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  Disruptions in the bidirectional communications of the brain-gut axis are increasingly 

implicated in the onset and progression of a variety of gastrointestinal and neurological 

disorders, diseases, and injuries including traumatic brain injury (TBI).  In addition to the 

effects in the brain, TBI can result in gastrointestinal dysfunction, potentially affecting TBI 

pathogenesis and outcomes. This preclinical study examined the effects of colonic 

inflammation induced during chronic (long-term) experimental TBI on TBI-associated 

neurobehavioral and neuropathological outcomes. Additionally, the potential involvement of 

the neural and immunological pathways of the brain-gut axis in colonic inflammation induced 

changes in neurobehavior and neuropathology was examined. Dextran sodium sulfate (DSS) 

was administered to adult male C576Bl/6 mice 28 days following craniotomy (Sham) or TBI 

for 7 days to induce colonic inflammation (DSS injury phase), followed by a return to normal 

drinking water for an additional 7 to 28 days for recovery (DSS recovery phase). Uninjured 

animals (Naïve) served as an additional control group. Colonic inflammation during chronic 

experimental TBI in mice persistently exacerbated deficits in fine motor coordination and 

anxiety-like behavior and induced deficits in social behavior in TBI-injured mice. These 

behavioral changes were associated with an induction, or exacerbation, of ipsilateral 

hippocampal neuronal cell loss and microglial activation in Sham and TBI mice subjected to 

acute DSS administration, respectively. Colonic inflammation resulted in a sustained systemic 



immune response with increases in myeloid cells in blood and spleen, as well as myeloid cells 

and lymphocytes in mesenteric lymph nodes (mLN) in all DSS experimental groups. A 

sustained increase in spleen and mLN weights in all DSS groups, and thymus weight in Sham 

and TBI mice administered DSS, was observed up to 28 days following DSS administration. 

Dysautonomia was also induced in Sham and TBI mice subjected to acute colonic 

inflammation, with increased sympathetic tone beginning during DSS injury phase and 

persisting through the end of the first DSS recovery week. These data show that acute colonic 

inflammation during chronic experimental TBI results in enhanced neurocognitive deficits, 

neurodegeneration, microglial-related neuroinflammation, and a sustained systemic immune 

response with altered autonomic balance.  
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Chapter 1: Introduction 

 
1.1 Traumatic Brain Injury (TBI) 
 
1.1.1 Overview 
 

Traumatic brain injury (TBI) is a major cause of morbidity and mortality in the United 

States and is defined as a blow to the head or body that results in a disruption of normal 

brain function. Major causes of TBI include falls, motor vehicle accidents, gunshots, sports 

related injuries, being struck by an object, and explosive blasts (CDC Stacks, 2020)). TBI 

is a heterogeneous injury that is classified as mild, moderate or severe, based upon the 

Glasgow Coma scale which assigns scores to eye, verbal and motor responses to yield a 

score from 3 to 15 (mild: 13-15; moderate: 9-12; severe: 3-8) (Iankova, 2006; G. Teasdale 

& Jennett, 1976; Graham Teasdale & Jennett, 1974).  It is estimated that the majority of 

TBIs diagnosed are mild (Faul et al., 2010), comprising approximately 70% of cases. It is 

widely acknowledged that TBI, even when mild, often results in chronic disabilities and 

has long-lasting effects on patient health and quality of life (Aungst et al., 2014; Dijkstra-

Kersten et al., 2020; Finkelstein et al., 2006; Malec et al., 2007; Moran et al., 2012; 

Stocchetti & Zanier, 2016; Yousefzadeh-Chabok et al., 2019; Zaloshnja et al., 2008).  

The overall incidence of TBI has been steadily increasing over the past few 

decades, with epidemiological data estimating that there were 2.8 million cases of TBI in 

the 2013 in the U.S. alone (Fig. 1-1) (CDC Stacks, 2019; Hyder et al., 2007). Although 

incidence of TBI is increasing, the associated death rate has remained constant, 

highlighting that patients who suffer a TBI are increasingly surviving the initial injury (Fig. 

1-1) (CDC Stacks, 2019).  Predictably, TBI  
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is a leading cause of long-term disability, with an estimated 3.17 to 5 million people in the 

U.S. living with a TBI-related disability (Selassie et al., 2008; Thurman et al., 1999; 

Zaloshnja et al., 2008). Long-term TBI-induced impairments in motor and cognitive 

function, social behavior, sensation, development of mood disorders, alteration of sleep 

patterns, and changes in personality can contribute to decreased quality of life and overall 

life expectancy, resulting in an estimated annual financial burden of over 400 billion dollars 

in healthcare costs (Dams-O’Connor et al., 2013; Faul & Coronado, 2015; Finkelstein et 

al., 2006; C. Harrison-Felix et al., 2015). Estimates from a report using the TBI Model 

System National Database, showed that of the TBI patients who survived past the initial 

Figure 1-1 Number of TBI-related emergency department visits, hospitalizations, and deaths 
(EDHD) from 2006-2014 
Between 2006 to 2014, the total number of TBI-EDHDs (emergency department visits, hospitalizations 
and deaths; combined) increased by 53% (purple line), from approximately 1.88 million in 2006 to 2.88 
million in 2014. This increase was driven primarily by an increase in emergency department visits (blue 
line), with hospitalizations (green line) increasing by 5% and deaths (yellow) line remaining constant. 
Reproduced from CDC.gov with the following sources: Healthcare Cost and Utilization Project’s 
(HCUP) Nationwide Emergency Department Sample for emergency department visits; HCUP’s 
Nationwide Inpatient Sample for hospitalizations; CDC’s National Vital Statistics System for deaths. 
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TBI, 35% had a decline in global functioning scores and 20% died within 5 years post-

injury (CDC Stacks, 2019).                                                                                                        

The social and economic burden of TBI has placed it in the forefront for public 

funding to develop novel therapeutic interventions. However, decades of preclinical and 

clinical studies have yielded limited clinical success, due to the poorly understood 

heterogeneity and complexity of TBI. Pharmacotherapies utilized to treat TBI patients are 

designed to target and manage the associated long-term symptoms, such as depression and 

changes in memory, rather than the injury itself (Maas et al., 2010). With a lack of FDA 

approved clinical interventions, there is a pressing need to identify and develop novel 

therapeutic interventions for TBI patients.  

 
1.1.2 Pathophysiology of TBI  
 

Neurological consequences of TBI vary depending on numerous factors including injury 

severity, injury location, number of hits, sex, age, overall health, presence of genetic 

predispositions, and the development of co-morbidities. As such, TBI is a heterogeneous 

injury reflecting both the direct mechanical damage that results from the injury itself and 

the delayed molecular cascades that ensue following injury. TBI is characterized by 

primary and secondary injuries, which combined lead to neuronal cell death and 

neuroinflammation. Primary injury involves the initial mechanical insult to the brain and 

includes the local changes in the brain that occur immediately following, and are directly 

attributed to, this initial injury. Primary injury is characterized by the displacement of and 

mechanical damage to brain tissue including contusion, vasculature damage, hemorrhages, 

changes in cerebral blood flow (CBF), increased blood brain barrier (BBB) permeability, 
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axonal shearing, and neuronal and glial cell death (Fig. 1-2) (Frati et al., 2017; Gyoneva &  

Ransohoff, 2015; Khaksari et al., 2018; Tehse & Taghibiglou, 2019). Additionally, primary 

injury results in a disruption of metabolic processes, rapid accumulation of intercellular 

Figure 1-2 Pathophysiological mechanisms of primary injury in TBI. 

Mechanisms involved in primary injury associated with TBI. Primary injury leads to secondary injury 
cascades including continued ionic flux, excitotoxicity, BBB disruption, mitochondrial dysfunction, 
oxidative stress and inflammation. BBB blood brain barrier; NMDA N-methyl-D-aspartic acid; NO nitric 
oxide. Reproduced and modified from Khaksari et al., 2018. 
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ions (Ca+, K+, Na+), and excitotoxicity (Loane & Faden, 2010; Loane et al., Algattas and 

Huang, 2014).  

Secondary injury involves complex, multifactorial biochemical and inflammatory 

processes that are initiated within minutes of the primary mechanical injury and can persist 

for days, months and years following the primary insult, contributing to, and exacerbating 

neuroinflammation, neurodegeneration and neurological deficits. Secondary injury 

processes include the continued flux of intracellular ions (Ca2+, Na+, K+) and release of 

excitotoxic neurotransmitters (glutamate). Additionally, cytoplasmic, and nuclear proteins 

and genetic material are also released from cells into the microenvironment (Frati et al., 

2017; Tehse & Taghibiglou, 2019). Disruption of the BBB allows for the infiltration of 

peripheral immune cells including leukocytes (monocytes, neutrophils, and lymphocytes). 

These infiltrating immune cells secrete chemokines and cytokines that mobilize and 

activate resident central nervous system (CNS) immune cells and perpetuate the infiltration 

of peripheral immune cells (Das et al., 2011).  

Astrocytes and microglia function as the primary responders to injury and 

inflammation in the brain. Astrocytes play numerous roles within the CNS (Fig 1-3). In 

addition to providing a physical scaffold of support in the CNS, they provide biochemical 

support to endothelial cells, help maintain the BBB and can modulate blood flow (Abbott, 

n.d.; Figley & Stroman, 2011a; Gordon et al., 2008; Parri & Crunelli, 2003). Astrocytes 

engage in maintaining ionic balance and glucose sensing of the microenvironment (Matsui 

et al., 2011; Walz, 2000; Wender et al., 2000). Astrocytes also provide nutritional support 

to neurons and play a critical role in the maintenance of neural circuity and modulation of 

neurotransmission (Agulhon et al., 2008; Becerra-Calixto & Cardona-Gómez, 2017;  
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Bouzier‐Sore et al., 2006; Fields et al., 2014; Figley & Stroman, 2011b; X. Han et al., 2013; 

Kasischke, 2008; Nossenson, 2013; Nossenson et al., 2016; Pellerin et al., 2007; Pellerin  

& Magistretti, 2004; Piet et al., 2004; Swanson et al., 1992). It has also been proposed that 

astrocytes function in circadian behavior (Brancaccio et al., 2019). In providing physical 

support within the CNS, astrocytes form a network of intermediate filaments within the 

brain that are comprised of glial fibrillary acidic protein (GFAP), vimentin and nestin. 

These intermediate filaments are heterogeneously upregulated following TBI, depending  

Figure 1-3. Role of astrocytes in the central nervous system.  
Astrocytic function during physiological conditions (A). Activated astrocytic functions during reactive 
astrogliosis (B). Reproduced and adapted from Becerra-Calixto and Cardona-Gomez, 2017. 
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on injury severity and location, resulting in activated astrocytes and reactive astrogliosis 

(Gyoneva & Ransohoff, 2015; Wanner et al., 2013). Occurring primarily around the injury  

site, reactive astrogliosis provides a physical support for the cells within the injured area 

and also secretes trophic factors and immune mediators that can promote tissue remodeling 

and neurogenesis, as well as regulate inflammation (Fig. 1-3 and 1-4). Peak activation of  

 

Figure 1-4. Temporal astrocyte and microglia responses following TBI 
Inflammatory response following TBI. The number of activated astrocytes and microglia increase and 
peak within 3-7 days post-TBI. The inflammatory response is mostly resolved by 10 days post-injury 
(A). Representation of the injury site at an acute (minutes/hours) time point post-TBI. The focal injury 
site is characterized by tissue damage due to the impact and the secretion of chemokine/cytokines by 
damaged cells (B). Representation of the injury site 1-day post-TBI in which cytokines/chemokines are 
reduced and microglia are beginning to be recruited to the injury site (C). Representation of the injury 
site 3 days post-TBI showing recruitment and activation of astrocytes and microglia (D). 
Representation of the injury site at 10 days post-TBI showing the resolution of most of the 
inflammatory responses with some activated astrocytes and microglia remaining at the injury site. 
Reproduced from Gyoneva and Ransohoff, 2015.  
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astrocytes occurs within 3-7 days post-injury before slowly declining after 7 days (Fig. 1-

4) (Buffo et al., 2008; Gyoneva & Ransohoff, 2015). 

In addition to their role in supporting neural function and circuitry, microglia act as 

the resident innate immune cells of the brain, surveying the microenvironment within the 

CNS to maintain homeostasis (Fig. 1-5) (Kettenmann et al., 2011; Nimmerjahn et al., 

2005). The release of purinergic mediators, cytokines and chemokine and molecular signals 

Figure 1-5. Microglia functions within the central nervous system 
Microglia function in several diverse roles within the central nervous system to maintain physiological 
homeostasis and respond to injury and inflammation. Reproduced from Sierra et al., 2019. 

Microglia 
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of neuronal injury further activates microglia not already activated mechanically by the 

impact itself and serves to recruit microglia to the injury site, perpetuating recruitment, 

proliferation, and activation of microglia within the brain (Fig 1-4) (Gyoneva & Ransohoff,  

2015; Loane & Byrnes, 2010; Nakamura, 2002; Woodcock & Morganti-Kossmann, 2013). 

Activated microglia become polarized, assuming a variety of distinct morphological shapes 

from ramified (thin cell body with long, branched projections) to bushy (large cell body 

with short, thick processes), and producing anti- and pro-inflammatory cytokines and  

chemokines. Production and release of pro-inflammatory cytokines, chemokines, and 

reactive oxygen species (ROS) by activated microglia have neurotoxic effects resulting in 

neuronal cell death (Loane & Byrnes, 2010; Werner & Engelhard, 2007). Similar to 

astrocytes, peak microglia activation occurs within 7 days following injury, before 

declining (Fig. 1-4) (Gyoneva & Ransohoff, 2015). Importantly, when microglia return to 

a resting state, they retain a “memory” of activation (Werner & Engelhard, 2007). These 

microglia are considered “primed” microglia, a state of increased sensitivity to activating 

or inflammatory stimuli subsequently encountered. Primed microglia have been shown to 

have an exaggerated response to an additional exposure to an inflammatory stimulus, 

lipopolysaccharide (LPS) (Kumar & Loane, 2012). This primed state and  

exaggerated response could be particularly deleterious if the brain or body is subjected to 

a secondary insult which elicits a central nervous system (CNS) or systemic inflammatory  

response. 

Whereas activation of microglia and reactive astrogliosis are initially beneficial, 

playing a vital role during the acute phase following TBI in functioning to remove cellular 

debris, dead cells and promote tissue repair and remodeling, prolonged propagation of this 
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neuroinflammatory response is deleterious. Sustained neuroinflammation results in further 

tissue damage and neurodegeneration, thereby impairing, or potentially worsening, 

neurological recovery from TBI. Chronic activation of microglia results in the prolonged 

production and release of neurotoxic and pro-inflammatory molecules including reactive 

oxygen species (ROS) and cytokines (Loane et al., 2014). Sustained reactive astrogliosis 

progresses to the formation of a glial scar, which acts to impair axonal regeneration, 

resulting in dysfunctional axonal endbulbs which impairs functional recovery, and can 

contribute to the sustained breakdown of the BBB by excessive production and release of 

matrix metalloproteinases (Ekmark-Lewén et al., 2013; Menzel et al., 2017; Silver & 

Miller, 2004). 

These sustained secondary injury processes in TBI patients potentially extend the 

therapeutic window for clinical intervention (Henry et al., 2020; Loane & Faden, 2010). 

However, on-going secondary injury processes may also contribute to the development of 

co-morbidities. These TBI-related co-morbidities or subsequent peripheral challenges can, 

in turn, potentially exacerbate these secondary injury processes, worsening TBI-related 

long-term outcomes. 

  
1.2 TBI as a Chronic Disease 
 

TBI is an on-going disease process with secondary injury mechanisms continuing 

to persist for months, and potentially years following the initial mechanical insult to the 

brain causing progressive cellular and tissue loss; occurring after the initial acute phase of 

TBI, this is defined as chronic TBI (Agrawal, 2012; J. H. Cole et al., 2015, 2018; Das et 

al., 2012; Drijkoningen et al., 2016; Faden et al., 2016; Kumar & Loane, 2012; Ransohoff 
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& Brown, 2012; Werner & Engelhard, 2007; Wilson et al., 2007). Although reparative and 

potentially regenerative, these secondary injury mechanisms become deleterious when 

sustained for prolonged periods of time, resulting in progressive neurodegeneration, 

neuroinflammation, neurobehavioral deficits and decreased life expectancy (Bramlett & 

Dietrich, 2015; C. Harrison-Felix et al., 2006a; C. L. Harrison-Felix et al., 2009a; Loane et 

al., 2014; Pischiutta et al., 2018). TBI patients were reported to be twice as likely to die 

within the first year post-injury compared to a non-brain injured cohort of the population, 

with a decrease in life expectancy of seven years (C. Harrison-Felix et al., 2006b; C. L. 

Harrison-Felix et al., 2009b). Even mild TBI has been reported to decrease life expectancy 

in patients (Brown et al., 2004). 

Clinical studies utilizing structural imaging found progressive atrophy and 

demyelination in the brain of TBI patients one-year post-injury (J. H. Cole et al., 2018; 

Green et al., 2014), up to 18 years post-injury (Johnson et al., 2013).  Similar findings have 

been reported in preclinical TBI studies, with expansion of cortical injury lesion and 

persistent neurodegeneration reported up to one-year following TBI in mice (Loane et al., 

2014). These changes in neuronal function, myelination, and survival in the brain of TBI 

patients are also associated with changes in cerebral metabolism. Reductions in cerebral 

metabolism were observed by positron emission tomography (PET) imaging in TBI 

patients more than 6 months post-injury (Shiga et al., 2006). Additionally, changes in the 

neurotransmitter systems comprising the brain were altered in surviving TBI patients 

presenting with chronic neurocognitive deficits (Östberg et al., 2011). 

Microglia activation has been reported in cortical and subcortical brain regions in 

patients up to 30 years following TBI (Gentleman et al., 2004; Johnson et al., 2013; 
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Ramlackhansingh et al., 2011). In one clinical study, microglial activation among TBI 

survivors was observed in 28% of cases and as long as 18 years post injury (Johnson et al., 

2013). Similar findings have been recapitulated in experimental models of TBI in rodents 

with chronic microglial activation found up to one year following injury, potentially 

contributing to observed progressive hippocampal neurodegeneration (Loane et al., 2014). 

Studies examining the effect of microglial inhibition reinforce the effects that prolonged 

microglial activation has on long-term TBI outcomes. Depletion of microglia during 

chronic TBI with a colony stimulating factor receptor 1 (CSFR1) inhibitor, improved long-

term neurological outcomes in mice (Henry et al., 2020). A clinical study, in which 

minocycline was administered to patients following moderate/severe TBI, found decreased 

microglial activation. However, this decrease in microglia activation was also associated 

with an increase in neurodegeneration; demonstrating the delicate balance between the 

beneficial and harmful effects of microglial activation and the nuanced role that microglial 

activation plays in injury (Scott et al., 2016). 

Posttraumatic neuroinflammation and progressive neurodegeneration persisting for 

years following the initial insult in TBI patients contributes to sustained motor and 

cognitive deficits and increased risk of dementia (Johnson et al., 2010; Mortimer et al., 

1985b; Nguyen et al., 2018; Nordström et al., 2014; Ramlackhansingh et al., 2011; 

Schaffert et al., 2018). With amyloid-β (Aβ) plaques observed in both TBI patients and in 

rodents subjected to experimental TBI (Mohamed et al., 2018; Scott et al., 2016; D. H. 

Smith et al., 2013). Repeated mild TBI, such as that incurred in athletes, reportedly elevates 

the risk of chronic traumatic encephalopathy (CTE), a neurodegenerative disease 

associated with progressive neurodegeneration, cognitive decline and dementia (Asken et 
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al., 2017; Gardner & Yaffe, 2015; McCrory et al., 2007; McKee et al., 2013; Mouzon et 

al., 2018; Stein et al., 2014). 

 
1.3 Peripheral Manifestations of TBI 

 

Potentially contributing to the complexity and heterogeneity of TBI are the 

emerging findings demonstrating acute and chronic systemic dysfunction following TBI. 

TBI-induced systemic dysfunction affects numerous peripheral organ systems including 

the adrenal glands, bladder, bone, gastrointestinal (GI) track, heart, lung, kidney, and 

spleen (Fig. 1-6) (Anthony & Couch, 2014; Gaddam et al., 2015; Kao et al., 1998; Krakau 

et al., 2006; Lim & Smith, 2007; McDonald et al., 2020; Olsen et al., 2013; Q. Zhao et al., 

2018). A clinical study of 185 patients with severe TBI found that 89% exhibited 

dysfunction of at least one other organ system (Zygun et al., 2005). TBI patients have 

increased risk of chronic kidney disease and cardiac dysfunction (Prathep et al., 2014;  

Venkata & Kasal, 2018; Wu et al., 2017). Up to 20-25% of TBI patients develop acute lung 

injury and as many as 60% suffer from post-injury pneumonia (K. Lee & Rincon, 2012).  

TBI patients exhibit symptoms of GI dysfunction including altered frequency of bowel 

movements, feeding intolerance, GI bleeding, and leaky gut (Kao et al., 1998; Krakau et 

al., 2006; Olsen et al., 2013; Tan et al., 2011). Although likely initiated by the secondary 

mechanisms of TBI, peripheral organ dysfunction induced by TBI also contributes to 

secondary injury pathoprogression, increased morbidity, and long-term mortality after TBI 

(Anthony & Couch, 2014; C. L. Harrison-Felix et al., 2009a; Lim & Smith, 2007). 

Within the first 24 hours following injury, and even as late as a few weeks, TBI can 

initiate a stress response, otherwise known as sympathetic storm. This response involves  
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Figure 1-6. Systemic consequences of TBI 
The effects of TBI are not confined to the brain and can extend to other organ systems including the  
heart, lung, gastrointestinal tract, liver, kidney, bone, muscle and lymphoid organs causing dysfunction 
and altering immune responses, which can then affect TBI progression and outcome. Reproduced and 
modified from McDonald et al., 2020. 
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the activation of the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic 

branch of the autonomic nervous system (ANS), which results in the release of  

catecholamines and glucocorticoids (Kôiv et al., 1997; Lemke, 2004, 2007; McDonald et 

al., 2020; Mj et al., 1984; Taylor et al., 2008; Thorley et al., 2001). Catecholamine release  

into the circulation was reported to remain elevated for 14 days post-injury and found to  

be proportional to the severity of injury (Clifton et al., 1981; Rizoli et al., 2017). While this  

response may be beneficial acutely to compensate for injury effects, a prolonged stress 

response is associated with numerous deleterious effects, resulting in organ dysfunction 

leading to hyperthermia, GI motility changes, hypertension, tachycardia, cardiac injury and 

cardiac arrhythmias, among others (Keller-Wood & Dallman, 1984; Lemke, 2004; 

McDonald et al., 2020; Neil-Dwyer et al., 1990; Stanford, 1994).  

In addition to the increased release of corticoids and catecholamines, TBI also 

induces a systemic immune response, which can progress to systemic immune response 

syndrome (SIRS), releasing immune mediators of inflammation (cytokines, chemokines) 

into the circulation (Chaban et al., 2020; Jaffer et al., 2010; Ott et al., 1994; W. Zhang et 

al., 2019). Systemic inflammation has been shown to persist for as long as one year 

following injury in patients suffering mild TBI (Chaban et al., 2020). Additionally, a 

significant correlation between circulating cytokines and worsened patient outcomes have 

been reported (Di Battista et al., 2016). Once in circulation, these immune mediators can 

potentially exert deleterious effects on other peripheral organ systems (Ott et al., 1994; 

Syed-Ahmed & Narayanan, 2019; Q. Zhao et al., 2018). Although not identical to the 

cytokine storm induced during TBI and SIRS, cytokine release syndrome, which is 

associated with the sudden release of large amounts of cytokines, has been shown to result 
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in peripheral organ dysfunction (Shimabukuro-Vornhagen et al., 2018). Early preclinical 

studies involving the infusion of cytokines have also demonstrated that increased cytokine 

levels negatively altered the function of various organs including the heart, gut, liver and 

lung (Clifton et al., 1981; Grayson & Johnson, 1953; Murnaghan, 1975; Swan & Reynolds, 

1971). Sudden and excessive release of cytokines results in multisystem organ failure and 

death (Farsalinos et al., 2020). Furthermore, systemic inflammatory response syndrome 

(SIRS) is linked to multiple organ dysfunction (MODS) and death (Bone, 1996; Jaffer et 

al., 2010). 

The mechanisms underlying these systemic consequences remain unclear. The full 

extent of TBI-induced peripheral dysfunction has yet to be fully understood and a greater 

understanding of how other organ systems contribute to chronic TBI progression and 

recovery is essential to comprehend the full etiology of TBI. Investigations into the organ 

inter-play in the context of TBI may lead to novel, or repurposing of current, clinical 

therapeutic interventions in which a peripheral organ system, either alone or in conjunction 

with the brain, is targeted to improve TBI patient outcome.  

 
1.4 TBI-Induced Gastrointestinal Dysfunction 
 

 
GI dysfunction is one of several physiological consequences involving peripheral 

organs that can occur following TBI. Clinical manifestations of TBI-induced GI 

dysfunction include altered frequency of bowel movements, feeding intolerance, 

malabsorption of nutrients, weight loss and GI bleeding (Kao et al., 1998; Olsen et al., 

2013; Tan et al., 2011) which are caused by reduced blood flow to the intestines, 

development of mucosal injury and abnormalities, changes in motility, and disruption of 
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barrier function (leaky gut) (Kao et al., 1998; Krakau et al., 2006; Singh, 2013; Tan et al., 

2011). Clinically, intestinal permeability has been used in patients as an index of mucosal 

damage and intestinal epithelial barrier integrity. Increases in intestinal permeability and 

endotoxemia were found in TBI patients and shown to correlate with severity of injury and 

the risk of developing SIRS, MODS or other infectious complications following injury 

(Faries et al., 1998). Disruption of intestinal function has been found to impact 

posttraumatic morbidity and mortality with one cause-of-death study finding that TBI 

patients who survived longer than one year after injury were 12 times more likely to die 

from septicemia and 2.5 times more likely to die of digestive system conditions than 

matched  healthy cohorts of the general population (C. Harrison-Felix et al., 2006a; C. L. 

Harrison-Felix et al., 2009a). 

Preclinical studies in rodents demonstrated important temporal and spatial 

components in the pathogenesis of TBI-induced GI dysfunction. Preclinical studies in 

rodents demonstrated that TBI results in mucosal injury and impaired barrier function in 

the small intestine up to 72 hours after injury (Bansal et al., 2009; C.-H. Hang et al., 2003; 

W. Jin et al., 2008, 2009), which is also associated with endotoxemia (Bansal et al., 2009; 

W. Jin et al., 2008, 2009; Katzenberger et al., 2015). Recently, reduced villi height and 

crypt depth and decreased expression of tight junction proteins were found in the ileum up 

to 7 days post-injury in mice following mild TBI (Y. Ma et al., 2019). Mucosal damage to 

the small intestine included alteration of villi structure and edema, occurring as early as 3 

hours post-injury (Feighery et al., 2008; C.-H. Hang et al., 2003; X. Zhang & Jiang, 2015). 

Additionally, aberrations in microstructures have been reported including mitochondrial 

abnormalities, ruptured microvilli, and widening of the tight junctions connecting 
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neighboring epithelial cells (Feng et al., 2019; C.-H. Hang et al., 2003; W. Jin et al., 2009). 

Widening of the tight junctions between epithelial cells and decreases in the proteins 

forming tight junctions can impair barrier function and increase intestinal permeability. 

Decreased tight junction protein expression in the jejunum and ileum of the small intestines 

found 6 hours after experimental TBI was associated with increased intestinal permeability 

(Bansal et al., 2009; W. Jin et al., 2008; Katzenberger et al., 2015). It should be noted that 

the small intestinal mucosal injury and barrier dysfunction that occurred acutely following 

experimental TBI were not observed in the chronic stage post-injury (E. L. Ma et al., 2017). 

To date, no acute histological or permeability changes have been observed in the large 

intestine following TBI (Feighery et al., 2008; E. L. Ma et al., 2017). Histological and 

functional changes in the colon were observed, however, at more chronic time points 

following TBI. At 28 days following experimental TBI, altered colonic morphology and 

increased barrier permeability were observed in mice (E. L. Ma et al., 2017). Increased 

mucosal depth and smooth muscle thickening were present at 28 days post-TBI in mice. 

Additionally, increased colonic permeability was associated with decreased expression of 

tight junction protein, claudin-1, and occurred without the presence of inflammation (E. L. 

Ma et al., 2017). These findings confirm that there are important temporal and regional 

differences in TBI-induced changes in GI function. 

TBI is also known to cause alterations in the gut microbiome, decreasing 

commensal bacteria and increasing pathogenic bacteria present. Alterations in the gut 

microbiome can persist for years following the initial injury (Urban et al., 2019). Gut 

microbiome diversity in severely injured TBI patients has been shown to be predictive of 

survival (Burmeister et al., 2020). Preclinical studies have also confirmed alteration of the 
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gut microbiome following experimental TBI in rodents. Changes in alpha diversity 

(increased Proteobacteria, decreased Firmicutes) were found acutely following TBI in rats 

and significantly correlated with injury severity as assessed through MRI-determined 

lesion volume (Nicholson et al., 2019). Alterations in gut microbiome at the species and 

genus level were also observed in mice 24 hours following TBI (Treangen et al., 2018). 

Depletion of the gut microbiota following experimental TBI with an antibiotic cocktail is 

associated with improved neurological outcomes (improved fear-based cue learning, 

reduced lesion volume) following TBI in mice (Simon et al., 2020). As the gut microbiome 

has been found to participate directly and indirectly with gut function and barrier 

permeability, changes in these bacterial populations can contribute to TBI-induced GI 

dysfunction, barrier permeability, susceptibility to infection and sepsis (Adelman et al., 

2020; Fay et al., 2019; Haak & Wiersinga, 2017; Ruan et al., 2020).  

 
1.5 Preclinical Models of TBI 

 
There are several preclinical rodent models of TBI that can be utilized to study the 

acute and chronic pathological consequences of TBI. These models include controlled 

cortical impact (CCI), fluid percussion injury (FPI), weight drop (WD), penetrating 

ballistic-like injury (PBBI), and blast, among others (Bodnar et al., 2019; Carey et al., 

1990; I. Cernak et al., 1996; Ibolja Cernak, 2005; Feeney et al., 1981; Flierl et al., 2009; 

Kilbourne et al., 2009; Lighthall, 1988; Marmarou et al., 1994; Shohami et al., 1988; 

Sullivan et al., 1976; Williams et al., 2006, 2006; Xiong et al., 2013). Careful consideration 

should be given when choosing the model employed in studies as no one preclinical model 

fully recapitulates the full etiology of TBI in clinical patients. Baseline criteria for choosing 
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the preclinical model should consider whether: 1) the mechanical force delivered correlates 

and predicts the severity of the outcome; 2) the injury induced is reproducible; 3) the 

induced injury is quantifiable by some measure, either molecularly, morphologically, or 

behaviorally; and 4) the model recapitulates the aspects of clinical TBI that are directly 

related to the study question/s being asked (Ibolja Cernak, 2005). In this study, the CCI 

model was selected and used to induced TBI in mice.  

 
1.5.1 CCI Model of Traumatic Brain Injury 
 

The CCI model was developed in the late 1980s as a focal contusion model which 

mimics that of a blunt force trauma (Lighthall, 1988). This model is extensively utilized in 

rodents for studying acute and chronic molecular, pathophysiological and behavioral 

changes following injury (Dixon et al., 1991; Hamm et al., 1992; Hannay et al., 1999; A. 

M. Palmer et al., 1993; Ritzel et al., 2020). In this model, a craniotomy is performed to 

expose the underlying cortical tissue and a metal impactor tip is used to deliver a 

mechanical injury to the brain. Like FPI, CCI can be modified to vary location (midline, 

lateral) and injury severity (mild, moderate, severe) (Pleasant et al., 2011; Siebold et al., 

2018; Z. Zhao et al., 2012). Unlike FPI, CCI delivers a focused impact and focal injury, as 

opposed to both a focal and diffuse injury. This injury results in neuronal cell death, 

microglial activation, astrocyte reactivity, vascular damage, BBB permeability and 

behavioral changes (Colicos et al., 1996; Dixon et al., 1991; Guo et al., 2016; Hamm et al., 

1992; Hannay et al., 1999; Kabadi et al., 2012; Loane et al., 2014; Alan M. Palmer et al., 

1993; Ritzel et al., 2020; M. Yu et al., 2019; Z. Zhao et al., 2012). Injuries induced using 

the CCI device are less variable, more reproducible, and have a greater survival rate. 

Limitations of this model include: 1) the need for craniotomy, which is known to be a mild 
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injury itself (J. T. Cole et al., 2011; Lagraoui et al., 2012; Obenaus et al., 2017; Olesen, 

1987; Sashindranath et al., 2015); 2) induction of a focal injury, limiting relevance and 

application of finding beyond blunt force trauma to closed head, diffuse injuries; and 3) a 

fixed head position, eliminating the contribution of rotational forces exerted during TBI in 

clinical patients. 

  
1.6 Colon Structure and Function 
 
 The digestive system is composed of the GI tract and accessory organs (liver, 

pancreas, and gallbladder). The GI tract is composed of a hollow, continuous tube 

extending from the mouth to the anus, consisting of the esophagus, stomach, small intestine 

and large intestine (Fig. 1-7) (Gray, 1878; NIDDK, 2017).   

 

Figure 1-7. The digestive system 
The digestive system is composed of esophagus, stomach, 
small intestine, large intestine, rectum, pancreas, liver, and 
gallbladder. Reproduced from NIDDK, 2017. 
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Anatomically, the large intestine includes the appendix, cecum, colon, and rectum. 

Functionally, the colon is further subdivided into the ascending, transverse, descending and 

sigmoid colon (Drake et al., 2006) (Fig. 1-8). The large intestine functions to absorb water 

and maintain fluid balance in the body, absorb vitamins, collect waste material from food 

consumption, and generate feces. In the colon, undigested material (fiber), cellular debris, 

water and vitamins mix with secreted mucus and bacteria to form feces. Bacteria in the 

colon break down some of the undigested material to generate a number of products 

including short chain fatty acids that are the preferred fuel of the epithelial cells lining the 

colon. These products play an important role in maintaining the microbiome, which is 

significantly affected by variety of factors including nutrient intake and both local and 

systemic diseases. Water and electrolytes are absorbed as fecal material travels through the 

colon; a process facilitated by the patterns of smooth muscle contractions in each functional 

area of the colon known as peristalsis (Miller & Wolin, 1996; NIDDK, 2017).  

 

Figure 1-8. Regions of the colon 
The colon is subdivided into four regions: the ascending, transverse, 
descending and sigmoid colon. Reproduced from MayoClinic.org.  
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The wall of the colon is made of four layers: mucosa, submucosa, muscular and 

serosa (Fig. 1-9). The mucosal layer includes: the epithelium, which is involved in barrier 

function, absorption, and secretion; the lamina propria, a layer of connective tissue; and  

the muscularis mucosae, a thin layer of smooth muscle which functions in peristalsis. The 

submucosa includes nerves in the submucous plexus, blood vessels, lymphatics, and elastic 

fibers to allow the colon to stretch to increase capacity while maintaining shape, as well as 

the submucosal plexus, which controls secretion and absorption. The muscular layer is 

Figure 1-9. Colon Histology 
The colon wall is made of four layers: the mucosa, submucosa, muscular and 
serosa. Reproduced from the American Cancer Society at cancer.org. 
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comprised of two smooth muscle layers, the inner (circular) and the outer (longitudinal). 

Coordination of contractions such as peristalsis, is controlled by the myenteric plexus, 

which lies between the two layers. The serosa is the outer most layer and is made of loose  

connective tissue and coated with mucus to reduce frictional damage due to the intestines  

The enteric nervous system (ENS) is part of the peripheral nervous system that 

controls GI function independently of the CNS and holds over 100 million neurons 

(Forsythe et al., 2014; Furness, 2009; Rao & Gershon, 2016). Within the ENS, interneurons 

form microcircuits with intrinsic primary neurons, which respond to and integrate local 

stimuli in order to coordinate motor output (Furness, 2009; Gershon, 1998, 2010, 2020). 

Neurons of the ENS are found within the submucosal and muscular layers of the colon 

within ganglionated plexuses and their fibers can penetrate to other regions in the colon 

including the muscularis mucosae, mucosal epithelium and blood vessels (Figure 1-10)  

(Furness, 2009; Rao & Gershon, 2016). This integrated neuronal network within the colon 

is essential for maintaining physiological GI function modulating mucosal absorption and 

secretion, motility, mucosal growth, and immune response (Costa et al., 2000). 

 
1.6.1 Gastrointestinal Barrier Function 

 
The gut lumen, particularly in the colon, contains a vastly diverse microbial 

population of over 1000 bacterial species (Lloyd-Price et al., 2016). In addition to 

microbes, the luminal contents also contain bacterial peptides, foreign antigens, cellular 

debris, enzymatic proteins, and material waste that could be toxic to the body if allowed to 

penetrate the mucosa. The mucosal epithelium acts as the interface between two vastly 

different internal and external environments and as such, maintaining barrier integrity is a 
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 vital function. This important barrier is comprised of a single layer of epithelial cells 

arranged in a columnar organization (Groschwitz and Hogan, 2009). Mucosal barrier 

integrity is regulated by several players including enteric glial cells, immune mediators 

found in the lamina propria and the epithelial cells themselves (Y.-B. Yu & Li, 2014). In 

Figure 1-10. Schematic of a microcircuit within the colon 
Intrinsic primary afferents can activate ascending and descending interneurons, which in turn activate 
inhibitory and excitatory motor neurons. This microcircuit is involved in peristalsis. IPAN, intrinsic 
primary afferent neuron; 5’-HT, serotonin; EC, enterochromaffin cell; Ach, acetylcholine; SP, 
substance P; ENK, encephalin-expressing ascending interneuron; NO, nitric oxide; VIP, vasoactive 
intestinal peptide, βNAD, beta-nicotinamide adenine dinucleotide. Reproduced from Rao and Gershon, 
2016. 
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addition to its role in preventing the entry of noxious intraluminal contents, the mucosal 

epithelium also functions as a selective filter that allows the passage of nutrients, 

electrolytes and water from the lumen into the circulation (Bröer, 2008; Ferraris & 

Diamond, 1997; Groschwitz & Hogan, 2009; Kunzelmann & Mall, 2002). Selective  

movement across the mucosal epithelium occurs via two routes: the 

transepithelial/transcellular and paracellular pathways (Fig. 1-11) (L. Shen et al., 2011; 

Tsukita & Furuse, 2000). The transcellular pathway involves the movement of solutes 

through the epithelial cells and is regulated by solute transporters for electrolytes, amino  

acids, fatty acids, and sugars (Bröer, 2008; Ferraris & Diamond, 1997; Groschwitz & 

Hogan, 2009; Kunzelmann & Mall, 2002). Paracellular transport, or paracellular  

 

 

Figure 1-11. Pathways of solute transport and epithelial permeability 
Movement of solutes can occur via the transcellular pathway, in which material 
moves directly through the epithelial cells, and the paracellular pathway, in which 
solutes pass in between epithelial cells. The paracellular pathway is regulated by tight 
junction protein complexes located on the apical-lateral membrane of epithelial cells. 
Reproduced from Groschwitz and Hogan, 2009. 
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permeability involves the passage of solutes between neighboring epithelial cells. 

Paracellular permeability is regulated by intracellular complexes found in the apical-lateral  

membrane of the epithelial cells and include desmosomes, adherens junctions and tight 

junctions (Fig. 1-12) (Farquhar & Palade, 1963; Van Itallie & Anderson, 2006). These  

junctional complexes are comprised of transmembrane proteins that utilize cytoplasmic 

scaffolding proteins to link adjacent epithelial cells through the cytoskeleton actin network 

in each cell. Desmosomes and adherens junctions function in mechanical linkage of 

adjacent cells, while the tight junctions are considered to be the primary regulators of 

paracellular permeability due to their roles in regulating the intercellular space and  

selective paracellular transport of ions and solutes. In addition to their role in regulating 

paracellular permeability, tight junctions also participate in maintaining cellular 

Figure 1-12. Epithelial junctional complexes 
Epithelial cells are connected to neighboring cells by three adhesive junctional 
complexes: desmosomes, located at the basolateral membrane; adherens junctions, 
located on the lateral membrane; and tight junctions, located on the apical-lateral 
membrane. Desmosomes are connected by keratin filaments, whereas adherens and 
tight junctions are made of transcellular proteins that use adaptor proteins to link the 
cytoplasmic actin network between epithelial cells. Reproduced from Groschwitz and 
Hogan, 2009. 
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polarization, proliferation and differentiation (Cereijido et al., 2004; Förster, 2008; 

Groschwitz & Hogan, 2009; Gumbiner, 1993; Harhaj & Antonetti, 2004; Hartsock & 

Nelson, 2008; Schneeberger & Lynch, 1992; Tsukita et al., 2001; Tsukita & Furuse, 2000; 

Weis & Nelson, 2006).  

Tight junctions are composed of several unique families of transmembrane proteins 

(tight junction proteins, TJP) including zona occludins (ZO), occludins (O), claudins (Cl), 

and junctional adhesion molecules (JAMs) (Fig. 1-13). The extracellular domains of the 

TJP interact, in either a heterophilic or homophilic and cis or trans manner, to form a “seal”, 

limiting ion and solute movement through the paracellular space. TJP also contain 

structural domains which serve to anchor them to the cytoskeleton (Groschwitz & Hogan, 

2009; Matter & Balda, 2007). The expression of proteins found within these complexes is 

tightly regulated with expression patterns dependent on the specific function of the 

intestinal region located within. Additionally, TJP can be modified by phosphorylation to  

further promote barrier integrity or, alternatively, protein redistribution, degradation, and 

junctional destabilization (Atkinson & Rao, 2001; Laukoetter et al., 2006; Seth et al., 

2004).  

 Barrier function and integrity can be modulated by other factors such that barrier 

permeability increases allowing passage of luminal contents that would otherwise be 

excluded. Known modulators include stress, ingestion of alcohol and non-steroid anti-

inflammatory drugs (NSAIDs), immune mediators such as cytokines released from T-cells,  

mast cells, neutrophils, eosinophils, and enteric injury. Enteric pathogens can also alter 

permeability, either directly or indirectly though the release of bacterial toxins, peptides, 

and proteases(Beck & Dinda, 1981; Berkes et al., 2003; Bischoff, 2007; Bjarnason et al.,  
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1987; Bode, 1980; Clayburgh et al., 2005; Dalton et al., 2006; Groschwitz & Hogan, 2009; 

Jeziorska et al., 2001; Mankertz, n.d.; McDermott et al., 2003; Muhsen et al., 2011; 

Saunders et al., 1994; Zolotarevsky et al., 2002). Additionally, for individuals who suffer 

Figure 1-13. Composition of tight junction protein complexes 
Tight junction protein complexes are located in the apical-lateral membrane of epithelial cells and are 
comprised of transmembrane proteins including occludins, claudins, and junctional adhesion molecules. 
These transmembrane proteins interact with those found in the membrane of neighboring epithelial cells 
and are anchored to the actin cytoskeleton through structural domains. Tight junction proteins can be 
regulated through phosphorylation/dephosphorylation by cytoplasmic signaling molecules. JAMs, 
junctional adhesion molecules; ZO, zona occluding; PDZ, post synaptic density-95/drosophila disc 
large/zonula occludens-1 protein; Pals. proteins associated with lin seven 1; PAR, protease activated 
receptor; PKC, protein kinase C; MAPKs, mitogen activated protein kinase; WNK, lysine 
deficient protein kinase; MUPP, multiple PDZ domain containing proteins ; Patj, PALS1-associated 
tight junction protein; Ser, serine; Thr, threonine. Reproduced from Groschwitz and Hogan, 2009. 
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from food intolerances and allergies, ingestion of known food allergens can trigger a local 

and systemic immune response which can affect barrier integrity (Perrier & Corthésy, 

2011).  

 
1.7 Colonic Inflammation 
 

GI inflammation is a complex, multi-factorial biological response to intestinal 

injury that occurs due to several factors and noxious stimuli such as mechanical injury 

(perforation or laceration of the GI tract), enteric pathogens, stress, genetic predispositions, 

radiation, medications, alcohol, and chemical irritants, among others (Kvietys & Granger, 

1993; Oz et al., 2016; Parente & Mugridge, 1993). Clinical symptoms of GI inflammation 

include diarrhea, fever, fatigue, nausea, vomiting, abdominal pain and cramping, reduced 

appetite, weight loss, blood in the stool. Intestinal inflammation involves the activation of 

an innate immune response, often followed by an adaptive immune response. Acutely, 

inflammatory responses triggered are beneficial, targeting invading pathogens, removing 

cellular debris, preventing a loss of barrier function, promoting tissue regeneration and 

repair and a return to physiological homeostasis. Excessive intestinal inflammation, 

particularly if chronic, can have deleterious effects on intestinal function including loss of 

structural integrity of the intestines, increased epithelial permeability, dysmotility, 

malabsorption, and vascular changes (Oz et al., 2016).  

The mucosa is exposed to a resident bacterial population as well as to ingested 

pathogens and foreign substances.  Although epithelial cells are the first responders to 

intestinal injury, there is also resident population of innate immune cells to help protect 

barrier integrity and gut homeostasis. Specialized epithelial cells such as goblet cells that 

produce mucus and Paneth cells that secrete antimicrobial peptides have important  barrier 
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functions and along with the enterocytes, provide a physical barrier between the resident 

immune cells and the luminal contents containing bacteria and other pathogens (Geremia 

et al., 2014; Peterson & Artis, 2014; Van der Sluis et al., 2006; Velcich et al., 2002). 

Epithelial cells communicate with resident macrophages, monocytes (MΦ), dendritic cells  

(DCs), innate lymphoid cells (ILCs), and granulocytes (neutrophils, eosinophils and 

basophils) (Fig. 1-14) to coordinate the innate immune response (Arseneasu et al., 2007; 

Geremia et al., 2014). Disruption of this barrier function allows pathogens and pathogen- 

generated material to penetrate the epithelial barrier, activating various pattern recognition  

 

Figure 1-14. Immune cells involved in the intestinal innate immune response 
The mucus layer and epithelium function as the first immune barrier by providing a physical barrier 
surrounding the lumen. The innate immune response also involves resident and recruited populations of 
immune cells including granulocytes (neutrophils, eosinophils, basophils), macrophages, dendritic 
cells, and innate lymphoid cells (ILCs). Reproduced and modified from Geremia et al., 2014. 
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receptors (PRRs) known to trigger the innate immune response including toll-like receptors 

(TLRs) and Nod-like receptors (NLRs). Neutrophils are recruited within minutes to the site 

of infection, injury and inflammation and secrete chemoattractants to recruit immune cells. 

Neutrophils also detect damaged cells and can phagocytose smaller pathogens or form  

extracellular traps to stop large pathogens (Fournier & Parkos, 2012; Soehnlein & 

Lindbom, 2010; Yuen et al., 2016). Epithelial cells, DCs and MΦ engage in microbial 

antigen sensing via these PRR receptors. Following the innate immune response, an 

adaptive immune response is initiated and involves recognition of specific antigens by B 

and T cells. Activation of pattern recognition receptors (PRRs) on DCs and MΦ triggers 

several immune signaling cascades resulting in the production of pro-inflammatory  

cytokines, chemokines and anti-microbial peptides and recruitment of additional 

inflammatory cells (Akira et al., 2006; Uehara et al., 2007; K. L. Wallace et al., 2014). MΦ 

and DCs can act as antigen-presenting cells (APCs), thereby linking the primary innate 

immune response with the secondary adaptive immune response (Arseneau et al., 2007; 

Geremia et al., 2014; Peterson & Artis, 2014). In response to mucosal injury or pathogenic 

challenge, intestinal DCs increase the expression of specific TLRs on their membranes, 

shifting from a low level of activation to a higher level. DCs can travel from the intestines 

to peripheral lymphoid tissues where they can initiate specific T cells responses by antigen 

presentation. Gut MΦ and ILCs are also involved in the regulation of T cells responses, 

directing either Th1, Th17 or Th2-mediated responses (Holleran et al., 2017). Released 

cytokines and pathogenic stimuli activate ILCs in the lamina propria. These ILCs (NK, 

ILC1, ILC2, ILC3) in turn, produce and release more cytokines in the damaged or inflamed  
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tissue modulating the inflammatory response. NK cells and ILC1 are cytotoxic, targeting 

invading intracellular pathogens by releasing interferon-gamma (IFN-γ) and tumor  

necrosis factor alpha (TNFα). ILC2 release interleukin (IL)-13 and IL-5 to provide 

resistance to helminth infections, activate eosinophils and promote tissue repair and 

remodeling. ILC3 release IL-17A and IL-22 to provide resistance to bacterial invasion,  

such as Citrobacter rodentium, and promote protection from tissue damage (Abt et al., 

2015; Bernink et al., 2013; Fuchs et al., 2013; Geremia et al., 2011; Geremia & Arancibia- 

Cárcamo, 2017; Holleran et al., 2017; Klose et al., 2014; Panda & Colonna, 2019; Takatori 

et al., 2009; Zheng et al., 2008).  

T cells play a dominant role in the adaptive immune response (Fig. 1-15). Th0 (T-

helper) cells are activated and differentiate into Th1, Th17 or Th2 cells. Th1 cells are  

necessary to eliminate intracellular pathogens in the intestines, while Th2 cells respond to 

parasitic invasions and allergic reactions and Th17 cells respond to bacterial and fungal 

invasions (Korn et al., 2009; Romagnani, 1994). Th1 cells are induced by IL-12 and release 

IFN-γ, TNFα, IL-1 and IL-2. Th2 cells are induced by IL-4 and release IL-4, IL-5, IL-9, 

IL-10, and IL-13 ((Geremia et al., 2014; Romagnani, 1994). Th17 cells are induced by Il-

6 and transforming growth factor beta (TGFβ) and release IL-17A, IL-17F, IL-21 and IL-

22 (Geremia et al., 2014; Geremia & Arancibia-Cárcamo, 2017; Y. Huang & Chen, 2016; 

Zhou et al., 2007). In addition to their role in supporting barrier integrity, regulatory T cells  

(Tregs) that reside in the lamina propria mediate the adaptive immune response by 

inhibiting T cell proliferation and cytokine production.  

 
 
 



34 
 

 
 
1.7.1 Gastrointestinal Inflammation 
 

Inflammation can occur in all areas of the gut. Inflammation of the colon includes 

infectious colitis and inflammatory bowel disease (IBD). IBD includes Crohn’s disease 

(CD) and ulcerative colitis (UC) and involves multifactorial, chronically dysregulated 

immune responses that occurs in unpredictable cycles of remission and relapse (Baumgart 

& Carding, 2007). This disease affects more than 3 million people in the US alone. 

Although known to have the highest occurrence in Western countries, IBD incidence is 

increasing worldwide, particularly in developing countries (Loftus, 2004; Mak et al., 2020; 

Ye et al., 2015). The etiology of IBD has not yet been fully defined, although it is thought 

to be due to numerous factors including genetic predisposition, environmental factors, early 

Figure 1-15. Immune cells and mediators involved in the adaptive immune response in the 
intestines 
Key immune cells and mediators of the adaptive immune response involved in maintaining intestinal 
homeostasis and responding to tissue damage and pathogenic challenges. DC, dendritic cell; IEC, 
intestinal epithelial cell;  ILC, innate lymphoid cell; Mφ,macrophage; sIgA, secretory IgA; Th, helper T 
cell; TReg, regulatory T cell; TNFα, tumor necrosis factor alpha; IL, interleukin; IFNγ, interferon 
gamma; TGFβ, transforming growth factor beta. Reproduced from immunology.org. 
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life stress, microbial dysbiosis, and immune system deficits (Mentella et al., 2020; Y.-Z. 

Zhang & Li, 2014). What is widely accepted in IBD is the role that the immune system 

plays in this disease, with initiation of inflammation by activation of the innate immune 

system, followed by activation of the adaptive immune system, propagating and 

maintaining the inflammatory response and contributing to IBD progression (Gomollón et 

al., 2017; Harbord et al., 2017). IBD patients have a leaky epithelial barrier and dysbiosis, 

which allows luminal antigens, peptides and microbial products to enter the mucosa, 

activating the innate immune response and antigen recognition by APCs (Cario & 

Podolsky, 2000; Franchimont et al., 2004; Söderholm et al., 2002). IBD patients are also 

reported to have impaired clearance of overactive T cells and an imbalance between Tregs 

and Th cells, where Th1 and Th2 are increased over Tregs, shifting the balance towards, 

and perpetuating, a pro-inflammatory immune response within the colon (Heller et al., 

2005; Hokama et al., 2004; Ina et al., 1999; Musch et al., 2002). The therapeutic focus for 

IBD is control of inflammation (remission) and the associated intestinal dysfunction. 

 
1.8 Neurological Complications of Intestinal Inflammation 
 

GI disorders and diseases are reported to be associated with the development of 

neurological dysfunction (Ferro et al., 2014; Ghezzi & Zaffaroni, 2001; Jackson et al., 

2012; Neto et al., 2004). Infections with various enteric pathogens are implicated in the 

development of cognitive dysfunction and increased risk of neurodegenerative diseases. 

Clostridium difficile infections are associated with the development of delirium in patients 

(Archbald-Pannone et al., 2015). Helicobacter pylori infection plays a role in AD, possibly 

through gut microbial dysbiosis and chronic intestinal and systemic inflammation this 

pathogen induces (Baudron et al., 2013; Bu et al., 2015; Contaldi et al., 2017; Franceschi 
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et al., 2019; Kountouras et al., 2006). H. pylori infection has also been linked to poor 

cognitive performance in patients (Beydoun et al., 2013; Franceschi et al., 2019). Early life 

enteric infections have been implicated in impairments in cognitive development in 

affected children (Jiang et al., 2017; McCormick et al., 2020; Muhsen et al., 2011; Oriá et 

al., 2016; Tarleton et al., 2006). Current evidence suggests that disruption of barrier  

function and inflammation induced by enteric infections in children, results in leaky gut, 

dysbiosis, malabsorption and low-grade chronic systemic and peripheral organ 

inflammation including the liver and brain, which have significant effects on metabolism 

and cognitive development in areas of language, sensorimotor and social behavioral 

function (Fig. 1-16) (DeBoer et al., 2012; Guerrant et al., 2008; Murray-Kolb et al., 2014; 

Oriá et al., 2016). 

There is growing evidence that IBD can affect other organ systems including the 

peripheral nervous system (PNS) and CNS. Neurological complications of IBD are 

estimated to affect 20-30% of IBD patients, but with many symptoms and impairments 

occurring sub-clinically or undiagnosed, the number of IBD patients affected could be 

higher (Plata-Bello & Acosta-López, 2018). Peripheral neuropathy is a common 

neurological complication in IBD patients and can be associated with axonal damage or 

demyelination (Benavente & Morís, 2011; Elsehety & Bertorini, 1997; Lossos et al., 1995;  

Morís, 2014). In the early 1980s, one study reported a higher than expected prevalence of 

multiple sclerosis (MS) in UC patients (Rang et al., 1982), demonstrating the association 

between IBD and demyelinating diseases. This finding has been subsequently confirmed 

in UC and CD patients (Gupta et al., 2005; Kosmidou et al., 2017; Marrie et al., 2015). A 

more recent meta-analysis study found that IBD patients have a 50% higher risk of 
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developing MS (Kosmidou et al., 2017). A higher prevalence of white matter lesions was 

found in IBD patients than healthy subjects and, in the case of UC patients, these lesions 

increased with age (Dolapcioglu et al., 2013; Geissler et al., 1995).  

Patients with IBD also suffer from psychiatric disorders such as depression and 

anxiety. The incidence of IBD patients diagnosed with depression ranges from 15-30% of 

Figure 1-16. Proposed model of how enteric infections can affect the brain 
Enteric infections can result in a breakdown of barrier function, dysbiosis and intestinal inflammation 
that can result in malabsorption, malnutrition, and systemic inflammation. Systemic inflammation and 
circulating pathogens and pathogenic products can activate endothelial cells in the BBB to release pro-
inflammatory cytokines which can then prime and activate microglia in the brain. Alternatively, damage 
to the mucosa and epithelial lining can affect nutrient absorption, reducing availability of needed 
nutrients and metabolites for brain function. ↑, increased; ↓, decreased; BBB, blood–brain barrier; 
CBPs, circulating blood products; IL, interleukin; MHC, major histocompatibility complex; TNF-α, 
tumor necrosis factor-α. Reproduced and modified from Oriá et al., 2016. 
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the IBD patient population, whereas the incidence of anxiety is reported to be as high as 

80% (Abautret-Daly et al., 2018; Bannaga & Selinger, 2015; Graff et al., 2009; Mikocka-

Walus et al., 2016; Nowakowski et al., 2016; Panara et al., 2014). Additionally, IBD 

patients are reported to suffer from panic and obsessive-compulsive disorders at a higher 

rate than the general population (Plata-Bello & Acosta-López, 2018; Walker et al., 2008). 

IBD patients are reported to have altered neurological function including difficultly 

concentrating, cognitive fatigue and impairments in memory and cognitive flexibility 

(Banovic et al., 2010; Petruo et al., 2017; Tadin Hadjina et al., 2019; van Langenberg et 

al., 2017). Altered brain function, as assessed by resting-state functional magnetic 

resonance imaging (rsfMRI), was reported in UC patients during the active stage of the 

disease (Fan et al., 2019). Additionally, altered brain function, assessed by MRI, is seen in 

UC patients in the amygdala, thalamic regions and cerebellum (Agostini et al., 2011) and 

in the hippocampus, amygdala, insula, putamen and cerebellum in CD patients (Agostini 

et al., 2013). IBD in young adults was shown to alter the neural processing of somatic pain 

compared to healthy subjects, increasing activity in brain regions associated with 

processing pain (J. S. Huang et al., 2016). RsfMRI in CD patients also found regional 

differences in brain activity in patients with and without abdominal pain (Bao et al., 2016). 

There is also an association between IBD and neurodegenerative diseases. The risk of 

developing dementia was found to double in IBD patients (B. Zhang et al., 2020a). The 

association between Parkinson’s disease and IBD is more complicated with clinical studies 

showing either increased or decreased risk (Camacho-Soto et al., 2018; J.-C. Lin et al., 

2016; Pinel Ríos et al., 2019; Villumsen et al., 2019).  
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1.9 Preclinical Models of Colonic Inflammation and IBD 
 

Numerous preclinical models have been developed to study colonic inflammation, 

mucosal wound/healing and IBD. These models can be classified under the following 

generalized categories:1) genetically engineered; 2) spontaneous mutation; 3) chemically 

induced; 4) adoptive T cell transfer; and 5) microbiome induced. More recently, newer 

models are emerging including humanized mouse models, artificial intelligence and 

machine learning, and in-vitro organoid models. Much like preclinical models of TBI, care 

should be taken when choosing as model as no one model recapitulates the full etiology 

and pathogenesis of intestinal inflammation or IBD. Additionally, some mouse strains and 

sexes are more susceptible or resistant to certain models (Mizoguchi et al., 2020). Careful 

consideration to understanding model differences, strengths and weaknesses should be 

given prior to model selection.  

Due to the ease of the administration, the rapid induction of intestinal inflammation, 

and the relative reproducibility, the chemically induced models of intestinal inflammation 

and IBD are the most widely and commonly used. The chemically induced models of gut 

inflammation also avoid some of the problems seen in the genetic models such as 

developmental abnormalities and penetrance variability resulting in variability of gut 

inflammation observed. Chemically induced models mimic some of the IBD features 

observed in clinical patients. While these models do not fully recapitulate all of the features 

or the complexity of clinical IBD, they can provide an avenue to studying the mechanisms 

underlying intestinal inflammation and IBD in vivo, which can provide important insight 

into clinical settings, particularly if results are observed in multiple models. The three most 

commonly utilized models of chemically induced gut inflammation are the: 1) dextran 
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sodium sulfate (DSS) colitis model; 2) 2,4,6-trinitro-benzene sulfonic acid (TNBS) colitis 

model; and 3) the oxazolone colitis model. TNBS and oxazolone models utilize a topical 

administration (intrarectal injection into the colon) of these two hapten substances which 

results in colonic inflammation featuring both an innate immune response and a T-cell 

mediated adaptive immune response (Alex et al., 2009; Boirivant et al., 1998; Elson et al., 

1996; Mizoguchi et al., 2020; Neurath et al., 1995). The DSS model utilizes an oral 

administration of DSS that results in damage to the mucosa, breakdown of barrier function 

and colonic inflammation, with a more pronounced innate immune response. Resolution 

of inflammation induced by these chemicals occurs upon removal of the chemical agent 

supplied. Thus, these chemically induced models also allow for flexibility in studying acute 

and chronic intestinal inflammation and have been administered in on/off cycles to more 

closely mimic the relapse/remission cycles seen in IBD patients (Kawada et al., 2007; 

Mizoguchi et al., 2020; Okayasu et al., 1990; Wirtz et al., 2007). As these chemical agents 

are administered orally and intrarectally, this permits for the examination of effects in 

various strains of transgenic mice, enabling the study of genetic factors in colonic 

inflammation initiation, progression, and resolution, and potential as therapeutic targets. 

Chemically induced models are not without caveats that can affect experimental outcomes 

and conclusions drawn including: 1) differences in susceptibility due to sex; 2) differences 

in susceptibility due to strain; 3) variations in microbiome from different animal vendors 

and colonies within any given vendor; 3) differences in immune response initiated (innate 

vs innate/adaptive); and 4) no one model fully recapitulates all contributing factors to IBD 

development and progression (DeVoss & Diehl, 2014). Careful consideration should be 
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given to the advantages and limitations of each preclinical model when designing 

experiments. 

 
1.9.1 DSS Model of Colonic Inflammation 
 
 Of the chemically induced model of colonic inflammation, DSS is the most widely 

employed model in rats and mice due to its simplicity, ease and flexibility of administration 

and its reproducibility. DSS is a large, water soluble, negatively charged sulfonated 

polysaccharide. Administration of DSS through the drinking water to animals is typically 

done at concentrations of 2-5% for 4-7 days depending on desired disease severity. DSS 

administration results in disease pathologies that resemble those seen in human colitis 

patients including weight loss, bloody diarrhea, ulcers, and colonic mucosal damage. DSS 

also induces a reduction in cecum size and weight, shortening and stiffening of the colon, 

loss of colon weight, and a local and peripheral immune response with activation of 

resident innate immune cell populations and infiltration of peripheral innate immune cells 

into the colon. The enlargement of mesenteric lymph nodes and spleen indicate an 

engagement of the peripheral immune system (Chassaing et al., 2014; Mizoguchi et al., 

2020; Wirtz et al., 2017). Upon removal of DSS, there is a gradual recovery of colonic 

mucosal injury and morphological changes and resolution of inflammation, making this 

model useful for studying epithelial wound/healing. DSS does not generate an antigenic 

response. Administration of DSS to immunodeficient mice demonstrated that the adaptive 

immune response is not necessary to induce colitis, therefore, the DSS model is more 

relevant for studying the acute innate immune response in colonic inflammation rather than 

the adaptive immune response (Chami et al., 2014; Dieleman et al., 1994; Krieglstein et 

al., 2002; Pull et al., 2005). The current prevailing theory regarding DSS mechanism of 
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action is that DSS combines with medium chain fatty acids (MCFAs) in the lumen of the 

colon to form complexes that can be taken in by epithelial cells causing damage or by 

directly damaging these cells. Injured epithelial cells result in a loss of barrier integrity, 

which then activates a rapid inflammatory response (Fig. 1-17) (Laroui et al., 2012).  

 

 

1.10 Brain-Gut Axis 
 
The brain and gut are connected via the brain-gut axis which is comprised of direct 

and indirect bidirectional communication pathways. These bidirectional communication 

pathways link the cognitive and emotional centers of the brain with the intestinal function 

of the gut, contributing not only in the maintenance of physiological homeostasis, but also  

Figure 1-17. Proposed mechanism of DSS-induced colitis 
DSS interacts with medium chain fatty acids in the colon lumen forming 
nanocomplexes which then damage the epithelial layer of the mucosa causing a loss of 
barrier integrity and an inflammatory response. Reproduced from Chassaing et al., 
2014. 
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in the development and progression of pathological conditions in brain and the gut. The 

main pathways of communication occur through neural, humoral, endocrine 

(hypothalamic-pituitary-adrenal axis) and immune mechanisms which can be classified 

broadly into two pathways: neural (direct) and systemic (indirect) (Fig. 1-18). These  

Figure 1-18. Microbiota-Gut-Brain axis communication pathways 
The MGB axis is comprised of bidirectional communication pathways connecting the gut microbiome, 
gut and brain including the neural, humoral, HPA axis (endocrine), and immune pathways. These 
pathways can be broadly grouped into neural and systemic (humoral, HPA axis, immune system) 
communication pathways. SCFAs, short chain fatty acids; 5-HT, serotonin; HPA, hypothalamus-
pituitary-adrenal axis. Reproduced and modified Rogers et al., 2016. 
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pathways maintain physiological function in the GI track and brain, mediating satiety, 

hunger, motility, visceral sensitivity and pain, epithelial barrier function, inflammation, 

stress reactivity, metabolism, cognition, mood, and behavior. Disruption of the gut-brain 

axis is implicated in the pathogenesis of numerous diseases and disorders such as autism  

spectrum disorder, multiple sclerosis, chronic pain, Parkinson’s disease, mood disorders, 

chronic stress, irritable bowel syndrome (IBS), IBD and TBI (Amaral et al., 2008; 

Bernstein et al., 2019; Cryan & Dinan, 2012; Ignatova, 2019; Khaksari et al., 2018; E. A. 

Mayer et al., 2014; Rhee et al., 2009; Sampson et al., 2016; Vuong & Hsiao, 2017; Zhu et 

al., 2018). 

The neural pathway involves direct communication between the brain and the gut 

by way of autonomic innervation (efferents) of the CNS to the ENS and ENS vagal 

afferents to the CNS. The ANS, comprised of both the sympathetic and parasympathetic 

branches maintained in balance, innervates the heart, lungs, endocrine/exocrine glands, 

smooth muscle and as such is a critical regulator in the physiological homeostasis of 

involuntary processes including respiration, heart  rate, blood pressure, digestion, and 

sexual function, among others (Boissé et al., 2009; Salvioli et al., 2015; P. K. D. Shah et 

al., 1990; M. J. Shen & Zipes, 2014; Teixeira et al., 2015). Disruption of this neural 

communication, either at the level of the ANS or ENS, contributes to dysfunction in the 

brain and the gut. Dysautonomia, disruption of autonomic balance due to an increase of 

sympathetic tone over parasympathetic tone, occurs in TBI patients following injury and 

was shown to correlate with increased morbidity and mortality in TBI patients suffering 

moderate/severe injuries (Deepika et al., 2018a; Esterov & Greenwald, 2017). Chronically 

disrupted autonomic balance has is also implicated in several health conditions such as 
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mood disorders, chronic heart failure, sepsis, GI dysmotility, IBS and IBD (Aggarwal et 

al., 1994; Bharucha et al., 1993; Boissé et al., 2009; Kemp & Quintana, 2013; Salvioli et 

al., 2015; P. K. D. Shah et al., 1990; M. J. Shen & Zipes, 2014). 

The brain and gut also communicate by an indirect systemic pathway that includes 

neuroendocrine pathway (HPA axis) and the immune system. The gut is one of the largest 

immune organs of the body and gut mucosal immunity is an important part of the innate 

immune system with immune cells found in gut-associated lymphatic tissue (GALT) 

constituting approximately 80% of all active immune cells in the human body (Tlaskalova‐

Hogenova et al., 2005). Activation of the systemic immune response is known to play a 

role in TBI progression and outcomes. Brain injuries and chronic stress induce acute and 

chronic systemic immune responses in addition to the neuroinflammatory response (Caplan 

et al., 2015; Chaban et al., 2020; Rohleder, 2019). Likewise, GI infections, injuries, 

diseases, and disorders result in activation of the systemic immune system, which may be 

prolonged by continued barrier dysfunction and local intestinal inflammation (Rivera et al., 

2019). Pro-inflammatory factors released from circulating, activated immune cells in 

response to an enteric challenge can increase BBB permeability, allowing access of 

circulating immune cells and mediators to the brain which function to activate microglia, 

triggering an neuroinflammatory response (Oriá et al., 2016). Alternatively, activation of 

the systemic immune system following a brain injury potentially contributes to subsequent 

GI dysfunction (Anrather & Iadecola, 2016). 

With colonization of the gut occurring at birth and continuing throughout the 

lifespan, the human body, including the brain, gut, immune system, CNS, PNS and ENS, 
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have coevolved and developed with various regional populations over millions of years. 

The gut microbiome plays an important role in the development and function of both innate  

and adaptive immunity.  The immune system in the gut plays a critical role in maintaining 

the symbiotic relationship between the gut and commensal bacteria found in the lumen, 

while simultaneously depending on microbiota for maturation and normal physiological 

function (Gensollen et al., 2016).  The enteric microbiome also modulates  

neuroinflammation, neurological development, and cognition, affect and behavior 

(Freestone et al., 2008; Lee and Mazmanian, 2010; Liang et al., 2012; Lyte, 2014; Neuman 

et al., 2015; Levy et al., 2015).  

The enteric microbiota influences the brain-gut axis using both the neural and 

systemic communication pathways (Fig 1-19) to form a microbiota-gut-brain (MGB) axis 

(Foster et al., 2016; Sundman et al., 2017b). The vagus nerve of the neural pathway serves 

as a direct, rapid pathway through which the microbiota can affect brain function and 

behavior (Bonaz et al., 2018; Forsythe & Kunze, 2013; Quigley, 2017). The microbiota 

can release microbial peptides that activate intrinsic primary afferents in the gut mucosa, 

which signal to the vagus nerve via interneurons, where the message is then transmitted to 

the brain (Forsythe et al., 2014). In turn, neural signals transmitted from the brain can affect 

gut microbiome composition and diversity by modulating intestinal motility, transit, barrier 

integrity and secretion of factors into the lumen that modulate microbial gene expression 

and function via the neural pathway (J. M. Lyte et al., 2011; Martin et al., 2018; Sudo, 

2014; Taylor W. Robert & Takemiya Kiyoko, 2017; Wall et al., 2014; Yang & Zubcevic, 

2017). Alterations to gut microbiome composition favoring pathogenic bacteria over 

commensal bacteria have deleterious effects on both the CNS and the GI system  



47 
 

 

resulting in a loss of barrier integrity, activation of prolonged mucosal and systemic 

immune responses, changes in GI function (dysmotility), alteration of cognitive function, 

mood disorders, neurogenesis, neuropathology and neuroinflammation, and increased risk 

of neurodegenerative diseases (Forsythe et al., 2014; Levy et al., 2017; Liang et al., 2018; 

Ogbonnaya et al., 2015; Rogers et al., 2016; Thion et al., 2018; Westfall et al., 2017).  

Figure 1-19. Microbiota communication pathways in the BGM 
The two main pathways of MGB communication are neural and systemic, with systemic including 
immune, humoral, and neuroendocrine factors. Gut microbiota can regulate the synthesis and secretion 
of various neurotransmitters including 5-HT, NE, DA, Glu, Ach, and GABA. Microbial and gut signals 
activate intrinsic primary neurons which activate the vagus nerve to transmit signals to the brain. Gut 
microbiota can also regulate the synthesis, secretion, and function of neuropeptides and neurohormones 
which can activate the HPA axis and the neuroendocrine pathway to signal to the brain. The gut 
microbiome can also regulate local and systemic immune responses affecting both the gut and brain. 
These mediators and pathways play a vital role in maintaining gut and brain homeostasis and function 
in pathological states in both organ systems. DC, dendritic cell; Treg, regulatory T cell;  Th, helper T 
cell; NE, norepinephrine; TGFb, transforming growth factor beta; IL, interleukin; SCFAs, short chain 
fatty acids; 5-HT, serotonin; GABA, gamma-Aminobutyric acid; DA, dopamine; Glu, glutamate; ACH, 
acetylcholine; INFg, interferon gamma; B, b cell; T, T cell; NP, Neuropeptides; GP, Gut peptides; OP, 
Opioid peptides; MT, Melatonin; LPS, lipopolysaccharide; MC, M cell; EC, Enteroendocrine cell.. 
Reproduced and modified Liang et al., 2018. 
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1.12 Hypotheses and Specific Aims 

 

The goals of this study are to better determine: 1) the effect of chronic TBI on the 

ability of the colon to withstand and recover from an inflammatory enteric challenge; 2) 

the effect of acute colonic inflammation during chronic experimental TBI on long-term 

TBI-related neurobehavioral and neuropathological outcomes and 3) the role the brain-gut 

axis in neurological changes induced by an enteric challenge, by testing the following 

hypotheses: 

Hypothesis 1: Chronic TBI exacerbates disease severity and/or impairs recovery of the 

colon in response to a chemically induced inflammatory enteric challenge.  

Aim 1a: Macroscopic evaluation of DSS-induced injury severity and recovery. 

Aim 1b: Microscopic examination of DSS-induced injury severity and recovery. 

Aim 1c: Evaluation of the effect of prior TBI on DSS-induced changes in barrier 

permeability. 

Hypothesis 2: Colonic inflammation during chronic TBI exacerbates TBI-associated 

neurobehavioral deficits, neuropathology and neuroinflammation.   

Aim 2a: Determine the effect of an inflammatory enteric challenge on chronic TBI 

related neurobehavioral deficits. 

Aim 2b: Examine the effect of an inflammatory enteric challenge on chronic TBI 

related neuropathology. 

Aim 2c: Determine the effect of an inflammatory enteric challenge on chronic TBI 

related neuroinflammation. 
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Hypothesis 3: Neurological changes induced by an acute chemically induced inflammatory 

enteric challenge is mediated through persistent inflammation and alteration in autonomic 

balance.   

Aim 3a: Evaluate changes in autonomic balance following experimental TBI and 

subsequent inflammatory enteric challenge. 

Aim 3b: Characterize changes in the systemic immune response. 
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Chapter 2: Materials and Methods 

 
2.1 General Methods 
 
2.1.1 Animals  

 
Studies were performed using adult male C57Bl/6J mice (5 weeks old upon 

arrival; Charles River, Housing Area F50, Kingston, NY). As female mice are not as 

susceptible to the effects of DSS (Chassaing et al., 2014; Bramhall et al., 2015; 

Wagnerova et al., 2017) and our previous study (Ma et al., 2017) examined male mice, 

this study was conducted with male mice only. Mice were housed in the animal care 

facility at the University of Maryland School of Medicine under a 12-hour light-dark 

cycle, with ad libitum access to food and water.  One week following arrival, all mice 

were subjected to a three-week bedding mix protocol to minimize the influence of the 

microbiome using an established flora transfer regimen adapted from that described in the 

Jackson Laboratory DSS-protocol (Long et al., 2013). Briefly, a half cup of dirty bedding 

containing feces was removed from all cages and mixed in a sterile container. A half cup 

of the mixed dirty bedding was then redistributed into a clean cage and the mice placed 

into these cages. This process was carried out once a week on cage change day. Although 

our experimental design attempted to minimize effects of the microbiome, which has 

been shown to affect CNS injury outcomes (Villapol et al., 2018; Benakis et al., 2016), 

we did not assess how microbiome changes due to TBI or DSS might affect outcomes. 

All behavioral and surgical procedures were carried out in accordance with protocols 

approved by the Institutional Animal Care and Use Committee at the University of 

Maryland School of Medicine. 
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Figure 2-1. Experimental Timelines 
Experimental timelines for cohorts 1, 2 and 3 of mice (A). Adult male C57Bl/6 mice arrived at 5 weeks 
of age. After one week of acclimation to the animal facility all mice underwent a 3-week mixed bedding 
protocol following which, at 9 weeks of age, mice underwent either anesthetic exposure only (Naïve), 
craniotomy (Sham), or craniotomy+controlled cortical impact (TBI). At 4-weeks following surgery, 
mice either continued normal drinking water or were administered 3% DSS in drinking water for seven 
days to induce intestinal inflammation, followed by a return to normal drinking water for an additional 
7 (cohort 2) or 28 (cohort 3) days to recover. Neurobehavioral testing was conducted throughout the 
study to assess changes in motor function (beam walk - BW), cognition (Morris water maze - MWM, 
novel object recognition – NOR, Y-maze - YM), social behavior (Crawley’s three-chamber social 
approach task - SA), peripheral nociception (dynamic hot plate – DHP), and anxiety-like behavior 
(marble burying - MB, light-dark box – LDB, elevated plus maze - EPM).  Numbers in parentheses 
indicate the cohort undergoing the behavioral tasks. Specifically, cohort 1 underwent BW and NOR 
prior to being sacrificed on post-TBI day (PTD 35-36). Cohort 2 underwent BW, NOR, YM and LDB 
testing prior to being sacrificed at PTD 43-44. Cohort 3 underwent all behavioral testing except YM, 
DHP and DSS recovery week 1 NOR and were sacrificed on PTD 64-68. Colon were collected for 
morphometric analyses. Blood, spleens and mesenteric lymph nodes were collected for flow cytometry. 
Brains from cohorts 1 and 2 were collected for histological analyses. Brains from cohort 3 were 
dissected into specific subregions for molecular analyses. Additionally, cohort 2 mice underwent 
electrocardiography (ECG) for heart rate variability analysis at various timepoints throughout the study 
to assess changes in autonomic balance (B). 
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2.1.2 Experimental Design 
 

At 9 weeks of age, male C57Bl/6J mice (n=8-12/group cohort 1; n=14-21/group 

cohort 2; n=15-21/group cohort 3) were subjected to either isoflurane exposure (Naïve), 

craniotomy (Sham) or controlled cortical impact (CCI). On post-TBI day (PTD) 28, 

animals were randomly placed into two groups; one group not subjected to intestinal 

inflammation (normal drinking water) and a second group subject to intestinal 

inflammation (3% dextran sodium sulfate via drinking water). Dextran sodium sulfate 

(DSS) was administered daily for 7 days, followed by a return to normal drinking water for 

an additional 7 to 28 days. Neurobehavioral testing was performed prior to, during and 

following DSS administration to assess motor and cognitive function, social behaviour, 

and anxiety-like behaviour (Figure 2-1A). Cohort 1 mice underwent beam walk and novel 

object recognition (NOR) testing. Cohort 2 mice underwent beam walk, NOR and Y-maze 

(YM). Cohort 3 underwent all behavioural testing except YM and NOR during the first 

recovery week, in which they underwent Morris water maze (MWM) testing instead 

(Figure 2-1A). Additionally, cohort 2 mice underwent electrocardiography (ECG) to 

collect heart-rate variability (HRV) data for analysis of autonomic balance (Figure 2-1B). 

Following completion of the study on PTD 35-36 (cohort 1), PTD 42-43 (cohort 2) or PTD 

64-67 (cohort 3), mice were weighted, anesthetized with 4.5% isoflurane and 1ml of blood 

was collected via the retro-orbital plexus using heparin-coated micro-hematocrit capillary 

tubes (22-362-566, Thermo Scientific, Pittsburg, PA) for use in flow cytometry. Isoflurane 

was then reduced to 1.5% and the mesenteric lymph nodes (mLNs) and spleen were 

removed and weighted. Additionally, the number of nodes comprising the mLNs collected 
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for each mouse was recorded.The colon was removed, morphometric analyses taken 

(length, weight), and the mice were then either transcardially perfused with 100ml ice-cold 

0.9% saline (cohort 3) or perfused with 100ml ice-cold 0.9% saline, followed by 100 ml 

of 4% paraformaldehyde (cohorts 1,2). Fixed brains were extracted with forceps after the 

top, sides and back of the skull were removed using Rongeurs. The fixed brains were post-

fixed in 4% paraformaldehyde for 24 hours, followed by cryoprotection in 20% sucrose for 

48 hours and finally stored in 30% sucrose until processed for histological analyses 

(cohorts 1,2). Brains from mice perfused with saline alone (cohort 3) were removed and 

rapidly dissected on a cutting mat chilled to 4oC. The contralateral and ipsilateral 

hippocampus was flash frozen in liquid nitrogen and stored at -80oC for later use in 

RNA/Nanostring analysis. Spleens, mLNs, colons and blood from a subset of mice from 

cohort 3 (n=6/group) were taken and processed for flow cytometry. Body weights from all 

mice were recorded weekly upon arrival and then daily beginning the day of surgery 

through the end of the study at the same time every day. The percent body weight lost and 

regained during and following DSS administration, through the end of the study, was 

calculated using the following formula: (body weight (g) / PTD28 body weight (g)) * 100. 

Body weights for all mice on the first day of DSS administration (PTD28) were obtained 

prior to adding DSS into the drinking water. 

 
2.1.2 Controlled Cortical Impact (CCI) 

 
CCI was delivered using a custom-designed CCI injury device fitted with a 

microprocessor-controlled pneumatic impactor tip with a diameter of 3.5 millimeters 

(Kabadi et al., 2012; Loane et al., 2014; Kumar et al., 2016). Briefly, mice were 

anesthetized with isoflurane evaporated in a gas mixture containing 70% N2O and 30% O2 
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administered through a nose mask (induction at 3%, maintenance at 1.5%). A 10 mm 

midline incision was made over the skull and the skin and fascia were reflected. A 4 mm 

craniotomy was made on the central aspect of the left parietal bone. The impactor tip was 

extended to its full stroke distance (44 mm), positioned over the surface of the exposed 

cortex, and set to impact the cortical surface. Moderate-to-severe level CCI was then 

induced by using an impactor velocity of 6 m/s and deformation depth of 2 mm. The cranial 

bone removed was not replaced. The incision was closed with 6-0 silk sutures, anesthesia 

terminated, and the mouse was placed into a heated chamber for 45 minutes post-injury to 

maintain core body temperature. Sham mice underwent the same procedure as CCI mice 

without receiving the impact. Naïve mice received isoflurane exposure only. Timing of 

isoflurane exposure for naïve mice was based on exposure times from craniotomy and CCI 

surgeries. 

 
2.1.3 Dextran sodium sulfate (DSS) administration  

 
DSS was purchased from MP Biomedical (product # 0216011025, Solon, OH). 

Administration occurred via drinking water in feeding bottles fitted with metal drinking 

tubes (TD-100 and 5.5R, Ancare, Bellmore, NY) for 7 days (DSS injury phase) at a 

concentration of 3% (w/v). After 7 days, mice were returned to normal drinking water for 

an additional 7 (cohort 2) or 28 (cohort 3) days (DSS recovery phase) (Fig 1A). The water 

used was sterilized filtered, hyper chlorinated tap water. The amount of liquid consumed 

by each cage of mice was monitored daily and divided by the number of mice in each cage 

to approximate the amount of liquid consumed per mouse.  
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2.2 Assessment of DSS Injury Severity and Recovery 
 
2.2.1 Macroscopic Evaluation 
 

Morphometric measurements of the colon and cecum were taken to assess DSS 

injury severity and recovery. Upon removal from each mouse, the cecum was weighed and 

then discarded. The colons were laid out on a dissection board to measure the length in 

centimeters (cm). Fecal material was then removed with a glass probe, the colons were 

weighed and then prepared and/or stored for further histological and functional analyses 

(McLean et al., 2016). The severity of DSS injury was also measured by the disease activity 

index (DAI), a composite score of three criteria:1) percent body weight lost, 2) presence of 

blood in stool and 3) stool consistency. Each animal was assigned a score of 1-4 for each 

criterion and the scores were added together for the final DAI score as previously described 

(Berberat et al., 2005). Presence of fecal blood was assessed using the Hemoccult II® 

SENSA® Fecal Occult Blood Test Systems (10012-016, WVR, Radnor, PA). DAI scores 

for all mice were carried out at the end of the DSS injury phase (PTD35) and each recovery 

week (PTD 42, 49, 56, 63). 

 
2.2.2 Histopathological Evaluation of the Colon 
 
 A section of the colon was cut open longitudinally, pinned out onto a Sylgard-

coated plate, fixed in 4% paraformaldehyde (PFA) for 2 hours and then transferred to 

phosphate-buffered saline (PBS). The colon sections were then embedded into paraffin 

blocks for sectioning (Histoserv, Germantown, MD). Longitudinal 4um sections were 

stained with hematoxylin and eosin (H&E) for histopathological analyses (Histoserv, 

Germantown, MD). Sections were scored by two independent researchers blinded to 
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experimental groups.  Histopathology was scored for each colon section according to 

previously defined criteria which included five different categories: inflammation, 

epithelial damage, edema, goblet cell loss, and mucosal hyperplasia (Berg et al., 1996; 

Mackos et al., 2013).  Category scores were based on severity and extent of the injury using 

a scale of 0 to 4 with 0.5 increments.  Histopathological scores assigned indicate the degree 

of injury as follows: 0, absent; 1, mild; 2, moderate; 3, marked; 4, severe for each of the 5 

individual categories. Category scores were combined for a total score of a maximum value 

of 20.  In brief, mucosal depth and smooth muscle thickness in the colon were measured in 

micrometers in digital brightfield images in ZEN Pro software (Carl Zeiss Microscopy, 

Thornwood, NY).  Morphometric parameters were averaged in a minimum of 10 random, 

well-oriented fields per section and were performed by investigators who were unaware of 

the treatment groups. Images were acquired with a 10X objective using an Axio Imager 

M2 microscope (Carl Ziess Microscopy, Thornwood, NY). 

 
2.2.3 Colonic Permeability Assays 
 
 Colonic permeability was assessed by measuring transepithelial electrical 

resistance (TEER), an index of mucosal permeability, and paracellular flux (PCF), an index 

of the movement of small molecules between cells in the epithelial layer (Ma et al., 2017; 

Fig. 2-2). For TEER measurements, a segment of the proximal-mid colon was stripped 

carefully of smooth muscle, opened longitudinally along the mesenteric border, placed on 

a Whatman® NucleporeTM Track-Etched Membrane (13mm diameter, 0.4um pore size), 

and mounted between custom-made plastic disks into microsnapwells containing DMEM 

media (37oC). TEER was measured with an EVOM voltohmmeter every 60 minutes for 3  
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Figure 2-3. Experimental set-up for ex-vivo measurement of intestinal barrier function 
Movement across epithelial monolayer of the intestines occurs by two routes, the transcellular and 
paracellular. The transcellular transport pathway involves movement of material through the epithelial 
cell itself. Transepithelial electrical resistance (TEER) measures the electrical resistance of the colon 
section and represents all influx and efflux across the epithelial monolayer (A). Paracellular flux (PCF) 
measures the ability of molecules of predetermined size to pass through the tight junctions connecting 
the epithelial cells (A). Experimental set-up for measuring TEER and PCF using Snapwell membranes. 
Colon sections are placed with the lumen upwards into the Snapwell membranes, separating apical and 
basolateral chamber of the Transwell plate, and dextran 3k cascade blue is added into the apical 
chamber (B). Voltohmmeter for reading TEER (C).  
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hours. Mounted colon tissue was maintained at 37oC, 5% CO2 in between readings. In the 

same colon section, PCF was assessed by adding cascade blue-labeled dextran 3K to the 

apical chamber containing the exposed mucosae of the colon (200mg/ml, D7312, 

Invitrogen, Carlsbad, CA). After 3 hours of incubation, media was collected from both the 

apical and basolateral chambers and transferred, in triplicate (100ul), to black 96-well 

microplates (CLS3606, Sigma Aldrich, St. Louis, MO). Fluorescence (F) was measured 

using a spectrophotometer (Synergy HTX Multi-mode Reader, Biotek, Winooski, VT) 

with excitation and emission wavelengths of 355 and 425nm. The apical-to-basolateral 

mucosal flux of dextran (PCF) was calculated using the following formula and expressed 

as % Naïve: 

% dextran influx =           (Fluorescencebasolateral×30)  
                (Fluorescencebasolateral×30) + (Fluorescenceapical×2.5) 

 
2.3 Neurobehavioral Assessments 

 
2.3.1 General Testing Parameters 

 
All neurobehavioral testing was conducted at night under red light during the 

animals’ wake cycle, with testing beginning one hour after lights out after habituating to 

the testing room. Computer screens were covered with red, transparent plastic film 

(4331997009, Amazon, Seattle, Washington). Order of mice on any given behavioral 

testing day was pseudo-randomly determined using a random list generator (random.org). 

Temperature, sound and light levels were continually monitored using a thermometer, 

decibel meter (Extech 407730 Digital Sound Level Meter, Amazon, Seattle, Washington) 

and luminometer (Extech LT300 Light Meter, Amazon, Seattle, Washington) and 

typically averaged 73-75OC, 45 dB and 35 lux unless otherwise stated.  

https://www.bing.com/search?q=winooski+vermont&filters=ufn%3a%22winooski+vermont%22+sid%3a%2208179d36-b48b-03ed-a4ae-7f0470fd3b2d%22+catguid%3a%22fc796787-0b7a-5105-3f86-c4b5327db815_acb135c0%22+segment%3a%22generic.carousel%22+gsexp%3a%22fc796787-0b7a-5105-3f86-c4b5327db815_cmVsL29yZ2FuaXphdGlvbi5vcmdhbml6YXRpb24uaGVhZHF1YXJ0ZXJzfFRydWU.%22&FORM=SNAPST
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2.3.2 Motor Function  
 

Fine motor coordination was assessed using the beam walk test, as previously 

described (Kabadi et al., 2012).  Briefly, mice were placed at the end of a wooden beam (5 

mm wide, 120 mm long) and the number of slips (foot faults) of the right hind limb were 

recorded over 50 steps.  Mice were trained on the beam walk for 4 days prior to surgery 

and tested again on PTD 1, 3, 7, 14, 21, 28, 32, 35 (cohort 1), 1, 3, 7, 14, 21, 28, 32, 35, 

39, 42 (cohort 2), and 1, 3, 7, 14, 21, 28, 32, 35, 39, 42, 56 and 63 post-TBI (cohort 3). 

Mice that did not meet the standard criterion for beam walk, ≤10-foot faults, prior to 

surgery were excluded from the final data analysis (Cohort 3: TBI: n=1). Gross motor 

function was also assessed during the habituation stage of novel object recognition testing 

(distance travel, average speed) and during Morris water maze testing (swim speed) using 

Any-Maze software (Stoelting Company, Wood Dale, IL).  

 
2.3.3 Cognition 
                

 2.3.3.1 Novel Object Recognition  
 
Declarative memory in mice was assessed by performing NOR testing on PTD 24-

27 (all cohorts), PTD 31-32 (all cohorts), PTD 38-39 (cohort 2), and 58-61 (cohort 3).  

Mice underwent one (DSS injury phase NOR, DSS recovery week 1 NOR) two (pre-DSS 

NOR, DSS recovery week 4 NOR) habituation days consisting of one 10-minute trial/day 

to acclimate to the testing arena (22.5 x 22.5cm, black plexiglass walls). Twenty-four hours 

following habituation, mice underwent object familiarization in which the mice were 

placed into the testing arena with two similar objects positioned equidistant apart from each 

other and the arena walls and allowed to explore freely for 5 minutes. Twenty-four hours 
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later, mice underwent novel object (NO) testing in which one familiar object was replaced 

with a novel object and allowed to freely explore for 5 minutes. Objects utilized in this 

study consist of star Rubik cubes (47010, Toys’R’Us), wooden hearts, stars, diamond and 

flowers (5F63E8C, Toys’R’Us), mini blue ping-pong balls (FON-10187-S100, Amazon, 

Seattle, Washington), blue heart Rubik center (B01GGG1XI4, Amazon, Seattle, 

Washington) and plastic interlocking spheres and circles (B06XH69FS2, Amazon, Seattle, 

Washington) (Figure 2-3). Novel/familiar objects and side in which the novel object was 

positioned were balanced across all experimental groups to control for any potential object 

and side biases. Testing was recorded using Any-Maze software (Stoelting Company, 

Wood Dale, IL). Object interaction included time spent sniffing or placing front paws on, 

while facing, the object. Time spent chewing and climbing and sitting on top of objects 

was not considered exploration and excluded from final scores. Preference index (PI) for 

the novel versus familiar object was calculated using the following equation: (Time Spent 

Exploring NO/Time Spent Exploring Both Objects) *100.  

 

Figure 2-3. Objects used in novel object recognition testing 
Images of all objects used in novel object recognition testing. From top left to 
bottom right: wooden heart and star, wooden flower and diamond, jagged 
interlocking circles, interlocking sphere, star Rubik cube, blue cross, blue 
ping-pong balls. 
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                2.3.3.2 Y-Maze 
 
 Y-maze was performed during both the DSS injury (PTD33) and 1-week recovery 

phases (PTD40) to assess changes in working memory (cohort 2, n=14-19/experimental 

group) (Henry et al., 2020). This task is based on the premise that rodents have a natural 

predilection to explore novel environments over familiar ones. Rodents with intact 

working memory will recall the arms previously explored to the currently explored arm 

and choose the least recently explored arm to explore next (spontaneous alteration). The 

testing apparatus consisted of three identical arms, 35x5x10cm, each positioned 120o in 

respect to each other (Stoelting, Wood Dale, IL). Mice were placed randomly into one of 

three arms facing the arm wall and allowed to freely explore the maze for 5 minutes. 

ANY-maze software was used to record animal activity during all tests (Stoelting 

Company, Wood Dale, IL). All four paws of the mouse had to enter into an arm to be 

scored as an arm entry. Entry into all three arms consecutively was considered a 

successful spontaneous alteration. The percent spontaneous alterations for the entire test 

was calculated using the following formula, with a decrease in percentage being 

indicative of an impairment in working memory. 

% Spontaneous Alterations = (total number of alterations x 100)  
             (total arm entries – 2) 

              
    2.3.3.3 Morris water maze  

 
Hippocampal dependent spatial learning and memory was assessed using the 

MWM during the first DSS recovery week (Vorhees and Williams, 2006). Testing included 

three stages: 1) learning acquisition consisting of hidden platform training, 2) reference 

memory consisting of probe trial with the platform removed and 3) visual acuity consisting 



62 
 

of a 60 second trial with a flagged platform.  Briefly, a white circular tank (100 cm in 

diameter) was filled with water (23±2°C) and various extra-maze cues (blue and yellow 

square, circle, diamond, star) were positioned on the walls surrounding the testing area.  A 

transparent plexiglass platform (10 cm in diameter) was submerged to a depth of 0.5 cm 

below the surface of the water.  Acquisition stage testing was carried out over four 

consecutive days (PTD 38-41) during which mice were trained to find the hidden 

submerged platform located in the northwest (NW) quadrant of the tank. Mice performed 

four 90 second trials per day, with an inter-trial interval of 30 minutes.  Entry points 

(northeast, east, south, southwest) and retrieval points (north, south, east, west) were 

randomly assigned for each trial each day with mice being lowered gently into the tank, 

facing the tank wall. Mice were allowed 90 seconds to find the platform with an escape 

being considered successful if the mouse located and remained on the platform for 5 

seconds. Mice unable to locate the platform within the allotted time were guided to the 

platform and allowed to remain on the platform for 15 seconds prior to removal from the 

tank. After removal from the tank, mice were gently dried with plush towels (18006-1712, 

Dollar Tree, Chesapeake, VA) and placed into open cages lined with towels, positioned 

partially under a heat lamp. Once dry, mice were returned to their home cages until the 

next trial. Twenty-four hours following the final acquisition day (PTD 42), reference 

memory was tested by carrying out a 60-second probe trial in which the submerged 

platform was removed from the tank. Mice were released into the tank in the southeast 

quadrant and removed promptly after completion of the trial. Approximately one hour after 

completion of the probe trial, mice underwent the final stage with a 60-second visual acuity 

trial to ensure mice did not have visual impairments. A flagged platform was positioned in 
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the southeast quadrant and mice were released into the tank in the northwest quadrant. All 

trials were recorded using Any-Maze software (Stoelting Company, Wood Dale, IL). 

Latency to escape (acquisition trials, visual acuity trial) and time spent in the target 

quadrant (probe trial) were recorded. Analysis of search strategy utilized by mice during 

the probe trial was performed and classified into three categories: a) spatial, b) non-spatial 

systematic and 3) repetitive looping (Byrnes et al, 2012). Spatial search strategy was 

defined as swimming directly to the platform or to the target quadrant and searching for 

the platform. Non-spatial systematic search strategy was defined as searching the interior 

or entirety of the tank without spatial bias prior to finding the platform. Repetitive looping 

search strategy was defined as repetitive circular swimming around the tank. Mice that 

learned to float were excluded from the final results (cohort 3: Naïve:1, Sham:1, 

Naïve+DSS:1). 

 
2.3.4 Social Behavior 

 
The three-chamber social approach (SA) task, also known as Crawley’s sociability 

and social novelty test, was used to assess changes in social behavior. This task is based 

on rodents’ innate tendency to investigate a novel congener over a familiar one (Crawley, 

2004; Semple et al., 2014). The test arena consisted of a rectangular box made from clear 

plexiglass, divided into three equal-sized chambers (19x45x35cm). Access to the two side 

chambers from the center chamber is allowed by 7x7cm openings. Two metal wire pencil 

cups were used to hold the stimulus mice (TXBT, Amazon, Seattle, Washington). This test 

is composed of three sequential 10-minute stages: stage 1) habituation in which the mice 

are acclimated to the testing chamber, stage 2) sociability in which the mice are exposed 

to stimulus mouse 1, and stage 3) social novelty in which mice are exposed to stimulus 
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mouse 1 and novel stimulus mouse 2. Briefly, test mice were first placed into the center 

chamber with the empty wire cups in both side chambers and allowed to freely explore all 

chambers for 10 minutes.  After 10 minutes, the test mice were guided back into the center 

chamber and access to side chambers blocked. A stimulus mouse (stimulus mouse 1) was 

placed into one of the wire cups while a black wooden circle was placed into the remaining 

wire cup.  Access to the side chambers was granted and the test mice were allowed to 

explore freely for 10 minutes. After 10 minutes, the test mice were again guided back into 

the center chamber and access to side chambers blocked. A second stimulus mouse 

(stimulus mouse 2) was placed into the wire cup previously holding the object, access to 

the side chambers granted and test mice were allowed to explore freely for 10 minutes. 

After 10 minutes, the stimulus and test mice were returned to their home cages. The testing 

arena and wire cages were wiped clean in between each test run. All tests were recorded 

using a video recorder (1960C002, Amazon, Seattle, Washington). Time spent exploring 

the empty cups, object and stimulus mice in each stage were measured and the preference 

index for the stimulus mouse (mouse 1) versus the object (stage 2) and novel stimulus 

mouse (mouse 2, stage 3) versus the familiar stimulus mouse (stimulus mouse 1) was 

calculated using the following equations: [(time spent interacting with stimulus mouse 1 / 

(time spent interacting with stimulus mouse 1 + time spent exploring the object))]*100 ;  

[(time spent interacting with stimulus mouse 2 / (time spent interacting with stimulus mouse 

1 + time spent exploring stimulus mouse 2)]*100. Stimulus mice used were all male 

C57Bl/6 mice and of a similar age/weight to the experimental mice. These mice were 

obtained from our breeding colony and had not undergone any behavioral testing or 

surgical procedures prior to running this behavior task. Three days prior to beginning this 
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task, all stimulus mice were habituated to the wire cups for one 10-minute trial on the first 

day, one 20-minute trial on the second day, and one 10-minute and 20-minute trial on the 

third day. Stimulus mice used, and chamber in which the stimulus mice and object were 

placed, were balanced across all stages and experimental groups. Cohort 3 mice underwent 

testing prior to DSS (PTD 15-18; data not presented) and during the third week of the DSS 

recovery phase (PTD 50-54). Mice that did not interact with the stimulus mice/object, 

exhibited chamber biases or learned to jump out of the testing arena were excluded from 

final results (TBI: n=2, Naïve+DSS: n=1; Sham+DSS: n=3, TBI+DSS: n=1). 

 
2.3.5 Affect  

 
                2.3.5.1 Light-Dark Box (LDB) 
 

LDB testing utilizes rodents’ innate aversion to brightly light open spaces and 

desire to explore novel environments to assess anxiety-like behavior (Tucker et al., 

2017). The testing chamber is composed of two equally sized chambers (40x20x35cm) 

connected by a small 7cm opening through which the mice can pass freely. The light 

chamber was constructed from clear plexiglass and illuminated brightly with two white 

lights (350 lux) positioned 10cm above the open chamber, while the dark chamber was 

constructed from black plexiglass and enclosed with a removable black plexiglass top. 

Mice were placed into the light chamber, facing away from the opening to the dark 

chamber, and allowed to freely explore both chambers for 10 minutes. After 10 minutes 

the mice were returned to their home cage and the testing arena wiped clean. All tests 

were recorded using Any-Maze software (Stoelting Company, Wood Dale, IL) and mice 

were scored according to the time spent in each chamber, latency to enter light chamber 
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from dark chamber. Cohort 1 mice were tested once during the DSS injury phase 

(PTD34); data not presented here. Cohort 3 mice were tested once during the third week 

of the DSS recovery phase (PTD 55-56). 

 
                2.3.5.2 Marble Burying (MB) 
 

Repetitive and anxiety-like behavior was assessed by performing marble burying 

(Angoa-Perez et al., 2013; Clipperton-Allen and Page, 2014). A sterile cage with an open 

top lid (26x37x13cm, Ugo Basile,  Gemonio, Italy) was filled with sterile bedding to a 

depth of 5cm and twenty black glass marbled (754316778107, Amazon, Seattle, 

Washington) were positioned equidistant apart on top of the bedding in a 4x5 arrangement. 

Mice were placed into the cage and allowed to freely explore for 30 minutes after which 

they were returned to their home cages. The number of marbles buried by at least two-

thirds was recorded. Tests were carried out during the third DSS recovery week (cohort 3) 

recorded using Any-Maze software (Stoelting Company, Wood Dale, IL). A separate test 

cage of bedding was prepared for each cage of mice, with the bedding being mixed after 

completion of every test and replaced completely after every third mouse. Marbles were 

soaked in 70% ethanol following every test and dried completely prior to being used again. 

Mice that remained immobile during the test or learned to jump out of the arena were 

excluded (Naïve: n=1, TBI: n=1). 

 
     2.3.5.3 Elevated Plus Maze (EPM)  

 
Anxiety-like behavior was also assessed by performing EPM during the fourth 

week of the recovery phase (PTD63, cohort 3, n=10-15/experimental group). This task is 

based on the observation that mice have a general aversion to open spaces and therefore 
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prefer to spend time in enclosed spaces or in along the edges of a bounded space (such as 

a wall) (Walf AA, Frye CA., 2007; Zhang et al., 2012; Chen et al., 201; Ojo et al., 2016; 

Nyuyki-Dufe et al., 2018). The plus shaped maze, elevated 40cm, comprised of four 

equal sized arms (30x5cm) and a center platform (5x5cm). Two arms of the maze, 

positioned directly across from each other, are open (“open arms”), while the remaining 

two arms, also directly across from each other, are enclosed (“closed arms”) by adding 

15.25cm walls to three sides of these arms, leaving these arms open only to the center of 

the maze through which the mice can access the open arms of the maze. Two-inch foam 

padding will be placed beneath the maze arms to break the fall if the testing mouse slips 

off the open arm of the maze. Testing was performed by placing the test mouse onto the 

center platform of the maze, facing an open arm, and allowing the mouse to explore 

freely for 10 minutes. After 10 minutes, the mouse was returned to its home cage. The 

maze was cleaned with disinfecting wipes and dried in between each test mouse. The task 

was recorded using the ANY-maze video-tracking software (Stoelting Company, Wood 

Dale, IL). The amount of time the mice spend in the open arms versus the amount of time 

they spend in the closed was calculated. Additional measured outcomes included: 

distance traveled in open vs. closed arms, number of entries into open arms, and 

exploratory head leans into the open arm. Mice with increased time in the closed arms 

versus the open arms, decreased frequency of open arm entry, and more exploratory head 

leans compared to naïve mice are considered to be exhibiting an anxiety- and depressive-

like phenotype. Mice spending more time in the open arms and traveling more in the 

open arms vs the closed arms, having more open arm entries, and fewer exploratory 

heads leans compared to Naïve mice are considered to be exhibiting an anxiolytic 
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behavioral phenotype. Due to lack of observable differences between the experiment 

groups as a result of not optimizing the task prior to running it with experimental groups, 

the last set of cohort 3 mice were not run through this task. 

 
2.3.6 Peripheral Thermal Nociception 

 
Dynamic hot plate (DHP) testing was performed in cohort 2 mice (n=15-

17/group) during both the DSS injury (PTD34) and 1-week recovery phases (PTD41) to 

assess changes peripheral thermal nociception (Ogren & Berge, 1984; Tjølsen et al., 

1991; Yalcin et al., 2009). DPH was conducted using the Hot/cold Plate Analgesia Meter 

(series 8 model I-PE34, IITC Life Sciences, Woodland Hills, CA), consisting of a 

microprocessor-controlled metal temperature plate to automatically and uniformly adjust 

temperature, surrounded by a removable clear plexiglass enclosure to contain the mice. 

Habituation occurred one day prior to testing and consisted of placing the mice onto the 

plate, without turning it on, for 5 minutes. Twenty-four hours after habituation, mice 

were placed back onto the plate at 30oC±0.1oC. Testing was initiated and the plate 

temperature increased up to a maximum of 50oC±0.1oC at a rate of 15oC per minute. 

Mice were monitored throughout testing for pain responses (hind paw licking, paw 

withdrawals) and escape behavior (jumping). Testing was immediately terminated upon 

exhibition of either pain responses/escape behavior by the mice or when the maximum 

temperature had been reached. Upon termination of the test, the plate temperature 

automatically began to reduce back to 30oC to reduce the potential of injuring the mice 

prior to being able to remove them from the plate. Once removed from the plate, mice 

were returned to their home cages and the plate was cleaned with soap and water and 
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dried prior to beginning the next test. Temperature and time passed at reaction was 

recorded. All mice underwent two test trials with an inter-trial interval of 2 hours. 

 
2.4 Neuropathology 
 
2.4.1 Lesion Volume 
 
 Assessment of lesion volume was performed on 60μm fixed coronal brain sections, 

collected at the end of the first DSS recovery week, stained with cresyl violet (FD 

NeuroTechnologies, Baltimore, MD; cohort 2, n=8-10/group). The Cavalieri method was 

used to quantify lesion volume using StereoInvestigator software (MBF Biosciences, 

Williston, VT), as previously described (Byrnes et al., 2012). Briefly, the lesion volume 

was quantified by outlining the missing tissue on the injured hemisphere using the Cavalieri 

estimator with a grid spacing of 0.1 mm. Every fourth section from a total of 72 sections 

was analyzed beginning from a random start point. 

 
2.4.2 Neurodegeneration 
 
 Analysis of hippocampal neuronal cell loss was performed on 60µm fixed coronal 

brain sections stained with cresyl violet, collected at the end of the first DSS recovery 

week, with every fourth 60µm section between -1.34 and -2.54mm and -2.7 to -3.16mm 

from bregma, beginning at a random starting point, being analyzed (cohort 2 mice, n=8-

10/group).  A total of 6 sections per brain were analyzed. Neuronal cell loss was 

quantified using a Leica DM4000B microscope (Leica Microsystems, Exton, PA) with 

the StereoInvestigator software (MBF Biosciences, Williston, VT) by counting the 

number of cresyl violet stained neurons representing surviving neurons using the optical 

fractionator method of unbiased stereology, with fewer cresyl violet stained neurons 
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representing neuronal cell loss. The volume of the regions counted was determined using 

the Cavalieri method. Results are expressed in terms of cellular density (cells per mm3) 

(Kabadi et al., 2012). 

 
2.4.2 Myelin Staining 
 
 Demyelination within the corpus callosum was measured by performing Luxol 

fast blue (LFB) staining as previously described (Loane et al., 2014; Sabirzhanov et al., 

2019). Briefly, 20μm coronal brain sections were incubated in LFB (1%, S3382, Sigma-

Aldrich, St. Louis, MO) at 56oC overnight. The next day, sections were differentiated in 

lithium carbonate (62470, Sigma-Aldrich, St. Louis, MO) and ethanol, followed by 

counterstaining with CV (PS102-02, FD Neurotechnologies, Inc., Ellicott City, MD). 

LFB stains myelin blue, while the CV stains neuronal genetic material purple. The total 

area and volume of luxol blue staining in the corpus callosum was calculated in two 

coronal sections approximately 240μm in distance from each other using 

StereoInvestigator software (MBF Biosciences, Williston, VT). As this was a pilot test, 

data present in this thesis is confined to the corpus callosum LFB stained area measured 

in one section approximately from -1.755mm bregma; which is less than ideal for 

assessing demyelination. 

 
2.5 Neuroinflammation 
 
2.5.1 Microglial Morphology 

 
Morphological activation states of microglia in the hippocampus and cortex were 

assessed by performing ionized calcium-binding adapter molecule 1 (Iba-1) staining on 

60µm fixed coronal sections from cohort 2 mice (n=8-10/experimental group). Briefly, free 
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floating sections were permeabilized with 0.3% triton X-100 in 1X phosphate-buffered 

saline (PBS) for 10 minutes, washed in 1X PBS, endogenous peroxidase activity block by 

incubating with 3% hydrogen peroxide/80% methanol for 10 minutes, washed in 1X PBS, 

blocked in blocking buffer (3% BSA/10% goat serum/0.1% Triton-X100/1X PBS) for one 

hour, incubated overnight rocking at 4oC with rabbit anti-Iba-1 (1:3000; 019-19741, Wako 

Chemicals, Richmond, VA) in blocking buffer, washed in 1X PBS, and incubated with 

biotinylated goat anti-rabbit IgG antibody (1:2000, BA-1000, Vector Laboratories, 

Burlingame, CA) in blocking buffer for 2 hours at room temperature. Sections were then 

incubated in an avidin-biotin-horseradish peroxidase solution (Vectastain Elite ABC kit, 

PK-6100, Vector Laboratories) for 1 hour and then incubated with 3,3-

diaminobenzidine/Nickel (II) Chloride (D5905-50TAB and 339350-50G, Sigma-Aldrich, 

St. Louis, MO) for color development. Sections were then washed in 1XPBS, mounted, 

dried and counterstained with cresyl violet. MB Biosciences StereoInvestigator software 

was used to count and classify the number of ipsilateral hippocampal microglia based on 

morphologic phenotypes (ramified and activated: hypertrophic, bushy) using the optical 

fractionator method as previously described (Byrnes et al., 2012). 

 
2.6 Molecular Analyses 
 
2.6.1 Nanostring analysis  

 
RNA was extracted and purified from frozen ipsilateral hippocampal tissue using 

the miRNeasy Mini Kit according to the manufacturer’s instructions (QGN-217004, 

Qiagen, Hilden, Germany). RNA quality and concentration were measured using a 

spectrophotometer. Total RNA was diluted to 20 ng/µl and probed using an nCounter© 
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Mouse Neuropathology panel (Nanostring Technologies, Seattle, WA) profiling 770 genes 

across six fundamental themes of neurodegeneration: neurotransmission, neuron-glia 

interaction, neuroplasticity, cell structure integrity, neuroinflammation, and metabolism. 

Pairwise differential expression and pathway analyses were performed using 

NanoStringDiff (v3.6.0) (H. Wang et al., 2016) with raw cell counts including negative 

and positive controls and housekeeping genes from NanoString nCounter. As the analysis 

was comprised of only two groups, only one comparison was made: Sham vs. Sham+DSS. 

Differentially expressed genes were defined as those having a p-value<0.05 compared to 

Sham. Volcano of expression data, histograms of pathway scores and violin plots of 

normalized gene counts with median and upper/lower quartiles annotated were generated 

using Prism v8.4.2 (GraphPad, San Diego, CA). 

 
2.6.2 Quantitative PCR Analysis 

 
RNA extracted and purified from frozen ipsilateral hippocampal tissue for 

nanostring analysis was used for qPCR analysis. cDNA was transcribed from 1µg RNA 

using the Verso cDNA kit following the manufacturer’s instructions with (AB1453B, 

Thermo Scientific, Pittsburg, PA) and the T100 Thermo Cycler (Bio-Rad, Hercules, CA). 

Quantitative analysis of gene expression was performed using Taqman technology, as 

previously described (Barrett et al., 2017). Target mRNAs included TaqMan gene 

expression assays for Mmp2 (matrix metalloprotease 2) Mm00439498_m1; Arc (activated 

regulated associated protein) Mm00479619_g1; Psmb9 (proteasome 20S subunit beta 9) 

Mm00479004; Ptgs2 (prostaglandin synthase 2) Mm00478374; Tspo (translocator protein) 

Mm00437828_m1; Gfap (glial factor activating protein) Mm01253033_m1; (cluster of 

differentiation 68) Mm00839636_g1; Cybb (cytochrome b-245 beta chain, NOX2) 
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Mm01287743_m1; Il1rn (Interleukin 1 receptor antagonist) Mm00446186_m1; Gapdh 

(glyceraldehyde-3-phosphate dehydrogenase) Mm99999915_g1; (Thermo Fisher 

Scientific, Pittsburg, PA). Analysis was performed using the ABI 7900 HT FAST Real 

Time PCR machine (Applied Biosystems, Carlsbad, CA) with the following parameters: 

50°C for 2 min; 95°C for 10 sec, and 60°C for 1 min; 40 cycles.  Gene expression was 

normalized to GAPDH and compared to the control sample to determine relative 

expression values by 2−ΔΔCt method.   

 
2.7 Systemic Inflammation  
 
2.7.1 Morphometric Measurements of the Spleen and Mesenteric Lymph  
         nodes 

 
Upon removal from the mice, the spleen and mesenteric lymph nodes were 

weighed. Ratios were obtained by dividing the organ weight by the body weight of the 

mouse for the spleen and by dividing organ weight by the number of nodes weighted and 

the body weight of the mouse for the mLNs. 

 
2.7.2 Flow Cytometry 

 
 The colon, spleen and mesenteric lymph nodes were processed by mechanical 

disruption on a 70-μm filter screen using with RPMI (Lonza Group, Basel, Switzerland) 

medium.  Red blood cell lysis was achieved by successive 10-minute incubations with Tris-

ammonium chloride (Stem Cell Technologies, Vancouver, Canada). All blood, colon and 

mLN cells were then transferred into FACS tubes and placed on ice until blocking. 

Splenocytes were subsequently washed and resuspended in a total of 5ml of RPMI from 

which 500μl was then transferred into FACS tubes.  Leukocytes were washed and blocked 
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with mouse Fc Block (clone 93, eBioscience, San Diego, CA) prior to staining with primary 

antibody-conjugated fluorophores (CD45-Bv421 (30-F11), CD11b-APC-Cy7 (M1/70), 

Ly6C-APC (HK1.4), CD115-AF488 (AFS98), Ly6G-PE (1A8), MHCII- PerCP-eF710 

(M5/114.15.2), CD11c-PE-Cy7 (N418), CD3e-PE-Cy7 (145-2C11), CD4-FITC (GK1.5), 

and CD8a-AF700 (53-6.7) which were purchased from Biolegend (San Diego, CA, USA). 

For live/dead cell discrimination, a fixable viability dye, Zombie AquaTM (Biolegend), was 

dissolved in DMSO according to the manufacturer’s instructions and added to cells in a 

final concentration of 1:200. Data were acquired on a LSRII using FACsDiva 6.0 (BD 

Biosciences, San Jose, CA, USA) and analyzed using FlowJo (Tree Star, San Carlos, CA, 

USA). A standardized gating strategy was used to identify leukocyte subsets as previously 

described (Ritzel et al., 2018). The total number of cells per mLN sample was divided by 

the number of mLNs (1-3) collected for that sample. Cell count estimations were performed 

using CountBrightTM absolute counting beads (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. Final data were presented as cells/ul. 

 
2.8 Electrocardiography (ECG)  
 

ECG was performed on two days prior to brain injury (baseline day, BLD, 1 and 

2). After brain injury (PTD0), ECG was performed on PTD1, 3, 7, 14, 28, 35, and 42. 

Briefly, mice were anesthetized using isoflurane evaporated in 2-2.5% oxygen (O2, flow 

rate 0.81/min), administered through a nose mask (induction at 3%, maintenance at 1.5%) 

and positioned supine with paws taped to the electrode pad coated with lubricant. Three 3-

minute recordings were taken using the Vevo 1100® ultrasound machine (Visual Sonic, 

Toronto, Canada). ECG data was then converted to an excel format and input into the 

Kubios HRV software (version 3.4, Kubios Oy.). Low-frequency (LF) and high-frequency 
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(HF) values obtained from the data output were then used to calculate the LF/HF ratios 

from each recording and the ratios from the three recordings averaged (Stoyell-Conti et al., 

2018). 

 
2.9 Scientific Rigor and Reproducibility 
 
  A number of steps were taken to increase scientific rigor and reproducibility 

including: a 4 week acclimation period of the mice to the animal facility, behavioral 

rooms and experimenter handling; utilizing autoclaved cages with autoclaved food and 

water throughout the study in minimize incidental introduction of other pathogens; 

acclimation of mice to handling; minimizing the number of individuals running 

behavioral tasks, changing cages, and handling mice and ensuring mice were acclimated 

to being handled by these individuals; behavioral testing being carried out at night under 

red lights during the animals wake cycle so as to minimize stress induced by disruption of 

their natural circadian rhythms; optimization of all behavioral task parameters including 

room parameters such as lighting, sound levels and air temperature, prior to beginning the 

study using other wild-type C57BL6J mice available in the lab (with the exception of the 

EPM); balancing sides, objects and stimulus mice where appropriate during behavioral 

testing; designing the study to be carried out in three replicate sets each following 

completion of the other as opposed to one large cohort at one time; and using a larger n to 

account for the inherent variability of the TBI and DSS models and behavioral testing; 

pseudo-randomizing animal order for surgeries, behavioral testing and tissue collection to 

ensure relatively equal representation of all experimental groups at all hours taken to 

complete these tasks. Blinding within the study was performed as follows: 1) individual 

who administered DSS was blinded to injury group, 2) behavioral and stereological 
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analyses were performed by individuals blinded to injury and treatment groups and 3) 

DAI and histopathology scores and morphometric analyses were performed by 

individuals blinded to injury and treatment groups. While the focus of this study did not 

include assessing how microbiome changes due to TBI or DSS may affect outcomes, 

considerations in experimental design were made to minimize the effect of the 

microbiome (bedding-mix protocol). 

 
2.10 Statistical Analysis 
 

Quantitative data were expressed as mean ± standard error of the mean (s.e.m.). 

Liquid consumption, DAI scores, weight loss, beam walk, MWM acquisition and heart 

rate variability (LF/HF) were analyzed by repeated measures Two-Way ANOVA to 

determine the interactions of time and injury and DSS administration, followed by post-

hoc adjustments using a Tukey’s multiple comparison test.  Pre-DSS distance traveled, 

speed, object and novel object preference (NOR) were analyzed by one-way ANOVA, 

followed by post-hoc adjustments using Tukey’s multiple comparison test. Distance 

traveled (NOR), mean speed (NOR), object and novel object preference (NOR), time 

spent in the target quadrant (MWM probe trial), swim speeds (MWM probe trial), latency 

to escapes during visual acuity (MWM), stimulus mouse preference (SA), exploration 

times (NOR, SA), number of marbles buried (MB), time in the light chamber (LDB), 

entries into the light chamber (LDB), latency to re-enter the light chamber from the dark 

chamber (LDB), and all morphological analyses were analyzed by Two-way ANOVA, 

followed by post-hoc adjustments using a Tukey’s multiple comparison test. The MWM 

search strategy was analyzed using a chi-square analysis. Neuronal cell counts and 

microglia morphological/cell counts were analyzed by Two-Way ANOVA, followed by 



77 
 

Tukey’s post-hoc. Stereological data examining lesion volume was analyzed using an 

unpaired, two-tailed Student t-test. Data that did not pass normality were subjected to 

either a square root, cube root or Box-Cox transformation for statistical analysis. 

Statistical analyses were performed using GraphPad Prism program, Version 8.4.2 for 

Windows (GraphPad Software, San Diego, CA, USA) with a p<0.05 being considered 

statistically significant. 
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Chapter 3: Prior TBI Does Not Exacerbate Disease Severity or Impair The Ability 
of the Colon to Respond to and Recover From a Chemically Induced Inflammatory 

Challenge 

 
3.1 Introduction 
 
 Preclinical studies in rodents demonstrated that experimental TBI causes damage 

and dysfunction in the small intestines up to 7 days following the initial impact (Feighery 

et al., 2008; C.-H. Hang et al., 2003; X. Zhang & Jiang, 2015). Structural changes including 

epithelial cell microvilli rupturing, widening of the tight junctions and mitochondrial 

abnormalities were also reported (Feng et al., 2019; C.-H. Hang et al., 2003; W. Jin et al., 

2008). In addition to alteration of mucosal permeability, experimental TBI has also been 

shown to decrease TJP expression; resulting in a loss of barrier integrity in the jejunum and 

ileum 3-72 hours following impact (Bansal et al., 2009; Feighery et al., 2008; C.-H. Hang 

et al., 2003; W. Jin et al., 2008; Katzenberger et al., 2015; E. L. Ma et al., 2017; X. Zhang 

& Jiang, 2015). Unlike the acute changes induced in the small intestine, experimental TBI 

caused changes in the colon at a later time point following injury  (Feighery et al., 2008; 

E. L. Ma et al., 2017). Posttraumatic changes in the colon at 28 days following injury 

included increased colonic permeability, epithelial crypt depth, smooth muscle thickness 

(hyperplasia), enteric glial cell reactivity, and decreased expression of the TJP, claudin-1. 

Enteric glial cell reactivity was decreased 24 hours following experimental TBI in the 

colon, the only change found acutely (E. L. Ma et al., 2017). Additionally, there are many 

preclinical studies reporting alterations in gut microbial populations following 

experimental TBI (Angoa-Pérez et al., 2020; Pathare et al., 2020a; Simon et al., 2020; 

Treangen et al., 2018; Urban et al., 2019).  
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 Infections are a common co-morbidity in TBI patients with increased susceptibility 

to systemic infections likely due to suppression of the systemic immune response that 

occurs as a direct consequence of TBI (Griffin, 2011; Hazeldine et al., 2015; Schwab et al., 

2014). Rodents subjected to experimental TBI also exhibit altered immunity (Hazeldine et 

al., 2015; Ritzel et al., 2018; Schwulst et al., 2013). Under conditions with repressed host 

immune response or loss of barrier function, normally nonpathogenic bacteria can trigger 

infections. Such is the case where TBI patients were found to have impaired host immunity 

to normally non-pathogenic strains of Escherichia coli that reside in the colon (Liao et al., 

2013).  

 Given the impact of TBI on host immunity and gut function, permeability, and 

microbiome, TBI might be expected to worsen or impair the ability of the intestines to 

respond to a subsequent enteric challenge, as well as potentially exacerbating existing 

intestinal dysfunction induced by TBI. Our previous study examined the effect of chronic 

TBI on the ability of the mouse to respond to an infectious enteric pathogen. Citrobacter 

rodentium (Cr), the rodent equivalent to pathogenic E. coli, was administered to mice 28 

days following experimental TBI and host and intestinal immune responses were assessed 

up to 23 days following Cr infection. Chronic TBI did not exacerbate gross parameters of 

Cr infection in mice as assessed by weight loss and colonic shortening. Chronic TBI also 

did not impair the ability of the colon to clear the infection, with fecal excretion of Cr 

reaching the undetectable levels within 19 days of infection in both Sham and TBI mice. 

Moreover, chronic TBI did not impact the levels of Cr-induced upregulation of TNFα, 

IFNγ or IL-17a expression in the colon 12 days after Cr. TBI-induced changes in colon 

morphology including increased mucosal height and proliferation of epithelial cells, were 
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not further altered by Cr infection. In contrast, Cr infection augmented smooth muscle 

thickness, enteric glial cell reactivity and colon paracellular permeability in TBI mice when 

compared to Sham+Cr mice (E. L. Ma et al., 2017). 

 Enteric infection is just one of many enteric “challenges” such as food antigens, 

medical and recreational drugs or chemicals, that can trigger an inflammatory immune 

response.  The intestinal response to varying stimuli and the severity of the stimuli is 

nuanced, potentially resulting in variations of outcomes that TBI-altered colonic function 

can affect. We used the DSS model of colonic inflammation/injury and repair in mice to 

test the hypothesis that chronic TBI exacerbates disease severity and/or impairs 

recovery of the colon in response to a chemically induced inflammatory enteric 

challenge. Mice were subjected to a chemical enteric challenge 28 days (3% DSS for 7 

days) following anesthetic exposure (Naïve), craniotomy (Sham), or TBI (CCI, 6 m/s, 2mm 

depth, moderate-to-severe injury) as described in Chapter 2. Multiple cohorts of mice were 

included to assess the effect of chronic TBI on both injury and repair mechanisms. 

Measures of disease severity and recovery were monitored throughout the study including 

weight loss (daily), disease activity index (DAI) scores (weekly), colon morphometric 

changes (length, weight, cecum weight) (at the end of the injury, first and fourth recovery 

week phases), histological scores of microscopic colonic damage and inflammation (at the 

end of the injury and first recovery week phases). Additionally, changes in colonic 

permeability were measured at the end of the DSS injury phase and first week of the DSS 

recovery phase. Brains were collected for histological and molecular analyses (Chapter 5). 

Morphometric analyses were performed on the spleen, mLN and thymus, with tissue being 
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used for immune characterization (Chapter 6). These mice were also run through 

behavioral testing to assess changes in neurobehavior (Chapter 4).  

 
3.2 Results 
 
3.2.1 Chronic TBI does not exacerbate acute colitis disease severity or delay colonic 
recovery 
 DSS was administered in graduated feeding bottles that allowed for easy 

measurement of liquid consumed daily by every cage of mice. No significant differences 

were observed between DSS-treated mice in the estimated amount of liquid consumed 

during the study (cohort 3: TBI x DSS x Time Effect: F(170,3502)=11.55, p<0.0001; Fig. 3-

1). DSS-treated mice from cohorts 1 and 2 also consumed similar amounts of liquid during 

the study with no significant differences between the DSS mice (data not shown). Common 

indices of DSS injury severity and recovery were assessed throughout the study in all 

cohorts of mice including body weight loss, disease activity index (DAI), morphometric 

changes in the colon and histopathological injury scores. When administered at a 3% 

concentration, DSS results in a significance loss of body weight, up to 20% (Chassaing et 

al., 2014; Laroui et al., 2012). The percentage body weight lost upon DSS administration, 

and then regained upon the return to normal drinking water, was calculated relative to body 

weight just prior to receiving DSS on PTD (post-injury day) 28. All cohorts of Naïve, Sham 

and TBI mice administered DSS lost similar amounts of weight, at a similar rate, with peak 

weight loss occurring two to three days into the DSS recovery phase on PTD37-38 in 

cohorts 2 and 3 (cohort 1: TBI x DSS x Time Effect: F(35,406)=31.17, p<0.0001; cohort 2: 

TBI x DSS x Time Effect: F(70, 1316)=24.68, p<0.0001; cohort 3: TBI x DSS x Time Effect: 

F(175, 3604)=20.57, p<0.0001; no significance between  
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cohort 3: TBI x DSS x Time Effect: F(175, 3604)=20.57, p<0.0001; no significance between 

DSS groups in any cohort; Fig. 3-2A-C). In addition, all cohorts of DSS-treated mice 

recovered their body weights at a similar rate as well, with cohort 3 mice returning to 

PTD28 levels within two weeks of DSS removal (Fig. 3-2A-C). By the end of the fourth 

DSS recovery week, all DSS mice in cohort 3 were closer to the body weights from water-

treated mice (Fig. 3-2C). 

DSS injury severity and recovery were also monitored using DAI scores. At the 

end of the DSS injury phase, DAI scores were elevated equally in DSS-treated mice in all 

cohorts (cohort 1: TBI x DSS Effect: F(2,55)=0.3239, p=0.7242; p<0.0001 Naïve vs 

Naïve+DSS, Sham vs Sham+DSS, TBI vs TBI+DSS; cohort 2: TBI x DSS x Time Effect: 

F(5,91)=198.3, p<0.0001; p<0.0001 Naïve vs Naïve+DSS, Sham vs Sham+DSS, TBI vs 

Figure 3-1. Liquid consumption of cohort 3 mice  
Estimated liquid intake was monitored daily beginning on the first day of DSS administration through 
the end of the study. No significant differences were observed between the DSS administered mice in 
terms of average amount of DSS consumed during the injury phase or normal drinking water consumed 
during the recovery phase. Data expressed as mean±s.e.m (n=15-21/group). a= p=0.0463 vs Naive, b= 
p=0.0064 vs Sham, c= p=0.0485 vs TBI, d= p=0.0306 vs Naïve, e= p<0.0453 vs Sham,  f= p=0.0471 vs 
TBI, g= p<0.0235 vs Naïve, h= p<0.0465 vs  Sham, i=  p=0.0218 vs TBI. 
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TBI+DSS; cohort 3: DSS effect: F(20,412)=196.2, p<0.0001; p<0.0001 Naïve vs 

Naïve+DSS, Sham vs Sham+DSS, TBI vs TBI+DSS; Fig. 3-3). Within one week of 

removal of DSS from the drinking water (DSS recovery week one, PTD42-43), DAI scores 

were lower in cohort 2 mice, with DAI scores for TBI+DSS mice significantly higher than 

Naïve+DSS mice (p=0.0043). This difference was not observed in cohort 3 mice.  DAI 

scores for cohort 3 mice were assessed at the end of every week of the recovery phase with 

all DSS-treated mice showing similarly reduced DAI scores at the end of the first (PTD42), 

second (PTD49), third (PTD56) and fourth (PTD63) recovery weeks. DAI scores returned 

to baseline levels by the end of the third DSS recovery week (PTD56).  

DSS is known to cause distinct morphological changes in the colon (Berberat et al., 

2005; Chassaing et al., 2014). As expected, DSS treatment resulted in significant colonic 

shortening, increased colon weight/body weight and decreased cecum size and cecum 

weight/body weight at the end of the DSS injury phase (PTD35-36). The measured 

decrease in colon length at this time point was similar between all DSS-administered mice  

 

Figure 3-2. Prior TBI does not alter DSS induced weight loss  
Prior craniotomy or TBI did not exacerbate the amount, or rate, of body weight lost upon DSS 
administration or regained during recovery (A, cohort 1; B, cohort 2; C, cohort 3). Data expressed as 
mean±s.e.m (cohort 1, n= 10-12 per experimental group; cohort 2, n= 14-20 per experimental group; 
cohort 3, n=15-21 per experimental group). (A) a= p=0.0014 Sham vs Sham+DSS, b= p<0.0001 Naïve 
vs Naïve+DSS, c= p<0.0001 vs Sham vs Sham+DSS, c= p<0.0001 TBI vs TBI+DSS; (B) a= p<0.0001 
Sham vs Sham+DSS, b= p=0.0333 TBI vs TBI+DSS, c= p<0.0001 vs Naïve vs Naïve+DSS, d= 
p<0.0001 TBI vs TBI+DSS, e= p=0.0003 Naïve vs Naïve+DSS; (C) a= p=0.0015 Naïve vs 
Naïve+DSS, b= p=0.001 Sham vs Sham+DSS, c= p<0.0001 vs Naïve vs Naïve+DSS, d= p<0.0001 TBI 
vs TBI+DSS, e= p<0.0001 Sham vs Sham+DSS, f= p=0.0001 Sham vs Sham+DSS, g= p=0.0004 Sham 
vs Sham+DSS, h= p=0.0002 CI vs TBI+DSS, i= p=0.0002 Sham vs Sham+DSS, j= p=0.0005 Sham vs 
Sham+DSS, k= p=0.0012 Sham vs Sham+DSS, l= p=0.0008 Naïve vs Naïve+DSS, m= p=0.0011 Sham 
vs Sham+DSS, n= p=0.001 Naïve vs Naïve+DSS, o= p=0.0048 Sham vs Sham+DSS, p= p=0.0002 
Naïve vs Naïve+DSS, q= p=0.0027 Sham vs Sham+DSS, r= p=0.0007 Sham vs Sham+DSS, s= 
p=0.0060 Sham vs Sham+DSS, t= p=0.0087 Sham vs Sham+DSS, u= p=0.0220 Sham vs Sham+DSS, 
v= p=0.0011 TBI vs TBI+DSS, w= p=0.0004 Naïve vs Naïve+DSS, x= p=0.0215 Sham vs Sham+DSS, 
y= p=0.0023 Naïve vs Naïve+DSS, z= p=0.0006 Sham vs Sham+DSS, A= p=0.0009 TBI vs TBI+DSS, 
B= p=0.0055 TBI vs TBI+DSS, C= p=0.0007 Naïve vs Naïve+DSS, D= p=0.0002 TBI vs TBI+DSS. 
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(cohort 1, DSS effect: F(1,57)=29.75, p<0.0001; p=0.0132 Naïve vs Naïve+DSS, p=0.012 

Sham vs Sham+DSS, p=0.0238 TBI vs TBI+DSS; Fig. 3-4B, F). Within one week of DSS 

removal (DSS recovery week 1, PTD42-43), colons from DSS-treated mice had regained 

length, although colons from Sham+DSS mice were still significantly shorter than those of 

Sham mice (cohort 2, DSS effect: F(1,85)=26.88, p<0.0001; p=0.0001 Sham vs Sham+DSS;  

Fig. 3-4G). By the end of the fourth week of the DSS recovery phase (PTD 64-67), colon 

morphology in DSS-treated mice was comparable to their water-treated counterparts  

(cohort 3, DSS effect: F(1,103)=1.007, p=0.3179) (Fig. 3-4B, H). Colon weight/body weight 

ratios were increased equally in all DSS-treated mice at the end of the DSS injury phase 

(cohort 1, DSS effect: F(1,58)=55.22, p<0.0001; p=0.0003 Naïve vs Naïve+DSS, p<0.0001 

Sham vs Sham+DSS, p=0.0171 TBI vs TBI+DSS; Fig. 3-4B, C). Colon weight/body  

Figure 3-3. Prior TBI does not increase DSS disease severity or impair recovery 
 Prior TBI or craniotomy did not increase disease activity index (DAI) scores at the end of the DSS 
injury phase (PTD35) in Sham+DSS and TBI+DSS mice compared to Naïve+DSS mice. DAI scores for 
DSS-treated mice returned to baseline values by the end of the third DSS recovery week (PTD 56) in a 
similar manner and rate, regardless of prior injury. Data expressed as mean±s.e.m (cohort 1, n= 10-12 
per experimental group; cohort 1, n= 14-20 per experimental group; cohort 3, n=15-21 per 
experimental group). a= p<0.0001 Naïve vs Naïve+DSS, b=  p<0.0001 Sham vs Sham+DSS, c= 
p<0.0001 TBI vs TBI+DSS, d= p=0.0043 Naïve+DSS vs TBI+DSS, e= p=0.0002 Naïve vs Naïve+DSS 
, f= p=0.0008 Sham vs Sham+DSS. 
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weight ratios remained significantly elevated in all DSS-treated mice compared to water-

treated mice, with no significant differences between the DSS groups, through the end of  

first (cohort 2 mice, DSS effect: F(1,85)=143.6, p<0.0001; p<0.0001 Naïve vs Naïve+DSS, 

Sham vs Sham+DSS, TBI vs TBI+DSS; Fig. 3-4D) and fourth DSS recovery weeks 

 (cohort 3, DSS effect: F(1,103)=58.23, p<0.0001; p=0.0004 Naïve vs Naïve+DSS, p<0.0001 

Sham vs Sham+DSS, p=0.0004 TBI vs TBI+DSS; Fig. 3-4B, E). Cecum weight/body 

ratios were equally decreased in all DSS-treated mice by the end of the DSS injury phase 

(cohort 1, DSS effect: F(1,58)=105.6, p<0.0001; p<0.0001 Naïve vs Naïve+DSS, Sham vs 

Sham+DSS, TBI vs TBI+DSS; Fig. 3-4B, I), through the first week of the DSS recovery 

phase (cohort 2, DSS effect: F(1,57)=117.2, p<0.0001; p<0.0001 Naïve vs Naïve+DSS, 

Sham vs Sham+DSS, TBI vs TBI+DSS; Fig. 3-4J), to the end of the fourth DSS recovery 

week where values returned closer to those observed in non-DSS treated mice (cohort 3, 

DSS effect: F(1,103)=18.89, p<0.0001; Fig. 3-4K).  

 

Figure 3-4. Prior TBI does not alter DSS induced morphological changes in the colon and cecum. 
Representative image illustrating anatomical regions and measurements of the colon (A). 
Representative images of colons obtained from water and DSS-treated mice at the end of the DSS 
injury phase (PTD35, cohort 1 mice), demonstrating colonic shortening, decreased cecum size and 
decrease in fecal pellet generation in DSS-treated mice, and at the end of the fourth DSS recovery 
week, demonstrating a return to normal colon length and fecal pellet generation (B, cohort 3 mice). 
Prior craniotomy or TBI did not further alter DSS-induced increases in colon weight (C), colonic 
shortening (F), or decreases in cecum weight (I) at the end of the DSS injury phase in cohort 1 mice. 
Colonic re-lengthening and return to normal physiological weights of the colon and cecum during the 
DSS recovery phase were not impaired by prior craniotomy or TBI (cohort 2: D, G, J; cohort 3, E, H, 
K). Data expressed as mean±s.e.m (cohort 1, n= 10-12/group; cohort 2, n= 14-17/group; cohort 3, 
n=15-21/group).  a= p=0.0003 vs Naïve, b= p<0.0001 vs Sham, c= p=0.0171 vs TBI, d= p<0.0001 vs 
Naïve, e= p<0.0001 vs TBI, f= p=0.0004 vs Naïve, g= p=0.0004 vs TBI, h=  p=0.0132 vs Naïve, i= 
p=0.0012 vs Sham, j= p=0.0238 vs TBI, k= p=0.0001 vs Sham. 
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Microscopic evaluation of DSS injury severity was also performed using 

histopathological scoring of the colon. DSS administration increased the histopathological 

score for all DSS-treated mice at the end of the DSS injury week, with no significant 

differences across the DSS groups (cohort 1: DSS effect: F(1,24)=61.26, p<0.0001; 

p<0.0001 Naïve vs Naïve+DSS, Sham vs Sham+DSS, TBI vs TBI+DSS; Fig. 3-5A). While 

histological scores were somewhat higher through the end of the first week of the DSS 

recovery phase, the differences were not significant (cohort 2: DSS effect: F(1,24)=61.26, 

p<0.0001; Fig. 3-5B). No significant differences were observed between any of the  

experimental groups at any time point within the study in heart weight/body weight (Heart: 

TBI x DSS Effect F(2,103)=0.0611, p=0.9408; Fig. 3-6A-C). Similarly, no differences were 

observed in kidney weight/body weight at the end of the fourth DSS recovery week 

(Ipsilateral kidney: TBI x DSS Effect: F(2,44)=0.01954, p=0.9807; Contralateral kidney: 

TBI x DSS Effect: F(2,103)=0.4683, p=0.6292; Fig. 3-6D). 

Figure 3-5. Prior TBI does not exacerbate DSS disease severity at the microscopic 
level 
Histopathological scores for all DSS-treated mice were similar at the end of the DSS injury 
phase (PTD35-36) and first recovery week (PTD42-43) regardless of prior craniotomy or 
TBI. Data expressed as mean±s.e.m (A, cohort 1, n= 4-6/group; B, cohort 2, n= 4-8/group). 
a= p<0.0001 vs Naïve, b= p<0.0001 vs Sham, c= p<0.0001 TBI. 
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3.2.2 TBI-induced increases in barrier permeability are not altered by DSS 
administration 
 

To assess if TBI and/or DSS induced changes in epithelial barrier function, ex-vivo 

experiments on colon sections measuring TEER and PCF were performed. Neither TBI nor 

DSS challenge significantly altered TEER in any of the mice at the end of the DSS 

Figure 3-6. TBI and DSS do not alter kidney or heart weights 
Heart weight to body weight ratios were measured at the end of the DSS injury phase (PTD35-36) and 
the first (PTD 42-43) and fourth week of the DSS recovery phases (PTD 64-66). Craniotomy, TBI and 
DSS administration did not affect heart weight ratios at any time point (A-C). Similarly, kidney weights 
ratios measured at the end of DSS recovery week 4 (PTD 64-66) were not altered by craniotomy, TBI 
or DSS administration (D). Data expressed as mean±s.e.m (Hearts: A, cohort 1, n= 10-11/group; B, 
cohort 2, n= 10-13/ group; C, cohort 3, n=15-21/group; Kidneys: D, cohort 3, n=6-10 per experimental 
group). No statistical significance between experimental groups. 
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injury phase (cohort 1) or the end of the first week of the DSS recovery phase (cohort 2) 

(cohort 1: DSS x TBI Effect: F(2,44)=0.5597, p=0.5754; cohort 2: DSS x TBI Effect: 

F(2,80)=0.1807, p=0.8350; Fig. 3-7A-B). Measurement of PCF showed that TBI alone 

induced a transient increase in paracellular permeability in the colon at the end of the DSS 

Figure 3-7. Assessment of epithelial barrier integrity in the colon 
Neither TBI nor DSS significantly altered TEER in the colon at the end of the DSS injury phase (cohort 
1) or first week of the recovery phase (cohort 2) (A-B). TBI increased PCF at the end of the DSS injury 
phase on PTS5-36 (cohort 1) but returned to Naïve levels by then end of the first DSS recovery week 
(PTD42-43, cohort 2) (C-D). DSS administration in TBI+DSS mice reduced TBI-induced increases in 
PCF at the end of the DSS injury phase (C). No significant differences were observed between any of 
the experimental groups at the end of the first DSS recovery week (D). Data expressed as mean±s.e.m 
(cohort 1: n=7-11/group; cohort 2: n=8-15/group). a= p=0.0170 vs Naive, b= p=0.0039 vs TBI. 
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injury phase at 35 days post-TBI (cohort 1: DSS x TBI effect: F(2,55)=2.601, p=0.0833;  

Naïve vs TBI, p=0.0170;  TBI vs TBI+DSS, p=0.0039; Fig. 3-7C). By the end of the first 

DSS recovery week (PTD42-43), PCF in TBI mice had returned to Naïve levels and no 

significant differences observed among any of the experimental. (cohort 2: DSS x TBI 

groups effect: F(2,54)= 0.3959, p=0.6750;  Naïve vs TBI, p=0.0170;  TBI vs TBI+DSS, 

p=0.0039; Fig. 3-7D). 

 

3.3 Summary 
 
  The effect of craniotomy or TBI on the ability of the colon to respond to and 

recover from a chemically induced enteric challenge were assessed using a variety of 

disease indices including weight loss and regain, DAI scores, morphometric changes in the 

colon and cecum, and histological scores (Chassaing et al., 2014; Mizoguchi et al., 2020). 

Three cohorts of mice were used in this study with differing terminal endpoints to capture 

changes in a temporal manner. Assessments were performed at the end of the DSS injury 

phase (cohort 1) and the first (cohort 2) or fourth DSS recovery week (cohort 3). Findings 

include: 

1. In all cohorts, DSS-treated mice exhibited comparable weight loss and regain 

of weight regardless of prior TBI. 

2. In general, colonic shortening induced by DSS was not exacerbated by prior 

craniotomy or TBI, although in Sham+DSS mice the normalization of colon 

length was delayed slightly at the end of the first week of the DSS recovery 

phase. 
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3. Neither craniotomy nor TBI affected DSS-induced increases in colon 

weight/body weight ratios or decreases in cecum size and cecum weight/body 

weight ratios. 

4. Microscopic injury was similar in all DSS mice during all phases regardless of 

prior brain injury. 

5. Macroscopic changes in the heart and kidneys were not found. 

6. No changes in TEER (an index of all flux across the mucosa) were induced by 

TBI or DSS. Paracellular permeability was increased transiently by TBI alone 

only at the end of the DSS injury phase. 

Taken together, these data demonstrate that prior craniotomy or TBI does not affect the 

severity of injury induced in the colon by a chemical enteric challenge or the ability of the 

colon to respond to and recover from such a challenge. 
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Chapter 4: Colonic Inflammation During Chronic Experimental TBI Exacerbates 
Neurobehavioral Deficits  

 
4.1 Introduction 
 
 TBI is a chronic disease process with on-going secondary injury processes that 

contribute to life-long deficits in motor and neurocognitive function in patients (Bramlett 

& Dietrich, 2015; Mouzon et al., 2018; Peltz et al., 2020; Ponsford et al., 2018). Preclinical 

TBI studies in rodents have also described sustained deficits in cognitive and motor 

function and alterations in mood and social behavior. Rodents subjected to CCI have 

chronic deficits in fine motor coordination, declarative memory, spatial learning and 

memory, working memory, fear-motivated learning and memory, and social behavior 

(Henry et al., 2020; Ritzel et al., 2018; Semple et al., 2012; Z. Zhao et al., 2012).  

Neurological complications associated with intestinal inflammation were reported 

in patients suffering from IBD, IBS and enteric infections. IBD patients often report 

neurological symptoms of disrupted sleep, difficulty concentrating, cloudy thought or 

“brain fog”, and memory lapses. CD patients were found to have slower response times in 

Subtle Cognitive Impairment testing when compared to healthy controls, with response 

times correlating with symptoms of active intestinal inflammation (van Langenberg et al., 

2017). Psychiatric disorders are of particular importance in IBD, with patients reporting 

alterations in mood and clinical studies demonstrating increased burden of psychiatric 

comorbidities (Bernstein et al., 2019; Marafini et al., 2020; Walker et al., 2008). 

Experimental studies examining intestinal inflammation and IBD are consistent 

with clinical findings regarding neurological consequences of enteric inflammation. 

Colonic inflammation in rats and mice altered brain activity and increased anxiety-like 
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behavior and induced deficits in declarative, spatial and working memory and fear-

motivated learning and memory (Emge et al., 2016; Ferro et al., 2014; S.-E. Jang et al., 

2018; H.-J. Lee et al., 2018; Matisz et al., 2020; Nyuyki et al., 2018; Painsipp et al., 2010). 

Acute colitis, induced by intrarectal injection of TNBS, reduced working memory and fear-

motivated memory retention at 8- and 15-days post-injection (S.-H. Jang et al., 2017). 

Intestinal inflammation induced by daily oral administration of E. coli resulted in deficits 

in working memory and fear-based retention memory for up to 7 days following infection 

(Jang et al., 2017). The route of administration and duration of colonic inflammation can 

have differential effects on behavioral outcomes. One preclinical study comparing acute 

(one DSS administration cycle) and chronic (multiple DSS cycles) colonic inflammation 

on behavioral outcomes found DSS administration during an acute time period resulted in 

deficits in declarative and spatial memory and increased depressive-like behavior, whereas 

chronic DSS administration did not alter these behaviors (Matisz et al., 2020). 

Previous studies demonstrate that enteric challenges prior to, or following, brain 

injury in mice worsen neuropathological outcomes (Feng et al., 2019; E. L. Ma et al., 2017). 

Colonic inflammation induced by DSS administration preceding stroke in mice was shown 

to exacerbate infarction volume, neuronal cell loss, and neuroinflammation (Feng et al., 

2019). Infection with Cr during chronic TBI increased cortical injury lesion volume and 

neuroinflammation in the peri-lesional site (E. L. Ma et al., 2017). However, the effect of 

colonic inflammation on brain injury-related neurobehavioral outcomes was not examined 

in these prior studies and remains unexplored. This experiment was designed to test the 

hypothesis that colonic inflammation, induced by a chemical enteric challenge, during 

chronic TBI exacerbates TBI-associated neurobehavioral outcomes.  
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Adult male mice were subjected to anesthetic (Naïve), craniotomy (Sham), or CCI 

(TBI) followed 28 days later by an enteric challenge (3% DSS) for 7 days (DSS injury 

phase), with a return to normal drinking water for an additional 7-28 days (DSS recovery 

phase) as previously described in Chapter 2. Mice from each cohort underwent behavioral 

testing throughout the study to assess changes in motor function, cognitive function, social 

behavior, mood, and peripheral thermal nociception (Fig. 4-1 and Fig. 2-1, Chapter 2). 

Specifically, cohort 1 mice underwent BW (PTD1, 3, 7, 14, 21, 28, 35), NOR (PTD 25-27 

Figure 4-1. Behavioral testing timelines  
Behavioral testing timelines for cohort 1 (A), cohort 2 (B), and cohort 3 (C) mice. Abbreviations: BW, 
beam walk; DHP, dynamic hot plate; EPM, elevated plus maze; LDB, light-dark box; MB, marble 
burying; MWM, Morris water maze; NOR, novel object recognition; SA, social approach; YM, y-maze. 
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and 32), and YM (PTD34). Cohort 2 mice underwent BW (PTD1, 3, 7, 14, 21, 28, 32, 35, 

39, and 42), NOR (PTD 25-27, 32, and 39), YM (PTD40), and DHP (PTD35 and 41). 

Cohort 3 mice underwent BW (PTD1, 3, 7, 14, 21, 28, 32, 35, 42, 49, 56, and 63), NOR 

(PTD 24-27, 30-33, 59-62), MWM (PTD38-42), SA (50-54), MB (PTD50-54), LDB 

(PTD56), EPM (PTD63). Brains were collected for histological and molecular analyses 

(Chapter 5). Morphometric measurements were performed on the colon, spleen, mLN and 

thymus (Chapter 3 and 6) and samples of colon, spleen, mLN and blood were collected and 

processed for flow cytometry (Chapter 6).  

 
4.2 Results 
 
4.2.1 DSS-induced colonic inflammation during chronic TBI exacerbates TBI-
associated fine motor coordination deficits in TBI mice and induces deficits in Sham-
injured mice. 
  

Beam walk was performed to assess changes in fine motor coordination in mice. Prior to 

initiation of colonic inflammation, TBI mice exhibited a significant increase in foot faults 

beginning on the first day post-injury and persisting through the 63rd day post-injury 

(cohort 1: F(40,488)=17.15, p<0.0001; cohort 2: F(50,860)=26.79, p<0.0001; Cohort 3: 

F(60,1186)=20.57, p<0.0001; Fig. 4-2A-C). On PTD28, TBI mice had significantly more foot 

faults (ff) compared to Naïve and Sham mice (Cohort 1: p<0.0001; cohort 2: p<0.0001; 

cohort 3: p<0.0001). No significant differences were observed between Naïve and Sham 

mice.  Within four days of the initiation of the DSS challenge (PTD32), ff increased in 

TBI+DSS compared to TBI mice, reaching significance at the end of the DSS injury phase 

in cohorts 2 and 3 (PTD35,  cohort 1: p<0.9649;  cohort 2: p<0.0484; cohort 3: p<0.0454; 

Fig. 4-2A-C). This increase in foot faults in TBI+DSS vs TBI mice was sustained through  
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the first (PTD42, cohort 2: p=0.0011; cohort 3: p=0.0419; Fig. 4-2B, C), second (PTD49, 

cohort 2: p=0.0011; cohort 3: p=0.0005; Fig. 4-2B, C), third (PTD56, cohort 3: p=0.0017; 

Fig. 4-2C) and fourth DSS recovery weeks (PTD63, cohort 3:  p<0.0001; Fig. 4-2C). 

Surprisingly, DSS administration also resulted in a significant increase in foot faults in 

Sham+DSS mice compared to their water-treated Sham counterparts and Naïve+DSS mice. 

This increase was observed within four days of the onset of DSS administration (PTD32, 

cohort 1: p=0.0008; cohort 2: p<0.0001; cohort 3: p=0.0053; Fig. 4-2A-C) and persisted 

through the end of the DSS injury phase (PTD35, cohort 1: p=0.0003;  cohort 2: p<0.0001; 

cohort 3: p<0.0001; Fig. 4-2A-C). Impaired motor coordination in Sham+DSS mice also 

extended through the end of the first (PTD42, cohort 2: p<0.0001; cohort 3: p=0.0009),  

Figure 4-2. Colonic inflammation during chronic TBI induces impairments in fine motor 
coordination in Sham-injured mice and exacerbates deficits in TBI mice 
DSS administration induced increases in foot faults in Sham- and TBI mice beginning during the DSS 
injury phase (PTD32) and persisting through the end of the fourth week of the recovery phase (PTD63) 
(A-C). No significant impairments were observed in Sham-injured mice not administered DSS (Sham) 
or in Naïve mice administered DSS (Naïve+DSS). Data expressed as mean±s.e.m (cohort 1: n=8-
12/group; cohort 2: n=14-17/group; cohort 3: n=15-21/group).  (A) a= p<0.0001 TBI vs Naïve, b= 
p=0.0001 TBI vs Sham, c= p<0.0001 TBI+DSS vs Naïve+DSS, d= p<0.0001 TBI+DSS vs 
Sham+DSS, e= p<0.0001 TBI vs Sham, f= p=0.0001 TBI vs Naive, g= p=0.0004 TBI vs Sham, h= 
p=0.0020 TBI vs Naive, i= p=0.0030 TBI vs Sham, j= p=0.0001 TBI+DSS vs Naive+DSS, k= 
p=0.0006 Sham+DSS vs TBI+DSS, l= p=0.0018 TBI vs Naive, m= p=0.0010 TBI vs Sham, n= 
p=0.0008 Naïve+DSS vs Sham+DSS, o= p=Sham vs Sham+DSS, p= p=0.0139 Sham+DSS vs 
TBI+DSS, q= p=0.0005 TBI vs Naïve, r= p 0.0006 TBI vs Sham, s= p=0.0003 Naïve+DSS vs 
Sham+DSS, t= p=0.0008 Sham vs Sham+DSS, u= p<0.0001 Naïve+DSS vs TBI+DSS, v= p=0.0004 
Sham+DSS vs TBI+DSS; (B); a= p<0.0001 TBI vs Naïve, b= p<0.0001 TBI vs Sham, c= p<0.0001 
TBI+DSS vs Naïve+DSS, d= p<0.0001 TBI+DSS vs Sham+DSS, e= p=0.0098 Naive+DSS vs 
Sham+DSS, f= p<0.0001 Naïve+DSS vs Sham+DSS, g= p<0.0001 Naïve+DSS vs TBI+DSS, h= 
p=0.0484 TBI vs TBI+DSS, i= p=0.0189 TBI vs TBI+DSS, j= p=0.0011 TBI vs TBI+DSS; (C) a= 
p<0.0001 TBI vs Naïve, Sham, b= p<0.0001 TBI+DSS vs Naïve+DSS, Sham+DSS, c= p<0.0001 vs 
Naïve+DSS, d= p=0.0001 TBI+DSS vs Naïve+DSS, e= p=0.0454 TBI vs TBI+DSS, f= p=0.0003 
Sham+DSS vs TBI+DSS, g= p =0.0419 TBI vs TBI+DSS, h= p=0.0053 Sham+DSS vs TBI+DSS, i= 
p=0.0005 TBI vs TBI+DSS, j= p=0.0017 TBI vs TBI+DSS, k= p=0.0068 Sham+DSS vs TBI+DSS, l= 
p <0.0001 TBI vs TBI+DSS, m= p=0.0053 Naïve+DSS vs Sham+DSS, n= p=0.003 Sham vs 
Sham+DSS, o= p<0.0001 Naïve+DSS vs Sham+DSS, p= p=0.0001 Sham vs Sham+DSS, q= p=0.0009 
Naïve+DSS vs Sham+DSS, r= p 0.0009 Sham vs Sham+DS, s= p=0.0072 Naïve+DSS vs Sham+DSS, 
t= p=0.0061 Sham vs Sham+DSS, u= p=0.0003 Naïve+DSS vs Sham+DSS, v= p=0.0004 Sham vs 
Sham+DSS, w= p=0.0066 Naïve+DSS vs Sham+DSS, x= p=0.0080 Sham vs Sham+DSS. 
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second (PTD49, cohort 3: p=0.0072), third (PTD56, cohort 3: p=0.0003), and fourth week 

(PTD63, cohort 3: p=0.0066; Fig. 4-2B, C) of the DSS recovery phase. Importantly, no 

impairments were seen in Sham-injured mice prior to DSS administration (Fig. 4-2A-C) 

or in DSS-treated Naïve mice (Naïve+DSS) (Fig. 4-2A-C).  

Gross motor function, as assessed through locomotor activity during NOR 

habituation testing (Table 4-1) or swim speeds during MWM probe trial testing in cohort 

3 mice (Fig. 4-6H), was unaffected by DSS administration. Following TBI, but prior to 

DSS administration, TBI mice exhibited hyperactivity with significantly increased distance 

traveled (F(2,107)=9.473, p=0.0002; p=0.0256 TBI vs Sham, p=0.0001 TBI vs Naïve; Table 

4-1) and speed (F(2,107)=2.432, p=0.0002; p=0.0390 vs Sham, p=0.0001 vs Naïve; Table 4-

1) compared to Naïve and Sham mice. During DSS administration and through the fourth 

week of the recovery phase, no significant differences among the experimental groups in 

terms of the distance traveled or average speed were observed (Table 4-1). Similar results 

were seen in mice from cohorts 1 and 2 (data not shown). Average swim speeds measured 

during the probe trial of MWM testing were also similar among all the experimental groups 

(F(2,100)=0.3018, p=0.7420; Fig. 4-6H).  

 
4.2.2 Colonic inflammation impairs declarative memory in Sham-injured mice. 
 
To examine the effect of colonic inflammation during chronic TBI on cognitive function, 

NOR, MWM, and YM testing were carried out to assess changes in declarative memory, 

hippocampal-dependent spatial learning and memory and working memory. NOR testing 

was performed prior to, during and following DSS administration. During the 

familiarization stage of testing at all time points in all cohorts of mice, there were no 
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significant differences between the experimental groups in the amount of time that was 

spent with either of the two objects presented, demonstrating the absence of an overarching 

side bias (Fig. 4-3). Naïve mice spend ~70% of their time exploring the novel over the 

familiar object, with 50% being chance. Therefore, a decrease in novel object (NO) 

preference index (PI) is indicative of a disruption in familiar object memory and declarative 

memory overall. During NO testing conducted prior to DSS administration, TBI mice spent 

significantly less time exploring the NO versus the familiar object compared to Naïve and 

Sham mice (cohort 1: F(2,61)=9.408, p=0.0003; p=0.0081 vs Naïve, p=0.0018 vs Sham; 

cohort 2: F(2,89)=15.62, p<0.0001; p<0.0001 vs Naïve, p=0.0004 vs Sham; cohort 3: 

F(2,102)=14.22, p<0.0001; p<0.0001 vs Naïve, Sham; Fig. 4-4A, C, F). DSS administration 

did not further decrease NO PI in TBI+DSS mice during either the DSS injury (cohort 1:  

Table 4-1. General locomotion is not altered by colonic inflammation during chronic TBI 
Distance traveled and average speed was measured during NOR habituation testing carried out prior to, 
during and following DSS administration in cohort 3 mice. All experimental groups performed at 
similarly indicating no significant impairment of gross motor function. Data expressed as mean±s.e.m 
(n=31-42 per group Pre-DSS; n=15-21 per group DSS Injury/Recovery phases). a= p=0.0001 vs Naïve, 
b= p=0.0256 vs Sham, c= p=0.0001 vs Naïve, d= p=0.0390 vs Sham. Abbreviations: meters (m), 
meters/second (m/s). 
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Figure 4-3. Object preference for objects presented during the familiarization stage of NOR testing 
Object preference for familiarization stage conducted prior to DSS administration (cohort 1, A; cohort 2, 
B; cohort 3, C), during the DSS injury phase (cohort 3, D), and fourth week of the DSS recovery phase 
(cohort 3, E). Mice from all experimental groups explored both objects presented during the 
familiarization stage equally. Data represented as means±s.e.m (cohort 1: n=20-22/group; cohort 2: n=14-
17/group; cohort 3: n=31-42/group pre-DSS administration, n=15-21/group DSS injury phase and fourth 
DSS recovery week).  
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Figure 4-4. Colonic inflammation induces impairments in declarative memory in Sham-injured 
mice 
TBI mice spent less time exploring the novel object (NO) prior to the initiation of the DSS challenge 
(PTD25-27). No significant changes in NO preference index (PI) were observed in Sham-injured mice 
(cohort 1, A; cohort 2, C; cohort 3, F). Sham+DSS mice exhibited a significant reduction in the time 
spent exploring the NO compared to Sham mice, beginning during the DSS injury phase (cohort 1, B; 
cohort 2, D; cohort 3, G) and persisting through the first (cohort 2, E) and fourth weeks of the recovery 
phase (cohort 3, H). No significant changes were observed in Naïve+DSS mice. Data expressed as 
mean±s.e.m (Pre-DSS: cohort 1: n=20-22/group; cohort 2: n=30-31/group; cohort 3: n=31-42 per 
group; DSS Injury/Recovery phases: cohort 1: n=10-12/group; cohort 2: n=14-17/group; cohort 3: 
n=15-21/group). a= p=0.0001 vs Naïve, b= p<0.0001 vs Sham, c= p=0.0006 vs Naïve, d= p=0.0026 vs 
Sham, e= p=0.0080 vs Naïve+DSS, f= p=0.0430 vs Sham+DSS, g= p=0.0007 vs Naïve+DSS, h= 
p<0.0001 vs Naïve, i= p=0.0004 vs Sham, j= p=0.0142 vs TBI, k= p=0.0394 vs Sham, l= p=0.0153 vs 
Naïve=DSS, m= p=0.311 vs Sham, o= p=0.0080 vs Naïve, p= p=0.0388 vs Sham, q= p=0.0033 vs 
Naïve+DSS, r= p=0.0166 vs Sham, s= p=0.0542 vs Naïve+DSS, t= p<0.0001 vs Sham, u= p=0.0018 vs 
Naïve, v= p=0.0043 vs Sham, w= p=0.0291 vs Naïve+DSS, x= p=0.0101 vs Sham, y= p=0.0006 vs 
Naïve+DSS, z= p=0.0333 vs Sham, A= p=0.0023 vs Naïve+DSS, B= p=0.0185 vs Sham, C= p=0.0230 
vs Naïve+DSS. 
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F(2,58)=3.221, p=0.0471; cohort 2: F(2,89)=2.010, p=0.1402; cohort 3: F(2,102)=14.22, 

p<0.0001; Fig. 4-4B, D, G) or recovery phases (cohort 2: F(2,89)=15.62, p<0.0001; cohort 

3: F(2,102)=2.724, p=0.0704; Fig. 4-4E, H). DSS administration did significantly reduce the 

amount of time Sham+DSS mice spent with the NO compared to Sham and Naïve+DSS 

mice during the DSS injury phase (cohort 1: p=0.0080 vs Naïve+DSS, p=0.043 vs Sham; 

cohort 2: p=0.0153 vs Naïve+DSS, p=0.0311 vs Sham; cohort 3: p=0.0291 vs Naïve+DSS, 

p=0.0101 vs Sham; Fig. 4-4B, D, G). This significant decrease in NO PI in Sham+DSS 

mice was comparable to TBI mice and was sustained through the end of the first (cohort 

2: F(2,89)=3.516, p=0.0342; p=0.0033 vs Naïve+DSS, p=0.0166 vs Sham ) and fourth 

recovery week (cohort 3: F(2,102)=4.123,  p=0.0188;  p=0.0023 vs Naïve+DSS, p=0.0185 

vs Sham; Fig. 4-4E, H). No deficits were observed in Sham-injured mice prior to DSS 

administration or in Naïve mice administered DSS (Naïve+DSS). Time spent exploring the 

presented objects were similar among all experimental groups in all cohorts, at all testing 

time points (Fig. 4-5). 

 
4.2.3 Colonic inflammation impairs spatial learning and memory in Sham-injured 
mice 

 
Hippocampal-dependent spatial learning and memory was assessed by performing 

MWM testing during the first recovery week (PTD 38-42) in cohort 3 mice. Both TBI and 

TBI+DSS mice exhibited increased latencies to locate the platform compared to 

Naïve/Sham and Naïve+DSS mice, respectively (TBI x Time: F(5,100)=17.26,  p<0.0001; 

AD1-4: p<0.05 to p<0.0001 TBI+DSS vs Naïve+DSS; p<0.01 vs p<0.001 vs TBI vs Naïve; 

Fig.4-6A). Although latency to escape for Sham+DSS mice increased, this increase was 

not significance (TBI x DSS x Time: F(15,300)=1.022,  p=0.4317; AD1-4: p=0.6277,  
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p=0.7983, p=0.6479, p=0.0977; Fig.4-6A). TBI and TBI+DSS mice both spent 

significantly less time in the target quadrant during probe trial compared to Naïve/Sham 

and Naïve+DSS mice, respectively (F(2,100)=0.5710,  p=0.5668; p=0.0189 TBI vs Naïve; 

p=0.0069 TBI vs Sham; p=0.0257 TBI+DSS vs Naïve+DSS; Fig. 4-6B, C). However, no 

significant decreases were observed in Sham+DSS mice compared to their water-treated 

counterparts (Fig. 4-6B, C). Naïve and Naïve+DSS mice spent similar amounts of time in 

the target quadrant during probe trial (Fig. 4-6B, C). No significant differences were 

observed among the experimental groups in the number of entries into the target quadrant 

F(2,100)=0.05181,  p=0.9495; Fig. 4-6D) or the number of platform crosses (F(2,100)=0.5960,  

p=0.5530; Fig. 4-6E). Search strategy employed by the mice to locate the hidden platform 

TBI mice (χ2 = 0.7886, p<0.6742 vs TBI+DSS). Administration of DSS to Sham-injured 

mice (Sham+DSS) shifted the search strategy utilized to predominately the repetitive 

looping search strategy (47%) as opposed to the spatial search strategy (69%) employed 

by their water-treated counterparts (χ2 = 11.55, p<0.0031, Fig. 4-6F, G). While use of the 

repetitive looping search strategy was employed by Naïve+DSS and not by Naïve mice this 

did not reach significance (24% Naïve+DSS vs 0% Naïve, χ2 =5.693, p<0.0580). Swim 

speeds were similar among all experimental groups, indicating that any differences 

observed during acquisition and probe trial testing were due to cognitive changes 

Figure 4-5. Time spent exploring objects during all stages of NOR testing was unaltered by TBI 
or colonic inflammation  
Total time spent exploring objects during the familiarization stage and novel object stage conducted 
prior to DSS administration (cohort 1: A,B; cohort 2: D, E; Cohort 3: H, K), during the DSS injury 
phase (cohort 1: C; cohort 2: F; cohort 3: I, L), the first DSS recovery week (cohort 2: G), and the 
fourth week of the DSS recovery phase (cohort 3: J, M). Mice from all experimental groups spent 
similar amounts of time exploring the objects presented during each stage. Data represented as 
mean±s.e.m (Pre-DSS: cohort 1: n=20-22/group; cohort 2: n=30-31/group; cohort 3: n=31-42 per 
group; DSS Injury/Recovery phases: cohort 1: n=10-12/group; cohort 2: n=14-17/group; cohort 3: 
n=15-21/group). 
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independent of general locomotor function (F(2,100)=0.3018, p=0.7420; Fig. 4-6H).  

In addition to NOR and MWM, y-maze testing was performed in cohort 1 and 2 

mice to examine changes in working memory. However, data from this test was ultimately 

excluded due to testing complications that arose. Experimental mice learned to climb out 

of the maze and upon doing so would no longer perform this task as needed to draw valid 

conclusions regarding cognitive function. Additionally, exclusion of mice who climbed out 

of the maze resulted in a n per group that was too low to draw conclusions regarding 

statistical significance and as such was not considered as a possible alternative to include 

data. 

 
4.2.4 Deficits in social recognition and memory are induced by colonic inflammation in 
Sham-injured and TBI mice. 
 

 

 

Figure 4-6. Spatial learning and memory deficits are observed in Sham-injured mice subjected to 
colonic inflammation 
 Both TBI and TBI+DSS mice required significantly more time to locate the hidden platform during 
acquisition training compared to Naïve/Sham and Naïve+DSS/Sham+DSS mice, respectively. 
However, no significant changes in latency to escape were observed between these two groups. 
Sham+DSS mice exhibited increased latency to escape compared to Sham mice, but this increase also 
did not reach significance. No differences were observed in escape latencies for Naïve, Sham or 
Naïve+DSS mice (A). Representative heat maps of mouse location during probe trial (B). TBI and 
TBI+DSS mice spent significantly less time in the escape quadrant during probe trial compared to 
Naïve/Sham and Naïve+DSS mice, respectively. No significant differences were found in escape 
quadrant time during probe trial between Naïve, Naïve+DSS, Sham and Sham+DSS mice (C). No 
significant differences were observed among the experimental groups in the number of entries in the 
escape quadrant (D) or platform crosses (E). Representative track plots of swim patterns during probe 
trial (F). Sham+DSS mice increasingly relied on the looping strategy, and decreasingly utilized the 
spatial strategy, compared Sham mice.  Increased reliance on looping search strategies in Naïve+DSS 
and TBI+DSS mice compared to Naïve or TBI mice, respectively, were present but did not reach 
significance (G). Swim speeds were similar between all mice during probe trial (F). Data expressed as 
mean±s.e.m (n=15-21/group). a= p=0.0011 Naïve vs TBI, b= p=0.0139Sham vs TBI, c= p=0.0022 
Naïve vs TBI, d= p=0.0012 Sham vs TBI, e= p=0.0007 Naïve vs TBI, f= p=0.0003 Naïve vs TBI, g= 
p=0.0014 Sham vs TBI, h= p<0.0001 Naïve+DSS vs TBI+DSS, i= p=0.0183 Sham+DSS vs TBI+DSS, 
j= p=0.0040 Naïve+DSS vs TBI+DSS, k= p=0.0340 Naïve+DSS vs TBI+DSS, l= p=0.0186 vs Naïve, 
m= p=0.0069 vs Sham, n= p=0.0257 vs Naïve+DSS. 
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TBI and DSS-induced colonic inflammation are reported to alter social behavior in 

rodents (Clarke et al., 2020; Ritzel et al., 2020). The effect of colonic inflammation during 

chronic TBI on social behavior was examined by performing Crawley’s three-chamber  

 

 

Figure 4-7. Deficits in social behavior are induced by intestinal inflammation in 
Sham-injured and TBI mice  
Neither TBI nor colonic inflammation significantly altered sociability (A). Colonic 
inflammation resulted in an impairment in social recognition and memory in Sham+DSS 
and TBI+DSS mice compared to Sham and TBI mice, respectively (B.Total time spent 
the stimulus mouse/object and both stimulus mice during the sociability stage (C) and 
social novelty stage (D). Mice from all experimental groups spent similar amounts of time 
exploring the stimulus mice/object in each stage. Data represented as means±s.e.m 
(cohort 3, n=13-21/group). a= p=0.0025 vs Naïve+DSS, b= p=0.0163 vs TBI, c= 
p=0.0235 vs Naïve+DSS, d= p=0.0187 vs Sham 
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social approach task (SA) three weeks into the DSS recovery phase (PTD51-54). No 

impairments in sociability (stage 2) among the experimental groups were found 

(F(2,97)=0.1638, p=0.8491; Fig. 4-7A). However, DSS administration did decrease the 

preference index (PI) for the novel stimulus mouse over the familiar stimulus mouse (stage 

3) in Sham and TBI mice when compared to their water-treated counterparts (DSS effect: 

F(1,96)=18.39,  p<0.0001; p=0.0187 Sham+DSS vs Sham; p=0.0163 TBI+DSS vs TBI; Fig. 

4-7B). PI for the novel over familiar stimulus mouse was similar between Naïve and 

Naïve+DSS mice, indicating colonic inflammation alone does not alter social behavior 

(p=0.9867). Within each test stage, no significant differences were found between the 

experimental groups in the total amount of time spent exploring the stimulus mice/object 

(TBI x DSS effect; Stage 2: F(2,96)=1.74, p=0.1809; Stage 3: F(2,96)=0.3800, p=0.6484; Fig. 

4-7C).  

 
4.2.5 Sham-injured and TBI mice exhibit increases in anxiety-like and repetitive-like 
behavior following intestinal inflammation. 
 

Both TBI and DSS-induced colitis have an impact on affective behavior (Nyuyki 

et al., 2018; Ritzel et al., 2018). Light-dark box (LDB) and marble burying (MB) tasks 

were performed during the third DSS recovery week to assess changes in anxiety-like 

behavior and repetitive-like/anxiety-like behavior, respectively. During LDB testing, TBI 

mice spent less time in the light chamber compared to Naïve and Sham mice (F(2,103)=3.453, 

p=0.0354; p=0.0003 TBI vs Naïve, p=0.0019 TBI vs Sham; Fig. 4-8A, B). DSS 

administration further decreased the amount of time TBI+DSS mice spent in the light 

chamber compared to TBI mice (p=0.0260). Sham+DSS mice also exhibited a decrease in 

the amount of time spent in the light chamber compared to Sham mice (p<0.0001).  
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Naïve+DSS mice spent similar amounts of time in the light chamber compared to Naïve 

mice, (p=0.4722). Corresponding to decreased time in the light chamber, TBI mice also 

had fewer entries into the light chamber compared to Naïve and Sham mice (F(2,103)=4.892, 

p=0.0093; p<0.0086 TBI vs Naïve, p=0.0043 TBI vs Sham; Fig. 4-8C). TBI+DSS mice 

had fewer light chamber entries (5±2 entries) but this did not reach significance compared 

to TBI mice (DSS effect: F(1,103)=12.09, p=0.0043; 5±2 entries, p=0.3195). Sham+DSS 

mice, however, did have significantly fewer light chamber entries compared to Sham mice 

(p=0.0026). Light chamber entries were similar between Naïve and Naïve+DSS mice 

(p>0.9999). Latency to re-enter the light chamber once in the dark chamber was increased 

in Sham+DSS mice compared to Sham mice (F(2,103)=1.802, p=0.1701; p=0.0073, Fig. 4-

8D). While both TBI and TBI+DSS had increased re-entry latencies compared to Naïve 

and Naïve+DSS mice, respectively, this did not reach significance (TBI: 149.78±36.41s,  

p<0.0770 vs Naïve, TBI+DSS: 213.52±47.84s, p<0.0590 vs Naïve+DSS). No significant 

differences were observed in re-entry latency between Naïve and Naïve+DSS mice. The 

number of exploratory leans from the dark chamber into the light chamber was unaffected 

by Sham craniotomy, TBI and DSS administration ((F(2,103)=0.8439, p=0.4330;  Fig. 4-8E). 

MB has been used as to assess both anxiety-like and perseverative behavior in 

rodents (Angoa-Pérez et al., 2013; Clipperton-Allen & Page, 2014). In MB testing carried  

out during the third DSS recovery week, Sham+DSS and TBI+DSS mice buried 

significantly more marbles compared to their water-treated counterparts (F(2,101)=2.333, 

p=0.1022; p<0.0001 Sham vs Sham+DSS, p=0.0080 TBI vs TBI+DSS; Fig. 4-8E, F). DSS 

did not significantly affect the number of marbles buried in Naïve+DSS mice compared to 

Naïve mice (p=0.1795).  
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EPM was also performed on cohort 3 mice at the end of the fourth DSS recovery 

week as an additional assessment of anxiety-like behavior. However, testing parameters 

were not fully optimized prior to conducting this task, which ultimately lead to its failure. 

All experimental mice, regardless of injury and treatment, exhibited anxiety-like behavior 

when place on to the EPM, with the majority spending over 90% of the test time in the 

closed arms, suggesting the maze itself as a source of anxiety. Additionally, of the few 

mice who ventured into the open arms, many slipped off the maze upon attempting to turn 

around. Guard rails (raised 0.25cm above the arm edge) were added to prevent future slips; 

however, between the number of mice who slipped off the maze and the number of mice 

who failed to perform the task, this task did not yield viable data for analysis and as such 

was excluded. 

 

Figure 4-8. Colonic inflammation increases anxiety- and repetitive-like behavior in Sham-injured 
and TBI mice 
Representative heatmaps of mouse presence in the light chamber during LDB testing carried out in the 
third DSS recovery week (A). TBI mice spent less time in the light chamber compared to Naïve and 
Sham mice. Time spent in the light chamber was further decreased in DSS-treated TBI mice 
(TBI+DSS). DSS administration also decreased light chamber time in Sham+DSS mice compared to 
Sham mice (B). TBI and TBI+DSS mice had fewer entries into the light chamber compared to 
Naïve/Sham and Naïve+DSS mice, respectively. Entries into the light chamber were also decreased in 
Sham+DSS mice compared to Sham mice (C). TBI and TBI+DSS mice exhibited increased latency to 
re-enter the light chamber compared to Naïve/Sham and Naïve+DSS/Sham+DSS mice, respectively.  
Naïve/Sham and Naïve+DSS/Sham+DSS mice, respectively. DSS administration significantly 
increased the latency to re-enter the light chamber in Sham+DSS compared to Sham mice (D). 
Although exploratory leans into the light chamber were increased in TBI, TBI+DSS and Sham+DSS 
mice, this did not reach significance (E). Representative images from marble burying conducted during 
the third DSS recovery week (F). Both Sham+DSS and TBI+DSS buried significantly more marbles 
than their water-treated counterparts (G). Data expressed as mean±s.e.m ((n=15-21/group). a= 
p=0.0003 vs Naïve, b= p=0.0019 v Sham, c= p<0.0001 vs Naïve+DSS, d= p=0.0260 vs TBI, e= 
p=0.0029 vs Naïve+DSS, f= p<0.0001 vs Sham, g= p=0.0086 vs Naïve, h= p=0.0043 vs Sham, i= 
p<0.0001 vs Naïve+DSS, j= p=0.0029 vs Naïve+DSS, k= p=0.0026 vs Sham, m= p=0.0435 vs 
Naïve+DSS, n= p=0.0037 vs Sham, o= p=0.0080 vs Naïve+DSS, p= p=0.0072 vs TBI, q= p<0.0001 vs 
Naïve+DSS, r= p<0.0001 vs Sham. 
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4.2.6 Peripheral thermal nociception is not altered by either TBI or colonic 
inflammation. 
 

Colonic inflammation and TBI cause peripheral hyperalgesia in mice. To examine 

the effect of TBI and colonic inflammation on peripheral nociception, DHP testing was 

carried out during at the end of the DSS injury phase (A) and first week of the DSS recovery 

phase (B). Neither TBI or colonic inflammation significantly altered the temperature of 

reaction among the experimental groups at either time point (DSS injury phase: 

F(2,86)=0.1228, p=0.8846; DSS recovery week 1: F(2,86)=1.034, p=0.3599; Fig. 4-9).  

 

 

4.3 Summary 
 

The effect of colonic inflammation during chronic TBI on TBI-associated 

neurobehavioral deficits was examined by performing a variety of behavioral tasks 

assessing locomotion, cognitive function, social behavior, anxiety-like behavior, and 

Figure 4-9. Peripheral thermal nociception was not altered by either TBI or colonic inflammation 
Neither TBI nor colonic inflammation significantly altered the temperature of reaction among any of 
the experimental groups during the DSS injury phase (A) or the DSS recovery phase (B). Data 
represented as mean±s.e.m (cohort 2, n=14-17/group).  
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peripheral nociception. All three cohorts of mice were used in this study underwent 

behavioral testing during the DSS injury phase (cohorts 1-3) and the first (cohorts 2-3) or 

fourth DSS recovery week (cohort 3). Findings include: 

1. Colonic inflammation alone or craniotomy alone were not sufficient to induce 

deficits in fine motor coordination. 

2. Although colonic inflammation following craniotomy or TBI impaired fine 

motor coordination, gross motor function was not altered and remained intact. 

3. Chronic TBI resulted in sustained impairments in declarative memory, that 

were not further worsened by colonic inflammation. Colitis at a chronic time 

point following craniotomy did, however, induce significant impairments in 

declarative memory. Neither craniotomy nor colonic inflammation alone were 

sufficient to induced alterations in declarative memory. 

4. Colonic inflammation during chronic TBI did not significantly worsen TBI-

related deficits in spatial learning and memory. In contrast, colitis at a time point 

following craniotomy induced significant impairments in spatial learning and 

memory, with increased reliance in Sham+DSS mice on a less efficient spatial 

search strategy.  

5. Deficits in social behavior induced by colonic inflammation during chronic TBI 

affected primarily social recognition and memory, in agreement with deficits in 

declarative memory, without significantly altering an animal’s willingness to 

socialize with other animals (sociability). Colonic inflammation alone did not 

alter social behavior. 
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6. TBI caused a chronic increase in anxiety-like behavior (LDB) that was further 

exacerbated by colonic inflammation (LDB, MB). Although craniotomy alone 

did not cause anxiety-like behavior in mice, colonic inflammation following 

inflammation alone was not sufficient to induce anxiety-like behavior. 

craniotomy significantly increased anxiety-like behavior (LDB, MB). Colonic 

7. Neither chronic TBI, craniotomy or colonic inflammation induced peripheral 

hyperalgesia. Peripheral thermal nociception remained similar among all 

experimental groups regardless of injury or colonic inflammation. 

Taken together, these data confirm that craniotomy is a mild injury with subclinical 

changes that prime the brain for development of neurobehavioral deficits upon subsequent 

peripheral challenge. These results also demonstrate that a peripheral challenge (colonic 

inflammation) during chronic TBI can exacerbate chronic TBI-related neurobehavioral 

deficits. Additionally, results from NOR and MWM testing suggest that a TBI ceiling effect 

may be present, obscuring further additive effects induced by colonic inflammation. 

Alternatively, these data suggest that colonic inflammation may have differential effects 

on cognition, inducing more pronounced effects in behavioral tasks requiring higher 

executive function. 
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Chapter 5: Effect of Colonic Inflammation During Chronic TBI on TBI-Related 
Neuropathology and Neuroinflammation 

 
5.1 Introduction 
 

 The findings in Chapter 4 demonstrate that colonic inflammation during chronic 

TBI results in an induction, or exacerbation, of neurobehavioral deficits in Sham-injured 

(Sham+DSS) or TBI (TBI+DSS) mice, respectively. Clinical and preclinical studies 

showed that TBI-induced neurobehavioral deficits correlate with pathological changes in 

the injured brain. TBI patients exhibit cerebral vascular damage, progressive white matter 

atrophy and demyelination, disruptions to existing CNS neurotransmitter systems, chronic 

microglial activation, and development of Aβ plaques (J. H. Cole et al., 2018; Gentleman 

et al., 2004; Green et al., 2014; Johnson et al., 2013; Mohamed et al., 2018; Östberg et al., 

2011; Ramlackhansingh et al., 2011; Salehi et al., 2017; Scott et al., 2016; C. Smith et al., 

2013). TBI in adults and children is also associated with alterations in functional 

connectivity (Madhavan et al., 2018; A. R. Mayer et al., 2011; Sharp et al., 2011; Tarapore 

et al., 2013; Tuerk et al., 2020; Venkatesan et al., 2014). 

In agreement with clinical data, preclinical TBI studies in rodents demonstrated that 

TBI causes damage to the vasculature, activation of astrocytes and microglia, neuronal cell 

death, demyelination, white matter atrophy, and alterations of structural and functional 

connectivity. These TBI-induced neuropathological changes are found in brain regions that 

participate in behaviors altered by TBI, including the hippocampus, cortex and thalamus 

(Byrnes et al., 2012; Kabadi et al., 2014; Kumar et al., 2013; Loane et al., 2014; Ritzel et 

al., 2020; Z. Zhao et al., 2015). Demyelination of white matter and alterations in network 

and functional connectivity, predicted by structural deficits, are observed after TBI in 
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rodents within the injury site, as well as in and other brain regions (Neil G. Harris et al., 

2013; N.G. Harris et al., 2016; Loane et al., 2014; Marion et al., 2019; McDonald et al., 

2020; Meningher et al., 2020; Taib et al., 2017). Clinically, alterations of structural and 

functional connectivity were also associated with neurobehavioral deficits in TBI patients 

(Hayes et al., 2016a). 

IBD is associated with increased risk of demyelinating diseases, the development 

of white matter lesions, and cerebral vascular complications in patients (Andus et al., 1995; 

Dolapcioglu et al., 2013; Gupta et al., 2005; Hart et al., 1998; Schneiderman et al., 1979). 

Clinical studies examining microglial activation in IBD patients are currently on-going 

(Microglial Activation in IBD, ClinicalTrials.Gov, 2020) and, importantly, 

neuropathological and neurobehavioral complications reported in preclinical IBD models 

mirror those observed clinically. Acute experimental colitis increased BBB permeability, 

cortical microglia activation, and CNS excitability (Y. Han et al., 2018; Hathaway et al., 

1999; Natah et al., 2005; Nyuyki et al., 2018; Reichmann et al., 2013). Preclinical data are 

conflicting, showing that acute experimental colitis in mice either activates and reduces 

microglial activation and neurogenesis in the hippocampus (Gampierakis et al., 2020; Sroor 

et al., 2019). Chronic colonic inflammation induced by multiple-cycle administration of 

DSS increased hippocampal microglial activation during the acute inflammation phase and 

decreased hippocampal neurogenesis during the chronic inflammation stage (Gampierakis 

et al., 2020; Zonis et al., 2015). Activation of the raphe and nucleus accumbens, increased 

ventricular volume and microglia activation in the arcuate nucleus and circumventricular 

organ were observed during the recovery phase following acute colitis in rats (Dempsey et 

al., 2019). 
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Enteric challenges prior to, or following, brain injury worsen injury outcomes (Feng 

et al., 2019; E. L. Ma et al., 2017). Chronic colitis induced by multiple cycles of DSS 

administration, prior to stroke, caused expansion of the infarction volume and increased 

neuronal cell loss, microglial activation and astrocyte reactivity in the peri-lesional area 7 

days following stroke (Feng et al., 2019). This study also showed a pro-inflammatory to 

anti-inflammatory microglial polarization shift in mice subjected to chronic colitis prior to 

stroke, with pro-inflammatory polarization predominating at 7 days post-stroke. In 

contrast, chronic colitis did not affect infarction volume, neuronal cell loss, microglial 

activation, or astrocyte reactivity at a more acute time point (3 days) following stroke. 

Infection with Cr during chronic TBI exacerbated TBI-induced cortical lesion volume, 

increased neuronal cell loss in the hippocampus and increased peri-lesional microglial 

activity and astrocyte reactivity (E. L. Ma et al., 2017).  

This experiment was designed to test the hypothesis that: a chemically induced 

inflammatory enteric challenge during chronic TBI alters TBI-associated 

neuropathology and neuroinflammation. Adult male mice were subjected to anesthetic 

(Naïve), craniotomy (Sham), or CCI (TBI) followed 28 days later by 3% DSS for 7 days 

(DSS injury phase), with a return to normal drinking water for an additional 7-28 days 

(DSS recovery phase) as previously described in Chapter 2. Brains were perfused with 4% 

PFA and collected at the end of the DSS injury phase (cohort 1, PTD35-36) and the end of 

the first week of the DSS recovery phase (cohort 2, PTD42-43) for stereological analyses 

of neuropathology (lesion volume, hippocampal neuronal cell loss). Specific brain regions, 

including the hippocampus, were dissected from saline perfused brains collected at the end 
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of the fourth week of the DSS recovery phase (cohort 3, PTD64-67) for molecular analyses 

(nanostring, qPCR). 

5.2 Results 
 
5.2.1 Colonic inflammation induces hippocampal neurodegeneration in Sham-injured 
mice and exacerbates TBI-associated hippocampal neurodegeneration without 
exacerbating TBI cortical lesion volume. 
 

Cortical lesion volume and hippocampal neuronal cell loss were assessed using 

unbiased stereology at the end of the first week of the DSS recovery phase (cohort 2 mice) 

to examine the effect of colonic inflammation during chronic TBI on TBI-associated 

neuropathological outcomes. In agreement with previous preclinical studies, TBI resulted 

in a large cortical lesion in the ipsilateral cortex (Fig. 5-1A, B). Acute administration of 

DSS to TBI mice (TBI+DSS) did not increase the volume of this cortical lesion 

(t(11)=0.2564, p=0.8024 vs TBI). As expected, TBI also resulted in a significant loss of  

Figure 5-1. Colonic inflammation during chronic TBI does not worsen TBI-associated cortical 
lesion volume  
One week following the removal of DSS, TBI-associated cortical lesion volume assessed by 
stereological quantification (A, B). Representative images of a cresyl violet stained TBI brain with 
missing cortical tissue, lesion, outlined in orange (A). Quantification lesion volume showed no 
differences between TBI and TBI+DSS mice (B). Data expressed as mean±s.e.m (cohort 2, n=5-
8/group). 



120 
 

neurons in the dentate gyrus (DG) subregion of the ipsilateral hippocampus compared to 

Naïve and Sham mice (TBI x DSS effect: F(5,92)=3.573, p=0.0054; p=0.0101 vs Naïve, 

p=0.0399 vs Sham; Fig. 5-2A, B). A further increase in ipsilateral DG neuronal cell loss 

was observed in TBI mice administered DSS  

(TBI+DSS) but this increase did not reach significance (p=0.0598 vs TBI). Acute DSS 

administration also resulted in a significant loss of ipsilateral DG neurons in Sham+DSS 

compared to Sham mice (p< 0.0001 vs Sham; Fig. 5-2A, B). Corresponding with the loss 

of neurons in the DG, significant reductions in neuronal cell densities in the cornu-

ammonis (CA) 1 and CA2/3 subregions were seen in Sham+DSS compared to Sham mice 

(CA1: TBI x DSS effect: F(3,60)=5.912, p=0.0013; p=0.0004 vs Sham; CA2/3: Injury x DSS  

effect, F(3,60)=5.457, p=0.0022; p=0.0425 vs Sham; Fig. 5-2C, D). As portions of the CA1 

and/or CA2 were missing in some TBI brains due to the injury neuronal cell counts were 

not performed in these regions in TBI and TBI+DSS mice. No significant differences were 

detected between the Naïve and Naïve+DSS mice in any of the hippocampal subregions 

examined (CA1: p>0.9999 vs Naïve+DSS; CA2/3: p>=0.9864 vs Naïve+DSS; DG: 

p>0.9999 vs Naïve+DSS). Importantly, all changes in neuronal cell densities observed 

were confined to the ipsilateral hippocampus, with no significant changes found among 

any of the experimental groups in the contralateral hippocampus (Fig. 5-2C-E).  

 
5.2.2 Demyelination is induced by TBI and by colonic inflammation in Sham-injured 
mice. 
 

 TBI causes axonal injury, reduced white matter integrity (demyelination) and 

atrophy of the corpus callosum in TBI patients, which can persist for years following injury 

and correlates with worsened outcomes (Adams et al., 1989; Armstrong et al., 2016; Chung  
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Figure 5-2. Hippocampal neurodegeneration is induced by colonic inflammation in Sham-injured 
mice and exacerbated in TBI mice  
One week following the removal of DSS, ipsilateral hippocampal neuronal cell density was assessed by 
stereological quantification (B-D). Representative images of cresyl violet stained brains (A, upper 
images) and neurons in the ipsilateral dentate gyrus (DG) region of the ipsilateral hippocampus (A, 
lower images, 20x magnification) across all experimental groups. Quantification of neurons in the 
ipsilateral DG subregion revealed a significant increase in neuronal cell loss in the TBI+DSS compared 
to TBI mice. Acute DSS administration also induced a significant loss in neurons in the ipsilateral DG 
in Sham+DSS compared to Sham mice (B). A significant loss of neurons in the ipsilateral cornu-
ammonis (CA) 1 and CA2/3 hippocampal subregions was also observed in Sham+DSS mice compared 
to Sham mice. No significant changes in neuronal cell counts in either the ipsilateral hippocampus of 
Naïve+DSS mice or in the contralateral hippocampus of all mice were observed (B-D). Data expressed  
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et al., 2018; Hayes et al., 2016a; Johnson et al., 2013; Lipton et al., 2008; O’Phelan et al., 

2018; Rutgers et al., 2008; Tomaiuolo et al., 2012). IBD patients were reported to have an 

increased risk of developing demyelinating diseases, such as multiple sclerosis, although 

this risk association has since been complicated due to data showing a between prescribed 

IBD biologics and demyelination events (Dziadkowiec et al., n.d.; Gupta et al., 2005; S. 

Lin et al., 2020). To examine the effect of colonic inflammation on TBI-induced 

demyelination luxol fast blue (LFB) staining was performed on a 20um coronal brain 

section, approximately -1.655mm from bregma, at the end of the first DSS recovery week 

(cohort 2 mice, PTD42-43). Stereological measurement of the area of LFB staining in the 

corpus callosum was performed. TBI alone significantly reduced LFB staining in the 

corpus callosum compared to Naïve and Sham mice (TBI effect, F(1,43)=11.92, p=0.0013; 

p<0.0001 vs Naïve; p<0.0001 vs Sham; Fig. 5-3A-C). Acute DSS administration in TBI 

mice (TBI+DSS) did not induce further demyelination, but LFB staining in Sham+DSS 

mice was significantly reduced compared to Sham mice, to a level comparable to TBI mice 

(TBI x DSS effect, F(2,43)=5.091, p=0.0104; p=0.6920 TBI+DSS vs TBI; p=0.0008 

Sham+DSS vs Sham; Fig. 5-3A-C). No significant differences in LFB staining were 

observed between Naïve or Naïve+DSS mice (Fig. 5-3A-C). 

 
5.2.3 Colonic inflammation increases TBI-associated microglial activation and induces 
microglial activation in Sham-injured mice. 
 

as mean±s.e.m (cohort 2, n=8-10/group). a= p<0.0101 vs Naïve ipsi, b= p<0.0399 vs Sham ipsi, c= 
p<0.0001 vs Naïve+DSS ipsi, d= p<0.0001 vs TBI+DSS contra, e= p<0.0001 vs Naïve+DSS ipsi, f= 
p<0.0001 vs Sham ipsi, g= p=0.0003 vs Sham contra, h= p=0.0075 vs Naïve+DSS ipsi, i= p=0.0004 vs 
Sham ipsi, j= p=0.0061 vs Sham+DSS contra, k= p=0.0075 vs Naïve+DSS contra, l= p=0.0012 vs 
Naïve+DSS ipsi, m= p=0.0425 vs Sham ipsi, n= p=0.0072 vs Sham+DSS contra, o= p=0.0159 vs 
Naïve+DSS contra. 
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Figure 5-3. Chronic TBI and colonic inflammation alters myelination in the corpus callosum 
in TBI and DSS-treated Sham-injured mice, respectively 
Luxol fast blue (LBF) staining was used to assess disruption of myelination by measure the area of 
LBF staining in the corpus callosum. Representative titled 10X images of LBF in the entire brain 
section (A). Representative images of enlarged LFB stained corpus callosum used for area 
quantification (20X magnification, B). TBI induces significant reduction in myelination in the 
corpus callosum at PTD42-43. Acute DSS administration in TBI (TBI+DSS) further augments this 
reduction but does not reach significance. Acute DSS administration reduces myelination in the 
corpus callosum in Sham+DSS mice compared to Sham mice at the end of the first DSS recovery 
week (C). Data expressed as mean±s.e.m (cohort 2, n=8-10/group). a= p<0.0001 vs Naïve, b= 
p<0.0001 vs Sham, c= p=0.0036 vs Naïve+DSS, d= p=0.0008 vs Sham, e= p<0.0001 vs 
Naïve+DSS, f= p<0.0001 vs Sham+DSS. 
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To assess the effect of colonic inflammation on microglial-related 

neuroinflammation, unbiased stereological assessment of Iba1+ cells was performed to 

quantify microglial cell number and activation state in the ipsilateral hippocampus at the 

end of the first week of the DSS recovery phase, as previously described (Byrnes et al., 

2012; Loane et al., 2014). 

Microglia morphology is closely related to their functional state with surveilling microglia 

having ramified morphology and reactive microglia exhibiting a bushy or hypertrophic 

morphology (Byrnes et al., 2012). TBI increased the number of activated microglia 

(mean±s.e.m.; Hypertrophic microglia: TBI effect: F(2,45)=63.78, p<0.0001;  p<0.0001 

Naïve vs TBI, p<0.0001 Sham vs TBI; Bushy: TBI effect: F(2,45)=76.42, p<0.0001; 

p<0.0001 Naïve vs TBI, p<0.0001 Sham vs TBI; Fig. 5-4B, C), while the number of 

ramified microglia remained unchanged compared to Naïve and Sham mice (TBI effect: 

F(2,45)=4.299, p=0.0194; p=0.9955 Naïve vs TBI, p=0.6985 Sham vs TBI; Fig. 5-4D). TBI 

also increased the total number of microglia in the ipsilateral hippocampus compared to 

Naïve and Sham mice (TBI effect: F(2,45)=37.62, p<0.0001; p=0.0012 Naïve vs TBI, 

p=0.0111 Sham vs TBI; Fig. 5-4E). The number of activated to ramified microglia was 

further shifted in TBI+DSS mice. TBI+DSS mice had similar levels of hypertrophic 

microglia (DSS effect: F(1,45)=15.55 p=0.0003; p<0.3594 vs TBI; Fig. 5-4B) and a 

significant increase in bushy microglia ( p<0.0287 vs TBI; Fig. 5-4C), with a decrease in  

ramified microglia compared to TBI mice (DSS effect: F(1,46)=16.94, p=0.0002;  p<0.0435 

vs TBI; Fig. 5-4D). The total number of microglia were not significantly increased in 

TBI+DSS mice compared to TBI mice (DSS effect: F(1,46)=2.056, p=0.1584; p=0.1537 vs 

TBI; Fig. 5-4E). Acute DSS administration in Sham-injured mice (Sham+DSS) increased  
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the number of activated microglia compared to Sham mice (hypertrophic: p<0.0031 vs 

Sham; bushy: p<0.0075 vs Sham). This increase in activated microglia in Sham+DSS mice 

Figure 5-4. Microglia morphology is altered by colonic inflammation during chronic TBI  
Representative images of Iba1+ microglia exhibiting ramified, hypertrophic, and bushy morphologies 
(A). TBI significantly increased the number of hypertrophic (B), bushy (C) and total number (E) of 
Iba1+ microglia in the ipsilateral hippocampus compared to Naïve and Sham mice. Acute DSS 
administration resulted in a further increase of bushy Iba1+ microglia (C), while decreasing the number 
of ramified Iba1+ microglia (D) in the ipsilateral hippocampus of TBI+DSS mice compared to TBI 
mice. Increased hypertrophic (B) and bushy (C) and decreased ramified (D) Iba1+ microglia were 
observed in the ipsilateral hippocampus of Sham+DSS mice compared to Sham mice. Data expressed as 
mean±s.e.m (cohort 2, n=7-10/group). a= p<0.0001 vs Naïve, b= p<0.0001 vs Sham, c= p<0.0001 vs 
Naïve+DSS, d= p=0.0018 vs Sham+DSS, e= p=0.0011 vs Naïve+DSS, f= p=0.0031 vs Sham, g= 
p<0.0001 vs Naïve, h= p<0.0001 vs Sham, i= p<0.0001 vs Naïve+DSS, j= p<0.0001 vs Sham+DSS, k= 
p=0.0287 vs TBI, l= p=0.0045 vs Naïve+DSS, m= p=0.0075 vs Sham, o= p=0.0372 vs Naïve+DSS, p= 
p=0.0435 vs TBI, q= p=0.0283 vs Sham, r= p=0.0012 vs Naïve, s= p=0.0111 vs Sham, t= p<0.0001 vs 
Naïve+DSS, u= p<0.0001 vs Sham+DSS. 
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was also associated with a decrease in ramified microglia compared to Sham mice 

(ramified: p<0.0283 vs Sham; Fig. 5-4D), while total number of microglia present  

remained consistent with Sham levels (Fig. 5-4E). No changes were found between Naïve 

and Naïve+DSS mice (ramified:  p<0.9400 vs Naïve; hypertrophic:  p=0.9463 vs Naive; 

bushy: p<0.4648 vs Naive; Fig. 5-4B-E). This activation of microglial upon DSS 

administration suggests that colonic inflammation following craniotomy (Sham) or TBI 

induces or exacerbates, respectively, ipsilateral hippocampal neuroinflammation in Sham-

injured and TBI mice, which may contribute to the neurodegeneration and neurobehavioral 

deficits observed in these mice. 

 
5.2.4 Colonic inflammation alters hippocampal expression of genes related to 
neuropathology, neuroinflammation, neuronal structure, and neurotransmission in 
Sham-injured mice. 
 

As the largest behavioral and neuropathological changes were observed in 

Sham+DSS mice, the hippocampi from these mice were used to examine gene expression 

changes four weeks following cessation of DSS. Differential gene expression changes in 

the ipsilateral hippocampus in Sham and Sham+DSS mice were assessed using 

NanoStringDiff, with significance defined as a p-value <0.05 (n=6/group). The top twelve 

genes fitting this criterion included Drd2, Fos, Nr4a2, Hspb1, Gdp1l, Tbp, Prpf3, Phf21a, 

Cdc40, Ptgs2, Psmb9 and Mmp2, with Mmp2 and Drd2 exhibiting log2 fold changes of 

over 1 or less than -1, respectively (Fig. 5-5A). The remainder of genes showing significant 

changes in expression were more subtle in overall log2 fold change. A pathway analysis 

was run by NanoStringDiff, which grouped gene changes between Sham and Sham+DSS 

mice into pathways based on known biological functions. Sham+DSS mice exhibited 
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significantly increased pathway scores for activated microglia (t(10)=2.016, p=0.0357 vs 

Sham), disease association (t(10)=2.041, p=0.0342 vs Sham) and lipid metabolism 

(t(10)=2.266, p=0.0235 vs Sham) and a significant decrease in the pathway scores for 

unfolded protein response (t(10)=4.227, p=0.0009 vs Sham) and chromatin remodeling 

(t(10)=1.875, p=0.0452 vs Sham) compared to Sham mice (Fig 5-B). Specific analysis of 

normalized gene expression for selected genes involved in neuroinflammation and 

neuropathology showed DSS-induced alterations in the expression of key genes involved 

in microglia activation (Fig. 5-5C), the immunoproteasome (Fig. 5-5D), neuronal 

structure, plasticity and connectivity (Fig. 5-5E) and neuronal transmission (Fig. 5-5F).  

Select genes identified by either nanostring or known to be involved in  

neuroinflammation (Tspo, Cybb, Il1rn, Cd68, Gfap, Psmb9, Xbp1) and neuropathology 

(Mmp2, Arc, Nr4a2, Fos, Ptgs2) were further confirmed by performing qPCR using RNA 

isolated from the ipsilateral hippocampus in all experimental groups. TBI increased the 

expression of Cybb, Il1rn, Cd68 and Gfap compared to Naïve mice (TBI effect; Cybb: 

F(2,31)=21.69, p<0.0001; Il1rn: F(2,31)=9.071, p<0.0001; Cd68: F(2,31)=15.42, p<0.0001; 

significantly upregulated in TBI (TBI effect; Tspo: F(2,31)=7.446; Psmb: F(2,31)=23.07,  

p=0.1164; Mmp2: F(2,31)=3.255, p=0.0521; Fig. 5-6A, G, J). DSS administration did not 

 

Figure 5-5. Colonic inflammation alters ipsilateral hippocampal expression of genes related to 
neuropathology, neuroinflammation, neuronal structure, and neurotransmission in Sham-injured 
mice  
Nanostring analysis was performed on RNA isolated from the ipsilateral hippocampus Volcano plot of 
differential gene expression between Sham and Sham+DSS mice (A). Pathway expression scores 
comparing Sham and Sham+DSS mice. Scores for activated microglia, chromatin remodeling, disease 
association and lipid metabolism were significantly increased in Sham+DSS mice (B, left panel), while 
unfolded protein response was decreased in Sham+DSS mice (B, right panel). Normalized gene 
expression changes in Sham+DSS vs Sham mice for genes involved in microglia activation and 
inflammation (C), the immunoproteasome and unfolded protein response (D), neuronal structure, 
plasticity and connectivity (E) and neurotransmission (F). Pathway scores and normalized gene 
expression expressed as mean±s.e.m (n=5-7/group). a= p=0.0357 vs Sham, b=p=0.0452 vs Sham, c= 
p=0.0342 vs Sham, d= p=0.0235 vs Sham, e= p=0.0009 vs Sham.  
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further significantly upregulate expression of Tspo, Cybb, Il1rn, Cd68, Gfap, Pmsb9, or 

Mmp2 in TBI mice at this time point (DSS effect; Tspo: F(2,31)=1.940, p=0.1736; Cybb: 

F(2,31)=3.3669, p=0.0762; Il1rn: F(2,31)=2.373, p<0.1336; Cd68: F(2,31)=1.992, p<0.1685; 

Gfap: F(2,31)=4.389, p<0.0444; Psmb9: F(2,31)=3.753, p=0.0619; Mmp2: F(2,31)=2.654, 

p=0.1134; Fig. 5-6A-E, G, J). Expression levels of Tspo, Cybb, Il1rn, Cd68, Gfap, Pmsb9 

and Mmp2 were not significantly increased in Sham+DSS mice compared to Sham (Fig. 

5-6A-E, J). While Arc, Nr4a2, Fos, Ptgs2 and Xbp1 appeared as a hit on the nanostring 

panel, qPCR confirmation showed no significant differences in expression levels between 

the experimental groups (TBI x DSS Effect: Arc: F(2,31)=2.076, p=0.1425; Nr4a2: 

F(2,31)=2.413, p=0.1061; Fos: F(2,31)=1.714, p=0.1968; Ptgs2: F(2,30)=2.875, p=0.0721; 

Xbp1: F(2,31)=0.005286, p=0.9947; Fig. 5-6F, I, K, L).   

 
5.3 Summary 
 

Stereological analyses were performed on fixed brain tissue collected at the end of the 

first DSS recovery week (cohort 2) to assess neuropathology (cortical lesion volume, 

hippocampal neurodegeneration) and microglia-related neuroinflammation (microglial 

counts and morphology).  Network gene analyses, as well as confirmatory molecular 

analyses, were performed using RNA isolated from ipsilateral hippocampal tissue collected 

Figure 5-6. Quantitative PCR analysis of genes related to neuropathology, neuroinflammation, 
neuronal structure, and neurotransmission in the ipsilateral hippocampus  
Quantitative PCR confirmation of selected genes identified through the nanostring analysis associated 
with neuroinflammation, (Tspo, Cybb, Il1rn, Cd68, Ptgs2, GFAP; A-F), immunoproteasome and the 
unfold protein response (Psmb9, Xbp1, G-H)  and neuronal structure, plasticity, connectivity and 
transmission (Mmp 2, Arc, Fos, Nr4a2; I-L) in all experimental groups. Data expressed as mean±s.e.m 
(n=5-7/group). a= p=0.0357 vs Sham, b=p=0.0452 vs Sham, c= p=0.0342 vs Sham, d= p=0.0235 vs 
Sham, e= p=0.0009 vs Sham, f= p=0.0239 vs Naïve+DSS, g= p=0.0087 vs Naive, h= p=0.0068 vs 
Sham, i= p=0.0004 vs Naïve+DSS, j= p=0.0066 vs Sham+DSS, k= p=0.0165 vs Naïve, l= p=0.0119 vs 
Naïve+DSS, m= p=0.0026 vs Naïve, n= p=0.0456 vs Sham, o= p=0.0008 vs Naïve+DSS, p= p=0.0392 
vs Sham+DSS, q= p=0.0004 vs Naive, r= p=0<0.0001 vs Sham, s= p=0.0015 vs Naïve+DSS, t= 
p=0.0489 vs Sham+DSS, u= p=0.0189 vs Sham.  
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at the end of the fourth DSS recovery week (cohort 3). Findings include: 

1. No changes were observed in cortical lesion volume in DSS-treated TBI mice 

compared to TBI mice, indicating that colonic inflammation induced by chemical 

colitis does not exacerbate expansion of the TBI-associated cortical lesion.  

2. Acute DSS administration increased ipsilateral hippocampal cell loss in the CA1, 

CA2/3 and DG subregions in Sham-injured mice but had no effect in Naïve mice  

(Naïve+DSS). The observed changes in neuronal cell loss were specific to the 

ipsilateral hemisphere with no changes observed among the experimental groups in 

the contralateral hemisphere.  

3. TBI induced demyelination in the corpus callosum was present 6 weeks post-injury. 

Although colonic inflammation did not further reduce myelination in TBI+DSS 

mice, it did induced demyelination in the corpus callosum in Sham+DSS mice. 

4. Acute DSS administration decreased the number of ramified microglial and 

increased the number of bushy microglia, without further increasing the total 

number of microglia, in the ipsilateral hippocampus in TBI+DSS mice compared 

to TBI mice. DSS administration decreased the number of ramified microglia and 

increased the number of hypertrophic and bushy microglia, without altering total 

number of microglia, in the ipsilateral hippocampus in Sham+DSS compared to 

Sham mice. 

5. Colonic inflammation significantly increased pathway analysis scores for genes 

associated with microglia activation, disease, and lipid metabolism, and 

significantly decreased scores for chromatin modification and unfolded protein 

response in Sham+DSS compared to Sham mice at the end of the fourth DSS 
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recovery week.  Confirmatory qPCR of ipsilateral hippocampal mRNA did not find 

significant alterations in gene expression in Sham+DSS compared to Sham mice. 

6. TBI upregulated the expression of microglia-related inflammatory (Cybb, Cd68, 

Psmb9) and anti-inflammatory (Il1rn) genes, as well as genes related to astrocyte 

reactivity (Gfap), at 9 weeks post-injury; however, colonic inflammation did not 

further significantly alter gene expression in TBI+DSS mice compared to TBI mice.  

Combined, these results demonstrate that colonic inflammation following 

craniotomy or TBI induces or exacerbates, respectively, ipsilateral hippocampal 

neurodegeneration and microglial activation. This DSS-induced increase in hippocampal 

neurodegeneration is in agreement with observed neurobehavior deficits, suggesting a 

physical alteration of neural pathways involved in cognition. Importantly, these data 

provide additional evidence that even mild TBI (craniotomy) primes the brain to respond 

deleteriously to subsequent pro-inflammatory systemic challenges. 
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Chapter 6: Involvement of the Brain-Gut Axis in Colonic Inflammation Induced 
Exacerbation of TBI-Related Neuropathology, Neuroinflammation and 

Neurobehavior 

 
6.1 Introduction 
  

Chapters 3, 4 and 5 describe findings indicating that chronic TBI does not 

ultimately negatively affect the colon’s response to a chemically induced inflammatory 

enteric challenge, but that this same enteric challenge during chronic TBI can negatively 

impact TBI-related outcomes including neuropathology, microglia-related 

neuroinflammation and neurobehavior. The underlying mechanisms, however, remain 

undefined. This study attempted to identity potential mechanisms involved in observed 

outcomes by examining two communication pathways of the brain-gut (BG) axis: the 

neural and immune pathways. 

 The neural pathway of the BG axis involves the autonomic nervous system (ANS) 

which connects intestinal function and the emotional and cognitive centers of the brain. 

The ANS has three branches, the sympathetic nervous system (SNS), parasympathetic 

nervous system (PNS) and the enteric nervous system (ENS) (Furness, 2009; McCorry, 

2007). The ENS acts independently of the PNS and SNS, but these three branches can 

influence each other (Li & Owyang, 2003).  Balance in the ANS is maintained primarily 

between the SNS and the PNS. These two branches function in opposing, but 

complimentary, roles with the SNS associated with the “fight or flight” response, and the 

PNS associated with the “rest and digest” response. The vagus nerve, a primary component 

of the PNS, is comprised of 80% afferent and 20% efferent fibers and serves as a direct 

connection between the gut and brain (Agostoni et al., 1957). The gut can signal changes 

in physiological homeostasis to the brain by way of the vagus nerve, regulating and 
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modulating hunger, satiety, immunity, mood, and cognition. In the gut, the PNS and SNS 

innervation modulate secretion, peristalsis, immune responses, and barrier integrity (Bonaz 

et al., 2018). Disruption of the balance between these two branches results in 

dysautonomia, in which signaling from one branch dominates over the other. 

Dysautonomia, with sympathetic over parasympathetic dominance, is implicated in the 

pathogenesis of numerous injuries, diseases, and disorders (Huston et al., 2007; Kemp & 

Quintana, 2013). Sympathetic dominance has been observed acutely following both 

clinical and pre-clinical TBI (Deepika et al., 2018a; Esterov & Greenwald, 2017; Khalid et 

al., 2019; Kox et al., 2011, 2012). In addition, deficits in the cholinergic system in the brain 

following TBI have been reported, leading to reduced cholinergic input to the gut (Shin & 

Dixon, 2015; Valiyaveettil et al., 2012). Sympatho-vagal shifts favoring sympathetic over 

parasympathetic (vagal) tone were also found in clinical and preclinical IBD studies 

(Aggarwal et al., 1994; Bharucha et al., 1993; Boissé et al., 2009; H. Jin et al., 2017; Kemp 

& Quintana, 2013; Salvioli et al., 2015; P. K. D. Shah et al., 1990; M. J. Shen & Zipes, 

2014).  

There is growing appreciation for the important impact of systemic inflammation 

and the effects of chronic TBI on systemic immunity in TBI disease progression. The stress 

response (sympathetic storm) initiated acutely following TBI releases excessive amounts 

of catecholamines into the circulation which can activate peripheral immune cells 

triggering an acute pro-inflammatory systemic immune response capable of affecting the 

brain and peripheral organ systems, like the gut (Keller-Wood & Dallman, 1984; Lemke, 

2004; McDonald et al., 2020; Neil-Dwyer et al., 1990; Stanford, 1994; Tracey, 2002). 

Preclinical and clinical TBI studies, however, showed also that TBI ultimately results in 
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immunosuppression of systemic immunity. This inhibition is considered a comorbidity and 

contributes to the higher mortality rate associated with post-injury infections and 

inflammatory challenges in TBI patients (Alharfi et al., 2013; Hazeldine et al., 2015; Ho et 

al., 2018; Kong et al., 2014; Kourbeti et al., 2012; McDonald et al., 2020; Ritzel et al., 

2018; M. Sun et al., 2018). Alternatively, enteric pathogens and IBD are associated with 

robust local and systemic immune responses. Sepsis, as well as systemic inflammation 

caused by enteric infections, were shown to increase cognitive impairments and psychiatric 

disorders, as well as the elevate the risk of  death due to multiple organ failure (Calsavara 

et al., 2018; Davydow et al., 2013; Dijkstra-Kersten et al., 2020; McDonald et al., 2020). 

Preclinical studies with systemic injection of agents that trigger a systemic immune 

response (e.g. lipopolysaccharide, IL-1β) up to 8 weeks post-injury found worsened 

neurological outcomes (Corrigan et al., 2017; C. Hang et al., 2004; Utagawa et al., 2008).  

The immune pathways of the BG axis is connected to the neural pathway via 

sympathetic and parasympathetic (vagal) innervation, which are known to modulate 

systemic and local immune responses. Stimulation of the vagus nerve modulates both 

systemic (spleen) and local (gut mucosa) immune responses by activating alpha-7 nicotinic 

receptors expressed on peripheral immune cells, particularly macrophages, to inhibit 

proinflammatory immune responses (de Jonge et al., 2005; McDonald et al., 2020; Sharma 

et al., 2019; H. Wang et al., 2003). With disruptions of autonomic balance and systemic 

immunity being reported and implicated in the progression of TBI and intestinal 

inflammation, it is possible that colonic inflammation during chronic TBI results in a 

systemic immune response and alteration of autonomic balance, shifting towards 
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sympathetic dominance and release of pro-inflammatory factors, and contributing to the 

deleterious effects observed TBI-associated neuropathology and cognitive deficits. 

Autonomic balance (tone) can be noninvasively monitored in rodents by 

continually measuring heart-rate variability (HRV) via electrocardiography (ECG) 

(Pumprla et al., 2002; Thireau et al., 2008). Power spectral analysis of HRV frequency-

domains allows for the analysis of both sympathetic and parasympathetic activity 

(Akselrod, 1988). Peripheral organ and systemic immune response can be assessed by 

performing morphometric measurements on organs of interest and by examining immune 

composition within those organs by flow cytometry. This study was designed to assess the 

impact of colonic inflammation during chronic TBI on the neural (autonomic balance) and 

systemic (local and peripheral immune response) pathways of the BG axis to determine 

their potential involvement in DSS-induced changes in TBI-related outcomes with the 

hypothesis that: colonic inflammation alters TBI-associated neuropathology, 

microglia-related neuroinflammation and behavioral outcomes by way of the neural 

and systemic pathways of the BG axis. 

 Adult male mice (cohort 1, cohort 2 and cohort 3) underwent anesthetic (Naïve), 

craniotomy (Sham), or moderate-to-severe CCI (TBI) followed 28 days later by a chemical 

enteric challenge (DSS) as previously described in Chapters 2-5. ECG was performed on 

cohort 2 mice twice prior to the induction of brain injury (baseline days 1 and 2) and then 

on post-TBI days 1, 3, 7, 14 and 28 to assess the effect of TBI on autonomic balance. ECG 

on PTD28 was performed prior to the initiation of colonic inflammation by DSS challenge. 

ECG was also performed on these mice on PTD35 and 42 at the end of the DSS injury 

phase and first DSS recovery week, respectively, to determine if colonic inflammation 
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alters sympatho-vagal balance, as measured by the ratio of low-frequency to high-

frequency values (Figure 6-1). Intestinal, extraintestinal and systemic immune responses 

were measured by weighing the colon, mLNs, spleen and thymus at the end of the DSS 

injury phase (cohort 1, spleen and colon), the end of the first DSS recovery week ( cohort 

2, spleen and colon), and the end of the fourth DSS recovery week (cohort 3, colon, spleen, 

mLN, thymus). Additionally, flow cytometry was performed on colon, mLN, spleen and 

blood collected from cohort 3 mice at the end of the fourth DSS recovery week for basic 

immune characterization.  

 
 
6.2 Results 
 
6.2.1 Sustained systemic inflammation is induced by colonic inflammation during 
chronic TBI. 
  

Acute administration of DSS induces a local (intestinal), extraintestinal (mLNs) 

and peripheral (spleen, blood) immune responses in rodents (Melgar et al., 2005). Increases 

in the ratio of colon, spleen, mesenteric lymph nodes (mLNs) and thymus weights relative 

to body weight can be used as morphologic indices of active local or peripheral immune 

response, respectively. Colon and spleen weights were taken at the end of the DSS injury  

Figure 6-1. Electrocardiography timeline 
Cohort 2 mice underwent electrocardiography on two days prior to craniotomy or 
TBI to establish as baseline and then again on PTD 1, 3, 7, 14, 21, 28, 35, and 42. 
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phase and the first and fourth DSS recovery weeks. To assess if local and systemic immune 

responses were still present during the more chronic stages of DSS recovery, the colon, 

mLNs, spleen, and thymus were weighed at the end of the fourth DSS recovery week. All 

organ weights were normalized to mouse body weight.  

Acute DSS administration induced increases in colon weight to body weight ratios 

in all DSS-treated mice, with no differences between the DSS groups (Chapter 3, Fig. 3-3 

B-E). Spleen size and weight in all DSS-treated mice were similarly increased compared  

to water-treated counterparts at the end of the DSS injury phase (DSS effect: F(1,24)=52.16, 

p<0.0001, Fig. 6-1B) and was maintained through the end of the first (DSS effect: 

F(1,85)=295.1, p<0.0001; Fig. 6-1C) and the fourth weeks of the recovery phase (DSS effect: 

F(1,103)=111.9, p<0.0001; Fig. 6-1D). No differences between any of the DSS-treated mice 

were observed at any time point examined.  Consistent with the DSS-induced increase in 

spleen size and weights, acute DSS administration also increased mLN size and weight 

beginning during the DSS injury phase and continuing through the end of the first DSS 

recovery week (data not shown). This DSS-induced increase in mLN size and weight 

persisted to the end of the fourth week of the DSS recovery phase (DSS effect: 

F(1,51)=107.8, p<0.0001; Fig. 6-1E, F). Acute DSS administration also increased thymus 

size and weights in Sham+DSS and TBI+DSS mice compared to their water-treated 

counterparts at the end of the fourth week of the DSS recovery phase (DSS effect: 

F(1,51)=27.08, p<0.0001; Fig. 6-1G). 

For a more detailed examination of immune composition, flow cytometry was 

performed on the blood, spleen, mLNs, and colon at the end of the fourth DSS recovery 

week. There was a significant DSS-mediated effect in all compartments that was  
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Figure 6-2. Acute DSS administration during chronic TBI result in a sustain extra-local and 
systemic immune response 
Representative images of spleens collected at the end of the fourth week of the DSS recovery phase 
(cohort 3, A). Acute DSS administration significantly increased in spleen weights in all mice beginning 
during the DSS injury phase (cohort 1, B). This increase persisted through the end of the first (cohort 2, 
C) and fourth weeks (cohort 3, A, D) of the DSS recovery phase. Representative images of mesenteric 
lymph nodes (mLNs) collected at the end of the fourth DSS recovery week (cohort 3, E). A significant 
increase in mLN weight was found at the end of the fourth recovery week in all DSS-treated mice 
(cohort 3, F).  Sham+DSS and TBI+DSS mice also exhibited increased thymus weight at the end of the 
fourth week of the DSS recovery phase compared to Sham and TBI mice, respectively (cohort 3, G). 
Data expressed as mean±s.e.m (n= 4-7/group cohort 1 spleens; n=14-17/group cohort 2 spleens; n=15-
21/group cohort 3 spleens; n=6-12/group mLNs, thymus). a= p=0.0004 vs Naïve, b= p=0.0039 vs 
Sham, c= p=0.0341 vs TBI, d= p<0.0001 vs Naïve, e= p<0.0001 vs Sham, f= p<0.0001 vs TBI, g= 
p=0.0282 vs Naïve+DSS, h= p=0.0016 vs TBI, i= p=0.0009 vs Naïve+DSS, j= p=0.0002 vs Sham. 
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independent of brain injury.  Only myeloid (CD11b+) cells were found to be increased 

uniformly in blood, spleen, mLN and colon in DSS-treated mice compared to water-treated 

counterparts (DSS effect: Blood: F(1,25)=15.92, p=0.0005; Spleen: F(1,24)=15.92, p=0.0005; 

mLN: F(1,21)=5.300, p=0.0317; Colon: F(1,25)=10.35, p=0.0036; Table 6-1).  In the blood 

and spleen, there was a DSS-induced increase the levels of CD45+ cells  (DSS effect: 

Monocytes: F(1,24)=11.74, p=0.0022; Neutrophils: F(1,24)=15.95, p=0.0006;Table 6-1) but 

not lymphocytes (DSS effect: Blood: F(1,25)=1.981, p=0.1716; Spleen: F(1,23)=0.192, 

p=0.6658; Table 6-1). Local and extraintestinal compartments showed varied changes in 

immune cells.   Elevated lymphocytes, specifically T cells, were observed in the mLN in 

DSS- treated mice (DSS effect: F(1,21)=5.118, p=0.0344).   In the colon, there were no 

changes in CD45+ cells or lymphocytes and increases were confined to myeloid cells (DSS 

effect, CD4+: F(1,25)=1.399, p=0.248; CD8+: F(1,25)=0.911, p=0.342; Table 6-1).  

 
6.2.2 Dysautonomia is induced acutely by TBI and persistently by DSS administration 
during chronic TBI. 
 

Inflammatory bowel disease and TBI are known to alter autonomic balance in 

clinical patients (Aggarwal et al., 1994; Al Omran & Aziz, 2014; Ananthakrishnan et al., 

2010; Deepika et al., 2018a). In this study, electrocardiography was performed on mice to 

measure heart rate variability and assess the impact of TBI and colonic inflammation 

during chronic TBI on autonomic balance. Experimental TBI resulted in an acute and 

transient increase in low-frequency (LF, sympathetic tone) to high-frequency (HF, 

parasympathetic) ratios at 24 hours post-injury compared to Sham and Naïve mice, 

indicating a shift in tone to sympathetic dominance (TBI x Time Effect: F(12,514)=4.981, 

p<0.0001; p=0.0019 TBI vs Naïve, p=0.0025 TBI vs Sham; Fig. 6-2A). This increase in  
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Table 6-1. Immune characterization of the blood, spleen, mesenteric lymph nodes, and colon 
Flow cytometry was performed on tissue collected at the end of the fourth DSS recovery week (PTD64-
67). Data expressed as mean±s.e.m. (n=3-6/group). Cells/ul in blood (*), cells/ul/mg tissue (^), 
cells/ul/number of mLN (+). 



142 
 

 

sympathetic tone (↑LF/HF) returned to baseline levels within 7 days of brain injury. At 28-

days post TBI, prior to the initiation of the DSS challenge, no significant differences in 

LF/HF ratios were observed between Naïve, Sham and TBI mice (Fig. 6-2A). LF/HF ratios 

significantly increased in TBI+DSS mice compared to their water-treated counterparts at 

the end of the DSS injury phase (TBI x DSS Effect: F(10,168)=2.233,  p<0.0001; p=0.0097 

TBI+DSS vs TBI; Fig. 6-2B). Increased LF/HF ratios were sustained through the end of 

the first DSS recovery week (p=0.0024 TBI+DSS vs TBI; Fig. 6-2B). LF/HF ratios were 

also elevated in Sham+DSS mice at the end of the DSS injury phase compared to their 

water-treated counterparts (p=0.0835 Sham+DSS vs Sham; Fig. 6-2B). Sham+DSS 

Figure 6-3. Dysautonomia is induced acutely and transiently by TBI and persistently by colonic 
inflammation during chronic TBI  
Experimental TBI acutely and transiently elevated sympathetic tone (↑LF/HF) at 24 hours post-injury 
before returning to baseline levels by 7 days post-TBI injury (A). Sham+DSS and TBI+DSS mice 
exhibited increased sympathetic tone (↑LF/HF) during both the DSS injury and 1-week recovery 
phases compared to their water treated counterparts (Sham, TBI) and Naïve+DSS mice (B). Data 
expressed as mean±s.e.m (Pre-DSS: n=30-31/group; DSS Injury Phase: n=14-17/group DSS Injury; 1-
week recovery phase: n=14-17/group). a= p=0.0019 vs Naïve, b= p=0.0025 vs Sham, c= p=0.0097 TBI 
vs TBI+DSS, d= p=0.0482 Sham+DSS vs Naïve+DSS, e= p=0.0457 Sham vs Sham+DSS, f= p=0.0279 
Naïve+DSS vs TBI+DSS, g= p=0.0024 TBI vs TBI+DSS. 
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showed a significant increase in sympathetic tone at the end of the first DSS recovery week 

(p=0.0026 Sham+DSS vs Sham; Fig. 6-2B, E). Naïve+DSS mice exhibited no significant 

change in LF/HF ratios in response to DSS administration compared to their water-treated 

counterparts indicating that DSS alone does not induce dysautonomia (p=0.8531 Naïve vs 

Naïve+DSS; Fig 6-2B).  

6.3 Summary 
 
The brain-gut (BG) axis connects the brain and gut via bidirectional communication 

pathways including the neural and systemic pathways. The potential involvement of the 

BG axis in TBI-related outcomes and long-term effects of acute DSS-induced colitis during 

chronic brain injury was assessed by examining the peripheral immune response (systemic 

pathway) and autonomic balance (neural pathway) throughout the study. Morphometric 

measurements of colon, spleen and thymus (tissue weight/body weight) were taken at the 

end of the DSS injury phase and at 1 and 4 weeks into the recovery phase. In addition, flow 

cytometric analysis of the blood, spleen, MLN and colon at the end of the fourth DSS 

recovery week was used to confirm the persistence of inflammation in local (colon), 

extraintestinal (MLN), and systemic compartments (blood and spleen). The ANS plays a 

major role in the neural pathway of the brain-gut axis and is modulated by local (gut) and 

systemic inflammation. This study examined potential involvement of the ANS by 

examining the effect of experimental TBI and colonic inflammation during chronic TBI on 

symaptho-vagal balance by performing electrocardiography on mice at various time points 

throughout the study and measuring heart-rate variability. Major findings included: 

1. Similar changes in colon, mLN, and spleen morphology (increased 

weight/body weight) were first observed upon DSS administration 
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regardless of prior brain injury and were sustained following cessation of 

DSS through the end of the fourth week of the DSS recovery phase. In 

contrast, increased thymus weight/body weight ratios at the end of the 

fourth DSS recovery week were found to be elevated only in DSS-treated 

mice with craniotomy (Sham) or TBI.  

2. At 4 weeks post-DSS administration, there was evidence of colitis-induced 

persistent immune responses in local (colon), extraintestinal (MLN), and 

systemic compartments (blood and spleen). Myeloid cells, which include 

monocytes and neutrophils, were the primary immune cell population that 

was chronically elevated in all compartments. Increased number of 

lymphocytes and leukocytes (CD45+) were also observed in extraintestinal 

and systemic compartments.  

3. Experimental TBI resulted in an acute and transient increase in sympathetic 

tone 24 hours following impact, followed by a return to baseline levels 

within 7 days post-impact. DSS alone was not sufficient to induce 

dysautonomia in naïve mice; however, there was shift towards sympathetic 

dominance in both the Sham+DSS and TBI+DSS mice beginning during 

the DSS injury phase and persisting through the end of the first week of the 

DSS recovery phase.  

Taken together these results demonstrate that DSS administration during chronic 

TBI results in a sustained immune response induced by colonic inflammation and 

maintained in extraintestinal and systemic compartments. With the known effects of 

dysautonomia on local and systemic inflammation in promoting pro-inflammatory 
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response, DSS-induced sympathetic dominance may play a key role in the observed 

neurobehavioral, neuropathological, and systemic immune response changes.       
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Chapter 7: Discussion 

  
The full etiology of TBI has yet to be characterized. In addition to CNS effects, TBI 

results in damage and alteration of physiological function in peripheral organ systems. It 

is not fully understood how TBI-induced peripheral dysfunction or systemic challenges 

contribute to TBI disease progression and long-term outcomes, but recent research 

indicates that they potentially exacerbate on-going secondary injury processes and drive 

the chronic progression of TBI. Infection with an enteric exacerbated TBI-related cortical 

lesion volume and peri-lesion microglial activation and astrocyte reactivity (E. L. Ma et 

al., 2017). However, the potential pathophysiological mechanisms involved in these 

changes remain unknown, as do the effects of an enteric challenge following TBI on long-

term neurological function. Additionally, the potentially differential effects of various 

types of enteric challenges on TBI-related outcomes has yet to be explored. This study 

examined the effects of a prior TBI on injury severity, progression, and recovery from a 

chemically induced enteric challenge during chronic TBI, while also examining the effect 

of this challenge on TBI-associated neurological outcomes.  

 
7.1 Colonic response to an inflammatory enteric challenge following TBI 

 

Preclinical and clinical studies indicate that TBI causes structural and functional 

damage to the GI tract (Royes & Gomez-Pinilla, 2019; Sundman et al., 2017a). In rodents, 

TBI results in mucosal injury and impaired barrier function in the small intestine up to 72 

hours after injury (Bansal et al., 2009; C.-H. Hang et al., 2003; W. Jin et al., 2008) and 28 

days after injury in the colon (E. L. Ma et al., 2017). Additionally, TBI has been shown to 

alter the gut microbiome, which can contribute to mucosal inflammation and breakdown 



147 
 

of barrier integrity (Angoa-Pérez et al., 2020; Burmeister et al., 2020; Pathare et al., 2020a; 

Simon et al., 2020; Urban et al., 2019). TBI can chronically suppress the host immune 

response, potentially affecting the ability to respond to subsequent systemic challenges 

(Alharfi et al., 2013; Chaban et al., 2020; Hazeldine et al., 2015; Ho et al., 2018; Kong et 

al., 2014; Kourbeti et al., 2012; McDonald et al., 2020; Ritzel et al., 2018; M. Sun et al., 

2018). Thus, TBI-induced alterations in systemic immunity, GI injury, and GI dysfunction 

may affect the ability of the intestines to respond to, or recover from, a subsequent enteric 

challenge. Clinically, TBI patients who survived longer than a year post-injury were 12 

times more likely to die of septicemia and 2.5 times more likely to die of digestive 

conditions (C. Harrison-Felix et al., 2006a). We previously tested this hypothesis using an 

infectious enteric pathogen, Cr, at a chronic time point in which TBI-induced disruption of 

colonic barrier function was observed (28 days post-injury). Prior TBI was not found to 

alter the severity of infection or ability to clear the infection in mice (E. L. Ma et al., 2017).  

Enteric challenges come in numerous forms, not just infectious pathogens. 

Prescription drugs, recreational drugs, alcohol, diet (food antigens), and chemicals can also 

trigger an inflammatory immune response (Kvietys & Granger, 1993; Oz et al., 2016; 

Parente & Mugridge, 1993). The GI response to these stimuli is nuanced, varying based on 

type, length, and degree of exposure, potentially resulting in subtle variations that TBI-

altered colonic function can affect. This study examined the ability of the gut to respond to 

a chemical enteric challenge during chronic TBI using the DSS model of colonic 

inflammation/injury and repair. In agreement with our previous work using an enteric 

pathogen, this study found that prior brain injury (craniotomy, TBI) did not alter disease 

injury severity, pathogenesis, or recovery from a chemical enteric challenge. Acute DSS 
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administration resulted in similar injury severity, weight loss, and colonic pathology in all 

DSS-treated mice regardless of prior brain injury. Additionally, all DSS-treated mice 

recovered to comparable levels upon removal of DSS, further supporting the conclusion 

that TBI mice are still able to respond effectively to immune/inflammatory enteric stimuli. 

Inflammation often results in impaired mucosal barrier integrity, both clinically and 

preclinically (Faries et al., 1998; E. L. Ma et al., 2017). Clinically, colonic inflammation 

and IBD can disrupt mucosal barrier function (Cario & Podolsky, 2000; Söderholm et al., 

2002). Preclinical studies with DSS coincide with clinical observations; however, 

differences in timing of impaired barrier function is not consistent among labs and is also 

influenced by rodent model, sex and DSS administration concentration (Chassaing et al., 

2014; Mizoguchi et al., 2020; L. Zhang et al., 2020). In this study, TBI increased PCF at 

PTD 35, the end of the DSS injury phase, without altering TEER, confirming the results of 

our previous study (E. L. Ma et al., 2017). Additionally, this TBI-induced increase in 

paracellular flux returned to baseline levels by PTD42, suggesting that TBI induces a 

transient, rather than chronic, disruption of colonic barrier function. Due to study design, 

we cannot rule out the possibility that TBI-induced mucosal permeability was initiated 

earlier between 14 and 28 days post-injury and further studies are required to more 

precisely ascertain the time of onset and resolution of TBI-induced colonic barrier 

disruption in this model. Of interest is that the TBI-induced increase in PCF was not 

exacerbated in TBI mice subjected to DSS. Surprisingly, TBI-induced PCF was improved 

after DSS administration. These findings, combined with our previous study (E. L. Ma et 

al., 2017), indicate that changes in colonic barrier function due to chronic TBI do not 

impact the ability of the colon to withstand and recover from a pathogenic microbial 
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infections or chemically-induced acute colitis. The absence of any change in barrier 

function following DSS administration in Sham-injured or TBI mice suggests that mucosal 

permeability does not play a major role in the long-term effects of enteric inflammation 

following brain injury on neuropathology and neurocognitive behavior. 

 
7.2 Behavioral deficits in response to acute colitis during chronic experimental TBI 

 

TBI is a chronic disease process (Faden et al., 2016; Wilson et al., 2007) that is 

influenced by subsequent systemic challenges (Doran et al., 2020). Posttraumatic 

neuroinflammation and progressive neurodegeneration can persist for years following the 

initial insult in TBI patients, contributing to sustained motor and cognitive deficits and 

increased risk of dementia (Johnson et al., 2013; Mortimer et al., 1985a; Nordström et al., 

2014; Ramlackhansingh et al., 2011; Schaffert et al., 2018). Experimental TBI causes 

sustained impairments in fine motor coordination, declarative memory and spatial learning 

and memory (Piao et al., 2013; Ritzel et al., 2020; Z. Zhao et al., 2012). Deficits in social 

recognition and memory were reported in pediatric and young adult mice subjected to TBI 

(Ritzel et al., 2020; Semple et al., 2012, 2014). Inflammatory bowel disease (IBD) is also 

associated with neurological dysfunction in patients (Clarke et al., 2020; Fan et al., 2019; 

Tadin Hadjina et al., 2019) and is a risk factor for neurodegenerative diseases and 

neurodevelopmental disorders (Fu et al., 2020; Heberling et al., 2013; Villarán et al., 2010; 

B. Zhang et al., 2020b). Rodent models of acute colitis report deficits in working, 

declarative, and social recognition and memory (Emge et al., 2016; S.-H. Jang et al., 2017; 

H.-J. Lee et al., 2018). In addition, psychiatric disorders are a feature of preclinical and 

clinical TBI and IBD (Bernstein et al., 2019; Filipovic & Filipovic, 2014; Nyuyki et al., 
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2018; Painsipp et al., 2011; Ponsford et al., 2018; Schwarzbold et al., 2008). We previously 

showed that enteric infection during chronic TBI worsened posttraumatic lesion volume 

and neuroinflammation; however, due to the biohazardous nature of the enteric pathogen, 

behavioral effects could not be assessed (E. L. Ma et al., 2017). The present study shows 

the chronic effects of TBI on cognitive and affective behavior and demonstrates that acute 

colitis during chronic TBI worsens long-term outcomes by exacerbating deficits in fine 

motor coordination, social behavior, and anxiety-like behavior.  

Although commonly used as a sham injury control in TBI studies, craniotomy 

results in an acute, mild brain injury (J. T. Cole et al., 2011; Lagraoui et al., 2012; Olesen, 

1987; Sashindranath et al., 2015). DSS administration following craniotomy caused 

sustained deficits in fine motor coordination, declarative memory, spatial learning and 

memory, social behavior and anxiety-like behavior, induced neurodegeneration, and 

increased microglia activation in the ipsilateral hippocampus. These DSS-induced 

neurobehavioral and neuropathological changes in Sham mice were similar in magnitude 

and severity to those observed after TBI alone. Therefore, our findings provide further 

evidence that craniotomy is damaging, limiting its use as a “control”, and suggests that 

even mild TBI enhances the susceptibility of the brain to a subsequent pro-inflammatory 

enteric challenge. 

Not all behavioral tests performed in this study yielded rigorous and reproducible 

results, or effectively addressed study questions. No additional deficits were observed in 

declarative memory or spatial learning and memory; reflecting either a ceiling effect of 

TBI or that the NOR and MWM tasks are not sufficiently sensitive to detect compound 

changes in declarative memory or spatial learning and memory induced by TBI and DSS. 
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Furthermore, these data suggest that colonic inflammation may have differential effects on 

cognition, inducing more pronounced effects in behavioral tasks requiring higher executive 

function.  

Appropriateness of the behavioral task to answer study questions and proper 

optimization of apparatus and testing parameters are essential for behavioral studies. YM 

was largely unsuccessful because many of the experimental mice learned to climb, quite 

easily, out of the maze itself. In order to provide more reliable results using this task, future 

studies would require changes to the apparatus such that the walls of the maze are of a 

sufficient height to prevent exit from the maze. Due to time constraints, optimal testing 

parameters for the EPM could not be established prior to running this task and, therefore, 

usable data could not be acquired. Either the test apparatus itself, the testing conditions of 

the behavioral room, or combination of both, induced anxiety in all mice, such that almost 

all experimental mice, including Naïve mice, spent over 90% of the test immobile in the 

closed arms. The observations above demonstrate the absolute necessity for careful 

consideration of the limitations of individual behavioral tests, proper optimization of 

behavioral testing parameters, and potential confounding effects (ceiling effect due to 

injury severity) of the experimental models employed in behavioral studies.  

Previous studies found that acute administration of DSS caused cognitive deficits 

and increased anxiety-like behavior in rodents; however, these changes were not observed 

in our Naïve mice administered DSS. Differences in our findings may be attributed to 

several factors considered when designing the study to enhance rigor and reproducibility 

of collected data. These precautions included: 1) arrival of mice four weeks prior to the 

induction of TBI in order to allow for acclimation to the animal facility, behavioral rooms, 
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experimenter handling, and to carry out a bedding mix protocol for three weeks prior to 

beginning the study; 2) minimizing the effect of the microbiome by utilizing a bedding mix 

protocol for 3 weeks prior to beginning the study; 3) utilizing autoclaved cages with 

autoclaved food and water throughout the study in limit incidental introduction of other 

pathogens; 4) controlling the number of individuals running behavioral tasks, changing 

cages, and handling mice and ensuring mice were familiar with, and acclimated to being 

handled by, these individuals; 5) gentle handling of mice by experimenters to minimize 

animal stress; 6) carrying out behavioral testing at night under red lights during the animals 

wake cycle so as to minimize stress induced by disruption of their natural circadian 

rhythms; 7) optimizing behavioral task parameters, including room parameters such as 

lighting, sound levels and air temperature, prior to beginning the study using other wild-

type C57BL6J mice available in the lab; 8) designing the study to include three sequential 

replicate sets, rather than one large cohort, in order to confirm results among sets of mice; 

and 9) powering the study with a larger n to account for the inherent variability of the TBI 

and DSS models and behavior testing. 

The amount and timing of behavioral testing in animals could be another factor in 

observed differences. Other groups have run upwards of three behavioral tasks in one day, 

back to back, which may be stressful to animals, particularly to those not acclimated to 

handling or to repeated behavioral testing (Emge et al., 2016; H.-J. Lee et al., 2018). In this 

study, the number of behavioral tasks run on any given day was primarily limited to one 

test. There were rare occurrences of two tasks being run on the same day, of which BW (a 

less stressful and shorter task) was one, with the tests spaced hours apart so as not to 

unnecessarily stress the mice. Furthermore, there have been intriguing clinical and 
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preclinical studies examining the effect of the biological sex of the experimenter on 

cognitive and psychiatric assessments in humans and rodents. (Bensafi et al., 2004; Bohlen 

et al., 2014; Chapman et al., 2018; Sorge et al., 2014; van Driel & Talling, 2005). 

Preclinical studies indicate that behavioral assessments in rodents can be affected by the 

biological sex of the individual conducting the test. In this study, all behavioral tasks were 

run by experimenters who identify as biologically female, by pure happenstance not 

deliberate choice. Differences in animal handing by experimenters within and between 

groups may also contribute to differences found between this study and work from other 

labs. Animals handled gently and with care are less likely to be stressed than those handled 

roughly (Neely et al., 2018). Identity and familiarity of the rodent to their human handlers 

were shown to be significant factors in assessments of anxiety-like behavior in rats (van 

Driel & Talling, 2005). Additional factors that could contribute to differences in behavioral 

outcomes include: exposure to environmental odors; location within the colony room and 

cage rack; number of individuals entering and departing the room (potentially affecting 

noise levels and white light exposure); and housing of other animals undergoing 

experiments that induce pain.  

 
7.3 Acute colitis and TBI-associated neuropathology and neuroinflammation 
 

TBI disrupts cortical, hippocampal and limbic neuronal circuitry, altering mood 

and interfering with learning and memory and motor function (Bigler, 2001; Hayes et al., 

2016b). Demyelination and neurodegeneration are known to persist for years following 

the initial injury in clinical and preclinical studies (J. H. Cole et al., 2018; Green et al., 

2014; Johnson et al., 2013; Loane et al., 2014; Marion et al., 2019). Conflicting findings 
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regarding neurogenesis and neuronal activity have been reported in experimental colitis 

models, potentially due to differences in model, administration method, dosage, brain 

region examined, and stimulus. CNS excitability in response to kainic acid exposure was 

increased by acute DSS administration (Nyuyki et al., 2018), whereas water-avoidance-

stress-evoked activation of neurons in the DG hippocampal subregion, central amygdala, 

and infralimbic cortex were reduced by acute colitis (Reichmann et al., 2013).  

Gampierakis et al. reported increased hippocampal neurogenesis during acute colitis, but 

normal neurogenesis with altered migration and effective incorporation of new neurons 

into the hippocampal circuitry during chronic colitis (Gampierakis et al., 2020). In 

contrast, another preclinical study found that chronic colitis decreased hippocampal 

neurogenesis (Zonis et al., 2015). Chronic colitis preceding ischemic stroke in mice 

enlarged infarct volume and peri-lesional neuronal cell loss 7 days post-injury (Feng et 

al., 2019). We previously showed that infectious colitis increased posttraumatic lesion 

volume without affecting hippocampal neuronal cell loss (E. L. Ma et al., 2017). In the 

present study, DSS-induced colitis worsened hippocampal neurodegeneration in TBI 

mice in the DG hippocampal subregion, without exacerbating lesion volume. Colonic 

inflammation was also found to induce demyelination in Sham-injured mice at the end of 

the first DSS recovery week, as compared to Sham mice. This DSS-induced 

demyelination was not observed in Naïve mice administered DSS. The ability of Cr to 

worsen cortical lesion volume and neuroinflammation was associated with an early and 

pronounced local immune response to enteric pathogen infection. In the present study, 

chemical colitis resulted in a prolonged systemic inflammation that was associated with 

alterations in neuropathology and neurobehavior. These parameters were not assessed 
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after enteric infection and thus, temporal, and other differences, between models could be 

examined further as part of future studies.  

Experimental TBI induces chronic microglial activation up to one year following 

injury, contributing to progressive hippocampal neurodegeneration (Loane et al., 2014). 

Inhibiting microglial activation or depleting microglia following experimental TBI 

improves long-term neurological outcomes (Henry et al., 2020; Kabadi et al., 2012; Kumar 

et al., 2015; Loane et al., 2014). Infectious colitis after TBI increased peri-lesional activated 

microglia and reactive astrocytes (E. L. Ma et al., 2017). Acute DSS-induced colitis in mice 

also promotes cortical and hippocampal microglial activation in mice (Gampierakis et al., 

2020; Y. Han et al., 2018; Zonis et al., 2015). Although most preclinical studies have found 

increased microglial activation following acute colitis, one study reported reduced 

microglial activation in the infralimbic cortex, cingulate cortex, medial prefrontal cortex, 

medial amygdala, paraventricular nucleus of the hypothalamus, and DG hippocampal 

subregion, without alteration of the total number of microglia (Sroor et al., 2019). DSS 

treatment increased chronic hippocampal microglial activation in TBI mice, concurrent 

with the loss of hippocampal DG neurons, suggesting a role for microglia in the 

neuropathological changes and neurobehavioral deficits observed. That acute colitis 

following craniotomy or TBI induced neuronal cell loss and microglial activation 

specifically in the injured ipsilateral hemisphere but not the uninjured contralateral 

hemisphere, suggests that head trauma establishes conditions locally within the brain, 

rather than globally, that contribute to  a deleterious response from subsequent peripheral 

challenges. 
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The largest behavioral and neuropathological changes induced by acute colitis were 

observed between Sham and Sham+DSS mice. Therefore, network gene analysis was 

performed to confirm at the molecular level, observed changes at the cellular and 

behavioral levels between these two experimental groups. Network level gene analysis of 

the ipsilateral hippocampus from Sham and Sham+DSS mice using Nanostring 

Neuropathology mRNA array demonstrated that acute colitis upregulated the expression 

of genes associated with neurodegenerative disease and inflammation and downregulated 

the expression of genes associated with neuronal structure, plasticity, transmission and 

connectivity, and the unfolded protein response. Quantitative PCR of the ipsilateral 

hippocampus demonstrated that TBI increased microglia-related inflammatory and 

astrocyte reactivity-related genes. Acute colitis following craniotomy (Sham+DSS) 

resulted in a trend for increased expression, without reaching significance, of microglial-

related inflammatory genes compared to Sham mice; further studies are needed to assess 

the time course of molecular changes in the brain in response to acute colitis. Importantly, 

this study demonstrates that there are long-lived effects of TBI alone and intestinal 

inflammation at the molecular level in the brain that correlate with changes in 

neurodegeneration and microglial-related neuroinflammation. 

 
7.4 Systemic and neural pathways of the brain-gut axis and the neurological effects 
of acute colitis 
 

A hallmark feature of the stress response following TBI is increased SNS activation 

and excessive release of catecholamines, known modulators of the peripheral immune 

system, which are associated with increased susceptibility to disease (Catania et al., 2009; 

Gruchow, 1979; Ott et al., 1994; Syed-Ahmed & Narayanan, 2019; Q. Zhao et al., 2018) 
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and may contribute TBI-induced GI dysfunction and dysbiosis (Elise Ma, unpublished 

data; (J. M. Lyte et al., 2011). Also possibly linked to this stress response are alterations in 

local and systemic immune responses that occur following TBI (Hazeldine et al., 2015; 

Quattrocchi et al., 1992; J.-W. Wang et al., 2017). Chronic dysfunction of peripheral 

immune cells is observed following experimental TBI, with overproduction of cytokines 

by circulating monocytes and neutrophils following ex-vivo stimulation (Ritzel et al., 

2018). Preclinical studies using systemic injection of proteins to trigger a systemic immune 

response (lipopolysaccharide, IL-1β) induced microglial activation and astrocyte 

reactivity, and exacerbated TBI-related neuropathology and neurological outcomes 

(Corrigan et al., 2017; Fenn et al., 2014; C. Hang et al., 2004; Muccigrosso et al., 2016; 

Utagawa et al., 2008). There is increasing interest in the modulation of brain functions by 

enteric inflammation. The sustained systemic inflammation observed following acute 

colitis in this study could serve as a contributing factor in colitis-induced neuropathic 

changes, neuroinflammation, and neurobehavioral deficits in Sham-injured and TBI mice. 

Intestinal inflammation involves the activation of an innate immune response, often 

followed by an adaptive immune response. Excessive intestinal inflammation has 

deleterious effects on intestinal function including loss of structural integrity, increased 

epithelial permeability, dysmotility, malabsorption, and vascular changes (Oz et al., 2016). 

Recent reports also demonstrated the clinical impact of the presence of chronic subclinical 

colonic inflammation in GI cancers (Clevers, 2004), diabetes (Alam et al., 2010) and IBS, 

which may contribute to the gut dysfunction by modifying neuroimmune interactions in 

this syndrome (Ng et al., 2018). Flow data provide evidence at 4 weeks in all DSS groups 

for the persistent elevation of immune cells both locally and systemically. CD11b+ cells, 
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which include monocytes, macrophages, granulocytes, and intestine derived dendritic 

cells, were uniformly elevated in local (colon), extraintestinal (MLN), and systemic (spleen 

and blood) spaces following DSS treatment. The normal histopathology scores and 

elevation of myeloid cells observed in the colon at 4-weeks post-DSS are consistent with 

a chronic subclinical colonic inflammation. This persistent inflammation could be the 

underlying driver of the sustained extra-intestinal and systemic inflammation observed 

following colitis induction. Notably, at this same time point there were also increases in 

lymphocytic populations in the MLN and spleen consistent with the increased weight and 

size of these tissues. Elevations in immune cells in the blood after DSS denotes systemic 

inflammation. The initiation of prolonged systemic inflammation by DSS in Sham and TBI 

mice provides a mechanism for the persistent neurobehavioral changes observed in these 

groups.    

Dysautonomia, the shift in balance between the sympathetic and parasympathetic 

branches of the ANS, is correlated with increased morbidity and mortality in TBI patients 

following moderate/severe injuries (Deepika et al., 2018b; Esterov & Greenwald, 2017). 

Restoration of autonomic balance in patients was shown to correlate with improved 

functional recovery following TBI (Keren et al., 2005). Chronic disruption of automatic 

balance is also implicated in GI diseases including IBD (Aggarwal et al., 1994; Al Omran 

& Aziz, 2014; Ananthakrishnan et al., 2010). While preclinical studies examining 

experimental colitis and autonomic balance are limited, one study in rats found 

dysautonomia with increased sympathetic tone following acute colitis (Ciesielczyk et al., 

2017). 
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The neural and systemic pathways of the brain-gut axis are not separate entities, 

each can influence the other, with the vagus nerve serving as the conduit. The vagus nerve 

is a critical component in the brain-gut neuroimmune axis. Efferent and afferent vagal 

projections, together with the parasympathetic-sympathetic junctions of the splenic nerve 

and the spleen, form a neural reflex circuit known as the cholinergic anti-inflammatory 

pathway. This pathway connects the ENS and CNS with local and systemic immune 

responses and mediates the innate immune response of systemic and intestinal 

inflammation by inhibiting macrophages and pro-inflammatory cytokine production. 

Activation of the vagus nerve releases acetylcholine (Ach), a parasympathetic 

neurotransmitter, which binds to the alpha 7 nicotinic cholinergic receptor (α7nAChR) on 

macrophages, triggering an intracellular signaling cascade that inhibits the release of pro-

inflammatory cytokines (de Araujo & de Lartigue, 2020; de Jonge et al., 2005; Jarczyk et 

al., 2019; Matteoli et al., 2014; H. Wang et al., 2003). T cells have been demonstrated to 

play an important role in this pathway, modulating immune responses by upregulating the 

expression and production of Ach (Fujii et al., 1998; Jarczyk et al., 2019; Kawashima et 

al., 2007; Rinner et al., 1998). Parasympathetic and sympathetic synergy are observed 

during vagal activation of the splenic nerve to release norepinephrine, which binds to 

beta2-adrenergic receptors on CD4+ T cells, stimulating the synthesis and release of 

acetylcholine to inhibit macrophage production of TNF (Rosas-Ballina et al., 2011). Of 

interest, is that there is a target population of CD11b+ cells that remain elevated in the 

colon and spleen in all DSS-treated mice. 

The vagus nerve is critical to bi-directional communication in the brain-gut axis 

and is an emerging therapeutic target. Modulation of intestinal or systemic immunity by 
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way of nanotherapeutic, pharmacological or biological interventions, or by stimulation of 

the vagus nerve, can directly interrupt a pro-inflammatory systemic immune response or 

activate the cholinergic anti-inflammatory reflex to regulate immune function (Hazel & 

O’Connor, 2020; Holleran et al., 2017; Huston et al., 2006; H. Jin et al., 2017; Mukhtar et 

al., 2020; Munyaka et al., 2014; Sedano et al., 2020; Helena Shifrin et al., 2013, 2017; P. 

Sun et al., 2013; Yeshi et al., 2020). Vagal stimulation induces an anti-inflammatory 

response in the spleen, reducing activated immune cells and pro-inflammatory cytokine 

production, whereas interruption of this vagal-spleen axis promotes pro-inflammatory 

immune responses (Huston et al., 2006; H. Jin et al., 2017; Munyaka et al., 2014; Helena 

Shifrin et al., 2017; P. Sun et al., 2013). Furthermore, vagal simulation can reduce enteric 

inflammation independent of the spleen by attenuating local immune responses (Cailotto 

et al., 2014; Matteoli et al., 2014).   

Power spectral analyses of HRV in this study found that experimental TBI induced 

an acute, transient increase in sympathetic tone (↑LF/HF), which returned to baseline 

within 7 days of injury. Acute colitis induced persistent extraintestinal and systemic 

inflammation in all DSS-treated mice, but only induced dysautonomia in Sham-injured and 

TBI mice. Taken together, these data suggest that during chronic TBI, acute colitis induces 

a long-term disruption in the cholinergic anti-inflammatory pathway, providing a potential 

mechanism by which the injured brain exhibits enhanced susceptibility to enteric 

inflammation. These data also highlight the potential for a promising therapeutic 

intervention, vagal stimulation, already in use in clinical settings. Alternatively, currently 

approved pharmacological and biological interventions employed to manage the 

inflammatory response in IBD patients could be evaluated for their therapeutic potential in 
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preventing colitis induced exacerbations of TBI-associated neuropathology, 

neuroinflammation and neurobehavioral deficits. 

 
7.5 Chronicity of the effects of acute colitis during chronic TBI on long-term TBI-
related outcomes 
 

This study highlights the chronicity of the effects of an acute episode of colitis with 

and without prior TBI. Robust colonic, extraintestinal and systemic immune responses are 

initiated by a single episode of colitis, with extraintestinal and systemic inflammation 

persisting through the recovery period when macroscopic disease evaluation in the colon 

suggests full structural recovery. These sustained extraintestinal and peripheral immune 

responses are likely being driven by the subclinical immune response, composed primarily 

of myeloid cells in the colon, and potentially contributing to the sustained DSS-induced 

microglial-related inflammation and neurodegeneration observed in the hippocampus of 

the injured brain hemisphere. Neurobehavioral deficits observed begin during the acute 

colitis injury phase and are maintained through the recovery phase, suggesting that 

behavior, and the neural pathways associated with these behaviors, are permanently altered 

during this acute colitis injury phase. Alternatively, or additionally, behavioral changes 

could be sustained by the on-going neurodegeneration and neuroinflammation occurring 

simultaneously. Importantly, this study highlights the differences between how the 

uninjured brain and injured brain respond to acute colitis and related sustained systemic 

inflammation. Furthermore, the on-going and long-lasting effects of a single episode of 

colitis found in this study raise the possibility of an extended window of therapeutic 

intervention for counteracting the deleterious effects of colonic inflammation on long-term 

TBI related outcomes. 
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7.6 Study limitations 
 

This study does have limitations, particularly regarding the biological sex of study 

animals and the microbiome. As female mice are not as susceptible to the effects of DSS 

(Bramhall et al., 2015; Chassaing et al., 2014; Wagnerova et al., 2017) and our previous 

study examining Cr infection during chronic TBI (E. L. Ma et al., 2017) examined male 

mice, this study was conducted with male mice only. The importance of sex as a biological 

variable in both TBI and intestinal inflammation has been highlighted in numerous 

preclinical and clinical studies (Acaz‐Fonseca et al., 2015; Arambula et al., 2019; 

Bábíčková et al., 2015; Bazarian et al., 2009; Elderman et al., 2016; Greuter et al., 2020; 

Gupte et al., 2019; Maunder et al., 1999; McGlade et al., 2015; Rustgi et al., 2020; 

Sankaran-Walters et al., 2013; S. C. Shah et al., 2019; Späni et al., 2018; Tucker et al., 

2017, 2019; Villapol et al., 2017). The response of female mice subjected to an enteric 

challenge during chronic TBI is an important question that should be examined in future 

studies utilizing a more permissive model of enteric challenge that would allow for direct 

comparison of both biological sexes.  

Alterations in the gut microbiome are known to be induced by TBI and can 

contribute to chronic TBI disease progression (Benakis et al., 2016; Pathare et al., 2020b; 

Urban et al., 2019; Villapol, 2018; Zhu et al., 2018). Dysbiosis is also found in 

inflammatory GI disorders and diseases (Halfvarson et al., 2017; Khan et al., 2019; Knox 

et al., 2019). Although our experimental design attempted to minimize effects of the 

microbiome, we did not assess how microbiome changes due to TBI or DSS might affect 

outcomes. The microbiome as a contributing factor to intestinal inflammation-induced 

changes in systemic and CNS immunity and worsening of TBI-related neurological 
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outcomes should be examined. Furthermore, examination of the microbiome within this 

context also offers the exciting potential for development of clinically relevant therapeutic 

interventions. 

 
7.7 Conclusions and Significance 
 

 
This work demonstrates that induction of acute colitis in male mice during chronic 

TBI exacerbates neurodegeneration and induces sustained impairments in fine motor 

coordination, social behavior and increases anxiety-like behavior. Importantly, similar 

colitis-induced posttraumatic sequelae were observed after craniotomy alone. The neural 

and systemic communication pathways of the brain-gut axis may serve as mechanistic 

links, with acute colitis inducing autonomic imbalance and sustained activation of the 

systemic immune system. Sustained systemic inflammation initiated by an enteric 

challenge may enhance the risk of neurodegenerative diseases and neuropsychiatric 

disorders. These findings highlight the differences between how an uninjured brain and 

injured brain respond to acute colitis and sustained systemic inflammation. This work 

strongly supports the concept that a secondary pro-inflammatory challenge during chronic 

TBI worsens long-term TBI outcomes, with likely mechanisms including the neural and 

immune pathways of the brain-gut axis (Figure 7-1). 

 

 

 

 

 



164 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1. Bidirectional effects of TBI and acute colitis 
Representative schematic of the effects of TBI on the gut and subsequent chemical enteric challenge on 
the brain. Neurological effects of acute colitis are likely occurring through the neural (dysautonomia) 
and systemic (extraintestinal and systemic inflammation) pathways of the brain-gut axis. 
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