single-fiber analysis of colon sensory afferents of the pelvic nerve. Afferents were characterized
using previously described criteria as mucosal, muscular, muscular-mucosal, or serosal and then tested for blue light-induced activation.
Light activation of colon epithelial cells produced robust firing of action potentials, similar to that elicited by physiologic stimulation
(e.g., circumferential stretch), in 50.5% of colon afferents of mice homozygous for ChR2 expression. Light-induced activity could be
reduced or abolished in most fibers using a cocktail of purinergic receptor blockers suggesting ATP release by the epithelium contributed
to generation of sensory neuron action potentials. Using electromyographic recording of visceromotor responses we found that light
stimulation of the colon epithelium evoked behavioral responses in Vil-ChR2 mice that was similar to that seen with balloon distension
of the colon. These ex vivo and in vivo data indicate that light stimulation of colon epithelial cells alone, without added mechanical or
chemical stimuli, can directly activate colon afferents and elicit behavioral responses.
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Introduction
The epithelial-lined mucosa of the colon is innervated by auto-
nomic and sensory nerve fibers of intrinsic and extrinsic origin

(Spencer et al., 2014). Understanding how activation of these
nerve fibers is regulated at this important interface is of significant
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Significance Statement

Abdominal pain that accompanies inflammatory diseases of the bowel is particularly vexing because it can occur without obvious
changes in the structure or inflammatory condition of the colon. Pain reflects abnormal sensory neuron activity that may be
controlled in part by release of substances from lining epithelial cells. In support of this mechanism we determined that blue-light
stimulation of channelrhodopsin-expressing colon epithelial cells could evoke action potential firing in sensory neurons and
produce changes in measures of behavioral sensitivity. Thus, activity of colon epithelial cells alone, without added mechanical or
chemical stimuli, is sufficient to activate pain-sensing neurons.
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clinical and biological interest, particularly for understanding their
role in pain signaling in chronic inflammatory conditions of the gut.
In recent studies of the epithelium covering the skin it has been
possible to demonstrate that excitation of epithelial cells alone
can directly produce action potentials in primary sensory neu-
rons in the absence of naturalistic mechanical, thermal, or chem-
ical stimulation (Maksimovic et al., 2014; Baumbauer et al., 2015;
Pang et al., 2015). Epithelial cells, genetically modified to express
channelrhodopsin (ChR2) and stimulated with blue light, were
shown to elicit firing in diverse types of cutaneous sensory neu-
rons, including those that sense pain and mechanical stimuli
(Baumbauer et al., 2015).

The colon epithelium, comprised of absorptive enterocytes,
endocrine cells, and goblet cells has features in common to the
skin epithelium; it interfaces with the internal environment of the
gut and is the first line of defense for the colon, protecting it from
a wide range of pathogenic and chemical insults within the colon
lumen. Similar to keratinocytes of the skin, colon epithelial cells
can release several types of neuro-activator compounds, includ-
ing classic neurotransmitters such as acetylcholine (ACh), ATP,
and 5-hydroxytrypamine (5-HT/serotonin), and peptides and
hormone transmitters, such as somatostatin and peptide YY (Rindi
et al., 2004; Bertrand, 2009; Gunawardene et al., 2011). Released
neuromodulators are thought to both stimulate and inhibit neu-
rons of the myenteric plexus, as well as act on primary sensory
afferents from the dorsal root ganglia (DRG), through activation
of metabotropic and ionotropic receptor proteins, e.g., musca-
rinic or nicotinic acetylcholine receptors, purinergic receptors,
and/or serotonergic receptors (Bertrand, 2003; Linden et al.,
2003; Wynn et al., 2004; Bornstein, 2006; Burnstock, 2014; King,
2015; Liñán-Rico et al., 2015; Mawe, 2015).

Few studies have examined how compounds, potentially derived
from the colon epithelium, can initiate neuronal action potentials in
the absence of other naturalistic stimuli (Wynn et al., 2004; Hock-
ley et al., 2016; Bellono et al., 2017). Given the inconclusive evi-
dence for direct activation of nerve fibers by colon epithelial cells
and the recent finding that skin epithelial cells can independently
initiate action potentials in DRG sensory fibers, we examined the
contribution of the colonic epithelium to generation of action
potentials in colon sensory afferents. To allow epithelial-specific
activation we targeted ChR2 to colonic epithelial cells to deter-
mine whether light-induced activation of these cells could gener-
ate action potentials in extrinsic sensory afferents. Our results
show that almost one-half of all colon afferents fired high-frequency
trains of action potentials in response to light activation of the
epithelium, often in patterns similar to those evoked by mechan-
ical stimulation. In addition, the response of 70% of the
epithelial-activated afferents exhibited a significant decrease in
firing frequency when stimulated in the presence of blockers of
P2X- and P2Y-receptor-mediated neurotransmission, suggesting
that ATP and/or UTP are major components of epithelial cell–
colon afferent excitation coupling. Using the visceromotor re-
sponse (VMR) as an in vivo assay, it was also determined that light
stimulation of epithelial lining cells alone is sufficient to elicit behav-
ioral changes similar to those obtained in response to colon disten-
sion. That colon epithelial cells alone have the ability to directly
initiate afferent firing and cause behavioral response supports a
central role for these cells in colon function and physiology and
indicate that the epithelium not only serves as a barrier and
source of chemical modulators, but also provides a means for
direct transmission of stimuli from the colon lumen to the ner-
vous system.

Materials and Methods
Animals. Male and female mice 6 –10 weeks of age were analyzed. Mice
with a fusion protein of ChR2 and EYFP [ChR2(H134R)-EYFP] in the
Rosa26 locus downstream of a floxed-STOP cassette (Ai32 mice; RRID:
IMSR_JAX:012569) were crossed with either TRPV1Cre (RRID:IMSR_JAX:
017769) or villin Cre mice (RRID:IMSR_JAX004586). Littermates with
ChR2-EYFP but lacking Cre were used as controls. Animals were main-
tained in an association for assessment and accreditation of laboratory
animal care (AAALAC) approved facility and handled following proto-
cols approved by the University of Pittsburgh Institutional Animal Care
and Use Committee.

Tissue immunolabeling. L5, L6,and S1 DRG and distal colon segments
were fixed in 4% paraformaldehyde, cryoprotected in 25% sucrose, em-
bedded in optimal cutting temperature (OCT) compound and sectioned
on a cryostat at either 14 �m (for DRG) or 20 �m (for colon). Air dried
sections were washed in phosphate buffered saline (PBS), incubated
overnight at room temperature in anti-PGP 9.5 (1:500; rabbit polyclonal,
ThermoFisher, PA1-21097; RRID:AB_560757) made in PBS/0.25% Tri-
ton X-100, washed, incubated in donkey anti-rabbit-Cy3 (1:500; Jackson
ImmunoResearch), washed, coverslipped, and images captured using a
digital camera attached to a Leica DM4000B microscope.

Reverse-transcriptase polymerase chain reaction analysis. The relative
expression level of ChR2-YFP mRNA was determined using reverse tran-
scriptase PCR analysis. Total RNA isolated from the distal colon was
purified using the Quick-RNA miniprep kit (Zymo Research), DNased
(Invitrogen), and reverse-transcribed using Superscript II (Invitrogen).
Primers for ChR2 (5�TGG CTC TGT ACT TGT GCC TG3� and 5�TGA
CCA TCT CGA TAG CGC AC3�) and GAPDH (5�ATG TGT CCG TCG
TCG TGG ATC TGA and 5�ATG CCT GCT TCA CCA CCT TCT T3�)
were used in SYBR Green PCR amplification reactions performed using
a Bio-Rad CFX system. Relative fold-change was calculated using the
��Ct method with GAPDH as standard.

In vitro single-fiber recording from colon-pelvic nerve. Mice killed with
isoflurane were transcardially perfused with carbogenated (95% O2, 5%
CO2) ice-cold artificial CSF (ACSF) containing the following (in mM:
117.9 NaCl, 4.7 KCl, 25 NaHCO3, 1.3 NaH2 PO4, 1.2 MgSO4 -7 H2O, 2.5
CaCl2, 11.1 D-glucose) and the distal colorectum (�3 cm) removed with
the attached major pelvic ganglion and pelvic nerve (PN). Tissues were
transferred to ice-cold modified Krebs’ solution (Krebs’ solution con-
taining 2 mM butyrate, 20 mM sodium acetate, 4 �M nifedipine, and 3 �M

indomethacin bubbled with carbogen (Brierley et al., 2004; Feng et al.,
2010) and then to an acrylic organ bath consisting of two adjacent cham-
bers separated by a plastic gate with a small opening. The colon was
opened longitudinally along the mesenteric border, placed in a Sylgard
182 (Dow Corning) lined chamber with circulating Krebs’ maintained at
34°C and pinned flat with mucosal side up. The spinal nerve containing
afferents from the L6 DRG, which contributes to both the pelvic nerve
and lumbar splanchnic nerve, was dissected and followed out to the fat
pad located near the junction of the bladder and the colon (see Fig. 2A,B).
For the purpose of recording, the entire L6 ventral ramus that gives off
branches that run into the fat pad was placed in the recording chamber
and the fat pad and nerves contained within positioned under the Plexi-
glas divider that separates the recording chamber from the colon. To
obtain nerve fascicles that contain afferent fibers that innervate the colon,
the L6 ventral primary ramus (i.e., the PN) is placed onto a mirror in the
recording chamber containing mineral oil. Under a dissection microscope,
the nerve sheath was removed and the nerve trunk teased into fine bundles
(�10 �m thick) that were placed onto a platinum-iridium recording elec-
trode for single-fiber electrophysiological recordings.

Characterization of pelvic afferents. Teased fibers of the PN were char-
acterized using the classification system described by Lynn and Black-
shaw (1999) and Brierley et al. (2004). Fibers that were activated by
circumferential stretch were designated as “muscular”, or “muscular/
mucosal” if they also responded to gentle stroking of the mucosa. Fibers
that only responded to blunt probing were classified as “serosal”, whereas
those that only responded to gentle mucosal stroking were designated as
“mucosal”. Receptive fields were identified by first stroking the mucosal
surface with a brush to locate mechanosensitive afferents. Responsive-
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ness to blue-light stimulation was then determined using a 473 nm wave-
length laser (Laserglow Technologies) and power meter readings taken to
estimate the average wattage reaching the tissue (40 mW at maximum
power) over a 200 �m spot size (delivered via a 100 �m fiber-optic light
guide). Mechanical stimuli were then applied to further classify afferents
as serosal, muscular, mucosal, or muscular/mucosal: probing with nylon
monofilaments (von Frey filaments, 1–1.4 g force), mucosal stroking
with calibrated nylon filaments (10 mg force) and circumferential stretch
generated using a servo-controlled force actuator (Feng et al., 2010; Au-
rora Scientific). Custom-made claws (1 mm interval) were attached
along a mesenteric edge of the colorectum to allow for uniform circum-
ferential stretch by slow ramped force (0 –170 mN at 5 mN/s). The cir-
cumferential stretch generated corresponds to intraluminal pressures of
0 – 45 mmHg (Feng et al., 2010).

ATP antagonist pharmacology
Villin-ChR2 responsive afferents. Once receptive fields of fibers were iden-
tified with blunt probing, blue-light laser at a minimal intensity (�1–2
mW) was placed in the field. Light stimulation was removed for 3–5 min
to allow the fiber to equilibrate and then turned on at a maximal intensity
of 40 mW for at least 10 s (but no longer than 60 s) to determine whether
each afferent responded to light activation of the epithelium. For light-
responsive fibers, a combination of three antagonists was then added to
the bath: pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid) tetra-
sodium salt hydrate (PPADS; Sigma-Aldrich); P2X antagonist (and P2Y1

antagonist at higher concentrations than used here); 2�,3�-O-(2,4,6-
trinitrophenyl) adenosine 5�-triphosphate tetrasodium salt (TNP-ATP; Sig-
ma-Aldrich); P2X1, P2X3, P2X2/3 antagonist; and AR-C118925XX
(selective P2Y2 antagonist; Tocris Bioscience) at final concentrations of
100, 3, and 10 �M, respectively. After 10 min of drug incubation, the fiber
was stimulated with blue light for 10 s. The drug cocktail was then washed
out for 10 min or until 600 ml of fresh ACSF had flowed through the
recording chamber (�20 times the chamber volume). The field was again
stimulated with blue light and response recorded. Response to drug mix-
ture was defined as �25% reduction in average firing rate with drug
application and recovery of firing rate by �25% (Hicks et al., 2002;
Brierley et al., 2005).

Stretch-responsive afferents. Effects of the ATP antagonist mixture on
stretch activation of TRPV1-ChR2 colon afferents used the same phar-
macological protocol but without laser stimulation. Stretch-sensitive fi-
bers were identified and baseline circumferential stretch obtained
followed by 10 min of exposure to the mixture of ATP receptor antago-
nists. Drugs were washed out and circumferential stretch repeated and
the response recorded. For the ATP experiments, five Vil-ChR2 mice (3
male, 2 female) and three TRPV1-ChR2 mice (2 male, 1 female) were
used.

Data recording and analysis. Action potentials generated by PN affer-
ents were recorded using a low-noise AC differential amplifier (DAM80;
World Precision Instruments) as described previously (Feng et al., 2010;
Feng and Gebhart, 2011). Electrical signals were filtered (0.01–10 kHz),
amplified (�10,000), digitized at 20 kHz using a 1401 interface [Cam-
bridge Electronic Design (CED)], monitored online by an audio monitor
(Grass AM10; Astro-med) and stored on a personal computer. Action
potentials were analyzed using Spike2 software (CED; RRID:SCR_000903).
Action potentials were discriminated as single units based on principle
component analysis of individual spike waveform. To avoid errors in
discrimination, no more than two discernable active units in any record
were studied. The fiber stretch threshold (Tforce) was defined as the force
that evoked the first action potential during a stretch stimulus (Feng et
al., 2010; Feng and Gebhart, 2011). Latency (Ttime) was the time when the
first action potential was fired. Analysis of firing rate (hertz) and instan-
taneous frequency (IF; average and peak) were done over the first 10 s
from the first action potential.

To ensure that light responses in sensory fibers were not due to laser-
generated heating of the tissue, similarly timed light exposures were done
using preparations from littermate control mice. Light stimulation in
controls did not produce action potential firing.

Culture of primary colon epithelial cells. Colon epithelial cells were
acutely dissociated and cultured from the isolated distal colon. The lon-

gitudinal muscle layer was teased apart, stripped off, and the remaining
tissue was digested with collagenase P (Sigma-Aldrich; 0.09 mg/ml dis-
solved in Eagle’s Essential Medium containing 1% glutamine and 1%
bovine serum albumin) for 20 min at 37°C, followed by 0.25% trypsin-
ethylenediamine acid solution for 10 min at 37°C. Tissue was then
resuspended in Basal Medium Eagle containing 1% glutamine and 2%
penicillin/streptomycin and mechanically dissociated with fire-polished
Pasteur pipettes. Dissociated cells were plated on 15 mm glass coverslips
and maintained at 37°C in 5% CO2. Patch-clamp recordings were per-
formed after 2 h of incubation.

Whole-cell patch-clamp electrophysiology. Patch-clamp recordings were
obtained from ChR2-expressing colon epithelial cells exposed to blue light.
Coverslips with plated epithelial cells were transferred to a recording cham-
ber bath maintained at 22°C in a solution containing the following (in
mM): 117.9 NaCl, 4.7 KCl, 25 NaHCO3, 1.3 NaH2PO4, 1.2 MgSO4, 2.5
CaCl2, 11.1 D-glucose, 2 sodium butyrate, and 20 sodium acetate. Patch
pipettes (2–3 M�) were fabricated from Corning 8161 glass tubing and
filled with (in mM) 145.6 CsCl, 0.6 CaCl2, 2.0 EGTA, 15.4 glucose, and 5.0
Na-HEPES, pH 7.3. Currents were acquired from epithelial cells in
whole-cell configuration using an Axopatch 200B patch-clamp amplifier
(Molecular Devices) and digitized using an ITC-16 interface and Pulse
8.6.3 software (InstruTECH/HEKA). Cells were visualized using an
Olympus BX50 microscope with differential interference contrast optics.
The currents were clamped at �70 mV and blue light was delivered from
a mercury arc lamp and sustained for 5–7 s using a 40� water-immersion
objective.

Electromyographic recording of VMR to colorectal distension and light
stimulation. Visceral sensitivity to colorectal distension (CRD) and light
stimuli was measured using protocols detailed previously (Christianson
et al., 2010; DeBerry et al., 2015; Sadler et al., 2017). Mice were anesthe-
tized in an induction chamber and then moved to a nose cone adminis-
tering 2% isoflurane (vaporized with 95% O2/5% CO2). An incision was
made in the skin of the lower abdomen and two silver wires were im-
planted in the external oblique abdominal muscle and attached to a
differential amplifier (A-M Systems). A grounding electrode was adhered
to the tail using Signagel (Parker Laboratories). A custom-made laser-
balloon device was inserted through the anus. This device contains poly-
ethylene tubing (diameter, 0.8 cm), enclosing an optical fiber (400 �m
core; Thor Labs) connected to a 473 nm laser power source (Laserglow
Technologies) with an inflatable 1 cm plastic balloon on one end. After
electrode implantation and balloon insertion, the level of isoflurane was
lowered to 1.5% and then lowered by 0.125% every 10 min, down to
0.8%. Toe-pinch reflex was tested as isoflurane was slowly lowered until
mice were responsive to toe pinch but were not ambulating. Once a
steady level of anesthesia was reached, CRD testing began. CRD was
produced by inflating the balloon with air from a compressed nitrogen
tank equipped with a pressure regulator and a separate pressure monitor
used to regulate the pressure inside of the balloon. EMG signals (indica-
tive of VMR) were amplified, filtered, recorded using Spike2 software
(CED), and saved to a PC. Initial 60 mmHg distensions were delivered
every 4 min until mice displayed consistent responses to CRD. An addi-
tional three distensions were then applied, at 10 s each, with a 4 min rest
period in between. The laser stimulation was then applied three times, at
20 s each, with a 4 min break between stimuli.

Colorectal responses were quantified by measuring the area under the
curve (AUC) for the entire distension or laser period and then subtract-
ing the baseline AUC before application of the stimulus. These measures
were then normalized to baseline.

Experimental design and statistical analysis. For single-fiber experiments,
the mean values measured in firing properties between two groups (e.g.,
TRPV1-ChR2 vs Vil-ChR2, homozygous vs heterozygous mice, or non-
stretch-sensitive fibers and stretch-sensitive fibers) were compared using
unpaired two-tailed t tests with p � 0.05. Analysis of distension and laser
VMR data across control, TRPV1-ChR2, and Vil-ChR2 groups was per-
formed using nonparametric Kruskal–Wallis and Mann–Whitney tests.
The number of animals used for each analysis and statistical values are
reported in Results. All data were analyzed using Prism software
(GraphPad).
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Results
Robust expression of ChR2-EYFP is produced using neuronal
and colon epithelial-specific Cre recombinase drivers
We examined expression of the ChR2-EYFP fusion protein in
DRG sensory neurons and distal colon epithelial cells using
TRPV1-ChR2 and villin-ChR2 mice, respectively. Many ChR2-YFP-
positive neurons were present in DRG of TRPV1-ChR2 mice (Fig.
1A), including those with afferents that project to the colon (Fig.
1B). Previous analysis of the TRPV1-Cre mouse line showed
that transgene expression occurs in the majority of C-fibers and a
subset of A� primary afferent neurons (Cavanaugh et al., 2011).
This distribution is broader than that seen for TRPV1 in wild-
type adult DRG because many neurons express TRPV1 during
embryonic development (which would activate the Cre-
recombinase) but downregulate expression postnatally (Ca-
vanaugh et al., 2011).

In colon tissue of TRPV1-ChR2 mice, ChR2-EYFP-positive
fibers were observed in muscular and mucosal layers of the organ
(Fig. 1B). TRPV1 expression has been reported in a subset of
vagal afferents (Patterson et al., 2003; Bielefeldt et al., 2006;
Taylor-Clark et al., 2008) and thus, some of these endings could
be vagal (Berthoud et al., 1990, 1991; Wang and Powley, 2000).
In addition, there are reports of occasional TRPV1-expressing
neurons in the myenteric plexus (Matsumoto et al., 2012; Buck-
inx et al., 2013) but in general, TRPV1-expressing neurons within
the enteric nervous system are rare (Sharrad et al., 2015).

Cre-recombinase expression, driven by the promoter of the
actin binding protein villin, targeted ChR2 expression to epithe-

lial lining cells of the colon (Fig. 1C,D).
YFP labeling indicated expression oc-
curred in all lining epithelial cells but not
in other cell types within the colon (e.g., im-
mune, vascular, mesenchymal), cells within
the enteric nervous system, or DRG affer-
ents (data not shown). To ensure epithe-
lial cells were responsive to blue light,
patch-clamp analysis of YFP-positive cells
isolated from enzymatically dissociated
colon was carried out. YFP-labeled cells,
but not unlabeled cells, showed mem-
brane depolarization in response to blue
light, indicating light-activation of the
membrane localized ChR2 ion channel
(Fig. 1E–G).

As colon tissue from homozygous
mice showed higher levels of ChR2
mRNA relative to heterozygotes (deter-
mined using reverse transcriptase real
time PCR) and this increase correlated
with stronger physiologic responses (data
below), the majority of experiments
were conducted on mice homozygous
for the ChR2 transgene. The number of
Cre alleles did not affect the response to
light-activation of primary afferents or
epithelium.

Expression of ChR2-YFP does not
change intrinsic firing properties of
colon afferents
A total of 207 colon primary afferents
(light-responsive and nonlight-responsive)
were recorded from TRPV1-ChR2 (69 fi-

bers) and villin-ChR2 (138 fibers) mouse lines. There were no obvi-
ous effects of transgene expression on normal sensory responses
(i.e., to brushing, probing, or stretching). For stretch, single
colon-afferent fibers in both TRPV1-ChR2 mice and villin-ChR2
mice exhibited no significant difference in the IFavg in response to
circumferential distension [firing (spike) frequency of TRPV1-
ChR2 colon afferents, 4.74 	 0.83 Hz (n 
 28) vs villin-ChR2
colon afferents, 5.91 	 0.66 Hz (n 
 50); p 
 0.28, t 
 1.09].

Activation of ChR2 in TRPV1-colon afferents partially
phenocopies responses to natural stimuli
Electrophysiological recordings of teased fibers from the PN of
TRPV1-ChR2 mice were used to compare colon sensory afferent
response to blue light with their response to applied natural stim-
uli (blunt probing, stroking, stretch). The dissection and ex vivo
preparation used for this analysis are described in Materials and
Methods and Figure 2, A and B. Examples of single-fiber recordings
for each afferent type are shown in Figure 2C. From 21 TRPV1-
ChR2 mice (9 males, 12 females), recordings from 69 sensory fibers
were obtained. Of these, 60 were blue light-sensitive (86%; virtually
identical to the number of capsaicin responsive colon afferents
reported from intracellular recording from L6 colon afferents;
Malin et al., 2009). Among the light-responsive fibers, 33 were
stretch-sensitive whereas 27 were not (Fig. 3A).

We also noted that the IFavg in response to continuous blue-
light illumination (at least 10 s) was significantly higher in fibers
from homozygous (n 
 12) animals compared with their heterozy-
gous (n 
 38) littermates (homozygous 5.49 	 1.31 Hz vs heterozy-

Figure 1. Cell-specific expression of Cre recombinase targets ChR2 to sensory neurons and colon epithelium. A, ChR2-YFP
(green)-positive neurons and fibers are present in the L6 DRG of TRPV1-ChR2 mice. B, Low-power image shows distribution of
ChR2-YFP-positive fibers in the distal colon of TRPV1-ChR2 mice. Arrows indicate nerve bundle in muscular layers and nerve fibers
penetrating submucosal layers of the colon. C, ChR2-YFP (green) expression in villin-ChR2 mice is confined to epithelial cells of the
colon mucosal layer. Anti-PGP9.5 (yellow) labels nerve fibers that extend into mucosal regions and regions of nerve ganglia in the
muscular layer (arrows). D, High-power image illustrates close association between PGP9.5-positive nerve fibers (arrows) and
ChR2-YFP labeled epithelial cells. E, F, Patch-clamp analysis of dissociated YFP colon epithelial cells show production of inward
currents (G) in response to 488 nm blue-light stimulation. YFP� cell diameter diameters were � 5 �m. Calibration bars: A, D, F,
50 �M; B, E, 200 �m; C, 20 �m; G, 50 pA, 1 s.
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gous 3.3 	 0.45 Hz; p 
 0.05, t 
 2.02), which suggests that
increased expression and membrane insertion of the ChR2 pro-
tein leads to enhanced afferent firing.

Afferent responses to blue light in TRPV1-ChR2 preparations
produced variable firing patterns that were not unique to fiber
type. Patterns ranged from firing in single or multiple bursts to
continuous tonic firing (Fig. 2C). The average firing rate and
latency to fire in response to light onset was similar for stretch and
non-stretch-sensitive fibers [(IFavg 
 3.8 	 0.57 Hz (stretch-
sensitive, n 
 28) vs 3.86 	 0.82 Hz (non-stretch-sensitive, n 

22); p 
 0.95, t 
 0.06; latency to first spike 
 0.4 	 0.17 s
(stretch-sensitive, n 
 27) vs 0.28 	 0.15 s (non-stretch-sensitive,
n 
 20) p 
 0.62, t 
 0.5)].

The ability of TRPV1-ChR2 fibers to follow pulsed blue light
was also assessed at 1, 5, 10, and 20 Hz in 24 fibers. All TRPV1-
ChR2 fibers that did respond to light were able to fire action poten-
tials at 1 Hz, but the number of action potentials decreased with
increasing frequency. At 1 Hz, 86.4% of the 50 ms light pulses
induced action potentials in all afferents. With increasing fre-

quency this percentage decreased to 20.7% at 20 Hz (Table 1).
This pattern was observed across all fiber types.

Optogenetic activation of ChR2 in colon epithelial cells
generates action potentials in primary afferent fibers
Using the ex vivo colon preparation we then determined the effect
of light activation of ChR2 in epithelial cells on DRG afferent
firing. Teased fiber analysis of the pelvic nerve showed that blue
light generated robust action potential firing in DRG sensory
fibers, similar to responses elicited by stretch stimulation (Fig. 4).
Responses of teased fibers to mechanical or blue-light stimula-
tion were recorded in preparations from 27 villin-ChR2 mice (14
males, 13 females; n 
 138 fibers). Comparison of response prop-
erties of light-sensitive and light-insensitive fibers showed no dif-
ference in the IFavg for circumferential stretch in stretch-sensitive
afferents [light-sensitive (n 
 8; mean stretch IFavg 4.52 	 1.04)
vs light-insensitive afferents (n 
 42; mean stretch IFavg 6.18 	
0.75, p 
 0.36, t 
 0.92)]. IFavg values for blunt probing were also
similar between light-sensitive and light-insensitive serosal affer-

Figure 2. Examples of teased fiber recordings from TRPV1-ChR2 mice show activation of all fiber types in response to blue light. A, Diagram illustrates the components of the ex vivo preparation
used to obtain single-fiber recordings of colon afferents. B, Image shows colon tissue with attached fat pad and pelvic nerve from which recordings were made. C, All classes of mechanically sensitive
colon afferents (mucosal, muscular, muscular/mucosal, and serosal) exhibited robust action potential firing in response to blue laser light. Scale bar, 4 mm.
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ents (those afferents that did not respond to stretch but did re-
spond to probing: light-sensitive, n 
 9, mean probe IFavg

21.76 	 4.11 vs light-insensitive, n 
 13, mean probe IFavg 21.6 	
3.52; p 
 0.98, t 
 0.03).

The increased level of ChR2 mRNA in homozygous villin-
ChR2 mice, as indicated by RTPCR measures, translated to in-
creased fluorescent intensity of ChR2-EYFP expression in the colon.
Colon preparations from homozygous villin-ChR2 mice also had a
greater percentage of action potentials generated in response to
epithelial activation; 50.5% of fibers recorded from villin-ChR2
homozygous mice (46/91) responded to light compared with
8.5% (4/47) in heterozygous mice.

Of the 50 fibers that responded to light stimulation of colon
epithelium, 38 were stretch-sensitive (i.e., muscular and muscu-
lar/mucosal subtypes; Fig. 3B). Evoked responses had a wide
range of latencies (0.03– 60.3 s, mean 15.5 	 2.09 s; Fig. 5), and
the majority of responses exhibited robust firing that adapted over
time. Comparison of stretch-sensitive and stretch-insensitive (serosal)
afferents in which firing latency to light could be accurately mea-
sured, showed that action potentials elicited in stretch-sensitive
fibers (n 
 27) had shorter latencies (latency 
 12.2 	 1.98 vs
24.03 	 6.14, p 
 0.02, t 
 2.43) and higher IFavg values (5.37 	
0.56 vs 3.13 	 0.97, p 
 0.058, t 
 1.96) compared with non-
stretch-sensitive fibers (n 
 8).

Interestingly, of the four types of extrinsic colon afferents, light
activation of the epithelium produced robust action potential
firing in all but mucosal afferents (Fig. 3B). This was surprising
given that this type of fiber, identified by its ability to respond
exclusively to light brushing of the epithelium, is thought to ter-
minate in or nearby the colonic epithelium and therefore should
be in an ideal location to respond to activation of ChR2 in the

epithelium. It should be noted that this
anatomical relationship is only inferred
based on stimulus response properties;
there are no reports in which anatomical
features have been determined for physi-
ologically characterized afferents. Thus,
mucosal fibers may communicate with
the epithelium in a manner that is unique
from other types of extrinsic afferents (and
one not engaged by ChR2 activation)
and/or their ability to respond to brushing
of the epithelium is via mechanical sensory
transducers intrinsic to this population of
afferents in a manner that does not rely on
communication with the epithelium.

Afferent firing rates in response to light
stimulation of epithelial cells was similar
to rates recorded from TRPV1-ChR2 af-
ferents [mean villin: IFavg 
 4.86 	 0.5 Hz
(n 
 35) vs TRPV1: 3.83 	 0.48 Hz (n 

50), respectively; p 
 0.15, t 
 1.46].
However, there was a significantly longer
latency for the first action potential with
light-activation of villin-ChR2 epithelial
cells than that measured for light activa-
tion of TRPV1-ChR2 colon afferents [la-
tency: villin 14.9 	 2.2 s (n 
 35); TRPV1
0.35 	 0.12 s (n 
 47); p � 0.0001, t 

7.67; compare Figs. 2C, 4]. In addition,
the latency of afferent firing in villin-
ChR2 mice increased with repeated light
stimulation.

Interestingly, when comparing afferent firing induced by light
activation of epithelial cells to that induced by natural stimuli
(stretch) in the same fiber, the latencies to first action potential
were not significantly different [stretch-sensitive fibers (n 
 8),
latency in response to light 
 4.73 	 1.07 s; latency in response to
stretch 
 4.52 	 1.04 s, p 
 0.89, t 
 0.14]. This suggests that the
mechanism(s) underlying epithelial activation of colon afferents
shares temporal characteristics with those for stretch induced
activation. Thus, epithelial activation could be a contributor to
stretch-induced afferent activation.

Antagonism of ATP signaling inhibits stretch and
light-induced afferent firing
The increased latency of firing in generation of action potentials
by light-mediated activation of epithelial cells suggests that com-
munication to nerve fibers occurs through release of a chemical
mediator(s). To explore this possibility we bath applied an ATP
antagonist drug mixture (PPADS, TNP-ATP, and AR-C118925XX) to
the preparation and assessed firing properties. In response to a
ramp stretch stimulus, 4 of 6 (66.7%) TRPV1-ChR2 stretch-
sensitive fibers had reduced responses in the presence of drug
mixture (Fig. 6). No fibers showed complete inhibition of fir-
ing with drug application. The ability of the ATP antagonist
mixture to block the response to light stimulation of the epi-
thelium was also tested in 11 fibers of villin-ChR2 mice. Of
these, 8 (72.7%) responded to drug application, which is com-
parable to the inhibitory effects on the TRPV1-ChR2 stretch-
sensitive fiber population (Fig. 6). All fibers tested were
stretch-sensitive. Of the eight drug-sensitive fibers, 37.5%
(3/8) had a complete block in firing, whereas 62.5% (5/8) had a
partial block to drug application.

Figure 3. Distribution of blue light-responsive (LR) and non-light-responsive (NLR) fiber types in TRPV1-ChR2 and villin-ChR2
mice. A, Of 69 sensory fibers recorded from TRPV1-ChR2 mice (N 
 20 mice), 86% were responsive to blue light. Of the 69 fibers,
39 were stretch-sensitive (muscular or muscular/mucosal) and 30 were not stretch-sensitive (mucosal and serosal). B, For villin-
ChR2 mice (N
27) a total of 138 fibers were characterized and of these, 50 (36%) were responsive to blue-light activation of colon
epithelium.
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Light activation of colon epithelium elicits behavioral responses
To determine whether activation of ChR2 in colon epithelial cells
engages neural signaling pathways in vivo, we assessed behavioral
responses to colon distention and light activation in anesthetized
animals. Measures of the VMR were obtained as a surrogate for
sensory-induced activation of the colon neural circuitry. Colon
distension, via computer-controlled inflation of a balloon in the
distal colon, was combined with laser illumination of the colon
via a fiber optic contained within the balloon. In littermate con-
trol mice (4 male, 2 female), balloon distension to 60 mmHg
induced a strong VMR response (Fig. 7A) but no change in VMR
in response to light illumination of the colon (Fig. 7B). As a
positive control for ChR2 activation of sensory neurons, TRPV1-
ChR2 mice were tested (1 male, 3 female). As expected, TRPV1-
ChR2 mice exhibited a strong VMR in response to light activation
similar to that evoked with balloon distention of the colon (Fig.
7C). For Vil-ChR2 mice (4 male, 1 female), light activation of
ChR2 in the epithelium also produced robust and reproducible
VMRs (Fig. 7D). Comparison of the response rate to light stimuli
shows that relative to control littermates (n 
 6 mice), a sig-
nificant increase occurs in the percentage of responses for
both TRPV1-ChR2 (p 
 0.005, n 
 4) and Vil-ChR2 (p 
 0.038,
n 
 5) groups. There was no difference in the percentage of
response between TRPV1-ChR2 and Vil-ChR2 groups (Fig. 7E).
The average VMR values for the TRPV1-ChR2 and Vil-ChR2
groups also were significantly greater relative to the control group
(TRPV1-ChR2, P 
 0.006; Vil-ChR2, p 
 0.043; Kruskal–Wallis
test), but there was no difference between the two ChR2-expressing
mouse lines (Fig. 7F).

Finally, though the response rates were not significantly dif-
ferent between the TRPV1 and Vil-ChR2 groups, the latency to
respond was significantly faster in TRPV1-ChR2 mice [latency
Vil-ChR2, 7.9 	 1.9 s (n 
 6 mice) vs TRPV1-ChR2, 0.31 	 0.2 s
(n 
 4 mice); P 
 0.010, t 
 3.957; unpaired t test with Welch’s
correction]. This difference well parallels the increased latency of
firing measured using the teased fiber preparation and likely re-
flects the more direct activation of ChR2 in afferent terminals versus
the epithelium.

Discussion
Results from this study show that ChR2-mediated activation of
colon epithelium can directly engage neural circuitry involved in
regulating neural pathways critical for colon function. Results of
teased fiber analysis of an intact colon preparation and in vivo
measures of VMRs in response to light stimuli indicate that se-
lective activation of epithelial cells generates action potentials in
extrinsic primary afferents that have functional consequences.
Epithelial–nerve communication was evident across all func-
tional subtypes of colon afferents with the exception of mucosal
afferents. The absence of this fiber type may be due to the small
number of mucosal sensory neurons sampled by our study (6 of 138
total fibers). The response parameters of sensory fibers activated
by light/epithelial stimulation were often similar to those elicited
by mechanical stimulation (designed to mimic natural stimuli).
Importantly, the neuronal response to light stimulation of
epithelial cells could be blocked or diminished in the majority
of responsive sensory fibers with the application of a mixture
of ATP receptor antagonists. These results indicate that the

Table 1. TRPV1-ChR2-expressing fibers were exposed to 20 light pulses (50 ms each) at 1, 5, 10, and 20 Hz and the number of action potentials generated were recorded

1 Hz (n 
 24) 5 Hz (n 
 23) 10 Hz (n 
 9) 20 Hz (n 
 12)

Light pulses that generate an action
potential, % (avg)

At 1 Hz stimulation most (86.4%) fibers generated action potentials for each of the 20 light pulses. At higher-stimulation frequencies, afferents produced fewer action potentials during the stimulus train. Not all fibers were tested at all
frequencies. n 
 number of fibers recorded at each frequency.

Figure 4. Examples of teased fiber recordings from villin-ChR2 mice show activation of all fiber types in response to blue light. With the exception of mucosal afferents, all classes of mechanically
sensitive colon afferents are blue light-sensitive. In the example provided for serosal afferents, two fibers were recorded together. One fiber was classified as serosal and light responsive, due to its
responses to probe and laser stimulation (1). A second fiber was sensitive to stretch stimulation but not light (2). The two different fibers are apparent in the bottom trace, where stretch and laser
are applied at the same time.
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intestinal epithelium alone, e.g., without additional mechani-
cal stimuli, can directly activate colon sensory afferents and
that ATP is likely to have a critical role in this epithelial cell–
nerve communication.

Light activation of epithelial cells was sufficient to cause firing
in afferents functionally classified as muscular, muscular/muco-
sal, and serosal. Because fiber classifications were made based on
responses to stroking, probing, and stretch, as is standard in the
field, the exact anatomical location of these endings is not known.
For example, anatomical tracing studies (Song et al., 2009; Spen-
cer et al., 2014) find no evidence of fibers that actually end in the
serosa, making the terminology misleading. This makes it dif-
ficult to accurately define a mechanistic link between epithelial
activation and firing in afferent types, e.g., muscular and serosal.

With this limitation in mind, one mechanism of activation could
involve an intermediary cell; for example, a neuron in the sub-
mucosal and/or myenteric plexus that has projections near the
epithelium. In this scenario, the location of a responsive afferent
relative to the epithelium would not matter, provided that it con-
nects with another neuron(s) that is near the mucosa. A synaptic
delay might, in part, explain the longer latency to firing that follows
laser exposure when ChR2 is expressed in the epithelium com-
pared with when it is expressed within the sensory fiber itself.
There is also the question as to whether a response to brushing
really means that the fiber is terminating at the mucosa. It is
entirely possible that this response simply represents a colon af-
ferent with a very low mechanical threshold whose termination
could be in more distant layers.

Figure 5. Afferents of TRPV1-ChR2 and villin-ChR2 mice have different latencies to blue-light stimulation. A, Nearly all mechanically sensitive afferents from TRPV1-ChR2 mice had firing latencies
(time between start of light stimulus and afferent firing) �1 s (avg 
 0.35 s). Inset, Log plot of values on an expanded scale. B, Mechanically sensitive fibers from villin-ChR2 mice exhibit much
longer latencies (avg 
 14.9 s) in response to light activation of the epithelium. Mucosal fibers that respond to light activation were rare compared with all other fiber types.

Figure 6. Antagonism of ATP signaling causes reduction in firing to stretch and light stimuli. A drug mixture containing PPADS, TNP-ATP, and AR-C118925XX was used to block responses to
stretch (A) or laser (B) stimuli. Response to the drug mixture was defined as a �25% reduction in average firing rate upon drug application and a recovery of firing rate by �25% upon washout.
Gray dotted lines in each graph represent nonresponders. A, Fiber responses to stretch were recorded at baseline, in the presence of the antagonist mixture, and after a 10 min washout. Four of six
fibers tested (66.7%) responded to the antagonist mixture and showed reduction in spike frequency in response to stretch. B, In villin-ChR2 mice, fibers that were identified as stretch-sensitive were
also evaluated. Fiber responses to laser stimulation of colon epithelium were recorded at baseline, in the presence of the antagonist mixture, and after a 10 min washout. Application of the ATP
antagonist mixture caused a reduction in firing frequency to light in 8 of the 11 fibers tested (72.7%).

Makadia, Najjar et al. • Epithelial Activation Produces Neural Activity J. Neurosci., June 20, 2018 • 38(25):5788 –5798 • 5795



The epithelium has long been impli-
cated as a modulator of neural activity. A
recent example comes from Bellono et al.
(2017) in which application of norepi-
nephrine to the mucosa was shown to in-
duce action potential firing in mucosal
afferents that could be blocked by 5HT3

receptor antagonism. Bellono et al. (2017)
also showed that a subset of colon epithelial
cells, enterochromaffin cells, which are elec-
trically excitable, express voltage-gated ion
channels and release 5-HT in response to
depolarization.

Of particular relevance for the present
work is the purinergic mechanism hy-
pothesis, in which Burnstock (2001) pro-
posed that intestinal epithelial cells release
endogenous ATP in response to stretch.
This hypothesis proposed that released
ATP activates P2X3 or P2X2/3 receptors
localized on extrinsic afferent terminals,
resulting in increased firing (Burnstock,
1999, 2001, 2013). Using an ex vivo prep-
aration of rat colorectum, Wynn et al.
(2003) provided support for this hypoth-
esis by showing that serosal application of
ATP could activate mechanosensitive ex-
trinsic afferents, increasing their peak re-
sponses. However, missing from these
previous studies is direct evidence that ac-
tivation of the colonic epithelium can
produce action potentials de novo in ex-
trinsic primary sensory neurons, e.g.,
without simultaneous mechanical stim-
uli. Until the advent of optogenetic tools
these data have been difficult to obtain
since it was not possible to stimulate co-
lonic epithelium without also engaging
putative transduction mechanisms resi-
dent in sensory fibers themselves, i.e.,
because of the intimate anatomical rela-
tionship of the colonic epithelium and the
nerves innervating these cells, mechani-
cal, chemical, or thermal stimulation
could not be applied without simultane-
ously affecting both compartments. The selective expression of
opsin genes by tissue-specific gene promoters as used here allows
specific activation of epithelial cells.

As seen in cutaneous sensory neurons (Baumbauer et al.,
2015), light activation of ChR2 expressed in colon afferents (i.e.,
in TRPV1-ChR2 mice) did not completely mimic the response to
naturalistic colon stimuli (i.e., stretch or probing). As in cutane-
ous afferents, light activation of ChR2 in colon afferents pro-
duced almost instantaneous action potentials and continuous
exposure to 473 nm light produced repetitive firing with rela-
tively stable instantaneous frequency (although desensitization
was seen at longer exposure times). This pattern of action poten-
tial firing differs from the patterns observed when action poten-
tials were induced by light activation of the colon epithelium; for
epithelium, neuronal firing patterns were much more complex
and often similar to those produced by mechanical stimula-
tion of the colon. These more complex patterns of neuronal
activation included variable delays in the onset of firing, which

were comparable to delays that occur during the induction of
circumferential stretch and included high-frequency bursting
and desensitization. The relatively long delay in afferent acti-
vation following light stimulation of the epithelium may re-
flect multiple factors. First, the intestinal epithelium is
constantly moving upward from the stem-cell zone in the
crypts toward the lumen as part of the dynamic process of
epithelial cell turnover (Heath, 1996; Chen et al., 2001). As a
result, the anatomic relationship between the epithelial cells
and the more static neuronal terminals varies at any given
point in time (Chen et al., 2001) making it likely that any
neuromodulatory substance released by epithelial cells may
have significant distances to diffuse before encountering neu-
rotransmitter receptors on sensory endings. Another possibil-
ity is that epithelial activation releases activators that stimulate
other cells in colon tissue, including immune cells or neurons
in the enteric nervous system, that subsequently release neu-
rotransmitters that activate extrinsic colon afferents.

Figure 7. In vivo light-mediated activation of colonic epithelium generates visceromotor responses. A, VMRs to noxious colon
distention (60 mmHg) were elicited in all mouse strains analyzed: Vil-ChR2, TRPV1-ChR2 and littermate controls. Example shown
is a recording from a control mouse. B, In control mice, blue-light stimulation produces no VMR in response. C, In TRPV1-ChR2 mice,
blue-light activation CHR2 expressed in sensory afferent terminals in the colon elicits VMRs comparable to those measured using 60
mmHg of balloon pressure. D, Vil-ChR2 mice exhibit robust VMRs in response to blue-light stimulation of ChR2 expressed in
epithelial cells. E, Plot shows percentage of VMR responses per animal obtained in response to light stimulation of the colon (n 

4 TRPV1 mice, n 
 5 Vil-ChR2 mice, and 6 littermate controls). Median values indicated by the horizontal lines are 0, 67, and 83%,
respectively. There was no difference in response rate between TRPV1- and Vil-ChR2 groups. F, Plot shows average VMR values
obtained from TRPV1-ChR2 (n 
 4), Vil-ChR2 (n 
 7), and control (n 
 6) groups. Values were obtained by normalizing to
baseline measures from individual animals. Asterisks indicate significant increases relative to control group for TRPV1- and Vil-
ChR2 groups. There was no difference in VMRs between TRPV1- and Vil-ChR2 groups.
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As previous data show that epithelial-released ATP may mod-
ulate colon afferent activity (Wynn et al., 2003, 2004; Ueda et al.,
2009), we further investigated epithelial–nerve signaling by com-
bining ATP antagonists with light stimulation of the epithelium.
As a positive control, we were able to confirm that ATP is in-
volved in modulation of action potentials in colon afferents in
response to physiologic stretch by demonstrating that ATP recep-
tor antagonists reduce firing during a ramp stretch. A similar
decrease in firing was seen when the same ATP antagonists were
combined with light activation of ChR2-expressing epithelial cells,
supporting the hypothesis that colonic epithelium can directly
initiate action potentials in colon afferents via the release of ATP.
It should be noted that although some epithelial-induced firing of
colon afferents was completely blocked by our ATP antagonist mix-
ture, most fibers exhibited only partial reduction in firing. This
suggests that additional mechanisms are likely involved in neu-
ronal activation. In addition, our drug mixture of ATP antago-
nists targeted ATP receptors known to be expressed in colonic
afferents, including P2X2/3 and P2Y2 (Giaroni et al., 2002; Rob-
inson et al., 2004; Brierley et al., 2005; Shinoda et al., 2010).
However, Hockley et al. (2016) recently described the expression
of additional P2Y receptors including P2Y1, P2Y4, P2Y12, and
P2Y13 on colon afferents (although P2Y12, and P2Y13 are Gi/o
GPCRs and therefore likely to be inhibitory). Hockley et al.
(2016) found that P2Y1, an excitatory receptor that binds ADP (a
rapid metabolite of ATP) and UTP, was expressed in a majority of
dissociated colon sensory neurons. Our studies used PPADS, but
at a concentration that may not completely block P2Y1, and
therefore, some of the afferent activity not blocked following ChR2
activation of the epithelium could be due to binding of either ADP or
UTP to P2Y1 expressed on colon afferents. Also to be considered is
that colonic primary afferents express several additional ligand-
mediated excitatory channels including TRPV1 (Sugiuar et al., 2004;
Brierley et al., 2005; Malin et al., 2009, 2011; Matsumoto et al., 2009),
TRPA1 (Brierley et al., 2009; Christianson et al., 2010; Engel et al.,
2011; Malin et al., 2011), TRPM8 (Mueller-Tribbensee et al.,
2015), and 5-HT3 and 5-HT4 receptors (Hicks et al., 2002; Cold-
well et al., 2007; Feng et al., 2012; Gershon, 2013; Mawe and
Hoffman, 2013).

The present study fills a major gap in the purinergic hypoth-
esis in that it shows using an intact preparation that it is possible
to stimulate colonic epithelium without stimulating any sur-
rounding cells, including neurons. This stimulation produces ro-
bust firing of colon extrinsic sensory neurons in a manner that is
at least partially ATP dependent. However, numerous questions
remain. Studies by Bohórquez and Liddle (2011) and Bohórquez
et al. (2011, 2014) have revealed molecular and anatomical spe-
cializations typically present at synapses (including dense and
clear core vesicles) in unique populations of neuroendocrine cells
in the colon and that these specializations are found adjacent to
colon sensory afferents. Although these cells represent a minority
of colonic epithelial cells, they provide a “proof of concept” for
the type of structure that could be responsible for the epithelial-
based activation of colon afferents described here. However, it is
important to note that other authors provide evidence that stretch-
evoked activation of colon afferents is Ca 2�-independent (Zago-
rodnyuk et al., 2005), indicating that vesicular release (which is
typically Ca 2� dependent) is not an essential requirement for
mechanotransduction. Thus, further work is necessary to identify
the mechanism underlying epithelial–nerve communication and
to better understand the role of the colon epithelium in mod-
ulation of colon afferent activity under normal and pathologic
conditions.
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