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Aberrant Development of Enteric Glial Cells in the Colon of Hirschsprung's Disease
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Objective: The aim of this study was to explore the development of enteric glial cells (EGCs) in different segments of Hirschsprung's disease (HSCR).

Methods: Colonic specimens from 35 children with HSCR were selected to analyze the relative expression of glial fibrillary acidic protein and S100 calcium-binding protein B using Western blotting and real-time fluorescence quantitative PCR. Immunofluorescence and immunohistochemical staining were performed to determine the distribution of myenteric EGCs and neuronal cells in different segments of HSCR.

Results: There was a trend of diminished protein and mRNA expression of glial fibrillary acidic protein and S100 calcium-binding protein B from the proximal, dilated, and transitional segments to the aganglionic segment (p < 0.05). Immunofluorescence and immunohistochemistry showed that the EGCs in the aganglionic, transitional, and dilated colonic muscles were morphologically abnormal, which was consistent with the dysplasia of myenteric neurons.

Conclusion: Aberrant development of myenteric EGCs was observed in the colon of HSCR, which may affect the survival of enteric neurons.

Keywords: Hirschsprung's disease, enteric glial cells, enteric nervous system, glial fibrillary acidic protein, S100 calcium-binding protein B


INTRODUCTION

The enteric nervous system (ENS) is the second largest nervous system in the human body, and it regulates intestinal movement, nutrient absorption, immune response, and other functions (1). During the embryonic period, the ENS originates from neural crest-derived cells and finally colonizes the distal colon to differentiate into enteric neural cells (ENCs) and enteric glial cells (EGCs) (2, 3). Defects during migration of neural crest-derived cells will cause the lack of ganglia in the distal colon to form aganglionic segments, which will lead to intestinal motor dysfunction diseases, such as Hirschsprung's disease (HSCR) and Hirschsprung allied disorders (4, 5). Several genes produced by EGCs, such as glial cell-derived neurotrophic factor, are involved in the survival, proliferation, migration, and differentiation of myenteric neurons (6, 7). Previous studies have found abnormal changes in ENCs, interstitial cells of Cajal, and EGCs in patients with slow colonic transit (8). As for the pathogenesis of HSCR, it is currently unknown whether abnormal changes in EGCs precede the missing of neurons.

Glial fibrillary acidic protein (GFAP), an astrocyte marker, is expressed in different subtypes of EGCs. It exists as a monomer in the human body and usually appears in mature EGCs (9). S100 calcium-binding protein β (S100β), which is highly expressed in activated glial cells, is also used as an astrocyte marker (9, 10). In order to study whether myenteric EGCs have developed abnormally in HSCR and to determine their distribution relationship with ENCs and their changing trends in HSCR, we compared the expression of GFAP and S100β in different segments of children with HSCR through several molecular biology methods.



MATERIALS AND METHODS


Collection of Colon Specimens

Specimens were collected from 35 children with HSCR who underwent surgical treatment at the Pediatric Surgery Department of Qilu Hospital of Shandong University from December 2018 to December 2020, including 23 males and 12 females, with an average age of 16.15 ± 28.54 months. Among them, there were 30 cases of short-segment HSCR, 3 cases of long-segment HSCR, 1 case of total colonic type, and 1 case of extending to the small intestine. All research procedures were approved by the Ethics Committee of Qilu Hospital of Shandong University (KYLL-2018(KS)-092), and patient permission was obtained to use their specimens for research purposes only. Each colonic specimen was divided into four segments according to its lesion shape: aganglionic segment, transitional segment, dilated segment, and proximal segment. The aganglionic segment was defined to the narrow part lacking ganglia. The dilated segment was limited to the part that was significantly expanded due to feces accumulation, and the transitional segment was taken from the junction of the aganglionic and dilated parts. The proximal segment was collected from the relatively normal part of the resection margin. The aganglionic segment, transitional segment, and dilated segment were considered as diseased segments, and the proximal segment was used as control. Each part was no <500 mg. The tissue (0.5 cm) was soaked in 4% paraformaldehyde, and the remainder was stripped of the mucosa and submucosa (to eliminate the influence of hyperplastic cholinergic nerves) and stored at −80°C (11).



Western Blot

WB was used to analyze GFAP and S100β protein expression in each segment. After thawing the tissue on ice, the Minute™ Total Kit (Invent, Plymouth, MN, USA) was used to extract total protein from the colon. Twenty micrograms of loading protein was electrophoresed on a 10% SDS-PAGE gel (Vazyme, Nanjing, China) and transferred to a PVDF membrane (Millipore, Germany). After blocking with 5% BSA, the primary antibody (1:1,000) was shaken overnight at 4°C. Then, the secondary antibody (1:5,000) was incubated for 1 h at room temperature. Detection was performed using chemiluminescence (Bio-Rad ChemiDoc). Supplementary Table 1 shows the details of the antibodies.



Real-Time Fluorescence Quantitative PCR

RT-qPCR was used to analyze the mRNA expression of the targets. The tissues were thawed in RNAlater™ (Beyotime, Shanghai, China) on ice. An RNA Extraction Kit (Fastagen, Shanghai, China) was used to extract total RNA, and A260/A280 was between 1.8 and 2.2. The SYBR (Tokyo, Japan) reaction system was prepared after reverse transcription to cDNA, and a Roche Light Cycler 480 was used for RT-qPCR. Data were normalized to glyceraldehyde 3-phosphate dehydrogenase, and relative expression was calculated using the 2−ΔΔCt method. The primers were selected based on data published elsewhere or from the Beacon Designer software (Premier Biosoft, Palo Alto, CA, USA). The melting curve after each reaction was used to confirm specificity. The primer sequences are listed in Supplementary Table 2.



Immunohistochemistry and Immunofluorescence

Immunohistochemistry (IHC) and IF were performed to compare the distribution of EGCs and ENCs in the diseased colonic muscles. The specimens were incubated in 4% paraformaldehyde and coated in 5-μm paraffin slices. After dewaxing and antigen retrieval, the slices were blocked with 5% BSA and incubated with the primary antibodies (1:500) overnight at 4°C, then incubated with IgG (H + L) or Alexa Fluor-594 and 498 secondary antibodies (Abcam, Cambridge, MA, USA) at 1:200 for 1 h at 37°C. All antibody incubation and washing steps were performed in PBS at pH 7.4. Images were acquired with an Olympus DP 72 (Tokyo, Japan) and the cellSens Dimension and Software image acquisition system. Diaminobenzidine (ZSbio, Beijing, China) staining was monitored under a microscope. Hematoxylin and 4′,6-diamidino-2-phenylindole were used for nuclear staining. ImageJ software was used for densitometric analysis of positive staining. Supplementary Table 1 shows the details of antibodies used.



Statistical Analysis

All data are presented as means ± SD. GraphPad Prism 8.0 was used for statistical analysis and graphing. The significance of the differences between groups was calculated using one-way ANOVA, and p < 0.05 was considered to be statistically significant.




RESULTS


GFAP and S100β Expression Diminished in Diseased Segments

The protein and mRNA expression levels of GFAP and S100β in the different segments were examined by WB and RT-qPCR. Compared with the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase, there was a trend of decreased expression of GFAP and S100β from the proximal, dilated, and transitional segments to the aganglionic segment (p < 0.05) (Figure 1).


[image: Figure 1]
FIGURE 1. WB (A-C) and RT-qPCR (D,E) revealed significantly decreased protein and mRNA expression of GFAP and S100β in the diseased segments, compared with proximal segments of HSCR patients. Equal loading amounts were confirmed using glyceraldehyde 3-phosphate dehydrogenase. The assays were performed in triplicates, and values are given as mean ± SD. (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).




EGC Hypoplasia and Loss of Neurons

GFAP, S100β, and the classic enteric neuron marker HuC/HuD were stained using IF, revealing a corresponding relationship between the development and location of EGCs and ENCs in myenteric ganglia (Figure 2). Attenuated ENCs and EGCs coexisted in diseased segments, and the EGCs of proximal segments were located around the ENCs and participated in the formation of myenteric ganglions.


[image: Figure 2]
FIGURE 2. Double-label IF of GFAP (A green), S100β (B green), and HuC/HuD (red) revealed a corresponding relationship in the location of EGCs and ENCs in myenteric ganglions, and the average fluorescence intensity of the unit area was quantified (C). There was no obvious positive staining of targets in the aganglionic segment (a1-a4, b1-b4). The shapes of ganglions in the muscles in transitional and dilated segments were irregular and hypoplasic (a5-a12, b5-b12), while the ganglion in proximal segments was more intact and the EGCs were located around the ENCs (a13-a16, b13-b16). (Scale bar: 20 μm ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).




Expression Position of GFAP and S100β in Different Segments

The positions of GFAP and S100β in different segments were displayed by IHC, and positive staining was quantified based on intensity and area. The myenteric ganglia showed obvious positive staining of tan particles in proximal segments, and the positive particles of the aganglionic and transitional segments were significantly attenuated (Figure 3).


[image: Figure 3]
FIGURE 3. IHC (A) and quantitative analysis (B,C) of GFAP and S100β in the different segments of colonic muscle sections. The target GFAP and S100β were not significantly stained in aganglionic segments (a1, a5), and the positive staining particles in transitional (a2, a6 arrows) and dilated segments (a3, a7 arrows) were significantly attenuated and irregularly shaped, compared with the proximal segments (a4, a8 arrows). (Scale bar: 50 μm, ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





DISCUSSION

It was thought that EGCs were used to support neurons at first, while existing studies on EGCs focused more on inflammatory bowel diseases such as Crohn's disease and ulcerative colitis, and less on congenital diseases such as Hirschsprung allied disorders. EGCs are divided into different subtypes according to their location and function (12). On the one hand, they are similar to astrocytes in the central nervous system and can secrete a variety of neurotrophic factors to participate in the regulation of neuronal functions, such as glial-derived neurotrophic factor and S-nitrosoglutathione (6, 13, 14); on the other hand, EGCs also play a role in maintaining the balance of epithelial barrier and resist aggression through inflammatory reactions (7).

In this study, we compared the changing trends of myenteric EGCs in 35 children with HSCR and found their corresponding relationship with myenteric neurons in four segments. In line with the study by Tani et al. (15), in addition to aganglionic segments, immature EGCs appear in the proximal colon of HSCR children compared to normal controls. As a phenomenon-level study, the results are consistent with previous functional studies on EGCs, which found that the neurotrophic factor produced by EGCs can enhance the migration ability of neural crest-derived cells and augment the size of enteric neurospheres (16). Aubé et al. (17) confirmed that the absence of EGCs in the intestinal wall can lead to impaired colonic motor function. Soret et al. (10) showed that primary EGCs cultured in vitro enhance the barrier function of epithelial cells and produce Ca2+ transients upon induction of extracellular ATP. Therefore, we assume that abnormally developed EGCs in HSCR may lose their protective support and nutritional effect on ENCs.

However, after undergoing the surgery, some patients continued to experience postoperative complications, such as constipation soiling or enterocolitis, even though we thought that sufficient lesions had been removed. The appearance of persistent symptoms after surgery may be related to abnormalities in EGCs and ENCs in the unresected proximal colon (15, 18). This experiment prompted us to further study the interactions between EGCs and ENCs. Studies have shown that GFAP is related to delayed differentiation of EGCs. Under the stimulation of certain foreign antigens such as lipopolysaccharides, EGCs can proliferate reactively, exhibit an “active state” with GFAP upregulation, produce neuroprotective factors, and enhance the protective effect against ENCs (9, 13, 19). Carvalho et al. (20) proposed a more efficient preoperative biopsy method that recommends pathology mapping of the entire colon to assess the excision range. This prompted us to assume the possibility of preserving more colon tissue in future HSCR surgery by improving the function of neurons and EGCs in dilated and transitional segments. In addition, through the detection of GFAP and S100β, the normal EGCs in the resection margin may provide a reference for the scope of surgical resection (21). Furthermore, a reasonable assessment of ENS development can complement diagnosis and significantly reduce the incidence of complications such as postoperative enteritis (22).

An increasing amount of evidence demonstrated that EGCs play a vital role in maintaining the homeostasis of ENS. However, more attention was paid to enteric neurons in HSCR, compared with EGCs. Whether and how EGCs are involved in the development and maturation of ENS and whether hypoplasia of EGCs precedes the absence of neurons remain to be further studied.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Qilu Hospital, Cheeloo College of Medicine, Shandong University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

TZ: design of the work, acquisition, analysis, and interpretation of data. WL, XY, ZC, WM, PH, and CR: collection of specimens and obtaining informed consent from patients. AL: drafting the manuscript or revising it critically for important intellectual content. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the National Natural Science Foundation of China (Project nos. 81873846 and 82071682).



ACKNOWLEDGMENTS

The authors would like to thank the Key Laboratory of Cardiovascular Remodeling and Function Research of Ministry of Education, the Laboratory of Basic Medical Sciences, and the Institute of Stomatology of Shandong University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2021.746274/full#supplementary-material



REFERENCES

 1. Furness JB. The enteric nervous system and neurogastroenterology. Nat Rev Gastroenterol Hepatol. (2012) 9:286–94. doi: 10.1038/nrgastro.2012.32

 2. Heuckeroth RO. Hirschsprung disease - integrating basic science and clinical medicine to improve outcomes. Nat Rev Gastroenterol Hepatol. (2018) 15:152–67. doi: 10.1038/nrgastro.2017.149

 3. Rao M, Gershon MD. Enteric nervous system development: what could possibly go wrong? Nat Rev Neurosci. (2018) 19:552–65. doi: 10.1038/s41583-018-0041-0

 4. Lake JI, Heuckeroth RO. Enteric nervous system development: migration, differentiation, and disease. Am J Physiol Gastrointest Liver Physiol. (2013) 305:G1–24. doi: 10.1152/ajpgi.00452.2012

 5. Moore SW, Johnson G. Acetylcholinesterase in Hirschsprung's disease. Pediatr Surg Int. (2005) 21:255–63. doi: 10.1007/s00383-005-1383-z

 6. Coelho-Aguiar Jde M, Bon-Frauches AC, Gomes AL, Veríssimo CP, Aguiar DP, Matias D, et al. The enteric glia: identity and functions. Glia. (2015) 63:921–35. doi: 10.1002/glia.22795

 7. Meir M, Flemming S, Burkard N, Bergauer L, Metzger M, Germer CT, et al. Glial cell line-derived neurotrophic factor promotes barrier maturation and wound healing in intestinal epithelial cells in vitro. Am J Physiol Gastrointest Liver Physiol. (2015) 309:G613–24. doi: 10.1152/ajpgi.00357.2014

 8. Bassotti G, Villanacci V, Fisogni S, Rossi E, Baronio P, Clerici C, et al. Enteric glial cells and their role in gastrointestinal motor abnormalities: introducing the neuro-gliopathies. World J Gastroenterol. (2007) 13:4035–41. doi: 10.3748/wjg.v13.i30.4035

 9. Grundmann D, Loris E, Maas-Omlor S, Huang W, Scheller A, Kirchhoff F, et al. Enteric Glia: S100, GFAP, and Beyond. Anat Rec. (2019) 302:1333–44. doi: 10.1002/ar.24128

 10. Soret R, Coquenlorge S, Cossais F, Meurette G, Rolli-Derkinderen M, Neunlist M. Characterization of human, mouse, and rat cultures of enteric glial cells and their effect on intestinal epithelial cells. Neurogastroenterol Motil. (2013) 25:e755–64. doi: 10.1111/nmo.12200

 11. Gao N, Wang J, Zhang Q, Zhou T, Mu W, Hou P, et al. Aberrant distributions of collagen i, iii, and iv in Hirschsprung Disease. J Pediatr Gastroenterol Nutr. (2020) 70:450–6. doi: 10.1097/MPG.0000000000002627

 12. Neunlist M, Rolli-Derkinderen M, Latorre R, Van Landeghem L, Coron E, Derkinderen P, et al. Enteric glial cells: recent developments and future directions. Gastroenterology. (2014) 147:1230–7. doi: 10.1053/j.gastro.2014.09.040

 13. Luo P, Liu D, Li C, He WX, Zhang CL, Chang MJ. Enteric glial cell activation protects enteric neurons from damage due to diabetes in part via the promotion of neurotrophic factor release. Neurogastroenterol Motil. (2018) 30:e13368. doi: 10.1111/nmo.13368

 14. Ibáñez CF, Andressoo J-O. Biology of GDNF and its receptors - relevance for disorders of the central nervous system. Neurobiol Dis. (2017) 97:80–9. doi: 10.1016/j.nbd.2016.01.021

 15. Tani G, Tomuschat C, O'Donnell AM, Coyle D, Puri P. Increased population of immature enteric glial cells in the resected proximal ganglionic bowel of Hirschsprung's disease patients. J Surg Res. (2017) 218:150–5. doi: 10.1016/j.jss.2017.05.062

 16. McKeown SJ, Mohsenipour M, Bergner AJ, Young HM, Stamp LA. Exposure to GDNF enhances the ability of enteric neural progenitors to generate an enteric nervous system. Stem Cell Rep. (2017) 8:476–88. doi: 10.1016/j.stemcr.2016.12.013

 17. Aubé AC, Cabarrocas J, Bauer J, Philippe D, Aubert P, Doulay F, et al. Changes in enteric neurone phenotype and intestinal functions in a transgenic mouse model of enteric glia disruption. Gut. (2006) 55:630–7. doi: 10.1136/gut.2005.067595

 18. Nogueira A, Campos M, Soares-Oliveira M, Estevão-Costa J, Silva P, Carneiro F, et al. Histochemical and immunohistochemical study of the intrinsic innervation in colonic dysganglionosis. Pediatr Surg Int. (2001) 17:144–51. doi: 10.1007/s003830000508

 19. von Boyen G, Steinkamp M. Die enterische Glia und neurotrophe Faktoren [The enteric glia and neurotrophic factors]. Z Gastroenterol. (2006) 44:985–90. German. doi: 10.1055/s-2006-926968

 20. Carvalho JL, Campos M, Soares-Oliveira M, Estevão-Costa J. Laparoscopic colonic mapping of dysganglionosis. Pediatr Surg Int. (2001) 17:493–5. doi: 10.1007/s003830000577

 21. Chi S, Fang M, Li K, Yang L, Tang ST. Diagnosis of Hirschsprung's disease by immunostaining rectal suction biopsies for calretinin, S100 protein and protein gene product 9.5. J Vis Exp. (2019) 146. doi: 10.3791/58799

 22. Estevão-Costa J, Fragoso AC, Campos M, Soares-Oliveira M, Carvalho JL. An approach to minimize postoperative enterocolitis in Hirschsprung's disease. J Pediatr Surg. (2006) 41:1704–7. doi: 10.1016/j.jpedsurg.2006.05.041

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhou, Liu, Yu, Cao, Mu, Hou, Ren and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-09-746274-g003.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Aberrant Development of Enteric Glial Cells in the Colon of Hirschsprung's Disease



		Introduction



		Materials and Methods



		Collection of Colon Specimens



		Western Blot



		Real-Time Fluorescence Quantitative PCR



		Immunohistochemistry and Immunofluorescence



		Statistical Analysis







		Results



		GFAP and S100β Expression Diminished in Diseased Segments



		EGC Hypoplasia and Loss of Neurons



		Expression Position of GFAP and S100β in Different Segments







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Aberrant Development of Enteric
Glial Cells in the Colon of
Hirschsprung’s Disease





OPS/images/fped-09-746274-g001.gif





OPS/images/fped-09-746274-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





