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Introduction: The distributions of extrinsic neurons innervating the colon show differences in experimental animals from humans, including the vagal and spinal parasympathetic innervation to the distal colon. The neuroanatomical tracing to the mouse proximal colon has not been studied in details. This study aimed to trace the locations of extrinsic neurons projecting to the mouse proximal colon compared to the distal colon using dual retrograde tracing.

Methods: The parasympathetic and sensory neurons projecting to colon were assessed using Cholera Toxin subunit B conjugated to Alexa-Fluor 488 or 555 injected in the proximal and distal colon of the same mice.

Results: Retrograde tracing from the proximal and distal colon labeled neurons in the dorsal motor nucleus of the vagus (DMV) and the nodose ganglia, while the tracing from the distal colon did not label the parasympathetic neurons in the lumbosacral spinal cord at L6-S1. Neurons in the pelvic ganglia which were cholinergic projected to the distal colon. There were more neurons in the DMV and nodose ganglia projecting to the proximal than distal colon. The right nodose ganglion had a higher number of neurons than the left ganglion innervating the proximal colon. In the dorsal root ganglia (DRG), the highest number of neurons traced from the distal colon were at L6, and those from the proximal colon at T12. DRG neurons projected closely to the cholinergic neurons in the intermediolateral column of L6 spinal cord. Small percentages of neurons with dual projections to both the proximal and distal colon existed in the DMV, nodose ganglia and DRG. We also observed long projecting neurons traced from the caudal distal colon to the transverse and proximal colon, some of which were calbindin immunoreactive, while there were no retrogradely labeled neurons traced from the proximal to distal colon.

Discussion: These data demonstrated that the vagal motor and motor and sensory neurons innervate both the proximal and distal colon in mice, and the autonomic neurons in the intermediate zone of the lumbosacral spinal cord do not project directly to the mouse colon, which differs from that in humans.
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1 Introduction

The origins of parasympathetic and primary sensory neurons projecting to the colon (large intestine) are different from the other parts of the gastrointestinal tract (GI). In humans, parasympathetic neurons innervating the descending/distal colon are located in the sacral spinal cord and the sensory neurons in the dorsal root ganglia (DRG), and the vagal nerves innervate the GI tract up to the transverse colon (Standring, 2008; Câmara and Griessenauer, 2015; Browning et al., 2017; Thompson et al., 2019). However, reports in experimental species indicate that there is variability in the neuronal origins of vagal and pelvic nerves across the segments of the colon (Gonella et al., 1987). In rats, the injection of tracers into the dorsal motor nucleus of the vagus (DMV) or the nodose ganglia anterogradely labeled the efferent or afferent terminals, respectively, in the GI tract to the descending (distal) colon (Berthoud et al., 1990, 1991; Wang and Powley, 2000). In mice, the nodose ganglionic neurons innervate the distal colon less extensively than the proximal colon as assessed by retrograde labeling from the colon (Osman et al., 2023), while anterograde tracing from the nodose ganglia detected sparse vagal afferents in the proximal and mid colon, and none in the distal colon (Spencer et al., 2024). A recent study in mice located the autonomic neurons in the DMV by retrograde tracing from the distal colon (Wang et al., 2024). The preganglionic parasympathetic neurons in the intermediolateral column (IML) of sacral spinal cord were retrogradely labeled from the distal colon in cats (Dorofeeva et al., 2009), but not in dogs (Fukai and Fukuda, 1985) and guinea pig (Olsson et al., 2006), while there is no report in mice and rats. Moreover, the extrinsic neurons innervating the proximal colon in mice have been little investigated compared to the distal colon (Christianson et al., 2006; Tan et al., 2008; Osman et al., 2023; Wang et al., 2024), except the sympathetic innervation to the mouse proximal and distal colon (Smith-Edwards et al., 2021). This has functional significance since these two segments play differential roles in the regulation of colonic motility, transmucosal fluid exchange, local blood flow and immune status. In addition, the mapping of the mouse colonic innervation has relevance to the understanding of the gut-brain interactions in relation with the microbiota (Cryan et al., 2019) and experimental neuromodulation (Salgado Cesar et al., 2023). Mice are also most commonly used experimental species as their genome and epigenome can be precisely manipulated to generate genetically engineered models of human diseases (Tecott, 2003; Navabpour et al., 2020). Therefore, to assess whether the innervation of mouse colon has the same groups of neurons as reported in humans is of important functional and translational applications.

In the present study, the extrinsic parasympathetic and primary visceral sensory neurons were traced to the vagal and/or spinal nuclei, the nodose ganglia and DRG from the proximal and distal colon in the same mouse. This was achieved using Cholera Toxin subunit B (CTb), one of the sensitive and reliable conventional tracers for central and peripheral neural tracing (Sawchenko and Gerfen, 1985; Morecraft et al., 2014; Luchicchi et al., 2021), conjugated to different colored fluorophores, Alexa Fluor (AF) 488 and 555. To identify whether the colon projecting neurons in the pelvic ganglia were cholinergic or catecholaminergic, immunohistochemistry was processed for the labeling of cholinergic neurons with cholinergic acetyl transferase (ChAT) and catecholaminergic neurons with tyrosine hydroxylase (TH). CTb labeled cells projecting to the proximal or distal colon were counted in the dorsal root ganglia (DRG) to assess the segments and peak location of neurons, and in the left and right nodose ganglia and the DMV. Whether there were dual projections to the proximal and distal colon were also examined. Within the colon, the retrogradely labeled intrinsic neurons were mapped in the myenteric plexus as well as calbindin-positive intrinsic projecting neurons.



2 Materials and methods


2.1 Animals

Adult male mice C57BL/6 J (Stock number 000664, Jackson Laboratories, Sacramento, CA) were maintained two per cage under standard conditions. Animal care and experimental procedures followed institutional ethic guidelines and conformed to the requirements of federal regulations for animal research conduct. All procedures were approved by the Animal Research Committee at Veterans Affairs Greater Los Angeles Healthcare System (animal protocol #07013–17).



2.2 Tracers

CTb-AF 488 and 555 (Cat#: 28841 and 28843, Thermo Fisher Scientific United States, thermofisher.com), diluted at 0.5% in 0.01 M phosphate buffered saline (PBS), were aliquoted and stored in -20°C freezer.



2.3 Injection of tracers in the mouse colon

Mice (n = 28) were anesthetized with 2.5% isoflurane and the abdominal cavity was opened under sterile condition. CTb-AF 488 and 555 were injected in the same mice, respectively in the proximal colon at 0.5–2.5 cm (pC2) from the ileocecal junction, and in the distal colon at 1.5–3 cm (dC2) from the anus (Figure 1A). CTb-AF 488 and 555 were injected alternatively in the proximal or distal colon in different mice. Both sides of each segment of the colonic wall received two injections each of 0.5% CTb solution (1–1.5 μL/injection) as in previous reports (Herrity et al., 2014; Harrington et al., 2019; Wang et al., 2024) using a 35G beveled NanoFil needle (NF35BV-2, World Precision Instrument, Sarasota, FL, United States) (Powley et al., 2014, 2016) connected to a 10 μL Hamilton syringe via a PE-10 tubing. An air bubble separated the tracer from sterile water filling in the tubing and syringe. The injection was performed slowly (1 μL/min), and the needle remained inside the colon wall for 30 s after the completion of the injection to avoid backflow. After the injections, the abdominal wall was sutured in two layers, the muscle layer, and the skin. The analgesic, buprenorphine (0.03 mg/kg; Braeburn, Plymouth Meeting, PA) was injected subcutaneously after the surgery.

[image: Figure 1]

FIGURE 1
 Injection sites of CTb-AF 488 and 555 in the mouse colon. CTb-AF 488 and 555 were injected into the proximal (pC) and distal colon (dC) respectively of the same mice. (A) Colored squares illustrate the injection sites in the pC2 and dC2. CTb-AF 488 and 555 were alternatively injected in the proximal and distal colon in different mice. Control injections were made in pC1, pC3 and dC1, as well as mesentery attachments of pC2 and dC2 (dash lines). The rectum is not shown. (B) Photomicrographs of sections show the fluorescence of CTb-AF spread to all the layers near the injection sites of the proximal (pC, left) and distal (dC, right) colon at lower (upper panels) and higher magnifications (lower panels). The scales are indicated in the lower corners of each image (same in other figures). tC, transverse colon; CR, colorectum.


Control experiments for injection sites or for possible leakage of tracers into the mesentery are schematically illustrated in Figure 1A. CTb was injected as described above in the rostral and caudal segments of the proximal colon (pC1 and pC3; n = 4), rostral segment of distal colon (dC1; n = 3), colorectal region (CR, 1 cm from the anus, n = 4) and in the mesentery attached to the segments of pC2 (n = 3) and dC2 (n = 4).



2.4 Tissue collection and processing

Mice were euthanized with 5% isoflurane 3–6 days after the tracer injections as previously reported to be optimal time period for maximal intensity (Christianson et al., 2006; Cui et al., 2022), then perfused transcardiacally with 0.9% saline, and the colon was removed. Then, the perfusion was switched to 4% paraformaldehyde in 0.1 M phosphate buffer 2 mL/min for 15 min. The dissected-out colon after saline perfusion was opened along the mesenteric margin, flat-pinned on a Sylgard™ 184 silicone elastomer (Electron Microscopy Science, Hatfield, PA), and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) overnight. Additional three mice were perfused with fixative without removal of the colon, and the segments near the injection sites were removed and transversely sectioned at 200 μm as previously described (Wang et al., 2023). Other tissues collected after the fixative perfusion included the medulla oblongata, spinal cord at L6-S1, DRG at T8-S2, and the nodose and pelvic ganglia, were post-fixed overnight. The medulla oblongata and spinal cord at L6-S1 were cryoprotected in 20% sucrose, snap-frozen on dry ice and coronal sections were cut at 50 μm in three sets using a cryostat. One set was mounted on microscopic glass slide, and the other two sets were processed as free-floating sections for immunohistochemistry. Sections of the medulla and spinal cord were mounted onto microscopic slides and sealed by glass coverslip in Vectashield anti-fade mounting medium that has an ideal refractive index, 1.45 (H-1000, Vector Laboratories, Burlingame CA). Other samples were mounted inside frames (iSpacer, Sunjin Lab, Taiwan, R.O.C.) on microscopic glass slides (Yuan et al., 2021), and embedded in the Vectashield medium, and then sealed by glass coverslip. The nodose ganglia and DRG as whole ganglia and thick colon sections were mounted in frames with 4 circular wells of 7 mm in diameter and 0.25 mm in depth (IS216, iSpacer). For assessing the injection sites and intrinsic tracing, flat fixed colon with all layers was divided into two halves and sealed on microscopic slides in a frame made from 2 frames of 30 × 22 × 0.5 mm (IS011, iSpacer) cut and pieced together to have a large frame about 45 × 22 × 0.5 mm.



2.5 Immunohistochemistry

Sections of the spinal cord L6-S1 were immunostained for ChAT, and the colon for calbindin. The pelvic ganglia were double-immunostained for ChAT and TH. The antibodies information is specified in Table 1. The sections and ganglia were incubated first with primary antibodies in 0.3% Triton-X 100 and 3.5% normal donkey serum in 0.01 M PBS for 2 h at room temperature (RT), and then at 4°C for 2 days. This was followed by the incubation with the secondary antibodies (donkey anti-goat IgG AF 488 or 647 for ChAT and donkey anti-rabbit AF 647 for other primary antibodies) for 2 h at RT. After the immunolabeling, the colonic tissues and spinal cord sections were mounted onto microscope slides, and then sealed in Vectashield anti-fade mounting medium (Vector Laboratories, Burlingame, CA).



TABLE 1 Primary antibodies information.
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2.6 Microscopy and cell counting

Microscopic images were acquired in 3D with Z-stacks at 1 μm intervals in Zeiss confocal microscopes (LSM 710 and 880). The image visualization was performed using Imaris 9.8–10.0 for Neuroscientists (Bitplane Inc., Concord, MA). CTb-labeled neurons in the nodose ganglia and DRGs on both left and right sides were automatedly counted in 3D in a whole ganglion using “Spots” module of Imaris. The labeled neurons in the DMV were counted on both sides manually in 6–10 sections of the medulla at the level caudal to the obex between Bregma-8.0 to-7.2 mm (Franklin and Paxinos, 2008). The numbers of labeled neurons are presented bilaterally per section in the DMV.



2.7 Statistical analysis

Statistical analysis was performed using SigmaPlot 14 (Systat Software, Inc., San Jose, CA, United States). Data are presented as mean ± SEM. Comparisons between left and right nodose ganglia, and between the proximal and distal colon were performed using Student’s t-tests. A p value <0.05 was considered significant.




3 Results


3.1 Injection sites

CTb spread in all layers about 1 cm from the injection sites and showed nerve fibers labeling in the nearby submucosa, enteric plexuses, circular muscular layers, and mucosa (Figure 1B).



3.2 Extrinsic retrograde tracing from the proximal and distal colon


3.2.1 Parasympathetic motor neurons

CTb injected into the mouse proximal and distal colon labeled neurons in the DMV of the medulla oblongata (Figure 2). The number of DMV neurons projecting to the proximal colon was significantly higher than that to the distal colon (number/section: 6.0 ± 0.7 vs. 2.2 ± 0.7/section respectively; n = 16 mice, p < 0.05). Most of them were distributed at the level caudal to the obex between Bregma-8.0 to-7.2 mm in the lateral part of the DMV (Figure 2A). The percentage of neurons double labeled from the proximal and distal colon was 5.9% (0.5 ± 0.2/section). No preganglionic parasympathetic neurons in the IML at L6 and S1 of the spinal cord were labeled by CTb injected in the distal colon (Figure 2B). The pelvic ganglia contained neurons retrogradely labeled by CTb traced from the distal colon, which were located in the rostral enlarged part and middle part of the ganglia. The majority of them were double labeled by ChAT antibody, but not by TH antibody (Figure 3).
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FIGURE 2
 Representative photomicrographs of CTb-AF 488 and 555 labeled neurons and nerve fibers in the sections of dorsal medulla shown (A), and the spinal cord L6 (B,C) shown in different channels. CTb-AF 555 and 488 were injected in the proximal (pC) and distal colon (dC) respectively of the same mice. Sections were 50 μm thick. (A) Images demonstrate single or dual labeling of CTb. Retrogradely labeled neurons detected in the lateral part of the dorsal motor nucleus of the vagus (DMV), and transganglionic labeled nerve terminals in the nucleus of the tractus solitarii (NTS) and area postrema (AP) from the proximal (magenta, pseudocolor for AF 555) and distal (green) colon. (B) Images demonstrate transganglionic labeling of nerve fibers and terminals (magenta) in the spinal cord L6 from the aboral segment of the distal colon, distributed in the laminae I-II and V-VI of dorsal horn, intermediate zone (VII), in the lateral collateral projection (LCP) to the dorsal part of the intermediolateral column (IML) and the dorsal area to the central canal (cc). (C) Magnification of the square in B showing the dorsal horn (partial) and intermediate zone. Neurons in the IML were not labeled by CTb injected in the distal colon. The central primary colonic afferents terminated close (arrow) to the cholinergic neurons (ChAT immunoreactive, green) in the IML. (D) Neurons in IML labeled by CTB-AF 488 injected in the colorectal (CR) region. Transganglionic labeled nerve fibers in the laminae I-II and CLP (arrow).


[image: Figure 3]

FIGURE 3
 CTb traced neurons in the rostral part of a pelvic ganglion. CTb-AF 488 was injected in the distal colon. The sample with CTb labeling was immunohistochemically stained by choline acetyl transferase (ChAT) and tyrosine hydroxylase (TH) antibodies. Most CTb-labeled neurons (green) were ChAT (magenta) but not TH (blue) immunoreactive. Arrows indicated some of the double cholinergic labeled neurons.




3.2.2 Sensory neurons in the nodose ganglia

The primary vagal sensory neurons in the nodose ganglia were labeled by CTb injected in both proximal and distal colon (Figure 4). The number of nodose neurons projecting to the proximal colon was significantly higher than those to the distal colon (125.9 ± 12.8 vs. 66.7 ± 8.6 neurons/bilateral ganglia respectively, n = 16, p < 0.05). The right nodose ganglion contained retrogradely labeled neurons from the proximal colon in a greater number compared to the left nodose (80.4 ± 8.2 vs. 45.6 ± 5.6 neurons/ganglion, n = 16, p < 0.05), while there was no significant difference compared to those retrogradely labeled from the distal colon (right: 37.6 ± 4.9 vs. left: 29.1 ± 4.2 neurons/ganglion; n = 16, p > 0.05). The double labeled neurons were 1.9% in the nodose ganglia.

[image: Figure 4]

FIGURE 4
 Representative photomicrographs of CTb-AF 488 (green) and 555 (magenta) labeled neurons in the left and right nodose ganglia. CTb-AF 555 and 488 were injected into the proximal (pC) and distal colon (dC) respectively of the same mice. The whole ganglia were taken in 3D images. The graph shows cell count to compare the neurons in the CTb-traced neurons from the proximal and distal colon of the left and right nodose ganglia. Data were means ± SEM of the labeled neurons in a whole nodose ganglion of each mouse (p < 0.05: * dC vs. pC, # left vs. right nodose from pC; n = 16 mice).




3.2.3 Sensory neurons in the DRG and central terminals

CTb-labeled neurons retrogradely from the proximal colon were located in the DRGs T8-L1 with comparatively more in T11-12 DRGs, a few at T8-T10 and L1 and none at L2-S2 (Figure 5). The main harbors of CTb-labeled primary spinal sensory neurons projecting to the distal colon were in DRG L6 with much less numbers in the DRGs S1 and T13-L1, and a few scattered at T10-12 and L5 (Figure 5). The percentage of dual retrogradely labeled DRG neurons to the proximal and distal colon was 0.8%.

[image: Figure 5]

FIGURE 5
 Representative photomicrographs of CTb-AF 555 (magenta) and 488 (green) labeled neurons in the dorsal root ganglia (DRG). CTb-AF 555 and 488 were injected into the proximal (pC) and distal colon (dC) respectively of the same mice. The photomicrographs show in the whole ganglia taken in 3D, the CTb-labeled neurons in the DRG at T12, T13, L6 and S1 traced from the proximal and distal colon. The bar graph illustrates the segmental distribution of labeled neurons. Data are means ± SEM of labeled neurons per ganglion (n = 14 mice/DRG segment).


In the spinal cord at L6 level, after CTb injected in the aboral segment of distal colon, transganglionic labeled primary sensory nerves terminated in the lamina I-II of the dorsal horn, intermediate zone, and the area dorsal to the central canal (Figure 2). There were also CTb labeled nerve fibers projecting in the lateral collateral pathway into the dorsal part of IML close to ChAT-containing neurons (Figures 2B,C).




3.3 Intrinsic labeling

The myenteric and submucosal plexuses were labeled in areas about 1 cm from the needle trail. The long projecting neurons were found in the myenteric plexus rostral to the injection sites when CTb was injected in the distal colon (Figures 6A–D). Retrogradely labeled neurons were traced orally up to the transverse colon and caudal portion of the proximal colon. They were scattered large cell bodies with bright fluorescence and a long axon projecting caudally. Their morphology looked similar to Dogiel type II neurons (Figures 6C,D). Calbindin immunoreactivity was detected in some of the CTb-labeled neurons (Figures 6D–F). When CTb was injected in the proximal colon, there were no long projecting neurons observed in the transvers and distal colon.

[image: Figure 6]

FIGURE 6
 (A–C) Photomicrographs of long projection neurons in the transverse colon at different magnifications retrogradely labeled by CTb-AF 555 injected in the aboral segment of the mouse distal colon. All the images are placed in the same oral-aboral directions from the left to right. The neurons with long axons show morphology as Dogiel type II. (C) Magnification of the marquee area in panel B. (D–F) Calbindin immunoreactive neurons and CTb-labeled neurons in the myenteric ganglia of the transverse colon displayed by single labeling of CTb (D, magenta), calbindin (E, green) and double labeling (F). Arrows indicate some of the dual labeled neurons.




3.4 Injection controls

When CTb was injected in the mesentery attached to the proximal and distal colon, the distributions of retrograde labeled neurons were in the same locations as the injections in the colon wall of the same segment. Injections in the rostral and caudal segments (as illustrated in Figure 1A) of proximal colon (pC1 and pC3, n = 3 mice/group), or rostral half of distal colon (dC1, n = 5 mice), also resulted in the same locations of CTb labeled neurons than by injections in pC2 or dC2.

Neurons in the IML were retrogradely labeled when the tracer was injected in the colorectal region (n = 4; Figure 2D).




4 Discussion

The present study provides insight to the extrinsic parasympathetic motor and primary sensory neurons projecting to the proximal colon that was little investigated in comparison to the distal colon in the same mouse. We showed that the origins of neurons innervating the proximal and distal colon were both from the DMV with a small percentage being dually labelled, while there were no direct projections from the preganglionic parasympathetic neurons in the spinal cord to the mouse colon. The pelvic ganglia contained cholinergic neurons innervating the distal colon. The primary sensory afferents from the proximal colon had neuronal bodies in the nodose ganglia of vagus, and in the thoracolumbar DRGs, while those to the distal colon were mostly located in the lumbosacral and to a smaller extend to thoracolumbar DRGs, as well as in the nodose ganglia. The proximal colon received more vagal motor and sensory projections than the distal colon. The right nodose ganglion harbored a higher number of neurons projecting to the proximal colon than the left nodose ganglion.


4.1 Preganglionic parasympathetic neurons

We found that CTb injected in the mouse proximal and distal colon both retrogradely labeled motor neurons in the DMV. A recent report also demonstrated efferent projections from the DMV to the mouse distal colon (Wang et al., 2024). This is consistent with previous reports in rats showing that the vagal nerves project to the distal colon as traced by anterograde labeling from the DMV (Berthoud et al., 1990, 1991; Powley, 2000). Other studies in rats using retrograde tracing from the distal colon also found labeled neurons in the DMV (Altschuler et al., 1993). Collectively the present and previous data indicate that the vagal preganglionic parasympathetic innervation of the distal colon is the same in mice and rats and differs from that in human colon where the vagal nerves innervate the proximal half, but not the descending/distal colon (Standring, 2008; Câmara and Griessenauer, 2015; Browning et al., 2017).

The vagal efferent neurons to the mouse proximal and distal colon were located mainly in the lateral part of caudal DMV, which was similar to previous reports in rats and mice (Altschuler et al., 1993; Kamitakahara et al., 2017). CTb injected into the proximal colon was also traced in the lateral DMV neurons bearing MET tyrosine kinase receptor reporter mice, and these neurons were entirely in the DMV caudal to the obex (Kamitakahara et al., 2017). This localization is related to motor neurons contributing to the celiac branch of the vagus which have been located in the lateral DMV (Fox and Powley, 1985; Norgren and Smith, 1988; Altschuler et al., 1993).

The preganglionic parasympathetic neurons of the lumbosacral spinal cord in mice were not retrogradely labeled when CTb injection was in the distal colon, but appeared when injections were performed in the colorectal region. The recent report also observed in mice that neurons in the sacral parasympathetic nuclei were labeled only by CTb into the colorectal region (Wang et al., 2024). In experimental animals, the direct lumbosacral spinal autonomic projections to the distal colon were reported inconsistently among species, and their existence was shown in cats (Dorofeeva et al., 2009), and rabbits (Bessant and Robertson-Rintoul, 1986), but not in dogs (Fukai and Fukuda, 1985) and guinea pigs (Olsson et al., 2006). After injection of HRP into the rabbit distal colon, labelled cells were observed in sacral spinal cord segments S2-S5, while there were no labelled cells in the DMV (Bessant and Robertson-Rintoul, 1986). The neurons in the IML of the lumbosacral spinal cord were traced projecting to the rectum of guinea pigs (Olsson et al., 2006), and cats (Dorofeeva et al., 2009). We did not do injections in the rectum, however, CTb retrogradely labeled IML neurons when the injection sites were in the colorectal region. In humans, spinal cord S2-S4 segments harbor parasympathetic efferent neurons with axons terminating in the pelvic ganglia, and the myenteric and submucosal plexuses of the descending colon and rectum (Gaskell, 1886; Parent, 1996). Taken together, the relevance of the sacral preganglionic efferent innervation of the distal colon and rectum showed differences between humans and other experimental animals, particularly in rats and mice, most commonly used mammalian animals for biomedical research. These neuroanatomical differences in the pattern of parasympathetic innervation of the distal colon should be considered when assessing vagal and spinal neuromodulation of the colon in humans based on data in rodent models.



4.2 Postganglionic autonomic neurons

We did not investigate the locations of postganglionic sympathetic neurons since they were well established in mice (Smith-Edwards et al., 2021), rats (Luckensmeyer and Keast, 1994) and guinea pigs (Olsson et al., 2006). Reports in mice showed that CTb injected in the proximal and distal colon traced the sympathetic neurons in the celiac, inferior mesenteric and pelvic ganglia (Smith-Edwards et al., 2021). In rats, similar distributions were reported in the prevertebral and lower paravertebral ganglia, when retrograde labeling tracers were injected in different colonic segments. Namely, the majority of neurons located in the celiac-superior mesenteric ganglia project to the proximal colon (Luckensmeyer and Keast, 1994; Quinson et al., 2001) while those in the inferior mesenteric ganglia to the distal colon (Luckensmeyer and Keast, 1994).

In the present study, we showed that the pelvic ganglia contained CTb labeled neurons traced from the mouse distal colon. Similarly, the rat distal colon received moderate supply from the pelvic ganglia as investigated using retrograde tracing of Fast Blue (Luckensmeyer and Keast, 1994), or anterograde tracing of DiI (Luckensmeyer and Keast, 1998). We found that the CTb-labeled neurons projecting to the mouse distal colon were cholinergic, but we did not detect retrogradely traced catecholaminergic neurons. The pelvic ganglia were considered to include both sympathetic and parasympathetic neurons, as the thoracolumbar sympathetic nerve fibers, hypogastric and pelvic nerves terminate in the pelvic ganglia in humans (Kuntz and Moseley, 1936) and in rats (Keast, 1995), and the pelvic ganglia bear both TH-and ChAT-immunoreactive neurons in mice (Wanigasekara et al., 2003), rats (Keast, 1995) and guinea pigs (Olsson et al., 2006). DiI-labeled neurons innervating the distal colon were TH-positive in guinea pigs (Olsson et al., 2006). The mixed ChAT-and TH-immunoreactive neurons indicate possible integration of the pelvic organs functions (Luckensmeyer and Keast, 1998). The existence in the pelvic ganglia of distinct lumbar and sacral segmental inputs distinguishes the ganglia from other autonomic ganglia in the cranial sides, which reflects the complexity of the autonomic regulation in the pelvic organs (Keast, 1999; Janig et al., 2017).



4.3 Primary colonic sensory neurons

CTb injected in the proximal and distal colon of mice labeled neurons in the nodose ganglia. The data showed significantly more neurons projecting to the proximal colon than to the distal colon, which is consistent with recent studies (Osman et al., 2023; Wang et al., 2024). We also found a significantly higher number of neurons in the right than left nodose ganglion labeled by CTb injected in the proximal, but not after injections in the distal colon. These data support previous findings reported in rats. DiI injected in the nodose ganglia, labelled more afferent fibers from the right than left ganglion terminating in the proximal and transverse colon of rats (the distal colon was not assessed) (Berthoud et al., 1997). Likewise, there was no difference in the numbers of labeled neurons between the left and right nodose while DiI was injected in the rat distal colon (Herrity et al., 2014). The sensory nerves in the proximal colon travel along the mesenteric vessels are derived primarily from the celiac branch of the right vagus and have their neuronal bodies in the right nodose ganglia. A recent study indicates that in mice, the vagal afferents were sparsely observed in the proximal colon and to a lesser extent in the mid colon (10 out of 24 mice) but were absent in the distal colon traced by dextran biotin injected into the nodose ganglia (Spencer et al., 2024). These data contrast with the retrograde tracing from the mouse distal colon in the present and previous studies (Osman et al., 2023). This could partially result from different tracing methodological approaches and protocols.

In mice, the spinal afferent neurons retrogradely labeled from the proximal colon were located in the lower thoracic DRGs, and neurons to the distal colon were numerous in DRG L6, as well as some in S1 and thoracolumbar DRGs. The spinal sensory innervations to the distal colon in experimental animals have been delineated previously by retrograde and anterograde tracings of DRG neurons and showed a similar segmental distributions in mice (Christianson et al., 2006; Tan et al., 2008; Spencer et al., 2014; Wang et al., 2024), rats (Keast and de Groat, 1992; Robinson et al., 2004; Herrity et al., 2014; Kyloh and Spencer, 2014), guinea pigs (Chen et al., 2016) and cats (Keast and de Groat, 1992). Their chemical coding have been established including calcitonin gene-related peptide, substance P and transient receptor potential cation channel subfamily V member 1 (TRPV1) (Keast and de Groat, 1992; Christianson et al., 2006; Tan et al., 2008; Chen et al., 2016). The peripheral axons of neurons in the DRG L6-S1 terminate in all layers of the aboral segment of the mouse distal colon, including the myenteric plexus and blood vessels (Kyloh and Spencer, 2014; Spencer et al., 2014). Previous reports indicated that the central terminals of DRG neurons with peripheral axons to the pelvic organs projected to the sacral spinal cord as shown by transganglionic labeling using horseradish peroxidase conjugated to wheat germ agglutinin (WGA-HRP) applied to the pelvic nerves of rats (Nadelhaft and Booth, 1984) and cats (de Groat et al., 1981), WGA-HRP or CTb-HRP in the urinary bladder and rectum (Pascual et al., 1993; Wang et al., 1998), and CTb in mouse colorectal region (Wang et al., 2024). CTb injected in the mouse distal colon labeled nerve terminals in the same regions, i.e., in the laminae I-II, VII and area X, and nerve fibers from laminae I-II projecting along the lateral margin of the dorsal horn (a.k.a. lateral collateral pathway) into the IML. Both the previous (Wang et al., 2024) and the present studies detected in mice CTb transganglionically traced nerve fibers projecting in the lateral collateral pathway to the ChAT immunoreactive neurons in the lumbosacral IML. Collectively, these data support that in mice, the afferent neurons in the lumbosacral DRG relay signals from the distal colon to the spinal visceral sensory pathways and efferent neurons to the pelvic organs including the rectum and bladder (Brierley et al., 2018), although there is no direct spinal parasympathetic projections to the distal colon.

The DRG primary sensory neurons innervating the mouse proximal colon were less than those to the distal colon, and their segmental distributions were similar as reported on the mouse jejunum (Tan et al., 2008). On average, the T12 DRG contained more neurons, although their numbers were much lower than those in L6 supplying the distal colon. This suggested that the spinal afferents could be less involved than the vagal afferents in the sensory pathways from the mouse proximal colon. It should be noted that a previous study in mice reported different results in the DRG segments using various combinations of Fast Blue (FB), DiI and DiO injected in the mouse proximal and distal colon (Osman et al., 2023). They found a higher percentage of DiI positive neurons in the T8-13 and L5-S2 DRG regions when DiI was injected into the proximal colon compared to the distal colon, although such a difference was not observed using FB (Osman et al., 2023). The discrepancy could result from the use of different tracers (Osman et al., 2023). Taking into consideration the distribution of the spinal nerves, it could be assumed that the lumbosacral DRGs rarely innervate the ascending/proximal colon (Furness et al., 2014), as observed in our study.

The present data in mice also showed that convergent sensory neurons from both proximal and distal colon were rarely observed in the DRG (0.8%) and occurred also at a low percentage (about 2%) in the nodose. This indicates that the sensory pathways of the proximal and distal colon are distinct, providing neuroanatomical support for differential functions (Brierley et al., 2018). The recent report detecting a higher percentage of dual labelled neurons (10–15% in the DRG and 18% in nodose ganglia) innervating the mice colon could be partially related to the lipophilic nature of DiI and DiO used in this study that label axons en passage (Osman et al., 2023).



4.4 Intrinsic projecting neurons

CTb injected in the proximal and distal colon labeled neurons in the enteric ganglia. Beside those near the injection spots, long projecting neurons were traced orally up to the caudal portion of the proximal colon from the aboral segment of the distal colon. By contrast, these long projecting neurons towards the proximal colon were not found as CTb did not retrogradely label neurons in the transverse and distal colon when it was injected in the proximal colon. Intrinsic projecting neurons in the colon including cholinergic and nitrergic were established in humans (Porter et al., 2002; Humenick et al., 2021; Yew et al., 2023). In guinea pigs, the DiI-labeled intrinsic projection neurons in the colon were calbindin immunoreactive Dogiel II neurons (Neunlist et al., 2001; Smolilo et al., 2019). This type of neuron was also characterized by electrical recording, intracellular fluorescent dye traced morphologies and immunostained for chemical coding in mice (Furness et al., 2004). In the present mouse study, the morphologies of CTb labeled long projecting neurons were similar to those described before, and calbindin/CTb neurons in myenteric and submucosal ganglia indicate they engage in the complex intrinsic neuronal input from the distal to the proximal colon.



4.5 Methodological considerations

The CTb is a non-toxic subunit of cholera toxin, which binds to a cell surface receptor and is internalized, entering axons by active uptake via nerve terminals and transported retrogradely in the axons (Stoeckel et al., 1977; Thiagarajah and Verkman, 2005; Conte et al., 2009a). CTb was used in retrograde tracing from the mouse and rat colon (Christianson et al., 2006; Herrity et al., 2014; Wang et al., 2024) and established to be sensitive (Sawchenko and Gerfen, 1985; Morecraft et al., 2014), reliable and reproducible (Luchicchi et al., 2021). The fluorophore-conjugated CTb enables multi-targets and multi-organ tracing (Conte et al., 2009a,b; Smith-Edwards et al., 2021; Barrett et al., 2022; Kirouac et al., 2022). The retrograde labeling can be combined with immunohistochemical characterization of neurotransmitters in the autonomic (Wang et al., 2024) and sensory neurons (Christianson et al., 2006). However, the labeling efficiency could depend on the quality of the CTb tracers and success of the microinjections, namely successful labeling entails that the tracer in the injected areas reached all layers. Some batches of CTb-AF 488 yielded poor labeling with small numbers of neurons labeled and faint fluorescence. It is also to note that mapping of tracing by tracers injected in the colonic wall could not label all the extrinsic neurons in the colon. The purpose of the study was to demonstrate the origins of the neurons, but not their total amounts. The cell counts of labeled neurons reflect the major source of neurons innervating the colon, not all the colon-projecting neurons.

In our study we can ascertain that the labeling is selective to neurons innervating the colon based on the locations in the DMV, nodose ganglia and DRG segments and differences between the proximal and distal colon. Few studies reported injection leakage of CTb. Lai et al. (2015) did find evidence of leaking when CTb was injected in the sciatic nerves. Due to the continuation of the serosa to the mesentery, the connective tissues under the serosa and the thin wall of the mouse colon, CTb leak might occur to the region where the mesentery is attached to the colon. However, the control experiments performed by injecting CTb into the mesenteric attachment showed the same distributions of labeled neurons. Moreover, CTb injected in the aboral end of proximal colon and oral segment of distal colon showed similar distributions of retrogradely labeled neurons as the injections in the middle proximal colon and caudal distal colon.




5 Conclusion

This study presents novel information on the origins of neurons innervating the proximal and distal colon in mice with differences from those reported in humans. First, the vagal motor and sensory neurons project to both the proximal and distal colon, while in humans the vagus has not been found innervating the colonic segments distal to the middle transverse colon. Second, the preganglionic parasympathetic neurons in the intermediolateral column in L6-S1 do not project directly to the mouse distal colon, while in humans, spinal cord S2-S4 contain motor neurons projecting to the caudal half of the colon. The right nodose ganglion bearing more sensory neurons than the left nodose ganglion innervating the proximal colon is consistent with that in rats. The intrinsic long projecting neurons are detected in the transverse and caudal proximal colon towards the distal colon, but not traced from the proximal to distal colon. These findings provide complementary neuroanatomical basis on innervation of the mouse proximal and distal colon, which may have functional implications for vagal neuromodulation in human colon.
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