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Abstract  

Background: Hirschsprung-associated enterocolitis physiopathology likely involves 

disturbed interactions between gut microbes and the host during the early neonatal period. 

Our objective was to create a neonatal porcine model of iatrogenic aganglionosis to evaluate 

the impact of the enteric nervous system (ENS) on microbiota and intestinal barrier post-

natal development. Methods: Under general anesthesia, the recto-sigmoid serosa of 5-day 

old suckling piglets was exposed to 0.5% benzalkonium chloride solution (BAC, n=7) or 

saline (SHAM, n=5) for 1hr. After surgery, animals returned to their home-cage with the sow 

and littermates and were studied 21 days later. Results: BAC treatment induced partial 

aganglionosis with absence of myenteric plexus and reduced surface area of sub-mucosal 

plexus ganglia (-58%, P<0.05) in one third of the recto-sigmoid circumference. Epithelial 

permeability of this zone was increased (conductance +63%, FITC-dextran flux +386%, 

horseradish-peroxidase flux +563%, P<0.05). Tight junction protein remodeling was 

observed with decreased ZO-1 (-95%, P<0.05) and increased claudin-3 and e-cadherin 

expressions (+197% and 61%, P<0.05 and P=0.06, respectively). BAC piglets harbored 

greater abundance of pro-inflammatory bacteria (Bilophila, Fusobacterium) compared to 

SHAM in the recto-sigmoid lumen. Conclusions: This large animal model demonstrates that 

hypoganglionosis is associated with dramatic defects of gut barrier function and 

establishment of pro-inflammatory bacteria. 

 

KEYWORDS: Hirschsprung disease, tight junction protein, intestinal permeability, microbiota 

 

ABBREVIATIONS: AJ: adherens junction, BAC: benzalkonium chloride solution, ENS: 

enteric nervous system, FD-4: FITC-dextran 4000, G: conductance, HAEC: Hirschspung-

disease associated enterocolitis, HD: Hirschsprung disease, HRP: horseradish peroxidase, 

PBS: phosphate buffer saline, PGP: protein gene product, TBS-T: Tris buffer saline-Tween, 

TJ: tight junction, VIP: vasoactive intestinal peptide 
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1. Introduction 

 

Hirschsprung disease (HD) is a congenital disorder of the intestinal tract characterized by the 

absence of ganglionic cells (aganglionosis) in myenteric and sub-mucosal plexi of the distal 

gut resulting from the failure of the neural crest cells migration [1,2]. This defect of the enteric 

nervous system (ENS) is responsible of neonatal bowel obstruction that requires surgical 

care and resection of the aganglionic segment. The most serious and life-threatening 

complication of HD is the development of Hirschsprung associated enterocolitis (HAEC). 

HAEC is a severe inflammatory colitis that causes distension, diarrhea, fever, and can lead 

to bacterial translocation, sepsis and death. Its pathogenesis remains unclear although many 

hypotheses have been proposed such as modifications of intestinal barrier function, innate 

immunity or microbiota composition [3,4]. Indeed, gut microbiota and intestinal barrier co-

develop after birth, establishing a homeostatic state whereby mucosal cells cohabit with 

commensal bacteria. Altered neonatal colonization and disturbed interactions between gut 

microbes and the host during the neonatal period have profound effects on health [5]. The 

ENS is involved in all gut functions. Its role on intestinal barrier function was revealed by the 

use of tetrodotoxin that blocks nervous influx, with contrasting effects depending on the 

species used [6–9]. A role of the ENS on microbiota composition is also suspected since 

dysbiosis has been described in animal models of aganglionosis [10]. Despite these 

described effects of the ENS on adult gut barrier function and microbiota, the role of ENS on 

the post-natal development of microbiota-host interaction is still poorly described but would 

constitute a step forward in the understanding of HAEC.  

Most of the studies on the role of ENS on microbiota and barrier function were performed in 

rodent adult models. However, intestinal post-natal development in rodents is different from 

Humans since these species are born with extremely immature intestine. The piglet model is 

known for its proximity with Humans in terms of intestinal physiology and foetal and neonatal 

development [11]. The relevance of using the pigs as an experimental model has previously 

been described: best non primate model for studying human nutrition [12] and tolerance to 
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food antigens (large single stomached omnivore) [13], model for a variety of human disease 

risk factors (obesity, stress, diabetes) and drug metabolism [14], realistic model of the human 

gastrointestinal tract to study microbiota [15]. Intestinal homeostasis factors that could be 

involved in the pathogenesis of HAEC, such as permeability and microbiota composition 

have been described in both species. The pig gut is closer to Human than rodents in terms of 

para and trans cellular permeability with a similar regulation [16]. Regarding the microbiota, 

Human and pigs have a high rate of Firmicutes and Bacteroidetes [11], and their fecal and 

colic microbiota present with a higher similarity than with other species[12,17–19]. However, 

contrary to rodent models, no genetic model of intestinal aganglionosis are available to study 

the role of ENS on microbiota and intestinal barrier post-natal development. In 1978, Sato et 

al produced segmental aganglionosis by applying benzalkonium chloride solution (BAC) to 

the outer surface of the recto-sigmoid in adult rats [20]. BAC is a detergent with tension-

active properties inducing membrane cell depolarization leading to cell death. The specific 

effect of BAC application on ganglionic cells remains unclear and could rely on higher 

negative charge of these cells or a specific immune system activation [21,22]. This model 

has been used to study the impact of aganglionosis on various intestinal segments of adult 

mice and rats [22–26] as well as to test pharmacological strategies for enteric neurons 

recovery after damage [27–29]. 

In the present study, we used a similar approach in neonatal piglets to evaluate the 

functional consequences of aganglionosis on epithelial barrier function and microbiota during 

the neonatal period in a model close to Humans. 

 

2. Materials and methods 

2.1. Animal and study design 

This study was carried out in strict accordance with the recommendations for the care and 

use of animals for experiments. The protocol was approved by the Ethical Committee on 

animal experiments of Rennes (Approval number 2015080515242437). The experiments 

complied with the French law on animal experiments.  
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Twelve Largewhite x Landrace crossbred suckling piglets from 3 different litters and with an 

average birth weight of 1.83 ± 0.34 kg were included. Piglets were housed in the farrowing 

crate (2.7 x 1.8 m, partly slatted floor and stall length 2.0 m with adjustable width) with the 

sow and their littermates (12 to 14 piglets per litter in total, including 2-3 BAC piglets and 1-2 

SHAM piglets per litter). Artificial lighting was provided between 0800 and 1800 h, and the 

ambient temperature was maintained between 22 and 25°C. In each farrowing crate, an 

infrared lamp provided an additional heat source for the piglets. No creep-feeding was 

offered during the whole period and piglets had theoretically no access to sow’s feed. 

Surgery was performed at 5 days of age. Animals were fasted 1 hour before surgery. 

Anesthesia was induced and maintained with isoflurane (5% at induction then 1.6% for 

maintenance) in oxygen 30% after tracheal intubation. An ear vein was catheterized and 

animals were sedated with intravenous morphine (0.1mg/kg). The lungs were mechanically 

ventilated with volume-controlled ventilation (volume=8ml/kg, frequency=35/min). Body 

temperature was maintained between 38°C and 39°C with the use of an electric heated mat. 

Throughout surgery, saline solution was administered through the ear vein catheter (4 

mL/kg/h). A sub-umbilical midline laparotomy was performed and the recto-sigmoid was 

isolated in a plastic drape. A 4-cm segment of recto-sigmoid was marked by serosal non 

absorbable suture tag and wrapped in gauze soaked with 0.5% BAC (Sigma Aldrich) as 

described by Pan et al in adult rats [27]. BAC solution was added continuously on the gauze 

in order to expose the recto-sigmoid serosal surface for one hour (BAC group). Then, the 

gauze was removed and the treated segment was rinsed with 10 mL of 0.9% saline. The 

same method with 0.9% saline instead of BAC was used for the sham piglets (SHAM group). 

The laparotomy was closed with continuous absorbable sutures in 2 layers. After recovery, 

piglets were brought back to the sow and their littermates. Suckling was thus possible one 

hour after the end of surgery. Animal were weighed twice a week. Painful behavior was 

checked and paracetamol was given if needed (15mg/kg, four times a day maximum). None 

of the piglets encountered health problem or bowel obstruction symptoms. Piglet growth was 

similar between the two groups. None of the piglets received antibiotics pre or post 
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procedure. Preliminary experiments were performed with 1% BAC (n=2 piglets) but this 

greater dose did not give better results on the intensity of the aganglionosis. 

 

Animals were sacrificed by T61 intra-cardiac administration 21 days after surgery, i.e. at the 

age of 26 days. At sacrifice, the region of recto-sigmoid exposed to treatment was sampled, 

always in the same proximo-distal order. Samples were treated for histology, 

immunohistochemistry (ENS and tight junction (TJ) proteins), Western Blot and intestinal 

permeability measurement in Ussing chamber as described in the corresponding sections. 

Luminal contents in the recto-sigmoid treated region were sampled and immediately frozen 

for later microbiota analysis. Preliminary experiments were also performed with piglets 

sacrificed 7 days after BAC application to evaluate aganglionosis by immunohistochemistry 

and intestinal permeability with Ussing chambers (n=5/group).  

 

2.2. Immunohistochemistry 

Tissue specimens were immediately fixed in 4% paraformaldehyde and subsequently 

embedded in paraffin blocks. Blocks were cut into transversal 5 μm thick sections and 

mounted on adhesive slides. Tissues were de-waxed by immersion in xylene, rehydrated in 

alcohol and washed in distilled water. Slides were incubated in a solution of phosphate 

buffered saline (PBS) with 10% methanol and 3% H2O2 for one hour at room temperature for 

antigen retrieval. Non-specific sites were then blocked by immersing the slides in a 2% 

bovine serum albumin-PBS solution for one hour at room temperature. Slides were then 

incubated overnight at 4°C in a humidified slides chamber in primary antibodies against 

protein gene product 9.5, a neuronal marker (PGP 9.5; 1:1000, Cedarlane, Burlington, 

Ontario, Canada). After washing three times 10 min in PBS, slides were incubated in 

secondary antibodies anti rabbit FITC (1:200; Jackson ImmunoResearch, USA) for 2 hours 

at room temperature. Slides were then washed three times for 10 min in PBS. Finally, DAPI 

nuclear staining (Fluoroshield Mounitg Medium with DAPI) was performed and each section 

was covered with glass cover slips.  
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Sections were visualized under fluorescence microscopy (Nikon Eclipse 80i) and analyzed 

with NIS-Element D version 4.30 and image J softwares. The length of the aganglionic 

section of the myenteric plexus was measured and expressed as percentage of the total 

circumference. We could not clearly distinguish the inner sub-mucosal plexus and evaluated 

the impact of BAC treatment on the outer sub-mucosal plexus. For each plexus, the number 

and individual surface area of the ganglia were measured on the whole circumference. An 

average ganglia surface area and a total ganglia surface were calculated.  

The same protocol was used for the staining of ZO-1 (220kDa, 1:125, Zymed), Claudin 3 

(22KDa, 1:250, Invitrogen, USA) and E-cadherin (120kDa, 1:100, Dako) and Alexa Fluor 

F488 or F546 couples secondary antibodies (1:400, Life Technologies). 

 

2.3. Histology  

Histology blocks were cut into transversal 5 μm thick sections and mounted on adhesive 

slides. The tissues were de-waxed by immersion in xylene, rehydrated in alcohol and 

washed in distilled water. Sections were stained with haematoxylin-eosin, examined under a 

light microscope (Nikon Eclipse 80i) and analyzed with Image-J software. 

Morphometric analysis included crypt depth and thickness of the longitudinal and circular 

smooth muscle layers. In the BAC group, only the musculosa and the mucosa facing the 

hypoganglionotic myenteric plexus section was analyzed. In the SHAM group, only the ante-

mesenteric sections were analyzed. Ten to fifteen measures were carried out at regular 

intervals and averaged to get a representative value for each piglet.  

 

2.4. Western blot  

Freshly dissected recto-sigmoid tissue (ante-mesenteric section, corresponding to the hypo-

ganglionic region in the BAC group) was instantly frozen in liquid nitrogen and stored at -

80°C. A mechanical lysis was performed on 50 mg of tissue in 1 mL of RIPA lysis buffer 

(Sigma-Aldrich) plus protease inhibitors (Roche) with a Precellys® 24 (Bertin technologies). 

The homogenate was centrifuged at 14000 rpm for 15 min at 4°C. Protein concentration in 
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the supernatant was determined using a Lowry assay kit (Thermofisher). 10 μg of proteins 

were loaded on a NuPAGE 4-12%, Bis-tris Gel (Novex, Life Technologies) and run for 2 

hours at 110 volts. Following electrophoresis, proteins were transferred to polyvinylidene 

difluoride membranes. Then, membranes were blocked with 5% blotting-grade blocker (Bio-

Rad) in 0.1% Tris buffered saline tween solution (TBS-T) for one hour. Subsequently 

membranes were cut in 4 pieces according to the molecular weight scale and the 

corresponding membrane were incubated overnight at 4°C with agitation with primary 

antibodies against Claudin 3 (22KDa, 1:500, Invitrogen), E-cadherin (120kDa, 1:500, Dako), 

ZO-1 (220kDa, 1:1000, Zymed) and Actin (43 KDa, 1:1000, Sigma- Aldrich). Membranes 

were washed three times in TBS-T for 10 min and incubated with the horseradish peroxidase 

conjugated goat anti-rabbit IgG secondary antibody (1:10000, Sigma Aldrich) or horseradish 

peroxidase conjugated rabbit anti-mouse IgG secondary antibody (1:5000, Dako) for one 

hour at room temperature. After a final wash, signals were detected using a 

chemiluminescence system (ECL western blotting substrate, Lifetechnologies). Finally, 

membranes were scanned and analyzed with Quant TL software (GE Health care 

lifescience).  

 

2.5. Measurement of intestinal permeability in Ussing chambers  

Immediately after dissection, segments of recto-sigmoid were sampled and the ante-

mesenteric region (corresponding to the hypoganglionic region in the BAC group) was 

mounted in Ussing chamber (Physiologic instruments, San Diego, CA) exposing 0.5 cm2 of 

tissue area to 2.5 mL circulating oxygenated Krebs solution maintained at 39°C. 

Conductance (G) and FITC-4000 (FD4, Sigma Aldrich) and horseradish peroxidase (HRP, 

Sigma Aldrich) fluxes were measured as already described [30]. 

 

2.6. Microbiota analysis 

Recto-sigmoid luminal contents were kept at -80°C until processing for DNA extraction using 

the ZR fecal DNA Miniprep (Ozyme). The V3-V4 region of DNA coding for 16SrRNA was 
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amplified using the following primer: CTTTCCCTACACGACGCTCTTCCGATCT 

ACTCCTACGGGAGGCAGCAG (V3F) and GGAGTTCAGACGTGTGCTCTTCCGATCT 

TACCAGGGTATCTAATCC (V4R), Taq Phusion (New England Biolabs) and dNTP (New 

England Biolabs) during 25 cycles (10 s at 98°C, 30s at 45°C, 45s at 72°C). Purity of 

amplicons was checked on agarose gels before sequencing using Illumina Miseq technology, 

performed at the Genotoul Get-Plage facility (Toulouse, France).  The 16S rDNA raw 

sequences were analyzed using the bioinformatic pipeline FROGS [31] and the Phyloseq R 

package as well as LDA effect size (LEfSe) analysis [32], as already described [30]. 

 

2.7. Statistical analysis  

Quantitative variables are presented as mean and standard deviation of the mean. Statistical 

analysis was performed with Prism software (GraphPad Software, Inc) using Kruskal-Wallis 

tests. A probability value of p<0.05 was used as a cut-off for statistical significance. 

 

3. Results 

 

3.1. Aganglionosis 

PGP9.5 immunostaining revealed a loss of neurons and glial cells in the myenteric plexus 

with hypoganglionosis on the anti-mesenteric border of the treated recto-sigmoid (Figure 1). 

Denervated myenteric plexus represented 27 ± 13% of total recto-sigmoid circumference. 

This was confirmed by counting the number of ganglia over the whole circumference. BAC 

treatment induced a reduction of the number of ganglia in the myenteric plexus (-34%, 

p=0.005, Figure 2A). The average surface area of individual ganglia tended to be lower (-

45%, P=0.059, Figure 2B). Total ganglia surface area was dramatically decreased by 62% in 

BAC compared to SHAM animals (p=0.002, Figure 2C). 

The submucosal plexus was less altered by BAC treatment since submucosal ganglia were 

still observed on the total recto-sigmoid circumference. Yet, BAC induced a reduction of the 

number of ganglia in the outer submucosal plexus (-33%, p=0.005, Figure 2D). The average 
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surface area of individual ganglia was not altered by BAC treatment (Figure 2E). Total 

ganglia surface area was decreased by 58% in BAC compared to SHAM piglets (p=0.01, 

Figure 2F). Preliminary experiments with piglets sacrificed 7 days after BAC application 

showed relatively similar results for the myenteric plexus (denervation on 34 ± 9% of total 

recto-sigmoid circumference, reduction of 36% of the number of ganglia compared to SHAM 

piglets (p=0.02), no difference in the average surface of individual ganglia or total ganglia 

surface). However, the sub-mucosal plexus was not altered at that stage.   

 

3.2. Morphology of the mucosa and muscle layers 

Morphology of the mucosa and muscle layer was evaluated on the ante-mesenteric side of 

the recto-sigmoid, corresponding to the hypoganglionic zone. BAC treatment decreased 

external and internal muscle layers thickness (-57%, p=0.0002 and -38%, p< 0.0001, 

respectively, Figure 3 A&B). The muscle layer structures were macroscopically maintained. 

BAC treatment did not impact crypt depth (Figure 3C). Overall, the treated bowel was 

macroscopically similar to the sham one, without any perforation or inflammatory aspect. 

 

3.3. Intestinal permeability  

Likewise, we evaluated intestinal permeability on the ante-mesenteric side of the recto-

sigmoid, corresponding to the hypoganglionotic zone. BAC treatment had no significant 

impact on short-circuit current (Isc) (Figure 4A). Conductance tended to be increased by 

BAC treatment (+63%, p=0.07, Figure 4B). BAC treatment induced a significant increase in 

HRP flux across the recto-sigmoid mucosa (+563%, p=0.006, Figure 4C). Similarly, 

paracellular permeability assessed by FD4 flux across the tissue was significantly greater in 

the BAC than in the SHAM group (+386%, p = 0.04, Figure 4D). In preliminary experiments 

with piglets sacrificed 7 days after BAC treatment, no difference in permeability was 

observed, irrespective of the parameter studied (data not shown). 

 

3.4. Tight junction protein expression  
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Tight junction protein expression was evaluated on the ante-mesenteric side of the recto-

sigmoid, corresponding to the hypoganglionotic zone. BAC treatment induced a profound 

remodeling of TJ protein expression with decreased expression of ZO-1 (-95%, p=0.035, 

Figure 5A and B) and increased expression of claudin 3 (+197%, p=0.01, Figure 5E and F) 

and a tendency for increased expression of e-cadherin (+61%, p=0.056, Figure 5I and J). 

These results were confirmed by immunohistochemistry performed on two parts of the recto-

sigmoid of BAC piglets (healthy area on the mesenteric side and hypoganglionotic area on 

the ante-mesenteric side). Decreased ZO-1 immuno-staining on the hypoganglionotic section 

compared to the healthy section was observed (Figure 5 C&D). On the contrary, increased 

claudin3 and e-cadherin immuno-staining were observed in the hypoganglionotic section 

compared to the healthy section (Figure 5 G, H, K&L). 

 

3.5. Luminal microbiota composition in piglets 

BAC and SHAM recto-sigmoid luminal microbiota composition was assessed by 16SrDNA 

sequencing in 6 and 4 animals, respectively. BAC and SHAM microbiota clustered according 

to the treatment (Bray-Curtis index), with a large variability in the BAC group compared to the 

SHAM one (Figure 6A). Richness (Chao1 index) and diversity (Shannon index) were similar 

between groups (Figure 6B). At the phylum level, no clear changes appeared (Figure 6C), 

except for a tendency for increased Proteobacteria abundance in the BAC group compared 

to the SHAM one (9.2% [3.8-23.3] vs 2.9% [2.2-4.8], Mann Whitney test P=0.067). LDA 

effect size analysis revealed that the microbiota of BAC piglets was characterized by greater 

levels of Fusobacterium (Fusobacteria), Mogibacterium (Firmicutes) and Bilophila 

(Proteobacteria) while that of  SHAM piglets was characterized by greater levels of 

Solobacterium (Firmicutes), Shuttelworthia (Firmicutes) and bacteria of  the Lachnospiraceae 

family (Firmicutes) (Figure 6D). 
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4. Discussion 

 

In the present study our objective was to create a model of iatrogenic aganglionnosis in a 

large animal model during the neonatal period to evaluate the impact of ENS on microbiota 

and intestinal barrier development. BAC application induced an hypoganglionnosis with 

absence of the myenteric plexus and reduced surface area of ganglia of the sub-mucosal 

plexus only in one third of the recto-sigmoid circumference. Yet, we were able to evaluate the 

consequences of this hypoganglionnosis with increased epithelial permeability and a 

profound remodeling of the tight junction proteins expression in the mucosa facing the hypo-

ganglionnotic section. Luminal microbiota was also altered in this section. 

 

Ideal animal models should be reproducible, cost-effective and accurately represent human 

physiology and anatomy of the disease to make results plausible [33]. Animal models of 

aganglionnosis have been previously reported [20–27,34–39], all involving small animals 

such as mice and rats, whose intestinal physiology and development are different from 

Human. The pig model is recognized as model of choice in terms of intestinal physiology and 

neonatal development [11,15,40]. The aganglionnosis was not complete all around the recto-

sigmoid circumference. Presence of ganglia was always noted at the level of the mesentery 

attachment while total aganglionnosis was observed only in the myenteric plexus on the 

ante-mesenteric side. This was also the case in preliminary experiments where piglets were 

sacrificed 7 days after BAC application, suggesting that it was not a problem in the timing of 

the experiment (i.e. piglets studied too late after treatment). In pigs, the recto-sigmoid is 

firmly attached to the abdominal wall by a short, thick mesentery, as opposed to Humans 

where the mesocolon gives a relative mobility to the recto-sigmoid. Therefore, exposure of 

the entire serosal surface to BAC was not possible, probably explaining the partial 

aganglionnosis, located on the ante-mesenteric side of the recto-sigmoid, i.e. where the 

mesentery is thin. Yet, closer examinations of the number and size of ganglia revealed that 

the sub-mucosal plexus on the ante-mesenteric side was also affected by BAC treatment 
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with no effect on the average ganglia size but a lower number of ganglia in BAC animals, 

resulting in a lower total surface area of ganglia. This less efficient effect of BAC on the sub-

mucosal plexus has been described previously in murine models [21,22,24,34,35]. Fox et al 

hypothesized that the detergent had difficulties to pass the internal muscle layer [34] but the 

literature is scarce on this topic. To note, the submucosal plexus was not altered at an earlier 

time point after BAC application, suggesting that the effect of BAC is not immediate. Finally, 

literature describes a concentration-dependent effect on denervation efficiency with a cut-off 

at 0.1% in mice [23,27,34]. Our preliminary experiment with 1% BAC did not give better 

results in terms of intensity of aganglionnosis and we kept the 0.5% BAC concentration to 

avoid any unspecific effect.  

 

Both paracellular and transcellular permeabilities were dramatically increased in the 

epithelium of the hypoganglionnotic area. The enhanced recto-sigmoid permeability in BAC 

compared to SHAM piglets suggests that the ENS induces an inhibitory tonus on epithelial 

barrier function in SHAM animals. Intestinal epithelial permeability is controlled by the 

submucosal plexus [6,7]. Thus the reduced number of ganglia and total ganglia surface in 

the submucosal plexus of BAC treated piglets is probably at the origin of these differences in 

permeability. The fact that in our preliminary experiments with sacrifice 7 days after BAC 

treatment, no effect of BAC on the submucosal plexus was noticed and epithelial 

permeability was normal in BAC piglets strengthen this hypothesis.  In piglet jejunum, 

nitriergic neurons are dominant at birth in the sub-mucosal plexus and decrease with age 

[41] while the density of VIPergic neurons increases progressively until 8 weeks of age [42–

44]. Using VIP receptor agonist in Ussing chambers, our group demonstrated a VIPergic 

tonus on jejunal permeability at day 28 of age in piglets [45]. VIP has been shown to reduce 

paracellular epithelial permeability in in vitro cellular models or in adult rat intestine through 

the stimulation of ZO-1 expression [6,46–48]. VIP also reduces epithelial macromolecule 

transport by activation of the adenylate cyclase / AMPc pathway in rats [49]. No data on the 

chemical phenotype of the sub-mucosal plexus in the recto-sigmoid of neonatal piglets are 
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available but a VIPergic tonus in SHAM animals that was reduced in BAC piglets due to the 

overall decrease in ganglia number is plausible. The reduced expression of ZO-1 in the 

hypoganglionnotic section of the mucosa further strengthen this hypothesis. Such hypothesis 

is also consistent with the reduced VIP receptor density observed in Hirschsprung’s disease 

patients [50] . 

 

Tight junction proteins play a key role in the regulation of epithelial barrier function. Quantity, 

localization and phosphorylation state of these proteins along the intestine are under the 

control of numerous factors such as nutrients or inflammatory, hormonal and neuronal 

mediators [51,52].  ZO-1 is a scaffolding tight junction protein connecting cytoskeleton 

proteins and transmembrane tight junction proteins, maintaining the sealing of the intestinal 

barrier. In our study, we observed a significant decrease of ZO-1 expression in the 

hypoganglionnotic recto-sigmoid of piglets by western blot and immunohistochemistry. These 

results are consistent with the inverse correlation between intestinal permeability and ZO-1 

expression [52], and could explain the paracellular permeability increase found in our model. 

Claudin 3 belongs to the claudin family, a large family of transmembrane proteins, which 

defines the selectivity of the paracellular permeability through homotypic and heterotypic 

interactions. Despite the increase in recto-sigmoid epithelial barrier permeability observed in 

BAC piglets, the expression of claudin 3 was increased in these animals. Similar results have 

been reported previously by Ueno et al. in malnourished mice exhibiting increased claudin 3 

immunostaining together with increased gut permeability [53]. The association of decreased 

ZO-1 and increased claudin 3 expression was also described in the jejunum after bariatric 

surgery using Western blot techniques [54]. The third protein analyzed in this study does not 

belong to the TJ complex but to adherens junctions (AJ), located immediately below TJ and 

providing a dynamic adhesive connection between cells. E-cadherin, a transmembrane 

glycoprotein, is a major component of AJ. In our piglet model, e-cadherin expression 

increased in the hypoganglionnotic zone of the recto-sigmoid epithelium. E-cadherin 

expression has been shown to be modulated in several chronic intestinal inflammation 
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conditions, either down-regulated in inflammatory bowel disease [55] but also up-regulated in 

5-fluoro-uracil induced mucositis in mice [56]. Together with claudin 3, increased e-cadherin 

could be compensatory mechanisms to counteract the dramatic decrease in ZO-1 

expression. Another possibility is that BAC-induced enteric denervation interferes with the 

normal post-natal development of TJ and AJ protein expression in the epithelium. One can 

imagine a natural ENS-mediated decrease in claudin-3 and e-cadherin expression with age 

that is blocked by hypoganglionnosis in our model. However, such hypothesis needs further 

investigations. 

 

Another feature of our piglet BAC model is the alteration of the recto-sigmoid luminal 

microbiota composition in BAC-treated piglets. For technical reasons, we were not able to 

analyze microbiota composition in all animals (4 out 5 and 6 out of 7 for SHAM and BAC 

piglets, respectively). Moreover, the luminal microbiota is different from the adherent one 

[57]. Thus, sampling the adherent microbiota facing the hypoganglionnotic region of the 

recto-sigmoid would have been also interesting. However, due to the limited length of the 

treated segment, we decided to focus on various mucosal investigations and not to 

investigate the adherent microbiota. These preliminary data on luminal microbiota showed 

that diversity and richness were not altered by BAC treatment, but the bacterial composition 

was different, as indicated by the β-diversity. Pierre et al found similar results in Ednrb-null 

mice [58] with Chao-1 and Shannon index similar to controls at an early stage. Then, 

diversity remained high in null mice and decreased in controls. The results of these two 

animal studies differ with the recent HD patients’ series from Neuvonen et al [59] that stated 

that HD patients had an immature microbiome composition with decreased microbial 

richness. This conclusion has to be waived by the fact that nearly 80% of their cohort has 

had enterocolitis, 50% recurrent HAEC and thus underwent multiple courses of antibiotics 

that modify microbiota composition. 

In our study, three genera characterized the BAC piglet microbiota: Bilophila, Fusobacterium 

and Mogibacterium. Bilophila belongs to the Proteobacteria phylum and has been implicated 
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in diseased conditions such as colitis and metabolic syndrome [60]. Fusobacterium belongs 

to the Fusobacteria phylum and is identified as a pro-inflammatory commensal bacteria [61]. 

Finally, Mogibacterium, a Firmicutes, is found in the underdeveloped piglet mucosa [62] and 

in the oral cavity of patients with periodontitis [63]. Taken together, these data indicate a pro-

inflammatory microbiota in the recto-sigmoid lumen of BAC-treated piglets, highlighting that 

hypoganglionnosis can also alter intestinal microbiota development.  

 

In conclusion we present a promising large animal model of reproducible partial denervation 

of the recto-sigmoid myenteric and sub-mucosal plexi. This hypoganglionnosis caused major 

changes of the intestinal barrier with increase of transcellular and paracellular permeabilities 

and profound remodeling of TJ protein expression. Although a direct effect of BAC on the 

epithelium cannot be firmly excluded, we are quite confident that the observed effects are 

due to hypoganglionnosis since no effect was observed at an earlier time-point.  Alteration of 

the luminal microbiota towards a pro-inflammatory microbiota was also noticed in the 

hypoganglionnotic segment, suggesting that ENS is a major contributor to the establishment 

of a healthy microbiota-host interaction during the neonatal period.  
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Figure 1: Typical examples of recto-sigmoid 21 days after BAC-treatment in piglets. 

A: DAPI staining showing the overall architecture of the tissue. B: PGP9.5 immunostaining. 

White arrows design ganglia. Red arrows delimit the section where no ganglia were 

observed in the myenteric plexus. 

Figure 2: Effect of BAC on recto-sigmoid ganglia number and surface area.  

Number of ganglia in the myenteric (A) and outer sub-mucosal (D) plexi, average surface 

area of ganglia in the myenteric (B) and outer sub-mucosal (E) plexi and total surface area of 

ganglia in the myenteric (C) and sub-mucosal (F) plexi of SHAM (open bars, n=5) and BAC 

(solid bars, n=7) treated piglets. Means +/- SEM. * P<0.05. 

Figure 3: Effect of BAC on tissue morphology. 

Circular (A) and longitudinal (B) muscle layers thickness and crypt depth (C) of the ante-

mesenteric side of the recto-sigmoid of SHAM (open bars, n=5) and BAC (solid bars, n=7) 

piglets. Means +/- SEM, * P<0.05. 

Figure 4: Effect of BAC on epithelial barrier function. 

Short-circuit current (A), conductance (B), permeability to HRP (C) and FD4 (D) of the ante-

mesenteric side of the recto-sigmoid of SHAM (open bars, n=5) and BAC (solid bars, n=7) 

piglets. Means +/- SEM, * P<0.05, # P<0.07 

Figure 5: Effect of BAC on tight and adherens junction protein expression. 

Quantification of blot density (A, E, I), typical Western blot (B, F, J), typical example of 

immunostaining (C-D, G-H and K-L) for ZO-1, claudin 3 and e-cadherin (e-cdh), respectively 

of the ante-mesenteric side of the recto-sigmoid of BAC and SHAM piglets (Western blot 

data) or of mesenteric and ante-mesenteric sides of the recto-sigmoid in BAC piglets 

(immuno-staining).  Means +/- SEM, n=5-7 per group. * P<0.05. 

Figure 6: Effect of BAC on microbiota composition 

PCoA of Bray-Curtis distances (A), diversity indexes (B), phyla composition (C) and LDA 

effect size cladrogramm (D) of BAC (n=6) and SHAM (n=4) recto-sigmoid luminal microbiota. 
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