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Elucidating the role of cytokines on enteric neuron responses 

Abstract 

Emerging studies have established the role of neuroimmune interactions in regulating intestinal 

immunity. Our lab has shown that neuropeptides- neuromedin (NMU) and calcitonin gene-related 

peptide (CGRP) are potent modulators of  type-2 innate lymphoid cells (ILC2s) which orchestrate 

type-2 immune responses essential for maintaining intestinal homeostasis. However, the effects of 

these cytokines on enteric neuron functions remain unexplored.  

Reanalysis of published data on single-cell RNA sequencing of enteric neurons indicates 

that enteric neurons form distinct transcriptional clusters with unique neuropeptide profiles. 

Interestingly, a single subset of neurons expressing CGRP and NMU co-expresses the genes 

required to form the IL-13Ra/IL-4Ra heteroreceptor that interacts with both IL-13 and IL-4. In 

order to explore the effects of activation of IL-13Ra/IL4Ra heteroreceptor on the enteric nervous 

system (ENS) functions, we used primary neuron cultures derived from ENS stem cell progenitors. 

We validated the expression of IL-13Ra on enteric neurons in cultures using 

immunocytochemistry and studied the transcriptional changes induced upon IL-13/IL-4 

stimulation by qPCR. Preliminary data shows a significant increase in the expression of Calcb and 

Nmu, which modulate ILC2 responses. These results demonstrate that a bidirectional 

communication exists between the enteric neurons and ILC2s which modulate intestinal 

homeostasis.  

We also studied the effects of abrogation of IL-33/ST2 signaling in ENS and IL-27 

production by enteric neurons on intestinal immune responses using DSS-induced colitis model. 
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However, our findings suggest that neither IL-33/ST2 pathway nor IL-27 production by enteric 

neurons is directly involved in regulating DSS mediated colitis. 

Through this study, we have tried to advance our understanding of the complex 

neuroimmune interactions involved in maintaining intestinal immunity in health and disease. 
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Chapter 1: Background 

1. Enteric Nervous system – ‘The Second Brain’ 

Anatomically, the gastrointestinal (GI) tract is made up of four layers namely – the adventitia, 

muscularis, submucosa, and mucosa. The muscularis layer is made up of orthogonal layers of outer 

longitudinal and inner circular muscles. These layers not only provide stretch and shear flexibility, 

but many immune cells reside in these layers1. The enteric nervous system (ENS) is made up of 

two ganglionated plexuses– Auerbach's (myenteric) plexus and Meissner's (submucosal) plexus2. 

The myenteric plexus is located between the longitudinal and circular muscle layers, while the 

submucosal plexus is embedded in between the muscularis and the mucosa. These plexuses consist 

of networks of neurons and glia extending throughout the GI tract. They send impulses and sense 

external cues from different intestinal compartments, including the mucosa. The enteric nervous 

system plays a pivotal role in controlling complex gastrointestinal functions such as peristalsis, 

maintaining blood flow, and GI secretions3. Various receptors located within the ENS are 

responsible for sensing environmental cues, like mechanoreceptors sense mucosal abrasion, while 

chemoreceptors respond to changes in pH, osmolarity, etc. in the lumen. Similarly, a set of 

receptors is responsible for controlling fluid exchange in the gut4. 

  Enteric neurons can be subdivided into three subsets based on their connectivity and 

function. Intrinsic primary afferent neurons (IPANs) which make up to 10%-30% of all neurons 

in these plexuses are large, multi-axonal sensory neurons and are responsible for detecting 

molecular and mechanical aberrations in the GI tract. They relay sensory impulses to other IPANs, 

interneurons, and intrinsic motor neurons to induce effector functions. The second type of neurons 

called intrinsic intestinofugal afferent neurons (IFANs) are responsible for sending neuronal 

impulses from the GI tract to extrinsic, visceral ganglia where sympathetic impulses are sent back 
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to the ENS to complete the reflex arc5. Interneurons connect the sensory and motor neurons to 

send neuronal impulses. Muscle motor neurons found along the entire GI tract in the longitudinal 

and circular muscle layers respond to stretch stimuli. Sternini et al. showed that enteric glial cells 

surround the enteric neurons, and at the same time, they also associate with lymphatics and blood 

vessels6. Glia play an important role in maintaining mucosal health7. The enteric neurons, glia, 

extrinsic nerves, and immune cells lie in the vicinity of each other8 (figure 1.1). This close 

proximity allows for abundant crosstalk between these cells. Molecules produced by one cell type 

can influence the effector functions of other cell types located in the vicinity and vice versa. We 

are just beginning to understand the complexity of these interactions.   

 

Figure 1.1: Anatomy of the gastrointestinal tract: Immune cells, enteric neurons, and glia are found 

in close proximity to each other (Image from Sarkis K. Mazmanian et al. Immunity 2017). 
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1.2 Role of Type-2 innate lymphoid cells (ILC2s) in intestinal immunity 

Type 2 (Th2) immune responses play a significant role in maintaining intestinal homeostasis by 

conferring host protection against helminths9. The cytokines- IL-4, IL-15, and IL-13 are the 

signature cytokines secreted during Th2 responses by lymphocytes (Type-2 lymphocytes) 

expressing the transcription factor GATA310.  The effector functions of these type-2 lymphocytes 

include induction of smooth muscle hypercontractility, enhancement of mucus secretion, and 

recruitment of mast cells to the site of insult, all of which are directed towards killing and expulsion 

of the worm. However, Th2 mediators are also involved in wound healing11. Thus, regulated Th2 

responses are crucial for intestinal homeostasis. Nonetheless, dysregulation and overactivity of 

these responses can result in various diseases. Persistent Th2 responses result in overwhelming 

inflammation, and excessive tissue repair leads to fibrosis and stricture formation. Th2 induced 

mucosal and transmural fibrosis is believed to drive disease pathology in both Crohn’s disease and 

Ulcerative colitis12. IL-4 is believed to initiate the differentiation of Th2 responses. Even though 

the actual cellular source of IL-4 remains unknown, various factors promoting Th2 responses have 

been identified.  

Innate lymphoid cells (ILCs) are a recently identified group of lineage negative 

lymphocytes that lack receptors to endow antigen specificity but provide a potent innate source of 

various cytokines. ILCs are abundant at mucosal sites and are involved in lymphoid tissue 

formation, mucosal immunity, inflammation, and tissue remodeling13.  They are classified into 

type 1, type 2, and type 3 ILCs. In addition, a regulatory ILC was also identified which largely 

produce IL-10 to regulate immune responses14. Type 1 ILCs are IFN-g producing T-bet+15 cells, 

which include conventional NK cells and less cytotoxic ILC1s. They are involved in mounting an 

immune response against the intracellular pathogen as well as antiviral and antitumor 

immunity16,17. Type 2 ILCs are GATA3+ cells15 that secrete IL-5 and IL-13. They play a crucial 
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role in the expulsion of helminths and developing allergic inflammation18,19,20. Type 3 ILCs are 

RORγt+ cells15  that include lymphoid tissue inducer cells (LTi cells) and ILC3s. They secrete IL-

17 and IL-22, which are involved in defense against extracellular pathogens and fungal 

infections21–26.  

Various studies have now demonstrated the crucial role of ILC2s in the development of 

Th2 responses. Oliphant et al. demonstrated that depletion of ILC2s in mice led to significant 

impairment of Th2 responses27. This study was the first to establish  potential crosstalk between 

ILC2s and Th2 CD4+ cells and show that this crosstalk is critical for the development of Th2 

responses and immunity against helminthic infection. The study proved a bidirectional 

communication between ILC2s and Th2 CD4+ cells. Findings from this study showed that, on one 

hand, ILC2s express MHC-II and may directly activate T-helper cells. On the other hand, activated 

T-helper cells secrete IL-2 and stimulate ILC2s to proliferate and secrete IL-13. They also 

demonstrated that the deletion of MHC-II resulted in impaired expulsion Nippostrongylus 

brasiliensis27. Other studies have reported similar results with findings suggesting that these 

bidirectional communications between ILC2s and CD4+ T helper cells not only resulted in the 

development of type 2 responses but also simultaneously suppressed type-1 immunity28. 

Therefore,  ILCs can be regarded as relayers and amplifiers of subset specific immune responses. 

  ILC2s produce large amounts of IL-13 that lead to tuft cell and goblet cell hyperplasia, 

activation of dendritic cells, and their subsequent migration to lymph nodes where they increase 

Th2 differentiation. ILC2s also produce IL-5, which leads to eosinophilia, B1 cell expansion, and 

production of IgM by B-cells. ILC2s along with pro-inflammatory functions, also play a crucial 

role in tissue homeostasis and repair29. The epithelium secretes a variety of factors like thymic 

stromal lymphopoietin (TSLP), IL-25, and IL-33 upon injury which alerts the immune system of 
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a breach in epithelial integrity, stress or injury. Hence these factors are also known as ‘alarmins’12. 

These alarmins are known to be potent activators of ILC2s30,31. 

 

 

Figure 1.2: ILC2s are crucial for the development of type-2 immune responses: In response to 
‘alarmins ’secreted from the injured epithelium, ILC2s produce type-2 cytokines to activate type-2 effector 

pathways (Image from  Wallrapp et al. Immunological reviews, 2018). 

  
1.3 Neuronal regulation of ILC2s  

Neuropeptides are protein molecules produced by neuroendocrine cells like enteroendocrine cells 

that affect neuronal activity as well as have endocrine functions32. Mongardi Fantaguzzi et al. and 

Merchant et al. demonstrated that enteric neurons are capable of both producing these 

neuropeptides as well as responding to them33,34. Additionally, the immunological effects of some 

neuropeptides are well studied. Stanisz et al. showed that neuropeptide exposure affected 
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lymphocyte proliferation and immunoglobulin synthesis in lymphoid tissues35. Substance P (SP) 

was demonstrated to augment the synthesis of inflammatory cytokines like IL-1, TNF- α, and IL-

6 in human monocytes36. Other neuropeptides produced by the enteric nervous system include 

neuromedin U (NMU)37, calcitonin gene-related peptide (CGRP)38, vasoactive intestinal peptide 

(VIP), substance P (SP)35 also have immunomodulatory effects. 

1.3A Neuromedin U (NMU) and ILC2s: Neuromedin U (NMU) is a structurally highly 

conserved neuropeptide. It is ubiquitously distributed, with the highest levels found in the 

gastrointestinal tract and pituitary. Two G-protein-coupled receptors, namely Nmur1 and Nmur2 

have been cloned recently. These receptors are widespread throughout the body39. However, there 

is  rather selective distribution of Nmur1 vs. Nmur2. Nmur1 is primarily expressed in the periphery 

on the smooth muscles, whereas Nmur2 is expressed in CNS39. 

Genome-wide transcriptional profiling of ILC2s by Cordoso et al. identified 

gene Nmur1 to be enriched in ILC2s when compared to other cells like ILC1s, ILC3s, and T-helper 

cells. Their findings show a robust expression of IL-5, IL-13, and amphiregulin by ILC2s upon 

NMU stimulation when compared to IL-33 and IL-25 stimulation. They also show that Nmur1 

deficient mice have noticeably decreased levels of ILC2 derived cytokines (figure 1.3A)40. Klose 

et al. demonstrated that ILC2s in the gut co-localize with cholinergic neurons expressing NMU. 

This study also established that NMU stimulation in ILC2s leads to rapid cell activation, 

proliferation, and potentiates the production of IL-5, IL-9, and IL-13. ILC2s lacking NMUR1 do 

not produce type-2 cytokines in response to NMU stimulation indication that NMU-NMUR1 

signaling in ILC2s modulates type-2 immune responses41. 

Wallrapp et al. corroborated these findings by first finding that Nmur1 is also expressed 

on the lung-derived ILC2 by undertaking scRNAseq of over 24,000 lung-derived ILC2s, and then 
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showing that NMU-NMUR1 axis plays a vital role in allergen derived lung inflammation. This 

study demonstrated that IL-25 and NMU have synergistic roles in activating ILC2 in the lungs.  

Both in vitro and in vivo experiments show that IL-25 in combination with NMU results in 

activation of inflammatory ILC2 population with higher expression of type 2 cytokines. They also 

demonstrate that the loss of NMU-NMUR1 axis results in reduction of inflammatory ILC2s and 

decrease in allergic lung inflammation induced using house dust mite (HDM) model42. These 

findings establish the importance of neuroimmune interactions at mucosal surfaces. 

1.3B Calcitonin gene-related peptide (CGRP) and ILC2 

The CGRP family of peptides includes CGRP, calcitonin (CT), adrenomedullin (AM), and amylin 

(AMY). These peptides have a widespread expression throughout the body, with particularly high 

distribution in the brain, GI tract, and circulation43. The Calcitonin receptor-like receptor 

(CALCRL) or calcitonin receptor (CALCR) along with receptor activity-modifying proteins 

(RAMPs)- an accessory protein, forms the receptor for these neuropeptides44. 

                Using single-cell RNA seq, Xu et al. showed upregulation of calca gene coded α-CGRP 

in ILC2s during intestinal inflammation but repressed expression of its receptor calcrl and Ramp1. 

Their findings show that α-CGRP on one hand, decreased KLRG1+ ILC2s proliferation, on the 

other hand, it upregulated IL-5 expression at an early time point but reduced its expression later 

suggesting that CGRP signaling plays a critical role in modulating ILC2s responses to regulate 

type 2 responses45. Wallrapp et al. also demonstrated that CGRP negatively regulated ILC2 

responses. The in vitro experiments showed that in conjunction with IL-33, CGRP significantly 

decreases IL-13 and increases amphiregulin (Areg). The CGRP treated ILC2s also show an 

increase in the expression of a number of “checkpoint” molecules together with the expression of 

FoxP3, a transcription factor that is critical for the differentiation of Tregs. CGRP not only alters 
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the cytokine expression by ILC2s, but it also suppresses their proliferation. In vivo experiments 

show that mice lacking the CGRP receptor have exacerbated responses to alarmins (figure 1.3B)46. 
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Figure: 1.3A: NMU regulates ILC2 responses: NMU-NMUR1 activation leads to increased 

production of inflammatory cytokine IL-5 and IL-13 in ILC2s (Image from Cardoso et al. Nature. 2017). 

 

Figure 1.3B: CGRP modulates ILC2 activity: CGRP signaling in ILC2 regulate type 2 responses by 

limiting the production of IL-13 without affecting IL-5 (Image from Wallrapp et al. Immunity, 2019). 
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Thus, these studies suggest that the two neuropeptides- NMU and CGRP appear to have divergent 

effects on ILC2 biology. While NMU enhances the inflammatory capacity of ILC2s potentiating 

type 2 immune responses, CGRP suppresses the inflammatory capacity of the ILC2s and in turn, 

curbs type 2 responses. 

1.4 Cytokines and ENS  

Different studies have shown that enteric neurons and glial cells can produce cytokines. Barajon 

et al. demonstrated that the enteric glia express functional toll-like receptors (TLRs), which upon 

lipopolysaccharide (LPS) stimulation have elevated levels of IL-1b47. Another study by Burguen 

et al. showed that upon LPS stimulation, ENS cultures produce TNF-α and IL-6 and that this 

cytokine release is blocked by inhibiting NF-kB signaling48. As detailed in the previous section, 

neuropeptides are capable of modulating immune function. However, evidence suggests that 

cytokines can in turn regulate neuronal activity too. As early as 1993, IL-1b was shown to induce 

substance P (SP) production in ENS49. Collins et al. also showed that IL-1b interaction in ex-vivo 

ENS cultures suppresses the release of acetylcholine and norepinephrine from stimulated 

neurons50. Thus, with each new finding, the neuro-immune interactions gain a more central role in 

modulating mammalian health and disease.  

1.4A.  IL-13 in ENS  

Recently, Zeisel et al. performed single-cell RNA sequencing on the entire mouse nervous system 

uncovering new cell classes within different neurons and non-neuronal cells51. Reanalysis of this 

data on single-cell RNA sequencing of enteric neurons showed that enteric neurons form distinct 

transcriptional clusters with unique neuropeptide profiles. Interestingly, a single subset expressing 

the genes for CGRP and NMU co-expresses the genes required to form the IL-13Ra/IL-4Ra 

heteroreceptor that interacts with both IL-13 and IL-4. Furthermore, this subset also expresses the 
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genes for molecules required for IL-13 signaling, such as jak1 and Stat6 (figure 1.4A). 

Nonetheless, how neuronal activation of IL-13Ra/IL4Ra heteroreceptor influences the enteric 

nervous system (ENS) function during intestinal inflammation is unknown. 
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a.       b.  

 

c.         

 

Figure 1.4A: Enteric neurons form distinct transcriptional clusters with unique 

neuropeptide profiles. Reanalysis of single-cell RNAseq data from the Linnarsson scRNA sequencing 

data set. Enteric neuron clusters and expression of signature neuropeptides, neuroactive ligands, and 

receptors (a,b). Expression of genes required for IL-13 signaling (c). 
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1.4B. Role of IL-33 in Inflammatory bowel disease 

Crohn’s disease and ulcerative colitis are the main types of inflammatory bowel disease (IBD). 

Though, the exact pathophysiology of IBD is not clearly defined, it is thought to be an abnormal 

inflammatory response to commensal organisms and immune cells getting activated by luminal 

antigens. Growing number of studies have identified different inflammatory cytokines driving 

these disease conditions. IL-33 has been identified by several studies as one of the key drivers of 

inflammatory response52–54. 

IL-33 belongs to the IL-1 family of cytokines and binds to its receptor - ST2. It acts as an 

‘alarmin ’and alerts the immune system to epithelial stress/damage. Studies have shown the role of 

IL-33/ST2 axis in inflammation as well as wound healing55,56. Bessa J et al. recently demonstrated 

that the consequences of IL-33 signaling might be decided by its cellular localization. 

Sequestration of IL-33 leads to a more pro-inflammatory condition. They developed a novel 

knock-in mouse strain IL-33tm1/+ mice in which IL-33 was localized to the cytoplasm.  These mice 

had significantly higher levels of serum IL-33 due to continuous release into the systemic 

circulation. These mice developed non-resolving inflammation and multi-organ failure leading to 

death. They were also able to rescue the mice by crossing it with a ST2 null mice57. 

IL-33 acts as a potent activator of the type-2 immune responses ILC2s, mast cells, Th2 

cells, and macrophages during helminthic infections and allergic inflammation40,58,59. Various 

studies have shown that IL-33, ST2 (the receptor for IL-33),  and a decoy receptor soluble ST2 

(sST2) are upregulated in the mucosa of patients with IBD60.  Latiano A et al. described genetic 

polymorphisms in IL33 and ST2 to be associated with the development of IBD61. The role of IL-

33 in experimental colitis is well studied. Malik et al. proved that il33-/- mice are highly 

susceptible to colitis. These mice had significantly higher weight loss, disease activity scores, and 
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shortening of colon length compared to wild type littermates at day 8 post 2% dextran sodium 

sulfate (DSS) administration54. 

 In addition to its role in IBD, IL-33 has been shown to increase the in vitro expression of 

Nmu transcripts in a model of enteric neuro-glial cultures40. However, it is unclear whether 

neurons, glia, or other contaminant cells in the culture are responsible for this effect. Unpublished 

data from our lab found that conditional deletion of IL-33 in a subset of enteric neurons and vagal 

neurons generated by breeding ST2 floxed mice with Phox2bcre/+ resulted in a phenotype similar 

to that shown by Malik et al. Phox2b is a homeobox gene that is necessary for the differentiation 

of visceral sensory ganglions in the peripheral nervous system (PNS)62. ST2ΔPhox2b mice have 

exacerbated DSS-induced weight-loss and shortened colons compared to wild type mice. (figure 

1.4B). However, this result was only observed in older female mice and only after having 

performed several assays for colonic motility, which may have injured the colonic tissue prior to 

the administration of DSS. Therefore, the relative contribution of ST2 in either intrinsic or extrinsic 

enteric-associated neurons are inconclusive. Nonetheless, the role ST2-signaling on PNS 

responses may be relevant in aged mice or after physical perturbation of the colonic epithelium 

and may be an interesting avenue to investigate in later studies. 
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Figure 1.4B. 6–7 month-old ST2ΔPhox2b mice that had undergone multiple rounds of the colonic bead 

propulsion assay display exacerbated DSS-induced weight-loss and shortened colons (Image from 

unpublished data from Kuchroo Lab). 

1.4C. Role of IL-27 in colitis 

IL-27  belongs to the IL-12 family of cytokines and is made up of two subunits: Epstein-Barr virus-

induced gene 3 (EBI3) and p2863. Myeloid cells, epithelial cells, plasma cells, and endothelial cells 

are known producers of IL-2764.  IL-27 signaling requires its cognate heterodimeric receptor IL-

27Ra and gp130. It  has been shown to signal via the Jak/STAT pathway inducing phosphorylation 

of STAT1, 3, 5, or 665,66. Additionally, IL-27 activation has also been reported to signal through 

p38MAPK, ERK, and Akt signaling65. Multiple functions of IL-27 have been delineated since its 

discovery, like inducing the expansion of naïve T cells, enhancing interferon-γ production by naïve 
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T cells and NK cells63, blocking Th2 cytokine expression by suppressing GATA-3 expression67, 

suppressing RORγt and inhibiting the expression of IL-17A and IL-17F68. However, IL-27 has 

been specifically shown to differentiate IL-10 producing Tr1 cells that are critical for regulating 

immune responses and resolve inflammation69. 

IL-27 was identified as a candidate gene for increased susceptibility to IBD70–72. Imielinski 

M et al. demonstrated that healthy individuals carrying two copies of risk allele expressed 

significantly lower levels of IL-27 when compared to healthy individuals with two copies of the 

non-risk allele. This correlated well with the lowered colonic expression of IL-27 in early-onset 

Crohn’s disease patients compared to healthy controls 70. Two studies showed that in Chinese and 

Korean populations, polymorphisms in IL-27 are associated with risk for IBD 71,72. 

Numerous studies have shown that IL-27 is protective during colitis in mice. 

Administration of oral IL-27 resulted in decreased colonic inflammation73. Similarly, studies have 

also shown that genetic ablation of IL-27 or its neutralization results in severe colitis74,75. Hanson 

et al. used T-cell transfer model of enterocolitis to show that oral administration of recombinant 

IL-27 producing bacteria in mice resulted in increased survival and significantly lowered 

histopathology scores in colon and small intestine. They also demonstrated that IL-27 treatment 

could reduce disease activity in dextran sulfate sodium (DSS)-induced colitis73. Interestingly, we 

identified a group of enteric neurons in recently published data on single-cell RNA sequencing 

that expresses Il-27 gene suggesting that this cluster ‘ENT 8  ’is capable of producing IL-2751 

(figure1.4C). 
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Figure 1.4C: Expression of Il-27 gene in neuronal subsets – Single-cell RNA sequencing data from 
Linnarsson data set illustrate the expression of Il-27 gene by one subset of enteric neurons (Image from the 

Linnarsson data set - http://mousebrain.org/genesearch.html). 

 
Section 1.5 Scientific Rationale 

The literature is now replete with studies identifying the communications between the nervous 

system and the immune system. Several studies as described above, have shown the 

immunomodulatory effects of neuropeptides. However, the direct effects of cytokines produced 

during intestinal inflammation on enteric neuron function remain unexplored. Similarly, the 

functional effects of cytokine produced by enteric neurons are also not defined. Therefore, we 

hypothesize the following –  

i. The activation of IL-13Ra/IL-4Ra heteroreceptor expressed on enteric neurons can 

directly alter enteric neuron responses. 

ii. IL-33/ST2 signaling in enteric neurons might play a role in modulating intestinal 

inflammation. 

iii. IL-27 produced by enteric neurons may regulate the intestinal immune response during 

inflammation.  
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With this study, we hope to further our understanding of the complex bidirectional 

communications that occur between the enteric nervous system and the immune system that 

regulate intestinal immune responses in health and disease.  
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Chapter 2 

To study the neuro-immune interactions that shape intestinal immune responses, we used enteric 

neuro-glial cultures derived from post-natal neural stem cells isolated from mice. We also used 

DSS -induced colitis model of intestinal inflammation to study the effects of lack of IL-33/ST2 

signaling and IL-27 production by enteric neurons. 

Section 2.1: Materials and Methods  

A.  Enteric Neuro-Glial Cultures  

a) Isolating Neural Crest Stem cells-  

Postnatal day 0– 4-day old pups were decapitated, and the small intestine was dissected out. The 

small intestine was cut in 3 parts, and myenteric plexus were gently isolated and placed in ice-cold 

holding buffer. (Table 1). The myenteric plexuses were then transferred to sterile eppendorfs 

containing digestion buffer (Table 2) and chopped into smaller pieces to aid digestion. For day- 0 

old pup, entire small intestine and colon was dissected. The tissue was transferred to a conical 

flask containing 10mL of digestion buffer and incubated at 37°C at 550rpm for 30 mins.  The 

digestion was quenched by adding an equal volume of sterile DMEM/F-12, strained through 40µm 

strainer into sterile 50mL conicals, and centrifuged at 200g for 8 mins. After discarding the 

supernatant, the pelleted cells were washed with DMEM/F-12 thrice to ensure complete removal 

of the digestion buffer. The cells were then resuspended in 1mL of the neurosphere medium (Table 

3), plated in low adhesion plates, and incubated at 37°C with 10 % CO2 for 6 days. 500µL of media 

was replaced every day. 
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Reagent Dilution Factor Final Conc. Stock Conc. 

HBSS (No Ca/Mg) - - - 

HEPES 1:100 10mM 1M 

Pen//Strep 1:100 1x 100x 

Gentamicin 1:500 1x 500x 

FBS 1:20 5% 100% 

Table 1: Composition of Holding buffer 

 

Reagent Dilution Factor Final Conc. Stock Conc. 

HBSS (+Ca/+ Mg) - - - 

HEPES 1:100 10mM 1M 

Pen//Strep 1:100 1x 100x 

Gentamicin 1:500 1x 500x 

FBS 1:20 5% 100% 

Liberase TH 1:25 200µg/mL 5mg/mL 

DNase 1:100 25µg/mL 2.5mg/mL 

Table 2: Composition of Digestion Buffer 
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Reagent Dilution Factor Final Conc. Stock Conc. 

DMEM/F12 - - - 

HEPES 1:100 10mM 1M 

Pen//Strep 1:100 1x 100x 

Gentamicin 1:500 1x 500x 

FBS 1:20 5% 100% 

Glutamine 1:100 1x 100x 

b- Mercaptoethanol 1:1000   

N2 supplement 1:100 1x 100x 

B27 supplement 1:50 1x 50x 

FGFb 1:1000 10ng/mL 10µg/mL 

EGF 1:1000 10ng/mL 10µg/mL 

GDNF 1:2000 50ng/mL 100µg/mL 

Table 3: Composition of Enteric Neurosphere media 

b) Accutase dissociation  

On day 6, the neurosphere cell suspension was transferred to a 15mL conical tube and centrifuged 

at 100g for 1 minute. The supernatant was gently aspirated leaving, the neurospheres at the bottom 

of the tube with approximately 100 μL of media. The neurospheres were resuspended in 5mL PBS 
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and centrifuged at 100g for 1 minute. The supernatant was aspirated, and 1mL of diluted (1in 5) 

or undiluted accutase was added directly on the pelleted neurospheres and incubated at room 

temperature or 37°C for 10 min. The neurospheres were gently pipetted up and down to obtain a 

single-cell suspension. 4mL of fresh neurobasal medium was added to neutralize accutase. The 

cells were then centrifuged at 200g for 4 minutes. The supernatant was discarded, and cells were 

resuspended in 1mL of neuron differentiation media (Table 4). Cells were counted and plated on 

matrigel coated chamber slides and 96-well plates at 20,000 cells/well and 10,000 cells/well, 

respectively. 
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Reagent Dilution Factor Final Conc. Stock Conc. 

Neurobasal-A medium - - - 

BSA solution 1:30 1% 30% 

HEPES 1:100 10mM 1M 

Pen//Strep 1:100 1x 100x 

Gentamicin 1:500 1x 500x 

Glutamine 1:100 1x 100x 

b- Mercaptoethanol 1:1000   

N2 supplement 1:100 1x 100x 

B27 supplement 1:50 1x 50x 

GDNF 1:2000 50ng/mL 100µg/mL 

+/- Cytosine Arabinoside 1:20000 10µM 205.57mM 

 

Table 4: Composition of Neuron Differentiation Media 

c) Neuron differentiation after accutase dissociation  

100µL/200µL of the 1:200 diluted Matrigel was added to the precooled culture plates/ chamber 

slides and incubated at 37°C for 2 hours. The coated wells were washed twice with HBSS, and 

100µL/200µL of the neuron differentiation medium was added to the culture/ chamber-slide wells 

immediately to prevent matrigel from drying out. The semi-dissociated cells were then plated onto 
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the matrigel-coated wells to make the final volume of 200µL/ 400µL of differentiation medium 

and cultured at 37 °C with 5 % CO2 for 6 days. The 100µL /200µL medium is changed every day. 

Cytosine arabinoside, which is an antimitotic agent, was added at a final concentration of 10µM 

on day 5 to the wells to prevent glial overgrowth. Neuro-glial cultures in chamber-slides were used 

for immunocytochemistry. Cultures in 96-well plates were stimulated with vehicle/IL-13/IL-4 at 

a concentration of 50ng/mL for 24 hours. RNA was extracted, and qPCR was performed to 

measure changes in mRNA expression between the three groups. 

B. Immunocytochemistry  

      a) Fixation – On day 5, 500µL of 4% paraformaldehyde (PFA) fixative solution was added to 

each well and incubated for 5 minutes at room temperature.  The supernatant was discarded. 500µL 

of fresh 2 % PFA was added for 10 mins at 4°C. The wells were washed twice with phosphate-

buffered saline (PBS) and covered with 500µL of wash buffer. 

Reagent used: 

• Primary  & Secondary Antibodies – Table 5 

• Blocking buffer: 10% normal donkey serum, 0.1% Tween20 in 1X TBS and Mouse IgG 

(1:100)  

• DAPI: 1:10,000  

• Wash buffer: 0.1% Tween20 in 1X TBS  

b) Staining: The fixed cells were washed 3 times in 500µL of wash buffer. Biotin-avidin kit 

was used to block endogenous biotin as per manufacturer’s instructions. Cells were blocked in 

blocking buffer for 45 minutes, primary antibodies (Table 5) were added and incubated at 4°C 

overnight. The cells were then stained with secondary antibodies (Table 5) for 1 hour at room 
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temperatures. DAPI was used as a nuclear stain and slides were visualized using a fluorescent 

microscope or a confocal microscope.  

Marker Clone Catalogue Number/ Manufacturer Antibody Type Dilution factor 

ß-Tubulin 3 – AF488 Tuj1 801203 (BioLegend) Primary 1:500 

HuCD 16A11           A- 21272 (Invitrogen) Primary 1:500 

Sox 10 Polyclonal 221733 (Abcam) Primary 1:100 

GFAP 2.2B10 13-0300 (Invitrogen) Primary 1:500 

CGRP Polyclonal Ab36001 (Abcam) Primary 1:100 

IL-13ra1 Polyclonal Ab79277 (Abcam) Primary 1:500 

SA – AF568 - S11226 (Thermo Fischer Scientific) Secondary 1:100 

SA – AF 488 - 405235 (BioLegend) Secondary 1:200 

Donkey anti Rat – Dy 

650 

Polyclonal SA5-10029 (Thermo Fischer 

Scientific) 

Secondary 1:500 

Donkey anti Rabbit PE Polyclonal Poly4064 (BioLegend) Secondary 1:500 

Donkey Anti Rabbit 

AF647 

Polyclonal 406414 (BioLegend) Secondary 1:100 

Donkey anti goat AF 

568 

Polyclonal A11057 (Invitrogen) Secondary 1:200 

 

   Table 5: List of primary and secondary antibodies used in different ICC experiments 
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C. Quantitative Polymerase Chain Reaction (qPCR) 

Total RNA was extracted using the Picopure RNA Isolation Kit (Arcturus) and cDNA synthesized 

with the iScript cDNA synthesis kit (Bio-Rad). Calcb, Nmu, Vip, Penk, and Tac1, Il-4ra expression 

levels were measured using qPCR with ß actin as the internal standard. Expression levels were 

normalized to housekeeping gene ß actin and also to Tubb3. Relative expression was calculated 

by ΔΔCt. The primers used where - Il4ra (Mm01275139_m1), Calcb (Mm00446498_m1), Nmu 

(Mm01216385_m1), Tac1(Mm0116696_m1), Vip (Mm00660234_m1), Penk  

(Mm01212875_m1), Tubb3 (Mm00728586_s1), S100b (Mm00485897_m1).  

D. DSS-induced colitis models of intestinal inflammation 

Conditional knockout mice lacking the ST2 receptor in enteric neurons were generated by breeding 

Phox2bCre/+ mice with ST2fl/fl. Similarly, conditional knockouts lacking IL-27 expression in enteric 

neurons were generated by breeding Hand2Cre/+ mice with P28fl/fl. 

i. Acute Colitis Model:  1.5-2.5% of Dextran sodium sulfate (DSS) was prepared by 

dissolving DSS in drinking water. The mice were given this ad libitum for 6 days and then 

switched to regular drinking water for 3 days. On day 9, the mice were euthanized, the 

colon was carefully dissected out, and the length was measured. The  tissue was processed 

further for histological examination. The spleen was also weighed. 

ii. Chronic Colitis Model: The mice were given 1.5 - 2% DSS solution ad libitum for 6 days 

and then switched to regular water from day 7 up till day 19. A second round of DSS was 

administered for 6 days from day 20-25. Mice were given regular water for the next 3 days 

and then sacrificed, the colon was carefully dissected out. The tissue samples were 

processed as described for the acute DSS colitis model. 
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E. Histological Examination: The colon was fixed in 4% paraformaldehyde overnight at 4 ºC and 

put in 30% sucrose for 24 hours. The tissues were cryopreserved in OCT and sectioned at a 

thickness of 5 µm. The tissue sections were sent to the histopathology core at DFCI for 

hematoxylin & eosin staining to obtain inflammation score. The pathologist was blinded to the 

experimental groups. 

F. Data Analysis 

Statistical analysis was performed using GraphPad Prism Version 5 (GraphPad Software, USA). 

Significance was determined by a two-tailed unpaired Student t-test with Welch’s correction or 

ANOVA as indicated in figure legends. Results are expressed as mean ± SEM. 
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Section 2.2: RESULTS  

A. Optimization of enteric neuro-glial culture 

Enteric neurons are rare cell populations dispersed between the intestinal tissue layers, which 

makes their isolation technically challenging. Moreover, the culture of primary adult enteric 

neurons does not yield a large number of neurons for subsequent experiments76. The presence of 

food debris, microbes, various cell types in the tissue and anatomically diffuse distribution of 

plexuses embedded in the muscle layers and mucosa not only make their isolation difficult76 but 

there is also a possibility of contamination with smooth muscles cells and fibroblast which results 

in mixed cell populations in the cultures. These mixed cultures may significantly alter 

experimental outcomes. 

Neurospheres are free-floating clusters of neural stem cells which, are derived from a 

single-cell suspension of neural stem and progenitor cells isolated from the adult or fetal enteric 

nervous system. Dettman et al. showed that postnatal progenitor cells of the ENS can proliferate 

and generate neurons and glia in vitro77. Other studies have also shown that embryonic, postnatal 

murine fetal gut, as well as human tissue78–80 can be used to isolate neural crest stem cells and 

generate functional enteric neurons. The culturing conditions are such that other cell types die 

during the process76. Thus, the neurospheres derived enteric neuro-glial cultures yield purer 

populations of neurons and glia.  

However, neurospheres cultures are very sensitive to the culturing technique. Minor 

variations like changes in cell density, different constituents, or concentrations of factors in the 

media greatly affect the final yield. Additionally, neurospheres contain cells at various stages of 

differentiation, including stem cells as well as proliferating neural progenitor cells and postmitotic 

neurons and glia, this poses a problem when consolidating and interpreting data, even within the 
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same study81. Hence, we first set out to optimize the culturing technique in order to get a higher 

yield. Once optimized, the enteric neuro-glial cultures will provide a way to study the enteric 

nervous system and its interactions with other cell types in a controlled environment. 

Using the published protocols as a starting point, we investigated the effects of different 

enzymes, digestion temperature, and length of digestion on the effectiveness of tissue dissociation. 

These three factors have the most effect on the viability of the cells. Most studies used either 

collagenase alone or in combination with trypsin or dispase. Collagenase cleaves the collagen 

triple helix and is very effective at digesting collagen-rich extracellular matrix82. Zhang et al. used 

collagenase at a concentration of 1mg/ml along with 0.05% Trypsin, a protease for digesting the 

tissue76. Initially, we tested the combination of Liberase Th, which contains highly purified 

Collagenase I, Collagenase II, and thermolysin, a neutral protease along with trypsin at 37º C for 

45 mins. Our findings suggest that though trypsin resulted in better dissociation, it was also more 

damaging to the cells, decreasing the overall viability and yield. For our next experiments, we 

excluded trypsin from our digestion cocktail and added DNase, which is an endonuclease that leads 

to degradation of extracellular DNA, and thus prevents loss of cells due to clumping 83. The 

combination of Liberase Th and DNase was used to digest the isolated gut tissue at 37º C. This 

digestion medium containing Liberase Th and DNase gives adequate digestion, and at the same 

time, is gentle on the neural stem cells preserving their viability (figure 2.1 a). We also found that 

limiting the digestion time to 30 mins was beneficial in preserving the viability of the stem cells.  

We next attempted to identify better culturing conditions for optimizing the yield. Compared to 

other studies that changed the medium every three days77, we found that replenishing the 

neurosphere cultures with fresh medium every day (Table 2) yielded larger neurospheres (figure 

2.1 b). 



 

30 

Subsequently, we identified the conditions optimal for dissociation of the neurospheres. For this, 

we tested the efficacy of Accutase, a natural enzymatic mixture that has proteolytic and 

collagenolytic enzyme activity, at different temperatures and dilutions (Table 6). 

Undiluted Accutase Undiluted Accutase 1:5 dilution Accutase 1:5 dilution Accutase 

10 mins @ RT 10 mins @ 37 ℃ 10 mins @ RT 10 mins @ 37℃ 

 

Table 6: Different Accutase dilutions and temperature conditions tested  

As opposed to Zhang et al., our results show that using undiluted accutase at room temperature 

(RT) for 10 mins dissociated the cells well, and also preserved their viability (figure 2.1 c)76. 

Diluted accutase did not result in effective dissociation with multiple neurospheres remaining 

intact (not shown). Although  undiluted accutase at 37℃ dissociated the cells better, it also affected 

the viability of the cells, decreasing the final yield. As per protocol, the dissociated cells were then 

plated on Matrigel-coated plates and allowed to differentiate for five days (figure 2.1d & e). on 

day-5, enteric neuro-glial culture shows reticular growth, with abundant expression of ß-Tubulin 

3(TUJ1) and few cells expressing GFAP, a glial marker (figure 2.2a). 

For the initial experiment, immunocytochemistry was performed on day 2 to demonstrate 

the presence of neurons and glia in the culture and also study IL-13Ra expression. Cells at day 2 

appear to be bipotential progenitor cells expressing both HuC/D, a neuronal marker, and GFAP 

(glial fibrillary acidic protein), a glial marker. These cells also express IL-13Ra (figure 2.2 b). For 

subsequent experiments, the cells were allowed to differentiate for five days. IL-13Ra appears to 

be expressed on neuronal cell bodies(figure 2.2 c). Isotype control was used to validate the 

expression of IL-13Ra on enteric neurons (figure 2.2 d). 
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a.       b. 

                               

c.        d.  

                              

        e.          

                                                   

Figure 2.1: Optimization of enteric neuro-glial culture - Neural crest cell progenitors isolated from 1-
day old pups- day 0 (a). Neurospheres in culture – day 6 (b). Single cell suspension obtained after accutase dissociation 
at room temperature for 10 mins (c). Neuron differentiation after day 2 (d) Neuron differentiation after day 5 (e). 
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a. 

 
b. 

 
c. 

 
d.  

 
 
Figure 2.2: Enteric neuro-glial culture show reticular networks - Immunofluorescent images of 
culture stained with ß-Tubulin -3 (Tuj1), a neuronal marker, and GFAP a glial marker (a). Bipotential progenitor cells 
express IL-13Ra1 as early as day 2(b). In 5-day old cultures, IL-13Ra expression appears to be on neuronal cell bodies 
(c) . Isotype control for IL-13Ra and no primary antibody control for ß-Tubulin -3 (d).   
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B. IL-13/IL-4 stimulation on enteric neuro-glial cultures alters mRNA expression  

To understand the effects of IL-13/IL-4 stimulation on neuro-glial cultures, we stimulated these 

cultures with vehicle/IL-13/IL-4 for 24 hours. Transcript levels of various neuropeptides (as 

discussed in section 2.1 C) were studied. Relative expression of Calcb and Nmu both were 

significantly increased upon IL-13/IL-4 stimulation. A greater change was observed with IL-13 

stimulation than IL-4 stimulation (Figure 2.3 a,b). Interestingly, both of these neuropeptides have 

been shown to have immunomodulatory effects on the functioning of ILC2s42,46. However, no 

significant change was noted in the expression levels of Il-4ra (figure 2.3 c). Relative expression 

of Penk was observed to be slightly increased with IL-4 stimulation but,  an increase in its 

expression level after IL-13 was not significant. (figure 2.3 e). Similarly, no significant changes in 

expression levels were observed in Vip and Tac1 (figure 2.3 d, f). These findings suggest that 

enteric neurons alter their expression of NMU and CGRP upon IL-13/IL-4 stimulation. More 

studies are needed for an in-depth understanding of the exact mechanisms of these interactions. 
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a.            b.       c.  

                   

 

d.      e.       f.    

                    

Figure 2.3: IL-13/IL-4 stimulation increases Nmu and Calcb expression in neuro-glial 

cultures. Relative expression of Calcb and Nmu (a,b). Il-4ra expression upon IL-13 and IL-4 treatment (c). Relative 

expression on Vip (d), Penk (e), and Tac1(f). Data is representative of 5 biological replicates.  
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C. Effect of absence of IL-33-ST2 signaling in enteric neurons on DSS-induced colitis  

To study the role of IL-33-ST2 signaling in intestinal immunity, we used the dextran sodium 

sulfate (DSS) model to induce colitis. Mice lacking ST2 receptors in enteric neurons were 

generated by breeding Phox2bcre/+ mice with ST2fl/fl mice on B6 background. Phox2b is a 

homeobox gene essential for normal development of the enteric nervous system. In the absence of 

functional Phox2b, the development of ENS is impaired84.  

2 % DSS was administered to 3-month-old, sex-matched wild type mice (ST2fl/fl) and conditional 

knock out mice (ST2ΔPhox2b) as described in section 2.3. However, as opposed to previous findings 

from our lab (figure 1.4B), there was no significant difference in weight loss between the control 

and experimental group in acute DSS colitis model (figure. 2.4 a). We switched to a chronic model 

of DSS-induced colitis, based on the hypothesis that the absence of IL-33/ST2 signaling in enteric 

neurons might either delay recovery from initial insult or lead to more severe colitis with a second 

DSS challenge. Unfortunately, there was still no noticeable difference in the body weights between 

the two groups (figure. 2.4b). Also, no significant differences were noted in colon length and 

splenic weight in the two groups (figure. 2.4 c, d). Similarly, the histopathological examination 

revealed that both the groups developed intestinal inflammation of similar magnitude (figure. 2.4 

e). 

On comparing with the previous experiments, we found that the mice used for the current 

experiments were much younger than the ones used in the previous experiment. This might explain 

the absence of a phenotype. Chassaing et al. found that development of DSS-induced disease was 

slower in young animals when compared to older mice. This might be attributed to lower food 

demand and decreased water intake in younger mice85. Interestingly, the mice in the previous 

experiment had also undergone multiple colonic motility assays, where an intrarectal bead was 
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inserted to calculate gut motility before administering DSS. This maneuver may have resulted in 

some inflammation prior to DSS administration that affected the outcome.  

Nonetheless, on repeating the experiment with older mice (5 months old), no remarkable 

difference was noticed in the bodyweight on administration of 2.5% DSS between the wild type 

and conditional knockout (figure 2.5 a). Interestingly, the colon length of females was significantly 

shorter in the cKO mice than wild type (figure 2.5 b). However, there was no significant difference 

in colon length between male mice of the two groups (figure 2.5 c). These findings are in conflict 

with another study that showed that male mice, in general, develop more significant and aggressive 

disease than females85. No remarkable difference was observed in splenic weight between the two 

groups (figure 2.5 d). Histological examination showed same degree of severe intestinal 

inflammation in both the groups (figure 2.5 e). 

These data indicate that IL-33/ST2 signaling in enteric neurons may not directly modulate DSS-

induced colitis in mice.  
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a.               b. 

                

c.                                                    d.  

                                              

  e.  

                                                 
Figure 2.4: Ablation of ST2 in enteric neurons (ST2ΔPhox2b) does not alter susceptibility  DSS 
induced colitis – Daily bodyweights of 3-month old mice (n=7 WT, n=5 cKO) expressed as a percentage of day 
0 in acute (a) and chronic (b) DSS colitis model. Data is presented as mean  ±SEM and was analyzed using 2-way 
ANOVA. Differences in colon length and splenic weight (c, d). Inflammation Score - normal or mild inflammation = 
1, moderate inflammation = 2, severe inflammation = 3, very severe inflammation associated with mucosal ulcerations 
= 4 (e). Data is presented as mean  ± SEM and was analyzed using Student’s t-test. 
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a.  

     
   
   b.        c.               

                                                      

       d.        e.    

                                                             

Figure 2.5: Ablation of ST2 in enteric neurons (ST2ΔPhox2b) does not alter susceptibility  DSS 
induced colitis – Daily weight of 5-month old mice (n=13 for WT and n= 7 cKO) expressed as a percentage of 
day 0 in acute (a) DSS colitis model. Data is presented as mean  ±SEM and was analyzed using 2-way ANOVA. 
Differences in colon length in males and females (b, c) and splenic weight (d). Inflammation Score - normal or mild 
inflammation = 1, moderate inflammation = 2, severe inflammation = 3, very severe inflammation associated with 
mucosal ulcerations = 4 (e). Data is presented as mean  ± SEM and was analyzed using Student’s t-test. 
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D. Effect of absence of IL-27 production from enteric neurons on DSS- induced colitis 

To study the role of lack of IL-27 production from enteric neurons in intestinal immunity, we used 

the dextran sodium sulfate (DSS) model to induce colitis, as described earlier. Mice lacking P28 

subunit (that is needed to make functional IL-27) in enteric neurons were generated by breeding 

Hand2cre/+ mice with P28fl/fl mice on a B6 background. Hand2 encodes for basic helix-loop-helix 

transcription factor that is essential for the terminal differentiation of enteric neurons. In the 

absence of Hand2, neural crest cells migrate to the gut but fail to differentiate into functional 

enteric neurons86. 

1.5% DSS was administered to 3-month-old, sex-matched wild type mice (P28fl/fl) and conditional 

knock out mice (P28ΔHand2) as described in section 2.3. The dosage of DSS was reduced to 1.5% 

as opposed to 2% used previously, as five mice succumbed to the disease during the previous 

experiment. No significant difference in bodyweight was observed between the control and 

experimental group in the  acute DSS colitis model (figure. 2.6 a). With the second challenge of 

1.5% DSS, we hypothesized that since IL-27 is believed to be protective in colitis, its lack thereof 

would result in worsened disease. However, there was still no noticeable difference in the 

bodyweights between the two groups (figure. 2.6 b). Also, no significant differences were noted 

in colon length and splenic weight in the two groups (figure. 2.6 c, d). On histological examination, 

we did not observe any significant difference between the two groups (figure. 2.6 e). 

 As younger mice tend to have delayed disease onset85, we repeated the experiment with 5-

month old mice and 2% DSS challenge, to determine whether IL-27 production by enteric neurons 

can affect disease activity. Only female mice were used in this experiment. As seen with our 

ST2ΔPhox2b mice, even though we did not observe any significant changes in the bodyweights of 

the control mice and conditional knockouts (figure. 2.7 a), there was significant shortening of colon 
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length in female cKO mice (figure. 2.7 b). Spleen weights did not have any noteworthy difference 

between the two groups (figure. 2.7 c). Similarly, histopathological examination revealed that there 

was no significant difference between the experimental groups. Both groups suffered only a mild-

moderate degree of intestinal inflammation (figure. 2.7 d) 

These data suggest that IL-27 production from enteric neurons may not play a significant role in 

modifying DSS-induced colitis in mice.  
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a.        b.  

                         

            c.                   d.                                     

                                         

           e.  

                

Figure 2.6: Deletion of P28 in enteric neurons (P28ΔHand2) does not alter susceptibility to DSS 
induced colitis- Daily body weight of 3-month old mice (n=8 WT, n=4 cKO) expressed as percentage of weight 
on day 0 in acute (a) and chronic (b) DSS colitis model. Data is presented as mean  ±SEM and was analyzed using 
2-way ANOVA. Differences in colon length and splenic weight (c, d). Inflammation score - normal or mild 
inflammation = 1, moderate inflammation = 2, severe inflammation = 3, very severe inflammation associated with 
mucosal ulcerations = 4 (e). Data is presented as mean  ± SEM and was analyzed using Student’s t-test.  

ns ns 
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a.  

 

b.        c.  

                                                                   

     d.    

                        

Figure 2.7: Deletion of P28 in enteric neurons (P28ΔHand2) does not alter susceptibility  to DSS 
induced colitis – Daily bodyweight of 5-month old female mice (n=5 WT, n=6 cKO) expressed as percentage of 
weight on day 0 in acute (a) DSS colitis model. Data is presented as mean  ±SEM and was analyzed using 2-way 
ANOVA. Differences in colon length and splenic weight (b, c). Inflammation Score - normal or mild inflammation = 
1, moderate inflammation = 2, severe inflammation = 3, very severe inflammation associated with mucosal ulcerations 
= 4 (d). Data is presented as mean  ± SEM and was analyzed using Student’s t-test.  
  

ns 
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Chapter 3  

DISCUSSION  

A major part of the project was focused on developing and optimizing an in vitro method for 

studying the enteric nervous system and its interactions with the immune system. Isolation of 

muscularis from the postnatal fetal gut was technically challenging, but this technique resulted in 

avoiding mucosal contamination in the cultures. As described earlier, neurosphere cultures are 

extremely sensitive to culture conditions. The age of the pups also greatly affected the number of 

neural crest stem cells isolated. The initial isolation of neural stem cells from day-7 old pups was 

very low. Similarly, variations in concentration of Liberase Th and DNase, and the duration of the 

digestion were other important factors that influenced the yield of neural stem cells vastly. 

Therefore, initial cultures did not yield enough neural stem cells to generate adequate number of 

neurons for further analysis.  

        The next challenge in optimization was to determine the optimal temperature and dilution for 

dissociating the neurospheres using accutase. Using published protocols as guidelines, dissociation 

of neurospheres with undiluted accutase at 37 ºC for 20 mins dissociated the neurospheres better 

than other conditions described in table 6, but it also greatly affected their viability. In our hands, 

accutase worked best at room temperature for just 10 mins. Our latest protocol appears to yield 

enough neurons and glia. However, it needs further evaluations and adjustments to generate a 

stable culture system that yields pure enteric neuro-glial cell populations that can be used to study 

the ENS. Once optimized, this culture system will provide a way to study the enteric nervous 

system in a controlled environment. These cultures can then be used to study the effects of various 

cytokines directly on the enteric neurons. Furthermore, these cultures can also be used to identify 

electrophysiological changes induced in the ENS upon cytokine stimulation. We also hope to co-
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culture the enteric neuro-glial cells with different immune cells to better understand the 

bidirectional communications between the ENS and immune system. Our next steps also include 

doing single-cell RNA sequencing on these cultures in order to understand the effects of cytokine 

stimulation on neurons at the transcriptomic level. 

One of the shortcomings of our experiment to validate IL-13ra expression in the neuro-

glial cultures was that we did not include an isotype control in the primary experiment. However, 

for our next experiment, we included an isotype control and validated the expression of IL-13ra1 

in enteric neurons. Our qPCR results show significant increase in expression of Calcb and Nmu 

by enteric neuro-glial cultures on IL-13 stimulation. It would be important to corroborate these 

findings by using other techniques like western blot, ELISA or antibody staining. In addition, we 

have saved the supernatant from our cultures to test for cytokine and neuropeptide concentrations 

to further strengthen our observations. One limitation of our qPCR experiment was that RNA for 

each testing condition was pooled from cells subjected 2 days of cytosine arabinoside (CA) as well 

as cells subjected to CA for one day. This was done in order to have an adequate amount of RNA 

for the qPCR. CA might have some effect on gene expression and hence affect the interpretation 

of end results For future experiments, we will ensure that culture conditions remain uniform 

throughout so as not to have any unknown variable affecting our results.  

Furthermore, as is inherent to all in vitro models, our enteric neuro-glial cultures do not 

recapitulate the complex interactions that occur in an organism. The communications between 

multiple cell types and feedback mechanisms that regulate different physiological responses to a 

stimulus are absent in the in vitro set-up. Consequently, observations made in these culture systems 

may not necessarily be reproducible in in vivo models. To address this issue, we plan to generate 

a conditional knockout of mice lacking IL-13Ra1expression in enteric neurons by breeding 
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Phox2bcre/+ mice and Hand2cre/+ mice with IL-13Ra1 floxed mice, respectively. These conditional 

knockouts will be used to study the effect of this deletion on different disease models like DSS 

colitis, Oxazolone colitis, etc. These studies will help to improve our understanding of the 

neuroimmune interactions that govern gut health.  

Our study on the role of IL-33/ST2 signaling in the enteric nervous system stemmed from 

unpublished data from our lab, which demonstrated alteration in gut motility on administration of 

recombinant IL-33 and also in global ST2 knock out mice. However, we could not reproduce these 

results when using conditional ST2 knock out mice. One of the major caveats of this study was 

that we were not able to validate the expression of ST2 receptor in enteric neurons. Moreover, 

reanalysis of the publicly available data sets on single-cell RNA seq on ENS did not reveal ST2 

expression on any of the ENS neuron clusters51. A lack of ST2 expression in enteric neurons may 

explain the absence of a phenotype in DSS-induced colitis in these mice. The use of recombinant 

IL-33 and global ST2 KO in previous experiments might have resulted in changes in other cell 

types that may account for the observed alterations in gut motility in these experiments.  

  Despite having the evidence of IL-27 production by a subset of enteric neurons at the 

transcriptional level, we did not observe any significant differences in DSS-induced colitis 

between the wild type and the conditional knock out. We hypothesize that this might be due to two 

possible reasons. One, IL-27 may not be produced in sufficient quantities by the enteric neurons 

that its lack thereof would alter disease response. Second, and in our belief more likely, is that IL-

27 from other immune cells in the gut is sufficient to compensate in regulating disease response in 

DSS-induce colitis. An in-depth investigation to identify the stimuli that lead to production of IL-

27 from enteric neurons and whether it is produced in physiologically relevant concentrations 

might give us more insight into the function of this cytokine in ENS.  
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We used Cre-Lox system to generate our conditional knockout mice i.e ST2ΔPhox2b and 

P28ΔHand2. Though the expression of Phox2b and Hand2 in enteric neurons was validated using 

reporter mice (Phox2b-cre- TdTomato and Hand2-cre- TdTomato), it might be worthwhile to 

evaluate the efficiency of deletion of ST2 and P28 in enteric neurons by analyzing mRNA 

expression of ST2 and P28 in target tissues.  

                          Lastly, in the last decade, studies have delineated the importance of neuro-immune 

interactions that shape an organism’s response during homeostasis as well as disease. Studies have 

demonstrated that on one hand, immune cells express receptors for neurotransmitters and 

neuropeptides and thus respond to neuronal cues; on the other hand, increasing number of neurons 

expressing different cytokines receptors are being identified, suggesting that cytokines can 

modulate neuronal function87. These neuro-immune interactions play a major role in the 

development and modulation of different diseases like autism, multiple sclerosis, chronic 

inflammatory conditions like IBD, and cancer88. Nonetheless, we are only just beginning to 

understand the fundamentals of these interactions and their effect on physiology. Cellular and 

molecular mechanisms regulating these interactions remain poorly understood. Each new 

advancement in the field brings with it more complex questions. The use of novel technologies 

like optogenetics, 3-D organ culture systems, and live-cell imaging might provide answers to the 

spatiotemporal location, dynamic communications between the different cell types, and their 

physiological effects in real-time.  

  Our findings from enteric neuro-glial cultures suggest the existence of a previously 

unidentified neuron-ILC2 circuit. On one hand, neurons secrete NMU and CGRP that modulate 

ILC2 function, and in turn, ILC2s produce IL-13 which potentiates secretion of both NMU and 

CGRP from these neurons. Since these peptides have opposite effects on ILC2 function,  
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physiological conditions might dictate the activity of this neuron-ILC2 circuit in regulating 

immune responses. We hypothesize that ILC2s may regulate their own inflammatory responses by 

modulating selective production of either NMU or CGRP from enteric neurons. Future studies 

need to focus on environmental signals that determine the production of NMU or CGRP from 

enteric neurons upon ILC2 activation. More importantly, our results strengthen the hypothesis that 

neuro-immune cell units (NICUs) play an important role in maintaining tissue homeostasis, as 

proposed by Fernandes et al89.   

Studies focused on identifying and defining key regulators of these neuro-immune 

interactions will be extremely helpful in understanding these complex interactions and how they 

modulate different physiological functions. Moreover, a better understanding of the neuroimmune 

interactions brings with it the exciting possibility of discovering novel therapeutic targets for a 

myriad of diseases like IBD, cancer, etc.  
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