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Abstract 

There is a well-established connection between inflammatory disorders and stress-associated 

neuropsychiatric disorders. For example, in patients with chronic inflammatory diseases, there are 

increased indices of anxiety and depression. However, despite this clinically significant relationship, 

there is not a comprehensive insight of the mechanisms linking inflammatory diseases with co-morbid 

mood and anxiety disorders. The endocannabinoid system, which is the system in the body that the 

psychoactive constituents of cannabis act on, regulates both anxiety and inflammation—indicating that 

it has the potential to underly these comorbidities. We hypothesize that in a rodent model of peripheral 

(gastrointestinal) inflammation, there would be alterations in endocannabinoid signaling that drive 

anxiety-like behaviours; that by boosting endocannabinoid signaling, these behaviours can be reversed; 

that neuroinflammation contributes to changes in central endocannabinoids.; and that 

endocannabinoids have the potential to regulate inflammatory processes. We find, using a rat model 

of colitis (intracolonic administration of 2,4,6-trinitrobenzenesulfonic acid (TNBS)), that there are 

reductions of an endocannabinoid, anandamide, in brain regions that regulate anxiety, which 

contributes to the generation of anxiety-like behaviour. We further show that these reductions are 

driven through corticotropin releasing factor receptor 1 (CRF-R1) and neuroinflammation 

mechanisms. Using a transgenic mouse model which presents elevated anandamide levels, we find a 

role for anandamide in regulating peripheral and central inflammatory changes induced by colitis. 

These studies link endocannabinoids and neuroinflammation to anxiety-like behaviour and show a 

protective role for endocannabinoid signaling in colitis-induced anxiety in rats and in peripheral and 

central inflammation in mice. This work contributes to our understanding of the mechanisms 

underlying inflammation induced anxiety. 
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Chapter 1: General Introduction 

 

Chronic inflammatory conditions, such as inflammatory bowel diseases (IBD), represent large burdens 

to society and on the health care system. In Canada, over 250,000 Canadians have IBD, approximately 

7 in 1000, one of the highest prevalence in the world; Canada also has one of the highest incidence 

rates in the world1. Furthermore, it is estimated that IBD costs the Canadian economy almost $3 

billion Canadian dollars (CAD) per annum, with a little less than half due to direct medical costs and 

the rest coming from indirect costs1. In the United States, approximately 1.4 million people have IBD, 

with almost a $2 billion united states dollar (USD) burden in direct costs on the medical system2. 

Some of the most common comorbidities of IBD are psychiatric disorders, particularly 

depression and anxiety disorders3–5. There is a well-established link between IBD and depression and 

anxiety disorders as shown in a number of large-cohort epidemiological studies across many 

countries3,6–26. In a recent population-based study of Canadian adults, even controlling for 

confounding factors, including socioeconomic demographics, adverse childhood experiences, 

depression, substance dependence and pain, which by themselves are known to be positively 

associated with anxiety disorders, that people with IBD have twice the odds ratio of anxiety compared 

to those who did not have IBD3.  

Despite this highly clinically relevant comorbidity, the mechanisms, particularly, the neural 

mechanisms, linking IBD and anxiety disorders are not entirely understood. Therefore, understanding 

the mechanisms linking the two is of the utmost therapeutic importance. 
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Inflammation 

The immune system’s roles are protection against infections, as well as control of tissue regeneration 

and scarring. However, it also can injure cells and induce pathologic inflammation. Immune responses 

are divided as: innate immunity—responsible for immediate protection against microbes and other 

dangers; and, adaptive immunity—which, albeit slower, provides focused protection against 

infections27.  

 The immune system is comprised of multiple cell types. There are tissue-resident sentinels, 

including dendritic cells, macrophages and mast cells, which sense and respond to microbes. 

Phagocytic cells, including neutrophils and macrophages, engulf and destroy microbes. There are also 

lymphocytes, which includes B cells as well as T and natural killer cells, which are the effectors of 

humoral and cell-mediated adaptive immune responses, respectively. Briefly, in humoral immunity, B 

cells produce antibodies, which targets cells for destruction, but also limits pathogens’ efficacy and 

ability to infect cells. Different populations of T cells can aid phagocytic cells in their destruction of 

microbes, but also can kill infected cells; furthermore, a particular class of T cells, regulatory T cells, 

exist to limit and constrain immune responses27. 

 The innate immune system typically performs acute inflammatory responses and antiviral 

responses. Inflammation involves processes that drive immune cells and their effector proteins to the 

site of infection or damage. The initial injury or infection leads to activation of sentinel cells, including 

mast cells and tissue resident macrophages, to release mediators which lead to enhanced vascular 

permeability, which drives fluids, mediator proteins (including complement, antibodies and anti-

microbial proteins) and cells into tissues which work to eliminate microbes. The confluence of these 

responses leads to the hallmarks of inflammation: redness (rubor), warmth (calor), swelling (tumor) and 

pain (dolor).  Following inflammation resolution, macrophages, particularly depending on the local 

environmental milieu, can engage in the tissue repair process by producing growth factors and 
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inducing cell proliferation. The other main function of the innate immune system is to engage in 

antiviral defense, through Type I interferons (IFNs) establishing an antiviral state that inhibits viral 

replication, and through natural killer cells eliminating infected cells28. 

 There are a number of key cytokines, which are immune system signaling molecules, that are 

associated with the innate immune system activation. In response to recognition of microbes, cells of 

the innate immune system, particularly macrophages and dendritic cells, but also endothelial cells and 

mast cells, produce interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)α which are prototypical 

proinflammatory cytokines that drive activation of further immune processes. These cytokines also 

induce the production of chemokines, which are immune system signaling molecules, which induce 

chemotaxis, migration and activation of leukocytes. Other cytokines include: IL-12, which increases 

cytotoxic activity, IFN𝛾𝛾 production, and T cells to a helper T cell (Th)1 differentiation (discussed 

below); IL-15, which induces natural killer and T cell proliferation; and IL-18, which also induces 

IFN𝛾𝛾 production. Type I IFNs, including IFNα and IFNβ induce an antiviral state and increased 

major histocompatibility complex (MHC-I) expression and lead to natural killer cell activation; 

whereas Type II IFNs, such as IFNγ, lead to macrophage activation. On the other hand, IL-10 and 

transforming growth factor (TGF)-β inhibit the innate immune response: IL-10 through reducing the 

production of cytokines, chemokines, co-stimulation molecules and MHC-II molecules, particularly 

in macrophages and dendritic cells; TGF-β inhibits inflammatory T cells (discussed below)28,29. 

 Cells of the adaptive immune system migrate to sites of injury and infection, and execute their 

effector functions through secretion of inflammatory mediators, which further recruit other immune 

cells and killing of infected cells, through cluster of differentiation (CD)4+ and CD8+ T cells, 

respectively30,31. There are a number of types of CD4+ Th cells. Th1 cells are induced by antigen 

activation, and IL-12 and IFNγ. They secrete IFNγ, which activates macrophages and leading to 

enhanced phagocytic killing of microbes. Th2 cells are induced by antigen activation and IL-4 and 
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secrete IL-4, -5 and -13, which leads to activation of eosinophils and mast cells, particularly to destroy 

parasitic worms, as well as polarizes macrophages toward an anti-inflammatory reparative phenotype. 

Th17 cells are induced by antigen activation and IL-1, -6, -23 and TGF-β and produce IL-17 and IL-

22, which leads to activation of neutrophils, to counter extracellular bacterial and fungal infections, as 

well as maintenance of epithelial barrier function. CD8+ T cells transition to effector cytotoxic T cells 

through antigen recognition and co-stimulation; upon activation, they recognize and bind to target 

cells and release enzymes that induce apoptosis29–31. 

 The immune system has numerous methods of regulation, so that inflammation does not lead 

to extreme tissue damage. As mentioned above, IL-10, as well as IL-1 receptor antagonist (IL-1RA), 

inhibit proinflammatory actions. Activation of danger associated molecular pattern recognition 

receptors (DAMPRs) also leads to activation of molecules that suppress cytokines, termed suppressors 

of cytokine signaling (SOCS)28,29. Both the innate and adaptive immune response are able to 

discriminate between self and non-self; the innate response does not recognize healthy host cells, but 

also host cells can have mechanisms to prevent these responses; on the other hand, for the adaptive 

immune response, cells that are self-reactive are eliminated or inactivated, although this is flawed, 

which may lead to autoimmunity27. 

The gut mucosa is the largest immunological organ in the body. It involves physical and 

biochemical barriers, including the epithelium, lamina propria and gut-associated lymphoid tissues, 

including mesenteric lymph nodes, Peyer’s patches and isolated lymphoid follicles27,32,33. Barrier cells, 

such as goblet and Paneth cells, secrete mucus and antimicrobial molecules to inhibit microbial 

invasion from the intestinal lumen. Within the epithelium, there are specific, specialized cells, termed 

M Cells, which facilitate antigen transfer27,34. Within the lamina propria, macrophages, dendritic cells 

and T and B cells reside to provide innate and adaptive immune responses to entering microbes27. 
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Throughout the intestinal tract, these cells are aggregated in Peyer’s patches and other nodules to 

coordinate gut immune responses27,35. 

The brain is considered a site of immune privilege, meaning that tissue grafts placed there are 

able to survive for extended periods of time36,37; however, this does not mean that the brain does not 

contain immune cells or can be affected by immunological processes, even under steady-state 

conditions. Microglia are a heterogenous population of brain-resident phagocytic immune cells that 

are similar to tissue-resident macrophages. Unlike neurons and neuroectoderm-derived glia (astrocytes 

and oligodendrocytes), microglia are typically yolk-sac derived cells of myeloid origin38–41. Microglia 

have physiological functions in both health and disease states. Microglia can mediate brain 

development and steady-state brain functioning by secreting trophic factors, engaging in synaptic 

modeling and interacting with neurons and other brain cells39. As the brain’s phagocytes, microglia 

engage in clearance of dead cells, but their phagocytic function also contributes to synaptic pruning40. 

Microglia are influenced by peripheral processes, including being affected by circulating signaling 

molecules (including cytokines), that can cross the blood brain barrier (BBB), as well as immune signals 

that are propagated by afferent nerves39,42. Upon activation—which can be due to homeostatic 

imbalances, injuries or pathology—microglia upregulate surface markers and undergo morphological 

changes43. These morphological changes include retraction and thickening of processes (i.e. less 

ramification) and increased cell body size43,44. Microglia can also display an ameboid morphology, 

which is connected to increased phagocytosis43,45. Upon activation, microglia can secrete 

proinflammatory factors (e.g. IL-1β, IL-6, TNFα) and/or tissue reparative and anti-inflammatory 

factors depending on stimuli and environmental milieu46. 

 In addition to helping to coordinate the immune responses to infection and injury, cytokines 

and other inflammatory mediators have effects on a multitude of systems. For example, cytokine 

signaling in the brain coordinates sickness behaviour, a series of behaviors that are designed to 
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promote slowing down, resting and shifting resources to deal with the illness47,48. This adaptive set of 

behavior includes drowsiness, anorexia, fatigue, anxiety, altered cognition, reductions in locomotor 

activity, reduced social interaction, decreased exploration and anhedonia47,48. Chronic inflammatory 

diseases lead to a proinflammatory profile in the brain, consisting of activated glia, increased 

proinflammatory cytokine release and recruitment of peripheral leukocytes into the brain 

parenchyma49.  

 

Colitis  

Inflammatory bowel diseases (IBD) are a collection of chronic, relapsing and remitting inflammatory 

diseases affecting the gastrointestinal tract. It is an umbrella term referring to both ulcerative colitis 

and Crohn’s Disease50. Clinically, symptoms of IBD include diarrhea, bleeding, abdominal pain, and 

fluid and electrolyte loss51–54, but there are distinct differences between ulcerative colitis and Crohn’s 

Disease. Ulcerative colitis’ hallmark features are: localization to the colon; a Th2 driven immune 

response, which includes enhanced levels of IL-4, IL-5, IL-10 and IL-13; continuous ulcer formation; 

and a thickening of only the mucosal layer due to infiltration of immune cells, including neutrophils, 

monocytes, macrophages and T cells51,52,55–58. On the other hand, Crohn’s Disease’s hallmarks include: 

impacting any region of the gastrointestinal tract, however the terminal ileum or colon are the most 

often affected regions; fistula formation; association with a Th1 driven immune response, which 

includes increased IL-2, IL-12, INFγ and TNFα; discontinuous inflammation; and extension of 

inflammation throughout the entire wall of the intestine, not only the mucosa, with the infiltration of 

macrophages, monocytes and T cells51,53,56,58–60. Crohn’s Disease is associated with disruption of the 

intestinal epithelium barrier structure and function, which leads to microbiota dysbiosis and 

translocation53,61–63. Following this disruption, a proinflammatory state is established in innate immune 

cells that reside in the mucosa, including M cells, macrophages and dendritic cells53,64–66. This leads to 
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activation and infiltration of Th1 and Th17 CD4+ T cells, which further contributes to the 

inflammatory state53,67. Normally, regulatory T cells inhibit the activity of Th1 and Th17+ T cells but 

are outpaced in this context53,68.  

 In addition to the primary symptoms of IBD, there are many “extra-colonic” symptoms and 

comorbid disorders, including pain, eye inflammation, non-arthritic joint inflammation, liver 

complications, osteoporosis and skin disorders4. Some of the most prevalent comorbidities are 

depression and anxiety3,20. The link between IBD and these psychiatric comorbidities is observed in a 

number of cohorts throughout the world3,6–26. It is likely that the driving force behind these psychiatric 

comorbidities is disease activity10,11,69–74, implying, at least partially, that inflammation and a 

dysregulation of the gut-brain axis may be involved in the pathogenesis of psychiatric comorbidities 

in IBD. Both basally and during disease states, the gut-brain axis allows for bidirectional 

communication between the brain and the gut, including at the levels of the autonomic nervous system 

and circumventricular organs75.  

 In rodents, colitis can be induced with considerable etiology to model IBD and to investigate 

pathogenesis and potential therapeutics51. Throughout the thesis, IBD refers to the collection of 

diseases which includes ulcerative colitis and Crohn’s Disease; whereas colitis refers to colonic 

inflammation, particularly in rodent models. These models can include chemically induced colitis, 

adoptive transfer, spontaneous colitis and genetically engineered colitis. Chemical models are the most 

widely used, as they offer the greatest degree of reproducibility and ease51. One of these chemical 

models uses intracolonic administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS) to induce 

colitis. TNBS-induced colitis displays face validity with human IBD, specifically Crohn’s Disease51,76,77. 

TNBS results in diffuse inflammation in the colon, as determined by leukocyte infiltration, edema and 

ulceration78, as well as a Th1 driven immune response, with increases in IL-12 and TNFα, thus 

representing a model of Crohn’s Disease79–82. The inflammation associated with TNBS administration 
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is not due to the chemical per se, but rather, TNBS haptenizes self and microbial proteins, which 

makes them available to initiate an immune response in the host’s own immune system83–85. The 

ethanol solvent for TNBS aids in this process by breaking down the mucosal barrier81,84. Rodents with 

colitis also exhibit the common comorbid systems, including anxiety and depression-like symptoms. 

For example, infection models can cause reduced exploratory behaviors86–88, indicating increases in 

anxiety-like behaviour; following acetic acid administration, rats with colitis display increased anxiety-

like behaviour89; and in another chemical model, dextran sodium sulfate (DSS) administration, rats or 

mice show ongoing abdominal discomfort, and increases in anxiety and depressive-like symptoms90,91. 

 

Anxiety 

Anxiety manifests as a state of high arousal and negative valence92,93. Central nervous system arousal 

refers to the activation of processes to facilitate responses to an external stimulus or express 

emotion94,95. Valence is how pleasurable (positive) or aversive (negative) something is96. Anxiety 

consists of increased vigilance without necessarily the presence of an immediate threat; in this case it 

is different from the related state of fear, which manifests when there is a real and present threat and 

is alleviated following the removal of said threat. Anxiety, when it is coupled to alterations in 

environmental conditions can be an adaptive emotional response, as it increases awareness and enables 

quick responses to potentially hazardous stimuli. The physiological characteristics of the state of 

anxiety include sweating, dizziness and increased blood pressure and heart rate92,97. 

Anxiety tests in rodents are typically approach-avoidance tasks in which the animal must 

choose between a natural exploratory drive to investigate a novel environment versus the potential 

threat that such a novel environment could present for them. Accordingly, high levels of anxiety-like 

behaviour in rodents are assessed as a decrease of time in the novel or more-threatening environment. 

These tests exhibit face validity with human anxiety as stimuli, such as exposure to stress, increase 
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anxiety-like behavior in these tasks; additionally, validated anxiolytics in humans (such as 

benzodiazepines) reduce anxiety-like behavior in these tests. While these tests do not model anxiety 

disorders, per se, they do allow the investigation of stimuli that can increase anxiety-like behavior and 

the subsequent determination of the neural mechanisms mediating changes in anxiety-like behavior92. 

One such task is the elevated plus maze (EPM), in which higher anxiety is indicated by an aversion to 

the open arms98. 

In addition to modeling the behavioral dimensions of anxiety in humans, these tests also 

exhibit face validity because the circuits mediating the generation of anxiety-like behavior in these tests 

parallel the neural substrates that mediate anxiety in humans92,99–108. The brain regions involved in 

interpreting situations as threatening or not, and then determining whether or not to respond to a 

situation with an anxiety response are primarily the amygdala, bed nucleus of the stria terminalis, 

ventral hippocampus and medial prefrontal cortex92. Threat detection and assessment are believed to 

occur within the amygdala (particularly the basolateral amygdala (BLA)), which encodes sensory 

stimuli with emotional valence, and this representation is then transmitted to the bed nucleus of the 

stria terminalis, ventral hippocampus and medial prefrontal cortex. These brain regions coordinate an 

assembly of behavioral and physiological responses associated with the anxious state, such as vigilance, 

risk assessment and changes in cardiovascular function92,104,107,109–117. 

 

Linking Chronic Inflammation and Stress-Associated Neuropsychiatric Disorders 

There is a well-established link between inflammation and stress-associated neuropsychiatric 

disorders, such as anxiety disorders and depression47,118–121. A stress response consists of exposure to 

a stressor, perception in the brain of the stressor and the generation of a stress response by the body122. 

There are two primary hormonal cascades, the sympathetic-adreno-medullary (SAM) and 

hypothalamic-pituitary-adrenal (HPA) axes123. Stress can lead to the release of acute phase proteins, 
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such as C-reactive protein (CRP) and induce sickness-like behavior—similar to that seen with 

inflammatory responses; reciprocally, inflammation acts as an activator of the stress responses47,118. In 

addition to IBD, as described above, patients with other chronic inflammatory conditions, such as 

heart disease, diabetes, cancer and autoimmune disorders also have a high degree of comorbidity with 

depression and anxiety disorders121. As mentioned above, peripheral inflammation, through cytokines 

and other inflammatory mediators, induces sickness behaviour, including anxiety, fatigue, altered 

cognition, reduced social interaction and anhedonia (reduction in pleasure)47. Together, these 

pathways can both, separately, and to a greater degree, together, amplify the load of stress exposure, 

which is involved in the pathogenesis of stress-associated neuropsychiatric disorders48,120. 

 The neural basis of these comorbidities may arise from neuroinflammation: as both acute and 

chronic stress exposure can increase cytokine signaling and microglial activation in the central nervous 

system, including in brain regions that are known to regulate anxiety47,118,124–133—but also, chronic 

inflammatory diseases cause mirror inflammation in the brain49. In both cases, there is an elevated 

presence of proinflammatory cytokines in the brain. Those who have stress-associated psychiatric 

disorders, on a population level, have increased circulating and central indices of inflammation, in 

addition to showing hyperactive amygdala activation48,134–137.  

 Inflammatory stimuli, including vaccination, bacterial endotoxin administration 

(lipopolysaccharide; LPS), and IFNα treatment, have been shown to affect neuronal activation and 

functional connectivity, particularly in regions that regulate anxiety137. Human imaging studies show 

that there is increased amygdalar activity in patients with chronic inflammatory diseases or in response 

to acute inflammatory challenges137–142. Furthermore, the medial prefrontal cortex and subgenual 

anterior cingulate cortex show activation in response to inflammatory stimuli138. This work 

demonstrates that activation of the immune system can alter brain activity, particularly in regions that 

regulate anxiety, including the amygdala and medial prefrontal cortex.  
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 There are many ways that the immune system can converse with the brain. Cytokines, 

hormones and other humoral factors, including DAMPs, which enter into the circulation, can act on 

the brain33. These factors can enter and act on the brain through a variety of mechanisms49. In areas 

where there is reduced BBB integrity, these factors are able to access the parenchyma directly; but they 

can also be actively transported via endothelial cells49,143–146. Endothelial cells or perivascular 

macrophages can become activated by these humoral factors, including cytokines, and release second 

messengers, including prostaglandins and nitric oxide (NO), which can travel to the parenchyma to 

induce cytokine production47. This is referred to as mirror inflammation. Inflammatory mediators, 

including cytokines and histamine, act on afferent nerve fibers33,49. In this pathway, inflammatory 

mediators act on terminals of vagal afferents, which then cause a change in the activity of these fibers, 

transducing the signal to the brain49. Additionally, chemokines inducing trafficking of immune cells 

into the brain, which can secrete cytokines locally once there33,49,132. Finally, the brain’s resident 

immune cells, microglia, which resemble macrophages, are able to synthesize cytokines and other 

inflammatory mediators40. 

Rodent studies have highlighted that proinflammatory cytokines can increase neuronal 

excitability through facilitating glutamate release and increasing the number of α-amino-3-hydroxy-5-

methyl-4-isoazolepropionic acid (AMPA) receptors inserted into the membrane147–151. Specifically, 

TNFα, increases the excitability of the amygdala, a brain region involved in regulating anxiety152,153—

more relevant, this increased amygdalar TNFα contributes to anxiety-like behaviour in a model of 

arthritis152. Collectively, this work indicates that stress, and stress-associated disorders, such as anxiety, 

lead to increases in inflammatory mediators, but also that inflammation can alter the brain, particularly 

in regions that regulate anxiety. 

 Despite this understanding of the role that neuroinflammation has in underlying these 

comorbidities, there is not a complete picture of the mechanisms driving this comorbidity. 

11



Furthermore, there is great therapeutic importance in treating psychiatric comorbidities in IBD, as 

they contribute to poorer outcomes33. In addition to the immune system, clues to additional 

therapeutic targets comes from patients reports. There are increased reports of patients utilizing 

cannabis as an adjunct to immune-based therapies154. Although accurate sampling may be an issue, there 

are epidemiological studies indicating that between approximately 7 and 20 % of patients with IBD 

show current cannabis use and upwards of approximately 70 % of patients have lifetime cannabis use154–

160. Patients report using cannabis to improve mood and quality of life, in addition to improving 

abdominal pain, nausea, diarrhea and anorexia154–157. There are a few clinical reports investigating 

medical cannabis use and clinical remission in Crohn’s Disease. The results from these studies do show 

some potential for cannabis use in ameliorating Crohn’s Disease, particularly with reducing the use of 

other medications; however, these studies are few and have small sample sizes154,161,162. It has also been 

reported that exogenous cannabinoids, including cannabis-plant derived phytocannabinoids, more 

broadly, can improve quality of life in comorbid inflammatory pain and depression163–165. Given this 

evidence, the cannabinoid system represents an interesting target system to explore in the mediation 

of comorbidities between affective disorders and IBD. 

 

Cannabinoid System 

The endocannabinoid signaling system is the biological target of Δ9- tetrahydrocannabinol (THC), the 

main psychoactive element of cannabis. It is a lipid signaling system that is located throughout the body 

and brain166. The endocannabinoid system includes two Gi/o protein-coupled receptors (CB1 and 

CB2), which have distinct distribution patterns167,168. CB1 receptors are often referred to as “brain” or 

“central” receptors, but are also found in many peripheral cell types and organs169,170, whereas CB2 are 

thought to be the “immune” receptor, but is found throughout the body, including the brain171,172. 
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 The CB1 receptor is predominantly expressed on axonal terminals of many types of neurons, 

including glutamatergic, gamma-aminobutyric acid (GABA)ergic and monoaminergic neurons173. 

Through the actions of effector G-proteins, CB1 receptor activation leads to an activation of outward 

rectifying potassium channels and a suppression of adenylate cyclase activity and calcium influx into 

the axon terminal174, with the net outcome being a decrease of neurotransmitter release into the 

synapse173. CB2 receptors are canonically viewed as peripheral receptors, being primarily located on 

immune cell types and organs172. They are most highly expressed on B cells, followed by natural killer 

cells, granulocytes, CD8+ T cells, monocytes and finally CD4+ T cells175,176. However, their exclusive 

expression in the periphery is questioned by recent articles demonstrating expression of CB2 receptors 

in the brain, particularly on microglia or endothelial cells, but also some discrete populations of 

neurons171,177,178. 

 The endogenous ligands of CB1 and CB2 receptors, termed endocannabinoids, are two 

arachidonic acid derived ligands: N-arachidonoylethanolamine (anandamide; AEA)179, and 2-

arachidonoylglycerol (2-AG)180. In neurons, endocannabinoids are predominantly synthesized in the 

postsynaptic membrane and retrogradely act on the presynaptic membrane to activate CB1 receptors 

located there181. The induction of the enzymes required for the synthesis of AEA and 2-AG is believed 

to be activity dependent and driven by signaling due to depolarization and increased levels of 

intracellular calcium and/or by activation of metabotropic glutamate receptor pathways173. 

 2-AG synthesis requires the generation of diacylglycerol (DAG) primarily by phospholipase 

C, but also by phospholipase D in some circumstances, which is then converted to 2-AG in a one-

step conversion by DAG lipase (DAGL)182. 2-AG is primarily metabolized by monoacylglycerol 

(MAG) lipase (MAGL) to form glycerol and arachidonic acid183. A small proportion of 2-AG is also 

known to be metabolized by α,β-hydrolase (ABHD)-6 or -12, to form glycerol and arachidonic acid184. 

Interestingly, recent work shows that depending on the cell type degrading 2-AG, it can be shuttled 
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to different metabolic paths185. Specifically, metabolism of 2-AG by MAGL in astrocytes, and not 

neurons, generates arachidonic acid pools to serve as precursors for proinflammatory 

prostaglandins185. What is peculiar is that microglia-specific MAGL does not seem to make substantial 

contribution to whole brain 2-AG metabolism in the brain, including for the generation of 

proinflammatory prostaglandins185. However, this does not necessarily mean that it does not play a 

role in the regulation of 2-AG, as ex vivo reports show that pharmacological or genetic downregulation 

of MAGL in microglia can impair neuroinflammatory prostaglandin synthesis185,186. 

 The mechanism by which AEA is generated in the brain is not entirely clear—to date, there 

are at least three known pathways that result in AEA formation, but the specific pathway responsible 

for neuronal synthesis is not been clearly elucidated187,188. All of these pathways begin with the 

conversion of phosphatidylethanolamine (PE) into N-arachidonoyl phosphatidylethanolamine 

(NAPE) via N-acyltransferase (NAT)189. The first, and what appears to be the primary pathway, 

involves the conversion of NAPE directly to AEA via N-acyl phosphatidylethanolamine-specific 

phospholipase D (NAPE-PLD)190. An alternate pathway employs ABHD4 to convert NAPE into 

lyso-NAPE then glycerophosphoanandamide, which is then converted by glycerophosphodiesterase-

1 to AEA190. Finally, phospholipase C (PLC) can convert NAPE into phosphoanandamide, which is 

finally converted to anandamide via phosphatases (including protein tyrosine kinase non-receptor type 

22 and inositol 5-phosphatase)190–192. However, the primary catabolic enzyme for AEA is well 

established: fatty acid amide hydrolase (FAAH) hydrolyzes AEA into ethanolamine and arachidonic 

acid183,193. Interestingly cyclooxygenase (COX)-2 also has the ability to convert both AEA and 2-AG 

into prostaglandin ethanolamides and prostaglandin-glycerol esters, respectively194,195. Furthermore, in 

addition to activating CB1 and CB2, AEA has the ability to activate g protein receptor (GPR)55, 

peroxisome proliferator-activated receptors (PPARs) and transient receptor potential vanilloid type 1 

(TRPV1)196. 
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 The ability of 2-AG and AEA to exist functionally in the synapse and exert their synaptic 

effects is dependent on the balance between the activity of their synthetic and metabolic enzymes. 

Therefore, the metabolism of AEA and 2-AG, by FAAH and MAGL, respectively, is critical in 

regulating their signaling capacity as genetic or pharmacological ablation of either of these enzymes 

has profound effects on the tissue and synaptic levels of these molecules197–199 suggesting that 

modulation of metabolism is an integral mechanism by which dynamic changes in endocannabinoid 

signaling can occur. While 2-AG and AEA both primarily signal through the CB1 receptor to exert 

their effects on neuronal function, they do exhibit differences in binding affinity, pharmacokinetics 

and signaling efficacy—indicating that they could play different roles in regulation of synaptic 

plasticity. AEA is thought to serve as more of a tonic-signaling molecule, whereas 2-AG is more phasic 

in nature200,201. It is likely that AEA functions under basal conditions to regulate steady-state synaptic 

transmission, while 2-AG synthesis is initiated by sustained neuronal depolarization or receptor 

activation to regulate many forms of transient synaptic plasticity, including depolarization suppression 

of excitation/inhibition (DSE/DSI) and long-term depression (LTD)173. 

 

Endocannabinoids and Anxiety 

Endocannabinoid signaling, particularly at the CB1 receptor, is anxiolytic202,203. This is especially true 

under aversive conditions202. Consistent with this, disruption of CB1 receptor signaling, either 

genetically or pharmacologically, increases basal anxiety204–210; and blocking CB1 receptor signaling 

during stress or aversive situations is anxiogenic205,206,209,210. These results indicate that CB1 receptor 

signaling is important for regulating anxiety. 

 The ability of AEA to be anxiolytic is well-established202,203. FAAH inhibition, which increases 

AEA levels, leads to decreased anxiety211. Follow-up work shows that reducing FAAH activity, either 

pharmacologically or genetically, is anxiolytic, particularly under aversive environmental conditions or 
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following stress exposure212–221. Reciprocally, exposure to stress or an aversive environment leads to 

decreased AEA levels, particularly in the amygdala214,222–224.  

 The ability of AEA to regulate anxiety seems to be broadly diffuse throughout the brain but 

also involve discrete brain regions. AEA levels are reduced throughout the brain following stress 

exposure, and these reductions are correlated with stress-induced anxiety215. However, AEA 

reductions in specific brain regions are also sufficient to generate anxiety-like behaviour. Release of 

corticotropin releasing factor (CRF) in the BLA following stress leads to an increase of FAAH activity 

and reduction of AEA levels, as well as contributes to the generation of anxiety225. Additionally, in the 

medial prefrontal cortex, overexpression of FAAH, and thus a reduction of AEA levels, leads to 

anxiety-like behaviour226. Furthermore, in the ventral hippocampus, inhibiting metabolism of AEA 

also reverses stress-induced anxiety227. 

 There is recent translational work highlighting a role for AEA in anxiety regulation. This work 

primarily comes from analysis on humans with a single nucleotide polymorphism (SNP) in the FAAH 

gene (faah). In this SNP (C385A; rs324420), a threonine is substituted for a proline, making FAAH 

more susceptible to proteolytic degradation—resulting in a reduction of FAAH activity and an 

increase of AEA levels216. This SNP is associated with reductions in trait anxiety, reduced amygdalar 

activation and reduced stress-induced negative affect216,228,229. In addition to work utilizing this SNP, 

there is recent work in humans using a FAAH inhibitor showing that it reduces the stress response 

and stress-induced changes in affect230. 

 This literature illustrates that FAAH inhibition or reduction, which leads to an increase in 

AEA levels, is anxiolytic. Furthermore, preventing the stress-induced decline of AEA levels is also 

anxiolytic. This is true both for global manipulations but also for boosting AEA in discrete brain 

regions. This effect seems to be due to AEA signaling at the CB1 receptor—which has led the field 

to conceptualize AEA as a tonic signal at CB1 to serve as a “gatekeeper” on anxiety, particularly during 
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basal conditions; during stressful or aversive conditions, this “gatekeeper” is reduced, which promotes 

anxiety or anxiety-like behaviour202. 

 Similar to what is seen with FAAH inhibition, inhibition or genetic deletion of the primary 2-

AG degradative enzyme, MAGL, reduces basal anxiety, but in particular reduces anxiety induced by 

aversive environmental states or stress218,221,231–242. Mirroring this, a global, central loss of 2-AG 

signaling leads to increases in anxiety that can be reversed by increasing 2-AG levels242–244. Similar to 

AEA, this effect of 2-AG on stress-induced anxiety holds for both acute and chronic stress-induced 

anxiety245,246; however, this is not globally reported, as there is a report of no effect of MAGL inhibition 

on anxiety-like behaviour following chronic stress247. Furthermore, differently from AEA, the ability 

of 2-AG to buffer anxiety is linked to signaling at the CB1 receptor, but also the CB2 receptor231–233,245. 

In contrast to AEA, 2-AG is typically increased by stress exposure—it is thought that 2-AG 

mobilization acts to constrain the stress response and stress-induced anxiety202.  There is, however, 

reports that preventing 2-AG synthesis can also be anxiolytic. In the amygdala, blocking 2-AG 

synthesis during stress, reverses stress-induced anxiety, illustrating an anxiogenic role for increases in 

2-AG248. To date, there is no published research into the roles that other 2-AG hydrolyzing enzymes, 

ABHD 6, -12, play in regulation of anxiety. 

 In addition to AEA’s and 2-AG’s specific degradative enzymes, FAAH and MAGL/ABHD-

6, -12, respectively, COX-2 also metabolizes these endocannabinoids. COX-2 deficiency buffers the 

effects of the neurotoxin, paraquat, on anxiety-like behaviors249. Consistently, a COX-2 inhibitor 

significantly reduces spared nerve injury-induced anxiety-like behaviour250. Recently, there is work 

showing that following chronic stress and chronic corticosterone, a selective COX-2 inhibitor is able 

to reduce anxiety-like behaviour251. Additionally, substrate selective COX-2 inhibitors, which enhance 

AEA and 2-AG content but do not modulate arachidonic acid, decrease baseline anxiety, in a CB1 

receptor dependent manner252. It is likely that this effect is due primarily to AEA, as previous reports 
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demonstrate that the ability of COX-2 inhibitors to increase 2-AG levels in the brain shows small 

effect sizes and is inconsistent, relative to their ability to elevate AEA signaling252. Additionally, COX-

2 inhibitors that are able to increase AEA levels decrease anxiety, whereas those that do not, fail to 

reduce anxiety252. 

 Inflammatory diseases or injuries and their pre-clinical models often are associated with 

increases in anxiety. In models of neurotoxin and spared nerve injury, COX-2 inhibitors are able to 

reduce the increase in anxiety seen with these insults249,250. Of interest to the current proposal, FAAH 

inhibition decreases anxiety and neuroinflammation in a model of traumatic brain injury253 and 

following toll like receptor (TLR)-3 activation with poly I:C254. Although there are relatively few studies 

in the context of anxiety during chronic inflammatory states, this evidence suggests that augmenting 

endocannabinoid signaling may blunt the anxiety caused by inflammatory states. 

 Altogether, these studies demonstrate that the endocannabinoid ligands, both AEA and 2-

AG, acting at both CB1 and CB2 receptors, can regulate both baseline and stress-induced anxiety202,203. 

Furthermore, although the effect that AEA has on buffering anxiety is sufficient when AEA levels are 

increased exclusively in the amygdala, hippocampus and medial prefrontal cortex, the circuits by which 

2-AG mediates its anxiolytic effects have not been investigated, although it is likely that these same 

regions would be involved, given their expression of CB1 receptors and role in regulating anxiety203,241. 

When parsing out the neuronal cell type that seem to be involved, it is likely that the anxiolytic effects 

of endocannabinoid signaling are mostly due to CB1 receptors on forebrain glutamatergic neurons, 

but not GABAergic neurons255–257, but there may also be an anxiolytic role for CB1 receptors on 

serotonergic neurons258. 
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Endocannabinoids and (Neuro)Inflammation 

Cannabinoid receptors are expressed on immune cells168 and can regulate inflammatory processes. The 

primary mechanisms by which endocannabinoids exert their anti-inflammatory effects include the 

inhibition of cell proliferation and migration, as well as through suppression of cytokine 

production259,260. 

There are numerous studies illustrating the effects of endocannabinoid signaling on cytokine 

production. For example, endocannabinoids inhibit proinflammatory cytokine (e.g. TNFα, IL-1β, IL-

12) production from macrophages (including microglia) in a CB2 dependent manner261–265. It is likely 

that CB2 signaling inhibits cytokine production through its known signaling mechanism, namely, 

through inhibition of adenylyl cyclase activity and activation of mitogen activated protein (MAP) 

kinases. MAP kinases are implicated in the production of anti-inflammatory cytokines in microglia 

and macrophages266–268. Furthermore, exposure of microglia to endocannabinoids shifts them to an 

alternative activated phenotype, in a CB2-dependent manner, leading them to produce anti-

inflammatory cytokines and engage in repair and recovery activities269. Additionally, in Müller glia, 

both AEA and 2-AG decrease nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

translocation to the nucleus by decreasing inhibitor of kappa B (IκB) phosphorylation in both a CB1 

and CB2 dependent manner270. Furthermore, AEA inhibits NF-κB activation, specifically through 

inhibition of the IκB kinase (IKK) β subunit271. Interestingly, nonselective cannabinoid receptor 

agonist exposure on astrocytes inhibits proinflammatory mediator production272—indicating that 

cannabinoid receptors can also regulate proinflammatory cytokine production from non-immune 

cells. CB2 receptor activation in granulocytes also inhibits proinflammatory cytokine production273. 

Endocannabinoid system activation also has a profound effect on T cell activation, through inhibiting 

cytokines such as IL-2 (by disrupting the adenylate cyclase/cyclic adenosine monophosphate (cAMP) 

pathway)274, but also through suppressing T cell migration and proliferation in models of multiple 
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sclerosis and graft rejection assays275. Taken together, these data indicate that via multiple pathways 

endocannabinoid signaling has an anti-inflammatory effect, both through the induction of anti-

inflammatory cytokines and inhibition of the transcription of proinflammatory cytokines. These 

results parallel the shift in Th cell populations with cannabinoid administration, namely away from the 

pathogenic Th1 toward Th2276. 

Furthermore, cannabinoid receptor activation also regulates the migration of various 

leukocytes, including monocytes, neutrophils, T cells and natural killer cells264,275,277, likely through 

inhibiting adenylate cyclase/cAMP. The CB1 receptor is implicated in immune cell migration, 

specifically, in a model of multiple sclerosis, where endocannabinoids inhibit vascular cell adhesion 

molecule (VCAM)-1, preventing leukocyte migration278. CB2 receptor activation can also inhibit the 

release of the macrophage and dendritic cells chemoattractant, matrix metalloproteinase protein-9279. 

However, other evidence suggests that endocannabinoids stimulate microglial migration to sites of 

injury in the brain, perhaps to constrain harmful inflammation267. Endocannabinoids are 

neuroprotective and anti-inflammatory to a wide array of neurological insults, including, excitotoxicity 

and injury280, experimental autoimmune encephalitis (EAE)281–283, neurodegenerative disease282,284,285, 

head injury253,286, aging287, and ischemia288, primarily through reducing the expression of 

proinflammatory cytokines. 

Boosting endocannabinoid signaling is anti-inflammatory. For example, inhibiting the 

degradation of AEA through the administration of FAAH inhibitors is in many cases anti-

inflammatory. Using a carrageen model of acute inflammation, FAAH inhibition has anti-

inflammatory effects, as measured by decreased edema size, in a CB2 dependent manner289. Genetic 

reduction in or pharmacological inhibition of FAAH results in lower responses to LPS administration, 

in a CB2 receptor dependent manner212. Furthermore, augmentation of AEA tone in vivo or in vitro, 

reduces proinflammatory cytokine levels or other inflammatory mediators such as NO and leads to 
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increases in anti-inflammatory cytokines263,268,290–294. This same phenomenon occurs within the central 

nervous system following FAAH inhibition, wherein the blockade of AEA hydrolysis reduces the 

expression of TLR-3 and -4-induced inflammatory cytokines295–297. 

Pharmacological inhibition of MAGL produces many of the same anti-inflammatory results 

as FAAH inhibition, for example, following intraplantar carrageenan injection, also in a CB2 receptor 

dependent manner298. Additionally, global disruption of MAGL, which leads to an increase in 2-AG 

levels, impairs neuroinflammation299–301, partially due to the fact that MAGL mediated hydrolysis of 2-

AG is required to generate a pool of arachidonic acid to form proinflammatory prostaglandins. 

Interestingly, inactivation of both isoforms of DAGL, which decreases the amount of 2-AG, also 

impairs neuroinflammatory responses, again likely by limiting the generation of arachidonic acid 

precursor from 2-AG metabolism302. These data all suggest that endocannabinoid signaling acts to 

modulate inflammation, with AEA acting as an anti-inflammatory and neuroprotective signal through 

its actions at CB1 and CB2 receptors; while 2-AG exerts a dual role, acting as an anti-inflammatory 

signal at CB1 and CB2 receptors, but also serving as a precursor for proinflammatory prostaglandins 

and other metabolites signaling following hydrolysis by MAGL. 

There is a protective effect of boosting endocannabinoids in chronic inflammatory diseases, 

specifically in IBD303. Mice with genetic deletions of cannabinoid receptors show increased 

susceptibility to colitis304–307 and collagen-induced arthritis232. Alternately, pharmacological inhibition 

or genetic deletion of FAAH, pharmacological inhibition of MAGL or activation of CB1 or CB2 

improves chemically-induced colitis303,304,308–314. Both peripheral- and brain-localized cannabinoid 

receptors are required for the ability of endocannabinoids to ameliorate rodent models of colitis315. 

There is also evidence that illustrates that the immune system can alter endocannabinoid levels, 

specifically AEA levels. Acutely, LPS administration increases AEA levels316. Early life inflammation 

increases amygdalar AEA levels, but also, FAAH activity levels, in adulthood317. In both a rodent 

21



model of colitis and humans with IBD, there is increased gastrointestinal AEA levels311,318. This 

indicates the bidirectionality of the relationship between these two systems. 

Taken altogether, AEA and 2-AG, acting at both CB1 and CB2, serve as anti-inflammatory 

molecules, both peripherally and in the central nervous system. However, it also illustrates how AEA 

levels are altered with inflammation. The examples above illustrate this signaling family’s role in 

modulating inflammatory responses and make it a target for investigation of the effects that chronic 

peripheral inflammation has on neuroinflammation and anxiety behaviors. 

 

Overall Rationale and Research Questions 

We hypothesize that gut inflammation will compromise endocannabinoid signaling in the brain to 

promote anxiety-like behaviors. We predict that augmenting endocannabinoid signaling can reverse 

these anxiety behaviors. We also predict that the endocannabinoid system and neuroinflammation 

exhibit a reciprocal regulatory relationship. Our overall theory is summarized in Figure 1.1 (partially 

adapted from Paxinos and Watson319). Specifically, in order to further investigate interactions between 

these systems, we propose the following aims and specific hypotheses: 

 

Chapter 2 

Aim 1: Colitis-Induced Anxiety Is Mediated Through a CRF-R1 Suppression of Central Anandamide Signaling. 

The goal of this aim is to investigate how a rodent model of colitis (TNBS) alters the endocannabinoid 

system in corticolimbic brain regions and determine if there is a role for any changes in comorbid 

anxiety-like behaviour. We hypothesize that colitis will lead to reduced central AEA levels and 

increased 2-AG levels. We predict that the AEA reductions will result in anxiety-like behaviour. Similar 

to psychological stress, we hypothesize that these changes will be mediated by elevations in CRF. 
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Chapter 3 

Aim 2: Colitis-Induced Neuroinflammation Drives Amygdala Anandamide Reductions. 

The goal of this aim is to investigate how colitis alters neuroinflammatory levels in the amygdala and 

the relationship between changes in neuroinflammation and the endocannabinoid system. We 

hypothesize that colitis will increase neuroinflammation and this increase regulates endocannabinoid 

system changes. 

 

Chapter 4 

Aim 3: Effects of a FAAH SNP on Colitis Disease Progression, Neuroinflammation and Anxiety-Like Behaviour. 

The goal of this aim is to investigate whether global FAAH reduction, using a transgenic mouse with 

a SNP that reduces FAAH activity, will reduce macroscopic tissue damage in colitis, colitis-induced 

anxiety and colitis-induced neuroinflammation. We hypothesize that a genetic reduction of FAAH 

activity will reduce colitis-induced macroscopic tissue damage, anxiety-like behaviour and 

neuroinflammation. 
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Figure 1.1

Figure 1.1. Guiding Theory.

A. Colitis may lead to an increase in HPA axis function, which increases CRF in the brain. This 
increase in CRF may increase FAAH activity and reduce AEA levels, which may lead to colitis-
induced increases in anxiety-like behaviour. This increase in CRF and reduction of AEA levels may 
also lead to increases in neuroinflammation.
B. Reducing FAAH in the brain or globally, may ameliorate colitis-induced anxiety.
FAAH, fatty acid amide hydrolase; CRF, corticotropin releasing factor; ACTH, adrenocorticotropic 
hormone; AEA, anandamide. Aspects adapated from Paxinos and Watson319.
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Chapter 2: Colitis-Induced Anxiety Is Mediated Through a 

CRF-R1 Suppression of Central Anandamide Signaling 

 

Introduction 

As outlined in Chapter 1, there is a link between inflammation and stress-associated neuropsychiatric 

disorders47,118,120,121,320–322. Stress can cause an acute phase response, induce proinflammatory cytokine 

levels, leukocyte migration and sickness-like behavior—similar to inflammatory responses; 

reciprocally, inflammation activates the stress responses and induces sickness behaviour, which 

resembles anxiety and depression47,118. Typically, patients with chronic inflammatory conditions have 

a greater prevalence of anxiety and depression than the general population121. As such, both the 

hypothalamic-pituitary-adrenal (HPA) stress axis and inflammatory cascade can sensitize each other—

an interaction which is believed to be involved in the pathogenesis of stress-associated 

neuropsychiatric disorders48,120. Despite this highly clinically relevant comorbidity, the mechanisms, 

particularly, the neural mechanisms, linking these two types of disorders are not well understood. 

Therefore, understanding the mechanisms linking chronic inflammatory disorders and stress-

associated neuropsychiatric disorders is of significant therapeutic importance. In inflammatory 

conditions, for example, inflammatory bowel diseases (IBD), comorbidity with anxiety and depression 

is associated with amplified disease activity, greater rate of relapse, lesser responsiveness to therapies 

and poorer adherence to therapies7,8,33,323–330; therefore, there is great utility in understanding how to 

reduce anxiety and depression symptoms in chronic inflammation. 

Insight to a potential mechanism could come from patient reports. Inflammatory diseases, 

such as IBD and arthritis, are commonly reported as diseases that patients utilize cannabis for; it is 

possible that patients are attempting to self-medicate, particularly for pain, sleep and anxiety and 

depression . The target of cannabis derived phytocannabinoids is the endocannabinoid system. The 
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endocannabinoid system is comprised of two arachidonic acid derived signaling molecules: 2-

arachidonoylglycerol (2-AG) and anandamide (AEA); their 2 respective primary catabolic enzymes: 

diacylglycerol lipase (DAGL) and N-acyl phosphatidylethanolamine-specific phospholipase D 

(NAPE-PLD); their 2 respective primary metabolic enzymes: monoacylglycerol lipase (MAGL) and 

fatty acid amide hydrolase (FAAH); and two receptors: CB1 (primarily centrally localized) and CB2 

(primarily peripheral and immune localized)173,201,202. 

The endocannabinoid system is a known regulator of anxiety, stress and inflammation332. 

Cannabinoid receptors are expressed on immune cells168 and regulate inflammatory processes. AEA 

and 2-AG, acting at both CB1 and CB2, serve as anti-inflammatory molecules, both peripherally and 

in the central nervous system. The primary mechanisms by which endocannabinoids exert their anti-

inflammatory effects include the inhibition of cell proliferation and migration, as well as through 

suppression of cytokine production259,260. Furthermore, it is well established that endocannabinoid 

signaling (AEA and 2-AG), primarily at the CB1 receptor, is anxiolytic, particularly under aversive 

conditions202. This is illustrated by the increase in basal anxiety observed from disrupting CB1 receptor 

signaling, either through genetic or pharmacological means204,206. Additionally, blockade of CB1 

receptor signaling is particularly anxiogenic during stress or aversive situations205,207,208,210,333. Recent 

work shows a role for corticotropin releasing factor (CRF) in stress-induced reductions in AEA levels 

relevant for stress-induced anxiety-like behaviour. Together, these results point toward 

endocannabinoid signaling at the CB1 receptor being important for the regulation of anxiety, 

particularly during aversive situations. 

This leads to the hypothesis that the endocannabinoid system represents a prime candidate 

system for the investigation of the mechanisms of comorbidities between chronic inflammation and 

psychiatric disorders. This work investigates the hypothesis that inflammation drives changes in 

central endocannabinoid signaling that result in the development of comorbid anxiety. To study this, 
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we utilized a rodent model of colitis to study the co-pathogenesis of anxiety behaviors, in order to 

investigate the potential role that the endocannabinoid system plays in the underlying mechanisms 

behind psychiatric comorbidities in chronic inflammatory diseases. The majority of these studies were 

conducted in male rats, but as there are sex differences in anxiety disorders as well as Crohn’s 

Disease334–336, how the central endocannabinoid system was altered in female rats was also investigated. 

 

Methods and Materials 

Animals 

All experiments utilized adult (apx. 300-350 g at time of colitis induction), male, Sprague Dawley rats 

from Charles River, except for one study, which used females in a similar weight range. Animals were 

allowed to acclimate for at least one week prior to experiment onset. Rats were paired housed and 

were kept on a 12:12 hour (h) light/dark cycle and had ad libitum access to food and water. All 

experiments were conducted during the light phase of the cycle. All animal protocols were approved 

by the University of Calgary Animal Care Committee and followed guidelines from the Canadian 

Council for Animal Care. 

 

Colitis Induction 

Under brief isoflurane anesthesia, rats received an intrarectal bolus of 2,4,6-trinitrobenzinesulfonic 

acid (TNBS) (0.45 mL, 50 mg/mL, 50 % [vol/vol] in ethanol/water), via a cannula, inserted 7 cm 

proximal to the anus337. Control animals received the same volume of saline delivered similarly. Body 

weight was monitored. All analysis and testing took place one-week post colitis onset. 
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Macroscopic Tissue Damage Score 

Colons were macroscopically scored for damage and inflammation (based on the presence of 

adhesions, diarrhea and degree of ulceration) following their removal. Upon removal, colons were 

washed with ice-cold physiological saline (0.9 %) and cut open longitudinally and macroscopically 

scored for damage and inflammation, based on the presence of adhesions, diarrhea and degree of 

ulceration. This score was adapted from those previously reported338–340. Specifically: ulceration (0—

normal appearance; 1—focal hyperemia, no ulcers; 2—ulceration without hyperemia or bowel wall 

thickening; 3—ulceration with inflammation at one site; 4—2 or more sites of damage and ulceration; 

5—major sites of damage extending >1 cm along length of colon; 6+—major sites of damage 

extending >2 cm along length of colon, increased by 1 for each 1 cm of damage); + adhesions (0—

no adhesions; 1—minor adhesions (e.g. one organ involved; easily separated from other tissues); 2—

major adhesions); + diarrhea (0—absent; 1—present); + thickness (maximal bowel thickness in mm). 

 

Myeloperoxidase Activity 

Following scoring for macroscopic damage, an <100 mg sample of colon was excised, snap frozen 

and stored at -80 °C for later use in a myeloperoxidase (MPO) activity assay, which is a marker of 

inflammation. Adapted from previous work337,341,342, frozen colons were weighed, and placed in a 

solution of hexadecyltrimethylammonium bromide (HTAB) in potassium phosphate (PP) buffer (50 

mM, pH 6.0, 0.5 % HTAB weight/volume; 1 mL buffer/50 mg tissue). Homogenization of the colon 

occurred using a 50 mm stainless steel bead and the TissueLyser LT bead homogenizer for 10 minutes 

(min) at 50 Hz. Samples were then centrifuged for 10 min at 13,000 rotations per min (RPM) at 4 °C. 

7 µL of the supernatant was added to 200 µL of 0.00005 % hydrogen peroxide in o-dianisidine 

dihydrochloride in a 96 well-plate. Absorbance (A) was measured every 30 seconds (sec) at 450 nm 
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over 1 minute (min) (3 reads total). Each 1 Unit (U) of MPO activity was the amount of enzyme 

required to split 1 µmol hydrogen peroxide per min at 25 °C. 

 

Locomotor Activity 

Ambulatory activity was assessed using the Opto-Varimex-5 Auto Track (Columbus Instruments) 

infrared beam activity monitor with a 17.5” by 17.5” arena as previously described343, on Days 0, 3, 5 

and 7 following colitis induction. Day 0 testing occurred prior to TNBS or saline administration. Data 

was normalized within an animal to a percentage of its Day 0 activity. 

 

Anxiety-Like Behaviour Testing 

All rodents were subjected to handling and body weight measurement in the behaviour testing room 

at least 5 days prior to anxiety testing. All behaviour was carried out in dim light with a white noise 

background. 

Elevated Plus Maze (EPM) 

The EPM was made of black plastic, elevated 48 cm above the floor, with open arms that were 48 cm 

long and 15 cm wide, with closed arms having the same width and length, as open arms and a height 

of 38 cm. The open arms were exposed to 50 lumens of light, and the closed arms were at 5-10 lumens 

of light; the maze was underlit with infrared light to facilitate scoring. Each session of the EPM lasted 

for 5 min and began when the rats were placed in the center of the maze facing an open arm. The 

maze was washed between sessions. Each session was video-recorded with an infrared sensing 

camera217. 

 Total time spent in open and closed arms, latency to enter an open arm, total number of entries 

into the open and closed arms, stretch attend postures, rears, grooming and head dips were measured 
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by a blind observer. Entries and time spent in the open/closed arms were only considered if all 4 paws 

and full body up to the tail were into the arms217. 

Light-Dark Box (LDB) 

The LDB was made out of black plastic (44 × 22 × 30 cm3, l × w × h). The light side was exposed to 

50 lumens of light. Each session lasted 10 min and began when the rat was placed into the dark side 

of the box. The LDB was washed between sessions. Each session was video recorded. 

 Total time spent in the light and dark sides, latency to enter the light side, total entries into the 

light side and nose pokes were measured by a blind observer. Entries and total time spent in the light 

and dark portions were only considered if all 4 paws and the full body up to the tail, were in the light-

dark sides217. 

Open Field (OF) 

The OF arena was a wooden box (90 × 90 × 60 cm3, l × w × h) exposed to 50 lumens of light. Each 

session of the open field lasted 10 min and began when the rat was placed in the central area. Each 

session was video recorded217. 

Time in center quadrant, entries to center quadrant, distance traveled and velocity were 

measured by Ethovision Software (Noldus). For entries and total time in the center quadrant were 

only considered if all 4 paws and full body up to the tail were in the center quadrant217. 

 

Endocannabinoid Measurement 

AEA and 2-AG were measured using liquid chromatography/tandem mass spectrometry344. Excisions 

of corticolimbic brain structures were performed on ice and samples were then immediately snap 

frozen and stored at -80 °C. Frozen tissue was homogenized in a borosilicate glass tube containing 2 

mL of acetonitrile with 5 pmol d8-AEA and 5 nmol d8-2-AG with a glass rod. Following sonication, 

an overnight incubation at -20 °C and centrifugation at 1,500 x g, proteins were removed. Supernatants 

30



containing lipids were transferred to a new tube and evaporated under nitrogen gas, washed with 

acetonitrile and evaporated again. Final reconstitution was in 200 µL of acetonitrile before storage at 

-80 °C.  

Analysis of AEA and 2-AG was conducted through liquid chromatography/tandem mass 

spectrometry on a Eksigent ekspert micro liquid chromatographer 200 coupled to an AB Sciex Qtrap 

5500 mass spectrometer, which was outfitted with a Turbo V Spray ion source at the Southern Alberta 

Mass Spectrometry Centre at the University of Calgary344. The separation of AEA and 2-AG occurred 

using a Eksigent HALO C18 high performance liquid chromatography column (1 x 50 mm, 2.7 µm 

particle size, 90 A pores), with a fast, 5 min gradient, at a flow rate of 30 µL/min, with a solvent 

consisting of 15 % of mobile phase A (10 mM ammonium acetate in water) and 85 % mobile phase 

B (acetonitrile). AEA and AEA-d8 were monitored in their protonated form (348 m/z and 356 m/z, 

respectively). 2-AG and 2-AG-d8 were monitored as ammonium ion adducts (396 m/z and 404 m/z, 

respectively). Cannabinoids were detected in multiple reaction monitoring mode using Q1 and Q3 at 

unit resolution and collision energies optimized for these transitions: AEA (348>62), AEA-d8 

(356>62), 2-AG (396>287 and 396>259) and 2-AG-d8 (404>294 and 404>313). Quantification was 

based on extracted ion chromatogram peak area (however, since 2-AG isomerizes to 1-AG during 

sample preparation, the peak of both isomers was used for quantification). Data were processed using 

Analyst 1.5.2 software and linear regression of the ratio of analyte peak areas to internal standard was 

performed over analyte concentration range. For this method, a calibration set of six dilutions of both 

AEA (0.05-50 nM) and 2-AG (0.025-25 µM) was utilized. 
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Enzyme Activity Assays 

Corticolimbic brain structures were excised on ice and samples were then immediately snap frozen 

and stored at -80 °C. Prior to enzyme activity assays, corticolimbic brain regions were homogenized 

and membrane fractions were isolated as described previously345. Briefly, tissue was homogenized in 

10x its mass in volume of tris-magnesium-ethylenediaminetetraacetic acid (EDTA) (TME) Buffer (50 

mM Tris HCl, 1 mM EDTA and 3 mM MgCl2, pH 7.4) using a glass mortar and pestle. Homogenized 

tissue was spun for 20 min at 18,000 x g at 4 °C. Pellets containing crude membrane fractions were 

resuspended again in 10x volume. A Pierce bicinchoninic acid (BCA) protein assay was performed to 

quantify protein concentration according the manufacturer’s protocol (Thermo Fisher Scientific)130. 

FAAH activity was measured as the conversion of [3H]-AEA to [3H]-ethanolamine as 

previously described346. Briefly, in triplicate, membrane fractions (10 µg) were incubated in TME 

Buffer with bovine serum albumin (BSA), 0.2 nm [3H]-AEA and non-tritiated AEA in 8 

concentrations (10 nM to 10 mM). Reactions were carried out at 37 °C for 30 min and stopped by 

addition of 2 mL of chloroform/methanol (1:2). Reactions then sat at room temperature (RT) for 30 

min, with intermittent vortexing, after which 0.67 mL of chloroform and 0.6 mL of water were added. 

Organic and aqueous phases were separated via centrifugation (1500 RPM for 10 min at 4 °C). The 

amount of [3H] in 0.5 mL of the aqueous phase was obtained using liquid scintillation counting in 

disintegrations per min (DPM). The conversion of [3H]-AEA to [3H]-ethanolamine was calculated. As 

the radioactive epitope was present on the ethanolamine portion, radioactivity present in the aqueous 

phase (containing [3H]-ethanolamine but not [3H]-AEA) represented the amount of metabolized AEA. 

The maximal hydrolytic activity of FAAH (Vmax) and the binding affinity of AEA for FAAH (Km) for 

this conversion were determined by fitting the data to the Michaelis-Menten equation using GraphPad 

Prism. 
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Similarly, MAGL activity was measured as the conversion of [3H]-2-oleoylglycerol (2-OG) to 

[3H]-glycerol, as previous described347. Briefly, in triplicate, membranes (at a concentration of 300 

µg/mL) were incubated in 0.5 mL of TME buffer containing 1 mg/mL BSA, 300 nM URB597 (a 

FAAH inhibitor) and 100,00 DPM of [3H]-2-OG. Non-tritiated 2-OG was added in 6 concentrations 

between 10 and 500 µM. Similar to the FAAH enzymatic activity assay, reactions were carried out at 

37 °C for 30 min and stopped by addition of 2 mL of chloroform/methanol (1:2). Reactions then sat 

at RT for 30 min, with intermittent vortexing, after which 0.67 mL of chloroform and 0.6 mL of water 

were added. Organic and aqueous phases were separated via centrifugation (1500 RPM for 10 min at 

4 °C). The amount of [3H] in 0.5 mL of the aqueous phase was obtained using liquid scintillation 

counting in DPM. The conversion of [3H]-2-OG to [3H]-glycerol was calculated. Similar to the FAAH 

assay as described above, only radioactivity attached to glycerol, not that attached to 2-OG, is 

measured, and thus representative of metabolized 2-OG. The maximal hydrolytic activity of MAGL 

(Vmax) and the binding affinity of 2-OG for MAGL (Km) for this conversion were determined by fitting 

the data to the Michaelis-Menten equation using GraphPad Prism. 

 

Gene Expression Analysis 

Messenger ribonucleic acid (mRNA) isolation and complementary deoxyribonucleic acid (cDNA) 

synthesis from corticolimbic brain regions was carried out as previously described130,131,225. Brain 

regions were homogenized using 50 mm stainless steel beads and the TissueLyser LT bead lyser (50 

Hz for 2 min) in 1 mL of QIAzol lysis reagent. Following homogenization, samples were incubated 

with genomic DNA (gDNA) eliminator solution and chloroform and spun at 12,000 x g for 15 min at 

4 °C. Total mRNA was isolated from the aqueous phase of each sample using a Qiagen RNeasy Plus 

Universal Mini kit on a Qiacube according to the manufacturer’s protocol. Samples were eluted in 100 
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µL water and mRNA content and purity were ascertained using a Nanodrop spectrophotometer (A260 

nm/A280 nm ratio) before aliquoting and freezing at -80 °C. 

 mRNA was transformed into cDNA using the QuantiTect Reverse Transcription Kit 

according to the manufacturer’s protocol. 2 µg of mRNA per sample was incubated in gDNA Wipeout 

Buffer for 2 min at 42 °C, after which, samples were incubated with buffer containing RNase 

inhibitors, a reverse transcriptase enzyme, a random primer mix and (deoxynucleoside triphosphate) 

dNTPs for 15 min at 42 °C, which was followed by an inactivation step at 95 °C for 3 min. cDNA 

quantification was determined using a Nanodrop spectrophotometer, and then samples were aliquoted 

and frozen at -80 °C. cDNA aliquots were diluted in water to a final cDNA concentration of 25 ng/µL. 

 Primers were designed using PrimerQuest software (IDTDNA). All efforts were taken to 

check literature for duplication of previous primers, and any replication of previously published 

primers not cited is purely accidental and likely were due to using same software program. mRNA 

sequences of primers of interest were obtained searching the NCBI Nucleotide database. PrimerQuest 

was instructed to create primers that would result in primer products that were not larger than 200 

base pairs (bp) and had annealing temperatures of 55 °C +/- 1 °C. Primer pairs that met these criteria 

were analyzed with the NCBI BLAST tool, to speck for specificity, as well as dimerization and hairpin 

probability. Primers were diluted in RNase-free water, for a final stock concentration of 10 µM. For a 

list of primer sequences see Table 2.1. 

Quantitative polymerase chain reaction (qPCR) was performed as previously described130,131,225 

using  PerfeCTa SYBR Green Fast Mix on a RotoGene Q light cycler according to the manufacturer’s 

instructions. Briefly, 50 ng of cDNA, primers (1 µM final concentration) and buffer containing SYBR 

Green and dNTPs were added to tubes for a final volume of 10 µL. 

 Each primer was analyzed in a serially diluted standard curve in triplicate to assess proper 

reaction conditions (i.e. number of cycles and annealing temperature) and check primer reaction 
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efficiency (must be between 80 % and 120 %). All reactions were run with the following cycler 

specifications: 3 min at 90 °C, followed by 40 cycles of 90 °C for 10 seconds (sec) and 60 °C for 30 

sec. A melt step was performed after each run to assess for single products. Each primer for genes of 

interest was compared against all primers for reference genes to ascertain which one had similar 

reaction efficiencies. For each gene of interest, one reference gene was chosen that matched its 

efficiency. 

 

Table 2.1. qPCR Primer List 
 

Gene Protein Forward Reverse 
  

Reference Genes 

B2m130 β2 microglobulin CAGTTCCACCCA
CCTCAAATAG 

GTGTGAGCCAGG
ATGTAGAAAG 

Rplp0130 Ribosomal protein P0 (RPLP0) AAGGTCGAAGCA
AAGGAAGAG 

TTAAGCAGGCTG
ACTTGGTG 

Rplp1130 Ribosomal protein P1 (RPLP1) CAGTCCACAACA
TGGCTTCT 

CATTGATCTTATC
CTCCGTGACC 

Rlp2225 Ribosomal protein P2 (RPLP2) CGCTACGTTGCC
TCTTATCT 

GCCCACGCTGTCT
AGTATTT 

Tbp130 TATA box binding protein TCATGGTGCGTG
ACGATAAC 

CTGGTCCATGACT
CTCACTTTC 

  
Genes of Interest (Endocannabinoid) 

Abhd4 α,β-hydrolase 4 (ABHD4) TCCAACCCAGTT
TCCACTTAC 

GTGTTATATCCTG
CCCTGATCTC 

Abhd6 α,β-hydrolase 6 (ABHD6) GGTCAAGTTCCT
TCCCAAGAA 

CAACTATGGACA
GGTCATCCAG 

Abhd12 α,β-hydrolase 12 (ABHD12) GCCACCAGATGC
CCTTATATT 

CAGTCAAAGCCTG
GGAAGTATC 

Cnr1 Cannabinoid receptor 1 (CB1) GTAAGAGGTGCT
GGAAAGTAGAG 

GGTTGAAGAAGG
CCGTAGAA 

Cnr2 Cannabinoid receptor 2 (CB2) TGCTACCCACCT
ACCTACAA 

GAACAGGGACTA
GGACAACAAG 

Dagla Diacylglycerol lipase (DAGL)α TCGGTAACAGGG
AGGAGATT 

GTGCCATACCAGA
ACAGAGATAC 
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As all samples per brain region could not fit on one run, each machine run contained at least 

one sample from each group. For each run, a standard curve for each primer, both the primer for the 

reference gene and gene of interest, was performed, to validate primer efficiency across multiple runs. 

Daglb Diacylglycerol lipase (DAGL)β TATATCCGACTG
GCCCTCTT 

ACTGTCCTGTCAC
ATTGGATAC 

Faah225 Fatty acid amide hydrolase (FAAH) GGAGCTAAGGA
GTGAGTATTTC 

CACCTGTCCTTAT
CCCATTAC 

Fabp7 Fatty acid binding protein (FABP)7 CGTTGCTGTTCG
CTGTTATG 

CAGTGCTTCAGTA
GCTGGATAA 

Magl Monoacylglycerol lipase (MAGL) GAGCTAGGTGTC
TACCCTGAAT 

GCACTAGGGTACT
AGGGTTTCT 

Napepld N-acyl phosphatidylethanolamine-
specific phospholipase D (NAPE-PLD) 

GGAGGAGGACG
TAACCAAATC 

ATCTGAGCACGTT
TGGGATAG 

Ppara Peroxisome proliferator- 
activated receptor (PPARα) 

TGCTGAAGTACG
GTGTGTATG 

CTTTAGGAACTCT
CGGGTGATG 

Pparg130 Peroxisome proliferator- 
activated receptor (PPARγ) 

CGGTTGATTTCT
CCAGCATTT C 

TCTTGGAGCTTCA
GGTCATATTT 

Ptgs1130 Cyclooxygenase (COX)-1 /  
prostaglandin synthase (PTGS)1 

GCTATTTCCTCCA
GCTCAAGT 

ATGAACGGATGC
CAGTGATAG 

Ptgs2130 Cyclooxygenase (COX)-2 /  
prostaglandin synthase (PTGS)2 

GGCCAGGGAGT
GGACTTAAA 

GTCTTTGACTGTG
GGAGGATAC 

Trvp1348,349 transient receptor potential cation 
channel subfamily V member 1 (TrpV1) 

GGCTGTCTTCAT
CATCCTGTTA 

GTTCTTGCTCTCTT
GTGCAATC 

  
Genes of Interest (Stress) 

Crh350 Corticotropin-releasing factor (CRF) GATCTCACCTTCC
ACCTTCTG 

CATCAGTTTCCTG
TTGCTGTG 

Crhr1 Corticotropin-releasing factor receptor 1 
(CRH-R1) 

TGGTCACAAGCT
GGGTAAAG 

CAGGGCTTTGTCC
GTTAGTT 

Crhr2 Corticotropin-releasing factor receptor 2 
(CRH-R2) 

GTCACCAACTTC
TTCTGGATGT 

GACAATGATAGG
GCAGGGTATG 

Fkbp5 FK506 binding protein 5 (FKBP5) ACAGGTGAGTTA
TGGGTTTGAG 

CGTGATGACTGAC
CGACTTAC 

Nr3c1 Glucocorticoid receptor (GR) CCAGTAGTTTGC
TCCCTCTTATT 

GTACACTCTGTTT
CGCCTTCT 

Nr3c2 Mineralocorticoid receptor (MR) CTCCAGTCTCCA
GTCCAAATAAC 

GCTGGAGAGTGT
GGATCTATTG 
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For each sample, reference genes were assayed in triplicate, genes of interest were assayed in triplicate, 

and a no template control was assayed. 

 Using the RotoGene Q software, the Ct value, or the point at which fluorescent detection 

crosses the threshold, was assayed for each well. The triplicate Ct value per sample was averaged for 

both the reference gene and gene of interest. The delta Ct between the reference gene and gene of 

interest was calculated and then the delta, delta Ct, which was the change between the control (saline) 

and test (TNBS) groups was calculated. Data were normalized so that the average of the control group 

was 1. 

 

Cannulation Surgery and Drug Infusions 

Rats underwent intracranial cannulations as previously described225. Briefly, rats were kept under 

isoflurane anesthesia, were administered an analgesic (meloxicam (1 mg·kg-1, subcutaneously)) and 

implanted with a 12 mm unilateral cannula into the lateral ventricle (coordinates: −0.90 mm 

anteroposterior, 1.4 mm mediolateral, and −2.8 mm dorsoventral from bregma). Cannulae were held 

in place using a head cap comprised of dental cement and three screws. Rats were given 1 week of 

recovery before colitis induction. On the three consecutive days before infusion and testing, rats were 

exposed to daily mock infusions. 2 h prior to EPM testing, animals received infusions (2 µL; 1 µL/min) 

of solutions containing vehicle (0.9 % saline : dimethylsulfoxide (DMSO) : Tween-80 [80:10:10; 

vol:vol:vol]), a FAAH inhibitor (PF-04457845 (PF); Pfizer; 100 ng or 1 µg) or a DALGα/β inhibitor 

(Van Der Stelt Laboratory; DO34; 100 ng). Infusers extended 2 mm past guide cannula and were left 

in place 1 min following infusion. Placement was confirmed with dye infusion postmortem. 
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Corticosterone ELISA 

As previously described130, trunk blood was collected in vacutainer tubes containing EDTA, then 

centrifuged for 20 min at 10,000 x g at 4 °C and then aliquoted and stored at -20 °C. Plasma 

corticosterone levels were assayed using a commercially available enzyme-linked immunosorbent assay 

(ELISA) kit (Cayman Chemical Company), according to the manufacturer’s protocol. The limit of 

detection for this assay at 80 % Blank/Maximal Binding is 30 pg/mL; the range of the standard curve 

is 8.3 pg/mL to 5000 pg/mL. All samples were diluted 1:1000 in ELISA buffer so that values fell 

within the standard curve. 

 

Mini Osmotic Pump and Cannula Implantation 

For continuous drug infusion, a mini osmotic pump (Alzet; Model 2002; 0.5 µL/hour; 2-week max 

duration) connected to a 5 mm brain infusion kit (Alzet) was employed351. The mini osmotic pumps 

were pre-loaded with vehicle (artificial cerebral spinal fluid (aCSF)352:DMSO [90:10; vol:vol]) or a 

corticotropin releasing factor receptor 1 (CRF-R1) antagonist (antalarmin; 10 µg/day)353 and were 

incubated at 37 °C for 1-3 days prior to implantation as recommended by manufacturer’s instructions 

when pumps are connected to a brain infusion kit. Under isoflurane anesthesia, after administration 

of an analgesic (meloxicam (1 mg·kg-1, subcutaneously)), the unilateral cannula was placed −0.90 mm 

anteroposterior and 1.4 mm mediolateral from Bregma, and the pump was placed subcutaneously 

between the shoulder blades. Surgeries were performed on the same day, but prior to, TNBS or saline 

administration. 1 week following surgery and colitis onset, brain regions were isolated for analysis. 

Cannula placement was confirmed postmortem with dye infusion. 
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Figure 2.1

B Day 0 Day 7
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TNBS "
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LDB
OF

C Day 0 Day 7
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Endo-

cannabinoid 
System
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F Day 0 Day 7
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Cannula Implant;
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Figure 2.1. Experimental Timeline.

TNBS (2,4,6-trinitrobenzene sulfonic acid); LMA (locomotor activity); MPO (myeloperoxidase); 
EPM (elevated plus maze); LDB (light-dark box); OF (open field); AEA (anandamide); 2-AG 
(2-arachidonylglycerol); FAAH (fatty acid amide hydrolase); MAGL (monoacylglycerol lipase); PF 
(FAAH inhibitor); ICV (intercerebroventricularly); DO34 (diacylglycerol lipase (DAGL) inhibitor)

A Day 0 Day 3 Day 5 Day 7

Body Weight and LMA

TNBS "
Macroscopic 
Damage and 

MPO
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Statistical Analysis 

All statistics were carried out using Graphpad Prism v8. For comparison of two groups, one-tailed 

student’s t-tests were used. For comparison of repeated measures, a repeated measure analysis of 

variance (ANOVA) was performed. For comparisons between two independent variables two-way 

ANOVAs were performed. For all ANOVA analyses, significant interactions and main effects were 

reported, and relevant comparisons were compared using Fisher’s Least Significant Difference (LSD) 

tests. t- or F-values, p-values and R2-values were reported. Data were presented as mean ± standard 

error of the mean (SEM). Outliers were removed using the ROUT method354, set to a 1 % threshold, 

in the software, as previously described130. 

 

Experimental Timeline 

A timeline for each experiment was outlined in Figure 2.1. 

 

Results 

Colitis Induction Produced Behavioral Indices of Elevated Anxiety-Like Behaviour 

The TNBS model produced expected weight loss (Figure 2.2A). Animals administered TNBS lost 

weight between Day 0 and Day 3 (p<0.0001), but started gaining weight at Day 5 (p<0.01) and Day 

(p<0.0001); whereas saline animals gained weight between each measurement (Day 0 vs 3, p<0.05; 

Day 3 vs 5, p<0.05; Day 5 vs 7, p<0.0001). There were no differences at baseline between saline and 

TNBS (p>0.05), but TNBS animals weighed less than saline animals at all other days (Day 3, p<0.0001; 

Day 5, p<0.0001; Day 7, p<0.001). 

Rats administered TNBS also show an increase in colonic inflammation as measured by 

macroscopic tissue damage (p<0.0001) (Figure 2.2B) and myeloperoxidase activity (p<0.0001) (Figure 

2.2C) at seven days post administration. Together these results indicated that animals exhibit a 
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Figure 2.2. Colitis altered body weight, gut inflammation and anxiety-like behaviour.

(A) There was a significant interaction on body weight between time post-induction and 
TNBS administration (F(3,66)=9.41, p<0.0001), and a main effect of both time (F(3,66)=78.14, 
p<0.0001) and colitis (F(1,22)=16.66, p=0.0005). Saline animals gained weight each day (Day 0-3, 
p=0.02; Day 3-5, p=0.02; Day 5-7, p<0.0001). TNBS animals showed differences between days 
as well (Day 0-3, p<0.0001; Day 3-5, p=0.002; Day 5-7, p<0.0001). There were no differences 
at baseline between groups (p=0.26), but there was at Days 3, 5 and 7 (Day 3, p<0.0001; Day 
5, p<0.0001; Day 7, p=0.0005). n=12/group. * p<0.05, *** p<0.001, **** p<0.0001 compared 
to previous day’s weight in same group.  p<0.001,  p<0.0001 saline vs. TNBS 
within same day.

(B) TNBS administration at Day 7 post-onset led to a significant increase in macroscopic tissue 
damage (t(22)=6.37; p<0.0001; R2=0.65). n=12/group. **** p<0.0001 t-test saline vs. TNBS.

(C) TNBS administration at Day 7 post-onset led to a significant increase in MPO (t(21)=4.73; 
p<0.0001; R2=0.52). n=12/group. **** p<0.0001 t-test saline vs. TNBS.

(D) There was a significant main effect of time (F(3,24)=11.03, p<0.0001) and a trending effect 
of TNBS administration (F(1,8)=3.48, p=0.09) on ambulatory activity (D), but not a significant 
interaction (interaction F(3, 24)=1.618, p=0.21). Specifically, saline (Day 0-3, p=0.004; Day 0-5, 
p=0.002; Day 0-7, p=0.001) and TNBS (Day 0-3, p=0.002; Day 0-5, p=0.002; Day 0-7, p=0.63) 
administration both showed reductions in ambulatory activities compared to their baselines. 
There were no differences between saline and TNBS groups at baseline (p=0.14), but there was 
a reduction in ambulatory activity at Day 3 (p=0.01) and Day (p=0.02), but not at Day 7 (p=0.93). 
n=6/group. * p<0.05, ** p<0.01 compared to Day 0 in same group.  p<0.05 saline vs. TNBS 
within same day.

(E-H) TNBS administration at Day 7 post-onset led to an increase in anxiety like-behaviour as 
indicated by a (E) reduction in time spent in the open arm of the EPM (t(27)=1.76; p=0.04; 
R2=0.10) and (H) a reduction in head dips (t(27)=2.37; p=0.01; R2=0.17); however, there were 
no TNBS administration effects on (F) open arm entries (t(27)=1.21; p=0.12; R2=0.05) and (G) 
latency to open arm (t(27)=0.32; p=0.37; R2=0.004).n=14-15/group. * p<0.05 t-test saline vs. 
TNBS.

(I-J) TNBS administration at Day 7 post-onset did not alter latency to light side (I) (t(27)=0.63; 
p=0.27; R2=0.01) or light side entries (J) (t(27)=0.81; p=0.21; R2=0.02) in the LDB. n=14-15/
group.

(K-L) TNBS administration at Day 7 post-onset did not alter OF time in center (K) (t(35)=0.65; 
p=0.36; R2=0.01) or velocity (L) (t(35)=0.94; p=0.18; R2=0.02). n=18-19/group.
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normative disease progression355–358, with peak weight loss occurring at Day 3, but a maintenance of 

sustained gut inflammation at Day 7. 

 Before initializing anxiety-like behaviour tasks, we wanted to verify that there would be no 

locomotor deficits (Figure 2.2D), as reductions in motor activity can be significant a confound in 

behavioral tests of anxiety92. We found that prior to saline or TNBS exposure, at Day 0 (p>0.05), there 

is no significant difference between groups, as well as at Day 7 (p>0.05), which was past the peak of 

the early acute phase of the disease355–358, but when there was still an increase in inflammation. 

However, at both Day 3 and Day 5, TNBS animals showed reduced (p<0.05) normalized locomotor 

activity compared to saline. Both saline (Day 0 vs 3, p<0.01; Day 0 vs 5, p<0.05; Day 0 vs 7, p<0.05) 

and TNBS (Day 0 vs 3, p<0.01; Day 0 vs 5, p<0.01; Day 0 vs 7, p<0.05) exposed animals show 

reductions following the first day of locomotor activity, which is likely due to habituation to the task. 

Based on these results, we proceeded with anxiety-like behaviour testing on Day 7 as this time point 

represented a time where animals showed no locomotor deficits but also still had gut inflammation, 

and thus was an amenable time to test the role of peripheral inflammation on anxiety-like behaviour. 

 An initial battery of tasks to test for anxiety-like behaviour was employed, including the EPM, 

LDB and OF. In the EPM, animals exposed to TNBS had increased anxiety-like behaviour as 

measured by a reduction in the time spent in the open arms (p<0.05) (Figure 2.2E), increased time 

spent in the closed arms (p<0.05) (Table 2.2) and reduction in head dips (p<0.05) (Figure 2.2H). There 

were no changes (p>0.05) in open arm entries (Figure 2.2F), closed arm entries (Table 2.2), total arm 

entries (Table 2.2), latency to enter open arms (Figure 2.2G), stretch attend postures (Table 2.2), rears 

(Table 2.2), grooming (Table 2.2). 

 In the LDB, TNBS administration was not anxiogenic as evidenced by no differences (p>0.05) 

in latency to enter the light side (Figure 2.2I), light side entries (Figure 2.2J), time spent in the light 
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side (Table 2.2), time spent in the dark (Table 2.2). However, there was a reduction in nose pokes, an 

exploratory behaviour (p<0.01) (Table 2.2).  

 In the OF, TNBS-induced colitis was not anxiogenic as evidenced by no difference (p>0.05) 

in time in center (Figure 2.2K), entries to center quadrant (Table 2.2), velocity (Figure 2.2L). There 

was a potential reduction in distance traveled (p<0.1) (Table 2.2) with colitis. 

 

 
Table 2.2. Effects of TNBS-Induced Colitis on Anxiety-Like Behaviours. 
 

Dimension Analyzed Saline TNBS Statistics 
 

EPM 

Time in Closed Arms (sec) 135±11, 
n=15 

162±11, 
n=14 * t(27)=1.70; p=0.05; R2=0.10 

Closed Arm Entries 7±0, n=15 7±1, n=14 t(27)=0.08; p=0.47; R2=0.0002 
Total Arm Entries 9±1, n=15 9±1, n=14 t(27)=0.57; p=0.29; R2=0.01 

Rears 15±1, n=15 17±1, n=14 t(27)=1.06; p=0.15; R2=0.04 
Grooming 3±1, n=15 3±0, n=14 t(27)=0.08; p=0.47; R2=0.0002 

Stretch Attends 9±1, n=15 7±1, n=14 t(27)=1.31; p=0.10; R2=0.06 
 

LDB 
Time Spent in Light Side 

(sec) 
115±23, 

n=15 
103±27, 

n=14 t(27)=0.35; p=0.37; R2=0.004 

Time Spent in Dark Side 
(sec) 

379±26, 
n=15 

403±30, 
n=14 t(27)=0.61; p=0.27; R2=0.01 

Nose Pokes 29±1, n=15 23±2, n=14 ** t(27)=2.53; p=0.009; R2=0.19 
 

OF 
Center Quadrant Entries 18±2, n=19 14±3, n=18 t(35)=1.08; p=0.14; R2=0.03 

Distance Traveled (cm) 4529±272, 
n=19 

3923±302, 
n=18 # t(35)=1.496; p=0.07; R2=0.06 

 
Effect of colitis on anxiety-like behaviour across multiple paradigms. Data are presented as 

mean±SEM. #p<0.1, *p<0.05, **p<0.01, t-test saline versus TNBS. 
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TNBS-Induced Colitis Altered Central Endocannabinoids 

In order to investigate potential mechanisms underlying colitis-induced anxiety-like behaviour, we 

analyzed whether the endocannabinoid system was altered by TNBS administration. We found that 

AEA levels were reduced in the amygdala (p<0.001) (Figure 2.3A), medial prefrontal cortex 

(p<0.0001) (Figure 2.3B) and hippocampus (p<0.01) (Figure 2.3D) but not the hypothalamus 

(p>0.05) (Figure 2.3C) in animals exposed to TNBS. Concomitantly, TNBS exposure led to an 

increase in the activity of AEA’s metabolic enzyme, FAAH (Vmax) (which means more AEA was 

hydrolyzed), in the amygdala (p<0.05) (Figure 2.3E), (p<0.05) medial prefrontal cortex (Figure 2.3F), 

with no differences (p>0.05) in the hypothalamus (Figure 2.3G) or hippocampus (Figure 2.3H). TNBS 

administration resulted in no differences (p>0.05) in the binding affinity of AEA for FAAH (Km) in 

the amygdala (Table 2.3), hypothalamus (Table 2.3) or hippocampus (Table 2.3); however, TNBS 

administration led to an increase in Km in the medial prefrontal cortex (p<0.05) (Table 2.3).  

 Differently from AEA levels, 2-AG levels were increased in the medial prefrontal cortex 

(p<0.01) (Figure 2.3J) and hippocampus (p<0.01) (Figure 2.3L), and there was a potential increase in 

the amygdala (p<0.1) (Figure 2.3I) but not the hypothalamus (p>0.05) (Figure 2.3K), following TNBS 

administration. TNBS exposure led to no differences (p>0.05) in the activity of 2-AG’s metabolic 

enzyme (Vmax), MAGL, in the amygdala (Figure 2.2M), medial prefrontal cortex (Figure 2.3N), 

hypothalamus (Figure 2.3O) or hippocampus (Figure 2.3P), or the binding affinity (Km) of MAGL 

(Table 2.3) in the amygdala, medial prefrontal cortex, hypothalamus and hippocampus. 

 Additionally, we examined the gene expression levels of a number of molecules affiliated with 

the endocannabinoid system (Table 2.4); this included receptors, CB1 (Cnr1), CB2 (Cnr2), peroxisome 

proliferator-activated receptor (PPAR)α (Ppara), PPARγ (Pparg) and transient receptor potential 

vanilloid type 1 (TRPV1) (Trpv1); those in the AEA biosynthesis and degradation pathway, including 

NAPE-PLD (Napepld) and FAAH (Faah); those involved in the 2-AG biosynthesis and degradation 
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Figure 2.3. Colitis altered central endocannabinoid levels.

7 days following colitis induction, AEA levels were reduced in the amygdala (A) (t(22)=2.54; 
p=0.009; R2=0.23), medial prefrontal cortex (B) (t(20)=5.22; p<0.0001; R2=0.58) and 
hippocampus (D) (t(21)=2.73; p=0.006; R2=0.26) but not the hypothalamus (C) (t(22)=0.83; 
p=0.21; R2=0.03). Concomitantly, there was an increase in AEA’s metabolic enzyme FAAH’s 
activity (Vmax), in the amygdala (E) (t(7)=2.09; p=0.04; R2=0.38), medial prefrontal cortex (F) 
(t(10)=2.32; p=0.02; R2=0.35), with no differences in the hippocampus (H) (t(9)=1.34; p=0.11; 
R2=0.17) or the hypothalamus (G) (t(10)=0.24; p=0.41; R2=0.006).
 
Differently from AEA levels, 7 days following colitis induction, 2-AG levels were increased medial 
prefrontal cortex (J) (t(22)=2.59; p=0.008; R2=0.23) and hippocampus (L) (t(20)=3.25; p=0.002; 
R2=0.35), potentially increased in the amygdala (I) (t(22)=1.44; p=0.08; R2=0.09), but not the 
hypothalamus (K) (t(22)=1.07; p=0.15; R2=0.05). There were no differences in the activity of 
2-AG’s metabolic enzyme (Vmax) MAGL in the amygdala (M) (t(10)=0.05; p=0.48; R2=0.0002), 
medial prefrontal cortex (N) (t(10)=0.51; p=0.31; R2=0.03), hypothalamus (O) (t(8)=1.32; p=0.11; 
R2=0.18) or hippocampus (P) (t(10)=0.34; p=0.37; R2=0.01). 

n=9-12/group for levels and n=4=6/group for enzyme activity. #p<0.1, * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001, t-test saline versus TNBS.
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pathway, including DAGLa (Dagla), DAGLb (Daglb), MAGL (Magl), AHBD6 (Abhd6), ABHD12 

(Abhd12); those involved in both, including, COX-1 (Ptgs1) and COX-2 (Ptgs2); and other affiliated 

molecules, including ABHD4 (Abhd4) and fatty acid binding protein (FABP)7 (Fabp7). Following 

TNBS administration, there was a downregulation of FAAH expression in the amygdala (p<0.05) 

(Table 2.4). There were potential (p<0.1) decreases in Abhd4 expression in the amygdala and Fabp7 

expression in the medial prefrontal cortex and hippocampus. There were no other changes in other 

genes or brain regions (p>0.05) (Table 2.4).  

Altogether, these data demonstrated that the TNBS model of colitis alters the 

endocannabinoid system. These changes were likely occurring through changes in activity, rather than 

changes in levels, of enzymes. Interestingly, the pattern of endocannabinoid ligand levels (reductions 

in AEA and increases in 2-AG), resembled what occurs with chronic repeated stress202. 

 

Table 2.3. Effects of Colitis on AEA’s and 2-AG’s Binding Affinity for FAAH and MAGL 
 

Region Saline TNBS Statistics 
    

FAAH Km 
Amygdala 0.44±0.09, n=5 0.39±0.05, n=4 t(7)=0.50; p=0.32; R2=0.03 

medial Prefrontal 
Cortex 0.41±0.07, n=6 0.64±0.08, n=6 * t(10)=2.26; p=0.02; R2=0.34 

Hypothalamus 0.67±0.24, n=6 0.61±0.22, n=6 t(10)=0.19; p=0.43; R2=0.004 
Hippocampus 1.08±0.21, n=6 0.76±0.15, n=5 t(9)=1.19; p=0.13; R2=0.14 

    
MAGL Km 

Amygdala 24.76±4.67, n=6 17.53±2.76, n=6 t(10)=1.33; p=0.11; R2=0.15 
medial Prefrontal 

Cortex 59.03±10.37, n=6 49.79±8.0, n=6 t(10)=0.68; p=0.26; R2=0.04 

Hypothalamus 9.42±2.55, n=4 10.99±3.93, n=4 t(6)=0.34; p=0.37; R2=0.02 
Hippocampus 24.82±4.51, n=6 23.03±4.57, n=6 t(10)=0.28; p=0.39; R2=0.008 

 
Effect of colitis on the binding affinity (Km) of AEA for its degradative enzyme FAAH and 2-AG for 

its degradative enzyme MAGL. 
Data are presented as mean±SEM. *p<0.05, t-test saline versus TNBS. 
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Table 2.4. Effects of TNBS-Induced Colitis on Endocannabinoid System Gene Expression. 
 

Gene Saline TNBS Statistics 
    

Amygdala 
Abhd4 1.00±0.26, n=5 0.61±0.05, n=7 # t(10)=1.76; p=0.05; R2=0.24 
Abhd6 1.00±0.21, n=7 0.77±0.05, n=7 t(12)=1.10; p=0.15; R2=0.09 
Abhd12 1.00±0.14, n=7 0.93±0.12, n=7 t(12)=0.37; p=0.36; R2=0.01 
Cnr1 1.00±0.1, n=7 1.01±0.11, n=7 t(12)=0.1; p=0.46; R2=0.0008 
Cnr2 1.00±0.23, n=7 0.88±0.14, n=7 t(12)=0.43; p=0.34; R2=0.15 
Dagla 1.00±0.25, n=7 0.66±0.08, n=7 t(12)=1.29; p=0.11; R2=0.12 
Daglb 1.00±0.19, n=7 0.88±0.08, n=7 t(12)=0.60; p=0.28; R2=0.03 
Faah 1.00±0.11, n=7 0.71±0.12, n=7 * t(12)=1.79; p=0.05; R2=0.21 
Fabp7 1.00±0.41, n=3 0.92±0.33, n=5 t(6)=0.14; p=0.45; R2=0.003 
Magl 1.00±0.28, n=5 0.67±0.12, n=6 t(9)=1.18; p=0.13; R2=0.13 
Napepld 1.00±0.14, n=7 1.12±0.11, n=7 t(12)=0.69; p=0.25; R2=04 
Pppar 1.00±0.15, n=7 0.96±0.12, n=7 t(12)=0.22; p=0.0.41; R2=0.004 
Pparg 1.00±0.1, n=6 0.88±0.11, n=7 ^ t(11)=0.77; p=0.23; R2=0.05 
Ptgs1 1.00±0.3, n=7 1.32±0.15, n=7 t(12)=0.97; p=0.17; R2=0.07 
Ptgs2 1.00±0.14, n=7 1.08±0.09, n=7 t(12)=0.51; p=0.31; R2=0.02 
Trvp1 1.00±0.16, n=7 0.89±0.07, n=7 t(12)=0.61; p=0.28; R2=0.03 
    

medial Prefrontal Cortex 
Abhd4 1.00±0.10, n=7 1.06±0.17, n=7 t(12)=0.30; p=0.39; R2=0.007 
Abhd6 1.00±0.07, n=7 1.15±0.11, n=7 t(12)=1.13; p=0.14; R2=0.1 
Abhd12 1.00±0.12, n=7 0.99±0.04, n=7 t(12)=0.08; p=0.47; R2=0.0005 
Cnr1 1.00±0.09, n=7 1.05±0.16, n=7 t(12)=0.29; p=0.39; R2=0.007 
Cnr2 1.00±0.13, n=7 0.96±0.11, n=7 t(12)=0.23; p=0.41; R2=0.004 
Dagla 1.00±0.16, n=7 1.05±0.11, n=7 t(12)=0.27; p=0.40; R2=006 
Daglb 1.00±0.21, n=7 0.82±0.02,n=6 t(11)=0.75; p=0.23; R2=0.05 
Faah 1.00±0.13, n=7 0.96±0.05, n=7 t(12)=0.30; p=0.38; R2=0.008 
Fabp7 1.00±0.26, n=7 0.63±0.06, n=7 # t(12)=1.38; p=0.10; R2=0.14 
Magl 1.00±0.15, n=7 0.89±0.11, n=7 t(12)=0.61; p=0.28; R2=0.03 
Napepld 1.00±0.12, n=7 0.91±0.09, n=7 t(12)=0.59; p=0.28; R2=0.03 
Pppar 1.00±0.16, n=7 0.92±0.08, n=7 t(12)=0.41; p=0.35; R2=0.01 
Pparg 1.00±0.22, n=7 1.4±0.23, n=7 ^ t(12)=1.25; p=0.12; R2=0.12 
Ptgs1 1.00±0.19, n=7 0.9±0.14, n=6 t(11)=0.43; p=0.34; R2=0.12 
Ptgs2 1.01±0.1, n=7 1.08±0.16, n=7 t(12)=0.37; p=0.36; R2=0.012 
Trvp1 1.00±0.1, n=7 0.84±0.10, n=7 t(12)=1.09; p=0.15; R2=0.09 
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Table 2.4. Effects of TNBS-Induced Colitis on Endocannabinoid System Gene Expression. 
(Cont’d) 
 

Hypothalamus 
Abhd4 1.00±0.19, n=8 0.80±0.16, n=5 t(11)=0.72; p=0.24; R2=0.05 
Abhd6 1.00±0.17, n=8 0.77±0.14, n=5 t(11)=0.97; p=0.18; R2=0.08 
Abhd12 1.00±0.17, n=8 0.69±0.12, n=5 t(11)=1.30; p=0.11; R2=0.13 
Cnr1 1.00±0.15, n=8 0.99±0.05, n=5 t(11)=0.05; p=0.48; R2=0.0002 
Cnr2 1.00±0.26, n=8 0.57±0.16, n=5 ^ t(11)=1.2; p=0.13; R2=0.12 
Dagla 1.00±0.22, n=8 0.71±0.05, n=5 t(11)=1.03; p=0.16; R2=0.09 
Daglb 1.01±0.26, n=8 0.77±0.35, n=5 t(11)=0.55; p=0.30; R2=0.03 
Faah 1.00±0.11, n=8 0.99±0.16, n=5 t(11)=0.06; p=0.48; R2=0.0004 
Fabp7 1.00±0.12, n=8 0.74±0.11, n=5 # t(11)=1.44; p=0.09; R2=0.16 
Magl 1.00±0.16, n=7 0.95±0.28, n=5 ^ t(10)=0.17; p=0.43; R2=0.003 
Napepld 1.00±0.15, n=8 0.78±0.09, n=5 t(11)=1.14; p=0.14; R2=0.11 
Pppar 1.01±0.14, n=8 0.83±0.10, n=5 t(11)=0.093; p=0.19; R2=0.07 
Pparg 1.00±0.11, n=8 0.81±0.07, n=5 t(11)=1.26; p=0.12; R2=0.13 
Ptgs1 1.00±0.16, n=8 0.79±0.17, n=5 ^ t(11)=0.89; p=0.20; R2=0.07 
Ptgs2 1.00±0.18, n=7 0.93±0.08, n=5 ^ t(10)=0.30; p=0.38; R2=0.009 
Trvp1 1.00±0.21, n=8 0.77±0.12, n=5 t(11)=0.82; p=0.21; R2=0.06 
    

Hippocampus 
Abhd4 1.00±0.13, n=7 1.35±0.26, n=5 ^ t(10)=1.35; p=0.10; R2=0.15 
Abhd6 1.00±0.14, n=7 1.07±0.21, n=6 t(11)=0.25; p=0.40; R2=0.006 
Abhd12 1.00±0.12, n=7 1.12±0.11, n=6 t(11)=0.75; p=0.23; R2=0.05 
Cnr1 1.00±0.13, n=7 1.43±0.47, n=6 t(11)=0.93; p=0.19; R2=0.07 
Cnr2 1.00±0.23, n=7 1.24±0.32, n=6 ^ t(11)=0.63; p=0.27; R2=0.03 
Dagla 1.00±0.14, n=7 0.92±0.17, n=6 t(11)=0.38; p=0.36; R2=0.01 
Daglb 1.00±0.07, n=6 1.05±0.15, n=6 t(10)=0.27; p=0.40; R2=0.007 
Faah 1.00±0.10, n=7 1.19±0.24, n=6 t(11)=0.76; p=0.23; R2=0.05 
Fabp7 1.00±0.13, n=7 0.98±0.12, n=6 t(11)=0.12; p=0.45; R2=0.001 
Magl 1.00±0.15, n=6 1.24±0.15, n=6 ^ t(10)=1.07; p=0.15; R2=0.10 
Napepld 1.00±0.06, n=6 1.82±0.51, n=6 t(10)=1.60; p=0.07; R2=0.20 
Pppar 1.00±0.27, n=6 1.40±0.26, n=6 t(10)=1.07; p=0.15; R2=0.10 
Pparg 1.00±0.16, n=7 0.97±0.12, n=6 t(11)=0.13; p=0.45; R2=0.002 
Ptgs1 1.00±0.16, n=5 ^ 2.14±0.93, n=6 t(9)=1.10; p=0.15; R2=0.12 
Ptgs2 1.00±0.17; n=7 1.27±0.57, n=6 t(11)=0.49; p=0.32; R2=0.02 
Trvp1 1.00±0.25, n=7 ^ 0.79±0.17, n=5 t(10)=0.65; p=0.26; R2=0.04 

 
Effects of colitis on expression of genes related to the endocannabinoid system.  
Data are presented as mean±SEM. #p<0.1, *p<0.05, t-test saline versus TNBS.  

^ Indicates Ct values greater than 30, but less than 40, which indicated less than abundant to 
weak expression. 
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Central FAAH Inhibition Partially Reversed Colitis-Induced Anxiety-Like Behaviour 

We administered a FAAH inhibitor acutely at two doses (PF-04457845; 100 ng and 1 µg) 

intracerebroventricularly (ICV) and examined anxiety-like behavior in the EPM in order to investigate 

the relevance of changes in endocannabinoid levels to the increase in anxiety-like behavior. As the 

only exploratory and risk-assessing behaviour that was altered with TNBS administration was head 

dips (Figure 2.2; Table 2.2)—grooming, rearing and stretch attends were removed from this analysis. 

Open arm time (Figure 2.4A) was reduced with TNBS-induced colitis (main effect, p<0.01) 

and increased with administration of a FAAH inhibitor (main effect, p<0.05). Our a priori hypothesis 

was that a FAAH inhibitor would reverse anxiety-like behaviour in colitis animals; this plus our multi-

group main effect of PF-administration, allowed us to compare specific groups. Specifically, as above 

(Figure 2.2E), even with cranial surgery, we found a reduction in open arm time with saline 

administration between vehicle saline versus TNBS (p<0.05). 1 µg PF was able to partially reverse the 

anxiogenic effect of TNBS, as it was no different than vehicle-saline (p>0.05) and partially increased 

related to the vehicle-TNBS (versus vehicle-TNBS p<0.1), but 100 ng of PF was not (p>0.05). 

We found that TNBS administration reduced open arm entries (main effect, p<0.01) (Figure 

2.4C), total arm entries (main effect, p<0.01) (Figure 2.3E) and head dips (main effect, p<0.05) (Figure 

2.4G). Upon multiple comparison analysis, with total arm entries, there was only a difference from 

100 ng PF administration, indicating a potential effect on locomotor activity of this dose (Figure 2.4E). 

Macroscopic damage was increased with TNBS administration (main effect, p<0.0001), but was lower 

in the 1 µg PF dose compared to its vehicle (p<0.01) (Figure 2.4H). MPO activity was also increased 

with TNBS exposure (main effect, p<0.0001) (Figure 2.4I). 

 There were no effects (p>0.05) on closed arm time (Figure 2.4B) or open arm latency (Figure 

2.4F) as a result of TNBS or PF administration. TNBS administration resulted in a potential decrease 

on closed arm entries (p<0.1) (Figure 2.4D). 
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Figure 2.4. Central 
FAAH inhibition 
partially reversed 
colitis-induced 
anxiety-like 
behaviour.

We examined time in 
the open arms (A) and 
found no interaction 
(F(2,96)=0.38; 
p=0.68), but main 
effects of colitis 
reducing open arm 
time (F(1,96)=7.41; 
p=0.008), and PF 
administration 
increasing it 
(F(2,95)=3.47; 
p=0.04). There was 
a reduction in open 
arm time between 
the vehicle saline 
versus TNBS groups 
(p=0.03). Although 
100 ng of PF was 
partially anxiolytic 
in saline animals 
compared to vehicle 
(p=0.08), it was not 
in the TNBS group 
(p=0.22), and there 
was still a significant 
difference between 
the saline and TNBS 
groups at this dose 
(p=0.04) However, 1 
µg of PF was able to 
increase open arm 
time in the TNBS 
group compared to 
its vehicle control 
(p=0.06), and thus 
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was able to partially 
reverse TNBS’s 
anxiogenic effect as 
it was no different 
than its saline group 
(p=0.46) or the vehicle 
saline group (p=0.81). 

In closed arm time 
(B), there were no 
effects of colitis 
(F(1,96)=1.53; p=0.22) 
or PF administration 
(F(2,96)=1.04; p=0.36) 
or an interaction 
between the two 
(F(2,96)=1.10; 
p=0.34).

Colitis reduced open 
arm entries (C) (main 
effect; F(1,94)=8.58; 
p=0.004), but there 
were no main effect 
of PF (F(2,94)=2.33; 
p=0.10) or an 
interaction between 
the two (F(2,94)=0.53; 
p=0.59).

There was a potential 
reduction in closed 
arm entries following 
TNBS administration 
(D) (main effect; 
F(1,94)=3.90; 
p=0.05), but no 
main effect of PF 
(F(2,94)=1.39; 
p=0.26) or interaction 
between the two 
(F(2,94)=1.45; 
p=0.24).
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For total arm entries (E), colitis led to reduced total arm entries (main effect, F(1,94)=8.26; 
p=0.005), and PF administration showed a trending increase (main effect, F(2,94)=2.52; p=0.09), 
but no interaction between the two (F(2,94)=1.31; p=0.27). Since total arm entries were a proxy 
for locomotor activity, we investigated further, and found the main effect of colitis was driven 
by a difference between saline and TNBS in the 100 ng condition (p=0.005), but there were no 
differences between the vehicle saline and TNBS groups (p=0.1) or 1 µg saline and TNBS groups 
(p=0.54).
 
There was a potential decrease in latency to the open arms (F) with PF administration (main 
effect; F(2,94)=2.89; p=0.06), but no main effect of colitis (F(1,94)=0.30; p=0.59) or interaction 
between the two (F(2,94)=0.62; p=0.54).

Colitis led to a decrease in head dips (G) (main effect; F(1,94)=6.19; p=0.01), but no main effect 
of PF administration (F(2,94)=1.56; p=0.22) or interaction between the two (F(2,94)=0.61; 
p=0.55).

There was a potential interaction between colitis and PF administration on macroscopic tissue 
damage (H) (F(2,89)=2.97; p=0.06), and significant increases with colitis (F(1,89)=137.80; 
p<0.0001) and decreases with PF administration (F(2,89)=3.30; p=0.04). With colitis, the 1 µg PF 
group showed a decrease compared to its vehicle control (p=0.005).

MPO activity (I), was significant increased with colitis (F(1,95)=18.26; p<0.0001), but there was 
no interaction (F(2,95)=2.40; p=0.10) or effect of PF administration (F(2,95)=2.32; p=0.10). 

n=12-24/group. #p<0.1, *p<0.05, **p<0.01, ****p<0.0001, main effect or versus vehicle of 
same group (saline or TNBS). p<0.05 saline versus TNBS of same dose.
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 Together these results indicate that central FAAH inhibition (1 µg PF) partially reverses colitis-

induced anxiety and may reduce macroscopic tissue damage. However, central FAAH inhibition did 

not affect colitis-induced decreases in open arm entries, head dips or MPO. 

 

Central DAGL Inhibition Partially Reversed Colitis-Induced Anxiety-Like Behaviour 

We also investigated the effects of preventing the increase in 2-AG, by acutely blocking its synthetic 

enzyme DAGL (DO34, 1 µg), ICV, on colitis-induced anxiety-like behaviours. As the only exploratory 

and risk-assessing behaviour that was altered with TNBS administration was head dips (Figure 2.2; 

Table 2.2)—grooming, rearing and stretch attends were removed from this analysis. 

 For open arm time (Figure 2.5A), there was a potential decrease as a result of TNBS in the 

vehicle group (p<0.1), which was partially reversed by DO34 administration (p<0.1). Open arm time 

(p<0.05) (Figure 2.5B), macroscopic tissue damage (p<0.0001) (Figure 2.5H) and MPO activity 

(p<0.001) (Figure 2.5I), were increased with TNBS administration. In only macroscopic tissue damage 

was there an effect of DO34 administration, which increased colitis-induced damage (p<0.05) (Figure 

2.5H). Closed arm entries (Figure 2.5D) and total arm entries (Figure 2.5E) were reduced with both 

colitis (p<0.001) and DO34 exposure (p<0.05), implying potential locomotor impairment which could 

be confounding these results.  There was an anxiogenic effect on open arm entries (Figure 2.5C), 

latency to enter the open arm (Figure 2.5F) and head dips (Figure 2.5G) in the vehicle group following 

colitis exposure (p<0.01; p<0.05; p<0.05) and with DO34 administration in the saline group (p<0.05; 

p<0.1; p<0.05). 

 These results indicated a potential anxiogenic effect of the increase in 2-AG following TNBS 

administration, as reversing these increases through inhibiting its biosynthetic enzyme, DAGL, led to 

a partial reduction in anxiety-like behaviour in the EPM. However, inhibiting DAGL also increased 

TNBS-induced macroscopic tissue damage, perhaps illustrating a role for 2-AG in top-down control 
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Figure 2.5. Central 
DAGL inhibition 
partially reverses 
colitis-induced 
anxiety-like 
behaviour.

There was a 
significant interaction 
between colitis and 
DO34 administration 
(F(1,40)=4.46; 
p=0.04) on open 
arm time (A), but 
no main effect of 
DO34 administration 
(F(1,40)=0.05; 
p=0.82) or TNBS 
administration 
(F(1,40)=0.46; 
p=0.50). Specifically, 
there was a potential 
decrease in open 
arm time between 
the vehicle saline 
and TNBS groups 
(p=0.06), which was 
partially reversed by 
the DAGL inhibitor 
(p<0.10). 

Closed arm time (B) 
was reduced with 
colitis (F(1,40)=6.29; 
p=0.02), but there 
was no effect of 
DO34 administration 
(F(1,40)=0.21; 
p=0.65) or interaction 
between the two 
(F(1,40)=0.002; 
p=0.96).
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Open arm entries 
(C) showed a 
significant interaction 
(F(1,40)=5.11; 
p=0.03) between 
colitis and DO34 
administration, and 
a trending main 
effect of TNBS 
(F(1,40)=4.08; 
p=0.05), but not 
a main effect of 
DO34 (F(1,40)=1.68; 
p=0.20). Similar to 
latency, open arm 
entries were lower 
in the saline/vehicle 
group compared 
to both the TNBS/
vehicle group 
(p=0.004) and saline/
DO34 group (p=0.02).

Closed arm entries 
(D) were reduced 
with colitis exposure 
(main effect; 
F(1,40)=13.02; 
p=0.0008) and DO34 
administration (main 
effect; F(1,40)=4.41; 
p=0.04), but 
there was not 
an interaction 
between the two 
(F(1,40)=0.02; 
p=0.89).
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Total arm entries (E) were reduced with colitis exposure (main effect; (F(1,40)=15.05; 
p=0.0004) and DO34 administration (main effect; F(1,40)=5.38; p=0.03), but no interaction 
between the two (F(1,40)=1.59; p=0.21).

Latency to open arms (F) showed a potential interaction (F(1,40)=3.03; p=0.39), and no main 
effects of DO34 administration (F(1,40)=1.09; p=0.30) or TNBS administration (F(1,40)=2.59; 
p=0.12). Specific group comparison showed that latency was lower in the saline/vehicle group 
compared to both the TNBS/vehicle group (p=0.02) and saline/DO34 group (p=0.06).

Head dips (G) showed a significant interaction (F(1,40)=8.16; p=0.007) between DO34 
and TNBS administration, and no main effects of DO34 (F(1,40)=0.24; p=0.63) or TNBS 
(F(1,40)=1.68; p=0.20) administrations. Head dips were higher in the saline/vehicle group 
compared to both the TNBS/vehicle group (p=0.006) and saline/DO34 group (p=0.02).

Macroscopic tissue damage (H) showed a potential interaction (F(1,40)=3.87; p=0.06) and 
significant main effect of colitis (F(1,40)=61.87; p<0.0001), but not DO34 administration 
(F(1,40)=2.61; p=0.11). Damage score was increased in the TNBS/vehicle (p<0.001) and TNBS/
DO34 (p<0.0001) compared to their saline controls. Damage score was also higher in the 
TNBS/DO34 group compared to the TNBS/vehicle group (p=0.02).

MPO activity (I) was increased with colitis (main effect; F(1,39)=12.72; p=0.001), but there 
was no effect of DO34 administration (main effect; F(1,39)=0.99; p=0.32) or interaction 
between the two (F(1,39)=1.68; p=0.20).

n=10-12/group. # p<0.1, * p<0.05, *** p<0.001, **** p<0.0001, main effect or versus vehicle 
of same group (saline or TNBS). ˄ p<0.1,  p<0.05,  p<0.01, saline versus TNBS of 
same dose.
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of tissue damage. Central DAGL inhibition did not affect anxiogenic effects of colitis on closed arm 

time, open arm entries, latency to enter the open arm, head dips or MPO activity. However, as there 

was an effect of colitis on total entries, these results were difficult to interpret. 

 

CRF-R1 Regulated Colitis-Induced Alterations in AEA 

Having shown that the anxiety-like behaviour can be attenuated by boosting AEA levels, we next 

investigated potential upstream mechanisms of changes in the endocannabinoid system. Given 

previous work which showed that activation of CRF-R1 can induce FAAH hydrolysis of AEA during 

psychological stress225,359, as well as work that illustrated that CRF levels were increased in the amygdala 

during colitis360, we examined this as a potential upstream mechanism in our model. 

 First, we examined whether there were any changes to the expression levels of HPA axis 

associated genes (Table 2.5), including CRF (Crh), CRF-R1 (Crhr1), CRF-R2 (Crhr2), glucocorticoid 

receptor (GR) (Nr3c1), mineralocorticoid receptor (MR) (Nr3c2) and FK506 binding protein 51 

(FKBP5) (Fkbp5). MR (p<0.05) expression was reduced in the amygdala, and potentially CRF 

(p<0.01) and CRF-R2 (p<0.1) expression were increased in the medial prefrontal cortex and there 

was a potential increase (p<0.1) in CRF-R1 expression in the hippocampus, but no other changes 

were observed. We also looked at whether corticosterone levels were altered with TNBS 

administration and found a potential increase in basal plasma corticosterone levels (saline: 

65.92±12.27, n=9; TNBS: 101.80±17.69, n=9; t(16)=1.67; p=0.06; R2=0.15). 

 Next, we implanted an osmotic mini-pump containing a CRF-R1 antagonist (antalarmin; 10 

µg/day)353 or vehicle, through a cannula into the lateral ventricle to investigate if blocking central CRF-

R1 altered colitis-induced changes in endocannabinoid levels. There were no changes to TNBS-

induced increases in macroscopic tissue damage as a result of central administration of antalarmin 

(vehicle/saline: 0.26±0.07, n=10; antalarmin/saline: 0.89±0.98, n=11; vehicle/TNBS: 10.79±5.30, 
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Table 2.5. Effects of TNBS-Induced Colitis on HPA Axis Associated Gene Expression. 
 

Gene Saline TNBS Statistics 
    

Amygdala 
Crh 1.00±0.19, n=7 1.09±0.12, n=6 t(11)=0.36; p=0.36; R2=0.01 
Crhr1 1.00±0.12, n=7 1.00±0.08, n=7 t(12)=0.03; p=0.49; R2=0.00008 
Crhr2 1.00±0.16, n=7 0.83±0.10, n=7 t(12)=0.92; p=0.19; R2=0.07 
Nr3c1 1.00±0.87, n=7 1.02±0.08, n=7 t(12)=0.19; p=0.43; R2=0.003 
Nr3c2 1.00±0.13, n=7 0.69±0.08, n=7 * t(12)=2.07; p=0.03; R2=0.26 
Fkbp5 1.00±0.16, n=7 1.05±0.09, n=7 t(12)=0.28; p=0.39; R2=0.006 
    

medial Prefrontal Cortex 
Crh 1.00±0.12, n=7 1.54±0.14, n=7 ** t(12)=2.89; p=0.007; R2=0.41 
Crhr1 1.00±0.09, n=7 1.12±0.10, n=7 t(12)=0.92; p=0.19; R2=0.07 
Crhr2 1.00±0.11, n=7 1.46±0.26, n=7 ^ # t(12)=1.60; p=0.07; R2=0.18 
Nr3c1 1.00±0.03, n=7 1.00±0.07, n=7 t(12)=0.04; p=0.49; R2=0.0001 
Nr3c2 0.99±0.16, n=7 1.19±0.20, n=7 t(12)=0.79; p=0.22; R2=0.05 
Fkbp5 1.00±0.15, n=7 0.88±0.08, n=7 t(12)=0.68; p=0.25; R2=0.04 
    

Hypothalamus 
Crh 1.01±0.14, n=8 0.96±0.19, n=5 t(11)=0.20; p=0.42; R2=0.003 
Crhr1 1.00±0.10, n=8 0.96±0.05, n=5 t(11)=0.28; p=0.39; R2=0.007 
Crhr2 1.00±0.14, n=8 0.97±0.12, n=5 t(11)=0.17; p=0.43; R2=0.003 
Nr3c1 1.00±0.06, n=8 0.88±0.13, n=5 t(11)=0.94; p=0.18; R2=0.07 
Nr3c2 1.00±0.08, n=8 0.90±0.06, n=5 t(11)=0.87; p=0.20; R2=0.06 
Fkbp5 1.00±0.14, n=8 1.05±0.15, n=5 t(11)=0.23; p=0.41; R2=0.005 
    

Hippocampus 
Crh 1.00±0.06, n=7 1.17±0.19, n=6 t(11)=0.92; p=0.19; R2=0.07 
Crhr1 1.00±0.19, n=7 1.40±0.21, n=6 # t(11)=1.41; p=0.09; R2=0.15 
Crhr2 1.00±0.15, n=7 1.06±0.18, n=6 ^ t(11)=0.26; p=0.40; R2=0.006 
Nr3c1 1.00±0.16, n=7 1.20±0.22, n=6 t(11)=0.77; p=0.23; R2=0.05 
Nr3c2 1.00±0.11, n=7 1.12±0.24, n=6 t(11)=0.46; p=0.33; R2=0.02 
Fkbp5 1.00±0.13, n=7 1.19±0.26, n=6 t(11)=0.67; p=0.26; R2=0.04 

 
Effects of colitis on expression of genes related to the HPA axis. 

Data are presented as mean±SEM. #p<0.1, *p<0.05, **p<0.1, t-test saline versus TNBS. 
^ Indicates Ct values greater than 30, but less than 40, which indicated less than abundant to 

weak expression. 
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n=11; antalarmin/TNBS: 10.33±5.23, n=11) (interaction: F(1,39)=0.22, p=0.64; main effect 

antalarmin: F(1,39)=0.005, p=0.94; main effect of TNBS: F(1,39)=74.02, p<0.0001). Due to technical 

error, MPO was unable to be assayed in this full cohort.  

Antagonism of CRF-R1 with antalarmin reversed colitis-induced reductions in AEA levels in 

the amygdala (p<0.05) (Figure 2.6A) and hippocampus (p<0.05) (Figure 2.6D), but not the 

hypothalamus (p>0.05) (Figure 2.6C). In the medial prefrontal cortex (Figure 2.6B), antalarmin in the 

saline animals reduced AEA levels (p<0.05) but did not alter TNBS-induced changes in AEA levels 

(p>0.5). Differently, CRF-R1 antagonism had no effect (p>0.05) on 2-AG levels in the amygdala 

(Figure 2.6E), hypothalamus (Figure 2.6H) and hippocampus (Figure 2.6G). However, in the 

prefrontal cortex (Figure 2.6F), antalarmin administration in saline animals increased 2-AG (p<0.05) 

but did not alter 2-AG levels in the TNBS animals (p>0.05). 

 Together these data demonstrated that the colitis-induced reductions in AEA were driven 

through CRF-R1. This suggested that there was a similar mechanism underlying the anxiety-inducing 

reductions in AEA levels in (chronic) psychological stress and peripheral inflammation. 
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Figure 2.6. Colitis-induced reductions in AEA levels were mediated by CRF-R1.

Antalarmin reversed the colitis-induced reduction in AEA levels in the amygdala (A) (interaction: 
F(1,37)=4.64, p=0.04; vehicle/saline vs. vehicle/TNBS: p=0.02; vehicle/TNBS vs. antalarmin/
TNBS: p=0.04; vehicle/saline vs. antalarmin/TNBS: p=0.82; vehicle/saline vs. antalarmin/saline 
p=0.38; main effect colitis F(1,37)=1.45; p=0.24; main effect of antalarmin F(1,37)=0.78; p=0.38), 
and in the hippocampus (D) (interaction: F(1,37)=1.63, p=0.21; main effect of antalarmin: 
F(1,37)=15.49, p=0.0003; vehicle/saline vs. vehicle/TNBS: p=0.06; vehicle/TNBS vs. antalarmin/
TNBS: p=0.0007; vehicle/saline vs. antalarmin/TNBS: p=0.10; vehicle/saline vs. antalarmin/
saline p=0.07; main effect of colitis F(1,38)=2.28; p=0.14), but not in the hypothalamus (C) 
(interaction: F(1,39)=0.69, p=0.41; main effect antalarmin: F(1,39)=1.24, p=0.27; main effect 
colitis F(1,39)=1.99, p=0.17), and in the medial prefrontal cortex (B) there was an interesting 
effect where antalarmin in the saline animals reduced AEA levels, but did not alter TNBS AEA 
levels (interaction: F(1,40)=5.44, p=0.02; vehicle/saline vs. vehicle/TNBS: p=0.02; vehicle/TNBS 
vs. antalarmin/TNBS: p=0.30; vehicle/saline vs. antalarmin/TNBS: p=0.20; vehicle/saline vs. 
antalarmin/saline p=0.03; main effect of colitis F(1,40)=0.92, p=0.34; main effect of antalarmin 
(F(1,40)=0.74, p=0.39).

However, antalarmin had largely no effect on 2-AG levels in the amygdala (E) (interaction: 
F(1,38)=0.10, p=0.75; main effect antalarmin: F(1,38)=0.63, p=0.43; main effect colitis: 
F(1,38)=0.03, p=0.86), hypothalamus (G) (interaction: F(1,38)=0.10, p=0.75; main effect 
antalarmin: F(1,38)=1.10, p=0.30; main effect colitis: F(1,38)=0.50, p=0.49), or hippocampus (H) 
(interaction: F(1,39)=0.001, p=0.97; main effect antalarmin: F(1,39)=0.49, p=0.49; main effect 
colitis: F(1,39)=1.33, p=0.26), however, in the medial prefrontal cortex (F), as with AEA, antalarmin 
reduced 2-AG in saline animals, but did not alter them in TNBS animals (interaction: F(1,42)=8.14, 
p=0.007; vehicle/saline vs. vehicle/TNBS: p=0.02; vehicle/TNBS vs. antalarmin/TNBS: p=0.13; 
vehicle/saline vs. antalarmin/TNBS: p=0.42; vehicle/saline vs. antalarmin/saline p=0.02; main 
effect of colitis F(1,42)=0.25, p=0.62; main effect of antalarmin F(1,42)=0.41, p=0.53). 

n=10-12/group. * p<0.05 versus vehicle of same group (saline or TNBS). p<0.05, saline versus TNBS 
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Female Rats Demonstrated Colitis-Induced AEA Reductions 

It has been demonstrated that women show a greater incidence of stress-associated neuropsychiatric 

disorders334; as well as a greater incidence of Crohn’s Disease335, as well a greater incidence of 

extraintestinal manifestations336. To this end, we examined if there was a similar alteration in the 

endocannabinoid system as a result of TNBS administration in female rats in order to understand 

generalizability. 

 Female rats also showed an increase in macroscopic tissue damage (saline: 1.42±0.48, n=12; 

TNBS: 8.44±1.40, n=12; t(22)=4.73; p<0.0001; R2=0.50) and MPO activity (saline: 0.89±0.12, n=12; 

TNBS: 3.86±1.54, n=12; t(22)=1.93; p=0.03; R2=0.14). Similar to male rats, there was a reduction in 

AEA levels in the amygdala (p<0.05) (Figure 2.7A); medial prefrontal cortex (p<0.01) (Figure 2.7B); 

but also potentially in the hypothalamus (p<0.1) (Figure 2.7C); and not in the hippocampus (p>0.05) 

(Figure 2.7D). Dissimilarly, though, there were no alterations (p>0.05) in 2-AG levels, including in the 

amygdala (Figure 2.7E); medial prefrontal cortex (Figure 2.7F); hypothalamus (Figure 2.7G); or 

hippocampus (Figure 2.7H). 

 

Discussion 

Our work shows that sustained peripheral gut inflammation drives CRF-R1-induced reductions in 

central AEA signaling. Furthermore, we show that the anxiety-like behaviour induced by colitis can 

be partially reversed by an acute, central administration of a FAAH inhibitor, which may provide a 

potential therapeutic target for behavioural comorbidities of inflammatory diseases. Our findings are 

summarized in Figure 2.8. 

Here we highlight a role for CRF in leading to anxiety inducing AEA reductions during gut 

inflammation. This is a similar phenomenon to previous work from our group, which shows CRF-R1 

drives AEA reductions in response to acute psychological stress exposure or sustained glucocorticoid 
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Figure 2.7. Female rats 
also demonstrated colitis-
induced anandamide 
reductions.

In female rats exposed to 
colitis, there was a reduction 
in AEA levels in the 
amygdala (A) (t(22)=1.80; 
p=0.04; R2=0.13); medial 
prefrontal cortex (B) 
(t(22)=2.70; p=0.007; 
R2=0.25); but also potentially 
in the hypothalamus 
(C) (t(18)=1.63; p=0.06; 
R2=0.13); and not in 
the hippocampus (D) 
(t(20)=1.11; p=0.14; 
R2=0.06).

Colitis caused no changes 
in females in 2-AG 
levels, including in the 
amygdala (E) (t(22)=0.45; 
p=0.33; R2=0.009); 
medial prefrontal cortex 
(F) (t(22)=0.04; p=0.48; 
R2=0.00009); hypothalamus 
(G) (t(18)=0.04; 
p=0.48; R2=0.00008); 
or hippocampus (H) 
(t(20)=0.80; p=0.22; 
R2=0.03).

n=10-12/group. # p<0.1, 
* p<0.05, ** p<0.01, t-test 
saline versus TNBS.
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administration225,359.  Furthermore, patients with irritable bowel syndrome and IBD, particularly those 

with depression, have elevated levels of CRF361–372. Animal models of visceral hypersensitivity, irritable 

bowel syndrome and IBD also replicate this upregulation of CRF, particularly in the brain373–380. CRF-

R1 is also implicated in adverse behavioural outcomes and neuroinflammation in models of 

ischemia381, arthritis382,383, maternal vaginal infection384. Blockade of CRF-R1 reverses colorectal 

distention-induced anxiety385, monoarthritis386 and pain-related hyperactivity387. This literature 

supports the role for CRF contributing to anxiety and anxiety-like behaviour during chronic 

inflammatory diseases; as well as shows that blunting CRF can be protective against inflammation-

induced anxiety. Here, we add to this literature, showing its upstream importance in AEA reductions 

that lead to anxiety. Therefore, we contribute to the mechanistic understanding of how CRF 

contributes to inflammation-induced anxiety, at least in our model, through reducing AEA levels. 

Furthermore, we provide an additional therapeutic target in this cascade for treating inflammation-

induced anxiety, which is crucial as there are many negative trials for CRF-R1 antagonists in treating 

mood disorders388. We also show a potential role for the CRF system to regulate basal 

endocannabinoid levels, particularly in the medial prefrontal cortex. In our hands, chronic (7 day) 

administration of a CRF-R1 antagonist centrally alters basal levels of AEA and 2-AG in the medial 

prefrontal cortex in a way that mimics repeated stress202,359. This suggests that CRF-R1 in the medial 

prefrontal cortex regulates basal levels of AEA and 2-AG, which suggests that the CRF system 

regulation of endocannabinoids, and AEA in particular, is not linear and the same across brain regions. 

Although out of the scope of this thesis, it highlights a potential avenue for understanding regulation 

of endocannabinoids in this brain region. 

Women show a greater incidence of Crohn’s Disease in large population cohort studies and 

they show a greater occurrence of extra-intestinal manifestations compared to men335,336. Additionally, 

women tend to have a greater preponderance of anxiety disorders334, including comorbid anxiety in 
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patients with IBD389. Recent work from our group shows that both male and female mice exhibit 

anxiety-like behaviour in a dextran sulfate sodium model of colitis91. Here we show in males that 

anxiety-like behaviour induced by TNBS colitis is mediated through an CRF-R1 suppression of AEA 

levels. We also demonstrate in female rats that TNBS administration leads to a reduction of AEA 

levels, albeit to a lesser magnitude than in the males. It is possible that in females this reduction of 

AEA levels also contributes to the anxiety like-behaviour observed across models. 

There is an abundance of work showing that endocannabinoids are protective in peripheral 

inflammatory illnesses. Numerous studies show that boosting endocannabinoids in chronic 

inflammatory diseases, such as IBD304,390,391, is protective. Furthermore, genetic deletion of 

cannabinoid receptors leads to increased susceptibility to colitis in mice304,305,307,392. Building on this, 

inhibition, either pharmacologically or genetically, of FAAH and MAGL—which would increase AEA 

and 2-AG levels, to act on CB1—or CB1 activation itself, leads to improvement in chemical models 

of colitis304,305,308,310,391–394. Interestingly, a recent report shows that both peripheral- and brain-localized 

cannabinoid receptors are required for the ability of endocannabinoid to ameliorate rodent models of 

colitis315. 

Endocannabinoids are neuroprotective and anti-inflammatory to a wide array of neurological 

insults, including, excitotoxicity and injury280, experimental autoimmune encephalitis (EAE)281–283, 

neurodegenerative disease282,284,285, head injury253,286, aging287, and ischemia288, primarily through 

reducing the expression of proinflammatory cytokines. Acute exposure to lipopolysaccharide can 

down-regulate CB1 receptors in the hippocampus395 and administration of the prototypical 

proinflammatory cytokine interleukin (IL)-1β can desensitize CB1 receptors in the striatum151. 

Interferon (IFN)γ can dysregulate central CB1 receptors in a way that generates anxiety396. COX-2 

inhibitors are able to reduce the increase in anxiety seen with inflammatory insults249,250. FAAH 

inhibition decreases anxiety and neuroinflammation in a model of traumatic brain injury253 and poly-
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IC administration254.  Our work builds on these relatively few studies in the context of anxiety-like 

behaviour during chronic inflammatory states and shows that augmenting endocannabinoid signaling 

centrally blunts the anxiety-like behaviour caused by inflammatory states. In addition to the 

endogenous cannabinoid system, there is also evidence that phytocannabinoids can reverse 

inflammation-induced anxiety. Specifically, cannabidiol administration reverses cerebral malaria-

induced anxiety227. Furthermore, cannabis use in patients with IBD may relate to improvements in 

quality of life, specifically with respect to measures of social functioning and depression397. 

Furthermore, neuroimaging studies show that cannabis modulates amygdala reactivity398,399, a brain 

region relevant for anxiety137. Together, this highlights a possibility for cannabinoid-based treatments 

as potential tools for comorbid anxiety in inflammatory diseases. 

Here we show, in rats, that colitis, induced via TNBS administration, leads to a downregulation 

of AEA levels and an increase in FAAH activity, which contributes to an increase in anxiety-like 

behaviour. We, furthermore, show that this occurs through a CRF-R1 mechanism. This builds on 

previous work highlighting a role for CRF in inflammation-induced anxiety and provides further 

mechanistic insight. Additionally, we show that boosting AEA levels can partially reverse colitis-

induced anxiety, indicating that a loss of AEA contributes to colitis-induced anxiety-like behaviour. 

We also show that inhibiting DAGL activity, and thus reducing 2-AG levels, can also partially reverse 

colitis-induced anxiety, indicating that 2-AG signaling may contribute to colitis-induced anxiety. Given 

this evidence showing that boosting cannabinoids can have an effect on treating peripheral indices of 

colitis, and the work, including ours, showing that cannabinoids alter anxiety, including inflammation-

induced anxiety, there is the potential that cannabinoids can serve as a two-pronged approach to treat 

both the underlying inflammation and behavioural comorbidities. We have further replicated this 

reduction in females, illustrating the generalizability of this phenomenon; however, it was of a lesser 

magnitude than observed in males, which could provide an explanation to females showing less 
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anxiety-like behaviour in other models91. We hope that this work will aid in the understanding of neural 

mechanisms of, and potential treatments for, inflammation-induced anxiety-like behaviour. 
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Figure 2.8. Chapter 2 Summary.

Under basal conditions, AEA is thought to constrain neuronal activity. 7 days following colitis 
onset, there is a reduction of AEA levels, driven through a CRF induced increase in FAAH activity, 

leading to anxiety-like behaviour. By blocking this increase in FAAH activity and increases AEA 
levels, we can reverse colitis-induced anxiety-like behaviour.

AEA (anandamide); CB1 (cannabinoid receptor 1); 2-AG (2-arachidonylglycerol); Glu 
(glutatmate); FAAH (fatty acid amide hydrolase); CRF (corticotropin releasing factor).
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Chapter 3: Neuroinflammation Drives Colitis-Induced Reductions of Amygdala Anandamide 

 

Introduction 

Our previous work (Chapter 2), highlights a role for the endocannabinoid system in the generation of 

colitis-induced anxiety-like behaviour. We find that 7 days following intracolonic 2,4,6-

trinitrobenzenesulfonic acid (TNBS) administration, which resembles Crohn’s Disease, leads to AEA 

reductions, including in the amygdala, medial prefrontal cortex and hippocampus. We also find 

increased activity of anandamide’s (AEA’s) primary metabolic enzyme, fatty acid amide hydrolase 

(FAAH), specifically in the amygdala, medial prefrontal cortex and hypothalamus. Colitis-induced 

anxiety can be partially reversed by acute, central administration of a FAAH inhibitor. Additionally, 

we further characterize that the reductions in AEA levels from TNBS exposure occur through a 

corticotropin release factor (CRF) type 1 receptor (CRF-R1) mechanism, particularly in the amygdala 

and hippocampus. Together, this work shows that colitis, through a CRF-R1 increase in FAAH 

activity, leads to anxiety-inducing reductions in AEA levels.  

Given the importance of the amygdala, particularly the basolateral amygdala (BLA) in 

regulating anxiety-like behaviour92, it is a brain region of great importance to investigate changes that 

occur as a result of inflammation. There is a recognized body of literature, in a variety of rodent 

models, showing that the amygdala, particularly the BLA, is responsive to inflammation. For example, 

post-natal lipopolysaccharide (LPS) exposure suppresses gamma-aminobutyric acid (GABA) 

inhibition of BLA neurons, shifting the balance of the BLA to excitation400. Systemic interleukin (IL)-

1β increases BLA firing rate acutely, whereas LPS increases BLA firing rate acutely and persistently401. 

In a model of early multiple sclerosis (MS), there are increased miniature excitatory postsynaptic 

currents (mEPSCs) and increased α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA):N-methyl-D-aspartate (NMDA) receptor ratio in the BLA352. In a model of arthritis, there is 
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an upregulation of tumor necrosis factor (TNF)α in the BLA, which drives anxiety-like behaviour in 

that model152. This work shows that inflammation can specifically increase excitation in the BLA and 

how inflammation in the BLA can induce anxiety-like behaviour. 

Numerous rodent models of colitis show increases in c-Fos expression and levels in the 

amygdala, particularly the central amygdala360,402,403. Increases in cFos are a proxy marker for increased 

cellular activation, and in the amygdala, may be associated with increased anxiety. There are also 

reports of increased EPSCs and action potentials in the central amygdala, as well an increase in anxiety-

like behaviour, in rats acutely exposed to the zymosan model of colitis404. Additionally, there are 

reports of Crfr1 expression in the medial amygdala360, and CRF levels in the central amygdala both 

Day 3 and Day 7 following induction in the TNBS rat model of colitis405. In mice exposed to the 

dextran sodium sulfate (DSS) model of colitis, at Day 7 post-onset, there are no differences in IL-1β, 

IL-6, IL-17A, IL-18, TNFα or GROα (chemokine (C-X-C motif) ligand 1; CXCL1) levels406 or glial 

fibrillary acidic protein (GFAP) expression407; a decrease in neuropeptide Y (NPY)406, brain derived 

neurotropic factor (BDNF)407 and ptgs2 (cyclooxygenase-2; COX-2) expression407. 

Amygdala activation is observed in patients with gut inflammatory diseases, including, irritable 

bowel syndrome and inflammatory bowel diseases (IBD), comprising ulcerative colitis and Crohn’s 

Disease. Specifically, in Crohn’s Disease, there is an increase in amygdala grey matter, particularly in 

those with increased anxiety and depression covariates408. There is also a decrease in functional 

connectivity between the amygdala and the insula, hippocampus and dorsal anterior cingulate cortex409. 

In response to positive emotional stimuli, patients with ulcerative colitis show a reduction in amygdala 

activation compared to healthy controls410. In response to visceral stimulation or expectation of 

visceral stimulation, patients with irritable bowel syndrome show an increase in amygdala 

activation140,411–415; when the visceral stimulus is paired with predictive visual cues, patients with irritable 

bowel syndrome acquire fear learning quicker and show greater amygdala activation than healthy 
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controls416. In response to emotional stimuli, males with irritable bowel syndrome demonstrate greater 

amygdala activation370,415. Together, this work demonstrates that irritable bowel syndrome and IBD 

lead to increased amygdala activation and responsiveness to visceral and emotional stimuli. 

We demonstrate alterations in the amygdalar endocannabinoid system as a result of the TNBS 

model of Crohn’s Disease (Chapter 2). Specifically, 7 days following TNBS administration, we find 

that there is a reduction of AEA levels, and increase in FAAH activity, as well as 2-arachidonylglycerol 

(2-AG) levels. These reductions of AEA levels are involved in the generation of colitis-induced 

anxiety. Furthermore, we show that these AEA reductions are driven through a CRF-R1 mechanism. 

Given work in other models of inflammatory diseases, and human literature, there is the possibility 

that inflammation drives neuronal excitability in the amygdala, particularly the BLA, to drive anxiety-

like behaviour. Therefore, the goal of this project is to investigate how the TNBS model of colitis 

affects neuroinflammation. As we show that TNBS exposure leads to AEA reductions 7 days 

following its administration, therefore, we also set out to investigate whether neuroinflammation 

affects the changes we see in the endocannabinoid system. 

 

Methods 

Animals 

All experiments utilized adult (apx. 300-350 g at time of colitis induction), male, Sprague Dawley rats 

from Charles River. Animals were allowed to acclimate for at least one week prior to experiment onset. 

Rats were paired house and were kept on a 12:12 hour (h) light/dark cycle and had ad libitum access 

to food and water. All experiments were conducted during the light phase of the cycle. All animal 

protocols were approved by the University of Calgary Animal Care Committee and Canadian Council 

for Animal Care. 
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Colitis Induction 

As in Chapter 2, under brief isoflurane anesthesia, rats received an intrarectal bolus (apx. 7 cm 

proximal to the anus) of TNBS (0.45 mL, 50 mg/mL, 50 % [vol/vol] in ethanol/saline), via a cannula. 

Control animals received the same volume of saline delivered similarly. Body weight was monitored. 

All analysis and testing took place either 3- or 7-days post TNBS administration. 

 

Macroscopic Tissue Damage 

As outlined in Chapter 2, colons were removed and washed with ice-cold physiological saline (0.9 %) 

and cut open longitudinally and macroscopically scored for damage and inflammation, based on 

adhesions, diarrhea and degree of ulceration. This score was adapted from those previously 

reported338,340,339.  

 

Myeloperoxidase Activity 

As described in Chapter 2, following macroscopic tissue damage assessment, a sample of colon was 

used in the myeloperoxidase (MPO) activity assay, which was adapted from those previously 

described337,341,342. As described in Chapter 2, briefly, samples were weighed, homogenized and 

centrifuged. 7 µL of the supernatant was added to hydrogen peroxide and o-dianisidine 

dihydrochloride in a 96 well-plate and absorbance was read at 450 nm, three times over one minute 

(min) (every 30 seconds (sec)).  

 

Cytokine Multiplex Assay 

As previously described130, trunk blood was collected in vacutainer tubes containing 

ethylenediaminetetraacetic acid (EDTA). Post collection, blood was held on ice for no more than 30 

min and then centrifuged for 20 min at 10,000 x g at 4 °C. Plasma was aliquoted and stored at -80 °C. 
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Epidermal growth factor (EGF), Eotaxin (C-C motif chemokine ligand 11; CCL11), 

Fractalkine (CX3CL1), granulocyte colony stimulating factor (G-CSF), granulocyte monocyte colony 

stimulating factor (GM-CSF), GRO/KC (CXCL1), interferon (IFN)γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, 

IL-6, IL-10, IL-12 (p70), IL-13, IL-17A, IL-18, IFNγ inducible protein (IP)-10 (CXCL10), Leptin, 

LPS-induced CXC (LIX; CXCL5), monocyte chemoattractant protein (MCP)-1 (CCL2), monocyte 

inflammatory protein (MIP)-1α (CCL3), MIP-2 (CXCL2), regulated on activation normal T cell 

expressed and secreted (RANTES; CCL5), TNFα, and vascular endothelial growth factor (VEGF) 

were assayed using a Milipore Milliplex Rat Cytokine/Chemokine Array by Eve Technologies 

(Calgary, AB, Canada). 

 

Gene Expression Analysis 

As previously described130,131,225, and as in Chapter 2, messenger ribonucleic acid (mRNA) was isolated 

from frozen amygdala and was transformed into complementary deoxyribonucleic acid (cDNA) for 

gene expression analysis. Briefly, RNA was isolated using the Qiagen RNEasy Plus Universal Mini kit 

using a Qiacube according to the manufacturer’s protocol. mRNA was transformed to cDNA using a 

QuantiTect Reverse Transcription Kit according to the manufacturer’s protocol to a final 

concentration of 25 ng/µL. Primers for control genes and genes of interest were designed using 

PrimerQuest software, as previously detailed130, including in Chapter 2. For a list of primer sequences 

please see Table 3.1. Quantitative polymerase chain reaction (qPCR) was executed as previously 

described130,131,225 (Chapter 2), using the PerfeCTa SYBR Green Fast Mix on a RotoGene Q light cycler 

according to the manufacturer’s instructions. 50 ng of cDNA, primers (1 µM final concentration) and 

buffer containing SYBR Green and deoxynucleoside triphosphate (DNTPs) were added to tubes for 

a final volume of 10 µL. Each primer and gene of interest pair were assayed in the amygdala across 

conditions (saline and TNBS). Expression levels at Day 3 and Day 7 were assayed at different times 
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and were not compared. Cycle threshold (Ct) value was ascertained using the RotoGene Q software 

(Qiagen). Delta, delta Ct was calculated, and the data were normalized so the average of the saline 

group was 1. 

Table 3.1. qPCR Primer List 

Gene Protein Forward Reverse 
  

Reference Genes 

B2m130 β2 microglobulin CAGTTCCACCCA
CCTCAAATAG 

GTGTGAGCCAGG
ATGTAGAAAG 

Rplp0130 Ribosomal protein P0 (RPLP0) AAGGTCGAAGC
AAAGGAAGAG 

TTAAGCAGGCTG
ACTTGGTG 

Rlp2225 Ribosomal protein P2 (RPLP2) CGCTACGTTGCC
TCTTATCT 

GCCCACGCTGTCT
AGTATTT 

Tbp130 TATA box binding protein TCATGGTGCGTG
ACGATAAC 

CTGGTCCATGACT
CTCACTTTC 

  
Genes of Interest (Neuroinflammatory) 

Ccl2130 
Monocyte chemoattractant protein 

(MCP)-1 /  
C-C motif chemokine ligand (CCL2) 

GTCTCAGCCAGA
TGCAGTTAAT 

CTGCTGGTGATTC
TCTTGTAGTT 

Ccl3130 Macrophage inflammatory protein 
(MIP)-1 / CCL3 

GAGATTAGAGG
CAGCAAGGAA 

CTTGGCAGCAAA
CAGCTTATAG 

Crp130 C-reactive protein (CRP) GACCTGCCTCAT
ACTCATAACC 

CTCCAAAGGGAA
CCCAAAGTA 

Csf3130 
Granulocyte colony stimulating factor 

(G-CSF) /  
Colony stimulating factor 3 (CSF3) 

AGCAGGGGAGA
TAGGTAAA 

AGCAGGGCTCAA
TGTGATTT 

Cx3cl1130 Fractalkine /  
C-X3-C motif chemokine ligand (CX3CL)1 

GCAGCTTTCCGC
TCTGAATA 

CTGTTCTGAGCTT
CCACCTATC 

Cxcl2130 MIP-2 / CXCL2 TGTGCTCAAGAC
TCCAACC 

AGGAGCAGGACC
AGTACA 

Ifna130 Interferon (IFN)α CTGGATGACCTG
TCCATAGTTG 

GGAGGTGCCTAT
AAGGTGAAAG 

Ifny130 IFNγ CGAATCGCACCT
GATCACTAA 

TGGATCTGTGGG
TTGTTCAC 

Il1a130 Interleukin (IL)-1α GAGGCCATAGCC
CATGATTTA 

CTCCTGCTTGACG
ATCCTTATC 

Il1b130 IL-1β CTATGGCAACTG
TCCCTGAA 

GGCTTGGAAGCA
ATCCTTAATC 
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Quantification of Amygdala Cytokine Levels 

As previously described130, amygdala were excised and stored at -80 °C prior to processing for cytokine 

enzyme-linked immunosorbent assays (ELISAs). Frozen amygdala samples were weighed and a 

homogenization buffer (containing 150 mM sodium chloride, 2.5 mm magnesium chloride, 5 mg/500 

mL aprotinin and cOmplete protease inhibitors) was added at 10 µL buffer/mg tissue. Tissue 

homogenization was completed using the TissueLyser LT bead homogenizer using 50 mm steal beads 

Il1rn130 IL-1 receptor antagonist (IL-1RA) CCTTCCTGATGT
GGTGAATGA 

CTCATAGTCTGGC
AGAGGAAAC 

Il2130 IL-2 TGGTGGAATTTC
TGAGGAGATG 

AGCCTTGTGTGTT
ATAAGTAGGAG 

Il6130 IL-6 
GAAGTTAGAGTC
ACAGAAGGAGT
G 

GTTTGCCGAGTA
GACCTCATAG 

Il12p4013

0 IL-12p40 GCAGGTGAAAC
CTTTGAAGAAC 

GACGAAGAACTT
GAGGGAGAAG 

Il17a130 IL-17A CTGCGTTTCTCT
GCAAACTTC 

GGTGGAAGGCAG
ACAATTCTA 

Nfkb130 Nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) 

GGTTACGGGAG
ATGTGAAGATG 

GTGGATGATGGC
TAAGTGTAGG 

Nos2130 Nitric oxide synthase (NOS)-2 CAACTACTGCTG
GTGGTTACA 

AAGGTATGCCCG
AGTTCTTTC 

Ppara Peroxisome proliferator- 
activated receptor α 

TGCTGAAGTACG
GTGTGTATG 

CTTTAGGAACTCT
CGGGTGATG 

Pparg130 Peroxisome proliferator- 
activated receptor γ 

CGGTTGATTTCT
CCAGCATTT C 

TCTTGGAGCTTCA
GGTCATATTT 

Ptgs1130 Cyclooxygenase (COX)-1 / 
prostaglandin synthase (PTGS)1 

GCTATTTCCTCCA
GCTCAAGT 

ATGAACGGATGC
CAGTGATAG 

Ptgs2130 Cyclooxygenase (COX)-2 / 
prostaglandin synthase (PTGS)2 

GGCCAGGGAGT
GGACTTAAA 

GTCTTTGACTGTG
GGAGGATAC 

Socs3130 Suppressors of cytokine signaling (SOCS)3 GATTCTACTGGA
GTGCCGTAAC 

GAGCTGTCGCGG
ATAAGAAA 

Tlr4130 Toll like receptor (TLR)-4 GGTGAGAAACG
AGCTGGTAAAG 

GCAATGGCTACA
CCAGGAATAA 

Tnfa130 Tumor necrosis factor (TNF)α ACCTTATCTACTC
CCAGGTTCT 

GGCTGACTTTCTC
CTGGTATG 
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for 2 min at 50 Hz. Samples were then passed through a 0.22 µm spin filter tube for 4 min at 12,000 

x g at 4 °C. Total protein quantification was assayed using a Pierce bicinchoninic acid (BCA) assay 

according to the manufacturer’s protocol (Thermo Fisher Scientific). 

Corticolimbic brain regions were assayed for IL-1β, IL-6 and MCP-1 using commercially 

available ELISA kits according the manufacturers’ protocols. For IL-1β (ebioscience), the sensitivity 

of the assay was 39 pg/mL with a standard curve of 39-5,000 pg/mL. For IL-6 (ebioscience), the limit 

of detection of the assay was 12 pg/mL and the standard curve ranged from 31-2,000 pg/mL. For 

MCP-1 (R&D Systems), the sensitivity of the assay was 2 pg/mL and had a standard curve that ranged 

from 15.60-1,000 pg/mL. In our hands, there were baseline differences between runs of kits for the 

same cytokines, therefore, we were only able to compare samples run on the same plate (i.e. we were 

only able to compare within Day 3 and Day 7 but not between the two days). 

 

Endocannabinoid Measurement 

AEA and 2-AG were measured using liquid chromatography/tandem mass spectrometry utilizing a 

method previously described344. Briefly, amygdala were excised, snap frozen and stored at -80 °C. 

Frozen tissue was homogenized manually with a glass rod in 2 mL of acetonitrile containing 100 µL 

of internal standard (AEA-d8 at 0.1 µM and 2-AG-d8 5 µM). Proteins were precipitated overnight, 

centrifuged twice, evaporated under N2 gas before resuspension in 200 µL acetonitrile for 

simultaneous quantification of AEA and 2-AG. 

Liquid chromatography/tandem mass spectrometry was performed by the Southern Alberta 

Mass Spectrometry Centre at the University of Calgary on an Eksigent ekspert micro LC 200 coupled 

to an AB Sciex Qtrap 5500 mass spectrometry, which was outfitted with a Turbo V Spray ion source. 

Data were processed using Analyst 1.5.2 software and linear regression of the ratio of analyte peak 
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areas to internal standard was performed over analyte concentration range. For this method, a 

calibration set of six dilutions of both AEA (0.05-50 nM) and 2-AG (0.025-25 µM) were utilized. 

 

Enzymatic Activity Assays 

Frozen amygdala were excised and membrane fractions were prepared as previously described224 

(Chapter 2). 

FAAH activity was measured as the conversion of [3H]-AEA to [3H]-ethanolamine, as 

described previously224,225 (Chapter 2). The maximal hydrolytic activity of FAAH (Vmax) and binding 

affinity of AEA for FAAH (Km) values for this conversion were determined by fitting the data to the 

Michaelis-Menten equation using GraphPad Prism. 

Monoacylglycerol lipase (MAGL) activity was measured as the conversion of [3H]-2-

oleoylglycerol to [3H]-glycerol, as previously described223,241 (Chapter 2). The maximal hydrolytic 

activity of MAGL (Vmax) and binding affinity of 2-oleoylglycerol (2-OG) for MAGL (Km) values for 

this conversion were determined by fitting the data to the Michaelis-Menten equation using GraphPad 

Prism. 

 

Mini Osmotic Pump and Cannula Implantation 

As in Chapter 2, for continuous drug infusion, a mini osmotic pump (Alzet; Model 2002; 0.5 µL/hour; 

2-week max duration) connected to a 5 mm brain infusion kit (Alzet) was employed351. The mini 

osmotic pumps were pre-loaded with vehicle (aCSF352:DMSO [90:10; vol:vol]) or minocycline (100 

µg/day) and were incubated at 37 °C for 1-3 days prior to implantation as recommended by 

manufacturer’s instructions when pumps are connected to a brain infusion kit. Under isoflurane 

anesthesia, following administration of an analgesic (meloxicam (1 mg·kg-1, subcutaneously)), the 

unilateral cannula was placed −0.90 mm anteroposterior and 1.4 mm mediolateral from Bregma, and 
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the pump was placed subcutaneously between the shoulder blades. Surgeries were performed on the 

same day, but prior to, TNBS or vehicle administration. Placements were confirmed with dye infusion 

post-mortem. 

 

IBA1 Staining 

The number of ionized calcium-binding adapter molecule 1 (IBA1)+ cells in the brain was ascertained 

as previously reported339,417. Briefly, rats were anesthetized with sodium pentobarbital, and 

transcardially perfused with ice-cold 0.9 % saline solution followed by 4 % paraformaldehyde. Brains 

were then removed and kept in paraformaldehyde overnight, followed by immersion in 30% sucrose. 

Brains were sectioned coronally at 40 µm using a microtome and stored at -20 °C. Free floating brain 

sections were then immunolabeled for the presence of IBA1+ cells. Serial sections were washed, 

blocked with bovine serum albumin (BSA) and normal serums for 1 h at RT and stained for Iba1 

overnight at 4 °C (1:400; ProteinTech), followed by washing and subsequent staining with a secondary 

fluorescent antibody (AF647; Jackson; 1:500). Sections were mounted using fluoroshield with 4’,6-

diamidino-2-phenylindole (DAPI) and cover-slipped. 

Immunoreactive cells were visualized in the BLA using a Leica TCS SPEII confocal 

microscope using 20x magnification. 40, 1 µm, serial z-sections were acquired. Images were acquired 

using the Leica Application Suite and then analyzed using ImageJ software. For each region, three 

images were acquired per animal. Images were analyzed for total number of IBA1+ cells. Additionally, 

the mean fluorescence intensity of IBA1 staining was calculated per image. 

 

Statistical Analysis 

All data were anlyzed using Graphpad Prism v8. For comparison of two groups, one-tailed student’s 

t-tests were used. For comparisons between two independent variables two-way analysis of variance 
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Figure 3.1
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Figure 3.1. Experimental Timeline.

TNBS (2,4,6-trinitrobenzene sulfonic acid); mRNA (messenger ribonucleic acid); IBA1 (ionized 
calcium-binding adapter molecule 1); AEA (anandamide); 2-AG (2-arachidonylglycerol).
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(ANOVA)s were performed. For all ANOVA analyses, significant interactions and main effects were 

reported, and relevant comparisons were compared using Fisher’s Least Significant Difference (LSD) 

tests. t- or F-values, p-values and R2-values were reported. Data were presented as mean ± standard 

error of the mean (SEM). Outliers were removed using the ROUT method354, set to a 1 % threshold, 

in the software, as previously described130. 

 

Experimental Timeline 

A timeline for each experiment was outlined in Figure 3.1. 

 

Results 

Similar Macroscopic Tissue Damage and Plasma Cytokines Elevations 3- and 7-Days Following Colitis 

Induction 

Neuroinflammation was assessed at both the peak of the acute phase of colitis (Day 3), as well as 

when rats show anxiety-like behaviour (Day 7) (Chapter 2, Figure 2.2). We first assessed peripheral 

inflammation to look at whether there were similarities between the two days (as this may influence 

neuroinflammation). We found that at both Day 3 (Figure 3.2A) and Day 7 (Figure 3.2B) post-colitis 

induction macroscopic tissue damage was increased (p<0.0001). MPO activity was increased at Day 3 

(p<0.01) (Figure 3.2C) and Day 7 (p<0.001) (Figure 3.2D). 

 Using a multiplex assay, we assessed the levels of 27 cytokines and chemokines. We found 

that at Day 3 (Table 3.2), there were significant increases (p<0.05) in Eotaxin, G-CSF, GM-CSF, IL-

2, IL-4, IL-10, IL-12p70, IL-13, IL-17A, IL-18, MIP-1α and MCP-1 levels; potential increases (p<0.1) 

in IL-6, MIP-2, TNFα and VEGF levels; significant decreases (p<0.05) in EGF, Leptin and RANTES 

levels; potential decreases (p<0.1) in GRO/KC and LIX levels; and no changes in Fractalkine, IFNγ, 

IL-1α, IL-1β, IL-5 and IP-10 levels. On Day 7 (Table 3.2), there were significant increases (p<0.05) in 
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Figure 3.2. Similarities in macroscopic tissue damage, myeloperoxidase activity and peripheral 
cytokines Day 3 and Day 7 post-colitis induction.

There was a significant increase in macroscopic tissue damage at both Day 3 (t(12)=6.02; 
p=0.00003; R2=0.75) (A) and Day 7 (t(15)=5.64; p=0.00002; R2=0.68) (B) following TNBS 
administration.

There was a significant increase in MPO activity at both Day 3 (t(12)=3.83; p=0.001; R2=0.55) (C) 
and Day 7 (t(15)=4.52; p=0.0002; R2=0.58) (D) following TNBS administration.

Furthermore, we examined the pattern of fold changes in levels at Day 3 and Day 7 between 
saline and TNBS groups (E).

n=7-9/group. **p<0.01; **** p<0.0001 t-test saline vs. TNBS.
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Table 3.2 Effect of TNBS Administration on Plasma Inflammatory Mediator Levels. 
 

Day Saline TNBS Statistics 
    

EGF 
Day 3 14.03±5.07; n=6 1.89±0.88; n=5 * t(9)=2.15; p=0.03; R2=0.34 
Day 7 94.71±38.14; n=9 3.86±1.87; n=7 * t(14)=2.08; p=0.03; R2=0.24 
    

Eotaxin 
Day 3 9.58±0.55; n=7 11.03±0.48; n=7 * t(12)=1.97; p=0.04; R2=0.24 
Day 7 9.24±0.43; n=9 11.26±0.50; n=8 ** t(15)=3.10; p=0.004; R2=0.39 
    

Fractalkine 
Day 3 51.56±5.77; n=7 60.41±12.65; n=6 t(11)=0.67; p=0.26; R2=0.04 
Day 7 34.16±2.06; n=9 38.17±2.16; n=6 t(13)=1.30; p=0.11; R2=0.11 
    

G-CSF 
Day 3 39.71±5.88; n=7 52.65±2.38; n=7 * t(12)=2.04; p=0.03; R2=0.26 
Day 7 40.77±3.52; n=9 53.84±3.70; n=8 * t(15)=2.56; p=0.01; R2=0.30 
    

GM-CSF 
Day 3 39.71±5.88; n=7 52.65±2.38; n=7 * t(12)=2.04; p=0.03; R2=0.26 
Day 7 40.77±3.52; n=9 53.84±3.70; n=8 * t(15)=2.56; p=0.01; R2=0.30 
    

GRO/KC 
Day 3 593.73±84.05; n=7 438.48±81.05; n=7 # t(12)=1.33; p=0.10; R2=0.13 
Day 7 407.74±56.70; n=9 309.43±85.24; n=8 t(15)=0.98; p=0.17; R2=0.06 
    

IFNγ 
Day 3 94.34±10.36; n=7 96.58±5.70; n=7 t(12)=0.19; p=0.43; R2=0.003 
Day 7 72.67±6.62; n=9 101.2±7.20; n=7 ** t(14)=2.91; p=0.006; R2=0.38 
    

IL-1α 
Day 3 117.51±12.91; n=7 124.78±6.44; n=7 t(12)=0.50; p=0.31; R2=0.02 
Day 7 117.45±10.35; n=9 130.57±14.03; n=8 t(15)=0.76; p=0.23; R2=0.04 
    

IL-1β 
Day 3 45.83±7.80; n=7 46.45±6.81; n=6 t(11)=0.06; p=0.48; R2=0.0003 
Day 7 33.88±2.90; n=9 35.19±3.93; n=7 t(14)=0.28; p=0.39; R2=0.005 
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Table 3.2 Effect of TNBS Administration on Plasma Inflammatory Mediator Levels. (Cont’d). 
 

IL-2 
Day 3 84.08±12.65; n=7 339.75±128.25; n=6 * t(11)=2.16; p=0.03; R2=0.30 
Day 7 84.61±10.02; n=9 113.07±7.74; n=6 * t(13)=2.05; p=0.03; R2=0.24 
    

IL-4 
Day 3 40.41±5.48; n=7 53.95±3.90; n=7 * t(12)=2.02; p=0.03; R2=0.25 
Day 7 43.43±5.29; n=9 52.91±4.62; n=8 t(15)=1.33; p=0.10; R2=0.11 
    

IL-5 
Day 3 48.64±4.80; n=7 51.63±1.94; n=7 t(12)=0.58; p=0.29; R2=0.03 
Day 7 47.18±3.10; n=9 56.43±4.09; n=8 * t(15)=1.83; p=0.04; R2=0.18 
    

IL-6 
Day 3 1833.06±334.32; n=7 2485.37±172.72; n=7 # t(12)=1.73; p=0.05; R2=0.20 
Day 7 1797.00±284.70; n=9 2503.39±170.77; n=8 * t(15)=2.06; p=0.03; R2=0.22 
    

IL-10 
Day 3 91.43±8.19; n=6 182.87±37.97; n=7 * t(11)=2.18; p=0.03; R2=0.30 
Day 7 78.06±8.47; n=9 129.39±22.81; n=8 * t(15)=2.21; p=0.02; R2=0.25 
    

IL-12p70 
Day 3 215.05±35.82; n=7 298.72±14.72; n=7 * t(12)=2.16; p=0.03; R2=0.28 
Day 7 200.20±29.58; n=9 266.04±18.13; n=8 * t(15)=1.84; p=0.04; R2=0.18 
    

IL-13 
Day 3 31.52±2.43; n=7 39.48±2.80; n=7 * t(12)=2.15; p=0.03; R2=0.28 
Day 7 29.44±2.25; n=9 39.63±1.88; n=8 ** t(15)=3.43; p=0.002; R2=0.44 
    

IL-17A 
Day 3 19.22±4.15; n=7 32.31±4.73; n=7 * t(12)=2.08; p=0.03; R2=0.26 
Day 7 17.77±3.17; n=9 30.23±5.99; n=8 * t(15)=1.90; p=0.04; R2=0.19 
 

IL-18 
Day 3 189.77±19.28; n=7 828.85±334.42; n=7 * t(12)=1.91; p=0.04; R2=0.23 
Day 7 150.75±5.56; n=9 182.44±13.08; n=6 * t(15)=2.53; p=0.01; R2=0.33 
    

IP-10 
Day 3 215.37±35.45; n=7 174.88±19.57; n=7 t(12)=1.00; p=0.17; R2=0.08 
Day 7 172.98±10.95; n=9 168.61±16.24; n=7 t(14)=0.23; p=0.41; R2=0.004 
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Table 3.2 Effect of TNBS Administration on Plasma Inflammatory Mediator Levels. (Cont’d). 
 

Leptin 

Day 3 13630.27±985.09; n=7 2880.21±403.10; n=7 **** t(12)=10.10; p<0.000001; 
R2=0.89 

Day 7 10347.33±1756.82; 
n=9 7540.12±2198.23; n=8 t(15)=1.01; p=0.16; R2=0.06 

    
LIX 

Day 3 2170.44±519.05; n=7 1227.13±231.63; n=7 # t(12)=1.66; p=0.06; R2=0.19 
Day 7 1268.47±163.22; n=9 1596.71±231.39; n=8 t(15)=1.18; p=0.13; R2=0.08 
    

MIP-1α 
Day 3 14.64±2.02; n=7 38.94±13.02; n=7 * t(12)=1.84; p=0.045; R2=0.22 
Day 7 9.20±0.45; n=9 13.93±1.50; n=6 ** t(13)=3.56; p=0.002; R2=0.49 
    

MIP-2 
Day 3 98.44±11.55; n=7 118.61±5.42; n=7 # t(12)=1.58; p=0.07; R2=0.17 
Day 7 102.59±7.73; n=9 121.25±13.84; n=8 t(15)=1.21; p=0.12; R2=0.09 
    

MCP-1 
Day 3 830.41±100.78; n=7 1157.74±87.20; n=7 * t(12)=2.46; p=0.02; R2=0.33 
Day 7 605.57±22.89; n=9 845.70±66.50; n=8 ** t(15)=3.58; p=0.001; R2=0.46 
    

RANTES 
Day 3 1090.26±261.28; n=7 388.66±57.70; n=7 * t(12)=2.63; p=0.01; R2=0.37 
Day 7 450.29±64.57; n=9 744.49±155.95; n=8 * t(15)=1.82; p=0.04; R2=0.18 
    

TNFα 
Day 3 6.47±0.62; n=7 7.68±0.62; n=7 # t(12)=1.39; p=0.09; R2=0.14 
Day 7 5.72±0.34; n=9 8.35±0.65; n=8 ** t(15)=3.68; p=0.001; R220.47 
    

VEGF 
Day 3 59.66±6.71; n=7 95.10±21.68; n=6 # t(12)=1.67; p=0.06; R2=0.20 
Day 7 39.32±4.95; n=9 50.53±4.84; n=6 # t(13)=1.55; p=0.07; R2=0.16 

 
 
Effects of colitis on levels of inflammatory mediator proteins in the plasma. Data are presented 

as mean±SEM. #p<0.1, *p<0.05, **p<0.01, ****p<0.0001, t-test saline versus TNBS.  
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Eotaxin, G-CSF, IFNγ, IL-2, IL-5, IL-6, IL-10, IL-12p70, Il-13, IL-17A, IL-18, MIP-1α, MCP-1, 

RANTES and TNFα levels; potential increases (p<0.1) in GM-CSF and VEGF levels; significant 

decreases (p<0.05) in EGF levels; and no differences in Fractalkine, GRO/KC, IL-1α, IL-1β, IL-4, 

IP-10, Leptin, LIX and MIP-2 levels. 

 We looked at the pattern of fold differences on each day, in comparison to the same day’s 

saline group (Figure 3.2E). For the most part, the pattern of changes between Day 3 and Day 7 was 

similar, except for the following: IL-1β, LIX and RANTES. 

 
Colitis Increased Amygdalar Inflammatory Mediator Expression and Levels 3, but not 7, Days 

Following Induction 

Next, we examined whether there were any alterations in inflammatory mediators in the amygdala. 

First, we examined, using qPCR, the expression of numerous inflammatory mediators in the amygdala, 

including, Ccl2, Ccl3, Crp, Csf3, Cx3cl1, Cxcl2, Ifna, Ifny, Il1a, Il1b, Il1rn, Il2, Il6, Il12p40, Il17a, Nfkb, 

Nos2, Ppara, Pparg, Ptgs1, Ptgs2, Socs3, Tlr4 and Tnfa. At Day 3 post-colitis induction (Figure 3.3A), there 

was an increase in the expression of Ppara (p<0.05), Ptgs1 (p<0.01), Ptgs2 (p<0.05) and potential 

increases in Il1a (p<0.1), Il1rn (p<0.1), Il6 (p<0.1); a decrease in the expression of Il12p40 (p<0.05) 

and a potential decrease in Crp (p<0.1); and no changes (p>0.1) in the expression of Ccl2, Ccl3, Csf3, 

Cx3cl1, Cxcl2, Ifng, Il1b, Il2, Il17a, Nfkb, Nos2, Pparg, Socs3, Tlr4 and Tnfa. At Day 7 post-colitis induction 

(Figure 2.2A), there was a potential increase in the expression of Il1b (p<0.1); a potential decrease in 

the expression of Il2 (p<0.1); and no changes (p>0.1) in the expression of Ccl2, Ccl3, Crp, Csf3, Cx3cl1, 

Cxcl2, Ifna, Ifng, Il1a, Il1rn, Il6, Il12p40, Il17a, Nfkb, Nos2, Ppara (see Chapter 2, Table 4), Pparg (see 

Chapter 2, Table 4), Ptgs1 (see Chapter 2, Table 4), Ptgs2 (see Chapter 2, Table 4), Socs3, Tlr4 and Tnfa. 

 Using commercially available ELISA kits, we measured the levels of IL-1β, Il-6 and MCP-1 in 

the amygdala at both Day 3 and Day 7 post-colitis induction. We found that there was an increase in 

levels of IL-1β (p<0.1) (Figure 3.3B), IL-6 (p<0.05) (Figure 3.3C) and MCP-1 (p<0.05) (Figure 3.3D)  
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Figure 3.3. Colitis increased inflammatory mediator expression and levels 3, but not 7, days 
post-induction.

There was an increase with TNBS administration at Day 3 (A) in the expression of Ppara 
(t(12)=2.02; p=0.03; R2=0.25), Ptgs1 (t(12)=3.13; p=0.009; R2=0.45) and Ptgs2 (t(12)=1.84; 
p=0.045; R2=0.22) and a potential increase in the expression of Il1a (t(11)=1.71; p=0.06; 
R2=0.21), Il1rn (t(12)=1.63; p=0.07; R2=0.18), Il6 (t(12)=1.72; p=0.06; R2=0.20); as well as a 
decrease in Il12p40 (t(11)=2.22; p=0.02; R2=0.31) and potentially in Crp (t(12)=1.69; p=0.06; 
R2=0.19); and no changes in the expression of Ccl2 (t(12)=0.25; p=0.40; R2=0.005), Ccl3 
(t(12)=0.10; p=0.46; R2=0.0008), Csf3 (t(10)=0.61; p=0.28; R2=0.04), Cx3cl1 (t(11)=0.54; p=0.30; 
R2=0.03), Cxcl2 (t(12)=0.00; p=0.00; R2=0.00), Ifna (t(12)=0.84; p=0.21; R2=0.06), Ifng (t(11)=0.91; 
p=0.19; R2=0.07), Il1b (t(12)=0.92; p=0.19; R2=0.07), Il2 (t(12)=0.63; p=0.27; R2=0.03), Il17a 
(t(12)=1.17; p=0.13; R2=0.10), Nfkb (t(11)=0.54; p=0.30; R2=0.03), Nos2 (t(11)=1.28; p=0.11; 
R2=0.13), Pparg (t(12)=0.009; p=0.50; R2=0.000007), Socs3 (t(12)=0.18; p=0.43; R2=0.003), Tlr4 
(t(12)=0.81; p=0.22; R2=0.05) and Tnfa (t(10)=1.12; p=0.14; R2=0.11).

On the other hand, on Day 7 following TNBS administration (A), there was a potential increase 
in the expression of Il1b (t(12)=1.38; p=0.096; R2=0.14); a potential decrease in the expression 
of Il2 (t(12)=1.39; p=0.09; R2=0.14); and no change in the expression of Ccl2 (t(12)=0.05; 
p=0.48; R2=0.0002), Ccl3 (t(12)=1.23; p=0.12; R2=0.11), Crp (t(12)=0.53; p=0.30; R2=0.02), Csf3 
(t(12)=1.28; p=0.12; R2=0.14), Cx3cl1 (t(12)=0.94; p=0.18; R2=0.07), Cxcl2 (t(11)=0.91; p=0.19; 
R2=0.07), Ifna (t(12)=1.30; p=0.11; R2=0.12), Ifng (t(10)=0.52; p=0.31; R2=0.03), Il1a (t(12)=0.85; 
p=0.21; R2=0.06), Il1rn (t(12)=0.76; p=0.23; R2=0.05), Il6 (t(12)=0.47; p=0.32; R2=0.02), Il12p40 
(t(12)=031; p=0.38; R2=0.008), Il17a (t(12)=1.03; p=0.16; R2=0.08), Nfkb (t(11)=0.92; p=0.19; 
R2=0.07), Nos2 (t(10)=0.92; p=0.19; R2=0.08), Ppara (see Chapter 2), Pparg (see Chapter 
2), Ptgs1 (see Chapter 2), Ptgs2 (see Chapter 2), Socs3 (t(12)=0.95; p=0.18; R2=0.07), Tlr4 
(t(12)=0.76; p=0.23; R2=0.05) and Tnfa (t(12)=0.31; p=0.38; R2=0.008).

Levels of IL-6 (t(12)=2.02; p=0.03; R2=0.25) (C) and MCP-1 (t(12)=1.80; p=0.048; R2=0.21) (D), 
and potentially IL-1β (t(12)=1.49; p=0.08; R2=0.16) (B), were increased in the amygdala at Day 
3 post-colitis induction. However, there were no changes in levels of IL-1β (t(10)=0.50); p=0.32; 
R2=0.02) (E), IL-6 (t(10)=0.27; p=0.39; R2=0.007) (F) and MCP-1 (t(10)=0.58; p=0.29; R2=0.03) (G) 
at Day 7 post-colitis onset.

n=4-7/group for gene expression and n=6-8/group for ELISA. # p<0.1, *p<0.05, **p<0.01 t-test 
saline vs. TNBS.
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at Day 3, but no changes in levels of IL-1β (p>0.1) (Figure 3.3E), IL-6 (p>0.1) (Figure 3.3F) and 

MCP-1 (Figure 3.3G) at Day 7. It should be noted that there are baseline differences in our saline 

groups between Day 3 and Day 7, and as they were not analyzed using the same plates, were not 

compared. This difference was likely due to inconsistency across plates (discussed more in Chapter 5). 

 

Amygdala AEA Levels Were Not Altered 3 Days Following Colitis Induction 

We previously demonstrated (Chapter 2, Figure 2.3) that at Day 7 post-TNBS administration in the 

amygdala, there was a reduction of AEA levels and increase in 2-AG levels and FAAH activity, as well 

as no changes in MAGL activity. In order to get a better idea of the timeline between endocannabinoid 

and neuroinflammatory changes, we also examined AEA and 2-AG levels, as well as FAAH and 

MAGL activity at Day 3 post-colitis onset. AEA levels were not altered (p>0.1) at Day 3 post-colitis 

onset (Figure 3.4A). FAAH activity levels had a potential increase (p<0.1) at Day 3 (Figure 3.4B). 2-

AG levels were increased (p<0.05) at Day 3 post-colitis onset (Figure 3.4C). MAGL activity levels 

were not altered (p>0.1) at Day 3 (Figure 3.4D). The binding affinity of AEA for FAAH was not 

different as a result of colitis (saline=0.50±0.11, n=6; TNBS=0.95±0.32, n=6; t(10)=1.33; p=0.11; 

R2=0.15). There was a significant decrease in the binding affinity of 2-AG for MAGL (Km) as a result 

of colitis (saline=13.42±2.22, n=5; TNBS=20.16±2.05, n=6; t(9)=2.23; p=0.03; R2=0.36). 

Given that AEA levels are not altered until Day 7 following colitis induction, but 

neuroinflammation was increased, it is possible that the increase in inflammatory mediators drives 

these reductions in AEA levels that are necessary for colitis-induced anxiety. 
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Figure 3.4. Amygdala AEA levels were not altered 3 days 
following colitis induction.

There were no changes (t(19)=1.27; p=0.22; R2=0.08) in 
AEA levels at Day 3 following TNBS administration (A); 
there was, though, a potential increase in FAAH activity 
(Vmax) (t(10)=1.45; p=0.09; R2=0.17) at Day 3 (B). There was 
an increase in 2-AG levels (t(21)=2.53; p=0.02; R2=0.23) at 
Day 3 following TNBS administration (C); but no change in 
MAGL activity (Vmax) (t(9)=1.34; p=0.11; R2=0.17).

n=9-13/group for levels and n=5-6/group for enzyme 
activity. #p<0.1, *p<0.05 t-test saline vs. TNBS.
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Broadly Inhibiting Inflammation and Microglia with Minocycline Reversed Colitis-Induced Decreases 

in Amygdala AEA Levels 7 Days Following Induction 

In order to test whether inflammation played a role in colitis-induced changes in endocannabinoid 

levels, we used the broad-spectrum antibiotic, anti-fungal, anti-inflammatory agent, minocycline, 

which has been shown to inhibit microglia418. We found that seven days of minocycline continuously 

delivered intracerebroventricularly (ICV) blocked colitis-induced reductions of AEA levels (p<0.05) 

(Figure 3.5A) but did not alter 2-AG levels (p>0.05) (Figure 3.5B), macroscopic tissue damage 

(p>0.05) (Figure 3.5C) or MPO activity (p>0.05) (Figure 3.5D). 

In order to gain insights into the potential mechanism of minocycline’s effects, and given its 

ability to inhibit microglia, we analyzed IBA1+ cells (which include microglia). We found that there 

was a trending increase (p<0.1) in IBA1 mean fluorescence intensity (Figure 3.5E) but no change in 

IBA1+ cells (Figure 3.5F). 

 Therefore, these data showed that inflammatory processes contribute to colitis-induced 

reductions in AEA levels. 

 

Discussion 

 Here we demonstrate that colitis transiently increases neuroinflammatory mediators in the 

amygdala and blocking neuroinflammation prevents colitis-induced reductions in AEA levels, which 

we previously show were necessary for colitis-induced anxiety (Chapter 2). Specifically, there may be 

increases in the expression of Ptgs1, Ptgs2, Ppara, Il1a and Il6, and increases in levels of IL-1β, IL-6 and 

MCP-1. We (Chapter 2) demonstrate that AEA levels are decreased in the amygdala at Day 7 post-

colitis onset. Yet, this did not give us a full picture of endocannabinoid changes and their timeline in 

relation to changes in neuroinflammation. Therefore, after measuring endocannabinoid levels at Day 

3, we find that there are no changes in AEA levels, but a potential increase in FAAH activity, as well 
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Figure 3.5. ICV minocycline reversed colitis-induced reductions in AEA levels at day 7 post-
induction.

There was a significant interaction (F(1,34)=7.68; p=0.009) between TNBS and minocycline 
administration on AEA levels (A); specifically, there was a reduction of AEA levels with TNBS 
administration in the vehicle groups (p=0.01), which was reversed by minocycline administration 
(p=0.03). There were no differences in AEA levels as a result of minocycline administration in the 
saline animals (p=0.13), nor between the minocycline groups (p=0.25).
n=7-11/group. * p<0.05 saline versus TNBS with the same treatment;  p<0.05 versus vehicle 
of same group (saline or TNBS).

With regards to 2-AG levels (B), there was not a significant interaction between TNBS 
and minocycline administration (F(1,33)=0.10; p=0.75), nor main effects of minocycline 
(F(1,33)=0.004; p=0.95), nor colitis (F(1,33)=2.49; p=0.12). n=7-11/group.

There was a significant main effect of colitis administration increasing (C) macroscopic tissue 
damage (F(1,39)=115.74; p<0.0001), but no interaction between colitis or minocycline 
administration (F(1,39)=0.49; p=0.49) or main effect of  minocycline administration 
(F(1,39)=0.04; p=0.85). n=8-13/group. ****p<0.0001 main effect saline vs. TNBS.

There was a significant main effect of colitis administration increasing (D) MPO activity 
(F(1,39)=14.99; p=0.0004), but no interaction between colitis or minocycline administration 
(F(1,39)=0.63; p=0.43) or main effect of  minocycline administration (F(1,39)=0.10; p=0.75). n=8-
13/group. ***p<0.001 main effect saline vs. TNBS.

IBA1 mean fluorescence intensity (E) was potentially increased at Day 7 (t(8)=1.69; 
p=0.06; R2=0.26). IBA1+ cells (F) were not changed at Day 7 (t(8)=0.19; p=0.43; R2=0.004). 
Representative flattened images for saline (G) and TNBS (H). Scale bars=75 µm. n=5/group. 
#p<0.1 t-test saline vs. TNBS.
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as an increase in 2-AG levels and a decrease of the binding affinity for 2-AG at MAGL. These changes 

in neuroinflammation occur prior to reductions in AEA. With inhibition of central inflammation with 

minocycline and we find that blocking inflammation is sufficient to prevent colitis-induced reductions 

in AEA levels. Neuroinflammatory changes from colitis occur transiently and contribute to anxiety 

inducing AEA reductions that are observed following its resolution.   

 There are largely no differences between Day 3 and Day 7 in terms of circulating cytokines, 

particularly in expression of proinflammatory cytokines or chemokines known to alter blood brain 

barrier permeability or motivate immune cell trafficking. It is known that between Day 3 and Day 10 

after colitis onset, there is a reduction of inflammation358; however, in our hands, there are similar 

macroscopic tissue damage scores between Days 3 and 7. It is possible that despite these similarities, 

what is driving the changes at Day 3 and Day 7 are different. Specifically, it is noted that the early 

acute stage (2-3 days), also known as the injury phase, the focus is a wound sequelae as a result of 

TNBS in combination with ethanol; whereas following this phase, there is an immunological 

sequalae79,355,357. Another explanation could be differences in blood brain barrier (BBB) permeability 

between Days 3 and Day 7419; with greater permeability at Day 3, although there are similar circulating 

levels of cytokines at Day 7, more are able to access the brain at this earlier stage. There is also the 

possibility that there are differences in other molecules, such as catecholamines, glucocorticoids, 

adrenergic signaling amongst others. It is also possible that the resolution of the peripheral and central 

inflammatory response occurs on a different time scale; as there is not an active injury in the brain in 

this model, and understanding that cytokines can alter brain structure and function, potentially in a 

deleterious way, that there exists feedback mechanisms to resolve central inflammatory markers 

quickly. We see that il1ra expression (IL-1 receptor antagonist; IL-1RA) is increased at Day 3, which 

is a noted inhibitor of IL-1 proinflammatory processes, and thus could represent that resolution 

processes have been initiated.  
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 In addition to a lack of understanding of how colitis alters central inflammatory levels at Day 

3 versus Day 7, it is also unknown how inflammation leads to a reduction of AEA levels, however, 

there are some possible mechanisms. Our previous work (Chapter 2), shows that AEA reductions 

occurs through a CRF-R1 mechanism. Therefore, it is likely that inflammation drives this CRF effect 

to reduce AEA levels. Proinflammatory molecules, such as IL-1β, IL-6 and TNFα can drive CRF 

levels420–422. However, it may be possible that inflammation, can, on its own, also contribute to AEA 

reductions. There is work, however, that shows that inflammatory stimuli, such as activation of TLR4, 

increases AEA levels316–318. Therefore, it is unlikely that colitis-induced neuroinflammation drives AEA 

reductions through acting at the endocannabinoid system. It is also possible that inflammation is 

altering synaptic excitability in a way that leads to the changes in AEA levels. It is well-established that 

proinflammatory mediators, including IL-1β and TNFα can increase neuronal excitability148,401. 

Furthermore, it is established that inflammation can reduce inhibitory tone as well423–425. In the 

basolateral amygdala, if the inhibitory tone is reduced, it can lead to increased excitability and plasticity 

in the region426,427. It is known that increased excitability can lead to FAAH activation and AEA 

reductions201,202. Therefore, it is possible that in our model of gut inflammation, there is an 

inflammation-induced alteration of amygdalar excitability, which may alter AEA levels. It is also 

possible that reductions in AEA lead to changes in excitability, which could perhaps enhance the 

actions of cytokines on excitability to establish an anxiogenic state. Our current findings and these 

putative pathways are illustrated in Figure 3.6. 

 In this work, we build on our understanding of how colitis alters the brain, and specifically, 

show that colitis leads to a temporary increase in neuroinflammation, which drives AEA reductions. 

We observe that these AEA reductions drive colitis-induced anxiety-like behaviour (Chapter 2) and 

occur through a CRF-R1 mechanism. Therefore, we propose, that neuroinflammation leads to AEA 

changes either through acting through CRF or through an additional parallel process. Future work is 
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necessary to understand the particular temporal and specific target of this relationship. Given that 

preventing AEA reductions reverses colitis-induced anxiety, this work implies that blocking 

neuroinflammation may also be anxiolytic in this context. This adds to our understanding of the 

mechanisms underlying psychiatric comorbidities during chronic inflammation, by specifically 

showing a role for neuroinflammation in propagating anxiety-inducing changes in the 

endocannabinoid system.  
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Figure 3.6. Chapter 3 Summary Figure.

Previous work (Chapter 2) shows that colitis leads to reductions in AEA levels that are driven 
through CRF-R1, likely through an increase in FAAH activity. These changes contribute to the 
increase in anxiety-like behaviour comorbid with this model. In this current work, we show 
that neuroinflammatory signaling is increased in the amygdala in the model, prior to the 
reductions in AEA levels; and that by blocking neuroinflammation, possibly from microglia/
macrophages (MG/MP), we can prevent colitis-induced reductions in AEA levels. We propose 
that neuroinflammation can contribute to colitis induced AEA reductions in three ways: 1. 
By increasing CRF to drive CRF-R1 increases in FAAH activity; 2. By acting directly on the 
endocannabinoid system to lead to a decrease in AEA levels directly or by increasing FAAH 
activity; or, 3. By altering the excitatory/inhibitory tone driving excitability which reduces AEA 
levels. We know from our work (Chapter 2), that CRF-R1 contributes to the reductions of AEA 
levels, so inflammation will likely be acting through this pathway or through a parallel one to 
contribute to neural endocannabinoid changes that drive anxiety-like behaviour.

AEA (anandamide); CB1 (cannabinoid receptor 1); 2-AG (2-arachidonylglycerol); 
Glu (glutatmate); FAAH (fatty acid amide hydrolase); 

CRF (corticotropin releasing factor); microglia/macrophages (MG/MP)
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Chapter 4. Effects of a FAAH SNP on Colitis 

Disease Progression, Neuroinflammation and Anxiety-Like Behaviour 

 

Introduction 

Endocannabinoids are protective in peripheral inflammatory illnesses. The endocannabinoid system 

is the biological target of delta9-tetrahydrocannabinol (THC), and includes lipid signaling molecules, 

anandamide (AEA) and 2-arachidonylglycerol (2-AG); their respective primary metabolic enzymes, 

fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL); and two receptors, CB1 

(mostly brain localized) and CB2 (mostly peripherally and immune localized)173. Cannabinoid receptors 

are expressed on immune cells168 and regulate inflammatory processes. The primary mechanisms by 

which endocannabinoids exert their anti-inflammatory effects include the inhibition of cell 

proliferation and migration, as well as through suppression of cytokine production259,260. 

Numerous studies show that boosting endocannabinoids in chronic inflammatory diseases, 

such as inflammatory bowel diseases (IBD)304,390,391,428, is protective. Mice with genetic deletions of 

cannabinoid receptors have increased susceptibility to IBD304–307,392 and collagen-induced arthritis393. 

Alternately, pharmacological inhibition or genetic deletion of FAAH, pharmacological inhibition of 

MAGL or activation of CB1 improves chemically-induced colitis304,308–310. Interestingly, recent reports 

show that both peripheral- and brain-localized cannabinoid receptors are required for the ability of 

endocannabinoids to ameliorate macroscopic tissue damage in rodent models of colitis315. 

Furthermore, in neurological inflammatory conditions, including excitotoxicity and injury280, 

experimental autoimmune encephalitis (EAE)281–283, neurodegenerative disease282,284,285, head 

injury253,286, aging287 and ischemia288, there are neuroprotective effects of endocannabinoids primarily 

through reducing the expression of proinflammatory cytokines. 

100



Additionally, inhibiting the degradation of the endocannabinoid, AEA through the 

administration of FAAH inhibitors is shown in many cases to be anti-inflammatory. FAAH inhibition 

has anti-inflammatory effects in a CB2 dependent manner in a carrageen model of acute 

inflammation289. FAAH reductions result in decreased responses to lipopolysaccharide (LPS) 

administration, also in a CB2 receptor dependent manner212. Boosting AEA tone in vivo or in vitro, 

reduces levels of proinflammatory cytokines and other inflammatory mediators, such as nitric oxide 

(NO), as well as induces increases in anti-inflammatory cytokines290–294,263,268. This also occurs within 

the central nervous system, where FAAH inhibition reduces the expression of LPS-induced 

proinflammatory cytokines in the hypothalamus295. 

It is well established that endocannabinoid signaling, primarily at the CB1 receptor, is 

anxiolytic, particularly under aversive conditions202,203. This is illustrated by the increase in basal anxiety 

from disrupting CB1 receptor signaling, either through genetic or pharmacological 

means204,206,205,429,208,333,430. Furthermore, blockade of CB1 receptor signaling is particularly anxiogenic 

during stress or aversive situations205,206,210,333. Together, these results point toward endocannabinoid 

signaling at the CB1 receptor being important for the regulation of anxiety, particularly during aversive 

situations. 

The role that AEA plays in regulating anxiety is more established than 2-AG202. The initial 

study, in this regard, demonstrates that inhibition of the FAAH enzyme resulted in decreased 

anxiety211. Follow-up work demonstrates that this inhibition of FAAH, both pharmacologically and 

genetically, is particularly anxiolytic under aversive environmental conditions or following stress 

exposure212–216. Exposure to stressful or aversive environmental conditions leads to a decrease in AEA 

signaling, especially in the amygdala222–224,214. Therefore, a loss of AEA mirrors the anxiogenic effect 

that CB1 receptor antagonism or genetic deletion has, but inhibition of FAAH, and therefore boosting 

AEA levels is anxiolytic. 
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When looking into brain region specificity, the ability of AEA to regulate anxiety seems to be 

broad and discrete. Broadly, AEA levels drop throughout the brain following stress exposure and 

these global decreases are correlated with stress-induced anxiety215. However, stress drives 

corticotropin releasing factor (CRF) to increase FAAH activity in the basolateral amygdala (BLA), 

leading to a loss of AEA and generation of anxiety-like behaviour225. Additionally, overexpression of 

FAAH in the medial prefrontal cortex is able to induce anxiety-like behaviour, suggesting that a loss 

of AEA signaling in this brain region is also sufficient to produce anxiety226. In the ventral 

hippocampus, inhibition of AEA transport and metabolism is also capable of reversing stress-induced 

anxiety-like behaviour431. Therefore, there is evidence that inhibiting FAAH enzymatic activity and 

thus increasing AEA levels (or preventing the stress-induced loss of AEA levels) in multiple discrete 

brain regions or globally throughout the brain is anxiolytic, particularly following both acute and 

chronic stress exposure214,215,247,255,431–433. Moreover, AEA’s anxiolytic effects seem to be mediated by 

signaling at the CB1 receptor, which leads the field to conceptualize AEA signaling at CB1 as a tonic 

signal that serves as a “gatekeeper” for anxiety during basal conditions, but during aversive or stressful 

situations, this “gatekeeper” signal is lost which promotes the generation of an anxious state202. 

FAAH inhibition decreases anxiety and neuroinflammation in a model of traumatic brain 

injury1253, as well as following poly I:C administration254. Our recent work (Chapters 2, 3), shows that 

colitis leads to a neuroinflammatory state that leads to anxiety inducing AEA reductions, and that by 

inhibiting FAAH activity centrally, we can reverse colitis-induced anxiety. Though there are relatively 

few studies in the context of anxiety during chronic inflammatory states, this evidence suggests that 

augmenting endocannabinoid signaling may blunt the anxiety caused by inflammatory states. 

Recently, a knock-in mouse model was developed for the common human single-nucleotide 

polymorphism (SNP) mutation in FAAH (C385A; rs324420)216. Individuals with this SNP have FAAH 

in which a conserved (C) proline (AA129) is substituted with a (A) threonine, which makes FAAH 
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more susceptible to proteolytic degradation216. In A allele carriers, there are reduced FAAH protein 

levels and activity, as well an increase in AEA levels216,229. Further work characterizes that humans and 

mice with this SNP have blunted stress-induced reductions in anandamide levels in the periphery229. 

In animals, this is also true in the brain, particularly in the stress-associated brain regions of the 

amygdala and medial prefrontal cortex229. Additionally, in humans, A allele carriers have blunted 

negative affect responses to stress229. There is a relative paucity of literature on the effect of this SNP 

and inflammatory processes. In the two studies thus far that have examined this, one in an IBD 

cohort392, and one in patients with diabetes434, neither found a protective effect of the A alleles. 

Furthermore, there is no work investigating whether carrying the A allele is protective against anxiety 

caused by inflammatory states, highlighting the necessity of this study. 

Given that inhibiting FAAH is anxiolytic and anti-inflammatory, then these FAAH C385A 

SNP mice represent an ideal model system to investigate the effects of boosting AEA on gut 

inflammation, peripheral and amygdala inflammatory levels and anxiety-like behaviour. We 

hypothesize that reducing FAAH activity (A carriers) will improve gut inflammation, reduce cytokines 

and decrease anxiety-like behaviour. 

 

Methods 

Animals 

These studies utilized male and female (only Day 7 behavioural studies) FAAH C385A mice216. These 

mice were derived from the line previously generated216 and were back crossed on a C57/Bl6J strain 

for four generations. Mice were obtained from in-house breeding, which crossed heterozygous males 

and heterozygous females. This breeding resulted in the following genotypes, all of which were 

utilized, wild-type (WT) (CC), heterozygous (AC) and homozygous (AA). Genotyping was performed 

by Dr. Frank Visser in the Hotchkiss Brain Institute Molecular Core Facility. Both the AC and AA 
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groups exhibit reduced FAAH activity and increased AEA levels216,229. A carriers (i.e. AC and AA 

groups), as in human studies435,216,436,437, were collapsed for analysis, as the magnitude of FAAH activity 

and AEA level changes are similar in both the AA and AC groups. Mice were kept on an 12:12 hour 

(h) light-dark cycle and had ad libitum access to food and water. All experiments were performed during 

the light phase. All experiments were approved by the University of Calgary Animal Care Committee 

and followed guidelines from the Canadian Council on Animal Care. 

 

Colitis Induction 

As in Chapters 2 and 3, under brief isoflurane anesthesia, mice received an intrarectal bolus (apx. 3 

mm proximal to the anus) of 2.4.6-trinitrobenzene sulfonic acid (TNBS) (4 mg; 50 % [vol/vol] in 

ethanol/water), via a cannula. Control animals received the same volume of saline delivered similarly. 

Body weight was monitored. Analysis and behavioural testing took place either 3- or 7-days post colitis 

onset. 

 

Macroscopic Tissue Damage 

As in Chapters 2 and 3, Colons were removed and washed with ice-cold physiological saline (0.9 %) 

and cut open longitudinally and macroscopically scored for damage and inflammation. The basis for 

these scores was based on adhesions, diarrhea and degree of ulceration. This score was based on those 

previously reported338,340,339.  

 

Myeloperoxidase Activity 

As in Chapters 2 and 3, colons were removed and washed with ice-cold physiological saline (0.9 %) 

and cut open longitudinally. Following macroscopic tissue damage assessment, a sample of colon was 

excised, snap frozen and stored at -80 °C for later use in a myeloperoxidase (MPO) activity assay, as 
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previously described337,341,342. Briefly, samples were homogenized in hexadecyltrimethylammonium 

bromide (HTAB) in potassium phosphate (PP) buffer, homogenized using a stainless-steel bead and 

TissueLyser LT bead homogenizer and centrifuged. Supernatant was added to hydrogen peroxide and 

o-dianisidine dihydrochloride in a 96 well-plate. Absorbance was read at 450 nm, three times over one 

minute (min) (every 30 seconds (sec)).  

 

Cytokine Multiplex Assay (Blood and Brain) 

As previously described130 and in as in Chapter 3, plasma was separated from trunk blood following 

collection, by centrifugation for 20 min at 10,000 x g at 4 °C. Plasma was aliquoted and stored at -80 

°C. 

As in Chapter 2 and previous reports130,  amygdala were removed post-mortem and stored at 

-80 °C prior to processing for cytokine ELISAs. Samples were placed in 10 µL/mg of homogenization 

buffer (150 mM sodium chloride, 2.5 mm magnesium chloride, 5 mg/500 mL aprotinin and cOmplete 

protease inhibitors). Tissue homogenization occurred with mechanical disruption using a bead 

homogenizer. Total protein quantification was assayed using a Pierce bicinchoninic acid (BCA) assay 

according to the manufacturer’s protocol (Thermo Fisher Scientific). Samples were diluted to a final 

concentration of 500 µg/mL. 

Eotaxin (C-C motif chemokine ligand (CCL)11), granulocyte colony stimulating factor (G-

CSF), granulocyte monocyte colony stimulating factor (GM-CSF), interferon (IFN)γ, interleukin (IL)-

1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-

17A, IFNγ inducible protein (IP)-10 (C-X-C motif chemokine ligand 10; CXCL10), KC (CXCL1), 

leukemia inhibitory factor (LIF), LPS-induced CXC (LIX), monocyte chemoattractant protein (MCP)-

1 (CCL2), macrophage colony stimulating factor (M-CSF), monokine induced by IFNγ (MIG), 

monocyte inflammatory protein (MIP)-1α (CCL3), MIP-1β (CCL4), MIP-2 (CXCL2), regulated on 
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activation normal T cell expressed and secreted (RANTES; CCL5), TNF-α, and vascular endothelial 

growth factor (VEGF) were assayed using a Millipore Milliplex Mouse 31-Plex Cytokine- and 

Chemokine-Array by Eve Technologies (Calgary, AB, Canada). The dotted line in each graph 

represented the limit of detection for each assay and if values were not detected, the minimum 

standard was utilized instead. 

 

Elevated Plus Maze 

The elevated plus maze (EPM) was made of white plastic, elevated 50 cm above the floor, with open 

arms that were 20 cm long and 7.5 cm wide, with closed arms having the same width and length, as 

open arms and a height of 20 cm. The open arms were exposed to 50 lumens of light, and the closed 

arms were at 5-10 lumens of light. Each session of the EPM lasted for 5 min and began when the 

mice were placed in the center of the maze facing an open arm. The maze was washed between 

sessions. Each session was video recorded. 

 Total time spent in open and closed arms, latency to enter an open arm, total number of entries 

into the open and closed arms and head dips were measured by Ethovision software or a blind 

observer. Entries and time spent in the open/closed arms were only considered if all 4 paws and full 

body up to the tail were into the arms. 

 

Statistical Analysis 

All statistics were carried out using Graphpad Prism v8. For comparisons between two or three 

independent variables two-way or three-way analysis of variance (ANOVA)s were performed. For all 

ANOVA analyses, significant interactions and main effects were reported, and relevant comparisons 

were compared using Fisher’s Least Significant Difference (LSD) tests. t- or F-values, p-values and 

R2-values were reported. Data were presented as mean ± standard error of the mean (SEM). Outliers 
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Figure 4.1
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Figure 4.1. Experimental Timeline.

TNBS (2,4,6-trinitrobenzene sulfonic acid); EPM (elevated plus maze).

A
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Plasma & Brain
Collection
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were removed using the ROUT method354, set to a 1 % threshold, in the software, as previously 

described130. 

 

Experimental Timeline 

A timeline for each experiment was outlined in Figure 4.1. 

 

Results 

Effects of a FAAH SNP and Colitis on Day 3 Gut Inflammation, Peripheral Cytokines or Amygdala 

Cytokines 

In male mice, TNBS increased macroscopic tissue damage (Figure 4.2A) (p<0.0001), but there was 

no effect of genotype (p>0.05). Similarly, TNBS administration increased MPO activity (Figure 4.2B) 

(p<0.001), but there was no effect of genotype (p>0.05). 

 Differently, there were some interactions between genotype and colitis in plasma cytokine 

levels following TNBS administration in male mice (Figure 4.3). This included: reduced levels of the 

following cytokines in the AC/AA TNBS group compared to the CC TNBS group: IL-2 (p<0.01), 

LIF (p<0.01), MCP-1 (p<0.01), and TNF-α (p<0.001); increased levels of RANTES in the AC/AA 

TNBS group compared to the CC TNBS group (p<0.05) and potentially the AC/AA saline group 

(p<0.1); and, increased levels of IL-1α (p<0.001; p<0.001), LIX (p<0.01; p<0.001) and M-CSF 

(p<0.01; p<0.05) in the CC saline group compared to the AC/AA saline group and CC TNBS group. 

The following cytokines were increased in response to colitis exposure, without an effect of the FAAH 

genotype (Figure 4.4): G-CSF (p<0.0001), GM-CSF (p<0.05), IL-6 (p<0.001), IL-15 (p<0.05), IP-10 

(p<0.001), KC (p<0.0001) and MIP-1α (p<0.001), and potential increases in IL-13 (p<0.1) and IL-

17A (p<0.1). Whereas IL-5 (p<0.01), MIG (p<0.01) and MIP-2 (p<0.05) levels were decreased with 

TNBS administration in male mice (Figure 4.4). IL-9 levels were increased with AC/AA alleles 
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Figure 4.2. Day 3 TNBS-induced gut inflammation is not altered by FAAH genotype.

There was a significant main effect of TNBS increasing macroscopic tissue damage 
(F(1,37)=122.48; p<0.0001), but no interaction between colitis and genotype (F(1,37)=1.16; 
p=0.29) or main effect of genotype (F(1,37)=0.62; p=0.44) (A).

There was a significant main effect of TNBS increasing MPO activity (F(1,37)=17.94; p=0.0001), 
but no interaction between colitis and genotype (F(1,37)=0.26; p=0.61) or main effect of 
genotype (F(1,37)=0.72; p=0.40 (B).

n=6-16/group. ***p<0.001, ****p<0.0001, main effect of colitis.
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Figure 4.3. Plasma cytokines altered by both colitis and FAAH genotype.

There was a significant interaction between colitis and genotype on (A) IL-2 (F(1,34)=5.24; p=0.03), 
specifically, there was an increase in IL-2 from colitis in the CC groups (p=0.006) that was reversed 
in the AC/AA TNBS group compared to the CC TNBS group (p=0.009). There was also a main effect 
of colitis (F(1,34)=6.21; p=0.02) and potential main effect of genotype (F(1,34)=3.02; p=0.09).

Similarly with (B) LIF, there was an interaction (F(1,31)=7.01; p=0.01), where it was increased 
from colitis in the CC group (p=0.0004) and but not the AC/AA TNBS group (p=0.002). There was 
also a main effect of colitis (F(1,31)=15.21; p=0.0005) and potential main effect of genotype 
(F(1,31)=3.87; p=0.06).

As well as in MCP-1 (C), there was an interaction (F(1,35)=4.89; p=0.03), which was increased with 
colitis in the CC group (p<0.0001), which was lower in the AC/AA TNBS group (p=0.006). There 
was also a main effect of colitis (F(1,35)=36.78; p<0.0001) and a potential main effect of genotype 
(F(1,35)=3.83; p=0.06). 

Again, with TNFα (D) levels, there was a significant interaction (F(1,35)=9.18; p=0.005), where 
colitis increased them in the CC group (p<0.0001) but was lower in the AC/AA TNBS group 
(p=0.0002). There were also main effects of colitis (F(1,35)=28.30; p<0.0001) and genotype 
(F(1,35)=8.23; p=0.007).

With RANTES levels (E), there was a significant interaction (F(1,37)=5.56; p=0.02), specifically, 
levels were different between the CC and AC/AA group with TNBS (p=0.01), but were potentially 
decreased with colitis in the CC group (p=0.098), but were potentially increased with colitis in the 
AC/AA group (p=0.099). There were no main effects of colitis (F(1,37)=0.20; p=0.66) or genotype 
(F(1,37)=2.21; p=0.15).

Differently, for IL-1α levels (F), there was a significant interaction (F(1,37)=8.32; p=0.007), which 
showed reductions from the CC saline group with the AC/AA group (p=0.0004) and following 
colitis (p=0.0001). There were also main effects of colitis (F(1,37)=17.23, p=0.0002) and genotype 
(F(1,37)=6.87; p=0.01).

Similarly, with LIX levels (G), there was a significant interaction (F(1,35)=5.75; p=0.02), and levels were 
lower compared to the CC saline group in the AC/AA group (p=0.008), and with colitis (p<0.0001), as 
well as reduced further in the AC/AA group with colitis (p=0.04). There was also a main effect of colitis 
(F(1,35)=23.32; p<0.0001) but no main effect of genotype (F(1,35)=2.45; p=0.13).

Finally, with M-CSF levels (H), there was a potential interaction (F(1,32)=4.08; p=0.05), where 
levels were lower compared to the CC saline group in the AC/AA group (p=0.005) an with colitis 
(p=0.01). There were also significant main effects of colitis (F(1,31)=5.85; p=0.02) and genotype 
(F(1,31)=4.44; p=0.04).

n=6-16/group. # p<0.1, ** p<0.01, *** p<0.001, **** p<0.0001, versus saline of same genotype. 
p<0.05, p<0.01, p<0.001 versus CC group of same treatment (saline or colitis).
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Figure 4.4
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Figure 4.4. Plasma cytokines 
altered by colitis.
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Figure 4.4
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 G-CSF levels (A) were 
increased as a result of colitis 
(F(1,36)=20.48; p<0.0001), but 
there were no interaction between 
genotype and colitis (F(1,36)=1.13; 
p=0.29) or main effect of genotype 
(F(1,36)=1.24; p=0.27); GM-CSF 
levels (B) were also increased as 
a result of colitis (F(1,37)=6.50; 
p=0.02), but no interaction 
(F(1,37)=0.02; p=0.88) or main 
effect of genotype (F(1,37)=0.08; 
p=0.78); IL-6 levels (C) were 
also increased as result of colitis 
(F(1,31)=13.72; p=0.0008), but 
there no interaction (F(1,31)=0.12; 
p=0.73) or main effect of genotype 
(F(1,31)=0.15; p=0.70); there was 
also a potential increase in IL-
13 levels (D) as a result of colitis 
(F(1,34)=3.55; p=0.07) but no 
interaction (F(1,34)=0.04; p=0.85) or 
main effect of colitis (F(1,34)=0.01; 
p=0.91); similarly, with IL-15 levels 
(E), there was an increase as a result 
of colitis (F(1,33)=4.96; p=0.03), 
but no interaction (F(1,33)=0.02; 
p=0.90) or main effect of genotype 
(F(1,33)=0.28; p=0.60); with 
IL-17A levels (F), there was a 
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Figure 4.4
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potential increase as a result of 
colitis (F(1,37)=4.06; p=0.05), 
but no interaction (F(1,37)=0.36; 
p=0.55) or main effect of genotype 
(F(1,37)=0.11; p=0.74); IP-10 levels 
(G) were increased as a result of 
colitis (F(1,36)=17.00; p=0.0002), 
but no interaction (F(1,36)=0.39; 
p=0.54) or main effect of genotype 
(F(1,36)=2.57; p=0.12); KC levels 
(H) were increased as well as a 
result of colitis (F(1,35)=27.04; 
p<0.0001), but no interaction 
(F(1,35)=0.12; p=0.73) or main 
effect of genotype (F(1,35)=0.23; 
p=0.63); finally, MIP-1α levels (I) 
were increased as a result of colitis 
(F(1,36)=17.21; p=0.0002), but there 
was no interaction (F(1,36)=0.09; 
p=0.77) or main effect of genotype 
(F(1,36)=0.08; p=0.78).
 
 With IL-5 levels (J), they were 
reduced with a potential main effect 
of colitis (F(1,36)=2.91; p=0.097), 
but not an interaction (F(1,36)=1.74; 
p=0.20) or main effect of genotype 
(F(1,36)1.45; p=0.24); MIG levels (K) 
were decreased as a result of colitis 
(F(1,36)=10.25; p=0.003), but there 
was no interaction (F(1,36)=0.37; 
p=0.55) or main effect of genotype 
(F(1,36)=0.50; p=0.48); MIP-2 levels 
(L) were also decreased as a result 
of colitis (F(1,33)=4.82; p=0.04), 
but there was no interaction 
(F(1,33)=1.09; p=0.30) or main 
effect of genotype (F(1,33)=1.12; 
p=0.30).

n=6-16/group. # p<0.1, * p<0.05, 
** p<0.01, ***p<0.001, 
****p<0.0001, main effect of colitis.
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Figure 4.5
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Figure 4.5. Plasma cytokines altered by FAAH genotype.

For IL-9 levels, there was a potential main effect of genotype (F(1,37)=3.87; p=0.06), but no 
interaction (F(1,37)=0.92; p=0.34) or main effect of colitis (F(1,37)=0.0001; p=0.99).

n=6-16/group. Ø p<0.1 main effect of genotype.

Figure 4.6. Both genotype and colitis alter plasma MIP-1β Levels.

With MIP-1β, there was no significant interaction (F(1,36)=1.47; p=0.23), but a significant main 
effect of colitis (F(1,36)=15.19; p=0.0004) and potential main effect of genotype (F(1,36)=3.32; 
p=0.08).

n=6-16/group.
***p<0.001 main effect of colitis.
Ø p<0.1 main effect of genotype.
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Figure 4.7
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Figure 4.7. Plasma cytokines not altered by colitis or genotype.

There were no effect of TNBS administration or genotype on levels of:(A) Eotaxin (interaction 
(F(1,32)=0.14; p=0.71); main effect of genotype (F(1,32)=1.10; p=0.30); main effect of colitis 
(F(1,32)=0.21; p=0.65)); (B) IFNγ (interaction (F(1,36)=0.74; p=0.39); main effect of genotype 
(F(1,36)=0.17; p=0.69); main effect of colitis (F(1,36)=1.81; p=0.19)); (C) IL-1β (interaction 
(F(1,36)=0.69; p=0.41); main effect of genotype (F(1,36)=0.02; p=0.89); main effect of colitis 
(F(1,36)=1.91; p=0.18)); (D) IL-3 (interaction (F(1,36)=4.09; p=0.05); main effect of genotype 
(F(1,36)=0.42; p=0.52); main effect of colitis (F(1,36)=0.0006; p=0.98)); (E) IL-4 (interaction 
(F(1,35)=0.02; p=0.90); main effect of genotype (F(1,35)=0.31; p=0.58); main effect of colitis 
(F(1,35)=2.41; p=0.13)); (F) IL-7 (interaction (F(1,33)=0.009; p=0.92); main effect of genotype 
(F(1,33)=0.008; p=0.93); main effect of colitis (F(1,33)=1.78; p=0.19)); (G) IL-10 (interaction 
(F(1,30)=0.05; p=0.83); main effect of genotype (F(1,30)=0.46; p=0.50); main effect of colitis 
(F(1,30)=0.62; p=0.44)); (H) IL-12p40 (interaction (F(1,35)=1.65; p=0.21); main effect of 
genotype (F(1,35)=1.45; p=0.24); main effect of colitis (F(1,35)=0.25; p=0.62)); (I) IL-12p70 
(interaction (F(1,35)=2.59; p=0.12); main effect of genotype (F(1,35)=0.002; p=0.97); main effect 
of colitis (F(1,35)=2.26; p=0.14)); and, (J) VEGF (interaction (F(1,36)=1.92; p=0.17); main effect of 
genotype (F(1,36)=0.85; p=0.36); main effect of colitis (F(1,36)=0.08; p=0.79)).
For IL-3, although there was a potential interaction, there were no significant relevant 
comparisons observed.
n=6-16/group.

117



(p<0.05) (Figure 4.65), independent of colitis. For MIP-1β levels there was an increase following colitis 

(p<0.001), but also a potential decrease in the AC/AA alleles (p<0.1) (Figure 4.6). There were no 

changes (p<0.05) in Eotaxin, IFNγ, IL-1β, IL-3, IL-4, IL-7, IL-10, IL-12p40, 1L-12p70 and VEGF 

levels (Figure 4.7). 

 There were also mitigating effects of an A allele in colitis-induced changes in amygdala 

cytokines levels (Figure 4.8). G-CSF (p<0.01) and MCP-1 (p<0.001) levels were lower in the AC/AA 

group compared to the CC group following colitis. When GM-CSF levels were detectable they showed 

a similar pattern but given that most were substituted with the minimal detection threshold, statistics 

were not run. IL-5 levels were lower in the AC/AA TNBS group compared to the AC/AA saline 

group (p<0.05) and CC TNBS group (p<0.05). Colitis increased amygdala levels of Eotaxin 

(p<0.0001), IL-13 (p<0.05) and KC (p<0.01), and potentially IL-6 (p<0.1), and decreased amygdala 

levels of IL-12p40 (p<0.05) and VEGF (p<0.0001), and potentially IP-10 (p<0.1) (Figure 4.9). In the 

AC/AA groups, there were lower levels in the amygdala of IL-1α (p<0.05), IL-9 (p<0.05), MIP-1α 

(p<0.1), MIP-1β (p<0.05) and MIP-2 (p<0.01), and potentially MIP-1α (p<0.1), and potentially 

increased levels of MIG (p<0.1) (Figure 4.10). There were no changes (p<0.05) in the amygdala as a 

result of colitis or carrying the AC/AA alleles in IFNγ, IL-1β, IL-2, IL-3, IL-4, IL-7, IL-12p40, IL-15, 

IL-17A, IP-10, LIF, M-CSF, RANTES and TNFα (figure 4.11). There were no detectable levels of 

LIX in the amygdala. 

 To conclude, there were mainly effects of colitis itself, including potential increases in 

macroscopic tissue damage; potentially increased plasma levels of G-CSF, GM-CSF, IL-6, IL-13, IL-

15, IL-17A, IP-10, KC, MIP-1α and potentially decreased plasma levels of IL-5, MIG and MIP-2; 

potentially increased amygdala levels of Eotaxin, IL-6, IL-13 and KC and potentially decreased 

amygdala levels of IL-10, IL-12p70 and VEGF. However, there was a potential mitigating effect 

FAAH A alleles on TNBS-induced increases of plasma IL-2, LIF, MCP-1 and TNFα; as well as with 
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Figure 4.8
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Figure 4.8. Amygdala cytokines altered by both colitis and FAAH genotype.

G-CSF levels (A) showed an interaction between TNBS and genotype (F(1,35)=6.33; p=0.02), 
with levels being increased following colitis in the CC group (p=0.004), which was not seen in 
the AC/AA group (p=0.008). There was also and a main effect of colitis (F(1,35)=6.11; p=0.02) 
but no main effect of genotype (F(1,35)=2.81; p=0.10).

GM-CSF levels (B) also showed a similar pattern, but as many of the values were non-detectable, 
and therefore were set to lowest standard, statistics on the few values above the levels of 
detection were not ran.

MCP-1 (C) also showed a similar pattern, with there being a significant interaction (F(1,35)=7.46; 
p=0.001), specifically there was an increase in MCP-1 following colitis in the CC group (p=0.03), 
which was reversed in the AC/AA TNBS group (p=0.0004). There was also a main effect of 
genotype (F(1,35)=8.41; p=0.007) but no main effect of colitis (F(1,35)=1.05; p=0.31).

IL-5 (D) levels showed an interaction (F(1,35)=5.17; p=0.03) and specifically levels in the AC/
AA TNBS group were lower than the AC/AA saline group (p=0.02) and CC TNBS group (p=0.04). 
There were no main effects of either genotype (F(1,35)=0.64; p=0.043) or colitis (F(1,35)=0.43; 
p=0.51).

n=6-16/group. *p<0.05 ** p<0.01, versus saline of same genotype. 
p<0.05,p<0.01, p<0.001 versus CC group of same treatment (saline or colitis).
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Figure 4.9
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Figure 4.9. Amygdala cytokines 
altered by colitis.

(A) Eotaxin levels were increased 
with colitis (F(1,36)=36.46; 
p<0.0001), but there was no 
interaction (F(1,36)=0.06; p=0.81) 
or main effect of genotype 
(F(1,36)=0.01; p=0.92); (D) IL-6 
levels showed a trending increase 
with colitis (F(1,37)=3.49; p=0.07), 
but no interaction (F(1,37)=0.03; 
p=0.87) or main effect of genotype 
(F(1,37)=1.80; p=0.19); (C) IL-13 
levels were also increased with 
colitis (F(1,33)=4.15; p=0.05), 
but no interaction (F(1,33)=0.09; 
p=0.76) or main effect of genotype 
(F(1,33)=0.41; p=0.53); and (D) KC 
levels were also increased with colitis 
(F(1,37)=12.47; p=0.001), but there 
was no interaction (F(1,37)=0.11; 
p=0.74) or main effect of genotype 
(F(1,37)=0.002; p=0.96).
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Figure 4.8
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(E) There was a potential decrease in 
IL-10 levels with colitis (F(1,37)=3.17; 
p=0.08), and no interaction 
(F(1,37)=0.41; p=0.53) or main 
effect of genotype (F(1,37)=0.19; 
p=0.67); (F) IL-12p70 levels were 
decreased with colitis (F(1,36)=4.77; 
p=0.04), but there was no interaction 
(F(1,37)=2.76; p=0.11) or genotype 
(F(1,37)=0.55; p=0.47); and (G) VEGF 
levels were also decreased with 
colitis (F(1,37)=26.43; p<0.0001), but 
no interaction (F(1,37)=0.24; p=0.63) 
or main effect of colitis (F(1,37)=0.17; 
p=0.68).

n=6-16/group.
# p<0.1, * p<0.05, ** p<0.01, 
****p<0.0001, main effect of colitis.
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Figure 4.10
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Figure 4.10. Amygdala cytokines altered by FAAH genotype.

(A) IL-1α levels were decreased with the AC/AA genotype (F(1,37)=5.30; p=0.03), but no interaction 
(F(1,37)=1.30; p=0.26) or main effect of colitis (F(1,37)=2.00; p=0.17); (B) IL-9 levels were also decreased 
in the AC/AA genotype (F(1,37)=4.36; p=0.04), but no interaction (F(1,37)=1.03; p=0.32) or main 
effect of genotype (F(1,37)=0.07; p=0.80); and (C) MIP-1α levels showed a potential decrease with 
the AC/AA genotype (F(1,37)=3.61; p=0.07) but no interaction (F(1,37)=0.88; p=0.35) or main effect of 
colitis (F(1,37)=0.38; p=0.54); (D) MIP-1β levels were decreased in the AC/AA genotype (F(1,35)=9.73; 
p=0.004), but there was no interaction (F(1,35)=0.16; p=0.69) or main effect of colitis (F(1,35)=0.34; 
p=0.56); and, (E) MIP-2 levels were decreased in the AC/AA genotypes (F(1,37)=8.13; p=0.007), but 
there were no interactions (F(1,37)=0.11; p=0.74) or main effect of colitis (F(1,37)=0.62; p=0.44).

(F) For MIG levels, there was a potential increase in the AC/AA genotype (F(1,37)=3.94; p=0.05), but no 
interaction (F(1,37)=1.99; p=0.17) or main effect of colitis (F(1,37)=2.62; p=0.11).

n=6-16/group. Ø p<0.1,  p<0.05,  p<0.01, main effect of genotype.
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Figure 4.11
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Figure 4.11. Amygdala cytokines not altered by colitis or genotype.

There were no effects of colitis or genotype on levels of: (A) IFNγ (interaction (F(1,37)=0.02; p=0.90); 
main effect of genotype (F(1,37)=0.04; p=0.85); main effect of colitis (F(1,37)=2.69; p=0.11)); (B) IL-
1β (interaction (F(1,32)=0.32; p=0.57); main effect of genotype (F(1,32)=0.32; p=0.57); main effect 
of colitis (F(1,32)=0.32; p=0.57)); (C) IL-2 (interaction (F(1,37)=0.44; p=0.51); main effect of genotype 
(F(1,37)=2.11; p=0.16); main effect of colitis (F(1,37)=0.09; p=0.77)); 

123



Figure 4.11
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(D) IL-3 (interaction (F(1,37)=0.04; p=0.84); main effect of genotype (F(1,37)=1.76; p=0.19); main effect 
of colitis (F(1,47)=0.51; p=0.48)); (E) IL-4 (interaction (F(1,37)=0.34; p=0.56); main effect of genotype 
(F(1,37)=1.58; p=0.22); main effect of colitis (F(1,37)=1.51; p=0.23)); (F) IL-7 (interaction (F(1,37)=0.61; 
p=0.44); main effect of genotype (F(1,37)=0.03; p=0.87); main effect of colitis (F(1,37)=0.97; p=0.33)); 
(G) IL-12p40 (interaction (F(1,36)=0.33; p=0.57); main effect of genotype (F(1,36)=0.05; p=0.82); 
main effect of colitis (F(1,36)=0.41; p=0.53)); (H) IL-15 (interaction (F(1,37)=0.11; p=0.75); main 
effect of genotype (F(1,37)=0.10; p=0.75); main effect of colitis (F(1,37)=0.05; p=0.82)); (I) IL-17 
(interaction (F(1,37)=1.21; p=0.28); main effect of genotype (F(1,37)=0.19; p=0.67); main effect of 
colitis (F(1,37)=1.47; p=0.23)); (J) IP-10 (interaction (F(1,36)=0.49; p=0.49); main effect of genotype 
(F(1,36)=2.82; p=0.10); main effect of colitis (F(1,36)=2.25; p=0.14)); (K) LIF (interaction (F(1,37)=0.04; 
p=0.85); main effect of genotype (F(1,37)=1.44; p=0.24); main effect of colitis (F(1,37)=2.58; p=0.12)); 
(L) M-CSF (interaction (F(1,36)=0.04; p=0.83); main effect of genotype (F(1,36)=0.61; p=0.44); main 
effect of colitis (F(1,36)=0.34; p=0.56)); (M) RANTES (interaction F(1,37)=1.51; p=0.23); main effect 
of genotype (F(1,37)=0.002; p=0.96); main effect of genotype (F(1,37)=2.03; p=0.16)); and, (N) TNFα 
(interaction (F(1,37)=1.53; p=0.22); main effect of genotype (F(1,37)=1.01; p=0.32); main effect of 
colitis (F(1,37)=1.53; p=0.22). There were no detectable levels of LIX. n=6-16/group.
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amygdala G-CSF and MCP-1 levels. Furthermore, there were potential regulatory effects of the FAAH 

A alleles on plasma levels of IL-9 and MIP-1β and amygdala levels of IL-6, IL-9, MIP-1α, MIP-1β, 

MIP-2 and MIG. 

 

Effects of FAAH SNP and Colitis on Day 7 Gut Inflammation and Behaviour 

Colitis increased macroscopic tissue damage (p<0.0001), however, in male mice, it was potentially 

more increased in the AC/AA group compared to the CC group (p<0.1) (Figure 4.12A). Colitis 

increased MPO (p<0.0001) but this was not altered by genotype or sex (p>0.05) (Figure 4.12B). 

In the elevated plus maze, male and female mice exposed to TNBS did not show increased 

anxiety-like behaviour as measured by a reduction in the time spent in the open arms (p>0.05) (Figure 

4.13A). There were no changes in time spent in closed arms (p>0.05) (Figure 4.13B) from colitis, 

genotype or sex. Females had a potential lower latency to enter the open arms compared to males 

(p<0.1), but there were no other effects of colitis, genotype or any interactions (p>0.1) (Figure 4.13C). 

There was a potentially anxiogenic effect of colitis as indicated by decreased open arm entries 

(p<0.001), and as with latency to the open arms, females had more entries than males (p<0.001), but 

there was no effect of genotype or interactions (p>0.05) (Figure 4.13D). There was also a reduction 

in closed arm entries with colitis (p<0.0001), and females had potentially more entries than males 

(p<0.1), but no effect of genotype (p<0.05) (Figure 4.13E). A similar pattern was present with total 

arm entries, where there was a reduction with colitis (p<0.0001), and males showed less entries than 

females (p<0.01), but there was no effect of genotype or any interactions (p<0.05) (Figure 4.13F). 

Total arm entries can be used a proxy for locomotor activity, so these data implied that there may be 

a locomotor effect of colitis at this time point, but also a sex difference, where females perhaps have 

greater locomotor activity than males. TNBS administration was potentially anxiogenic in that it 

reduced head dips (p<0.0001), and similarly to other measures above, females showed potentially 

125



M
ac

ro
sc

op
ic

Ti
ss

ue
 D

am
ag

e 
(A

U
)

A
15

12

6

3

0
CC AC/AA

9

CC AC/AA

Saline
TNBSMale Female

M
PO

 A
ct

iv
ity

(U
/m

g 
tis

su
e)

B
15

12

6

3

0
CC AC/AA

9

CC AC/AA

Saline
TNBSMale Female

Figure 4.12

Figure 4.12. Effect of TNBS, genotype and sex on gut inflamation.

(A) Colitis increased macroscopic tissue damage (F(1,112)=91.74; p<0.0001), but there were no 
interactions between sex, colitis and genotype (F(1,112)=2.53; p=0.11), between sex and colitis 
(F(1,112)=0.004; p=0.95), between genotype and colitis (F(1,112)=0.00002; p>0.99), between 
genotype and sex (F(1,112)=2.56; p=0.11) or main effects of sex (F(1,112)=0.008; p=0.93) or 
genotype (F(1,112)=0.00003; p>0.99). In the males, there was a potential increase in damage in 
the male AC/AA TNBS group compared with the male CC TNBS group (p<0.099).

(B) Colitis increased MPO activity (F(1,109)=50.17; p<0.0001), but there were no interactions 
between sex, colitis and genotype (F(1,09)=0.31; p=0.58), between sex and colitis 
(F(1,109)=1.18; p=0.28), between genotype and colitis (F(1,109)=0.007; p=0.93), between 
genotype and sex (F(1,109)=0.08; p=0.78) or main effects of sex (F(1,109)=0.17; p=0.68) or 
genotype (F(1,109)=0.23; p=0.63).

n=7-30/group. ****p<0.0001, main effect of colitis. ^p<0.1 versus CC TNBS in males.
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Figure 4.13
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Figure 4.13
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Figure 4.13. Effect of colitis, sex and FAAH genotype on anxiety-like behaviour.

(A) For open arm time there was no effect of colitis, genotype or sex; interaction between 
genotype, sex and colitis (F(1,112)=0.06; p=0.81), sex and colitis (F(1,112)=0.17; p=0.68), genotype 
and colitis (F(1,112)=0.25; p=0.62), genotype and sex (F(1,112)=0.10; p=0.75) or main effects of 
colitis (F(1,122)=0.74; p=0.39), sex (F(1,112)=0.43; p=0.52) or genotype (F(1,122)=0.02; p=0.88).

(B) For closed arm time there was no effect of colitis, genotype or sex; there was not an interaction 
between genotype, sex and colitis (F(1,112)=0.007; p=0.93), sex and colitis (F(1,112)=0.29; 
p=0.59), genotype and colitis (F(1,112)=0.0007; p=0.98), genotype and sex (F(1,112)=0.01; 
p=0.92) or main effects of colitis (F(1,112)=0.29; p=0.59), sex (F(1,112)=0.36; p=0.55) or genotype 
(F(1,112)=0.27; p=0.61).

(C) For latency to open the arms, there was a potential main effect of sex (F(1,112)=3.06; p=0.08), 
where females showed less of a latency than males. There was not an interaction between 
genotype, sex and colitis (F(1,112)=0.47; p=0.49), sex and colitis (F(1,112)=0.13; p=0.72), genotype 
and colitis (F(1,112)=0.03; p=0.85), genotype and sex (F(1,112)=0.14; p=0.71), main effect of colitis 
(F(1,112)=0.05; p=0.82), or main effect of genotype (F(1,112)=0.61; p=0.44).

(D) Open arm entries were reduced with TNBS exposure (F(1,110)=15.38; p=0.0002), and were 
increased in females (F(1,110)=13.44; p=0.0004). There was not an interaction between genotype, 
sex and colitis (F(1,110)=2.19; p=0.14), sex and colitis (F(1,110)=0.00006; p=0.99), genotype 
and colitis (F(1,110)=0.27; p=0.61), genotype and sex (F(1,110)=0.13; p=0.72), or main effect of 
genotype (F(1,110)=0.15; p=0.70).

(E) Closed arm entries were reduced with TNBS exposure (F(1,110)=27.36; p<0.0001) and were 
potentially lower in males (F(1,110)=3.30; p=0.07). There was not an interaction between 
genotype, sex and colitis (F(1,110)=0.98; p=0.32), sex and colitis (F(1,110)=0.11; p=0.74), genotype 
and colitis (F(1,110)=0.01; p=0.92), genotype and sex (F(1,110)=0.44; p=0.51), main effect of 
genotype (F(1,110)=0.04; p=0.84).

(F) Total arm entries were reduced with colitis (F(1,110)=27.74; p<0.0001) and were lower in 
males (F(1,110)=10.03; p=0.002). There was not an interaction between genotype, sex and 
colitis (F(1,110)=2.03; p=0.16), sex and colitis (F(1,110)=0.03; p=0.85), genotype and colitis 
(F(1,110)=0.13; p=0.72), genotype and sex (F(1,110)=0.35; p=0.56), or main effect of genotype 
(F(1,110)=0.12; p=0.73).

(G) Head dips were reduced with TNBS exposure (F(1,108)=22.62; p<0.0001) and were potentially 
increased in females (F(1,108)=3.31; p=0.07). There was not an interaction between genotype, sex 
and colitis (F(1,108)=1.52; p=0.22), sex and colitis (F(1,108)=0.44; p=0.51), genotype and colitis 
(F(1,108)=0.10; p=0.75), genotype and sex (F(1,108)=0.02; p=0.88), or main effect of genotype 
(F(1,108)=0.19; p=0.67).

n=7-30/group. # p<0.1, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 main effect: male verus 
female or saline versus TNBS.
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greater head dips than males (p<0.1), but there was no effect of genotype or any interaction (p>0.1) 

(Figure 4.13G). 

 

Discussion 

Our data displays mixed effects of a genetic variant resulting in a reduction of function of FAAH on 

gut inflammation, plasma and amygdala cytokines and anxiety-like behaviour. At Day 3, there is no 

effect of genotype on macroscopic tissue damage, but there is a potential increase in the AC/AA 

TNBS group compared to CC TNBS group in males at Day 7, indicating a potential increase in damage 

in males with this genotype. FAAH reduction mitigates TNBS-induced increases of plasma IL-2, LIF, 

MCP-1, and TNF-α; as well as with amygdala G-CSF and MCP-1 levels. FAAH reduction also leads 

to increased basal differences in plasma IL-9 levels and reductions in plasma MIP-1β levels; and in the 

amygdala, leads to reduced IL-6, IL-9, MIP-1α, MIP-1β and MIP-2 levels and increased MIG levels. 

Yet, when it comes to anxiety-like behaviour, there is no effect of colitis on open arm time in the 

EPM, indicating perhaps that TNBS administration in mice for 7 days does not replicate the 

anxiogenic phenotype seen with rats (Chapter 2). As there is no anxiogenic effect of colitis, we were 

unable to ascertain the ability of this loss of function mutation to be anxiolytic. 

 FAAH inhibition or reduction is known to be anti-inflammatory, likely through increasing 

AEA acting at cannabinoid receptors, and particularly in some of the cytokines we see altered (G-

CSF, IL-2, LIF, MCP-1, and TNFα). FAAH inhibition or boosting AEA levels inhibits IL-2 in 

peripheral blood mononuclear cells (PMBC) isolated from patients with Hepatitis C438, mouse 

splenocytes439 and T cells440–442. Endocannabinoids are reported to inhibit LIF release from T cells443,444. 

MCP-1 levels are reduced with FAAH inhibition or increased AEA levels following ethanol 

exposure445, in human periodontal ligament cells stimulated with LPS446, human gingival fibroblasts447 

and in a mild traumatic brain injury (mTBI) model448. There are a multitude of reports showing that 
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FAAH inhibition or increases in AEA levels reduce TNFα levels, including in PMBCs from Hepatitis 

patients438, in brains of rats following ethanol exposure445, periodontal ligament cells stimulated with 

LPS446, human gingival fibroblasts447, rat gingival tissue449, in the brain following mTBI448, LPS treated 

paws212, LPS-induced plasma levels in rats450, LPS stimulated primary microglia cultures from mouse 

cortex294, aged mouse myocytes451, poly-I:C-induced increases in the plasma of mice452 and in the 

striatum of rodents exposed to methamphetamine453. Following a wide host of inflammatory stimuli, 

including those listed above, FAAH inhibition or increasing AEA levels also leads to a reduction in 

IFNγ, IL-1β, IL-6, IL-8, among others438,445–449,452,454. This is, to the best of our knowledge, the first 

report of FAAH’s and AEA’s influence on G-CSF levels. Our work is aligned with these previous 

reports and is the first to report an anti-inflammatory effect of this SNP, which reduced FAAH 

activity.  

However, others show that AEA can induce increases in IL-2, IL-6 and TNFα, as well as cell 

death in hepatic stellate cells455, although perhaps concentration (20 mmol) and cell type differences 

are a key factor in these studies. Additionally, there is a report of AEA (10 and 20 mg/kg) inducing 

release of MCP-1 from mast cells in a CB1 dependent manner456. Despite these few reports, our data 

is in line with literature largely indicating that FAAH reduction and boosting AEA can be anti-

inflammatory. 

 FAAH reductions ameliorate colitis-induced increases in IL-2, LIF, MCP-1 and TNFα, which 

implies that a reduction in FAAH activity at Day 3 post TNBS administration may play a role in 

reducing T cell differentiation, proliferation and migration, as well as monocyte trafficking. 

Interestingly, an MCP-1 dependent monocyte trafficking to the brain in a chronic stress model 

increases anxiety-like behaviour457. We also see that at baseline FAAH regulates other molecules, 

particularly IL-9 and the MIPs, which stimulate mast cells and neutrophils458,459, contributing to our 

understanding of AEA as a potential gatekeeper of inflammatory responses. However, it is unclear 
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why reducing FAAH activity does not attenuate colitis-induced increases in IL-6, given that it has been 

previously shown to inhibit it. We only measure one time point, and it is possible that without a time 

course analysis, we are missing subtle dynamics as to the effects of both colitis, FAAH genotype and 

their combination on cytokine expression levels, both peripherally and centrally. Furthermore, these 

are plasma and brain levels, and more rounded picture would also include colon samples, as well as 

flow cytometric analysis of immune cell trafficking. 

These effects on cytokine levels are perhaps not only due to a cannabinoid system effect. 

FAAH can hydrolyze other compounds, such as palmitoylethanolamide (PEA) and 

oleoylethanolamide (OEA), which may have anti-inflammatory effects. OEA inhibits MCP-1 levels in 

people who have underwent gastric bypass surgery460, in a culture system461 and in animals exposed to 

binge ethanol levels462. OEA also reduces TNFα levels in human umbilical vein endothelial cells463,464 

and following LPS administration in plasma and in the brain465. PEA reduces TNFα levels in a 

carrageenin pain model466, a model of neuropathic pain467, following LPS administration in the 

plasma465, in combination with Baicalein in a model of myocardial ischemia/reperfusion injury468, in a 

model of vascular damage469, in a model of pulmonary fibrosis470, a model of circulatory shock471, 

endotoxin-induced uveitis472, the EAE model of colitis473, stimulated skin mast cells474, in combination 

with quercetin in a model of arthritis475 and in human adipocytes476. PEA reduces inflammation in 

human colonic tissue (from patients with IBD, colon cancer and appendicitis), including levels of IL-

6, IL-8, IL-17A, MCP-1 and GM-CSF477. There are no reported effects of PEA or OEA on IL-2, LIF 

or G-CSF, and PEA on MCP-1, although this does not rule out any effects in our model in these 

cytokines being attributed to either PEA or OEA. Given that PEA and OEA are not only metabolized 

by FAAH, but also have anti-inflammatory effects, it is possible that the effects we observed are not 

limited to AEA and the endocannabinoid system. 
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In the human literature, there are few reports on people carrying an A allele in this FAAH 

SNP (C385A) and inflammatory disease progress. However, one report investigates this SNP in 

relation to IBD392. They find that there are no differences in the frequency, and thus potentially, 

susceptibility, of this genotype among controls, ulcerative colitis or Crohn’s Disease (which TNBS is 

a model for)392. They do show, however, that in patients with Crohn’s Disease, being homozygous for 

the A allele leads to a more severe phenotype, including fistulas and extra-intestinal manifestations392. 

In ulcerative colitis patients, being homozygous for the A allele means an earlier disease onset392. 

Furthermore, people with type two diabetes carrying an A allele (C385A) have higher TNFα levels434, 

indicating for some diseases, the potential harm this allele can cause. Our data in male mice is 

somewhat aligned with these findings as macroscopic tissue damage in male mice may be increased in 

the A carriers at Day 7. 

 Interestingly, unlike our rat studies (Chapter 2), TNBS administration is not anxiogenic at Day 

7 post-onset. However, to date, no reports link TNBS administration in mice with anxiety-like 

behaviour. In other mouse models of colitis, there are reports of anxiety-like behaviours. For example, 

with infection with Citrobacter rodentium, 7-8 h following infection, male mice show increased anxiety-

like behaviour in the open field87. 19 days of chronic subordinate stress in male mice leads to both the 

generation of anxiety-like behaviour in the EPM and an increase in colonic histological damage375,478. 

30+ days following T muris exposure, which leads to mild to moderate colonic inflammation, there is 

increase anxiety-like behaviour in the light dark box (LDB)88. Dextran sulfate sodium (DSS) in the 

drinking water for 10-11 days leads to increased anxiety-like behaviour in the EPM in males479. 

Following three 7-day cycles of DSS administration, male mice display increased anxiety-like behavior 

in the elevated platform task480. 7 and 8 days of DSS exposure leads to increased anxiety-like behaviour 

in the open field (OF) in male mice, but this is accompanied by a reduction in total distance travel, 

which is an indication of reduced locomotor activity481,482. At 8 days following DSS administration, 
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there is decreased time spent in the light side of the LDB in male and female mice483. 3 days of 2,4-

dinitrobenzene sulfonic acid (DNBS) exposure leads to an increase in anxiety-like behaviours in the 

OF and EPM484. 5 or 7 days of DSS exposure in male and female (day 5 only) mice leads to an increase 

in anxiety-like behaviour in the EPM and OF tasks91,376. Although 7 days is when people have observed 

anxiety-like behaviour in some models of colitis, particular DSS, which more resembles ulcerative 

colitis, here we show that there are potential locomotor deficits in the TNBS model 7 days post 

administration, which confounds our behaviour results (reduction in open arm entries and head dips 

with colitis). Additionally, the closest model to TNBS, DNBS, induces anxiety-like behaviour at 3 days 

following administration. Therefore, it would be interesting to run a time course of anxiety-like 

behaviour across a variety of paradigms in these mice or use a different inducing agent.  

 Furthermore, there is a sex difference in latency to enter the open arm, open, close and total 

arm entries and head dips, where females show reduced latency and increased entries into the open 

arms, as well as reduced head dips compared to males, indicating perhaps lower anxiety-like behaviour 

compared to males; however, females also have increased total arm entries, which many indicate 

greater locomotor activity, which also makes these results difficult to interpret.  

Despite ours and others work showing potential increases in disease severity with this genetic 

reduction of FAAH activity, as well as no protective effect on anxiety-like behaviour, FAAH inhibition 

is protective in models of colitis. A recent meta-analysis (with both murine colitis and human IBD) 

shows that both FAAH reduction and inhibition and AEA administration reduced disease activity303. 

Genetic knock-out of FAAH is protective in the DNBS colitis model in male mice304 and 

administration of FAAH inhibitors is also protective in a variety of rodent paradigms305,309,313,485,486. The 

data on the FAAH knockout mice is particularly interesting, as one would expect a partial loss of 

function, as is seen in this model, would also have similar effects, and that any potentially damaging 

effects of life long FAAH inhibition would also be seen in the knockout. It is possible, then, that the 
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reduction of FAAH activity is not sufficient to generate an anti-inflammatory or anxiolytic response; 

however, our data on this genotype’s reduction of colitis-induced cytokines, and others reports on 

fear-response and anxiety behaviour216,229, do not support this hypothesis. It is possible that some 

tissues (e.g. colons) are more likely to target this mutant FAAH for proteolytic degradation, and that 

the percent differences across tissues leads to differences in AEA concentrations. It is possible then 

that in the colon there is a greater comparative amount of AEA between the AC/AA carriers and CC 

carriers than the brain or plasma216,229. We know that inflammation can increase AEA levels316–318, and 

therefore, it is possible that in the context of a reduction in FAAH activity, as seen in this genotype, 

there is even more AEA. Greater AEA and other mediators may act on the transient receptor potential 

vanilloid type 1 (TRPV1) or other receptors to drive colonic inflammatory damage. It would be 

interesting to measure AEA to see if this is the case. 

To summarize, these data indicate that TNBS increases plasma and amygdala cytokine levels 

at Day 3 post-onset, with reductions in FAAH activity being able to reverse some of these changes, 

particularly in those that drive monocyte and cluster of differentiation (CD)4+ T cell activation and 

migration. However, we do not see any anxiety-like behaviour at Day 7 in the EPM, and thus are 

unable to ascertain if this FAAH SNP is anxiolytic. Furthermore, there are no effects of the genotype 

on Day 3 colonic inflammation, but there was a potential increase in damage at Day 7 in the male A 

carriers. These data add to our understanding of how colitis affects individuals with FAAH SNPs and 

may contribute to an understanding of disease outcome and progression, and potentially provide 

treatment insight into these individuals. 
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Chapter 5:  General Discussion 

 

Summary of Findings 

The work herein represents an increased understanding of the neural mechanisms underlying 

comorbid anxiety-like behaviour in a rodent model of colitis, as well as adds to our understanding of 

how the endocannabinoid system regulates colitis disease progression, neuroinflammation and 

anxiety-like behaviour. Furthermore, it represents a demonstration of the reciprocal interplay between 

the endocannabinoid system and inflammatory processes in chronic inflammatory disease states, 

including colitis. 

In Chapter 2, specifically, we first showed that 7 days following intracolonic administration of 

2,4,6-trinitrobenzene sulfonic acid (TNBS) (which resembles Crohn’s Disease, a form of inflammatory 

bowel disease (IBD)) in adult male Sprague Dawley rats, there was a reduction of the endogenous 

cannabinoid, anandamide (AEA), and an increase in the activity of its metabolic enzyme, fatty acid 

amide hydrolase (FAAH), specifically in the amygdala, medial prefrontal cortex and hippocampus 

(Figure 2.3), brain regions that are known to be involved in the regulation of anxiety92. We also showed 

that there was an increase in levels of the other endocannabinoid, 2-arachidonylglycerol (2-AG), in 

the amygdala, medial prefrontal cortex and hippocampus, but no changes in the activity of its 

metabolic enzyme, monoacylglycerol lipase (MAGL) (Figure 2.3). We utilized inhibitors of FAAH and 

diacylglycerol lipase (DAGL), which were administered acutely intracerebroventricularly (ICV), to 

investigate the relevance of the decreases in AEA and increases in 2-AG to colitis-induced anxiety-

like behaviour. First, central administration of a FAAH inhibitor (PF-04457845 (PF); 1 μg), partially 

reversed colitis-induced anxiety in the elevated plus maze (EPM) (Figure 2.4). This indicated that 

colitis-induced reductions in AEA levels contribute to the generation of comorbid anxiety-like 

behaviour. Next, we hypothesized that the 2-AG increases were a compensatory neuroprotective 
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mechanism, and that preventing these increases, through inhibiting 2-AG’s synthetic enzyme, DAGL, 

would be anxiogenic. However, central administration of a DAGL inhibitor (DO34; 100 ng; Van Der 

Stelt laboratory), also partially reversed colitis-induced anxiety (Figure 2.5). This indicated a potential 

anxiogenic role for these increases in 2-AG, although our work was confounded by a potential 

locomotor effect. However, our work is not the first to demonstrate this anxiogenic effect, as others 

show that preventing stress-induced increases in 2-AG in the amygdala prevents stress-induced 

anxiety; it is likely that this anxiogenic effect occurs through 2-AG acting on gamma-aminobutyric 

acid (GABA) neurons248. After establishing the role of changes in the endocannabinoid system in 

comorbid anxiety-like behaviour, we next investigated what is upstream of these changes. Insights into 

a potential mechanism come from research into endocannabinoids and psychological stress225, where 

stress leads to FAAH’s hydrolysis of AEA through corticotropin releasing factor (CRF) acting on its 

receptor type 1 (CRF-R1). To investigate whether CRF-R1 signaling mediates endocannabinoid 

changes following colitis, we administered an antagonist (antalarmin; 10 µg/day) of the CRF-R1 

receptor ICV for 7 days. We found that inhibition of CRF-R1 is sufficient to reverse colitis-induced 

decreases in AEA levels in the amygdala and hippocampus but did not alter colitis-induced increase 

in 2-AG levels (Figure 2.6). Interestingly, we also highlighted a role for CRF-R1 in the basal regulation 

of endocannabinoids in the medial prefrontal cortex, as inhibition of CRF-R1 increases basal AEA 

levels and decreases basal 2-AG levels (Figure 2.6). Additionally, to understand the generalizability of 

this phenomenon across sexes we also measured endocannabinoid levels in female rats. We found 

that AEA levels are reduced in the amygdala, medial prefrontal cortex and hypothalamus in females, 

although to a lesser degree than in males (Figure 2.7), but colitis did not alter 2-AG levels in females. 

Together this work shows that colitis, through CRF-R1, increases FAAH activity to reduce AEA levels 

to drive anxiety-like behaviour. AEA levels are reduced in both male and female rats, implying that 

AEA reductions may contribute to anxiety-like behaviour observed in both males and females91. 
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Interestingly, this recent work shows that female mice display less anxiety-like behaviour following 

experimental colitis91. Others demonstrate that the magnitude of anandamide reductions correlates 

with anxiety-like behaviour215. Therefore, it is possible that sex differences in the endocannabinoid 

system contribute to the differences in anxiety-like behaviour. In females, this includes both a lower 

magnitude of AEA reductions, but also, a lack of anxiogenic increases in 2-AG levels. 

Next, in Chapter 3, we examined neuroinflammatory changes that occur as a result of TNBS 

administration in adult, male, Sprague Dawley rats. We investigated both Day 3, when the acute injury 

phase of the disease in peaking355–358 and there is a reduction in blood brain barrier (BBB) integrity419, 

and Day 7, when we showed changes in the endocannabinoid system and anxiety-like behaviour 

(Chapter 2). We showed similar levels of peripheral inflammation as determined by gut macroscopic 

damage scores, myeloperoxidase (MPO) activity and plasma cytokines between Day 3 and Day 7 

(Figure 3.2). We found increases in amygdala expression of Ptgs1 (cyclooxygenase (COX)-1), Ptgs2 

(COX-2), Ppara (peroxisome proliferator-activated receptor (PPAR)α) and levels of interleukin (IL)-

1β, IL-6 and monocyte chemoattractant protein (MCP)-1 at Day 3, but not Day 7, post TNBS-

administration (Figure 3.3). We found that there were no changes in AEA levels at Day 3 (Figure 3.4), 

indicating that colitis-induced changes in amygdalar AEA levels occur following changes in 

neuroinflammatory signaling. We also saw increases in FAAH activity and 2-AG levels, but no changes 

in MAGL activity (Figure 3.4). We inhibited neuroinflammatory process to investigate whether 

blocking neuroinflammation could prevent colitis-induced reductions in AEA levels. To ascertain this, 

we administered an anti-inflammatory agent, minocycline418, which inhibits neuroinflammation and 

microglia, ICV, and measured endocannabinoid levels following TNBS administration. We find that 

minocycline administration was able to reverse colitis-induced reductions in AEA levels observed at 

Day 7 (Figure 3.5). Consistent with this, we also observed a potential increase in the mean fluorescence 

intensity of a microglia/macrophage marker (ionized calcium binding adaptor molecule 1 (IBA1) in 
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the basolateral amygdala (BLA), seven days following colitis induction. This work indicates that 

inflammatory signaling in the amygdala contributes to colitis-induced reductions in AEA levels. It is 

possible that this occurs through inflammatory mediators driving CRF, or through a parallel pathway.  

Given our work showing that acute central FAAH inhibition reverses colitis-induced anxiety 

(Figure 2.4) and reports of FAAH inhibition being protective during colitis303, in Chapter 4 we next 

examined whether global FAAH reduction is protective against peripheral inflammation, 

neuroinflammation and anxiety-like behaviour. There is a common single nucleotide polymorphism 

(SNP) in the faah gene in humans (C385A; rs324420), in which carriers of the mutant A allele (AC/AA) 

have reductions in FAAH activity and boosted AEA levels216. Recently, a transgenic knock-in mouse 

exists which expresses this humanized SNP216. We utilized this mouse to examine the efficacy of 

genetic reductions in FAAH activity in ameliorating the effects of TNBS on gut inflammation, 

neuroinflammation and anxiety-like behaviour. We found no effect of the A allele on macroscopic 

tissue damage or MPO activity on Day 3 following TNBS administration (Figure 4.2). However, we 

did see an ameliorating effect of carrying an A allele on colitis-induced increases in plasma levels of 

IL-2, leukemia inhibitory factor (LIF), MCP-1, macrophage inflammatory protein (MIP)-1β and tumor 

necrosis factor (TNF)α (Figure 4.3), as well as on colitis-induced increases in amygdala levels of 

granulocyte colony stimulating factor (G-CSF) and MCP-1 (Figure 4.8). This demonstrates a role for 

FAAH inhibition to regulate the immune system, reciprocally to what we observe in Chapter 3, where 

inflammation drives changes in AEA. At Day 7, we did see a potential effect of the A allele on 

macroscopic tissue damage, specifically observing in male mice, that carrying an A allele resulted in 

potential increases in macroscopic tissue damage (Figure 4.12). This indicates a potential deleterious 

role of the A allele in our model of experimental colitis—these results align with epidemiological 

reports in humans carrying the A allele, showing that in patients with Crohn’s Disease, there is an 

increase in disease severity392. Additionally, we did not observe an anxiogenic effect of TNBS in mice 
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(Figure 4.13), unlike our rat studies (Chapter 2). This may be due to deficits in locomotor activity from 

TNBS administration, as there was a reduction in total arm entries, a proxy for locomotor activity 

(Figure 4.13). However, this also may not be the opportune time point to assess TNBS-induced 

anxiety-like behaviour in mice, as there are no reports of this time point with this inducing agent being 

anxiogenic. These data indicated a mixed effect of genetic reduction in FAAH activity. During peak 

of the acute phase of the disease, there was not an effect on gut inflammation, and an ameliorating 

effect of FAAH reduction in some plasma cytokines associated with monocyte and cluster of 

differentiation (CD)4+ T cell activation. These data showed a role for FAAH in regulating 

inflammatory processes, reciprocally from Chapter 3. However, there was no effect of this FAAH 

SNP on anxiety-like behaviour, and there was a potential increase in macroscopic tissue damage in 

males at Day 7 post colitis onset. These data may provide additional insight into our understanding of 

how this FAAH SNP may influence colitis disease progression in humans, but also shows a potential 

regulatory role for AEA in colitis-induced increases in inflammation early in the disease progression. 

Together, this work highlights a potential role for a loss of central AEA signaling in mediating 

colitis-induced anxiety. We additionally show that AEA reductions occur through CRF-R1 and 

neuroinflammatory mechanisms. This work aids in our understanding of the neural mechanisms of 

anxiety comorbid with inflammatory diseases, and potentially opens the avenue for additional 

therapeutic targets. Furthermore, we show a potential protective role for a genetic loss of function in 

FAAH on plasma and amygdala cytokines induced by colitis in early stages following TNBS 

administration. Together, these data indicate an important, and complex, interplay between 

endocannabinoid signaling and inflammatory processes in the behavioral and immunological effects 

produced by colitis. Although we establish this connection of AEA reductions and anxiety-like 

behaviour during colitis, as well as provide two target upstream mechanisms, CRF-R1 and 

neuroinflammation, it is still unknown how gut inflammation drives these changes in the brain. 
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Furthermore, with our sustained central manipulations of CRF-R1 and neuroinflammation, we do not 

see any changes in gut damage or inflammation, but there is an established role for neuronal signaling 

in these comorbidities74. In the next section, we discuss these concerns, as well as the literature 

highlighting the co-sensitization of anxiety and inflammation. 

 

Gut-Brain Cross Talk in Anxiety and Colitis 

The pathophysiology and clinical manifestations of IBD involve interactions between a variety of 

systems, including immune activation, dysregulated microbiota, visceral hypersensitivity and the 

altered brain function, including activated stress responses33; these systems are involved in the gut-

brain axis74,487. 

 The brain and gut communicate through a variety of pathways, and these systems overlap with 

systems that mediate the stress response peripherally and centrally488–490. The gastrointestinal tract and 

enteric nervous system are innervated by autonomic nervous system efferents, both parasympathetic 

and sympathetic branches, including vagal, sacral parasympathetic pelvic, mesenteric and splenic 

nerves74,491. Reciprocal afferents deliver information to the brain regarding osmolarity, macronutrient 

levels, mechanical alterations of mucosa, presence of danger associated molecular patterns (DAMPs) 

and visceral pain74,490. These afferents deliver information to the spinal cord and the nucleus of the 

tractus solitarius, which propagate further activity and release of neurotransmitters in the brain, 

including areas associated with stress, emotion and pain74,490,492–494. The immune system can serve as an 

additional relay between the brain and the gut33; and inflammatory mediators can act on the brain, as 

well as the gut33,74,490. Activation of the sympathetic-adrenal-medullary (SAM) and hypothalamic-

pituitary-adrenal (HPA) stress axes releases norepinephrine and epinephrine, and glucocorticoids, 

respectively, which can act on the cells of the immune system and in the gut33,74,490. Additionally, gut 

microbiota can influence host immunity, particularly cytokine expression33,495,496, as well as the stress 
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response and behaviour33,497,498. This overview highlights the reciprocal relationship between a variety 

of systems involved in the gut-brain axis. How these systems are altered in stress or IBD and how 

these can stimulate each other will be discussed below. 

 In our model system, we intracolonically administer TNBS to induce colon inflammation, and 

then observe increased anxiety-like behaviour (Chapter 2). However, clinically, there is evidence that 

not only can gut inflammation drive anxiety and depression comorbidities, but chronic stress, anxiety 

and depression can lead to gut inflammation33. It is established that patients with IBD show a 2-3 

times greater incidence of anxiety and depression3,6–26,499–501. However, in prospective cohort 

studies502,503, it is reported that patients can have IBD prior to anxiety and depression disorders, or 

vice versa. Therefore, it is conceptualized that, in one direction, gastrointestinal inflammation drives 

anxiety and depression which resemble sickness behaviour—and in the other direction, that IBD are 

somatization disorders, which begin as mood alterations and alterations in visceral hypersensitivity 

and pain, and which express as dysregulated gut function33. Rodent models using chronic stress 

paradigms also demonstrate a role for this reciprocal pathway. There are reports that chronic stress 

paradigms, which are models for mood disorders, lead to gut inflammation and colon damage504,505. 

There are also reports highlighting that stress alters disease severity in rodent models of colitis506–510, 

and in humans, IBD pathogenesis325,327,490,503,511–518. 

 Stress exposure, and the top-down brain response to stress, can modulate the gut-brain axis 

to increase susceptibility and disease pathogenesis in IBD in a variety of ways. In response to stress, 

mast cells in the mucosa can secrete a number of inflammatory mediators and other humoral factors 

that affect gut physiology, including activating other mucosal immune cells and disrupting intestinal 

epithelial permeability74,519,520. Furthermore, mast cells are anatomically adjacent to nerve terminals and 

enteric neurons, and the factors they release can drive neuroinflammation33,74,519,521. Moreover, 

sympathetic nervous system activation and catecholamines are thought to be classically 
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proinflammatory33,74,522–527. On the other hand, vagal nerves may serve an anti-inflammatory role. 

Proinflammatory cytokines in the mucosa can stimulate vagal afferents, which drives HPA axis 

responses, stimulating glucocorticoids, which are noted anti-inflammatory agents; however, stress 

exposure decreases vagal nerve outflow, leading to a net overall increase in sympathetic catecholamine 

levels which contributes to intestinal inflammation74,528–531. In our model, we observe increases in 

proinflammatory cytokines and increases in basal glucocorticoid levels (Chapters 2 and 3), of which 

the former may be driving the latter.  

Stress can also contribute to changes in the brain that contributes to the pathogenesis of IBD 

and comorbidities. Balance between the prefrontal cortex and the amygdala is dysregulated during 

stress, as well as IBD, with a hypoactivity of the prefrontal cortex and hyperactivity of the 

amygdala228,408,409,532. The prefrontal cortex can modulate output of vagal nerve efferents to exert 

control over parasympathetic tone; reductions in this tone are associated with increases in 

inflammation—therefore, a reduction of activity in the prefrontal cortex could represent a loss of a 

break on a proinflammatory state74,527,533,534. Additionally, there is evidence that acetylcholine released 

from vagal and splenic efferents decreases proinflammatory mediators74,535–540. In our hands, we show 

reductions in AEA levels in the amygdala from colitis (Chapter 2), and this represents a loss of a tonic 

break on that brain region, resulting in the generation of anxiety-like behaviour202—therefore, we see 

that one side is off balance between the prefrontal cortex and the amygdala. However, in our hands, 

we also see increases in 2-AG levels in the prefrontal cortex, which in the context of stress, leads to 

termination of the HPA axis through top-down control202. Therefore, it is unclear if there is a 

dysregulation of cortical top-down control on parasympathetic tone in this model. Future work should 

investigate how TNBS alters the excitability of the medial prefrontal cortex. 

Central CRF is important in regulating the HPA axis, but there exists a role for CRF in the 

periphery as well. Stress activation of mast cells to increase intestinal permeability is orchestrated 
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through CRF74,541–543. Furthermore, antagonism of the CRF-R1 receptor leads to anti-inflammatory 

effects in some models of gut inflammation74,544. However, animals with increased HPA axis response, 

driven in part by central CRF (Fischer rats), are protected against TNBS colitis545,546.  In our hands, 

centrally inhibiting either CRF-R1 or neuroinflammation is able to reverse colitis-induced reductions 

in AEA levels in the absence of altering colonic inflammation. This is surprising given the above 

evidence. However, it does highlight that the normalization of AEA levels is not secondary to 

normalizing colitis-induced peripheral inflammatory processes, which supports the idea that altering 

colitis-induced anxiety can be dissociable from altering peripheral inflammation. Furthermore, it 

highlights that central AEA signaling may be more relevant for changes in behaviour, rather than 

affecting colonic inflammation. However, there is utility in treating comorbid anxiety in IBD, as it is 

associated with poorer outcomes33. It would be interesting to see the effects of boosting AEA 

throughout the disease progress, including through relapse and remission, or reactivation, to see if 

there is an effect of boosting central AEA in the later stages of disease progression. 

The microbiome is also a part of the gut-brain axis. Stress alters microbiota and reduces colony 

diversity33,74,547,548. Furthermore, as mentioned above, stress increases intestinal permeability, and this 

can allow for the translocation of gut microbes to induce inflammation74. The gut microbiome shapes 

host immunity, as some species are required for proliferation of different populations of T cells, 

whereas others can induce immunosuppressive mediators33. Furthermore, changes in the microbiome 

can affect the brain, including anxiety processes549,550. Although, to date, there are no established 

reports of the effect of microbiome alterations or germ-free status on central AEA and FAAH levels. 

However, antibiotic treatment in mice reduces amygdala CRF-R1 gene expression, illustrating a role 

for the microbiome to regulate CRF/CRF-R1 in the amygdala551. In this study, there is a global 

reduction of gut flora, which may indicate a loss of species that can promote an anxiety-like phenotype. 

In IBD or rodent models of colitis, there is a reduction in the diversity of the gut microbiota33,487,552–
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559, but not an ablation, and there may be an overabundance of species that drive inflammatory 

processes and anxiety. 

In our model of colitis, we have established that inducing colitis drives anxiety-like behaviour. 

Inflammation and IBD can alter the gut-brain axis in a number of ways. Peripheral inflammatory 

mediators and cells can act on the brain through direct signaling, mirror inflammation, afferent fibers 

and immune cell trafficking. The effects of inflammatory mediators on the brain can be to potentiate 

sensory afferents, alter stress and mood and disrupt blood-brain-barrier function. It is likely a 

combination of these that lead to AEA reductions. As established, it is likely that the pathogenesis of 

anxiety and IBD is bi-directional33. We demonstrate how gut inflammation drives AEA changes in our 

model that are necessary for colitis-induced anxiety. However, there is also the possibility for a role of 

the endocannabinoid system in anxiety that drives IBD. Chronic stress paradigms also disrupt AEA 

signaling in the amygdala, which is involved in stress-induced anxiety-like behaviours202. Chronic stress 

can also lead to colon inflammation504,505. Although this is partially mediated by the adrenals508,560, it is 

possible that chronic stress-induced reductions of AEA signaling contribute to these processes, and it 

would be interesting to test if this is the case. There is a protective role for cannabinoid signaling in 

stress-induced gastric mucosal lesions561–563, which indicates that cannabinoids are able to peripherally 

blunt stress-induced changes in colon inflammation. 

There are other potential mediators and confounding factors, including pain processes. In this 

model, following resolution of TNBS-induced colonic inflammation, there is a maintained visceral 

hypersensitivity—which means that there is altered sensation in response to normal functions of 

visceral organs, such as gastrointestinal distensions and contractions564. There is also evidence of both 

acute and chronic abdominal pain in patients with IBD565–567. Chronic pain dysregulates the gut-brain 

axis568, in a way which predisposes these patients to anxiety and mood disorders24,569–571. On the other 

hand, stress and mood disorders lead to increased visceral pain perception572,573. Furthermore, 
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comorbid pain is cited as one of the reasons patients utilized medicinal cannabis in IBD156 and there 

is a role for endocannabinoids in modulating the increase in visceral hypersensitivity from chronic 

stress574–576. Inhibitors of both FAAH and MAGL, the degradative enzymes of AEA and 2-AG, reduce 

stress-induced hyperalgesia and visceral hypersensitivity247,576,577. Given the visceral hypersensitivity in 

this model, and the relation between pain sensitization and anxiety, it is possible that the anxiety-like 

behavior we see in this model could be due to increased pain, and alleviating pain could alleviate 

anxiety-like behaviour, or that the anxiolytic effect of FAAH inhibition occurs through reducing pain 

perception. It is also possible that given that anxiety-like behaviour is observed prior to the 

development of visceral hypersensitivity in this model, that anxiety contributes to the increased pain 

perception, and reducing anxiety could reduce pain. 

There exists a multitude of pathways and mediators involved in the bidirectional regulation of 

the gut-brain axis that relate to anxiety-like behaviour and inflammation. We outline many of them 

above, however future work will have to investigate the functional role any of them play in regulating 

endocannabinoid levels in colitis. 

 

Limitations 

As with all experiments, there are a number of limitations observed in this thesis. We have tried to 

highlight concerns throughout the document, and further address broader concerns below. 

 One major concern is our choice of vehicle throughout the dissertation. Although saline is a 

commonly used vehicle for studies utilizing TNBS419,578–599, TNBS is dissolved in ethanol. An integral 

part of TNBS-induced colitis is the ethanol vehicle which acts to break down the mucosal barrier to 

allow for haptenization of the gut or intestinal flora and disease progression. There are reports of an 

ethanol vehicle producing changes in intestinal permeability and water absorption600. There is 

discussion in the field about whether ethanol should be considered a vehicle or a diluent for TNBS601.  
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However, we see AEA changes in the brain following TNBS administration compared to an ethanol 

group, specifically showing that there are similar reductions of AEA in the amygdala and medial 

prefrontal cortex at Day 7 (data not shown). On its own, ethanol produces increases in gut 

inflammation, although this is still reduced compared to TNBS (data not shown). These results 

indicate that even in comparison to an ethanol vehicle, which on its own shows inflammation, that 

TNBS leads to reduced AEA levels. However, it also highlights the need for a vehicle which is a true 

control in which there is minimal intestinal inflammation, therefore, we use saline as our comparator 

group for these studies. 

 Throughout the different methods we utilize in our work, we employ different “n’s”. We 

utilize “n’s” which are consistent with those previously reported in literature and in our laboratory. 

Generally, n = 12-15 for behavioural analysis; n = 10-12 for endocannabinoid levels; n = 4-6 for 

enzyme activity assays; n = 6-8 for gene expression; and n = 7-9 for multiplex and ELISAs. In some 

of the techniques utilizing smaller, “n’s,” there are internal technical replicates for each sample (e.g. 

gene expression, ELISA). For the enzyme activity assays, we use multiple different concentrations of 

the substrates (each in triplicate) per sample contributing to the single data point (Vmax or Km). This is 

in contrast to as opposed to single readout assays not run with technical replicates, such as for 

endocannabinoid levels, where there may be more variability across subjects in a group. Furthermore, 

inconsistent “n’s” arise from our manipulations, with surgery and colitis leading to attrition due to loss 

of animals or misplaced cannula. Despite this, our samples sizes are sufficient to show significant 

changes, and we have also reported effect sizes (R2-values). 

 Changes we observe, particularly in endocannabinoid levels and cytokine levels are by small 

differences in levels. So, while they may be statistically significant, there may be no functional 

relevancy. We show effect size, in addition to statistical significance. Specifically, we report the 

coefficient of determination (R2), which analyzes how differences in one variable are explained by the 
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differences in another variable602. We also show functional relevance of these changes. For example, 

reversing AEA reductions through acute FAAH inhibition is sufficient to reduce anxiety-like 

behaviour in rats exposed to TNBS. Or, minocycline administration can prevent colitis-induced 

reductions in AEA. For this experiment, it is unknown which inflammatory mediator(s) is mediating 

this effect, therefore, follow-up studies should be employed to address this. These changes have a 

similar magnitude to changes which are reported in other studies. For example, the magnitude of 

changes in AEA following colitis, resemble those observed with stress, and these reductions are very 

relevant for driving the HPA-axis and stress-induced anxiety225. Additionally, unlike corticosterone 

levels—which we are able to use to infer biological impact of concentrations based on its binding 

affinity for its two receptors—the biological impact of the molecules cannot be determined based on 

concentrations alone. Our behavioural data would indicate that these changes are functionally relevant 

for driving anxiety-like behaviour. There are reports of low concentrations of cytokines changing 

neuronal excitability, for example, 0.1 to 1 ng/mL of IL-1β can enhance N-methyl-D-aspartate 

(NMDA)-induced calcium increases603. Therefore, it is possible that the changes we observe in 

cytokine signaling are functionally relevant in the brain, but further work will have to assess this. 

 There are baseline differences in our proinflammatory cytokine measurements in the amygdala 

between Day 3 and Day 7. Day 3 and Day 7 samples were analyzed using different kits; therefore, they 

were not directly compared. Measuring cytokines is inconsistent604, especially in the rat. This has been 

seen across different companies605. Furthermore, detecting basal levels may be difficult due to low 

expression606,607. Therefore, is best practice to run direct comparisons on the same plate. We did that 

here within each day, but not between days; therefore, levels between Day 3 and Day 7 are not directly 

compared. Additional best practices are to include multiple avenues of observational studies (e.g. 

messenger ribonucleic acid (mRNA) + protein; multiple ways to examine proteins, etc), as well 

sufficiency and necessity studies, to show functional relevance of any changes observed. 
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 Finally, in mice, TNBS exposure at Day 7 post-administration is not anxiogenic, unlike our rat 

studies. However, to date, no one has demonstrated the ability of TNBS to be anxiogenic at Day 7 in 

mice. Our work also indicates a potential locomotor effect of TNBS in mice at Day 7, which may be 

confounding our results. Therefore, it is recommended that a timeline for the effects of TNBS 

administration in mice on anxiety-like behaviour be generated. This would allow for analysis of this 

genetic reduction in FAAH to be anxiolytic, but also would allow for additional analysis of 

investigation of mediating factors on colitis-induced anxiety in a mouse model of Crohn’s Disease. 

 

Summary 

It is understood that psychiatric comorbidities represent an increased burden in IBD, and contribute 

to disease progression, poor treatment adherence and reduced quality of life33. Therefore, 

understanding the neural mechanisms that mediate these comorbidities represent a critical research 

avenue. Particularly, this is true given that ameliorating psychiatric comorbidities may influence 

immune activation, dysregulated microbiota, gut function and visceral hypersensitivity33. Additionally, 

current treatments to reduce colonic inflammation can have an exacerbating effect on these comorbid 

psychiatric symptoms, so providing adjunct therapeutic targets to address only the comorbid mood 

disturbances or treatments that target both are vital516,608–611. We show that colitis leads to AEA 

reductions, particularly in the amygdala, which contributes to the development of comorbid anxiety-

like behaviour. Furthermore, we observe that these reductions are regulated by CRF-R1 and 

neuroinflammatory processes. We additionally demonstrate dual impacts of genetic variance in FAAH 

activity, as mice bearing reduced FAAH activity exhibited reduced plasma and amygdala cytokine 

levels early in the disease progress, but a potential enhancement of macroscopic tissue damage later 

on (in males), highlighting potential caveats in utilizing endocannabinoids in certain populations or 

for certain aspects of the disease. Here we provide evidence of an anxiolytic role of FAAH inhibition 
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for inflammation-induced colitis. Given previous work showing that FAAH inhibition can mediate 

colonic inflammation303, it is possible that FAAH inhibitors could serve as a two-pronged therapeutic 

to treat inflammatory conditions and the accompanying psychiatric comorbidities. There may be a 

difference between pharmacological inhibition and a genetic reduction in FAAH, as our work and 

epidemiological studies392, suggest that a SNP in FAAH is potentially deleterious for disease 

progression. Our work is summarized in Table 5.1 and Figure 5.1. This work provides a basis for the 

notion that endocannabinoids may mediate psychiatric comorbidities in multitudes of disease states, 

particularly those with changes in CRF and neuroinflammation.  

 
Table 5.1 Summary of Findings. 
 

 Amygdala 
Medial 

Prefrontal 
Cortex 

Hypo-
thalamus 

Hippo- 
campus 

 Day 3 Day 7 Day 7 Day 7 Day 7 
 Rat Mouse Rat Mouse Rat Rat Rat 

AEA -- na  na  --  
FAAH  na  na  -- -- 
2-AG  na  na  --  

MAGL -- na -- na -- -- -- 
CRF-R1 

Antagonist 
Reverses? 

na na AEA na -- -- AEA 

Minocycline 
Reverses? na na AEA na na na na 

 EPM Amygdala Neuroinflammation 
 Day 3 Day 7 Day 3 Day 7 
 Rat Mouse Rat Mouse Rat Mouse Rat Mouse 

TNBS na na  --   -- na 
FAAH Reduction 

Reverses? na na Yes na na Yes na na 

DAGL Inhibitor 
Reverses? na na Yes na na na na na 

Increased or decreased, significantly; potential increases; -- no change; na=not assessed; 
similar to psychological stress exposure  
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Figure 5.1

Figure 5.1. Summary.

A. Colitis leads to an increase in HPA axis output, neuroinflammation and FAAH activity and a reduction 
of AEA levels in the brain, as well an increase in anxiety-like behaviour.
B. Red “X”: Central FAAH inhibition partially reverses colitis-induced increases in anxiety-like behaviour. 
Blue “X”: Central inhibition of CRF-R1 or neuroinflammation prevents colitis-induced reductions in AEA 
levels. Yellow “X”: Global FAAH reduction blunts some colitis-induced increases in neuroinflammation.

FAAH, fatty acid amide hydrolase; CRF, corticotropin releasing factor; ACTH, adrenocorticotropic 
hormone; AEA, anandamide. Aspects adapated from Paxinos and Watson319.
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