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ABSTRACT 

 

This thesis describes how induced gut inflammation induces brain inflammation via the 

brain-gut axis. It further shows that mice with elevated gut inflammation display post-shock 

behavioural correlates of anxiety for longer duration than mice that do not have gut inflammation. 

The gut-inflamed mice also show a reduced ability to recover from fearful experiences and higher 

relative quantities of inflammatory markers in the nucleus accumbens. Mice receiving both gut 

inflammation and psilocybin show reduced anxiety behaviour and lower relative quantities of 

inflammatory markers in the nucleus accumbens. This thesis demonstrates that induced gut 

inflammation drives increased inflammation in the nucleus accumbens and results in increased 

measures of anxiety in conditioned and unconditioned behavioural tasks. Some outcomes were 

ameliorated by the addition of a single dose of psilocybin. Overall, these data improve 

understanding of potential mechanisms by which anxiety may be produced and treated. Research 

was completed under protocol number 2018. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 ANXIETY 

Consider the following. Two students, Leanne and Dina, are approaching exam season and 

both have five exams back-to-back with less than two weeks to prepare. Whenever these students 

think about their exams, their heart rates increase, and their breathing becomes faster and 

shallower. This behavioural response causes Dina to sit down and 

plan out the next two weeks, carefully selecting blocks of time for 

each subject as well as food, sleep, and exercise breaks. After this 

careful planning, Dina can now focus on the task at hand. The 

same behavioural response causes Leanne to begin imagining a 

future in which she fails all five exams. In this imaginative future 

her parents are disappointed, she has to redo all the hard work she 

put into the semester, or she drops out of university altogether. 

These thoughts paralyse Leanne’s ability to study, as each time 

she thinks about her exams, her mind is consumed with the 

potential reality of her future failure. 

The above responses of both students are labelled “anxiety” 

responses. For both students the hypothalamus releases 

corticotropin releasing hormone (CRH). CRH induces the pituitary gland to release 

adrenocorticotropic hormone (ACTH). ACTH induces their adrenal glands to produce cortisol. 

The release of cortisol into the bloodstream mobilises glucose, along with many other responses 

which are interpreted as a sympathetic response. 
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An important concept to note is that anxiety is different from fear. As defined by Barlow 

(2000), fear is the response to a “realised threat”, while anxiety is a response to a “potential threat”. 

Dina’s anxiety response is a normal and beneficial stress response. Anxiety can have many 

benefits, including the ability to increase attention, enable focus on pressing issues at hand, and 

inhibit an individual from entering a potentially dangerous situation (Bourin et al., 2007). A 

therapeutic challenge arises when anxiety does not benefit an individual. This occurs when anxiety 

is unresolved or is triggered by low level stimulus and becomes a chronic state. This type of 

anxiety, demonstrated by Leanne, impairs quality of life.  

Anxiety as a disorder is described by the Diagnostic and Statistical Manual V as “excessive 

worry and apprehensive expectations, occurring more days than not for at least 6 months, about a 

number of events or activities (such as work or school performance)” (5th ed.; DSM–5; American 

Psychiatric Association, 2013). Once anxiety reaches this point, it has the opposite effect of helpful 

anxiety, and results in symptoms such as decreased ability to focus and improper judgement of 

danger.  

The human gut harbours 10-100 trillion symbiotic microbial cells and bacteria (Turnbaugh 

et al, 2007). Foster and Mcvey (2013) argue that the microbiota (or lack of certain microbiota) in 

the gut have an influence on the process of healthy anxiety responses, as in Leanne’s scenario, or 

the process of unhealthy anxiety responses, as in Dina’s scenario. They also show that 

inflammation in the gut changes the dynamic microbiota population.  

There are several different types of anxiety: social anxiety, specific phobias, panic disorder, 

separation anxiety, and generalised anxiety disorder. This thesis focused on generalised anxiety 

disorder for the following reasons: comorbidity with inflammatory gut diseases (Matisz & Gruber, 

2022), potential for animal behavioural models (Matisz et al., 2022), and lifetime prevalence (6.2% 
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of the population at some point in their life will experience at least one case of the disorder) 

(Szuhany & Simon, 2022).  

I hypothesise that the comorbidity of generalised anxiety disorder and inflammatory gut 

disease can occur because there is a 

connection between the brain and the gut. 

This connection is able to drive 

inflammation in the gut to the brain. To test 

this hypothesis, I will perform several 

experiments. First, mice will be given a 

chronic treatment to mimic ulcerative colitis. 

While receiving this inflammatory disease, 

mice will be trained on a conditioned fear 

task. The anxiety behaviours of the mice will then be tested on both conditioned and unconditioned 

tasks, the remediatory ability of psychedelics will be tested, and finally, their brains will be 

removed for the analysis of inflammatory markers.  

 

1.2 BRAIN REGIONS INVOLVED IN ANXIETY 

 There are many brain regions that are involved in emotional processing and anxiety. While 

it is sometimes difficult to understand which regions are more influential in certain disorders, the 

following section will describe two regions which may be influential in the gut-brain-anxiety 

process due to their unique connections and roles. 



 4 

1.2.1 Anterior Cingulate Cortex 

Activity in the anterior cingulate cortex (ACC) is shown to be related to diseases such as 

Inflammatory Bowel Disease (Crohn’s Disease and ulcerative colitis), Celiac Disease, Irritable 

Bowel Syndrome, and Functional Dyspepsia - broadly referred to as gastrointestinal diseases and 

disorders. This connection is poignantly displayed in a thorough review on the subject by Matisz 

and Gruber, (2022). The ACC is involved in threat coping and emotional regulation. It also has 

unique connections with vagal and spinal afferent nerves from the gut, immune system, and 

endocrine system. This communication gives rise to feedback opportunities between the brain and 

the gut, enabling the ACC to drive dysfunction in either direction (Matisz & Gruber, 2022). 

 Along with feedback mechanisms, the ACC also influences pain interpretation and 

processing. Felger (2018) finds that people with gastrointestinal diseases and disorders are more 

sensitive to pain and have a lower threshold for pain tolerance. The ACC is also more active in 

people with gastrointestinal diseases and disorders during bouts of pain, but also when anticipating 

a painful stimulus (Silverman et al., 1997). One consequence of this is that a heightened activation 

strongly associates the ACC with anxiety (Modi et al., 2014; Chua et al., 1999). This makes sense, 

as one of the key features of gastrointestinal diseases and disorders, such as ulcerative colitis, is 

the potential for sudden, unexpected onsets of disease-related pain. This unpredictability cues the 

ACC to anticipate pain at unexpected times, which leads to anticipatory anxiety during and 

between flares (Piche et al., 2010; Bryant et al., 2011) 

 The ACC is also integral to anxiety due to its wide connections with regions involved in 

decision making, arousal, and sympathetic activation involving fight or flight responses (Hashemi 

et al., 2019).  These connections allow the ACC’s involvement in associations between contexts 

and stimuli (Rustay et al., 2008), with a preference for negative stimuli in order to best promote 
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the activation of the sympathetic nervous system (Matisz & Gruber, 2022). It is also shown that 

the cingulate cortices are involved in acquiring new memories (Pezze & Feldon, 2004), and that 

lesions of this area will result in deficits to fear conditioning (Rustay et al., 2008). These 

associations enable the ACC to guide decision making and anticipatory behaviour when in 

potentially dangerous contexts (Matisz & Gruber, 2022).  

 Due to involvement in pain processing, anticipation of pain, pain tolerance, associations 

between context and painful stimuli, and the ability to control the sympathetic response, the ACC 

has much potential to provide new and interesting information on the mechanism of anxiety 

production.  

1.2.2 Ventral Striatum / Nucleus Accumbens 

 The striatum has been studied in children at risk for anxiety because of its connection with 

learning, reward functioning, salience, and goal-directed behaviour (Sollenberger, et al., 2023), all 

of which are negatively affected by anxiety. The ventral striatum, or nucleus accumbens (NAc), 

has many different connections with the amygdala, an area of the brain involved in both emotion, 

and anxiety processes (Britt et al., 2012; Antoniadis & McDonald, 2000). The NAc has also been 

closely tied to learning, prediction error, and reward valuations (Daw et al., 2011). Studies show 

that during anticipation of rewards and losses linked to behaviour, youth with behavioural 

inhibition have an elevated NAc response (Bar-Haim et al., 2009; Guyer et al., 2006). In 2021, Cai 

et al. summarised over fifteen papers linking abnormal NAc activation to anxiety and depression, 

while showing in their own study that rats showed dysregulation of proteins in the NAc after 

receiving chronic mild stress. 

 The NAc is shown to be involved in both reward-related behaviour (Wise and Bozarth, 

1985; Koob,1996; Robbins and Everitt, 1996; Salamone and Correa, 2002), and aversive 
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reinforcement (see for review Oei and King, 1980; Blackburn et al., 1992; Salamone, 1994; 

Salamone et al., 1997). But more specifically, it is implicated in specific involvement with 

contextual fear conditioning, rather than explicit stimulus fear conditioning (Pezze and Feldon, 

2004). Contextual fear conditioning involves two differing contexts, one in which a negative 

stimulus is repeatedly presented and the other in which a negative stimulus is never presented. 

This differs from an explicit stimulus in that the negative stimulus is preceded by a tone or light 

prior to its administration. This is demonstrated in a study in which the NAc was temporarily 

inactivated as rats were undergoing contextual fear conditioning. It is found that in this scenario 

there is an impairment to fear of context, but not to tone (Westbrook, 1999). Differing from this, 

Antoniadis & McDonald (2006), show that damage to the nucleus accumbens specifically 

interferes with conditioned heart rate and ultrasonic vocalisations during contextual fear 

conditioning, but not with avoidance of the shock-paired context. 

 The NAc is implicated as having a role in both contextual fear conditioning and anxiety. 

The NAc’s many connections to other anxiety-involved regions, and the fact that the proposed 

method of studying anxiety specifically is a fear to context experiment, makes the NAc an excellent 

candidate of study to better understand anxiety.  

 

1.3 ANXIETY AND IRRITABLE BOWEL DISEASE 

As referred to above, psychiatric comorbidities, such as anxiety and depression, can be 

comorbid with gut conditions such as irritable bowel disease (Mikocka-Walus et al., 2016; 

Mikocka-Walus & Andrews, 2018). This connection between the function of the gut and anxiety 

were reported as early as 1838, when exceptional circumstances enabled Dr. Beaumont to observe 

the inside of the stomach while also interacting with the patient. His observations were considered 
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the “most important practical contributions to the science of physiology.” One such observation 

was that fear or anger reduced the secretion of “gastric juice”, slowing the rate of digestion 

(Beaumont W., 1838). 

It is currently understood that approximately 50% of irritable bowel disease patients suffer 

from comorbid anxiety during active disease (Neuendorf et al., 2016). This rate of comorbidity 

has led to irritable bowel disease and its related psychiatric comorbidities to be considered 

disorders of the gut-brain axis (Matisz et al., 2022). Bidirectional communication of the brain and 

the gut is postulated. Communication methods include the autonomic nervous system, the enteric 

nervous system, the neuroendocrine system, and the immune system (Foster & McVey Neufeld, 

2013). This communication forms a gut-brain axis that allows the gut to regulate brain function 

and vise-versa (Matisz et al., 2022). In a stunning review, Cryan et al. (2019) clearly articulates 

numerous avenues by which gut microbiota influence health. Initially undertaking the foundational 

understanding of the gut-brain-axis, he then moves to the consequences of this connection ranging 

from neuron signalling to Alzheimer's Disease to anxiety (Cryan et al., 2019).  

Gut dysbiosis, known as abnormal gut microbiota profiles (Ni et al., 2017), co-occurs with 

depression and anxiety (Powell et al., 2017), as well as a range of other mental health conditions 

(Matisz et al., 2022). This relationship has also been demonstrated in several experimental studies 

(R.D. Heijtz, et al. 2011; K.A. Neufeld, et al. 2011; N. Sudo, et al. 2004; G. Clarke, et al. 2012). 

In one such study, faecal microbiota are transferred from humans with IBD to healthy mice. This 

exchange increased the mice's gut motility, gut barrier dysfunction, colon inflammation, and 

anxiety-like behaviour (De Palma et al., 2017). Another study involved the transfer of healthy gut 

microbiota from age-matched human patients to patients with irritable bowel disease. This transfer 

resulted in alleviated disease symptoms such as anxiety severity, depression, and obsession, as 
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well as a decrease in the irritable bowel disease patients’ gastrointestinal symptoms (Kilinçarslan 

et al., 2020). Not only this, but the use of prebiotics (a source of food for healthy bacteria) and 

probiotics (food sources containing good bacteria) have been shown to improve both behavioural 

and neurological abnormalities in mice and humans (Sanders et al., 2019; Barbosa & Vieira-

Coelho, 2019).  

In summary, there are now many studies that illustrate that there is a close correlation 

between gut dysfunction and mood disorders such as depression and anxiety. As this proposed bi-

directional inflammatory pathway between the brain and the gut has become more evident, it has 

inspired potential remedial therapies for gut-brain inflammatory dysfunction (Sudeep et al., 2022; 

Foster & McVey Neufeld, 2013). 

 

1.4 INDUCED INFLAMMATORY BOWEL DISEASE 

Inflammatory bowel diseases (IBD), a form of gut inflammation which includes Crohn's 

disease and ulcerative colitis, have complex and unknown causes. Their complexity is further 

increased by their tendency to relapse and remit (Podolsky, 1995), often triggered by stress. IBD 

presents with diarrhoea, abdominal pain, fatigue, and weight loss (Podolsky, 1995) and is often 

comorbid with anxiety and depression (Hassan et al. 2014; Stuart & Baune, 2014). Ulcerative 

colitis is included under the umbrella term IBD, but primarily affects the rectum and colon 

(Kobayashi et al., 2020). Rodent models of gut inflammation have been employed to better 

understand IBD pathologies. In relevant studies, a chemical model of IBD is commonly introduced 

by dissolving dextran sulphate sodium (DSS) into drinking water, (Okayasu et al.,1990). DSS 

colitis exposure has many of the same symptoms as ulcerative colitis, including clinical disease 

signs such as faecal blood, diarrhoea, and weight loss. These are also accompanied by behavioural 
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changes (Matisz et al., 2020), such as anxiety and depression (P. Bercik, et al. 2011; Sudeep et al., 

2022).  

A benefit of the DSS colitis model is that after a 5-7-day cycle of DSS, peak disease lasts 

for about three days and then subsides on its own (Bento et al., 2012). A common method is to 

induce an acute model of colitis by giving only one dose for up to ten days. However, by repeating 

a 5-day cycle of DSS can induce a chronic disease model, better representing the human experience 

of relapsing and remitting IBD (Neuendorf et al., 2016). DSS colitis also induces an increase in 

neuroinflammatory markers (Do and Woo, 2018 and Reichmann et al., 2015), neuronal excitation 

(Barnes et al., 2021), and behavioural alterations (Chen et al., 2015 and Jain et al., 2015 and Nyuyki 

et al., 2018 and Reichmann et al., 2015), which mirrors the comorbidity of IBD with depression 

and anxiety (Matisz et al., 2022). For these reasons, DSS is an excellent resource to induce an 

animal model of the IBD, colitis. Matisz et al. (2022) found that to date, most of the animal research 

has focused on acute gut inflammation. For example, mice are often given a single 5-10-day dose 

of DSS in their drinking water. This model does not properly replicate the chronic and relapsing 

nature of inflammation in IBD experienced by humans. For this reason, Matisz et al. (2022) gave 

mice 3, 5-day doses of ulcerative colitis to better represent the chronic cycles of inflammation in 

the human condition of IBD. One limitation of DSS-induced colitis is that we cannot assess 

abdominal pain apart from posture and mobility. Although these can be monitored, severity of pain 

is less evident than in a human model. Another consideration is the cells used when the colitis is 

induced, Denese et al. (2020) mentions that T and B cells are involved in human colitis, but not in 

DSS-induced colitis. However, apart from these differences, it appears to be one of the most 

reliable drugs to induce ulcerative colitis in mice. 
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DSS-induced colon inflammation can be monitored through biomarkers in the faecal 

matter. It is shown that peripheral inflammation is accurately reflected by the levels of the robust 

inflammatory marker, Lipocalin-2. Lipocalin-2 is produced by several different cell types such as 

myeloid and intestinal epithelial cells (Zollner et al., 2021), and is induced in response to 

proinflammatory stimuli, such as Il-1b, Il-22, and Toll-like receptor activation (Chakraborty et al., 

2012; Behnsen et al., 2014). This induced Lipocalin-2 is then secreted into the gut (Nielsen et al., 

1996), providing an ideal informant of gut inflammation. 

 

1.5 ANIMAL MODELS OF ANXIETY 

 If it is true that gut inflammation induces anxiety behaviour, it is important to find accurate 

methods with which to analyse anxiety in animals. It is easy to ask a human test subject if they are 

feeling anxious. It is far less simple to determine the anxiety level of a rodent such as a mouse. For 

this reason, numerous animal models of anxiety have been developed. The aim of these models is 

to replicate the physiological, pathophysiological, and behavioural features of human anxiety in 

non-human rodents or primates (Steimer, 2011). By replicating these features of anxiety, the ability 

to consistently predict anxiety behaviours in rodents is obtained.  

 Animal anxiety models fall under two broad categories, unconditioned (no training 

required) and conditioned (training required). In an unconditioned model of anxiety, the rodent 

has never been exposed to the environment/context/cue, thus the anxiety response is acute anxiety, 

not connected to memory. Some of these unconditioned tests include, but are not limited to, the 

elevated plus maze, the light-dark chamber, and the open field task (Rustay et al., 2008). In these 

contexts, the failure to enter an open space by an animal is indicative of anxiety. In a conditioned 

model of anxiety, animals are trained to recognize one context as fearful because it is first paired 
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with an unpleasant stimulus, and the ability to recall this prior pairing is measured. A few 

conditioned tests include fear potentiated startle, fear to context, or chamber preference (Steimer, 

2011). Fear potentiated startle uses an explicit stimulus given prior to a negative stimulus in order 

to induce anxiety behaviours in rodents. Both fear to context and chamber preference will be 

described adequately in the methods section of Chapter 2.  

A major difference between conditioned and unconditioned tasks is the way in which fear 

or anxiety is displayed. According to Panksepp (1990), flight or active coping strategies are 

unconditioned responses to a current threat. Differing from this, freezing or passive coping 

strategies are a conditioned response to a non-current threat or prediction of danger. This type of 

passive response was originally described by Engel and Schmale as a conservation-withdrawal 

strategy (Engel and Schmale, 1972). These two responses are modulated in part by the cognitive 

apprehension of the environment and in part by the probability of a successful escape. A flight 

pattern is activated when the danger is near, or current (unconditioned), while a freezing pattern is 

activated when the threat is far, or non-current (conditioned) (Panksepp et al., 1990; Steimer, 2011; 

Fanselow, 1980; Fanselow and Helmstetter, 1988; Richmond et al.,1998). 

While these threat-coping strategies are different depending on the conditioned or 

unconditioned model, it is recommended to strengthen the evaluation of anxiety by using more 

than one anxiety model (Seibenhener & Wooten, 2015). For this reason, as will be described 

below, the conditioned place preference task, the fear to context task, and the open field task were 

chosen to appropriately monitor both conditioned, and unconditioned anxiety responses.  

1.5.1 Contextual Fear Conditioning 

Due to the role of the NAc in contextual fear conditioned anxiety, a fear to context 

paradigm was used for this study. The definition of contextual fear conditioning in rodents is: a 
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task involving associative learning, in which an environment which was previously neutral, is 

paired with one or more foot shocks to produce a learned fear response when re-exposed to the 

environment without the paired shock (Delgado et al., 2006; Izquierdo et al., 2016). This kind of 

fear conditioning enables the acquisition of danger associations and subsequent natural fear 

responses (Antoniadis & McDonald, 1999). Contextual fear conditioning successfully models 

human anxiety disorders in animals because the learned anxiety can be ameliorated by different 

anxiolytics, agents that reduce anxiety (Olevska et al., 2021; Rustay et al., 2008). This fear 

conditioning paradigm can be manipulated in several ways. It can involve a single session, multiple 

sessions, or discrimination learning, otherwise defined as discrimination contextual fear 

conditioning (Matisz et al., 2022).  

Intriguingly, most studies of the effects of peripheral inflammation, or specifically DSS-

induced colitis on fear-related behaviours, examine animal behaviour on singular tasks such as the 

elevated plus maze, light-dark chamber, or the open field task. These tasks are limited, as the 

absence of learning eliminates the potential to assess associations involved in fear conditioning 

having to do with affect (Matisz et al., 2022). Discriminative contextual fear conditioning provides 

this affect-related response by having two or more unique contexts. This enables mice to 

discriminate between the context paired with shock (P), and the context not paired with shock 

(UP). These contexts can differ in shape, scent, size, wall pattern, or sound. Rodents are able to 

associate these unique contexts with negative affective outcomes, such as one or more foot-shocks. 

Delivering a negative stimulus in context ‘A’, but not context ‘B’, will typically result in more 

fear-related behaviours in context A than in context B, thus revealing both anxiety levels, and the 

discriminative abilities of the rodent (Matisz et al., 2022; Izquierdo et al., 2016).  
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An exemplar study done by Czerniawski & Guzowski (2014) finds that this type of 

discriminative contextual fear conditioning can be manipulated by a single dose of peripheral 

inflammation, and Matisz et al. (2022) showed that a chronic, but not an acute, dose of peripheral 

inflammation can affect context discrimination, even at a time-point 9-day post peak inflammation. 

Another study compared rats with and without lesions or inactivation (via muscimol) of the 

orbitofrontal prefrontal cortex and found that this area is able to prevent overgeneralization during 

discrimination learning using the discriminative fear conditioning to context task (Zelinski et al., 

2010; Trow et al., 2016). These findings suggest that inflammation impacting the function of 

different frontal cortex areas may be involved in modulating the memory involved in fear 

discrimination. 

1.5.2 Open Field Task 

Unlike the contextual fear conditioning, the open field task is a non-conditioned anxiety-

like behaviour task. During the open field task, a single mouse or rat is placed in the centre of a 

novel, (usually) square, open environment with opaque walls, in which they remain for 2-20 

minutes depending on the experiment (Seibenhener & Wooten, 2015). The task measures the 

amount of time they spend in the centre of the context compared to the periphery, with an inverse 

relationship between centre time and anxiety levels. Anxiety is produced in this environment for 

two reasons: solitude and agoraphobia (Bourin et al., 2007; Seibenhener & Wooten, 2015), both 

of which are exaggerated in a high-anxiety mouse and reduced in a low-anxiety mouse. Due to the 

complexity of the conditioned-place-preference task and fear-to-context tasks, the open field task 

offers a straight-forward measure of anxiety-like behaviour. Such unconditioned behaviours 

appear to be modulated by different brain regions, remaining unchanged even with hippocampal 

and amygdala lesions (Antoniadis & McDonald, 2001). This unlearned anxiety task provides 
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insight into novel-context anxiety production, compared to the fear to context task and conditioned 

place preference learned anxiety production.  

 

1.6 PSILOCYBIN AND INFLAMMATION 

 As there is evidence for a connection between gut inflammation, brain inflammation, and 

anxiety production, it is important to consider how to remediate this inflammatory cycle. 

Psychedelics have recently been implicated for their potential to remediate inflammation by acting 

on the 5-HT2A receptor. The brain 5-HT2A receptor agonist, serotonin, is not only involved in 

brain inflammation, but also involved in gut inflammation (Ghia et al., 2009) and is implicated in 

inflammatory bowel diseases (Khan, 2013). Due to the plethora of its roles, dysfunction in the 

serotonergic system leads to a host of disorders, including depression and anxiety (Thiebot, 1986). 

Considering the potential damage due to inflammatory processes involved in prevalent diseases 

such depression, anxiety, and gut diseases, there is a search for anti-inflammatory agents without 

risky side effects.  

One such potential agent has been recently identified in psilocybin, the active component 

of magic mushrooms. For centuries people have used psilocybin-containing mushrooms for the 

healing properties they provide. How psilocybin has therapeutic properties is not understood. One 

proposal is that psilocybin acts as a competitive agonist at the serotonin, 5-HT2A, receptor 

(Zanicov et al., 2023). When this receptor is activated by serotonin, it has a pro-inflammatory 

effect, however when activated by different psychedelics, including psilocybin, the action of 

serotonin is blocked, leading to a decrease in inflammation (Flanagan & Nichols, 2018; Yu et al., 

2008). By stimulating a specific receptor formation, psilocybin may trigger anti-inflammatory 

effects while also blocking the receptor from allowing serotonin to dock and induce inflammation. 
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The result of this opposing effect is demonstrated by Nau et al. (2013) when they found that 

psychedelics inhibit TNF-a-induced inflammation. 

Considering the connection between inflammation, and depression and anxiety mentioned 

earlier, it is unsurprising that in a double-blind study in which the 5-HT2A receptor was activated 

by psilocybin, anxiety and depression are found to have decreased in cancer patients (Griffiths et 

al., 2016; Ross et al., 2016), again contributing to the theory of the anti-inflammatory effect of 

psilocybin. It is also found that psilocybin downregulates proinflammatory proteins such as CD80, 

p65, and TLR4 while upregulating neuroprotective protein, TREM2 (Kozłowska et al., 2021). 

Psilocybin has also been shown to stimulate neurogenesis (Jones & O’Kelly, 2020).  

Due to the overwhelming connection between inflammation, gut diseases, and anxiety, the 

potent anti-inflammatory effect of psychedelics when activating the 5-HT2A receptor (Yu et al., 

2008) is certainly worth exploring in a model of gut and brain inflammation as I will do in the 

present thesis.  

 

1.7 THE GUT-BRAIN-AXIS THEORY 

         To explain and expand on the research to date, a theory has been proposed by our lab 

referred to as The Gut-Brain-Axis Theory. This proposes that the gut and brain can communicate 

with each other. This communication can benefit the function of both organs, but with respect to 

the current thesis, increased inflammation in either organ may be related to abnormal function of 

both organs. As is summarised in the introduction to this thesis, proposed trafficking between the 

gut and the brain relates the physical symptoms of gut inflammation to the behavioural states of 

anxiety. The gut-brain axis theory accounts for a range of data including that gut inflammation can 

induce anxiety. Furthermore, the theory accounts for some of the therapeutic effects treatments of 
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these conditions. Antianxiety treatments can reduce gut inflammation and anti-gut inflammation 

treatments can treat anxiety. The theory will be further tested in this thesis by experiments related 

to the following hypotheses. 

 

1.8 RESEARCH OBJECTIVES AND HYPOTHESIS 

 The overarching goal of this thesis is to better understand the physiological cause of 

anxiety. By taking a step in this direction, the door for further discovery of the biological 

mechanisms of anxiety opens. Based on previous research, induced gut inflammation leads to 

differences in anxiety-like behaviours in mice. To expand on this question of inflammation and 

anxiety, it is necessary to discover if induced gut inflammation leads to increased markers of 

inflammation in the brain. If so, the potential for correlations between increased brain 

inflammatory markers and higher levels of anxiety must be tested.  

1.8.1 Hypothesis I: Mice with chronic gut inflammation exhibit higher levels of conditioned and 

unconditioned anxiety behaviours 

 In past studies it was shown that particularly at the remote time-point (19 days post-training 

and 9-12 days post-DSS), a chronic model of inflammatory bowel disease led to increased anxiety-

like behaviour in a conditioned-fear task (Matisz et al. 2022). To further understand anxiety 

production, it is necessary to reproduce this experiment while adding further analysis and 

behavioural tasks. The hypothesis is that mice with chronic gut inflammation exhibit higher levels 

of anxiety in both the conditioned and unconditioned behavioural tasks and improperly 

differentiate fearful and non-fearful stimuli. Based on past research, specific changes at the remote 

disease time-point compared to the recent disease time-point are anticipated.  
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1.8.2 Hypothesis II: Mice with chronic gut inflammation will have increased markers of 

inflammation in their brains 

 To understand whether the brain is affected by the chronic gut inflammation, it is necessary 

to identify specific brain regions for further analysis. Based on studies mentioned above, the NAc 

region of the striatum, and the ACC region of the cortex distinguished themselves as areas involved 

in anxiety. For this reason, the NAc and ACC were tissue punched and the mRNA was isolated 

from these regions for RT qPCR analysis of inflammatory molecules and genes involved in the 

inflammatory pathway. The prediction is that mice given chronic gut inflammation would have an 

increase in inflammatory markers, such as Il-1b, in specific brain regions related to anxiety, and 

that mRNA involved in the inflammatory pathway would be expressed differently in mice given 

chronic inflammation compared to those without inflammation.  It is hypothesised that the increase 

in anxiety-like behaviours is due to an increase in brain inflammation. 

1.8.3 Hypothesis III: Pilot study - A single injection of psilocybin will decrease anxiety-like 

behaviour in mice with chronic gut inflammation 

 To further investigate the role of inflammation on anxiety, as well as the potentially 

remediatory effects of psychedelics such as psilocybin on anxiety, a single high-dose (6 mg/kg) of 

psilocybin was administered between testing time-points. This will enable comparison of 

behaviour readouts between the recent and remote testing time-points. In the interest of 

understanding the potential positive effects psilocybin may have on brain inflammation, a pilot 

study of 12 mice receiving both three doses DSS and one dose of psilocybin will be run. The results 

of this study may offer directives for future research on the effect of psilocybin as an anti-

inflammatory agent on specific brain regions. The hypothesis is that a single dose (6 mg/kg) of 

psilocybin administered between the recent and remote testing time-points would decrease 
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inflammation in the brain. It is further hypothesised that this decreased inflammation would lead 

to a decrease in anxiety-like behaviour in both the conditioned and unconditioned behavioural 

tests. 

1.8.4 Experimental Design 

Three groups of male mice, 1 control, 2 DSS, 3 DSS + Psi, were tested for anxiety-like 

behaviour at two different time-points after training on a contextual fear task. The reason for only 

using male mice is explained in the limitations section of this thesis. After experimental endpoint, 

reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) was performed on the 

ACC and NAc of these mice to test the relative quantity of RNA of several specific markers 

involved in the inflammatory pathway. These results will allow understanding for three things, 1. 

Whether gut inflammation impacts brain inflammation, as described in hypothesis I. 2. How 

inflammation may affect anxiety behaviour, as described in hypothesis II. 3. If psilocybin has any 

effect on these outcomes, as described in hypothesis III.  
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CHAPTER 2: CHRONIC GUT DISEASE CHANGES INFLAMMATORY MARKERS IN 

THE NUCLEUS ACCUMBENS AND INCREASE ANXIETY-LIKE BEHAVIOURS IN 

MALE C57/BL6J MICE  

 

2.1 INTRODUCTION  

The percentage of the population with mood disorders is progressively rising, with 

generalised anxiety alone having a life-time prevalence of 6.2%. This means that 6.2% of the 

population (around 500 million people using a current global population of 8 billion) will suffer 

from at least one case of generalised anxiety within their lifetime. Unfortunately, suffering from 

any inflammatory disease dramatically increases one's likelihood of suffering from a comorbid 

mood disorder such as anxiety (Mikocka-Walus et al., 2016; Mikocka-Walus & Andrews, 2018; 

Hassan et al. 2014; Stuart & Baune, 2014). It is found that about 50% of patients suffering from 

inflammatory bowel disease (IBD) also suffer from comorbid anxiety disorders (Neuendorf et al., 

2016). This rate of comorbidity has led to IBD and its related psychiatric comorbidities to be 

considered disorders of the gut-brain axis (Matisz et al., 2022). Communication methods include 

the autonomic nervous system (ANS), the enteric nervous system (ENS), the neuroendocrine 

system, and the immune system (Foster & McVey Neufeld, 2013), giving ample opportunity for 

inflammation to be driven bi-directionally. 

         To understand the increased risk for anxiety disorders in IBD patients, it is important to 

find appropriate models for both IBD and mood disorders such as anxiety. IBD presents with 

diarrhoea, abdominal pain, fatigue, and weight loss (Podolsky, 1995). Ulcerative colitis is included 

under the umbrella term IBD, but primarily affects the rectum and colon (Kobayashi et al., 2020). 

An especially effective IBD rodent model is found in dextran sulphate sodium (DSS) (Okayasu et 
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al.,1990). When added to drinking water, DSS exposure has many of the same symptoms as 

ulcerative colitis, including clinical disease signs such as faecal blood, diarrhoea, and weight loss. 

These are also accompanied by behavioural changes such as anxiety and depression (P. Bercik, et 

al. 2011; Sudeep et al., 2022) and relapsing and remitting disease (Bento et al., 2012; Neuendorf 

et al., 2016). 

         While several conditioned and unconditioned anxiety tasks are available for mouse models 

of anxiety, the fear to context and preference conditioned tasks as well as the open field 

unconditioned task were chosen. Conditioned tasks such as the fear to context task enable analysis 

of how fear memory may be modulated by the induction of colitis. Unconditioned fear tasks such 

as the open field task provide understanding for how inflammatory diseases such as ulcerative 

colitis impact general, untrained anxiety behaviours. Using more than one model strengthens the 

overall evaluation of anxiety. 

Two brain regions have unique distinct potential to be modulating the inflammatory 

pathway and increased anxiety behaviour; the anterior cingulate cortex (ACC) and the ventral 

striatum, also known and referred to in this paper as the nucleus accumbens (NAc). The ACC has 

extensive connections with vagal and spinal afferent nerves from the gut, immune system, 

endocrine system, and microbiota. This communication gives rise to feedback opportunities 

between the brain and the gut, enabling the ACC to drive dysfunction in either direction (Matisz 

& Gruber, 2022). The ACC also has connections with regions involved in decision making, 

arousal, and sympathetic activation involving fight or flight responses (Hashemi et al., 2019).  

These connections allow the ACC to be involved in associations between contexts and stimuli 

(Rustay et al., 2008).  
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 The nucleus accumbens has been studied in children at risk for anxiety because of its 

connection with learning, reward functioning, salience, and goal-directed behaviour (Sollenberger, 

et al., 2023). When suffering with anxiety it is common for these traits to become distorted. The 

NAc has also been closely tied to learning, prediction error, and reward valuations (Daw et 

al., 2011). In 2021, Cai et al. cited over fifteen papers linking abnormal NAc activation to anxiety 

and depression, while showing in their own study that rats showed dysregulation of proteins in the 

NAc after receiving chronic mild stress. In a study involving its temporary inactivation, the NAc 

has also been specifically implicated in its involvement with contextual fear conditioning 

(Westbrook, 1999; Pezze and Feldon, 2004). The ACC and NAc’s fundamental connections with 

the gut and other brain regions enable them to be excellent candidates for the study of associations 

between anxiety disorders and gut inflammatory disorders such as ulcerative colitis. 

The hypothesis is that the comorbidity of generalised anxiety disorder (GAD) and 

inflammatory gut disease occurs because of a connection between the brain and the gut. This 

connection enables inflammation to be promoted from the gut to the brain. To test this hypothesis, 

the study will consist of several steps. First, mice will be given a chronic treatment to mimic 

ulcerative colitis. While receiving this inflammatory disease, the mice will be trained on a 

conditioned fear task. Their anxiety behaviours will then be assessed on both conditioned and 

unconditioned tasks. Their brains will be subsequently analysed for downstream inflammatory 

markers.  
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2.2 MATERIALS AND METHODS 

Subjects  

Twenty-one adult, male, C57BL/6J mice purchased from Jackson Bar Harbour, ME 

arriving on December 14, 2022, were used in the experiments described in this chapter. The mice 

were divided into two groups, a control group receiving tap water (n = 9) and a DSS group 

receiving three doses of dextran sodium sulphate in water (n = 12). The mice were 8 weeks old at 

the beginning of the experiment and weighed between 21g and 26g. The mice were given ad-

libitum access to food and water. They were housed in groups of three and kept on a 12-hour 

light/12-hour dark cycle with lights on at 7:30 and off at 19:30. After arrival in the housing facility, 

the mice were handled for ~ten minutes every other day for one week before starting the 

behavioural experiment. This was done to familiarise them with the experimenter. All animals 

were cared for in compliance with the Guide for the Care and Use of Laboratory Animals. Ethical 

approval was obtained from the Animal Experimental Ethics Committee of the University of 

Lethbridge.  

 

Colitis Induction 

For the induction of chronic DSS colitis, mice were exposed to three cycles of DSS (3.0%, 

2.75%, 2.75% wt/v) each lasting five days, with 8 days of recovery between the first and the second 

cycle, and a 15-day recovery period between the second and third cycle. Control mice received 

regular drinking water for the duration of the experiment. Body weight and disease activity were 

monitored throughout the experiment. Disease activity index (DAI) was tested for seven days after 

each 5-day cycle of DSS. The intensity of disease is based on five different measurements: 1. 
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percentage of body weight lost from the start of the cycle, 2. activity compared to control mice, 3. 

hydration (tested by giving a skin tent), 4. body conditioning, and 5. Posture. 

 

Contextual Fear Training  

 
Figure 2.1: Schedule of behavioural experiments, colitis induction, and injections. 
Created with BioRender.com 
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Figure 2.2: Schematic representation of the discriminative fear to context apparatus 
during training and testing.  
Created with BioRender.com. Contexts were cleaned with Virkon prior to the addition 
of each mouse in each of the training sessions and behavioural experiments. 
 

Table 2.1: Schedule of faecal collection, DSS induction, and behavioural experiments. 

Day Date Behaviour DSS Level 

0 28-Dec Baseline None 

26 23-Jan Pre-Exposure 8-days post-cycle 2 

35 01-Feb End of training Just prior to cycle 3 
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40 06-Feb Recent Test Peak Inflammation 

49 15-Feb Remote Test Resolving Inflammation 

 

Day 26: pre-exposure (2.2A) 

This procedure took place in the “safe” room. The mouse was placed in the bridge between 

two contexts. The time spent in each of the contexts was recorded for ten minutes. If a mouse 

showed a preference for one context over the other by spending at least 10% more time in one of 

the contexts than the other, that context became the paired context (PC). 

 

Day 27-34: training (Fig. 2.2B) 

Each mouse was exposed to both a paired and an unpaired context in an alternating manner. 

On day one they would be in either the paired or the unpaired, and on day two the mouse would 

be placed in the context opposite to the day prior. This was repeated for eight days. This procedure 

took place in two rooms: the “safe” room and the “shock” room. Mice were placed one at a time 

in their respective unpaired or paired contexts with their back to the sealed door (the bridge was 

removed and sealed) for five minutes. 

Unpaired (Fig. 2.2B1): Mice were placed in their unpaired context for five minutes and then 

removed and placed in a waiting room until the rest of their cage was complete.  

Paired (Fig. 2.2B2): Mice were placed in their paired context and were given two minutes to 

acclimatise to the context before a 0.5 mA shock was delivered for 2 seconds. This was repeated 
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three times at the beginning of minutes 2, 3, and 4, and the mouse was removed from the context 

after minute 5 and then placed in a waiting room until the rest of their cage was complete.  

 

Day 40-41 + 49-50: Freezing Test (Fig. 2.2C)  

The freeze test took place over two days and was similar to training days 1 and 2. The 

testing occurred in the “safe” room. Mice were placed in their respective contexts depending on 

the training schedule and were recorded with a floor-mounted ELP 2.0 MP 5-50mm USB camera 

for 5 minutes. No shock was administered during testing. Freeze-time scoring for contextual fear 

behavioural tasks was scored using a combination of DeepLabCut and a custom Matlab script. 

However, to ensure accuracy, all videos were also scored by the experimenter. All graphs were 

created using GraphPad Prism 9.5.0 or GraphPad Prism 10.0.1. 

 

Day 42 and 51: Conditioned Place Preference Task (Fig. 2.2D) 

Mice were placed in a bridge connecting both contexts and allowed to roam freely between 

the contexts for 10 minutes while being recorded with a floor-mounted ELP 2.0 MP 5-50mm USB 

camera. The total time spent in each context was scored by individuals and compared using a two-

way ANOVA. Comparisons between time spent in paired contexts at only recent or remote time 

points were compared using a t-test. All graphs were created using GraphPad Prism 9.5.0 or 

GraphPad Prism 10.0.1. 

 

Day 52: Open Field Test 
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Figure 2.3: Open Field Task Schematic. Created with BioRender.com 
 

 Anxiety-like behaviour and locomotor activity were assessed in the open field arena (Fig. 

2.3) (w: 50 cm/50 cm, h: 25 cm) under normal lighting conditions (Seibenhener & Wooten, 2015). 

Mice were placed in the centre of the open field arena (made from white plexiglass) and allowed 

to roam freely for 10 minutes while being recorded with a ceiling-mounted ELP 2.0 MP 5-50mm 

USB camera. The OFT was scored using a custom tracking algorithm. The tracking algorithm used 

OpenCV’s implementation of a mixture of Gaussians 2 algorithm (MOG2). The algorithm tracked 

the centre of mass of the animal as it moved through the arena. The program then created a CSV 

with the X and Y coordinates of the centre of mass for each frame. This was then used to analyse 

velocity, centre dwell time, periphery dwell time, total distance travelled, and the time it took to 

enter the centre. Less time spent in the centre is indicative of more anxiety (Seibenhener & Wooten, 

2015). All graphs were created using GraphPad Prism 9.5.0 or GraphPad Prism 10.0.1.  

 

Brain Tissue Extraction and RNA Isolation 

Mice were euthanized on day 52 by induction into an isoflurane chamber and subsequent 

injection with ~1.6mL/kg euthanyl (Bimeda MTC 00141704). The brains were removed and snap-

frozen via immersion into pre-chilled isopentane for 60-120 seconds and subsequently stored at -

80 ºC. 
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Section Extraction 

 
Figure 2.4: Image of brain section extraction process. All procedures were performed 
in a sterile environment with gloved and masked experimenters. Created with 
BioRender.com 
 
(A) Setup of wet lab bench prior to slicing. (B) Brain warming from -80ºC to -20ºC in the frozen 
matrix. (C) Brain within a matrix with frozen blades embedded in the matrix. (D) Frozen brain 
slices laid out on frozen glass ready for tissue punching.  
 
  Six control and six DSS mice were subjected to the following nucleic constituent extraction 

protocol. These mice were randomly chosen from the group of twelve DSS and nine control mice 

which underwent the previous experiment. 

Protocol acquired from JOVE (Miller et al., 2020): “Collection of Frozen Rodent Brain 

Regions for Downstream Analyses” was followed apart from a few details.  Prior to beginning, all 

tools and surfaces were cleansed using RNaseZap™ RNase Decontamination Solution and 
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UltraPure™ DNase/RNase-Free Distilled Water purchased from ThermoFisher Scientific 

followed by 70% ethanol. Surfaces were not frozen or used until ethanol had fully evaporated. 

  About 20 hours prior to dissection, an alto 0.5 mm brain matrix was frozen at -20 ºC 

between two freezer packs. A Styrofoam box was filled with ice and covered with cleaned, black 

plastic and frozen at -20 ºC and a piece of glass fitting within the Styrofoam box was placed on 

top of the ice. Using pliers, the metal tops were removed from single-edged razor blades. Blades 

were then cleaned and frozen at -20 ºC. 

Just prior to brain sectioning, dry ice was placed around the glass as pictured in Figure 1.3 

(previous protocol suggested placing dry ice under the glass, I found this resulted in the glass being 

too cold and the brain slices shattering when punched). The brain was placed within the matrix 

and allowed to come to temperature for ten minutes. Pre-cleaned and frozen razor blades were 

placed halfway through the brain in the centre, rostral, and caudal positions of the brain, every 

other slot was filled with 0.23mm thick blades. Once slots were full, blades were pressed down 

with a flat object until the blades were at the bottom of the matrix. Dry ice was placed beside the 

blades prior to removal to ensure the brain remained frozen while being removed from the matrix. 

All blades were removed in unison, and slices were laid out on chilled glass as shown in 

Figure 1.3. A pre-cleaned tissue punch was used along with the Allen Brain Atlas to punch the 

anterior cingulate cortex, and the NAc region of the ventral striatum. These tissues were then 

dropped into 0.5mL TRIzol (15596026) immediately following the tissue punch and subsequently 

stored at -80 ºC.  

 

 

RNA and DNA Extraction 
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  RNA Isolation. All tubes were Thermo Fisher nuclease-free PCR tubes. Samples were 

thawed to room temperature and homogenised with a homogenizer followed by gentle pipetting 

with pipettes of decreasing sizes until fully homogenised. Samples were then incubated at room 

temperature for five minutes to ensure complete membrane lysis. 100µL of chloroform (Sigma 

Aldrich CAS 67-66-3) was added, and the tubes were gently inverted ten times and left to incubate 

for three minutes at room temperature. The samples were then centrifuged at 4 ºC and 12000 x g 

for 15 minutes. The upper aqueous phase was transferred to another tube and 1µL of RNase-free 

glycogen (Thermo Fisher R0551) and 250µL of isopropanol (Sigma Aldrich CAS 67-63-0) were 

added to each sample. Samples were then incubated at -20 ºC for 1.5 hours. During this time the 

DNA isolation protocol was carried out. After 1.5 hours, samples were centrifuged for 10 minutes 

at 4 ºC and 12000 x g. The supernatant was discarded, with care taken to not disturb the RNA 

pellet. The RNA pellet was washed with 500µL 75% ethanol and centrifuged for 5 minutes at 4 

ºC and 7500 x g. The 75% ethanol supernatant was then discarded. The RNA pellet was air-dried 

for no longer than 60 seconds. The pellet was then resuspended in 25µL of RNase-free H2O 

(Thermo Fisher AM9938) and placed on a heat block at 55 ºC for exactly 10 minutes in order to 

ensure full elution of the RNA. Samples were then immediately placed on ice to ensure RNA 

quality. 

 

Targets and Primer Selection 

Genes of interest were chosen based on their relation to the developed hypothesis, namely, 

the potential for inflammation to drive changes in the brain which results in anxiety-like 

behaviours in mice. Primers were chosen based on published literature that used these same targets.  
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Table 2.2: Genes of interest.  

Gene 
ID Gene Name Gene Role 

Forward 
Primer 

Reverse 
Primer Reference 

mt-Co1 cytochrome c oxidase 
subunit I 

Mitochondrial function  
 

TCGCAATT
CCTACCGG

TGTC 

CGTGTAGGG
TTGCAAGTC

AGC 

BLAST ID: 
MN228597.1 

Gpx glutathione peroxidase 1 
 

Cellular antioxidant 
 

CCTCAAGT
ACGTCCGA

CCTG 

CAATGTCGT
TGCGGCACA

CC 

BLAST ID: 
BC086649.1 

Nrf2 

Nuclear factor 
erythroid 2-related 

factor 2 
Protection against 
oxidative stress.  

ACATTC
CCATTT
GTAGAT

GACC 

GGTATTA
AGACACT
GTAATTC

GGG 
(Kemper, et 
al., 2013) 

    Il-1b 
Interleukin 1-beta 

 
 

Inflammatory Cytokine 
 
 

TGGTGTGT
GACGTTCC

CATT 
 

CAGCACGAG
GCTTTTTTG

TTG 
 

(Mona Yasin 
& Willias, 

2020) 

 

cDNA & RT-qPCR 

RNA was extracted using Trizol reagent as described above, and reverse transcribed using 

Superscript IV Buffer (Thermo Fisher 18090200) by the following method: 100 ng total RNA was 

mixed with 1µL random primers (New England Biolabs (NEU+1F60E S1330S)) and 1µL of 

10mM dNTP mix (New England Biolabs (NEU+1F60E N0447S)). The mixture was incubated for 

5 min at 65 °C and placed immediately on ice for 1 minute. The mixture was then incubated with 

4µL of 5x First strand buffer (Thermo Fisher 18090200), 1µL of 0.1M DTT (Thermo Fisher 

18090200), and 1µL Superscript IV (200U/µL)  (Thermo Fisher 18090200) for 10 min at 25 °C, 

10 min at 55 °C and 10 min at 80 °C. cDNA was analysed by qPCR using 2µL of 1:10 diluted 

cDNA, 0.5µL of 10µM of each gene-specific primer, 2µL H2O and 5µL of Luna Universal qPCR 

Master Mix (M3003E, NEB). Thermocycler conditions are as follows: 3 min at 95 °C (15 s at 95 
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°C, 30 s at 54 °C, 30 s at 66 °C) × 40 cycles. Fluorometer readings were taken during extension 

and qPCR was performed using the Bio-Rad CFX384 Real-time detection system. Standard curves 

were prepared for relative expression and the analysis of PCR efficiency by pooling 2µL of each 

cDNA sample and standard diluting SD1: 1:2, SD2: 1:4, SD3: 1:8, SD4: 1:16, SD5: 1:32. RT-

qPCR analysis was completed using Microsoft Excel where samples were analysed by standard 

curve relative expression. Student’s T-tests were used to study significance as described in the 

respective figure legends. Primers were ordered from IDT as custom oligos and are listed in Table 

1. Three biological replicates were performed for data analysis. Differences among groups were 

analysed using one-way ANOVA followed by Tukey’s post hoc test. P < 0.05 was considered as 

statistical significance. 

 

Faecal Lipocalin 

 Collection. Faeces were collected at five different time points throughout the experiment:  

Table 2.3: Experimental dates of faecal collection 

Day Date Behaviour DSS Level 

0 28-Dec Baseline None 

26 23-Jan Pre-Exposure 8-days post-cycle 2 

35 01-Feb End of 
training 

Just prior to cycle 3 

40 06-Feb Recent Test Peak Inflammation 



 33 

49 15-Feb Remote Test Resolving 
Inflammation 

All Samples were stored at -20ºC until homogenised.  

 Homogenization. Samples were defrosted and added to a pre-weighed tube. Once sample 

weight was determined, 10,000 times the sample weight of 1X phosphate buffered saline (PBS) 

(DY006) in 0.1% Tween-20 (Sigma-Aldrich P9416) was added to each sample. The samples were 

then vortexed briefly and incubated in a box vortex for 20 minutes. If samples were not 

homogenised at this time point, they were individually vortexed and placed back in the box vortex 

for another 10 minutes. Once samples were homogenised, they were then spun down in the 

centrifuge at 12000 rpm for 10 minutes at 4ºC. The upper aqueous layer contained the faecal serum 

and was removed and placed in a labelled tube and stored at -20ºC. 

 Detection. All components needed to detect levels of Mouse faecal Lipocalin-2 were 

purchased from R&D Systems as part of the DuoSet Ancillary Reagent Kit 2 (DY008). 

 For each plate, 83µL of Mouse Lipocalin-2 Capture Antibody (844831) was diluted into 

10mL of Sterile filtered PBS (DY006). Using a 96-well microplate (DY990), 100µL of diluted 

capture antibody was pipetted into each well. The plate was covered in an adhesive sheet (DY992)  

and incubated on a moving plate overnight at room temperature.  

 The next day, the plates were drained and washed thoroughly with a Wash Buffer (WA126) 

by filling each of the wells fully and aspirating fully. This process was repeated three times, and 

after the third wash and aspiration, the plate was blotted against a towel for complete removal of 

the diluted capture antibody. The plate was then blocked by the addition of 300µL of Reagent 

Diluent (RD) (DY995) to each well. The plate was covered in an adhesive sheet (DY992) and 

incubated on a moving plate for one hour at room temperature.  
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 During the one-hour blocking step, peak disease samples were prepared by diluting 1µL of 

each faecal serum into 650µL of RD in a separate tube. Standard 1 was prepared by diluting 

11.11µL Mouse Lipocalin-2 Standard (842442) into 1000µL RD (DY995) after which it was 

vortexed thoroughly. A serial dilution was performed by adding 500µL of standard 1 to 500µL of 

RD to make standard 2. This was repeated by removing 500µL of standard 2 and adding it to 

500µL of RD (DY995) to make standard 3 until 7 standards were made. Standard 8 was pure RD. 

The 3X wash step was repeated after the one-hour incubation period and was followed by 

the addition of 100µL of each standard to rows A-H, run in duplicate. The remaining wells were 

filled with 50µL of RD (DY995) and 50µL of diluted sample, run in duplicate. The plate was 

covered in an adhesive sheet (DY992) and incubated for two hours at room temperature or 

overnight at 4ºC. 

The 3X wash step was repeated followed by the addition of 100µL of 167µL Mouse 

Lipocalin-2 Detection Antibody (844832) diluted in 10mL RD (DY995) to each well. The plate 

was covered in an adhesive sheet (DY992) and incubated for two hours at room temperature or 

overnight at 4ºC. 

The 3X wash step was repeated followed by the addition of 150µL Streptavidin-HRP B 

(893975) diluted in 10mL RD (DY995) to each well. The plate was covered in an adhesive sheet 

(DY992) and tin foil to block the light. The plate was then incubated for 20 minutes at room 

temperature. 

The 3X wash step was repeated and a substrate solution was made by combining 5mL 

Color Reagent A (H2O2) with 5mL Color Reagent B (Tetramethylbenzidine) (DY999). 100µL of 

substrate solution was added to each well. The plate was covered in an adhesive sheet (DY992) 

and tin foil to block the light. The plate was then incubated for 15-20 minutes at room temperature.  
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Once the wells containing the standard reached the desired colour, 50µL of Mouse 

Lipocalin-2 Stop Solution (DY994) was added to each well (wells were not drained and washed 

prior to this step). The plate was then gently tapped until the solution was thoroughly combined 

(all wells were orange, yellow, or clear, not green or blue). Once added, the plates were 

immediately placed in a Meridian Bioscience Inc. plate reader and optical density was read at 450 

nm. Higher optical density was indicative of higher levels of Lipocalin-2. Optical density was 

represented statistically with a Repeated Measures two-way ANOVA with Tukey’s post hoc test. 

*p ≤ 0.05 Control vs. DSS. 

 

Statistical analysis 

All graphs were created using GraphPad Prism 9.5.0 or GraphPad Prism 10.0.1 (GraphPad 

Software, San Diego, CA, USA) and are presented as means ± standard deviation (SD). Shapiro-

Wilk normality tests were performed where necessary, and Welch's t-test was used to test the 

means.  

 

Entropy Calculation 

Entropy is calculated with the following formula where H is the entropy, n is the 

number of blocks, and Xi is the number of times the mouse crossed block i in a particular 

context. The summation is over all blocks (i from 1 to n) in a context with 900 blocks. 
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This formula calculates the entropy for each mouse in each context by summing the product 

of the ratio of the number of times the mouse crossed each block to the total number of 

crossings (probability) and the natural logarithm of that ratio (probability) for each block. 

This calculation deciphers the predictability of the movement and in summary can be 

expressed as: Shannon Entropy = (p)*ln(p) 

 

 
2.3 RESULTS 

Chronic exposure to DSS produced clinical signs of colitis 

Mice given DSS in the present study had reduced body weight (Fig. 2.5A) relative 

to controls after the DSS treatment and 8-20 days after treatment cessation. Likewise, the 

faecal lipocalin-2 levels were increased by DSS treatment (Fig. 2.5B). Mice chronically 

exposed to DSS exhibited greater weight loss and faecal lipocalin levels throughout the 

study, and at experimental endpoint had heavier spleens and shorter colons compared to 

control mice (Fig. 2.6A and 2.6B). This suggests that those mice receiving DSS showed 

significant clinical signs of DSS colitis disease, unlike control mice.  
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Figure 2.5: Clinical signs of disease.  
 
(A) Body Weight and (B) Lipocalin-2 levels among treatment groups. Mice were given 3 
doses of DSS (3%, 2.75%, and 2.75%) in their drinking water to induce colitis. Body weight 
was observed throughout. Data are shown as mean ± SEM. Lipocalin-2 levels were 
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discovered from faeces collected at 5-time points throughout 3 doses of colitis (red bars). 
Control n = 9; DSS n = 12. Repeated Measures two-way ANOVA with Tukey’s post-test. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 Control vs. DSS. 
 

 
Figure 2.6: Features of organs.  
 
(A) Spleen Weight; control n = 8; DSS n = 11. (B) Colon Length; control n = 9; DSS n = 
12. Data are shown as mean ± SD. (A) Passed Welch’s test and Shapiro-Wilk Normality 
test. (B) Unpaired t-test. **p ≤ 0.01; ***p ≤ 0.001.  
 
 

Mice with Chronic DSS display increased anxiety-like behaviours and seem to have a 

reduced ability to “recover” from fear conditioning at the remote time point. 

 The experiment involved pairing one of two chambers (either the square or the 

triangle) with a mild foot-shock (paired context), and the other with no shock (unpaired 

context) for eight alternating training days (Fig. 2.2B). After 6-8 days (recent time point), 

mice were placed in the paired (P) or unpaired (UP) context for 5 minutes on day one, and 

the opposite context for five minutes the next day in a randomised fashion (Fig. 2.2C). The 

behavioural readouts of this test are (i) the total distance they travel within each context (Fig. 
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2.7A), (ii) the entropy of the dwell time in the contexts (Fig. 2.7B), and (iii) total time spent 

freezing (2.7C). On the third day, during the preference task, mice were given access to both 

P and UP contexts via a bridge for ten minutes (Fig. 2.2D), the behavioural readout for this 

experiment is the time spent in each of the contexts (Fig. 2.7D). These tasks are repeated 

17-19 days after training (remote time point).  

Both groups travelled the same approximate distance within their paired and 

unpaired contexts (Fig. 2.7A1). The mice receiving DSS colitis exhibited a lower entropy 

(unpredictability of the area traversed) in their paired context compared to their unpaired 

context (Fig. 2.7B1). In other words, the area in which the DSS mice traversed in the paired 

chamber was more predictable than in the unpaired chamber. Both groups spent the same 

amount of combined time (both contexts) freezing (Fig. 2.7C1). Both groups showed the 

ability to discriminate between contexts during the preference task and spent significantly 

more time in their unpaired context (Fig. 2.7D1). This task allowed us to test their threat 

assessment independent of freezing behaviour because they were able to avoid the fearful 

environment by moving to the other context rather than to only respond to it, as when the 

mice spent five minutes in their P context alone. Overall, entropy was the only significant 

trend apparent between the groups at the recent testing time point.  

Nine days after the recent test point, over a four-day period, mice were retested on 

each of the prior assessments as well as the Open Field Task on day four (2.8E). Similar to 

the recent time point, both control and DSS mice displayed a preference for the unpaired 

context in the chamber preference task, where they were able to roam between the contexts 

(Fig. 2.7D2). And, again aligning with the recent time point, both DSS and Control mice 

spent equal combined times freezing at the remote time point (Fig. 2.7C2). Differing from 
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the recent time point, however, at the remote timepoint in the paired context, the DSS group 

showed decreased distance travelled (Fig. 2.7A2) and entropy (Fig. 2.7B2) relative to the 

control group. It is also evident that the control mice increase the amount of time they spend 

in the paired context during the chamber preference task at the remote time point compared 

to the recent time point, whereas the DSS mice do not show any changes between time points 

(Fig. 2.7A3). In other words, it appears that the Control mice have diminished their aversion 

to the previously paired chamber, whereas the DSS mice have not. Moreover, the Control 

mice spend significantly more time in the centre of the open field than DSS mice (Fig. 2.8D).  

In the case of the behavioural readouts of the conditioned anxiety test, the control 

group does not increase their entropy or distance travelled over time, rather, the DSS group 

decreases these readouts. Although the DSS group retained their ability to discriminate 

between contexts as exhibited in the chamber preference task, their fear behaviour either 

increased, or stayed the same. Differing from this, the control group exhibited either less 

anxiety behaviours, as in the Open Field Task (Fig. 2.8) and the increased time in the paired 

context (Fig. 2.7A3), or stayed the same, as in the case of the entropy (Fig. 2.7B2) and 

distance travelled (2.7A2). Thus, it appears that chronic DSS treatment negatively affects 

the ability for mice to recover from fear conditioning over time. 
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Figure 2.7: Behavioural readouts of the fear to context task at both the recent and 
remote time-point.  
 
(A1) Distance travelled in paired and unpaired contexts at recent freeze-test time point. (B1) 
Entropy of dwell time in paired and unpaired contexts at recent freeze-test time point. (C1) 
Total freeze time in both the paired and the unpaired context combined at the recent freeze-
test time point. Unpaired t-Test. *p < 0.05. Data are mean ± SD, control n = 9; DSS n = 12. 
(D1) Dwell time in paired (P) and unpaired (UP) context of chamber preference task at 
recent testing time points. (A2) Distance travelled in paired and unpaired contexts at remote 
testing time points. (B2) Entropy of dwell time in paired and unpaired contexts at remote 
testing time point. (C2) Total freeze time in both the paired and the unpaired context 
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combined during remote testing intervals. Unpaired t-Test. *p < 0.05. Data are mean ± SD, 
control n = 9; DSS n = 12. (D2) Dwell time in paired (P) and unpaired (UP) context at remote 
testing time points. Entropy calculation. (A3) Dwell time in paired context and (B3) 
unpaired context at both recent and remote testing time points.  (Everything apart from the 
B1 and B2) Multiple comparison two-way ANOVA with Sidak post-test. *p < 0.05; **p < 
0.01; ***p < 0.001****p < 0.0001. Data are mean ± SD, control n = 9; DSS n = 12.  
 

 
 
Figure 2.8: Behavioural readouts of the Open Field Task 
 
(A) Open Field task (OFT). Total time on the edge compared to total time in the centre. 
Multiple comparison two-way ANOVA with Sidak post-test. ****p < 0.0001. Data are 
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mean ± SD, control n = 9; DSS n = 12. (B) OFT: Time to Enter Center. (C) OFT Cumulative 
Distance. (D) OFT Time in Center. Data are shown as mean ± SEM; control n = 9; DSS n = 
12. Unpaired t-Test. *p < 0.05; ****p < 0.0001. 
 

 

Correlation between peripheral inflammation and behavioural readout. 

 When analysing the correlations between faecal inflammation markers (LCN2), and 

anxiety-like behavioural readouts, differing trends were observed between the control and 

DSS groups. While there is no significant correlation between the control behaviour readouts 

and the LCN2 levels, there is a significant negative correlation between the amount of time 

DSS mice spent in the centre of the open field and the amount of peripheral inflammation 

they had (Fig. 2.8). This suggests that inflammation beyond physiologically normal levels 

may lead to increased anxiety and decreased exploratory behaviour.  

 
 

 
Figure 2.9: Gut inflammation and anxiety-like behaviour correlations.  
 
Faecal LCN2 levels of DSS mice as it relates to the time in the centre of the OFT task. DSS 
n = 12. Simple Linear Regression. 
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Chronic exposure to DSS produced changes in inflammatory markers in the brain. 

 The mRNA of several proteins involved in the inflammatory pathway in the brain 

were isolated from both the ACC and the NAc of mice given DSS and Control mice. When 

analysing these genes individually, Il-1b, an inflammatory cytokine, is significantly higher 

in the NAc of DSS mice than Control mice (Fig. 2.10C).  

A Principal Component Analysis (PCA) was run to provide a visual representation 

of the greatest amount of variance between the different data sets plotted (Fig. 2.11). In both 

the ACC and the NAc, but especially in the NAc, there are differences in the mRNA content 

between Control and DSS groups (Fig. 2.11A and 2.11B). This suggests that the induced 

inflammation in the gut is also impacting inflammatory pathways in the brain of mice given 

DSS colitis. 
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Figure 2.10: Relative mRNA expression in the ACC and NAc of DSS and control mice.   
 
Relative expression of genes (normalised to HPRT) involved in the inflammatory pathway. 
(A) Nrf2, (B) mt-Co1, (C) Il-1b, and (D) Gpx. Multiple comparisons two-way ANOVA. *p 
< 0.05; **p < 0.01; ***p < 0.001. Data are mean ± SD, control and DSS n = 6. 
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Figure 2.11: Multivariate analysis of inflammation-related gene expression.  
 
(A) Il-1b, mt-Co1, Gpx, and Nrf2 in the NAc of both DSS and Control mice. (B) Il-1b, mt-
Co1, Gpx, and Nrf2 in the ACC of both DSS and Control mice. Control n = 6; DSS n = 6 
(only 6 controls and 6 DSS were used for the RNA isolation portion of this experiment).  
 

 

2.4 DISCUSSION 

 In this experiment, twenty-one mice were trained for eight days on a fear to context task 

involving two contexts differing in shape, scent, and wall pattern. One group of 12 mice were 

given three doses of DSS in their drinking water while the other group of 9 mice received normal 

drinking water. The mice were tested at two different time-points, recent (peak disease for the 12 

mice receiving DSS) and remote. At both time-points mice were given the same three tests in their 

paired, unpaired, and bridged contexts, with the addition of the open field task at the remote time-

point. The findings of the experiment were that mice given DSS have a stronger negative stimulus-

context association than control mice. This study suggests that chronic gut inflammation drives 

hyperarousal of ‘dangerous’ contexts in order to maximise survival.  
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Chronic Colitis Induction 

The mice given three doses of DSS show a significant decrease in weight compared to the 

control group, as well as a significant increase in faecal LCN2 levels. The dramatic upward trend 

of LCN2 in the DSS mice is indicative of increased inflammation in the colon, also exemplified 

by an increase in the size of the spleen and shortened colons. The spleen is understood to be 

involved in immunity processes (Bronte & Pittet, 2013). These results were expected from 

previous studies using DSS to induce chronic colitis (Zhou et al., 2023) and show that chronic 

colitis was successfully modelled in the DSS group.  

 

Fear to Context Results 

 Distance travelled, entropy or uncertainty of movement, and the total time spent freezing 

in their combined contexts were measured during the fear to context test. Their preference for each 

context was also measured by placing a bridge between the two contexts and allowing them to 

freely travel between the unpaired and paired chambers. Each of these tests were repeated at the 

recent and remote time-point. At the recent time point there is no significant difference between 

the distance travelled in the paired or unpaired context for either the DSS or Control mice, and 

there is no difference between the distance the DSS mice travelled in either of their contexts 

compared to the control group.  

Considering both groups had been in each of the contexts several times during training, it 

is possible that although unafraid in the unpaired context, they had no initiative to explore, as it 

was a familiar environment. This idea is also represented by Pearson et al. (2010), as mice only 

showed interest in investigating new social stimuli in a novel environment. This demonstrates the 

idea that mice are more prone to investigation in an unfamiliar context.  
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The control group did not show a difference in entropy between the paired and unpaired 

contexts, but the DSS group did, with a lower entropy in the paired context than the unpaired 

context. This difference shows that in the paired context the movement is more predictable, 

demonstrating that the mice spent more time in one specific corner compared to different locations. 

Both control and DSS groups froze equal amounts of time in the combined contexts at both the 

recent and remote time-point, and both groups showed a strong preference for the unpaired context 

during the preference task at both time-points. These results differ from those found by Matisz et 

al. (2022), in which it was found that all mice froze more in their paired context at the recent testing 

time-point. One potential cause could be the lower number of mice present in this study’s control 

group which may reduce the test significance. A study done by De Franceschi et al. (2016) suggests 

another possibility. Their study found that a moving overhead stimulus induces freezing behaviour, 

while an unmoving overhead stimulus induces flight behaviour. In the present study both contexts 

were contained within a large white hood, limiting the potential for movement of shadows.  

 At the remote time-point there is an interesting change. The DSS mice travel less in their 

paired context at the remote time point than the recent time point. The DSS mice also maintain a 

lower entropy in their paired context compared to their unpaired context, but even lower at the 

remote time point than at the recent time-point. Both the distance travelled and the entropy in the 

paired context are significantly lower for the DSS group than for the control group. The control 

mice spend significantly more time in the paired context, and significantly less time in the unpaired 

context at the remote time-point. Meanwhile, the DSS group does not shift their preference 

between these time-points. These results have several potential explanations: a chronic increase in 

sympathetic activation leading to hyperarousal, or a stronger association of danger with the paired 

context. An increased sympathetic activation should result in an increase in overall anxiety 
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behaviours, such as increased combined freeze time and reduced entropy and travel distance in 

both contexts. Considering we do not see these results; the more likely explanation is that the DSS 

group had a stronger association between the negative stimulation and context. 

An interesting explanation for this increased association could be a change in gut 

microbiota composition. Vicentini et al. (2022) find that mice given a faecal transplant from a 

group given colitis show increased anxiety behaviours. The mice receiving the transplant did not 

have altered gut or neuroinflammation but did have altered gut microbiota. Although the gut 

microbiota composition was not considered in this study, in the future it could provide more insight 

into the observed phenomena. 

 

Open Field Task Results 

 The open field task was run after the conditioned tests at the remote time-point. Both 

control and DSS groups show a preference for the periphery compared to the centre of the open 

field. There is no significant difference in the time it took for the groups to enter the centre of the 

open field for the first time, nor the cumulative distance that the groups travelled while in the open 

field. The amount of time that the mice spent in the centre of the open field is significantly higher 

for the control mice than it is for the DSS mice. This suggests that the anxiety at the remote time-

point is higher for the DSS group than for the control group. Together with the previous tests, this 

suggests that both conditioned and unconditioned anxiety measures were higher in DSS mice than 

control mice at the remote time-point. This idea is strengthened by the results found in figure 2.9, 

as the amount of time spent in the centre of the open field is negatively correlated with the amount 

of LCN2 found in the faeces at the remote time-point. This means that more inflammation in the 

colon of a mouse leads to less time in the centre of the OFT for that particular mouse. This 
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phenomenon was also found in rats receiving DSS. During peak disease of an acute dose of colitis 

less time was spent in the centre, yet after disease resolution their time in the centre returned to 

control levels (Dempsey et al., 2019). These results provide more understanding of the relative 

inconsistency of OFT results between studies, as the task appears to be influenced by the levels of 

inflammation in the rodent.  

 

Tissue Analysis Results 

 After the mice were euthanized and the brains were snap-frozen, the ACC and the NAc of 

6 randomly chosen DSS mice and 6 randomly chosen control mice were removed in order to isolate 

the RNA for further down-stream analysis. The RNA was analysed via a RT-qPCR in order to find 

the relative quantity of several genes involved in the inflammatory response, namely Nrf2, mt-

CO1, Gpx, and Il-1b. The relative quantities of Nrf2, mt-Co1, and Gpx did not differ between the 

control and DSS groups in either the ACC or the NAc, but the relative quantities did differ between 

brain regions in all three of these genes. The relative quantity of Il-1b did not differ between brain 

regions in the DSS group, but did in the control group, with more Il-1b RNA in the ACC of control 

mice than the NAc. However, in the NAc there was more Il-1b RNA in the DSS group than in the 

control group. Il-1b is a cytokine released during an inflammatory response. The increase in Il-1b 

in the DSS mice suggests that the increased inflammation in the colon also triggered an 

inflammatory response in the brain, and specifically the NAc, of the DSS group. This effect is 

supported by a study in which FosB/ΔFosB immunoreactivity was increased in the NAc of rats 

after an acute dose of DSS colitis (Dempsey et al., 2019), suggesting that gut inflammation is able 

to alter the cellular activity in the brain. Further evidence of this is found in the unsupervised 

principal component analysis, in which all four genes were analysed together. In figure 2.11 the 
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control group is clustered at the bottom, while the DSS group is clustered at the top. This shows 

that the greatest amount of variance within the data is found between the DSS and control groups. 

Although each individual gene is not significantly different between groups, when considered 

together they follow a similar trend of different expression between groups.  

 

Examination of Hypotheses 

 Hypothesis I predicted that mice with chronic gut inflammation would exhibit higher levels 

of anxiety in both the conditioned and unconditioned behavioural tasks and improperly 

differentiate between the contexts. Based on previous research completed by Matisz et al. (2022), 

changes in anxiety behaviour at the remote disease testing time-point compared to the recent time-

point was anticipated. While the mice were able to differentiate between the contexts at both time 

points, there is an increase in anxiety behaviour at the remote time-point. This is evidenced by 

significantly lower entropy, less distance travelled, and less time spent in the paired context 

compared to controls. Hypothesis II predicted that mice given chronic gut inflammation would 

have an increase in inflammatory markers, such as Il-1b, in specific brain regions related to 

anxiety, and that mRNA involved in the inflammatory pathway would be expressed differently in 

mice given chronic inflammation compared to those without inflammation. We are able to reject 

the null hypothesis as there is an increase in Il-1b in the NAc of DSS mice compared to controls, 

and as shown in the PCA, all four genes are expressed differently in the NAc of DSS mice than in 

control mice. These same results are not found in the ACC of DSS compared to control mice. 
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Conclusion 

 The findings in this study show that a chronic treatment of DSS is able to model the human 

condition of colitis. Inflammation induced by DSS induces inflammation in the brain, specifically 

noticed in the NAc. Mice with chronic inflammation have a stronger stimulus-context association 

than control mice, showing higher levels of anxiety in both conditioned and unconditioned tasks. 

Overall, these results add to this field of research in several important ways: 1. They strengthen 

our understanding of the brain-gut axis, supporting the hypothesis that gut health is able to impact 

brain health. 2. This study shows that even after the resolution of an inflammatory disease, mood 

disorders such as anxiety may persist. 3. This study depicts the correlation between peripheral 

inflammation and anxiety behaviours. 4. This study aids in understanding which brain regions may 

be involved in the anxiety processes.  
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CHAPTER 3: EFFECT OF PSILOCYBIN ON INFLAMMATION AND ANXIETY-LIKE 

BEHAVIOUR IN MALE C57/BL6J MICE 

 
3.1 INTRODUCTION 

Inflammatory bowel diseases (IBD), including Crohn's disease and ulcerative colitis, have 

complex causes and comorbidities (Podolsky, 1995). IBD presents with diarrhoea, abdominal pain, 

fatigue, and weight loss (Podolsky, 1995) and are often comorbid with anxiety and depression 

(Hassan et al. 2014; Stuart & Baune, 2014). A chemical model of IBD is commonly introduced by 

dissolving dextran sulphate sodium (DSS) into drinking water, (Okayasu et al.,1990). DSS colitis 

exposure has many of the same symptoms as ulcerative colitis, including clinical disease signs 

such as faecal blood, diarrhoea, and weight loss. These are also accompanied by behavioural 

changes such as anxiety and depression (P. Bercik, et al. 2011; Sudeep et al., 2022). DSS colitis 

also induces an increase in neuroinflammatory markers (Do and Woo, 2018 and Reichmann et al., 

2015), neuronal excitation, and behavioural alterations (Chen et al., 2015 and Jain et al., 2015 and 

Nyuyki et al., 2018 and Reichmann et al., 2015), all which mirror the comorbidity of IBD with 

depression and anxiety (Matisz et al., 2022).  

 As there is evidence for a connection between gut inflammation, brain inflammation, and 

anxiety production, it is important to consider how to remediate this inflammatory cycle. 

Psychedelics have recently been implicated for their potential to remediate inflammation by acting 

on the 5-HT2A receptor (Robinson et al., 2023). The usual 5-HT2A receptor agonist, serotonin, is 

not only involved in brain inflammation, but also involved in gut inflammation (Ghia et al., 2009) 

and is implicated in inflammatory bowel diseases (Khan, 2013). Due to its numerous roles, 

dysfunction in the serotonergic system contributes to a host of disorders, including depression and 

anxiety (Thiebot, 1986). Considering the potential damage due to inflammatory processes involved 
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in prevalent disorders such depression, anxiety, and gut diseases, it is important to find an anti-

inflammatory agent with the potential for gut disease and mood disorder treatment efficacy.  

One such agent is psilocybin, a hallucinogenic substance found in fungi, including ‘magic’ 

mushrooms. For centuries people have used psilocybin-containing mushrooms for the healing 

properties they provide, however, it is now understood that psilocybin acts as a competitive agonist 

for the serotonin, 5-HT2A, receptor (Zanicov et al., 2023). When this receptor is activated by 

serotonin, it has a pro-inflammatory effect, however, when activated by different psychedelics, 

including psilocybin, it has the opposite effect, leading to a decrease in inflammation (Flanagan & 

Nichols, 2018; Yu et al., 2008). By stimulating a specific receptor formation, psilocybin triggers 

anti-inflammatory effects while also blocking the receptor from allowing serotonin to dock and 

induce inflammation. The result of this opposing effect is demonstrated in that psychedelics inhibit 

TNF-a-induced inflammation (Nau et al. 2013). 

Considering the connection between inflammation and anxiety, it is unsurprising that in a 

double-blind study in which the 5-HT2A receptor is activated by psilocybin, anxiety and 

depression are found to have decreased in cancer patients (Griffiths et al., 2016; Ross et al., 2016). 

It is also found that psilocybin downregulates proinflammatory proteins such as CD80, p65, and 

TLR4 while upregulating neuroprotective protein, TREM2 (Kozłowska et al., 2021). Psilocybin 

has also been shown to stimulate neurogenesis (Jones & O’Kelly, 2020).  

Due to the overwhelming connection between inflammation, gut diseases, and anxiety, the 

potent anti-inflammatory effect of psychedelics when activating the 5-HT2A receptor (Yu et al., 

2008) is certainly worth exploring in a model of gut and brain inflammation. It is hypothesised 

that a single dose (6 mg/kg) of psilocybin administered between the recent and remote testing time-

points will decrease inflammation in the brain. It is further hypothesised that this decrease in 
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inflammation will lead to a decrease in anxiety-like behaviour in both the conditioned and 

unconditioned behavioural tests. 

 

3.2 MATERIALS AND METHODS 

Materials and methods are identical to those in chapter 2 apart from details below. 

Subjects  

Along with the 9 control and 12 DSS mice, an additional 12 adult, male, C57BL/6J mice 

purchased from Jackson Bar Harbour, ME arriving on December 14, 2022, were used in the 

experiments described in this chapter. These 12 mice received three doses of DSS in water and a 

single subcutaneous dose of 6 mg/kg of psilocybin on experimental day 44. 

 

Colitis Induction 

For the induction of chronic DSS colitis, mice were exposed to three cycles of DSS (3.0%, 

2.75%, 2.75% wt/v) each lasting five days, with 8 days of recovery between the first and the second 

cycle, and a 15-day recovery period between the second and third cycle, after which psilocybin 

was injected.  
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Figure 3.1: Schedule of the behavioural experiments, colitis induction, and injections. 

 
 
Table 3.1: Schedule of faecal collection, DSS induction, and behavioural experiments. 

Day Date Behaviour DSS Level 

0 28-Dec Baseline None 

26 23-Jan Pre-Exposure 8-days post-cycle 2 

35 01-Feb End of training Just prior to cycle 3 

40 06-Feb Recent Test Peak Inflammation 

44 10-Feb Between Test Resolving Inflammation 

49 15-Feb Remote Test Resolving Inflammation 

 
 
RNA Isolation 

 Four of the twelve DSS+Psi mice were randomly chosen for RNA and DNA extraction and 

underwent the same protocol as the twelve mice in chapter 2. 

 Injections. One injection of 6 mg/kg psilocybin purchased from Toronto Research Chemicals was 

subcutaneously (SC) injected between recent and remote tests on day 44 (2023/02/10).  
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3.3 RESULTS 

Chronic exposure to DSS produced clinical signs of colitis 

Mice given DSS in the present study had reduced body weight (Fig. 3.2A) relative 

to controls during the DSS treatment and 8-20 days after treatment cessation. Likewise, the 

faecal lipocalin-2 levels were increased by DSS treatment (Fig. 3.2B). Mice chronically 

exposed to DSS exhibited greater weight loss and lipocalin levels throughout the study, and 

at experimental endpoint had heavier spleens and shorter colons compared to control mice 

(Fig. 3.3). This suggests that those mice receiving DSS colitis showed significant clinical 

signs of DSS colitis compared to control mice.  Mice given both DSS and psilocybin (Psi) 

were injected on experimental day 44 (Table 3.1), this single injection did not affect their 

weight or faecal inflammation markers after this point. However, DSS + Psi mice did not 

differ as dramatically from control mice in their colon length or spleen weight compared to 

DSS-only mice, suggesting some clinical signs of disease may have decreased (Fig. 3.3). 

Apart from the singular psilocybin injection, the DSS + Psi group was treated exactly as the 

DSS-only group (methods from Chapter 2 are relevant to this chapter).  
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Figure 3.2: Clinical signs of disease.  
(A) Body Weight and (B) Lipocalin-2 levels among treatment groups. DSS and DSS+Psi 
mice were given 3 doses of DSS (3%, 2.75%, and 2.75%) in their drinking water to induce 
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colitis. Body weight was observed throughout. Data are shown as mean ± SEM. Lipocalin-
2 levels were discovered from faeces collected at 5-time points throughout 3 doses of colitis 
(red bars). Control n = 9; DSS n = 12; DSS + Psi n = 12. Repeated Measures two-way 
ANOVA with Tukey’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
Control vs. DSS. #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001. Control vs. DSS + 
Psi. 
 
 
 

 
Figure 3.3: Features of organs.  
 
(A) Spleen Weight; control n = 8; DSS n = 11; DSS + Psi n = 11 (one outlier in each group). 
(B) Colon Length; control n = 9; DSS n = 21; DSS + Psi n = 12. Data are shown as mean ± 
SD;. Ordinary one-way ANOVA with Tukey’s multiple comparisons Post Test. *p < 0.05; 
**p < 0.01; ****p < 0.0001. 
 

Psilocybin alters anxiety-like behaviours. 
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Both Control and Psi groups travelled the same approximate distance within their 

paired and unpaired contexts (Fig. 3.4A1). The mice receiving DSS colitis and the DSS + 

Psi (identical to DSS-only group at this time-point as they had not yet received psilocybin 

injection) exhibited a lower entropy in their paired context (higher entropy correlates with 

less predictability of dwell location and lower entropy correlates with more predictability of 

dwell location) compared to their unpaired context, but did not exhibit any differences 

compared to control mice (Fig. 3.4B1). All three groups spent the same amount of combined 

time (both contexts) freezing (Fig. 3.4C1). All three groups showed the ability to 

discriminate between contexts during the preference task and spent significantly more time 

in their unpaired context (Fig. 3.4D1). This preference task allowed us to test their threat 

assessment independant of freezing behaviour because they were able to avoid the fearful 

environment by moving to the other context rather than to only respond to it, as when the 

mice spent five minutes in their P context alone. 

Nine days after the recent test point, over a four-day period, mice were retested on 

the prior two assessments as well as the Open Field Task on day four (fig. 3.5E). Similar to 

the recent time point, all groups displayed a preference for the unpaired context in the 

chamber preference task, in which they were able to roam between the contexts (Fig. 3.4D2). 

And, again aligning with the recent time point, all groups spent equal combined times 

freezing at the remote time point (Fig. 3.4C2). Differing from the recent time point, however, 

at the remote timepoint in the paired context, the DSS group showed decreased entropy (Fig. 

3.4B2) compared to the control group, and decreased distance travelled (Fig. 3.4A2) relative 

to the control and psilocybin groups. The control mice increase the amount of time they 

spent in the paired context during the chamber preference task at the remote time point 
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compared to the recent time point, whereas the DSS mice do not show any changes between 

time points (Fig. 3.4A3). Not only this, but during the open field task the Control and DSS 

+ Psi mice spend more time in the centre of the open field than DSS mice (Fig. 3.5D), and 

DSS + Psi mice are the quickest to enter the centre of the open field (Fig. 3.5B).  

In the case of the behavioural readouts of the fear test, the control group does not 

increase their entropy or distance travelled in the paired context over time, rather, the DSS 

group decreases these readouts. Although the DSS group retained their ability to 

discriminate between contexts as exhibited in the Chamber Preference Task (CPT), their 

fear behaviour either increased, or stayed the same. Differing from this, both the control and 

DSS + Psi groups exhibited either decreased anxiety behaviours, as in the Open Field Task 

and increased time in the paired context of the CPT, or stayed the same, as in the case of the 

entropy and distance travelled. Thus, it appears that chronic DSS treatment negatively 

affects the ability for mice to recover from fear conditioning over time, and the data suggests 

that a single dose of psilocybin is able to reverse some of these effects. 
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Figure 3.4: Behavioural readouts of the fear to context task at both the recent and 
remote time-point.  
 
(A1) Distance travelled in paired and unpaired contexts at recent freeze-test time point. (B1) 
Entropy of dwell time in paired and unpaired contexts at recent freeze-test time point. (C1) 
Total freeze time in both the paired and the unpaired context combined at the recent freeze-
test time point. Unpaired t-Test. *p < 0.05. Data are mean ± SD, control n = 9; DSS n = 12. 
(D1) Dwell time in paired (P) and unpaired (UP) context of chamber preference task at 
recent testing time points. (A2) Distance travelled in paired and unpaired contexts at remote 
testing time points. (B2) Entropy of dwell time in paired and unpaired contexts at remote 
testing time point. (C2) Total freeze time in both the paired and the unpaired context 
combined during remote testing intervals. Unpaired t-Test. *p < 0.05. Data are mean ± SD, 
control n = 9; DSS n = 12. (D2) Dwell time in paired (P) and unpaired (UP) context at remote 
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testing time points. Entropy was calculated by summing the number of times the mouse 
crossed each block (context was divided into 900 equal blocks), dividing each by the 
summed number, then multiplying each by the natural log of itself and summing that for the 
entropy of each mouse in each context. (E) Nose-track of a low entropy mouse. (F) Nose-
track of a high entropy mouse. (A3) Dwell time in paired context and (B3) unpaired context 
at both recent and remote testing time points.  (Everything apart from the B1 and B2) 
Multiple comparison two-way ANOVA with Sidak post-test. *p < 0.05; **p < 0.01; 
***p < 0.001****p < 0.0001. Data are mean ± SD, control n = 9; DSS n = 12; DSS + Psi n 
= 12.  

 
Figure 3.5: Behavioural readouts of the Open Field Task 
 
(A) Open Field task (OFT). Total time on the edge compared to total time in the centre. 
Multiple comparison two-way ANOVA with Sidak post-test. ****p < 0.0001. Data are 
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mean ± SD, control n = 9; DSS n = 12. (B) OFT: Time to Enter Center. (C) OFT Cumulative 
Distance. (D) OFT Time in Center. Data are shown as mean ± SD; control n = 9; DSS n = 
12; DSS + Psi n = 12. Multiple comparisons one-way ANOVA with Tukey’s post-test. *p < 
0.05. 
 

 

Chronic exposure to DSS produced changes in inflammatory markers in the brain 

which are mitigated by psilocybin injection. 

 The mRNA of several proteins involved in the inflammatory pathway in the brain 

were isolated from both the ACC and the NAc of mice given DSS, DSS + Psi, and Control 

mice. When analysing these genes individually Il-1b, an inflammatory cytokine, is 

significantly lower in the NAc of both the control and the DSS + Psi groups compared to 

the DSS-only group (Fig. 3.6C).  

Principal Component Analysis (PCA) was run to see how these genes may be 

working together within the NAc and ACC of each group. Differences are found in both the 

ACC and the NAc between Control, DSS, and DSS + Psi groups, with DSS + Psi clustering 

with the control group (Fig. 3.7A). These differences continue with the addition of LCN2 at 

the remote time-point (Fig. 3.7C).  

All this suggests that the induced inflammation in the gut is also impacting 

inflammatory pathways in the brains of mice given DSS colitis, but it also that a single dose 

of psilocybin is able to impact these pathways, specifically in the NAc, even while faecal 

inflammation (LCN2 levels - Fig. 3.2B) remain at the same level as mice given only DSS 

colitis.  
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Figure 3.6: Relative mRNA expression in the ACC and NAc of DSS and control mice.   
 
Relative expression of genes (normalised to HPRT) involved in the inflammatory pathway. 
(A) Nrf2, (B) mt-Co1, (C) Il-1b, and (D) Gpx. Multiple comparisons two-way ANOVA. 
*p < 0.05; **p < 0.01; ***p < 0.001. Data are mean ± SD, control and DSS n = 6; DSS + 
Psi n = 4. 
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Figure 3.7: Multivariate analysis of inflammation-related gene expression.  
 
(A) Il-1b, mt-Co1, Gpx, and Nrf2 in the NAc of both DSS and Control mice. (B) Il-1b, mt-
Co1, Gpx, and Nrf2 in the ACC of both DSS and Control mice. Control n = 6; DSS n = 6; 
DSS + Psi n = 4 (only 6 controls, 6 DSS, and 4 DSS+Psi were used for the RNA isolation 
portion of this experiment).  
 

3.4 DISCUSSION 

 In this experiment, 33 mice were trained for eight days on a fear to context task involving 

two contexts differing in shape, scent, and wall pattern. Two groups of 12 mice were given three 

doses of DSS in their drinking water while the other group of 9 mice received normal drinking 

water.  The mice were tested at two different time-points, recent (peak disease for the 12 mice 

receiving DSS) and remote. One of the two groups receiving DSS also received a single dose of 

psilocybin between the recent and remote test time-points. At both time-points mice were given 

the same three tests in their paired, unpaired, and bridged contexts, with the addition of the open 

field task at the remote time-point. The findings of the experiment are that mice given DSS and 

one dose of psilocybin show a decrease in inflammatory cytokines in key brain regions related to 

anxiety, as well as decreased anxiety behaviours. This study suggests that psilocybin is able to 

remediate negative effects of chronic inflammation on both the brain and behaviour.  



 67 

 

Ulcerative Colitis Induction 

 Similar to Chapter 2, figures 3.2 and 3.3 show that mice given DSS and psilocybin showed 

evidence of ulcerative colitis through decreased weight, increased LCN2 in faeces, shorter colons 

and heavier spleens than control mice. Interesting to note, however, is that although the mice 

receiving both DSS and a single dose of psilocybin had shorter colons and heavier spleens, there 

is less difference between the control and DSS+Psi group as there is between the control and DSS-

only group. This suggests that even in the short 6-day span since the injection, the psilocybin may 

have decreased the inflammatory and immune response typical of the disease.  

 

Fear to Context Results 

 At the remote time-point there is a significant increase in entropy in the DSS+Psi group 

compared to the DSS-only group, with the DSS+Psi group showing entropy values similar to the 

control group. This suggests that the mice given psilocybin had less predictable movement than 

the DSS mice, showing a decrease of inhibition in the paired context. While these trends are not 

consistent in the distance travelled or the chamber preference task, there are interesting results in 

the OFT.  

 

Open Field Task Results 

 The open field task was run after the conditioned tests at the remote time-point. All groups 

showed a preference for the periphery compared to the centre of the open field, and there is no 

significant difference in the cumulative distance travelled. The DSS+Psi group entered the centre 

in significantly less time than the DSS group, and spent significantly more time in the centre of 
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the open field than the DSS group. This suggests that the DSS+Psi group had less general anxiety 

at the remote time-point than the DSS group, with the decreased time to enter the centre suggesting 

a decrease in general inhibition. Together, the decreased entropy in the paired context and the 

increased time in the centre of the OFT suggest that both conditioned and unconditioned anxiety 

were alleviated by a single dose of psilocybin.  

 

Tissue Analysis Results 

 After the mice were euthanized and the brains were snap-frozen, the ACC and the NAc of 

6 randomly chosen DSS mice, 6 randomly chosen control mice, and 4 randomly chosen DSS+Psi 

mice were removed in order to isolate the RNA for further down-stream analysis. The RNA was 

analysed via a RT-qPCR in order to find the relative quantity of several genes involved in the 

inflammatory response, namely Nrf2, mt-CO1, Gpx, and Il-1b. The relative quantities of Nrf2, mt-

Co1, and Gpx did not differ between the control and DSS and DSS+Psi groups in either the ACC 

or the NAc, but the relative quantities did differ between brain regions in mt-Co1 and Gpx. In the 

NAc there is a higher relative quantity of Il-1b RNA in the DSS group than in the control or 

DSS+Psi group. Considering Il-1b is a cytokine released during an inflammatory response, this 

result suggests that the single dose of psilocybin is enough to decrease the inflammatory response 

evident in the NAc of the DSS-only mice. Further evidence of this is found in the unsupervised 

principal component analysis, in which all four genes in the NAc were analysed together. In figure 

3.7 the control group is clustered at the bottom with the DSS+Psi group, while the DSS group is 

clustered at the top. This shows that the greatest amount of variance is not found between the two 

DSS groups and control, but rather between the DSS-only group and the control and DSS+Psi 
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groups. This further suggests that the dose of psilocybin had a significant effect on the 

inflammatory response specifically within the NAc.  

 

Examination of the Hypothesis 

 Hypothesis 3 predicted that a single dose of psilocybin would decrease the inflammation 

caused by chronic colitis, and that this decrease in inflammation would decrease the anxiety-like 

behaviours exhibited in the DSS-only mice. The data were able to reject the null hypothesis, as 

there is a significant decrease in the expression of inflammatory cytokine in the NAc and a decrease 

in several anxiety behaviour measures of DSS+Psi mice compared to DSS-only mice. 

 

Conclusion 

 The findings from this study show that a single dose of psilocybin is able to significantly 

decrease both brain inflammation and anxiety-like behaviours within a couple days of 

administration. Not only that, but it shows signs of being able to promote healthy anatomical 

changes as well. The spleens and colons showed less difference to the control mice than the DSS-

only group. Mice given psilocybin had increased entropy in their paired context at the remote time-

point, as well as more time in the centre of the open field, and less time to enter the centre of the 

open field for the first time. These findings add to this field of research by providing evidence of 

many positive effects of psilocybin, without any recognized negative impacts on the health or 

function of the mouse. With regards to a disease such as ulcerative colitis, with no known cure, it 

is remarkable to consider the potential for a simple remediatory molecule such as psilocybin.  
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CHAPTER 4:  

 

GENERAL DISCUSSION 

The goal of this thesis was to conduct experiments to further the understanding of the 

physiological cause of anxiety. The goal was to test the gut-brain-axis theory by looking at the 

effects of induced gut inflammation on anxiety-like behaviours and to study inflammatory markers 

in specific brain regions. Our theory also proposed that if gut inflammation is able to promote brain 

inflammation, a molecule able to remediate inflammation should also reduce anxiety behaviours. 

Psilocybin was thus studied as a remediatory option for the inflammatory cycle. Experiments 

reported in Chapter 2 were designed to investigate hypothesis I and II, the effects of DSS colitis 

on both the potential for gut inflammation to drive brain inflammation and the potential for this 

inflammation to induce anxiety behaviours. Experiments reported in Chapter 3 were completed to 

investigate hypothesis III, the ability of psilocybin to remediate the negative impact of colitis on 

the promotion of anxiety behaviours.  

 

Hypothesis and summary of Results 

Hypothesis I states that mice with chronic gut inflammation would exhibit higher levels of 

anxiety in both the conditioned and unconditioned behavioural tasks and improperly differentiate 

fearful and non-fearful stimuli. Based on previous research (Matisz et al, 2022), changes in anxiety 

behaviour at the remote disease testing time-point compared to the recent disease testing time-

point was anticipated. Additionally, hypothesis II states that mice given chronic gut inflammation 

would have an increase in inflammatory markers, such as Il-1b, in specific brain regions related to 

anxiety. It additionally states that mRNA of proteins involved in the inflammatory pathway would 
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be expressed differently in mice given chronic inflammation compared to those without 

inflammation. Most of these predictions were supported by the results. Mice given chronic colitis 

were able to differentiate between fearful and non-fearful contexts at both the recent and remote 

testing time-points. However, mice given chronic ulcerative colitis showed increased anxiety-like 

behaviours specifically at the remote time-point. Mice given chronic colitis also showed different 

expression of inflammatory markers, and an increase specifically in the protein Il-1b in the NAc 

compared to control mice. 

Hypothesis III stated that a single 6 mg/kg dose of psilocybin administered between the 

recent and remote testing time-points would remediate the negative effects of chronic 

inflammation. This would be evidenced by decreased anxiety-like behaviour and an adjusted 

inflammatory protein mRNA profile. These predictions were supported by results. Mice given 

chronic DSS as well as a single dose of psilocybin took less time to enter the centre of the open 

field task and spent more time in the centre compared to mice receiving only DSS. Decreased 

anxiety-like behaviour is recognized in one measure of the fear to context task, but not the 

preference task. These mice also expressed significantly less Il-1b in the NAc than DSS-only mice.  

 

Conditioned anxiety task results 

The goal of the experiment in Chapter 2 had two parts. Previous experiments resulted in 

mice receiving chronic DSS being unable to differentiate between their paired and unpaired 

contexts at the remote time-point. This result occurred after showing the ability to differentiate 

between their paired and unpaired contexts at the recent time-point (Matisz et al., 2022). 

Specifically, the mice spent equal amounts of time freezing in both the paired and unpaired 

contexts at the remote time-point. These results suggest that there is remodelling of the brain taking 
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place between the recent and remote testing time points. Thus, one aspect of this thesis is to 

replicate these results to better understand the mechanisms of this remodelling. In accord with 

speculations made by Matisz et al. (2022), we hypothesised that the gut is driving dysfunction in 

specific brain regions which in turn cause anxiety. However, it has also been found that many 

people experience exacerbated gut dysfunction as a result of an anxious experience (Popa & 

Dumitrascu, 2015). Together, these results suggest that inflammatory dysfunction can originate in 

either the gut, or the brain.  

The purpose of the experiment in Chapter 3 is to study the potential remediatory effects of 

psychedelics on the generalised anxiety demonstrated in Matisz et al. 's (2022) paper, as well as to 

remediate the induced brain inflammation. This study was completed alongside the experiments 

in Chapter 2. In the Chapter 3 experiment, 12 mice were given both three doses of DSS and a 

single dose of psilocybin between testing time-points. 

The previous experiment completed by Matisz et al. (2022) was thus replicated while also 

analysing specific brain regions most likely to be involved in the processes of gut inflammation 

leading to the generalised anxiety at the remote time-point. Prior to conducting the experiments 

represented in this thesis, two prior replication attempts were completed. Both these experiments 

were not successful. The results of the first were skewed presumably due to an over-administrated 

of the scents in each of the contexts, as well as distracting noises during the training period of the 

task. The second experiment was conducted using different natural sounds in each of the contexts 

instead of different scents, the shape and wall pattern remained consistent. Unfortunately, the 

effects were still unreplicated. None of the mice were able to properly learn the task.  

Finally, the results present in this thesis were completed using different scents than the 

Matisz et al. (2022) study, but the same context shape and wall pattern. The chronic ulcerative 
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colitis was also repeated, with both the DSS and DSS+Psi groups showing evidence of weight loss, 

increased LCN2, reduced colon length, and increased spleen size. Unfortunately, while the DSS 

and DSS+Psi groups froze more in their paired contexts than in their unpaired context, the control 

group did not show any difference in freeze time between the two contexts. Thus, the previous 

study was not replicated in regard to the generalised anxiety exhibited by the DSS mice at the 

remote time-point, and the control group did not appear to properly learn the task. This may have 

had to do with the smaller group size, as the control group had only 9 mice while the DSS group 

had 12 mice. Further considerations are made below. 

Considering the control group did not show a preference for the unpaired context, the 

freeze-times in both of the contexts were combined in order to better compare overall anxiety 

behaviour between the groups. As this did not result in any significant differences between the 

groups, it is assumed that the increased anxiety behaviours in the paired context are due to a more 

robust association between the negative stimuli and context rather than a more active sympathetic 

response.  

This is supported by further analysis of the fear to context tests specifically at the remote 

time point. First, it is found that the entropy of the DSS group is lower at the remote time point in 

the paired context than both the control and DSS+Psi groups. This demonstrates that the control 

and DSS+Psi groups were more likely to move around in their paired context during the test than 

the DSS mice were. Second, the amount of distance travelled also differed in the paired context. 

The DSS mice travel significantly less in their paired context at the remote time point than the 

control mice. Third, the control mice increase the amount of time they spend in their paired context 

during the preference task at the remote time point, while the DSS mice do not increase their time 

in the paired context at the remote time point. Altogether the increased anxiety behaviours 
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specifically in their paired context suggest that the learned fear of the paired context is more salient 

for the DSS mice than it is for the control mice. There is also evidence that the DSS+Psi mice 

retain less of this association than the DSS-only mice.  

Considering these results, it is interesting to consider why the freeze time did not also 

demonstrate this outcome. One reason could be due to the afor-suggested group size, but perhaps 

a more apparent reason is the difficulty of accurately calculating freeze time. While precise 

measures were taken to ensure the accuracy of these calculations, it is still difficult for either 

human scorers or computerised scoring programs to have 100% accuracy when distinguishing 

between a comfortable, resting mouse and an anxious, freezing mouse. Another aspect of the study 

worth mentioning is that all the mice involved in this experiment were run as one cohort. While 

this was chosen both for timeliness and to inhibit cohort and age differences, the difference in the 

time of day in which the mice were trained may have influenced the freeze-time results. In the 

future I would advise running half of each group first, and then ordering the second half of each 

group and running them at the same age as the previous group. It was also found that people use 

eucalyptus scent as a natural mouse-repellent. While this was unknown prior to the experiment, it 

may explain the dramatically different freeze time between mice paired in the triangle context and 

mice paired in the square context. The triangle context was the scent of eucalyptus, while the 

square was banana scented. In fact, I found that even control mice shocked in the square context 

on occasion spent more time freezing in the triangle context.  

 

Unconditioned anxiety task results 

 It was hypothesised that both conditioned and unconditioned anxiety would be greater in 

mice given DSS compared to controls and decrease in mice given both DSS and Psi. While these 



 75 

results are partially apparent in the conditioned task at the remote time-point, they are readily 

apparent in the unconditioned task. The DSS mice spend significantly less time in the centre of the 

open field than both the control mice and the DSS+Psi mice. Not only that, but the DSS+Psi mice 

are also more willing to enter the centre than the DSS mice, showing both decreased anxiety-like 

behaviours and inhibition.  

A further support of this analysis is the negative correlation between LCN2 in the faeces 

and the number of seconds DSS mice spend in the centre of the open field task. To enter the centre 

of the open field is to risk being vulnerable and visible to predators while increasing the potential 

for finding food. These results suggest that the level of inflammation in the colon is directly related 

to the mouse’s willingness to risk threat for a potential gain. This demonstrates “sickness 

behaviour,” as the mice with increased inflammation are at a higher risk of predation and are thus 

less likely to increase their risk by entering the centre of the open field. This agrees with the results 

of the conditioned task as well, as the mice given DSS-only were less likely to move around and 

more likely to remain in one position in their paired context. When given the choice, the DSS mice 

were also less likely to enter their paired context. All of these demonstrate increased vulnerability, 

or sickness behaviour, each of which are not demonstrated by either the control mice, nor the mice 

given both chronic DSS and psilocybin.  

 

RNA isolation results 

The second aspect of this study was to understand how the brain might be affected by 

chronic inflammation, and how that affect may be driving the anxiety behaviours witnessed. 

Initially it was planned to remove and study the hippocampus (HPC), NAc, and ACC. Once 

removed, the RNA would be isolated and analysed for the relative quantity of several genes 
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involved in the inflammatory pathway, including but not limited to, Nrf2, Gpx, Il-1b, and mt-Co1. 

Unfortunately, during the isolation period most of the RNA from the HPC was lost, leading to 

protocol adjustments prior to the isolation of the NAc and ACC RNA. This resulted in the inability 

to include the HPC in further downstream gene analysis.  

It was also intended that the DNA be isolated from these brain areas in order to calculate 

the copy number of the mitochondria. This would have provided interesting information about 

how chronic inflammation may impact the number of mitochondria present in the brain regions 

and would have enabled correlation with anxiety measures. However, the brain regions were too 

small to isolate enough DNA for detection levels: by removing and isolating an entire brain section 

during the necropsy, there may be enough for detection.  

Isolation of the RNA from both the NAc and the ACC showed that the relative quantity of 

Nrf2 and mt-Co1 are significantly different between the ACC and NAc in all three groups, and 

Gpx is different in the DSS and control groups. While I expected to see differences in the quantities 

of RNA between the DSS and control groups, this is only found with Il-1b. There is a significantly 

higher relative quantity of Il-1b RNA in the NAc of DSS mice than either control or DSS mice. Il-

1b is an inflammatory cytokine which the body increases during an inflammatory response. Thus, 

the difference found within the DSS mice compared to the control and DSS+Psi mice provides 

evidence of induced gut inflammation causing inflammation in the brain. The decrease in Il-1b in 

the DSS+Psi group shows that a single dose of psilocybin is able to reduce the inflammatory 

response in the brain and revert it back to control levels. Considering this along with the necropsy 

results, the spleens, and colons of the DSS+Psi mice also seem to be on a trajectory of returning 

to control measurements.  
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Interesting to note is the fact that although there is a significant decrease in the Il-1b found 

in the brains of DSS+Psi mice compared to DSS mice, the same is not found in the LCN2 levels 

in their faeces. What this suggests is that while psilocybin reduces inflammation, it is either 

specifically targeting the inflammatory response in the brain, or the response in the colon is slower 

to respond. Either explanation makes sense regarding the decreased anxiety behaviour 

demonstrated by the DSS+Psi group, while still maintaining shorter colons and heavier spleens.  

Further evidence of the difference in expression of these genes is found in the unsupervised 

principal component analysis. In this analysis the groups are separated according to the greatest 

level of variance. When plotting all four genes together there is a clear separation of the DSS group 

from the control and DSS+Psi groups in the NAc. This shows that although there are not significant 

differences on the individual gene level, these genes are cumulatively expressed differently in the 

NAc of DSS mice than in either control or DSS+Psi mice. Again, this represents the ability of 

ulcerative colitis to cause an increase in inflammatory processes in the brain and the addition of a 

single dose of psilocybin to inhibit these inflammatory processes. 

These behavioural results support the brain-gut-theory of anxiety, which states that 

inflammation in the gut increases inflammation in the brain which promotes anxiety behaviours. 

Our theory that a molecule able to reduce inflammation will also reduce anxiety behaviours is 

supported by behavioural and physiological results.  

 

Limitations 

         Throughout the experiments within this thesis there were challenges and limitations, some 

of which have been forementioned. First and most poignant throughout the study, due to initial 

miscalculations in group size, the control group is nine subjects instead of twelve. This could be 
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easily remediated in future studies and would likely add to the efficacy of the study. Not only that, 

but there were not enough mice for a positive control group receiving psilocybin without the 

addition of DSS. The addition of a positive control would have enabled a more accurate 

understanding of the effects of psilocybin. Another limitation was found in the variation in DSS 

potency between bottles. Due to the large number of mice receiving DSS, we had to use several 

bottles of the compound, unfortunately it was not predictable how severely sick the mice would 

get from each bottle, with some bottles leading to far greater weight loss than others. For this 

reason we decided to change the percentage of DSS in the water to 2.75% each time a new bottle 

was used, as the more recently purchased DSS seemed to have greater potency.  

 As mentioned, the inability to reproduce Matisz et al (2022) fear to contex task results may 

be due to a plethora of aforementioned possibilities. However, another interesting phenomenon is 

that in this study the mice seemed to prefer the square context compared to the triangle context. 

Although their preferred context is paired with shock, several mice, specifically in the control 

group, still froze more in their unpaired context than in their paired. However, it is important to 

note that this only happened if the paired context was the square context. As in, if the mouse was 

shocked in the square, it had a tendency to freeze more in the triangle. This is unexpected, as mice 

are generally more comfortable in dark spaces, and therefore should be more comfortable in the 

triangle with its striped walls and tighter corners. This confusion led to the consideration that 

perhaps some of the time scored as “freeze time” is more accurately the mice comfortably 

“nesting” in the corner. Although this is hard to confirm or deny, it is a possible observation which 

could make sense both of the confusing freeze-time results, and the fact that these results are not 

supported by the other anxiety test outcomes. 
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 Again, as mentioned, the lack of training in RNA isolation led to the loss of the HPC RNA, 

and thus decreased knowledge of how that region may be impacted by a model of ulcerative colitis. 

Along with this, in order to maintain accuracy, the size of each region was too small to enable 

accurate copy-number analysis. This completely limited our ability to understand how the 

mitochondria may be affected by chronic inflammation, and subsequently how mitochondria 

alterations may have influenced the anxiety behaviours.  

 This study was also notably only performed on male mice. This was because most of this 

type of experiment previously reported were performed on male mice. Previous research on this 

version of contextual fear conditioning had been conducted on male mice, and thus there is no data 

on how female mice may respond to this type of fear conditioning along with chronic DSS. Adding 

a group of female mice to the study would have necessitated one or more pilot studies. Although 

fascinating, this would have increased the time and effort beyond that available for a single thesis. 

 

Future Direction 

  The results of this thesis show that chronic gut inflammation increases inflammation in 

the brain (specifically the NAc) and increases anxiety behaviours in mice specifically at a time-

period post peak-disease. It is still unknown what kind of alterations are occurring in the brain that 

may be causing these anxiety behaviours, as well as which other regions may be involved, and 

whether mitochondria are involved in the dysfunction. Future research involving more brain 

regions as well as a female cohort would greatly improve our understanding of the gut-brain-axis.  

To replicate this experiment, it may be beneficial to change the wall pattern of the square, 

so the darker chamber also has larger corners and thus equalise the potential “benefits” in the two 

contexts. It may also be beneficial to remove areas such as the HPC immediately post-necropsy 
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and thus accurately secure the largest possible amount of each section of interest. This may 

increase the amount of DNA extractable and allow for further understanding of how the 

mitochondria may be playing a role in the processes observed in this study. Alternatively, an 

Ouroboros O2k-FluoRespirometer is able to monitor both oxygen consumption and reactive 

oxygen species production of live tissue, thus able to provide a plethora of information on 

mitochondria function of various different tissues. More insight into the effect of DSS treatment, 

as well as subsequent behavioural alterations may be found if the gut microbiota composition were 

tracked throughout the study.  

 It would also be interesting to give psilocybin after three doses of DSS and wait an extra 

week prior to necropsy. This would enable tests on LCN2 levels and organ tissue length and weight 

at a time-point further from administration and perhaps show significant changes in these 

measures. To study the gut microbiota of control and DSS mice at different time-points of the 

study would also benefit our understanding of how the composition of microbiota may be 

influencing behaviour.  

 

CONCLUSION 

 This thesis examined the effects of a chronic treatment of DSS to mimic ulcerative colitis 

on both conditioned and unconditioned anxiety behaviour as well as the ability of psilocybin to 

remediate negative inflammatory effects. Several novel contributions were made throughout these 

experiments. It is observed that chronic DSS increases inflammation in both the colon and the 

NAc. It is also observed that mice given a chronic treatment of DSS as well as a single dose of 

psilocybin after peak disease showed a significant decrease in inflammation in the nucleus 

accumbens, as well as decreased anxiety behaviour. These findings are exciting as they improve 
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our understanding of both the long-term effects of chronic inflammation, as well as the prompt 

and remediatory effects of psilocybin on both brain inflammation and anxiety behaviour. 

Recognizing these key aspects of anxiety take us one step closer to understanding how best to 

manage this prevalent mood disorder, and how to ensure Leanne does not fail her finals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 82 

REFERENCES 

  
Antoniadis, E. A., & McDonald, R. J. (1999). Discriminative fear conditioning to context expressed by 

multiple measures of fear in the rat. Behavioural Brain Research, 101(1), 1-13. 
https://doi.org/10.1016/S0166-4328(98)00056-4 

Antoniadis, E. A., & McDonald, R. J. (2000). Amygdala, hippocampus and discriminative fear conditioning to 
context. Behavioural Brain Research, 108(1), 1-19. https://doi.org/10.1016/S0166-4328(99)00121-7 

Antoniadis, E. A., & McDonald, R. J. (2006). Fornix, medial prefrontal cortex, nucleus accumbens, and 
mediodorsal thalamic nucleus: Roles in a fear-based context discrimination task. Neurobiology of 
Learning and Memory, 85(1), 71-85. https://doi.org/10.1016/j.nlm.2005.08.011 

Antoniadis, E.A., McDonald, R.J. Amygdala, hippocampus, and unconditioned fear. Exp Brain Res 138, 200–
209 (2001). https://doi.org/10.1007/s002210000645 

Bar-Haim, Y., Fox, N. A., Benson, B., Guyer, A. E., Williams, A., Nelson, E. E., Perez-Edgar, K., Pine, D. S., 
& Ernst, M. (2009). Neural correlates of reward processing in adolescents with a history of inhibited 
temperament. Psychological science, 20(8), 1009–1018. https://doi.org/10.1111/j.1467-
9280.2009.02401.x 

Barbosa, R. S. D., & Vieira-Coelho, M. A. (2020). Probiotics and prebiotics: Focus on psychiatric disorders – 
a systematic review. Nutrition Reviews, 78(6), 437-450. https://doi.org/10.1093/nutrit/nuz080 

Barlow D. H. (2000). Unravelling the mysteries of anxiety and its disorders from the perspective of emotion 
theory. The American psychologist, 55(11), 1247–1263. https://doi.org/10.1037//0003-
066x.55.11.1247 

Barnes, S. E., Zera, K. A., Ivison, G. T., Buckwalter, M. S., & Engleman, E. G. (2021). Brain profiling in 
murine colitis and human epilepsy reveals neutrophils and TNFα as mediators of neuronal 
hyperexcitability. Journal of neuroinflammation, 18(1), 199. https://doi.org/10.1186/s12974-021-
02262-4 

Barrientos, R. M., O'Reilly, R. C., & Rudy, J. W. (2002). Memory for context is impaired by injecting 
anisomycin into dorsal hippocampus following context exploration. Behavioural Brain Research, 
134(1), 299-306. https://doi.org/10.1016/S0166-4328(02)00045-1 

Beaumont W. Experiments and Observations on the Gastric Juice and the Physiology of Digestion. Edinburgh: 
Maclachlan and Stewart, 1833 

Behnsen, J., Jellbauer, S., Wong, C. P., Edwards, R. A., George, M. D., Ouyang, W., & Raffatellu, M. (2014). 
The cytokine IL-22 promotes pathogen colonisation by suppressing related commensal bacteria. 
Immunity, 40(2), 262–273. https://doi.org/10.1016/j.immuni.2014.01.003 

Bento, A. F., Leite, D. F. P., Marcon, R., Claudino, R. F., Dutra, R. C., Cola, M., Martini, A. C., & Calixto, J. 
B. (2012). Evaluation of chemical mediators and cellular response during acute and chronic gut 
inflammatory response induced by dextran sodium sulfate in mice. Biochemical Pharmacology, 
84(11), 1459-1469. https://doi.org/10.1016/j.bcp.2012.09.007 

Bercik, P., Park, A. J., Sinclair, D., Khoshdel, A., Lu, J., Huang, X., Deng, Y., Blennerhassett, P. A., 
Fahnestock, M., Moine, D., Berger, B., Huizinga, J. D., Kunze, W., McLean, P. G., Bergonzelli, G. E., 
Collins, S. M., & Verdu, E. F. (2011). The anxiolytic effect of Bifidobacterium longum NCC3001 
involves vagal pathways for gut-brain communication. Neurogastroenterology and motility, 23(12), 
1132–1139. https://doi.org/10.1111/j.1365-2982.2011.01796.x 

Bitran, D., Foley, M., Audette, D., Leslie, N., & Frye, C. (2000). Activation of peripheral mitochondrial 
benzodiazepine receptors in the hippocampus stimulates allopregnanolone synthesis and produces 
anxiolytic-like effects in the rat. Psychopharmacology, 151(1), 64-71. 
https://doi.org/10.1007/s002130000471 

Blackburn, J.R., Pfaus, J.G., Phillips, A.G., 1992. Dopamine functions inappetitive and defensive behaviours. 
Prog. Neurobiol. 39, 247–279 

Bourin, M., Petit‐Demoulière, B., Nic Dhonnchadha, B., & Hascöet, M. (2007). Animal models of anxiety in 
mice. Fundamental &amp; Clinical Pharmacology, 21(6), 567–574. https://doi.org/10.1111/j.1472-
8206.2007.00526.x 

https://doi.org/10.1016/S0166-4328(02)00045-1


 83 

Britt, J. P., Benaliouad, F., McDevitt, R. A., Stuber, G. D., Wise, R. A., & Bonci, A. (2012). Synaptic and 
behavioral profile of multiple glutamatergic inputs to the nucleus accumbens. Neuron, 76(4), 790–
803. https://doi.org/10.1016/j.neuron.2012.09.040 

Bronte, V., & Pittet, M. J. (2013). The spleen in local and systemic regulation of immunity. Immunity, 39(5), 
806–818. https://doi.org/10.1016/j.immuni.2013.10.010 

Bryant, R. V., van Langenberg, D. R., Holtmann, G. J., & Andrews, J. M. (2011). Functional gastrointestinal 
disorders in inflammatory bowel disease: Impact on quality of life and psychological status: 
Functional gastrointestinal disorders in IBD. Journal of Gastroenterology and Hepatology, 26(5), 916-
923. https://doi.org/10.1111/j.1440-1746.2011.06624.x 

Burtscher, J., Niedermeier, M., Hüfner, K., van den Burg, E., Kopp, M., Stoop, R., Burtscher, M., Gatterer, H., 
& Millet, G. P. (2022). The interplay of hypoxic and mental stress: Implications for anxiety and 
depressive disorders. Neuroscience and Biobehavioral Reviews, 138, 104718-104718. 
https://doi.org/10.1016/j.neubiorev.2022.104718 

Cai, X., Yang, C., Chen, J., Gong, W., Yi, F., Liao, W., Huang, R., Xie, L., & Zhou, J. (2021). Proteomic 
Insights Into Susceptibility and Resistance to Chronic-Stress-Induced Depression or Anxiety in the 
Rat Striatum. Frontiers in molecular biosciences, 8, 730473. 
https://doi.org/10.3389/fmolb.2021.730473 

Carteri, R. B., Menegassi, L. N., Feldmann, M., Kopczynski, A., Rodolphi, M. S., Strogulski, N. R., Almeida, 
A. S., Marques, D. M., Porciúncula, L. O., & Portela, L. V. (2021). Intermittent fasting promotes 
anxiolytic-like effects unrelated to synaptic mitochondrial function and BDNF support. Behavioural 
Brain Research, 404, 113163-113163. https://doi.org/10.1016/j.bbr.2021.113163 

Chakraborty, S., Kaur, S., Guha, S., & Batra, S. K. (2012). The multifaceted roles of neutrophil gelatinase 
associated lipocalin (NGAL) in inflammation and cancer. Biochimica et biophysica acta, 1826(1), 
129–169. https://doi.org/10.1016/j.bbcan.2012.03.008 

Chen, J., Winston, J. H., Fu, Y., Guptarak, J., Jensen, K. L., Shi, X., Green, T. A., & Sarna, S. K. (2015). 
Genesis of anxiety, depression, and ongoing abdominal discomfort in ulcerative colitis-like colon 
inflammation. American Journal of Physiology. Regulatory, Integrative and Comparative Physiology, 
308(1), R18-R27. https://doi.org/10.1152/ajpregu.00298.2014 

Cherix, A., Larrieu, T., Grosse, J., Rodrigues, J., McEwen, B., Nasca, C., Gruetter, R., & Sandi, C. (2020). 
Metabolic signature in nucleus accumbens for anti-depressant-like effects of acetyl-L-carnitine. Elife, 
9https://doi.org/10.7554/eLife.50631 

Cherry, A. D., & Piantadosi, C. A. (2015). Regulation of mitochondrial biogenesis and its intersection with 
inflammatory responses. Antioxidants & redox signalling, 22(12), 965–976. 
https://doi.org/10.1089/ars.2014.6200 

Chua, P., Krams, M., Toni, I., Passingham, R., & Dolan, R. (1999). A functional anatomy of anticipatory 
anxiety. NeuroImage (Orlando, Fla.), 9(6), 563-571. https://doi.org/10.1006/nimg.1999.0407 

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R. D., Shanahan, F., Dinan, T. G., & Cryan, J. F. 
(2013). The microbiome-gut-brain axis during early life regulates the hippocampal serotonergic 
system in a sex-dependent manner. Molecular psychiatry, 18(6), 666–673. 
https://doi.org/10.1038/mp.2012.77 

Cordaro, M., D'Amico, R., Morabito, R., Fusco, R., Siracusa, R., Peritore, A. F., Impellizzeri, D., Genovese, 
T., Crupi, R., Gugliandolo, E., Marino, A., Di Paola, R., & Cuzzocrea, S. (2021). Physiological and 
biochemical changes in NRF2 pathway in aged animals subjected to brain injury. Cellular Physiology 
and Biochemistry, 55(2), 160. https://doi.org/10.33594/000000353 

Cryan, J. F., O'Riordan, K. J., Cowan, C. S., Sandhu, K. V., Bastiaanssen, T. F., Boehme, M., ... & Dinan, T. 
G. (2019). The microbiota-gut-brain axis. Physiological reviews. 

Czerniawski, J., & Guzowski, J. F. (2014). Acute neuroinflammation impairs context discrimination memory 
and disrupts pattern separation processes in hippocampus. The Journal of Neuroscience, 34(37), 
12470-12480. https://doi.org/10.1523/JNEUROSCI.0542-14.2014 

Danese, S., Schabel, E., Ainsworth, M. A., & Peyrin-Biroulet, L. (2020). Challenges and opportunities for IBD 
drug development: from early stage to regulatory approval. Gut, 69(7), 1157–1161. 
https://doi.org/10.1136/gutjnl-2019-320542 

https://doi.org/10.33594/000000353


 84 

Daw, N. D., Gershman, S. J., Seymour, B., Dayan, P., & Dolan, R. J. (2011). Model-based influences on 
humans' choices and striatal prediction errors. Neuron, 69(6), 1204–1215. 
https://doi.org/10.1016/j.neuron.2011.02.027 

De Franceschi, G., Vivattanasarn, T., Saleem, A., & Solomon, S. (2016). Vision guides selection of freeze or 
flight defense strategies in mice. Current Biology, 26(16), 2150-2154. 
https://doi.org/10.1016/j.cub.2016.06.006 

De Palma, G., Lynch, M. D. J., Lu, J., Dang, V. T., Deng, Y., Jury, J., Umeh, G., Miranda, P. M., Pastor, M. 
P., Sidani, S., Pinto-Sanchez, M. I., Philip, V., McLean, P. G., Hagelsieb, M., Surette, M. G., 
Bergonzelli, G. E., Verdu, E. F., Britz-McKibbin, P., Neufeld, J. D., . . . Bercik, P. (2017). 
Transplantation of fecal microbiota from patients with irritable bowel syndrome alters gut function 
and behavior in recipient mice. Science Translational Medicine, 
9(379)https://doi.org/10.1126/scitranslmed.aaf6397 

Delgado, M. R., Olsson, A., & Phelps, E. A. (2006). Extending animal models of fear conditioning to humans. 
Biological psychology, 73(1), 39–48. https://doi.org/10.1016/j.biopsycho.2006.01.006 

Dempsey, E., Abautret-Daly, Á., Docherty, N. G., Medina, C., & Harkin, A. (2019). Persistent central 
inflammation and region specific cellular activation accompany depression- and anxiety-like 
behaviours during the resolution phase of experimental colitis. Brain, Behavior, and Immunity, 80, 
616-632. https://doi.org/10.1016/j.bbi.2019.05.007 

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Björkholm, B., Samuelsson, A., Hibberd, M. L., Forssberg, H., 
& Pettersson, S. (2011). Normal gut microbiota modulates brain development and behavior. 
Proceedings of the National Academy of Sciences of the United States of America, 108(7), 3047–
3052. https://doi.org/10.1073/pnas.1010529108 

Do, J., & Woo, J. (2018). From gut to brain: Alteration in inflammation markers in the brain of dextran sodium 
sulfate-induced colitis model mice. Clinical Psychopharmacology and Neuroscience : The Official 
Scientific Journal of the Korean College of Neuropsychopharmacology, 16(4), 422-433. 
https://doi.org/10.9758/cpn.2018.16.4.422 

Engel, G. L., & Schmale, A. H. (1972). Conservation-withdrawal: a primary regulatory process for organismic 
homeostasis. Ciba Foundation symposium, 8, 57–75. https://doi.org/10.1002/9780470719916.ch5 

Ernst, J., Hock, A., Henning, A., Seifritz, E., Boeker, H., & Grimm, S. (2017). Increased pregenual anterior 
cingulate glucose and lactate concentrations in major depressive disorder. Molecular Psychiatry, 
22(1), 113-119. https://doi.org/10.1038/mp.2016.73 

Fanselow M. S. (1980). Conditioned and unconditional components of post-shock freezing. The Pavlovian 
journal of biological science, 15(4), 177–182. https://doi.org/10.1007/BF03001163 

Fanselow, M. S., & Helmstetter, F. J. (1988). Conditional analgesia, defensive freezing, and benzodiazepines. 
Behavioral neuroscience, 102(2), 233–243. https://doi.org/10.1037//0735-7044.102.2.233 

Felger J. C. (2018). Imaging the Role of Inflammation in Mood and Anxiety-related Disorders. Current 
neuropharmacology, 16(5), 533–558. https://doi.org/10.2174/1570159X15666171123201142 

Flanagan, T. W., & Nichols, C. D. (2018). Psychedelics as anti-inflammatory agents. International Review of 
Psychiatry (Abingdon, England), 30(4), 363-375. https://doi.org/10.1080/09540261.2018.1481827 

Foster, J. A., & McVey Neufeld, K. A. (2013). Gut-brain axis: how the microbiome influences anxiety and 
depression. Trends in neurosciences, 36(5), 305–312. https://doi.org/10.1016/j.tins.2013.01.005  

Gabbay, V., Bradley, K. A., Mao, X., Ostrover, R., Kang, G., & Shungu, D. C. (2017). Anterior cingulate 
cortex gamma-aminobutyric acid deficits in youth with depression. Translational Psychiatry, 7(8), 
e1216-e1216. https://doi.org/10.1038/tp.2017.187 

Gebara, E., Zanoletti, O., Ghosal, S., Grosse, J., Schneider, B. L., Knott, G., Astori, S., & Sandi, C. (2021). 
Mitofusin-2 in the nucleus accumbens regulates anxiety and depression-like behaviors through 
mitochondrial and neuronal actions. Biological Psychiatry (1969), 89(11), 1033-1044. 
https://doi.org/10.1016/j.biopsych.2020.12.003 

Ghia, J., Li, N., Wang, H., Collins, M., Deng, Y., El–Sharkawy, R. T., Côté, F., Mallet, J., & Khan, W. I. 
(2009). Serotonin has a key role in pathogenesis of experimental colitis. Gastroenterology (New York, 
N.Y. 1943), 137(5), 1649-1660. https://doi.org/10.1053/j.gastro.2009.08.041 

Gordaliza‐Alaguero, I., Cantó, C., & Zorzano, A. (2019). Metabolic implications of organelle–mitochondria 
communication. EMBO Reports, 20(9), e47928-n/a. https://doi.org/10.15252/embr.201947928 



 85 

Griffiths, R. R., Johnson, M. W., Carducci, M. A., Umbricht, A., Richards, W. A., Richards, B. D., Cosimano, 
M. P., & Klinedinst, M. A. (2016). Psilocybin produces substantial and sustained decreases in 
depression and anxiety in patients with life-threatening cancer: A randomized double-blind trial. 
Journal of Psychopharmacology (Oxford), 30(12), 1181-1197. 
https://doi.org/10.1177/0269881116675513 

Guyer, A. E., Nelson, E. E., Perez-Edgar, K., Hardin, M. G., Roberson-Nay, R., Monk, C. S., Bjork, J. M., 
Henderson, H. A., Pine, D. S., Fox, N. A., & Ernst, M. (2006). Striatal functional alteration in 
adolescents characterized by early childhood behavioral inhibition. The Journal of neuroscience : the 
official journal of the Society for Neuroscience, 26(24), 6399–6405. 
https://doi.org/10.1523/JNEUROSCI.0666-06.2006 

Hall, C. N., Klein-Fluegge, M. C., Howarth, C., & Attwell, D. (2012). Oxidative phosphorylation, not 
glycolysis, powers presynaptic and postsynaptic mechanisms underlying brain information processing. 
The Journal of Neuroscience, 32(26), 8940-8951. https://doi.org/10.1523/JNEUROSCI.0026-12.2012 

Haralambous, T., Westbrook, R.F., 1999. An infusion of bupivacaine into the nucleus accumbens disrupts the 
acquisition but not the expression of contextual fear conditioning. Behav. Neurosci. 113, 925–940. 

Hashemi, M. M., Gladwin, T. E., Valk, N. M. d., Zhang, W., Kaldewaij, R., Ast, V. A. v., Koch, S. B. J., 
Klumpers, F., & Roelofs, K. (2019). Neural dynamics of shooting decisions and the switch from 
freeze to fight. Scientific Reports, 9(1), 4240-4240. https://doi.org/10.1038/s41598-019-40917-8 

Hassan, A. M., Jain, P., Reichmann, F., Mayerhofer, R., Farzi, A., Schuligoi, R., & Holzer, P. (2014). 
Repeated predictable stress causes resilience against colitis-induced behavioral changes in mice. 
Frontiers in Behavioral Neuroscience, 8, 386-386. https://doi.org/10.3389/fnbeh.2014.00386 

Hollis, F., van der Kooij, Michael A., Zanoletti, O., Lozano, L., Cantó, C., & Sandi, C. (2015). Mitochondrial 
function in the brain links anxiety with social subordination. Proceedings of the National Academy of 
Sciences - PNAS, 112(50), 15486-15491. https://doi.org/10.1073/pnas.1512653112 

Hulbert, A. J., Pamplona, R., Buffenstein, R., & Buttemer, W. A. (2007). Life and death: Metabolic rate, 
membrane composition, and life span of animals. Physiological Reviews, 87(4), 1175-1213. 
https://doi.org/10.1152/physrev.00047.2006 

Izquierdo, I., Furini, C. R. G., & Myskiw, J. C. (2016). fear memory. Physiological Reviews, 96(2), 695-750. 
https://doi.org/10.1152/physrev.00018.2015 

Jones, S. A. V., & O'Kelly, A. (2020). Psychedelics as a treatment for Alzheimer's disease dementia. Frontiers 
in Synaptic Neuroscience, 12, 34-34. https://doi.org/10.3389/fnsyn.2020.00034 

Juan, C. A., Perez de la Lastra, Jose Manuel, Plou, F. J., & Perez-Lebena, E. (2021). The chemistry of reactive 
oxygen species (ROS) revisited: Outlining their role in biological macromolecules (DNA, lipids and 
proteins) and induced pathologies. International Journal of Molecular Sciences, 22(9), 4642. 
https://doi.org/10.3390/ijms22094642 

Khan, W. I. (2013). The role of 5-HT dysregulation in inflammatory bowel disease. Gastroenterology & 
Hepatology, 9(4), 259-261. 

Kilincarslan, S., & Evrensel, A. (2020). The effect of fecal microbiota transplantation on psychiatric symptoms 
among patients with inflammatory bowel disease: An experimental study. Actas Espanolas De 
Psiquiatria, 48(1), 1-7. 

Kobayashi, T., Siegmund, B., Le Berre, C., Wei, S. C., Ferrante, M., Shen, B., Bernstein, C. N., Danese, S., 
Peyrin-Biroulet, L., & Hibi, T. (2020). Ulcerative colitis. Nature Reviews. Disease Primers, 6(1), 74. 
https://doi.org/10.1038/s41572-020-0205-x  

Koob G. F. (1996). Hedonic valence, dopamine and motivation. Molecular psychiatry, 1(3), 186–189.  
Kozłowska, U., Klimczak, A., Wiatr, K., &amp; Figiel, M. (2021). The DMT and Psilocin Treatment Changes 

CD11B+ Activated Microglia Immunological Phenotype. https://doi.org/10.1101/2021.03.07.434103 
Ku, B. M., Joo, Y., Mun, J., Roh, G. S., Kang, S. S., Cho, G. J., Choi, W. S., & Kim, H. J. (2006). Heme 

oxygenase protects hippocampal neurons from ethanol-induced neurotoxicity. Neuroscience Letters, 
405(3), 168-171. https://doi.org/10.1016/j.neulet.2006.06.052 

Larrieu, T., Cherix, A., Duque, A., Rodrigues, J., Lei, H., Gruetter, R., & Sandi, C. (2017). Hierarchical status 
predicts behavioral vulnerability and nucleus accumbens metabolic profile following chronic social 
defeat stress. Current Biology, 27(14), 2202-2210.e4. https://doi.org/10.1016/j.cub.2017.06.027 



 86 

Li, Y., Zhang, J., Chen, R., Chen, L., Chen, S., Yang, X., & Min, J. (2022). Genistein mitigates oxidative stress 
and inflammation by regulating Nrf2/HO-1 and NF-kappa B signaling pathways in hypoxic-ischemic 
brain damage in neonatal mice. Annals of Translational Medicine, 10(2), 32-32. 
https://doi.org/10.21037/atm-21-4958 

Lv, K., Song, W., Tang, R., Pan, Z., Zhang, Y., Xu, Y., Lv, B., Fan, Y., & Xu, M. (2018). Neurotransmitter 
alterations in the anterior cingulate cortex in Crohn's disease patients with abdominal pain: A 
preliminary MR spectroscopy study. NeuroImage Clinical, 20, 793-799. 
https://doi.org/10.1016/j.nicl.2018.09.008 

Ma, Y., Liu, T., Li, X., Kong, A., Xiao, R., Xie, R., Gao, J., Wang, Z., Cai, Y., Zou, J., Yang, L., Wang, L., 
Zhao, J., Xu, H., Margaret, W., Xu, X., Gustafsson, J., & Fan, X. (2022). Estrogen receptor beta 
deficiency impairs gut microbiota: A possible mechanism of IBD-induced anxiety-like behavior. 
Microbiome, 10(1), 1-160. https://doi.org/10.1186/s40168-022-01356-2 

Marshall, M. (1995). ras target proteins in eukaryotic cells. The FASEB Journal, 9(13), 1311-1318. 
https://doi.org/10.1096/fasebj.9.13.7557021 

Matisz, C. E., & Gruber, A. J. (2022). Neuroinflammatory remodelling of the anterior cingulate cortex as a key 
driver of mood disorders in gastrointestinal disease and disorders. Neuroscience and Biobehavioral 
Reviews, 133, 104497-104497. https://doi.org/10.1016/j.neubiorev.2021.12.020  

Matisz, C. E., Patel, M., Hong, N. S., McDonald, R. J., & Gruber, A. J. (2022). Chronic gut inflammation 
impairs contextual control of fear. Scientific Reports, 12(1), 20586-20586. 
https://doi.org/10.1038/s41598-022-24901-3  

Matisz, C. E., Semenoff, N., Ahmed, A. F., Griffin, L., Wallace, L. E., McNabb, P., Gibb, R., Sharkey, K. A., 
& Gruber, A. J. (2022). Acute gut inflammation reduces neural activity and spine maturity in 
hippocampus but not basolateral amygdala. Scientific Reports, 12(1), 20169-11. 
https://doi.org/10.1038/s41598-022-24245-y 

Matisz, C. E., Vicentini, F. A., Hirota, S. A., Sharkey, K. A., & Gruber, A. J. (2020). Behavioral adaptations in 
a relapsing mouse model of colitis. Physiology & Behavior, 216, 112802-112802. 
https://doi.org/10.1016/j.physbeh.2020.112802 

McGaugh, J. L. (1966). Time-dependent processes in memory storage: Recent studies of learning and memory 
indicate that memory storage involves time-dependent processes. Science (American Association for 
the Advancement of Science), 153(3742), 1351-1358. https://doi.org/10.1126/science.153.3742.1351 

McGaugh, J. L. (2000). Memory-A century of consolidation. Science (American Association for the 
Advancement of Science), 287(5451), 248-251. https://doi.org/10.1126/science.287.5451.248 

Mikocka-Walus, A., & Andrews, J. M. (2018). It is high time to examine the psyche while treating IBD. 
Nature Reviews Gastroenterology & Hepatology, 15, 329–330. https://doi-
org.uleth.idm.oclc.org/10.1038/s41575-018-0004-y 

Mikocka-Walus, A., Knowles, S. R., Keefer, L., & Graff, L. (2016). Controversies revisited. Inflammatory 
Bowel Diseases, 22, 752–762. https://doi-org.uleth.idm.oclc.org/10.1097/MIB.0000000000000620 

Modi, S., Rana, P., Kaur, P., Rani, N., & Khushu, S. (2014). Glutamate level in anterior cingulate predicts 
anxiety in healthy humans: A magnetic resonance spectroscopy study. Psychiatry Research, 224(1), 
34-41. https://doi.org/10.1016/j.pscychresns.2014.03.001 

Morel, C., Montgomery, S.E., Li, L. et al. Midbrain projection to the basolateral amygdala encodes anxiety-
like but not depression-like behaviors. Nat Commun 13, 1532 (2022). https://doi.org/10.1038/s41467-
022-29155-1 

Morel, C., Montgomery, S.E., Li, L. et al. Midbrain projection to the basolateral amygdala encodes anxiety-
like but not depression-like behaviors. Nat Commun 13, 1532 (2022). https://doi.org/10.1038/s41467-
022-29155-1 

Nan, J., Liu, J., Mu, J., Dun, W., Zhang, M., Gong, Q., Qin, W., Tian, J., Liang, F., & Zeng, F. (2015). Brain-
based correlations between psychological factors and functional dyspepsia. Journal of 
Neurogastroenterology and Motility, 21(1), 103-110. https://doi.org/10.5056/jnm14096 

Nau, F., Yu, B., Martin, D., & Nichols, C. D. (2013). Serotonin 5-HT2A receptor activation blocks TNF-alpha 
mediated inflammation in vivo. PloS One, 8(10), e75426-e75426. 
https://doi.org/10.1371/journal.pone.0075426 



 87 

Neuendorf, R., Harding, A., Stello, N., Hanes, D., & Wahbeh, H. (2016). Depression and anxiety in patients 
with Inflammatory Bowel Disease: A systematic review. Journal of psychosomatic research, 87, 70–
80. https://doi.org/10.1016/j.jpsychores.2016.06.001 

Neufeld, K. M., Kang, N., Bienenstock, J., & Foster, J. A. (2011). Reduced anxiety-like behavior and central 
neurochemical change in germ-free mice. Neurogastroenterology and motility, 23(3), 255–e119. 
https://doi.org/10.1111/j.1365-2982.2010.01620.x 

Ni, J., Wu, G. D., Albenberg, L., & Tomov, V. T. (2017). Gut microbiota and IBD: Causation or correlation? 
Nature Reviews. Gastroenterology & Hepatology, 14(10), 573-584. 
https://doi.org/10.1038/nrgastro.2017.88 

Nielsen, B. S., Borregaard, N., Bundgaard, J. R., Timshel, S., Sehested, M., & Kjeldsen, L. (1996). Induction 
of NGAL synthesis in epithelial cells of human colorectal neoplasia and inflammatory bowel diseases. 
Gut, 38(3), 414–420. https://doi.org/10.1136/gut.38.3.414 

Oei, T.P., King, M.G., 1980. Catecholamines and aversive learning: a review. Neurosci. Biobehav. Rev. 4 
(Summer), 161–173 

Okayasu, Hatakeyama, S., Yamada, M., Ohkusa, T., Inagaki, Y., & Nakaya, R. (1990). a novel method in the 
induction of reliable experimental acute and chronic ulcerative-colitis in mice. Gastroenterology (New 
York, N.Y. 1943), 98(3), 694-702. https://doi.org/10.1016/0016-5085(90)90290-H 

Olevska, A., Spanagel, R., & Bernardi, R. E. (2021). Impaired contextual fear conditioning in RasGRF2 
mutant mice is likely ras-ERK-dependent. Neurobiology of Learning and Memory, 181, 107435-
107435. https://doi.org/10.1016/j.nlm.2021.107435 

Panksepp, J. (1990). The psychoneurology of fear: Evolutionary perspectives and the role of animal models in 
understanding human anxiety. Handbook of anxiety, 3, 3-58. 

Pearson, B. L., Defensor, E. B., Blanchard, D. C., & Blanchard, R. J. (2010). C57BL/6J mice fail to exhibit 
preference for social novelty in the three-chamber apparatus. Behavioural Brain Research, 213(2), 
189-194. https://doi.org/10.1016/j.bbr.2010.04.054 

Petersen, M. H., Willert, C. W., Andersen, J. V., Waagepetersen, H. S., Skotte, N. H., & Nørremølle, A. 
(2019). Functional Differences between Synaptic Mitochondria from the Striatum and the Cerebral 
Cortex. Neuroscience, 406, 432–443. https://doi.org/10.1016/j.neuroscience.2019.02.033 

Petri, S., Körner, S., & Kiaei, M. (2012). Nrf2/ARE signalling pathway: Key mediator in oxidative stress and 
potential therapeutic target in ALS. Neurology Research International, 2012, 878030-7. 
https://doi.org/10.1155/2012/878030 

Pezze, M. A., & Feldon, J. (2004). Mesolimbic dopaminergic pathways in fear conditioning. Progress in 
neurobiology, 74(5), 301–320. https://doi.org/10.1016/j.pneurobio.2004.09.004 

Picca, A., Calvani, R., Coelho-Junior, H. J., & Marzetti, E. (2021). Cell Death and Inflammation: The Role of 
Mitochondria in Health and Disease. Cells, 10(3), 537. https://doi.org/10.3390/cells10030537 

Piche, T., Ducrotté, P., Sabate, J. M., Coffin, B., Zerbib, F., Dapoigny, M., Hua, M., Marine‐barjoan, E., 
Dainese, R., & Hébuterne, X. (2010). Impact of functional bowel symptoms on quality of life and 
fatigue in quiescent crohn disease and irritable bowel syndrome. Neurogastroenterology and Motility, 
22(6), 626-e174. https://doi.org/10.1111/j.1365-2982.2010.01502.x 

Pinto-Junior, D. C., Silva, K. S., Michalani, M. L., Yonamine, C. Y., Esteves, J. V., Fabre, N. T., Thieme, K., 
Catanozi, S., Okamoto, M. M., Seraphim, P. M., Correa-Giannella, M. L., Passarelli, M., & Machado, 
U. F. (2018). Advanced glycation end products-induced insulin resistance involves repression of 
skeletal muscle GLUT4 expression. Scientific Reports, 8(1), 8109-11. https://doi.org/10.1038/s41598-
018-26482-6 

Podolsky, D. (1995). inflammatory bowel-disease - overview. Current Opinion in Gastroenterology, 11(4), 
289-291. https://doi.org/10.1097/00001574-199507000-00001 

Popa, S. L., & Dumitrascu, D. L. (2015). Anxiety and IBS revisited: ten years later. Clujul medical (1957), 
88(3), 253–257. https://doi.org/10.15386/cjmed-495 

Powell, N., Walker, M. M., & Talley, N. J. (2017). The mucosal immune system: Master regulator of 
bidirectional gut-brain communications. Nature Reviews Gastroenterology & Hepatology, 14, 143–
159. https://doi-org.uleth.idm.oclc.org/10.1038/nrgastro.2016.191 

https://doi.org/10.1097/00001574-199507000-00001


 88 

Radjendirane, Joseph, P., Lee, Y., Kimura, S., Klein-Szanto, A., Gonzalez, F., & Jaiswal, A. (1998). 
Disruption of the DT diaphorase (NQO1) gene in mice leads to increased menadione toxicity. The 
Journal of Biological Chemistry, 273(13), 7382-7389. https://doi.org/10.1074/jbc.273.13.7382 

Rangaraju, V., Lewis, T. L., Hirabayashi, Y., Bergami, M., Motori, E., Cartoni, R., Kwon, S., & Courchet, J. 
(2019). Pleiotropic mitochondria: The influence of mitochondria on neuronal development and 
disease. The Journal of Neuroscience, 39(42), 8200-8208. https://doi.org/10.1523/JNEUROSCI.1157-
19.2019 

Richmond, M. A., Murphy, C. A., Pouzet, B., Schmid, P., Rawlins, J. N., & Feldon, J. (1998). A computer 
controlled analysis of freezing behaviour. Journal of neuroscience methods, 86(1), 91–99. 
https://doi.org/10.1016/s0165-0270(98)00150-2 

Robbins, T.W., Everitt, B.J., 1996. Neurobehavioral mechanisms of reward and motivation. Curr. Opin. 
Neurobiol. 6, 228–236 (review). 

Robinson GI, Li D, Wang B, Zahoruiko Y, Gerasymchuk M, Hudson D, Kovalchuk O, Kovalchuk I. Anti-
Inflammatory Effects of Serotonin Receptor and Transient Receptor Potential Channel Ligands in 
Human Small Intestinal Epithelial Cells. Current Issues in Molecular Biology. 2023; 45(8):6743-6774. 
https://doi.org/10.3390/cimb45080427 

Roohk, H. V., Zaidi, A. R., & Patel, D. (2018). Glycated albumin (GA) and inflammation: Role of GA as a 
potential marker of inflammation. Inflammation Research, 67(1), 21-30. 
https://doi.org/10.1007/s00011-017-1089-4 

Ross, S., Bossis, A., Guss, J., Agin-Liebes, G., Malone, T., Cohen, B., Mennenga, S. E., Belser, A., Kalliontzi, 
K., Babb, J., Su, Z., Corby, P., & Schmidt, B. L. (2016). Rapid and sustained symptom reduction 
following psilocybin treatment for anxiety and depression in patients with life-threatening cancer: A 
randomised controlled trial. Journal of Psychopharmacology (Oxford), 30(12), 1165-1180. 
https://doi.org/10.1177/0269881116675512 

Rothman, D., Behar, K., Hyder, F., & Shulman, R. (2003). In vivo NMR studies of the glutamate 
neurotransmitter flux and neuroenergetics: Implications for brain function. Annual Review of 
Physiology, 65(1), 401-427. https://doi.org/10.1146/annurev.physiol.65.092101.142131 

Rustay, N., Browman, K., & Curzon, P. (2008). Cued and contextual fear conditioning for rodents. Methods of 
Behavior Analysis in Neuroscience, Second Edition, 19–37. 
https://doi.org/10.1201/noe1420052343.ch2 

Salamone, J.D., 1994. The involvement of nucleus accumbens dopamine in appetitive and aversive motivation. 
Behav. Brain Res. 61, 117–133. 

Salamone, J.D., Correa, M., 2002. Motivational views of reinforcement:implications for understanding the 
behavioural functions of nucleus accumbens dopamine. Behav. Brain Res. 137, 3–25. 

Salamone, J.D., Cousins, M.S., Snyder, B.J., 1997. Behavioural functions of nucleus accumbens dopamine: 
empirical and conceptual problems with the anhedonia hypothesis. Neurosci. Biobehav. Rev. 21, 341–
359. 

Salim, S. (2017). Oxidative stress and the central nervous system. The Journal of Pharmacology and 
Experimental Therapeutics, 360(1), 201-205. https://doi.org/10.1124/jpet.116.237503 

Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R., & Rastall, R. A. (2019). Probiotics and prebiotics in 
intestinal health and disease: From biology to the clinic. Nature Reviews. Gastroenterology & 
Hepatology, 16(10), 605-616. https://doi.org/10.1038/s41575-019-0173-3 

Scorrano, L., & de Brito, O. M. (2008). Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature, 
456(7222), 605-610. https://doi.org/10.1038/nature07534 

Seibenhener, M. L., & Wooten, M. C. (2015). Use of the Open Field Maze to measure locomotor and anxiety-
like behavior in mice. Journal of visualized experiments : JoVE, (96), e52434. 
https://doi.org/10.3791/52434 

Silverman, D. H., Munakata, J. A., Ennes, H., Mandelkern, M. A., Hoh, C. K., & Mayer, E. A. (1997). 
Regional cerebral activity in normal and pathological perception of visceral pain. Gastroenterology, 
112(1), 64–72. https://doi.org/10.1016/s0016-5085(97)70220-8 

Sollenberger, N. A., Sequeira, S., Forbes, E. E., Siegle, G. J., Silk, J. S., Ladouceur, C. D., Ryan, N. D., Dahl, 
R. E., Mattfeld, A. T., & McMakin, D. L. (2023). More time awake after sleep onset is linked to 



 89 

reduced ventral striatum response to rewards in youth with anxiety. Journal of Child Psychology and 
Psychiatry, 64(1), 83-90. https://doi.org/10.1111/jcpp.13669 

Squire, L. R., Genzel, L., Wixted, J. T., & Morris, R. G. (2015). Memory consolidation. Cold Spring Harbor 
Perspectives in Biology, 7(8), a021766-a021766. https://doi.org/10.1101/cshperspect.a021766 

Steimer T. (2011). Animal models of anxiety disorders in rats and mice: some conceptual issues. Dialogues in 
clinical neuroscience, 13(4), 495–506. https://doi.org/10.31887/DCNS.2011.13.4/tsteimer 

Strasser, A., Xin, L., Gruetter, R., & Sandi, C. (2019). Nucleus accumbens neurochemistry in human anxiety: 
A 7 T 1 H-MRS study. European Neuropsychopharmacology, 29(3), 365. 

Stuart, M. J., & Baune, B. T. (2014). Chemokines and chemokine receptors in mood disorders, schizophrenia, 
and cognitive impairment: A systematic review of biomarker studies. Neuroscience & Biobehavioral 
Reviews, 42, 93–115. https://doi-org.uleth.idm.oclc.org/10.1016/j.neubiorev.2014.02.001 

Substance Abuse and Mental Health Services Administration. Impact of the DSM-IV to DSM-5 Changes on 
the National Survey on Drug Use and Health [Internet]. Rockville (MD): Substance Abuse and Mental 
Health Services Administration (US); 2016 Jun. Table 3.15, DSM-IV to DSM-5 Generalized Anxiety 
Disorder Comparison. Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK519704/table/ch3.t15/  

Sudeep, H. V., Venkatakrishna, K., Raj, A., Reethi, B., & Shyamprasad, K. (2022). Viphyllin™, a 
standardized extract from black pepper seeds, mitigates intestinal inflammation, oxidative stress, and 
anxiety-like behavior in DSS-induced colitis mice. Journal of food biochemistry, 46(10), e14306. 
https://doi.org/10.1111/jfbc.14306 

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X. N., Kubo, C., & Koga, Y. (2004). Postnatal 
microbial colonization programs the hypothalamic-pituitary-adrenal system for stress response in 
mice. The Journal of physiology, 558(Pt 1), 263–275. https://doi.org/10.1113/jphysiol.2004.063388 

Szuhany, K. L., & Simon, N. M. (2022). Anxiety disorders: A review. JAMA : The Journal of the American 
Medical Association, 328(24), 2431. https://doi.org/10.1001/jama.2022.22744 

THIEBOT, M. (1986). are serotonergic neurons involved in the control of anxiety and in the anxiolytic activity 
of benzodiazepines. Pharmacology, Biochemistry and Behavior, 24(5), 1471-1477. 
https://doi.org/10.1016/0091-3057(86)90214-5 

Thiffault, C., Quirion, R., & Poirier, J. (1997). The effect of l-deprenyl, d-deprenyl and MDL72974 on 
mitochondrial respiration: A possible mechanism leading to an adaptive increase in superoxide 
dismutase activity. Brain Research. Molecular Brain Research., 49(1), 127-136. 
https://doi.org/10.1016/S0169-328X(97)00135-6 

Thomas, G. M., & Huganir, R. L. (2004). MAPK cascade signalling and synaptic plasticity. Nature Reviews. 
Neuroscience, 5(3), 173-183. https://doi.org/10.1038/nrn1346 

Trow, J. E., Hong, N. S., Jones, A. M., Lapointe, J., MacPhail, J. K., & McDonald, R. J. (2017). Evidence of a 
role for orbital prefrontal cortex in preventing over-generalization to moderate predictors of 
biologically significant events. Neuroscience, 345, 49-63. 
https://doi.org/10.1016/j.neuroscience.2016.10.017 

Turnbaugh, P. J., Ley, R. E., Hamady, M., Fraser-Liggett, C. M., Knight, R., & Gordon, J. I. (2007). The 
human microbiome project. Nature, 449(7164), 804-810. https://doi.org/10.1038/nature06244 

van der Kooij, M. A., Hollis, F., Lozano, L., Zalachoras, I., Abad, S., Zanoletti, O., Grosse, J., de Suduiraut, I. 
G., Canto, C., & Sandi, C. (2018). Diazepam actions in the VTA enhance social dominance and 
mitochondrial function in the nucleus accumbens by activation of dopamine D1 receptors. Molecular 
Psychiatry, 23(3), 569-578. https://doi.org/10.1038/mp.2017.135 

Vargas-Mendoza, N., Morales-Gonzalez, A., Osiris Madrigal-Santillan, E., Madrigal-Bujaidar, E., Alvarez-
Gonzalez, I., Fernando Garcia-Melo, L., Anguiano-Robledo, L., Fregoso-Aguilar, T., & Morales-
Gonzalez, J. A. (2019). Antioxidant and adaptative response mediated by Nrf2 during physical 
exercise. Antioxidants, 8(6), 196. https://doi.org/10.3390/antiox8060196 

Vicentini, F. A., Szamosi, J. C., Rossi, L., Griffin, L., Nieves, K., Bihan, D., Lewis, I. A., Pittman, Q. J., 
Swain, M. G., Surette, M. G., Hirota, S. A., & Sharkey, K. A. (2022). Colitis-associated microbiota 
drives changes in behaviour in male mice in the absence of inflammation. Brain, Behavior, and 
Immunity, 102, 266-278. https://doi.org/10.1016/j.bbi.2022.03.001 



 90 

Wise, R. A., & Bozarth, M. A. (1985). Brain mechanisms of drug reward and euphoria. Psychiatric medicine, 
3(4), 445–460. 

Wu, C., & Endres, V. (2022). Prior episode of colitis impairs contextual fear memory. Molecular Brain, 15(1), 
1-74. https://doi.org/10.1186/s13041-022-00961-4 

Xie, K., Neff, F., Markert, A., Rozman, J., Aguilar-Pimentel, J. A., Amarie, O. V., Becker, L., Brommage, R., 
Garrett, L., Henzel, K. S., Hoelter, S. M., Janik, D., Lehmann, I., Moreth, K., Pearson, B. L., Racz, I., 
Rathkolb, B., Ryan, D. P., Schroeder, S., . . . Ehninger, D. (2017). Every-other-day feeding extends 
lifespan but fails to delay many symptoms of aging in mice. Nature Communications, 8(1), 155-19. 
https://doi.org/10.1038/s41467-017-00178-3 

Yonamine, C. Y., Passarelli, M., Suemoto, C. K., Pasqualucci, C. A., Jacob-Filho, W., Alves, V. A. F., Marie, 
S. K. N., Correa-Giannella, M. L., Britto, L. R., & Machado, U. F. (2023). Postmortem brains from 
subjects with diabetes mellitus display reduced GLUT4 expression and soma area in hippocampal 
neurons: Potential involvement of inflammation. Cells (Basel, Switzerland), 12(9), 1250. 
https://doi.org/10.3390/cells12091250 

Yu, B., Becnel, J., Zerfaoui, M., Rohatgi, R., Boulares, H., & Nichols, C. D. (2008). Serotonin 5-
hydroxytryptamine(2A) receptor activation suppresses tumor necrosis factor-alpha-induced 
inflammation with extraordinary potency. The Journal of Pharmacology and Experimental 
Therapeutics, 327(2), 316-323. https://doi.org/10.1124/jpet.108.143461 

Zanikov, T., Gerasymchuk, M., Gojani, E. G., Robinson, G. I., Asghari, S., Groves, A., Haselhorst, L., 
Nandakumar, S., Stahl, C., Cameron, M., Li, D., Rodriguez-Juarez, R., Snelling, A., Hudson, D., 
Fiselier, A., Kovalchuk, O., & Kovalchuk, I. (2023). The effect of combined treatment of psilocybin 
and eugenol on lipopolysaccharide-induced brain inflammation in mice. Molecules (Basel, 
Switzerland), 28(6), 2624. https://doi.org/10.3390/molecules28062624 

Zelinski, E. L., Hong, N. S., Tyndall, A. V., Halsall, B., & McDonald, R. J. (2010). Prefrontal cortical 
contributions during discriminative fear conditioning, extinction, and spontaneous recovery in rats. 
Experimental Brain Research, 203(2), 285-297. https://doi.org/10.1007/s00221-010-2228-0 

Zhou, Y., Ji, G., Yang, X., Chen, Z., & Zhou, L. (2023). Behavioral abnormalities in C57BL/6 mice with 
chronic ulcerative colitis induced by DSS. BMC gastroenterology, 23(1), 84. 
https://doi.org/10.1186/s12876-023-02718-2 

Zollner, A., Schmiderer, A., Reider, S. J., Oberhuber, G., Pfister, A., Texler, B., Watschinger, C., Koch, R., 
Effenberger, M., Raine, T., Tilg, H., & Moschen, A. R. (2021). Faecal Biomarkers in Inflammatory 
Bowel Diseases: Calprotectin Versus Lipocalin-2-a Comparative Study. Journal of Crohn's & colitis, 
15(1), 43–54. https://doi.org/10.1093/ecco-jcc/jjaa124 
 

 



 91 

Supplementary Information: 

 
Time Spent Freezing During Recent and Remote Testing. Time freezing in Paired (P) and 
Unpaired (UP) contexts. Multiple comparison two-way ANOVA with Sidak post-test. *p < 0.05. 
Data are mean ± SD, control n = 9; DSS n = 12; DSS + Psi n = 12. 
 
 This figure shows that at the recent timepoint, only the DSS group accurately discriminated 

between the paired context and the unpaired context. At the remote timepoint, none of the groups 

were able to discriminate. Prior to fear conditioning the mice preferred the square context. 

Although the mice with this preference were subsequently shocked in the square context (it became 

their paired context), it appears as though the original preference was far more robust than 

anticipated. Some reflections on why this may have occurred are discussed in the limitations 

section above.   
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