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ABSTRACT 

Abdominal pain is the most common gastrointestinal (GI) issue and the most 

debilitating feature of disorders of gut-brain interaction (DGBI) such as irritable bowel 

syndrome (IBS) and the inflammatory bowel diseases (IBDs). Abdominal pain is driven by 

mechanisms that lead to the sensitization of peripheral nerve fibers. However, very little is 

known about the specific mechanisms that sensitize nerve terminals in the intestine. 

Nociceptors densely innervate enteric ganglia where they interact with enteric glia. 

Neuron-glia communication regulates gut reflexes in health and glia contribute to 

neuroinflammation by releasing mediators that contribute to enteric neuron death. Glial 

cells are key players in central pain pathways, but whether enteric glia fulfill similar 

functions during the development of visceral pain is unknown. We recently discovered that 

communication between nociceptors and enteric glia drives neuroinflammation in the 

intestine. Nociceptors release mediators that activate enteric glia and promote 

neuroinflammation by driving reactive gliosis. Enteric glia possess the ability to modulate 

afferent nociceptor signaling through the release of neuromodulators or through 

communication with other cell types like enteric neurons and immune cells. This 

dissertation aimed to define novel glial mechanisms that sensitize visceral afferent nerves 

during inflammation.      

To address this question, we used in vivo and in vitro models of acute inflammation 

in combination with novel transgenic animal models, protein and RNA labeling, Ca2+ 

imaging techniques, chemogenetics, and visceromotor reflex recordings and assessed the 

contribution of enteric glia to nociceptive signaling in the myenteric plexus. We discovered 

that enteric glia sensitize TRPV1-nociceptor activity during acute inflammation, and they 



do so through mechanisms that involve IL-1β and the connexin-43-dependent release of 

PGE2. In vivo, recordings show that colonic IL-1β shifts normal innocuous stimuli toward 

a noxious range through mechanisms that require glial Cx43, given that glial knock animals 

did not develop hypersensitivity. We further provide evidence that enteric glia modulate 

visceral hypersensitivity through mechanisms involving endocannabinoids. Specifically, 

the endocannabinoid hydrolyzing enzyme, monoacylglycerol lipase (MAGL), expressed 

by enteric glia, regulates neural-glial signaling in the myenteric plexus, and this effect is 

altered during inflammation. Visceral hypersensitivity induced in animal models of colitis 

is ameliorated by either the pharmacological inhibition or genetic ablation of MAGL. Our 

data also demonstrate that the glial-mediated mechanisms of visceral hypersensitivity 

during colitis are sexually dimorphic. 

Our data provide new evidence for the active role of enteric glia in afferent signaling 

and visceral hypersensitivity. Specifically, we demonstrate that 1) glia-nociceptor signaling 

in the intestine is required for the sensitization of nociceptors and visceral hypersensitivity, 

2) enteric glia can modulate nociceptor sensitivity directly through the release of pro-

inflammatory neuromodulators like PGE2 3) or through regulation of endocannabinoid 

signaling via MAGL, and 4) the glial mechanisms involved in visceral hypersensitivity 

during acute inflammation are sex-dependent and are predominant in females. Results 

from these studies identify fundamental glial mechanisms that govern the activity of 

nociceptors in the intestine. Identifying the mechanisms contributing to the development 

of visceral pain will facilitate the development of new, more effective therapies for those 

suffering from chronic abdominal pain. 
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Chapter 1: 

INTRODUCTION 
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OVERVIEW 

The gut-brain axis modulates afferent information by integrating a series of 

ascending and descending pathways that include the enteric and central nervous 

systems, connecting the brain's emotional and cognitive centers to the intestine's 

peripheral functions (1). This connection ensures the gastrointestinal tract's homeostasis 

during physiological changes and adapts gastrointestinal (GI) function to the organism's 

overall state. Although the brain receives interoceptive information from the gut for 

autonomic reflex pathways, under pathological conditions such as GI diseases, this 

connection is disrupted, leading to abnormal perception, and heightened visceral 

sensitivity (2, 3). Abdominal pain is a characteristic feature of GI pathology, and patients 

report it as the most debilitating symptom associated with the condition (4–7).  

The molecular and neurobiological mechanisms that drive visceral pain in GI 

disorders are largely unresolved, but neural plasticity involving the sensitization of visceral 

afferent nerve fibers that project to the intestine is currently the most widely accepted 

mechanism (1). GI diseases often involve alterations within the enteric nervous system 

(ENS), which can be due to congenital causes, environmental effects, or a combination 

of factors (8, 9). Inflammation plays a significant role in ENS neuronal damage and death 

(10–12), particularly in inflammatory bowel disease (IBD) (13) and disorders of gut-brain 

interaction (DGBI) such as irritable bowel syndrome (IBS) (14, 15). Primary afferent 

neurons densely innervate the ENS (16) where they intermingle with enteric glia (17). 

Glial cells have recently been linked to the continuous proinflammatory environment 

surrounding sensory nerves that contribute to the development of chronic pain (18, 19). 

Enteric glia release gliotransmitters that modulate gut reflexes, such as motility (20, 21) 
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and secretions (22), and play important roles in neuronal activity and survival during 

health and disease (11, 20, 23, 24). Additionally, enteric glia mediate intercellular 

signaling and neuroinflammation in the intestine (10, 11) via bidirectional communication 

with nociceptors (17). Therefore, glial mechanisms likely regulate visceral 

hypersensitivity. 

This dissertation investigates how enteric glial mechanisms modulate nociceptor 

activity in the gut and regulate visceral hypersensitivity with the goal of elucidating the 

pathophysiological mechanisms of chronic abdominal pain. 

INNERVATION OF THE GI TRACT 

The GI tract is a complex system that is innervated by intrinsic enteric neurons and 

extrinsic projections, including sympathetic and parasympathetic efferents as well as 

visceral afferents (Figure 1.1) (25). The relative roles of the enteric and central nervous 

systems differ considerably along the digestive tract, with the CNS primarily responsible 

for controlling movements of the striated muscle esophagus and monitoring the state of 

the stomach (26, 27). In contrast, the ENS in the small intestine and colon contains full 

reflex circuits, including sensory neurons, interneurons, and motor neurons, through 

which muscle activity, fluid fluxes, and local blood flow are controlled (28). The complex 

interplay between the ENS, extrinsic innervation, and central control mechanisms allows 

the colon and rectum to regulate a wide range of digestive processes, while also 

integrating with higher brain centers to influence behavior and overall health. 

The gut-brain axis plays a critical role in coordinating many of these gut functions, 

allowing communication from the gut to the brain via sensory signals transmitted by 

extrinsic sensory nerve fibers located within the wall of the colon or rectum. These signals 
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are transmitted via their axons within the spinal splanchnic and pelvic nerves to the spinal 

cord, where they can be processed and integrated with other sensory and motor inputs 

to generate appropriate behavioral responses (29, 30). Additionally, the gut-brain axis 

involves top-down modulation of gut function by higher brain centers, such as through 

emotional and cognitive influences on digestive processes (25). The ENS forms a series 

of interconnected ganglia that can generate reflexive responses to sensory inputs, 

allowing the gut to operate largely autonomously, even in the absence of extrinsic neural 

input (31). The extrinsic innervation of the colon and rectum by sympathetic and 

parasympathetic fibers also plays an important role in regulating gut function, particularly 

in response to stress or other physiological challenges (3, 25, 32). Overall, the complex 

interplay between the ENS, extrinsic innervation, and central control mechanisms allows 

the colon and rectum to effectively regulate a wide range of digestive processes, while 

also integrating with higher brain centers to influence behavior and overall health via the 

gut-brain axis. 

Chapter 1 aims to summarize the organization and function of neural innervation 

of the gut in health. How neuroplasticity in these networks contribute to disease and pain 

will be discussed in Chapter 2. 
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Figure 1.1: The gastrointestinal tract is innervated by extrinsic and intrinsic 

nerves. The GI tract has full reflex circuits of the ENS (motor neurons and 

interneurons in blue, sensory neurons in purple). Pathways from the 

gastrointestinal tract project outwards via intestinofugal neurons (red). Sensory 

information goes both to the ENS, through intrinsic primary afferent neurons and 

to the CNS through extrinsic sensory neurons (purple). Pathways from the CNS 

innervate the GI tract through vagal, thoracolumbar and pelvic pathways. 

Abbreviations: CNS, central nervous system, ENS, enteric nervous system. From 

Furness 2012 (28). 
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INTRINSIC INNERVATION OF THE GI TRACT 

The GI system differs from other organ systems because it has an intrinsic nervous 

system that can mostly operate without input from the CNS (25, 31). The ENS is 

responsible for local neural regulation of GI functions such as modulating gastric acid 

secretion, regulating fluid movement across the epithelium, determining motility patterns, 

changing local blood flow, and interacting with the gut's immune and endocrine systems 

(28, 31). This intrinsic network comprises enteric nerve cell bodies of sensory, inter- and 

motor neurons grouped into ganglia and interconnected by bundles of nerve processes 

forming two plexuses, the myenteric plexus (Auerbach’s plexus) and the submucosal 

plexus (Meissner’s plexus; Figure 1.2). The ENS controls motility, mucosal secretion and 

absorption, mucosal growth, local blood flow and the immune function in the gut (28). 

The myenteric plexus is a network of ganglia that contains around two-thirds of all 

enteric neurons and is located between the longitudinal and circular muscle layers of the 

gastrointestinal (GI) tract. It is responsible for controlling the smooth muscle contractions 

and relaxations that regulate GI motility throughout the entire GI tract. Changes to the 

myenteric plexus can lead to alterations in GI motility (28, 31). In contrast, the submucosal 

plexus is situated in the submucosal space between the mucosal and circular muscle 

layers of the gut and controls local blood flow and luminal absorptions and secretions 

(28). This plexus is only present in the small and large intestine, with minimal innervation 

in the esophagus or stomach. The ganglia and interconnecting fibers in the submucosal 

plexus are smaller than those of the myenteric plexus, and in humans, the submucosal 

ganglia form two distinct but interconnected plexuses (33). Both plexuses consist of two 

types of cells: enteric neurons and enteric glial cells (Figure 1.2). 
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Figure 1.2: Organization of the enteric nervous system. The enteric nervous system 

is composed of two ganglionated plexuses, the submucosal plexus between the circular 

muscle and mucosal layers, and the myenteric plexus between the longitudinal and 

circular muscle layers. In humans, the submucosal plexus is divided into an inner and 

outer SMP. Figure from Furness 2012 (28). 

 

 

 

 

 

 

 

 

 



8 
 

Enteric neurons 

The ENS is composed of three types of neurons: IPANs, interneurons, and motor 

neurons, each with specific functional roles during motor reflex activity (34–36). Enteric 

neurons are classified based on their morphology, electrophysiological properties, and 

neurochemical characteristics. Dogiel's classification system, based on neuron size and 

shape, is an early classification method of enteric neurons (35; Figure 1.3), with type I 

neurons being large multipolar neurons with long axons that form synapses with smooth 

muscle cells and serve as motor neurons or interneurons. In contrast, type II neurons are 

multi-axonal with large round or oval cell bodies and act as sensory neurons, 

predominantly IPANs of the submucosal and myenteric plexus. Type I neurons have 

short, broad, laminar dendrites and their cell bodies range in size from 13-35µm in length 

and 9-22µm in width (31, 35). They have an excitatory or inhibitory role in the ENS reflex 

circuitry. Type II neurons have a major diameter ranging from 22-47µm and a minor 

diameter of 13-22µm and are sensory neurons (37, 38). 
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Figure 1.3: Examples of Dogiel type I and type II neurons as defined and drawn 

by Dogiel (1899). (A,C,E,F,H) neurons from the myenteric plexus of the guinea pig 

intestine. (D,G) neurons from the myenteric plexus of human small intestine. (H) 

neuron from dog gall bladder. Figure from Furness 2006 (1). (a-b) Neurons form the 

myenteric plexus of the guinea pig small intestine. (c) Neuron from myenteric plexus 

of human small intestine. (d) Neuron from the myenteric plexus of guinea pig large 

intestine. Figure from Furness 2006 (37). 
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Enteric neurons can be classified based on electrophysiological properties (39, 40) 

and neurochemical coding (36, 46). S-type neurons are fast-acting motor and 

interneurons with short-duration after-hyperpolarizing potentials (AHPs) lasting between 

20-100ms (39). AH-type neurons are sensory neurons that respond to trains of stimuli 

with slow excitatory postsynaptic potentials (sEPSPs) and have a more significant 

duration of action potential than S-type neurons (41, 42). AH-type neurons are limited in 

firing rate due to the AHP under resting conditions (43, 44, 45). Enteric neurons can also 

be further classified based on their neurochemical coding into sensory neurons, motor 

neurons (excitatory or inhibitory), and interneurons (ascending or descending) (36, 46). 

Sensory neurons primarily use acetylcholine (ACh), tachykinins (TKNs), and calcitonin 

gene-related peptide (CGRP) as their primary neurotransmitters. Excitatory motor 

neurons use ACh and substance P (SP) and project orally or locally to the circular or 

longitudinal smooth muscle to induce muscle contractions (47). Inhibitory motor neurons 

use nitric oxide (NO) and vasoactive intestinal peptide (VIP) as their primary 

neurotransmitters (47). Ascending and descending interneurons primarily release ACh 

and are immunoreactive for choline acetyltransferase (ChAT).  

The enteric neurons of the myenteric plexus monitor luminal contents, epithelial 

distortion, and gut distension through afferent endings that innervate the mucosal and 

muscular compartments (28). The ganglia in which these neurons reside act as signal 

integration sites where context-appropriate, efferent reflexes are generated (Fig 1.4). The 

simplest reflex arc involves the activation of IPANs, which simultaneously recruit 

ascending and descending neural pathways to evoke contraction and relaxation of the 

gut's musculature, respectively (48). This results in the contraction of proximal gut 
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segments and the relaxation of distal gut segments, ultimately propelling the luminal 

contents forward. This fundamental paradigm is repeated throughout the GI tract, with 

ascending networks predominantly cholinergic and descending networks predominantly 

nitrergic, often with purinergic co-transmission. Understanding the classification of enteric 

neurons provides insight into the mechanisms underlying the regulation of gastrointestinal 

functions. 
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Figure 1.4: Structural arrangement of enteric neurons of the myenteric plexus.  

Schematic representing the enteric circuitry underlying the peristaltic reflex. Intrinsic 

sensory neurons synapse with ascending and descending interneurons that form 

chains along the length of the intestine, as well as interneurons, and excitatory and 

inhibitory motor neurons. Upon detection of a luminal stimulus, the activation of 

ascending interneurons connected to excitatory motor neurons evoke a contraction 

orally, while the activation of descending interneurons connected to inhibitory motor 

neurons elicit a relaxation anally to propel the contents along. Image from Fung & 

Vandenberghe 2020 (48).  
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Enteric glia 

Enteric glia are a unique type of peripheral glial cells that can be found in all 

layers of the gut wall, surrounding enteric neurons. They are crucial for the functioning 

of neuronal circuits in the enteric nervous system (49–54), as they detect neuronal 

activity by expressing receptors for various neurotransmitters (55, 56). The activation 

of enteric glia can also modulate neuronal circuit activity (20, 23, 49). Glia originate 

from neural crest precursors that colonize the intestinal tract during embryonic 

development (57) and express markers for mature glial cells like the calcium-binding 

protein S100β and glial fibrillary acidic protein (GFAP) (58, 59). Enteric glia are a 

diverse group of cells that can be categorized into four subgroups based on their 

location and morphology (60–62; Figure 1.5). They include Type I, which are star-

shaped cells with short, irregularly branched processes located within myenteric and 

submucosal ganglia; Type II, elongated glia found within nerve fiber bundles 

connecting myenteric ganglia; Type III, long-branched glia located within the mucosal 

layer of the gut; and Type IV or intramuscular glia, which are elongated glia associated 

with nerve fibers within the muscle layers of the gut (61). 
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Figure 1.5: Populations of enteric glia. Enteric glia are classified into four 

subtypes based on their morphology. Figure from Seguella 2021 (61).  
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Like astrocytes in the central nervous system, enteric glia fill the same niche within 

enteric ganglia, receiving synaptic contacts from neurons and serving as the primary 

points of neuron-glia communication (56; Figure 1.6). However, this isn’t likely true for 

the glia outside of the ganglia, which are more like Schwann cells (61).  Although there 

are similarities between enteric glia and astrocytes, not all properties can be generalized 

to both cell types. Enteric glia are derived from the neural crest while astrocytes come 

from precursor cells in the neural tube (63). Moreover, enteric glia do not express certain 

astrocytic properties such as aldehyde dehydrogenase 1 family member L1 (Aldh1L1) 

(64) and instead express non-astrocytic molecules like SOX10 (66), emphasizing their 

unique identity as a distinct population of glia. 
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Figure 1.6: Enteric glial morphology resembles astrocyte morphology. (A) 

Drawing of astrocytes by Santiago Ramon y Cajal. (B-C) Representative images of 

enteric glial cells in the myenteric plexus of the mouse colon labeled with GFAP (black 

in B and green in C). Figure from Gulbransen 2014 (56). 
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 Enteric glia express a variety of receptors that allow them to respond to changes 

in neurotransmitter concentration and to modulate neuron-to-neuron communication. 

They also can mediate glia-to-glia communication. Glia have receptors for 

neurotransmitters such as cholinergic receptors (67, 68), adrenergic receptors (69, 70), 

purinergic receptors (50–52), serotonin receptors (54), and others (71–73). This enables 

them to respond to nearby neuronal activity and be innervation targets. They can also 

modulate neuronal signals in the ENS, which contributes to the control of GI motility (74–

76). Like astrocytes, enteric glia express connexin-43 (Cx43) hemichannels, and their 

activity is important for glia-to-glia signaling and mediating enteric neuron death during 

inflammation (11, 77, 78). 

Enteric glia release compounds that can modify surrounding cells (55), such as 

adenosine triphosphate (ATP), NO, prostaglandin E-2 (PGE2), and neuroprotective 

compounds. ATP is the most well-characterized substance released by enteric glia, and 

its release through Cx43 hemichannels triggers intracellular Ca2+ waves from 

neighboring glial cells (77, 79). Attenuating glial ATP release alters GI motility and can 

drive neuron death during inflammation (77). Enteric glia also produce NO, which 

modulates epithelial ion transport and contributes to neuroinflammation during 

inflammation (80). PGE2 may modulate neurotransmission and contribute to disease 

development (71). Enteric glia secrete neuroprotective compounds, such as reduced 

glutathione and prostaglandin derivatives, which promote neuron health and modify 

function under physiological conditions (56). 

Enteric glia respond to various neurotransmitters and modulators, including ATP, 

norepinephrine, glutamate, thrombin, serotonin, bradykinin, histamine, and endothelin 
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(56). The activation of glial Ca2+ responses modulates neuronal circuits that underlie 

colonic peristalsis (20). Enteric glia can modulate enteric neurotransmission by regulating 

available neurotransmitters or by releasing neuroactive substances, a process called 

gliotransmission (55). Enteric glia also regulate the bioavailability of neurotransmitters in 

the extracellular environment, prevent excitotoxic neuron death, and interact with non-

neuronal cell types to modulate inflammation in the gut (20, 22, 11, 81). 

Enteric glia are key mediators in GI pathophysiology (82). Glial alterations are 

associated with a wide range of GI disorders, and inflammation drives morphological and 

functional changes in enteric glia that could contribute to GI pathophysiology. The 

expression of glial markers such as GFAP, S100β, and SOX10 are measured to indicate 

glial alterations in disease (83, 84). Inflammation alters expression of glial receptors and 

enzymes and increases glial proliferation. Inflammation drives glial alterations that 

contribute to neuron death primarily through ATP release (11). Loss of glial 

neuroprotective functions can result in a decrease in enteric neuronal populations (81). 

Enteric glia can also contribute to inflammation by secreting proinflammatory cytokines 

and immunomodulatory signals (71, 78, 85). Additionally, enteric glia can interact with 

afferent nerves that innervate the intestine, which is a key mechanism that drives 

neuroinflammation in the intestine and contributes to GI pathophysiology (17). These 

mechanisms likely contribute to mechanisms of abdominal pain and will be described in 

further detail in Chapter 2. Overall, enteric glia play a pivotal role in modulating ENS 

function. 
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EXTRINSIC INNERVATION OF THE GI TRACT 

The connection between the CNS and the GI tract is established by the extrinsic 

primary afferents, which provide the basis for both nonpainful and painful sensations in 

the gut, such as satiety and inflammation. Connections between the gut and the CNS can 

be classified as vagal, spinal thoracolumbar, and spinal lumbosacral and include sensory, 

sympathetic, and parasympathetic pathways (25). 

Vagal innervation 

The vagus nerve plays an essential role in the regulation of the GI tract, providing 

sensory innervation and efferent control pathways for upper digestive organs. The vagal 

nerve detects stimuli from the esophagus, stomach, small intestine, liver, and pancreas. 

Vagal sensory innervation controls various functions such as appetite and satiety, 

esophageal propulsion, gastric volume, contractile activity, and acid secretion, 

contraction of the gallbladder, and secretion of pancreatic enzymes (26, 27, 86–88). 

Vagal afferent nerve endings consist of intraganglionic laminar endings (IGLEs), 

intramuscular arrays (IMAs), and mucosal varicose nerve endings (30, 89) (Figure 1.7). 

IGLEs are complex branching nerve endings that give rise to flat expansions within 

myenteric ganglia (90). IMAs are formed by single afferent axons that branch within the 

circular muscle layer to form arrays of varicose fibers that run parallel to muscle bundles 

(88). Three types of vagal mucosal afferents have been identified: gastric mucosal 

afferent endings, afferents supplying villi in the small intestine (villus afferents), and 

afferents supplying intestinal crypts (crypt afferents) (91). Gastric mucosal afferent 

endings are sensitive to low intensity stroking of the mucosa and chemical stimuli, such 

as acid in the lumen (30, 92). Villus afferents have axons that project toward the villus tip, 
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where they branch extensively, and are ideally positioned to detect substances released 

from the epithelium, including local hormones such as cholecystokinin (CCK) and 

serotonin (5HT). Crypt afferents form subepithelial rings of varicose processes below the 

crypt-villus junction (30, 92).  

Vagal efferent pathways arise from the dorsal motor nucleus of the vagus. Most of 

these neurons are cholinergic and are involved in the regulation of gastrointestinal 

functions such as gastric motility and secretion of digestive enzymes (30, 93, 94). The 

vagal efferent pathways also regulate the gastrointestinal immune system and the release 

of hormones such as insulin, glucagon, and somatostatin. The vagus nerve also 

influences the ENS, which contains intrinsic neurons that regulate various gastrointestinal 

functions through inhibitory or excitatory pathways (92). 
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Figure 1.7: Classification and distribution of vagal afferent verve endings in the GI 

tract. Diagram showing three basic types of nerve terminal known as intramuscular 

arrays (IMAs), intraganglionic laminar endings (IGLEs), and mucosal afferent endings. 

Image from Waise et al 2018 (94).  
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Spinal innervation 

The colon/rectum are innervated by specialized spinal sensory afferents traveling 

via two distinct anatomical spinal pathways: the lumbar splanchnic and sacral pelvic 

nerves (Figure 1.8) (3). The nerve fibers that innervate the colon are divided into two 

groups: splanchnic and pelvic afferents (95). The cell bodies of these fibers are located 

in different parts of the dorsal root ganglia, either in the thoracolumbar region (T10-L2) or 

the lumbosacral region (L5-S1). Once these afferents reach the spinal cord, they synapse 

with different types of neurons in the dorsal horn, including excitatory and inhibitory 

interneurons, as well as second-order neurons of the dorsal column, spinothalamic tract, 

and spinoparabrachial pathway (96, 97). The spinoparabrachial pathway is mainly 

composed of projections from the superficial dorsal horn, which are associated with 

autonomic and emotional responses to painful stimuli. These projections feed into 

different limbic and cognitive centers, such as the amygdala, hypothalamus, and 

periaqueductal gray (3, 96, 97). The spinothalamic tract signal, on the other hand, is 

relayed through the thalamus to cortical areas responsible for sensory discrimination and 

localization, as well as limbic areas for the emotional component of pain. The thalamus 

also influences prefrontal cortex signaling, particularly in the anterior cingulate cortex, 

which is associated with visceral pain responses. The output from the cortical and limbic 

regions, in response to pain, activates the descending inhibitory circuitry within the 

brainstem. This circuitry causes the release of inhibitory neurotransmitters in the dorsal 

horn of the spinal cord to regulate autonomic output responses to pain (30, 95). The axons 

of the afferent neurons located in the DRG are bundled into roots/nerves that contain a 

mix of fibers with varying excitability.  
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Figure 1.8: Schematic overview of the extrinsic sensory innervation of the 

colon/rectum. The colon and rectum are innervated by spinal afferents that follow the 

splanchnic and pelvic nerves. These afferents have cell bodies within the thoracolumbar 

and lumbosacral dorsal root ganglia, respectively. The peripheral projections of these 

afferents innervate the mucosa, myenteric/submucosal ganglia, and muscle; they also 

wrap around blood vessels within the submucosa and on the mesenteric attachment. 

These afferents allow the detection of the full range of mechanical and chemical stimuli. 

Image adapted from Grundy et al 2018 (3). 
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These fibers include low-threshold mechanosensory fibers, higher-threshold Aβ 

nociceptors, and Aδ and C fibers. Aβ, Aδ, and C fibers carry peripheral sensation 

information to their respective soma in the DRG (98). Myelinated Aδ fibers have a 

relatively high velocity to carry acute nociceptive details such as temperature, 

mechanical, and chemical-induced stimuli to the DRG. Unmyelinated C fibers have a 

smaller diameter and slower conduction velocity. They also carry nociceptive input to the 

DRG but contribute to the more diffuse and profound secondary pain after an injury (98). 

DRGs also have a large population of glial cells, with each DRG having approximately 

eight times more glia than neurons. Specialized glial cells, known as satellite glial cells, 

envelop each primary sensory neuron in the DRG to create an independent functional 

unit. In Chapter 2, we will describe the contributions of peripheral glia to nociceptive 

signaling.  

Spinal afferent neurons that innervate the gut are predominantly peptidergic 

polymodal C-fibers that are immunoreactive for CGRP, TKNs, and transient receptor 

potential cation channel subfamily V member 1 (TRPV1) (99, 100). These afferents are 

classified by their location within the gut (Figure 1.8) and express a wide variety of pro- 

and antinociceptive ion channels and receptors that dictate visceral afferent sensitivity 

and peripheral drive to the spinal cord. Inflammation causes long-term changes in spinal 

afferent neurons causing neurons to become hypersensitive to GI pain sensation (101, 

102). How inflammation alters afferent signaling and nociception will be explored in detail 

in Chapter 2.  

Mucosal afferents are important in detecting luminal contents. They have low 

activation thresholds and respond to very light stroking or compression of the mucosa 
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(103, 104). Mucosal afferents respond to serotonin that is released from the epithelium 

(105) and are mechanically stimulated through transient receptor potential ankyrin 1 

(TRPA1) channels (104, 105). Similarly, muscular afferents also have low mechanical 

stimulation thresholds and provide necessary information for coordinated reflexes by 

signaling distension caused by fecal matter (103, 104). These afferents also signal into 

the noxious range and likely contribute to nociception at high stimulus intensities. The 

acid-sensing ion channel 3 (ASIC3) and the transient receptor potential channel TRPV1 

play key roles in the function of pelvic muscular afferents. Another population of afferent 

sensory neurons can be found wrapped around blood vessels in the mesentery and 

submucosa. In contrast to muscular/mucosal afferents, vascular afferents respond to 

high-threshold stimuli and a variety of inflammatory and immune mediators (30, 103, 104, 

106). Vascular afferents also respond to noxious levels of distension and serve a role in 

signaling mechanically induced pain (103, 104, 107, 108). These afferent nerves are 

stimulated by purinoreceptor subtypes P2X, P2Y, Protease activated receptor 2 (PAR2), 

and TRPV1). Further, numerous ion channels including voltage-gated sodium channels 

(NaV1.1, NaV1.8, NaV1.9), ASIC3, TRPV4, TRPA1, TRPV1 are all integral to high-

threshold afferent function (95). Finally, there exists a population of afferent nerves that 

are mechanically insensitive and are generally referred to as silent afferents (3, 30). 

These nerves respond to inflammatory mediators (histamine, bradykinin, capsaicin, ATP) 

(109–111) and can become mechanically sensitized during disease states. In sensitized 

states, there is a decrease in the proportion of mechanically insensitive afferents but a 

corresponding increase in the proportion of mechanically sensitive high-threshold 

vascular afferents (109). Indicating the possible recruitment of silent nociceptors to 
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noxious signaling and persistent pain states. These subclasses of afferents allow 

detection of non-noxious physiological stimuli, including luminal events, muscle stretch 

during organ distension and contraction, as well as noxious mechanical (bloating, intense 

distension/contraction) and chemical stimuli (112).  

SUMMARY AND AIMS OF THE DISSERTATION 

Bidirectional communication between the enteric and central nervous systems is 

essential for homeostatic gut function (28). Mechanical and chemical stimuli that result 

from stretch or luminal content of the gut are transduced to the brain through the 

nociceptive nerve endings that project from the spinal cord and innervate the intestine 

(30, 32). Inflammation can drastically alter nociceptive signaling which can result in 

persistent pain states. Currently, the mechanisms that drive these inflammatory pain 

states are incompletely understood. Recently, glial cells have been highlighted as key 

regulators of pain mechanisms (18). Enteric glia are unique peripheral glial cells that 

regulate GI function and have important roles in GI pathophysiology (11, 12, 20, 23, 60, 

77). In health, glial activation can influence enteric circuits involved in the regulation of 

motility (20) and secretion (23) and intracellular signaling between nociceptors and glia 

contributes neurogenic inflammation within the gut (17). The objective of this dissertation 

is to understand the circumstances under which enteric glial activation is triggered and 

the downstream consequences of various glial signal transduction pathways in 

nociceptive signaling. Chapter 2 discusses the potential role of enteric glia in visceral 

hypersensitivity and its link to abdominal pain disorders. Chapter 3 studies how 

communication between enteric glia and nociceptors modulates visceral hypersensitivity 

during inflammation. Chapter 4, studies glial endocannabinoid regulation and how it 
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contributes to the regulation of inflammatory pain. Together, these chapters aim to 

improve the understanding of glial signaling mechanisms the contribute to visceral 

hypersensitivity. Further, this dissertation serves to improve broader understanding of 

abdominal pain mechanisms. 
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ABSTRACT 

Chronic abdominal pain is the most common gastrointestinal issue and contributes 

to the pathophysiology of functional bowel disorders and inflammatory bowel disease. 

Current theories suggest that neuronal plasticity and broad alterations along the brain-

gut axis contribute to the development of chronic abdominal pain, but the specific 

mechanisms involved in chronic abdominal pain remain incompletely understood. 

Accumulating evidence implicates glial cells in the development and maintenance of 

chronic pain. Astrocytes and microglia in the central nervous system and satellite glia in 

dorsal root ganglia contribute to chronic pain states through reactive gliosis, the 

modification of glial networks, and the synthesis and release of neuromodulators. In 

addition, new data suggest that enteric glia, a unique type of peripheral glia found within 

the enteric nervous system, have the potential to modify visceral perception through 

interactions with neurons and immune cells. Understanding these emerging roles of 

enteric glia is important to fully understand the mechanisms that drive chronic pain and 

to identify novel therapeutic targets. In this review, we discuss enteric glial cell signaling 

mechanisms that have the potential to influence chronic abdominal pain.   
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ABDOMINAL PAIN DISORDERS 

Abdominal pain is the most common gastrointestinal (GI) issue and results in over 

15 million office visits per year (1). Chronic abdominal pain affects at least 10-15% of the 

general population and is a characteristic feature of functional bowel disorders such as 

IBS, IBDs, and is a growing problem associated with chronic opioid use (2–4). IBD, such 

as Crohn's disease and ulcerative colitis, is a chronic inflammatory disorder of the 

gastrointestinal tract that affects about 0.5% of the population in the Western world. 

Although the cause of IBD is not fully understood, it is believed to occur in individuals with 

genetic susceptibility who have an exaggerated immune response to the gut microbiota. 

Symptoms of IBD include abdominal pain, diarrhea, and gastrointestinal bleeding. IBD 

has significant economic costs, with the United States alone spending over $6 billion 

annually. Acute abdominal pain is associated with inflammatory flare-ups in IBD, but a 

large subset of patients that suffer from IBD eventually develop chronic abdominal pain 

even after achieving clinical remission. This condition, called comorbid irritable bowel 

syndrome (loosely termed “IBS-IBD”), is present in up to 46-59% of Crohn’s disease 

patients and 36-38% of ulcerative colitis patients in remission (5–7). Abdominal pain 

linked to these disorders is common in both adults and pediatric patients and is a major 

contributing factor to their low quality of life and high morbidity. As a result, the US Food 

and Drug Administration now requires the use of abdominal pain as a patient-reported 

outcome to assess the efficacy of new therapies for Crohn’s disease (4).  

IBS is a chronic functional gastrointestinal disorder characterized by abdominal 

pain and changes in bowel habits. IBS is diagnosed based on the Rome IV criteria and 

does not involve overt inflammation-induced pathology to the intestine. IBS affects over 
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11% of the global population, with females being more likely to be affected (8). The 

causes of IBS are complex and may involve stress and immune responses (9). IBS 

patients have a reduced quality of life and experience additional clinical symptoms, 

including stool irregularities, as well as mental health comorbidities such as anxiety and 

depression. The direct and indirect costs of IBS in the United States are approximately 

$30 billion per year. Besides being an important well-known trigger for IBD, inflammation 

has also been found to contribute to the development of IBS. Acute gastroenteritis caused 

by pathogens such as Escherichia coli, Campylobacter, Giardia lamblia, and Salmonella 

is highly associated with the development of IBS, a condition known as post-infectious 

IBS (10, 11).  

The mechanisms that drive the development of chronic abdominal pain remain 

largely unresolved and this presents a major barrier to progress in the development of 

new therapies. Current therapies for IBD, for example, primarily focus on controlling 

inflammation with amino salicylates, corticosteroids, immunomodulators, and biological 

agents. While these agents clearly benefit the treatment of active inflammation, they do 

not address abdominal pain (12). Similarly, only 24% of IBS patients report complete relief 

of abdominal pain after motility-related symptom treatment. Leading drugs such as 

antidepressants (neuromodulators), antispasmodics, and opioids (13) have significant 

adverse effects in the CNS and on gut functions. Opioids are the current frontline therapy 

for chronic abdominal pain, but chronic opioid use has serious complications and 

produces a condition called narcotic bowel syndrome that is characterized by abdominal 

pain (14). This is a serious and growing issue that requires a more sophisticated 
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understanding of the causal mechanisms to permit the development of more effective 

therapies. 

Current theories suggest that neuronal plasticity involving the sensitization of 

visceral afferent sensory nerve fibers and broad alterations to the brain-gut axis contribute 

to the development of chronic abdominal pain (15, 16). Much of this theory is based on 

evidence demonstrating changes in neuronal sensitivity, firing patterns, and network 

activity in the periphery, brain, and spinal cord (17–19). 

KNOWN MECHANISMS THAT CONTRIBUTE TO ABDOMINAL PAIN  

Visceral hypersensitivity refers to an increased perception of stimuli arising from 

the viscera and is a major mechanism that contributes to abdominal pain in both IBS and 

IBD (20). This involves alterations along the brain-gut axis; a network of afferent and 

efferent neural pathways that link cognitive, emotional, and autonomic centers in the brain 

to neuroendocrine centers, the ENS, and the immune system. The sensitization of 

visceral afferent nerve fibers is driven by neuroplasticity and leads to a skewed perception 

of sensory stimuli. Nociceptive information is transduced by the peripheral axon terminals 

of primary afferent neurons whose cell bodies reside in dorsal root ganglia (DRG). These 

“nociceptors” are the axon terminals of polymodal c-fibers that transduce a variety of 

potentially noxious stimuli (mechanical, chemical, and thermal) to the brain. The 

sensitivity of nociceptors is one of the most important factors that gates the transmission 

of noxious information and alterations to nociceptor sensitivity in GI disorders can lead to 

an increased perception of pain (hyperalgesia) or the painful perception to innocuous 

stimuli (allodynia).  
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Immune activation and neuroplasticity are two key mechanisms involved in the 

generation of chronic abdominal pain. Nociceptor sensitivity is profoundly altered by 

inflammatory mediators (21). Active inflammation such as an IBD flare-up or acute 

gastroenteritis involves the release of proinflammatory mediators that alter nociceptor 

sensitivity. Inflammatory mediators including adenosine triphosphate (ATP) (22), 

histamine (23), interleukin-1b (IL-1β) (24), proteases (25), and bradykinins (26) cause 

pain by interacting with receptors on nociceptors. Other inflammatory mediators as 

interleukin-6 (IL-6) (27) and tumor-necrosis factor alpha (TNF-α) (28) lead to the 

sensitization of nociceptors through indirect mechanisms. Nociceptors, themselves, also 

contribute to local inflammation (termed “neuroinflammation”) though axon reflexes that 

produce inflammatory mediators including substance P (SP), neurokinin A (NKA), ATP, 

and calcitonin-gene related peptide (CGRP).  

Neuroimmune activation following a psychological stressor or peripheral 

inflammation results in neuroplastic changes along nerve afferents that contribute to 

visceral hyperalgesia (29, 30). Neuroimmune modulators drive neuroplasticity through 

mechanisms that include the downregulation of glutamate transporters and the 

subsequent upregulation of synaptic glutamate and the ionotropic glutamate receptor, N-

methyl-D-aspartate (NMDA), signaling (31, 32).  Neuroplastic changes in the expression 

and function of transient receptor potential vanilloid receptor type-1 (TRPV1) channels 

present on nociceptors innervating the intestinal mucosa are also implicated in visceral 

hypersensitivity in IBS (33). Increased levels of TRPV1 are present in patients with 

idiopathic rectal hypersensitivity (34) and an increased density of TRPV1 immunoreactive 
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nerve fibers is preset in the colonic mucosa of IBS patients, correlating with the degree 

of abdominal pain experienced (35).  

Alterations to emotional circuits of the brain, primarily those associated with stress 

and anxiety, contribute to visceral hypersensitivity in patients with IBS (36). Various 

stressors, both chronic and acute, regulate visceral pain responses in animal models (37, 

38) and are associated with an increase in symptom severity in functional (39) and 

inflammatory GI disorders (40, 41). Brain regions associated with visceral pain, emotional 

arousal, and attention are consistently activated in neuroimaging studies of IBS patients 

(42). Further, alterations to gray matter density in areas associated with corticolimbic 

inhibition, stress, and arousal circuits indicate altered activity in the brains of IBS patients 

(43). The activation of these regions contributes to acute and chronic stress-induced 

hyperalgesia in the colon, in part, by stimulating the release of factors such as 

corticotropin releasing factor (CRF) (44, 45).  

GLIAL CELLS IN ABDOMINAL PAIN PATHWAYS  

A plethora of emerging studies link nerve fiber sensitization with alterations to glial 

cells. Increased glial activity is characteristic of all forms of pain and glia contribute to the 

transition from acute to chronic pain through interactions with neurons that alter 

neurotransmission (46, 47). For example, increases in astrocyte and microglial cell 

markers are present in animal models of acute pain inflammatory pain, and neuropathic 

pain (48–51). Structural changes and altered signaling in peripheral glial cells, such as 

satellite glia in DRG, are implicated in abdominal pain pathways(52). Furthermore, enteric 

glial cells, a unique class of peripheral glia found within the ENS, have bi-directional 

interactions with neurons in the gut that impact both gut reflexes in health and 
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neuroinflammation (53–58). Therefore, an emerging theme is that glia present at all sites 

along ascending and descending pathways that transduce and modify nociceptive 

information deriving from the intestine have the potential to broadly influence visceral 

perception (Figure 2.1).  

Most of our understanding of glia in pain transmission stems from studies of glia 

at the first synapse in ascending pain pathways in the dorsal horn of the spinal cord. 

Microglia and astrocytes are the major glial cell types implicated in altering pain 

transmission at this level. Microglial activation in the spinal cord occurs in response to 

injury or inflammation and is reflected by increased cell number and altered gene 

expression profiles (46, 51, 59, 60). Likewise, spinal astrocytes become activated and 

undergo reactive gliosis in animal models of neuropathic pain and increased expression 

of glial fibrillary acidic protein (GFAP), one marker of reactive astrocytes, mirrors the 

intensity of pain hypersensitivity (51, 60, 61). The inhibition of astrocyte activity results in 

a significant attenuation of inflammatory hyperalgesia, suggesting that astrocytic 

activation is at least partly necessary for the development of pain (60). Evidence from 

studies using in vivo optogenetics suggest that the selective activation of spinal astrocytes 

is sufficient to increase pain hypersensitivity (62). There is still much controversy 

surrounding glial optogenetic data, since several studies suggest that the activation of 

astrocytes driven by channel rhodopsin is an effect of cell swelling and is not driven by 

normal calcium signaling pathways (63). Alternative methods of glial-specific activation 

that more closely reflect physiological mechanisms, such as Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs), should be implemented to further 

validate these findings.  
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Glial activity in the spinal cord contributes to neuroplasticity, in part, by stimulating 

the release of glial-derived substances termed “gliotransmitters”. Active glial cells produce 

several proinflammatory mediators that contribute to the activation and sensitization of 

nerve fibers to central sensitization in the dorsal horn (15). For example, TNF-α produced 

by spinal microglia and astrocytes contributes to hyperalgesia and allodynia in pre-clinical 

pain models (64, 65). TNF-α released by astrocytes and microglia also contributes to 

central sensitization and neuroplasticity through mechanisms that involve the 

downregulation of glutamate transporters and subsequently, glutamate excitotoxicity (32). 

Other key gliotransmitters such as purines activate nerve fibers directly (22) and in animal 

models of chronic pain, astrocytes increase the release of ATP and the production of pro-

algesic mediators such as glutamate, cytokines, and chemokines (15).  

Glial mechanisms similar to those occurring in the spinal cord may also affect 

processing in the brain. Although less is known regarding the contributions of glia in the 

brain to pain conditions, increased astrocyte activity is observed in the nucleus of the 

solitary tract following colonic inflammation (66). Likewise, microglial activation within the 

thalamus occurs following nociceptive spinal cord injury (67). Alterations to glia in the 

brain are likely associated with the emotional experience of pain and can be correlated 

with mood disorders such as depression and anxiety (68).  

Multiple populations of peripheral glial cells actively contribute to modifying pain 

transmission through effects on nociceptors. For example, satellite glia play crucial roles 

in visceral sensitization. Satellite glia are located in peripheral sensory ganglia where they 

envelop neuronal cell bodies (69). Satellite glia undergo cell division and upregulate their 

production of GFAP following inflammation or injury to peripheral nerves and express and 
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release pro-inflammatory cytokines including TNF-α and IL-1β. In addition, satellite glia 

increase gap-junction-mediated coupling following nerve injury and inflammation (52). 

These changes to satellite glia are linked to gastrointestinal pain and are also implicated 

in chronic abdominal pain in IBS. 
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Figure 2.1: Major populations of glia that contribute to chronic pain. Astrocytes and 

microglia are present in the central nervous system and primarily affect chronic pain 

pathways in the brain and in the spinal cord. Satellite glia are peripheral glial cells located 

in the dorsal root ganglia where they contribute the sensitization of dorsal root ganglion 

cells. Enteric glial cells are located within the intestine and form part of the enteric nervous 

system. Enteric glia are located adjacent to the nerve endings of primary afferent fibers 

and intercellular interactions between enteric glia and neurons have the potential to 

influence chronic pain.   
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ENTERIC GLIA IN ABDOMINAL PAIN 

Enteric glial cells are a unique class of peripheral glia that are associated with 

neurons in the ENS. Enteric glia play instrumental roles in gut reflexes that regulate 

motility and secretion, influence the epithelial barrier, and modulate neuroinflammation 

(54, 70–73). Yet how enteric glia might influence visceral hypersensitivity and nociceptor 

sensitization is still relatively unknown.  

Enteric glia, particularly those associated with neurons in the myenteric plexus, 

share some morphological and functional properties with astrocytes that might suggest 

similar roles in pain transmission. For example, enteric glia express molecular markers 

such as GFAP (74) and S100β (75), provide trophic and protective support to enteric 

neurons (76, 77), exhibit activity encoded by intracellular calcium signaling in response 

to neurotransmitters, and release gliotransmitters through membrane channels 

composed of connexin-43 (Cx-43) (57). Connexins are a major structural component of 

gap junctions and hemichannels in glia and connexin-mediated glial mechanisms play a 

crucial role in development of chronic neuropathic pain (78). Bi-directional communication 

between enteric neurons and glia mediated by the Cx-43 dependent release of enteric 

gliotransmitters regulates gut reflexes that control motility and secretions (57, 58, 79, 80) 

and the Cx-43 dependent release of gliotransmitters such as ATP during 

neuroinflammation drives neurodegeneration through the activation of neuronal P2X7 

receptors (56, 81). Recent studies demonstrate that disruption of enteric glia function with 

fluorocitrate is sufficient prevent visceral hyperalgesia in preclinical models of colitis (82). 

Enteric glia are intimately associated with nociceptors in the intestine and the activation 

of TRPV1+ sensory neurons within the myenteric plexus elicits glial activity and 



49 
 

gliotransmitter release through similar mechanisms (83). Whether gliotransmitters 

subsequently have direct or indirect effects on nociceptor activity or sensitivity is still 

unknown, but this remains an active area of research.  

Enteric glia are targets of stress, which is a primary component in the development 

of visceral hypersensitivity. Several forms of stress, such as chronic stress and early life 

stress alter glial signaling and contribute to pain sensitivity in IBS (36). The contribution 

of enteric glia to stress induced hyperalgesia is still undefined. However, early life stress 

causes structural changes in enteric glial cells that are correlated with inefficient gastric 

motility (84). Further, stress activates sympathetic pathways in the intestine that activate 

enteric glia via purinergic transmission (85).  

Enteric glia contribute to intestinal inflammatory and immune responses (86) and 

interact with, and express, cytokines and immunoregulatory signals that contribute to 

altered nociceptive signaling (86–88). Altered immune responses are key components in 

the development of chronic pain and mediators that sensitize nociceptors such as NKA 

(83), SP (83), proteases (89), and TRPV4 (90) agonists all elicit responses in enteric glia. 

This raises the possibility that enteric glia contribute to nociceptor sensitization caused by 

these mediators. In support, perturbing enteric glial metabolism with reduces 

visceromotor responses (VMR) in mice (91).  

Together, these multiple lines of evidence suggest that crosstalk between enteric 

glia and nociceptors contributes to mechanisms that drive visceral hypersensitivity 

(Figure 2.2). The precise mechanisms by which enteric glia influence nociceptors are still 

being discovered. Yet new data that we will discuss in the following sections are offering 
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promising leads that could identify novel molecular targets for new abdominal pain 

therapies. 
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Figure 2.2: Overview of potential enteric glial cell mechanisms that contribute to 

the sensitization of nociceptors. Highlighted are pathways that directly and indirectly 

sensitize nociceptors. Enteric glial activity can be influenced by a number of factors, such 

as inflammation, stress, neurotransmission and/or the gut microbiota. Enteric glia release 

neuromodulators that act on primary afferent neurons by binding to receptors on 

nociceptor nerve endings or by sensitizing nociceptors. Enteric glia possess ectoenzymes 

that remove neuromodulators from the extracellular space. Enteric glia also have the 

potential to indirectly modulate nociceptive neurons by activating immune cells either 

through the release of immune cell regulators or by acting as antigen-presenting cells.   
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DIRECT MODULATION OF NOCICEPTORS BY ENTERIC GLIA  

Enteric glia play active roles in neurotransmission in the intestine by generating 

and regulating the availability of neurotransmitters. Many of the transmitter systems 

regulated by enteric glia are involved in the activation and sensitization of nociceptors. 

For example, enteric glia are a primary source of ATP, which contributes to cell-to-cell 

communication in both health and disease and acts on P2X receptors expressed by 

nociceptors (22, 56, 92, 93). Purines and purinergic signaling from glial cells are altered 

during inflammation and are strongly implicated in the process of visceral hypersensitivity 

and abdominal pain (94, 95). Glial cells, including enteric glia, also possess ecto-enzymes 

such as NTPDase2 that are responsible for the degradation of ATP and other transmitters 

(56, 96, 97). Astrocytic NTPDase2 expression is altered during inflammation and could 

contribute to the sensitization of sensory neurons by increasing purinergic signaling (97). 

The similarities between enteric glia and astrocytes suggest that a similar behavior could 

be observed in enteric glia. Glial ATP release is triggered by the excitation of enteric glial 

cells, intracellular calcium signaling, and the subsequent opening of Cx-43 hemichannels 

(56), which is a molecular mechanism highly implicated in the development of nociceptive 

pain and inflammatory pain (56, 78, 98). In spinal astrocytes, Cx-43 expression is highly 

elevated following spinal cord injury and the inhibition of Cx-43 reduces allodynia and 

hyperalgesia (78, 98, 99). A direct link between Cx-43 on enteric glial cells and 

nociceptors sensitization has yet to emerge. However, due to the implications of astroglial 

Cx-43 in chronic pain and the analogous nature of enteric glia, it is likely that enteric Cx-

43 is readily involved in the mechanisms of abdominal pain. In support, we recently 
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showed that bi-directional communication between nociceptors and enteric glia involves 

glial Cx-43 (83).  

Pro-inflammatory cytokines including IL-6, IL-1β, and TNF-α play major roles in the 

development of intestinal pathology and are known contributors to the development and 

maintenance of inflammatory and neuropathic pain (15, 46). These cytokines are 

increased during IBS and IBD90,91. Astrocytes, microglia, and satellite glia produce 

proinflammatory cytokines such as IL-1β during inflammation and nerve injury (100–105). 

Similarly, enteric glia produce, and respond to cytokines including IL-6 and IL-1β (87, 88, 

106). Experimental studies support a proinflammatory, pronociceptive role for IL-6 and 

the upregulation of IL-6 correlates with the development of hyperalgesia and allodynia in 

animal models (107–109). Blocking IL-6 production and activity reduces or alleviates 

nociceptor sensitization (110, 111). Similarly, IL-1β has pronociceptive effects and 

treatment with IL-1β in vivo causes increased VMR to colorectal distension in animal 

models of inflammatory pain (112).  

Enteric glia also interact with TNF-α signaling pathways and TNF-α is heavily 

implicated in the development of visceral hypersensitivity. Microglia and satellite glia 

increase their expression of TNF-α during nerve injury and inflammation (92, 93, 113) and 

the excitation of DRG neurons in mouse colitis models stimulates TNF-α production (93). 

The exogenous application of TNF-α increases DRG neuron activity and visceral pain 

responses in TNBS-colitis, which is reversed by the administration of anti-TNF-α (93). 

Evidence regarding the production of TNF-α by enteric glia is still controversial (86). 

However, TNF-α does alter enteric glial cell behavior and exposure to TNF-α induces 

increased GFAP expression and calcium signaling in enteric glia (77, 114). It is possible 
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that these effects are mediated through modifications to Cx-43 hemichannels based on 

the known effects of TNF-α in spinal cord injury (115, 116).   

Neurotrophic factors such as nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), and neurotrophin-3 (NT-3) are also associated with 

neuropathic pain and inflammatory processes109. Enteric glia are a significant source, 

and target of neurotrophins in the intestine and alterations in the expression of 

neurotrophins and their receptors are associated with changes in enteric glial activity 

(117, 118). The upregulation of BDNF expression by DRG neurons contributes to visceral 

pain (117) and enteric glia in the colon of IBS patients highly express the BDNF receptor 

TrkB81 (119). In addition, recent data suggest that BDNF induced colonic hypersensitivity 

involves reactive enteric glia because visceral pain responses and GFAP expression 

were reduced in BDNF knockout mice81. Similarly, NGF secretion by cultured enteric glia 

and mRNA levels of NGF and its receptor TrkA are increased in the presence of LPS, 

TNFa and IL1b (120). Given the multiple biologic roles of neurotrophins in the 

maintenance of neuronal survival and function (121), changes in glial neurotrophin 

expression and/or signaling could contribute to the neuroplasticity involved in visceral 

hypersensitivity.  

The gut microbiome has emerged as an essential component of the brain-gut axis 

and alterations in the composition of the microbiome are observed in a number of 

gastrointestinal and pain conditions (122). Altered fecal microbiota in IBS patients may 

even predict severity (123). The microbiota produce of a range of neuroactive compounds 

such as the neurotransmitters GABA, serotonin, norepinephrine, and dopamine (124) and 

other bacterial products such as LPS (125) and formyl peptides (126). This suggests that 
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the gut microbiome could influence pain pathways, but mechanistic links between the gut 

microbiome, sensory nerves, and alterations in the brain-gut axis are still relatively 

undefined. New data suggest that some effects of the microbiome could be exerted 

through effects on enteric glial function and development (127). The generation of the 

mucosal enteric glial cell network parallels the maturation of the gut microbiome (128, 

129) and the impaired mucosal glial population in germ free mice can be restored by 

introducing a normal gut microbiome (129). The LPS receptor, TLR4 is located on enteric 

glial cells and is increased in mice following exposure to stress (38, 130). VMR in 

maternally separated mice can be suppressed with oxytocin, which also causes a 

downregulation of enteric glial cell activity and TLR4 expression. This is indicative of a 

TLR4-dependent mechanism of enteric glial cells in modulating visceral pain responses 

(130–132). The gut microbiome also produces several gliomodulators such as proteases 

that directly act on enteric glial cells and are implicated in the pathophysiology of visceral 

hypersensitivity (8, 89, 124). However, the significance of interactions between the 

microbiome and glia in the generation of visceral pain is still unknown and will require 

additional mechanistic studies to unravel. 

INDIRECT MODULATION OF NOCICEPTORS BY ENTERIC GLIA  

Inflammation is a key component in the development of chronic pain (15, 102) and 

abnormalities in immune responses are considered one of the primary causes leading to 

the development of IBS (133). Approximately 10% of all cases of IBS are associated with 

a previous inflammatory insult such as a bacterial infection (133). Immune cells play an 

important role an important role in the sensitization of sensory nerve fibers during 

inflammation and contribute to the development of both acute and chronic pain (15). Their 
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active role in pain is primarily due to the release of proinflammatory mediators that 

modulate ion channel expression in primary afferent fibers such as TRPV1 receptors 

(134–137). Histamine, for example, activates nerve fibers and contributes to neurogenic 

inflammation and pain (138). Blocking H1 histamine receptors expressed by primary 

sensory afferent neurons in mice reduces pain responses after cutaneous injection of 

formalin to the paw (139).  

 Recently, the concept that both central and peripheral glial cells function as 

immunoregulatory cells has emerged (131). Glial cell-mast cell communication is critical 

for the development of inflammation (140, 141). Histamine clearance is an essential 

process for avoiding excessive histaminergic neuronal activation. Astrocytes play a 

prominent role in histamine clearance via histamine N-methyl transferase (HNMT), a 

histamine metabolizing enzyme (142). Astrocyte activity is modulated via histamine 

receptors on their cell membrane (115) and microglial activation through histamine results 

in the subsequent release of inflammatory mediators (116). Enteric glia exhibit the 

potential to function through similar pathways since their activity is also increased in the 

presence of histamine (143).  

 Current evidence supports the notion that enteric glia modify immune responses 

by the secretion of cytokines and other chemical transmitters and/or by acting as antigen 

presenting cells. Enteric glia also modulate adaptive immune responses and have 

immunosuppressive effects on T cells in vitro (144). Glial proinflammatory mediators 

including S100B, ATP, and nitric oxide increase oxidative stress in the local environment 

and contribute to neuronal cell death and the release of apoptotic signaling that triggers 

immune responses (56, 114, 145, 146). Enteric glia are also capable of expressing major 
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histocompatibility complex II (MHCII) molecules and ligands necessary for T cell signaling 

(73, 145, 147, 148). Mouse enteric glia also express major MHCII in response to 

pathogenic microorganisms which functions to modulate the activation of T-lymphocyte 

subsets involved in tolerance through mechanisms associated with autophagy (73). 

Recent data show that enteric glia promote muscularis macrophages to adopt a pro-

inflammatory phenotype through mechanisms that involve Cx43 and M- CSF release 

during chronic colitis in mice (72). Several types of immune cells are involved in 

inflammatory pain, particularly in the persistence of hyperalgesia (149). Immune cell 

activity can also contribute to neuropathic pain because of damage to peripheral nerves 

or to the CNS (15). Together these data show that enteric glia can modulate immune 

cells, which in turn can influence nociception.  

ROLE FOR ENTERIC GLIA IN OPIOID INDUCED HYPERALGESIA 

Current treatments targeting chronic pain are limited and often involve the use of 

opioids (150). However, opioid use has serious side effects that include persistent 

constipation and antinociceptive tolerance that limit clinical efficacy. Opioid-induced 

hyperalgesia can result from chronic opioid use and produce an IBS-like syndrome 

termed “narcotic bowel syndrome” (151, 152). Narcotic bowel syndrome is a subset of 

opioid bowel dysfunction characterized by recurring abdominal pain that worsens with the 

continued or escalating use of narcotics (153). 

Glial cells play a role in modulating opioid behavior (153–155). Chronic opioid 

treatment causes glial release of nitric oxide, prostaglandins, excitatory amino acids, and 

growth factors. It also causes changes in purinergic signaling and increases the release 

of glial mediators that enhance the release of pain transmission (153). Opiates modulate 
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central glial activity by directly binding to the glial (μ)-opioid receptor causing the release 

of proinflammatory cytokines or indirectly through the release of dynorphins (154). 

Chronic exposure to opioids leads to robust astrocyte and microglia reactions and induces 

hyperalgesia (155). Acute opioid treatment also produces marked satellite glia reaction in 

DRG (156). The bulk of these effects result from altered glial purinergic signaling. Chronic 

opioid treatment leads to the upregulation of P2X4 and P2X7 receptors in spinal microglia 

and contributes to opioid tolerance (156–158). Similar effects are observed in enteric glial 

cells. Long-term morphine treatment enhances purinergic activity in enteric glia that 

subsequently leads to barrier dysfunction and constipation through mechanisms that 

require glial Cx-43 activity (132). Opioid exposure upregulates proinflammatory cytokine 

release and contributes to morphine tolerance (159). Chronic morphine exposure causes 

the release of TNF-α, IL-1β, and IL-6 from glial cells, all of which are known contributors 

to chronic pain (160). Chronic opioid exposure induces glial responses through TLR4 and 

reinforces the rewarding effects of opioids. Blocking TLR4 signaling attenuates the 

development of analgesic tolerance and hyperalgesia (161, 162). Enteric glia express 

TLR receptors and TLR4 deficient mice fail to develop opioid induced bowel disfunctions 

(163). Although these findings implicate enteric glial cells as playing a major role in 

morphine induced bowel disfunction and opioid tolerance, more in-depth studies are 

needed to clearly define the role of glia in opioid induced hyperalgesia.  
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CONCLUSIONS  

New therapies are desperately needed to combat the common clinical issue of 

chronic abdominal pain. However, their development is limited primarily by the incomplete 

understanding of mechanisms that drive the development and maintenance visceral pain. 

Recent discoveries suggest that significant new insight into these mechanisms could be 

gained by focusing on glial cells. Glia are intertwined with mechanisms that produce 

nociceptive hyperalgesia and allodynia in pathological conditions. Specifically, glia are 

responsive to neurotransmitters in pain circuits and produce, secrete, and regulate 

modulators that activate and sensitize nociceptors. Moreover, glial cells actively 

contribute to processes involved in neuroplasticity. The precise mechanisms whereby 

peripheral glia contribute to neuroplasticity in pain pathologies is still a developing area, 

but current discoveries suggest that these mechanisms are involved in the transition from 

acute to chronic pain.  

The contributions of glial cells to pain hypersensitivity are not centralized, but in 

fact require the involvement of several glial cell types along the brain-gut axis. There is 

substantial evidence regarding enteric glia suggests that they are involved in visceral 

hypersensitivity and chronic pain. Enteric glia are primed for both immune and stress 

responses. Increasing evidence supports their role in nociception, as they can influence 

nerve fiber activity either directly by releasing pronociceptive modulators or indirectly by 

interacting with the immune system. Their reactivity is also linked with altered ion channel 

signaling on nociceptor nerve endings. In addition to stress and inflammatory visceral 

hypersensitivity, enteric glia also show promise in playing a key role in the mechanisms 

of opioid induced hyperalgesia and narcotic bowel syndrome.   
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Enteric glia signaling involving Cx-43 is currently the most well described glial 

mechanism that contributes to neuroinflammation and intercellular communication (56–

58). However, the therapeutic potential of this target is untested. Existing drugs that 

modulate Cx-43 are poorly selective and interact with connexin hemichannels and gap 

junctions in multiple tissues and cell types, which could potentially compromise normal 

gut function. This suggests that targeting mechanisms up- or downstream of glial Cx-43 

may prove more effective. In support, a clinical trial targeting downstream neuronal 

mechanisms with the P2X7 receptor antagonist AZD9056 showed significant promise in 

the treatment of visceral pain in CD patients (164). Other potential targets on enteric glia 

to modulate pain are less defined but targeting enteric glial IL-1b and IL-6 signaling could 

be promising since both contribute to pain pathologies (108, 111, 112). Similarly, 

modulating glial PAR and neurotrophin signaling may also serve to regulate glial activity 

and potentially reduce visceral hypersensitivity (165, 166).  

Further studies should focus on elucidating the role of enteric glial cells in chronic 

abdominal pain, since these cell types are essential in maintaining intestinal homeostasis 

and are highly active elements in GI disorders. In general, glia demonstrate great promise 

in filling the existing gaps in knowledge with regards to chronic abdominal pain. However, 

it is still necessary to define the specific mechanisms involved in these processes.   
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ABSTRACT 

Abdominal pain in irritable bowel syndrome and inflammatory bowel disease is 

thought to be driven by processes that sensitize sensory nerves innervating the gut. How 

sensory nerves become sensitized is not clear, but their terminals in the gut are 

surrounded by enteric glia. Here, we tested the hypothesis that intercellular enteric glia-

to-nociceptor signaling contributes to visceral hypersensitivity during inflammation. In vivo 

and in vitro models of acute inflammation were used in combination with protein and RNA 

labeling, and cellular assays of activity and mediator release. Mechanisms of interaction 

between glia and nociceptors were studied using Trpv1Cre;GCaMP5gtdT;GFAP-hM3Dq mice, 

in which glial activity is controlled by chemogenetics while simultaneously recording 

nociceptor activity using calcium imaging. Mice lacking glial connexin-43 were used in 

combination with visceromotor reflex recordings to disrupt glial intercellular signaling and 

study its impact on visceral sensitivity. Acute colitis induces a transient increase in 

proinflammatory cytokines including IL-1β, which is produced in part by glia and facilitates 

glial connexin-43 function. Provoking glial activity under these conditions changes the 

normal benign influence of glia on nociceptors to one where glia have a sensitizing effect 

on gut-innervating nociceptors. The mechanisms responsible for glial-driven visceral 

hypersensitivity involve an upregulation of glial COX-2 and an increase in stimulated glial 

PGE2 release which acts on nociceptor EP4 receptors. In vivo recordings show that 

colonic IL-1β shifts normal innocuous stimuli toward a noxious range through 

mechanisms that require glial connexin-43. Enteric glia sensitize gut nociceptors during 

inflammation. Cell-specific therapies targeting the glial mechanisms identified here could 

benefit treatments for visceral pain.  
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INTRODUCTION 

Abdominal pain is the most common gastrointestinal issue and a major feature of 

irritable bowel syndrome (IBS) and inflammatory bowel disease (IBS) (1, 2). Treating pain 

remains difficult due to the poor understanding of the underlying mechanisms. The most 

prevalent theory describing the etiology of abdominal pain is that acute inflammation 

promotes visceral hypersensitivity (3), which contributes to abdominal pain by facilitating 

nociceptive signaling along the gut-brain axis (4). Visceral hypersensitivity can be caused 

by changes at multiple points along the ascending and descending neural pathways that 

transduce nociceptive information from the periphery; however, changes in the sensitivity 

of nerve fibers that innervate the intestine is considered a primary cause and an attractive 

therapeutic target (5). Although these conditions are distinct clinical entities, there is 

significant overlap in symptom profiles of these patients. For example, approximately 40% 

of individuals with IBD who are in remission display symptoms that match the diagnostic 

criteria for IBS (6). Moreover, post-infectious IBS diagnosis account for a considerable 

subset of cases (7–9), and it is closely linked to the development of IBS following acute 

gastroenteritis caused by pathogens like Escherichia coli and Salmonella (10, 11). Given 

these observations, it is likely that mechanisms associated with inflammation and 

nociceptive signaling is pivotal to the transition from acute to chronic pain and can be 

broadly applied in treatment strategies for both IBD’s and functional bowel disorders. 

Nociceptive information in the gut is transduced by the peripheral axon terminals 

of primary afferent neurons that express the transient receptor potential cation channel 

subfamily V member 1 (TRPV1) and are sensitized during acute inflammation (12, 13). 

Nociceptor sensitization can lead to enhanced sensations of painful stimuli (hyperalgesia) 
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and/or painful sensations in response to normally innocuous stimuli (allodynia). 

Mechanisms responsible for these phenomena are thought to involve mediators released 

by immune cells such as mast cells that act on afferent nerve terminals (14). However, 

this theory has been questioned because mast cell numbers are inconsistent in IBS (15) 

and is at odds with the anatomical arrangement of nerve fibers and mast cells in the gut 

wall (16). Mast cells are predominantly associated with mucosal afferents, which 

comprise only 10% of afferent terminals in the colon (17, 18). Sensitization of mucosal 

afferents could contribute to hyperalgesia but would not explain allodynia, which involves 

the sensitization of high threshold nerves that densely innervate the myenteric plexus and 

muscularis where mast cells are rare (19). Therefore, additional mechanisms must be 

active at the level of the myenteric plexus that contribute visceral hypersensitivity.  

Nociceptors innervating the myenteric plexus are surrounded by enteric glia (2, 

20). Communication between enteric glia, neurons, and immune cells has emerged as an 

important mechanism that modulates neural-controlled gut functions (21, 22) as well as 

neuroimmune interactions and neuroinflammatory responses (23, 24). Enteric 

neuroinflammation is driven by processes that involve nociceptor-to-enteric glia signaling 

(2), but whether glia have reciprocal effects on nociceptive nerve sensitivity is unclear. 

Related populations of glia in the central nervous system have well defined roles in 

promoting synaptic plasticity (25) and sensitization of central pain pathways (26). 

Interactome gene analysis data suggest that enteric glia could have similar roles in the 

gut because glial genes upregulated during inflammation are linked to downstream pain-

promoting mechanisms in colon-projecting nociceptors (27). While enteric glia are known 

to contribute to chronic visceral hypersensitivity through interactions with immune cells 
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(24), how they might directly influence nociceptive nerve terminal sensitivity remains 

unknown.  

The goal of this study was to test the hypothesis that enteric glia contribute to 

visceral hypersensitivity by regulating the sensitivity of nociceptive nerve terminals 

innervating the intestine. To this end, we developed new tools to measure visceral 

nociceptor activity in real time in the intestine and used glial-specific perturbations to test 

the impact of glial signaling on nociceptor sensitivity in contexts of health and 

inflammation. Our results uncover a completely novel mechanism whereby enteric glia 

sensitize visceral afferent nerve terminals in the myenteric plexus in a sex-dependent 

manner. The molecular mechanisms underlying glial-mediated nociceptor sensitization 

identified here address a critical gap in understanding mechanisms that lead to visceral 

pain and highlight enteric glia as a potential target for cell-specific therapies. 
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MATERIALS AND METHODS 

Animals 

All work involving animals was conducted in accordance with the National 

Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals and was 

approved by the Institutional Animal Care and Use Committee (IACUC) at Michigan State 

University (MSU). An equal number of 14-16 weeks male and female mice with C57BL/6 

background were used for all experiments unless otherwise stated.  All mice were 

maintained on a 12h:12h light-dark cycle in a temperature-controlled environment with 

access to food (Diet Number 2919; Envigo, Indianapolis, IN) and water ad libitum.  

Transgenic mice expressing the genetically encoded calcium indicator GCaMP5g 

in sensory neurons (Trpv1Cre;GCaMP5g-tdT) were bred in-house and were generated by 

crossing B6.129-Trpv1tm1[cre]Bbm/J mice [TRPV1Cre (017769; RRID: IMSR_JAX:017769; 

Jackson Laboratory)] with Polr2atm1(CAG-GcaMP5g,-tdTomato)Tvrd (RRID: IMSR_ JAX:024477) 

mice (2). These mice were crossed with GFAP-hM3Dq (MGI:6148045; gifted by Dr. Ken 

McCarthy; University of North Carolina at Chapel Hill) (21) and were bred for experiments 

as heterozygotes to produce Trpv1Cre;GcaMP5gtdT;GFAP-hM3Dq mice. Mice with a 

tamoxifen-sensitive deletion of the gene encoding Cx43 (Gja1) in enteric glia 

(Sox10creERT2;Cx43f/f) were also bred in-house and generated as previously described 

(28) by crossing Sox10CreERT2 (MGI:5910373; gifted by Dr. Vassilis Pachnis, The Francis 

Crick Institute, London, UK) mice with Gja1tm1Dlg mice [Cx43f/f (008039; RRID: 

IMSR_JAX:008039; Jackson Laboratory)]. CreERT2 activity was induced in by feeding the 

animals with chow containing tamoxifen citrate (400mg/kg, TD.14084; Envigo) for 2 

weeks followed by 1 week of normal chow before use.  Double- and Triple-transgenic 
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mice were maintained as hemizygous for Cre (Trpv1Cre or Sox10CreERT2) and homozygous 

for the floxed allele (Polr2atm1(CAG-GcaMP5g,-tdTomato)Tvrd or Cx43f/f). Genotyping was 

performed by the Research Technology Support Facility Genomics Core at MSU and 

Transnetyx (Cordova, TN). 

Acute colitis model 

Colitis was induced in male and female mice under isoflurane anesthesia by an 

enema of 0.1 mL of a solution containing 5.5 mg of di-nitro benzenesulfonic acid (DNBS; 

150959, MP Biomedicals) dissolved in 50% ethanol (29). Control animals received 0.9% 

saline enema. Mice were monitored closely and weighed daily and sacrificed at 6 hours, 

48 hours or 3 weeks following DNBS. 

Multiplex Cytokine Assay 

Whole colon samples were collected from control and DNBS treated mice at 6 

hours, 48 hours, and 3 weeks. Tissue was processed for multiplex immunoassay as 

previously described (30). Colonic samples were homogenized in a Tris-buffered saline 

Tween buffer solution to extract protein. After, homogenates were centrifuged at 10,000g 

for 10 minutes at 4°C. Cytokine/chemokine levels were evaluated using bead-based 

multiplex immunoassays (Eve Technologies, Calgary, AB, Canada). 

Glial permeability assay 

Glial Cx43 hemichannel activity was measured by ethidium bromide (EtBr) dye 

uptake as previously described (31, 32). Live whole-mount longitudinal muscle-myenteric 

plexus (LMMP) preparations were dissected from from the distal colon in 35mm2 sylgard-

coated dishes and treated with an enzyme mix containing 1 U/mL Dispase (17105-041, 

Gibco) and 150 U/mL of Collagenase Type II (17101-015, Gibco) for 15 minutes at room 
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temperature. Preparations were incubated for 30 minutes at 37°C in 5% CO2/95% air in 

either DMEM/F-12 (11039047, Thermofisher) media only (Control) or interleukin 1-β (IL1-

β, 10ng/mL; 401-ML-005, R&D Systems), interleukin-6 (IL-6, 10ng/mL; 406-ML-005, R&D 

Systems), interferon-γ (IFN-γ, 10ng/mL, BMS326, Invitrogen), tumor necrosis factor-α 

(TNFα, 10ng/mL; 315-01A, PeproTech), interleukin-17 (IL-17, 10ng/mL; ab9567, Abcam) 

in the presence or absence of mimetic peptide antagonists for Cx43 (43Gap26, 100 μM; 

62644, Anaspec, Inc.) or pannexin-1 (10Panx, 300 μM; 61911, Anaspec Inc.), and the 

pore blocker gadolinium (Gd, 25 μM; G7532, Sigma). After, the mixture was removed and 

preparations were incubated with ethidium bromide (EtBr; 5 μM; 15585-011, Invitrogen) 

in the presence or absence of the purinergic agonist ADP (100 μM; A5285, Sigma) for 10 

minutes at 37°C. Extracellular EtBr was removed by three washes in fresh DMEM. EtBr 

fluorescence was immediately recorded using an upright Olympus BX51WI fixed-stage 

microscope fitted with a 40X water-immersion objective (LUMPlan N, 0.8 n.a.) and a 

Lambda DG-4 Plus xenon light source (Sutter). Ganglia were identified based on 

morphological features defined in previous work and acquired using MetaMorph Software 

(Molecular Devices). 

Immunohistochemistry 

Preparations of mouse colonic myenteric plexus prepared from segments of 

intestine preserved in Zamboni’s fixative or 4% PFA overnight at 4°C and were processed 

for immunohistochemistry as previously described (33). LMMP whole-mounts were rinsed 

3 times for 10 minutes each with 0.1% Triton X-100 in PBS (PBSTriton) followed by a 45-

minute incubation in blocking solution (4% normal goat or normal donkey serum, 0.4% 

Triton X-100, and 1% bovine serum albumin). Preparations were incubated with primary 
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antibodies overnight at room temperature and secondary antibodies for 2 hours at room 

temperature before mounting (Table 3.1). 

Fluorescence in situ hybridization (RNAscope) 

 LMMP tissue preparations from distal colon were collected from control and DNBS 

mice 48h after treatment. Samples were generated following the fixation and dissection 

procedures described above. RNAscope was performed using the Advanced Cell 

diagnostics (ACD) RNAscope 2.5 HD HD Assay-RED reported elsewhere (34). Tissues 

were dehydrated and subsequently rehydrated by a serial ethanol gradient (25%, 50%, 

75%, 100% in PBS with 0.1% Triton X-100) prior to H2O2 treatment. Tissues were then 

digested with Protease III for 45 minutes and incubated with a probe for Ptgs2 (Table 

3.1). Tissues were washed 3 times for 5 minutes between each step with PBS (before 

probe incubation) or with RNAscope™ wash buffer (between amplification steps). 

Labeling was confirmed with species-specific positive and negative controls.  

Immunohistochemistry was performed following completion of the RNAscope protocol as 

described above.   

Imaging 

Immunohistochemistry and RNAscope fluorescent labeling was evaluated using 

the 20 or 40x objective (0.75 numerical aperture, Plan Fluor; Nikon) of an upright 

epifluorescence microscope (Nikon Eclipse Ni) with a Retiga 2000R camera (Qimaging) 

controlled by Qcapture Pro 7.0 (Qimaging) software. Representative images were 

acquired through the 60x-oil immersion objective (PlanApochromat, 1.42 numerical 

aperture) of an inverted Fluoview FV1000 confocal microscope (Olympus) or Zeiss LSM 
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880 NLO confocal system (Zeiss) using Zen Black software and a 20x objective (0.8 

numerical aperture, Plan ApoChromat; Zeiss). 

Glial PGE2 release 

PGE2 was measured in supernatants collected from cultures of primary enteric 

glia. Enteric glia were isolated and cultured using a modification of protocols previously 

described (24). Whole colons were cut in small 2-3 cm segments and rod-dissected in 

DMEM-F12 to remove the myenteric plexus and longitudinal muscle layers and were 

digested in 2.5 mL of HBSS/HEPES buffer (14064, Gibco) containing Liberase TH (12.5 

µg/mL; 5401119001, Sigma) and Dnase I (100 Kuntz units/ml; D5025-15KU, Sigma) for 

30 minutes at 37°C. Cell suspensions were spun down (5 min at 1000xg and 4°C) and 

resuspended in 2 ml of complete medium made up of DMEM/Nutrient Mixture F-12 

(11330-032, Thermofisher) containing phenol red supplemented with L-glutamine and 

HEPES (H3375, Sigma), penicillin and streptomycin (100 U/ml and 100µg/ml; 15140122, 

Gibco), and 10% fetal bovine serum (FBS, Denville Scientific, Inc.). Cells were plated in 

24 well plates on coverslips coated with poly D-Lysine (100µg/ml, A-003-E, Sigma). Cell 

suspensions were initially seeded in the complete medium and plates were placed in an 

incubator (37C, 95% O2 / 5% CO2). New media composed of DMEM/Nutrient Mixture F-

12 containing phenol red supplemented with L-glutamine and HEPES and substituted 

with antibiotics (penicillin 100 U/mL and streptomycin 100 mg/mL), GIBCO N-2 

Supplement (0.2%; 17502048), GIBCO G-5 Supplement (0.2%; 17503012) and mouse 

NGF-β (0.05%; GFM11-20, Cells GS) was exchanged every 2 days. Experiments were 

performed once cells reached 50%–80% confluency (1-2 weeks). Cells were treated with 

IL-1β (10ng/mL) or media for 1 hour and stimulated with ADP (100µM) for 10 minutes. In 
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some cases, Cx43 activity was blocked with 43Gap26 (100 μM) for 10 minutes prior to 

stimulation. After, supernatants were collected and cells were fixed in 4% PFA for 30 

minutes. PGE2 release was quantified using PGE2 ELISA kit (KGE004B, R&D Systems). 

Culture purity was evaluated with IHC for GFAP, peripherin, and α-smooth muscle actin 

(Table S1) and considered for analysis if above a 90% ratio of glia. All experimental 

groups were run in duplicate and averaged for statistical analysis. 

Ca2+ imaging 

Live whole-mounts of colon myenteric plexus from either Trpv1Cre;GCaMP5g-tdT or 

Trpv1Cre;GCaMP5gtdT;GFAP-hM3Dq mice were prepared for Ca2+ imaging as previously 

described (21). Whole-mount circular muscle-myenteric plexus (CMMP) preparations 

were microdissected from mouse colons were continuously superfused with fresh, 

prewarmed (37°C) Kreb’s buffer consisting of (in mM): 121 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 

MgCl2, 1.2 NaH2PO4, 10 HEPES, 21.2 NaHCO3, 1 pyruvic acid, and 8 glucose (pH 

adjusted to 7.4 with NaOH) at a flow rate of 2-3 mL min-1. Preparations were treated with 

IL-1β (10 µg/mL) and either 43Gap26 (100 μM) or L-161,982 (50µM; 10011565, Cayman 

Chemical) to disrupt the release of glial mediators through Cx43 and inhibit EP4 receptors 

on nociceptors. CNO (10 μM; National Institute on Drug Abuse Drug Supply Program at 

the National institute of Health), ADP (100µM), and capsaicin (3 μM; 360376, Sigma) 

were applied for 30 seconds to activate glia and TRPV1 positive nociceptors, respectively. 

hM3Dq receptor expression in glia was validated by with Fluo-4 AM. Fluo-4 was loaded 

in the dark with Pluronic F-127 and 200mmol/L probenecid (P36400, Invitrogen) in 

DMEM/F-12. Images were acquired every second through 40x water-immersion objective 

(LUMPlanFI, 0.8 numerical aperture) of an upright Olympus BX51WI fixed stage 
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microscope (Olympus, Tokyo, Japan) using NIS-Elements software (v.4.5; Nikon, Tokyo, 

Japan) and an Andor Zyla sCMOS camera (Oxford Instruments, Abingdon, United 

Kingdom). To obtain higher spatial and temporal resolution of Ca2+ responses during 

validation of our genetic models, representative videos were obtained using a Nikon A1R 

HD25 confocal spinning-disk microscope (Nikon, Tokyo, Japan). Whole-mounts were 

superfused with Krebs buffer, (37°C) at 2–3 mL/min. To obtain higher spatial and temporal 

resolution of Ca2+ responses during validation of our genetic models, representative 

videos were obtained using a Nikon A1R HD25 confocal spinning-disk microscope 

(Nikon, Tokyo, Japan). In these cases, tissues were imaged through a 20x Nikon 

objective lens (CFI Apochromat LWD Lambda20xC WI, 0.95 numerical aperture). 

Confocal images were captured using a Nikon DS-Ri2 digital camera (Nikon, Tokyo, 

Japan) and recorded using NIS-Elements C software (Nikon). 

In vivo assessment of visceral sensitivity 

Visceral sensitivity was measured as previously described by non-invasive 

assessment of visceromotor responses (VMRs) to colorectal distensions (CRDs) (24, 35). 

Intracolonic pressure was measured by a miniaturized pressure transducer catheter 

(SPR-524, Mikro-Tip catheter, Millar Instruments) equipped with a custom-made plastic 

balloon. Mice were trained to restrainers for 3 hours one day prior to the experiment. Mice 

received an enema of 0.9% saline or IL-1β and following 3 hours were briefly anesthetized 

with isoflurane while the pressure transducer-balloon was inserted into the colorectum. 

Mice were then acclimated to restraints for 30 minutes before starting the CRD procedure. 

Graded phasic distensions (20, 40, 60, and 80 mmHg, 2 times each, 20 second duration, 

3-minute interstimulus interval) were delivered to the balloon by a barostat (G&J 
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Electronics) and VMR recordings were acquired using LabChart 8 (AD instruments). VMR 

recordings were performed as repeated measures experiments where control recordings 

were performed one week prior to conducting experiments with IL-1β.  

Analysis and Statistics 

Sample size was determined using a priori power analysis (G*Power 3.1) 

assuming 80% power with a desired P value of 0.05 and anticipating medium effect sizes 

(f = 1.0) based on previous experience and similar studies described in the literature. 

Whole animals were considered as individual n’s for immunoassay, 

immunohistochemistry, in situ hybridization, and in vivo analysis. Averaged ganglionic 

cellular responses from multiple mice represented n’s for Ca2+ imaging and dye uptake 

experiments. Immunolabeling data were analyzed in FIJI (National Institutes of Health) 

by calculating arbitrary mean fluorescence values per ganglionic area. Dye uptake 

experiments considered average glial fluorescence values per ganglion and each 

experiment was normalized to the control mean of the day. Ca2+ imaging traces represent 

the average change in fluorescence over time of the mean number of individual afferents 

per preparation. Individual nerve fibers were identified by tdTomato expression and 

morphology (36) and mean fluorescence was quantified using SparkAn (Dr. Adrian 

Bonev, University of Vermont) or NIS-Elements Analysis software. Ca2+ recordings were 

motion corrected using the ND Processing function in NIS-Elements software. Raw VMR 

traces were processed by running the SmoothSec and root mean square functions in 

LabChart 8 software to filter phasic colonic contractions (24). Following filtering the 

integral from the response at each distension pressure and the baseline mean from 20 

seconds prior to the distension were obtained. Responses were considered significant if 
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they were at least 2 SDV above the baseline mean. Data were analyzed using Students’ 

t-test, one-way or two-way ANOVA using Graphpad 9 software (Prism) and are presented 

as mean ± standard error of the mean (SEM). 

Chemicals and Reagents 

Chemicals and reagents were purchased from Millipore Sigma (Burlington, MA) 

unless otherwise stated. 
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RESULTS 

Enteric glia contribute to the inflammatory milieu that drives visceral hypersensitivity  

Acute inflammation produces visceral hypersensitivity in mice and humans (3) by 

disrupting the balance between pro- and anti-inflammatory mediators (37) that can both 

sensitize and/or activate visceral nociceptors (3, 24). The sensitizing effects of 

proinflammatory mediators on nociceptors is often studied in the preclinical mouse DNBS 

colitis model based on its translational relevance and reproducibility (38). However, the 

inflammatory profile in this model is not well characterized. To determine which pro-

inflammatory mediators are present during nociceptor sensitization, we performed a 

comprehensive multiplex immune assay on whole colon samples from male and female 

mice across the time course of DNBS colitis (Figure 3.1A). Several key pro-inflammatory 

cytokines were elevated in the colon at 6 hours (early inflammation) and 48 hours (peak 

inflammation), most of which returned to baseline levels during the resolution phase of 

colitis (3 weeks post DNBS treatment). Notably, levels of key cytokines implicated in the 

pathogenesis of GI disorders (39) and pain hypersensitivity (25) were increased in both 

males and females at 6 and 48 hours after DNBS treatment (Figure 3.1B). 

Concentrations of interleukin 1-β (IL-1β) and interleukin-6 (IL-6) increase drastically at 6h 

post-treatment, both showing levels over 100 times higher than controls in males and 

females. Tumon necrosis factor-α (TNF-α) levels increased over 70-fold at 48 hours in 

females and a 17-fold increase was observed in males although it did not reach statistical 

significance.  Similarly, interleukin-17 (IL-17) was increased in males at 6 hours and 

females at 48 hours. Surprisingly, interferon-γ (IFN-γ) decreased in males at 6 hours and 

no change was observed in females. Analysis of published bulk RNA-sequencing data 
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from enteric glia at peak colitis (2) showed that pathways associated with these cytokines 

were significantly upregulated in enteric glia (Figure 3.1C). Notably, production of IL-1β 

and IL-6 are upregulated in enteric glia during DNBS, as well as associated receptors. 

Interestingly, enteric glia upregulate their expression of the non-canonical IL-1 receptor 

type 2 which binds IL-1β in order to inhibit the transduction of its signaling. This could 

suggest that enteric glia posses self-regulatory mechanisms to protect against the effects 

of the cytokine. IL-1β production contributes to visceral hypersensitivity (3, 25) by directly 

modulating nociceptive nerves. Enteric glia are a potential source of IL-1β surrounding 

nociceptors. In support, immunolabeling data showed a robust 45% increase in IL-1β 

protein expression by myenteric glia during DNBS colitis (Figure 3.1D-E). 
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Figure 3.1: IL-1β expression is increased in enteric glia following inflammation. (A) 

Heat maps showing immune profile of DNBS colitis time course in male and female mice 

represented as fold change. (B) Concentrations in pg/mL of select cytokines from male 

(blue) and female (orange) mice at baseline or following DNBS colitis at 6h, 48h, and 3wk 

(One-way ANOVA followed by a Dunnett’s multiple comparisons test, p<0.05, ‘*’  
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Figure 3.1: (cont’d) 

 

significant at 6h, ‘#’ significant at 48h, n=3-5 mice). (C) Bulk RNA sequencing data 

sourced from Delvalle et al. presented as Log2 fold change, showing that enteric glia 

differentially regulate cytokine and receptor expression following DNBS colitis (differential 

expression analysis (DESeq2), p-adjusted<0.1, n=3 mice). (D) Representative confocal 

images showing overlay of double-label immunohistochemistry of GFAP and IL-1β within 

the myenteric plexus of colon from mice treated with saline (control) or DNBS and 

quantification (E). Significant differences were determined by student’s t-test (*p < 0.05, 

n = 3 mice) (scale = 20μm). 
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Proinflammatory cytokines facilitate glial Cx43 hemichannel gating 

In the CNS, proinflammatory cytokines contribute to chronic pain through effects 

on glial connexin-43 (Cx43) hemichannels (26). Enteric glia express Cx43 hemichannels 

and Cx43-mediated signaling regulates intercellular communication (22, 31) and 

underlying GI functions (40) yet how proinflammatory mediators affect enteric glial Cx43 

activity is not understood. Cellular uptake of the intercalating agent ethidium bromide 

(EtBr) is a selective method to measure Cx43 hemichannel opening in glia (41). We used 

this assay to study how proinflammatory cytokines produced during DNBS colitis alter 

glial Cx43.  We initially tested the singular effects of proinflammatory cytokines on Cx43-

mediated dye uptake. Glial Cx43 hemichannel opening was increased in the presence of 

proinflammatory cytokines to varied extents in both male (Figure 3.2A) and female 

(Figure 3.2B) mice. Incubation with IL-17 had no impact on dye uptake whereas IL-1β, 

IL-6, IFN-γ, and TNF-α induced a robust increase in glial EtBr fluorescence when 

compared to controls. Therefore, cytokines upregulated during active inflammation 

increase Cx43 hemichannel activity in otherwise unstimulated enteric glia. Given that 

these cytokines similarly impacted Cx43 hemichannels in males and females, the 

following experiments include pooled data from both sexes.  
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Figure 3.2: Impact of pro-inflammatory cytokines on glial dye uptake. Quantification 

of Cx43-mediated EtBr dye uptake in unstimulated enteric glia within the myenteric 

plexus. Preparations from both male (A) or female (B) mice were stimulated with either 

IL-6, IL-17, TNF-α or IFN-γ. Significant differences were determined by one-way ANOVA 

followed by post-hoc analysis with a Dunnett’s multiple comparisons test (***p < 0.001, 

****p < 0.0001) (n = 10-15 ganglia from multiple mice per treatment group).  
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Cx43-dependent EtBr uptake in enteric glia is increased following purinergic 

stimulation with the P2Y1 agonist ADP, which is an active mechanism during colitis (31, 

40). Thus, we investigated how proinflammatory cytokines affect Cx43 opening in enteric 

glia following purinergic activation (Figure 3.3A). Treatment with ADP increased EtBr 

uptake by approximately 30%, confirming that this paradigm was efficient at activating 

enteric glia and stimulating Cx43 hemichannel opening. TNF-α (Figure 3.10D), IFN-γ 

(Figure 3.10C), and IL-17 (Figure 3.10B) had no effect on EtBr dye uptake in stimulated 

glia. In contrast, IL-1β (Figure 3.3Bi-C) and IL-6 (Figure 3.10A) potentiated dye uptake 

in stimulated glia by approximately 24 and 50%, respectively. IL-1β and IL-6 mediated 

effects were dependent on Cx43 as their actions were diminished by blocking Cx43 

hemichannels with the mimetic peptide 43Gap26 (Figure 3.3Bii-C & Figure 3.10A). IL-

1β-mediated potentiation of dye uptake was absent in the presence of the pore-channel 

blocker Gd, which rules out potential channel independent effects of IL-1β on Cx43 

function. Likewise, repeating these experiments in glia from mice with a targeted deletion 

of glial Cx43 (Sox10CreERT2;Cx43f/f) (28) showed that IL-1β is unable to potentiate EtBr 

dye uptake in baseline and stimulated glia in the absence of Cx43 (Figure 3.3D). Dye 

uptake was independent of pannexin-1 channels expressed by enteric neurons (33) and 

unaffected by the mimetic peptide 10Panx (Figure 3.3C). Together these data show that 

IL-1β sensitizes mechanisms involved in the release of neuroactive substances from glia. 
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 Figure 3.3: Effects of IL-1β on dye uptake through Cx43 hemichannels in ADP-

stimulated enteric glia. (A) Schematic diagram illustrating experimental paradigm. (B-

Bii) Representative images and (C) quantification of Cx43-mediated EtBr dye uptake in 

enteric glia within the myenteric plexus with buffer or ADP in the presence or absence of 

IL-1β, the mimetic peptides 43Gap26 and 10Panx, and gadolinium. (D) Quantification of 

dye uptake in in Sox10creERT2::Cx43f/f mice. Significant differences were determined by 

Ordinary one-way ANOVA followed by a Tukey’s post-hoc test. (*p<0.05, ****p<0.0001 to 

control, ++p<0.01, ++++p<0.0001 to ADP) (n = 10-25 ganglia from multiple mice per 

treatment group) (scale=20µM).  
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Enteric glia sensitize nociceptors through Cx43-dependent mechanisms in 

proinflammatory conditions 

Glial Cx43 signaling is active during the acute phase of colitis when the 

sensitization of nociceptors occurs (2, 11, 26). Enteric glia display a tight anatomical and 

functional relationship with TRPV1+ nociceptors (2) (Figure 3.4A), suggesting that glial 

activation could affect nociceptor activity. To test how glial signaling influences nociceptor 

sensitivity, we conducted Ca2+ imaging in Trpv1Cre;GCaMP5g-tdT mice. This line conditionally 

expresses the genetically encoded Ca2+ indicator GCaMP5g in TRPV1+ nerves to 

specifically study the activity of nociceptive nerve terminals in the gut wall itself (Figure 

3.4B,C). While most GCaMP and tdTomato expression is confined to extrinsic nerves in 

this line, some myenteric neurons also display reporter expression (Figure 3.11A). 

However, enteric neurons expressing tdTomato and GCaMP were unresponsive to 

capsaicin, supporting previous data showing that enteric neurons do not express 

functional TRPV1 in adult animals (42) (Figure 3.11B). Therefore, nerve fiber Ca2+ 

responses observed in this line primarily reflect responses in extrinsic nociceptors that 

innervate the myenteric plexus.  

Nociceptor sensitivity was assessed by measuring Ca2+ responses evoked by the 

TRPV1 agonist capsaicin. Effects of glial activation were studied by stimulating glia with 

the P2Y1 agonist ADP and by blocking downstream glial Cx43 hemichannel-mediated 

transmitter release with the mimetic peptide 43Gap26 (Figure 3.4B). TRPV1+ nerve 

fibers exhibited robust responses to capsaicin in control preparations and stimulating glia 

with ADP did not activate nerve fibers or alter their responses to capsaicin under basal 

conditions (Figure 3.4E). However, ADP increased nociceptor responses to capsaicin in 
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the presence of IL-1β by ~60% (Figure 3.4D, F). This effect required glial activation by 

ADP because treatment with IL-1β alone had no effect on capsaicin responses in 

nociceptors (Figure 3.4F). Nociceptor sensitization by ADP also required glial Cx43 and 

was blocked in the presence of 43Gap26 (Figure 3.4F). Therefore, purinergic activation 

of glia sensitizes nociceptive nerves in the intestine through Cx43-dependent signaling 

during inflammation. 
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Figure 3.4: Enteric glia sensitize TRPV1+ nociceptors through Cx43-dependent 

mechanisms involving IL-1β signaling.  (A) Representative confocal image in 

TRPV1Cre;GCaMP5g-tdT mice showing  
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Figure 3.4: (cont’d) 

enteric glia labeled with GFAP (yellow) and TRPV1+ nociceptors (magenta) labeled with 

tdTomato. (B) Schematic of the experimental design and (C) representative images 

depicting baseline and Ca2+ responses provoked by capsaicin (CAP) in nerve fibers. (E-

F) Representative traces and (D) quantification of peak fluorescence values of control 

(gray) and IL-1β treated preparations (orange). Representative traces reported as ΔF/F 

over time. Enteric glia were stimulated with ADP (open arrow) and nociceptors were 

stimulated with capsaicin (filled arrow). Significant differences were determined by 

Ordinary one-way ANOVA followed by a Dunnett’s post-hoc test (**p<0.01 to control; n = 

5-7 ganglia from multiple mice per treatment group) (scale=20µM). Individual values were 

represented as triangles for males and circles for females. 
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PGE2 is a glial-derived mediator that sensitizes TRPV1+ nociceptors  

Our Ca2+ imaging studies in Trpv1Cre;GCaMP5g-tdT mice show that enteric glia 

sensitize TRPV1+ nociceptors through Cx43-dependent mechanisms. Cx43 controls glial 

intercellular communication by regulating the production of mediators such as 

prostaglandin E2 (PGE2) (43). PGE2 production is elevated during inflammation and 

facilitates nociceptive transmission through actions on EP4 receptors expressed by 

visceral nociceptors (44). Thus, we speculated that glial PGE2 release mediates the 

sensitizing effects of glial activation on TRPV1+ nociceptors. 

Analysis of glial RNA sequencing data shows that enteric glia express several 

genes associated with PGE2 synthesis and regulation (2). Notably, there is a 6-fold 

increase in COX-2 gene (Ptgs2) expression in enteric glia during peak colitis in mice 

(Figure 3.5A). To confirm these data, we performed in-situ hybridization for Ptgs2 from 

control and inflamed mice. Ptgs2 RNA was increased when compared to control samples 

at 48 hours following DNBS treatment (Figure 3.5B). Increased Ptgs2 expression 

colocalized with Sox10+ glia and not with peripherin+ neurons within myenteric ganglia, 

indicating that enteric glia are the main cellular site of PGE2 production in myenteric 

ganglia during acute inflammation. To provide direct evidence of glial PGE2 release, we 

quantified PGE2 release from primary cultures of enteric glia (Figure 3.6). Stimulating 

enteric glial cultures with ADP increased PGE2 release in the presence of IL-1β (Figure 

3.6A). This effect required glial Cx43 hemichannel opening and was blocked by 43Gap26. 

Interestingly, 43Gap26 also decreased basal PGE2 levels when compared to 

unstimulated controls. Therefore, COX-2 activity in enteric glia and their subsequent 
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PGE2 production has the potential to promote enteric neuroplasticity during inflammation 

(45). 
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Figure 3.5: COX-2 expression is upregulated in enteric glia during colitis. (A) 

RNAseq data from Ribo-tag mice treated with either saline or DNBS represented as Log2 

fold change (differential expression analysis (DESeq2), p<0.1, n=3 mice). (B) 

Representative confocal images of myenteric ganglia from either control (top panels) or 

DNBS (bottom panels) treated mice labeling Ptgs2 RNA (gray) with RNAscope followed 

by IHC labeling neurons with peripherin (green) and glia with Sox10 (magenta) (scale = 

20µM).  
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Figure 3.6: Stimulated enteric glia release PGE2 in the presence of IL1β. (A) 

Quantification of PGE2 release from enteric glia in cell culture supernatants treated with 

IL-1β and stimulated with ADP in the presence of 43Gap26. (B) Representative images 

of primary enteric glia cultures labeled with GFAP. Significant differences were 

determined by Ordinary one-way ANOVA followed by a Tukey’s post-hoc test (*p<0.05 to 

control, +p<0.05 to IL-1β only, ̂ ^^p<0.001; n = 5-12 mice) (scale=50µM). Individual values 

are represented as triangles for males and circles for females. 
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PGE2 is a ubiquitous molecule that is released by multiple cell types including mast 

cells, which also modulate visceral hypersensitivity (14). Mast cells are mainly present at 

the level of the mucosa and are rare at the levels of the myenteric plexus and muscularis 

where high threshold afferent terminals are located (17, 19). To determine relative 

potential contributions of mast cells vs glia, we quantified mast cells at the level of the 

myenteric plexus in mast cell reporter (MCPT5Cre;GCaMP5g-tdT) mice (46) and assessed glial 

numbers by Sox10 immunolabeling within myenteric ganglia of WT mice (Figure 3.7). 

Average mast cell density was 29,121 (± 3,118) mast cells per cm2 in the distal myenteric 

plexus, which was significantly lower than the density of Sox10+ glia in the same region 

(61,032 ± 3,580 cells per cm2) (Figure 3.7A). These counts show that glia far outnumber 

mast cells in regions surrounding afferent terminals by a factor of at least 2:1. Higher glial 

abundance and closer apposition to nerve fibers in the myenteric plexus suggests that 

the glia contribution to PGE2 production may play a dominant role in nociceptor 

sensitization within the myenteric plexus.  
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Figure 3.7: Relative abundance of enteric glia and mast cells at the level of the 

myenteric plexus. (A) Quantification and representative confocal images of glial (C) and 

mast cell (B) numbers within the myenteric plexus. Mast cells were quantified in MCPT5-

GCaMP-tdT mice and were identified by tdTomato labeling. GFAP immunolabeling was 

used to identify myenteric ganglia. Enteric glia were identified and quantified via 

immunohistochemistry with S100β and Sox10 in wild type mice. Individual values 

represented as triangles for males and circles for females. Data were evaluated with a 

Student’s t-test (****p < 0.0001, n = 7-12 mice) (scale = 50 µm).  
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Our Ca2+ imaging data show that purinergic activation of enteric glia modulates 

nociceptive signaling through Cx43-dependent mechanisms. However, it is possible that 

P2Y1 receptor expression by afferent (47) and enteric neurons (48) and immune cells (49) 

could complicate our interpretations. To circumvent this issue, we developed a dual 

chemogenetic and optogenetic reporter mouse model, Trpv1Cre;GCaMP5gtdT;GFAP-hM3Dq, 

to permit selective glial activation while imaging nociceptive nerve terminal activity in the 

gut with GCaMP. Consistent with our prior work characterizing the GFAP::hM3Dq glial 

chemogenetic line (21, 50), immunolabeling confirmed that hM3Dq receptor expression 

is confined to glial processes and cell bodies co-labeled with GFAP (Figure 3.8.A). 

Further, increases in glia fluorescence were observed when stimulated with CNO using 

the Ca2+ indicator dye Fluo-4 (Figure 3.12).  

Our initial studies with this model were directed at determining whether specifically 

activating glia without the potential confounds of agonists on surrounding cells would 

produce similar effects on nociceptor sensitivity (Figure 3.8B). As was the case with ADP, 

activation of enteric glia with CNO did not induce Ca2+ responses in TRPV1+ nociceptors 

and did not alter capsaicin responses under baseline conditions (Figure 3.8D). However, 

in the presence of IL-1β, activating enteric glia with CNO resulted in a clear potentiation 

of nociceptor capsaicin responses (Figure 3.8C,E). Therefore, glial activation alone is 

sufficient to sensitize nociceptive afferents during inflammation. Similar to our findings 

using ADP as a glial agonist, blocking Cx43 with 43Gap26 inhibited the sensitization of 

nociceptors elicited by glial activation with CNO (Figure 3.8C,E). Likewise, blocking 

nociceptor EP4 receptors with the selective antagonist L-161,982 inhibited the 

sensitization of nociceptors induced by glial activity (Figure 3.8C,E). Therefore, glial 
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activity driven by chemogenetic Gq GPCRs sensitizes TRPV1+ nociceptors in the context 

of inflammation through glial Cx43-dependent PGE2 release, which acts on nociceptor 

EP4 receptors.  
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Figure 3.8: Enteric glia sensitize nociceptors via the Cx43-dependent release of 

PGE2. (A) Representative confocal image showing co-localization of the HA (cyan) 

tagged hM3Dq receptor on enteric glia labeled with GFAP (yellow) and TRPV1+ nerve 

fibers (magenta) labeled with tdTomato in GFAP-HM3Dq;TRPV1Cre;GCaMP5g-tdT 

mice. (B) Schematic of the experimental design. (C) Quantification and (D-E) 

representative traces of peak fluorescence values and AUC of control (gray) and IL-1β 

treated preparations (orange). Representative traces were reported as ΔF/F over time. 

Enteric glia were stimulated with CNO (filled arrow) and nociceptors were stimulated with 

capsaicin (CAP, open arrow). Significant differences were determined by Ordinary one-

way ANOVA followed by a Dunnett’s post-hoc test (***p<0.001, ****p<0.0001 to control; 

n = 5-7 ganglia from multiple mice per treatment group) (scale=20µM). Individual values 

are represented as triangles for males and circles for females. 
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Visceral hypersensitivity driven by IL-1β requires glial Cx43-mediated signaling in vivo  

To test whether local glial-mediated sensitization contributes to broader pain 

behaviors in vivo, we assessed VMRs to CRDs in mice via non-invasive pressure 

recordings (24, 35, 51). This technique has been validated in multiple prior studies and 

eliminates the potential confounding factor of the surgery required for EMG recordings 

which can sensitize nociceptors and change enteric glial phenotype (24, 35). Female mice 

exhibited larger VMRs in response to a normally non-noxious distension pressure of 

20mmHg following an enema of IL-1β (Figure 3.9C); however, IL-1β had no effect on 

VMRs elicited in response to non-noxious or noxious distension pressures in males 

(Figure 3.9A). This suggests that females are more sensitive to developing allodynia 

following acute inflammation driven by IL-1β and supports the concept that sensitization 

of high threshold nerves innervating the myenteric plexus are responsible for the effect. 

In line with our cellular imaging studies, baseline visceral sensitivity did not require glial 

Cx43 signaling and was not different between controls and animals lacking glial Cx43 

(Sox10CreERT2;Cx43f/f) (Figure 3.9B,D). In contrast, ablating glial Cx43 abolished the 

sensitizing effect of IL-1β on VMRs in females without changing responses in males 

(Figure 3.9D). No significant changes in colonic compliance were observed between 

strains or IL-1β and control animals (Figure 3.13). Therefore, glial intercellular 

communication mediated by Cx43 contributes to visceral hypersensitivity during 

inflammation in a sex dependent manner. 
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Figure 3.9: Enteric glia impact afferent nerves and integrated reflexes through 

Cx43-dependent mechanism. Traces showing VMR responses to CRD in mice shown 

as the area under the curve (AUC) for each distension pressure. Data show VMR 

responses in both male (blue) and female (orange) mice in wild type (A,C) or 

Sox10creERT2::Cx43f/f (B,D) mice following treatment of saline/IL1β enema. AUC values 

for each group were analyzed via repeated measures two-way ANOVA followed by a 

Bonferroni’s post hoc analysis (p < 0.05, n = 6-9 mice).  
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DISCUSSION 

Treatments for visceral pain are limited by an unsatisfactory understanding of the 

causal mechanisms. Here, we show for the first time that enteric glia sensitize nociceptive 

nerve terminals that innervate the intestine through novel intercellular signaling 

mechanisms. Much of the prior work in this area has approached mechanisms of visceral 

hypersensitivity by studying responses in dorsal root ganglion (DRG) neurons or spinal 

cord circuits, which are distant to the primary events taking place in the intestine that 

sensitize sensory transduction. In this study, we circumvented this issue by developing a 

GCaMP reporter model that allows studying afferent nerve terminals in the intestine. By 

combining the nociceptor GCaMP model with glial chemogenetics, we were able to 

determine that normal glial signaling does not impact nociceptor sensitivity in health but 

plays a major role in sensitizing afferents during inflammation. The mechanisms 

responsible for glial-driven visceral hypersensitivity involve facilitating effects of 

proinflammatory cytokines on glial Cx43 hemichannels, an upregulation of glial COX-2, 

and an increase in stimulated glial PGE2 release which acts on nociceptor EP4 receptors. 

These novel glial mechanisms offer new insight into the primary mechanisms that 

promote visceral pain at the initial site of transduction. 

Glia play a major role in modulating ascending information in pain pathways. For 

example, processes mediated by astrocytes and microglia produce synaptic changes that 

facilitate the flow of afferent information in the dorsal horn of the spinal cord (25, 52). 

Increased glial activity and gliotransmitter release in the CNS are characteristic of all 

forms of pain and glia contribute to the transition from acute to chronic pain through 

interactions with neurons that create long-lasting changes in neurotransmission. Here, 
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we show that enteric glia share these properties at the most distant peripheral terminals 

of afferent neurons innervating the gut. Enteric glia, particularly those associated with 

neurons in the myenteric plexus, share some morphological and functional properties with 

astrocytes that might suggest similar roles in pain transmission. This is supported by prior 

RNAseq data showing that enteric glia upregulate genes associated with sensory 

transduction during inflammation (2) and that these glial genes are linked with 

downstream mechanisms in colon-projecting DRG neurons (27). In this study, we provide 

functional evidence for direct interactions between enteric glia and nociceptors and show 

that these mechanisms sensitize afferent transduction. Therefore, an emerging theme is 

that glia present at all sites along ascending and descending pathways that transduce 

and modify nociceptive information deriving from the intestine have the potential to 

broadly influence visceral perception.  

  Enteric glia are sufficient to sensitize TRPV1+ nociceptors under proinflammatory 

conditions as reflected by increased nociceptor GCaMP5g responses to capsaicin 

following glial activation with either ADP or CNO. Given this result, it was surprising that 

activating enteric glia under basal conditions did not change TRPV1+ responses to 

capsaicin. One interpretation of this difference could be that enteric glia are normally 

under an inhibitory influence that is released during inflammation. This possibility has 

been proposed for the nitrergic system, which is impaired following gut inflammation (40, 

53). Alternatively, the gain of glial function observed during inflammation could reflect a 

protective response that prevents further damage. These possibilities are not exclusive 

and likely occur in tandem to mediate homeostatic functions of glia. However, the former 

seems most likely given the observed upregulation of proinflammatory genes, increased 



116 
 

secretory capacity through Cx43, and acute effects on nerve fibers (24, 54). Another 

interesting finding was that ADP alone did not induce responses in nociceptors. This was 

unexpected since DRG neurons express purinergic receptors (47). However, these 

studies have centered at the level of the cell body which may express a different cohort 

of receptors than nerve endings.   

 Our results show that enteric glia possess the necessary machinery to produce 

and release PGE2 during inflammation. This conclusion is supported by prior cell culture 

evidence showing glia PGE2 production under proinflammatory settings (43). PGE2 is an 

important mediator of pain that can sensitize TRPV1+ nociceptors(44). PGE2 also plays 

an important role in enteric neuroplasticity and is necessary for producing changes in 

enteric neuron excitability and dysmotility in models of colitis (45). Our data suggest that 

many of these changes to both intrinsic and extrinsic neurons during inflammation could 

be attributed to glial PGE2 production. Other cell types do contribute to the available pool 

of PGE2 during inflammation and mast cell-derived PGE2 is considered particularly 

important in visceral hypersensitivity (14). However, mast cell numbers in IBS are 

inconsistent(15), decrease in frequency from the cecum to the rectum (16), and where 

present, are mainly associated with mucosal afferents (17, 18). Mucosal afferents 

comprise about 10% of colon-innervating afferent terminals and display low activation 

thresholds, which if further sensitized could contribute to hyperalgesia but would not 

cause a major shift in visceral sensitivity. Most spinal afferents innervate deeper layers 

such as the circular muscle (25%) and myenteric ganglia (26%) (18). Myenteric afferent 

terminals exhibit high activation thresholds and sensitizing mechanisms that decrease 

their activation thresholds would cause a major shift in sensory signaling associated with 
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allodynia (17). Glia surround these nerve terminals and outnumber mast cells at this level 

of the gut wall. Therefore, glia and mast cells likely have complementary 

compartmentalized roles in visceral hypersensitivity in which glia play a dominant role in 

sensitizing high threshold afferents at the level of the myenteric plexus (55). 

 An important observation of this study is that the effects of IL-1β and glial Cx43-

dependent signaling on visceral pain are sex-dependent. IL-1β increased visceral 

sensitivity in female mice in a glial Cx43-dependent manner. Surprisingly, IL-1β had no 

effect on in vivo measures of visceral sensitivity in males and ablating glial Cx43 also had 

no effect. Sexual dimorphism in pain mechanisms is well known (56, 57) and the nature 

of the pain-producing insult impacts males and females differentially. The sex differences 

observed here may be due to greater proinflammatory responses in females than males. 

This conclusion is supported by our cytokine expression analysis in which females 

exhibited greater increases in most cytokines evaluated including IL-1β. Hence, similar 

glial mechanisms may be active in both sexes, but males may require a higher 

concentration of cytokine to induce hypersensitivity. This could explain why sex 

differences were not observed in ex vivo studies when cells were exposed to equivalent 

cytokine concentrations. Another possibility is that female mice are more sensitive to 

PGE2. Recent single-cell sequencing data from DRG show that prostaglandin signaling 

is upregulated in female mice (57). Further, PGE2 produces greater effects on 

mechanical allodynia in females when compared to males. This suggests that PGE2 pain 

thresholds are lower in females, which could explain the observed differences in our VMR 

data.  
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New therapies are desperately needed to combat the common clinical issue of 

abdominal pain. Our study identifies enteric glial signaling as a novel mechanism that 

promotes visceral hypersensitivity at the initial site of sensory transduction. Inflammation-

induced changes in enteric glia increase their potential to modulate surrounding cells such 

as intrinsic and extrinsic neurons through effects on glial transmitter synthesis and release 

mechanisms. Our data show that perturbing these glial mechanisms limits visceral 

sensitization. Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most frequently 

used analgesics that suppress inflammatory pain by inhibiting COX-1 and/or COX-2 and 

reducing the production of prostanoids (44). However, products of COX-2 activity, such 

as PGE2, are involved in diverse physiological processes and current drugs have serious 

side effects on gastrointestinal, renal, and cardiovascular systems (58). Therefore, cell-

specific therapies targeting glial mechanisms could avoid these side effects and represent 

an important step forward in limiting visceral pain at its source in the intestine.   
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APPENDIX 

SUPPLEMENTAL MATERIALS 

Table 3.1. RNAscope probes and IHC antibodies   

RNAscope Probes  

Probe Target  Vendor  Catalog Number  Channel  

Ptgs2  ACD Bio-Techne  316621 C1  

Immunohistochemistry (IHC) Antibodies  

Primary antibodies  

Target  Vendor  
Catalog 
Number  

Dilution  RRID  

Chicken anti-GFAP Abcam ab4674 1:1000 AB_304558 

Mouse anti-Peripherin Santa Cruz sc-377093 1:100  

Rabbit anti-IL-1β Abcam ab9722 1:500 AB_308765 

Goat anti-tdTomato Sicgen AB8181-200 1:1000  

Rabbit anti-dsRed 
Takara/Living 
Colors 

632496 1:1000 AB_10013483 

Rabbit anti-Sox10 Millipore HPA068898 1:200 AB_2686054 

Mouse anti-α smooth 
muscle actin 

Abcam ab7817 1:1000 AB_262054 

Rabbit anti- HA (C29F4) Cell Signaling 3724 1:500 AB_1549585 

Rabbit anti- S100β Abcam ab52642 1:200 AB_882426 

Secondary antibodies    

Donkey anti-chicken Alexa 
Fluor 488 

Jackson 
Laboratories 

703-545-155 1:400 AB_2340375 

Donkey anti-chicken 
Cy5 

Jackson 
Laboratories 

703-175-155 1:400 AB_2340365 

Donkey anti-mouse 
Alexa Fluor 488 

Jackson 
Laboratories 

715-545-150 1:400 AB_2340846 

Donkey anti-rabbit 
Alexa Fluor 594 

Jackson 
Laboratories 

711-585-152 1:400 AB_2340621 

Donkey anti-goat 
Alexa Fluor 594 

Jackson 
Laboratories 

705-585-147 1:400 AB_2340433 

Donkey anti-rabbit 
Alexa Fluor 647 

Jackson 
Laboratories 

711-605-152 1:400 AB_2492288 

Donkey anti-mouse 
Alexa Fluor 594 

Jackson 
Laboratories 

715-585-150 1:400 AB_2340854 

Donkey anti-rabbit 
Alexa Fluor 488 

Jackson 
Laboratories 

711-545-152 1:400 AB_2313584 

 

Table 3.1: Table of RNAscope probes and antibodies used in chapter 3.  
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Figure 3.10: Impact of pro-inflammatory cytokines on Cx43 hemichannel-mediated 

dye uptake by enteric glia. Quantification of the effects of pro-inflammatory cytokines 

IL-6 (A), IL-17 (B), TNF-α (D) or IFN-γ (C) on EtBr dye uptake in enteric glia stimulated 

with ADP in the presence or absence of the mimetic peptide 43Gap26. Significant 

differences were determined by one-way ANOVA followed by post-hoc analysis with a 

Tukey’s multiple comparisons test (*p <0.05, ***p = 0.0005, ****p < 0.0001 to control,  
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Figure 3.10: (cont’d) 

+++p = 0.001, ++++p < 0.0001 to ADP) (n = 10-15 ganglia from multiple mice per 

treatment group).   
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Figure 3.11:  Rare enteric neurons that express tdTomato in Trpv1Cre;GCaMP5g-tdT and  

Trpv1Cre;GCaMP5g-tdT;GFAP-hM3Dq mice do not express functional TRPV1. 

Representative images (A) and traces (B) of tdTomato+ cell bodies in the myenteric 

plexus following stimulation with capsaicin (arrow indicates point of stimulation by 

capsaicin) (n = 6 independent preparations from multiple mice). Note that capsaicin 

causes a pronounced increase in GCaMP fluorescence in extrinsic nerve fibers traveling 

through the ganglion but has no effect on enteric neuron GCaMP fluorescence (A). 
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Figure 3.12: Enteric glia express functional hM3Dq receptors in Trpv1Cre;GCaMP5g-

tdT;GFAP-hM3Dq mice. Representative images from myenteric glia in whole mount 

preparations isolated from Trpv1Cre;GCaMP5g-tdT;GFAP-hM3Dq mice loaded with Fluo-4 at 

baseline (A) and following stimulation with CNO (B, n = 3 mice). In these experiments, 

enteric glia were identified based on morphology and cell body Fluo-4 fluorescence and 

are easily differentiated from GCaMP-expressing nerve fibers which also express 

tdTomato (scale = 20 µm).  
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Figure 3.13: Colonic compliance is unchanged by ablating glial Cx43 or by 

intraluminal IL-1b. Traces showing compliance curves for visceromotor responses 

(VMR) to CRD in mice. Curves were obtained by plotting the mean balloon volume from 

each step against the corresponding distension pressure.  Data show both male (blue) 

and female (orange) wild type (A,C) or Sox10CreERT2;Cx43f/f (B,D) mice following enemas 
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Figure 3.13: (cont’d) 

of saline or IL-1β. Curves for each group were analyzed via repeated measures two-way 

ANOVA followed by a Bonferroni’s post hoc analysis (p < 0.05, n = 6-9 mice).  
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Chapter 4: 

ENDOCANNABINOIDS MODULATE VISCERAL HYPERSENSITIVITY FOLLOWING 

INFLAMMATION THROUGH GLIA-DEPENDENT MECHANISMS 
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ABSTRACT 

 Visceral hypersensitivity is thought to be driven by inflammatory processes that 

sensitize the sensory nerves that innervate the gut. Enteric glia are active elements during 

inflammation and likely contribute to the sensitizing environment that leads to the 

sensitization of nociceptors. The endocannabinoid system is known to modulate 

inflammation and visceral hypersensitivity. However, the exact mechanisms involved in 

these processes in the intestine and whether enteric glia are an important component in 

these mechanisms has yet to be described. Enteric glia highly express Monoacylglycerol 

lipase (MAGL) the hydrolyzing enzyme responsible the production of 2-arachidonoyl 

glycerol (2-AG). 2-AG is readily described as an anti-inflammatory and analgesic 

compound. Thus, we hypothesize that that increasing endogenous levels of 2-AG through 

the inhibition of glial MAGL would improve the development of visceral hyperalgesia 

associated with inflammatory colitis. We used RNA labeling and Ca2+ with the 

Wnt1Cre;GCaMP5g-tdT;GFAP::hM3Dq to understand the contribution of endocannabinoid 

system components on neural-glial signaling through the use of chemogenetics to 

stimulate enteric glia and the pharmacological inhibition of MAGL, cannabinoid receptor 

1 (CB1), and cannabinoid receptor 2 (CB2). The di-nitro-benzene sulfonic acid (DNBS) 

model of colitis was used in combination with the Trpv1Cre;GCaMP5gtdT model to study the 

how inflammation altered nociceptor signaling in the intestine. Mice lacking glial MAGL 

were used in combination with visceromotor reflex recordings to increase endogenous 

levels of 2-AG and study its impact on visceral sensitivity. Our studies show that 

endocannabinoid signaling within the myenteric plexus is differentially regulated between 

male and female mice. Inhibition of MAGL under baseline conditions induces a decrease 
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in glial signaling within the myenteric ganglia of the distal colon, however this effect is lost 

in females and flipped in males following colitis. Similarly, DNBS colitis increases TRPV1+ 

nociceptor Ca2+ signaling and density in both males and females in vitro and increases 

visceral hypersensitivity in vivo in females. Pharmacological inhibition and genetic 

ablation of glial MAGL reverses these effects in females but has no effect in males. This 

study identifies sexual-dimorphic glial specific mechanisms involving endocannabinoid 

signaling ad inflammation.   
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INTRODUCTION 

Visceral hypersensitivity is currently the most widely accepted mechanism 

responsible for abdominal pain and is a result of the sensitization of the nociceptive 

afferents that project from the spinal cord to the intestine (1). Visceral hypersensitivity is 

a hallmark of Inflammatory Bowel Diseases (IBDs) (2, 3) and disorders of gut-brain 

interaction like irritable bowel syndrome (IBS) (4) and is considered the most debilitating 

symptom associated with these conditions. Mediators released during active 

inflammation can directly activate and sensitize colon-innervating afferents resulting in 

visceral hypersensitivity (5–10). Frontline drugs such as antidepressants 

(neuromodulators), antispasmodics, and opioids (11) have significant adverse effects on 

the CNS and on gut functions. Opioids, which are often used to control chronic visceral 

pain, have serious GI complications and chronic use produces a condition called narcotic 

bowel syndrome that paradoxically worsens pain symptoms (12). Controlling 

inflammation with aminosalicylates, corticosteroids, immunomodulators, and biological 

agents clearly benefits the treatment of active inflammation, but these therapies do not 

address abdominal pain (13). Addressing the mechanisms that induce changes in 

nociceptive signals that are transmitted from the abdomen to the spinal cord is necessary 

to develop effective approaches for abdominal pain treatment. 

 The endocannabinoid system primarily consists of cannabinoid receptors 1 (CB1) 

and 2 (CB2), their endogenous agonists, anandamide (AEA) and 2-2-arachidonoyl 

glycerol (2-AG), and the hydrolyzing enzymes, fatty acid amide hydrolase (FAAH) and 

monoacylglycerol lipase (MAGL) (14–16). These components are ubiquitously expressed 

throughout the body and are important in regulating numerous physiological functions 
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and have a significant role in inflammation and disease (16). CB1 and CB2 receptors are 

densely expressed on spinal dorsal horn, the dorsal root ganglia, the peripheral terminals 

of primary afferent neurons and within the pain descending pathway (17). CB1 receptors 

are also co-expressed along with transient receptor potential cation channel subfamily V 

member 1 (TRPV1) and play an important role in regulating nociceptive signaling and 

visceral hypersensitivity (18–20). Both CB1 and CB2 receptors elicit analgesic effects 

under basal conditions and during inflammation-induced hyperalgesia (21, 22). For this 

reason, cannabinoids are an attractive treatment for abdominal pain in IBD and IBS. 

Cannabinoid receptor agonists show activity in preclinical models of visceral and 

neuropathic pain (21, 23–25) and endocannabinoid-like dietary supplements alleviate 

abdominal pain and discomfort in clinical trials with IBS patients (26). However, the clinical 

development of these candidates is limited because of the psychoactive side effects from 

a lack of receptor selectivity or loss of activity from partial CB2 agonism. To avoid potential 

adverse/non-specific effects from ‘exocannabinoids’, the focus for drug development has 

begun to consider regulating endocannabinoids through the selective inhibition of MAGL 

and FAAH (27, 28). Particularly, increased levels of 2-AG through the inhibition of MAGL 

has shown great promise in alleviating inflammatory pain with minimal off-target effects 

(29–31).   

 Enteric glia are closely associated with nociceptive nerves within the intestine (32) 

and are known to contribute to visceral hypersensitivity during inflammation (33, 34). 

However, the precise mechanisms that involve enteric glia in nociceptor sensitization are 

not well described. Very little work has focused on understanding the role of enteric glia 

in endocannabinoid signaling pathways (14). Existing evidence from other glial 
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populations such as astrocytes and microglia in the brain, show strong support for glial 

involvement in endocannabinoid signaling and regulation (35–38). Furthermore, enteric 

glia express, and modulate inflammation through, peroxisome proliferator-activated 

receptor alpha (PPARα) which are non-canonical endocannabinoid receptors and bind 

AEA (14, 39, 40). Single-cell (41) and bulk (32) RNA sequencing from enteric glia show 

that they readily express MAGL RNA suggesting that they play an important role in 

regulating endocannabinoids in the intestine. Astrocytes and neurons in the central 

nervous system regulate 2-AG signaling (42) and studies suggest that astrocytic MAGL 

function is predominant in inflammatory contexts (38). Recent, interactome analysis of 

enteric glial gene profiles during acute DNBS colitis and colon projecting DRG neurons 

identified MAGL as a potential mechanism whereby enteric glia could influence nociceptor 

sensitivity (43). Thus, we hypothesized that disrupting MAGL function in enteric glia would 

prevent the development of inflammatory visceral hypersensitivity.  

 The objective of this study was to understand the role of endocannabinoids in glia 

signaling in the myenteric plexus and how these mechanisms contribute to nociceptive 

signaling during inflammation. We incorporated imaging techniques in situ and in vivo 

measurements of hypersensitivity to study the impact of inflammation and glial MAGL on 

nociceptive signaling. Our findings reveal a brand-new process in which enteric glia 

sensitize visceral afferent nerve terminals in the myenteric plexus in a sex-dependent 

manner. These mechanisms fill a significant knowledge gap and highlight enteric glia as 

a target for therapies aimed at treating abdominal pain disorders.  
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MATERIALS AND METHODS 

Animals 

All work involving animals was conducted in accordance with the National 

Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals and was 

approved by the Institutional Animal Care and Use Committee (IACUC) at Michigan State 

University (MSU). An equal number of 12-14 weeks male and female mice with C57BL/6 

background were used for all experiments unless otherwise stated.  All mice were 

maintained on a 12h:12h light-dark cycle in a temperature-controlled environment with 

access to food (Diet Number 2919; Envigo, Indianapolis, IN) and water ad libitum.  

Transgenic mice expressing the genetically encoded calcium indicator GCaMP5g 

in sensory neurons (Trpv1Cre;GCaMP5g-tdT) and enteric neurons and glia (Wnt1Cre;GCaMP5g-tdT) 

were bred in-house and were generated by crossing B6.129-Trpv1tm1[cre]Bbm/J mice 

[TRPV1Cre (017769; RRID: IMSR_JAX:017769; Jackson Laboratory)] (32) and B6.Cg-

E2f1Tg(Wnt1-cre)2Sor/J mice [The Jackson Laboratory, stock no. 022501; RRID: 

IMSR_JAX:022501] (44) with Polr2atm1(CAG-GcaMP5g,-tdTomato)Tvrd (RRID: IMSR_ 

JAX:024477) mice, respectively. Wnt1Cre;GCaMP5g-tdT mice were crossed with GFAP-

hM3Dq (MGI:6148045; gifted by Dr. Ken McCarthy; University of North Carolina at Chapel 

Hill) (45) and were bred for experiments as heterozygotes to produce Wnt1Cre;GCaMP5g-

tdT;GFAP::hM3Dq (44, 46) mice. Mice with a tamoxifen-sensitive deletion of the gene 

encoding MAGL (Mgll) in enteric glia (Sox10creERT2;Mgllf/f) were also bred in-house and 

generated as previously described by crossing Sox10CreERT2 (MGI:5910373; gifted by Dr. 

Vassilis Pachnis, The Francis Crick Institute, London, UK) mice with MAGLloxP mice(MGI: 

5883232; gifted y Dr. Benjamin Cravatt, The Scripps Research Institute, La Jolla, CA). 
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CreERT2 activity was induced by injecting mice with an IP of Tamoxifen (100mg/kg; T5648, 

Sigma) dissolved in a 1:9 solution of ethanol and sunflower oil respectively. Double- and 

Triple-transgenic mice were maintained as hemizygous for Cre (Trpv1Cre or Sox10CreERT2) 

and homozygous for the floxed allele (Polr2atm1(CAG-GcaMP5g,-tdTomato)Tvrd or Mgllf/f). 

Genotyping was performed by the Research Technology Support Facility Genomics Core 

at MSU and Transnetyx (Cordova, TN). 

Inflammation model 

Colitis was induced in male and female mice under isoflurane anesthesia by an 

enema of 0.1 mL of a solution containing 0.2mg/g of di-nitro benzenesulfonic acid (DNBS; 

556971, Sigma) dissolved in 30% ethanol (47). Control animals received 0.9% saline 

enema as previously described (48, 49). Mice were monitored closely and weighed daily 

for one week and used for experiments 1 or 3 weeks following DNBS. In a subset of 

experiments, received an IP injection of the potent MAGL inhibitor, JZL184 (10mg/kg), 

dissolved in a 1:1:9 solution of DMSO, Tween-20, and 0.9% saline or vehicle solution. 

Animals were injected every other day 48 hours following DNBS treatment until collection 

at day 7. 

Chemicals and Reagents 

Chemicals and reagents were purchased from Millipore Sigma (Burlington, MA) 

unless otherwise stated. 

Immunohistochemistry 

Preparations of mouse colonic myenteric plexus prepared from segments of 

intestine from healthy and DNBS treated mice preserved in 4% PFA overnight at 4°C and 

were processed for immunohistochemistry as previously described (48). LMMP whole-
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mounts were rinsed 3 times for 10 minutes each with 0.1% Triton X-100 in PBS 

(PBSTriton) followed by a 45-minute incubation in blocking solution (4% normal goat or 

normal donkey serum, 0.4% Triton X-100, and 1% bovine serum albumin). Preparations 

were incubated with primary antibodies overnight at room temperature and secondary 

antibodies for 2 hours at room temperature before mounting (Table 4.1). 

Fluorescence in situ hybridization (RNAscope) 

 LMMP tissue preparations from distal colon were collected from control and DNBS 

mice. Samples were generated following the fixation and dissection procedures described 

above. RNAscope was performed using the Advanced Cell Diagnostics (ACD) RNAscope 

2.5 HD HD Assay-RED reported elsewhere (50). Tissues were dehydrated and 

subsequently rehydrated by a serial ethanol gradient (25%, 50%, 75%, 100% in PBS with 

0.1% Triton X-100) prior to H2O2 treatment. Tissues were then digested with Protease III 

for 45 minutes and incubated with a probe for Mgll, Cnr1, and Cnr2 (Table 4.1). Tissues 

were washed 3 times for 5 minutes between each step with PBS (before probe incubation) 

or with RNAscope™ wash buffer (between amplification steps). Labeling was confirmed 

with species-specific positive and negative controls.  Immunohistochemistry was 

performed following completion of the RNAscope protocol as described above.  
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Table 1. RNAscope probes and IHC antibodies   

RNAscope Probes  

Probe Target  Vendor  Catalog Number  Channel  

Mgll  ACD Bio-Techne  478831 C1 

Cnr1 ACD Bio-Techne   C1 

Cnr2 ACD Bio-Techne   C1 

Immunohistochemistry (IHC) Antibodies  

Primary antibodies  

Target  Vendor  
Catalog 
Number  

Dilution  RRID  

Mouse anti-Peripherin Santa Cruz sc-377093 1:100  

Rabbit anti-Sox10 Millipore HPA068898 1:200 AB_2686054 

Secondary antibodies    

Donkey anti-mouse 
Alexa Fluor 488 

Jackson 
Laboratories 

715-545-150 1:400 AB_2340846 

Donkey anti-rabbit 
Alexa Fluor 647 

Jackson 
Laboratories 

711-605-152 1:400 AB_2492288 

 

Table 4.1: Lists the antibodies and RNAscope probes used in chapter 4.  
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Imaging 

Immunohistochemistry and RNAscope fluorescent labeling was evaluated using 

the 20 or 40x objective (0.75 numerical aperture, Plan Fluor; Nikon) of an upright 

epifluorescence microscope (Nikon Eclipse Ni) with a Retiga 2000R camera (Qimaging) 

controlled by Qcapture Pro 7.0 (Qimaging) software. Representative images were 

acquired through the 60x-oil immersion objective (PlanApochromat, 1.42 numerical 

aperture) of an inverted Fluoview FV1000 confocal microscope (Olympus) or Zeiss LSM 

880 NLO confocal system (Zeiss) using Zen Black software and a 20x objective (0.8 

numerical aperture, Plan ApoChromat; Zeiss). 

Ca2+ imaging 

Live whole-mounts of colon myenteric plexus from either Trpv1Cre;GCaMP5g-tdT or 

Wnt1Cre;GCaMP5g-tdT mice were prepared for Ca2+ imaging as previously described (45). 

Whole-mount circular muscle-myenteric plexus (CMMP) preparations were 

microdissected from mouse colons were continuously superfused with fresh, prewarmed 

(37°C) Kreb’s buffer consisting of (in mM): 121 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 

NaH2PO4, 10 HEPES, 21.2 NaHCO3, 1 pyruvic acid, and 8 glucose (pH adjusted to 7.4 

with NaOH) at a flow rate of 2-3 mL min-1. Preparations were treated with JZL184 (1 µM), 

SR-141716A (500nM), and SR-144528 (1µM) to either disrupt endocannabinoid signaling 

by inhibiting MAGL activity (51, 52) and blocking CBR1 (53) and CBR2 (54), respectively. 

CNO (100 μM; National Institute on Drug Abuse Drug Supply Program at the National 

institute of Health) and capsaicin (3 μM; 360376, Sigma) were used to activate glia and 

TRPV1-positive nociceptors, respectively. Drugs were either superfused in the bath with 

Krebs buffer for 30 seconds or locally applied using filamented borosilicate glass 
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microelectrodes that were backfilled with drug-containing Krebs buffer and puffed onto 

the surface of ganglia. Images were acquired every 0.5 seconds through 20x or 40x 

water-immersion objective (LUMPlanFI, 1.0 or 0.8 numerical aperture) of an upright 

Olympus BX51WI fixed stage microscope (Olympus, Tokyo, Japan) using NIS-Elements 

software (v.4.5; Nikon, Tokyo, Japan) or MetaMorph Software (Molecular Devices, 

Sunnyvale, CA) and an Andor Zyla or Neo sCMOS camera (Oxford Instruments, 

Abingdon, United Kingdom). Whole-mounts were superfused with Krebs buffer, (37°C) at 

2–3 mL/min.  

In vivo assessment of visceral sensitivity 

Visceral sensitivity was measured as previously described by non-invasive 

assessment of visceromotor responses (VMRs) to colorectal distensions (CRDs) (33, 55). 

Intracolonic pressure was measured by a miniaturized pressure transducer catheter 

(SPR-524, Mikro-Tip catheter, Millar Instruments) equipped with a custom-made plastic 

balloon. Mice were acclimated to restraints for 30 minutes before starting the CRD 

procedure. Graded phasic distensions (20, 40, 60, and 80 mmHg, 2 times each, 20 

second duration, 3-minute interstimulus interval) were delivered to the balloon by a 

barostat (G&J Electronics) and VMR recordings were acquired using LabChart 8 (AD 

instruments). VMR’s were recorded following either 1 or 3 weeks after receiving an enema 

of 0.9% saline or DNBS (0.2 mg/g in 30% ethanol).  

Analysis and Statistics 

Sample size was determined using a priori power analysis (G*Power 3.1) 

assuming 80% power with a desired P value of 0.05 and anticipating medium effect sizes 

(f = 1.0) based on previous experience and similar studies described in the literature. 
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Whole animals were considered as individual n’s for immunohistochemistry, in situ 

hybridization, and in vivo analysis. Immunolabeling data were analyzed in FIJI (National 

Institutes of Health) by calculating arbitrary mean fluorescence or average cell count per 

ganglionic area. For Ca2+ imaging experiments individual nerve fibers (56) and enteric 

neurons and glia (44) were identified by tdTomato expression and morphology and Ca2+ 

imaging traces represent the average change in fluorescence over time of the mean 

number of individual afferents per preparation or total cell number. Mean fluorescence 

was quantified using FIJI (National Institutes of Health) or the Mesmerize (Dr. Kushal 

Kolar, University of Bergen, Norway (57) software. Images were pre-processed in FIJI by 

performing a background subtraction and implementing the StackReg plugin to correct 

background fluorescence and movement. Mean fluorescence (ΔF/F) 32-bit images were 

obtained by dividing Ca2+ imaging recordings by the baseline average of the 10 frames 

before the stimulus. A value of 1 was added to every pixel of the recording to avoid infinity 

values resulting from dividing by zero. 32-bit images were imported to Mesmerize and 

analyzed for Peak Detection, frequency of response, and curve clustering. Raw VMR 

traces were processed by running the SmoothSec and root mean square functions in 

LabChart 8 software to filter phasic colonic contractions (33). Following filtering the 

integral from the response at each distension pressure and the baseline mean from 20 

seconds prior to the distension were obtained. Responses were considered significant if 

they were at least 2 SDV above the baseline mean. Data were analyzed using Students’ 

t-test, one-way or two-way ANOVA using Graphpad 9 software (Prism) and are presented 

as mean ± standard error of the mean (SEM). 
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RESULTS 

Enteric neurons and glia express RNA for multiple components of the endocannabinoid 

signaling pathway within the myenteric plexus. 

CB1 and CB2 receptors are present in the enteric nervous system (ENS) and play 

important roles in the regulation of gastrointestinal (GI) functions (16). CB1 receptors are 

found mainly in the myenteric plexus, while CB2 receptors are found primarily in immune 

cells in the gut mucosa (16, 58, 59). Recent large sequencing analyses have provided 

further insight into the distribution of genes encoding receptors and enzymes associated 

with endocannabinoid signaling within the intestine. Single-cell sequencing performed on 

enteric neurons from mouse colon (60) show that enteric neurons are enriched in RNA 

for multiple components along the cannabinoid signaling pathway. Particularly, enteric 

neurons express RNA for CB1 (Cnr1) receptors and both endocannabinoid hydrolyzing 

enzymes MAGL (Mgll) and FAAH (Faah) (Figure 4.1A). CB2 (Cnr2) RNA is minimally 

expressed within enteric neurons which agrees with what we currently understand about 

endocannabinoids in the nervous system. These sequencing data suggest that CB1 and 

FAAH RNA is increased in females, though this did not reach statistical significance. 

Similarly, enteric glia also demonstrate expression levels of endocannabinoid signaling 

components (Figure 4.1B). Bulk RNA sequencing from colonic mouse glial show that 

enteric glia express RNA for CB1 and CB2 receptors and both MAGL and FAAH. These 

findings were surprising since existing immunolabeling data show limited expression of 

cannabinoid receptors on enteric glia (14, 61–63). Concurrent with sequencing data for 

enteric neurons, baseline measurements for enteric glia indicate a significant increase in 

RNA expression levels for CB1, CB2, and MAGL in female mice. We confirmed 
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sequencing data using RNAscope (Figure 4.1E-G). Figure 4.1E shows Magll RNAscope 

labeling in females is increased at baseline when compared to males in both enteric glia 

(labeled with Sox10) and enteric neurons (labeled with peripherin). Cnr1 receptor labeling 

(Figure 4.1F) is clearly expressed in enteric neurons in both male and female mice. Cnr1 

labeling is also observed within a small number of enteric glia. Interestingly, Cnr2 labeling 

(Figure 4.1G) is observed at baseline within the ganglia although at a much lower degree 

than RNA for CB1 receptors. We’ve shown RNA expression for MAGL and cannabinoid 

receptors within neuronal and glial cell bodies in the intestine and that expression levels 

vary between males and females.  

The endocannabinoid components we identified within myenteric ganglia are 

effective mediators of inflammatory responses and are associated with the development 

of pain (28, 64, 65). The sensitizing effects of proinflammatory mediators on nociceptors 

are often studied in the preclinical mouse DNBS colitis model based on its translational 

relevance and reproducibility (66). Previous studies show that DNBS-induced colitis in 

mice induces lasting visceral hypersensitivity in mice and that these effects are prevented 

by modulating endocannabinoid signaling (67) Thus, we investigated the impact of 

inflammation on the expression levels of cannabinoid receptors and endocannabinoid 

hydrolyzing enzymes. Analysis of published bulk RNA-sequencing data from enteric glia 

at peak colitis (32) showed that pathways associated with these receptors and enzymes 

were significantly upregulated during colitis (Figure 4.1C). MAGL expression levels in 

enteric glia were significantly decreased following inflammation in both male and female 

mice via RNAscope (Figure 4.1E).  In contrast, Cnr2 RNA expression increases in males 

and females following colitis (Figure 4.1G). This increase in labeling is primarily observed 
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outside of the ganglia, however sparse labeling is also seen in glia and neurons within 

myenteric ganglia. These changes are similar to those observed in humans with IBD (68). 

Notably, CB1 receptor levels remain largely unchanged following colitis (Figure 4.1F). 

This agrees with previous work that shows CB1 receptor mRNA levels are unaffected 

during inflammation (69). These data suggest that following colitis there is an increase in 

endocannabinoid function within the enteric nervous system via the increase of 2-AG 

availability which could have an important impact on enteric neuroplasticity and 

nociceptor signaling. 
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Figure 4.1: Endocannabinoid receptors and regulating enzymes are expressed by 

enteric glia and altered during colitis. (A) Single-cell RNA sequencing data obtained 

from May-Zhang et all (60) presented as normalized counts per million (CPM) 

demonstrating expression of cannabinoid receptors and regulating enzymes in male and 

female mouse colon. (B) Expression of cannabinoid receptors and regulating enzymes 

from enteric glia bulk RNA sequencing derived from male and female mouse colon 

(unpublished). Data are presented as fragments per kilobase of transcript per million 

mapped reads (FPKM). (C) Bulk RNA sequencing data sourced from Delvalle et al. (32) 

presented as CPM, showing that enteric glia differentially regulate Mgll enzyme  
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Figure 4.1: (cont’d) 

expression following DNBS colitis (student t-test *p<0.05, ****p<0.0001, n=3 mice). 

Individual values are represented as triangles for males and circles for females.  
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Enteric neuron and glia Ca2+ signaling is differentially modulated by endocannabinoids 

in the intestine.  

Next, we studied how endocannabinoids modulate signaling with the ENS and 

whether this occurs in a sex-dependent manner. To this end, we used the triple-

transgenic Wnt1Cre;GCaMP5g-tdT;GFAP::hM3Dq (44) mice in which the chemogenetic 

actuator hM3Dq is expressed by enteric glia and GCaMP5g-tdT is expressed by both 

neurons and glia. This allowed us to selectively activate enteric glia with CNO and study 

the impact of cannabinoids in neuro-glia signaling. Our experimental approach for these 

experiments incorporated local drug application puffed directly onto single ganglia. This 

method allowed us to increase the output of data obtained by several thousand individual 

cells across treatment groups. To maximize the readout of the data obtained from these 

studies we utilized the Mesmerize (57) program which incorporates toolkits optimized for 

preprocessing, signal extraction, dataset organization, downstream analysis, and 

visualizations of large-scale calcium imaging data. We generated ΔF/F plots for each 

individual cell and utilized the ButterWorth and Peak Detect functions to identify maximum 

Ca2+ responses and the number and shape of each cell response. Furthermore, we were 

able to use these peak features to perform clustering analysis and study changes in the 

overall signaling dynamics of both neurons and glia (Figure 4.2).  
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Figure 4.2: Schematic representing protocol for Ca2+ imaging data utilizing 

Mesmerize. Image depicts workflow and parameters used for the normalization of data, 

peak detection from traces, and curve clustering. 
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 In agreement with prior work (44, 46), glial responses to CNO were significantly 

different between males and females (Figure 4.3A, Di, Fi). Female glial responses to 

CNO are ~2 times higher for the area under the curve (Figure 4.3B) and possess a 1.5 

times higher firing rate (Figure 4.3C). Increased levels of 2-AG attenuate intestinal 

motility and slowdown gut transit (70). Thus, we hypothesized that increasing 2-AG levels 

by inhibiting hydrolysis through MAGL would reduce Ca2+ activity in the myenteric plexus. 

Suppressing MAGL activity in situ with the potent inhibitor JZL184 reduced overall glial 

responses to CNO. Peak Ca2+ responses to CNO were significantly decreased by 17% 

in males and 21% in females (Figure 4.3A, Dii, Fii). Similarly, the area under the curve 

for responses following JZL184 treatment and the number of responses per minute of 

recording also showed a significant decline in males by 53 and 65% respectively (Figure 

4.3B-C). Female mice also showed a drop in the area under the curve by 14% following 

treatment but did not show any changes in frequency. In contrast to the effects induced 

by inhibition of MAGL, blocking both CB1 (Figure 4.3Diii) and CB2 (Figure 4.3Div) 

receptors with specific antagonists (SR141716A and SR144528, respectively) 

significantly increased overall glial Ca2+ responses in male mice. These effects were 

expected since activation of these receptors are generally associated with inhibitory 

effects in the gut (61, 62). Max responses were increased by ~30% following antagonism 

of cannabinoid receptors (Figure 4.3A). Area under the curve (Figure 4.3B) was 

increased by 174% after blocking CB1 receptors and 136% after blocking CB2 receptors. 

Frequency of responses (Figure 4.3C) were also increased by 106% and 75% after 

blocking endocannabinoid receptors 1 and 2 respectively. Interestingly, the overall 

increase observed in Ca2+ responses after blocking CB1 and CB2 receptors in males 
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resulted in responses similar to those observed in females at baseline. Surprisingly, 

inhibition of CB1 receptors in females had opposing effects to those observed in male 

mice (Figure 4.3Eiii). Blocking CB1 receptors in female mice reduced overall calcium 

responses which was observed by a 13% decrease in the peak response (Figure 4.3A) 

and a 10% decrease in the area under the curve (Figure 4.3B). Interestingly, inhibition of 

CB2 receptor signaling had no impact on glial Ca2+ responses in female mice (Figure 

4.3A-C, Eiv). This was unexpected since our Cnr2 expression data suggested that CB2 

receptor levels were higher in female mice.  

Our Ca2+ imaging data led us to speculate that altering endocannabinoid signaling 

could change not only the magnitude of cell responses but also the characteristics of Ca2+ 

dynamics. To study these changes, we performed clustering analysis using the KShape 

function in the Mesmerize software (Figure 4.2). Our results from these studies identified 

five distinct curve clusters from both male and female mice, whose distribution was 

altered following pharmacological modulation of endocannabinoid signaling (Figure 4.3F-

G). The clusters identified largely differ in shape, frequency, and amplitude between male 

and female mice. Curves from male control animals are predominantly those 

characterized within cluster 4 (61%, Figure 4.3Fv) and cluster 1 (28%, Figure 4.3Fii), 

which are distinguished by curves that have peak responses with about a two-fold 

increase from baseline and have a longer duration. Curves with shapes in cluster 0 are 

characterized by having the highest peaks, but shorter durations are within 5% (Figure 

4.3Fi) of the total distribution of responses in control males. Clusters 2 (low responding, 

Figure 4.3Fiii) and 3 (non-responding, Figure 4.3Fiv) each account for 3% of response 

types in male mice. These typical responses are significantly altered following inhibition 
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of MAGL (Figure 4.3Fvi) which instead show a reduced percentage of clusters 1 (20%) 

and 4 (54%) and an increase in cluster 3 (9%) and cluster 0 (15%). The change in the 

distribution of these curves can explain the effects of JZL184 on peak, area under the 

curve, and frequency given that the distribution of curves shifts to include a higher percent 

of non-responding cells and those with a shorter duration of response. Blocking CB1 

receptors in male colon preparations drastically shifts the curve distribution toward cluster 

1 which results in about 50% of cells within this cluster. Treatment with SR141716A also 

dramatically reduces the number of non-responding cells (cluster 3) which account for 

<1% of the total distribution of curves. Similarly, disrupting CB2 receptor signaling 

changes the distribution of curves to be primarily composed of cluster 1 (51%) and does 

not show responses within clusters 2 and 3. These differences can again explain the 

changes observed in peak, the area under the curve, and frequency given that the 

distributions for these groups are primarily composed of responses characterized by high 

amplitudes and longer durations whilst eliminating low responding cell types.    

Glia Ca2+ responses from female mice were also distributed into 5 different 

clusters. Baseline responses from female mice were distributed within 3 main clusters-

cluster 1 (31%, Figure 4.3Gii), cluster 3 (24%, Figure 4.3Giv), and cluster 4 (46%, 

Figure 4.3Gv). Following inhibition of MAGL reduces the presence of cluster 1 (28%), 

cluster 3 (22%), and cluster 4 (34%) within this group and introduces the presence of 

cluster 0 (5%) and cluster 2 (10%). These additional clusters have significantly lower peak 

responses from the clusters present in control which can explain the reduced responses 

observed in peak and amplitude of responses. Inhibition of CB1 receptors also introduced 

cluster 0 (5%) and cluster 2 (6%). Treatment with SR141716A showed an increase in the 
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distribution of cluster 1 (43%) and a decrease in cluster 4 (38%), and cluster 3 (6%) when 

compared to control animals. The significant decrease in cluster 3 and 4 which show the 

highest amplitude explain the reduced responses observed in the peak and area under 

the curve. Blocking CB2 receptors in female mice did not induce any major changes in 

glia Ca2+ responses to CNO. However, differences were observed in our clustering 

analysis (Figure 4.3Gvi). Much like inhibition of CB1, blocking CB2 receptors also 

introduces cluster 0 (3%) and cluster 2 (7%) to the distribution, showed a reduction in 

cluster 1 (21%) and 4 (41%) and an increase in cluster 3 (27%). Although this seems to 

follow a similar trend to what was observed in the CB1-inhibited group, the changes in 

distribution were not sufficient to have an impact on the maximum response, amplitude, 

and frequency of the Ca2+ responses.  
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Figure 4.3: Glial Ca2+ signaling is modulated by endocannabinoid signaling in the 

gut. 
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Figure 4.3: (cont’d) 

Summary data for the maximum response (A), area under the curve (B), and peak 

frequency (C) from glial Ca2+ responses to CNO in male (green) and female (magenta) 

Wnt1Cre;GCaMP5g-tdT mice following either MAGL inhibition with JZL184 (1µM) or 

antagonism of CB1 or CB2 receptors with SR141716A (500nM) and SR144528 (1µM) 

respectively. Representative traces for male (D) and female (E) mice are reported as ΔF/F 

over time ±SD. Representative traces and quantification of curve clusters for male (F) and 

female (G) mice following Mesmerize KShape analysis. Five distinct clusters were 

identified from each sex and their distribution was shifted from control following drug 

treatment. Significant differences were determined by Ordinary one-way ANOVA followed 

by a Dunnett’s post-hoc test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 to control; n = 

127-306 individual glial cells from multiple mice per treatment group).  
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Like enteric glia, enteric neuron sequencing data show that they express 

components of the endocannabinoid signaling pathway, including MAGL, CB1, and CB2, 

although to differing extents. To how endocannabinoids modulate neuronal signaling in 

the gut, we again used the triple-transgenic Wnt1Cre;GCaMP5g-tdT;GFAP::hM3Dq (44) 

which also expresses GCaMP5g in enteric neurons and stimulated neurons by local 

application of high KCl (140mM). Similar to our observation in glia, female peak neuronal 

responses to KCl were significantly higher than those observed in male mice. In fact, 

maximum responses in female neurons were approximately 25% higher than those 

observed in males (Figure 4.4A, Di, Fi). In contrast, baseline levels for the area under 

the curve (Figure 4.4B) and the number of events (Figure 4.4C) were no different 

between sexes.   

Inhibition of MAGL did not affect peak Ca2+ responses (Figure 4.4A) or the area 

under the curve (Figure 4.4C) in male mice. However, it significantly reduced the number 

of recorded Ca2+ events by 34% (Figure 4.4C, Dii). Similarly, female mice demonstrated 

a significant decrease in all signaling properties following MAGL inhibition (Figure 4.4Eii). 

Maximum neuron responses decrease by 28% (Figure 4.4A), the area under the curve 

decreased (Figure 4.4B) by 58%, and frequency decreased by 32% (Figure 4.4C). The 

data show that increases in endocannabinoid levels through the inhibition of MAGL 

attenuates neuronal signaling similar to what was observed in enteric glia. Inhibition of 

CB1 receptors did not have a major impact in neuronal signaling in male mice (Figure 

4.4A-Diii). This was unexpected given that we observed high levels of Cnr1 expression 

in enteric neurons. In contrast, inhibition of CB2 receptors induced significant increases 

in the area under the curve (170%, Figure 4.4B, Biv) and maximum calcium response in 
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enteric neurons (98%, Figure 4.4C). Blocking CB1 (Figure 4.4Eiii) and CB2 (Figure 

4.4Eiv) receptors in female mice significantly reduced neuronal responses to KCl. 

Antagonism with SR141716A reduced peak neuronal responses by 20% (Figure 4.4A), 

area under the curve by 58% (Figure 4.4B), and frequency by 36% (Figure 4.4C). 

Similarly, inhibition of CB2 with SR141716A reduced peak neuronal responses by 11% 

(Figure 4.4A), area under the curve by 43% (Figure 4.4B), and frequency by 40% 

(Figure 4.4C).  

Additionally, we performed clustering on analysis and identified three distinct 

enteric neuron response clusters in both male and female mice (Figure 4.4F-G). Typical 

cluster shapes in baseline male responses are predominantly found within cluster 2 

(Figure 4.4Fiii) which accounts for about 85% of total baseline responses. Baseline 

responses can also be found distributed between cluster 0 (6%, Figure 4.4Fi) and cluster 

1 (9%, Figure 4.4Fii). A similar distribution can be seen within the MAGL inhibitor group 

(Figure 4.4Fiv), which likely explains why no major differences were observed in neuron 

responses to KCl after treatment with JZL184. Blocking CB2 receptors induced a 

significant change in the distribution of curves from enteric neurons and appears to 

become evenly distributed between cluster 1 (52%) and cluster 2 (47%) and decreases 

cluster 0 to account for <1% of responses. This shift in response shape can likely explain 

the increases in peak neuronal Ca2+ responses to KCl following treatment with 

SR144528. Surprisingly, inhibition of CB1 receptors drastically shifts the curve cluster 

distribution from cluster 2 (17%) to cluster 1 (80%). Similar to the changes observed in 

male mice, pharmacological modulation of the endocannabinoid system significantly 

alters Ca2+ response curve distribution in female mice (Figure 4.4G). Baseline responses 
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in female mice are distributed within the three clusters identified. Cluster 0 (Figure 4.4Gi) 

and cluster 2 (Figure 4.4Giii) account for 39 and 44% of all baseline responses in females 

and cluster 1 (Figure 4.4Gii) accounts for 17%. This distribution is shifted following 

treatment the MAGL inhibitor JZL184 showing an increase in responses associated to 

cluster 2 accounting for 70% of the curve distribution for this treatment group. Similarly, 

blocking CB1 and CB2 receptors also resulted in a drastic shift in curves within cluster 2 

accounting for 90 and 88% of the total distribution for each treatment group respectively. 

The similar shift in clustering within each treatment group is reflected in the overall change 

observed in neuronal Ca2+ responses to KCl in female mice.    
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Figure 4.4: Neuronal signaling is modulated by endocannabinoid signaling in the 

gut.  
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Figure 4.4: (cont’d) 

Summary data for the maximum response (A), area under the curve (B), and peak 

frequency (C) from enteric neuron responses to high potassium (140mM KCl) in male 

(green) and female (magenta) Wnt1Cre;GCaMP5g-tdT mice following either MAGL 

inhibition with JZL184 (1µM) or antagonism of CB1 or CB2 receptors with SR141716A 

(500nM) and SR144528 (1µM) respectively. Representative traces for male (D) and 

female (E) mice are reported as ΔF/F over time ±SD. Representative traces and 

quantification of curve clusters for male (F) and female (G) mice following Mesmerize 

KShape analysis. Three distinct clusters were identified from each sex and their 

distribution was shifted from control following drug treatment. Significant differences were 

determined by Ordinary one-way ANOVA followed by a Dunnett’s post-hoc test (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 to control; n = 67-285 individual glial cells from 

multiple mice per treatment group).  
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Colitis impacts endocannabinoid mechanisms in the intestine altering enteric neurons and 

glia Ca2+ signaling. 

 Our Ca2+ imaging findings show that neuro-glial signaling is modulated by 

endocannabinoid signaling in physiological conditions. Endocannabinoid levels are 

significantly altered during inflammation (64, 68, 71, 72) and increased levels of 2-AG are 

protective against the effects of inflammation (28, 64, 65). Thus, we investigated the 

impact of inflammation on endocannabinoid signaling in enteric glia. We were initially 

interested in understanding how DNBS-induced colitis was altering glia Ca2+ responses. 

Interestingly, glial responses to CNO appeared unchanged in male mice and decreased 

in female mice following DNBS treatment. In fact, glia responses in females were reduced 

by 22% (Figure 4.5A, saline control means are represented as a checkered line on the 

Y axis) which shows female enteric glia displaying Ca2+ responses similar to those 

observed in male control animals. Following inhibition of MAGL male mice showed an 

increase in peak Ca2+ responses (Figure 4.5A, Dii) but no difference was detected in the 

area under the curve and frequency of the response (Figure 4.5C). This was surprising, 

as we anticipated the increase of endocannabinoids, like 2-AG, would have an inhibitory 

effect on glial Ca2+ signaling.  Blocking CB1 receptors also resulted in an increase in 

overall glial responses (Figure 4.5Diii). Maximum Ca2+ responses increased by 13.5% in 

males when compared to control animals (Figure 4.5A). Similarly, the area under the 

curve (Figure 4.5B) and the number of Ca2+ responses (Figure 4.5C) also increased by 

72 and 36% respectively. Antagonism of CB2 also showed increased responses by 7% 

(Figure 4.5A, Div). Inhibiting MAGL activity during colitis had no significant impact on 

Ca2+ responses from glia in female mice when compared to untreated controls (Figure 
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4.5A-C; Eii). Blocking CB1 receptors (Figure 4.5Eiii) in female mice following colitis 

increased the area under the curve (89.5%, Figure 4.5B) and the number of Ca2+ events 

per minute (37.4%, Figure 4.5C). Peak responses were not affected by the antagonism 

of CB1 receptors in inflamed females (Figure 4.5A). In contrast, CB2 receptors showed 

a significant decrease in maximum Ca2+ responses in female mice following colitis 

(Figure 4.5A, Eiv,). This was unexpected as previous studies have shown that agonists 

for CB2 are known to reduce inflammation and attenuate reactive gliosis (73, 74).  

Modulation of endocannabinoids during colitis induced significant alterations in the 

distribution of Ca2+ curves in both male and female mice (Figure 4.5F-G). DNBS control 

male animals showed response curves to be primarily within cluster 0 (29%, Figure 4.5Fi) 

and cluster 1 (51%, Figure 4.5Fii) with response curves also allocated within cluster 4 

(18%, Figure 4.5Fv) and cluster 2 (2%, Figure 4.5Fiii) and 3 (<1%, Figure 4.5Fiv). 

Inhibition of MAGL in males following colitis shifts the curve distribution towards cluster 0 

(42%) and increases the Ca2+ responses attributed to cluster 2 (6%). Blocking CB1 And 

CB2 receptors dramatically shifts the distribution of responses in favor of Cluster 1 (72%, 

65%, Figure 4.5Fvi). Some differences were also observed within cluster distributions for 

females following inhibition of MAGL. DNBS control females showed a predominance of 

response expression within cluster 0 (40%, Figure 4.5Gi) and cluster 3 (42%, Figure 

4.5Giv). In contrast, following inhibition of MAGL with JZL184, there was an increase in 

responses within cluster 1 (8%, Figure 4.5Gii) and cluster 2 (21%, Figure 4.5Giii). 

Blocking CB1 receptors induced an increase in responses within cluster 1 (26%) cluster 

2 (11%), and cluster 4 (11%, Figure 4.5Gv), when compared to control animals. Finally, 

antagonism of CB2 receptors induced a significant shift in the distribution of Ca2+ 
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responses towards those observed within cluster 0 (878%, Figure 4.5Gvi). The changes 

in Ca2+ curve distribution show that inflammation induces significant alterations to Ca2+ 

responses in both male and female enteric glia and that these dynamics can be altered 

with endocannabinoids. Furthermore, the presence and changes in the distribution of 

these clusters suggest that there exist subpopulations of enteric glia within myenteric 

ganglia that are differentially impacted by inflammation and endocannabinoids in a 

sexually dimorphic manner.  
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Figure 4.5: Colitis alters glial endocannabinoid regulation. 
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Figure 4.5: (cont’d) 

Summary data for the maximum response (A), area under the curve (B), and peak 

frequency (C) from glial Ca2+ responses to CNO in male (blue) and female (purple) 

Wnt1Cre;GCaMP5g-tdT mice 1 week after DNBS treatment following either MAGL 

inhibition with JZL184 (1µM) or antagonism of CB1 or CB2 receptors with SR141716A 

(500nM) and SR144528 (1µM) respectively. Checkered line represents responses from 

untreated control animals. Representative traces for male (D) and female (E) mice are 

reported as ΔF/F over time ±SD. Representative traces and quantification of curve 

clusters for male (F) and female (G) mice following Mesmerize KShape analysis. Five 

distinct clusters were identified from each sex and their distribution was shifted from 

control following drug treatment. Significant differences were determined by Ordinary 

one-way ANOVA followed by a Dunnett’s post-hoc test (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 to control; n = 164-358 individual glial cells from multiple mice per treatment 

group).  
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We then studied the impact of inflammation on neuronal endocannabinoid 

signaling. We found that following DNBS colitis Ca2+ responses in enteric neurons are 

significantly increased in male animals when compared to saline controls (Figure 4.6A-

C, Di, saline controls appear as a checkered line on the y-axis). In contrast, female 

responses from enteric neurons are significantly decreased during colitis (Figure 4.6A-

C, Ei). Inhibition of MAGL (Figure 4.6Dii) in male animals induces a significant increase 

in peak calcium responses (12%, Figure 4.6A) and frequency (24.5%, Figure 4.6C). 

Blocking CB1 receptors (Figure 4.6Diii) also increases peak neuronal Ca2+ responses to 

high KCl (51%, Figure 4.6A) and the area under curve (44%, Figure 4.6B). In contrast, 

blocking CB2 receptors during inflammation (Figure 4.6Div) resulted in reduced peak 

Ca2+ responses (54%, Figure 4.6A), area under the curve (77%, Figure 4.6B) and 

frequency (30%, Figure 4.6C) following inflammation. Contrary to its effects in males, 

treatment with the MAGL inhibitor JZL184 decreased Ca2+ responses when compared to 

controls in females. Peak responses in neurons were decreased by 17% (Figure 4.6A), 

area under the curve by 12.1% (Figure 4.6B), and frequency by 24.5% (Figure 4.6C). 

Although these did not reach statistical significance, the effect is appreciated in the 

average response recorded for each cell (Figure 4.6Eii). Blocking CB1 (Figure 4.6Eiii) 

and CB2 receptors (Figure 4.6Eiv) also significantly increased overall Ca2+ responses in 

female enteric neurons following inflammation. Max responses from enteric neurons were 

increased by 53 and 59% (Figure 4.6A), area under the curve was increased by 139 and 

214.5% (Figure 4.6B), and the number of Ca2+ response per minute (Figure 4.6C) were 

increased by 73 and 43%.  
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Much like our findings in enteric glia, following colitis Ca2+ responses can be 

clustered into different groups according to the shape of the response (Figure 4.6F-G). 

Control neuronal clusters in males are primarily distributed within cluster 1 (69%, Figure 

4.6Fii), with clusters 0 (Figure 4.6Fi) and 2 (Figure 4.6Fiii) accounting for the other 30 

and 1%. Animals treated with the inhibitor for MAGL have a similar distribution to controls, 

only showing a slight increase in the distribution within cluster 0 (32%). Blocking CB1 and 

CB2 receptors shows a dramatic increase in the distribution within cluster 1 (87% and 

84% respectively). Neurons from female mice treated with DNBS colitis show a slight shift 

in cluster distribution between treatment groups (Figure 4.6Giv). Control animals show a 

primary distribution within cluster 0 (24%, Figure 4.6Gi) and cluster 1 (69%, Figure 

4.6Gii). Following MAGL inhibition we observe an increase in the expression within 

cluster 2 (15%). When blocking CB1 receptors an increase in the distribution of cluster 1 

was determined (76%), whereas antagonism with CB2 induced an increase in the 

expression of cluster 0 (30%). Surprisingly, these differences within groups were very 

slight when compared to the clustering changes observed for enteric glia Ca2+ responses. 

Suggesting that endocannabinoid signaling may have a greater impact of Ca2+ dynamics 

in glia following inflammation. Notably, there does not appear to be a significant difference 

in cluster types between male and female mice which can be observed more prominently 

within glial responses.  
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Figure 4.6: Impact of colitis on neuronal cannabinoid signaling in the enteric 

nervous system. Neuronal signaling is modulated by endocannabinoid signaling in the  
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Figure 4.6: (cont’d) 

gut. Summary data for the maximum response (A), area under the curve (B), and peak 

frequency (C) from enteric neuron responses to high potassium (140mM KCl) in male 

(blue) and female (purple) Wnt1Cre;GCaMP5g-tdT mice following either MAGL inhibition 

with JZL184 (1µM) or antagonism of CB1 or CB2 receptors with SR141716A (500nM) 

and SR144528 (1µM) respectively. Representative traces for male (D) and female (E) 

mice are reported as ΔF/F over time ±SD. The checkered line represents responses from 

untreated control animals. Representative traces and quantification of curve clusters for 

male (F) and female (G) mice following Mesmerize KShape analysis. Three distinct 

clusters were identified from each sex and their distribution was shifted from control 

following drug treatment. Significant differences were determined by Ordinary one-way 

ANOVA followed by a Dunnett’s post-hoc test (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 to control; n = 119-285 individual glial cells from multiple mice per treatment 

group).  
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Colitis induces sensitization of nociceptors in the myenteric plexus which is modulated by 

MAGL activity. 

 As highlighted previously, MAGL is mainly responsible for the degradation of the 

endocannabinoid, 2-AG (30) and pharmacological inhibition of MAGL improves 

histological colon alterations and decreased proinflammatory cytokine expression in 

models of colitis (64, 65, 71). Nociceptors become sensitized during the active phase of 

inflammation (75) which likely induces lasting changes in nociceptor signaling. We studied 

how MAGL inhibition affects changes in nociceptor sensitivity using Ca2+ imaging in 

Trpv1Cre;GCaMP5g-tdT mice following colitis. Treatment with DNBS colitis had a significant 

effect on TRPV1+ nociceptor expression and a clear increase in nociceptor innervation 

can be observed in both male (Figure 4.7B) and female (Figure 4.7F) mice when 

compared to controls (Figure 4.7A, E). These differences appeared both as an increase 

in the overall number of nociceptors expressed (Figure 4.7Q, S) and tdTomato 

fluorescence (Figure 4.7U, W) per area. The total number of TRPV1+ nerves in male 

mice was increased by 70% when compared to controls (Figure 4.7Q) and total 

fluorescence was increased by 270% (Figure 4.7U). Although these results did not 

achieve statistical significance a strong trend can be appreciated. Similarly, females show 

a significant increase in the overall number of TRPV1+ nerve fibers following inflammation 

(62%) when compared to control preparations (Figure 4.7S). Interestingly, tdTomato 

fluorescence levels did not appear to differ between the control and DNBS group (Figure 

4.7W). These findings, fit with existing studies that show increased TRPV1 receptor 

mRNA (76) and TRPV1 nerve fiber density (77, 78) in patients with IBS and IBD. Along 

with increases in nerve fiber density, we also found that TRPV1+ Ca2+ responses to 
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capsaicin are increased following colitis in males (Figure 4.7A-Bii) and females (Figure 

4.7E-Fii). The area under the curve was significantly increased in female mice by 2.6-fold 

compared to control animals (Figure 4.7X) and increased in male animals by 1.9-fold, 

although they did not reach statistical significance (Figure 4.7V). A prominent trend was 

also observed in peak Ca2+ responses in females (Figure 4.7T) but was not observed in 

males (Figure 4.7R). Notably, following colitis we can also observe prominent GCaMP 

responses in very thin nerve processes that typically do not show responses under basal 

conditions (labeled with white arrows). This effect is observed in both males and females 

and suggests the recruitment of silent nociceptors following inflammation (79, 80). Taken 

together these data show that colitis induces sensitized responses in nociceptors and that 

this effect last after the resolution of inflammation.  

Increased levels of 2-AG via the inhibition of MAGL improve increased pain 

sensitivity in animal models of inflammatory pain (27, 28, 31). Furthermore, 2-AG is a 

direct agonist for TRPV1 receptors and induces changes in TRPV1 signaling (65-67). 

Given, the potent effects of MAGL inhibition on neuro-glial signaling both in baseline and 

inflamed conditions, we were interested in studying the impact of MAGL modulation of 2-

AG on nociceptive signaling. Thus, we studied Ca2+ signaling on nociceptors in control 

and DNBS-treated animals that were treated with the MAGL inhibitor, JZL184 (10mg/kg), 

or a control vehicle solution. Treatment with JZL184 did not significantly impact nerve 

density (Figure 4.7Q, S) or fluorescence (Figure 4.7U, W) in control animals (Figure 

44.7C, G). However, in DNBS females, nerve density remained unchanged (Figure 4.7H) 

when compared to control animals unlike DNBS-treated animals that did not receive the 

MAGL inhibitor. After treatment with JZL184, tdTomato fluorescence (Figure 4.7U) and 
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nerve fiber density (Figure 4.7Q) appeared similar following treatment with DNBS 

in male animals (Figure 4.7D). Surprisingly, tdTomato fluorescence was significantly 

increased in females that received the treatment following inflammation (Figure 4.7W, 

H). Treatment with JZL184, also impacted Ca2+ responses from nociceptors following 

inflammation. In female animals, blocking MAGL activity ameliorates the effects of DNBS 

on nociceptor Ca2+ responses. Peak Ca2+ responses (Figure 4.7T) and area under the 

curve (Figure 4.7X) were significantly decreased by 39% and 86% following JZL184 

treatment in DNBS females (Figure 4.7Hi-Hii). Surprisingly, male animals treated with 

JZL184 had a trend towards increased peak Ca2+ responses (Figure 4.7R) and area 

under the curve (Figure 4.7V). Following inhibition MAGL we observe a loss of 

responding silent nociceptors. These data suggest that MAGL has the potential to 

modulate visceral hypersensitivity and it does so in a sex-dependent manner. 
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Figure 4.7: Nociceptive signaling is altered during colitis. (A-Hii) Representative 

images from male and female TRPV1Cre;GCaMP5g-tdT showing TRPV1(+) nociceptors within 

myenteric ganglia that express tdTomato and baseline and GCaMP responses to  
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Figure 4.7: (cont’d)  

capsaicin (CAP) from control and DNBS colitis mice that were treated with JZL184 or 

vehicle. Yellow arrows indicate typically responding ociceptors and white arrows depict 

nociceptors that are recruited following DNBS treatment. (I-P) Show representative traces 

of nociceptor Ca2+ responses following stimulation with CAP. Representative traces 

reported as ΔF/F over time. Quantification of TRPV1+ nerve distribution and mean 

fluorescence per area in male (Q-U) and female (S-W). Mean fluorescence values are 

reported as arbitrary fluorescence units (AFU). Quantification of peak Ca2+ responses and 

area under the curve (AUC) of GCaMP responses to capsaicin in male (R-V) and female 

(T-X) TRPV1Cre;GCaMP5g-tdT mice. Significant differences were determined by Ordinary one-

way ANOVA followed by a Dunnett’s post-hoc test (*p<0.05 to control; n = 3-5) 

(scale=60µM)
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Glial MAGL impacts reflexive pain behaviors following colitis 

To determine whether the protective effects of MAGL on TRPV1+ nociceptors 

were glia specific, we assessed visceral hypersensitivity in vivo by measuring VMRs to 

CRDs (Figure 4.8) in mice via non-invasive pressure recordings (33, 55, 81) in WT and 

Sox10CreERT2;Mgllf/f following colitis. This technique has been validated in multiple prior 

studies and eliminates the potential confounding factor of the surgery required for EMG 

recordings which can sensitize nociceptors and change enteric glial phenotype (33, 55). 

In agreement with our findings from Ca2+ imaging experiments, female WT mice showed 

increased VMR responses to CRD after 1 week of DNBS treatment (Figure 4.8C). 

Furthermore, female visceral hypersensitivity was sustained until 3 weeks after DNBS 

treatment. Colitis effects on VMRs in female mice were lost in the Sox10CreERT2;Mgllf/f 

mouse model (Figure 4.8D). This data supports our findings from Ca2+ imaging 

experiments that show that the inhibition of MAGL ameliorates the sensitization of 

nociceptors during inflammation and that these effects are primarily mediated by enteric 

glia. Surprisingly, DNBS does not have an effect on VMR responses in male WT animals 

(Figure 4.8A). MAGL glial knock out male mice show increased responses to VMR in 

saline treated animals (Figure 4.8B). This sensitivity is lost 1 week after treatment with 

DNBS. At 3 weeks post DNBS this effect is no longer observed and male knock out VMR 

levels are similar to baseline. Therefore, inflammation induced visceral hypersensitivity 

and enteric glia modulation via endocannabinoid signaling function through sex 

dependent mechanisms.  
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Figure 4.8: Enteric glia regulate afferent nerves and integrated reflexes through the 

regulations of endocannabinoids via MAGL. Traces showing VMR responses to CRD 

in mice shown as the area under the curve (AUC) for each distension pressure. Data 

show VMR responses in both male (green, blue) and female (pink, purple) mice in wild  

 



180 
 

Figure 4.8: (cont’d) 

type (A,C) or Sox10creERT2::Mgllf/f (B,D) mice following enema of saline or DNBS. AUC 

values for each group were analyzed via two-way ANOVA (p < 0.05, n = 8-14 mice). 
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DISCUSSION 

 The endocannabinoid system is a promising target for the regulation of pain and 

inflammation (10, 14–16, 82). Here, we demonstrate that endocannabinoid signaling is a 

major component in enteric neural-glial mechanisms and the development of visceral 

hypersensitivity. Very little work exists to support the role of enteric glia in 

endocannabinoid pain modulation (14, 58). Studies within the CNS show that central glia 

are major components in endocannabinoid signaling and contribute to their role in 

descending afferent singling (17, 35, 38, 83–85). In this study, we demonstrate that 

enteric glia express components of the endocannabinoid signaling pathway, and glial 

activity is impacted by endocannabinoids. 

 We show that enteric glia readily expresses MAGL and FAAH along with CB1 and 

CB2 receptors under physiological and inflammatory conditions. Further, we demonstrate 

that the presence of these components is functionally relevant to neuro-glial signaling in 

the intestine. Inhibition of MAGL results in a significant decrease in Ca2+ signaling from 

enteric glia and neurons and blocking CB1 and CB2 receptors caused significant 

increases in Ca2+ signaling from glia. This suggests that increased levels of 2-AG provide 

inhibitory regulation of the ENS. These effects of CB1 and CB2 antagonism, however, 

were only observed in males where inhibition of CB1 and CB2 in females reduced Ca2+ 

responses from enteric glia. The differences observed in males and females could be 

associated with the sexually-dimorphic expression of endocannabinoid components on 

enteric glia. This is supported by the fact that we were able to identify distinct curves 

between males and females using KShape analysis, suggesting an overall difference in 

Ca2+ dynamics that are specific to each sex. These sex differences can again be 
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appreciated during colitis where we observed opposing effects between male and female 

mice that were mediated by endocannabinoid signaling. It is important to note that these 

differences observed in enteric glia and neurons can result from indirect modulation via 

other cell types. CB1 and CB2 receptor expression is not confined within enteric neuronal 

and glial cell bodies. In fact, several other cell types like immune cells and colon-projecting 

afferent nerves also express these receptors (14, 16). Blocking cannabinoid receptors on 

these cells can indirectly modulate glia given that they can readily interact with each other 

(32, 33, 86). These components are also altered during inflammation as we can 

appreciate increased CB2 RNA expression during DNBS that is not confined to enteric 

neurons and glia. Additionally, endocannabinoids do strictly bind to CB1 and CB2 and 

several other non-canonical endocannabinoid receptors exist within the enteric nervous 

system (14, 16). Anandamide and 2-AG can easily bind to TRPV1 and PPARα receptors 

both of which are known to directly modulate glial activity during inflammation (32, 39).  

Nociceptors are sensitized during inflammation and the mechanisms associated 

with these effects are believed to contribute to the shift from acute to chronic abdominal 

pain (87–89). Our Ca2+ imaging data from our TRPV1Cre;GCaMP5g-tdT animals show that 

following treatment in DNBS there is an increase in overall nociceptor Ca2+ responses to 

capsaicin. Further, we observed an increase in TRPV1+ nociceptor density within the 

myenteric plexus which mirrors prior work from pre-clinical models and humans (76–78, 

90–94). Notably, our Ca2+ data also showed that DNBS colitis likely induces the 

recruitment of silent nociceptors. Silent nociceptors are a group of sensory afferents that 

are not usually activated by physiologically relevant noxious stimuli (1, 79, 80). Increased 

levels of TRPV1+ nociceptors and the recruitment of silent afferents indicate profound 
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structural and functional alterations to nociceptive signaling that likely contribute to the 

development of chronic pain. In support of these findings, our in vivo measurements of 

visceral hypersensitivity indicate sustained VMR responses in females up to 3 weeks post 

DNBS colitis which is typically a time point where animals have recovered from 

inflammation. These effects were modulated by the endocannabinoid hydrolyzing 

enzyme MAGL, given that treatment with the MAGL inhibitor JZL184 ameliorated 

sensitized Ca2+ responses from TRPV1+ nociceptors but also reversed the recruitment 

of silent afferents. Although both neurons and glia express RNA for MAGL, the effects 

observed on nociceptors are likely primarily modulated by enteric glia. Previous work 

demonstrates that the contribution of glial MAGL to endocannabinoid signaling is 

predominant during inflammation (38). Our VMR recordings support this and show that 

genetic ablation of MAGL from glia in the Sox10creERT2::Mgllf/f mice prevented the 

development of visceral hypersensitivity observed in females. Indicating that glial MAGL 

inhibition is sufficient to modulate visceral hypersensitivity during colitis.  

Interestingly, Sox10creERT2::Mgllf/f knock-out males showed increased VMR 

responses when compared with WT controls. Typically, endocannabinoids are described 

as being anti-inflammatory and having analgesic properties (27, 31, 64, 65). However, 

AEA and 2-AG are partial agonists for TRPV1+ receptors (95, 96). Under baseline 

conditions, endocannabinoids can activate these receptors but because they are not full 

agonists TRPV1+ receptors do not become desensitized as a result. It is possible that 

increased levels of 2-AG following genetic ablation of MAGL stimulates TRPV1+ 

nociceptors, increasing thresholds for nociceptive stimuli. Additionally, constant 

stimulation of TRPV1+ nociceptors can induce neurogenic inflammation by contributing 
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to increased release of proinflammatory mediators from nociceptors like tachykinins and 

substance P (SP) (97). Furthermore, other enzymes not typically associated with 

endocannabinoid signaling, like cyclooxygenase-2 (COX-2), can utilize 2-AG in the 

production of prostaglandins further contributing to the proinflammatory environment that 

can sensitize nociceptive signaling (14, 38, 98, 99). Surprisingly, we did not observe a 

similar increase in baseline VMR responses in Sox10creERT2::Mgllf/f female mice. This 

was unexpected since recent studies demonstrate that female mice have an increased 

sensitivity to prostaglandins given they highly express multiple components along the 

prostaglandin signaling pathway (100). It is possible that female mice can compensate 

for the loss of glial MAGL and increase in 2-AG at baseline since our data show they 

show an increased expression of multiple components within the endocannabinoid 

pathway when compared to males.  

An important observation of this study is that the effects of endocannabinoids and 

inflammation on visceral pain are sex-dependent. DNBS induced visceral hypersensitivity 

in females in a manner that was dependent on glial MAGL. Sexual dimorphism in pain 

mechanisms is well known (100, 101) and the nature of the pain-producing insult impacts 

males and females differentially. This could possibly be explained by an increased 

sensitivity to inflammatory responses in females (102). The sex differences observed here 

may be due to the differential regulation of glial signaling by endocannabinoids. Our data 

demonstrate profound differences in the expression of endocannabinoid signaling 

components and regulation of glia between male and female mice. Inhibition of CB1 

receptors in male mice ablate baseline differences in Ca2+ signaling and result in more 

characteristically female responses in male glia. 
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Inflammation results in the sensitization of nerve afferents and increased visceral 

hypersensitivity which contributes to the development of chronic pain. Modulation of 

cannabinoid signaling is a promising approach for the treatment of visceral pain. 

However, new approaches to the therapeutic potential of endocannabinoids are 

necessary to circumvent the many side effects associated with existing drugs. Agonists 

for cannabinoid receptors decrease inflammation and visceral hypersensitivity. These 

compounds, however, readily cross the blood-brain barrier and are associated with 

psychoactive side effects (21, 23–25). Our study identifies a novel glial mechanism that 

modulates visceral hypersensitivity through the regulation of endocannabinoids. 

Pharmacological inhibition MAGL reverses the sensitization of TRPV1+ nociceptors in 

the intestine and the recruitment of silent nociceptors. Further, genetic ablation of MAGL 

in glia prevents the development of visceral hypersensitivity during colitis. Previous 

studies show that the systemic inhibition of MAGL improves inflammation and 

hypersensitivity to noxious stimuli (27, 65), however systemic treatment with MAGL 

inhibitors can produce unwanted side effects like impairments in cognitive ability (103) 

and locomotor activity in rodent models (98). Our studies demonstrate that the analgesic 

effects of MAGL are primarily mediated through glia and thus cell-specific therapies 

targeting glial mechanisms could avoid these side effects and represent an important step 

forward in limiting visceral pain at its source in the intestine. 
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KEY FINDINGS 

Enteric glia modulate visceral hypersensitivity by directly communicating with nociceptors 

 In Chapter 3 of this dissertation, we made a significant contribution to the field by 

establishing a specific mechanism whereby enteric glia sensitize nociceptors under pro-

inflammatory conditions. We demonstrated an in-depth cytokine-immune profile for the 

dinitro-benzene sulfonic acid (DNBS) model of colitis and demonstrated how these 

mediators impact enteric glia permeability and behavior. We found that in the presence 

of interleukin 1-β (IL1-β), enteric glia sensitize TRPV1+ nociceptor responses to capsaicin 

through the Cx-43 dependent release of prostaglandin-E2 (PGE2). Further, we 

determined that these mechanisms were relevant in vivo by showing that IL1-β induced 

visceral hypersensitivity requires glial Cx43 hemichannel signaling.  

Endocannabinoids modulate visceral hypersensitivity through glia-dependent 

mechanisms 

 In Chapter 4 we demonstrate that visceral hypersensitivity induced by inflammation 

is regulated through enteric glia-dependent modulation endocannabinoids and that these 

effects were sexually dimorphic. This work provides the first evidence of the expression 

of monoacylglycerol lipase (MAGL) in enteric glia. Furthermore, we demonstrate that 

pharmacological inhibition of MAGL and cannabinoid receptors has a direct impact on 

glial signaling in health and disease. Our studies characterize enteric glia into subgroups 

via their Ca2+ signaling properties and show that these are dependent on 

endocannabinoids, inflammation, and sex. Acute inflammation with DNBS results in the 

sensitization of nociceptive nerve fibers and visceral hypersensitivity in mice. The effects 
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of DNBS on nociceptive signaling were ameliorated by the pharmacological inhibition and 

genetic ablation of glial MAGL.    

SIGNIFICANCE 

Abdominal (visceral) pain is the most common GI issue (1) and the dominant 

symptom of irritable bowel syndrome (IBS) (2, 3) and inflammatory bowel disease (IBD) 

in remission (4, 5). IBS is a pain disorder under Rome IV and affects between 7-15% of 

Americans with a higher prevalence in women than men (3, 6). Abdominal pain is also 

common in active and inactive IBD and reduces the quality of life (7–10). Pain severity 

predicts health status and healthcare resource usage in both IBS and IBD (11) and is 

responsible for driving increased care-seeking behavior in patients with IBS more so than 

altered bowel habits (12). Pain management remains a significant challenge in IBS and 

IBD and yearly healthcare expenditures exceed $10 billion (13, 14).  

 Despite its high prevalence, analgesic management options for visceral pain are 

few, suboptimal, and limited by adverse side effects. Frontline drugs such as 

antidepressants (neuromodulators), antispasmodics, and opioids (14) have significant 

adverse effects on the central nervous system (CNS) and on gut functions. Opioids, which 

are often used to control chronic visceral pain, have serious GI complications and chronic 

use produces a condition called narcotic bowel syndrome that paradoxically worsens pain 

symptoms (15). Controlling inflammation with aminosalicylates, corticosteroids, 

immunomodulators, and biological agents clearly benefits the treatment of active 

inflammation, but these therapies do not address abdominal pain (16). The lack of 

effective therapies and the high prevalence of visceral pain create a serious and growing 
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issue that highlights a clear need for a more sophisticated understanding of the underlying 

causal mechanisms. 

 Visceral hypersensitivity associated with the sensitization of afferent nociceptors 

that project from the spinal cord to the intestine is regarded as the key mechanism 

associated with the development of abdominal pain (17–20). However, the underlying 

mechanisms describing visceral hypersensitivity are incompletely understood. The work 

defined in this thesis identifies two possible mechanisms whereby enteric glia modulate 

visceral hypersensitivity in the intestine. The visceral nociceptors that project from the 

dorsal root ganglia to the intestine densely innervate the myenteric plexus (21–23). These 

nociceptors gate the transmission of noxious stimuli from the intestine, but very little is 

known about how these nerve endings become sensitized. In Chapter 3 we show that 

enteric glia have the ability to directly sensitize nociceptive nerve endings during acute 

inflammation. We used novel transgenic animal models that incorporated chemogenetics 

on enteric glia and the genetically encoded Ca2+ indicator GCaMP5g on nociceptors to 

assess the effect of glial activation on nociceptor Ca2+ responses. Our studies show that 

acute inflammation modulated enteric glia permeability through the actions of IL1-β on 

Cx43 hemichannels. This surrounding proinflammatory environment promotes the 

release of PGE2 from enteric glia in a Cx43-dependent manner which directly acts on 

nociceptor EP4 receptors. We were able to validate these mechanisms in vivo by 

measuring visceromotor responses to colorectal distensions in a glial-specific Cx43 

knockout model. This effect was limited to female mice.  

 In Chapter 4, we provide the first evidence for MAGL and cannabinoid receptors 

on enteric glia using RNAscope labeling. MAGL is a major component of 
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endocannabinoid signaling and is responsible for the hydrolysis of 2-arachidonoylglycerol 

(2-AG) (24). Endocannabinoid signaling regulates gut function (25) and visceral 

hypersensitivity primarily through CB1 and CB2-dependent mechanisms (26–29). We 

discovered that endocannabinoids modulate enteric neurons and glia signaling in the 

myenteric plexus in a sex-dependent manner. Our studies demonstrate that these effects 

are altered during colitis. Inflammation is a key component in the development of visceral 

hypersensitivity. We find that following chemically induced colitis mice induces 

sensitization of nociceptors and the recruitment of silent nociceptors in the myenteric 

plexus and these effects can be reversed through the inhibition of MAGL. We also 

demonstrated that inflammatory colitis sensitizes visceromotor responses to colorectal 

distension in female mice. Further, this effect is ameliorated in glial-specific MAGL 

knockout animals. Interestingly, our studies show that baseline visceromotor responses 

in male MAGL knock out are significantly increased when compared to wild-type animals. 

These findings further highlight the dramatic sex differences observed in 

endocannabinoid signaling. 

 Our study identifies enteric glial signaling as a novel mechanism that promotes 

visceral hypersensitivity at the initial site of sensory transduction. Inflammation-induced 

changes in enteric glia increase their potential to modulate surrounding cells such as 

intrinsic and extrinsic neurons through effects on glial transmitter synthesis and release 

mechanisms. Inflammation is a major component associated with the disease pathology 

of IBS and IBD. Thus, the mechanisms described in this thesis are considerable drug 

targets for the treatment of both conditions. Our data show that perturbing these glial 

mechanisms limits visceral sensitization. Nonsteroidal anti-inflammatory drugs (NSAIDs) 
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are the most frequently used analgesics that suppress inflammatory pain by inhibiting 

COX-1 and/or COX-2 and reducing the production of prostanoids including PGE2 (30). 

However, products of COX-2 activity, such as PGE2, are involved in diverse physiological 

processes and current drugs have serious side effects on gastrointestinal, renal, and 

cardiovascular systems (31). Similarly, agonists for cannabinoid receptors and systemic 

inhibition of MAGL show promise in the modulation of inflammation and pain. However, 

many of these compounds come with unwanted psychotropic reactions (32–35) and 

impairments to memory (36) and locomotor activity (37).  Therefore, cell-specific 

therapies targeting glial mechanisms could avoid these side effects and represent an 

important step forward in limiting visceral pain at its source in the intestine.  

LIMITATIONS OF THE STUDY 

DNBS model of colitis 

We primarily used the DNBS model to induce murine colitis in our studies. This 

chemical model is driven by a TH1-mediated immune response and is characterized by 

infiltration of the lamina propria with CD4+ T cells, neutrophils, and macrophages as well 

as the development of diarrhea and weight loss (23). Thus, it is important to interpret 

findings within the context of features of this model and consider they may not be 

applicable to all inflammatory enteric neuropathies. Thus, the validity of our findings would 

benefit from the repetition of our colitis studies in other models of murine colitis (24-27). 

Use of Pharmacological Modulators 

Studies in this dissertation used a number of drugs to modulate and antagonize 

the behavior of channels, receptors, and signaling molecules of interest. Specifically, 

studies in Chapter 3 relied heavily on the pharmacological properties of the EP4 
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receptor antagonist L-161,982 and 43Gap26. Studies in Chapter 4 relied on the actions 

of the CB1 receptor antagonist SR141716A, the CB2 receptor antagonist SR144528, 

and the MAGL inhibitor JZL184. Furthermore, many of the experiments that formed part 

of these studies relied on the pharmacological properties of clozapine-n-oxide (selective 

hM3Dq receptor agonist). Hence, the conclusions of these chapters rely o n  the 

assumption that these pharmacological modulators perform as intended and have little 

to no off-target effects.  

Inducible knock-out models 

Our studies in Chapter 3 and Chapter 4 utilize glial specific knock out models, 

the Sox10creERT2;Cx43f/f and Sox10creERT2;Mgllf/f, to assess the contribution of enteric glia 

to visceral hypersensitivity signaling mechanisms. Both models presented in these 

studies rely on the Sox10cre promoter to induce the glial-specific ablation of Cx43 and 

MAGL. However, Sox10 is not specific to enteric glia and is also expressed by other 

glial cell types like Shwan cells (38), satellite glia (39), and oligodendrocytes (40). 

Hence, it is possible that these cell types contribute to the effects observed in vivo.  

FUTURE DIRECTIONS 

 This dissertation presented a number of key findings that warrant further 

investigation in future studies. Our work highlights two glial-dependent mechanisms that 

contribute to visceral hypersensitivity. In Chapter 3 we show that enteric glia directly 

sensitize nociceptors through the Cx43-dependent release of PGE2 under 

proinflammatory conditions. These mechanisms were described utilizing acute models of 

inflammation with IL1-β and DNBS. A key follow-up study would be to investigate whether 

these glia-dependent mechanisms are relevant in chronic inflammatory models. Our in 
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vivo studies in Chapter 3 showed that visceral hypersensitivity is induced in the presence 

of proinflammatory mediators and that these effects can be inhibited by ablation of glial-

Cx43. To support that these mechanisms are facilitated by the glial release of PGE2, it 

would be interesting to incorporate experiments in the glial cyclooxygenase-2 (COX2) 

knock-out model.  

 Our studies described in Chapter 4 show that enteric glia are an important 

component of endocannabinoid signaling in the enteric nervous system and that these 

pathways had sex-specific effects. Our Ca2+ imaging data from these studies 

demonstrated that modulating endocannabinoid signaling components via the 

pharmacological inhibition of MAGL, CB1, and CB2. Additionally, we demonstrate that 

inhibition of MAGL is able to reverse the sensitizing effects of inflammation on TRPV1+ 

nociceptors and prevents the recruitment of silent nociceptors. In addition to enteric glia 

and neurons, multiple other cell types express endocannabinoid signaling components 

(24). For this reason, these studies would benefit from cell-specific inhibitors in order to 

identify the specific contributions of glia and neurons to these sex-specific pathways.  

 The data presented in this dissertation begins to address the role of enteric glia in 

the modulation of nociceptive signaling in the intestine and their contribution to visceral 

hypersensitivity. In combination with proposed future work, these findings will aid in the 

identification of therapeutic targets to treat GI motility disorders.  
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