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Abstract

Colorectal hypersensitivity and sensitization of both mechanosensitive and mechanically insensitive afferents develop after
intracolonic instillation of 2,4,6-trinitrobenzenesulfonic acid (TNBS) in the mouse, a model of postinfectious irritable bowel syn-
drome. In mice in which �80% of extrinsic colorectal afferents were labeled genetically using the promotor for vesicular gluta-
mate transporter type 2 (VGLUT2), we systematically quantified the morphology of VGLUT2-positive axons in mouse
colorectum 7–28days following intracolonic TNBS treatment. After removal, the colorectum was distended (20mmHg), fixed
with paraformaldehyde, and optically cleared to image VGLUT2-positive axons throughout the colorectal wall thickness. We
conducted vector path tracing of individual axons to allow systematic quantification of nerve fiber density and shape.
Abundant VGLUT2-positive nerve fibers were present in most layers of the colorectum, except the serosal and longitudinal
muscular layers. A small percentage of VGLUT2-positive myenteric plexus neurons was also detected. Intracolonic TNBS treat-
ment significantly reduced the number of VGLUT2-positive nerve fibers in submucosal, myenteric plexus, and mucosal layers
at day 7 post-TNBS, which mostly recovered by day 28. We also found that almost all fibers in the submucosa were meander-
ing and curvy, with �10% showing pronounced curviness (quantified by the linearity index). TNBS treatment resulted in a sig-
nificant reduction of the proportions of pronounced curvy fibers in the rectal region at 28 days post-TNBS. Altogether, the
present morphological study reveals profound changes in the distribution of VGLUT2-positive fibers in mouse colorectum
undergoing TNBS-induced colitis and draws attention to curvy fibers in the submucosa with potential roles in visceral
nociception.

NEW & NOTEWORTHY We conducted genetic labeling and optical clearing to visualize extrinsic sensory nerve fibers in whole-
mount colorectum, which revealed widespread presence of axons in the submucosal layer. Remarkably, axons in the submucosa
were meandering and curvy, in contrast to axons in other layers generally aligned with the basal tissues. Intracolonic TNBS treat-
ment led to pronounced changes of nerve fiber density and curviness, suggesting nerve fiber morphologies as potentially con-
tributing factors to sensory sensitization.

afferent sensitization; channelrhodopsin; colorectum; optical tissue clearing; VGLUT2-Cre

INTRODUCTION

Visceral pain is the major complaint of patients with func-
tional gastrointestinal disorders like irritable bowel syndrome
(IBS) (1). Patients generally experience visceral hypersensitiv-
ity to normal physiological bowel movements in their distal
colon and rectum (colorectum) in the absence of apparent
structural gut damage or inflammation (2). Clinical studies
indicate that sensitized primary afferents of the colorectum

contribute to the persistent discomfort and pain characteristic
of IBS (3–5). Using several preclinical rodent models of IBS,
research by us and others previously documented the sensi-
tization of both mechanosensitive and mechanically
insensitive afferents innervating the colorectum that cor-
related with the development of behavioral colorectal
hypersensitivity (2, 6–10). Notably, a single intracolonic
instillation of 2,4,6-trinitrobenzenesulfonic acid (TNBS)
induced overt colorectal inflammation, the recovery (over
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10–14 days) of which was accompanied with persistent
afferent sensitization and behavioral colorectal hypersen-
sitivity (11). The TNBS model recapitulates the symptoms
of patients with postinfectious IBS (PI-IBS), i.e., develop-
ment of persistent IBS symptoms after experiencing a bout
of intestinal infection (12).

Visceral pain is usually evoked by mechanical stimuli to
hollow visceral organs; other stimulus modalities like nox-
ious tissue squeezing, cutting, heating, or even inflammation
are generally insufficient to evoke perception from the vis-
cera [see Ref. 13 for a recent review]. Thus, to further advance
the understanding and treatment of visceral pain requires
focused research on colorectal mechanotransduction, i.e.,
encoding the mechanical stress and strain on local tissue
into trains of action potentials by sensory afferents in the
colorectum. Neural encoding by colorectal afferents in
response to mechanical stimuli in both naïve and visceral
hypersensitive mice has been systematically studied by
extracellular single-unit recordings from afferent axons [e.g.,
(6, 14–21)], and to a lesser degree by intracellular record-
ings from afferent somata in the dorsal root ganglion
(DRG) (22, 23). In addition, our recent optical recording
approach using genetically encoded calcium indicators
GCaMP6f at intact DRG allowed high-throughput record-
ings of colorectal afferent neural activities (24). Those
afferent neural activities are generated by the spike initia-
tion process of mechanotransduction, which takes place at
the microns-thick afferent axons embedded in the colo-
rectal wall (18, 25), a focal region that is relatively under-
studied. Current knowledge about colorectal afferent
fibers includes their anatomical locations and morphology
in the colorectal wall, revealing that they are mostly free-
nerve endings across different sublayers in the colorectum
(26, 27). Knowledge is scarce regarding morphological
changes of colorectal afferent fibers during development
of IBS-like visceral hypersensitivity. Previously, apparent
changes of neuronal fibers in the colorectum were
detected in the intracolonic TNBS mouse model of PI-IBS
using antibody staining against a pan-neuronal marker
protein gene product 9.5 (PGP 9.5), which indicated appa-
rent reduction of nerve fiber density following TNBS treat-
ment with recovery 14 to 28 days posttreatment (11).
However, it remains undetermined to what extent extrin-
sic afferent fibers change their morphology and density in
the colorectum following TNBS treatment.

Most extrinsic afferents are glutamatergic neurons that
express one of the three vesicular glutamate transporter
(VGLUT) subtypes (28). Our prior study indicated that colo-
rectal afferents predominantly express subtype 2 (VGLUT2);
less than 10% of the colorectal DRG neurons express
VGLUT1 or VGLUT3 (29). We also showed previously that
channelrhodopsin2 tagged with fluorescent protein EYFP
(ChR2-EYFP) was efficiently transported to afferent endings
in the colorectum permitting functional characterizations
(17, 25). In this study, we took advantage of the possibility to
selectively tag VGLUT2-expressing colorectal primary affer-
ent fibers to systematically analyze morphological changes
following intracolonic TNBS instillation in Cre-LoxP trans-
genicmice, in whichmost afferent DRG neurons were tagged
with ChR2-EYFP by the VGLUT2 promoter (VGLUT2-Cre)
(30). We further confirmed that VGLUT2-Cre labeled only a

small fraction of myenteric neurons (2.6%) and virtually no
neural somata in autonomic ganglia, in contrast to efficient
labeling (78%) of colorectal DRG neurons (24). We also con-
ducted optical tissue clearing on whole mount colorectum
by adapting a SeeDB protocol originally developed for clear-
ing brain tissues (30), which allowed confocal imaging of
nerve fibers through the thickness of the colorectal wall. We
then conducted three-dimensional vector tracing of nerve
fibers from the confocal image stacks for systematic quantifi-
cation of nerve fiber location, density, and morphology
before and after TNBS treatment.

MATERIALS AND METHODS

All experimental procedures were reviewed and approved
by the University of Connecticut Institutional Animal Care
and Use Committee (IACUC).

Transgenic Mice

Homozygous Ai32 mice (C57BL/6 background; strain no.
024109, The Jackson Laboratory, Connecticut) and homo-
zygous VGLUT2-Cre mice (strain no. 28863, Jackson
Laboratory, Connecticut) were crossbred. Ai32 mice carry
the channelrhodopsin2 gene “ChR2(H134R)-EYFP” in the
Gt (ROSA) 26Sor locus, which is preceded by a LoxP-
flanked STOP cassette to prevent its expression. By cross-
ing Ai32 mice with VGLUT2-Cre mice, the Cre-expressing
cell population has the STOP cassette trimmed, resulting
in expression of ChR2-EYFP in glutamatergic neurons
expressing VGLUT2, which make up the vast majority of
sensory neurons innervating the distal colon and rectum
(colorectum) (29). Offspring of both sexes aged 8–14wk
heterozygous for VGLUT2-Cre and ChR2-EYFP genes (i.e.,
VGLUT2/ChR2) were used for the study.

To further confirm the expression efficiency of VGLUT2-
Cre mice, we crossed VGLUT2-Cre mice with another reporter
line, i.e., the tdTomato mice (Ai14, strain no. 7914, The
Jackson Laboratory, Connecticut) as described previously
(24). TdTomato filled the cytoplasmic space to allow easy
quantification of DRG neurons. Offspring with heterozygous
tdTomato (tdT) and VGLUT2-Cre genes (i.e., VGLUT2/tdT)
were used for the study.

Mouse PI-IBS Model by Intracolonic TNBS Treatment

Mice were lightly anesthetized (isoflurane), and either sa-
line or TNBS (0.2 mL @ 10 mg/mL in 50% ethanol; Sigma-
Aldrich, St. Louis, MO) was administered transanally via a
22-gauge feeding needle with an oval-shaped tip of Ø1.25mm
(no. 8061-22, Fine Science Tools, Foster City, CA). Under an-
esthesia, mice were held in a head down position (�30�) for 5
min to ensure retention of TNBS in the colon. All mice
receiving TNBS showed symptoms of diarrhea and detecta-
ble weight loss within 4days of treatment. Dietary gel (NGB-
1, Bio-Serv, Flemington, NJ) was provided to mice showing
severe weight loss (>5% original body weight). Our prior
study indicated significant loss of nerve fibers in the colorec-
tum at day 7 post-TNBS treatment and complete recovery by
day 28 (11). Accordingly, we designed the current study to
assess nerve fiber density and morphology in VGLUT2/ChR2
mice at days 7 and 28 post-TNBS.

TNBS CHANGES VGLUT2-POSITVE AXONS IN THE COLORECTUM

AJP-Gastrointest Liver Physiol � doi:10.1152/ajpgi.00363.2020 � www.ajpgi.org G645
Downloaded from journals.physiology.org/journal/ajpgi (200.010.109.202) on October 9, 2023.

http://www.ajpgi.org


Tissue Preparation for Whole Mount Optical Clearing

Seven or 28days after intracolonic TNBS or saline, mice
were deeply anesthetized (isoflurane) and euthanized by trans-
cardiac perfusion from the left ventricle with ice-cold oxygen-
ated Krebs solution (inmM: 117.9 NaCl, 4.7 KCl, 25 NaHCO3, 1.3
NaH2PO4, 1.2 MgSO4, 2.5 CaCl2, and 11.1D-glucose). The excised
�30mm of distal colorectumwas cannulated and distended to
20mmHg with phosphate-buffered saline (PBS) using a cus-
tom-built distending device, an innocuous pressure that pre-
vents folding of the colorectal wall (31). The colorectum was
distended for 1min, rested for 1min, and distended/rested five
times in total. After the distending protocol, the colorectum
generally displayed a cylindrical shape as shown in Fig. 1A.
The colorectum was then cut open along the mesentery and
fixed with 4% (wt/vol) paraformaldehyde (PFA, Sigma-Aldrich,
St. Louis, MO) dissolved in PBS at 4�C for 3h.

Optical Clearing by Adapting the SeeDB Protocol

To optically clear the colorectum, we adopted the protocol
published by Ke et al., which was originally developed for
clearing mouse brain tissue (30). Briefly, the fixed samples
were rinsed with PBS three times and then submerged in 20–
30mL of 20%, 40%, 60%, 80%, and 100% (wt/vol) fructose
for 3h, 3h, 12h, 12h, and 24h, respectively. Afterward, the
samples were submerged in SeeDB solution (80.2% wt/wt
fructose) for 24h. The 20%–100% fructose solutions were

prepared with diluted PBS (10 times dilution), and the SeeDB
solution was prepared with deionized H2O. The clearing pro-
cess was conducted in a dark environment with sample
tubes placed on a gentle shaker at room temperature.
Samples were further incubated in refractive indexmatching
solution (RIMS, see Ref. 30 for details) overnight at 4�C and
divided longitudinally into three 10-mm-long segments (i.e.,
colonic, intermediate, and rectal regions, proximal to distal)
as shown in Fig. 1B, according to our previous reports (32,
33). The anus was removed from the study. We mounted
each segment in RIMS on glass slides and sealed the cover-
slip with nail polish. Incubating and mounting samples in
RIMS with a refractive index (RI) of�1.47 enhanced the opti-
cal clarity by reducing the mismatch of RIs between the
processed sample and the glass microscope objective (34).

Whole Mount Immunostaining of the Colorectum

To quantitatively determine the expression efficiency of
the VGLUT2-Cre mice, we conducted immunostaining on
whole-mount colorectum harvested from both VGLUT2/
ChR2 and VGLUT2/tdT mice. Mice were euthanized via iso-
flurane inhalation and perfused with a calcium-free Krebs
solution containing 10mM EDTA and 1mM nifedipine
(Sigma-Aldrich, St. Louis, MO). Distal colons were harvested
and distended using the same distending protocol as
described in Tissue Preparation for Whole Mount Optical
Clearing. Inflated colons were fixed in the tubular shape in
4% PFA at 4�C for 30min. The fixed tissues were washed in
PBS with 0.1% Triton X-100 (Sigma-Aldrich) and then incu-
bated in blocking solution containing 4% donkey serum,
0.4% Triton X-100, and 1% bovine serum in PBS for 45min
(35). To visualize neural somata, the tissues were incubated
with a mouse biotin-conjugated monoclonal antibody
against HuC/HuD (1:200, Fisher Scientific, East Greenwich,
RI) for 48h at 4�C, and then were incubated in Streptavidin
conjugated with Alexa Fluor 594 (1:200, Jackson Immuno-
Research, West Grove, PA) for 2 h at room temperature. The
colorectum was then flattened, mounted whole on diamond
white glass slides serosal side up (Globe Scientific, Inc.,
Mahwah, NJ), covered by thin glass slips (Corning, Inc.,
Corning, NY), and imaged at the myenteric plexus using a
confocal microscope (A1R, Nikon Inc., Melville, NY).

Immunohistochemistry

VGLUT2/ChR2 mice were euthanized via isoflurane inhala-
tion. The autonomic ganglions, e.g., major pelvic ganglion
(MPG) and lumbar sympathetic chain (LSC), were dissected out
and fixed with 4% (wt/vol) paraformaldehyde dissolved in PBS
for 2 h at room temperature. After cryoprotection in 20% su-
crose, fixed tissues were embedded in OCT compound (Sakura
Finetek, Tokyo, Japan), frozen at �20�C, and sectioned at
20mm. Tissue sections were incubated in a rabbit antibody
against tyrosine hydroxylase (1:400, MilliporeSigma, St. Louis,
MO), and the signals were further amplified by Alexa Fluor
594-conjugated antirabbit IgG (1:400, Abcam, Cambridge, MA).

Imaging throughout Colorectal Wall under Confocal
Microscope

Cleared colorectal samples were mounted serosal side up
in RIMS on diamond white glass slides and covered by thin

Figure 1. Optical clearing of mouse colorectum for through-thickness
imaging. A: distal mouse colorectums were cannulated, distended to
20mmHg, fixed by 4% paraformaldehyde. B: bright-field images of
uncleared versus optically cleared colorectum. The distal 30mm of the
colorectum was evenly divided into colonic, intermediate, and rectal seg-
ments (from proximal to distal). The anus was removed from the study. C:
confocal fluorescent images of VGLUT2-positive nerve fibers captured
from uncleared colorectum, in comparison with images from optically
cleared colorectum. Fine fibers were observed in images from cleared col-
orectum as indicated by the white arrowhead. VGLUT2, vesicular gluta-
mate transporter type 2.
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glass slips. The colorectal wall (thickness from 100 to
300mm) was scanned from serosa to mucosa with a Nikon
A1R spectral confocal microscope (Nikon Inc., Melville, NY)
using a�40 Plan Fluor Oil immersion objective (working dis-
tance 240mm, NA 1.30). To capture fine structures of unmye-
linated nerve axons (�1mm thick according to Ref. 27), we
scanned the sample in 0.3-mm steps at 1,024� 1,024 pixel re-
solution either through the wall thickness or up to 200mm,
limited by the working distance of the �40 objective. We
implemented intensity correction in the Z (through-thick-
ness) axis to increase scanning laser power for deep tissues.
We acquired images by setting the parameters in the Nikon
NIS-Elements software suite that came with the microscope.
In each sample, two image stacks were recorded at random
spots. To avoid confounding factors, areas with large blood
vessels that showed strong autofluorescence were not
imaged.

Vector Path Tracing of VGLUT2-Positive Nerve Fibers
from Image Stacks

The three-dimensional volume from confocal image
stacks through the colorectal wall was divided into subvo-
lumes following the anatomical separation of longitudinal
muscular, myenteric plexus, circular muscular, submucosal,
and mucosal layers. Data analysists were blinded to the
TNBS or saline treatment to the mice. In each subvolume
except the myenteric plexus, VGLUT2-positive nerve fibers
were traced using a semiautomated neurotracing plugin in
ImageJ software (v. 1.8.0; National Institutes of Health,
Bethesda, MD), i.e., “Simple Neurite Tracer” (36). This
approach permitted the creation of vector paths of individ-
ual nerve fibers, including fibers with a curvy appearance by
approximating with infinitesimal linear segments. The
traced vector paths were extracted as “x,” “y,” and “z” coordi-
nates at the ends of the full path as well as their lengths to
allow post hoc statistical analyses of nerve fibers. Vector
path tracing was not performed in the myenteric plexus,
where nerve fibers clustered into thick bundles, which pre-
vented definitive tracing of individual fibers.

Quantification of VGLUT2-Positive Nerve Fibers

Nerve fiber density quantified as length per volume.
After vector path tracing, the density of VGLUT2-positive
nerve fibers in the longitudinal muscular, circular muscular,
submucosal, and mucosal layers was calculated as total
nerve fiber length divided by tissue volume. The total fiber
length in each tissue volume was acquired by summing up
all traced vector paths within the volume.

Nerve fiber density quantified as percentage of
fluorescent signals.
Particularly in the myenteric plexus, VGLUT2-positive nerve
fibers organized into thick bundles that weaved into a mesh-
like network, making it impossible to trace individual nerve
fibers within. In such cases, we proceeded with the quantifi-
cation of the density of VGLUT2-positive nerve tissue as the
area percentage of fluorescent signals within the myenteric
plexus. Detection of the fluorescent signal threshold was
reported previously (24). Using ImageJ, we projected each
image stack from the myenteric plexus with “maximum

intensity z-projection” to convert into an 8-bit grayscale
image. The threshold was set to exclude at least 99.99% of
the background intensity based on its Gaussian distribution.
The threshold value was calculated from the standard nor-
mal distribution (Z) equation: threshold=3.72 SD þ M,
where 3.72 was the Z-score at P = 0.9999, SD and M were the
standard deviation and mean of background intensities in 8-
bit grayscale (0–255), respectively. The percentage of fluores-
cent signals was calculated as the area ratio above the
threshold in the 8-bit grayscale image.

Fiber ending curviness quantified by the linearity index.
The distal afferent endings (50 to 300mm) in the colorectum
are putative transducer zones for encoding external stimuli
into trains of action potentials. Most distal VGLUT2-positive
nerve fibers in the submucosa appear curvy and “meander-
ing,” in contrast to fibers in muscular or mucosal layers that
are generally aligned with the muscle bundles or the crypts.
From vector path tracing, we defined the linearity index
(LnIdx) of individual nerve endings as the ratio between the
path length of the distal 50–300-mm axon and the direct dis-
tance between the two ends of the distal axon.

LnIdx ¼ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � x1ð Þ2 þ y2 � y1ð Þ2 þ z2 � z1ð Þ2

q

where L is the length of the distal nerve axon, and (x1, y1, z1)
and (x2, y2, z2) are coordinates of the two ends. The linearity
index LnIdx is 1 for an ideally straight nerve fibers, and
greater than 1 for curvy and meandering fibers. For
unmyelinated free nerve endings, the exact distribution of
transducer molecules for mechanical stimuli remains
undetermined but are generally presumed to be expressed
in the distal �100 microns of the endings, i.e., the pre-
sumed transducer zone (18). When determining the LnIdx,
we analyzed the distal 50–300 μm of the nerve endings in
the colorectum, which likely encompass the transducer
zone of the fibers.

Data Analysis

Data are presented as means ± SD. Error bars in bar graphs
of the figures indicate SD. One-way and two-way analyses of
variance (ANOVA) were used to test the differences between
control and treated groups. Bonferroni post hoc multiple
comparison was performed if difference is significant. The
normality of data was assessed by Shapiro–Wilk test.
Differences were considered significant when P < 0.05.
Statistical analysis was performed using SigmaStat v. 4.0
(Systat Software, San Jose, CA).

RESULTS

Optical Clearing of Mouse Colorectum for Whole Mount
Imaging

As shown in Fig. 1A, the colorectum was distended by
20mmHg pressure to prevent wall folding following the pro-
tocol described in the MATERIALS AND METHODS. The cylindri-
cal colorectum was cut open, fixed by PFA, optically cleared
following the modified SeeDB protocol, and divided longitu-
dinally into three segments: colonic, intermediate, and rectal
segments. As displayed in bright-field photographs in Fig. 1B,
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cleared colorectum showed more glass-like transparency
than the uncleared counterpart. Displayed in Fig. 1C are
examples of Z-stack confocal microscope images of the same
thickness (78mm) from uncleared and cleared colorectal
walls of VGLUT2/ChR2 mice. Thick nerve bundles in the
myenteric plexus were able to be captured in the uncleared
colorectum, but individual microns-thick fibers were only
visible in the cleared colorectum (marked by the white
arrowhead) and obscured in the uncleared colorectum. This
is likely due to the dramatically reduced laser power for
imaging the cleared tissue than for the uncleared, yielding
significantly lower background signals to enhance the detec-
tion of fine nerve fibers.

Validation of VGLUT2 Expression in Colorectal Nerve
Innervations

To validate the expression efficiency of VGLUT2-Cre, we
not only cross bred VGLUT2-Cre gene line mice with the
floxed channelrhodopsin2 (ChR2) reporter line, but also a
tdTomato (tdT) reporter line. Displayed in Fig. 2, A and B,
are confocal images from cleared colorectum harvested from
VGLUT2/tdT and VGLUT2/ChR2 mice, respectively. Both re-
porter lines revealed comparable VGLUT2-positive neural
tissue patterns in the myenteric plexus, i.e., the mesh-like
thick nerve bundles connectingmyenteric ganglia. However,
the tdT reporter was inferior at labeling individual fine fibers
in the submucosal layer as compared with the ChR2 reporter
(Fig. 2C). Both tdT and ChR2 reporter lines were efficient in
labeling the cell somata in the myenteric ganglia as indi-
cated by arrowheads in Fig. 2, A and B. Thus, we used both
reporter lines to quantify the proportions of positive neurons
in the myenteric plexus and exclusively used the VGLUT2/
ChR2 mice for quantification of nerve axons in the
colorectum.

In our previous study using the tdT reporter line, we
reported that VGLUT2-Cre induced expression in 78% of
colorectal afferent neurons in the DRG (24). To assess the
expression efficiency in the enteric nervous system, we
marked the neural somata with anti-Hu antibody as shown
in Fig. 2D. From five through-thickness image stacks taken
from five different colorectums (one from each colorectum),
we identified 266 neurons in myenteric plexus immunoreac-
tive to anti-Hu, seven of which were also VGLUT2 positive.
This indicated that VGLUT2-Cre only induced expression in
a very small fraction of myenteric neurons (2.62± 1.88%).
Throughout the myenteric plexus, we did not find any
VGLUT2-positive neural somata that had negative anti-Hu
immunoreactivity. We did not observe any VGLUT2-positive
somata in the submucosal plexus (data not shown), consist-
ent with prior antibody-based immunostaining results (29).

Besides sensory afferent and enteric innervations, the col-
orectum is also innervated by autonomic neurons, mostly
postganglionic sympathetic neurons in the lumbar sympa-
thetic chain (LSC) and the major pelvic ganglion (MPG) (37).
We thus harvested LSC and MPG from VGLUT2/ChR2 mice
both 12days post-TNBS and saline treatment and stained the
tissue sections with an antibody against tyrosine hydroxy-
lase (TH), a marker for sympathetic neurons. As shown in
Fig. 3A, VGLUT2-Cre did not label any somata in the MPG of
mice receiving TNBS, which contained TH-immunoreactive

sympathetic fibers and somata. Similarly, the TH-positive
autonomic fibers and somata did not colocalize with
VGLUT2-positive fibers in the LSC from TNBS-treated mice
(Fig. 3B). Also, no colocalization between VGLUT2-positive
and TH-positive fibers or somata was detected in MPG from
saline-treated mice (Fig. 3C), consistent with a previous

Figure 2. Validation of VGLUT2 expression in colorectal nerve innervations.
In optically cleared colorectum, VGLUT2-positive signals were visualized
using a tdTomato reporter (A) and a channelrhodopsin2-EYFP reporter (B). C:
comparison of colorectal nerve density between VGLUT2/ChR2 and
VGLUT2/tdT mice in myenteric plexus and submucosa layers. The data are
shown as means ± SE. Sample numbers are shown in each column. D:
VGLUT2-Cre only stained a very small fraction (2.62%) of neurons in the
myenteric plexus, the somata of which were marked in red by anti-Hu anti-
body. Scale bars: 50mm. �P < 0.05. ChR2, channelrhodopsin2; VGLUT2, ve-
sicular glutamate transporter type 2.
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report (37). These above results collectively indicate that
EYFP-labeled nerve fibers in the VGLUT2/ChR2 colorectum
consist of mostly extrinsic sensory afferents and a very small
fraction of intrinsic myenteric fibers.

Through-Thickness Imaging of VGLUT2-Positive Fibers
in the Colorectum

Image stacks of VGLUT2-positive fibers in cleared colorec-
tum were taken via confocal microscopy at 0.3-mm steps
through the wall thickness from serosal to mucosal surfaces,
or up to 200mm (limited by the working distance of the �40
objective). Wall thickness of the distal colorectum increased
progressively from �120mm in the colonic region to over
250mm in the rectal region, as previously reported (31, 38);
most of the thickness was attributable to the mucosal layer.
Thus, confocal imaging captures the entire wall thickness
in the colonic and intermediate segments, but only a portion
of the mucosal layer in the rectal segment. Shown in Fig. 4
are typical Z-stack images at five anatomically distinct layers
of the colorectum: mucosal (M), submucosal (SM), circular
muscular (CM), myenteric plexus (MP), and serosal and lon-
gitudinal muscular (S-LM) layers. VGLUT2-positive nerve
fibers were abundant in submucosal and myenteric plexus

layers, which coincide with regions of the two enteric plex-
uses in the colorectum. VGLUT2-positive nerve fibers were
also widely present around the crypts in the mucosal layer
and present to a lesser degree in circular muscular layers. We
did not detect any nerve fibers that were definitively embed-
ded in the muscle bundles in the longitudinal muscular
layer. Also, no VGLUT2-positive fibers were detected in the
serosal layer. Typical images of VGLUT2-positive fibers in
colorectums harvested at day 7 and 28 post-TNBS treatment
(TNBS-D7, TNBS-D28) are also displayed in Fig. 4. In colorec-
tums harvested on day 7 post-TNBS, we detected an appa-
rent reduction of VGLUT2-positive nerve fibers, particularly
evident in the mucosal and submucosal areas (white arrow-
heads). In colorectums harvested on day 28 post-TNBS, there
was no apparent reduction in VGLUT2-positive nerve fibers
in any layer.

Density of VGLUT2-Positive Nerve Fibers in the
Colorectum

We quantified the density of nerve fibers in the myenteric
plexus by calculating the area fraction of VGLUT2-positive
fluorescent signals within the total area. Displayed in Fig. 5A
is a representative image stack of a 25-μm-thick myenteric

Figure 3. Absence of VGLUT2 expression in au-
tonomic ganglia, i.e., the major pelvic ganglion
(MPG) and lumbar sympathetic chain (LSC).
Sympathetic neurons and fibers marked by an
antibody against tyrosine hydroxylase (TH) are
indicated by solid arrowheads, which do not
overlap with ChR2-EYFP fibers (driven by
VGLUT2-Cre) as indicated by open arrowheads.
Expression of VGLUT2 was not identified in TH-
positive autonomic neurons in either MPG (A) or
LSC (B) harvested 12days post-TNBS, nor was
in MPG harvested from saline-treated con-
trols (C). Scale bars: 50 mm. TH, tyrosine
hydroxylase; TNBS, 2,4,6-trinitrobenzenesul-
fonic acid; VGLUT2, vesicular glutamate
transporter type 2.
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Figure 4. Representative through-thickness imaging of VGLUT2-positive fibers in the colorectum. Confocal images were taken from colorectums har-
vested from control and TNBS-treated mice at day 7 (TNBS-D7) and day 28 (TNBS-D28). CM, circular muscular layer; M, mucosa; MP, myenteric plexus;
S-LM, serosal and longitudinal muscular layer; SM, submucosa; TNBS, 2,4,6-trinitrobenzenesulfonic acid; VGLUT2, vesicular glutamate transporter type
2. Scale bars: 50mm.
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plexus, which was transformed into an 8-bit Z-stack image
(intensity from 0 to 255) and further converted into a binary
image by setting a detection threshold based on the mean
(3.619) and standard deviation (1.379) of the background in-
tensity. The fraction of VGLUT2-positive nerve fibers in the
myenteric plexus area was determined by dividing the mean
intensity of the binary image 58.01 by 255, i.e., 22.75%. In
contrast, fiber density in muscularis, submucosa, and mu-
cosa was quantified by vector path tracing using the “simple
neurite tracer” plug-in in ImageJ. As shown in a typical
example in Fig. 5B, individual nerve fibers (marked by arrow)
and thick nerve bundles consisting of many axons (marked
by double arrow) were both present in the tissue. For consist-
ent analyses, we only quantified individual fibers and did
not include nerve bundles. The total length of individual
nerve fibers in Fig. 5B was 4,036mm in a volume of 2.18� 106

(322.18� 322.18� 21) mm3, resulting in a fiber density of
1.85m/mm3.

As summarized in Fig. 6, the density of VGLUT2-positive
fibers was determined at random locations in the colonic, in-
termediate, and rectal segments of five colorectums harvested
from control VGLUT2/ChR2 mice receiving intracolonic sa-
line treatment. VGLUT2-positive nerve density in the myen-
teric plexus (MP), circular muscular (CM), and mucosal (M)
layers was comparable in all three longitudinal segments
(one-way ANOVA, F = 0.54, P = 0.60 for MP; F = 0.007, P =
0.99 for CM; F = 0.37, P = 0.70 for M). In contrast, nerve fiber
density in the submucosal (SM) layer was significantly greater
in the colonic segment than in the two distal segments (one-
way ANOVA, F = 43.29, P < 0.001; post hoc analyses, P < 0.01
for colonic vs. rectal and colonic vs. intermediate). VGLUT2-
positive nerve fibers were absent in the serosal and

longitudinal muscular (S-LM) layers in all three longitudinal
segments. In colonic segments, nerve fiber density in the CM
layer was significantly lower than in the SM and M layers (F =
12.65, P < 0.01; post hoc analyses, P < 0.001 for CM vs. SM,
P < 0.05 for CM vs. M). In intermediate segments, the fiber
density in the CM and SM layers were comparable but signifi-
cantly less than in the M layer (F = 21.22, P < 0.001; post hoc
analyses, P < 0.001 for M vs. CM, P < 0.001 for M vs. SM). In
rectal segments, the fiber density in the CM layer was less

Figure 5. Quantification of the density of VGLUT2-positive nerve fibers in the colorectum. A: the density of VGLUT2-positive neural signals in the myen-
teric plexus was quantified by the area fraction of positive fluorescent signals after flattening the confocal image stacks. B: the density of VGLUT2-posi-
tive fibers (e.g., indicated by white arrow) in other layers of the colorectum was quantified by the nerve length per volume. For consistency, nerve
bundles containing more than one axon (e.g., indicated by white double arrow) were excluded from the analysis. Vector path tracing was conducted on
individual nerve fibers as indicated by the pink traces. VGLUT2, vesicular glutamate transporter type 2.

Figure 6. VGLUT2-positive nerve fiber densities quantified as nerve
length per unit volume in serosal and longitudinal muscular (S-LM), circular
muscular (CM), submucosal (SM), and mucosal (M) layers. As indicated
with blue markers, neural tissue density in the myenteric plexus (MP) was
quantified as the area fraction of positive fluorescent signals shown in the
right y axis. The circle, square, and diamond markers indicate nerve den-
sity in colonic, intermediate, and rectal segments, respectively. �P < 0.05.
VGLUT2, vesicular glutamate transporter type 2.
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than in the M layer but comparable with the SM layer (F =
11.28, P < 0.01; post hoc analyses, P = 0.001 for CM vs. M, P =
0.07 for CM vs. SM). Overall, nerve fiber density is lowest in
the CM layer in all three segments.

Loss (Day 7) and Recovery (Day 28) of VGLUT2-Positive
Nerve Fiber Density following Intracolonic TNBS
Treatment

Using through-thickness confocal imaging and fiber quan-
tification, we determined the change in nerve fiber density on
day 7 after intracolonic saline treatment (control) and days 7
and 28 after intracolonic TNBS treatment (TNBS-D7, TNBS-
D28) and summarized the results in Fig. 7. Colorectums were
harvested from five control, 10 TNBS-D7, and eight TNBS-D28
mice. As shown in Fig. 7A, nerve fiber density in CM layers
was unaffected by TNBS treatment in all three longitudinal
segments [two-way ANOVA, F2,35 =0.98, P = 0.39 for seg-
ments; F2,35 = 1.41, P = 0.26 for treatment]. In contrast, nerve
fiber density in the TNBS-D7 group was significantly reduced
in MP (Fig. 7B), SM (Fig. 7C), andM (Fig. 7D) layers in all three
longitudinal segments [two-way ANOVA, F1,8 =50.16, P <
0.001 for colonic SM; F1,8 = 27.20, P < 0.001 for intermediate
SM; F1,8 = 11.04, P < 0.05 for rectal SM; F1,9 = 13.11, P < 0.01 for
colonic MP; F1,9 =8.13, P < 0.05 for intermediate MP;
F1,10 = 18.51, P < 0.01 for rectal MP; F1,8 =27.89, P < 0.001 for
colonic M; F1,8 = 15.12, P < 0.01 for intermediate M; F1,7 = 19.80,
P< 0.01 for rectalM]. In the TNBS-D28 group, nerve fiber den-
sities completely recovered to control densities in most areas
of SM, MP, and M layers (post hoc comparison, P = 0.81 for in-
termediate SM, P = 0.09 for rectal SM, P = 0.17 for colonic MP,

P = 0.22 for intermediate MP, P = 0.43 for rectal MP, and P =
0.69 for rectal M, all vs. control). In some areas, nerve density
did not fully recover at day 28 post-TNBS, including in colonic
SM (P = 0.003), colonic M (P = 0.11), and intermediate M (P =
0.16).

TNBS Impact on the Curviness (Quantified by Linearity
Index) of Nerve Fibers within the Submucosa

Unlike the VGLUT2-positive nerve fibers in other layers of
the colorectum that were generally aligned with the basal tis-
sues (e.g., along the circular muscle bundles or around the
crypts), fibers in the submucosa did not seem to follow any
patterns but were significantly more meandering and curvy.
Accordingly, we quantified the linearity index (LnIdx) in all
distal 50- to 300-mm endings of the nerve axons in the sub-
mucosa following the description in the MATERIALS AND

METHODS. We analyzed the LnIdx of a total 1,148 VGLUT2-
positive fibers from five control, 10 TNBS-D7, and eight
TNBS-D28 colorectums. Among the 1,148 fibers, 1,127 (98.2%)
exhibited LnIdx graded arbitrarily but based on the range as
low (1–1.67), medium (1.68–2.33), and high (2.34–3), which
correspond to moderate, pronounced, and extreme curvi-
ness, respectively. Displayed in Fig. 8A are typical examples
of fibers from these three groups. As shown in Fig. 8B, in
control mice, most of the fibers identified across the differ-
ent areas analyzed (>84%) exhibited moderate curviness,
followed by fibers with pronounced curviness varying from
9.90% to 15.98%; the proportion of fibers exhibiting extreme
curviness was not significant in any group (<4.3%) and
received no further analysis. In mice undergoing TNBS

Figure 7. Altered VGLUT2-positive neural
fiber densities in all layers of the colorec-
tum following intracolonic TNBS treatment.
The neural densities in control (black circle)
and TNBS-treated colorectums at day 7 (or-
ange square) and day 28 (green diamond)
were quantified in circular muscular (A),
myenteric plexus (B), submucosal (C), and
mucosal layers (D). �Significant difference
from control. TNBS, 2,4,6-trinitrobenzene-
sulfonic acid; VGLUT2, vesicular glutamate
transporter type 2.
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Figure 8.Quantification of the curviness by linearity index (LnIdx) of the distal 50–300-mm endings of the nerve axons in the submucosa following intra-
colonic TNBS treatment. A: typical submucosal nerve fibers with different levels of curviness, i.e., moderate (1–1.67, green), pronounced (1.67–2.33, ma-
genta), and extreme (2.33–3, cyan). Scale bars: 50mm. B: the LnIdx histograms of 1,127 fibers ranging from 1 to 3 (21 fibers with LnIdx beyond 3 were
excluded). �P< 0.05. TNBS, 2,4,6-trinitrobenzenesulfonic acid.
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treatment, fibers moderately curvy remained mostly unaf-
fected in either proportion or LnIdx. The proportion of pro-
nounced curvy fibers varied from 9.9% to 15.98% across
different groups. In the TNBS-D7 group, the proportion of
pronounced curvy fibers trended toward a reduction com-
pared with control in all three longitudinal segments despite
reaching no statistical significance (Fisher’s exact test, P =
0.096 for colonic, P = 0.338 for intermediate, P = 0.213 for
rectal vs. control). In the TNBS-D28 group, the proportion
of pronounced curvy fibers was comparable with control
at the colonic and intermediate segments (14.02%, P =
1.000 for colonic; 11.67%, P = 0.830 for intermediate vs.
control) but was significantly lower than control level in
the rectal segment (4.07%, P < 0.001). Pooling the LnIdx
from all three segments, there was no statistical difference
between the average LnIdx in control, TNBS-D7, and
TNBS-D28 groups, which were 1.47 (n = 472), 1.42 (n = 202),
and 1.31 (n = 474), respectively.

DISCUSSION

The principal innovation of the current study is the
macro-level approach to quantify the morphology and den-
sity of overall VGLUT2-positive fiber innervations in the col-
orectum, which consist of mostly extrinsic sensory afferents.
A handful of previous studies of colorectal afferent fibers
focused on sparse neural tracing of a small number of fibers
in the colorectum. For example, anterograde tracing from
fine split filaments of spinal nerves revealed the presence of
nerve fibers in all layers of the colorectum except the serosa
(39–41). Tracing the pelvic nerve with an anterograde dye
may unavoidably label nonafferents as evidenced by occa-
sional staining of the somata of viscerofugal and major pel-
vic ganglion neurons (40). Recently, Spencer et al. (27)
pioneered a novel tracing approach to exclusively label ex-
trinsic afferents by sparse labeling of lumbosacral dorsal root
ganglion.

In the current study, we took advantage of our recently
reported method for genetic labeling of VGLUT2-expressing
DRG neurons by use of a VGLUT2-Cre line to drive the
expression of LoxP reporter genes, which labels �80% colo-
rectal afferent neurons to allow studying their nerve fiber
patterns in the colorectum. Importantly, VGLUT2 has been
found in �97% and �98% of colorectal afferent neurons
present in lumbosacral (L6-S2) and thoracolumbar (T8-L1)
DRGs, respectively (29). We also confirmed that VGLUT2-Cre
did not drive any expression in neurons in autonomic gan-
glia, i.e., the MPG and LSC, which was consistent with a prior
report on naïve mice (37). The same study also reported that
axotomy, a severe peripheral nerve injury, led to sporadic
VGLUT2-positive somata in the autonomic ganglia. In con-
trast, intracolonic TNBS enema in the current study was a
much milder injurious stimulus and did not drive any de-
tectable expression of ChR2-EYFP in the somata of auto-
nomic ganglia in VGLUT2/ChR2mice.

Here, we not only show a profuse distribution of VGLUT2-
expressing fibers in the colorectal walls, we also reveal spo-
radic presence of VGLUT2-Cre-labeled neural somata in the
myenteric plexus, contributing only �2.6% of all neurons in
the myenteric ganglia, and virtual absence of labeled somata
in the submucosal plexus. This is consistent with our prior

results on anterograde tracing of the pelvic nerve, and with
the detection of a small number ofmyenteric plexus neurons
expressing VGLUT2 transcript and protein (29). Collectively,
the above reveals that most nerve fibers labeled by VGLUT2-
Cre in the colorectum must be extrinsic sensory afferents.
We previously used Advillin-Cre to drive the expression of
channelrhodopsin2 in colorectal afferents, allowing optoge-
netic activation of colorectal afferent endings (17, 25).
However, Advillin-Cre mice, especially females, have weak
Cre expression in their oocytes and may drive nonselective
expression beyond sensory afferents (breeding considera-
tion for #032536, Jackson Laboratory, Farmington, CT).
Similar to VGLUT2-Cre, CGRP-a or TrpV1 promoters were
recently used to fluorescently label extrinsic colorectal
afferents (42, 43). Unlike the VGLUT2-Cre, the CGRP-a and
TrpV1 promoters are more selective to extrinsic sensory
afferents, with no apparent staining of neural somata in
the enteric plexuses. However, VGLUT2 appears to be
more widely expressed in colorectal DRG neurons (97%–

98%) than CGRP (57%–80%) or TrpV1 (64%–84%) from
immune-staining studies of DRG sections (29, 44). Thus,
VGLUT2-Cre potentially provides a more unbiased label-
ing of colorectal afferent neurons.

To label afferent fibers in the colorectum, here we tested
two reporter fluorescent proteins and found strikingly differ-
ent efficiencies at labeling fine neural structures in the color-
ectum: channelrhodopsin2-EYFP (ChR2) were transported
from the cytosol in DRG somata to fine afferent axons in the
colorectum, whereas tdTomato (tdT) filled the somata but
did not label fine afferent axons, particularly in submucosa.
This is likely due to the distance from DRG somata to affer-
ent endings in the colorectum and the small axonal diame-
ters of colorectal afferents; most colorectal afferents are
slowly conducting C-fibers with axon diameters �1mm (15,
27). In our previous optogenetic studies, the transport of
ChR2 to colorectal nerve terminals was evidenced by tonic
excitation of colorectal afferents via focused blue light stim-
ulation at endings in the colorectum (17, 25). Similarly,
CGRP-a fused with the fluorescent reporter mCherry was
reported to successfully label nerve axons in the colorectum
(22, 43), likely due to the active transport of the neuropeptide
CGRP to nerve terminals. In contrast, mCherry fused with
the μ-opioid receptor does not seem to label fine nerve axons
in the colorectum (45, 46). Collectively, it appears that effi-
cient labeling of fine nerve axons in the colorectum can be
achieved by tagging the fluorescent markers with proteins
that are either membrane-bound (e.g., ChR2) or efficiently
transported to the terminal axoplasm (e.g., CGRP in sensory
afferents). Using sparse anterograde tracing from lumbosac-
ral DRG, Spencer et al. (27) reported that 6% of the colorectal
afferents had laminar endings, i.e., the submucosal and rec-
tal intraganglionic laminar endings (IGLEs). We did not
detect any laminar endings in the colorectum of VGLUT2/
ChR2 mice, which likely reflects the following limitations of
the current approach. First, VGLUT2-Cre promoter can only
label 78% of the colorectal afferents and may have missed
the small IGLE population. Second, the channelrhodopsin
protein may fail to be transported to the IGLE structure of
nerve endings. In addition, the VGLUT2-Cre promoter will
also label a small fraction of myenteric neurons to confound
the studies on extrinsic afferents.
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Because of the low thickness of serosal and longitudinal
muscular layers in mice, the myenteric plexuses can be
imaged from the serosal side in uncleared whole mount col-
orectum as shown here (Fig. 1C) and in prior reports from
others, e.g., (45). However, the colorectum is not transparent
and can scatter 81% of the light passing through the wall
(47), which leads to poor signal-to-noise ratios for detecting
fine nerve fibers in deeper layers from the serosal side. To
allow quantification of nerve fibers in deeper layers like the
mucosa and submucosa, we adopted a tissue clearing SeeDB
protocol originally developed for brain tissue to clear our
fixed colorectal samples. The SeeDB protocol is based upon
matching the refractive index between sample tissue and
microscope glass by soaking the samples in a fructose solu-
tion (30). Similar to SeeDB, another tissue clearing approach
of matching the refractive index was implemented to visual-
ize mouse intestinal mucosa with subcellular-level resolu-
tion (47). However, technical details are lacking on the
proprietary clearing reagent (FocusClear) used in that study.

We are aware of other optical tissue clearing protocols,
which require dehydration (DABB), hyperhydration [ScaleA2
(48)] or forming a tissue-gel hybrid [CLARITY (49)] for
removing lipids (50). The SeeDB and ScaleA2 protocol have
been successfully employed in another study for reconstruc-
tion of murine colorectal mucosa (48). The DABB is also
recently adopted to clear human colon (�1,000mm thick)
(51). However, the SeeDB appears to have much less impact
on the bulk tissue geometry in contrast to the apparent tissue
shrinkage (DABB) or expansion (ScaleA2, CLARITY) from
other approaches (52). Thus, the SeeDB method used in cur-
rent study likely allows amore precise detection of nerve fiber
density and linearity index in the colorectum. Successful
clearing of the colorectum by SeeDB for visualization of fine
nerve fibers will likely trigger a wider application of this low-
cost and convenient approach in neuro-gastrointestinal
research.

Quantification of nerve fiber densities via vector path trac-
ing revealed presence of VGLUT2-positive nerve fibers in all
layers of the colorectum except the serosal and longitudinal
muscular layers. This is consistent with the reported propor-
tions of afferent axons in the colorectum from a tracing
study in descending order of prevalence, submucosal (32%),
circular muscular (25%), myenteric ganglia (22%), mucosal
(11%), and longitudinalmuscular layers (1%) (27). The current
study and prior reports confirm the presence of a high den-
sity of extrinsic afferent fibers in the submucosa, which we
have recently shown is the load-bearing structure of the col-
orectum (32, 33). More importantly, we describe for the first
time presence of a large number of submucosal VGLUT2-
positive nerve fibers with a curvy appearance, which main-
tain their average LnIdx (1.47) even when the colorectal wall
is “unfolded” by 20mmHg intraluminal pressure before tis-
sue fixation. The meaning of this “curviness” remains
unknown. One may hypothesize that the persistence of such
morphology in most submucosal fibers when mechanical
stimuli reach 20mmHg would suggest that they not engage
in encoding mechanical stimuli below 20mmHg intralumi-
nal pressure. Moreover, the strategical location of those
curvy submucosal nerve fibers at the load-bearing region of
the colorectum strongly suggests their role in nociceptive
processing.

We also documented here a significant reduction in
VGLUT2-positive nerve fiber density at day 7 post-TNBS
with recovery of fiber density at day 28 post-TNBS. This
agrees with our prior study using the pan-neuronal marker
PGP 9.5, where we observed a pronounced reduction in the
number of nerve fibers throughout the colorectum from day
2 to day 14 post-TNBS; recovery was complete at day 28 post-
TNBS (11). We noticed that VGLUT2-positive fibers only par-
tially recovered to control levels in the mucosal and submu-
cosal layers of the colonic segment, and in the mucosal layer
of the intermediate segment. This is consistent with the sig-
nificantly reduced neural encoding of colorectal stretch by
muscular-mucosal afferents at day 28 post-TNBS, which pre-
sumably have endings in themucosal and submucosal layers
of the colorectum (11).

We also reported that 9.90% to 15.98% of submucosal
afferents exhibited pronounced curviness (LnIdx> 1.67),
rendering them unlikely to encode even noxious colo-
rectal distension under normal physiological conditions.
Interestingly, the proportions of those pronounced curvy
fibers showed considerable reduction to 3.92%–8.70% at
day 7 post-TNBS and did not recover to control at day 28
in the rectal segment (4.07%). Coincidently, our prior
functional characterization of mechanically insensitive
afferents (MIA) showed a similar change in proportion fol-
lowing TNBS treatment, i.e., a significant reduction in the
proportion of MIAs following TNBS treatment without re-
covery even at day 28 post-TNBS (11). This may suggest
that those pronounced curvy fibers in the submucosa are
MIAs, portions of which are persistently sensitized to me-
chanical stimuli by reducing their curviness or LnIdx fol-
lowing TNBS treatment.

In conclusion, we implemented a macro-level labeling
strategy using VGLUT2-Cre mice to fluorescently tag most of
the extrinsic afferent fibers in the colorectum using mem-
brane-bound ChR2. We adopted an optical tissue clearing
protocol (SeeDB) to allow visualization of fine nerve fibers in
whole mount colorectum. Vector path tracing of individual
nerve fibers reveals widespread presence of VGLUT2-posi-
tive nerve fibers in all layers of the colorectum except the
serosal and longitudinal muscular layers. Intracolonic TNBS
treatment significantly reduced VGLUT2-positive nerve tis-
sue density in submucosal, myenteric plexus, and mucosal
layers, which mostly recovered to control levels 28days after
TNBS instillation. VGLUT2-positive fibers in the colonic mu-
cosa and submucosa (as well as intermediate mucosa) did
not fully recover to control levels on day 28 post-TNBS,
which might account for the reduced neural encoding by
muscular-mucosal afferents post-TNBS (11). VGLUT2-posi-
tive fibers in the submucosa were meandering and curvy,
with �10% of those fibers demonstrating pronounced curvi-
ness (LnIdx> 1.67). The proportion of pronounced curvy
fibers in the submucosa was reduced following intracolonic
TNBS treatment and did not recover in rectal segments, as
seen 28days after treatment, consistent with the persistent
sensitization of mechanically insensitive afferents (MIAs)
even 28days after TNBS treatment. Outcomes of this study
draw focused attention to changes in afferent morphology in
the colorectum as potentially contributing factors to sensiti-
zation of mechanosensitive and mechanically insensitive
afferents.
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