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Abstract 

Patients with irritable bowel syndrome (IBS) have identified that monosodium glutamate (MSG) triggers 

symptoms of abdominal pain. I sought to use a preclinical model for IBS to study how MSG effects 

intestinal afferent nerve sensitivity. A preclinical model for IBS was developed in mice using a water-

avoidance stress (WAS) protocol. To understand the effects of MSG on visceral sensitivity, ex 

vivo changes in extrinsic intestinal afferent nerve sensitivity to jejunal distension (0-60 mmHg) were 

measured. In the preliminary study, mice that were exposed to WAS had increased intestinal afferent 

nerve sensitivity in the presence of MSG (10 M) at noxious pressures (40-60 mmHg). This effect was 

mediated by increased activity in high-threshold (HT) units. With this preliminary evidence, I examined 

the effects of MSG on intestinal afferent nerve sensitivity in mice exposed to WAS and MSG gavage, 

WAS and saline gavage and sham-WAS and gavage controls. There was a significant increase in 

distension response in intestinal afferent nerves from mice exposed to WAS and MSG gavage at both 

physiologic and noxious pressures (10-60 mmHg). The increases in intestinal afferent nerve distension 

response were mediated by an increase in the activity in wide-dynamic range (WDR) and HT units. 

Serum glutamate levels were also increased in mice exposed to WAS and MSG gavage in comparison to 

other treatment groups; however, this did not reach significance. MSG had no significant effect in non-

handled or sham-WAS controls. Applying MSG directly to the intestinal afferent nerves from healthy 

controls resulted in a significant increase in distension response. This effect again mediated by WDR and 

HT units. Ussing chamber permeability assays demonstrated that jejunal tissue from mice exposed to 

WAS was significantly more permeable to MSG in comparison to control. WAS exposure did not impact 

ex vivo FITC dextran permeability. Overall, these findings demonstrate that MSG increases visceral 

sensitivity in a pre-clinical model for IBS. The increase in visceral sensitivity is mediated by units that 

detect noxious stimuli and may be a result of increased permeability to MSG. 
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Chapter 1 

Introduction 

1.1. Irritable bowel syndrome (IBS) 

1.1.1. IBS overview 

 Irritable bowel syndrome (IBS) is a chronic functional gastrointestinal disorder (FGID) 

characterized by abdominal pain, bloating and altered bowel habits (Lacy et al., 2016). Approximately 4% 

of the global population is estimated to have IBS based on the Rome IV diagnostic criteria (9% based on 

Rome III) which places a significant burden on the health care system (Oka et al., 2020). The prevalence 

of IBS in North America is estimated to be between 10% and 15%, equating to about 30 million North 

Americans meeting the diagnostic criteria for IBS (Occhipinti & Smith, 2012). Diagnosis of IBS is about 

1.5 to 3-fold higher in women than in men (Manning et al., 1978). IBS can affect individuals of all age 

groups, with 50% of those affected reporting having symptoms before the age of 35 years old (Rasquin et 

al., 2006). It has been suggested that a lower socioeconomic status is associated with a higher likelihood 

of having IBS (Drossman et al., 1993). Although it remains disputed by some groups that argue 

individuals coming from a higher socioeconomic background are in fact more likely to be living with the 

condition (Mendall & Kumar, 2012; Howell et al., 2004). Individuals with IBS also carry a large 

socioeconomic burden as their productivity is impacted by both the gastrointestinal (GI) symptoms as 

well as symptoms of fatigue and psychological comorbidities (Frändemark et al., 2018). Lastly, it is 

important to note that less than 50% of patients who experience IBS-like symptoms will seek medical 

assistance (Heaton et al., 1992).  

 The exact etiology of IBS remains incompletely understood as the disease pathogenesis is 

complex and multifactorial. Current research efforts into IBS-specific alterations to the intestinal 

epithelial barrier, gut microbiota and immune system are advancing our understanding of the disorder. 

Evidence suggests that the dysregulation of the gut epithelium and microbiota may lead to aberrant 
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signaling to the immune system, gut-brain axis as well as the enteric nervous system (ENS) (Enck et al., 

2016). Evidence suggests that the epithelial barrier, the interface of the microbiota and diet and the 

submucosal compartment containing both immune and nervous system components, becomes impaired in 

IBS. This barrier impairment may grant access of luminal contents into the submucosal compartment. The 

infiltrating luminal contents can trigger an immune response that promotes low-grade inflammation via 

the release of inflammatory mediators (Bischoff et al., 2014). These mediators further interact with the 

ENS and/or gut-brain axis to induce altered sensorimotor function (Bischoff et al., 2014). Despite 

ongoing research, there is still a lack of quantifiable biomarkers for diagnosis of IBS.  

 Due to the lack of a specific biomarker and the significant overlap in symptoms with other 

conditions such as inflammatory bowel diseases (IBD), IBS is a difficult disorder to diagnose (Bai et al., 

2017). The standard for diagnosing IBS is to consider all potential conditions including IBD and coeliac 

disease, and if there is no clinical evidence for other disorders, then clinicians will employ a symptom 

based diagnostic criteria, the Rome IV criteria (Table 1). Following diagnosis individuals can be 

classified by predominant bowel habit, as having IBS- constipation predominant (IBS-C), diarrhea 

predominant (IBS-D), mixed (IBS-M) and in some cases, un-subtyped IBS (IBS-U) (Drossman, 2016).  
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Table 1. Rome IV criteria for irritable bowel syndrome.  

The recurrence of abdominal pain (1 day per week, on average, in the previous 3 months), with 

an onset 6 months before diagnosis  

Abdominal pain is associated with at least two of the following three symptoms:  

 Pain related to defecation  

 Change in frequency of stool  

 Change in form (appearance) of stool  

Patient has none of the following warning signs:  

 Age 50 years, no previous colon cancer screening, and presence of symptoms  

 Recent change in bowel habit  

 Evidence of overt GI bleeding (i.e. melena or hematochezia)  

 Nocturnal pain or passage of stools  

 Unintentional weight loss  

 Family history of colorectal cancer or inflammatory bowel disease  

 Palpable abdominal mass or lymphadenopathy  

 Evidence of iron-deficiency anemia on blood testing  

 Positive test for fecal occult blood  

Adapted from (Ford et al., 2017) 
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Managing IBS requires a multipronged approach involving education, dietary alterations, 

pharmacotherapy as well as behavioural and psychological treatments (Khan & Chang, 2010). Educating 

patients on dietary recommendations as well as any side-effects of drug therapies is important in 

progressing towards positive treatment outcomes (Moayyedi et al., 2019). The standard drug therapies 

that target either the altered bowel habits and/or visceral pain in IBS include antispasmodics (relax 

smooth muscle), laxatives and motility accelerants and antidiarrheals (Enck et al., 2016). Patients who are 

not responsive to antispasmodics or dietary interventions may be prescribed low-dose antidepressants 

such as selective serotonin reuptake inhibitors (SSRIs) or tricyclic acids (TCAs) (National Institute of 

Health and Care Excellence, 2008). Additional treatment strategies include pro- or prebiotics which target 

commensal composition although current evidence of efficacy is limited (Dale et al., 2019; Ford et al., 

2018; Ford et al., 2014; Hungin et al., 2018).  

 

1.1.2. IBS and diet  

Approximately 70% of patients with IBS report that food triggers their symptoms (Bohn et al., 

2013). Altering the diet to improve symptoms has expanded as a result of both public interest and the 

growing understanding of how diet impacts gastrointestinal health (Tuck & Vanner, 2017). However, it is 

unlikely that one diet will improve the symptoms of all IBS patients due to the diversity in symptoms and 

complexity of the disorder (Quigley, 2017). There are numerous diets (Table 2, Table 3) available to treat 

the symptoms of IBS. The low FODMAP diet (fermentable oligo-di-monosaccharides and polyols) has 

been demonstrated to have positive effects on IBS symptoms (Halmos et al., 2014). Other diets that have 

some evidence of efficacy in treating IBS symptoms include modified fiber diets (Moayyedi et al., 2014), 

the specific carbohydrate diet (SCD) (Cohen et al., 2014), Paleolithic diet (Gibson et al., 2015), gluten-

free diet (Vazquez et al., 2013), the low amine/histamine diet (Maintz & Novak, 2007) as well as the low 

food chemical diet or “elimination diet” (Barrett & Gibson, 2012). Although these diets have 

demonstrated some level of efficacy in treating symptoms of IBS, such as abdominal pain, these dietary 
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therapies differ not only in their mechanisms of action, but also include a wide range of dietary targets, 

and the available evidence of efficacy is varied (Tuck & Vanner, 2017).  

Of particular interest is the diets for IBS patients with a focus on bioactive food chemicals, more 

specifically the low food chemical diet or “elimination diet” (Table 3). These diets restrict intake of added 

and natural food chemicals and preservatives which includes monosodium glutamate (MSG). There is an 

underwhelming amount of mechanistic evidence available to support implementation of these diets; 

however, they have been used in practice since the early 1980s (Barrett & Gibson, 2012; Capili et al., 

2016). A dietitian should always be involved in implementation of dietary therapies to ensure they are 

used effectively and safely, due to concerns of nutritional inadequacies when restrictive diets are used.  
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Table 2. Proposed diets for IBS patients  

Diet  Dietary details  

Diets with a primary focus on eating pattern 

The NICE guidelines The NICE guidelines were published in 2008 (Dalrymple & 

Bullock, 2008). Recommendations: regular meal pattern; 

adequate fluids; limit caffeine*, alcohol*, fat*, fizzy drinks; 

reduce fiber and resistant starch; increase soluble fiber where 

needed; limit fruit to 3 portions per day (Dalrymple & Bullock, 

2008; Hookway et al., 2015).  

 

Diets with a primary focus on carbohydrates and/or fiber  

Modified fiber diets Modification of various components of fiber can be made 

through addition of a fiber supplement, or individualized 

adaptation of the patients’ dietary fiber intake (through 

increased or decreased fiber intake). Current guidelines for IBS 

suggest increasing dietary fiber intake where applicable and 

considering use of supplementation with up to 24 g/day of 

linseeds (McKenzie et al., 2016). 

 

The low FODMAP diet Short-term (2-6 week) restriction of foods high in fermentable 

carbohydrates, followed by re-challenges to assess tolerance. 

Food groups requiring most modification include fruits, 

vegetables, and grains. Wheat intake is reduced, but not strictly 

gluten-free. Food analysis of FODMAP content has been 

published in peer review literature (Muir et al., 2009; Muir et 

al., 2007; Biesiekierski et al., 2011; Yao et al., 2013; Prichard 

et al., 2016) and in lay-terms for patients (Monash University). 

Clearly defined re-challenge protocol has been published based 

on clinical expertise (Tuck & Barrrett, 2017).  

SIBO diet  Guidelines are variable. As per Rezaie et al (2016), elemental 

diet can be used to eradicate SIBO (Pimentel et al., 2004), 

followed by the low FODMAP diet for maintenance therapy 

(Rezaie et al., 2016). Poorly defined length of dietary 
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modification. Largely non-evidence based: 

http://www.siboinfo.com/diet. html 

Paleolithic (Paleo) diet 

 

Restricts intake of all grains, legumes, potatoes, and dairy 

products. Encourages a high fiber diet with consumption of 

lean non-domesticated meats and non-cereal plant-based food 

(Hou et al., 2014). Poorly defined length of dietary 

modification. Largely non-evidence based: 

http://thepaleodiet.com/ 

Diet for sucrase-isomaltase deficiency  Initial restriction of sugars and starch followed by 

reintroduction to test tolerance. 

 

Diets with a primary focus on proteins  

The gluten-free diet Involves strict avoidance of all gluten-containing grains, 

including wheat, barley, rye, and oats. The diet also requires 

the avoidance of small traces of gluten found in packaged 

foods. Unknown level of dietary restriction and length of 

modification required in patients with IBS. No published 

guidelines on when or if to trial re-introduction of gluten to test 

tolerance (NB: strict life-long adherence to gluten-free diet 

recommended for patients with diagnosed celiac disease). 

 

Reduced resistant protein diet Reduced protein intake while increasing intake of 

oligosaccharides, resistant starch and non-starch 

polysaccharides. Protein reduction may involve specific focus 

on reducing aromatic and sulfur-containing amino acids. 

Table adapted from (Tuck & Vanner, 2017). FODMAP denotes fermentable oligo- di- mono-saccharides 

and polyols; NICE denotes National Institute for Clinical Excellence diet; SIBO denotes small intestinal 

bacterial overgrowth.  

* denotes diet that focuses on IBS + extraintestinal symptoms which includes: urticaria, headache, 

eczema, rhinitis, nasal congestion, postnasal drip among others (Barrett & Gibson, 2012 
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Table 3. Diets for IBS patients with a focus on bioactive food chemicals 

Diet  Dietary Details Mechanism of Action  Evidence for efficacy  

Low capsaicin 

diet  

Reduction of 

capsaicin 

containing foods, 

a bioactive 

compound 

present in 

capsicum/peppers 

and chilli. 

Capsaicin may stimulate TRPV1 

channels (Van Wanrooji et al., 

2014) causing a sensation of 

scalding and/or pain. 

Small number of trials 

showing capsaicin 

consumption increases 

visceral hypersensitivity 

and pain sensation in IBS 

(Gonlachanvit et al., 

2009; Caterina et al., 

1997). Chronic chili 

consumption offers a 

potential method to 

improve tolerance 

(Gonlachanvit, 2010). 

Randomized controlled 

trial: Hypersensitivity 

was seen in patients with 

IBS-D consuming chilli 

(Gonlachanvit et al., 

2009). Comparative 

study: Capsaicin induced 

visceral hypersensitivity 

in IBS patients compared 

to healthy controls (Van 

Wanrooji et al., 2014). 

Self-reported 

questionnaire: In a study 

of 197 IBS patients, 42% 

reported capsaicin 

containing foods to cause 

IBS symptoms (Bohn et 

al., 2013).  
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The low 

Amine/Histamine 

diet* 

Avoidance of 

aged cheeses, 

fish, processed 

meat, some 

vegetables, 

fermented soy 

products, other 

fermented foods 

(eg, sauerkraut), 

alcoholic 

beverages, and 

vinegars (Maintz 

& Novak, 2007; 

Santos, 1996). 

Difficult to obtain 

accurate food 

composition data 

as amines 

increase as the 

food matures. 

Initial restriction 

followed by re-

challenges to 

assess tolerance. 

Impaired histamine degradation 

may occur in patients with reduced 

activity of diamine oxidase. The 

resulting excess of histamine may 

lead to symptoms mimicking 

allergic type reactions, including 

diarrhea, gastrointestinal upset as 

well as extraintestinal symptoms 

(Maintz & Novak, 2007). 

 

There is scarce high-

quality evidence 

available for the use of a 

low histamine diet. 

However, the diet is used 

in the community. Self-

reported questionnaire: In 

a study of 197 IBS 

patients, 115 patients 

(58%) reported foods 

rich in amines to cause 

IBS symptoms (Bohn et 

al., 2013).  

 

The low food 

chemical diet or 

“elimination 

diet”* 

The complete 

elimination diet 

was developed by 

researchers at the 

Royal Prince 

Alfred Hospital in 

Australia. It 

restricts dietary 

salicylates, 

The food chemicals restricted on 

the diet are thought to induce non-

specific antigen-induced pseudo-

allergic hypersensitivity (Swain et 

al., 2009; Raithel et al., 2005). 

 

 

No controlled trials have 

been published in IBS 

(Capili et al., 2016) 

hence mechanisms and 

efficacy are poorly 

understood. Additional 

concerns have been 

raised regarding its 

nutritional adequacy 
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amines, 

monosodium 

glutamate, 

benzoates, 

propionates, 

sulfites, nitrates, 

sorbic acid, 

antioxidants, and 

colors. However, 

comprehensive 

food composition 

data are not 

available. Recent 

data of the 

salicylate content 

of 100 foods have 

been published 

(Malakar et al., 

2017). The 

elimination phase 

usually for 2-4 

weeks followed 

by re-challenges. 

when applied in children 

(Gray et al., 2013). 

However, it has been 

used in clinical practice, 

particularly in Australia 

since its development in 

the 1980’s (Barrett & 

Gibson, 2012).  

 

 

 

The monosodium 

glutamate (MSG) 

elimination diet  

Restricting the 

consumption of 

the food 

additive/chemical, 

MSG.   

It has also been suggested that 

“excitotoxins” (amino acids 

(glutamate, L-aspartate and L-

cysteine) able to excite a neuron to 

the point of death (Olney, 1990)) 

can exacerbate IBS symptoms 

(Holton et al., 2012). The excitation 

of these neurons to the point of cell 

death may not be necessary to 

cause symptom exacerbation.  

In a study to examine if 

fibromyalgia patients 

with IBS, who 

demonstrated a relief of 

symptoms on the 

“excitotoxin” elimination 

diet, would have a 

significant return of 

symptoms using a 

crossover, double-blind, 
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 placebo-controlled MSG 

challenge, a significant 

percentage of patients 

who received MSG 

reported the return of 

watery stools, 

fullness/bloating/swelling 

as well as abdominal pain 

& diarrhea (Holton et al., 

2012).   

 

Table adapted from (Tuck & Vanner, 2017).  

* denotes diet that focuses on IBS + extraintestinal symptoms which includes: urticaria, headache, 

eczema, rhinitis, nasal congestion, postnasal drip among others (Barrett & Gibson, 2012).  
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Altering the consumption of certain foods or components of food to treat symptoms of IBS continues to 

become an advantageous strategy to treat IBS patients as evidence accumulates about how diet causes 

symptoms (Tuck & Vanner, 2017). There are still numerous considerations to be made when suggesting a 

specific diet to a patient with IBS. Elimination of certain foods or emphasis on the consumption of a food 

group could lead to adverse events, including reduced nutritional adequacy. Moreover, alterations in the 

microbiome must also be considered as diet can be primary driver of both the activity of the microbial 

community and the composition of the community within the gut (Payne et al., 2012; Barbara et al., 

2016). Lastly, having patients follow a strict diet can be challenging and stressful. It is worthwhile to 

consider with each patient and recommended diet how accessible the foods are and what barriers might be 

presented. It is widely recognized that stress exacerbates symptoms in IBS patients (Surdea-Blaga et al., 

2012); thus, limiting any added stress during a treatment plan is crucial. Dietary therapies must be 

recommended with consideration of their nutritional adequacy, effect on microbiome and overall impact 

on the patient’s quality of life.  

 

1.1.2. Abdominal pain & visceral hypersensitivity in IBS  

IBS is uniformly defined as a condition inflicting visceral pain (Mearin et al., 2016). Visceral 

pain differs from somatic pain in that it is poorly localized, and the mechanism is less understood 

(Sengupta, 2009). Pain is defined by the International Association for the Study of Pain (IASP, 2020), 

“An unpleasant sensory and emotional experience associated with, or resembling that associated with, 

actual or potential tissue damage”. Chronic pain experienced by patients with IBS may be impacted by 

several factors including infection, inflammation, genetic predispositions, mental and social stress and 

early-life adverse events (Sengupta, 2009). Patients with IBS develop excessive pain to painful stimuli 

known as hyperalgesia and they may also experience allodynia which is the perception of pain to a 

nonpainful stimuli (Ritchie, 1973).  
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In approximately 50% of patients with IBS, visceral hypersensitivity is observed and believed to 

be a primary in the underlying pathology (Keszthelyi et al., 2012). Visceral hypersensitivity may arise due 

to central nervous system (CNS) dysfunction, an aberrant interaction between the peripheral nervous 

system (PNS) and CNS or dysfunction within the primary afferent nerve (Mayer, 2008). In general, it can 

be understood as the sensitization of a neural pathway, which includes both the primary sensory afferents 

innervating the GI tract and the spinal ascending neurons, that transmits visceral sensation to the spinal 

cord. It may also include the dysregulation of the descending pathway which modulates the signaling of 

pain from the primary afferent (Mayer and Gebhart, 1994). For visceral pain in patients with IBS, the 

neuroimmune interactions appear to be most important. Research has focused on isolating mucosal 

mediators from colonic biopsy samples obtained from patients with IBS to understand the pathogenesis of 

the condition, as well as how these mediators could alter sensory signaling from the gut causing pain 

(Nasser et al., 2014). It has been demonstrated that mucosal mediators from IBS patients cause greater 

pain-related signaling in rodent models, in comparison to healthy controls (Barbara et al., 2007; Cenac et 

al., 2007). More specifically, levels of these mediators (histamine, tryptase, trypsin-3 and IL-1 

(proinflammatory cytokine)) released in colonic biopsies of IBS patients correlate with frequency and 

severity of abdominal pain (Barbara et al., 2004; Barbara et al., 2007; Rolland-Fourcade et al., 2017). 

Additionally, recent work has focused on enteroendocrine cell and mast cell derived serotonin and 

histamine, respectively, as important mediators in elevating the activity of the enteric nervous system 

(Buhner et al., 2009; Barbara et al., 2007). Regardless, considering the vast complexity of the submucosal 

compartment, comprised of both immune and nervous tissue, the process of sensitization of spinal, vagal 

and pelvic pathways is most likely a result of interactions between a number of factors (cytokines, 

histamine, prostaglandins, leukotrienes, substance P, CGRP, CRF, ATP, adenosine) (Enck et al., 2016). 

It’s been hypothesized that bioactive food components, such as glutamate, may interact with the sensory 

pathways that contribute to visceral hypersensitivity in IBS. 
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1.1.4. Mucosal permeability in IBS  

The epithelial lining of the gut serves as the most direct interface between the diet and microbial 

communities, allowing nutrient absorption, but also providing protection against dangerous pathogens. 

However, in IBS the function of this barrier can become compromised (Enck et al., 2016). One of the 

proposed pathophysiological causes of IBS is epithelial barrier dysfunction and increased intestinal 

permeability which leads to the low-grade immune cell infiltration into the mucosa in response to luminal 

antigens (Bischoff et al., 2014). Although the degree to which the mucosal architecture changes appears 

to be subtype dependent with increased mucosal permeability most often reported in IBS-D and post-

infectious IBS (Bischoff et al., 2014; Martinez et al., 2013). More specifically, using Ussing chamber 

permeability experiments one group has demonstrated that colonic mucosal biopsies from IBS patients 

are more permeable to macromolecules in comparison to asymptomatic controls (Piche et al., 2009). The 

exact mechanism for the degradation of the mucosal barrier is believed to be driven by the loss of 

important tight junction proteins known as occludin and zonula occludens (Bischoff et al., 2014; 

Bertiaux-Vandaele et al., 2011). The increase in intestinal permeability has been associated with both pain 

severity and diarrhea symptoms in patients with IBS (Martinez et al., 2013).  

 

1.1.5. Psychological stress & IBS  

Psychological stress is an important factor in the development of IBS (Qin et al., 2014) and can 

cause symptom flare-ups in patients living with the condition (O’Malley et al., 2011). Based on the 

bidirectional communication between the gut and brain, known as the gut-brain axis, the activation of 

established stress circuits in the brain, can have detrimental impacts on the gastrointestinal (GI) function. 

Psychological stress activates both the hypothalamic-pituitary-adrenal (HPA) axis as well as the 

autonomic nervous system (ANS). During psychological stress, corticotropin-releasing factor (CRF) is 

released from the hypothalamus which stimulates the release of adrenocorticotropic hormone (ACTH) 

from the pituitary. ACTH then stimulates the production of glucocorticoids from the adrenal gland, which 
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makes CRF the primary link between psychological stress and the neuroendocrine response. It has been 

demonstrated that stress mediators released along these established stress-response pathways mediate gut-

specific changes. Most importantly, CRF primarily controls the activity of autonomic nerves 

communicating indirectly with nerves of the enteric nervous system (ENS). This provides the functional 

framework for the brain to control motility and secretion along the GI tract (Bunnett, 2005; Mayer et al., 

2008) (Figure 1.1). 

Psychological stress not only drives changes in motility and secretion, it has also been 

demonstrated to directly impact intestinal barrier permeability. Saunders et al. (1994) reveal that acute 

stress stimulates an increase in both paracellular and transcellular permeability in jejunal segments from 

rats. Changes in mucosal permeability have been suggested to be mediated by acetylcholine (Saunders et 

al., 1994) or corticotropin-releasing factor (CRF) (Soderholm and Perdue, 2001; Bischoff et al., 2014; 

Camilleri, 2012; Keita & Soderholm, 2010). It has been reported that CRF downregulates, via cytokeratin 

(CK8) and RhoA signaling, the expression of key proteins, ZO-1, claudin-1 and occludin. These proteins 

are directly involved in mediating changes intestinal epithelial permeability (Yue et al., 2017). With 

increased intestinal permeability, dietary components, such as monosodium glutamate, and the gut 

bacteria, and their metabolites, have increased access to the submucosal neuroimmune compartment.  

In addition to altering key intestinal functions, secretion, motility and epithelial permeability, 

psychological stress has also been implicated in altering immune function (Elenkov & Chrousos, 2006), 

and the composition of the gut microbiome (Mayer et al., 2014). The relative abundance of two important 

bacterial species, Bacteroides and Lactobacillus, appear to decrease in response to stress (Molina-Torres 

et al, 2019). In a review of studies specifically investigating the fecal microbiota content of patients with 

IBS, a consistent decrease in the relative abundance of Bacteroides was observed (Duan et al., 2019). 

Lactobacillus, along with bifidobacterium generally maintain a beneficial relationship with the host and 

are probiotic in nature (Wexler, 2007; Heeny et al., 2017). A decrease in abundance of, Lactobacillus 

and/or Bifidobacterium species are associated with worse IBS symptoms (Mayer et al., 2015; 
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Chichlowski & Rudolph, 2015; Labus et al., 2017). Overall, this thesis will not focus on the microbiota; 

however, it continues to be an important area of IBS research in relation to stress and diet. 

Altogether, the effects of stress on the microbiota highlights the fundamental importance of the 

integrity of the intestinal barrier for maintenance of the complex microenvironment within the GI tract. 

Furthermore, it emphasizes that when the intestinal barrier is compromised, such as by stress-mediated 

changes, it can lead to serious complications for the host. This may result in clinical symptoms 

experienced by patients with IBS.  
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Figure 1.1. Stress-induced alterations in gastrointestinal function. Psychological stressors stimulate 

the release of stress-hormones via the HPA axis. CRF acts on autonomic nerves, which in turn innervates 

enteric neurons within the gut wall to stimulate or inhibit motility (depending on the region) and stimulate 

secretion. CRF can influence permeability via influences on TJ protein expression. This increased 

permeability can provide bacteria and bioactive food components, such as MSG, access to the submucosal 

compartment. Adapted from (Bunnett, 2005). Created with BioRender.com. 
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1.2. Glutamate and its potential role in IBS  

1.2.1. Glutamate and monosodium glutamate (MSG) in the diet  

L-glutamate can be found in commonly consumed foods such as tomatoes, corn and mushrooms 

(Swain et al., 2009), as well as in foods with significantly high protein content (e.g. stews, soups, meats 

and sauces) (Briguglio et al., 2018). Monosodium glutamate (MSG) is a food additive which has been 

added to foods since its discovery in the early 1900’s in Japan (Beyreuther et al., 2007). It is commonly 

supplemented in frozen foods to preserve and enhance flavour. It does this by producing the umami taste 

sensation via interaction with specialized taste receptors in the oral cavity and upper GI tract 

(Chandrashekar et al., 2006; Kondoh et al., 2009). Glutamate may also be added in other salt forms with 

potassium, calcium or magnesium; however, its sodium salt form remains most common (Bellisle, 1998). 

MSG dissociates into L-glutamate in solution and is chemically indistinguishable from glutamate found 

naturally occurring in foods. Glutamate, in either form, constitutes up to 10% of amino acid content in an 

average human diet (Tomé, 2018). The average daily intake of glutamate for an adult, in either bound-

protein form or free form (MSG or other glutamate salts), is 10-20 g although this may vary significantly 

based on the dietary habits of the individual (Giacometti et al., 1979; Maga & Yamaguchi, 1983; 

Briguglio et al, 2018). Glutamate is principally involved in taste perception, intermediary metabolism and 

energy production within the gut (Tomé, 2018). This non-essential amino acid is also one of the most 

important neurotransmitters in both the CNS and ENS. Furthermore, it is a vital 

neurotransmitter/neuromodulator in the bidirectional communication between the gut and the brain (Baj et 

al., 2019).  

 

1.2.2. Glutamate and symptoms of IBS  

There has been a great deal of controversy surrounding the use of MSG stemming back to the 

1960s when a symptom complex termed Chinese Restaurant Syndrome (CRS) was proposed following 

ingestion of Chinese foods with symptoms including headaches, skin flushing and sweats (Schaumburg et 
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al., 1969). Using animal models, it was suggested that orally ingested glutamate mediated excitotoxicity 

in the CNS which results in neuronal death (Olney, 1969; Schaumburg et al., 1969; Reynolds et al., 1976; 

Xiong et al., 2009). However, these findings were contentious because the MSG was administered 

subcutaneously. In later years, both clinical (Yang et al., 1997) and animal studies (Zhang et al., 2013; 

Takasaki, 1978) have failed to reproduce these neurotoxic effects.  

The FDA has given the MSG food additive a classification of “generally recognized as safe” 

(FDA, 2012). While healthy individuals may be able to tolerate the ingestion of MSG, evidence suggests 

that a particular subset of IBS patients have an increased sensitivity to MSG. When thirty-seven patients 

with fibromyalgia and co-morbid IBS were asked to remove MSG from their diets for three weeks, 84% 

of reported significant symptom improvement (Holton et al., 2012). The patients who reported symptom 

improvement were blindly given a rechallenge of either MSG or placebo. A greater percentage of those 

who received MSG in comparison to placebo reported the recurrence of symptoms such as watery stools 

(57% vs. 17%), abdominal fullness/bloating/swelling (57% vs. 33%) and abdominal pain with diarrhea 

(30% vs. 9%) (Holton et al., 2012). These findings suggest MSG may exacerbate symptoms in patients 

with IBS. It is possible that this symptom flare-up, after ingestion of added MSG, also occurs when 

patients consume large quantities of foods high in naturally occurring glutamate.  

 

1.2.3. Glutamate in the gut 

It has been shown that 75-85% enteral glutamate (from both naturally occurring foods and MSG) 

is removed via first pass effect in the splanchnic bed (Janeczko et al; 2007; Haÿs et al; 2007). Glutamate 

transporters, including excitatory amino acid transporter 1 (EAAC-1), glutamate-aspartate transporter 1 

(GLAST-1) & glutamate transporter 1 (GLT1), are located along the apical brush boarder of the 

intestines; EAAC-1 is predominantly expressed in the small intestine (Iwanaga et al., 2005). These 

transporters shuttle glutamate into the epithelial cells to be oxidized to carbon dioxide (Stoll et al., 1999; 

Riedijk et al., 2007; Battezzati et al., 1995; Matthews et al., 1993) and to serve as a precursor for the 
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production of arginine, proline and glutathione (Reeds et al., 2000). Glutamate is vital to gut health as 

both an oxidative fuel as well as a building block for other amino acids and protective molecules such as 

glutathione. Due to its functions in the gut, systemic circulatory levels of glutamate only reach 

concentrations between 10-50µM, which is relatively low in comparison to other amino acids (Tomé, 

2018). However, it has been suggested that alterations in blood-brain barrier permeability induced by 

stress, gut microbiota shifts, and diet could lead to glutamate in the diet increasing CNS levels of the 

amino acid (Miladinovic et al., 2015; Kelly et al., 2015; Braniste et al., 2014). 

The gut microbiota may also play a significant role in the metabolism and production of 

glutamate. Burrin and Stoll (2009) point out that expression of the transporter for -ketoglutarate along 

the epithelium of the intestines suggests that bacteria catabolize glutamate to -ketoglutarate for further 

transport (Buddington et al., 2004). Free glutamate has also been found to be produced by lactobacilli 

bacteria found within the colon (Mazzoli & Pessione, 2016).  

 

1.2.4. Luminal glutamate and the nervous system 

 The gut-brain axis sustains the communication between the GI tract and the CNS through neural, 

endocrine and immune cell pathways. This axis gives rise to the CNS regulating key GI functions, as 

mentioned in section 1.1.5, related to motility and secretion as well as delivering key sensory signals 

regarding pain, hunger or discomfort in the gut to the CNS (Julio-Pieper et al., 2013). This relationship 

between the CNS and the GI tract, is modulated by the ENS (Furness, 2006; Cryan and Dinan, 2012), and 

given its complexity and autonomous actions, it is commonly referred to as the “second brain” (Gershon, 

1998). The ENS also directly interacts with the gut-associated lymphoid tissue (GALT) which is 

comprised of more than two thirds of the body’s immune cells and thousands of entero-endocrine cells 

(EECs) (Mazzoli and Pessione, 2016). Additionally, the GI tract is directly innervated by the CNS 

through both spinal and vagal afferents (Mayer, 2011). Mazzoli and Pessione (2016) define three main 

routes of which gut-to-brain communication can occur: (i) direct perception of stimuli by primary afferent 
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neurons (belonging to the ENS or the CNS); (ii) immune system mediated connections; (iii) EEC 

mediated connections.  

 Glutamate is a well-documented excitatory neurotransmitter within the CNS, and it has been 

shown to play a similar excitatory role in mediating reflex activity within the ENS (Niciu et al., 2012; Liu 

et al., 1997). This role was elucidated via observed glutamate immunoreactivity throughout enteric neuron 

axon terminals of both the myenteric and submucosal plexi of multiple species (Liu et al., 1997; Giaroni 

et al., 2003). Numerous glutamate receptor receptors subtypes (ionotropic (N-methyl-D-Aspartate 

(NMDA), Kainate, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)), groups I-III 

metabotropic receptors, taste receptors (TAS1R1 + TAS1R3)) have been detected in GI epithelial cells 

and/or enteric neurons in the stomach, small intestine and colon (Kondoh et al., 2009; San Gabriel et al., 

2009; Kitamura et al., 2012).  

Given the size of a glutamate molecule (147 Da), it is able to cross the intestinal barrier through both 

transcellular (passive diffusion through the lipid bilayer and/or small aqueous pores) and paracellular 

mechanisms (Keita & Soderholm, 2010). Burrin & Stoll (2009) suggest that a number of glutamate 

transporters are located on the apical membrane of GI epithelial cell. This provides both paracellular and 

transcellular routes in which luminal glutamate may gain access to the submucosal compartment to 

directly act on intrinsic or extrinsic primary afferent neurons. Furthermore, all subtypes of iGlu and mGlu 

receptors have been localized to intrinsic and extrinsic neuronal circuitries that regulate sensory, secretory 

and motor functions along the GI tract in an array of species including rat, mouse, and human (Fipla et al., 

2016; Julio-Pieper et al., 2011).  

Another potential way in which luminal glutamate may influence gut function and sensation is 

through receptors on enteroendocrine cells (EECs) that can recognize the amino acid (Bezencon et al., 

2007). Mazzoli & Pessione (2016) suggest, based on experimental evidence that EECs could act as pre-

synaptic elements to communicate gut sensations to the nervous system. Additionally, luminal glutamate 

has also been found to stimulate the release of 5 serotonin (5-HT) from enterochromaffin cells (ECs) 
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(Mayer, 2011; Kitamura et al., 2012). 5-HT is involved in the perception of visceral discomfort and pain 

through spinal afferents (Costedio et al., 2007). Additional evidence has drawn the link between 5-HT 

release and the development of gut inflammation (Mawe et al., 2009). These interactions make 5-HT a 

key intermediary in the GI tracts response to luminal glutamate. Therefore, both EEC and EC-mediated 

mechanisms provide an architecture for how luminal glutamate may communicate with the host ENS and 

CNS. 
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Figure 1.2. Potential pathways for luminal glutamate in the gut to influence the nervous system. 5-

HT, serotonin; EC enterochromaffin cell (blue); EEC, enteroendocrine cell (purple); GI, gastro-intestinal; 

IPAN, intrinsic primary afferent neuron. Adapted from (Cryan and Dinan, 2012). Created with 

BioRender.com. 
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1.3. Luminal glutamate and proposed mechanisms of symptom induction in IBS  

 It is hypothesized that glutamate induces IBS symptoms due to an increase in intestinal 

permeability as a result of stress which permits excess dietary glutamate to interact with extrinsic primary 

afferent neurons. Another possibility is that the low-grade immune cell infiltration of the mucosa, 

observed in the development of IBS, may dysregulate metabolism within the enterocytes resulting in 

elevated levels of submucosal glutamate levels. The mucosa of the intestine can be faced with millimolar 

concentrations of glutamate postprandially, which may lead to elevated intramucosal glutamate 

concentrations (Xue & Field, 2011). Regardless, it is likely that glutamate is able to then excite intestinal 

afferent neurons resulting in an increase in nociceptive signaling from the small bowel to the spinal cord. 

This is reinforced by involvement of specific glutamate receptors in visceral pain associated with IBS. 

Particularly, the ability of NMDA receptor antagonists to reduce both pelvic and splanchnic 

mechanosensitivity in the colon (Blackshaw & Gebhart, 2002). McRoberts et al. (2001) findings 

demonstrated in rats via immunohistochemical localization of the NR1 subunit that NMDA receptors are 

expressed on both the cell bodies and peripheral terminals of nerves innervating the colon. It was also 

demonstrated that administration of NMDAR antagonist, memantine, is able to inhibit both behavioural 

pain and pelvic nerve responses to noxious levels of mechanostimulation (McRoberts et al., 2001). 

Conversely, intracolonic administration of NMDA in normal mice produced increased colonic sensitivity 

to colorectal distension (Qi et al., 2017). It has also been shown that there is a significant upregulation of 

mucosal NMDAR in IBS patients compared with controls which is significantly correlated with 

abdominal pain/discomfort scores (Qi et al., 2017). Based on this evidence, it is likely that glutamate 

signals directly to the extrinsic primary afferent nerve terminals via the major ionotropic glutamate 

receptor, NMDAR – however, it does not rule out the possibility of the involvement of the other 

ionotropic receptors, AMPARs or kainate receptors, or potentially the group I metabotropic receptors, 

mGluR1/5. Antagonists for the group I metabotropic receptors have demonstrated analgesic effects by 

mediating mechanically evoked visceral nociception in the colon of rats (Lindström et al., 2008).  
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Nonetheless, the presence of the glutamate receptor architecture at these peripheral levels may 

link luminal glutamate and nociception leading to pain in patients with IBS. Although, the majority of this 

evidence is from studies performed on the colon, this thesis will primarily focus on the small bowel for 

the following reasons. Firstly, altered permeability has been reported in both the colon and small bowel of 

all IBS subtypes (Camilleri, 2012). Secondarily, it has been shown that there is increased activation and 

release of mast cell products, such as histamine in the small intestine (Wouters et al., 2016). These 

products have been shown to increase and potentiate alterations in permeability and intrinsic and afferent 

neurons, thereby leading to enhanced visceral pain perception in both the small intestine and the colon 

(Wouters et al., 2016). Finally, the small intestine is the main site of digestion, and therefore the site at 

which intraluminal glutamate levels will be highest from MSG or protein metabolism.  

 Dietary glutamate may interact directly with the ENS. It has been demonstrated in various species 

that the entirety ENS contains extensive glutamate receptor (ionotropic and metabotropic) and transporter 

architecture (Fipla et al., 2016; Julio-Pieper et al., 2011). Another plausible way in which luminal 

glutamate is able to increase visceral sensitivity may be through excitation of the neurons belonging to the 

submucosal and/or myenteric plexi. These changes in the activity of the ENS mediated by luminal MSG 

may then be sensed by the intestinal primary afferent nerves to be relayed to the CNS.  

To summarize, the two primary mechanisms in which it is hypothesized that luminal glutamate 

could increase visceral sensitivity in IBS are 1) direct stimulation of extrinsic primary afferent neurons, 

particularly those of nociceptive signaling capacity and of spinal nature (Grundy, 2002) or 2) via 

activation of the ENS plexi in which a secondary cascade increases extrinsic primary afferent nerve 

sensitivity (Figure 1.3).  
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Figure 1.3. Proposed mechanisms of how L-glutamate in the intestine can exacerbate symptoms of 

pain (visceral hypersensitivity) in IBS patients. Intestinal barrier dysfunction, in the form of increased 

permeability in the intestinal wall (black-dashed lines), occurs as a result of psychological stress. This 

increased permeability results in greater amounts of L-glutamate (neurotransmitter constituent of MSG) to 

evade oxidation within the enterocytes and enter into the submucosal compartment. Within the 

submucosa, L-glutamate can act on excitatory glutamate receptors (N-methy-D-Aspartate (NMDA), 

AMPA or group I metabotropic (mGluR1/5) receptors) located either directly on the terminals of extrinsic 

intestinal primary afferent neurons or enteric neurons located in the submucosal (yellow) or myenteric 

(green) plexi. Extrinsic primary afferents terminate on regions of both enteric plexi to detect changes in 

motility and secretion. By elevating the activity of spinal extrinsic intestinal primary afferent neurons or 

the enteric nervous system, L-glutamate can increase visceral sensitivity – and in the case, of IBS where 

visceral hypersensitivity is already a hallmark of the disorder, L-glutamate may cause increased 

symptoms of pain in response to mechanical gut stimuli.  
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1.4. Rationale for thesis  

With IBS effecting between 10% and 15% North American population and the disease’s impact on 

patients’ overall quality of life, it is imperative to better understand how manipulations of lifestyle, 

specifically diet, can improve the quality of life for these patients. Before a specific dietary alteration can 

be safely and effectively recommended by clinicians and dietitians to treat this condition, we must 

provide clear mechanisms of action. Therefore, the overall goal of this thesis was to provide mechanistic 

evidence for how MSG can increase visceral sensitivity in a preclinical model of IBS. Since the extrinsic 

intestinal afferent nerves are principally responsible for detecting gut stimuli, this thesis focused primarily 

on how glutamate changes intestinal afferent nerve sensitivity using a water-avoidance stress model to 

induce barrier changes that hallmark human IBS. By identifying and analyzing how these visceral afferent 

nerves respond to MSG in a pre-clinical IBS model, clinicians and dietitians can use this information to 

better inform dietary treatment options for patients living with this disease.  
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Chapter 2 

Materials & Methods 

2.0 Animals & ethical approval  

All experiments were approved by the Queen’s University Animal Ethics Committee (approval number 

2020-2011) under the guidelines of the Canadian Council of Animal Care. Male BALB/c (22-24 g) were 

purchased from Charles River Laboratories (Montreal, Quebec, Canada). Upon arrival, the mice were 

allowed to acclimatize to the facility for 1-week prior to commencing the protocol. Animals were housed 

in single cages in a 12/12-hour light/dark cycle. The room temperature was between 20 – 22°C, and 

humidity between 20 – 50%. Mice had ad libitum access to food (Lab Diet, 5015 Mouse Chow) and water 

throughout the study protocols. Mice remained in their housing for the duration of all in vivo protocols 

except for the duration of the water-avoidance stress (WAS) and oral gavage protocols. Mice were weighed 

daily during the in vivo protocols between 800 and 830. The initial body weight of the mouse was used to 

calculate a 15% and 20% body weight loss values. If a mouse reached 15% body weight loss, they were 

treated with a subcutaneous, intraperitoneal injection of 200 L of saline. If a mouse reached 20% body 

weight loss, they were determined to reach a humane endpoint and euthanized.  

 

2.1. Preliminary Study: Investigating the effects of WAS and MSG ex vivo 

2.1.1. In vivo mouse protocol   

In a preliminary study to investigate whether MSG has any effect on the sensitivity of extrinsic primary 

afferent nerves innervating the small intestine, male BALB/c mice were randomized to two groups; 

control and water avoidance stress (WAS) (Figure 2.1). Control mice (N=5) received no treatment and 

WAS mice (N=6) received the treatment protocol. All mice were euthanized via isoflurane inhalation and 

decapitation. Standard tissue collection protocol was followed. Jejunal tissue was collected from each 

mouse in order to perform ex vivo extracellular afferent nerve recordings and ex vivo Ussing chamber 
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permeability assays with the acute application of MSG. Details of the tissue collection and extracellular 

afferent nerve recording protocols are below in Sections 2.5 and 2.6. 
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Figure 2.1. Preliminary study in vivo protocol. Mice were randomized to two groups, WAS and 

control. Each mouse randomized to the WAS protocol received 6 days of 1 hour of water avoidance stress 

(WAS). On the 6th day, 1 hour after the final WAS, mice were euthanized via isoflurane inhalation and 

decapitation. Tissue samples were then collected.  
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2.2. Dietary MSG study: Investigating the effects WAS and in vivo gavage of MSG  

2.2.1. In vivo mouse protocol 

Following the preliminary study, the effects of both WAS and MSG gavage (23.5 mg MSG in saline) in 

vivo were investigated. Originally, 24 mice were divided into four treatment groups; WAS and MSG gavage 

(N=6), WAS and saline gavage (N=6), sham-WAS and MSG gavage, and sham-WAS and saline gavage 

(Figure 2.2). Mice were exposed to WAS or sham-WAS for one hour between the hours of 830 and 930 

each day for 6 days.  Mice were then returned to their original housing and replaced in their animal holding 

room. At 1030, on the final 5 days of each WAS or sham-WAS treatment, mice were removed from their 

original housing and administered an oral gavage (0.2 mL) of either MSG or saline. At 1130, on the 6 th 

treatment day for each mouse, the mouse was euthanized, and tissue was collected, specifically the jejunum 

for ex vivo extracellular afferent nerve recordings and serum for glutamate content analysis.  

 

Mice were received from Charles River Laboratories in groups of 6.  Each group of mice received either 

WAS or sham-WAS treatments. During either treatment half of the mice were randomized to the MSG 

gavage and the other to the saline gavage. These WAS and sham-WAS protocols were run with 6 mice at 

a time, and the start date for each mouse was staggered because it is only possible to run one ex vivo 

extracellular afferent nerve recording per day. All mice in a treatment group received the exact same 

treatment according to Figure 2.2. Ultimately, as a result of sickness/low body weight and ex vivo 

extracellular afferent nerve recording equipment malfunction, the final N values were: WAS and MSG 

gavage, N=10; WAS and saline gavage, N=6; sham-WAS and MSG gavage, N=6; sham-WAS and saline 

gavage, N=5. 
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Figure 2.2. WAS and in vivo gavage of MSG study protocol. Mice were randomized to four groups; 

WAS and MSG gavage (N = 10), WAS and saline gavage (N = 6), Sham-WAS and MSG (N = 6), Sham-

WAS and saline (N = 5). Mice were subjected to 1 hour of WAS or sham-WAS for 6 days. On the final 5 

days, a gavage of either 23.5 mg of MSG or saline was given an hour after the WAS or sham-WAS was 

completed. On the 6th day, one hour after gavage, mice were euthanized via isoflurane inhalation and 

decapitation. Jejunal tissue with mesenteric bundles were prepared for ex vivo extracellular afferent nerve 

recordings. Serum was also collected and store at -80 C for glutamate content analysis.  
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2.3. Water avoidance stress protocol 

Male BALB/c were used in all water avoidance stress (WAS) and sham-WAS protocols. The BALB/c 

strain is commonly used in WAS studies and have been shown to have higher levels of anxiety than other 

mice strains (Belzung et al., 2000). Additionally, BALB/c mice have shown increases in intestinal 

permeability in response to WAS (Cameron et al., 2005).  

 

Mice stood on a circular platform 4 cm wide, 1 cm above water level, in the center of a bucket of water 

(25 C) for 1 hour per day (6 days total), under constant supervision. In order to ensure the safety of the 

mice and avoid any incidence of drowning, any mice that fell off of the platform was safely retrieved and 

returned to the platform for the remainder of the daily protocol (Figure 1). This protocol has been 

validated (Larauche et al., 2011) to induce the stress-related alterations of visceral sensation similar to 

that in humans with IBS. Sham-WAS consisted of placing mice on a circular platform 17 cm high, 4 cm 

wide in a waterless container for 1 hour per day (6 days total). This technique has been validated (Bradesi 

et al., 2005) to mimic the environment of the mice randomized to the WAS treatment albeit without 

psychological stressor, water. 

 

2.4. Oral gavage protocol 

Oral gavages were performed once per day between the hours of 1030 and 1100. In each oral gavage, 0.2-

mL bolus of saline solution (0.9% NaCl) was used as vehicle. MSG (23.5 mg) was added to the saline 

vehicle for MSG gavage or saline alone as vehicle was used. This technique was performed as per 

Queen’s University Care Committee Standard Operating Procedure, Gavage Techniques in Small 

Animals (Mice) (Document 7.8). Male BALB/c mice were immobilized by securely scruffing the fur 

located behind the ears with the gavage-free hand. An alcohol swabbed sanitized 1-inch stainless steel 2 

¼ mm curved feeding needle was used in each gavage treatment. The length of the gavage needle was 

matched with the length from mouth to termination of the sternum of each mouse. The ball of the needle 
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was inserted into the mouth and used to tilt the head back to create a safe passage for the needle to the 

lower esophagus. Once the ball of the needle was properly positioned, the contents were slowly released. 

If the mouse was not secured in the gavage-free hand, the gavage was not performed. If the secure 

immobilization of the mouse deteriorated during the procedure, the gavage needle was carefully removed, 

and the mouse was returned the cage to monitor status to re-try after 5-10 minutes. After the gavage 

contents were completely administered, the mouse was monitored for 15 minutes to ensure there was no 

injury incurred during the procedure. Separate gavage needles were used for administering saline or MSG 

solutions. After oral gavages were performed, all needles were thoroughly rinsed and left to dry until the 

following day for use.  

 

2.5. Euthanasia & tissue collection 

One-hour following the 6th day of WAS and WAS with oral gavage protocol (1130h), mice were heavily 

sedated via isoflurane inhalation and subsequently euthanized by decapitation. The entire bowel was 

dissected and removed from the abdominal cavity and placed into carbogenated Krebs physiological 

solution (NaCl, 118.4; NaHCO3, 24.9; CaCl2, 1.9; MgSO4, 1.2; KH2PO4, 1.2; glucose, 11.7 (mmol 1-1)) on 

ice for further dissection. The 1-2 cm jejunal segment of small intestine selected for experiment was 

approximately 2 cm distal to the stomach. Dissections were made carefully in order to preserve the 

integrity of the mesentery and intestinal tissue. Additionally, a proximal segment of the colon, the caecum 

and remaining small intestine were collected in Eppendorf tubes and frozen at -80 C for any future 

analysis. Blood was collected in an Eppendorf tube, from the mouse, directly after decapitation. The 

Eppendorf tube containing the blood was then left to sit for 1 hour to clot prior to centrifugation. After 

this clotting period, the Eppendorf tube containing the blood sample was spun in a MySPIN 12 microfuge 

(Thermo Fisher Scientific) for 10 minutes at 2500 RPM (National Institute of Allergy and Infectious 

Diseases (U.S.), 1980) to isolate the serum. Samples of serum (50 µL) were then stored at -80 C to be 
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further assayed glutamate content using a glutamate assay kit (MAK004) purchased from Sigma-Aldrich 

(St. Louis, MO).   

 

2.6. Ex vivo extracellular afferent nerve recording experiments  

Segments of jejunum, 2-3 cm in length, were sectioned and placed into the recording chamber which was 

infused with carbogenated physiological Krebs solution (NaCl, 118.4; NaHCO3, 24.9; CaCl2, 1.9; MgSO4, 

1.2; KH2PO4, 1.2; glucose, 11.7 (mmol 1-1)) and maintained at 35 C at a continuous rate of 10mL/min. 

Both ends of the jejunal preparation were cannulated with plastic tubing in order for the lumen to be 

continuously perfused with Krebs solution at a rate of 0.2 mL/min. One end of the preparation was 

connected to a pressure transducer through a 3-way connector catheter. By controlling this 3-way tap, 

segments were distended up to 60 mmHg to reach noxious levels of mechanical stimulation of the gut. A 

perivascular mesenteric nerve bundle was dissected free from the associated artery and vein, and then the 

nerve was placed in a glass suction electrode connected to an NL104 head-stage (Digitimer, UK). An 

NL104 amplifier was used to amplify signals, band pass filtered with an NL125 filter and were acquired 

using a Micro1401 interface at 10 kHz. The recording was then displayed on a PC running the Spike2 

software package (Cambridge Electronic Design, UK). The MSG application protocol was started after 3 

reproducible responses to distension were obtained. A reproducible response was defined as a distension 

of the tissue to 60 mmHg yielding the same response in spike frequency (Hz). Drugs were applied to the 

jejunal segment via luminal perfusion (0.2 mL/min) or bath superfusion (10 mL/min (MSG bath C57 

controls) for minimum 15 minutes prior to a re-evaluation of distension response. The relationship 

between pressure and firing frequency was analyzed using a custom-made script in the Spike2 interface. 

The difference between the distension response before, and in the presence of the drug, was analyzed.  
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Figure 2.3. Ex vivo extracellular afferent recording setup. A 1.5 cm jejunal segment was placed in an 

organ bath continuously supplied (10 mL/min) with carbogenated (Carbogen: 95% O2, 5% CO2) Krebs 

solution, maintained at 35 C. The tissue was secured on either end via tubing connected to an 

intraluminal perfusion pump (left) which supplied the tissue with Krebs. This intraluminal perfusion was 

used as the drug delivery system during distension protocol. A 3-way valve connected to the opposing 

tubing was used to stop the flow of fluid out of the tissue and create intraluminal pressure measured by a 

pressure transducer. The mesenteric bundle was pinned to an agar bench in order to perform the careful 

dissection of the mesenteric nerve. The mesenteric nerve was suctioned in a micropipette electrode with a 

piece of adipose tissue for proper extracellular signal detection (not shown).  
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2.7. Single unit discrimination  

To assess which types of neurons are responsible for the response to distension, a single unit analysis was 

performed. This form of analysis delivers insight on how many units of different spike morphology are in 

the nerve that is being recorded from. It is especially important in determining if there is a difference in 

response between populations of units which are grouped based on their original response profile during 

control distension. Unit classifications are listed below. Within the Spike2 software (Cambridge 

Electronic Design, UK), the single unit analysis function was used to draft template spikes and then 

identify groups of individual units based on similarity of spike features such as shape and morphology. 

Once units were grouped, they were analyzed based on their response to distension from basal firing. If 

the firing rate of the unit did not increase in response to distension it was classified as mechanically 

insensitive. Units were classified into three groups: low-threshold (LT), wide-dynamic range (WDR) or 

high-threshold. LT units responded at pressures less than 15 mmHg, WDR units increased in firing rate 

continuously from 0 mmHg to 60 mmHg, and HT units responded at pressures greater than 15 mmHg 

(Beyak, 2011).  

 

2.8. Serum glutamate content analysis  

To determine if peripheral glutamate levels in the serum increased as a result of treatment with WAS and 

MSG gavage in vivo, 10 L serum samples from mice (WAS and MSG gavage (N=10), WAS and saline 

gavage (N=11), sham-WAS (N=6) and MSG gavage, sham-WAS and saline gavage (N=6)) used in the in 

vivo dietary MSG study were added directly to a 96-well plate and a glutamate content assay was 

performed. The glutamate concentration was determined by an enzymatic assay, which results in a 

colourimetric product (450 nm) product proportional to the glutamate present. The glutamate assay kit 

(MAK004) to perform this analysis was purchased from Sigma-Aldrich (St. Louis, MO). The protocol for 

the kit is outlined in section 2.10 below.  
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2.9. Ex vivo permeability assays: Ussing chamber study  

2.9.1 Ussing chamber setup  

0.5 cm segments of full thickness jejunum was opened along the mesenteric border and mounted in an 

Ussing Chamber apparatus (EM-CSYS-4, P2300, Physiologic Instruments, San Diego, California, USA) 

with an exposed surface of 0.2 cm2, and were bathed in reservoirs containing oxygenated 37 C Kreb’s 

buffer (126 mM NaCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 5 mM KCl, 2.5 mM Na2HPO4, 11 mM glucose, 25 

mM NaHCO3) which was continuously bubbled carbogen (95% O2, 5% CO2) through a tubing system 

directly connected to each reservoir (Figure 2). The jejunum segment used here was obtained from the 

adjacent preparation used in the ex vivo extracellular afferent nerve recording of the mice from the 

preliminary study. Two chambers were setup in order to assess jejunal epithelial permeability to FITC 

dextran in one chamber and glutamate permeability in another.  

 

2.9.2 FITC dextran flux as a measure of epithelial permeability  

Paracellular permeability of both cell lines of tissues can be measured by quantifying the paracellular flux 

of a fluorescent molecular probe known as FITC dextran (Overman et al., 2012; Laukoetter et al., 2007). 

This technique was used to compare paracellular permeability between WAS and control mouse tissue 

from the preliminary study. 2.2 mg/ml FITC dextran (4kDa) was added to the apical reservoir of the 

Ussing Chamber apparatus following 30-minute equilibration period. 220 L aliquots from the serosal 

reservoir were taken every 30 minutes for a period of 180 minutes. Fluorescence was then measured using 

a plate reader (excitation: 485nm, emission: 530nm) and FITC dextran concentrations were quantified 

with the use of a standard curve.  

 

2.9.3 Epithelial permeability to glutamate  

Glutamate (147Da) neurotransmitter constituent of MSG. Acute stress has been shown to increase jejunal 

permeability (Saunders et al., 1994). To test jejunal glutamate permeability, 4 L of MSG (10 M) was 
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added to the apical reservoir of the Ussing Chamber apparatus, following a 30-minute equilibration 

period. 220 L aliquots from the serosal reservoir were taken every 30 minutes for a period of 180 

minutes. Samples from the 220 L aliquots were then added to a 96-well plate and glutamate 

concentration was determined by an enzymatic assay, which results in a colourimetric product (450 nm) 

product proportional to the glutamate present. The glutamate assay kit (MAK004) to perform this analysis 

was purchased from Sigma-Aldrich (St. Louis, MO).  
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Figure 2.4. The Ussing chamber apparatus. Schematic representation of a piece of an intestinal 

segment mounted in the Ussing Chamber. Tissue is mounted within the apparatus to allow separation of 

the mucosa side and serosal side reservoirs. Bubbling of the O2/CO2, as well as maintenance of 

temperature at 37 C via a heated water jacket allow for prolongation of tissue viability. This setup 

provides a mechanism to measure paracellular permeability via a fluorescent marker as well permeability 

to food agents such as MSG by addition to the mucosa side reservoirs. Adapted from (Inagaki-Tachibana 

et al., 2009).  
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2.10. Glutamate assay kit  

Glutamate levels were measured in both the Ussing chamber samples as well as the serum samples. The 

glutamate enzymatic colourimetric assay kit used was purchased from Sigma-Aldrich (St. Louis, MO). 

Kit reagents included Glutamate Assay Buffer, Glutamate Enzyme Mix, and Glutamate Developer. 

Blanks and standards were prepared in the first 3 columns of A-H wells. Standards were prepared as 

follows: 0, 2, 4, 6, 8, 10, 12, 14 nmol/well glutamate. Standards and samples were run in duplicate. 

Reactions mixes were setup differently for blanks and then samples/standards: Blank reaction mixes only 

contained glutamate assay buffer and glutamate developer; samples/standard reaction mixes contained 

glutamate assay buffer, glutamate developer and glutamate enzyme mix. Samples (serum or Ussing 

chamber samples) were added directly to the reaction mixes. The optical density of (O.D.) was read at 

450 nm wavelength using the Spectra Max M3 (Molecular Devices, San Jose, CA) plate reader, after 

horizontal shaking and 30 minutes of incubation at 37 C. The concentration of glutamate was calculated 

according to the standard curves.  

 

2.11. Reagents   

Kreb’s physiological solution: All reagents were purchased from Sigma-Aldrich, Oakville, ON, CA, 

unless otherwise stated. Solution was prepared fresh each day.  

MSG for in vitro studies: Monosodium glutamate (MSG) was purchased from Spectrum Chemical 

(Gardena, CA, USA). MSG was dissolved in distilled water in a 10 mM stock solution, aliquoted and 

stored at -20°C. The drug was then diluted to final concentrations (MSG: 10 M) in Krebs solution for ex 

vivo extracellular afferent recordings.  

MSG for in vivo studies: For oral gavage, an equivalent to human dose of 120 mg/kg body weight 

acceptable daily intake (ADI) (FAO/WHO 1971 and1974) was used to calculate 1 g/kg body weight in 

mice using a human equivalent dose (HED) (mg/kg) based on body surface area (BSA) (mg/m2) (Reagan-
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Shaw et al., 2007). The mouse Km value used was 3 and the human Km value used was 25 (for child) as 

per Reagan-Shaw et al. (2007). An example calculation is displayed below: 

𝐻𝐸𝐷 (
𝑚𝑔

𝑘𝑔
) = 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (

𝑚𝑔

𝑘𝑔
) ×

𝐴𝑛𝑖𝑚𝑎𝑙 𝐾𝑚  

𝐻𝑢𝑚𝑎𝑛 𝐾𝑚
 

𝐻𝐸𝐷 (
𝑚𝑔
𝑘𝑔

) ×  𝐻𝑢𝑚𝑎𝑛 𝐾𝑚

𝐴𝑛𝑖𝑚𝑎𝑙 𝐾𝑚
= 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (

𝑚𝑔

𝑘𝑔
) 

120 (
𝑚𝑔
𝑘𝑔

) ×  25

3
= 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (

𝑚𝑔

𝑘𝑔 
) 

1000 𝑚𝑔

𝑘𝑔
= 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (

𝑚𝑔

𝑘𝑔 
) 

Therefore, we used a 1000 mg/kg body weight dose of MSG for oral gavage in the male Balb/c mice. The 

average mouse weight was approximately 23.5 mg:  

1000 𝑚𝑔

𝑘𝑔
×  𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑀𝑜𝑢𝑠𝑒 𝑊𝑒𝑖𝑔ℎ𝑡 (0.0235𝑘𝑔) = 𝑀𝑆𝐺/𝑑𝑎𝑦 

23.5 𝑚𝑔 = 𝑀𝑆𝐺/𝑑𝑎𝑦 

23.5 mg of MSG was delivered via oral gavage to each mouse in the WAS + MSG gavage treatment 

group suspended in 200 L saline (0.9% NaCl).  

*We used the Km value for a human child (25) to calculate our equivalent dose. The Km value for an adult 

is 37, which would equate to 1480 mg/kg body weight resulting in 29.6 mg MSG / day. In order to titrate 

the effect of MSG on visceral sensitivity, we selected the child dose conversion factor because if we saw 

an effect at this concentration, we would expect that a higher dose (using the adult Km) would yield an 

even greater effect on visceral sensitivity. We also made this decision based on the fact that these mice 

were not even 2 months old (50d). Catherine Hagan, DVM., Ph.D., of Jackson Laboratories notes that a 

mature adult mouse would be at minimum 3-6 months in age (The Jackson Laboratory © 2020); 

therefore, we did not believe is sensible to use the adult Km, in these studies.  
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2.12. Statistical analysis  

Data was analyzed using GraphPad Prism version 7.02 (GraphPad Software, CA, USA).  All data were 

expressed as means  standard error of the mean unless otherwise stated. N refers to the number of 

animals, n refers to the number of preparations (ex vivo extracellular afferent nerve recordings), and x 

refers to the number of single units. Analysis of variance (ANOVA) tests or student’s t-test were 

conducted where applicable. Statistical significance was described as p<0.05.   
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Chapter 3 

Results 

3.1. Preliminary Study: Investigating the effects of WAS and MSG ex vivo  

Previous studies suggest MSG can trigger symptoms of abdominal pain in patients with IBS (Holton et 

al., 2012). The goal of this preliminary study was to determine if ex vivo intraluminal administration of 

MSG can increase extrinsic intestinal afferent nerve sensitivity to distension in a preclinical model of IBS. 

With the use of ex vivo extracellular afferent nerve recordings, changes in the mechanosensitivity of 

extrinsic intestinal afferent nerve preparations from the jejunum of mice exposed to WAS and control 

mice were measured.  

 

3.1.1. Acute administration of luminal MSG does not increase ex vivo extrinsic intestinal afferent 

nerve sensitivity to distension in control jejunum  

To determine if MSG changes extrinsic intestinal afferent nerve sensitivity to distension in 

control mice ex vivo, the control distension response (0-60 mmHg) was compared to the distension 

response (0-60 mmHg) in the presence of intraluminal MSG in jejunal preparations. MSG was perfused 

for 15 minutes prior to ensure it was present in the lumen before distension. No significant difference was 

observed between the multi-unit relative distension responses (%) (Figure 3.1A). No significant 

differences in firing frequency were observed in the LT units (Figure 3.1B), WDR units (Figure 3.1C) or 

HT units (Figure 3.1D) when comparing the control and MSG distension responses.  
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Figure 3.1. Multi and single-unit distension responses in control mice tissue. The distension response 

during applied ramp distensions to 60 mmHg in the absence and presence of 10 M MSG performed in 

control mice jejunal preparations. A) No significant increase in the multi-unit relative distension response 

(%) was observed in the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni 

correction, N = 5, n = 5, x = 30). B) No significant increase in firing frequency (Hz) was observed in the 

LT units in the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni 

correction, N = 3, n = 3, x = 10). C) No significant increase in firing frequency (Hz) was observed in the 

WDR units in the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni 

correction, N = 4, n = 4, x = 11). D) No significant increase in firing frequency (Hz) was observed in the 

HT units in the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni 

correction, N = 4, n = 4, x = 6).  
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3.1.2. Acute administration of luminal MSG increases ex vivo extrinsic intestinal afferent nerve 

sensitivity to distension in WAS-exposed jejunum 

To determine if MSG changes extrinsic intestinal afferent nerve sensitivity to distension in WAS 

mice ex vivo, the control distension response (0-60 mmHg) was compared to the distension response (0-

60 mmHg) in the presence of intraluminal MSG in jejunal preparations. In the multi-unit relative 

distension response (%), the control and MSG distension responses were not significantly different 

overall (Figure 3.2A); however, based on Bonferroni correction, MSG did increase the multi-unit relative 

distension response (%) at pressures between 40 to 60 mmHg (p<0.05, n = 6). The increase in response 

was 24% at 60 mmHg (Figure 3.2A). A significant decrease in firing frequency was observed in the LT 

units in the presence of MSG, and this decrease was significant at pressures: 5 and 20 to 60 (mmHg) 

(Figure 3.2B; p<0.05, n = 6). No significant differences in firing frequency were observed in the WDR 

(Figure 3.2C). The firing frequency of the HT units was not significantly different overall between the 

control and MSG distensions (Figure 3.2D); however, MSG did increase the HT unit firing frequency at 

pressures between 20 to 60 mmHg based on Bonferroni correction (Figure 3.2D; p<0.05, n = 6).  
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Figure 3.2. Multi and single-unit distension responses in WAS mice tissue. The distension response 

during applied ramp distensions to 60 mmHg in the absence and presence of 10 M MSG performed on 

WAS mice jejunal preparations. A) The control and MSG multi-unit relative distension responses (%) 

were not significantly different overall (p=ns, two-way repeated measures ANOVA with Bonferroni 

correction, N=6, n=6, x=57); however, at pressures between 40 and 60 mmHg the response in the 

presence of MSG was significantly increased, based on the Bonferroni correction (p<0.05) B) A 

significant increase in firing frequency (Hz) was observed in the LT units in the presence of MSG 

(*p<0.05, **p<0.01, two-way repeated measures ANOVA with Bonferroni correction, N=6, n=6, x=9). 

C) No significant increase in firing frequency (Hz) was observed in the WDR units in the presence of 

MSG (p=ns, two-way repeated measures ANOVA with Bonferroni correction, N=6, n=6, x=24). D) The 

control and MSG HT unit responses were not significantly different overall (p=ns, two-way repeated 

measures ANOVA with Bonferroni correction, N=6, n=6, x=24); however, the response in the presence 

of MSG at pressures between 20 and 60 mmHg was significantly increased in comparison to control, 

based on the Bonferroni correction (p<0.05).  
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3.1.3. Tissue compliance  

 Tissue compliance relates to the ability of a hollow organ or vessel to distend and increase 

volume with increasing pressure (Klabunde, 2014). Tissue compliance was analyzed to ensure there was 

no change during the afferent nerve recording protocol that would inherently alter the activity of the 

nerve. To analyze this property, the volume of fluid within the tissue was computed based on the 

perfusion rate and time-elapsed during the distension. There were no significant differences in tissue 

compliance observed throughout the afferent nerve recording protocols for both the control (Figure3.3A) 

and WAS tissue preparations (Figure 3.3B).  
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Figure 3.3. Control and WAS tissue compliance. The tissue compliance during control and MSG 

distensions were compared. A) The compliance of the control jejunal preparations did not change 

significantly through the afferent nerve recording protocol (p = ns, two-way repeated measures ANOVA 

with Bonferroni correction, n = 5). B) The compliance of the WAS jejunal preparations did not 

significantly change throughout the afferent nerve recording protocol (p = ns, two-way repeated measures 

ANOVA with Bonferroni correction, n = 6).  
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3.2. Dietary MSG study: Investigating the effects of WAS and in vivo gavage of MSG 

The preliminary study provided evidence that the intraluminal administration of ex vivo MSG can 

increase extrinsic intestinal afferent nerve sensitivity ex vivo to distension in afferent nerve preparations 

from WAS-exposed jejunum. In order to better model and observe how intestinal afferent nerves behave 

when IBS patients consume MSG, mice were administered a daily gavage of MSG over the course of the 

WAS treatment. With the use of ex vivo extracellular afferent nerve recordings, changes were measured in 

the mechanosensitivity of extrinsic intestinal afferent nerve preparations from the jejunum of mice 

exposed to WAS and MSG gavage, as well as mice exposed to WAS and saline gavage, sham-WAS and 

MSG gavage and sham-WAS and saline gavage during exposure to MSG ex vivo.  

 

3.2.1. Acute administration of luminal MSG does not increase extrinsic intestinal afferent nerve 

sensitivity in mice exposed to sham-WAS and MSG gavage or sham-WAS and saline gavage  

To determine if MSG changes extrinsic intestinal afferent nerve sensitivity to distension in sham-

WAS and MSG or saline gavage exposed mice ex vivo, the control distension response was compared to 

the distension response in the presence of intraluminal MSG in jejunal preparations. In mice exposed to 

sham-WAS and MSG gavage, no significant difference was observed between the multi-unit relative 

distension responses (%) (Figure 3.4A). No significant differences in firing frequency were observed in 

the LT units when comparing the control and MSG distension responses (Figure 3.4B). No significant 

differences in firing frequency were observed in the WDR units when comparing the control and MSG 

distension responses (Figure 3.4C). No significant differences in firing frequency were observed in the 

HT units when comparing the control and MSG distension responses (Figure 3.4D).  

In mice exposed to sham-WAS and saline gavage, no significant difference was observed 

between the multi-unit relative distension responses (%) (Figure 3.5A). No significant differences in 

firing frequency were observed in the LT units when comparing the control and MSG distension 

responses (Figure 3.5B). No significant differences in firing frequency were observed in the WDR units 
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when comparing the control and MSG distension responses (Figure 3.5C). No significant differences in 

firing frequency were observed in the HT units when comparing the control and MSG distension 

responses (Figure 3.5D). 
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Figure 3.4. Multi and single-unit distension responses in sham-WAS and MSG gavage mice tissue. 

The distension response during applied ramp distensions to 60 mmHg in the absence and presence of 10 

M MSG performed in sham-WAS and MSG gavage mice jejunal preparations. A) No significant 

increase in the multi-unit relative distension response (%) was observed in the presence of MSG (p = ns, 

two-way repeated measures ANOVA with Bonferroni correction, N = 6, n = 6, x = 42). B) No significant 

increase in firing frequency (Hz) was observed in the LT units in the presence of MSG (p=ns, two-way 

repeated measures ANOVA with Bonferroni correction, N = 4, n = 4, x = 9). C) No significant increase in 

firing frequency (Hz) was observed in the WDR units in the presence of MSG (p = ns, two-way repeated 

measures ANOVA with Bonferroni correction, N = 6, n = 6, x = 14). D) No significant increase in firing 

frequency (Hz) was observed in the HT units in the presence of MSG (p = ns, two-way repeated measures 

ANOVA with Bonferroni correction, N = 6, n = 6, x = 13). 
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Figure 3.5. Multi and single-unit distension responses in sham-WAS and saline gavage mice tissue. 

The distension response during applied ramp distensions to 60 mmHg in the absence and presence of 10 

M MSG performed in sham-WAS and saline gavage mice jejunal preparations. A) No significant 

increase in the multi-unit relative distension response (%) was observed in the presence of MSG (p=ns, 

two-way repeated measures ANOVA with Bonferroni correction, N = 5, n = 5, x = 44). B) No significant 

increase in firing frequency (Hz) was observed in the LT units in the presence of MSG (p = ns, two-way 

repeated measures ANOVA with Bonferroni correction, N = 4, n = 4, x = 9). C) No significant increase in 

firing frequency (Hz) was observed in the WDR units in the presence of MSG (p = ns, two-way repeated 

measures ANOVA with Bonferroni correction, N = 5, n = 5, x = 24). D) No significant increase in firing 

frequency (Hz) was observed in the HT units in the presence of MSG (p = ns, two-way repeated measures 

ANOVA with Bonferroni correction, N = 5, n = 5, x = 9). 
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3.2.2. Acute administration of luminal MSG increases intestinal afferent nerve sensitivity in mice 

exposed to WAS and saline gavage in vivo  

To determine if MSG changes extrinsic intestinal afferent nerve sensitivity to distension in WAS 

and saline gavage exposed mice ex vivo, the control distension responses were compared to the distension 

responses in the presence of intraluminal MSG in jejunal preparations. In the multi-unit relative 

distension response (%), the control and MSG distension responses were not overall significantly 

different (Figure 3.6A); however, based on Bonferroni correction, MSG did increase the multi-unit 

relative distension response (%) at pressures between 20 to 60 mmHg (p<0.05, n = 6). The increase in 

response was 18% at 60 mmHg (Figure 3.6A). No significant difference in firing frequency was observed 

in the LT units when comparing the control and MSG distensions (Figure 3.6B). There was no significant 

difference overall in the firing frequency of WDR units when comparing the control and MSG distensions 

(Figure 3.6C;); however, MSG did significantly increase the firing frequency of these units at 10 mmHg 

(p<0.01, n = 6). No significant difference in firing frequency was observed in the HT units when 

comparing the control and MSG distensions (Figure 3.6D).  
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Figure 3.6. Multi and single-unit distension responses in WAS and saline gavage mice tissue. The 

distension response during applied ramp distensions to 60 mmHg in the absence and presence of 10 M 

MSG performed in WAS and saline gavage mice jejunal preparations. A) The control and MSG multi-

unit relative distension responses (%) were not significantly different overall (p = ns, two-way repeated 

measures ANOVA with Bonferroni correction, N = 6, n = 6, x = 57); however, at pressures between 20 

and 60 mmHg the response in the presence of MSG was significantly increased, based on the Bonferroni 

correction (p<0.05). B) No significant increase in firing frequency (Hz) was observed in the LT units in 

the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni correction, N = 5, n = 

5, x = 15). C) No significant increase in firing frequency (Hz) was observed in the WDR units in the 

presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni correction, N = 6, n = 6, 

x = 23); however, 10 mmHg the response in the presence of MSG was significantly increased, based on 

the Bonferroni correction (p<0.01). D) No significant increase in firing frequency (Hz) was observed in 

the HT units in the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni 

correction, N = 6, n = 6, x = 9).  

 

 

 

 



 

56 

 

3.2.3. Acute administration of luminal MSG increases ex vivo intestinal afferent nerve sensitivity in 

mice exposed to WAS and MSG gavage in vivo  

To determine if MSG changes extrinsic intestinal afferent nerve sensitivity to distension in WAS 

and MSG gavage exposed mice ex vivo, the control distension response was compared to the distension 

response in the presence of intraluminal MSG in jejunal preparations. A significant increase was observed 

in the presence of intraluminal MSG in the multi-unit relative distension responses (%) (Figure 3.7A; 

p<0.05, n = 10). Based on Bonferroni correction, the responses were significantly greater at 10 to 60 

mmHg (Figure 3.7A; p<0.05). The increase in response was 41.8% at 60 mmHg. No significant 

differences in firing frequency were observed in the LT units when comparing the control and MSG 

distension responses (Figure 3.7B). The firing frequency of the WDR units was significantly increased 

overall in the presence of MSG during distension (Figure 3.7C; p<0.01, n = 10). MSG increased the 

WDR unit firing frequency at pressures between 20 to 60 mmHg during distension, based on Bonferroni 

correction (Figure 3.7C; p<0.01). The firing frequency of the HT units was significantly increased overall 

in the presence of MSG during distension (Figure 3.7D; p<0.05, n = 9). MSG increased the HT unit firing 

frequency at pressures between 10 and 60 mmHg during distension, based on Bonferroni correction 

(Figure 3.7D; p<0.01).   
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Figure 3.7. Multi and single-unit distension responses in WAS and MSG gavage mice tissue. The 

distension response during applied ramp distensions to 60 mmHg in the absence and presence of 10 M 

MSG performed on WAS and MSG gavage mice jejunal preparations. A) A significant increase in the 

multi-unit relative distension response (%) was observed in the presence of MSG, specifically at 10 to 60 

mmHg (*p<0.05, ***p<0.001, ****p<0.0001, two-way repeated measures ANOVA with Bonferroni 

correction, N = 10, n = 10, x = 102). B) No significant increase in firing frequency (Hz) was observed in 

the LT units in the presence of MSG (p = ns, two-way repeated measures ANOVA with Bonferroni 

correction, N = 7, n = 7, x = 16). C) A significant increase in firing frequency (Hz) was observed in the 

WDR units in the presence of MSG, specifically at 20 to 60 mmHg (**p<0.01, ***p<0.001, 

****p<0.0001, two-way repeated measures ANOVA with Bonferroni correction, N = 10, n = 10, x = 50). 

D) A significant increase in firing frequency (Hz) was observed in the HT units in the presence of MSG, 

specifically at 10 to 60 mmHg (*p<0.05, **p<0.01, ****p<0.0001, two-way repeated measures ANOVA 

with Bonferroni correction, N = 10, n = 10, x = 22). 
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3.2.4. Tissue Compliance  

 There were no significant differences in tissue compliance observed throughout the afferent nerve 

recording protocols for all treatment groups: sham-WAS and MSG gavage (Figure 3.8A), sham-WAS and 

saline gavage (Figure 3.8B), WAS and saline gavage (Figure 3.8C), WAS and MSG gavage (Figure 

3.8D). 
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Figure 3.8. Tissue compliance. The tissue compliance during control and MSG distensions were 

compared for all four treatment groups. A) The compliance of the sham-WAS and MSG gavage-exposed 

jejunal preparations did not significantly change throughout the afferent nerve recording protocol (p = ns, 

two-way repeated measures ANOVA with Bonferroni correction, n = 6). B) The compliance of the sham-

WAS and saline gavage-exposed jejunal preparations did not significantly change throughout the afferent 

nerve recording protocol (p = ns, two-way repeated measures ANOVA with Bonferroni correction, n = 5). 

C) The compliance of the WAS and saline gavage-exposed jejunal preparations did not significantly 

change throughout the afferent nerve recording protocol (p = ns, two-way repeated measures ANOVA 

with Bonferroni correction, n = 6). D) The compliance of the WAS and MSG gavage-exposed jejunal 

preparations did not change significantly through the afferent nerve recording protocol (p = ns, two-way 

repeated measures ANOVA with Bonferroni correction, n = 10).  
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3.2.5. Treatment with WAS and MSG gavage in vivo results in the greatest distension response 

during acute exposure to MSG  

To determine whether treatment with WAS and MSG gavage in vivo resulted in the greatest relative 

distension response (%) when MSG was acutely administered during ex vivo extracellular afferent nerve 

recordings, the multi-unit (Figure 3.9A) and HT unit (Figure 3.9B) MSG relative distension (%) 

responses from each treatment group were compared: WAS and MSG gavage, WAS and saline gavage, 

sham-WAS and MSG gavage, sham-WAS and saline gavage. Comparing the distension responses in the 

presence of MSG of all four treatment groups, demonstrates which extrinsic intestinal afferent nerves are 

most responsive during acute MSG exposure. The multi-unit responses comparison allows for 

consideration of the whole-nerve response which is comprised of both spinal and vagal neurons; however, 

comparison of the HT unit responses provides a focus on units that respond to noxious or pain-evoking 

mechanical stimuli that are of spinal nature (Grundy, 2002).  

 

The four treatment groups were significantly different when comparing the multi-unit relative distension 

responses (%) in the presence of MSG (Figure 3.9A; p<0.05). Moreover, the four treatment groups were 

significantly different when comparing the HT unit relative distension responses (%) in the presence of 

MSG (Figure 3.9B; p<0.05). In both comparisons, multi-unit and HT unit responses, the WAS+MSG 

exposed extrinsic intestinal afferent nerves respond the most to distension in the presence of intraluminal 

MSG.   
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Figure 3.9. Comparison of the distension responses in the presence of MSG. The relative distension 

responses in the presence of 10 M MSG normalized to the maximum response at 60 mmHg of the 

control distension (not shown) multiplied by 100 % for each treatment group (WAS and MSG gavage (n 

= 10), WAS and saline gavage (n = 6), sham-WAS and MSG gavage (n = 6), sham-WAS and MSG 

gavage (n = 5)). A) There was a significant difference between treatment groups in the multi-unit relative 

distension responses (%) in the presence of MSG (p<0.05, two-way ANOVA with Bonferroni correction). 

B) There was a significant difference between treatment groups in the HT unit relative distension 

responses (%) in the presence of MSG (p<0.05, two-way ANOVA with Bonferroni correction). 
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3.2.6. Treatment with WAS and MSG gavage in vivo does not sensitize extrinsic intestinal afferent 

nerves to distension in the absence of MSG 

To determine if the combination of WAS and MSG gavage in vivo can sensitize the extrinsic intestinal 

afferent nerves prior to the ex vivo administration of MSG, the multi-unit (Figure 3.10A) and HT unit 

(Figure 3.10B) control relative distension (%) responses were compared of each treatment group. 

Comparing the control distension responses demonstrates which group extrinsic intestinal afferent nerves 

responds most to distension based on the in vivo treatment type. The four treatment groups relative 

control distension responses (%) were not significantly different in both the multi-unit (Figure 10A) or 

HT unit (Figure 10B) comparisons.  
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Figure 3.10. Comparison of the control distension responses. The changes in firing frequency (Hz) 

from baseline during control distension were compared between all four treatment groups (WAS and 

MSG gavage (n = 10), WAS and saline gavage (n = 6), sham-WAS and MSG gavage (n = 6), sham-WAS 

and MSG gavage (n = 5)). A) There was no significant difference in the change in firing frequency from 

baseline in the multi-unit responses between different treatment groups (p = ns, two-way ANOVA with 

Bonferroni correction). B) There was no significant difference in the change in firing frequency from 

baseline in the HT unit responses between different treatment groups (p = ns, two-way ANOVA with 

Bonferroni correction).  
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3.3. Effects of WAS and MSG gavage in vivo on serum glutamate levels 

The literature suggests that the ingestion of large quantities of MSG can increase serum levels of 

glutamate (Shimada et al., 2013). Based on this, an enzymatic colourimetric glutamate assay was used to 

determine the concentration of glutamate in serum samples obtained from mice in the in vivo dietary 

MSG study. This was done to determine if the combination of WAS and MSG gavage treatment resulted 

in elevated serum glutamate levels.  

 

3.3.1. WAS and MSG gavage in vivo does not increase serum glutamate levels  

There was no significant difference in the concentration of serum glutamate between all four treatment 

groups. Although not statistically significant, the serum glutamate concentration was elevated in the mice 

exposed to WAS and MSG (mean = 0.890 nmol/10 L sample  0.116, N = 8) compared to: WAS and 

saline gavage (mean = 0.641 nmol/10 L sample  0.0684, N = 10), sham-WAS and MSG gavage (mean 

= 0.759 nmol/10 L sample  0.0704, N = 6), sham-WAS and saline gavage (mean = 0.534 nmol/10 L 

sample  0.0731, N = 6).  
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Figure 3.11. Serum glutamate concentrations by treatment group. There was no significant difference 

in the amount of glutamate (nanomoles) in 10 L serum samples obtained from mice in each treatment 

group: WAS and MSG gavage (mean = 0.8896  0.1156, N = 8), WAS and saline gavage (mean = 0.6414 

 0.06839, N = 10), sham-WAS and MSG gavage (mean = 0.7594  0.07038, N = 6), sham-WAS and 

MSG gavage (mean = 0.5335  0.07311, N = 6). Ordinary one-way ANOVA, p = ns.  
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3.3.2. No correlation between the magnitude of MSG distension response and serum glutamate 

levels  

To determine if the serum glutamate concentrations correlated with the magnitude of the response to 

distension in the presence of MSG, serum glutamate concentrations were plotted with the corresponding 

magnitude of the relative distension response (%) at 60 mmHg. Because there was a significant increase 

in the relative distension response (%) during the acute intraluminal administration of MSG, and slightly 

elevated serum glutamate levels in this treatment group, it was hypothesized that peripheral glutamate 

concentrations may be influencing the activity of these extrinsic intestinal afferent nerves. However, there 

was no significant correlation found between the serum glutamate levels and the magnitude of the relative 

distension response at 60 mmHg of the extrinsic intestinal afferent nerve preparations of the WAS and 

MSG gavage exposed mice (Figure 3.12; R2 = 0.05672, N = 6).  
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Figure 3.12. Serum glutamate concentration plotted against the relative distension response at 60 

mmHg in WAS and MSG gavage exposed mice. A total of 6 mice had serum glutamate concentration 

values within the standard curve with corresponding afferent nerve recordings. No significant linear 

correlation was found between serum glutamate concentration and the magnitude of the relative 

distension response (%) at 60 mmHg (p = ns, y =-31.13*x+182.3, R2 = 0.05672, N = 6) 
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3.4. MSG may act directly on extrinsic intestinal afferent nerves  

In order to confirm if the glutamate, the neurotransmitter constituent of MSG, was acting directly on 

extrinsic afferent nerves, 10 M MSG was superfused directly to the organ bath while performing an ex 

vivo extracellular afferent nerve recording using control tissue. This provided glutamate direct access to 

the extrinsic intestinal afferent nerves without having to traverse the mucosa. The same distension 

protocol was used as in previous ex vivo extracellular afferent nerve recording experiments. To determine 

if MSG changes extrinsic intestinal afferent nerve sensitivity to distension in control mice ex vivo, the 

control distension response (0-60 mmHg) was compared to the distension response (0-60 mmHg) in the 

presence of extraluminal MSG in jejunal preparations. 

 

3.4.1. Superfusion of MSG does increase extrinsic intestinal afferent nerve sensitivity to distension 

in control tissue 

In the multi-unit relative distension response (%), the control and MSG distension responses were not 

overall significantly different (Figure 3.13A); however, based on Bonferroni correction, MSG did 

increase the multi-unit relative distension response (%) at 60 mmHg (p<0.01, n = 5). The increase in 

response was 29% at 60 mmHg. No significant difference in firing frequency was observed in the LT 

units when comparing the control and MSG distension responses (Figure 3.13B). The firing frequency of 

the WDR units was not significantly different overall between the control and MSG distensions (Figure 

3.13C;); however, based on Bonferroni correction, MSG did increase the WDR firing at pressures 

between 20 to 60 mmHg (p<0.05, n = 5). The firing frequency of the HT units was not significantly 

different overall between the control and MSG distensions (Figure 3.13D); however, based on Bonferroni 

correction, MSG did increase the HT firing at pressures between 27 to 39, 44 to 46 and 49 to 60 (mmHg) 

(p<0.05, n = 5).   
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Figure 3.13. Multi and single-unit distension responses in control mice tissue during acute bath 

perfusion of MSG. The distension response during applied ramp distensions to 60 mmHg in the absence 

and presence of bath 10 M MSG performed in control mice jejunal preparations. A) No significant 

increase in the multi-unit relative distension response was observed in the presence of MSG (p = ns, two-

way repeated measures ANOVA with Bonferroni correction, N = 6, n = 6, x = 48); however, MSG did 

increase the response at 60 mmHg based on Bonferroni correction (p<0.01). B) No significant increase in 

firing frequency (Hz) was observed in the LT units in the presence of MSG (p = ns, two-way repeated 

measures ANOVA with Bonferroni correction, N = 5, n = 5, x = 13). C) No significant increase in firing 

frequency (Hz) was observed in the WDR units overall in the presence of MSG (p = ns, two-way repeated 

measures ANOVA with Bonferroni correction, N = 6, n = 6, x = 18); however, MSG did increase the 

firing frequency at 20 to 60 mmHg based on Bonferroni correction (p<0.05). D) No significant increase in 

firing frequency (Hz) was observed in the HT units overall in the presence of MSG (p = ns, two-way 

repeated measures ANOVA with Bonferroni correction, N = 5, n = 5, x = 13); however, MSG did 

increase the firing frequency at 27 to 39, 44 to 46 and 49 to 60 (mmHg) based on Bonferroni correction 

(p<0.05).  
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3.5. Ussing Chamber Study: FITC and glutamate permeability  

To determine if WAS impacted paracellular permeability to FITC (4 kDa) and the permeability to 

glutamate (147 Da), the neurotransmitter constituent of MSG, Ussing chamber permeability assays were 

used to analyze the permeability to FITC and glutamate in both WAS and control mouse jejunal tissue 

preparations. Jejunal tissue preparations were obtained from mice used in the Preliminary Study. These 

preparations were obtained from the jejunal section adjacent to the preparations used in the ex vivo 

extracellular afferent nerve recordings.  

 

3.5.1. Permeability to FITC was not different between WAS-exposed and control jejunal epithelium   

In order to investigate if changes in paracellular permeability could be mediated by WAS, jejunal 

epithelial permeability to FITC (4 kDa) was measured in both WAS and control tissue. There was no 

significant difference in the FITC dextran concentration of samples obtained from Ussing chamber 

experiments using jejunal tissue from WAS in comparison to controls (Figure 3.14).  
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Figure 3.14. No significant effect of WAS on epithelial permeability to FITC in jejunal tissue. No 

significant difference was observed in FITC (4 kDa) permeability after the 180-minute sample period (p = 

ns, unpaired t-test, N = 4).  
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3.5.2. WAS-exposed jejunum is more permeable to glutamate in comparison to control 

 To determine if WAS-exposed jejunal preparations were more permeable to glutamate, the 

neurotransmitter constituent of MSG, than control jejunal preparations, epithelial permeability to 

glutamate (147Da) was measured in both WAS and control tissue. A significantly greater amount of 

glutamate (147 Da) crossed the epithelial barrier in WAS-exposed jejunum in comparison to controls after 

180-minute sampling period (Figure 3.15; p<0.05, N = 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

73 

 

 

 

 

 

 

Figure 3.15. WAS increases epithelial permeability to glutamate in jejunal tissue. A significantly 

greater amount of glutamate crosses the epithelial barrier after the 180-minute sampling period in WAS 

jejunum (mean = 47.31  4.957) compared to control jejunum (mean = 30.40  5.214) (*p = 0.04, 

unpaired t-test, N = 4).  
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Chapter 4 

Discussion 

A complete elimination diet, or low food chemical diet, was developed by researchers at the 

Royal Prince Alfred Hospital in Australia (Swain et al., 2009). This diet been employed in clinical 

practice since the early 1980s; however, mechanistic and clinical evidence is significantly lacking (Barrett 

& Gibson, 2012; Capili et al., 2016). A key component of this low food chemical diet is the restriction of 

MSG. One of the first IBS studies examined 37 patients with fibromyalgia and concomitant IBS and 

found that when they eliminated MSG from their diet, patients experienced relief of both their 

fibromyalgia and IBS symptoms. In a blinded rechallenge phase of this study, those patients who received 

MSG observed a significant return of symptoms, specifically abdominal pain (Holton et al., 2012). 

However, due to the small sample size and the study being completed on a cohort that also had 

fibromyalgia, direct translation of these findings to IBS is challenging. This thesis sought to elucidate the 

neuronal mechanism underlying MSG’s ability to cause pain in patients with IBS. For the remainder of 

this discussion, MSG will be will referred to interchangeably with glutamate, given that glutamate is the 

neurotransmitter constituent of the food additive. 

Bloating and distension having been reported in approximately 96% of IBS patients (Longstreth 

et al., 2006). Distension of the small intestine is common in patients with IBS as a result of production of 

intestinal gas and increased small-intestinal water content (Foley et al., 2014). In this thesis, a distension 

protocol was used during ex vivo extracellular jejunal afferent nerve recordings to understand how MSG 

effects visceral sensitivity to mechanical stimulatory events observed in IBS patients. A concentration of 

MSG (10 M) was used in these experiments because it is likely to be physiologically relevant to the 

jejunum and has been previously used in ex vivo studies (Page et al., 2005; Slattery et al., 2006). An acute 

6-day WAS model was used in mice to cause changes in intestinal barrier function and visceral sensation, 

which are observed in humans with IBS (Laracuhe et al., 2011).  
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In our studies, it has been demonstrated that MSG significantly increased ex vivo jejunal afferent 

nerve sensitivity in mice exposed to WAS (Figure 3.2), WAS and saline gavage (Figure 3.6) and WAS 

and MSG gavage (Figure 3.7). It has also been shown that MSG appears to directly act on extrinsic 

intestinal afferent nerves, specifically nociceptive neurons (WDR and HT units) (Figure 3.13). Moreover, 

treatment with WAS and MSG gavage in vivo elevates serum glutamate levels; however, this did not 

reach significance (Figure 3.12). It was also found that WAS significantly increases jejunal permeability 

to glutamate in comparison to controls (Figure 3.15) but appears to not have an effect on permeability to 

FITC, a paracellular permeability marker (3.14).  

 

4.1. MSG in a preclinical model of IBS  

4.1.1 MSG acts on nociceptive units to increase mechanosensitivity  

The hypothesis for the control animals in these studies was that there would be no effect of MSG 

on afferent nerve sensitivity because non-handled (preliminary studies) and sham controls were not 

exposed to stress. It has been demonstrated that stress increases jejunal permeability (Saunders et al., 

1998); therefore, it was expected that the acute psychological stress-inducing model (6-day WAS), would 

cause an increase in intestinal permeability to glutamate. In the preliminary study, MSG had no effect on 

extrinsic intestinal afferent nerve sensitivity in control mice (Figure 3.1). There was also no significant 

effect of MSG on any single subtype unit group: LT, WDR or HT (Figure 3.1B, C, D). These findings 

suggested that without WAS, intraluminal MSG does not have any effect on mechanosensitivity. In the in 

vivo dietary MSG study, no significant effect of intraluminal MSG on ex vivo extrinsic intestinal afferent 

nerve responses were observed in mice exposed to sham-WAS and gavages of either MSG or saline 

(Figure 3.4; Figure 3.5). These findings continued to support the hypothesis that WAS, the model for IBS, 

appears to be essential for MSG to have an effect on visceral sensitivity. Taken together, these findings 

are consistent with the current literature that MSG consumption alone does not appear to provide any risk 
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to healthy individuals (FDA, 2012) and does not appear to produce a neurotoxic effect once reported in 

relation to “Chinese Restaurant Syndrome” (Walker & Lupien, 2000).  

It is important to note that this ex vivo multi-unit recording technique does not differentiate the 

different types of vagal and spinal units from one another (Rong et al., 2004). However, using single unit 

discrimination, three functional classes of units can be identified: LT, WDR, HT. The level of termination 

of an afferent nerve fiber within the gut wall determines its receptive field and is closely related to the 

type of stimuli, physiological or noxious, that it senses (Berthoud et al., 2004). In our preliminary study, it 

was found that in WAS mice the LT units significantly decreased in firing in the presence of MSG. 

However, the magnitude of this decrease at peak firing (60 mmHg) for these units detecting physiological 

stimuli was 8.3 (Hz) to 6.8 (Hz), control and MSG distension, respectively (Figure 3.2B). It is likely that 

these LT units are vagal mechanoreceptors. Vagal mechanoreceptors are responsible for sensing low 

(physiological) levels of distention and in general have not been linked to pain signaling as routinely as 

spinal afferent neurons (Zagorodnyuk & Brookes, 2000). Mechanoreceptors in the muscularis propria, the 

region adjacent to submucosa, are activated by normal, physiological forces closely associated with 

luminal propulsion (Berthoud et al., 2004). Taken together, it appears that luminal glutamate did have a 

minute influence on LT unit sensitivity to distension; however, based on the magnitude of change and 

classification of LT receptors as non-nociceptive, it is unlikely that this change would be relevant to pain 

or manifest in any behavioural alterations.  

With the primary question being “how can MSG cause pain in this preclinical model of IBS?”  

the goal was to focus on MSG’s effect on units that detect and transmit noxious sensory information (HT 

units). HT units, in contrast to LT units, can be classified as mechanosensitive nociceptive neurons that 

have their cell body within the dorsal root ganglia (DRG) (Grundy et al., 2019). These neurons fire at 

higher pressures to signal noxious stimuli. Hyperalgesia is defined as an increase in response to a noxious 

stimulus (Sandkühler, 2009); therefore, in a hyperalgesic state the HT units are more active. Overall, 

MSG did significantly increase the multi-unit extrinsic intestinal primary afferent nerve sensitivity to 
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distension in mice exposed to WAS at particularly high distension pressures (40-60 mmHg) (Figure 

3.2A). Through single-unit analysis, it was confirmed that HT units begin firing significantly more at 20 

mmHg to 60 mmHg in the presence of MSG (Figure 3.2D). The MSG-dependent increase in firing of the 

HT units appears to be driving the overall increase in multi-unit activity at high distension pressures (40-

60 mmHg) (Figure 3.2A). The increased firing in the HT units at noxious intestinal pressures (40-60 

mmHg) in the presence of MSG suggests the luminal glutamate has hyperalgesic effect on afferent nerves 

from mice subjected to WAS. The increased firing in the HT units at lower distension pressures (~20 

mmHg) suggests that MSG may also be causing allodynia. Allodynia is defined as the increased response 

to a normally non-noxious stimulus (Sandkühler, 2009). Based on these preliminary findings it suggests 

luminal MSG influences nociceptive signaling in primary afferent nerves in this WAS model, providing 

evidence to continue to develop the in vivo protocol by introducing a repeated daily oral gavage of MSG.  

To better model a relevant human clinical scenario where MSG was being consumed over the 

period of several days, the in vivo dietary MSG study aimed to understand how WAS and MSG exposure 

impacted afferent nerve responses to MSG ex vivo. It was hypothesized that MSG would have a greater 

effect on afferent nerve mechanosensitivity if mice were pre-exposed in vivo to WAS and MSG gavage. 

The response in the presence of MSG was 41.8% greater at 60 mmHg; this is in comparison to 24% in 

WAS mice (Figure 3.2A) and 18% in WAS and saline gavage mice (Figure 3.6A). Additionally, the 

effects of MSG on distension response were significant at both physiological and noxious pressures (10 to 

60 mmHg) (Figure 3.7A). This increase was mediated by increases in firing in both WDR (Figure 3.6C) 

and HT units overall (Figure 3.6D). The WDR units are classified as muscular afferents and can signal 

into the noxious range, therefore likely contribute to nociception at high stimulus intensities (Grundy et 

al., 2019). The HT units are likely vascular endings and wrap around arterioles in both the mesentery and 

submucosa to respond to inflammatory and immune mediators as well as high-threshold stimuli (Brierly 

et al., 2004; Brookes et al., 2013; Hughes et al., 2009; Sadeghi et al., 2018). Given our findings that the 

presence of MSG increased firing at physiological (~10 mmHg) and noxious (~40 to 60 mmHg) pressures 
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in both of these unit subtypes (WDR and HT) suggests that MSG may be causing both allodynia and 

hyperalgesia during mechanical distension of the small intestine. Although this was observed in the WAS 

mice in the preliminary study, the effect of MSG is more prominent in afferent nerves from mice pre-

exposed to WAS and MSG in vivo.  

 

4.1.2. Additional considerations from animal models  

 MSG administration: A daily dose of 23.5 mg MSG was given once a day via gavage one hour 

after the stress or sham protocol. The amount of MSG administered was calculated based on a high-end 

human consumption of the food chemical and using the conversion factor (Km) for a human child 

(FAO/WHO 1971 and 1974; Reagan-Shaw et al., 2007). The conversion factor for a human child was 

used instead of an adult because the mice used in this study were 50-days (appx. 2 months) old which 

would mean they are not yet classified as adult aged (The Jackson Laboratory © 2020). It was also 

confirmed, in conversation with LabDiet Technician that there was no added glutamate or MSG in their 

standard lab diet (L. N. Tracey, personal communication, August 16, 2018). Mice when housed in the 

standard 12-h light/12-h dark cycle, consume a majority of their food during the dark hours and only 

consume small amounts during the light hours (Ellacott et al., 2010). Mice also tend to have two larger 

meals just prior to dawn and then dusk. The oral gavage took place at approximately 1030, and based on 

the gastrointestinal transit time of mice, the meal eaten prior to dawn would be in the distal small 

intestine; therefore, the MSG was given on an “empty stomach” (Padmanabhan, 2013). This method is in 

concordance with the Holton et al. (2012) study, where participants receiving the rechallenge of either 

placebo or MSG were required to fast for 8 hours. A strength of administering the MSG via gavage was 

that the amount and timing of administration was consistent across all treatment groups receiving MSG. 

This method is limited because it does not perfectly model the human situation where MSG consumption 

would be ad libitum or in regular meals. An alternative would be to provide the MSG via drinking water; 
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however, due to the salty (umami) taste of the MSG it was a concern that mice would consume a variable 

amount making the findings increasingly difficult to interpret.  

Variable stress response: Stress is the key factor mediating both changes to the intestinal barrier 

(Tache & Perdue, 2004) and visceral sensitivity (Bradesi et al., 2005). It was a concern that the of the 

mice during sham-WAS treatment, as well as the movement from housing to bucket, a new environment, 

may be stressful in itself. It has been demonstrated that routine laboratory procedures, such as handling, 

transportation and weighing, can significantly alter the stress response which may confound the findings 

of a stress variable study, such as this one (Balcombe et al., 2004; Meijer et al., 2007; Gouveia & Hurst, 

2019). This is why in the preliminary study controls were chosen to be non-handled versus sham-WAS. 

Another concern was that gavage procedures in sham mice could be an additional source of stress, as oral 

gavage has been previously demonstrated to increase stress in rats (Brown et al., 2000). Although there 

were no changes in visceral sensitivity to distension observed in the presence of MSG for the mice 

exposed to sham-WAS and MSG gavage (Figure 3.4) and sham-WAS and saline gavage (Figure 3.5) it 

remains unknown whether these procedures did in fact cause the animals’ stress. A method to monitor 

stress could have been to measure circulating stress factors such as CRF or corticosterone. Measuring 

these factors could provide a surrogate indicator for activation of stress pathways such as the HPA axis 

and these measurements could then be used for future analysis of effect of MSG versus response to stress 

(circulating stress factor levels). Ibeakanma et al., (2011) demonstrated that stress and prior infection with 

Citrobacter rodentium increased both corticosterone and epinephrine levels. These increases correlated 

directly with an increase in both neuronal excitability and multi-unit afferent nerve activity. Therefore, in 

future studies measuring these factors would be useful to isolate the interaction between stress and the 

influence of dietary MSG on visceral afferent nerve sensitivity. It is important to consider that the murine 

IBS model used was an acute (6 day) WAS treatment and the primary difference for the sham-WAS 

treatment was the removal of water; a psychological stressor for rodents (Bradesi et al., 2005). The sham-

WAS treatment was used in this study (versus non-handled controls) to be consistent with the literature 
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where differences in epithelial permeability (Santos et al., 2001) and visceral sensitivity had been 

observed (Bradesi et al., 2005) when comparing WAS to sham-WAS.  

Tissue Compliance: To confirm that the change in afferent nerve sensitivity to distension can be 

attributed to direct actions of luminal glutamate on the primary afferent nerves, and not a secondary effect 

of MSG on the muscle, tissue compliance changes were analyzed. There were no differences in tissue 

compliance observed in the preliminary study treatment groups (Figure 3.3), nor were there any observed 

differences in the dietary study treatment groups (Figure 3.8). Taken together, these findings further 

support that the observed increase in afferent nerve sensitivity to distension is not related to any action of 

luminal glutamate on muscle activity. If changes in tissue compliance were observed, then it would be 

difficult to determine whether the increase in extrinsic intestinal afferent nerve sensitivity was a result of 

detection of this secondary effect MSG was having on the enteric musculature, and not luminal 

glutamates action on the extrinsic primary afferent nerves directly.  

 

4.2. Mechanistic insights into MSG’s ability to cause pain in IBS  

 In the following sections, the proposed mechanisms underlying how luminal MSG is able to 

activate extrinsic intestinal afferent nerves, more specifically HT or nociceptive units, in this preclinical 

model for IBS will be explored. 

 

4.2.1 Sensitization of nociceptive units 

 One of the key aims was to understand whether or not exposure to WAS and MSG in vivo 

sensitizes the visceral afferent nerves to future mechanical stimulation in the absence of MSG. In order to 

test this, the control distension responses from the different treatment groups were compared (Figure 

3.10). There were no significant differences in multi-unit (Figure 3.10A) or HT unit (Figure 3.10B) 

changes in firing frequencies in response to distension in the absence of MSG. Comparing these 

responses provided direct insight into how the treatment (WAS and MSG gavage, WAS and saline 
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gavage, sham-WAS and MSG gavage, sham-WAS and saline gavage) impacted the extrinsic intestinal 

afferent nerves inherent sensitivity to distension. It suggests that exposure to both WAS and MSG in vivo 

did not sensitize the afferent nerves to future mechanical stimulatory events. This may be due to the 

length of exposure to WAS, MSG or both. In addition to the in vivo treatment of WAS and MSG gavage, 

MSG needs to be present in the lumen of the small intestine for an effect on mechanosensitivity to be 

observed.  

In these studies, exposure to WAS and MSG in vivo does in fact impact the response to distension 

when MSG is presented acutely during the nerve recording protocol. The afferent nerves from mice 

exposed to WAS and MSG gavage respond significantly more when MSG is present intraluminally, 

compared to the other treatment groups (Figure 3.9). This is exemplified by both greater multi-unit 

(Figure 3.9A) and HT unit (Figure 3.9B) responses. More specifically, the HT units from mice exposed to 

WAS and MSG gavage respond significantly more (243% at 60 mmHg) in the presence of MSG in 

comparison to the other treatment groups. This demonstrates that pre-exposure MSG does sensitize the 

afferent nerves to distension, modelled by the greater response; however, MSG must be present in the 

lumen for this effect to be observed. In experiments where MSG was added directly to the organ bath 

containing control mouse jejunum, increases in multi-unit (Figure 3.13A), WDR (Figure 3.13C) and HT 

unit (Figure 3.13D) responses were observed. These findings taken together, confirmed that glutamate 

needs to present in the lumen for sensitivity to distension to be increased, this is related to its direct effects 

on the afferent nerve and again that pre-exposure to MSG in vivo results in an increased response. 

Luminal glutamate, activates and excites mechanosensitive afferents, specifically nociceptive neurons, 

during distension; however, it does not sensitize the neurons to future mechanical sensory events. 

Clinically, this translates into a situation where individuals with IBS who consume MSG may only 

experience pain during digestion of the meal with MSG and concomitant distension of the small intestine 

occurs. This implies that the consumption of MSG is related to the symptoms of abdominal pain and 

indeed with multiple exposures to MSG in the diet, this effect can be amplified. Holton et al. (2012) 
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assessed the symptoms of IBS patients a week after the challenge with MSG in the patients who 

responded to the diet, so it is currently unknown if patients experienced the return of abdominal pain a 

few hours after the rechallenge with MSG or sporadically over the course of a week. 

 

4.2.2. Glutamate receptor signaling  

Metabotropic glutamate receptors (mGluR) are a candidate receptor class potentially able to 

mediate the effects of MSG on nociceptive neurons (HT units) observed in this study. There are three 

classes of these G-protein coupled receptors: Group I (excitatory), Group II (inhibitory) and Group III 

(inhibitory) (Nicoletti et al., 2011). Postsynaptically, these receptors modulate the effects of glutamate on 

both neurons and glia cells (Nicoletti et al., 2011) and have been shown to be involved in the development 

of visceral hyperalgesia (Baj et al., 2019). Antagonism of mGluR5 was shown to inhibit colorectal 

afferent responses to colorectal distension (Lindstrom et al., 2008). These excitatory metabotropic 

receptors are located on the peripheral nerve terminals within the gut (Lindstrom et al., 2008). It is 

possible that glutamate from MSG can stimulate these receptors and enhance the activity of nociceptive 

neurons’ response to mechanical stimulation in the form of distension. Future studies could undertake ex 

vivo afferent nerve recording experiments using mGuR antagonists in conjunction with MSG to see if an 

effect on distension response is still present in mice exposed to WAS or via application of MSG and 

mGluR antagonists via bath superfusion.  

Based on Baj et al.’s (2019) review of glutamatergic signaling along the gut-brain axis, it is likely 

that ionotropic glutamate receptor, NMDAR, is involved in this MSG-mediated excitation process. This is 

not to entirely rule out the possibility of involvement of AMPA or Kainate receptors. There is just a lack 

of evidence surrounding their involvement at the peripheral level in visceral pain. The literature regarding 

the density of NMDA receptors in the visceral afferent nerves innervating the small intestine is sparse, 

and pain has been classically studied as arising from the colon. McRoberts et al. (2001) demonstrated via 

immunohistochemical localization of the NR1 subunit that NMDA receptors are expressed on the 
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peripheral terminals and cell bodies of primary afferent nerves innervating the colon. NMDA receptors 

are also directly involved in excitatory modulation of visceral afferents, and specific antagonism of these 

receptors can inhibit the mechanosensitivity of colonic afferents (McRoberts et al., 2001). In a small set 

of antagonist experiments performed using (2R)-amino-5-phosphonovaleric acid (AP-5), a selective 

NMDA receptor antagonist, there was no effect of MSG on mechanosensitivity in the jejunum (Brant, 

2019 unpublished data). The extrinsic primary intestinal afferent nerves are mixed and comprised of both 

vagal and spinal components – glutamate has been shown to have opposite effects on vagal afferents in 

that it inhibits mechanosensitivity; this effect was also mediated by metabotropic glutamate receptors 

(Page et al., 2005). Vagal afferents are sensory in nature as they respond to light stroking of the mucosa, 

but they are relatively insensitive to distension – except under circumstances when the mucosa is distorted 

(Page & Blackshaw, 1998). At particularly low distension pressures (but within physiological range), 

vagal afferents communicate this information to the CNS (Booth et al., 2001). Utilizing both antagonists 

of those excitatory glutamate receptors (ionotropic and metabotropic) in the same distension protocol with 

MSG, would be the first step in understanding which receptors are involved. The next step would be 

analyzing the single-unit responses (HT, WDR, LT) to see which are mitigated by the presence of the 

particular antagonist. This would provide a direct connection between the receptor subtype and 

nociceptive signaling caused by luminal MSG.  

The action of dietary glutamate on spinal afferent neurons is of particular importance to this study 

because these neurons respond to noxious stimuli and send signals that become pain perceptions (Grundy 

et al., 2019). We are suggesting that NMDAR mediate the effects of MSG on HT units. The 

mechanosensitivity effects were only observed in mice exposed to WAS and when MSG was present in 

the lumen during distension. NMDA receptors are comprised of two modulatory GluN2 (A-D) and two 

obligatory glycine-binding GluN1 subunits (Hansen et al., 2018). GluN2B have been particularly coupled 

with neurotoxicity, whereas GluN2A have been associated with neuroprotection (Zhang & Lou, 2013). In 

addition to these requirements for activation, an extracellular Mg2+ ion must be removed from the ion 
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pore by a depolarization of the membrane (Hansen et al., 2018). It is very likely that NMDARs mediate 

these excitatory effects of glutamate on nociceptive mechanosensitive primary afferent neurons because 

of the following: Extracellular glycine levels would be maintained endogenously through de novo 

synthesis (Gibson et al., 2002) or via the diet (Razak et al., 2017). Luminal MSG would provide the 

agonist glutamate to interact with the NMDA receptor. Intestinal epithelial permeability changes due to 

stress increases the concentration of glutamate at the visceral afferent nerve terminals. Lastly, and most 

speculatively, mechanosensitive ion channels on these nociceptive neurons may become activated during 

low distension pressures providing a membrane depolarization large enough to remove the Mg2+ ion from 

the pore of the NMDAR (Eilers & Schumacher, 2005). Once the Mg2+ ion is removed, then glutamate can 

act on these receptors located on mechanosensitive nociceptors resulting in the nociceptive effects of 

MSG observed in these studies. This potential mechanism hinges on the proven ability of DRG neurons, 

which have their afferent projections embedded around the vasculature and enteric ganglia, to respond to 

mechanical stimulation (Cho et al., 2002; Takahashi & Gotoh, 2000). Although this mechanism is 

speculative because this study did not involve extensive molecular or pharmacological work to determine 

receptor involvement, it is a probable mechanism for how luminal MSG can excite nociceptive neurons 

innervating the small intestine.  

Mechanosensitive nociceptors may respond more in mice exposed to WAS and MSG gavage due 

to upregulation of the ionotropic glutamate receptor NMDA as a consequence of repeat exposure to MSG. 

Although not directly related to ionotropic glutamate receptors, oral administration of MSG (1 g/kg body 

weight/day) to piglets resulted in an increase in excitatory amino acid transporter (EAAT) and mGluR 

mRNA levels in both the stomach and jejunum (Zhang et al., 2013). This provides evidence that exposure 

to MSG can increase or enhance both glutamate sensing and signaling along the GI tract. This could be 

studied further by using the additional samples (small intestine, colon) collected from the mice in the 

treatment groups to investigate the effect of WAS and MSG exposure on receptor expression levels. In 

addition to MSG exposure, our studies demonstrate that stress also plays a crucial role in this observed 
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effect. This is reinforced by the fact that MSG exposure in vivo alone did not result in increased 

sensitivity to luminal MSG demonstrated by the sham-WAS and MSG gavage group (Figure 3.4). In vivo, 

when stress and MSG are being applied concomitantly, it is likely that the stress is producing progressive 

intestinal permeability changes that provide luminal glutamate greater access to the extrinsic primary 

afferent nerves. Ultimately, the increased interaction between luminal glutamate and the extrinsic primary 

afferent nerve terminals over time could drive increased glutamate receptor expression. Therefore, future 

studies should investigate the relationship between WAS and MSG gavage treatment and glutamate 

receptor expression to determine if upregulation of glutamate receptors on extrinsic afferent nerve 

terminals underlies this increased effect of MSG.  

 

4.2.3. Stress & permeability  

 Intestinal barrier dysfunction has been demonstrated in patients with IBS (Enck et al., 2016) and 

has been acknowledged as one of key factors in mediating the interaction between luminal antigens and 

the host immune system (Bischoff et al., 2014). Intestinal barrier dysfunction in IBS patients has been 

observed in the form of increased colonic permeability (Piche et al., 2009). Moreover, psychological 

stress has been shown to increase both colonic (Santos et al., 2001) and jejunal permeability (Saunders et 

al., 1994). The acute WAS model was used in the current studies because it was hypothesized that it 

would induce permeability changes within the intestinal epithelium of mice similar to those observed in 

IBS patients (Larauche et al., 2011). In Ussing chamber permeability experiments, WAS increased ex vivo 

jejunal permeability to glutamate (147 Da) in comparison to controls after 180 minutes (Figure 3.14); 

however, paracellular permeability measured via FITC (4 kDA) was not significantly different between 

WAS and control jejunum (Figure 3.13). The tissue used in these experiments was obtained from the mice 

in the preliminary study. These results should be interpreted extremely cautiously as there was a low 

number of tissue samples (n=4) and the glutamate permeability difference between WAS and control 

tissue was only measured after 180-minutes; however, it is possible that the increased mucosal 
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permeability to glutamate in WAS jejunum provides a mechanism of action for the observed changes in 

visceral afferent nerve sensitivity (Figure 3.2A). In addition, the increased intestinal glutamate 

permeability could mean that more glutamate evaded oxidation within the enterocytes bordering the 

lumen of the gut resulting in higher concentrations interacting with receptors on afferent neurons. Overall, 

this may be an important mechanistic insight into how luminal glutamate is able to act on visceral afferent 

nerves innervating the small intestine. Future studies should focus on the permeability changes to 

glutamate that occur in response to WAS and MSG gavage treatment compared to WAS and saline 

gavage, and sham-WAS and saline/MSG gavage treatments.  

An interesting caveat to these findings is that Ussing chamber experiments can quantify how 

much glutamate crossed the entire intestinal wall, including the musculature; therefore, it would be useful 

to measure how intramucosal glutamate levels change when MSG is added to the mucosal facing 

chamber. In order to achieve the strongest signal, the 180-minute samples were selected to be assayed for 

glutamate concentrations. Based on this design, it is unknown if the difference between control and WAS 

tissue glutamate permeability would have been significantly different at an earlier time point. It may have 

taken this length of time to observe the difference because the glutamate had to traverse the entire mucosa 

and musculature; whereas if intramucosal glutamate levels were sampled uniformly throughout 180 

minutes, a significant difference between the WAS and control tissue may have been observed much 

earlier. The importance of measuring intramucosal levels is that visceral afferent nerve terminals exist at 

multiple levels within the gut wall wrapped around enteric ganglia (submucosal and myenteric) as well as 

the vasculature (Grundy et al., 2019). Intramucosal glutamate levels could more accurately demonstrate 

the enhanced ability of luminal glutamate to access visceral afferent nerves, specifically the nociceptive 

neurons, and cause pain. Moreover, measuring the intramucosal glutamate levels at earlier time points 

may negate this temporal delay when comparing the effects of MSG on visceral afferent nerve sensitivity 

which occurs during an acute intraluminal exposure (15 minutes) versus the difference in percent 

glutamate permeability observed after 180 minutes.  
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 The paracellular permeability, measured by FITC flux, was not significantly altered by WAS 

(Figure 3.14). This may be explained by the apparent difference in molecular size, glutamate (147 Da) 

and FITC (4 kDA). Many of the animal studies that have investigated WAS-mediated effects on FITC 

permeability have focused on the colon and have also employed chronic WAS models of 10 days (Zong 

et al., 2019; Creekmore et al., 2018). With the small intestine facing a high-load of environmental 

antigens (Gonzalez-Castro et al., 2017), it is plausible that permeability changes may be more difficult to 

induce to ensure these antigens do not have access to the submucosal compartment. However, smaller 

permeability changes, such as those to the amino acid glutamate, can occur in the small intestine as 

demonstrated in the current study (Figure 3.14). Zhang et al. (2013) demonstrated that oral administration 

of 1 g/Kg body weight MSG for 21 days increased the amount of glutamate transporter and receptor 

mRNA in the jejunum. This suggests that in addition to WAS-induced permeability changes to glutamate, 

increased transporter expression may also play a role in elevating submucosal glutamate levels. Future 

studies should investigate how WAS and MSG gavage in vivo impacts intestinal epithelial permeability to 

MSG. This could be performed using concomitant WAS and MSG gavage, as explored in the dietary 

MSG study, to investigate if a synergistic effect (transporter and paracellular mediated) occurs resulting 

in more glutamate to cross the epithelial barrier. Regardless, these preliminary findings demonstrate that 

WAS treatment increases the amount of glutamate able to cross the intestinal barrier, supporting a 

mechanistic insight into how glutamate is able to excite peripheral nociceptors innervating the small 

intestine.  

Overall, the data from these permeability studies appears to support the working model (Figure 

4.1), at least in part, where an increase in stress results in increased permeability to MSG, leading to 

increase pain signaling via luminal glutamates action on the nociceptive (HT) units. Although, with the 

low N values for both the glutamate and FITC permeability studies, there is a defined need to conduct 

further experiments.  
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Figure 4.1. Working model for how MSG causes pain in a preclinical model for IBS.  
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4.2.4. Peripheral glutamate levels  

MSG has historically been known for its potential role in mediating the onset of a symptom 

complex known as Chinese Restaurant Syndrome (Schaumberg et al., 1969). When exploring the effects 

of a dietary component, such as MSG, on the nervous system, it was imperative to use an oral 

administration paradigm as these findings would be most translatable to human consumption. Previous 

studies that have explored and confirmed a role of MSG in Chinese Restaurant Syndrome did not use 

reasonable routes of administration (subcutaneous injection or intravenous) nor did they utilize 

concentrations relevant to the diet (Olney, 1969; Lucas & Newhouse, 1957). 75%-96% of enteral 

glutamate is removed during the first pass effect in the splanchnic bed, and above 80% of this glutamate 

helps in energy production and providing a building block for other amino acids (Janeczko et al., 2007; 

Haÿs et al., 2007). Glutamate metabolism within the small intestine of healthy individuals significantly 

limits systemic absorption of the amino acid. The amino acid is then maintained in relatively low 

concentrations within the systemic circulation of approximately 10-150 M (Kim et al., 1980; Tomé, 

2018; Loureiro et al., 2020). Moreover, this tight regulation of systemic glutamate levels is to ensure 

sensitive areas, such as the CNS, are not exposed to high concentrations leading to toxicity. Analyzing 

how WAS and MSG gavage influenced serum glutamate levels was useful to explore how these “tightly” 

controlled levels of systemic glutamate can be impacted. 

The current study found that mice exposed to WAS and MSG gavage in vivo had elevated levels 

of serum glutamate, 89.0 M (0.890 nmol/10 L of serum) (Figure 3.11); however, the increased levels 

did not reach significance in comparison to the other treatment groups. It is widely recognized that the 

blood brain barrier (BBB) provides the necessary protection for the CNS from high glutamate 

concentrations (Brosnan et al., 2014); however, alterations in BBB permeability can also arise due to 

stress which may allow these higher levels of peripheral glutamate to access the CNS (Mazzoli & 

Pessione, 2016; Kelly et al., 2015; Braniste et al., 2014). Additionally, the cell bodies of the visceral 

nociceptors are located within the DRGs which do not possess a BBB and are highly vascularized due to 
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their high-energy demand (Haberberger et al., 2019). The NR2B subunit-containing NMDAR, which has 

been associated with visceral pain, is localized predominantly to the DRG which further corroborates the 

potential impact these elevated serum glutamate levels could have on visceral sensitivity and pain (Zhang 

& Luo, 2013; Wu & Zhuo, 2009). The compromising effects of stress on BBB function and the lack of 

BBB for the DRG neurons both pose potential routes for systemic glutamate to have toxic effects on 

critical CNS structures and act on visceral nociceptors at the cell body level. 

 

4.3. Future studies  

4.3.1. Systemic effects of peripheral glutamate  

A key interest would be whether or not these elevated serum glutamate levels have an effect on 

visceral sensitivity and pain. There was no correlation between serum glutamate concentrations and 

distension responses (Figure 3.12) which suggests there is not a systemic effect. However, this is based 

off comparing serum glutamate levels with peripheral nerve activity. Serum glutamate elevations may not 

directly impact the primary afferent nerve terminals at the peripheral level; however, they may affect 

nociceptive signaling upstream at the level of the DRG. To investigate this further, future studies could 

incubate DRG neuronal cell bodies with the serum from these WAS and MSG gavaged mice to determine 

if this in vitro treatment is able to increase the excitability of the nociceptive afferent neurons. This would 

provide an additional mechanism in which dietary MSG is able to cause pain in patients with IBS. A 

limitation of the current findings was that blood was only collected at the time of euthanasia on the 6th day 

of the protocol, 1 hour after the oral gavage. Collecting blood samples throughout the protocol would 

have provided more continuous insights into how serum glutamate levels are impacted as WAS and MSG 

exposure increases. It is also possible that we did not capture the peak serum levels of glutamate and 

time-exposure experiments are necessary to determine this.  

 

4.3.2. In vivo mouse models  
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 In the current studies, it is evidenced that MSG can activate extrinsic primary afferent nociceptive 

neurons (HT and WDR units) innervating the small intestine of mice exposed to WAS, ex vivo. It is 

further shown that repeated exposure to MSG in vivo and WAS sensitizes nociceptive neurons to an acute 

exposure of MSG. However, these studies do not show if the changes in nociceptive signaling cause 

changes in behaviour that resemble visceral pain.  

Conscious behaviour effects could be studied using several different modalities including the 

Advanced Dynamic Weight Bearing Test (ADWBT) and visceromotor reflex (VMR) to colorectal 

distension (CRD). ADWBT is a modified version of the static weight bearing or incapacitance tests that 

compute weight bearing for each of the rear and front paws, weight ratio and paw surface area in freely 

moving animals (Griffioen et al., 2015). This technique has been validated to be used as a non-reflexive 

method for the measurement of abdominal pain in mice (Gruen et al., 2014; Laux-Biehlmann et al., 

2015). Another experiment would be to investigate visceral pain using the VMR to CRD. This could be 

performed using a similar paradigm reported in a study that investigated the effects of a prebiotic diet on 

stress-induced visceral hyperalgesia. In this study a repeated stress model (rWAS; 10 days) was used to 

create stress-induced visceral hyperalgesia. Prior to this exposure rats were placed on a diet with or 

without prebiotics for a 5-week period. VMR to CRD was measured on at baseline, day 1, day 10 and day 

11 after rWAS (Larauche et al., 2012). This could enable baseline measurements to be taken prior to the 

beginning of the dietary treatment. VMR to CRD could then be measured at the halfway mark (3 days) 

and then at the end of the protocol (6 days). Comparisons of the responses could then be made with the 

average responses from each treatment group within and between groups at each time point to understand 

how WAS and MSG exposure impacts the VMR. This would help to elucidate if MSG is having effects 

not only observed ex vivo in the small intestine, but in vivo and in relation to the colon. In both of these 

suggested in vivo studies, it would also be useful to examine how different doses of MSG (ie. low and 

high) impact these outcomes. This would provide insight into whether or not there is a dose-dependent 

effect of MSG on visceral sensitivity and pain.  
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4.3.3. Studies with a focus on the microbiota  

Although the microbiota was not studied in these experiments, it is important to note that the 

microbiota may play a role in the effects of MSG on pain. Dysbiosis can lead to activation of the gut 

immune system and trigger the low-grade immune response characterized in IBS (Ohman & Simren, 

2010; Mayer et al., 2014). It is also possible that these alterations in the gut microbiome could impact the 

relative amounts of bacteria that metabolize or produce glutamate. Therefore, dysbiosis could impact the 

pathogenesis of IBS while also impacting luminal glutamate levels in patients with IBS. Conversely MSG 

consumption may impact the diversity of the intestinal microbiota; however, one group has confirmed 

that in a small human study (n =12) that over four weeks, there were no significant changes on the stool 

microbiota community structure following consumption of 2g MSG per day (Peng et al., 2018). 

Investigation is warranted of the potential interaction between MSG consumption and the IBS model 

(WAS) that may result in changes to the microbiota community. Caecum samples were obtained from 

mice in the dietary MSG and WAS study; thus, 16S rRNA gene sequency could be used to classify the 

bacterial diversity as shown in our study investigating the effects of standard diets on microbiota 

composition (Tuck et al., 2020). It would be more challenging to understand how the microbiota changes 

throughout the treatment with caecum samples as baseline measurements would be inaccessible in the 

same animals. As an alternative, fecal samples could be used instead to investigate this variable, but 

ideally caecum samples would be used because it is the main site of fermentation in mice (Tremaroli & 

Backhed, 2012).  

 

4.3.4. Clinical studies  

 A clinical study with IBS patients investigating the effects of MSG on pain symptoms would be 

important to undertake prior to the translation of these study findings into clinical practice. Holton et al. 

(2012) examined a small group of IBS patients and fibromyalgia (37 patients) and found that MSG was a 

trigger for a number of their symptoms, including abdominal pain. Fibromyalgia is a chronic condition 
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where patients appear to lack the ability to regulate their pain that appears to have no direct cause 

(Bhargava & Hurley, 2020). Since fibromyalgia is a pain disorder it makes it difficult to translate these 

findings to an IBS-only group even though separate validated assessments for IBS and fibromyalgia were 

used. One key consideration that was missing from their research was if the return of symptoms upon 

rechallenge with MSG was IBS subtype dependent (ie. IBS-D or IBS-C or IBS-M). One hypothesis is that 

that MSG would have a greater impact on abdominal pain symptoms in those patients diagnosed with 

IBS-D or post-infectious IBS versus IBS-C. This is because IBS-D and post-infectious IBS patients are 

more likely to have alterations in the intestinal barrier, favouring an increase in mucosal permeability 

(Bischoff et al., 2014). As discussed previously, it is more likely the increased permeability in patients 

with these IBS subtypes would result in increased concentrations of glutamate interacting with the 

visceral afferent nerves that respond to noxious stimuli. This further highlights some important 

considerations about MSG, pain and IBS. Even within an IBS subtype such as IBS-D it is unlikely that all 

of these patients would be sensitive to MSG. This could be explained by differences in consumption, 

stress levels, and degree of permeability changes for example. Consequently, diet therapy is not likely to 

beneficial to all patients. This point is highlighted in the experience with the low-FODMAP diet where 

studies have demonstrated that between 50% to 86% of patients observe a clinically significant 

improvement of GI symptoms (de Roest et al., 2013; Peters et al., 2016). It is the responsibility of basic 

science and clinical research to come together to determine why some diets work for some patients and 

not others.  
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4.4. Conclusions  

 The overall goal of this study was to explore how MSG can cause pain in patients with IBS using 

a preclinical model. By reporting that MSG specifically activates nociceptive neurons during mechanical 

distension of the small intestine in WAS mice, this study highlights that MSG can cause peripheral pain 

signaling in a preclinical model for IBS. These results also demonstrate that MSG appears to act directly 

on the afferent nerves, based on direct application of MSG on healthy afferent nerves. The previous 

finding, in conjunction with the evidence that WAS increases permeability to glutamate, demonstrates 

that mucosal permeability changes may be a crucial to MSG exerting its effects. Some evidence has also 

been provided that a combination of WAS and MSG exposure in vivo may elevate peripheral glutamate 

levels. By demonstrating these key mechanistic insights into how MSG can cause pain in a preclinical 

model for IBS, this novel evidence supports further investigation of the effects of MSG in animal models 

and clinical studies. 
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