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Abstract: 
Gastrointestinal (GI) motility is regulated in a large part by the cells of the enteric nervous system 
(ENS), suggesting that ENS dysfunctions either associate with, or drive GI dysmotility in patients. 
However, except for select diseases such as Hirschsprung’s Disease or Achalasia that show a 
significant loss of all neurons or a subset of neurons, our understanding of human ENS 
histopathology is extremely limited. Recent endoscopic advances allow biopsying patient’s full 
thickness gut tissues, which makes capturing ENS tissues simpler than biopsying other neuronal 
tissues, such as the brain. Yet, our understanding of ENS aberrations observed in GI dysmotility 
patients lags behind our understanding of central nervous system aberrations observed in 
patients with neurological disease. Paucity of optimized methods for histopathological 
assessment of ENS in pathological specimens represent an important bottleneck in ascertaining 
how the ENS is altered in diverse GI dysmotility conditions. While recent studies have interrogated 
ENS structure in surgically resected whole mount human gut, most pathological specimens are 
banked as formalin fixed paraffin embedded (FFPE) tissue blocks – suggesting that methods to 
interrogate ENS in FFPE tissue blocks would provide the biggest impetus for ENS histopathology 
in a clinical setting. In this report, we present optimized methods for immunohistochemical 
interrogation of the human ENS tissue on the basis of >25 important protein markers that include 
proteins expressed by all neurons, subset of neurons, hormones, and neurotransmitter receptors. 
This report provides a resource which will help pathologists and investigators assess ENS 
aberrations in patients with various GI dysmotility conditions. 
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Introduction: 

Gastrointestinal (GI) dysmotility disorders afflict large numbers of patients, whose persistent GI 
dysmotility causes a loss of quality of life and confers them with a significant economic burden1,2. 
GI motility, amongst other gut functions such as immunity, secretion, absorption and interactions 
with microbiota, is regulated by the actions of the neurons and glial cells of the enteric nervous 
system (ENS) that is organized in networks called plexuses which are located entirely within the 
gut wall3-11. The near-comprehensive regulation of GI functions, especially its motility, by ENS 
suggests that the ENS in patients with GI dysmotility disorders would be significantly negatively 
impacted.  

ENS aberrations are observed in patients with congenital Hirschsprung’s Disease, where a 
developmental defect leads to incomplete innervation of the distal colon leading to a lack of all 
ENS in the distal colon resulting in severe dysmotility in newborns12,13. Aberrant ENS innervation 
is also observed in patients suffering from achalasia, where a significant loss of inhibitory NOS1 
(nitric oxide synthase 1)-expressing nitrergic neurons (those releasing nitric oxide (NO) as a 
principal neurotransmitter) in the lower esophageal sphincter is associated with impaired 
esophageal dysmotility14,15. However, while GI dysmotility occurs in many other diseases, 
including in rheumatological diseases such as systemic sclerosis, neurological diseases such as 
Parkinson's’ Disease, and GI diseases and syndromes such as inflammatory bowel disease (IBD), 
idiopathic and diabetic gastroparesis, and irritable bowel syndrome (IBS), the nature of the ENS 
aberrations in these patients remains unknown1,16-18. The lack of data about the nature of ENS 
defects in these diseases does not necessarily signify a normal ENS in these patients, but instead 
suggests that efforts are needed to better interrogate the tissues from patients with and without 
GI dysmotility to catalogue if the ENS tissue in dysmotility patients suffers from a structural loss 
of neuronal numbers or nerve fibers, or whether the pathology results from altered expression of 
important neurotransmitters, receptors, hormones, and other markers. 

An important bottleneck in characterizing the ENS defects in GI dysmotility patients has been a 
lack of optimized histochemical protocols for characterizing ENS tissue from patients. Formalin 
fixed paraffin embedded (FFPE) tissue blocks are the mainstay of archival tissues used by 
pathological labs and medical centers, and a study at the turn of the century estimated that 
biobanks contain more than 300 million tissue blocks, with their numbers growing by 20 million a 
year19. Recently, it has been reported that these numbers are almost certainly an underestimation, 
and that archived human tissue in FFPE blocks allow for high quality preservation of cellular 
structure and proteomic and transcriptomic data at ambient temperatures20,21. Biorepositories 
containing tissue specimens in FFPE blocks from well-phenotyped patients thus provides an 
invaluable resource to interrogate the ENS in dysmotility patients using histopathological 
methods. Thus, it is imperative that robust, detailed, and standardized immunohistochemical 
protocols be developed for assessing the expression of important ENS and other pathological 
markers in the human ENS tissue. To this, this study presents detailed protocols for 
immunostaining human ENS tissues obtained from archived FFPE tissue blocks with antibodies 
against >25 different neuronal, glial, and other pathological markers that are relevant to ENS 
structure, function, and may be implicated in disease. 
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Materials:  

Human tissue procurement and immunohistochemistry: Paraffin sections of the adult small 
intestinal full-thickness gut from deidentified human tissues were obtained from the Department 
of Pathology at Beth Israel Deaconess Medical Center, and the Institutional Review Board 
approved using the deidentified human tissues. 

Since we wish to control for the influence of materials on the immunohistochemical staining of 
tissue sections, we list in detail all the materials used in this study.  

1. Microtome 
a. Shandon Cat. No. AS325 

2. Lighted tissue bath  
a. Premiere Lighted Tissue Bath Cat. No. XH 1003 

3. Staining slides: Colorfrost microscope slides (Fisher Scientific; Cat. No.1255018) 
4. Slide staining chambers: EasyDip™ Slide staining jars (Simport; Cat. No. M900-12P) 
5. Deparaffinization/Rehydration chemicals 

a. Xylene ACS: (Pharmco-Greenfield; Cat. No. 399000000CSFF) 
b. Ethanol 200 proof ACS USP: (Pharmco-Greenfield; Cat. No. 111000000CSGL) 

6. Heat-mediated antigen retrieval buffer and hardware 
a. Citrate Buffer pH6: 

i. Sodium citrate: (JT Baker; Cat. No. 2646-01) 
ii. Citrate acid: (Fisher Scientific; Cat. No. BP39-500) 

b. Tris-EDTA Buffer pH9: 
i. Tris: (EMD Millipore; Cat. No. 648310-500GM) 
ii. EDTA: (Sigma Aldrich; Cat. No. 56758-100G) 

c. Pressure cooker 
i. Biocare medical, antigen retrieval chamber (Cat. No. DCARC0001) 

7. Blocking Buffer:  
a. Normal Horse Serum Control: (Invitrogen; Cat. No. 31874) 
b. TritonTM X-100: (Sigma; Cat. No. T8787-50ML) 

8. Hydrogen peroxide blocking buffer 
a. Hydrogen peroxide 30% (Fisher Bioreagent; Cat. No. 7722-84-1) 

9. Secondary antibody: 
a. Goat Biotinylated anti-rabbit antibody: (Vector Labs; Cat. No. BA-1000) 
b. Horse Biotinylated anti-mouse antibody: (Vector Labs; Cat. No. BA-2001) 

10. Avidin-Biotin Complex: 
a. ABC kit, (Vector Labs; Cat. No. PK-6100) 

11. DAB kit 
a. DAB kit: (Vector Labs; Cat. No. SK-4100) 

12. Hematoxylin counterstain 
a. Gill’s hematoxylin solution No.2. (Electron microscopy science; Cat. No. 26030-

24) 
13. Mounting media 

a. Cytoseal 60 (Epredia; Cat. No. 8310-4) 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 17, 2024. ; https://doi.org/10.1101/2024.12.15.628584doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.15.628584
http://creativecommons.org/licenses/by-nc-nd/4.0/


b. Microscope cover glass; (Alkali scientific Inc; Cat. No. SM2460) 
c. Prolong Gold Antifade Reagent: (Invitrogen; Cat. No. P36930) 

 
Methods 

1. After obtaining FFPE tissue blocks for sectioning, the blocks need to be prepared for 
sectioning. For this, begin by softening the paraffin block. Place the FFPE block in icy 
water till soft. Depending on the block, this process may take anywhere between 15 
minutes to 2 hours. Once the block has softened, use the microtome to begin sectioning. 
Sectioning is performed to achieve 5 µm thickness of the sections. Carefully spread the 
sections onto a prewarmed water bath set to 38°C. Once the sections are nicely spread, 
transfer them onto histology slides. Allow the slides to dry in the dark for two days before 
staining.  

Note: Please consult your histologist for technical expertise in sectioning and placing the 
sections on the slides. 

2. To process the slides, initiate by drying them at 37°C in an oven overnight. Following this, 
perform a baking step at 60°C for 10 minutes.  
 

3. Proceed with the deparaffinization of FFPE slides using the following step-wise protocol:  
 

a. Two Xylene washes for the slide, each wash is for the duration of 5 minutes. 
b. Two 100% Ethanol washes for the slide, each wash is for the duration of 5 minutes.  
c. Two 95% Ethanol washes for the slide, each wash is for the duration of 5 minutes. 
d. Two 70% Ethanol washes for the slide, each wash is for the duration of 5 minutes.  
e. Two double distilled water (ddH2O) washes for the slide, each wash is for the 

duration of 5 minutes.  
 

4. Next, perform heat-mediated antigen retrieval by placing the slides into a preheated (68°C) 
pressure cooker, and run the pressure cooker for the designated amount of time and 
temperature as listed in Table 1.  

Note: This step varies with the antibody used to detect the specific antigen. Please check 
Table 1 for the details on which antigen-retrieval buffer, temperature, and the treatment 
time is applicable for the antigen to be detected. 

5. Allow the slides to cool down in an icy water bath containing slushy ice water for 10 
minutes. It is imperative to refrain from removing the slides while the buffer remains hot, 
as elevated temperatures may cause the tissues to detach from the slides. Finally, wash 
the slides with 1x phosphate-buffered saline (PBS) once. 

Note: Do not use glass slide chambers for this cool-down in slushy ice water. 
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6. To prepare for blocking, start by making a blocking solution that consists of 5% normal 
horse serum (NHS), 1X PBS, and 0.5% Triton X-100. Next, use a hydrophobic pen to 
encircle the tissue on the slide. Carefully add 100 µl of the blocking solution to the slides 
dropwise, taking care not to pipette it directly onto the tissue, as this can cause the tissue 
to lift off the slide. Allow the blocking solution to incubate for 1 hour at room temperature. 
After the incubation period, gently remove the blocking buffer from the slides. 

 
7. Dilute the primary antibody in 1X PBS, then gently add 100 µl of the antibody solution in 

a dropwise manner. Incubate the slides in a humid chamber, in the dark, at 4°C overnight. 
 

8. Carefully decant the primary antibody solution from each slide the next morning and wash 
them once with 1X PBS for 5 minutes. After that, proceed with the peroxidase-blocking 
step. Dilute 30% hydrogen peroxide to a ratio of 1:100 and block the slides for 12 minutes. 
After the blocking, wash away any excess hydrogen peroxide by rinsing the slides with 1X 
PBS twice, with each wash lasting 5 minutes.  
 

9. Next, dilute the secondary antibody in 1X PBS, then gently add 100ul of the antibody 
solution in a dropwise manner. Incubate the slides in a humid chamber, in the dark, at 
room temperature for 1 hour.  
 

10. Gently decant the secondary antibody solution from each slide and wash them three times 
with 1X PBS for 5 minutes each. After washing, proceed to the Avidin-Biotin Complex 
(ABC) step. Prepare the ABC solution 30 minutes before use. Add 100 µl of the ABC 
solution to the slides in a dropwise manner. Incubate the slides in a humid chamber, in 
the dark, at room temperature for 30 minutes. 
 

11. Carefully decant the ABC solution from each slide and wash them 3 times with 1X PBS 
for 5 minutes.  
 

12. After washing, proceed to the DAB chromogen staining step. Prepare the DAB solution 
and apply it to the tissue section. Assess the intensity of the chromogen staining under 
the microscope. The staining process may take up to 10 minutes. Once the staining has 
reached its optimal level, place the slides in a chamber with tap water to stop the reaction. 
Wash the slides with cold tap water at least 5 times to fully remove residual DAB. 
 
Note: Each antibody will have a different exposure time. For the ENS-specific antibody, 
please refer to Table 1 provided for the exposure times established in this study. In 
addition, please be aware that the DAB solution is toxic and carcinogenic. Ensure that you 
dispose of the solution properly, in accordance with your institution's guidelines. 

 
13. After washing, proceed to hematoxylin counterstaining. Stain the slides with hematoxylin 

for 1 minute. Rinse off the excess hematoxylin with tap water 3 times. Then, wash with a 
destaining solution (70% ethanol and 1% HCl in water) for a few seconds to slightly reduce 
the intensity of the hematoxylin counterstain. Rinse with cold tap water 3times. Next, stain 
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the slides with 0.2% ammonium hydroxide (pH 10) for 10 minutes to achieve bluing. Finish 
by washing twice with cold tap water and then perform a final wash with MilliQ water. 
 
Note: Alcohol destaining and bluing steps are optional, which we preferas it shows better 
nucleus structure and membrane.  

14. Proceed with the dehydration of FFPE slides using the following protocol:  
a. 1 70% Ethanol wash for the slide for the duration of 3 minutes.  
b. 1 95% Ethanol wash for the slide for the duration of 3 minutes. 
c. 2 100% Ethanol washes for the slide, each wash is for the duration of 3 minutes.  
d. 2 Xylene washes for the slide, each wash is for the duration of 5 minutes. 

 
15. Mount the slides using Cytoseal. Allow the slides to dry in the fumehood overnight before 

starting the imaging process. 

Microscopy: 

Microscopy was performed using the Nikon Eclipse Ni-U Upright microscope with 40x Nikon Plan 
Fluor objective. Images were acquired using the Nikon DS-Fi3 camera and NIS-Elements BR 
software (Version 5.20.01). While image acquisition, exposure time was adjusted using the Color 
DS-Fi3 settings to obtain a clear definition of tissue structure. Images were acquired in the TIFF 
format. 

Results: 
 
Detection of various ENS-associated antigens can be performed by varying antigen 
retrieval conditions and DAB exposure time. Using archived FFPE tissues, we performed 
immunohistochemical interrogation of sections of adult human small intestinal full thickness 
tissue. We used antibodies against 35 different antigens and were able to optimize the 
immunostaining against 27 antigens. The antibodies and the conditions used for detecting these 
antigens, which include pan-neuronal markers, glial marker, neurotransmitter encoding genes, 
receptors, hormones, and enzymes, in adult human small intestinal ganglia are tabulated in Table 
1. We will discuss the antigens detected in defined categories and succinctly describe their 
relevance to ENS health and disease next. 
 
Neuronal markers:  
We first assessed a set of neuronal markers that are known to be expressed by all neurons or by 
a subset of neurons (Fig 1). Our assessment initiated with the pan-neuronal marker Hu (Fig 1A), 
which we observe labels both nuclear and cytoplasmic fractions of the cell22-24. After antigen 
retrieval, the nuclear fraction of the cell is immunostained more heavily than the cytoplasmic 
fraction. Next, we optimized the immunostaining of another oft-used pan-neuronal marker 
PGP9.525, which is observed to immunolabel the entire myenteric ganglia (both nuclear and 
cytoplasm) (Fig 1B). In addition to Hu and PGP9.5, the expression of Synaptosomal-associated 
protein 25 (SNAP-25) was previously thought to label all neurons of the myenteric ganglia26. 
However, prior publications from our lab and others showed that this marker only labels a subset 
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of neurons in the murine and human myenteric plexus27,28. Yet, since Barrenschee et al.27 found 
that the expression of this molecule, which is the target for BOTOX that is used for treatment of 
achalasia29,30, is modulated by presence of GDNF, we optimized the immunostaining parameters 
for this antigen. We found significant immunoreactivity of SNAP-25 in the fibers surrounding the 
neurons inside the ganglia and weak nuclear immunoreactivity in a subset of neurons (Fig 1C). 
While these three proteins have been studied in the gut, the expression of Phosphodiesterase 
10A (PDE10A), which is a dual-substrate PDE that is highly enriched in brain31, has not been 
studied in the human ENS. We previously tested and found that PDE10A was expressed by 
myenteric neurons in the adult mouse small intestine28. With that background, we performed 
optimization of the immunostaining for PDE10A on human gut tissues and found that while 
PDE10A was not specifically expressed by neurons in the adult human gut, it was expressed by 
many cells within the enteric ganglia (Fig 1D) (and by many cells in epithelial crypts). Importantly, 
all the 4 neuronal markers optimized by us vary either in the nature of the antigen retrieval buffer 
or the conditions for antigen retrieval and DAB staining. 
 
We next optimized the immunostaining of Nitric Oxide Synthase 1 (NOS1), which is expressed 
by inhibitory nitrergic neurons in the myenteric plexus, which is the population of neurons 
selectively lost in the lower esophageal sphincter in achalasia32. Loss of NOS1+ neurons has been 
associated with gastric and colonic dysmotility in pre-clinical models33,34, and thus, the 
optimization of the immunohistochemical staining of this marker in human small intestinal tissue 
is clinically significant. Our optimzed protocol shows that NOS1 is expressed only in the soma of 
a select subset of neurons in the myenteric ganglia (Fig 1E). We also observe nuclear 
immunostaining of NOS1, which is possibly a non-specific staining. 
 
Enkephalins, which are endogenous opioids that signal through opioid receptors, are expressed 
by about a quarter of all rodent myenteric neurons35,36. Proenkephalin (PENK) is the precursor 
enkephalin which is catalytically cleaved into smaller functional enkephalins, which include the 
pentapeptide Methionine-enkephalin (M-ENK)37. M-ENK is also known as Opioid Growth Factor 
(OGF) which has important anti-cancer properties, and we tested whether M-ENK is expressed 
in the ENS. By optimizing the immunostaining for this antigen, we observed that M-ENK 
immunoreactivity is detected in the gut wall, and its expression is enriched in the myenteric ganglia 
and nuclear and cytoplasmic localization can be expressed in many myenteric cells (Fig 1F). 
 
We next tested the presence of RET, the receptor for glial derived neurotrophic factor (GDNF) in 
the adult human ENS. RET is known to be expressed in a majority of neurons in the neonatal 
ENS as well as in the adult ENS38, and it is the target of putative therapies against irritable bowel 
syndrome (IBS)39. We recently showed that with age, the expression of RET is significantly 
reduced in the murine ENS and hence, here, we optimized the immunostaining for this important 
marker such that it may be used to assess how RET expression changes in the adult ENS of 
patients with myriad GI dysmotility disorders. On optimizing the expression, we found that RET 
expression in the adult human gut wall is restricted to the ganglia, where it exhibits sparse and 
light expression (Fig 1G). It is not readily discernable whether RET immunochemistry is restricted 
only to neurons within the ganglia or if it is observed in glial cells and nerve fibers. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 17, 2024. ; https://doi.org/10.1101/2024.12.15.628584doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.15.628584
http://creativecommons.org/licenses/by-nc-nd/4.0/


Since we studied the limited expression of SNAP-25, we tested and optimized the detection 
method for Secretagoggin (SCGN), which is a calcium-sensing protein that interacts with SNAP-
25 in a Ca2+-dependent manner to regulate membrane fusion events40. SCGN is a risk gene for 
autism spectrum disorders, and its deficiency is associated with increased susceptibility of 
developing colitis40,41. Furthermore, Scgn gene expression has been observed in murine and 
human ENS36,42. By optimizing the detection of SCGN in human ENS, we observe a robust 
immunoreactivity for this protein in the soma and nucleus of a defined subset of enteric neurons 
(Fig 1H).  
 
Neurotransmitter receptors  
We tested a few neurotransmitter receptors and were able to optimize the protocols for the 
detection of three receptors, two for Dopamine and one for Gamma Amino Butyric Acid (GABA) 
(Fig 2). Dopamine receptor D2 (DRD2) expression was previously observed in the murine ileum 
and colon43,44 and DRD2 antagonists are known to have a prokinetic effect on rodent and human 
gut motility45. Our optimized protocol detects robust DRD2 expression in most cells of the 
myenteric ganglia which include both neurons and glial cells, but also detects cytoplasmic DRD2 
expression in extra-ganglionic cells in the longitudinal and circular muscle layer (Fig 2A). 
Compared to DRD2, not much is known about expression of Dopamine Receptor D4 in the gut 
wall, despite being a known drug target for psychostimulants such as Clozapine that are known 
to affect GI motility46,47. Our optimized protocol detects DRD4 expression both in a subset of 
myenteric neurons, as well as in the surrounding muscle cells of the circular and longitudinal 
muscle layers (Fig 2B). DRD4 expression appears to be cytoplasmic only in most of the cells 
stained by this antibody, but in a subset of cells, strong immunoreactivity is observed in both 
cytoplasm and nucleus. In addition to Dopaminergic receptors, we tested the protocols for 
optimization of various receptors for GABA and were able to optimize the protocols to allow the 
robust detection of GABA Receptor A3 (GABRA3), which is a target for benzodiazepines. 
GABRA3 was previously shown to be expressed in murine colonic ENS48, and here, by optimizing 
the protocol for its detection in adult human ENS, we observe robust expression of GABRA3 in a 
subset of myenteric neurons while also detecting lower level expression of this receptor in non-
neuronal cells within and outside the myenteric ganglia (Fig 2C). While it is unclear why 
expression of GABRA3 is observed in nucleus of many cells, the database at human protein atlas 
shows nucleoplasm localization of this protein. 
 
Hormones 
We tested whether we could optimize the expression of neuronal hormones in the ENS and were 
able to optimize the detection of two important neuronal hormones (Fig 3). Corticotrophin 
releasing hormone (CRH) is known to be expressed by enteric neurons in addition to its known 
expression by hypothalamic neurons49,50. CRH release is known to be associated with various 
stress-associated dysmotility disorders, which makes it an important marker to establish for the 
adult human ENS. Here, we optimize the immunochemical detection protocol for CRH to observe 
significant and robust nuclear and cytoplasmic expression of this hormone by a subset of adult 
human small intestinal myenteric neurons (Fig 3A). Similar to CRH, Growth Hormone Releasing 
Hormone (GHRH, Somatoliberin) is expressed by hypothalamic neurons51. We recently detected 
the expression of GHRH in a subset of adult murine myenteric neurons that are derived from the 
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mesoderm (and annotated as mesoderm-derived enteric neurons, MENs28). Here, we optimized 
the detection protocols and observed that GHRH is robustly localized in the nucleus and 
cytoplasm of a subset of adult human small intestinal myenteric neurons (Fig 3B), and as with 
CRH, the possible release of this hormone into the myenteric ganglia and in the gut wall produces 
a diffuse and low level immunoreactivity for this hormone in GHRH-non-expressing neurons. Both 
the hormones require similar antigen retrieval and DAB exposure settings. 
 
Alpha-synuclein 
Recent gathering evidence suggests that the pathological misfolded species of the protein alpha 
synuclein that drives the etiology of Parkinson's’ disease (PD) originates in the gut, from where it 
is trafficked to the central nervous system to cause the loss of dopaminergic neurons in the 
substantia nigra thus manifesting the behavioral and motor symptoms of the disease52-56. Prior 
reports have suggested that the normal and pathological alpha-synuclein can be distinguished by 
the presence of phosphorylated Serine at residue 129 (pS129), as this phosphorylation was 
observed to occur in the pathological lewy bodies associated with the disease57. However, the 
relevance of the phosphorylated form in the ENS to PD is unclear58. Thus, it is important to 
optimize the detection protocols for both the total and pS129 forms of alpha-synuclein in the adult 
human gut, so that investigators can use this methodology for accurate assessment of the 
presence of these proteins in the gut wall of patients with and without PD. Here, with optimization 
which involved two distinct antigen retrieval conditions for the two proteins, we show evidence 
that both the normal (Fig 4A) and the pS129 forms (Fig 4B) of alpha-synuclein can be detected 
in the myenteric neurons of patients without PD. Both forms of the protein can be detected in the 
nucleus and cytoplasm of immunostained cells. 
 
Purine anabolism 
Purine anabolism occurs through the de novo pathway or the salvage pathway59, and in the small 
intestine, the de novo pathway of purine anabolism – which is catalyzed by 6 enzymes60 – is 
favored59. Disorders of purine metabolism result in several disease conditions, which include 
irritable bowel syndrome61 and autism spectrum disorders that are associated with GI 
dysmotility62,63. Thus, given the importance of purine metabolism to GI conditions, we optimized 
the detection of 2 important enzymes of the de novo purine anabolic pathway – PAICS 
(Phosphoribosylaminoimidazolesuccinocarboxamide Synthase) and PFAS 
(Phosphoribosylformylglycinamidine Synthase) in the adult human small intestinal ENS and found 
that both enzymes are robustly expressed in a subset of human myenteric neurons (Fig 5). PAICS 
(Fig 5A) shows a predominantly cytoplasmic expression which is restricted to the myenteric 
ganglia, while PFAS shows predominantly nuclear localization (Fig 5B) which is also observed in 
mucosal cells of the small intestine. 
 
Cellular metabolism 
Metabolic and mitochondrial disorders are associated with increased prevalence of GI dysmotility 
disorders64,65. Preclinical models have tested and found the causative nature of metabolic and 
mitochondrial imbalances on ENS structure and gut function66,67. Given this, it is important to 
optimize where important markers involved in cellular metabolism are located in the adult human 
ENS. First, we optimized the expression of a monocarboxylate transporter 1 (MCT; SLC16A1) 
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which helps import monocarboxylate acids such as Lactate, Pyruvate which are known substrates 
for oxidative phosphorylation into the cell68. In skeletal muscles, MCT1 plays a significant role in 
the Lactate Shuttle into the cell to promote mitochondrial biogenesis68. Our optimized protocol for 
detecting MCT1 in adult ENS shows that MCT1 is expressed by a subset of enteric neurons (Fig 
6A). The localization of this protein appears to be membrane bound, as would be expected from 
a transporter protein. Next, we assessed whether CD147 or Basigin – which regulates the 
expression of MCT1 and Lactate Shuttle69 – is also expressed in adult human ENS. MCT1 and 
other monocarboxylate transporters also bind to CD147, as CD147 interaction with MCT1 
stabilizes both binding partners as they are deployed to the cell surface70. Importantly, both MCT 
and CD147 proteins are targets in putative cancer therapies that target lactate metabolism70. Our 
optimized protocol shows robust and enriched expression and putative membrane-associated 
localization of CD147 in adult human myenteric neurons (Fig 6B) – similar to our observations 
with MCT1. In addition, some cells around the myenteric ganglia also show nuclear localization. 
and the Since Lactate importer MCT1, which is crucial for promoting mitochondrial function, is 
observed to be expressed by only a subset of neurons, we next tested whether a pan-
mitochondrial protein of clinical significance is also expressed by a subset of myenteric neurons. 
By optimizing a detection protocol with antibodies against the mitochondrial M2 antigen (PDC-E2; 
Pyruvate Dehydrogenase Complex – E2 subunit; gene name Dlat) – which is the main antigen 
targeted in patients with Primary Biliary Cirrhosis71, we found that a subset of enteric neurons are 
highly enriched in M2 antigen and hence mitochondria (Fig 6C). These mitochondria-laden 
myenteric neurons are the sole cells that show significant abundance of mitochondria in the gut 
wall, and our results based on our optimized detection protocol help provide a rationale for why 
metabolic and mitochondrial diseases overwhelmingly cause a loss of healthy GI motility in 
patients. 
 
Other markers  
In addition to these markers, we also optimized the detection protocols for the following clinically 
or biologically significant markers. Deficiency in Proprotein convertase subtilisin/kexin type 1 
(PCSK1) is a congenital anomaly which is associated with significant GI dysmotility72. We 
optimized the detection of PCSK1 in the adult human ENS and observed that PCSK1 
immunoreactivity in the gut wall is robustly present in the nucleus and cytoplasm of cells (putative 
neurons) of the myenteric ganglia, with surrounding cells exhibiting low level cytoplasmic but may 
exhibit strong nuclear immunoreactivity (Fig 7A).  
 
SLC17A9 (Vesicular Nucleotide Transporter; VNUT) is a that plays a central role in vesicular 
storage of nucleotide in purine-secreting cells. Since we earlier noted purine anabolism in 
myenteric neurons, and we have previously detected SLC17A9 gene and protein expression in 
murine ENS, we optimized the detection of this protein in adult human ENS28. We observed 
nuclear and cytoplasmic localization of SLC17A9 in the myenteric neurons, but also its expression 
in the surrounding gut musculature (Fig 7B). 
 
Recent studies identify a significant role for extracellular vesicles (EVs) in the regulation of biology 
of health and disease73. The protein Argonaut-2 (AGO2) is a key component of the RNA-induced 
silencing complex (RISC) present within EVs that mediates downregulation of mRNA by 
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microRNAs73. Thus, given its potential importance in health and disease, we optimized the 
detection of AGO2 in the adult human gut wall and found that both myenteric ganglia and 
surrounding cells showed moderate cytoplasmic and strong nuclear localization of this protein 
(Fig 7C). AGO2 abundance was slightly higher in myenteric ganglia which may suggest that the 
ganglia are the source of the AGO2-EVs, which are released into the surrounding tissues. 
 
The protein S100B has been often used as a ganglionic marker in pathological interrogation of 
gut wall, while it is used primarily as a glial marker in the preclinical models74-76. We optimized the 
detection parameters for this antibody and found that nuclear and cytoplasmic immunoreactivity 
of S100B was very high in the myenteric ganglia with both neurons and glial cells expressing this 
protein (Fig 7D). However, glial cells expressed this marker much more robustly than neurons 
whose cytoplasmic immunoreactivity was a magnitude lower than in glial cells. 
 
Podoplanin is an approximate 38-kDa membrane protein with several conserved O-glycosylation 
sites. Heavily O-glycosylated mucoproteins are counter receptors for selectins that mediate 
adhesion of inflammatory cells, and as a result Podoplanin expression in intestinal lymphatics has 
been observed to be important in the pathogenesis of inflammatory bowel diseases77. Our recent 
study identified that Podoplanin is expressed by mesoderm-derived enteric neurons, and thus we 
tested whether we can find the expression of this important marker in adult myenteric neurons. 
Our optimized detection allows us to detect putative membrane-bound immunoreactivity of this 
protein in the myenteric neurons, along with detecting strong immunoreactivity for this protein in 
putative lymphatic vasculature (Fig 7E). 
 
Brain-derived neurotrophic factor (BDNF) is an important neurotrophin that is expressed in the 
ENS and has been shown to be implicated in GI dysmotility, IBS78-81. Given its importance to GI 
health and disease, we optimized the detection protocol and found that BDNF protein expression 
is highly enriched in the cytoplasm of a subset of myenteric neurons (Fig 7F). Since BDNF is a 
secreted protein, we reason its detection in other myenteric cells is a result of the detection of the 
secreted form. 
 
In addition to SNAP-25, another synaptosomal associated protein 23 (SNAP-23) is also 
expressed by neurons and other cells that perform exocrine and endocrine functions82-84. 
Overexpression of alpha-synuclein, which occurs in Parkinson's’ Disease, is known to reduce the 
expression of SNAP-2385. Since we find significant expression of alpha-synuclein in the myenteric 
plexus, and overexpression of alpha-synuclein in a preclinical setting is known to cause GI 
dysmotility86, we optimized the detection of SNAP-23 in the adult ENS, and found that this protein 
is the cytoplasm of both myenteric neurons as well as in cells of surrounding gut musculature (Fig 
7G). The optimization of this protocol along with that for alpha-synuclein provides us with 
important tools through which the cellular and molecular aberrations in the ENS of PD patients 
can be assessed. 
 
Cardiotrophin-1 is a member of the IL-6 family of cytokines, and it is responsible for inducing 
cardiac hypertrophy87. Apart from its role in regulating cardiac health, Cardiotrophin-1 also 
regulates intestinal immunity as it prevents the development of intestinal inflammation in a 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 17, 2024. ; https://doi.org/10.1101/2024.12.15.628584doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.15.628584
http://creativecommons.org/licenses/by-nc-nd/4.0/


chemically-induced model of colitis88. Given the importance of neuro-immune crosstalk in 
regulation of intestinal immunity89, we optimized the detection of this important secreted cytokine 
in the human gut wall and found that Cardiotrophin-1 is abundantly detected in the nucleus and 
cytoplasm of cells of myenteric ganglia of adult human small intestine (Fig 7H). The surrounding 
cells of the gut musculature also show detection of this cytokine, which we assume are the 
secreted forms released by the myenteric ganglion. 
 
Discussion 
Understanding the pathobiology of GI dysmotility disorders requires us to study how the enteric 
nervous system (ENS) and surrounding cells are impacted at a structural and molecular level. 
Without this fundamental pathobiological understanding of GI dysmotility, our attempts at 
simulating disease in preclinical models contain a significant gap – as how the tissue level 
changes in preclinical models correlate with actual changes in patients remain unknown. This 
study that provides optimized methods for interrogation of human ENS tissue using molecular 
markers that are clinically relevant provides an important bridge through which the relevance of 
preclinical studies to clinical histopathology can be assessed. 
 
Recent studies on performing assessment of how ENS is impacted in clinical tissues have 
focused on using freshly isolated full thickness whole mount tissues of longitudinal muscle – 
myenteric plexus (LM-MP) preparations from fetal and post-natal human gut90,91. These studies 
provide a 3-dimensional (3D) view of the ENS, which provide for better enumeration and 
interrogation of ENS structure. However, since these studies require freshly harvested tissues, 
they can be performed only on prospectively captured tissues. These approaches are thus not 
applicable to the thousands and potentially millions of retrospectively captured human gut 
specimens in FFPE tissue blocks19 from patients without and with motility disorders. Further, the 
advent of novel computational tools such as CODA allow for the 3D reconstruction of sectioned 
FFPE tissue blocks, thus allowing for accurate representation and interrogation of sectioned and 
immunostained tissues existing in FFPE tissue blocks92. The use of such tools on retrospectively 
captured FFPE tissue blocks provides the ideal way forward through which significant 
immunohistochemical assessment of ENS tissue from patients can be performed to learn and 
diagnose how this tissue is impacted in patients with GI dysmotility conditions. The optimization 
of methods and results that we report in this study are thus the first and important step through 
which comprehensive assessment of ENS and other gut cells can be performed. 
 
This report, which describes the initial set of methods optimized to detect clinically important 
antigens in the adult human ENS, is the foundation for an openly accessible online platform where 
methods and image data which will be made freely available to the GI and Pathology community. 
Such a resource will be valuable for catalyzing the translational science and the diagnostic 
science of understanding GI dysmotility disorders in patients. 
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Tables 

Table 1: Detailed list of antibodies, dilution, antigen retrieval parameters and DAB parameters for 
each of the optimized antigen detection protocol. 
 
Figure legends: 
 
Figure 1. Representative images of immunohistochemical detection of important neuronal 
markers in the adult small intestinal myenteric ganglia. Representative images showing 
detection of important neuronal markers (A) Hu, (B) PGP9.5, (C) SNAP-25, (D) 
Phosphodiesterase 10A, (E) Neuronal Nitric Oxide Synthase (NOS1), (F) Methionine-Enkephalin 
(M-ENK), (G) RET, and (H) Secretogoggin that were imaged under 40X objective after optimized 
immunostaining on 5 µm thick formalin fixed paraffin embedded sections of adult human small 
intestinal tissues. Arrows in A, D, E, H mark neurons showing positive immunoreactivity. Arrows 
in B, F, G show cells with increased immunoreactivity in ganglia that are otherwise diffusely 
immunolabeled. Arrows in C show cells with nuclear immunoreactivity. Scale bar is 100 µm. 
 
Figure 2. Representative images of immunohistochemical detection of important 
neurotransmitter receptors in the adult small intestinal myenteric ganglia. Representative 
images showing detection of important neuronal markers (A) Dopamine Receptor D2, (B) 
Dopamine Receptor D4, and (C) GABA receptor A3 that were imaged under 40X objective after 
optimized immunostaining on 5 µm thick formalin fixed paraffin embedded sections of adult 
human small intestinal tissues. Arrows show cells with increased immunoreactivity in ganglia that 
are otherwise contain low diffuse immunoreactivity. Scale bar is 100 µm. 
 
Figure 3. Representative images of immunohistochemical detection of important 
hormones in the adult small intestinal myenteric ganglia. Representative images showing 
detection of important neuronal markers (A) Corticotrophin Releasing Hormone, and (B) Growth 
Hormone Releasing Hormone that were imaged under 40X objective after optimized 
immunostaining on 5 µm thick formalin fixed paraffin embedded sections of adult human small 
intestinal tissues. Arrows show cells with increased immunoreactivity in ganglia that are otherwise 
contain low diffuse immunoreactivity. Scale bar is 100 µm. 
 
Figure 4. Representative images of immunohistochemical detection of alpha-synuclein in 
the adult small intestinal myenteric ganglia. Representative images showing detection of (A) 
total alpha-synuclein, and (B) phosphorylated at Serine 129 form of alpha-synuclein (pS129-a-
syn) that were imaged under 40X objective after optimized immunostaining on 5 µm thick formalin 
fixed paraffin embedded sections of adult human small intestinal tissues. Arrows in A show cells 
with increased immunoreactivity in ganglia that are otherwise contain low diffuse 
immunoreactivity, and arrows in B show regions within the ganglia that show increased 
abundance of pS129-a-syn. Scale bar is 100 µm. 
 
Figure 5. Representative images of immunohistochemical detection of enzymes involved 
in de novo purine biosynthesis in the adult small intestinal myenteric ganglia. 
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Representative images showing detection of enzymes (A) PAICS, and (B) PFAS that were 
imaged under 40X objective after optimized immunostaining on 5 µm thick formalin fixed paraffin 
embedded sections of adult human small intestinal tissues. Arrows in (A) show regions in the 
ganglia with increased immunoreactivity amongst other regions that otherwise contain low diffuse 
immunoreactivity, and arrows in B show ganglionic cells with nuclear localization of PFAS. Scale 
bar is 100 µm. 
 
Figure 6. Representative images of immunohistochemical detection of metabolically 
important proteins in the adult small intestinal myenteric ganglia. Representative images 
showing detection of (A) Lactate transporter MCT1 (SLC16A1), (B) CD147 or Basigin, and (C) 
mitochondrial antigen M2 also known as PDC-E2, that were imaged under 40X objective after 
optimized immunostaining on 5 µm thick formalin fixed paraffin embedded sections of adult 
human small intestinal tissues. Arrows in A and B show putative membrane-bound 
immunoreactivity in myenteric cells, and arrows in C show that a subset of myenteric neurons 
alone are enriched in the M2 antigen. Scale bar is 100 µm. 
 
Figure 7. Representative images of immunohistochemical detection of clinically and 
pathologically important proteins in the adult small intestinal myenteric ganglia. 
Representative images showing detection of (A) PCSK1, (B) SLC17A9 (VNUT), (C) Argonaut-2, 
(D) S100b, (E) Podoplanin, (F) BDNF, (G) SNAP-23, and (H) Cardiotrophin-1 that were imaged 
under 40X objective after optimized immunostaining on 5 µm thick formalin fixed paraffin 
embedded sections of adult human small intestinal tissues. Arrows in A and F show neurons that 
show marked increase in abundance of the markers compared to relatively lower levels in other 
ganglionic cells. Arrows in B show cells with nuclear labeling and increased abundance of marker 
relative to other cells in the ganglion. Arrows in C, G, H show diffuse ganglionic immunoreactivity. 
Black arrow in D shows strongly positive glial cell and gray arrow in this panel shows relatively 
lower immunoreactivity in neurons. Black arrow in E shows putative membrane immunoreactivity 
in myenteric neurons and red arrow in the same panel shows strong immunoreactivity in lymphatic 
endothelium. Scale bar is 100 µm. 
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Genetex GTX636952 Rabbit Tris-EDTA Buffer pH9, 97C 10m, total 20mDRD2
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ab108319 Rabbit Citrate Buffer pH6, 118C 8m, total 40mp-alpha synuclein (S129)

ab52642 Rabbit Citrate Buffer pH6, 118C 8m, total 40mS100b

14903-I-AP Rabbit Citrate Buffer pH6, 118C 8m, total 40mSNAP25

61-7000 Rabbit Citrate Buffer pH6, 118C 8m, total 40mNOS1

1:500 1m 30s
1:500 1m
1:200 2m 30s
1:200 8m

26731-I-AP Rabbit Citrate Buffer pH6, 118C 8m, total 40mSLC17A9

NBP1-90211 Rabbit Citrate Buffer pH6, 97C 10m, total 40mPODOPLANIN

20139-I-AP Rabbit Citrate Buffer pH6, 97C 10m, total 40mMCT1

28219-I-AP Rabbit Citrate Buffer pH6, 97C 10m, total 40mPCSK1

1:200 2m 30s
1:250 1m 30s
1:250 2m 30s
1:100 1m 45s

Proteintech 12967-I-AP Rabbit Citrate Buffer pH6, 97C 10m, total 40mPAICS

Biorbyt orb745920 Rabbit Citrate Buffer pH6, 97C 10m, total 40mPFAS

Alomone Labs AGA-003 Rabbit Citrate Buffer pH6, 97C 10m, total 40mGABA A3 Receptor

abcam ab108319 Rabbit Citrate Buffer pH6, 97C 10m, total 40mBDNF

1:200 3m
1:100 2m
1:200 45s
1:500 1m

Bioss bs-2543R Rabbit Citrate Buffer pH6, 97C 10m, total 40mCARDIOTROPHIN1

Proteintech 11989-I-AP Rabbit Citrate Buffer pH6, 97C 10m, total 40mCD147

Novus NBP2-90675 Rabbit Citrate Buffer pH6, 97C 10m, total 40mAGO2

BD 610787 Mouse Citrate Buffer pH6, 97C 10m, total 40mALPHA-SYNUCLEIN

1:300 30s
1:200 20s
1:200 20s
1:200 2m 30s

abcam ab184367 Rabbit Citrate Buffer pH6, 97C 10m, total 40mHU

Proteintech 13426-I-AP Rabbit Citrate Buffer pH6, 97C 10m, total 40mPDE-CE2

MyBioSource MBS9607923 Rabbit Citrate Buffer pH6, 97C 10m, total 40mGHRH

Bioss bs-0382R Rabbit Citrate Buffer pH6, 97C 10m, total 40mCRF

1:750 1m 30s

1:500 1m 30s
1:50 2m 30s

1:100 2m

abcam ab134100 Rabbit Citrate Buffer pH6, 97C 10m, total 40mRET

Genetex GTX115443 Rabbit Citrate Buffer pH6, 97C 10m, total 40mSCGN

1:100 6m

1:100 4m

abcam ab108986 Rabbit Tris-EDTA Buffer pH9, 97C 8m, total 30mPGP9.5

Proteintech 10825-I-AP Rabbit Tris-EDTA Buffer pH9, 97C 8m, total 30mSNAP23

1:500 1m 30s
1:200 3m

abcam

Proteintech
Invitrogen

Proteintech

Novus
Proteintech

Proteintech

abcam

1:500 1m
1:200 2m

Genetex GTX108178 Rabbit Tris-EDTA Buffer pH9, 97C 10m, total 20mDRD4

MyBioSource MBS5352010 Rabbit Tris-EDTA Buffer pH9, 97C 10m, total 20mMENK

1:200 2m 40s
1:200 2m

Table.   Antibody Information with Antigen Retrieval and Chromagen Exposure Settings. 
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