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Abstract: The brain reciprocally communicates with the rest of the body via neural, endocrine,
immune, and other systems. This is crucial for coordinating the complex behavioral and
physiological responses needed to cope with the many challenges of life. The Anterior Cingulate
Cortex (ACC) is a key brain structure involved in assessing rewards and threats, as well as activating
appropriate responses. This is a dynamic process that depends on evolving needs and challenges.
Important challenges include illness or injury. These typically involve inflammation and pain,
which evoke neuroinflammatory processes in the brain to drive sickness behaviours. In the short
term, sickness behaviours are considered adaptive, as they promote convalescence (e.g. low mood;
lethargy, fatigue, social withdrawal), and enhanced threat appraisal (e.g. anxiety) to combat
increased risk/vulnerability associated with sickness. Chronic inflammation, however, appears to
remodel the system to inappropriately activate threat-coping responses, resulting in depressive
and/or anxious phenotypes. These mood disorders are particularly pronounced in diseases and
disorders associated with gut dysfunction, which feature chronic inflammation and altered ACC
function. We propose that chronic inflammation remodels ACC physiology such that it errantly
predicts heightened danger based on a mental model (a.k.a ‘schema’) of the world. This evokes
chronic activation of threat-coping systems, including endocrine signaling (e.g. adrenaline), and
anxiety. Inflammation can be driven by brain systems involving ACC, leading to a feedback-cycle
that self-reinforces pathological states. This theory accounts for a wealth of clinical and preclinical
data that implicate the ACC in disorders of mood and gastrointestinal function, and reveals a key
player in the gut-brain axis that may represent a novel therapeutic target.

1. Introduction

Neuroinflammation refers to the suite of cellular and molecular responses generated to restore
allostasis in the brain in the face of injury or infection. These processes are well-known to activate in
traumatic brain injury, stroke, and neurodegenerative diseases. Neuroinflammation is also activated
by peripheral inflammation, which can occur through multiple communication pathways. These
pathways have been the subject of excellent reviews (1), and so are described only briefly here. One
path involves neural sensory systems. For instance, some fibers of the vagus nerve innervate visceral
organs and possess receptors that detect inflammatory cytokines and mediators. This provides a
direct sensory pathway to the terminals of the vagus nerve in the brain. Other pathways are chemical.
Firstly, circulating cytokines can enter the brain via the circumventricular organs, which lack an intact
blood brain barrier. Secondly, cerebral endothelial cells lining the vasculature in the brain are
activated by circulating pro-inflammatory mediators. Once activated, they secrete secondary
inflammatory messengers into brain tissue. The signaling molecules from endothelial cells and the
circulatory system activate signaling pathways in neurons and glial cells to influence a wide array of
cellular functions. Similarly, some immune cells enter the brain and chemically interact with neural
tissue. For instance, some types of circulating monocytes infiltrate tissues of the central nervous
system (CNS) produce pro-inflammatory cytokines, and release chemoattractants that promote
recruitment of additional immune cells (2). Finally, recent research has revealed key communication
pathways between gut microbiota and the CNS, termed the gut-microbiota-brain axis. For example,
gut microbes produce neuroactive metabolites that play a key role in health and disease (3). Gut
barrier defects presenting in a variety of inflammatory diseases can allow pathological bacteria
and/or their products to enter vascular circulation, and increase inflammation in the brain (4). In sum,
neuroinflammation can be driven by many interacting processes. This has profound effects on
behavior.

Neuroinflammation leads to the expression of well-defined sickness behaviours that reflect
reduced motivation (e.g. hypophagia, anhedonia, social & physical withdrawal), reduced motor
activity (e.g. lethargy, fatigue), and increased threat sensitivity (anxiety, altered threat coping
strategies) (5). These transient behaviours are considered an evolutionary adaptive mechanism to
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cope with illness, enhance convalescence, and guard against potential threats during periods of
increased vulnerability (6). Although peripheral inflammation is associated with short-lived adaptive
behaviours, chronic peripheral inflammatory diseases are associated with long-lasting and
deleterious effects on brain function, such as depression, anxiety, and cognitive impairments.
Evidence suggests that these changes in mental function may be the consequence of changes
engendered by chronic neuroinflammation, rather than by the psychological ‘burden of disease’ (7).
Mood disorders are especially comorbid with gastrointestinal diseases and disorders (GIDD),
perhaps given their close association with the gut-microbiota axis. Here we focus on the most
common GIDD: Inflammatory Bowel Disease (IBD), Celiac Disease (CeD), Irritable Bowel Syndrome
(IBS), and Functional Dyspepsia (FD).

Despite their clinical distinctions and diverse etiologies, GIDD possess several shared features
including peripheral inflammation, abnormal gut motility, chronic relapsing and remission of
symptoms, and intermittent pain. Although GIDD are associated with some degree of immune
activation, often in genetically susceptible individuals, the specific trigger varies. In patients with
IBD, gut bacteria and their products trigger an inappropriate and exaggerated immune response,
while exposure to dietary gluten drives immunoreactivity in patients with CeD. Although the
etiology IBS and FD remain unclear, evidence indicates an array of alterations similar to IBD and
CeD, including: gut barrier defects; low grade immune activation; altered gut microbiota; and
involvement of the enteric nervous system (8-12). If inflammation or other aspects of shared
pathophysiology in GIDD is a primary driver of brain remodeling, we should expect similar changes
in mental function to emerge across GIDD. This appears to be the case.

As we review here, GIDD are all highly comorbid with anxiety, depression, and a decline in
cognition. GIDD exhibit similar structural and functional changes to the brain, and these are
recapitulated in animal models of GIDD. This raises several important questions: to what extent is
gut pathology a contributor to the altered neural physiology? What are the mechanisms by which
dysregulation of the gut-brain axis can engender neural changes? Are the changes localized to specific
brain structures, and are these sufficient to explain the predominant cognitive impairments and
neuropsychiatric symptoms? In this article, we attempt to address these questions by means of a
critical review of clinical and pre-clinical research. We present evidence that changes in brain and
mentation are a result of GIDD-related physiological responses by the gut (including the organisms
living in the gut), with a focus on the role of the immune system in remodeling key brain structures.
Further, we propose a theory for how the remodeling affects information processing to produce the
observed changes in mentation.

2. Clinical Studies

2.1. Mood disorders and cognitive dysfunction are highly comorbid and correlative in GIDD

GIDD are comorbid with a common set of cognitive impairments and neuropsychiatric illnesses
(Table 1). We first review the widely studied links of GIDD to increased anxiety and depression,
before describing their wider effect on cognition and other mental functions. A recent meta-analysis
estimated the prevalence of depression and anxiety in patients with IBD to be 36% and 50%,
respectively (13). Similarly, it is widely accepted that patients with IBS display significantly greater
levels of depression and anxiety than the general population (14), with reports of anxiety and
depression ranging from 22% to 100% (15-18). Studies on the prevalence of depression and anxiety
in CeD and FD are mixed. The reported rates of depression among patients with CeD varies widely,
from 6-57%, (19)(20), with anxiety levels being reported around 16% (19) Some reports indicate
patients with FD do not express depressive comorbidity, while other studies report 2-times higher
prevalence of depression and 3-times higher levels of anxiety, relative to the healthy population
(21)(22). These discrepancies are likely due to differences in diagnostic criteria, population types, the
type of GIDD, as well as internal factors such as genetics, stress-coping, etc. Regardless, these data
highlight a strong comorbidity of GIDD with psychiatric illness.
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Evidence suggests a positive correlation between the severity of psychiatric conditions, and the
severity of GIDD. Meta-analyses indicate that both anxiety and depression are significantly greater
in IBD during periods of active disease (75.6% and 40.7%) than remission (31.4% and 16.5%;
respectively) (13). Depression is associated with more severe IBD, and patients with depression or
anxiety have an increased risk of relapse (23, 24). In fact, recent epidemiological evidence indicates
that depression increases the risk of IBD (25). In patients with IBS, positive correlations between
anxiety/depression and symptom severity have also been reported (26, 27). Among patients with
CeD, evidence suggests that poorer adherence to a gluten-free diet—a key driver of symptoms—is
associated with higher levels of depression (28), and the presence of anxiety and depression increase
speed of symptom onset when patients with CeD are exposed to gluten (29). These findings provide
strong evidence for a link between pathology in the gut and anxiety/depression. This data is
consistent with reports that link mood disorders with other types of chronic inflammatory diseases.
For example, anxiety and depression are comorbid in patients with Rheumatoid arthritis (13.5% and
41.5%, respectively) (30), type 1 diabetes (anxiety 17%-36%; depression 15%-30%)(31, 32), and
systemic lupus erythematosus (25% anxiety, 32% depression)(33). Furthermore, anti-inflammatory
medications have been shown to possess anti-depressant properties in inflammatory diseases (34),
suggesting a causal linkage.

2.2. GIDD are associated with changes in cognition

Executive functions refer to the mental transactions that require effort; inhibition and
interference control (e.g. self-control, selective attention), working memory, and cognitive flexibility
(e.g. mental flexibility) are generally agreed to represent the dominant cognitive processes that
facilitate executive function (35). Although the bulk of research has focused on the anxiodepressive
consequences of GIDD, several cognitive changes have been identified in patients with GIDD (Table
1). Most studies that assess memory in patients with GIDD have identified impairments in working
memory, verbal memory, performance memory and visuospatial memory (36-41). Evidence suggests
patients with GIDD possess an altered attentional bias, with increased sensitivity to negatively
valenced words pertaining to gastrointestinal symptoms and sensations (42-46), social threats (42-
45), and images associated with triggers of gastrointestinal symptoms (47, 48). Attention and
orientation appears to be biased towards threats. Female patients with IBS displayed increased
performance in an attention network task, which corresponded with activation in brain regions
associated with anxiety, hypervigilance, and visceral sensitivity, suggesting a heightened and
selective attention to the visceral state (49).

The evidence on executive function, such as in GIDD is mixed. Some studies suggest impaired
executive function associated with GIDD, (36, 50-52), whereas others do not (53, 54). Some
impairments in executive functioning (e.g. cognitive interference) are disease specific (36). Therefore,
negative conclusions reached by studies that considered IBD as one group should be interpreted with
caution (53, 54). Cognitive phenomena can intersect with mood regulation. In particular, the
‘cognitive model” of depression/anxiety is built on the proposition that information processing plays
a key role in the way that human experiences are interpreted, evaluated, and categorized, from which
emerges a personal ‘schema’ of one’s representation of the world (55). In this model, recurring
patterns of attentional bias towards negative sensations can promote negative schemas that
perpetuate a maladaptive emotional state, characterized by deficits in emotional and behavioral
coping, promoting depression and anxiety (56, 57). Cognitive behavioural therapy has demonstrated
long-lasting improvement of IBS symptoms (58, 59). We review later how ‘top-down’” modulation of
visceral/enteric function may explain this effect.

Reports suggest level of cognitive impairments in GIDD are associated with severity of
inflammation. Patients with CeD and other GIDD often present with mild cognitive impairments
colloquially described as ‘brain fog’ (60). Adoption of a gluten free diet significantly improved
processing speed, attention, cognitive flexibility, visuomotor speed, and visuospatial memory in
patients with celiac disease; further, improved performance on several cognitive tests were
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significantly associated with reduced intestinal pathology and gluten/anti-transferglutamine
(pathological) antibody concentrations (61). Patients with IBD-CD had reduced response times in a
subtle cognitive impairment test that correlated with severity of inflammatory indices (62). The real-
time intensity of inflammation is not the sole driver of cognitive impairments in GIDD. Eliminating
inflammation does not ameliorate GIDD-related cognitive impairments (63). For example, Hu et al
report only some patients with CeD demonstrate improvements in cognitive deficits after adopting
a gluten free diet (64). Further, elderly patients with celiac disease had poorer cognitive function in a
wide variety of domains relative to age-matched controls, despite adoption of a gluten free diet (39).
One explanation for these results is that some changes in the brain can be ameliorated over the course
of gluten free diet trials, whereas other changes are long-lasting or even permanent. Indeed, we
review in subsequent sections data showing that some changes are neurochemical (that are likely
reversed quickly), whereas others are involve extensive restructuring of neural morphology (which
cannot be undone quickly/easily). Moreover, GIDD are risk factors for several age-related
neurodegenerative diseases, including Parkinson’s (65-67) and Alzheimer’s (68). It is therefore
possible that GIDD evokes brain changes that are less reversible in elderly people, as a consequence
of the additive effects of inflammaging (69). Given the role of inflammation in anxiety and depression,
it is not surprising that mood disorders also influence cognitive deficits in GIDD: anxiety and
depression are associated with lower processing speed, verbal learning, and delayed recall memory
among patients with IBD, as well as rheumatoid arthritis and multiple sclerosis (70). This suggests
that the underlying pathophysiological processes are related.

Overall, evidence suggests GIDD are associated with an increased risk of impairment in some
aspects of executive function, including attention and schema building. Despite evidence that
cognitive impairments are widespread in GIDD, this feature of GIDD is frequently overlooked. Given
these findings, it is not surprising that GIDD is accompanied by widespread changes to the brain.
This does beg the question: what kind of neural changes are observed in patients with GIDD? Are
changes in the brain of patients with GIDD disease-specific? Are certain regions more impacted than
others? What are the consequences of these changes?

2.3. GIDD drive structural, functional, and connective changes in the brain

For nearly two decades, studies have employed various brain imaging techniques to identify
neural differences in patients with GIDD, predominantly IBS. Identifying unifying neural changes
among patients with GIDD poses a significant challenge because of the wide variety of paradigms
employed by different studies, including the imaging modality employed (e.g. PET vs fMRI), the
nature of stimulus (subliminal, non-painful, painful rectal distention; delivered versus anticipatory
stimulus), the nature of the disease/disorder (CD versus UC, remission versus active disease, IBS
subtype) and other factors that influence brain physiology and activity (gender, psychiatric
conditions, stress). Nonetheless, the preponderance of data suggests GIDD drive a number of neural
changes that may influence affective and cognitive processing (Table 2).

Brain-Gut Neuroanatomy

Several brain regions are involved in processing multiple sources of visceral information, which
plays a key role in the pathobiology/neuropathology of GIDD (see review by (71)). Vagal and spinal
afferents convey information regarding the physiological state of the gut, including signals from the
immune system, endocrine systems, and the microbiota. These visceral signals are integrated and
processed by the brain, which then regulates autonomic systems involved in gut function, including
nutrient and water absorption and secretion, bowel motility, and blood flow. A consequence of this
bi-directional communication between the gut and the brain is the potential for a feedback loop in
which brain dysfunction can drive gut dysfunction, and vice versa. Indeed, several brain regions
demonstrate structural, functional, and connectivity changes in patients with GIDD.

GIDD impact neural processing of pain
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Unsurprisingly, brain regions involved in interpreting and processing visceral sensations, pain,
and the cognitive and emotional responses to pain display altered structure and function in GIDD.
Patients with GIDD generally report stronger perception of pain than healthy controls (hyperalgesia),
and a reduced threshold to generate pain (allodynia); these perceptual phenomena are accompanied
by increased activation of brain structures that process pain (e.g. ACC, insula, sensory cortex,
thalamus), and reduced activity of the descending pain modulation pathway (e.g. PAG, rostral
ventromedial medulla, dorsal horn of spinal cord).] REF. The vast majority of studies that explore
visceral pain employ the use of rectal distention to measure pain responses. However, cutaneous heat
pain delivered to the forearm also induces altered neural responses in patients with IBD, relative to
controls (72). This suggests that modulation of pain processing in GIDD is not limited to visceral
sensations. Furthermore, hypervigilance to gut sensations is frequently reported by patients with
GIDD (73), which can additionally increase the perception of pain intensity (74).

GIDD impact neural regions associated with cognition and mentation

As reviewed above and outlined in Table 1, GIDD are associated with numerous cognitive and
mental deficits involving executive function, memory, and attention. These processes are
concomitant with changes in a number of neural structures (Table 2). We have identified the cingulate
cortex, specifically the anterior aspect, as a region frequently reported as having pathological
structural or functional changes in GIDD. The cingulate (meaning ‘ring’) cortex is a thin strip of
neocortex that lies on the medial aspect of each cortical hemisphere, and is typically functionally
divided into the anterior (ACC), middle (MCC), and posterior (PCC) regions. The cingulate cortex
appears to be involved in many functions, including the encoding of negative (e.g. painful) and
positive (rewarding) affective states, and the regulation of emotional and behavioural responses.

This review focuses on the ACC due to the abundance of clinical evidence that its structure,
activity, and connectivity is altered in GIDD (Table 2). Further, dysfunction of this structure may
account for many of the mental illnesses comorbid in GIDD. This region is involved in making
decisions involving uncertainty and affective outcomes — both positive (e.g. rewards) and negative
(e.g. pain)(75). Importantly, it is involved not only in the primary sensation of the outcomes, but also
activates in anticipation of these outcomes evoked by stimuli or by spontaneous recall (76). As a
consequence of its anticipation of negative outcomes, its activity is strongly associated with anxiety
(77, 78). In addition, changes in ACC structure and function are strongly correlated with depression.
It becomes hyperactive (79), loses gray matter volume (80), and has altered functional connectivity
with other structures (81) in major depressive disorder. Further, lesions of ACC are a last line
treatment for major depression and obsessive-compulsive disease, and are highly effective in
eliminating intrusive/compulsive thoughts associated with negative affective states (82). These data
suggest that ACC pathophysiology is an important component in the altered mental functions that
manifest in GIDD.
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Table 1. Studies of Cognitive Function in Patients with Gastrointestinal Disease/Disorders.

- inal
-Gastron.ltestma Cognitive Function (test) Cognitive domain tested Reference
disease/disorder (n)
o Patients with IBS had impaired visuospatial memory (PAL) relative to
IBS (n=39) HC Spatial memory
o Patients with IBS similar selective attentional and response inhibition Cognitive flexibility (36)
HC (n=40) . . s . .
(Stroop), reversal learning and attentional flexibility (IED), working memory Working memory
(SWM) relative to HC
IBS (n=30) J Patients with IBS had impaired cognitive flexibility relative to HC Cognitive flexibility (50)
HC (n=30) (WCST)
IBS (n=20) . Patients with IBS had stronger and quicker bias toward pain than
neutral words relative to HC Inhibition and interference control/Attention (46)
HC (n=30)
IBS (n=15) . ' Patients w1t}} IBS .had reduced 1nh1b?t10n/1'nterference control (Stroop), Inhibition and interference control/Attention
and displayed attention bias towards gastrointestinal symptom-related words .. o (51)
HC (n=15) ) . . Cognitive flexibility
relative to controls and relative to neural words, respecitvely
J IBD but not IBS groups had lower scores on intelligence tests, though
IBS (n=40) when depression was added as a covariate the significance was abrogated or
IBD (n=150; n=96 UC, attenuated . . . .
L . . Attention, memory, interference, intelligence (53)
CD n-54) . Similar performance on interference, psychomotor, attention, and
HC (n=41) memory tests among groups (Cardiff cognitive battery test)
o No significant differences between UC and CD groups
o Patients with IBS recalled more phrases associated with gut sensations
IBS (n=16) and more gut-associated words relative to HC and asthma group; asthma group
Asthma (n=9) recalled more respiratory phrases/sensations than IBS group and HC (Recall Inhibition and interference control/Attention (43)
HC (n=8) task, word recognition memory task)
. Patients with IBS had lower experiential-intelligence relative to HC
B (CTI) . I
IBS (n=100) . Patients with IBS and HC had a similar performance on IQ test (WAID- Global constructive thinking ©7)
HC (n=100) ) IQ
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o Patients with IBS recognized words representing GI symptoms and
IBS (n=36) negative affects faster than disease control group (word recognition test)
Disease Control (n=40; e IBS patients trended towards recognizing more false Gl-related words  Inhibition and interference control/Attention (44)
13 UG, 9 CD, 18 CeD) relative to patients with GI disease (word recollection)
o Similar performance on word association task between groups
IBS/pFGID (n=33) . Patients with pFGID after rumination induction recalled words related Cognitive Inhibition and interference (45)
HC (n=33) to social threat than pain (word recognition memory task) control/Attention
IBS (n=30) . Patients with IBS recalled more negative words relative to HC and
MDD (n=28) disease control but not MDD group Cognitive Inhibition and interference (42)
Disease control (n-28) e Patients with IBS had greater false-positive rate for emotionally negative control/Attention
HC (n=30) words (word recognition memory task) relative all other groups
IBS (n=21) . Patients with IBS displayed impaired performance on cognitive Cognitive Inhibition and interference
: . . . (83)
HC (n=20) interference test (Stroop) for negative words relative to HC control/Attention
IBS (n=20) o Patients with IBS displayed impaired fear-based memory learnin
HC (n=23) preilative tIc:)) HC g ° Memory (84)
Patients with IBS o No differences between patients with IBS and depression, and
and depression (n=27) depressed controls in tasks for attention (TMT), fine motor control (grooved (85)
Controls with pegboard test), visual memory (BVLT), verbal memory (HVLT), cognitive
depression (n=20) interference (Stroop) and verbal fluency (COWAT).
UC (n=41) J Patients with UC displayed impaired attention (ANT), cognitive Cognitive Inhl,bltlon and‘ mterferer'me
HC (n=42) interference (Stroop) and working memory control/Attention I'X’ftentlon., WO rking (37)
memory, cognitive flexibility
J Patients with IBD displayed impaired verbal memory (CVLT
perseverative errors) relative to JIA
Adolescent IBD . Similar performance in attention (WMS-R, TMT:A), Executive Verbal memory
(UC=16, CD=17, functioning (TMT:B, TMT:B-A, Stroop), Working memory (WMS-R digit span Attention
unclassified=1) backward & visual span backward), Processing speed (WAIS-R digit symbol ) ..
Executive functioning (38)

Juvenile idiopathic
arthritis (n=23)

basic ability), Basic ability (WAIS-R, vocabulary), Logical reasoning/social
insight (WAIS-III, picture arrangement), Verbal learning and memory (CVLT
total recall of trials, short delay free recall, long delay free recall,
discriminability, intrusion errors, semantic clustering, learning slope) between
groups

Working memory
Processing speed
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J Patients with IBD and CF displayed impaired Attention (d2 test of

Pediatric IBD (mixed attention by Brickenkamp) relative to HC Attention
CD and UC, 30; . Patients with IBD had impaired memory performance (BVRT) relative Memory (40)
HC=30, CF=28) to controls, and patients with IBD and CF had lower scores than control (Trial
of 10 words),
Pediatric IBD (mixed . Similar levels of cognitive flexibility (WCST) between IBD and HC .. o
CD and UC, 30; ) . . ) L Cognitive flexibility (54)
HC=30, CF=28) groups, while patients with CF displayed significantly poorer performance
IBD (n=20, mixed CD . Patients wi.th IBD display.ed (EognitiV€3 fle%ibility %mpairments (response
and UQ) . éelectlon f.or task sw1fch1ng) deficits in relatl.ve tF) HC . N o
HC (n=24) J Similar attentional selection, perceptual categorization, and working Cognitive flexibility (52)
memory between groups
IBD (n=29) . Patients with IBD, and to a lesser extent IBS, displayed lower VIQ
IBS (n=29) relative to HQ, and relative to pre-morbid IQ scores (WATR) Intelligence (86)
HC (n=30) . TRQ
IBS (n=27) . . .
o Patients with IBS and IBD had lower verbal IQ scores relative to healthy
IBD (n=16) . .
controls, and relative to their own performance 1Q scores (WAIS-III)
healthy controls . . . e o
(n=27); o Patients x{v1th IBD Pe'rformed. worse on object recognition, better on Verbal and performance IQ, recognition (86, 87)
IBD (n=29) - spatial recognition relat.n./e to IB? .ar'ld HC groups memory
IBS (n=29) controls o Similar performance on cognitive flexibility (Stroop) between groups
(n=30)
IBD (17 CD, 9 UC) o Patients with IBD displayed impaired short term memory function
Controls (24) ’ y(MM"II"D) ’ Memory (1)
. Patients with CD has impaired selective attentional and response
Crohn’s Disease inhibition (Stroop) relative to HC Executive functioning (36)
CD n=18 o Similar working memory (SWM), Reversal learning and attentional Visual memory
HC n=40 flexibility (IED), Visuospatial episodic memory (PAL) between groups Working memory
Crohn’s Disease . Patients with CD displayed processing speed, verbal skills 1 standard Verbal skills (89)
(n=105) deviation or greater below average

Global cognition
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o Performance on global cognitive scores correlated with disease activity
index
J Patients with CD displayed impaired response time, but not error rate,
Crohn’s Disease in a cognitive processin.g task (SCIT) o
o Performance on SCIT was negatively correlated with indices of . (62)
CD (n=49) inflammation Processing
HC (n=31)
. Improvement in speed of information processing (TMT A), efficacy of
memory (response time in SCIT), visuospatial ability and memory (both 3 and
30 minute delay in the ROCF) 52 weeks after adoption of GFD
Celiac Disease . No change in word fluency (COWAT), verbal learning & memory
(RAVLT), manual dexterity (grooved pegboard task), or IQ (WTAR) upon Cognitive function (61)
(n=11, 8 females) .
adoption of GFD
. performance on Trails A, COWAT, SCIT-RT, RAVLT correlated
negatively with disease activity scores and levels of pathological antibody
concentrations
Celiac Disease T . .\ .
(n=13) . moderate cognitive impairment (Short Test of Mental Status) Cognitive function (64)
CeD (n=20) . . o .
HC (n=20) o Similar performance on MMSE (test for dementia) among groups General cognitive function (89)
o elderly patients with celiac disease demonstrated global impairments
(MMSE), deficits in attention, abstract thinking, concentration (TMT A, TMT B),
Celiac Disease verbal processing (Semantic Fluency test), visuospatial intelligence (Digit General cognition, visual-motor & cognitive
Symbol Test) relative to HC flexibility, executive functioning, attention,
(n=18 on GFD for .. . i . .
5.5+/-3 years) . Similar perceptual relations (Raven’s Matrices), short-term and long perceptual speed, motor speed, visual (39)
‘HC (n}i18) term memory (Rey List, Verbal Span and Short Story Test), procedural and scanning and memory, intentional gesture
propositional memory between groups execution
Celiac Disease (n=33) . Patients with CeD had impaired executive function (IFS) relative to HC ~ ACE-R: attention, orientation, concentration,
Disease control o Patients with CeD and disease control group displayed cognitive memory, fluency language, visuospatial (60)

(mostly IBS; n=17)

impairment (ACE-R) relative to HC

abilities
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HC (n=26)
o Patients with CeD impaired working memory, planning/organizing
. . (BRIEF-A)
Celiac Disease . . . .

(n=50) . No dlff.eren'ces‘ fc‘)r‘ general elxecutlve function prokflen‘l sol?nr'lg, ' ' . ' .
HC (n=37) behavioural regulation, inhibition, emotional control, self-monitoring, initiating, Executive functioning, social anxiety (90)
All fernale and task monitoring between groups

o Patients with CeD had lower GPA and higher measures of social anxiety
(SAQ-A30) relative to controls
Functional Dyspepsia
FD (n=60) o neuroticism (Eysen.ck Pe?rsonality questionnfelire) gr?ater among patients Neuroticism 91
PU (n=60) with FD; significantly correlated with anxiety
HC (n=60)
. Patients with FD had significantly lower pleasantness rating to images

FD (n=15) of food relative to HC, and high-fat food images versus low fat food images Attention 47)
HC (n=17) . Patients with FD decreased visual attention to food images, especially

high fat food images (eye tracing)

ACE-R, Addenbrooke Cognitive Examination-Revised; BRIEF-A, Behaviour Rating Inventory of Executive Function-Adult; BVLT, Brief Visual Memory Test;
CD, Crohn’s Disease; CeD, Celiac Disease; CF, Cystic Fibrosis; COWAT, Controlled Oral Word Association Task; CTI, constructive thinking inventory; CVLT,
California Verbal Learning Test; GI, gastrointestinal; GFD, gluten free diet; HC, Healthy Controls; HVLT, Hopkins Verbal Learning Test; IBD, Inflammatory
Bowel Disease; IBS, Irritable Bowel Syndrome; IED, Intra-Extra Dimensional Set Shift; IFS, INECO frontal screening; MMT, Minimal mental state test; PAL,
Paired Associated Learning; pFGID, putative functional gastrointestinal disorder; PU, peptic ulcer; RAVLT, Rey Auditory Verbal Learning Task;ROCF, Rey-
Osterrieth Complex Figure; SAQ-30, Social Anxiety Questionnaire for Adults-Short Form; SCIT, subtle cognitive impairment task, SCIT, subtle cognitive
impairment task;SWM, Spatial Working Memory; TMT, Trail Making Test; WAIS-III, Wechsler Adult Inteligence Scale-Third Edition; WCST, Wisconson
Card Sorting Task, WTAR, Wechsler’s test of adult reading;
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Table 2. Neural changes in Gastrointestinal Diseases & Disorders (GIDD).

Sub].ect Modality; Neural changes Reference
details
PET
IBS (n=6) o ACC activation occurred in response to anticipation of, or delivery of, painful stimulus in healthy controls, but not ©92)
HC (n=6) patients with IBS
-In patients with IBS, significant activation of left prefrontal cortex during anticipated or delivered painful stimuli
Ve Pt )
femaie) . rectal distention increased activity in ACC, insula, PFC, thalamus, and cerebellum; moreso for males than females
IBS (n=18) fMRI
HC (n=16) . increased ACC activation in patients with IBS, but not controls, during painful vs non-painful stimuli (94)
PET
IBS (n=12) . reduced activation of pACC, temporal lobe, brainstem, and increased activation of rACC and PCC during anticipated and (95)
HC (n=12) delivered rectal stimuli in patients with IBS relative to controls
fMRI
IBS (n=6) -greater activation of anterior cingulate gyrus under non-painful and painful rectal stimuli in controls relative to IBS patients, and
IBD (n=6) in IBS patients relative to IBD patients (activation: controls>IBS>IBD) (96).
HC (n=6) -deactivation of left somatosensory cortex greater in IBS vs IBD, and IBD vs control
IBS (n=12; 11 fMRI
female; -significant deactivation of insular cortex (IC), amygdala, and striatum (putamen) during painful vs non-painful stimuli (97)
PET
IBS (n=23 -greater activation of vinPFC, raACC, left Amygdala in women than men in response to rectal distention
female, 19 -greater activation of right dIPFC, insula, dorsal pons/periaqueductal gray. (98)
male) -similar sex differences during anticipation of stimulus
IBS (n=6) PET (99)
HC (n=6) -Reduced ACC activity during rectal distention in IBS versus HC group
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-increased thalamic activity in patients with IBS versus HC

fMRI
;_1133 g;z; -greater activation of thalamus, somatosensory cortex, insula, ACC, PCC, PFC in patients with IBS in response to rectal distention (100)
and cutaneous heat stimuli, relative to healthy controls
fMRI
IBS (n=26) -rectal distention generally increased activity in the ACC, insular cortex, and prefrontal cortex, and thalamus for both IBS and HC
L . o ; L . . . (101)
HC (n=11) -Significantly increased area of activation in the PFC as rectal distention increased in patients with IBS
-During rectal distention, IBS patients had greater area and greater activity in the IC, PFC, and thalamus relative to controls
fMRI
IBS (5 IBS-C, -HC, but not IBS subjects, displayed activation of anterior perigenual cingulate, many prefrontal and SI cortices, posterior insula at
51BS-D, 10 baseline
HC. all -IBS-D increased thalamic nuclei activation, lack of activation of most other region relative to baseline, controls, and IBS-C (102)
’ -IBS-D had deactivation in anterior right insula relative to HC and IBS-C during distention.
females) L . . . . .
-Increase activation of amygdala, hippocampus, in IBS-C during distention
-deactivation in PAG in HC, but not IBS subjects, during distention
fMRI
IBS (n=8) -reduced PFC and ACC activation in subliminal and supraliminal rectal stimulation relative to controls (103)
HC (n-8) -increased HPC activation in response to supraliminal rectal stimulation relative to controls
-increased ACC and HPC activation in response to auditory stimulation relative to controls
fMRI
IBS (n=9) -increased activity in primary sensory cortex in patients with IBS versus controls, during non-painful rectal distention
HC (n=11) -increased activity in medial thalamus and hippocampus in patients with IBS versus controls, during painful rectal distention (104)
-non-painful and painful rectal stimulation increased activation of right anterior insula and right anterior cingulate cortex in
control, but not IBS group
IBS (n=7) PET
UC (n=8) -during anticipated and delivered rectal distention, IBS patients had greater activation of amygdala, rostroventral ACC, and (105)
HC (n=7) dorsomedial frontal cortical regions compared to controls and UC patients
IBS (n=20; 14 PET (106)
female) Activation of iACC and sACC during anticipation of visceral stimulus, and iACC activation during stimulus itself
IBS (n=14, EMRI
female) -patients with IBS had reduced activation in the right p?sterior i‘nsula and bilateral DBS in response to cued anticipatory rectal (107)
HC (n=12) distention relative to controls

-Increased activity in DBS and dACC in patients with IBS relative to controls during painful rectal distention
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-during anticipation of painful stimulus, controls, but not patients with IBS, had deactivated thalamus

IBS (n=9; 6
females) .
Modality
HC (n-11,7 1
C (-1, -reduced CT in the aMCC of IBS relative to controls (108)
females)
IB5 (n=10; 5 “fMRI
with history . . . . . . . .
-patients with IBS and history of abuse reported greatest pain during painful rectal distention
of abuse) . . e
HC (n=10; 5 -greater activation of the MCC, PCC among subjects with history of abuse (109)
R -patients with IBS and a history of abuse had greater activation in MCC and PCC relative to all other groups, and less activation in
with history
the sACC
of abuse)
MRI
IBS (n=11) -reduced CT in the aMCC relative to controls
HC (n=16) -negative correlation between dIPFC CT and pain catastrophizing scale (PCS) (110)
-increased size (VBM) of hypothalamus in patients with IBS
-positive correlation between CT of anterior insula and pain duration in patients with IBS; no correlation of MCC/ACC
fMRI
IBS (n=15, . . . . s o . -
female) -anxiety symptoms in patients with IBS correlated with increased activity in the anterior midcingulate cortex, and pregenual
HC (n=12 anterior cingulate cortex in response to painful rectal distention (111, 112)
female) § -increased activation in the insula, MCC, and vIPFC during rectal distention versus controls
female AR
HC (n=6 -increased activity in the ACC, insula and superior/vm prefrontal regions during ramp-tonic rectal distention relative to controls (113)
-reduced activity in thalamus, striatal regions, dIPFC relative to controls
females)
IBS (n=55) MRI
-decreased GM in mPFC, vIPFC, ventral striatum, posterior parietal cortex, thalamus versus HC (114)
HC (n=45) . . .
-increased GM in pgACC, orbitofrontal cortex
Izil(;:;) MRI DTI
-increased fractional anisotropy (marker of WM integrity) in the fornix and external capsule beside the right posterior insula; FA (115)
HC (n=16 Sy . . . . .
females) of WM beside insula and traversing the VPL nucleus of the thalamus positively correlated with pain severity
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fMRI

IBS (n=30) -reduced activity in rDLPFC and rHPC, and increased activity in left posterior insula at time of error feedback during WCST (50)

HC (n=30) relative to controls
-reduced connectivity between DLPFC and pre-supplementary motor areas in patients with IBS versus healthy controls
DTI MRI
-lower FA in globus pallidus, putamen, medial thalamus and substantia nigra relative to controls

IBS (n=33) -higher FA in pre-frontal white matter regions, and regions within the corpus callosum relative to controls (116)

HC (n=93) -reduced mean diffusivity (MD) in the globus pallidus, higher MD in the thalamus, internal capsule, and coronal radiate relative
to controls

IBS (n=11

females) e . . . . .

HC (n=15 -reduced activity in the mPFC, pons, aINS, and. hlppolcam.pus in patller.lts with IBS, b1.1t not con.trols, when administered CRF-R1 (117)

antagonist during extinction of conditioned fear to visceral pain

females)

IBS (n=66) MRI, DTI (118)
HC (n=23) -more FA of white matter bundles in S1 patients with IBS than controls

MRI
-lower GM volume in the superior frontal gyrus, insula, amygdala, hippocampus, orbital frontal gyrus cingulate, putamen relative
to controls
IEIBCS ((rr11=—18 129)) -increased GM volume in S1 relative to controls (119)
-cingulate gyrus and thalamus displayed greater measure of connectedness (controlling information) than controls
rsMRI
-increased ReHo values in postecentral gyri, calcarine, vermis, thalams parietal lobe and reduced ReHo in aMCC pgACC, sACC,
vmPFC dIPFC, and vIPFC caudate and angular gyrus relative to controls during resting state

IBS (n=31) -disease duration positively correlated with ReHo in postcentral gyruis, negatively correlated with Reho in aMCC supplementary (120)

HC (n=32) motor area, and insula
-SSS scores positively correlated with ReHo in the thalamus, negatively correlated with ReHo values in the vmPFC and MFG
-pain intensity levels positively correlated with ReHo values in the postcentral gyrus and negatively correlated with with mPFC
and LFG
IBS (n=21) Rs-fMRI (121)



https://doi.org/10.20944/preprints202009.0593.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2020 d0i:10.20944/preprints202009.0593.v1

HC (n=21) -Reduced ALFF in the left superior frontal gyrus, right hippocampus, right middle frontal gyrus, bilateral postcentral right
superior temporal pole in patients with IBS relative to controls
-Increased ALFF in left media cingulate and left calcarine in patients with IBS relative to controls
-significant correlation between
-increased functional connectivity between cingulate and frontal cortex

fMRI
IBS (n=37) -increased activity in the amygdala, ventral anterior INS, medial frontal gyrus, inferior occipital cortex, thalamus, PCC and (122)
HC (n=37) precuneus during uncued versus safe cued pain expectation relative to controls
-increased activation of inferior occipital cortex during cued threat versus cued safe condition versus controls
fMRI
increased activity in the Al, aMCC, pACC, sgACC, inferior and middle frontal gyrus, and clustered regions within the cerebellum,
IBS (9 and reduced activity in the precuneus, temporal-occipital conjunction, and parahippocampal gyrus in patients with IBS versus
adolescents) controls during subliminal rectal stimulation (123)
HC (n=8 -increased activity in the Al, posterior insula, aMCC, pACC, sgACC, IFC, PCC, vimPFC, dmPFC and reduced acitivyt in the
adolescents) parietal lobe and cerebellum relative to controls during liminal stimulation
-increased functional connections in the dmPFC, vimPFC, dIPFC, and PCC (when seed placed in insula and ACC) relative to
controls
IBS (n=30
fem(ales) . . Mm L . .
HC (n=39 -reduced CT in cuneus, rostral middle frontal cortex, supramarginal cortex, caudal anterior cingulate cortex, insula relative to (124)
controls
females)
DTI
-reduced FA in splenium of corpus callosum, retrolenticular area of internal capsule, superior corona radiate relative to controls
IBS (n=19) -increased MD in splenium and body of corpus callosum, retrolenticular area of internal capsule, superior corona radiate, (125)
HC (n=20) posterior limb of internal capsule
-increased AD in splenium of corpus callosum, retrolenticular area of the internal capsule, posterior limb of internal capsule
IBS (n=20 fMRI
male) -increased activity in insula, middle temporal gyrus, cerebellum, inferior orbitofrontal cortex versus controls during rectal (126)
HC (n=10 distention
male) -reduced activity in precuneus and superior parietal lobe relative to controls during rectal distention
IBS (n=26)
HC (n=29) fMRI (127)

10
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-uncertain anticipation of rectal distention drove increased activity in the aMCC, thalamus, and visual processing regions in
patients with IBS versus controls
-after uncertain rectal distention cue, patients with IBS had greater activity in the posterior and midcingulate cortices and
precuneus relative to controls, while controls demonstrated insular activation

fMRI
IBS (n=28) -increased activity of mPFC and pACC in patients with IBS relative to controls during rectal distention(128)
HC (n=34) -Activity of mPFC and pgACC in controls, but not patients with IBS, were negatively correlated with ACTH levels during rectal (120)
distention
(129)
IBS (n=16 DTI
}f{e (r:n (iii)6 -Adolescents with IBS displayed reduced fractional anisotropy (a marker of changes in white matter structure) in the right dorsal (130)
cingulum bundle relative to healthy controls
females)
MRI
-increased positive FC in the aMCC in patients with IBS versus healthy controls
-increased positive FC in the mid-insula of patients with hypersensitive vs normosensitive IBS
-increased positive FC of pgACC and thalamus in the salience network, the posterior insula in the sensorimotor network, and
increased positive FC of right amygdala and increased negative FC in left dorsal anterior insula in the DMN in patients with
IBS (n=41 hypersensitive vs normosensitive IBS
females) -increased positive FC of right amygdala and increased negative FC in left dorsal anterior insula in controls relative to (131)
HC (n=21) normosensitive patients with IBS
-negative correlations between FC of amygdala and dorsal anterior insula within the DMN and visceral sensation
-negative correlation between FC of posterior insula and visceral sensation
-FC of posterior insula significantly correlated with symptom severity
IBS (n=19)
HC (n=26)
IBS (n=39 Quantitative MRS
females) -lower levels of glutamate+glutamine in the anterior insula relative to controls (132)

-no differences in GABA concentrations in anterior insula between groups

11
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HC (n=21
females)
IBS (n=32 MRI
girls) -lower GM volume in the thalamus, caudate nucleus, nucleus accumbens, aMCC, and dIPFC relative to controls
HC (n=26 , .. . ) . (133)
. -reduced functional connectivity between aMCC and precuneus, increased functional connectivity between caudate nucleus and
girls) precentral gyrus than controls
fMRI
IBS (n=65) Reduced association between S1 activation, and increased association between S2 activation, with the gut microbe Lachnispiracea
HC (n=21) incertae sedis and rectal pain threshold in patients with IBS versus controls (134)
-both Clostridium XIVa and Coprococcus demonstrate several indirect associations between visceral sensation and connectivity in
subcortical regions in controls, but not patients with IBS
MRI
IBS (n=46) -increased ReHo in postecentral gyrus relative to controls
HC (n=60) -increased functional connectivity of the poCC and the insula, precentral cortex, and supplementary motor area (135)
-global differences in neural organization; higher clustering coefficient, characteristic path length, and local and global efficiency
relative to controls
CD (n=54) N . . . MRI . s . . . .
HC (n=100) -Significantly more patients with CD had cerebral T2 white matter hyper intensities relative to controls; patients with lesions were (136)
older than those without
rs-fMRI
-patients with CD displayed disruption and dysfunction in subcortical, sensorimotor, cognitive control, and default-mode neural
CD (n=43, networks
remission) -patients with CD had reduced superior temporal gyrus-precuneus connectivity, supplementary motor area-superior frontal gyrus (137)
HC (n=37) connectivity, and connectivity between the putamen and insula, superior temporal gyrus, precuneus, supramarginal and aMCC,
in addition to reduced connectivity between the aMCC-insula, supplementary motor area, thalamus, and precuneus
-Those patients with CD with higher levels of depression and/or anxiety displayed altered topographical patterns associated with
the ACC, mPFC, and PCC relative to other patients with CD
RSEC
CD (n=18) -patients with CD displayed significantly increased functional connectivity between the right middle frontal gyrus and right (138)
HC (n=18) inferior parietal lobe in the executeive control network, and increased functional connectivity between the right precuneus and

right posterior cingulate cortex in the default mode network, relative to HS
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CD (n=30 in MRI
. -reduced global network segregation in patients with CD relative to HC
remission) L . . . L1 (139)
-reduced nodal betweenness centrality in the right insula/left cuneus/left superior frontal cortex, and reduced nodal degree within
HC (n=30) ; . . . .
the left hemisphere of the cingulate/left lateral/right medial orbitofrontal cortex.

UC (n=10, fMRI

remission) -Reduced BOLD signal in amygdala, hippocampus, thalamic and cerebellar areas in UC patients when presented with positive (140)
HC (n=10) visual emotional stimuli versus rest contrast, relative to HC

rs-fMRI
-lower ALFF in HPC and paraHPC relative to controls
-higher ALFF in PCC, middle frontal gyrus
-increased FC between HPC/paraHPC and middle frontal gyrus, ACC, and caudate nucleus relative to controls
-increased FC between PCC and MCC and angular gyrus, reduced FC between PCC and inferior occipital gyrus
-increased FC between middle frontal gyrus and brainstem, inferior parietal lobe, and superior frontal gyrus relative to controls
UC (n=41) -working memory test negatively correlated with reduced ALFF of HPC/paraHPC, and increased FC between HPP/paraHPC and
HC (n=42) caudate nucleus in UC patients (37)
-Stroop test RT positively correlated with increased ALFF of PCC, and negatively correlated with increased FC between
HPC/paraHPC and ACC in UC patients
-alerting effect of attention network task positively correlated with ALLF of PCC, negatively correlated with increased FC between
PCC, negatively correlated with increased FC strength between PCC and AUG (?)in UC patients
-PSS positively correlated with increased FC strength between PCC and MCC in UC patients
-SDS and SAS scores negatively correlated with increased FC strength between MFG and IPL in UC patients

. sMRI
CD (n=18, in . . L .
. -decreased GM volumes in frontal cortex and anterior midcingulate cortex relative to controls
remission) ) . . . . . . . . . (141)
-disease duration negatively correlated with GM volumes in various regions (left precentral gyrus, bilateral middle and superior
HC (n=18) . . . e
frontal gyrus, sACC, pMCC, PCC, parahippocampal gyrus, right superior temporal gyrus, left inferior temporal gyrus)
MRI
IBS (n=11) -patients with UC had greater cortical thickness in the ACC, MCC, and somatosensory cortex; lower cortical thickness in
orbitofrontal cortex, mid, and posterior insula compared to IBS and HC
UC (n=16) . . . . - (142)
HC (n=41) -IBS patients had lower cortical thickness in anterior insula vs HC

-among UC patients lower CT orbitofrontal cortex, mid and posterior insula relative to HC
-correlation between symptom duration and thickness of orbitofrontal cortex and post central gyrus in UC patients

13
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. fMRI
Dyslzzgsm -increased ReHo values in the ACC left orbital-frontal gyrus, left fusiform gyrus, right superior parietal gyrus; decreases in left
(n=40) hescel gyrus, left supplementary motor area, right thalamus (143)
HC (n=20) N ; . . o .
-ReHo significantly correlated with dyspepsia symptoms score in the ACC (positive) and thalamus (negative)
MRI
-GM volume in patients with IBD decreased in the fusiform, inferior temporal gyrus, precentral gyrus, SMA, middle frontal gyrus,
IBD (n=18) superior parietal gyrus (144)
HC (n=20) -decreased axial diffusivity (AD) in corticospinal trant and superior longitudinal fasciculus relative to controls
-more white matter hyperintensities in patients with IBD (66.6%) than controls (45%).
-large
MRI
-increased GM volume in PAG, putamen, left pallidum, HIPP, thalamus, precuneus, PPC, right amygdala, and cerebellum of CD
patients relative to controls
-decreased GM volume in bilateral ACC, SMA, insula, postcentral gyrus, precentral gyrus, superior frontal cortex, dmPFC, middle
CD (n=45) frontal cortex, superior temporal cortex, right MCC, left middle OFC, inferior frontal cortex, middle temporal cortex, inferior
HC (n=33) temporal cortex, inferior parietal cortex of patients with CD relative to controls (145)
-CT of OFC, superior frontal cortex, inferior parietal cortex, superior temporal cortex, left insula, rACC, caudal middle frontal
cortex, pars triangularis, postcentral gyrus, middle temporal cortex, paraHIPP, right PCC, precentral gyrus, fusiform gyrus
reduced in CD versus controls
-GM volumes of rACC, dmPFC, and left insula, and CT of left insula and orbitofrontal cortex negatively correlated with CD
disease duration
(120)
Rs-fMRI
-Reduced ALFF in the left superior frontal gyrus, right hippocampus, right middle frontal gyrus, bilateral postcentral right
IBS (n=21) superior temporal pole in patients with IBS relative to controls (121)
HC (n=21) -Increased ALFF in left media cingulate and left calcarine in patients with IBS relative to controls
-significant correlation between
-increased functional connectivity between cingulate and frontal cortex
Rs-fMRI
CD (n=52) -ReHo values higher in bilateral ACC, superior frontal medial cortex, middle frontal cortex, superior temporal pole, precuneus, (146)
HC (n=36) right superior frontal cortex, inferior temporal cortex, angular gyrus, left middle temporal cortex, superior parietal cortex, middle

occipital cortex relative to controls
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-ReHo values lower in bilateral thalamus, insula, MCC, PCC, lingual gyrus, cerebellum, PAG, brainstem HPC, SMA postcentral
gyrus, inferior frontal operculum cortex, right amygdala, and superior temporal cortex relative to controls

fMRI
-increased activity of ACC and anterior insula in patients with IBS relative to controls, and increased ACC, thalamus and right
anterior insula activation relative to IBD group during anticipation of heat pain

IBS and IBD
(n—aZ(;)u};i)sl)mg -reduced activation of cerebellum, right IPL, and higher activation of left medial frontal gyrus versus IBD during heat pain
HC (n=10 condition 72)
from -reduced activation in STG, left cerebellum, left lentiform nucleus, right PCC right dIPFC versus control during heat pain
different condition
study) -higher activation of right IPL and reduced activation of PCC and vimPFC in patients with IBD versus controls during heat pain
condition
Rs-fMRI
-reduced ALFF in MPFC, PCC, bilateral IPC, middle frontal cortex, ORBsup, dACC, vACC in IBS versus HC
IBS (n=30) -increased ALFF in bilateral insula and cuneus in IBS versus HC
HC (n=31) -decreased positive FC between MPFC and right ROBsup, vACC and PCC, decreased negative FC between MPFC and left (147)
posterior insula in IBS versus HC
-increased negative FC between MPFC and cuneus in IBS versus HC
(148)
CD (n=9in fMRI
remission) -significant increase of activation in cingulate cortex, amygdala, and thalamus, and an increasing trend of activation in the (149)
HC (n=9) hippocampus, PFC and somatosensory cortex--regions of the brain associated with sensory, cognitive, and emotional aspects of
pain and threat appraisal
CD (n=15, in MRI
remission, -no differences in cortical thickness between CD and HC, or CD wityh EIM and CD without EIM (extraintestinal manifestations)
subgrouped -no differences in cortical folding or surface area between patietns with CD and HC
according to -patients with CD and EIM had more surface area in left rostral middle frontal gyrus, and more gyrification in the left lingual (150)
EIM) gyrus relative to HC
HC (n=15) -CD with EIM had hypogyrification in the right insular cortex, and hypergyrification of the right rostral ACC compared to CD

without EIM
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o i
abdominal -Patients with CD with abdominal pain had lower GM volume in the ACC and insula relative to patients without abdominal pain
in 1=26 and controls
pi:ir:'hr;ut -GM volume of ACC and insula significantly negatively correlated with daily pain scores among patients with CD with (151)
abdominal abdominal pain
pain) -patients without abdominal pain had greater GM volumes in hippocampal and parahippocampal cortex relative to patients with
HC (n=30) pain and controls
IBS (n=20; 10 . . e . fMRI . . .
IBS-D, 10 -Patients with IBS had greater activation in insula, middle temporal gyrus, cverebellum than HC during rectal distention
1BS-C) -HC, but not patients with IBS, had activation in precuneus, superior parietal lobules (152)
HC (n=20) -IBS-C subgroup had activation of mid-cingulate cortex, whereas in the IBS-D subgroup the inferior orbito-frontal cortex,
calcarine, and fusiform gyri were activated during rectal distention
IBS (n=28) . . . . EMRI i
HC (n=34) -Healthy controls, but not patients with IBS, displayed negative association between ACTH response to CRH and pregenual ACC (128)
activity in response to rectal distention
Rs-fMRI
IBS (n=19, 13 -no differences in GM volume
females) -positive correlation between Self Awareness Questionnaire (SAQ) and FC between left ventral anterior insular cortex and (153)
HC (n=26) supramarginal gyrus bilaterally
-negative correlation between Illness Attitude Scale (IAS) score and connectivity between PCC, and left supramarginal gyrus and
superior temporal gyrus
TMS (154)
CD (n=15in rs-fMRI
remission) -increased connectivity in ACC and left superior medial frontal gyrus, and middle cingulate cortex (155)
HC (n=14) -significant association between middle cingulate activity and anxiety scores
IBS (n=31) EMRI
-strongest activation in patietns with IBS in the parietal region, PFC, cerebellum; activation of occipital lobe, temporal lobe, ACC, (156)
HC (n=20) . . o
IC, THAL increased as rectal distention increased
CD (n=60; rs-fMRI
remission) -higher ALFF values in the bilateral hippocampus and parahippocampus, left ACC, right insula, and superior frontal cortex (157)
HC (n=40) relative to controls
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-lower ALFF in right secondary somatosensory cortex, precentral gyrus, left medial PFC compared to controls
-functional connectivity was lower in patients with CD between left hippocampus and left inferior temporal cortex, right MCC,
hippocampus, and fusiform; right hippocampus had lower FC with right inferior orbitofrontal cortex and left hippocampus than

controls
CD (n=16
with
Cpin 13 MRS
withlout -CD patients with abdominal pain have higher Glu/tCr that CD patients without abdominal pain and HC, in the bilateral ACC (158)
abdominal -Glu/tCr levels positively correlated with pain (categorized by VAS)
pain)
HC (n=20)
CD (n=18) . . . iy R ML o . .
HC (n=18) -increased resting state functional connectivity between middle frontal gyrus and inferior parietal lobe in the executive control (138)
network and between precuneus and posterior cingulate cortex in the default mode network
MRI
CD (n=30) -global transivity (measure/function of network density) reduced in patients with CD versus controls (139)
HC (n=30) -reduced betweenness centrality in insule and cuneus, and the superior frontal cortex, and reduced nodal degree within the
cingulum, lateral orbitofrontal, and medial orbitofrontal relative to controls
Newly
diagnosed
CeDnotona
GFD (n=20 -
Patierfts with IMS
CeD on a -Adoption of a GFD restored motor cortex excitability and cortical silent period among CeD patients to a level similar to controls (154)
GED for -relative to controls, patients displayed decreased average short-latency intra-cortical inhibition and enhancement of intra-cortical
facilitation
about 16
months
(n=20)
HC (n=20)
CeD (n=33) . . MRI o . . .
HC (n=33) -patients with CeD had less cerebellar volume, and less grey matter density in multiple areas of the brain (superior cerebellar (159)

hemispheres, and supratentorial cortical and subcortical regions) relative to controls
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-white matter abnormalities were only identified in the CeD group, in 36% of CeD patients

CeD (n=17
females on
GFD WIth,OUt -reduced GM volume in cerebral cortex, caudate nucleus relative to controls
neurological . . e . . . (160)
. -more white matter hyperintensities in frontal, parietal-occipital lobes and basal ganglia
involvement)
HC (n=17, 13
females)
Resting State fMRI / ReHo Analysis.
-The study included a self-rating for both depression and anxiety.
(FD) - Differences included the dorsomedial prefrontal cortex (AmPFC), left ventromedial prefrontal cortex (vmPFC), left orbitofrontal
30 FD cortex (OFC), right supplementary motor area (SMA), right temporal pole (TP), bilateral insula, right pregenual ACC (pACC), left (161)
30 HC subgenual ACC (sACC), right MCC, left thalamus, left HIPP/ParaHIPP and right cerebellum.
ReHo
-Increased ReHo value when compared with the disease index (Severity of disease) in the ACC
FD PDS
FD post-
prandial -Magnetic Resonance Spectroscopy
distress Anxiety and Depressive Scores correlated strongly with severity of disease
syndrome. Increased Glutamate in the somatosensory cortex in FD patients. (162)
18 FD-PDS Increased glutamate in the somatosensory cortex also correlated with severity of disease / chronicity of disease.
18 HC
All female
D Mucosal electrical impedance (MI)
FD=24 The duodenal MI of FD group was significantly lower than the HC group. (10)
The expression of zonula occludens was significantly lower in the FD group.
HC=20 . .
Increased IL-1B was higher in the FD group.
FD
Fd=12 PET (163)
HC=12 Increased CBireceptor density in FD patients in the following brain areas: Brainstem, ACC, and insula.
FD (n=40) PET (164)
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Increased glycometabolism in insula, ACC, MCC, cerebellum, PFC, precentral gyrus, postcentral gyrus, middle temporal gyrus,

HC (n=20)
superior temporal gyrus, putamen, parahippocampal gyrus, claustrum, precuneus of the resting brain of patients with FD relative
to HC
-hypermetabolism in the ACC, insula, thalamus, MCC and cerebellum correlated with symptom severity of FD
PET + efficacy of acupuncture treatment in 2 different acupuncture regions.
FD All of the patients, no matter the location of acupuncture, reported an increase in the quality of life and had a decrease in
FD=20 symptoms related to dyspepsia. (165)
(divided into ~ Decreased glycometabolism in the brainstem, ACC, superior frontal temporal gyrus, thalamus. (These were the areas consistent
2 groups) between the 2 different groups)
Also, an increase in cerebral glucometabolism in the middle cingulate cortex.
fMRI
Patients with FD showed increased functional connectivity in the BLA (basolateral amygdala) and the bilateral supplementary
FD motor cortex (SMC)/middle cingulate cortex, central/parietal operculum, left precentral gyrus (PrG), post- central gyrus (PoG), (166)
FD=100 supramarginal gyrus (SMG), right anterior insula (INS), planum temporale (PT), and superior temporal gyrus (STG)
Also, decreased functional connectivity was reported in multiple areas.
Sexual Differences accounted for different brain functional connectivity in some brain regions.
kD Descriptive observational study analysing the cognitive emotion regulation strategies of individuals
FD=43 . L . . . . s . .
HC=43 This study indicated that FD patients used less adaptive and more maladaptive strategies to control cognitive emotion regulation. (167)
This had no information about brain areas or connectivity.
D Attentional and physiological processing of food.
FD=15 After fasting, FD patients ate significantly less fat, carbs, and protein than the HC group. (47)
HC=17 Pleasantness ratings of food images was significantly less than the HC group.
D Biopsy of duodenal ganglion, indication neural and structural changes in these ganglion.
Decreased neural functioning in FD patients. (decreased calcium responses to depolarization and electrical stimulation)
Eosinophils and mast cells infiltrated the mucous layer to a much larger extent in FD patients.
N=? Could : o . o ©)
Also different ganglionic architecture and neural abnormalities.
not get full
access.
FD (n=25) -higher clustering coefficient relative to HC
HC (n=25) -higher local efficiency relative to HC, (suggests reduced information transfer, as path lengths remained similar) (168)
-nodal centralities in the FD group were observed in the OFC, ACG, and HPC
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-nodal centralities in ACG positively correlates with symptom severity
-decrease in nodal centralities in the PCG, putamen, cuneus, MOG, and I0G (168)

PET

FD (n=40) -patients with FC displayed increased glucose metabolism in insula, ACC, MCC, midFC relative to controls; among FD patients, (169)
HC (n=20) greater metabolism when comorbid with anxiety and depression
MRI
-reduced CT in dIPFC, vIPFC, mPFC, aCC, PCC, insula, SPC, supramarginal gyrus, lingual gyrus in patients with FD relative to
FD (n=69) HC (170)
HC (n=49) -negative correlations between symptom severity and CT in the mPFC, Sii, ACC, and paraHIPP

-negative correlation between disease duration and CT in the vIPFC, SI, and insula

ACC, anterior cingulate cortex; CT, cortical thickness; FD, functional dyspepsia; MRI, magnetic resonance imaging; PET, xxx;
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2.4. GIDD drive functional, structural, and connective changes in the Anterior Cingulate Cortex

The ACC is predominantly activated in situations with a strong affective component - either
appetitive (e.g. food) or aversive (e.g. visceral pain) (171). The ACC also plays a key role in integrating
the way that emotional and attentional processes impact pain perception (172). Moreover, the ACC
activates in anticipation of affective outcomes, or even by imagining them. This is consistent with its
key role in ‘prospection’, which is the ability to shift thoughts to different places and times (173). It
also plays a role in arousal and sympathetic activation (fight or flight)(174). Hence, the ACC is ideally
suited to use associations between stimuli and affective outcomes to promote activation of
sympathetic or ‘executive’ systems to guide behavior in anticipation of potential future outcomes. This
computation can be engaged by pain-related cues, anticipation of pain, or simply thinking about pain,
and is dependent on psychological factors (emotional state, attentional processes). This is especially
relevant to GIDD, which are characterized by sudden acute onset of symptoms, and flare-ups that
are often unpredictable and uncontrollable. This leads to anticipatory anxiety, stress, and
psychological distress during both flares, and periods of quiescence (175, 176), and contribute to the
enhanced perception of pain (177, 178). Indeed, neuroimaging studies reveal increased activity in the
ACC of patients with GIDD both during painful stimuli, and during the anticipation of painful
stimuli (179).

GIDD is associated with increased Anterior Cingulate Cortex activity

Quantitative meta-analyses of studies using a variety of rectal distention paradigms revealed
that activation of the ACC was among the most consistent differences between patients with IBS and
healthy controls (180). Disparate observations from earlier studies (92, 99, 103) likely resulted from
less sensitive methods and study designs (180). Less attention has been paid to ACC activity during
rectal distention in patients with IBD, CeD, and FD. One small study reported reduced ACC activity
among patients with IBD relative to controls during non-painful and painful rectal distention (96);
however, both patients with IBD-ulcerative colitis and IBD-Crohn’s were considered as a single
group in this study, and more recent evidence suggests differences in rectal sensitivity between these
groups. Interestingly, enhanced ACC activity in response to non-visceral stimuli has been
demonstrated in patients with IBS relative to controls, including auditory stimuli (103, 181, 182) and
cutaneous heat application (100). This suggests that GIDD-related changes in ACC function
generalize to other sensory domains, and support the overall hypothesis that the ACC is involved in
perceptions and emotion synthesized as a ‘gestalt’ from all modalities.

GIDD are associated with an increase in ACC metabolism

Consistent with the functional MRI data summarized above, analysis of metabolites also reveals
hyperactivity in the ACC as a consequence of gut dysfunction and pain. Patients with IBD-Crohn’s
with abdominal pain had significantly greater levels of glutamate, the primary excitatory
neurotransmitter in mammalian brains, in ACC than patients with IBD-Crohn’s without abdominal
pain, and healthy controls (158). Further, levels of glutamine and glutamate metabolites were
positively correlated with pain scores among patients with IBD-Crohn’s experiencing pain (158).
Levels of GABA, the main inhibitory neurotransmitter in the CNS, were reduced in the ACC of
patients with IBD-Crohn’s relative to healthy controls. These data indicate increased activity of the
primary excitatory neurons in the ACC, without a compensatory increase in the inhibitory neurons
that normally regulate their overall firing rates (183). A similar pattern has been reported in
depression. Reduced GABA (184) and increased glucose and lactate levels (markers of neural
metabolism) are observed in the ACC of patients with depression (185). Several studies report higher
levels of glucose metabolism in the ACC in patients with FD relative to controls, with positive
correlations between hypermetabolism in the ACC and symptom severity (164), and this relationship
is greatest when FD is comorbid with anxiety and/or depression (169).
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GIDD are associated with structural changes in the ACC

The structure of the ACC often changes in mood disorders. Two common metrics are cortical
thickness (CT) and gray matter (GM) density, which are affected by the size of neuron cell bodies, the
density of neurons, dendrites, and synapses (186). Although functional measures indicate excessive
activity of ACC in mood disorders, structural assays typically show reduction of CT and GM,
suggesting loss of neurons, or their processes; human studies the support the latter (187). This pattern
appears to generally hold in GIDD. Several reports indicate reduced CT in GIDD, including in FD
(170) and IBD-Crohn’s (145). Evidence in other GIDD is mixed. For instance, a study of IBS revealed
similar levels of ACC cortical thickness, but increased GM density, relative to healthy controls (114).
These data suggest that additional factors play a role in structural changes in ACC, and the variance
of these factors among specific GIDD may explain the inconsistency of structural changes detected
by MRIL Indeed, the relationship between ACC structure and mental function becomes more
consistent across specific GIDD when factors such as pain are taken into account.

Several studies highlight a relationship between structural changes in the ACC, GI symptom
severity, and disease duration. For example, patients with IBD-Crohn’s and FD had a negative
correlation between CT of the ACC and symptom severity and disease duration (170). Gray matter
volume in the ACC of patients with IBD-Crohn’s (in remission) was negatively correlated with
disease duration (141, 145). When subjects with IBD-Crohn’s were analyzed as subgroups with and
without the presence of abdominal pain, those with abdominal pain had reduced GM in the ACC
compared to those without abdominal pain, and the GM volume of the ACC was negatively
correlated with daily pain scores among IBD-Crohn’s subjects (151). These results suggest that
reduced GM volume of the ACC is associated with chronic pain, a finding supported by studies on
other diseases characterized by chronic pain including osteoarthritis (188), neuropathic pain (189),
and fibromyalgia (190).

Structural changes in the ACC are observed in other inflammatory diseases, such as diabetes
(191). This appears to be driven by inflammatory signaling, as markers of immunometabolic
dysfunction (IL-6, TNFa, CRP, and triglyceride levels) were correlated with rostral ACC (but not
HPC, amygdala, or caudal ACC) thinning (192). Furthermore, depression is now considered to be
primarily an inflammatory disease: inflammatory markers increase the risk of depression and anti-
inflammatories possess anti-depressive properties (193). Recent meta-analysis revealed that reduced
GM volume of the ACC is observed in patients with Major Depressive Disorder and Bipolar Disorder,
relative to healthy controls (194).

These data suggest that chronic inflammation helps drive atrophy of neurons or their processes
in the ACC, which then promotes depression/anxiety. In GIDD, pain appears to be an additional
factor promoting ACC shrinkage. The combination of these factors, pain and inflammation, may
contribute to the high prevalence of mood disorders in GIDD.

GIDD is associated with altered connectivity of the ACC

There is no question that GIDD are associated with dysregulation of neural pathways (Table 2,
Figure 2), with the ACC emerging as a key region impacted by GIDD. Several key questions emerge:
how does the structure and/or physiology of ACC become altered in GIDD, and how does this impact
information encoding? How do functional and structural changes of the ACC impact larger-scale
neural networks? This is particularly important to understand mental dysfunction in GIDD because
ACC function is foundational for many of the predominant mental alterations: anxiety, depression,
negative rumination, attention, threat assessment, and pain processing. Of course, the ACC does not
do this in insolation, but it part of larger brain networks. It is therefore important to critically evaluate
evidence of ‘functional connectivity’ between ACC and other regions, which quantifies the relative
amount of co-activation among distinct brain regions.

Increased functional connectivity between the ACC and a variety of different regions has been
observed in patients with IBS (123, 147), IBD-Crohn’s (155), and IBD-ulcerative colitis (37).
Elucidating the relevance of changes in functional connectivity of the ACC and other regions of the
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brain is challenging because it depends on behavior and brain state. For example, increased
functional connectivity was observed between the ACC, and the left superior medial frontal gyrus
and MCC in patients with IBD-Crohn’s. These regions are associated with emotional regulation and
self-referential processing, which reflects the altered affective regulation and increased self-
monitoring (e.g. awareness of visceral symptoms, rumination) observed in patients with IBD (155).
Further, it is well recognized that affective state plays a key role in the perception of pain (195). The
increased functional connectivity between pgACC and thalamus, the posterior insula, and the
amygdala in patients with hypersensitive IBS (who experience more pain than in normosensitive
IBS), and reduced functional connectivity between pgACC and dorsal anterior insula relative to
patients with normosensitive IBS (131) highlights the role these structures play in integrating the
perception of pain. Decreased positive functional connectivity between the ventral region of the ACC
and PCC in patients with IBS versus healthy controls suggest altered affective (e.g. emotional
regulation) and cognitive processing (147). Conversely, increased functional connectivity between
the ACC and hippocampal formation was observed in patients with IBD-colitis relative to controls,
and was found to be negatively correlated with performance on a task measuring executive function,
working memory, and attention (37). Combined these studies highlight several emergent properties
that accompany altered functional connectivity with the ACC, namely affective processing, negative
rumination, heightened perception of pain, and cognitive deficits (executive function).

Conclusion

Despite their idiosyncratic nature, similar mental comorbidities such as anxiety, depression,
hyperalgesia, and cognitive impairment emerge in patients with GIDD. This suggests the
involvement of common neural structures or pathways. The diversity of methodologies and subject
groups employed in clinical studies pose a significant challenge in identifying unifying neural
features of GIDD. However, our examination of the literature has led us to identify the ACC as a
significant region of interest. Structural, functional, and connective changes in the ACC emerge in
patients with GIDD relative to healthy controls. Increased activity and reduced cortical thickness of
the ACC are the most prominent neural modifications (Figure 2). This suggests that the ACC may be
particularly sensitive to disruption of the gut-brain axis. Further, hyperactivity in this structure is
associated with chronic pain, anxiety, and major depressive disorder—common co-morbidities of
GIDD. Thus, the involvement of this region may explain the high level of comorbidities in these gut
diseases and disorders.

Many questions still remain: to what extent are observed neural changes the result of a particular
aspect of gut pathology such as pain or inflammation? Are they mediated by similar neurological
processes that drive depression and anxiety? Can they be reversed? Data from humans and animals
(largely rodent) bear on these questions. Brain function in humans is largely restricted to behavioural
testing and non-invasive imaging. This is important for identifying large-scale changes in the brain
related to particular changes in function (depression, attention, etc.). Animal models allow us to
address these questions using invasive methods, and therefore provide the basis of our present
understanding the cellular/molecular mechanisms of gut-brain interactions. It is important to align
data from both humans and animals to mechanistically understand the relationship of GIDD and
altered brain function. Understanding how these neural changes come about (and why they evolved)
is the domain of preclinical studies. Indeed, pre-clinical studies have identified mechanisms of
peripherally-induced neuroinflammation, which have begun to elucidate the etiology of gut-brain
dysfunction in GIDD.

3. Preclinical Studies

3.1. Animal models of GIDD

Many well-validated animal models have been developed to explore the etiology, mechanisms,
pathology, symptoms and potential treatments for GIDD. It should be noted that no animal model
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fully recapitulates the complexity of GIDD in humans. However, animal models of GIDD exhibit
changes to behaviour and the brain similar to that in humans. Although rodents lack the cognitive
sophistication of humans, they do display reliable behaviours that share some fundamental
components of human behavior (i.e. endophenotypes). Furthermore, they possess close homologues
of many fundamental brain structures affected in GIDD, and are therefore an indispensable tool for
understanding cellular/molecular changes in GIDD.

3.2. Animal models of GIDD induce behavioral changes

Several protocols have emerged to model specific GIDD. Chronic stress, colorectal distention,
and colonic anaphylaxis are used to induce an IBS phenotype in rodents, which is characterized by
visceral sensitivity, anxiety, and depressive-like behaviours, in addition to memory deficits and
decision-making impairments (Table 3). Chemically-induced models of IBD are widely used due to
their ease of induction, and high reproducibility. Oral exposure to the colitic agent dextran sodium
sulfate (DSS) in the drinking water is frequently used to model ulcerative colitis in rodents. Because
DSS-induced inflammation is self-resolving, multiple cycles of DSS exposure can be used to mirror
the periods of active disease and remission that characterize ulcerative colitis in humans (196). The
intra-rectal instillation of di/tri-nitrobenzene sulphonic acid (D/TNBS) generates an acute
inflammation resembling Crohn’s Disease in rodents that is similarly self-resolving (197). Other
models employ the use of infectious agents like C. rodentium or T. suis, which colonize the intestinal
tract and induce intestinal inflammation; they are also employed as a post-infectious model of IBS.
Generally, these infectious and post-infectious models of GIDD reveal increased levels of anxiety,
depressive-like behaviours, hyperalgesia, reduced locomotor activity, reduced grooming, reduced
social interactions, impaired spatial and recognition memory, and altered responses to physiological
stressors (Table 3).

These studies reveal that gut inflammation has an impact on a wide range of behaviours. More
recently, studies have focused on identifying neural changes associated with GIDD. This fits with a
wider body of work examining mechanisms of neuroinflammation, which has revealed a key role of
glial cells, particularly microglia and astrocytes, in generating and sustaining inflammatory processes
in the CNS. Although many of these studies examine the role of neuroinflammation in models of
stroke or traumatic brain injury, evidence suggests that these treatments evoke similar processes as
peripheral inflammation (198). We can therefore use these studies to infer processes likely to occur in
GIDD.

3.3. Mechanisms of neuroinflammation: glial cells

Microglia are a tissue-resident population of immune cell in the brain that are exquisitely
sensitive to perturbations in the CNS. These highly ramified cells use their motile processes to survey
the extracellular environment in order to maintain brain homeostasis and enhance neuronal function
(199). Emerging research paints microglia as neuronal sculptors: modulating neuronal wiring (200),
eliminating and refining synaptic connections based on neuronal activity (201), and promoting
learning-dependent formation of synapses (202)(see review by (203)). In addition to their
extraordinarily important role in the healthy brain, microglia also serve as the first line of defense in
the CNS (see review by (204)): in response to pathogens, damage signals, pro-inflammatory signals,
or neuronal factors, microglia transition from surveillance mode, to a ‘reactive’ pro-inflammatory
phenotype, characterized by retracted bushy processes, an enlarged soma, and the secretion of
cytotoxic and inflammatory mediators including cytokines (e.g TNF-a, IL-1, IL-6), chemokines,
proteases (e.g., matrix metalloproteinase-9), nitric oxide, reactive oxygen species, and ATP (205).

Astrocytes are the most abundant glial cell type in the CNS; they perform a range of homeostatic
functions including providing trophic support for neurons, driving the formation, function, and
pruning of synapses, and formation and maintenance of the blood brain barrier via the astrocytic
endfeet (206). (see review by (207)). Astrocytes also possess dynamic phenotypes: brain injury or
disease (including trauma, ischemia, neurodegeneration, and infection) induce a response in
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astrocytes termed reactive astrogliosis, which can be characterized by a spectrum of dramatic changes
in astrocyte morphology, increased expression of glial fibrillary astrocyte protein (GFAP), and an
extensive shift in gene expression (208). Astrocytes further contribute to the neuroinflammatory
landscape through their ability to regulate permeability of the blood brain barrier (BB. Interestingly,
the reactive astroglial phenotype is dependent on the nature of the insult; while a core set of genetic
changes emerge in astrocytes in response to different brain insults, there exists a clear phenotypic
difference between “A1l” reactive astrocytes induced by systemic LPS administration (a model of
peripherally-induced neuroinflammation), and “A2” reactive astrocytes induced by ischemia (a
model of stroke) (208). Using transgenic mice, it was revealed that activated microglia are a
requirement for the development of Al reactive astrocytes, through their secretion of the pro-
inflammatory cytokines TNF-a, IL-1a, and Clq (209).

3.4. Other players in neuroinflammation: mast cells, T cells, monocytes

It was formerly believed that the BBB restricted immune cells from entering the brain. However,
the long-standing concept of the brain as an immuno-privileged organ has been revised. The recent
discovery of the neural meningeal lymphatic system highlight a closer relationship between the brain
and immune system than previously believed (210, 211). Other immune cells beyond microglia—
such as infiltrating monocytes, T cells, and mast cells—are important contributors to
neuroinflammation processes. While outside the scope of this review, their potential role in driving
neuroinflammatory events bears mentioning. Bone-marrow derived monocytes can be recruited into
the brain from the circulatory system, where they augment the neuroinflammatory response. Once
they breach the blood brain barrier and infiltrate neural tissue, these cells differentiate into
macrophages (212). Because these monocytes and microglia stem from the same lineage of
hematopoietic cells during development, these cells share several phenotypic (e.g. IBA1 expression)
and functional (e.g anti and pro-inflammatory profiles) features with microglia (212). For these
reasons, determining the relative roles of tissue-resident microglia and infiltrating monocytes has
been a challenge.

Multiple populations of T cells, including effector CD4* T cells (e.g. TH1, Th17), regulatory T
cells, and CD8* T cells have been identified in the brain under homeostatic (213) and in disease-
specific conditions (214)(164, 215, 216). Mast cells are an innate immune cell characterized by the
presence of intracellular granules that contain chemical mediators of inflammatory responses (217).
They are most commonly associated with tissues lining the airways and gastrointestinal tract and
best known for their role in allergic responses, although their location has been confirmed in the
CNS—specifically the area postrema, choroid plexus, and parenchyma of the hypothalamic region
(218). More specifically, these cells are associated with the abluminal side of blood vessels, where
they can interact with glial cells and neurons. The overall number of mast cells in the brain in human
brain is believed to be very small, although increased in response to infection (219). Some in vivo
evidence suggests that neural mast cells may play an important role in neuroinflammation. Central
administration of an agent that that prevents mast cell degranulation impaired peripheral LPS-
induced sickness behaviours (motivation, locomotion, anxiety) in mice (220) and inhibited microglial
activation and neuroinflammation in WT mice, but not mast cell deficient mice (221). These studies
suggest a potentially important role of both innate and adaptive immune cells in driving
neuroinflammatory responses.

3.5. Resolution of neuroinflammation

The dominant role glial cells play in regulating neuroinflammation extends to the resolution of
inflammation, through their ability to shift towards anti-inflammatory/pro-resolution phenotypes.
Anti-inflammatory mediators (e.g. cytokines TGF-b, IL-10) pro-resolving mediators (e.g. resolvins,
prostaglandins, lipoxins) (222), and glucocorticoids (223) are all implicated in resolution processes.
Anti-inflammatory microglia demonstrate neuroprotective properties via the production of anti-
inflammatory cytokines, restriction of neural damage, and promoting tissue repair (224, 225). Indeed,
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induction of microglia to anti-inflammatory phenotypes is being explored as a therapeutic
intervention for stroke, traumatic brain injury, and neurodegenerative diseases (226-228). Temporal
tracking studies of microglia indicate that microglia exist in heterogeneous states within the pro-
inflammatory spectrum in mouse models of neurodegenerative diseases, with populations
fluctuating as the disease state progresses (229). For example, microglia depletion, in which a colony-
stimulating factor 1 receptor (CSF1R) inhibitor is used to transiently deplete 95% of the microglial
population (230), have been employed to assess the neurotoxic and neuroprotective roles of microglia
in various contexts. Elimination of microglia attenuate the normal changes in pre- and post-synaptic
markers, as well as reduced dendritic spine density induced by hippocampal lesions, whereas
neuronal loss is enhanced (231). In a mouse model of cerebral ischemia/stroke, elimination of
microglia exacerbated severity of brain injury, increased pro-inflammatory cytokine production,
leukocyte infiltration, led to increased excitotoxicity, spreading depolarization, and neuronal cell
death (232, 233). In mouse models of Alzheimer’s Disease (AD), microglia form a protective barrier
around B-amyloid plaques, which attenuates plaque expansion and axonal damage (234): however,
elimination of microglia rescued dendritic spine loss, neuronal cell death, and led to improvements
in contextual memory/fear conditioning (235). These data highlight the profound effect microglia
exert on neural processes.

Astrocytes also possess pro-resolving capabilities. Inflammation-induced A1 astrocytes appear
to possess cytotoxic properties; conversely, models of ischemia and spinal cord injury support a
beneficial role of the ‘A2’ astrocyte phenotype, which promote neuronal survival, neuronal
regeneration, and synaptic repair (236-239). It is believed that glial states of activation are not binary,
but rather lie on a spectrum of polarization between pro-inflammatory/neurotoxic, and anti-
inflammatory/neuroprotective phenotypes. Thus, neuro-inflammatory events present with a
dynamic spectrum of pro-inflammatory, anti-inflammatory, and intermediate phenotypes of
microglia and astrocytes, with differential neuroprotective properties. In vitro and in vivo studies
revealed IL-10, an anti-inflammatory cytokine, directs astrocytes to secrete TGF-B, which attenuated
microglial IL-B expression; inhibition of TGF-§ signaling in brain of mice challenged with LPS
resulted in increased expression of pro-inflammatory cytokines, and prolonged sickness behaviour
(240). Infiltrating monocytes have also been demonstrated to regulate microglial reactivity (241).
Conversely, in certain contexts reactive microglia can drive neuroprotective astrocytes: via purinergic
mechanisms, reactive microglia induced neuroprotective scar-forming astrocytes in a model of TBI
(242).

These studies highlight the extreme plasticity of glial cells, and the key role they play in
inflammation and resolution. Evidence presented below suggests at least some of these processes
occur in response to gut inflammation.

3.6. Animal models of GIDD drive neural changes

Animal models of GIDD are associated with neuroinflammation, as evidenced by the induction
of reactive phenotypes of glial cells, and increased expression of pro-inflammatory mediators in the
CNS (Table 3). Increased neural expression of pro-inflammatory cytokines and enzymes and reactive
glial phenotypes are reported in models of ulcerative colitis (243-249), Crohn’s disease (250-253), and
IBS (254, 255). Reports of reactive microglia and astrocytes are most commonly reported in the
hippocampus. Other reported regions demonstrating gliosis include the entorhinal cortex in a model
of CD—a region which interfaces the hippocampus and neocortex and plays a role in memory and
navigation (250), the median eminence in a model of UC —notable due to its role in the HPA axis, and
its proximity to the blood brain barrier (246) and the ACC in a model of IBS (254).

The literature similarly reveals the hippocampus as a region with increased expression of
inflammatory mediators (Table 3). Because reactive glial cells are a source of pro-inflammatory
cytokines, this is not unexpected. These cytokines play an important role in modulating neuronal
synapses (256), and pro-inflammatory cytokines are implicated in impairments in neuroplasticity
(257). Indeed, reduced hippocampal spine density was reported in a model of IBS (258) and exposure
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to DSS impaired hippocampal neurogenesis (243). However, the presence of pro-inflammatory
cytokines does not explicitly suggest reactive glial cells. For example, increased IL-18 mRNA in the
hippocampus of mice exposed to DSS was not associated with reactive microglia, based on flow
cytometry analysis (249) Further, DSS was associated with an increase in neutrophils and infiltrating
monocytes—both of which are sources of inflammatory mediators — in the microcirculation within
the PFC (249)

Our examination of the literature revealed reduced brain-derived neurotrophic factor (BDNF)
levels as a commonly reported finding in the hippocampus in models of UC, CD, IBS, and infection-
induced intestinal inflammation (247) (253, 258-260) (261). BDNF is a key neurotrophic factor that
plays a crucial role in neuronal survival, differentiation, and plasticity during development and into
adulthood, influencing learning and memory processes. While BDNF has anti-depressant properties
in the hippocampus and PFC (262), its expression in the ventral tegmental area-nucleus accumbens
pathway plays an essential role in a model of depression (263). Evidence suggests peripheral pro-
inflammatory cytokines can influence the expression of BDNF in the hippocampus (264), and
hippocampal BDNF expression is modulated by gut microbiota (265, 266). This suggests that BDNF
plays an important role in the gut-brain-microbiota axis, and may be an effective therapeutic target
to combat the cognitive and psychiatric aspects of GIDD.

Although preclinical studies have focused on neural changes in the HPC, other regions are
clearly affected. DSS-induced colitis is associated with altered permeability of the blood-brain barrier
(244), which suggests that neuroinflammatory changes are likely more widespread than the literature
indicates. The limitations of neuroimaging tools used in animal studies typically requires selecting a
region of interest ex ante, which may favor the hippocampus. For example, sampling bias in favor of
the hippocampus is evident in LPS-induced models of neuroinflammation (267), and thus future
studies should explore the involvement of additional regions.

In addition to the inflammatory processes summarized above, models of GIDD also induce
hyperactivity of neurons in some structures. Elevated expression of the immediate early gene c-Fos,
used as a marker for neuronal activation, is reported in region(s) involved in pain processing (e.g.
ACC, sensory neurons of the vagus, area postrema, thalamus, spinal cord etc.), stress responses (e.g.
ACC, hypothalamus, amygdala), and learning and decision making (e.g. ACC, hippocampus) in
various animal models of GIDD (Table 3).
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Table 3. Behavioural and neural changes in animal models of GIDD.

Models of Ulcerative Colitis

Effect on Behaviour

Effect on Brain/CNS

Reference

DSS colitis (1 cycle) in C57Bl/6
female mice

-visceral hyperalgesia present 49 days post DSS
exposure (resolution of inflammation)

-increased c-fos expression in lamina X of spinal cord

(268)

DSS (3 cycles) male mice

-mice treated with B. longum displayed attenuated
anxiety, step down latency even faster than
controls
-B. longum didn’t impact colitis inflammation
-anxiolytic effect of B. longum mediated by vagus
nerve

(269)

DSS (1 cycle) in WT, NPY KO,
PPY KO, and NPY/PPY DKO
male and female mice

-Increased anxiety in male, not female mice (EPM)
-no effect on locomotion or anxiety in OFT
-depressive-like behaviours in female but not male
mice (FST)

-NPY mediates severity of DSS colitis
-colitis-induced anxiety and depression-type
behaviours in a sex-dependent and NPY-dependent
manner

(270)

DSS (1 cycle) in C57Bl/6 mice

-DSS colitis inhibited stress-induced c-Fos expression
in CeA, CA1, ILC

@71)

DSS (1 cycle) in C57Bl/6 male
mice (double check)

-increased anxiety (Open field test)
-reduced social interaction behaviours
-DSS did not drive depressive-like behaviour
(TST)

Reduced BDNF, NPY, and MR mRNA expression in
the hippocampus; increased COX-2 mRNA
expression in hypothalamus

(247);

DSS (1 cycle) in C57Bl/6 male
mice

-increased mechanical and thermal
hyperalgesia/central sensitization relative to
controls
-no changes in short-term activity levels relative to
controls
-reduced locomotion and rearing behaviours post
spray test relative to controls

-DSS-treated mice had increased expression of
phosphorylated MAPK in the spinal cord, and c-Fos
in the spinal cord, thalamus, hypothalamus,
amygdala, and PFC relative to controls

272)

DSS (1 cycle) in C57Bl/6 mice
(recovery phase)

-mechanical and chemical-induced visceral
hypersensitivity 5 weeks post DSS exposure
-reduced distance travelling and climbing
behaviour (cage monitoring) during active

(273)
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disease, and recovery phase (5 weeks post DSS
exposure)

DSS (1 cycle) C57B1/6 male mice

-reduced activity, grooming behaviour, and more
immobility than controls following psychological
stressor (WAS)

-increased levels of CXCl1 in the hypothalamus
-increased levels of IL-6 in the hypothalamus,
amygdala, and hippocampus, and CXCl1 in the
hypothalamus and hippocampus of mice given a
psychological stressor (WAS)

-altered expression of Npy, Npy1r, Crh, Crhl, Bdnf,
Nr3C1 mRNA in specific regions of the brain

(248)

DSS (1 and 4 cycles) in C57Bl/6
mice

-increased expression of Ibal (marker of microglia
activation) in the hippocampus in acute, but not
chronic colitis
-increased expression of protein kinase p21 in
hippocampus during acute and chronic colitis
-astrogliosis in hippocampus of chronic DSS-treated
mice
-reduced expression of early progenitor cell markers
in hippocampus of chronic DSS-treated mice

(243)

DSS (1 cycle) in C57Bl/6] male
and female mice; disease and
recovery phase

-impaired memory (novel object recognition),
anxiety (light box preference test) in disease
phase, but not resolution phase of DSS-colitis;
deficits attenuated by treatment with probiotics

-DSS treatment increased c-Fos expression in CA-1
region; restored by pre-treatment with probiotics

(274)

DSS (1 cycle) in C57Bl/6] male
mice

-Reduced BDNF mRNA in amygdala, increased
BDNF in hypothalamus relative to controls
-increased COX2 in the hippocampus and
hypothalamus, reduced Cox-2 in amygdala
-GFAP immunoreactivity increased in the
hippocampus

(275)

DSS (1 cycle) to C57Bl/6 male
mice

Increased IBA1 immunoreactivity; increased IL-6, but
not IL-1b or TNF-a in cortical tissue of DSS-treated
mice relative to controls

(244)
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-reduced tight junction protein (occludin and
claudin-5) mRNA in the hippocampus and cortex of
DSS-treated mice relative to controls; increased
cleaved caspase 3 (marker of apoptosis) mRNA in
cortex of DSS-treated mice relative to controls

DSS (1 cycle) in C57B1/6 male
mice

-increased markers of oxidative stress in the PFC and
hippocampus

(276)

DSS (1 cycle) in C57Bl/6] male
and female mice

-increased anxiety and reduced locomotion in
male and female mice (EPM, OFT)
-thermal and mechanism hypersensitivity in male
mice

-increased CNS excitability (seizure onset time when
exposed to KA seizing agent)

277)

DSS (1 cycle) in male Wistar rats,
during disease and
resolution/recovery phase

-reduced locomotion and increased anxiety in
active, but not recovery phase (open field test)
-reduced sucrose consumption during active and
recovery phase (sucrose preference test)
-reduced marble burying in recovery phase
-depression in recovery phase (FST)
-increased anxiety in recovery phase (light/dark
box, EPM)

-increased IL-6 and iNOS mRNA in the cerebral
cortex of rats during active disease and recovery
phase
-increased iNOS, 3-NT, and IBA1 immunoreactivity
in median eminence in active and recovery phase
-Increase in ventricular volume in active and
recovery phase
-reduced T2 relaxation times in DSS-treated animals
in the cingulate, sensory, and motor cortices
-increase in FosB immunoreactivity in DSS-treated
mice

(246)

DSS (4 cycles) in C57Bl/6 female
mice

-increased volume, # reactive microglia, reduced
neurons in peri-lesion area 7d after a stroke in DSS-
treated mice
-reduced ratio of anti-inflammatory/pro-
inflammatory microglia 3 and 7d post stroke in DSS
treated mice
-increased infiltration of gut-derived T-cells in
meninges, and peripherally derived T cells in the
peri-lesion area of DSS-treated mice

(214)
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-peripheral macrophage depletion suppressed T-cell
infiltration in the peri-lesion area

-reduced latency to food interactions

(hyponeophagia) and reduced time spent Increased eIPSCs and lower eIPSC threshold in

DSS (1 cycle) in C57Bl/6 male grooming 2.5 weeks post DSS exposure . .
and female mice, at peak disease -increased depressive-like behaviour (FST and pyramiljcaje(ilsd(;iﬂlli fngki:e;c:itheo};}l)oizmpus (249)
and resolution of colitis TST) during recovery phase 3.5 weeks post DSS . . PP . P
exposure -increased trafficking of leukocytes in PFC
DSS (1 cycle) in male kunming -increased anxiety (EPM, OFT) -reduced protein expression of CRH in the (278)
mice hypothalamus
Models of Crohn’s Disease Effect on Behaviour Effect on Brain/CNS Reference
TNBS colitis in Sprague-Dawley -increased mRNA of CRF in mPVN and SON of
(279)
rats TNBS-treated rats
Increased c-fos expression in the CeA, thalamus,
litis i :
TNBS colitis in Sprague-Dawley habeluna, and PIR cortex of coltic rats (280)

adult male rats

-rats with colitis had reduced threshold to PTZ-
induced seizures; positive correlation with seizure
susceptibility and severity of disease
-significant increase in microglial activation in the
CA1, CA3, EC (entorhinal cortex), and DG of rats
exposed to TNBS at peak of disease, but not upon (250)

resolution of colitis
-increased level of TNF-a in hippocampus at peak
and resolution of TNBS colitis
-TNBS-induced seizure susceptibility dependent on
microglial activation and TNF-a

TNBS (1 administration) in adult
male Sprague-Dawley rats

-impaired spatial memory (Y-maze); iNOS
dependent mechanism
Increased mobility time (FST); partially dependent  -increased expression of iNOS, nitrite, and TNF-a in
on iNOS hippocampus

DNBS in male NMRI mice (281)

TNBS in male NMRI mice (251)
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-no changes in locomotor activity (OFT)
-no impairment in associative memory (step down
latency test)

-increased mRNA expression of inflammatory genes

-increased immobility time in FST and TST in hippocampus (IL-6, Tnf-a, TIr2, Tir4, Myd88,
-reduced sucrose preference Hmgb1) and reduced BDNF
DNBS in male NMRI mice -reduced grooming behaviour . 8% ) . (252)
increased anxiety (HBT, EPM) -evidence of mitochondprial changes in the
y ’ hippocampus: reduced GSH and ATP, and increased

nitrite and ROS production
-increased NFk-B activation and TNFa expression

-impaired memory (Y-maze, passive avoidance hippocampus of TNBS-treated mice
TNBS colitis in male ICR mice task); attenuated by oral administration of PP .p . (253)
. .. -reduced BDNF in hippocampus of TNBS treated
Lactobacillus johnsonii .
mice
Memory impairment (Y-maze, novel object -reduced BDNF protein expression and increased
TNBS in C57B1/6 male mice y rmp . ! ) NFKkB expression in hippocampus; restored by oral (259)
recognition) .. . .
administration of lactobacillus pantarum
Models
Irritable Bowel
rritable (?we Effect on Behaviour Effect on Brain/CNS Reference
Syndrome/Visceral
Hypersensitivity
-colorectal distention in VH rats drove increased c-
Stress-induced visceral fos expression in sacral spinal cord, PVN, and MeA
hyperalgesia in Female Wistar relative to controls; effect abated by treatment with (282)
rats Lactobacillus farciminis
Male Sprague-Dawley (control) -increased expression of c-Fos in the prelimibic
and Wistar-Kyoto (predisposed coertex, infra limbic cortex, and rACC in Wistar rats (283)
to IBS phenotype) rats given colorectal distention
-1 d i f AMPA tors in the ACC
Zymosan-induced colitis/IBSin  -increased persistent pain-related behaviours and ncr.e ased Expression o rece.p ors i e.
. . .. -increased AMPA receptor-mediated synaptic (284)
adult male C57Bl/6 mice reduced locomotion and activity (OFT) L.
transmission in ACC
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-AMPA receptor inhibitor into ACC blocked
zymosan-induced pain behaviours

Colonic anaphylaxis (model of
IBS) in adult male Sprague-
Dawley rats

-altered synaptic plasticity in the ACC

(285)

Colonic anaphylaxis (model of
VH/IBS) in adult male Sprague-
Dawley rats

-impaired decision making (rat gambling task) in
VH rats

-VH impaired synaptic plasticity in the BLA-ACC
pathway

-reduced functional coupling between BLA and ACC

in rats with VH

(286)

Neonatal colorectal distention-
induced VH in Sprague-Dawley
male rats

-reduced locomotion, rearing behaviour (open
field test), sucrose consumption (sucrose
preference test), and impaired spatial memory
(Morris Water Maze Task) of rats re-exposed to
colorectal distention relative to controls

-increased IBA1 staining, TNFa and IL-b protein
levels, and reduced glucocorticoid receptor protein

expression in hippocampus of rats with neonatal and

adult colorectal distention; GR expression restored
by hippocampal minocycline administration

(255)

Colonic anaphylaxis (model of
IBS) in adult male Sprague-
Dawley rats

-VH induced reactive astrocytes in the ACC,
impaired their secretion of lactate
-lactate infusion restored VH-impaired decision
making (rat gambling task)

(254)

Neonatal colorectal distention in
male Sprague-Dawley rats

-increased pain behaviour (AWR abdominal
withdfrawl reflex) mediated by CRH

-increased expression of Tyrosine hydroxylase in the

VTA of VH rats
-increased expression of CRH in the PVN

(287)

Chronic Stress-induced IBS

reduced sucrose consumption( sucrose preference
test), increased immobility (FST), reduced
locomotion (OFT), increased anxiety (OFT, EPM)

-reduced number of dendrites, reduced dendritic
length, and reduced spine density in the
hippocampus
-increased PDE4A levels and reduced pCREB and
BDNF protein expression in the hippocampus

(258)

Other models of Intestinal
Inflammation

Effect on Behaviour

Effect on Brain/CNS

Reference

Mustard oil-induced colonic
inflammation in Sprague-
Dawley rats

-increased qualitative c-Fos expression in the nucleus

solitary tract, area postrema, parabrachial nucleus,
locus coeruleus

(288)
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Trichuris suis induced chronic

- increased anxiety (light/dark preference test,

-reduced BDNF mRNA in hippocampus (Cal) of

T.muris infected mice; lized by treatment with 260
gut inflammation in AKR mice step-down test) s nfected mice; otmatized by treatment wi (260)
B. longum
C. rodentium-induced colitisin ~ -increased anxiety, reduced risk-taking behaviour  -increased c-fos expression in sensory neuron cells of
. (289)
CF-1 male mice (OFT, HBT) the vagus nerve
. L -no anxiety (light/dark box) L
Citrobacter rodentium-induced ) -reduced BDNF and c-Fos expression in CA1 of
. -reduced spatial memory (NOR and T-maze), only . . . .
colitis in C57Bl/6 female SPF . . hippocampus in C.rodentium-exposed mice
. . when subjected to psychological stressor (WAS) . ) (261)
mice and swiss webster germ . . . subjected to a psychological stressor (WAS); restored
. -memory impairments restored by treatment with 2
free female mice . by probiotic treatment
probiotics
-no change in measures of anxiety in EPM,
light/dark box; increased measures of anxiety in
OFT
. e . . . -increased AgRP immunoreactivity in the PVT of
Dietary emulsifier-induced -no change in number of marbles buried, or . . .
. Do .. . male mice, and reduced a-melanocyte stimulating
intestinal inflammation in latency to bury first marble (290)

C57B1/6 male and female mice

-reduced social novelty behaviour in female mice
(three chambers test)
-no change in immobility (FST)

hormone immunoreactivity in the PVT of male and
female mice.
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3.7. Animal models of GIDD: Role of the ACC

Evidence from preclinical studies strongly supports the ACC as a region of considerable interest
in GIDD pathobiology, which is consistent with the overwhelming clinical evidence indicating
pathology in this structure [section 2.4]. Animal models of IBS are accompanied by increased central
sensitization (a key feature of hyperalgesia/enhanced visceral pain) (291), upregulation of NMDA
receptor subunits (292), and altered synaptic plasticity (285) in the ACC. Wang and colleagues
elegantly revealed a role of ACC astrocytes in decision making deficits using a model of IBS. They
showed that the release of lactate by ACC astrocytes ceases when astrocytes become reactive, leading
to deficits in decision-making; administration of exogenous lactate into the ACC, or increased
endogenous lactate via optogenetic stimulation of ACC astrocytes, rescued the decision making
deficit (254). Lactate is a key energy source for neurons, and is essential for long-term memory
formation (293). These results demonstrate that pro-inflammatory glial cells in the ACC can affect
cognitive function. These findings warrant further exploration in other models of GIDD, where the
role of the ACC is understudied.

3.9. Acute versus chronic models of GIDD

A key feature of GIDD is their chronic, relapsing nature. However, preclinical studies focus
almost exclusively on peak disease states in acute models, characterized by a single gastrointestinal
insult, or a single cycle of a colitic agent, which does not accurately model the cycles of flare-ups and
remissiont prevalent in most GIDD. Several studies highlight key differences in peripheral immune
responses, neural changes, and behavioural changes during acute, chronic, and recovery phases
[cites?]. Furthermore, the first and second cycles of exposure to DSS and the subsequent recovery
periods possess unique cellular and inflammatory response profiles, suggesting some adaptation
after the first exposure (294). Such immune tolerance evolved as a means to limit immunopathology
caused by repeated or chronic exposure to endotoxin/LPS/inflammatory stimuli. Repeated or chronic
exposure to LPS has been shown to drive a global transcriptional shift in macrophages with distinct
anti-inflammatory features (295). Similarly, multiple systemic exposures to LPS reduces the
inflammatory phenotype of microglia (296), astrocytes (297), and is associated with a unique
neurogenesis profile (298) relative to a single dose, suggesting neuroinflammatory tolerance. This is
supported by several studies using animal models of colitis. A single exposure to DSS evoked
increased expression of IBA1 (a marker of microglial reactivity) in the hippocampus, while multiple
exposures to DSS were not (243). Immune tolerance is reflected behaviorally as well. Acute exposure
to DSS was associated with memory impairments and altered stress-coping strategies, while these
behavioural changes were absent when chronically exposed to DSS during the active phase of disease
(299).

Several studies report that some behaviours altered in GIDD-induced are normalized upon
resolution of inflammation. Other behaviours, however, persist well after resolution. For instance,
colitis-induced memory recognition deficits and anxiety at the peak of disease were normalized 9
days post discontinuation of DSS, but animals exhibited anhedonia, reduced grooming, and other
depressive-like behaviours for several weeks after discontinuation of DSS (249). Further, several
biochemical and electrophysiological changes persisted at least one month after discontinuation.
These include increased expression of pro-inflammatory cytokines and enzymes in the HPC,
hypothalamus, cortex, colon, spleen, and liver, and hippocampal neurons exhibited altered
electrophysiological properties (249). Long-lasting changes have also been reported in other studies.
Mice exhibited visceral hypersensitivity and reduced locomotive behaviours (travel distance,
climbing) both at peak disease and recovery phases of colitis 5 weeks post DSS exposure (273). These
data suggest that recovery phases, even in the absence of clinical signs of disease, such as altered
bowel motility, diarrhea, fecal blood and sickness behaviours, may still bear altered neural changes,
and thereby induce cognitive dysfunction. It is important to note that differences in study outcomes-
-even when employing the same model of disease--is likely a consequence of many factors.
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Differences in host species, microbiota, and institution are recognized to influence GIDD severity.
Additionally, differences in brain sampling and behavioural assays employed may yield conflicting
results. Clinical studies similarly demonstrate a heterogeneous array of cognitive deficits and neural
changes during periods of remission, highlighting the need to understand the how and why these
changes persist in in the absence of overt inflammation.

3.10. Conclusions

Rodent models of GIDD exhibit changes in specific behaviors (. endophenotypes) with some
level of analogy to those observed in the clinic. These models have revealed multiple interacting
processes involved in neuroinflammation and its long-lasting impact on brain structure and
behaviour. The impact of these molecular/structural changes on information processing in the brain
are virtually unknown at present. This functional linkage is essential for understanding how
neuroinflammation causes changes in mental function supporting depression, anxiety, and other
mental health problems prevalent in GIDD. In the next section, we synthesize a working hypotheses
of this process by integrating knowledge gained from studies of function in key neural structures
affected in GIDD, with a focus on the ACC, in addition to the hippocampus and prefrontal cortex-
key neural systems related to ACC function.

4. Adaptive and maladaptive consequences of ACC inflammation

We have so far provided evidence that GIDD and animal models of gut inflammation/disorders
are associated with an array of behavioral changes, including memory impairments, depression,
anxiety, and altered stress coping. Further, our review of the literature has identified the ACC as an
important component of the neural networks impacted in GIDD. The final section of this review aims
to integrate this data with the wealth of studies investigating the function of ACC in healthy subjects
so as to synthesize a hypotheses for mechanisms by which gut dysfunction could lead to
anxiety/depression. We propose here that GIDD-triggered neuroinflammation causes remodeling of
synapses in ACC and associated structures in a manner that biases the network toward processing
signals related to negative affective states, such as pain, and existential threats such as predators. This
influences perception, emotions, and cognition because the ACC network provides a context (or
‘schema’) in which to interpret stimuli and to generate physiological, behavioural, and emotional
responses in anticipation of expected future events. Although a temporary shift to negative schemas
is adaptive in dealing with acute illness or injuries, long-lasting or excessive shifts become
maladaptive because perceptions and physiological responses are geared toward non-existent
threats. This leads to an imbalance between parasympathetic and sympathetic nervous system
responses, which in turn perpetuates and exacerbates intestinal inflammation. [AG: love this
paragraph — nailed it!]

4.1. Adaptive function of depression and anxiety

The emergence of depression and anxiety in patients with GIDD seems intuitive. The
unpredictability of symptoms is a source of anxiety, and chronic pain is strongly correlated with
depression. It has become clear, however, that these mood disorders are not merely a by-product of
the “psychological burden of disease’, but rather a physiological response to inflammation and other
mechanisms involved in the disease. To understand the relationship between GIDD and psychiatric
comorbidities, it is important to recognize that depressive-like behaviours (e.g. low-motivation) and
anxiety (e.g. altered threat assessment) have an adaptive function in some contexts. Depressive states
can help to conserve energy and allocate energetic resources for an immune response (e.g. fever).
Anxiety increases sensitivity to predatory and social threats, which compensates for increased
vulnerability that occurs during a bout of illness. However, when these behaviors fail to return to
some level of homeostasis, and begin to interfere with meeting basic needs (e.g. grooming/hygiene,
eating, foraging, sleeping, etc.), they are no longer adaptive. The ACC plays a key role in guiding
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these behaviours. To better understand the function of the ACC in these responses, we next present
a brief examination of the ethological origin of this system.

4.2. Ethological origin of limbic brain systems-function of the ACC

Murray and colleagues’ excellent exposition on the evolution of learning and memory systems
reveals that the first vertebrates 525 million years ago possessed a network linking the HPC with a
precursor of the ACC, and other structures such as amygdala. This network, which we refer to as
ACC-HPC as short-hand, persists today in all vertebrates, suggesting that its function is adaptive in
a wide range of environments. This network projects to hypothalamus and other midbrain structures
that provide enteric and motoric control over fundamental behaviours such as feeding, reproduction,
energy regulation, and coping with threats passively (freezing) and actively (fighting, fleeing). The
ACC-HPC does not encode these behaviours directly, but provides governance by promoting or
suppressing the component systems that do. The ACC-HPC uses episodes of experience to form a
mental model/representation, or ‘schema’, of environments. This process is typically called memory
consolidation (300). The schemas provide a ‘top down’ signal to interpret and respond to the
environment and/or events in the context of the organisms needs. Wise & Passingham have proposed
that the distinguishing feature of the ACC is that it can guide actions by inferring affective outcomes
(appetitive or aversive) (301). We have shown that the rat ACC encodes inference of potential
outcomes (302), which is consistent with recordings in monkeys (303) and fMRI imaging in humans
[cite — look in Mashhoori eLife 2018 paper] Moreover, the ACC activates in response to pain or the
expectation of pain (304). Thus, the ACC appears to be important for generating and applying a
schema to link environmental cues to possible future positive or negative outcomes. This can provide
a fitness advantage by allowing animals to rapidly change behaviours faster than trial-and-error
learning would allow. For example, the early vertebrate might be attacked one day by a type of
predator that tends to dwell in caves formed by piles of rocks. The ACC plays a key role in linking
the environmental cue (pile of rocks) to a negative outcome (predatory attack). Laboratory studies
have clearly shown that ACC-HPC are involved in fear to context. Thus, the ACC plays an important
role in anticipating outcomes based on complex configurations of stimuli. This complements other
brain systems, such as regions of the amygdala, which develop associations between outcomes and
specific stimuli [cite fear to cue paper].

4.3. Hypothesis for the functional aetiology of depression/anxiety

The ACC projects to several brain structures in the midbrain and pons that are responsible for
engaging threat-coping responses. These include the lateral hypothalamus (sympathetic activation &
triggers adrenaline release), periaqueductal gray (pain inhibition and autonomic responses), and
locus coeruleus (norepinephrine production). The ACC has indirect routes to structures involved in
mood/depression (lateral habenula) and anxiety (medial habenula). Further, the ACC inputs to goal-
directed behavior via the medial striatum, and is thought to suppress reflexive ‘habitual’ responses.
What does ACC do with so many connections?

We propose that the ACC evaluates abstract features of the environment and internal
physiological state to calculate overall risk present in a given scenario/context. The degree of threat
and vulnerability as assessed by the ACC determine the appropriate schema to be selected, and
promote activation of relevant sub-cortical systems. Note that the ACC does not encode specific
behaviours, but rather adjudicates competition among several other systems for control of
behavioural output (e.g. forage or fight) and physiological responses (e.g. sympathetic vs
parasympathetic activation). This can be conceptualized as a see-saw (see figure X): in a context
assessed as safe, the ACC promotes goal-directed or habit control systems to collect resources and
engage in other behaviours for survival and reproduction. When under threat, the ACC engages a
negative schema that inhibits these behaviours, instead promoting activity of threat-coping systems
(e.g. sympathetic systems). We postulate that acute inflammation is indicative of increased threat,
and promotes the engagement of negative schemas as an adaptive mechanism to offset the increased
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vulnerability that accompanies inflammatory states (e.g. fatigue, pain, etc.). In other words, in the
face of inflammation, the ACC guides towards a high threat assessment behavioural response. Upon
resolution of inflammation, reassessment of threat status causes negative schemas to abate, and
behaviour returns to a baseline.

Under chronic inflammatory states, the stimulus that drives increased threat assessments does
not abate. AS a consequence, the neural processes that promote engagement of negative schemas and
high threat assessment behaviours are prolonged. Over time, ACC neurons promoting threat coping
become dominant over those ACC neurons promoting behaviours appropriate in ‘safe’ conditions,
such as feeding, exploring, socializing, etc. The dominance comes about as an emergent property of
the neural dynamics. Because only one schema activates at a time, they ‘compete’ with one another.
The negative schemas dominate this competition, which may come from strengthening synapses &
promoting excitability of neurons projecting to threat-coping structures, and/or by weakening
neurons in non-threat pathways.

In this section, we have attempted to integrate theories on the ethological role of the ACC with
evidence highlighting the role of the ACC in mood disorders, and data that suggests the ACC is
involved in the course of GIDD. We further propose that the role of the ACC in GIDD is mediated
primarily through the role the ACC plays in facilitating context dependent arousal states. Arousal
states are largely mediated by the autonomic nervous system. Aligning with our proposed
framework of the ACC in GIDD, functional neuroimaging has revealed an important role of the ACC
in regulating autonomic activity to generate contextually appropriate motor, emotional, and
cognitive responses (305, 306). Thus, a key function of the ACC is to calibrate bodily states of arousal
based on past and present contextual information, which can engender dysfunction in ANS,
manifesting as inappropriate threat assessment/stress responses/mood disorders. This accounts for
multiple features of information processing that are altered in GIDD: hypervigilance, hyperalgesia,
and negative schemas. As presented below, dysregulation of the ANS can have dramatic effects on
gut immune status via neuroendocrine and neuroimmune pathways.

4.4. Top down: Effects of the brain (ANS) on the gut

The gut is home to intrinsic neural plexuses, more neurons than the spinal cord, and over 30 gut-
generated neurotransmitters (307). This enables the enteric nervous system a degree of autonomy
over gastrointestinal functions, such as digestion, nutrient absorption, secretion, and motility. The
CNS provides additional extrinsic neural inputs to regulate these functions via the parasympathetic
and sympathetic arms of the autonomic nervous system. The parasympathetic and sympathetic
nervous system work together to regulate autonomic functions and maintain homeostasis by acting
in opposition to each other (308) . Under homeostatic conditions, the parasympathetic nervous
promotes ‘feed and breed, rest and digest’ responses via its dominant neurotransmitter,
acetylcholine. When the body faces a stressor —any physical, psychological, or immunological event
that disrupts homeostasis-- the parasympathetic nervous system withdraws its inhibitory effects,
which promotes activation of the sympathetic nervous system. The release of the catecholamines
epinephrine (a.k.a adrenaline) from adrenal medulla in the adrenal glands, and norepinephrine from
the locus coeruleus in the brainstem of the CNS, drive the canonical ‘fight or flight’ response. This is
followed by the endocrine facet of the stress response: activation of the hypothalamus-pituitary-
adrenal (HPA) axis. Corticotrophin-releasing hormone is released from cells in the periventricular
nucleus of the hypothalamus, in turn prompting the release of ACTH from the pituitary gland, which
enters the peripheral blood circulation to stimulate the adrenal gland. Here, glucocorticoids (GCs)
secreted by the adrenal gland serve as the effector hormone. The basal effects of CORT are mediated
through binding of high-affinity mineralocorticoid receptors; when these receptors become saturated,
the binding of GCs to lower-affinity glucocorticoid receptors (GR) promotes negative feedback that
regulates activity of the HPA axis (309). Both receptors are widely distributed throughout the body,
including the gut and the CNS. Below we describe the relationship between both arms of the ANS
and gut inflammation.
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4.4.1. Sympathetic Nervous System effects on the gut and brain

There is no question that stress response and GIDD are connected. The weight of evidence
supports an association between psychosocial stress and clinical relapse in IBD (310) and exacerbation
of IBS (311, 312). Animal studies reveal that stress can induce dysfunction in the epithelial barrier,
(313-316), alter gastrointestinal motility (317, 318), influence visceral pain (319) and aggravate colitic
disease (313, 320-330). For instance, colitis alters stress responses (248, 271, 279), and both stress and
depression can reactivate colitis (331, 332). Stress also influences the gut-brain axis via the microbiome
(333, 334). This can occur remarkably quickly. As little as 2 hours of social stress is capable of exerting
an impact on microbial communities (335). These changes can be mediated indirectly, by the actions
of the autonomic nervous system, or directly, through luminal release of neurotransmitters, which
bind to receptors on gut bacteria. (336). This can have life-long effects. For instance, animal models
of IBS induced through early life stress, evoke visceral sensitivity, alterations in bowel motility and
intestinal permeability, low grade inflammation, and anxiety/depression-like behaviours later in life
(337).

The stress response is mediated by the sympathetic nervous system (SNS) which densely
innervates the serosal side of the gastrointestinal tract. Here it communicates with the enteric
plexuses: a network of sensory, motor, and interneurons that are embedded between the longitudinal
and circular muscles (myenteric plexus) or within the submucosal layer (submucosa plexus) that
constitute the enteric nervous system. This communication enables sympathetic regulation over
motility, secretion/absorption, and vasodilation (see (338) for review). In addition, sympathetic
innervation of gut-associated lymphoid tissue enables regulation over the gut immune response, via
sympathetic neurotransmitters that act on immune cells (339). The SNS has been demonstrated to
impact migration of immune cells (340), modulate apoptosis of intestinal immune cells (341), and can
modulate the function of both innate and adaptive immune cells towards pro or anti-inflammatory
phenotypes (342, 343). Gut inflammation is linked to loss of sympathetic nerve fibers, changes in
levels of sympathetic neurotransmitters, and their receptors (338). Thus, gut inflammation may
impede the ability of the SNS to regulate immune responses, exacerbating or prolonging gut
inflammation; conversely, changes in SNS activity may drive gut inflammation. Regardless of which
process occurs first, both processes promote gut dysregulation and dysfunction

The SNS plays an important role in restoring homeostasis, including the resolution of
inflammation systemically, and centrally. Stress research indicates GCs play a potent role in this
regard: indeed, the immunosuppressive and anti-inflammatory properties of GC have been studied
for decades, and synthetic versions of cortisol (e.g. prednisone) are routinely used to manage chronic
inflammatory and autoimmune disease (344). However, it is becoming increasingly clear that
glucocorticoids are not uniformly anti-inflammatory, particularly in chronic contexts. Prolonged or
excessive production of GCs can enhance neuroinflammation in a region, dose, and timing-
dependent manner (345). For example, in LPS-induced neuroinflammation was increased in the
frontal cortex and hippocampus, and decreased in the hypothalamus of chronically stressed rats (346)
[The mechanisms of these opposing effects are not fully known, though the different affinities and
heterogenous distribution of MR and GR are believed to play a role. Microglial cells are a target of
GCs, and have been implicated in mediating stress-induced neuroinflammatory changes (347-349).
Exposure to stress and GCs can exacerbate neuronal injury (cite). Glucocorticoids regulate
hippocampus neurogenesis (350), which has been implicated as a mechanism of stress-induced
depression (351), and antidepressants increase hippocampal neurogenesis via activation of the GR
(352). There is extensive literature illustrating how GCs drive structural remodeling in the
hippocampus, amygdala, and the mPFC; moreover, these structural changes persist for weeks after
exogenous administration of GCs is completed, highlighting the chronic/longterm nature of neural
remodeling (353). [are you going to talk about antidepressants & GRs in the mPFC later — perhaps in
the context of top-down control & treatment? Sounds really cool]

4.4.2. Parasympathetic nervous system and the Vagus Nerve
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The parasympathetic nervous system is supplied by cranial nerves, pelvic splanchnic nerves,
and the vagus nerve, the latter of which innervates the gastrointestinal tract. The vagus nerve contains
approximately 80% afferent sensory fibers that originate in the mucosal and muscular layers of the
digestive tract and project to the brain. Information regarding the environment within the GI tract
(e.g. inflammation, nutrient composition, microbial community etc.) is directly and indirectly
conveyed to the brain via activation of receptors on vagal afferents. Some bacterial metabolites (e.g.
short-chain fatty acids), bacterial products (LPS) and cytokines (e.g. IL-1b) can directly activate vagal
fibers (354, 355). Other sensory information is relayed to the vagal nerve by enteroendocrine cells
located along the gut epithelial barrier that secrete substances, such as serotonin, in response to
luminal contents (gut nutrients, microbial products and metabolites, etc.). This sensory information
is transmitted to the spinal cord (nodose ganglia) and subsequently relayed to the dorsal vagal
complex, which is comprised of the nucleus tractus solitarus (NTS), area postrema, and dorsal motor
nucleus of the vagus. The remaining 20% of vagal fibers serve as the effector for the parasympathetic
nervous system, and provide efferent signals from the dorsal motor nucleus in the brain to the gut to
modulate physiological functions (e.g. secretion/absorption, motility)(356).

The vagus nerve can exert immunomodulating effects through afferent and efferent pathways.
Vagal afferents that detect inflammatory responses relay this information to the nucleus tractus
solitarus, activating noradrenergic neurons, which in turn project to the PVN of the hypothalamus
and engage the HPA axis (357, 358). In the vago-sympathetic pathway/reflex, descending neurons
from regions of the central autonomic network communicate with vagal fibers in the DMNV that
may modulate efferent sympathetic fibers to induce anti-inflammatory activity (359). Activated vagal
afferents also communicate with efferent vagal fibers in the dorsal vagal complex. These fibers release
acetylcholine, the dominant parasympathetic neurotransmitter, in turn stimulating Ach release from
enteric neurons which act on macrophages via the a7-nicotinic receptors to suppresses cytokine
production (360). Vagal efferents also communicate with sympathetic nerves in the celiac ganglion
that project to the spleen, an organ critically involved in systemic inflammation. Stimulation of the
splenic sympathetic nerve prompts the release of NE-the dominant neurotransmitter of the SNS-
which activates splenic lymphocytes via 32 adrenergic receptors. These activated cells are a source of
acetylcholine that attenuate production of the pro-inflammatory cytokines in macrophages(360).

Chronic stress--immunological, physiological or physical--can drive dysfunction in the ANS. An
imbalance between the SNS and PNS can influence the gut environment via endocrine and
neuroimmunomodulating mechanisms, and has been postulated to play an important role in the
etiopathology of GIDD (359, 361). Research suggests that dysregulation of the autonomic nervous
system and the HPA axis plays a role in the pathogenesis of IBD (362), IBS (363), FD (364), in addition
to anxiety and depression(365, 366). Vagal dysfunction is a proposed mechanism by which
depression can influence intestinal inflammation (367). Conversely, vagal nerve stimulation is used
to treat a variety of chronic pain conditions and depression, and has demonstrated therapeutic
potential in preclinical and pilot clinical studies for IBD (368-370). Stimulation of the vagus nerve is
believed to attenuate inflammation via activation of the HPA axis and the cholinergic anti-
inflammatory pathway.

4.4.3. Relationship between the ACC and the ANS

We have described in previous sections of this review how the ACC is involved in regulating
the ANS, and the immunoregulatory capacity of the ACC via neuroendocrine mechanisms. In this
section, we present evidence indicating that ACC dysfunction is a common denominator in
disruption of both arms of the ANS, mood disorders, and GIDD. Preclinical and clinical evidence
overwhelmingly indicate a linkage between functional and structural changes in the ACC and altered
sympathetic responses. Activity of the HPA axis and its downstream effects are modulated by
multiple brain circuits, including the ACC, which can have a stimulatory or inhibitory role on the
HPA axis depending on the subregions involved, or the nature of stressor (371). Control of the
ACC/PEC over the HPA axis is a suggested mechanism for depression; for example, depressed
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patients display an increased ratio of GR:MR expression in the ACC versus matched controls (372).
Studies have identified a negative correlation between ACC volume and basal ACTH levels (373),
and reveal that reduced ACC volume is associated with impaired negative feedback of the HPA axis
(374). Structural alterations in the ACC induced by pain, mood disorders, or stress are also associated
with sympathetic changes: chronic pain in rats is associated with altered ACC volume and
sympathetic regulation of renal blood flow (375); depressed youths with high levels of activity in the
ACC bore higher cortisol levels upon waking (376); and ACC activity was only correlated with
appropriate negative feedback of the HPA axis in healthy controls, not patients with IBS (377).
Combined, these studies suggest hyperactivity and structural changes in the ACC are indicative of
unregulated sympathetic responses.

The efficacy of neuromstimulation treatments for depression (e.g. deep brain stimulation,
transcranial brain stimulation, and vagal nerve stimulation) have led researchers to theorize the
existence of frontal-vagal pathways (378, 379) that include an anatomical and functional link between
the ACC and the parasympathetic nervous system (vagus nerve). A clinical study revealed
transcutaneous stimulation of the auricular vagus nerve induced significant activity in the anterior
cingulate cortex (380). Animal studies indicate that vagal signals can modulate the functional
connectivity of the ACC network (381) and modulate phase synchrony in the ACC of and facilitates
decision-making in rats (382). Furthermore, changes in the gut microbiota modulate GABAergic
signaling in the cingulate cortex through a vagal-dependent mechanism (383).

The ACC maintains homeostatic functions through its mediation of context-dependent arousal
states, and regulation of the HPA axis (305). As we have presented, gut inflammation-induced
neuroinflammation mediates behavioural changes (e.g. cognition, anxiety, and depression) that
involve ACC. The observed hyperactivity of the ACC in GIDD may therefore reflect a loss of of
sympathetic-parasympathetic balance. The role of PNS/SNS balance in the etiology of GIDD is not
new: in 1928 Bockus et al. first suggested ANS dysfunction played a role in IBS (384). Since then,
many distinguished researchers have contributed to our understanding of the importance of ANS in
the context of GIDD (361, 385-387). We propose to extend upon this framework/school of thought/ by
introducing the ACC as a key neural correlate in the etiology of GIDD. In short, we submit
hyperactivity of the ACC contributes to and promotes gut dysfunction/GIDD through dysregulation
of the ANS. ACC hyperactivity may be a symptom of GIDD, a cause of GIDD, or a means by which
GIDD are promoted, exacerbated, and/or maintained in some populations. This proposition
reconciles the key role of environmental stressors (threats?), negative schema, ANS imbalance, and
strong comorbidity with mood disorders that are observed in patients with GIDD. This framework
additionally suggests that the ACC is a likely useful biomarker for GIDD treatments, and may be a
useful target for therapy.

5. Remediation of gut-brain dysfunction

In the final section of this review, we summarize GIDD treatments that modulate gut-brain
dysfunction through a bottom-up, or top-down approach. Further, we will offer how our proposed
model may 1) explain how some of these treatments are effective, which may aid towards identifying
treatment-responsive populations, and 2) propose additional therapeutic strategies.

5.1. Pharmacological therapies

Gut inflammation

Pharmacological disease management of patients with IBD is primarily directed towards
controlling gut inflammation, while the management of the ‘functional’ gastrointestinal disorders
(e.g. IBS, FD) is focused on treating dominant symptoms (e.g. diarrhea, constipation, pain). However,
patients with IBD frequently display IBS-type symptoms during disease remission, and thus
management of IBD and IBS possess considerable overlap. Pharmacological management of IBD is
dependent upon the type of disease (ulcerative colitis, Crohn’s disease, or unclassified), the
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classification of disease severity (mild, moderate, or severe), the disease state (flare versus remission),
and how patients respond to treatments (e.g. side effects, refractory versus response). Mild to
moderate disease is initially managed with non-steroidal anti-inflammatory drugs (e.g. ASA-5). As
disease severity increases, treatments are escalated to include corticosteroids (e.g. budesonide), and
finally biologics (cell-generated antibodies that target and neutralize aspects of the inflammatory
response) (388). Pharmacological treatment of IBS is targeted towards management of the most
dominant symptoms of a patient, which are classified according to type of motility dysfunction
(diarrhea, constipation, or mixed) and include drugs that modulate gastrointestinal transit (e.g.
smooth muscle relaxers/antispasmodics, secretagogues, laxatives, anti-diarrheals) (389). Similarly,
FD is managed pharmacologically based on subtype (post-prandial syndrome, epigastric pain
syndrome, and mixed), through drugs that relax the fundus (stomach), promote gastric emptying,
and attenuate gastric acid secretion (390). Many studies provide evidence that drugs used to attenuate
gut inflammation also improve co-morbid mood disorders (193), and is discussed in greater detail
below/in section x.x. No direct studies on the effects of gut-specific treatments for FD or IBS on the
brain were identified, although drugs that attenuate gastric acid section (e.g. proton pump inhibitors)
were associated with cognitive impairments (391). The absence of studies on the effects of drugs
frequently used to manage ‘functional’ gut diseases/disorders on cognition and mood disorders
highlights a knowledge gap that warrants attention.

Neuromodulators

Some treatments improve outcomes of GIDD through top-down (i.e. brain->gut) effects.
Neuromodulating drugs such as antidepressants are used to treat the psychological symptoms of
GIDD. It is well-established that treating depression/anxiety improves clinical outcomes in IBD, IBS,
and FD (392-395). Preclinical studies similarly report that antidepressants attenuate severity of colitis
in rodents (396-398); further, depression can reactivate gut inflammation during remission (331).

Consistent with the emerging view that depression is an inflammatory illness, anti-
inflammatory drugs possess anti-depressant properties (193). Many compounds can attenuate
inflammation, and can do so through a variety of pathways. For example, the antibiotic minocycline,
which readily crosses the BBB, suppresses pro-inflammatory mediators in the brain, as well as
engaging neuroprotective processes and increasing neurogenesis (399). Both immune and stress
responses can influence serotonin availability, which has long been thought to affect mood (400). Pro-
inflammatory mediators and glucocorticoids increase the activity of the enzymes that shunt the
synthesis of tryptophan from serotonin into kynurenine, a glutamate receptor antagonist. Further,
kynurenine metabolites can possess neurotoxic properties (401), and pro-inflammatory cytokines can
influence the activity and expression of serotonin transporters (402). Selective serotonin reuptake
inhibitors (SSRI) are one of the most commonly prescribed classes of neuromodulators for the
treatment of depression, which function by increasing serotonin availability through preventing the
uptake and degradation of this neurotransmitter. Clinical studies suggest efficacy of SSRIs is linked
to their ability to attenuate pro-inflammatory mediators: patients that responded positively to SSRIs
also demonstrated reduced levels of inflammatory markers, while those patients that did not exhibit
reduction in markers of inflammatory processes were refractive to SSRIs (403). It is noteworthy that
SSRIs demonstrate potential to improve IBS symptoms even in the absence of depression (404-406).
This is likely in part due to the relative abundance of serotonin that exists in the gut, which houses
more than 95% of the body’s serotonin reserves, produced by gut-resident enterochromaffin cells and
serotonergic neurons on the myenteric plexus (407). Serotonin signaling plays a role in intrinsic
physiological processes within the gut including motility, secretion and absorption, and also has
extrinsic effects, such as generating sensations of nausea (407). Therefore, the effects of inhibiting
serotonin reuptake via oral SSRI administration on the gut is expected. However, remarkably few
studies have been published on the effects of SSRIs on the gut: a PUBMED search for gut AND SSRI
yields only 106 journal articles in the last 3 decades, 75 of which are original research. Increase in
small intestinal motility—but not gastric and colonic motility—have been reported (408). Recent
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laboratory studies have revealed potential mechanisms by which SSRIs may improve outcomes of
GIDD: exposure to the SSRI fluoxetine modulates gut microbial communities, via impairing the
colonization of serotonin-importing gut microbes (409), and additional lab studies indicate SSRIs
activate vagal fibers (410). Other classes of neuromodulators include the SNRIs, which increase
serotonin and norepinephrine availability, highlighting the role of the sympathetic nervous system
in psychiatric illness. Inflammation itself plays an important role in the way that anti-depressants
function, as inflammatory mediators alter the metabolism and drug transport dynamics of
antidepressants (411). The diverse mechanisms by which anti-depressants and neuromodulators
function likely contribute to potential synergistic benefits of combined anti-depressants and anti-
inflammatory treatments observed in clinical trials (412).

The ACC is associated with clinical outcomes and antidepressant treatment response in MDD.
There is a consistent body of evidence indicating that increased activity in the ACC—regardless of
modality used to assess activity (e.g. PET, fMRI, EEC) —is predictive of positive treatment response
to depression, including pharmacological strategies, transcranial magnetic stimulations, and CBT
(413, 414). This suggests that ACC hyperactivity, a key feature of many patients with GIDD, is a
marker of dysfunction that is amenable to treatment.

Antidepressants are often ineffective in depression. Interestingly, SSRI administration reduced
depressive-like behaviours in mice when they were exposed to favourable/enriched environments,
but they exacerbated depressive-like phenotypes in stressful environments. SSRIs may therefore
have positive or negative outcomes, based on the quality of the environment (415), which may explain
the population of patients with depression that do not respond to SSRIs. The fact that increasing
serotonin availability does not immediately increase mood, and is only sometimes effective, present
challenges to the longstanding theory that depression is a consequence of insufficient serotonin (400).
The mechanisms of antidepressant action are not clear at present. It has been proposed that it is the
property of antidepressants to promote the regrowth of neural processes and synapses that
ameliorates depression (416, 417). Indeed, a randomly controlled trial using a non-human primate
model of depression revealed reduced ACC volume among depressed, but not healthy animals, and
long-term exposure to the SSRI antidepressant sertraline significantly increased the volume of the
ACC in depressed animals (418). This potentially explains why other compounds that do not
primarily target serotonin transmission have long-lasting antidepressant effects. For example, clinical
evidence suggests that ketamine modulates plasticity in the ACC to induce anti-depressant effects
(419, 420). Laboratory studies reveal ketamine attenuates ACC activity (421), can induce
neuroregulatory effects (422, 423), and promote synaptogenesis (424). Interestingly, the 5HT2a
receptor is required for ketamine’s synaptogenic effects [cite]. This receptor is similarly responsible
for the hallucinogenic effects of psychedelics, such as psilocybin (magic mushrooms), Ayuasca,
Peyote, and LSD. A recent study has shown that these psychedelics do cause robust increase in the
dendrites and spines of cortical neurons (425), which may explain why resurgent clinical work with
this class of compounds shows excellent outcomes in treating depression and anxiety (426-428).
Moreover, psychedelics possess potent anti-inflammatory properties(429). Itis tempting to speculate
that this class of drug may improve the outcome of GIDD among some cohort of patients.

5.2. The gut-microbiome and diet

Evidence increasingly supports a facilitating [right word? Some bugs are bad, so don’t facilitate.
I'll insert the word ‘healthy’ to fix ] role of healthy gut microbiota in the gut-brain axis. The
microbiome synthesizes a wide variety of neuromodulators (e.g. acetylcholine, catecholamines,
gamma-amino butyric acid, melatonin, serotonin) (430, 431), and produces key short-chain fatty acids
(acetate, prionate, butyrate) that cross the BBB and exert immunomodulating effects on microglia
(432,433). Elevated levels of some pathogenic gut microbes were significantly correlated with increased levels
of choline --a neural metabolite that serves as a proxy for neural activity-- in the ACC of some clinical
populations with mood dysregulation (434). Microbial dysbiosis is a key feature of GIDD, and several
interventions involve direct (e.g. fecal microbial transplant) or indirect (e.g. diet) manipulation of the
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gut microbiome. Fecal microbial transplants (FMT) induce long-lasting changes in the composition
of the gut microbiota (435, 436), and clinical testing reveals a high level of efficacy in pathogenic
infections (437) as well benefit in UC (438), and potentially CeD (439). Although the psychiatric effects
of FMT have not been widely studied in the clinic, data from animal models suggests that it has the
potential for significant benefits. The microbiota in the gut affect measures of depression, anxiety,
and neurometabolism. Fecal transplant from depressed patients induced anhedonia, anxiety, and
modulated tryptophan metabolism in rats (440), while FT from alcoholic patients induced alcohol
dependence, anxiety and depressive-like behaviours, and molecular changes in the brain of mice
(441). Further, microbiota regulate visceral pain in mouse (442) and genes involved in glucocorticoid signaling
in the hippocampus (443). Positive correlation between [missing something?] Although FMT was found to
reduce anxiety in patients with IBS (444) and anxiety, depression, and obsession in patients with IBD
(445), several limitations of these clinical studies- small sample sizes and lack of a proper control-
indicate more research is needed. Nonetheless, these data are consistent with the larger theme that
microbiota composition affect neural signaling related to mood disorders. Indeed, practitioners
frequently recommend some level of dietary intervention as part of a treatment paradigm for GIDD.
Probiotics (living organisms that confer a health benefit to the host) are frequently recommended for
patients with GIDD. The mechanisms by which benefit occurs is likely multifactorial: probiotics
promote the establishment of certain beneficial microbial communities, which in turn limits
pathogenic bacterial overgrowth (cite). There is also evidence that probiotics improve epithelial
barrier integrity (cite).-Nutrition can play an important role in brain health and cognition. For
example, several studies have revealed omega-3 Poly unsaturated fatty acids supplementation can
alter brain activity and improve cognitive performance (446, 447). Some research indicates the ACC
volume may serve as a mediating variable between O3-PUFA levels of cognitive function (448). While
more research is needed, these findings suggest that nutritional therapy may offer benefits through
ACC involvement.

5.4. Stress reduction techniques

Managing the psychological aspects of GIDD may also involve the use of stress-reduction
techniques/psychotherapy. Multiple studies reveal significant benefits of meditation-based therapy,
hypnotherapy and cognitive behavioral therapy in FD, IBS, and IBD (449-457) (458). The most
commonly reported benefits of psychotherapy are improvements in mood disorders and overall
quality of life. However, there is evidence of reduced inflammatory markers and reduced disease
activity in some (456, 459), but not all (460, 461) studies, suggesting the potential for
immunomodulation. Beneficial effects mediated by stress-reduction techniques (e.g. hypnotherapy,
CBT, yoga) are facilitated through modulation of vagal tone (462-464). Indeed, devices that deliver
stimulation to the vagus nerve are used to treat refractive depression (465), and attenuate
inflammation (466, 467). There is evidence that modulating vagal tone has direct effects on the
anterior cingulate cortex. Vagal nerve stimulation reduced ACC activity in response to a noxious
thermal stimulus (468), cardiac vagal tone correlated with ACC activity and was altered in patients
with depression (469), and treatment with anti-depressants improved correlation between vagal tone
and ACC activity (470). Long-term meditation is associated with neuroplasticity of key brain
structures including the ACC (471): indeed, zen practitioners had significantly increased CT in the
ACC relative to controls, which corresponded with the number of years of meditation experience
(472). In addition, CBT and hypnosis has been shown to attenuate activity of the ACC (473, 474).
Combined, these studies align with our proposed model of ACC atrophy and hyperactivity as a key
neural feature that promotes and perpetuates neural and gut pathology related to GIDD.

5.5. Conclusion

Humans are beginning to understand how gut dysfunction remodels the brain, and how this
feeds back to promote further gut dysfunction. We propose here that one important mechanism is
via gut-related inflammation, which engages neuroinflammation to drive atrophy and hyperactivity
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in ACC. This promotes activation of threat responses at inappropriate times, which affects not only
mental function, but also digestive, immune, and cardiovascular systems. In particular, the ACC is
part of a network that influences midbrain structures mediating mood (e.g. LHb, dorsal raphe),
anxiety (e.g. MHb, Lat hypothalamus), and threat-related behaviours (periaqueductal grey,
parabrachial nucleus). This provides a parsimonious explanation for reduced neurites and
hyperactivity in the ACC, greater likelihood of negative schemas, and increased threat-coping
behaviours. It also shifts the balance of sympathetic/parasympathetic systems to prepare for threat,
which disrupts the enteric system. This forms a “positive’ feedback loop. Treating ACC dysfunction
can break the positive feedback of gut-brain dysfunction. Our proposal predicts that the ACC
neurons in ensembles with at least some member neurons projecting to threat-related structures will
become hyperactive. Key outstanding questions include the relative contributions of the stress
response (e.g. glucocorticoids) and the immune system (e.g. inflammatory mediators).

Our proposal can likely be applied to diseases and disorders beyond those involving the gut.
Chronic inflammation presents in a wide array of illnesses, including multiple sclerosis, rheumatoid
arthritis, and diabetes. Moreover, inflammation is a hallmark of aging (69), and chronic inflammation
is a risk factor for neurodegenerative illnesses, particularly Parkinson’s and Alzheimer’s/dementia
(475, 476). These all present with cognitive impairments and dysregulation of mood (477, 478)
although the etiologies of the specific immune trigger are at least partially dissociated. Finally,
depression is now considered an inflammatory disease. These data suggest that many sources of
inflammation may recruit a set of common neuro-immune functions that become pathological when
activated chronically, and lead to depression, anxiety, and other forms of mood dysregulation. Thus
mood disorders and GIDD appear to be different facets of multi-system responses linked by immune
function.
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