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Abstract

The distal colon and rectum (colorectum) are innervated by spinal and vagal afferent

pathways. The central circuits into which vagal and spinal afferents relay colorectal

nociceptive information remain to be comparatively assessed. To address this, regional

colorectal retrograde tracing and colorectal distension (CRD)-evoked neuronal acti-

vation were used to compare the circuits within the dorsal vagal complex (DVC) and

dorsal horn (thoracolumbar [TL] and lumbosacral [LS] spinal levels) into which vagal

and spinal colorectal afferents project. Vagal afferent projections were observed in

the nucleus tractus solitarius (NTS), area postrema (AP), and dorsal motor nucleus of

the vagus (DMV), labeled from the rostral colorectum. In the NTS, projections were

opposed to catecholamine and pontine parabrachial nuclei (PbN)-projecting neurons.

Spinal afferent projections were labeled from rostral through to caudal aspects of the

colorectum. In the dorsal horn, the number of neurons activated by CRDwas linked to

pressure intensity, unlike in the DVC. In the NTS, 13% ± 0.6% of CRD-activated neu-

rons projected to the PbN. In the dorsal horn, at the TL spinal level, afferent input was

associated with PbN-projecting neurons in lamina I (LI), with 63% ± 3.15% of CRD-

activated neurons in LI projecting to the PbN. On the other hand, at the LS spinal level,

only 18% ± 0.6% of CRD-activated neurons in LI projected to the PbN. The collective

data identify differences in the central neuroanatomy that support the disparate roles

of vagal and spinal afferent signaling in the facilitation and modulation of colorectal

nociceptive responses.
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1 INTRODUCTION

Distension of the colon and rectum (colorectum) stimulates affective

visceromotor reflexes associated with sensations of the urge to defe-

cate and discomfort (Harrington et al., 2018). Colorectal distension

(CRD) at innocuous pressures (15–30 mmHg), which are pertinent to

stool passage, evokesminimal visceromotor responses (i.e., below level

of sensation) but stimulates autonomicmotor reflexes to support defe-

cation (Christianson et al., 2007; Grundy et al., 2018). In contrast,

noxious pressures of CRD (40–80 mmHg), which are relevant to dis-

comfort, evokes significant visceromotor responses that engage both

nociceptive and defecatorymotor responses (Christianson et al., 2007;

Grundy et al., 2018). Regulating colorectal visceromotor responses,

such that they are proportionate to stimulus intensity, involves the

sensory neurons innervating the colorectum that relay into the cen-

tral nervous system via the spinal (lumbar splanchnic and sacral pelvic

nerve) and vagal (celiac and accessory celiac branches of the vagus

nerve) afferent pathways (Harrington et al., 2018). Functional studies

show thatCRD-evokednociceptive responses are attenuatedbyblock-

ing spinal afferent signaling (Kyloh et al., 2022; Ness, 2000; Palecek

et al., 2003; Zhang et al., 2011), while, conversely, they are enhanced by

vagotomy (Chen et al., 2008; Gschossmann et al., 2002). Such disparity

may reflect differences between the central circuits into which spinal

and vagal pathways relay colorectal nociceptive information. How-

ever, to date, comparative assessments of the vagal and spinal afferent

innervation of the colorectum have focused on peripheral properties,

such as the abundance, sensitivity, and location of endings within the

colon wall (Herrity et al., 2014; Meerschaert et al., 2020; Osman et al.,

2023; Robinson et al., 2004;Wang et al., 2000). Thus, there is a paucity

of information on the central anatomy of vagal and spinal colorectal

afferent pathways to establish if they may differently engage central

circuits involved in pain facilitation andmodulation.

From retrograde studies in rats, we know that vagal afferents inner-

vating the caecum through to the distal colon, but not the rectum,

project into the nucleus of the solitary tract (nucleus tractus soli-

tarius [NTS]) within the caudal medulla dorsal vagal complex (DVC)

(Altschuler et al., 1991, 1993). Beyond this information, there is scant

knowledge of theDVCcircuits intowhich vagal afferents relay colorec-

tal information to elucidate how they may mediate an antinociceptive

influence on colorectal nociceptive responses (Wang et al., 2009). As

for the spinal innervation, retrograde tracing studies, in both rats

and mice, illustrate that the spinal afferent innervation of the distal

colon through to the rectum projects into discreet regions of the dor-

sal horn within the thoracolumbar (TL; T10–L1) and lumbosacral (LS;

L5–S2) spinal cord (Ge et al., 2019; Harrington et al., 2019). In con-

trast to the vagal pathway, numerous studies have explored various

aspects of the dorsal horn circuits processing colorectal afferent input

(Harrington, 2023). Collectively, these studies indicate that the dor-

sal horn circuits facilitating colorectal nociceptive transmission into

the brain differ between the TL and LS spinal cord (Harrington et al.,

2019; Katter et al., 1996; Murphy et al., 2009; Ness et al., 1987, 1988,

1989; Palecek & Willis, 2003; Palecek et al., 2003; Traub et al., 1993,

2002; Wang et al., 2005). However, the spatial relationship between

colorectal spinal afferent input and specific dorsal horn nociceptive

circuits remains to be assessed between the TL and LS dorsal horn.

Somatosensory nociceptive ascending relay involves TRPV1-positive

afferent terminals directly recruiting dorsal horn lamina I (LI) neurons

projecting to the pontine lateral parabrachial nuclei (PbN) (Cameron

et al., 2015; Hwang et al., 2003;Wercberger et al., 2019). It is unknown

if colorectal afferents, moreover viscerosensory afferents in general,

have a comparable relationship to PbN-projection neurons within the

dorsal horn LI.

To address these knowledge gaps, this study aimed to compare the

central anatomy of the vagal and spinal afferent pathways innervating

different regions of the mouse colorectum—specifically, by localizing

where vagal and spinal colorectal afferents project within DVC and

dorsal horn, and correlating this input to the degree and distribu-

tion of neuronal activation evoked by CRD (at innocuous and noxious

pressures) within circuits involved in nociceptive and sensory–motor

integration.

2 MATERIALS AND METHODS

2.1 Animals

Female and male C57BL/6J (8–16 weeks, weight range 18–30 g) mice

were used, with specific numbers for individual data sets noted in

figure legends. All experimentswere performed in accordancewith the

approval of Animal Ethics Committees of the South Australian Health

and Medical Research Institute (SAHMRI; Application SAM190). Mice

were sourced from the SAHMRI in-house breeding colony (rederived

from JAX strain #000664; originally purchased from The Jackson

Laboratory; breeding barn MP14) bred and housed in a specific and

opportunistic pathogen-free facility. Mice were group housed (five

mice per cage) prior to surgical approaches and then individually

housed within ventilated cages (IVC), filled with dust-free coarse chip

aspen bedding (Catalogue #: ASPJMAEBCA; PuraBed). Cages were

stored on IVC racks within a temperature-controlled environment of

22◦C and a 12-h light/12-h dark cycle. Mice had free access to LabDiet

JL Rat and Mouse/Auto6F chow (Catalogue #: 5K52) and autoclaved

reverse osmosis water.

2.2 Cholera toxin subunit B retrograde tracing
from the colorectum

Retrograde tracing using cholera toxin subunit B (CTB, 0.5%) directly

conjugated to AlexaFluor AF594, AF488, or AF647 (CTB-594, Cata-

logue #: C22842; CTB-488, Catalogue #: C22841; CTB-647, Catalogue

#: C34778; Invitrogen, ThermoFisher Scientific) was performed from
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WANG ET AL. 3

F IGURE 1 Comparative abundance of afferent neurons retrogradely labeled from the colorectum in whole vagal nodose/jugular ganglia (VG)
and spinal dorsal root ganglia (DRG). (A) (i) Schematic showing the sites of retrograde tracer CTB-AF (CTB-594; magenta) injections at multiple
sites of the colorectum (0.5 cm below the pelvic bone through to 1.5 cm proximal to the pelvic bone). (ii) Schematic showing the location of vagal
nodose/jugular ganglia (VG) and dorsal root ganglia (DRG) collected at spinal levels thoracic 9 through to 13 (T9–T13), lumbar 1 through to 6
(L1–L6), and sacral 1 (S1). Ganglia in which colorectal retrograde-labeled neurons were observed are highlighted inmagenta. (B) Representative

(Continues)
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4 WANG ET AL.

F IGURE 1 (Continued)

photomicrographs of CLARITY-cleared whole (i) VG andDRG at (ii) T12, (iii) T13, (iv) L1, (v) L4, (vi) L5, (vii) L6, and (viii) S1, 4 days after multiple
injections of CTB-594 into the colorectal wall. Scale bars= 100 μm. Photomicrographs aremaximum z-projection reconstructions from
confocal-collected 10–30 optical sections (10-μm-thick z-steps). (C) Quantification of the number of (i) CTB-594-labeled neurons within individual
whole VG andDRG (T9 through to S1) and (ii) CTB-594-labeled neurons in ganglia groupedwithin their corresponding primary afferent pathway,
vagal (VG), splanchnic (T10–L1DRG), and pelvic (L5–S1DRG). (i) Individual data points represent the total number of CTB-594-labeled neurons
within individual ganglia, with n= 10–15 ganglia/level. The error bars represent the standard error of themean. ****p< .0001 indicates relative to
L6DRG determined by a Brown–Forsythe andWelch ANOVA test (standard deviations significantly differ between groups, mixed
parametric/nonparametric data) with Dunnett’s T3multiple comparison tests. (ii) Individual data points represent the total number of
CTB-594-labeled neurons within ganglia pooled to afferent pathway permouse,N= 8 (4 female, 4 male), and error bars represent the standard
error of themean. *p< .05 and **p< .01, determined by Brown–Forsythe andWelch ANOVA test (standard deviations significantly differ between
groups, mixed parametric/nonparametric data) with Dunnett’s T3multiple comparison tests. (D) The number of CTB-594-labeled neurons within
(i) individual VG andDRG (T10–L1 and L5–S1) or (ii) ganglia groupedwithin their corresponding primary afferent pathway, vagal (VG), splanchnic
(T10–L1DRG), and pelvic (L5–S1DRG) did not significantly differ between female (F; pink dots) andmale (M; blue dots) mice. Statistical tests used
(i) Brown–Forsythe andWelch ANOVA test with Dunnett’s T3multiple comparison tests and (ii) one-way ANOVA (parametric data) with
Bonferroni multiple comparison tests. n= 4–10 ganglia/level;N= 4 female andN= 4male. Error bars represent the standard error of themean.

circumferential locations (midline, left, and right) of the colorectal

wall (Harrington et al., 2019). A small aseptic abdominal incision was

made inmice anesthetizedwith isoflurane (2%–4% in oxygen). The col-

orectum was located and injections were made into the wall of the

colorectum that covered 0.5 cmdistal and 1.5 cmproximal to the pelvic

bone. CTB-AF594 was injected at three to four sites (2 μL/injection)
into the wall at circumferential left, circumferential right, and midline

locations (Figure1Ai). For regionalmapping from this lengthof colorec-

tum (Figure 2Ai), two 2-μL injections of CTB-488 were made at and

just caudal to the pelvic bone (caudal injections), two 2-μL injections of
CTB-594weremade between 0.5 and 1 cmproximal to the pelvic bone

(intermediate injections), and two 2-μL injections of CTB-647 were

injected at 1.5 cm proximal to the pelvic bone (rostral injections). Injec-

tionsweremadewith a30-gaugeneedle (HAMC7803-07, point style: 4

[10–12◦]; HamiltonCompany, Bio-Strategy) attached toHamilton 5-μL
syringe (HAMC7634-01 5 μL 700 series RN syringe; Hamilton Com-

pany, Bio-Strategy). The needle tip was inserted into the subserosal

wall space and tunneled a short distance caudally, ensuring the nee-

dle tip was always visible through the serosa and care was taken not

to insert the tip into the lumen. The dye was expelled as the needle

was gradually pulled out of the needle track. Suitable injections within

the wall were indicated by the formation of dye boluses that were con-

tained within the wall space. The abdominal incision was then sutured

closed; analgesic (buprenorphine, 0.1 mg/kg) and antibiotic (ampicillin,

50 mg/kg) administration were given subcutaneously as mice regained

consciousness.Micewere then allowed to recover, housed individually,

and closelymonitored. Toassess labelingof colorectal afferent neurons

in sensory ganglia, mice underwent transcardial perfuse fixation 4 days

after retrograde tracing. To identify afferent projections in the spinal

cord andmedulla, mice underwent transcardial perfuse fixation 7 days

after retrograde tracing.

2.2.1 Transcardial perfuse fixation and CLARITY
clearing of sensory ganglia

Mice were euthanized with an overdose of Lethabarb (60 mg/kg

pentobarbitone sodium solution; Virbac Australia), via intraperitoneal

injection, prior to opening the chest cavity and injecting 0.5 mL of

heparin saline into the left ventricle, and insertion of a 22-gauge nee-

dle, attached to tubing and a peristaltic perfusion pump, into the left

ventricle. The right atrium was then snipped allowing for perfusate

drainage. Warm saline (0.85% physiological sterile saline) was per-

fused prior to ice-cold 4% paraformaldehyde (PFA) in 0.1M phosphate

buffer (Sigma–Aldrich). Following complete perfusion, left and right

vagal ganglia (VG; fused nodose and jugular ganglia) and dorsal root

ganglia (DRG; T8-S1) were removed, with the lowest rib used as an

anatomical landmark for T13 DRG. Ganglia were then subjected to

CLARITY clearing to remove lipids and render ganglia transparent

(Grundy et al., 2018). Ganglia were kept in 4% PFA-hydrogel solution

(4% acrylamide, 0.25% VA-044 in phosphate-buffered saline [PBS]) at

4◦C for a minimum of 24 h. Residual oxygen was removed from sam-

ples, using a standard vacuumpump and desiccation chamber attached

to a nitrogen gas supply (Tomer et al., 2014). Samples were degassed

in their tubes for 10 min before being transferred to a 37◦C water

bath for 2 h until hydrogel solution had uniformly polymerized (Tomer

et al., 2014). Tissue was removed from the hydrogel and subjected

to passive clearing in 8% SDS/200 mM boric acid buffer in a gentle

shaking water bath (37◦C). Buffer was changed every 3 days until sam-

ples were transparent, at which point they were washed with PBS

before placing individual ganglion into an 18-well glass slide. One hour

prior to confocal microscopy, RapiClear 1.47 refractive index solu-

tion (SunJin Lab) was applied to wells prior to placement of a glass

coverslip.
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WANG ET AL. 5

F IGURE 2 Comparative abundance of neurons labeled from regional colorectal retrograde tracing in the vagal nodose/jugular ganglia (VG)
and dorsal root ganglia (DRG). (A) Schematic showing the sites of retrograde tracer injections in different regions of the colorectum. CTB-647
(cyan) was injected into themost rostral portion of the distal colon (1.5 cm proximal to the pelvic bone), CTB-594 (magenta) was injected into the
intermediate (inter.) portion (covering 0.5–1 cm proximal to the pelvic bone), and CTB-488 (yellow) was injected into themost caudal portion of
the distal colon and rectum (injections at and below the pelvic bone). Representative photomicrographs of (B) nodose/jugular ganglia (VG), (C)
thoracolumbar (TL), and (D) lumbosacral (LS) DRG sections showing (i) CTB-647 (cyan), (ii) CTB-594 (magenta), (iii) CTB-488 (yellow) neurons, and
(iv) co-labeled neurons (white) and their (v) relative proportions (percentage± standard error of themean) of the total number of labeled neurons
following rostral, intermediate (inter.), and caudal-directed colorectal CTB injections. Labeled neurons are highlighted with colored arrows:
cyan= rostral CTB-647, magenta= inter. CTB-594, and yellow= caudal CTB-488.Multiple headed arrows indicate neurons labeled frommultiple
injection sites. Scale bars= 100 μm. (E) Quantification of the total number of (i) CTB-647, (ii) CTB-594, (iii) CTB-488, and (iv) co-labeled neurons
within sections of VG, TL DRG, and LS DRG. Individual data points represent the number of CTB-labeled neurons within individual sections and
error bars represent the standard error of themean. *p< .05, **p< .01, and ****p< .0001, determined by a Kruskal–Wallis ANOVA test
(nonparametric) with Dunn’s multiple comparison tests. Data are fromN= 4malemice, 3–5 sections/ganglia.
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6 WANG ET AL.

F IGURE 3 Distribution of colorectal retrograde-labeled fibers and cell bodies within the dorsal vagal complex (DVC) of the caudal medulla. (A)
Schematic illustration of the caudal medulla DVC at distances from bregma (br) based on Paxinos et al. (2001) showing the distribution of labeled
fibers and cell bodies (indicated bymagenta shaded areas) following colorectal retrograde tracing. Observational data gained fromN= 8mice (4
female, 4 male). (B) Representative photomicrographs of the DVC at (i–iii) lowmagnification and (iv–vi) highmagnification showing the
distribution of colorectal-labeled fibers and cell bodies (magenta) at the (i) rostral, (ii and iv) intermediate, and (iii, v, and vi) caudal aspects of the
caudal medulla. Rostral–caudal aspect based on approximate distance from bregma (br) (Paxinos et al., 2001). (vi) Image in the yellow-lined box
(scale= 20 μm) is a higher magnification image of the region within the yellow-dotted box. Scale bars: i–iv= 100 μm; v and vi= 50 μm.
Photomicrographs aremaximum z-projections from nine to 10 confocal optical sections. AP, area postrema; DMV, dorsal motor nucleus of the
vagus; NTS, nucleus of the solitary; SolC, nucleus of the solitary tract commissural; SolDL, nucleus of the solitary tract dorsolateral; SolG, nucleus
of the solitary tract gelatinous; Soll, nucleus of the solitary tract interstitial; SolM, nucleus of the solitary tract medial; SolV, nucleus of the solitary
tract ventral; SolVL, nucleus of the solitary tract ventrolateral.

2.2.2 Stereotaxic surgery and retrograde tracing
from the lateral PbN

Mice were anesthetized with isoflurane and administered analgesia

(buprenorphine) via subcutaneous injection, before being placed in

a stereotaxic frame (MTM-3; WPI Ltd.). Under continual delivery of

isoflurane, via a nose cone mask, an incision was made through the

scalp and the skull was exposed. A burr hole was made through the

skull, and a single unilateral injection of 300 nL (40 nL/min) of 0.5%

CTB-594 was made targeting the left PbN. Injections were made using

a 34-gauge needle (HAMC207434 point style: 4 [10–12◦]; Hamil-

ton Company, Bio-Strategy) attached to a 2.5-μL Hamilton syringe

(HAMC7632-01,62 RN; Hamilton Company, Bio-Strategy) controlled

by a microinjector syringe pump (UMP3T-1; WPI Ltd.) and using the

following coordinates: −4.9 to –5 mm posterior to Bregma, −1.4 mm

lateral frommidline, and−2.90mmventral to dura. The needlewas left

in place for 5 min after the injection was completed to minimize leak-

age of tracer. After slowwithdrawal of the needle and suture closure of
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WANG ET AL. 7

TABLE 1 Details of primary and secondary antibodies used.

A) Primary antibodies

Antigen Species raised in Manufacturer code Manufacturer Dilution RRID

Choline acetyltransferase

(ChAT)

Goat AB144P SIGMA (Millipore) 1:100 AB_2079751

Calcitonin gene-related

peptide (CGRP)

Rabbit PC205L Millipore 1:200 AB_564312

Phospho-p44/42MAPK

(Erk1/2)

(Thr202/Tyr204)

(D13.14.4E) XP(tm)

mAb (pERK)

Rabbit 4370 Cell Signaling 1:100

(immunofluorescence

detection) 1:800 (DAB

detection)

AB_2315112

Tyrosine hydroxylase

(Isotype IgG1)

Mouse 22941 ImmunoStar 1:1000 AB _572268

B) Secondary antibodies

Antigen Species raised in Conjugate Manufacturer code Manufacturer Dilution RRID

Rabbit IgGH+L Chicken 488 A21441 ThermoFisher 1:200 AB_ 2535859

Rabbit IgGH+L Chicken 647 A21443 ThermoFisher 1:200 AB_2535861

Mouse IgG1 Goat 647 A21240 ThermoFisher 1:200 AB_ 2535809

Goat IgGH+L Chicken 647 A21469 ThermoFisher 1:200 AB_10374877

the scalp incision,micewere removed from the frame and either placed

in a clean cage and monitored for 2–4 h postrecovery or immediately

subjected to a laparotomy for retrograde tracing of the colorectum

(usingCTB-488) as described above. After a 7-day survival period,mice

that underwent PbN and colorectal tracing were transcardial perfuse

fixed as outlined above. Mice that underwent PbN tracing, but not

colorectal tracing, were subjected to noxious in vivo CRD as outlined

below. Injections sites were verified in brainstem sections and mice

with CTB fluorescence localized to the PbN, inclusive of the lateral

andmedial parabrachial area and Kölliker–Fuse nucleus, were used for

subsequent quantification (Cameron et al., 2015; Tokita et al., 2009).

Onlymalemicewere used given that previous studies in rats show that

PbN-projecting neurons are more responsive to noxious CRD in males

relative to females (Murphy et al., 2009).

2.3 In vivo CRD

Following isoflurane anesthesia, mice were given an enema of sterile

saline followed by insertion of a 2-cm balloon catheter into the peri-

anal canal. When the base of the balloon was localized approximately

0.2 cm from the anal verge, the catheter tube was secured in place by

taping it to the base of the tail (Christianson et al., 2007). Mice were

then placed in a Perspex box, and the balloon catheter was distended

to 80 mmHg (noxious) of pressure applied via a syringe attached to

three-way valve and monitored via a sphygmomanometer. Distension

washeld for 10 s, then released for 5 s. This sequencewas repeated five

times (Castro et al., 2013, 2017; de Araujo et al., 2014; Grundy et al.,

2018; Harrington et al., 2012, 2019). A separate cohort of mice were

subjected to balloon insertion without distension (no CRD) or disten-

sion to 20 mmHg (nonnoxious CRD) (Brierley et al., 2004; Harrington

et al., 2019). Immediately after the fifth distension, mice were placed

into an isoflurane induction chamber, and within 30–40 s, they were

administeredanoverdoseof euthanasia agent (Lethabarb via intraperi-

toneal injection) and subjected to transcardial perfusion fixation as

outlined above. Fixation was completed within 5–6 min after the final

distension.

2.4 Tissue processing of sensory ganglia, spinal
cord, and medulla samples for cryosectioning

Following complete perfuse fixation (as described above), sensory

ganglia (VG and DRG [T10–L1 and L5–S1]), spinal cord, and brain

were collected and postfixed in 4% PFA in 0.1 M phosphate buffer at

4◦C for 18–20 h prior to cryoprotection in 30% sucrose/phosphate

buffer (Sigma–Aldrich) overnight at 4◦C (Harrington et al., 2019). Gan-

glia were then placed in 100% OCT (Tissue-Tek O.C.T. Compound;

Sakura Finetek) and snap frozen in liquid nitrogen. The spinal cord

and brain were subjected to an additional 24-h incubation at 4◦C in

50% OCT/30% sucrose/phosphate buffer solution before freezing in

100% OCT. Tissue was cryosectioned and cross sections were placed

onto gelatin-coated slides to visualize CTB-AF (20- to 50-μm thick) or

immunolabeling (10-μm thick). For the TL spinal cord, sequential sec-

tions (20–50 μm) spanning the entire T10–T12 and T13–L1 segments

collected were visualized for CTB-AF. For LS spinal cord, the spinal

cord removed from below vertebrae L2 was sectioned in its entirety

beginning from the top (which is equivalent to spinal cord level L5).
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8 WANG ET AL.

F IGURE 4 Distribution of colorectal retrograde-labeled fibers in the DVC relative to calcitonin gene-related peptide-immunoreactive fibers
(CGRP-IR). (A) Low-magnification photomicrographs of the DVC showing the distribution of colorectal-labeled fibers (CTB-594, magenta) in the
nucleus of the solitary tract (NTS) and area postrema (AP) relative to the distribution of fibers immunoreactive for calcitonin gene-related peptide
(CGRP; gray). Yellow-bordered image corresponds to the region within the yellow-dotted box. Scale bars= 100 μm. SolC, nucleus of the solitary
tract commissural; SolDL, nucleus of the solitary tract dorsolateral. (B) (i–iii) High-magnification photomicrographs showing colorectal-labeled
fibers (CTB-594, magenta) in relation to CGRP-IR fibers (gray) in the NTS. Colorectal-labeled fibers are indicated bymagenta arrows in CGRP-only
figure panels. (i) Yellow-bordered image corresponds to the regionwithin the yellow-dotted box. Photomicrographs aremaximum z-projections
from three to four confocal optical sections (2-μm-thick z-steps). Scale bars= 20 μm.

Sections were routinely visualized under a fluorescent microscope

during cryosectioning to identify when CTB-AF-labeled projections

appeared and disappeared. The L5–S1 spinal cord segments were sub-

sequently identified ex vivo based on shape of dorsal horn and the

presence or absence of sacral parasympathetic nuclei (SPNs) using the

Allen Institute Mouse Spinal Cord Atlas (https://mousespinal.brain-

map.org/imageseries/showref.html) (Lein et al., 2007). The medulla

was sectioned in a similar fashion, with the caudal medulla identified

by the presence and shape of the area postrema (AP) in reference

to the Paxinos and Franklin Mouse Brain Atlas (Paxinos et al., 2001).

Sections were then dried on slides for an hour and washed in 0.2%

Triton-X 100 (Sigma–Aldrich) in 0.1 M phosphate-buffered saline (T-

PBS) before cover slipping with ProLong Diamond Antifade Mountant

with DAPI (P36966; Invitrogen, ThermoFisher Scientific) and air dried

for 24 h prior to microscopy. Ganglia, spinal cord, and medulla sec-

tions (10 μm) were also collected and distributed over slides (sections

50–200 μm apart) and processed for immunolabeling as outlined

below.
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WANG ET AL. 9

F IGURE 5 Colorectal retrograde-labeled neurons in the dorsal motor nucleus of vagus (DMV) labeled for choline acetyltransferase (ChAT) but
not tyrosine hydroxylase (TH). (A, B) Photomicrographs of colorectal-labeled cell bodies (CTB, magenta) in the DMV immunolabeled for (Ai–ii)
choline acetyltransferase (ChAT, gray) but not (Bi–ii) tyrosine hydroxylase (TH, gray). Co-labeled neurons are indicated by white arrows,
colorectal-labeled neurons are indicated bymagenta arrows, and (A) ChAT- or (B) TH-immunoreactive neurons are indicated by gray arrows. (Ai)
Yellow-bordered image corresponds to the region within the yellow-dotted box. (Bii) Yellow-bordered image corresponds to the region within the
yellow-dotted box. Scale bars= 20 μm. (C) Photomicrographs at (i–iii) low and (iv–vii) highmagnification showing appositions (highlighted by green
arrow heads) between colorectal-labeled fibers (CTB, magenta) and TH-immunoreactive neurons (gray) in the nucleus of the solitary tract (NTS).
Scale bars: i–iii= 20 μm; iv–vii= 10 μm. Photomicrographs aremaximum z-projections from three to four confocal optical sections (0.5- to
2-μm-thick z-steps).
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10 WANG ET AL.

F IGURE 6 Distribution of retrograde-labeled fibers and cell bodies within the dorsal vagal complex (DVC) following colorectal regional
tracing. Photomicrographs at (A–D) low and (E–K) highmagnification showing the distribution of colorectal-labeled fibers in the (A–I) nucleus of
the solitary tract (NTS) and (C andH) area postrema (AP) and (B, D, J, and K) cell bodies in the dorsal motor nucleus of the vagus (DMV) following
injections of CTB-647 (cyan) into the rostral, CTB-594 (magenta) into the intermediate, and CTB-488 (yellow) into the caudal aspects of the
colorectum. Labeled fibers and cell bodies are indicated by colored arrows: cyan= rostral CTB-647, magenta= intermediate CTB-594, and
yellow= caudal CTB-488.Multiple headed arrows highlight fibers and cell bodies co-labeled frommultiple injection sites. Scale bars:
A–D= 50 μm; E–K= 20 μm. Photomicrographs aremaximum-intensity projections from confocal-collected six to nine optical sections (1- to
5-μm-thick z-intervals).

2.5 Immunohistochemical identification of
neurons activated by CRD and co-labeling for
neurochemical markers

Primary and secondary antibodies used are outlined in Table 1.

Immunofluorescence for pERK and neurochemical markers was per-

formed as previously described (Grundy et al., 2018, 2019; Harrington

et al., 2012, 2013, 2019). Immunolabeling for pERK using HRP-DAB

detection (EnVision FLEX Mini Kit; Agilent) and the DAKO Omnis

auto-stainer (Agilent Technologies Australia), followed by hematoxylin

staining, was performed as previously described (Castro et al., 2021;

Grundy et al., 2020, 2021).

2.5.1 pERK antibody

Rabbit monoclonal antibody detects endogenous levels of p44 and

p42 MAP Kinase (Erk1 and Erk2) when dually phosphorylated at

Thr202 and Tyr204 of Erk1 (Thr185 and Tyr187 of Erk2) and singly

phosphorylated at Thr202. The antibody does not cross-react with
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WANG ET AL. 11

F IGURE 7 Distribution of colorectal retrograde-labeled fibers and cell bodies within the dorsal horn of the thoracolumbar (TL) spinal cord. (A)
Schematic (Lein et al., 2007) illustrating the level of the thoracolumbar spinal cord (thoracic 12 [T12] and lumbar 1 [L1]) and regions of the dorsal
horn in which labeled fibers (indicated bymagenta shaded areas) were observed following colorectal retrograde tracing. Observations are from
N= 8mice (4 female, 4 male). (B) Photomicrographs of dorsal horn sections from (i) T12 and (ii) L1 spinal cord levels showing colorectal-labeled
fibers (magenta) in lamina I (LI) and lamina V (LV). (i) Image in yellow-lined box corresponds to the region in the yellow-dotted box. Scale
bars= 50 μm. (C, D) Photomicrographs showing the distribution of colorectal-labeled fibers in (C) LI and (D) LV following injections of CTB-647

(Continues)
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12 WANG ET AL.

F IGURE 7 (Continued)

(cyan) into the rostral, CTB-594 (magenta) into the intermediate, and CTB-488 (yellow) into the caudal aspects of the colorectum. Images in
yellow-lined boxes (scale bars= 20 μm) correspond to the regions within the yellow-dotted boxes (scale bars= 50 μm). Labeled fibers are indicated
by colored arrows: cyan= rostral CTB-647, magenta= intermediate CTB-594, and yellow= caudal CTB-488.Multiple headed arrows highlight
fibers co-labeled frommultiple injection sites. Photomicrographs aremaximum-intensity projections from confocal-collected three to five optical
sections (1- to 5-μm-thick z-intervals). Dashed lines indicate the dorsal border of lamina V (LV). LII, lamina 2; LIII, lamina 3; LIV, lamina 4; IML,
intermediolateral column nuclei.

the corresponding phosphorylated residues of either JNK/SAPK or

p38 MAP kinases (manufacturer’s specifications) and binds specif-

ically to a 44-kDa band in stimulated mouse tissue (Miyaji et al.,

2009).

2.5.2 Choline acetyltransferase, tyrosine
hydroxylase, and calcitonin gene-related peptide
antibodies

Optimal concentrations of antibodies were determined by serial dilu-

tions. The goat anti-ChAT antiserum gave a pattern of labeling for

cholinergic neurons in the mouse spinal cord and caudal medulla as

previously reported (Gotts et al., 2016; Huffman et al., 2019; McGov-

ern et al., 2010). The mouse monoclonal anti-TH antiserum used

recognizes the 34-kDa catalytic core of tyrosine hydroxylase (TH)

(manufacturer’s specifications) and gave a pattern of labeling in the

caudal medulla as previously described (Appleyard et al., 2007; Bassi

et al., 2022). Specificity of the rabbit anti-CGRP serum has been

confirmed in the rat amygdala and spinal cord using preabsorption con-

trol peptides (manufacturer’s application notes and Harrington et al.,

2012).

2.6 Microscopy

Fluorescence was visualized using a confocal laser scanning micro-

scope (Leica TCS SP8X). pERK-DAB staining was imaged using a

NanoZoomer automated slide scanner (Hamamatsu) with a 40× objec-

tive. Confocal images (1024× 1024 pixels) were obtainedwith PLAPO

CS2 air 10× (for imaging of CLARITY-cleared ganglia) or oil immer-

sion 20×, 40×, or 63× (spinal cord/medulla sections) objectives and

software zoom of 2–4× magnification. Sequential scanning (five-line

average) was performed with the following settings using a tunable

white light laser and photomultiplier detectors: 495 nm excitation and

503/538 nm emission detection for AF488; 561 nm excitation and

570–625 nm emission detection for AF594; and 633 nm excitation

with 642–750 nm emission settings for AF647. CLARITY-cleared gan-

glia were optically sectioned (10-μm thick) and z-projected images

were reconstructed for each ganglion (230–390 μm). Spinal cord and

medulla sections were optically sectioned (0.5- to 5-μm-thick sections)

and maximum z-projected images were reconstructed (10–50 μm).

Images were processed using LAS Lite (Leica), FIJI (NIH), and Corel-

DRAW Graphic Suite 2021 (Corel Corporation) software. Other than

making moderate adjustments for contrast and brightness, the images

were not manipulated in any way.

2.7 Neuronal counts and statistics

Neuronal counts were analyzed from saved digital photomicrographs.

Only cellswith a neuronalmorphological profile and intact nuclei (iden-

tified by DAPI or hematoxylin counter stain) were included in the

counts. All data were analyzed using GraphPad Prism 9. The data dis-

tribution was determined by the GraphPad Prism 9 normality and

lognormality Shapiro–Wilk tests. The specific number of mice in each

experimental group (N), the samples per mouse (n, ganglia, or sec-

tions), and details of the tests used for statistical comparisons between

experimental groups are outlined within the relevant figure legends.

2.7.1 Quantification of retrograde-labeled colonic
afferent neurons CLARITY-cleared whole ganglia and
sectioned ganglia

Labeled neurons were manually counted in CLARITY-cleared and sec-

tioned ganglia, using Image J color channel and Cell Counter tools

(Schneider et al., 2012).

2.7.2 Quantification of pERK-immunoreactive
neurons in ganglia, spinal cord, and medulla sections

Neuronal counts were performed on scanned images opened in digi-

tal pathology viewing software QuPath using the cell count function

(Queens University) (Bankhead et al., 2017). Subregions of the dor-

sal horn and the DVC were based on the Allen Institute Mouse Spinal

Cord Atlas (https://mousespinal.brain-map.org/imageseries/showref.

html) and the Paxinos and Franklin Mouse Brain Atlas (Paxinos et al.,

2001).

2.7.3 Quantification of pERK-immunoreactive
neurons in the dorsal horn LI and the DVC NTS
labeled from the PbN

Neuronal counts were performed using Image J Cell Counter tools on

confocally acquired single-plane images of TL and LS dorsal horn and

medulla DVC.
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WANG ET AL. 13

F IGURE 8 Distribution of colorectal retrograde-labeled fibers and cell bodies within the dorsal horn of the lumbosacral (LS) spinal cord. (A)
Schematic (Lein et al., 2007) illustrating the level of the lumbosacral spinal cord (lumbar 5 [L5], lumbar 6 [L6], and sacral 1 [S1]) and regions of the
dorsal horn in which labeled fibers and cell bodies (indicated bymagenta shaded areas) were observed following colorectal retrograde tracing.
Observations are fromN= 8mice (4 female, 4 male). (B) Photomicrographs of dorsal horn at (i) L5, (ii) L6, and (iii and iv) S1 spinal cord levels
showing the distribution of colorectal-labeled fibers and cell bodies (magenta). (iv) Photomicrograph showing the distribution of colorectal-labeled
fibers and cell bodies (CTB, magenta) relative to ChAT-immunoreactive (-IR) neurons (ChAT, gray) within the sacral parasympathetic nuclei (SPN).
ChAT-IR neurons are indicated by gray arrows, colorectal-labeled neurons are indicated bymagenta arrows, and co-labeled neurons are indicated
by white arrows. Image in the yellow-lined box corresponds to the region outlined by the yellow-dotted box. Scale bars: i–iii= 100 μm; iv= 50 μm.
Photomicrographs aremaximum-intensity projections from confocal-collected five optical sections (1- to 5-μm-thick z-intervals). Dashed lines
indicate the lateral borders of the dorsal gray commissure (DGC), SPN, and the intercalated nucleus (ICI). cc, central canal; LT, lateral tracts; LII,
lamina 2; LIII, lamina 3; LIV, lamina 4; LV, lamina 5; LVI, lamina 6.

3 RESULTS

3.1 The distribution and relative abundance of
sensory neurons retrogradely labeled from the distal
colon and rectum (colorectum) in vagal and spinal
afferent pathways

The total number of neurons labeled from colorectal retrograde trac-

ing, using multiple injections of CTB-594 (Figure 1Ai), was compared

between whole VG and DRG (at various spinal levels; Figure 1Aii).

Colorectal-labeled neurons were observed within the VG (Figure 1Bi)

and within DRG at thoracic (T12, T13; Figure 1Bii,iii), lumbar (L1, L5,

and L6; Figure 1Biv,vi,vii), and sacral (S1; Figure 1Bviii) spinal levels.

Labeled neurons were rare (Figure 1Ci), or absent, in DRG at T9 and L2

through to L4 (Figure 1Bv) spinal levels. L6 DRG contained the great-

est number of labeled neurons relative to all other ganglia in which

labeled neuronswere observed (Figure 1Ci). Upon comparing the num-

ber of colorectal-labeled neurons between primary afferent pathways,
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14 WANG ET AL.

F IGURE 9 Distribution of retrograde-labeled fibers and cell bodies within the lumbosacral (LS) spinal cord dorsal horn following colorectal
regional tracing. Photomicrographs at (A–D) low and (E–J) highmagnification of (A, B, E, and F) lamina I (LI), (C, D, G, and H) the dorsal gray
commissure (DGC), (I) lateral tracts (LT), and (J) the sacral parasympathetic nucleus (SPN) following injections of CTB-647 (cyan) into the rostral,
CTB-594 (magenta) into the intermediate, and CTB-488 (yellow) into the caudal aspects of the colorectum. Labeled fibers and cell bodies are
indicated by colored arrows: cyan= rostral CTB-647, magenta= intermediate CTB-594, and yellow= caudal CTB-488.Multiple headed arrows
highlight fibers co-labeled frommultiple injection sites. Scale bars=A–D and J= 50 μm; E–I= 10 μm. Photomicrographs aremaximum-intensity
projections from confocal-collected six to 10 optical sections (0.5- to 5-μm-thick z-intervals).
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WANG ET AL. 15

F IGURE 10 Comparison of the number of pERK-immunoreactive
(pERK-IR) neurons following noxious colorectal distension between
nodose/jugular ganglia (VG) and spinal dorsal root ganglia (DRG). (A)
Schematic illustration of the placement of a 2-cm-long balloon
catheter within the colorectum (0.2 cm from the anal verge) that was

(Continues)

F IGURE 10 (Continued)

not inflated (no CRD) or inflated to a pressure of 80mmHg (noxious
CRD). (B–D) Photomicrographs showing pERK-IR neurons (pERK,
brown, indicated by blue arrows) in the (B) VG, (C) TL (T10–L1) DRG,
and (D) LS (L5–S1) DRG sections frommice that underwent (i) no CRD
or (ii) noxious CRD. Scale bars= 100 μm. (E) Quantification of the
number of pERK-IR neurons following no CRD or noxious CRDwithin
individual sections of VG, TL DRG, and LS DRG. **p< .01 and
****p< .0001, determined by one-way ANOVA (parametric data) with
Bonferroni multiple comparison tests. Individual data points represent
the number of pERK-IR neurons/section, with 3–6 sections/mouse
fromN= 4malemice.

vagal (VG), splanchnic (TL DRG; T10–L1), and pelvic (LS DRG; L5–S1),

the pelvic pathway contained the most labeled neurons, followed by

splanchnic and then vagal (Figure 1Cii). There was no significant dif-

ference between male and female mice in the number of colorectal

CTB-594-labeled neurons at the individual ganglia level (Figure 1Di) or

at the afferent pathway level (Figure 1Dii).

Retrograde tracing using different CTB-AF injected into three

regions of the colorectum (Figure 2A) identified a rostral–caudal (i.e.,

proximal–distal) gradient of vagal and spinal (splanchnic and pelvic)

afferent innervation of the colorectum (Figure 2B–E). The abun-

dance of CTB-647-, CTB-594-, or CTB-488-labeled neurons varied

between the VG (Figure 2Bi–iv), TL DRG (Figure 2Ci–iv), and LS DRG

(Figure 2Di–iv), reflecting the rostral–caudal location of CTB injection.

Neurons in the VGwere predominantly labeled from rostrally injected

CTB-647 (Figure 2Bi,v), while only a minor proportion were labeled

from caudally injected CTB-488 (Figure 2Biii,v). In the TL DRG, neu-

rons labeled from rostrally (Figure 2Ci), intermediately (Figure 2Cii),

or caudally (Figure 2Ciii) injected CTB were in relatively even pro-

portions (Figure 2Cv). In the LS DRG, very few neurons were labeled

from rostrally injected CTB-647 only (Figure 2Di,v) relative to those

labeled from only caudally injected CTB-488 (Figure 2Diii,v). Neurons

co-labeled from two or more injection sites were observed in each

ganglion (Figure 2Biv,Civ,Div) and accounted for approximately 39%

of labeled neurons within the VG (Figure 2Bv) and 45% within the

TL DRG (Figure 2Cv), but only 15% within the LS DRG (Figure 2Dv).

Quantification of the number of neurons labeled by either CTB-

647 (Figure 2Ei), CTB-594 (Figure 2Eii), or CTB-488 (Figure 2Eiii) or

co-labeled (Figure 2Eiv) highlighted that rostrally injected CTB-647

labeled significantlymore neurons in theVG, relative to TL and LSDRG

(Figure 2Ei). Similar numbers of neurons across VG, TL, and LS DRG

were labeled from intermediately injectedCTB-594 (Figure 2Eii), while

caudally injected CTB-488 labeled significantlymore neurons in the LS

DRG, relative to the VG and TL DRG (Figure 2Eiii). Neurons co-labeled

from rostral CTB-647 and intermediate CTB-594 injections weremost

common in the VG (Figure 2Eiv), whereas neurons labeled from inter-

mediate CTB-594 and caudal CTB-488 injections were most common

in the LS (Figure 2Eiv). Neurons co-labeled from all three injection sites

were observed in each ganglion, although neurons co-labeled from

rostral CTB-647 and caudal CTB-488 injections were rarely observed

(Figure 2Eiv).
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16 WANG ET AL.

F IGURE 11 Spatial correlation between the distribution of colorectal-labeled fibers and pERK-immunoreactive (pERK-IR) neurons in the
dorsal vagal complex (DVC) following colorectal distension (CRD). (A) Photomicrographs of the (i–iv) nucleus of the solitary tract (NTS) and (i, v,
and vii) dorsal motor nucleus of the vagus (DMV) showing the distribution of colorectal retrograde-labeled (i–iv and vi) fibers and (i, v, and vii) cells
bodies (magenta) in relation to pERK-IR neurons (pERK, cyan) following noxious CRD. (i–iv and vi) pERK-IR neurons in apposition to
colorectal-labeled fibers are highlighted by green arrow heads. (iii and iv) High-magnification images (scale bars= 10 μm) bordered by yellow lines
correspond to regions within yellow-dotted boxes. (v–vii) Colorectal-labeled cell bodies in the DMV are indicated bymagenta arrows, pERK-IR

(Continues)
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WANG ET AL. 17

F IGURE 11 (Continued)

neurons are indicated by cyan arrows, and co-labeled neurons are indicated by white arrows. Images in (v) correspond to the regionwithin the
yellow dotted box in (i). Scale bars: i= 100 μm; ii–vii= 20 μm. Photomicrographs are reconstructions from confocal-collected three to four optical
sections (2-μm-thick z-steps). (B) Photomicrographs of DVC showing the distribution of pERK-IR neurons (brown, indicated by blue arrows) in the
NTS andDMV following (i) no CRD, (ii) nonnoxious CRD, and (iii) noxious CRD. Scale bars= 100 μm. (iv) Quantitative data gained from caudal
medulla DVC sections (spanning−7.5 to−7.7 caudal to bregma) comparing the number of pERK-IR neurons in the NTS and the DMV following no
CRD, nonnoxious CRD, and noxious CRD. *p< .05, **p< .01, and ****p< .0001, determined by one-way ANOVA (parametric data) with Tukey’s
multiple comparison tests. Individual data points represent the number of pERK-IR in a section, and error bars represent the standard error of the
mean, gained from 3–4 (caudal medulla) sections/mouse fromN= 9mice (4male, 5 female) no CRD,N= 8mice (4male, 4 female) nonnoxious CRD,
andN= 9mice (5male, 4 female) noxious CRD.

3.2 Organization of colorectal retrograde-labeled
afferent central projections and parasympathetic
motor neurons in the caudal medulla DVC

Within the caudal medulla DVC (Figure 3A), colorectal-labeled

fibers were observed within the NTS (Figure 3Bi–vi) and in the

AP (Figure 3Bi,ii,iv). Labeled fibers, although sparse, were also

observed within the dorsal motor nucleus of the vagus (DMV),

in addition to labeled cell bodies (Figure 3Bi–iii,v,vi). In the NTS,

colorectal-labeled fibers were evident within the commissural and

dorsolateral aspects of the NTS, where calcitonin gene-related pep-

tide (CGRP)-immunoreactive fibers were prominent (Figure 4A).

However, colorectal-labeled fibers were not CGRP immunoreactive

(Figure 4Bi–iii). Colorectal-labeled cell bodies in the DMV were

immunoreactive for choline acetyltransferase (ChAT) (Figure 5Ai–ii),

but not TH (Figure 5Bi,ii). Within the NTS, retrograde-labeled fibers

were observed in apposition to populations of TH-immunoreactive

cell bodies and their processes (Figure 5Ci–vii). Following regional

colorectal tracing, labeled fibers from rostrally injected CTB-647

were prominent within the NTS and AP (Figure 6A–I). Fibers

labeled from the intermediately injected CTB-594 or caudally injected

CTB-488 were sparse relative to CTB-647-labeled fibers; however,

they were still evident within the AP (Figure 6C,H) and the NTS

(Figure 6D,I). Co-labeled fibers from either rostral 647/intermedi-

ate 594 injections or intermediate 594/caudal 488 injections were

also evident in the NTS (Figure 6E–I). Cell bodies labeled from cau-

dally injected CTB-488, rostral CTB-647 or intermediate CTB-594,

or co-labeled by all three injection sites were evident in the DMV

(Figure 6B,D,J,K).

3.3 Organization of colorectal retrograde-labeled
afferent central projections and parasympathetic
motor neurons in the spinal cord dorsal horn

Aligning with the distribution of colorectal-labeled neurons within

DRG at certain spinal levels, colorectal-labeled fibers were localized

within the dorsal horn at specific levels of the TL (Figure 7) and

LS (Figures 8 and 9) spinal cord. In the TL spinal cord (Figure 7A),

colorectal-labeled fibers projected within dorsal horn LI and

LV (Figure 7Bi,ii). Following regional retrograde tracing, fibers

labeled from caudally injected CTB-488 only were evident within

LI (Figure 7C) and LV (Figure 7D), as well as fibers co-labeled from

either rostral 647/intermediate 594 injections (Figure 7D), inter-

mediate 594/caudal 488 (Figure 7C), or all three injection sites

(Figure 7D).

In the LS spinal cord (Figure 8A), labeled fibers were observed at

L5 (Figure 8Bi), L6 (Figure 8Bii), and S1 (Figure 8Biii,iv) spinal levels—

specifically, within the dorsal horn LI–II (Figure 8Bi–iii), within the

dorsal gray commissure (DGC) (Figure 8Bi–iii), and projecting within

lateral collateral tracts (Figure 8Bii–iv). In the sacral spinal cord, fibers

in the lateral tracts projected into the SPN, which was identified

by the presence of ChAT-immunoreactive cell bodies of parasym-

pathetic pre-ganglionic motor neurons (Figure 8Biv). In addition to

fibers, colorectal-labeled cell bodies were also evident within the SPN

(Figure 8Biii,iv), populations of which were ChAT immunoreactive

(Figure 8Biv). Following regional retrograde tracing, in the LS dorsal

horn (Figure 9), labeling from caudally injectedCTB-488was abundant

within LI (Figure 9A,B,E,F), the DGC (Figure 9C,D,G,H), lateral tracts

(Figure 9I), and the SPN (Figure 9J). Fibers co-labeled from rostral

CTB-647/intermediate CTB-594, intermediate CTB-594/caudal-488,

or all three injection sites were sparse in LI (Figure 9E,F), the DGC

(Figure 9G,H), and lateral tracts (Figure 9I). Fiber labeling from only

intermediately injected CTB-594 or rostrally injected CTB-647 was

rare. Cell bodies in the SPN were only labeled from caudally injected

CTB-488 (Figure 9J).

3.4 Comparison of CRD evoked neuronal
activation between vagal and spinal afferent
pathways

The number of pERK-immunoreactive (pERK-IR) neurons following

in vivo noxious CRD (Figure 10A) was compared among the VG

(Figure 10B), TL (Figure 10C), and LS (Figure 10D) DRG. Relative to no

CRD controls, noxious CRD significantly increase the number of pERK-

IR neurons in each ganglion (Figure 10E). Aligning with observations

from colorectal retrograde tracing, the number of pERK-IR neurons

following noxious CRD observed within the LS DRG was significantly

greater than that in the TL andVG. Furthermore, the number of pERK-

IR neurons in the TL DRGwas significantly greater than that observed

in the VG (Figure 10E).
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18 WANG ET AL.

F IGURE 12 Spatial correlation between the distribution of colorectal-labeled fibers and pERK-immunoreactive (pERK-IR) neurons in the
thoracolumbar spinal cord dorsal horn following colorectal distension (CRD). (A) Photomicrographs showing the distribution of colorectal
retrograde-labeled fibers (magenta) in relation to neurons immunoreactive for pERK (cyan) in the dorsal horn (i and ii) lamina I (LI) and (i and iii)
lamina V (LV) in the thoracic T13 spinal cord following noxious CRD. pERK-IR neurons in apposition to colorectal-labeled fibers are highlighted by
green arrow heads. Images in (iii) correspond to the region within the yellow-dotted box in (i) at higher magnification. Scale bars: i= 500 μm; ii and
iii= 20 μm. Photomicrographs are reconstructions from confocal-collected three to four optical sections (2-μm-thick z-steps). (B)
Photomicrographs of dorsal horn at thoracic T13 spinal level showing the distribution of pERK-IR neurons (brown, indicated by blue arrows) in
superficial laminae I–II (LI–II), deep laminae (LIII–V), the dorsal gray commissure (DGC), and the intermediolateral column nuclei (IML) following (i)
no CRD, (ii) nonnoxious CRD, and (iii) noxious CRD. Scale bars= 100 μm. (iv) Quantitative data obtained from dorsal horn sections covering
T13–L1 spinal levels comparing the number of pERK-IR neurons per section in dorsal horn subregions LI–II (dark gray bars), LIII–V (mid-gray bars),
DGC (light gray bars), and the IML (white bars) following no CRD, nonnoxious CRD, and noxious CRD. *p< .05 and ****p< .0001, determined by a
Kruskal–Wallis ANOVA test (nonparametric) with Dunn’s multiple comparison tests. (v) Quantitative data showing themean (±standard error of
themean) proportion of pERK-IR neurons per section in each of the dorsal horn subregions (LI–LII, LIII–IV, DGC, and IML) following noxious CRD.
Individual data points represent the number of pERK-IR in a section, and error bars represent the standard error of themean, gained from 5–6
sections/mouse fromN= 10mice (5male, 5 female) no CRD,N= 8mice (4male, 4 female) nonnoxious CRD, andN= 10mice (5male, 5 female)
noxious CRD. Dashed lines indicate borders of dorsal horn subregions used for quantification comparisons. DGC, dorsal gray commissure; LI,
lamina 1; LII, lamina 2; LIII, lamina 3; LIV, lamina 4; LV, lamina 5; IML, intermediolateral column nuclei.
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WANG ET AL. 19

F IGURE 13 Spatial correlation between the distribution of colorectal-labeled fibers and pERK-immunoreactive (pERK-IR) neurons in the
lumbosacral spinal cord following colorectal distension (CRD). (A) Photomicrographs showing the distribution of colorectal retrograde-labeled
fibers (magenta) in relation to the distribution of neurons immunoreactive for pERK (cyan) in the sacral spinal cord (i) dorsal horn, (i–iii) lamina I
(LI), (i and iv) the dorsal gray commissure (DGC), and the (i and v) sacral parasympathetic nuclei (SPN) following noxious CRD. (ii–iv) Green arrow
heads highlight pERK-IR neurons in apposition to colorectal-labeled fibers. (ii) Image in yellow-lined box (scale bar= 20 μm) corresponds to the
region within the yellow-dotted box (scale bar= 50 μm). (iv) Images in yellow-lined boxes (scale bar= 10 μm) correspond to the regions in

(Continues)
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20 WANG ET AL.

F IGURE 13 (Continued)

yellow-dotted boxes within the DGC (scale bar= 50 μm). (v) Colorectal-labeled cell bodies in the SPN are indicated bymagenta arrows, pERK-IR
neurons are indicated by cyan arrows, and co-labeled neurons are indicated by white arrows. Scale bars: i= 100 μm; iii and v= 20 μm. (B)
Photomicrographs of dorsal horn at sacral S1 spinal level showing the distribution of pERK-IR neurons (brown, indicated by blue arrows) in
superficial laminae I–II (LI–II), deep laminae (LIII–V), the dorsal gray commissure (DGC), and the sacral parasympathetic nucleus (SPN) following (i)
no CRD, (ii) nonnoxious CRD, and (iii) noxious CRD. Scale bars= 100 μm. (iv) Quantitative data gained from S1 dorsal horn sections comparing the
number of pERK-IR neurons per section in dorsal horn subregions LI–II (dark gray bars), LIII–V (mid-gray bars), DGC (light gray bars), and the SPN
(white bars) following no CRD, nonnoxious CRD, and noxious CRD. *p< .05, **p< .01, and ****p< .0001, determined by a Kruskal–Wallis test (all
data nonparametric) with Dunn’s multiple comparison tests. (v) Quantitative data showing themean (±standard error of themean) proportion of
pERK-IR neurons per section in each of the dorsal horn subregions following noxious CRD. Individual data points represent the number of pERK-IR
in a section, and error bars represent the standard error of themean, gained from 5–6 sections/mouse fromN= 10mice (5male, 5 female) no CRD,
N= 8mice (4male, 4 female) nonnoxious CRD, andN= 10mice noxious CRD (5male, 5 female). Dashed lines indicate borders of dorsal horn
subregions used for quantification comparisons. cc, central canal; LII, lamina 2; LIII, lamina 3; LIV, lamina 4; LV, lamina 5.

The spatial correlation of colorectal-labeled fibers to CRD acti-

vated neurons was then assessed in the DVC (Figure 11), and TL

(Figure 12), and LS (Figure 13) dorsal horn. In the DVC (Figure 11),

pERK-IR neurons were distributed within the NTS (Figure 11Ai–iv)

and the DMV (Figure 11Ai,Av–vii). Colorectal-labeled fibers in appo-

sition to pERK-IR cell bodies and processes were observed in the

NTS (Figure 11Aii–iv) and the DMV (Figure 11Avi). In the DMV,

retrograde-labeled cell bodieswere not all pERK-IR (Figure 11Ai,v–vii).

Relative to no CRD (Figure 11Bi), nonnoxious CRD (Figure 11Bii)

evoked a significant increase in the number of pERK-IR neurons

in the NTS and the DMV (Figure 11Biv). In contrast, noxious CRD

(Figure 11Biii) did not evoke an increase in the number of pERK-

IR neurons in the NTS or DMV over that of nonnoxious CRD

(Figure 11Biv).

In the TL dorsal horn (Figure 12), following noxious CRD, the dis-

tribution of pERK-IR neurons within the dorsal horn LI (Figure 12Ai,ii)

and LV (Figure 12Ai,iii) correlated with the distribution of colorectal-

labeled fibers. Relative to no CRD (Figure 12Bi) and nonnoxious

CRD (Figure 12Bii), noxious CRD (Figure 12Biii) evoked a significant

increase in the number of pERK-IR neurons within LI–II and LIII–V

(Figure 12Biv). As a proportion of the total number of pERK-IR neu-

rons in the TL dorsal horn following noxious CRD, the majority were

localized within LI–II (Figure 12Bv).

In the LS dorsal horn (Figure 13), following noxious CRD, pERK-

IR neurons were distributed throughout the dorsal horn LI–LV, the

DGC, and the SPN (Figure 13Ai). pERK-IR neurons in apposition to

colorectal fibers were evident in LI (Figure 13Ai–iii) and the DGC

(Figure13Ai,iv). Similar to theDMV, not all retrograde-labeled cell bod-

ies in the SPN (Figure 13Ai,v) were pERK-IR following noxious CRD.

Unlike the TL spinal cord, relative to no CRD (Figure 13Bi), nonnox-

ious CRD (Figure 13Bii) evoked a significant increase in the number

of pERK-IR neurons (Figure 13Biv) in LI–II, LIII–V, and the SPN. Upon

noxiousCRD (Figure 13Biii), the number of pERK-IRneurons increased

in LI–II and the DGC over that observed following nonnoxious CRD

(Figure 13Biv). Following noxious CRD, pERK-IR neurons were evenly

distributed within the LI–II and the DGC (Figure 13Biii,v). Upon com-

paring between male and female mice, no significant difference was

observed in the distribution (Figure 14Ai,ii) of pERK-IR neurons in the

dorsal horn, nor the number of pERK-IR neurons following nonnox-

ious (Figure 14Bii,Cii) and noxious (Figure 14Biii,Ciii) CRD. However, in

no CRD controls, female mice had greater numbers of pERK-IR neu-

rons in LIII–V of the TL (Figure 14Bi) and LS dorsal horn (Figure 14Ci)

compared to male mice. The number of pERK-IR neurons evoked by

nonnoxious or noxious CRD in the NTS (Figure 14Di) or the DMV

(Figure 14Dii) did not significantly differ between female and male

mice.

3.5 Comparison of CRD-evoked neuronal
activation relayed into the PbN from vagal and spinal
afferent pathways

Retrograde tracing from the PbN (Figure 15A) was combined with

either colorectal retrograde tracing or in vivo noxious CRD to compare

the spatial relationship between colorectal afferent projections and

PbN-projecting neurons, and the number of CRD-activated neurons

projecting to the PbN, between the vagal and the different spinal path-

ways. In the NTS (Figure 15B), colorectal-labeled fibers were in appo-

sition to populations of PbN-labeled neurons (Figure 15Bi–iv), while

PbN-projecting neurons accounted for a small proportion of pERK-IR

neurons (Figure 15Ci–iv). In the TL dorsal horn (Figure 16), colorectal-

labeled fibers were observed in apposition to PbN-retrograde-labeled

neurons in LI (Figure 16Ai–iii). Correspondingly, pERK-IR PbN-labeled

neurons were localized to LI (Figure 16Bi–iv), with PbN-labeled neu-

rons accounting for a large proportion of the total pERK-IR neurons

(Figure 16Bv). In contrast, in the LS dorsal horn (Figure 17), while

colorectal-labeled fibers were observed in proximity to PbN-labeled

neurons in LI (Figure 17Ai,ii), the majority of pERK-IR neurons in LI

were not co-labeled from the PbN (Figure 17Bi–iv). In the LS dor-

sal horn, PbN-labeled neurons and colorectal-labeled fibers were also

observed in proximity to each other within the DGC (Figures 17Ai

and 18A) and the SPN (Figure 18C). However, unlike in the LI, PbN-

labeled neurons in the DGC (Figure 18Bi,ii) or the SPN (Figure 18Di,ii)

were pERK-IR following noxious CRD.
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WANG ET AL. 21

F IGURE 14 Female andmale comparison of pERK-IR neurons in the spinal cord dorsal horn and caudal medulla DVC evoked by colorectal
distension (CRD). (A) Quantitative data gained from dorsal horn sections covering TL spinal cord (T13–L1 spinal levels) and LS spinal cord (S1

(Continues)
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22 WANG ET AL.

F IGURE 14 (Continued)

spinal level) comparing themean proportion of pERK-IR neurons per section in each of the dorsal horn subregions following noxious CRD per
mouse between female (f; pink dots,N= 5) andmale (m; blue dots,N= 5) mice. Collectively, the data show that there was no significant difference
between female andmalemice in the distribution of pERK-IR neurons following noxious CRD in either the TL or LS dorsal horn. Significance
assessed by a one-way ANOVA (parametric data, standard deviations not significantly different) with Tukey’s multiple comparison tests. Error bars
represent the standard error of themean. (B) Quantitative data gained from dorsal horn sections covering TL spinal cord (T13–L1 spinal levels)
comparing the number of pERK-IR neurons per section in each of the dorsal horn subregions (LI–II [dark gray bars], LIII–V [mid-gray bars], DGC
[light gray bars], and the IML [white bars]) following (i) no CRD, (ii) nonnoxious CRD, and (iii) noxious CRD between female (f; pink dots) andmale
(m; blue dots) mice. Collectively, the data show that there was no significant difference between female andmalemice in the number of pERK-IR
neurons following nonnoxious and noxious CRD. However, femalemice did have significantly more pERK-IR neurons in LIII–V thanmalemice in
the no CRD cohorts. *p< .05 determined by Kruskal–Wallis test (nonparametric data) with Dunn’s multiple comparison tests. Error bars represent
the standard error of themean. (C) Quantitative data gained from dorsal horn sections covering LS spinal cord (S1 spinal levels) comparing the
number of pERK-IR neurons per section in each of the dorsal horn subregions (LI–II [dark gray bars], LIII–V [mid-gray bars], DGC [light gray bars],
and the SPN [white bars]) following (i) no CRD, (ii) nonnoxious CRD, and (iii) noxious CRD between female (f; pink dots) andmale (m; blue dots)
mice. Collectively, the data show that there was no significant difference between female andmalemice in the number of pERK-IR neurons
following no CRD, nonnoxious CRD, and noxious CRD, determined by Kruskal–Wallis test (nonparametric data) with Dunn’s multiple comparison
tests. Error bars represent the standard error of themean. (D) Quantitative data gained from caudal medulla DVC cross sections (spanning−7.6 to
−7.8 caudal to bregma) comparing the number of pERK-IR neurons per section in the (i) NTS and (ii) DMV following no CRD, nonnoxious CRD, and
noxious CRD between female (f; pink dots) andmale (m; blue dots) mice. No significant difference in the number of pERK-IR neurons following no
CRD, nonnoxious CRD, and noxious CRDwas evident between female andmalemice, determined by one-way ANOVA (parametric data) with
Tukey’s multiple comparison tests. Error bars represent the standard error of themean.

4 DISCUSSION

This study explored the central neuroanatomy of colorectal vagal and

spinal afferent pathways in the mouse. Wemarried anatomical assess-

ment with functionality, by correlating the terminal field distributions

of colorectal vagal and spinal afferents with the extent, and distri-

bution, of CRD-activated neurons in the DVC and dorsal horn. We

highlight novel aspects of the central neuroanatomy into which spinal

and vagal colorectal afferents project, which are relevant to nocicep-

tive and sensory–motor integration. Such comparative assessment of

CRD-evoked neuronal activation between VG and DRG, or the DVC

and dorsal horn circuits, has never been reported on before. Thus, we

expand on the comparative assessment of vagal and spinal colorectal

pathways from beyond the knowledge of their peripheral properties

and thegangliondistributionof their cell bodies. Furthermore, our find-

ings elucidate differences in the functional anatomy between the vagal

and spinal pathways that may mediate their disparate influences on

pain-evoked colorectal visceromotor responses.

4.1 Vagal and dorsal root ganglia

Quantifying labeled neurons within whole CLARITY-cleared ganglia

enabled absolute comparisons between the vagal and spinal innerva-

tion of the colorectum that has not been captured previously by tissue

sections. We showed that colorectal-labeled neurons are most abun-

dantwithin pelvicDRG, followedby splanchnicDRG (T10–L1) and then

VG. Correspondingly, we showed functionally that noxious CRD acti-

vates more neurons in the DRG than the VG. Our regional retrograde

tracing findings align with previous anatomical and electrophysiologi-

cal assessments in the mouse, which– show vagal afferent innervation

is most abundant in the proximal aspects of the colorectum, whereas

pelvic afferent innervation ismost dense in thedistal aspects of the col-

orectum and splanchnic afferent innervation extends relatively evenly

along the full length of the colorectum (Brierley et al., 2004; Meer-

schaert et al., 2020; Osman et al., 2023; Wang et al., 2000). However,

given we also assessed terminal field distributions of vagal and spinal

afferents from different regions of the colorectum, we were also able

to make parallels between the degree of neuronal labeling evident

within sensory ganglia and the extent of input within DVC and dor-

sal horn circuits relevant to nociceptive signaling and sensory–motor

integration.

4.2 Colorectal vagal afferent input into the DVC
supporting antinociceptive influences

Corresponding to colorectal-labeled afferent neurons within the VG,

we located labeled projections within the caudal medulla DVC. The

distribution within NTS subnuclei, the AP and the DMV, was simi-

lar to that described in the rat, from the caecum and the descending

colon (Altschuler et al., 1991, 1993). Furthermore, the locality of pro-

jections within DVC aligns with the area in which central projections

of the celiac and accessory celiac branches of the subdiaphragmatic

vagus have been localized in rats (Norgren et al., 1988). Our find-

ings provide further evidence of the organ-specific organization of

viscerosensory afferent input within NTS subnuclei (Altschuler et al.,

1991, 1993; Bassi et al., 2022; Shapiro et al., 1985; Travagli et al., 2006).

Moreover, we provide anatomical evidence for colorectal vagal neu-

rons not expressing CGRP, as suggested by recent molecular studies

(Matsumoto et al., 2023; Meerschaert et al., 2020). This finding also

confirms colorectal-projecting VG neurons are of nodose origin, rather

than jugular (Driessen et al., 2015).

Colorectal-labeled fibers in the NTS were primarily from rostral

colorectal-injected CTB-647, which aligned with the abundance of VG

neurons labeled. However, in the NTS we also observed fibers labeled
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WANG ET AL. 23

F IGURE 15 Distribution of colorectal retrograde-labeled fibers relative to parabrachial (PbN)-projecting neurons in the nucleus of the
solitary tract (NTS). (A) Schematic illustrating the site of tracer CTB-594 (magenta) injection into the pontine PbN complex (magenta-shaded
areas) and photomicrographs of brainstem sections (numbers indicate distance from bregma) (Paxinos et al., 2001) showing the spread of injected
CTB-594 from one experiment. Scale bars= 100 μm. Aq, aqueduct; KF, Kölliker–Fuse nucleus; lPb, lateral parabrachial nuclei; mPb, medial
parabrachial nuclei; scp, superior cerebellar peduncle; 4V: fourth ventricle. (B) Photomicrographs (i–iv) showing the distribution of

(Continues)
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24 WANG ET AL.

F IGURE 15 (Continued)

colorectal-labeled fibers (yellow) in relation to neurons retrograde-labeled from the PbN (magenta) in the NTS. PbN neurons in apposition to
colorectal-labeled fibers are highlighted by green arrows. Images (ii and iii) correspond to regions in (i) within yellow-dotted boxes. (iv) Image in
yellow box (scale bar= 10 μm) corresponds to the regionwithin the yellow-dotted box. Scale bars: i and iv= 20 μm; ii and iii= 10 μm.
Photomicrographs are reconstructions from confocal-collected three to four optical sections (1- to 2-μm-thick z-steps). (C) Photomicrographs
(i–iii) showing retrograde-labeled PbN neurons (magenta) and pERK-immunoreactive neurons (pERK, cyan) in the NTS following noxious CRD.
PbN/pERK-IR neurons are indicated by white arrows. (i) Images in yellow-lined box (scale bar= 10 μm) correspond to the region in the
yellow-dotted box. Scale bars= 20 μm. (iv) Quantitative group data showing themean (±standard error of themean) percentage of pERK-IR
neurons within the NTS co-labeled from the PbN (gray region) as a proportion of total pERK-IR neurons following noxious CRD. Data were gained
from 4–5 sections/mouse fromN= 3male (13 sections in total) mice, in which a total of 42 pERK/PbN neurons were observed in the NTS.

by the most caudal colorectal-injected CTB-488, which did not align

with the rarity of CTB-488-labeled neurons in the VG. This poten-

tially reflects the nature of vagal afferent neurons to form complex

terminal arborizations within the NTS (Bassi et al., 2022; McGovern

et al., 2015). Thus, our findings indicate that the number of VG neu-

rons labeled from distal regions of the colorectum may not directly

reflect the amount of information ultimately relayed into the DVC. In

agreement, the abundance of pERK-IR neurons in the NTS appeared

to contrast with the number of colorectal-labeled VG neurons from

any region. Again, this may reflect arborization of vagal terminals

activating multiple second-order neurons. Alternatively, spinosolitary

projection neuronswithin the dorsal hornmay also contribute to CRD-

evoked neuronal activation in the NTS based on a recent mouse study

showing that populations of NTS-projecting neurons in the LS dorsal

horn are activated by noxious chemical irritants applied to the rec-

tum (Nishida et al., 2022). Conversely, studies using vagal denervation

clearly show that direct vagal afferent input chiefly contributes to NTS

neuronal activation evoked by proximal colon distension (Monnikes

et al., 2003).

Functional studies show that visceromotor responses evoked by

CRD, at nonnoxious and noxious ranges, are enhanced by subdi-

aphragmatic vagotomy (Chen et al., 2008; Gschossmann et al., 2002).

Mediating this, it has been proposed that colorectal vagal afferents

recruit centralized circuits with opioidergic descending outputs to

the spinal cord (Gschossmann et al., 2002). We found that a small

population of NTS neurons activated by noxious CRD project to

the PbN, which may facilitate the recruitment of descending pain

modulation circuits. Furthermore, we also observed colorectal vagal

projections in apposition to NTS neurons that were immunoreac-

tive for TH. This finding aligns with a study in rat, showing that

just under half of the NTS neurons activated by distension of the

proximal colon are catecholaminergic (Wang et al., 2009). As such,

our findings provide anatomical evidence for colorectal vagal input

directly recruiting catecholaminergic NTS neurons similarly to vagal

afferents from the stomach and the small intestine (Appleyard et al.,

2007; Bassi et al., 2022). Given that catecholaminergic NTS neurons

projecting to the periaqueductal gray have been implicated in themod-

ulation of gastric nociceptive signaling (Chen et al., 1995), our findings

potentially identify elements of the central anatomy relevant to sup-

porting vagal antinociceptive influences on colorectal visceromotor

responses.

4.3 Colorectal spinal afferent input in the dorsal
horn supporting nociceptive signaling

Aligning with the abundance of colorectal-labeled neurons observed

in the pelvic DRG, in particular from the most caudal injection sites,

labeled projections were dense within the dorsal horn at the L6–S1

spinal cord. The relative sparsity of labeled projections in the TL spinal

cord paralleled observations in the splanchnic DRG (T12–L1 DRG).

However, unlike the even distribution of TL DRG neurons labeled from

different colorectal regions, within the TL spinal cord, projectionswere

predominantly labeled from caudally directed injections. Differences

in the density of colorectal retrograde labeling between the TL and LS

dorsal hornwere reflected in the amount of neuronal activation evoked

byCRD. The overall number of CRD-activated neuronswere greater in

the LS dorsal horn than in the TL dorsal horn. This confirms our previ-

ous findings in mice (Harrington et al., 2019) and others in rats (Traub,

2000; Traub et al., 1992, 1993). Collectively, the differences between

theTL and LS spinal cord in the number ofCRD-activated neurons align

with findings from mice studies comparing the mechanosensory acti-

vation thresholds of splanchnic and pelvic colorectal afferent endings

(Brierley et al., 2004; Feng et al., 2011;Hughes et al., 2009). These stud-

ies show that the vast majority of splanchnic afferent endings, which

relay into the TL spinal cord, have high thresholds to mechanical stim-

uli (i.e., high-threshold nociceptive afferent endings). In contrast, pelvic

afferent endings, which relay into the LS spinal cord, have heteroge-

nous activation thresholds to mechanical stimuli and are activated by

circumferential stretch at innocuous or noxious pressures, or both.

Expanding on these previous studies, comparisons of neuronal acti-

vation occurred in the dorsal horn between nonnoxious and noxious

CRD, and between spinal cord levels, providing new insight into the

spinal afferent input and dorsal horn circuits recruited to colorectal

nociceptive processing. In the TL dorsal horn, nonnoxious CRD did

not evoke neuronal activation over that of no CRD controls. However,

noxious CRD evoked significant activation within dorsal horn regions

relevant to nociceptive processing, such as LI and LV. Conversely, in the

LS dorsal horn, nonnoxious CRD activated neurons above that of no

CRD throughout LI–LV and the SPN. On the other hand, neuronal acti-

vation specifically evoked by noxious CRD occurred within the DGC.

These findings align with our previous study showing that CRD acti-

vates a network of excitatory and inhibitory interneurons within LI–III

of the LS dorsal horn, but not the TL dorsal horn (Harrington et al.,
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WANG ET AL. 25

F IGURE 16 Distribution of colorectal retrograde-labeled fibers relative to parabrachial (PbN)-projecting neurons in the thoracolumbar spinal
cord dorsal horn. (A) Photomicrographs (i–iii) showing the distribution of colorectal retrograde-labeled fibers (yellow) in relation to neurons
retrogradely labeled from the PbN (magenta) in dorsal horn lamina I (LI) at the thoracolumbar level of the spinal cord. PbN neurons in apposition to
colorectal-labeled fibers are highlighted by green arrows. Image (ii) is a higher magnification of the regionwithin the yellow dotted box in (i).
Images in (ii) and (iii) in yellow-lined box (scale bar= 10 μm) correspond to the region within yellow-dotted boxes. Scale bars= i and iii= 50 μm;

(Continues)
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26 WANG ET AL.

F IGURE 16 (Continued)

ii= 20 μm. Photomicrographs are reconstructions from confocal-collected three to four optical sections (1- to 2-μm-thick z-steps). (B)
Photomicrographs (i–iv) showing retrograde-labeled PbN neurons (magenta) and pERK-immunoreactive neurons (pERK, cyan) in LI following
noxious CRD. PbN/pERK-IR neurons are indicated bywhite arrows. Inset images in (i) and (ii) are a higher magnification of regions within the
yellow-dotted boxes. Scale bars: i and ii= 50 μm (inset 20 μm); iii and iv= 20 μm. (v) Quantitative group data showing themean (±standard error of
themean) percentage of pERK-IR neurons within LI co-labeled from the PbN (gray region) as a proportion of total pERK-IR neurons within LI
following noxious CRD. Spinal cord data were gained from 2–6 sections/mouse fromN= 5malemice (22 sections in total), in which a total of 42
pERK/PbN neurons were observed.

2019). Expanding on these findings, in this current study, we show

that splanchnic and pelvic colorectal afferents differentially recruit

dorsal horn LI neurons to the ascending relay of colorectal nocicep-

tive transmission into the pontine PbN. The spatial relationship we

reported between colorectal afferent projections in LI of the TL dor-

sal horn and PbN-projecting neurons—moreover, the large proportion

of CRD-activated neurons in TL dorsal horn LI projecting to the PbN—

aligns with colorectal splanchnic afferents directly recruiting putative

LI nociceptive circuits. Conversely, we observed a minor population of

LS dorsal horn neurons in LI activated by CRD projecting to the PbN.

Collectively, these findings provide further anatomical evidence for

colorectal pelvic afferents recruiting a more heterogenous population

of dorsal horn neurons than that of splanchnic afferents, which are not

solely concerned with nociceptive transmission (Al-Chaer et al., 1996;

Nakamori et al., 2018; Ness et al., 1989; Nishida et al., 2022).

As the PbN is known to have a role in recruiting descending

inhibitory circuits, it warrants further investigation if PbN-projecting

neurons, in either the TL and LS spinal cord or both, do indeed facili-

tate colorectal nociception or act to recruit descending feedback. This

is particularly relevant, given that functional studies show colorec-

tal nociceptive transmission through the spinal cord is regulated by

tonic descending inhibition (Ness et al., 1987, 1989). Moreover, there

is evidence for the spino-PbN pathway recruiting descending opioi-

dergic inhibition of CRD-evoked neuronal activation in the LS dorsal

horn (Murphy et al., 2009). Studies in rats show that noxious CRD

activates greater numbers of PbN-projecting neurons in the LS dor-

sal horn than in the TL dorsal horn (Traub et al., 2002). Unlike our

findings, these PbN-projecting neurons are present within lateral and

medial gray matter and the SPN, in addition to LI (Murphy et al., 2009;

Traub et al., 2002). Interestingly, a recent optogenetic study in mice

showed that populations of sacral dorsal horn PbN-projecting neu-

rons within the DGC and lateral gray matter, which express VGlut3,

are involved in aversion rather than nociceptive aspects of colorectal

inflammation-evoked visceromotor responses (Qi et al., 2023). How-

ever, we did not observe pERK-IR PbN-projecting neurons within the

DGC, nor the SPN, despite their proximity of colorectal projections.

Such discrepancies may reflect species differences, variability in CRD

balloon location (rectal vs. colorectal), intensity and length of stimula-

tion, or PbN tracing rostral–caudal location. Differences may also be

due to the neuronal activation marker used (pERK vs. cFos), given that

activationmarkers are proposed to be selective for populations of neu-

rons influenced by the type of afferent input they receive (Polgar et al.,

2013).

4.3.1 Sites of sensory afferent integration into
efferent motor circuits

The dorsal horn and the NTS are also sites where colorectal afferent

information is integrated into autonomic nuclei to shape affective defe-

cation responses. We observed retrograde-labeled fibers projecting

within the SPN, which is known to contain parasympathetic pregan-

glionic motor neurons. This finding aligns with those from studies in

rats that used tracing from isolated pelvic nerves (Mawe et al., 1986;

Morgan et al., 1981; Nadelhaft et al., 1984) and illustrates the anatomy

supporting pelvic afferent facilitation of colonic motility reflexes and

defecation independent of spinobulbar circuits (de Groat et al., 1981;

Smith-Edwards et al., 2019). We also observed colorectal-labeled

fiberswithin theDMV,which is known to contain parasympathetic dor-

sal vagal motor neurons.We found that colorectal-labeled fibers in the

DMV showed similar density and morphology as those from the stom-

ach, small intestine, heart, and trachea (Bassi et al., 2022). Collectively,

these findings align with the SPN and DMV being sites of sensory–

motor integration. However, we did not observe a link between CRD

intensity and evoked neuronal activation in the SPN and DMV, unlike

the superficial dorsal horn and the DGC. This may indicate that affer-

ent input targeting the SPN and DMV primarily mediates affective

defecation reflexes, rather than urgency as stimuli intensify. We also

observed retrograde-labeled cell bodies within the DMV and SPN, not

all of which were pERK-IR following noxious CRD. As CTB does not

jump synapses, labeling of these cell bodies has beenproposed tobe via

efferent endings located in the colonwall. In accordance, projections of

DMV neurons have been located with the myenteric ganglia along the

length of themouse colon (Tao et al., 2021). As for SPN neurons, tracer

injectionsmay have occurredwithin small microganglia localized in the

rectal adventitia that are known to contain populations of rectospinal

neurons (Fuller-Jackson et al., 2021; Luckensmeyer et al., 1998; Ols-

son et al., 2006). This aligns with observing SPN neurons being labeled

solely from caudal CTB injections, whereasDMVneuronswere labeled

from all injection sites.

Collectively, this study provides new information on the central

aspects of the sensory afferent axis shaping colorectal visceromotor

responses. Importantly, these findings serve as an anatomical frame-

work to guide and interpret further exploration of the central circuits

into which vagal and spinal afferent pathways relay to mediate col-

orectal pain. Moreover, such information will aid in identifying novel

sites of neural remodeling inmousemodels of chronic visceral pain and

sensory–motor dysfunction.
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WANG ET AL. 27

F IGURE 17 Distribution of colorectal retrograde-labeled fibers relative to parabrachial (PbN)-projecting neurons in the lumbosacral spinal
cord dorsal horn. (A) Photomicrographs (i and ii) showing the distribution of colorectal-labeled fibers (yellow) in relation to neurons
retrograde-labeled from the PbN (magenta) in the dorsal horn at the sacral level of the spinal cord. PbN neurons in apposition to colorectal-labeled
fibers are highlighted by green arrows. (i) Yellow-lined boxed image (scale bar= 50 μm, inset image scale bar= 5 μm) corresponds to the region
within the yellow-dotted box in the lowermagnification image (scale bar= 100 μm). (ii) Image in yellow-lined box (scale bar= 10 μm) corresponds
to the region within the yellow-dotted box in the lowermagnification image (scale bar= 20 μm). (B) Photomicrographs (i–iii) showing
retrograde-labeled PbN neurons (magenta) and pERK-immunoreactive neurons (pERK, cyan) in lamina I (LI) following noxious CRD. PbN/pERK-IR
neurons are indicated bywhite arrows. Inset images in (i) and (iii) correspond to regions within the yellow-dotted boxes in their respective
low-magnification image. Photomicrographs are reconstructions from confocal-collected three to four optical sections (1- to 2-μm-thick z-steps).
Scale bars: i and iii= 50 μm (insets i and iii= 25 μm); ii= 20 μm. (iv) Quantitative group data showing themean (±standard error of themean)
percentage of pERK-IR neurons within LI co-labeled from the PbN (gray region) as a proportion of total pERK-IR neurons within LI following
noxious CRD. Data gained from 2–6 sections/mouse fromN= 5malemice (22 sections), in which a total of 19 pERK/PbN neurons were observed.
Dashed lines indicate the lateral borders of the DGC (dorsal gray commissure) and the SPN (sacral parasympathetic nuclei). cc, central canal.

 10969861, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25546 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [23/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



28 WANG ET AL.

F IGURE 18 Distribution of colorectal retrograde-labeled fibers in the lumbosacral spinal cord dorsal horn dorsal gray commissure (DGC) and
sacral parasympathetic nuclei (SPN) relative to parabrachial (PbN)-projecting neurons. (A) Photomicrograph showing the distribution of colorectal
retrograde-labeled fibers (yellow) in relation to neurons retrogradely labeled from the PbN (magenta) in the dorsal horn dorsal gray commissure
(DGC) at the sacral level of the spinal cord. PbN neurons in apposition to colorectal-labeled fibers are highlighted by green arrows. (i) Yellow-boxed
image (scale bar= 10 μm) corresponds to the yellow-dotted box region in the low-magnification image (scale bar= 50 μm). (B) Photomicrographs (i
and ii) showing retrograde-labeled PbN neurons (magenta) and phosphorylatedMAP ERK1/2 kinase (pERK)-immunoreactive neurons (cyan) in the

(Continues)
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WANG ET AL. 29

F IGURE 18 (Continued)

DGC following in vivo noxious colorectal distension (CRD). PbN neurons are indicated bymagenta arrows and pERK-IR neurons are indicated by
cyan arrows. Scale bars= 50 μm. (C) Photomicrograph showing the distribution of colorectal-labeled fibers (yellow) in relation to neurons
retrogradely labeled from the PbN (magenta) in the dorsal horn sacral parasympathetic nuclei (SPN) at the sacral level of the spinal cord. PbN
neurons in apposition to colorectal-labeled fibers are highlighted by green arrows. Scale bar= 20 μm. (D) Photomicrographs (i and ii) showing
retrograde-labeled PbN neurons (magenta) and phosphorylatedMAP ERK1/2 kinase (pERK)-immunoreactive neurons (cyan) in the SPN following
in vivo noxious colorectal distension (CRD). PbN neurons are indicated bymagenta arrows and pERK-IR neurons are indicated by cyan arrows.
Scale bars= 20 μm.
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