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Intrinsic cholinergic innervation in the human sigmoid colon 
revealed using CLARITY, three-dimensional (3D) imaging, and a 
novel anti-human peripheral choline acetyltransferase (hpChAT) 
antiserum

Pu-Qing Yuan1,2, Jean-Pierre Bellier3, Tao Li1, Mary R. Kwaan4, Hiroshi Kimura3, Yvette 
Taché1,2

1CLA/Digestive Diseases Research Core Center, Vatche and Tamar Manoukian Digestive 
Diseases Division, Department of Medicine, UCLA David Geffen School of Medicine, Los 
Angeles, CA, USA

2VA Greater Los Angeles Healthcare System, Los Angeles, CA, USA

3Molecular Neuroscience Research Center, Shiga University of Medical Science, Otsu, Japan

4Department of Surgery, UCLA David Geffen School of Medicine, Los Angeles, CA, USA

Abstract

Background: We previously reported the specificity of a novel anti-human peripheral choline 

acetyltransferase (hpChAT) antiserum for immunostaining of cholinergic neuronal cell bodies and 

fibers in the human colon. In this study, we investigate 3D architecture of intrinsic cholinergic 

innervation in the human sigmoid colon and the relationship with nitrergic neurons in the enteric 

plexus.

Methods: We developed a modified CLARITY tissue technique applicable for clearing human 

sigmoid colon specimens and immunostaining with hpChAT antiserum and co-labeling with 

neuronal nitric oxide synthase (nNOS) antibody. The Z-stack confocal images were processed for 

3D reconstruction/segmentation/digital tracing and computational quantitation by Imaris 9.2 and 

9.5.

Key Results: In the mucosa, a local micro-neuronal network formed of hpChAT-ir fibers and a 

few neuronal cell bodies were digitally assembled. Three layers of submucosal plexuses were 

displayed in 3D structure that were interconnected by hpChAT-ir fiber bundles and hpChAT-ir 

neurons were rarely co-labeled by nNOS. In the myenteric plexus, 30.1% of hpChAT-ir somas 

including Dogiel type I and II were co-labeled by nNOS and 3 classes of hpChAT-ir nerve fiber 
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strands were visualized in 3D images and videos. The density and intensity values of hpChAT-ir 

fibers in 3D structure were significantly higher in the circular than in the longitudinal layer.

Conclusions and Inferences: The intrinsic cholinergic innervation in the human sigmoid 

colon was demonstrated layer by layer for the first time in 3D microstructures. This may open a 

new venue to assess the structure-function relationships and pathological alterations in colonic 

diseases.

Keywords

3D imaging; cholinergic innervation; enteric nervous system; human sigmoid colon; nitric oxide 
synthase

1 | INTRODUCTION

The enteric nervous system (ENS) in most regions of the human gut consists of two main 

ganglionated layers: the myenteric plexus (MP) that lies between the longitudinal and 

circular layers of muscularis externa (ME) and the submucosal plexuses (SMP) within the 

submucosa.1–3 The ENS in the intestine is endowed of complex reflex circuits that play a 

role in controlling several functions including motility, fluid exchange between the lumen 

and mucosa and local blood flow.4 A detailed visualization of the three-dimensional (3D) 

architecture and topography of ENS in its spatial environment will extend knowledge of 

structure-function relationships. However, the heterogeneous optical properties and 

mismatched refractive index among different components within the human colon tissue 

scatter the incoming light and restrict large volume imaging with microscopic resolution.5,6 

Therefore, new innovative methodological approaches for 3D mapping of projections and 

connections of the human ENS network are required.

A tissue clearing technique called CLARITY (Clear Lipid-exchanged Acrylamide-

hybridized Rigid Imaging/Immunohistochemistry/In situ-hybridization-compatible Tissue-

hYdrogel) has been recently developed to produce transparent tissue without quenching 

endogenous fluorescence thereby offering a unique method for imaging intact whole-tissue 

specimens.7,8 This technique not only preserves spatial relationships and tissue 

microstructures by forming a tissue-hydrogel hybrid with increased permeability for deep 

optical interrogation, but also enables immunofluorescence and maintenance of fluorophores 

during imaging of large volumes for 3D reconstruction and mapping.9 Therefore, this 

approach has been successfully used in rodents for clearing organs such as the brain, heart, 

pancreas, stomach, and kidney.10–14 However, it is less applied to human tissues, particularly 

the human colon which contains large amount of light-scattering lipids and thick fibrous 

components.15

Acetylcholine (ACh) is one of the major neurotransmitters in the ENS excitatory motor 

neurons and interneurons.16 Results of functional and electrophysiological studies indicate 

the significance of cholinergic excitatory mechanisms for transmission within the ENS and 

for the innervation of both muscle and secretory cells.17 In particular, the sigmoid colonic 

motility changes induced by ACh mimicked the functional sigmoid response in patients with 
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diarrhea18 and this segment can be affected by benign diseases.19 However, still little is 

known about the cholinergic innervation of the human sigmoid colon.

The main objective of this study was to fill up the gap in anatomical mapping of the intrinsic 

cholinergic innervation of the human sigmoid colon, particularly in 3D structures. To this 

end, firstly, we developed a modified CLARITY protocol adapted to tissue properties of 

human sigmoid colon and compatible with immunofluorescence using a recently 

characterized mouse anti-human peripheral ChAT (hpChAT) protein antiserum.20 This 

antiserum labels peripheral cholinergic nerve cell bodies and fibers in the human large 

intestine without cross-reacting with the common ChAT expressed in the central nervous 

system (CNS).20 Secondly, we reconstructed 3D images from Z-stacks of confocal images 

and traced digitally the local process projections and connectivity of hpChAT 

immunoreactive (ir) neurons in the SMP and MP using Imaris 9.2 and 9.5 for neuroscientist. 

Then, the density and intensity of hpChAT-ir fibers innervating the circular and longitudinal 

muscle layers were computationally quantitated and compared. Lastly, we determined the 

co-localization of hpChAT and neuronal nitric oxide synthase (nNOS) by using Imaris 9.5 

spot function within layers of enteric plexuses to assess the distribution of known excitatory 

and inhibitory motor pathways.21

2 | MATERIALS AND METHODS

2.1 | Human sigmoid colon

The post-operative samples of the sigmoid colon were collected from four patients (two 

females, two males, median age 45 years old, range 38–58 years) with colonic 

adenocarcinoma or history of diverticulitis. None of the patients had active colonic 

infections when the tissues were sampled. The full thickness healthy margin of colonic 

specimens (about 5 × 3 cm) was provided by the University of California at Los Angeles 

(UCLA) Translational Pathology Core Laboratory after dissection and examination to be 

normal under macro- and microscopic inspection. Samples were immersed in Belzer UW® 

Cold Storage Solution (Bridge to Life Ltd, Columbia, SC) on ice to be processed for 

CLARITY. The interval time between the resection of the colon and the beginning of 

CLARITY was 70–90 min. The use of human colon tissues was approved by UCLA 

Institutional Review Board for Biosafety and Ethics (IRB #17–001686). Informed consent 

has been obtained in all cases.

2.2 | CLARITY

The protocol of passive CLARITY for brain7 was modified for clearing the human sigmoid 

colon. Briefly, samples were pinned-flat on the Sylgard-coated dishes, immersed in an ice-

cold hydrogel solution containing a mixture of 4% paraformaldehyde (Sigma-Aldrich, St 

Louis, MO), 4% acrylamide 0.05% bisacrylamide (BIO-RAD, Hercules, CA) and 0.25% 

VA044 (Wako, Richmond, VA) in phospate-buffered saline (PBS) and maintained at 4°C 

overnight for hydrogel-tissue hybridization. On the second day, flat samples were cut in 

small pieces (1 × 1 cm) and kept at 4°C for at least 2–3 days in the hydrogel solution. Then, 

they were transferred to 50 ml conical tubes containing 15 ml of fresh hydrogel solution to 

replace all oxygen (known to inhibit the acrylamide polymerization) with pure nitrogen gas. 
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The hydrogel polymerization was initiated by submerging the conical tubes with tissue 

samples in a temperature-controlled 37°C water bath (Precision Scientific Water Bath Model 

182, Thermo Scientific, Marietta, OH) for 3 h until the hydrogel solution no longer flowed 

and had polymerized. Pieces of samples (6–8) were separated into submucosa (SM) and 

muscularis externa (ME) after the mucosa was peeled off. The excess hydrogel monomers 

were washed out from inside the SM and ME on a shaker/rotator plate (70 rpm, New 

Brunswick Scientific Co., Edison, NJ) with a clearing solution containing 6% sodium 

dodecyl sulfate (SDS) (Sigma-Aldrich) in sodium borate buffer (200 mM, pH 8.5) (Sigma-

Aldrich) at 37°C for 3–4 weeks until clearing is achieved. Thereafter, samples were placed 

in 0.1% Triton-X 100 (Sigma-Aldrich) in PBS (TPBS) on a shaker/rotator plate for 2 days 

(37°C, 70 rpm) to wash out SDS micelles. Other 2 pieces with full layers were cut into 0.5–1 

mm vertical sections using a vibratome (Campden Instruments LTD, Lafayette, IN) after 

hydrogel polymerization followed by washing with clearing solution as described above for 

1–2 weeks. This additional approach enabled us to visualize simultaneously the colonic 

innervation in different layers and connections among them and accelerated the clearing 

procedure as well.

2.3 | Immunohistochemistry

CLARITY-cleared samples were transferred into Corning™ Costar™ Flat Bottom 24 Well 

Plates (Fisher Scientific, Hampton, NH). All antibody incubations and washing steps were 

conducted with gentle shaking (90 rpm, Corning™ LSE™ Low Speed Orbital Shaker, 

Fisher Scientific, Canoga Park, CA). After immersion in 10% normal donkey serum in 

TPBS at room temperature (RT) for one day to block nonspecific interactions and to enhance 

permeabilization, samples were incubated in primary antibodies (Table 1). The antibody 

protein gene product 9.5 (PGP9.5), a pan-neuronal marker,22 was used as a counterstain to 

display all neuronal components. To further characterize the specificity of the novel hpChAT 

antiserum in labeling of human colonic enteric cholinergic neurons,20 double labeling was 

performed with hpChAT antiserum and other two classic ChAT antibodies: a goat anti-

human ChAT antibody from Chemicon (AB144p) or a rabbit anti-porcine ChAT antibody 

from Dr. Michael Schemann (P3YEB). These two antibodies represented the most popular 

ChAT antibodies commonly used to label human enteric cholinergic neurons.23,24 To 

determine the co-localization of hpChAT and nNOS, a nitrergic neuronal marker,25,26 double 

immunolabeling was carried out with a cocktail of mouse hpChAT antiserum and rabbit 

nNOS antibody. The primary antibody incubation was processed at RT for 2 days for 

vertical sections or at RT for 1 day followed by 4 days at 4°C for SM and ME preparations. 

After washing with PBS at RT for 1 day, samples were incubated in fluorescence labeled 

secondary antibodies (Table 1) on a shaker at RT with shaking for 1 day and then washed 

with PBS at RT for 1 day. Negative control samples were subjected to the same procedures 

without primary antibody. Samples were then immersed in a custom-made refractive index 

matching solution (RIMS) containing 88% Histodenz (Sigma-Aldrich) in 0.02 M phosphate 

buffer with 0.01% sodium azide (pH 7.5) with a refractive index of 1.46 at 4°C8 until 

transparent (1 day for 0.5–1 mm vertical sections, 2–3 days for 1 × 1 cm SMP and ME 

samples). Samples were mounted with fresh RIMS in a sealed watertight well prepared with 

iSpacers (SunJin Lab, Hsinchu City, Taiwan), which are made from different thickness 

adhesive tape.

Yuan et al. Page 4

Neurogastroenterol Motil. Author manuscript; available in PMC 2021 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4 | 3D Imaging and digital tracing

Images were acquired with Zeiss LSM 710 confocal microscopes (Carl Zeiss Microscopy, 

LLC, White Plains, NY). The Alexa 488 and Alexa 555 fluorophores were excited using a 

488 nm Argon laser and a 561–10 nm diode-pumped solid-state laser, respectively. The Z-

axis intervals were 1 μm with depths between 200 and 500 μm for SMP and ME, and 500 

and 1000 μm for full layer vertical sections. The confocal parameters were determined, and 

the same setting was applied for each sample. The images were collected using Zen image 

collection software (Carl Zeiss Microscopy) and processed for 3D reconstruction, video 

generation, segmentation, digital tracing using Imaris 9.2 and 9.5 for Neuroscientists 

(Bitplane Inc., Concord, MA). User-guided fiber tracing and partial projections were used in 

3D tracing mode. The special features and connections were confirmed by careful 

observations in higher magnification, rotation, and partial projections of layers.

2.5 | Quantitative and statistical analysis

The density and intensity of hpChAT-ir and PGP 9.5-ir fibers in the ME were 

computationally quantitated by using Imaris 9.5 for Neuroscientists on 3D images acquired 

from 0.5–1 mm vertical sections with full layers after passive CLARITY. Each 3D image 

was generated from 500–550 optical sections (Z-stack) with 1415 × 1415 μm frame and 1-

μm apart (10× objective), and 5–6 images per patient were selected from 3 patients (one 

patient was not included due to its fragmentary longitudinal muscle layer). The entire 

circular and longitudinal muscle layers were contoured separately in each 3D image. Within 

the MeasurementPro module, the PGP9.5-ir and hpChAT-ir fibers were traced and their 

volumes were measured separately in the contoured muscle layers. The density of total nerve 

(PGP9.5-ir) and cholinergic (hpChAT-ir) fibers was expressed as percentage of fibers in the 

volume of contoured muscle layer (μm3/μm3, %). The intensity of immunofluorescence in 

the hpChAT-ir and PGP9.5-ir fibers was assessed using 488 and 555 nm channels separately. 

To reduce the possible error raised from sampling and staining at different times, the 

intensity measurement was performed simultaneously within the circular and longitudinal 

layers on the same image. Average intensity of immunofluorescence in the total volume of 

hpChAT-ir or PGP9.5-ir nerve fibers in each 3D image was calculated and expressed as 

arbitrary units/μm3. hpChAT-ir or nNOS-ir enteric neurons were coded with Imaris 9.5 spot 

function in 3D images. The coded color spots (hpChAT or nNOS-ir neurons) were extracted 

and automatically counted within contoured ganglia. The number of coded color spots 

(hpChAT-ir or nNOS-ir neurons) per volume of ganglion (mm3) was calculated in 4–10 

ganglia in each plexus per patient (n = 3 for ISP and OSP, 4 for MP), respectively and 

expressed as percentage of hpChAT-ir or nNOS-ir neurons in total hpChAT +nNOS-ir 

neurons. The co-localization of hpChAT and nNOS was assessed in 4–10 ganglia per sample 

in each plexus by using Imaris “Center Point” mode. Two different color spots with a 

shortest distance between the centers within 10.5 μm were counted as colocalized neurons. 

A co-localization channel (yellow color) was created with the ImarisColoc tool to calculate 

the proportion of colocalized neurons in the hpChAT-ir or nNOS-ir neurons. Multiple group 

comparisons were performed with one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc test. A p value <0.05 was considered statistically significant.
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3 | RESULTS

3.1 | Immunostaining of human colon cholinergic neurons: Comparison of hpChAT 
antiserum with two classic ChAT antibodies

The double labeling with mouse anti-hpChAT antiserum (Figure 1A,D) and goat anti-human 

ChAT (Chemicon, AB144p) (Figure 1B) or rabbit anti-porcine ChAT antibody (from Dr. 

Michael Schemann, P3YEB) (Figure 1E) demonstrated that the immunoreactivity of 

hpChAT overlapped fully with that of ChAT (AB144p) (Figure 1C) or mostly with ChAT 

(P3YEB) (Figure 1F) as shown on confocal microscope images created with Imaris 9.2 slice 

mode and taken from human sigmoid colon after modified passive CLARITY technique. 

Compared with ChAT (AB144p) (Figure 1B) and ChAT (P3YEB) (Figure 1E), hpChAT 

immunostaining provided a more intense, clearer and sharper neuronal profile, with more 

detailed structures and fine fibers with high resolution (Figure 1A,D). No immunoreactivity 

was observed in the preparations incubated with the antibody diluent alone instead of 

primary antibodies (data not shown).

3.2 | Tissue clearing and 3D imaging of cholinergic innervation in the sigmoid colon

Using the modified CLARITY protocol developed, the human sigmoid colon specimen with 

full thickness was cleared within 6–7 weeks making the grid lines visible through the 

completely transparent sample (Figure 2A,B). This allowed us to image deeply and obtain 

high quality confocal images of neuronal structures labeled with marker antibodies for 3D 

reconstruction.

3.2.1 | Mucosa—The 3D images and videos showed rich hpChAT-ir nerve fibers 

distributed in the mucosa projecting from submucosal neuronal cell bodies (Figure 2C, 

Video S1). These fine intrinsic cholinergic nerve fibers protruded into the lamina propria and 

surrounded the mucosal crypts forming a nerve network of honeycomb-like architecture 

(Figure 1D). A few hpChAT-ir nerve cell bodies with multidendritic and uniaxonal 

morphology were also observed at the intersections of nerve fiber strands in the lamina 

propria (Figure 2D).

3.2.2 | Muscularis externa (ME)—In the human sigmoid colon, the ME consists of 

two layers of smooth muscle: inner—circular and outer—longitudinal muscle and MP 

including nerve fiber network and neurons in the ganglia. The outer longitudinal layer of 

smooth muscle varies in thickness and forms three thick longitudinal bands, the taeniae coli. 

We selected the region between the tenia where the longitudinal muscle is thinner so that 

easier to facilitate antibody penetration and to perform optical scanning for 3D imaging. 

Cholinergic nerve fibers and ganglia were labeled by hpChAT in green (Figures 3A, 4B), 

and the pan-neuronal marker PGP9.5 was used to display all neuronal components in red 

(Figures 3B, 4C). In the merged image, most of nerve fiber bundles and ganglia were 

double-labeled (Figures 3C, 4A) forming a dense network of fine nerve fibers orientated 

parallel to the course of the corresponding circular and longitudinal muscle layers (Video 

S2A). The density of cholinergic fibers (hpChAT-ir) and total nerve fibers (PGP 9.5-ir) in the 

contoured circular and longitudinal muscle layers (Figure 4D,G, Video S2B) traced 

separately with Imaris 9.5 for Neuroscientists (Figure 4E,F,H,I) were denser in the circular 
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than in the longitudinal layer by 1.3 and 1.6 folds, respectively. However, only cholinergic 

fibers (p < 0.05) but not total nerve fibers (p = 0.09) reached a significant difference (Figure 

5A). The percentage of hpChAT-ir in PGP 9.5-ir fibers (v/v) was 76% and 88% in the 

circular and longitudinal layer, respectively, without a significant difference between them (p 
= 0.22). The intensities of hpChAT and PGP9.5-ir fibers were also stronger in the circular 

than in the longitudinal layer by 1.5 and 1.8 folds (p < 0.05 and p < 0.001), respectively 

(Figure 5B).

3.2.3 | Enteric plexus—In the SMP, the intrinsic cholinergic neurons labeled by 

hpChAT occurred either as single cells or clustered within ganglia (Figure 6A). They were 

homogeneous with a small size and an eccentric nucleus. The 3D images and videos showed 

that intrinsic cholinergic neurons and fibers within the SMP appeared distributed in two or 

three layers: the ISP positioned near the mucosa and OSP located near the internal side of 

the circular muscle layer, as well as a third intermediate submucosal plexus (IMSP) lying 

between the inner and outer SMP (Figure 6B). Several images involving three layers were 

stitched together by using Imaris Stitcher and ganglia within each layer could be visualized 

in a larger field (Video S3A). These layers were connected by nerve fiber bundles coming 

from the submucosal intrinsic cholinergic nerve cell bodies in each layer (Figure 6B, Video 

S3A). In the MP, 3D images and videos exhibited a clear spatial view of the microstructures 

of the cholinergic nerve network in all 4 sigmoid colonic samples. The neurons were more 

heterogeneous and distributed in a single layer located between the longitudinal and circular 

muscle layers and 3 classes of hpChAT-ir nerve fiber strands (NFS) were displayed: primary 

NFS (NFS-I, define as the main bundle connecting the ganglia), secondary NFS (NFS-II, 

fibers branching out of the NFS-I) and tertiary NFS (NFS-III representing non-stranded 

fibers outside of NFS-I) (Figure 6C), which is consistent with a previous report on MP 

labeling with PGP9.5 in human descending colon.25 Myenteric ganglia were located at the 

junctions of NFS-I and at the branching points of secondary nerve fiber strands. Tertiary 

nerve fiber strands ramified into the adjacent muscle layers (Figure 6C, Video S3B).

3.3 | Digital tracing of cholinergic process projections

In the mucosa, cholinergic cell neurites and nerve fibers labeled by hpChAT traced digitally 

(Figure 7A) were congregated into a local micro-network (Figure 7B). In the MP, both 

Dogiel type I neurons with small soma, one long and several short processes, and Dogiel 

type II neurons characterized by a large and smooth soma with several long processes were 

hpChAT-ir with labeling being stronger in type II than type I (Figure 7C). Digital tracing 

showed that most of processes from Dogiel type I and II neurons ran long distance and 

integrate into the NFS-I. A few processes just run short distance and end in the ganglion 

(Figure 7D,E).

3.4 | Co-localization of hpChAT and nNOS

Double labeling of hpChAT and nNOS showed a marked difference among the SMP and MP 

not only in the number of single-labeled hpChAT-ir and nNOS-ir neurons but also in the 

pattern of co-localization. In the SMP, hpChAT-ir neurons were predominantly distributed 

while no or a few nNOS-ir neurons were observed in the ISP (Figure 8A,D) or OSP (Figure 

8B,E). In the MP, however, the two neuronal populations appeared similarly distributed 
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(Figure 8C,F). The computational quantitation of the soma coded in different color in 3D 

images of ISP (Figures 8A’,D’, 9D,G), OSP (Figures 8B’,E’, 9E,H), and MP (Figures 

8C’,F’, 9F,I) indicated that the percentage of hpChAT-ir nerve cell bodies is significantly 

higher than that of nNOS-ir in total hpChAT+nNOS neurons in the ISP (98.4 ± 1.6 vs. 1.6 ± 

1.6, p < 0.001) and the OSP (88.2 ± 5.9 vs. 11.8 ± 5.9 (p < 0.0.01) respectively while not 

different in the MP (52.9 ± 4.5 vs. 47.1 ± 4.5, p = 0.926) (Figure 9J). In the merged images, 

there was no or few co-labeled neurons found in the ISP (Figure 8G) or OSP (Figure 8H) 

while a remarkable co-labeling was visualized in both hpChAT and nNOS- ir neurons in the 

MP (Figure 8I). The percentages of co-labeled (hpChAT+nNOS) neurons in hpChAT or 

nNOS-ir neurons (Figure 10A–I) were 1.0 ± 1.0% or 0.0 ± 0.0% in the ISP (p = 1), 8.5 ± 

3.5% or 70.8 ± 11.0% in the OSP (p < 0.001) and 30.1 ± 1.9% or 35.9 ± 6.9% in the MP (p 
= 0.908) (Figure 10J) respectively. In the hpChAT-ir neurons, the co-labeled neurons were 

higher in the MP than the ISP or OSP (30.1 ± 1.9 vs. 1.0 ± 1.0 or 8.5 ± 3.5, p < 0.05 or p < 

0.01). In the nNOS-ir neurons, the co-labeled neurons were not found in the ISP (0.0 ± 0.0). 

In the OSP, they were significantly higher than the ISP or MP (70.8 ± 11.0 vs. 0.0 ± 0.0 or 

35.9 ± 6.9, p < 0.001 or p < 0.001). In the MP, they were significantly higher than the ISP 

(35.9 ± 6.9 vs. 0.0 ± 0.0, p < 0.001) (Figure 10J).

4 | DISCUSSION

The present study provides new insight into the cholinergic innervation in the human 

sigmoid colon. This was achieved by developing a modified CLARITY protocol taking into 

account the unique characteristics of the sigmoid, namely a much thicker wall than other 

colonic segments, and abundant fat and fibrous components in the submucosa layer.15 These 

features greatly extended the time required for tissue transparency and thereby increased the 

cross-linking and limited the hydrogel porosity thereby hampering the antibody penetration. 

To circumvent these issues, we increased sodium dodecyl sulfate from 4% to 6% (wt/v) in 

the clearing solution and separated the hydrogel hybridized full thickness of human sigmoid 

colon into SM and ME. We also cut vertically the hydrogel fixed full thickness specimen 

into thick sections (0.5–1.0 mm) for imaging the colonic innervation in all layers 

simultaneously. These additional steps enabled us to clear the SM and ME or the full 

thickness vertical section within 2 to 4 weeks rather than 6 weeks when using the intact 

samples. The method employed here further shortened the staining step by 3–5 days when 

compared to the original protocol. Moreover, an important benefit was the lowering of the 

clearing temperature from 55–60°C to 37°C which was particularly favorable to maintain the 

antigenicity and improve the immunostaining.

To demonstrate the intrinsic cholinergic innervation in the human colon, a tool labeling 

specifically the cholinergic fibers and terminals originating from the ENS rather than from 

the extrinsic innervation was an essential prerequisite. However, most antibodies raised 

against choline acetyltransferase (ChAT), the acetylcholine synthesizing enzyme labeling 

cholinergic neurons in the CNS, failed to recognize cholinergic nerves in peripheral tissues.
27–31 A leap forward occurred with the identification of a ChAT mRNA splice variant which 

lacks exons 6–9 in the coding region and is predominantly expressed in rat peripheral 

cholinergic neurons termed as peripheral form of ChAT (pChAT).32 Little is known about 

the functional difference between pChAT and the well-established common form of ChAT 
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(cChAT).33,34 A biochemical study in the rat primary sensory dorsal root ganglion (DRG), 

which contains pChAT but not cChAT, has clearly indicated that pChAT possesses ACh 

synthesizing ChAT activity but with only approximately 5–10% of that reported in various 

rat brain regions that contain cChAT but not pChAT.35 However, despite the lower ChAT 

activity, the content of ACh in DRG neuronal cells is at least as high as that seen in many 

regions of the rat brain. Such a metabolic state appears due to a low activity of acetylcolin-

esterase (AChE), a degrading enzyme of ACh, detected in DRG neurons.35 It needs to be 

further explored whether pChAT synthesizes ACh in cells or tissues where AChE activity is 

low. An in vitro molecular analysis using human embryonic kidney cells also suggested that 

pChAT differs from cChAT in intracellular translocation.36 By using the antiserum against 

rat pChAT, peripheral cholinergic cells and fibers including those in the ENS were labeled 

specifically in the rat,32,36–39 mouse,40 guinea-pig,33 sheep,41,42 and pig.34 Very recently, a 

novel mouse antiserum against the predicted human pChAT (hpChAT) was successfully 

developed and characterized to label peripheral cholinergic neurons in the human large 

intestine without cross-reacting with ChAT expressed in the CNS.20 The specificity of the 

hpChAT antiserum for labeling of enteric cholinergic enteric neurons in human sigmoid was 

further confirmed in the present study by demonstrating that the immunoreactivity of 

hpChAT was fully colocalized with that of ChAT AB144p and P3YEB, two ChAT 

antibodies commonly used for immunostaining of human colonic enteric cholinergic 

neurons.23,24 Importantly, the hpChAT immunostaining showed strong intensity and high 

sensitivity with a dilution up to 1:2000–4000 vs 1:200–500 for AB144p or 1:1000 for 

P3YEB and displayed more detailed structures and fine fibers with higher resolution and low 

background which have never been achieved before. This indicates that hpChAT antiserum 

is an efficient and reliable tool to assess the cholinergic innervation in the human colon. 

Moreover, we showed that hpChAT immunostaining is well compatible with the modified 

passive CLARITY technique allowing us to demonstrate for the first time the 3D features of 

intrinsic cholinergic innervation in each layer of the sigmoid colon.

In the mucosa, the spatial organization showed the fine intrinsic cholinergic nerve fibers 

which protrude into the lamina propria and surround the crypts forming a nerve network of 

honeycomb-like architecture. The hpChAT-ir nerve cells display Dogiel type II morphology 

with a smooth soma and 1–2 long processes that are distributed at the intersections of nerve 

fiber strands in the lamina propria. This is the first report of Dogiel type II-like neurons 

labeled by hpChAT in the mucosa of human sigmoid colon. Whether these neurons may act 

as intrinsic primary afferent neurons (IPANs) needs to be further confirmed by marker 

antibodies for IPANs. Taking advantage of the 3D structure and digital tracing, we could 

follow up the intrinsic cholinergic cell neurites and nerve fibers in the mucosa emitted from 

submucosal neurons. These neurites and fibers appear to be assembled into a local micro-

neuronal network which so far has been largely unexplored in any animal species. The 

feature of such a rich cholinergic innervation in the mucosa may provide anatomical support 

for a local role to coordinate the secretion of mucus and enzymes and reabsorption of fluids 

in the human sigmoid colon.43

In the muscularis externa, 3D images showed a dense network of fine hpChAT-ir nerve 

fibers, which often colocalized with PGP 9.5, and ran parallel to the course of the 

corresponding circular and longitudinal muscle layers. Quantitative analysis showed that the 
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density and intensity of cholinergic fibers were significantly higher in the circular than the 

longitudinal muscle layer while no significant difference was detected in the density of total 

nerve fibers (PGP 9.5-ir) between the two layers. A previous study has quantified the 

cholinergic fiber density in the circular and longitudinal muscle layers in 2D images taken 

from 4 μm transverse sections of the human sigmoid colon. They found 47.0% of the surface 

area of ChAT-ir fibers labeled with an antibody against a synthetic peptide fragment of 

human ChAT (residues 168–189) in PGP9.5-ir fibers in both circular and longitudinal 

muscle.44 In the present study, however, we found that as high as 76% and 88% of PGP 9.5-

ir fibers (v/v) were stained for hpChAT in the circular and longitudinal layer, respectively. 

The difference may reflect the limitation of 2D imaging of thin sections and also different 

ChAT antibodies used for ChAT immunostaining. On the other hand, the rich intrinsic 

cholinergic innervation found to be denser in the circular than in the longitudinal muscle 

layer may indicate that ACh plays an important role in the contraction of circular muscles to 

move contents in contact with the mucosa to facilitate absorption (segmentation).

With regard to the SMP, the 3D images created by CLARITY combined with hpChAT 

staining and a rotation in a 90-degree angle allowed us to visualize the three layers, OSP, 

IMSP, and ISP of the human sigmoid colon. This was further illustrated, in a large field 

including several images with three layers stitched with Imaris Stitcher mode, by the 

occurrence of a couple of ganglia within each layer (Video S3A). Moreover, the 360-degree 

horizontal rotation of the 3D image revealed that the different layers were connected by 

hpChAT-ir nerve fiber bundles coming from the submucosal intrinsic cholinergic neurons in 

each layer. In the 2D images created from tissue sections of the human sigmoid colon, the 

submucosal ganglia only showed a tiered arrangement of separately identifiable plexuses,1 

which could not provide precisely and unbiasedly a spatial overview of submucosal 

structured due to the restriction of 2D images.

The 3D images of the MP rendered a clear spatial view with a single layer of ganglia 

situated between the circular and longitudinal muscle layers and an intrinsic cholinergic 

nerve network consisting of primary NFS-I and their two-tier branches. The intrinsic 

cholinergic neurons labeled by hpChAT antiserum showed Dogiel type I or II morphology. 

Because these images were generated within a region of 3D space and broke the durance of 

plane display, they allowed us to trace process projections by using Imaris program. The 

tracing data demonstrated that most processes of hpChAT-ir Dogiel type I and type II 

neurons ran into the NFS-I while a few of them just coursed short distance and ended in the 

ganglion. Pompolo and Furness reported that myenteric IPANs (Dogiel type II neurons) have 

axons that supply terminals around several types of nerve cells including other IPANs, 

interneurons, and motor neurons (Dogiel type I neurons) in the guinea-pig small intestine.45

It is well known that individual neurons express a combination of different 

neurotransmitters46 in both brain and enteric neurons.47,48 In the ENS of human colon, 

cholinergic and nitrergic neurons represent the major populations of excitatory and 

inhibitory motor neurons, respectively.49,50 The double labeling of hpChAT and nNOS 

indicated distinct patterns of distribution and co-localization of these two neuronal 

populations among the ISP, OSP, and MP in the human sigmoid colon. Only a few or no 

nNOS-ir neurons were found in both ISP and OSP while hpChAT-ir neurons were 
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predominant. By contrast, in the MP, hpChAT-ir neurons are less in number than nNOS-ir 

neurons with a ratio of 1.0:1.2. The co-localization of two markers occurred in 30.1% of 

hpChAT-ir and 35.9% of nNOS-ir neurons in the MP. A previous study performed in other 

segments of the human colon reported that nerve cell bodies containing ChAT and those 

containing NOS occurred with a ratio of 1.0:1.2 in the MP of the ascending segment and 

1.1:1.0 in the descending segment49 that may be indicative of different gradient of excitatory 

and inhibitory motor neurons across colonic segments. The functional significance of the co-

localization of hpChAT and nNOS within the enteric neurons and its distinct patterns among 

the plexuses in the human sigmoid colon remains to be clarified.

In conclusion, our modified CLARITY protocol is well suitable for clearing human colon 

with improved time-efficiency and beneficial for immunolabeling. By combination with 

novel hpChAT antiserum, 3D imaging, digital tracing and computational analysis, we 

demonstrated the intrinsic cholinergic innervation in different colon layers and their 

connections in 3D structure of the human sigmoid which could be hardly achieved in 2D 

images. This provides a new insight into the dense intrinsic cholinergic innervation of 

human sigmoid and the use of such an approach to delineate alterations under functional 

colonic diseases.
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Keypoints

• This study developed a modified CLARITY protocol suitable for clearing of 

human sigmoid colon and combined with immunofluorescence using a novel 

mouse anti-human peripheral ChAT (hpChAT) antiserum to map the intrinsic 

cholinergic innervation in 3D structure of the human sigmoid colon that is 

little known so far.

• 3D features of intrinsic cholinergic innervation were demonstrated layer by 

layer in 3D images and videos which could not be displayed in 2D images.

• The density and intensity of hpChAT-ir fibers in the circular and longitudinal 

muscle layer and the co-localization of hpChAT and nNOS in the inner, outer 

submucosal, and myenteric neurons were computationally quantitated with 

Imaris 9.2 and 9.5.

• Data provide a new insight into the dense intrinsic cholinergic innervation of 

human sigmoid and the use of such an approach to delineate alterations under 

functional colonic diseases.
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FIGURE 1. 
Double labeling using a novel mouse antiserum against human peripheral choline 

acetyltransferase (hpChAT) combined with either one of two classic ChAT antibodies, a goat 

anti-human ChAT antibody (Chemicon, AB144p) or a rabbit anti-porcine ChAT antibody 

(Dr. Schemann, P3YEB). Confocal microscope images of myenteric plexuses of human 

sigmoid colon after modified passive CLARITY technique were created using Imaris 9.2 

slice mode. A, D, hpChAT. B, ChAT (AB144p). E, ChAT (P3YEB). C, a merged images of 

A and B. F, a merged image of D and E. The arrows point to the neurons co-labeled by 

hpChAT and ChAT (AB144p) (upper panel) or ChAT (P3YEB) (lower panel)
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FIGURE 2. 
A non-diseased sigmoid colon tissue before (A) and after (B) clearing with the modified 

passive CLARITY technique. The tissue-hydrogel hybrid turned transparent (B) and 

permeable for antibody penetration (C,D). C, A 3D image (500 μm depth scan) of the 

mucosa (M) and submucosa (SM) in the transparent tissue stained by immunofluorescence 

using a novel mouse antiserum against human peripheral choline acetyltransferase 

(hpChAT). Green fluorescent hpChAT-ir nerve fibers in the mucosa appeared to be projected 

from hpChAT-ir neurons in the submucosal plexus (SMP). A 360-degree panoramic 

presentation of this 3D image is shown in Video S1. D, A 3D Image in the lamina propria 

showing fine hpChAT-ir nerve fiber strands forming a honeycomb-like network around the 

mucosal crypts (*). A few nerve cell bodies (arrows) were seen at the intersections of nerve 

fiber strands
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FIGURE 3. 
3D images (0.5–1 mm depth scan) of the muscularis externa including layers of the circular 

muscle (CM), myenteric plexus (MP), and longitudinal muscle (LM) in the human sigmoid 

colon. A, Cholinergic nerve fiber bundles and ganglia were stained in green with mouse 

antiserum against human peripheral choline acetyltransferase (hpChAT). B, The same 

section was stained in red with protein gene product 9.5 (PGP 9.5), a pan-neuronal marker, 

to reveal all neuronal structures. C, A merged image showing that most of nerve fiber 

bundles and ganglia were labeled by hpChAT (yellow). The single arrow indicates a 

ganglion labeled by PGP9.5 but not hpChAT. The double arrow indicates a ganglion labeled 

by both hpChAT and PGP 9.5
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FIGURE 4. 
An example of 3D images of the sigmoid colon wall with full layers used for quantifying the 

density and intensity of hpChAT-ir and PGP 9.5-ir fibers in the muscularis externa (ME) 

using Imaris 9.5 for Neuroscientists. Each 3D image was generated from 500–550 optical 

sections (Z-stack) with 1415 × 1415 μm frame and 1 μm apart (10× objective). A double-

stained image for hpChAT-ir cholinergic and PGP 9.5-ir total nerve fibers is shown in A, 

while singly stained images is shown in B (hpChAT) and C (PGP 9.5). The entire circular 

(D) and longitudinal muscle (G) layers were contoured separately in each 3D image for 

measurements of their volumes. The hpChAT-ir (E, H) and PGP 9.5-ir fibers (F, I) were 

digitally traced to measure volumes of fibers for calculating each density and intensity. The 

360-degree views of the merged image and contoured muscle layers are also shown in Video 

S2
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FIGURE 5. 
The density (A) and intensity (B) of hpChAT-ir and PGP 9.5-ir fibers in the muscularis 

externa of the human sigmoid colon calculated as described in the text. Values of stained 

nerve fiber density are expressed as mean percentages to the volume of contoured muscle 

layer (μm3/μm3, %). Average values of immunofluorescence intensity are expressed as 

arbitrary units/μm3. Each column represents the mean ± SEM of 3 patients. Asterisk in 

hpChAT-ir nerves and hashes in PGP 9.5-ir fibers respectively indicate significant difference 

between the two muscle layers (*p < 0.05, ###p < 0.001)
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FIGURE 6. 
3D images showing hpChAT-ir cholinergic neuronal cells and nerve fiber bundles in the 

submucosal plexus (SMP) and myenteric plexus (MP) of human sigmoid colon after passive 

CLARITY technique. A, Note that hpChAT-ir cells are distributed in three subplexuses of 

the SMP: the inner submucosal plexus (ISP), outer submucosal plexus (OSP), and the third 

intermediate submucosal plexus (IMSP) between the ISP and OSP. B, A side view of Figure 

6A after 90° rotation shows the three ganglion layers and connecting fiber bundles in the 

SMP. C, A 3D image of the MP with a single layer of ganglia and an intrinsic cholinergic 

nerve network consisting of primary nerve fiber strands (NFS-I) and their two-tier branches 

(NFS-II and III) pointed by arrows. The 360-degree views of Figure 5A and C are also 

shown in Video S3A and B
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FIGURE 7. 
3D imaging and digital tracing of local process projections and connectivity of hpChAT-ir 

cholinergic neurons in the mucosa (A,B) and myenteric plexus (C-E) of human sigmoid 

colon using Imaris 9.2 for Neuroscientists. Some traceable green nerve fibers, digitally 

yellow-labeled in A and extracted in B, show the pattern of local cholinergic network in the 

mucosa. The nerve cell bodies and fibers are depicted in red and yellow, respectively. C, A 

3D Image shows hpChAT-ir cholinergic structures in the myenteric plexus. Both Dogiel type 

I neurons with small soma, one long and several short processes, and Dogiel type II neurons 

characterized by a large and smooth soma with several long processes are clearly stained for 

hpChAT, with labeling being stronger in type II than type I. D and E, Some clearly stained 

hpChAT-ir cell bodies and fibers in C are digitally labeled in D, and extracted in E
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FIGURE 8. 
3D images of enteric neurons in the human sigmoid colon double-labeled with a novel 

mouse anti-human peripheral form of choline acetyltransferase (hpChAT) and a rabbit anti-

human neuronal nitric oxide synthase (nNOS) antibodies and coded with spots by Imaris 9.5 

in 3D structures for computational quantitation. A, A’, D, D’, G, G’, inner submucosal 

plexus (ISP). B, B’, E, E’, H, H’, outer submucosal plexus (OSP). C, C’, F, F’, I, I’, 

myenteric plexus (MP). A-C, hpChAT-ir neurons (green). D-F, nNOS-ir neurons (red). Each 

image in the bottom column (G-I) shows a merged image of its upper two. Cells in yellow 

represent co-localization of two markers. A’-C’, hpChAT-ir neurons coded by blue color 

spots, D’-F’, nNOS-ir neurons were coded by purple color spots. G’-I’, Co-labeled neurons 

coded as yellow color by using spot function with Imaris 9’5. Scale bars: 100 μm
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FIGURE 9. 
Quantification of hpChAT-ir and nNOS-ir neurons in 3D contoured enteric ganglia (A-C) of 

the human sigmoid colon. A, D, G, inner submucosal plexus (ISP). B, E, H, outer 

submucosal plexus (OSP). C, F, I, myenteric plexus (MP). The spots for coding hpChAT (D-

F in blue) and nNOS (G-H in purple) extracted from Figure 8A’-F’ were counted 

automatically using Imaris 9.5 spot function. Scale bars: 100 μm. J, The calculation for the 

number of color-coded spots (hpChAT-ir or nNOS-ir) per volume of contoured ganglion 

(mm3) was carried out in 4–10 ganglia of each plexus/patient and expressed as the 

percentage of each type of neurons in total (hpChAT+nNOS) neurons. Error bars: mean 

±SEM of 3–4 patients (3 for ISP and OSP). Significant difference in number: *** or ###p < 

0.001 compared with hpChAT-ir neurons in ISP or OSP, respectively; +++ or &&&>p < 0.001 

compared with nNOS-ir neuorns in ISP or OSP, respectively
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FIGURE 10. 
Assessment of co-localization of hpChAT and nNOS in the preparations shown in Figure 9. 

The distance between each center of two different color spots was measured, using Imaris 

9.5 “center point” mode, to identify co-labeled neurons being close in distance (<10.5 μm). 

Co-labeled spots (yellow), extracted using the ImarisColoc tool, were superimposed in 

hpChAT-ir (blue, A-C) or nNOS-ir (purple, D-F) spot images. A, D, G, inner submucosal 

plexus (ISP). B, E, H: outer submucosal plexus OSP). C, F, I, myenteric plexus (MP). The 

bottom images (G-I) show co-labeled neurons intermingled with both hpChAT and nNOS 

ones. Bars =100 μm. J, The co-localization was calculated in 4–10 ganglia of each plexus 

from a patient and expressed as the percentage of co-labeled neurons in hpChAT-ir or 

nNOS-ir neurons. Error bars: mean ±SEM of 3–4 patients (3 for ISP and OSP). Significant 

difference in number: *** or < 0.001 or p < 0.01 compared with hpChAT-ir neurons in ISP 

or OSP, ###p < 0.001 compared with hpChAT-ir neurons in OSP, respectively; +++p < 0.001 

compared with nNOS-ir neuorns in ISP; &&p < 0.01 compared with nNOS-ir neurons in 

OSP
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