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Abstract  1 

Interstitial cells of Cajal (ICCs) are pacemaker cells in the intestine, and their 2 

function can be compromised due to loss of C-KIT expression. Macrophage activation 3 

has been identified in intestine affected by Hirschsprung disease associated 4 

enterocolitis (HAEC). In this study, we examined proinflammatory macrophage 5 

activation and explored the mechanisms by which this down-regulates C-KIT 6 

expression in ICCs in colon affected by HAEC. We found that macrophage activation 7 

and TNF-α production were dramatically increased in the proximal dilated colon of 8 

HAEC patients and 3-week old Ednrb-/- mice. Moreover, ICCs lost their C-KIT+ 9 

phenotype in the dilated colon, resulting in damaged pacemaker function and 10 

intestinal dysmotility. However, macrophage depletion or TNF-α neutralization led to 11 

recovery of ICC phenotype and restored their pacemaker function. In isolated ICCs, 12 

TNF-α-mediated phosphorylated-P65 induced over-expression of miR221, resulting 13 

in suppression of C-KIT expression and pacemaker currents. We also identified a 14 

TNF-α-NF-κB-miR221 pathway which downregulated C-KIT expression in ICCs in 15 

the colon affected by HAEC. These findings suggest the important roles of 16 

proinflammatory macrophage activation in a phenotypic switch of ICCs, representing 17 

a promising therapeutic target for HAEC.    18 

 19 
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Introduction 1 

Hirschsprung disease (HSCR) is a birth defect characterized by the absence of 2 

ganglion cells in the distal bowel (1). HSCR-associated enterocolitis (HAEC), the 3 

most common and serious complication of HSCR, is a life-threatening condition 4 

which can occur from the neonatal period through adolescence. The morbidity and 5 

mortality of HAEC remain unchanged even after a properly performed pull-through 6 

operation (2). The pathogenesis of HAEC is unclear, although a breached intestinal 7 

barrier and abnormal immunity have been reported to be important in the 8 

development of HAEC (3).    9 

Interstitial cells of Cajal (ICCs) are pacemaker cells responsible for generating 10 

slow waves in the gastrointestinal tract (4). Not surprisingly, reduced C-KIT+ ICCs 11 

are noted in the aganglionic bowel and the transition zone of HSCR patients (5-7). 12 

Reduced myenteric ICCs have also been found in the proximal ganglionic bowel (8). 13 

The loss of C-KIT expression, whose signaling maintains the pacemaker function of 14 

ICCs, promotes a phenotypic switch of C-KIT+ ICCs into a C-KIT- phenotype (9, 10). 15 

The mechanisms of this ICCs phenotypic switch in HSCR patients are unclear. We 16 

previously reported that LPS-induced inflammation inhibited the expression of C-KIT 17 

in murine colon (11). Therefore, it is speculated that the loss of C-KIT+ phenotype in 18 

ICCs is due to the presence of pro-inflammatory factors in the colon of HSCR 19 

patients.  20 

As an important part of first-line defense mechanisms, intestinal macrophages 21 

protect the mucosa against harmful pathogens, act as effector cells, and scavenge dead 22 
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cells and debris (12). We and others have found that in inflamed intestinal mucosa, 1 

classically activated macrophages (M1) infiltrate the intestine to induce inflammation, 2 

which plays a key role in several diseases including inflammatory bowel disease and 3 

necrotizing enterocolitis (NEC) (13, 14). There is increasing evidence supporting the 4 

roles of macrophages in regulating gastrointestinal motility in inflammatory diseases. 5 

Previous studies found that LPS induced the expression of inducible nitric oxide 6 

synthase (iNOS) in resident macrophages, resulting in nitric oxide-induced 7 

phenotypic switches in ICCs (15). Moreover, tumor necrosis factor-α (TNF-α) 8 

secreted from M1 macrophages resulted in direct injury to ICCs (16).  9 

To confirm the role of macrophages in the phenotypic switches of ICCs in the 10 

colon affected by HAEC, we examined specimens from human as well as endothelin 11 

receptor B (Ednrb) gene knockout mice with HSCR. To explore the mechanisms by 12 

which macrophages damage ICCs networks, we investigated macrophage polarization 13 

and the phenotypic switch of ICCs during the development of HAEC. We have also 14 

identified a potential mechanism by which proinflammatory macrophages inhibited 15 

C-KIT expression in ICCs via the TNF-α-NF-κB-miR221 pathway. 16 

 17 

18 
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Results 1 

Pro-inflammatory M1 macrophages infiltrate the dilated colon affected by 2 

enterocolitis in HSCR patients 3 

A total of 96 patients, who underwent pull-through procedures at our institution 4 

and were pathologically diagnosed of HSCR, were recruited in this study. HAEC was 5 

diagnosed according to established diagnostic criteria (17). Twenty-one patients 6 

diagnosed with HAEC were enrolled in the HAEC group. The remaining 75 patients 7 

were enrolled in the HSCR group.  8 

Of the 21 HAEC patients, multiple crypt abscesses and immune cell infiltration 9 

were found in the dilated colon. A few crypt abscesses were also found in the 10 

transition zone. No crypt abscess was present in the distal narrow colon or the normal 11 

proximal colon (Figure 1A). Consistent with crypt abscess and immune cell 12 

distribution, enterocolitis scores were highest in the dilated colon, followed by the 13 

transition zone, the distal colon, and the proximal normal colon (Figure 1B).  14 

Of the 75 HSCR patients, no crypt abscess or immune cell infiltration was found 15 

in any of the 4 segments of the colon. Enterocolitis was scored as 0 in the 4 colon 16 

segments in these patients (Figure 1A and B). 17 

CD68 and iNOS were used to identify pro-inflammatory M1 macrophages in 18 

tissue sections (13). Significantly increased M1 macrophages were found in the 19 

dilated colon of HAEC patients, accompanied by slightly increased M1 macrophages 20 

in the transition zone (Figure 1C). However, M1 macrophages were barely detectable 21 

in any of the 4 colon segments of HSCR patients (Figure 1C). In the HAEC group, 22 
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compared with the other 3 segments, the dilated colon expressed the highest levels of 1 

iNOS and TNF-α as detected by western blotting (Figure 2B and C) and RT-PCR 2 

(Supplemental Figure 1A).   3 

These observations demonstrate prominent infiltration of pro-inflammatory M1 4 

macrophages and increased expression of iNOS and TNF-α in the dilated colon of 5 

HAEC patients.  6 

 7 

ICCs lose their C-KIT+ phenotype in the dilated colon of HAEC patients 8 

ICCs are the only intestinal cells that express both C-KIT and CD34 (11). To 9 

study the phenotypic switches of ICCs, we identified the distribution of C-KIT+ ICCs 10 

in the colon by immunohistochemistry (IHC) staining. No C-KIT+ ICCs were found 11 

in the distal narrow colon of either the HAEC or the HSCR group. Compared with the 12 

HSCR group, C-KIT+ ICCs were significantly reduced in the dilated colon of HAEC 13 

patients. Moreover, ICCs were normally distributed in the proximal normally 14 

ganglionated colon of HAEC and HSCR patients (Figure 2A).  15 

The protein and mRNA levels of C-KIT and CD34 were examined by Western 16 

blotting and RT-PCR, respectively. We found that C-KIT expression was lowest in the 17 

dilated colon of the HAEC group (Figure 2B and C, Supplemental Figure 1B). No 18 

differences of CD34 expression were found between the HAEC and HSCR groups 19 

(Figure 2B and C, Supplemental Figure 1B). These results show a loss of C-KIT 20 

expression in ICCs in the proximal dilated colon affected by HAEC.  21 

 22 
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 1 

ICCs lose their C-KIT+ phenotype in the proximal dilated colon of Ednrb-/- mice     2 

We used Ednrb null mice as a well-established model for HSCR (18). The 3 

majority of Ednrb-/- mice developed enterocolitis by the 3rd week of life and died in 4 

the following 1-2 weeks (19).  5 

There were no inflammatory cells in the colon of 1- or 2-week old Ednrb-/- mice 6 

(Supplemental Figure 2A-D). However, at the 3rd week of life, inflammatory cells and 7 

enterocolitis scores were dramatically increased in the proximal dilated colon (Figure 8 

3A and B), indicating the development of HAEC. 9 

Ganglion cells were detected by double staining of NeuN and PGP9.5, which are 10 

specific makers of enteric neurons (20, 21). We found that NeuN+PGP9.5+ cells were 11 

absent in the distal colon, whereas NeuN+PGP9.5+ enteric neurons were present in the 12 

middle and proximal colon of 1-, 2- or 3- week old Ednrb-/- mice (Supplemental 13 

Figure 3).  14 

The C-KIT ligand stem cell factor (SCF) in the intestine is mostly secreted by 15 

enteric neurons (22). Of the 1-, 2-, and 3- week old Ednrb-/- mice, SCF expression was 16 

decreased in the distal colon, but was normally expressed in the middle and proximal 17 

colon as detected by western blotting (Supplemental Figure 4A-D, Figure 4B and C) 18 

and RT-PCR (Supplemental Figure 5A and B, Supplemental Figure 6B), consistent 19 

with neuronal cells distribution.  20 

Regardless of the presence of HAEC, there were no C-KIT+ ICCs in the distal 21 

colon of 1-, 2- and 3- week old Ednrb-/- mice. C-KIT+ ICCs were normally distributed 22 
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in the middle and proximal colon of 1- and 2- week old Ednrb-/- mice but were 1 

significantly decreased in middle and proximal dilated colon of 3-week old Ednrb-/- 2 

mice (Supplemental Figure 7A and B, Figure 4A). The expression of C-KIT in the 3 

colon was also assessed by Western blotting (Supplemental Figure 4A-D, Figure 4B 4 

and C) and RT-PCR (Supplemental Figure 5A and B, Supplemental Figure 6B), which 5 

was consistent with the distribution pattern of C-KIT+ ICCs detected by IHC.     6 

There were no significant differences in CD34 expression between Ednrb-/- mice 7 

and Ednrb+/+ mice (WT, wild type) regardless of age or colon segment (Supplemental 8 

Figure 4A-D, Figure 4B and C; Supplemental Figure 5A and B, Supplemental Figure 9 

6B). Moreover, we studied another specific marker of ICCs, ANO1 expression (23). 10 

We found that ANO1 immunoreactivity was co-localized with C-KIT 11 

immunoreactivity in ICCs. The decrease in ANO1 positive ICCs was similar to the 12 

decrease in C-KIT+ ICCs in colon tissue affected by HAEC. Furthermore, the 13 

numbers of ICCs identified in the colon by ANO1 and C-KIT immunoreactivity were 14 

nearly identical (Supplemental Figure 8 A and B, Supplemental Figure 9).  15 

The parallel loss of both C-KIT and ANO1, but unchanged CD34 expression, 16 

further manifests a phenotypic switch of the ICCs in proximal colon affected by 17 

HAEC.  18 

 19 

Pro-inflammatory M1 macrophages infiltrate the proximal dilated colon of 3-week old 20 

Ednrb-/- mice  21 
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For analysis of cell types, CD45 and F4/80 double positive cells were gated as 1 

monocytes. F4/80+CD11b+CD11c- is commonly used as a marker of intestinal 2 

macrophages. Intestinal macrophages that express iNOS and TNF-α were defined as 3 

pro-inflammatory macrophages (24, 25).  4 

In the distal, middle and proximal colon of 1- and 2-week old Ednrb-/- mice, the 5 

percentages of CD45+F4/80+ monocytes, CD11b+CD11c-iNOS+ and CD11b+CD11c- 6 

TNF-α+ macrophages were not significantly different between WT and Ednrb-/- mice 7 

(Supplemental Figures 10 and 11). However, in 3-week old Ednrb-/- mice, 8 

CD45+F4/80+ monocytes were increased in the proximal dilated and middle colon 9 

(Figure 5A and B). Moreover, the percentages of CD11b+CD11c-TNF-α+ and 10 

CD11b+CD11c-iNOS+ macrophages were significantly increased from the distal to the 11 

proximal colon of Ednrb-/- mice (Figure 5A, C and D). Overlapping staining of CD68 12 

and TNF-α confirmed TNF-α was derived from macrophages in 3-week old Ednrb-/- 13 

mice (Supplemental Figure 12). These observations confirm that pro-inflammatory 14 

M1 macrophages infiltrate into the proximal colon affected by HAEC.  15 

There were no differences in TNF-α and iNOS expression between 1- and 16 

2-week old Ednrb-/- mice by Western blotting (Supplemental Figure 4A-D) or 17 

RT-PCR (Supplemental Figure 5A and B). However, in 3-week old Ednrb-/- mice, 18 

TNF-α and iNOS were dramatically increased in the proximal colon (Figure 4B and C, 19 

Supplemental Figure 6A). These observations indicate that proinflammatory M1 20 

macrophages and cytokines increased over time in the middle and proximal colon 21 

during the first 3 weeks of life in Ednrb-/- mice. 22 
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These observations show that HAEC mostly occurs in the proximal colon of 1 

Ednrb-/- mice at the 3rd week after birth, accompanied by increased 2 

CD45+F4/80+CD11b+CD11c- macrophage infiltration and TNF-α/iNOS levels, with 3 

the loss of the C-KIT+ phenotype in ICCs. These findings suggest a correlation 4 

between the loss of ICC phenotype and CD45+F4/80+CD11b+CD11c- 5 

pro-inflammatory M1 macrophage polarization.  6 

 7 

Depletion of macrophages restores ICC phenotype and colonic slow waves in Ednrb-/- 8 

mice  9 

Macrophages were depleted by intraperitoneal injection of liposomal Clodronate 10 

(Clod) (26) in 2-week old Ednrb-/- and Ednrb+/+ mice, and the mice were sacrificed 1 11 

week later. In 3-week old Ednrb-/- mice, Clod treatment significantly reduced 12 

enterocolitis scores (Figure 6A and B), decreased CD45+F4/80+ monocytes (Figure 7A 13 

and B), diminished CD11b+CD11c- macrophages, and decreased the subtypes of 14 

TNF-α+ and iNOS+ cells (Figure 7A, C and D; Figure 8B and C; Supplemental Figure 15 

13A). These results indicate that Clod reduces the activation and polarization of 16 

CD45+F4/80+CD11b+CD11c-TNFα+ pro-inflammatory M1 macrophages.  17 

IHC staining demonstrated that Clod treatment increased the number of C-KIT+ 18 

ICCs in the proximal and middle colon of 3-week old Ednrb-/- mice (Figure 8A). 19 

C-KIT expression was significantly increased in the proximal dilated colon of 3-week 20 

old Ednrb-/- mice treated with Clod, as confirmed by Western blotting (Figure 8B and 21 

C) and RT-PCR (Supplemental Figure 13B). All colon segments expressed the same 22 
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levels of CD34 protein in Ednrb-/- and WT mice (Figure 8B and C, Supplemental 1 

Figure 13B). Since ICCs are responsible for the generation and propagation of slow 2 

waves in the intestine (27), we next examined colonic slow waves in Ednrb-/- mice 3 

(Figure 9A). In 1- and 2-week old Ednrb-/- mice, reduced amplitudes but unaffected 4 

frequencies of slow waves were found (Figure 9B and C). However, in 3-week old 5 

Ednrb-/- mice, both the frequency and the amplitude of the colonic slow waves were 6 

reduced (Figure 9B and C). Clod treatment increased the frequency of colonic slow 7 

waves (Figure 9C).  8 

These findings suggest that depletion of macrophages by Clod eliminates 9 

CD45+F4/80+CD11b+CD11c-TNFα+ pro-inflammatory M1 macrophages, and restores 10 

C-KIT+ ICCs phenotype and rhythmic colonic slow waves in mice with HAEC.  11 

 12 

TNF-α neutralization increases C-KIT+ ICCs in 3-week old Ednrb-/- mice 13 

To test the role of TNF-α in enterocolitis, we administered anti-TNF-α 14 

neutralizing antibodies in 2-week old Ednrb-/- mice and WT mice. In the proximal and 15 

middle colon of 3-week old Ednrb-/- mice, TNF-α neutralization moderately increased 16 

C-KIT+ ICCs (Supplemental Figure 14A) and C-KIT mRNA levels (Supplemental 17 

Figure 14B). CD34 mRNA was expressed at the same levels throughout the colon of 18 

Ednrb-/- and WT mice (Supplemental Figure 14B).  19 

This suggests that TNF-α may serve as a major mediator in the inflamed colon of 20 

HAEC, and that F4/80+CD11b+CD11c- macrophage depletion or TNF-α neutralization 21 

may restore the phenotype of ICCs. 22 
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TNF-α decreases C-KIT expression and inhibits pacemaker currents in ICCs 1 

We next explored the effects of TNF-α on isolated primary ICCs. Double 2 

immunofluorescent (IF) staining revealed decreased C-KIT expression, but unaffected 3 

CD34 expression by TNF-α treatment (Figure 10A). The amplitudes of pacemaker 4 

currents in ICCs were significantly decreased by TNF-α treatment (Figure 10B and 5 

C). 6 

 7 

TNF-α regulates miR221 via activation of NF-κB 8 

Targetscan software was employed to predict possible miRNA molecules 9 

targeting C-KIT, revealing that miR221 was the most likely miRNA targeting C-KIT 10 

in both mice and humans (Figure 11A).  11 

TNF-α has long been known to induce NF-κB signaling, typically by 12 

translocating the p65 (RelA) DNA binding factor to the nucleus to initiate the 13 

expression of miRNAs (28). In isolated primary ICCs, TNF-α increased miR221 14 

expression, and induced phosphorylation of p65 (p-p65) but inhibited C-KIT 15 

expression. Moreover, pyrrolidinedithiocarbamate ammonium (PDTC), an NF-κB 16 

inhibitor, was able to inhibit TNF-α-induced phosphorylation of p65, reduced miR221 17 

expression and restored C-KIT expression (Figure 11B, C and D, Supplemental 18 

Figure 15A). Furthermore, inhibition of miR221 with an antisense inhibitor in 19 

primary ICCs treated with TNF-α recovered the expression of C-KIT but without 20 

affecting CD34 expression (Figure 11E and F, Supplemental Figure 15B).   21 

These results show that TNF-α inhibits C-KIT expression by miR221, via the 22 
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activation of the NF-κB pathway (Figure 11G). 1 

 2 

Discussion 3 

In this study, we found that macrophages infiltrated and polarized into 4 

pro-inflammatory macrophages in the proximal dilated colon affected by HAEC in 5 

both human and mice, where they produced a large amount of TNF-α to inhibit C-KIT 6 

expression in ICCs. The loss of C-KIT+ phenotype impaired pacemaker function of 7 

ICCs, resulting in persistent colonic dysmotility. Moreover, we reported a mechanism 8 

by which TNF-α inhibited the C-KIT expression in ICCs via the NF-κB-miR221 9 

pathway. These observations increase our knowledge about the etiology of HAEC, 10 

and also give a promising therapeutic target for HAEC. 11 

Our findings prove that macrophage related inflammation directly promotes the 12 

development of HAEC in the dilated colon. In the inflamed proximal dilated colon, 13 

macrophage infiltration dramatically increased, accompanied by the loss of C-KIT+ 14 

phenotype in ICCs. Furthermore, macrophages polarized to the 15 

CD45+F4/80+CD11b+CD11c- pro-inflammatory phenotype, with massive production 16 

of iNOS and TNF-α. Previous studies found that macrophage activation was involved 17 

in the phenotypic switch of ICCs in trinitrobenzene sulfonic acid induced ulcerative 18 

colitis in rats (29). TNF-α secreted by pro-inflammatory macrophages can result in 19 

KIT loss in ICCs in diabetic mice with gastroparesis (30). These studies illustrate the 20 

role of macrophages in phenotypic switches of ICCs in inflamed gastrointestinal tract 21 

disease. In the current study, we confirmed the roles of CD45+F4/80+CD11b+CD11c- 22 
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macrophages and their product TNF-α in regulation of C-KIT expression in ICCs via 1 

macrophages depletion or TNF-α neutralization studies. Both studies restored C-KIT 2 

expression in ICCs in the proximal dilated colon. It is noteworthy that CD34 3 

expression remained unchanged in Ednrb-/- mice and WT mice regardless of age and 4 

colon segments. Parallel loss of both ANO1 and C-KIT was confirmed in the 5 

proximal dilated colon of 3-week old Ednrb-/- mice, suggesting a phenotypic switch of 6 

the ICCs during HAEC.    7 

The loss of C-KIT+ phenotype of ICCs was also found in the distal aganglionic 8 

colon in the absence of inflammatory cell infiltration. The loss of the ICCs phenotype 9 

may be due to the lack of SCF, which maintains C-KIT expression, survival and 10 

functional activity of ICCs, in the aganglionic colon (31). This is different from the 11 

absence of C-KIT+ ICCs in the inflamed proximal colon.  12 

HSCR is characterized by aganglionosis of the distal colon. Previous studies 13 

confirmed that an immature enteric nervous system (ENS) plays a significant role in 14 

necrotizing enterocolitis (NEC), another common intestinal inflammatory disease in 15 

neonates. The intestinal dysmotility noted in NEC patients was thought to be caused 16 

by an immature ENS (32, 33). Moreover, examination of the myenteric plexus and 17 

external submucosal plexus of NEC patients revealed a noticeable reduction in glial 18 

cells concomitant with the gradual deterioration of nerve cells, both findings 19 

predominating in the antimesenteric intestinal circumference, where ischemic lesions 20 

tended to appear first (34, 35). However, immaturity or ischemia is not commonly 21 

found in HAEC. The clinical observation that HAEC is not alleviated by removal of 22 
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the aganglionic colon also suggests that ENS insufficiency of the distal colon in 1 

HSCR plays a less important role in HAEC (36).  2 

MiRNAs have been reported to play important roles in regulating C-KIT 3 

expression. MiR-494 downregulates C-KIT and inhibits gastrointestinal stromal 4 

tumor cell proliferation (37). We used bioinformatics analysis to speculate possible 5 

microRNAs targeting C-KIT, and found that MiR-221 may be involved in regulation 6 

of C-KIT expression. MiR-221 has a variety of effects by specifically binding to the 7 

3’UTR of C-KIT mRNA in eukaryocyte cells (38, 39). In isolated ICCs, we found that 8 

TNF-α induced miR221 expression, and inhibited C-KIT expression. Moreover, an 9 

NF-κB inhibitor inhibited phosphorylation of p65 and miR221 expression, 10 

accompanied by increased expression of C-KIT. The miR221 antisense inhibitor also 11 

reversed TNF-α induced suppression of C-KIT. These findings indicate the role of the 12 

TNF-α-NF-κB-miR221 pathway in suppressing C-KIT expression. 13 

Phenotypic changes of ICCs resulted in abnormal amplitudes and rhythms of 14 

colonic slow waves from the proximal to distal colon in 3-week old Ednrb-/- mice. 15 

Since colonic slow waves are formed by propagating proximal colon peristalsis 16 

toward the distal colon, phenotypic changes of ICCs may be responsible for persistent 17 

intestinal dysfunction in HSCR patients after a pull through procedure, leading to 18 

persistent problems with constipation or fecal incontinence. Based on these 19 

observations, it is necessary to remove an adequate length of dilated colon to avoid 20 

the reoccurrence of HAEC and improve intestinal motility in children undergoing 21 

surgery.  22 
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Previous studies found a variety of cytokines, including IL-1, IL-6, IL-8, and 1 

IFN-γ, engaged in the phenotypic switch of ICCs in the inflamed intestine, including 2 

inflammatory bowel disease and HAEC (3, 40, 41). In this study, we found that 3 

TNF-α induced the expression of miR221 in a NF-κB-dependent manner in ICCs. It is 4 

possible that there are other NF-κB-dependent pro-inflammatory cytokines able to 5 

induce the expression of miR221, though few studies regarding this issue have been 6 

published. Future research will utilize a cytokine array or genome wide screens of 7 

miRNAs to explore the possible cytokines or miRNAs and their interaction in HAEC. 8 

In conclusion, we found that enterocolitis mostly affects the proximal dilated 9 

colon in HAEC, where CD45+F4/80+CD11b+CD11c- pro-inflammatory macrophages 10 

produce TNF-α. In ICCs, TNF-α activates NF-κB to upregulate the expression of 11 

miR221, leading to the suppression of C-KIT expression and abnormal intestinal 12 

peristalsis. Intestinal obstruction secondary to abnormal intestinal peristalsis can lead 13 

to an increased pro-inflammatory environment due to fecal retention and bacterial 14 

overgrowth. Therefore, a vicious cycle can occur, further promoting the development 15 

of HAEC. Treatment targeting macrophages or TNF-α may represent promising 16 

therapeutics for HAEC in the future.  17 

  18 

 19 

 20 

 21 
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Methods 1 

Further details are provided in the Supplemental Methods 2 

 3 

Human tissue specimen collection 4 

Between January 2014 and December 2016, specimens of resected colon were 5 

collected from 96 patients during putt-through procedures at our institution. all of 6 

them were pathologically diagnosed of HSCR. According to the morphology of the 7 

colon, specimens were divided into 4 groups: distal narrowed colon, transition zone, 8 

dilated colon, and proximal normal colon. Specimens were used for morphological 9 

experiments, and protein and mRNA studies. The severity of enterocolitis was scored 10 

using an established histopathologic scale (17). Based on inflammation severity by 11 

histopathologic findings, samples were divided into an HSCR group and an HAEC 12 

group.  13 

 14 

Murine model of HSCR 15 

A breeding colony of the Ednrbtm1Ywa/J heterozygous mice (Ednrbtm1Ywa/J on a 16 

hybrid C57BL/6J-129Sv background) was purchased from The Jackson Laboratory 17 

(JAX-003295). A polymerase chain reaction-based assay was used to identify the 18 

mouse genotype. The heterozygote littermates (Ednrb+/−) were used as the breeder 19 

mice, while the wild-type (Ednrb+/+) and homozygotes (Ednrb−/−) mice were used for 20 

experiments. The Ednrb+/+ and Ednrb−/− mice were sacrificed at the end of the 1st, 2nd, 21 

and 3rd weeks after birth, and their colons harvested. A murine enterocolitis grading 22 
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system was used to evaluate the severity of enterocolitis (42).  1 

 2 

Colon histopathology and immunohistochemistry (IHC) 3 

Since the dilated colon of 3-week old Ednrb-/- mice extended to nearly the 4 

proximal colon, we divided mouse colon into distal colon, middle colon and proximal 5 

colon, which was analogous to the human distal narrowed colon, transition zone and 6 

dilated colon. The expression of C-KIT in human and mouse colonic tissues was 7 

studied by IHC staining.  8 

 9 

Immunofluorescence (IF) staining 10 

IF staining of the paraffin embedded colon sections were performed. Antibodies 11 

used in IF are listed in Supplemental Table 1.  12 

Whole mount colon specimens were prepared, and incubated with primary 13 

antibodies (Supplemental Table 1) at 4℃ overnight. Specimens were washed and then 14 

stained with goat anti-rabbit IgG Cy3-conjugated secondary antibody (catalog 15 

WGZ5-715-165-150, Servicebio) or goat anti-rat IgG 16 

fluorescein-isothiocyanate-conjugated secondary antibody (catalog GB22403, 17 

Servicebio) for 1h at room temperature. The specimens were examined using confocal 18 

microscopy.  19 

 20 

Flow Cytometry  21 
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Intestinal leukocytes of the 1, 2, and 3- week old Ednrb-/- and Ednrb+/+ mice, 1 

along with the 3-week old mice treated with Clod, were isolated as described 2 

previously (43). Single cell suspensions were incubated with combinations of 3 

antibodies (Supplemental Table 2). Cells were analyzed on a FACS Calibur (BD 4 

Immunocytometry Systems, BD Biosciences, San Jose, CA, USA). Analysis was 5 

performed using FlowJo software (version 10, FlowJo, LLC, Ashland, OR, USA).  6 

 7 

Quantitative real-time PCR (qRT-PCR) 8 

Quantitative RT-PCR was performed as previously described. PCR primers used 9 

in the study are listed in Supplemental Table 3 as human samples, Supplemental Table 10 

4 as murine samples, and Supplemental Table 5 as miRNA detection. 11 

 12 

Western blot 13 

Western blotting analysis was performed as previously described. The antibodies 14 

used are listed in the Supplemental Table 6. Protein bands were quantified by 15 

densitometry with Quantity One Software (BioRad, Hercules, CA, USA). 16 

 17 

Measurement of colonic electrical activity 18 

Mice were anaesthetized with an intraperitoneal injection of 80 mg/kg of 1% 19 

sodium pentobarbital (Catalog 1507002, Sigma-Aldrich). After opening the 20 

abdominal cavity, two bipolar electrodes were placed on the serosa circumferentially 21 

around the lumen at an interval of 2 cm. Mouse colon myoelectrical activity was 22 

https://www.sigmaaldrich.com/catalog/product/usp/1507002?lang=en&region=US
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recorded and analyzed using a multiple-channel recorder (model BL-420E+xz; 1 

Chengdu Techman Software Co. LTD, Chengdu, China). The amplifier was set at a 2 

cutoff frequency of 52 Hz. Tracings were displayed on an on-line monitor and saved 3 

on a hard disk with a sampling frequency of 100 Hz.  4 

 5 

Macrophage depletion by intraperitoneal injection of Clod in vivo 6 

Two-week old mice were treated with 100 μL of Clod (5 mg/mL) (Catalog 7 

F70101C-N, FormuMax Scientific Inc., Sunnyvale, USA) via intraperitoneal injection 8 

at 1 day and 4 days prior to measuring endpoints. Mice were sacrificed at the end of 9 

the 3rd week after birth to harvest colons. 10 

 11 

TNF-α neutralization in vivo  12 

To neutralize TNF-α in vivo, 2-week old mice were treated with 300 µg of 13 

anti-TNF-α monoclonal antibody (clone XT3.11, catalog BE0058, Bioxcell, West 14 

Lebanon, NH, USA) via intraperitoneal injection at 1 and 4 days prior to measuring 15 

endpoints. Mice were sacrificed at the end of the 3rd week after birth, and colons were 16 

harvested for IHC staining and qRT-PCR. 17 

 18 

ICCs isolation and culture 19 

Primary ICCs were isolated from the colon of 3-week old Ednrb+/+ mice as we 20 

have previously described (11). ICCs were cultured at 37°C in a 5% CO2 incubator. 21 

After 24 h of incubation, and cells in the experimental group were incubated with 5 22 
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ng/mL TNF-α (Catalog 654245, Sigma-Aldrich). One day later, cells were collected 1 

and used for IF staining, protein and mRNA assay, miRNA detection, and recording of 2 

pacemaker currents.  3 

For treatment groups, primary ICCs were cultured for 24 h, then 20 µM PDTC 4 

(Catalog S1808, Beyotime, Shanghai, China) or 100 nM micrOFF mmu-miR-221-3p 5 

inhibitor (Catalog miR30000669-4-5, Ribobio, Guangzhou, China) was added to the 6 

cell culture medium, 1 h later, cells in the experimental group were incubated with 5 7 

ng/mL TNF-α. One day later, cells were harvested for protein, mRNA and miRNA 8 

assays.  9 

 10 

Patch clamp studies of ICCs   11 

A conventional dialyzed whole cell patch-clamp configuration was used to 12 

record membrane currents (voltage clamp) and potentials (current clamp, I = 0) from 13 

cells. Membrane currents or transmembrane potentials were amplified with an 14 

Axopatch 200B patch-clamp amplifier (Molecular Devices, San Jose, CA, USA) and 15 

digitized with a 16-bit analog-to-digital converter (Digidata 1322A, Molecular 16 

Devices). The currents and potentials were stored directly on-line using pCLAMP 17 

software (version 9.2, Molecular Devices). Data were sampled at 4 kHz and filtered at 18 

2 kHz for whole cell experiments. Mini-Digi with Axoscope (version 9.2, Molecular 19 

Devices) was used to monitor changes in holding currents (basal currents) throughout 20 

each experiment. All data were analyzed using Clampfit (version 9.2, Molecular 21 

Devices) and GraphPad Prism (version 6.0, GraphPad Software, San Diego, CA, USA) 22 

https://www.sigmaaldrich.com/catalog/product/mm/654245?lang=en&region=US
https://www.ribobio.com/product_detail/?sku=miR30000669-4-5
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software. The pipette tip resistance ranged between 3 and 6 MΩ for whole cell 1 

recordings, and experiments on ICCs were conducted at 30°C with the use of a 2 

Thermoclamp-1 temperature control system (Automate Scientific; Berkeley, CA, 3 

USA). 4 

 5 

Immunofluorescence staining of ICCs 6 

IF staining of the cells were performed. Primary antibodies were anti-C-KIT 7 

(1:200 dilution, catalog. ab171227, Abcam) or anti-CD34 (1:200 dilution, Catalog 8 

EP373Y, Abcam) antibodies. Secondary antibodies were goat anti-rat IgG 9 

Cy3-conjugated secondary antibody (Catalog GB21302, Servicebio) or goat 10 

anti-rabbit IgG fluorescein-isothiocyanate-conjugated secondary antibody (Catalog 11 

GB22403, Servicebio). Cells were visualized under a laser scanning confocal 12 

microscope.  13 

 14 

Statistical analyses  15 

All images were analyzed using Image Pro Plus (IPP; Media Cybernetics 16 

Corporation, Rockville, MD, USA) and merged using Photoshop CS5 software. Data 17 

were analyzed using the GraphPad Prism software package (version 6; GraphPad 18 

Software Inc., La Jolla, CA, USA) and results presented as the mean ± standard error 19 

(SEM). Differences between two groups were analyzed using an unpaired 2-tailed 20 

t-test with Welch’s correction. Analysis of variance (ANOVA) with Turkey’s 21 

correction was used to investigate more than two groups. P-value < 0.05 were 22 
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considered statistically significant. 1 

 2 

Study approval 3 

All protocols were approved by the Ethics Review Committee of Tongji Hospital. 4 

All study procedures complied with regulations in the Declaration of Helsinki, and all 5 

guardians provided their written Informed Consent. The protocols for animal studies 6 

were approved by the Institutional Animal Care and Use Committee at Tongji 7 

Hospital (Permit Number 20160221). 8 
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1 

Figure 1: Enterocolitis score increases and macrophages infiltrate in the dilated 2 

colon of HAEC patients. 3 

(A) H&E staining of the proximal resection margin, dilated segment, transition zone 4 

and narrowed colon of HSCR and HAEC patients. Scale bar: 100µm. (B) An 5 

enterocolitis grading system was used to evaluate inflammation. (C) CD68 and iNOS 6 

immunofluorescence double staining to identify M1 macrophages. Red, CD68; Green, 7 

iNOS; Blue, 4’,6-diamidino-2-phenylindole (DAPI). Scale bar: 100µm. Data shown 8 

are representative of n=75 samples of HSCR patients and n=21 samples of HAEC 9 

patients. One-way ANOVA: ns, non-significant; ***, P < 0.001. 10 

 11 



33 

 

1 

Figure 2: Pro-inflammatory cytokines increase, whereas C-KIT+ ICCs decrease, 2 

in the dilated colon of HAEC patients. 3 

(A) Immunohistochemistry staining of C-KIT for ICCs of HSCR and HAEC patients. 4 

Scale bar: 100µm. Data are representative of n=75 samples of HSCR patients and 5 

n=21 samples of HAEC patients. The arrows indicate C-KIT+ ICCs. (B) Western 6 

blotting of colon of HSCR and HAEC patients. (C) Semi-quantitative analysis of 7 

protein expression levels, with each protein being normalized to β-actin. One-way 8 

ANOVA: ns, non-significant; ***, P < 0.001. 9 

 10 
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1 

Figure 3: Enterocolitis score increases in the proximal colon of 3-week old 2 

Ednrb-/- mice.  3 

(A) H&E staining of proximal, middle, and distal colon sections from 3-week old 4 

Ednrb+/+ and Ednrb-/- mice. Scale bar: 100µm. (B) An enterocolitis grading system 5 

was used to evaluate inflammation. Data shown represent results from 6 independent 6 

experiments. One-way ANOVA: ns, non-significant; ***, P < 0.001. 7 

 8 

 9 

 10 
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 1 

Figure 4: Pro-inflammatory cytokines increase but C-KIT+ ICCs decrease in the 2 

proximal colon of 3-week old Ednrb-/- mice.   3 

(A) Immunohistochemistry staining of C-KIT for ICCs from 3-weeks old Ednrb+/+ 4 

and Ednrb-/- mice. Scale bar: 100µm. (B) Western blotting of colon from 3-weeks old 5 

Ednrb+/+ and Ednrb-/- mice. (C) Semi-quantitative analysis of protein expression 6 

levels, with each protein being normalized to β-actin. Data shown represent results 7 

from 3 independent experiments. One-way ANOVA: ns, non-significant; ***, P < 8 

0.001. 9 

 10 
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1 

Figure 5: Proinflammatory M1 macrophages increase in the proximal colon of 2 

3-week old Ednrb-/- mice.  3 

(A) Representative analysis of CD45+F4/80+, CD11b+CD11c-, iNOS+, and TNF-α+ 4 

cells in the proximal colon from 3-week old Ednrb+/+ and Ednrb-/- mice. (B) 5 

Percentage of CD45+F4/80+ cells among total viable cells in colonic tissue. (C) 6 

Percentage of CD11b+CD11c- cells among CD45+F4/80+ cells. (D) Percentage of 7 

iNOS+ cells and TNF-α+ cells among CD11b+CD11c- cells. Data shown represent 8 

results from 3 independent experiments. One-way ANOVA: ns, non-significant; *, P < 9 

0.05; **, P < 0.01; ***, P < 0.001. 10 

 11 
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1 

Figure 6: Clod treatment alleviates colitis in 3-week old Ednrb-/- mice.  2 

(A) H&E staining of proximal, middle and distal colon from 3-week old Ednrb+/+ and 3 

Ednrb-/- mice treated with Clod. Scale bar: 100µm. (B) An enterocolitis grading 4 

system was used to evaluate inflammation. Data shown represent results from 6 5 

independent experiments. One-way ANOVA: ns, non-significant; *, P < 0.05; ***, P < 6 

0.001. 7 

 8 

 9 
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1 

Figure 7: Proinflammatory M1 macrophages decrease in the proximal colon of 2 

3-week old Ednrb-/- mice after Clod treatment.  3 

(A) Representative analysis of CD45+F4/80+, CD11b+CD11c-, iNOS+ and TNF-α+ 4 

cells in the proximal colon from 3-week old Ednrb+/+ and Ednrb-/- mice treated with 5 

Clod. (B) Percentage of CD45+F4/80+ cells among total viable cells in colonic tissue. 6 

(C) Percentage of CD11b+CD11c- cells among CD45+F4/80+ cells. (D) The 7 

percentage of iNOS+ cells and TNF-α+ cells among CD11b+CD11c- cells. Data shown 8 

represent results from 3 independent experiments. One-way ANOVA: ns, 9 

non-significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 10 

 11 
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1 

Figure 8: Clod treatment suppresses inflammatory cytokine production and 2 

promotes recovery of ICCs phenotype in 3-week old Ednrb-/- mice.  3 

(A) Immunohistochemistry staining of C-KIT for ICCs from 3-week old Ednrb+/+ and 4 

Ednrb-/- mice treated with Clod. Scale bar: 100µm. (B) Western blot analysis of colon 5 

from 3-week old Ednrb+/+ and Ednrb-/- mice treated with Clod. (C) Semi-quantitative 6 

analysis of protein expression levels, with each protein being normalized to β-actin. 7 

Data shown represent results from 3 independent experiments. One-way ANOVA: ns, 8 

non-significant; **, P < 0.01; ***, P < 0.001. 9 

 10 

 11 
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1 

Figure 9: Clod treatment restores murine colon slow waves.  2 

(A) Colonic slow waves from 1-, 2- and 3-week old Ednrb+/+ and Ednrb-/- mice, and 3 

3-weeks old Ednrb+/+ and Ednrb-/- mice treated with Clod. The amplitudes (B) and 4 

frequency (C) of colonic slow waves of 1-, 2- and 3-week old Ednrb+/+ and Ednrb-/- 5 

mice are shown. Data shown represent results from 3 independent experiments. 6 

One-way ANOVA: ns, non-significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 7 

 8 

 9 

 10 
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 1 

Figure 10: TNF-α induces down-regulation of C-KIT and inhibits the pacemaker 2 

currents of isolated ICCs.  3 

(A) C-KIT and CD34 immunofluorescence double staining was used to identify the 4 

ICCs phenotype with or without TNF-α treatment. Green, CD34; Red, C-KIT; Blue, 5 

DAPI. Scale bar: 100µm. (B-C) Pacemaker currents of ICCs were recorded using the 6 

whole cell mode of the patch clamp technique. Amplitudes of pacemaker currents 7 

with or without TNF-α treatment. Data shown represent results from 3 independent 8 

experiments. Student t-test: ***, P < 0.001. 9 

 10 

 11 
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 1 

Figure 11：The TNF-α/NF-κB/miR221 signaling pathway is involved in C-KIT 2 

expression in isolated ICCs. 3 

(A) Targetscan software was used to predict the possible miRNAs that could target the 4 

3’UTR of c-Kit mRNA in human and mice. (B-C) Western blotting of isolated ICCs 5 

with or without TNF-α and PDTC treatment. Semi-quantitative analysis of protein 6 

expression levels with each protein normalized to β-actin. (D) MiR221 expression 7 

levels with or without TNF-α and PDTC treatment; (E-F) Western blot analysis of 8 

C-KIT and CD34 in isolated ICCs with or without TNF-α and miR221 inhibitor 9 

treatment. Semi-quantitative analysis of protein expression levels with each protein 10 

normalized to β-actin. Data shown represent results from 3 independent experiments. 11 

(G) The signaling pathway involving TNF-α, miR221, and C-KIT in ICCs. One-way 12 
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ANOVA: ns, non-significant; *, P < 0.05; ***, P < 0.001. 1 
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