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Traumatic brain injury (TBI) has complex effects on the gastrointestinal tract that are 

associated with TBI-related mortality and morbidities, including susceptibility to 

peripheral infections and septicemia. Although human and animal studies have 

established a link between TBI and intestinal dysfunction during acute stages of injury, 

long-term consequences of TBI in the gut are vastly unknown.  First, mucosal properties, 

enteric glial cells, and microbiota in the gut were examined after experimental TBI in 

mice. Then, the interaction between TBI and peripheral challenge in the intestinal tract 

was assessed by examining the effects of Citrobacter rodentium (Cr) infection—an 

enteric murine pathogen similar to human E. coli—on both gut and brain after chronic 

TBI. Finally, potential mechanisms of bidirectional brain-gut communication during the 

chronic phase of TBI were explored. Moderate-level TBI in adult male C57BL/6 mice 

was induced by controlled cortical impact (CCI; 6 m/sec, 2mm depth). Moderate CCI led 

to delayed, chronic changes in colon morphology, including increased mucosal 

hyperplasia and smooth muscle thickening. At day 28 post-CCI, increased paracellular 

mucosal permeability associated with decreased claudin-1 mRNA and protein expression 

were observed in the absence of inflammation in the colon. Activated enteric glial cells 



 

 

(GFAP+, Sox10+) were significantly increased 28 days after CCI. Moreover, chronic 

CCI altered gut microbiome composition, including specific increases in pathology-

associated microbes Peptostreptococcacea and Bacteroides in the colon. After CCI, mice 

demonstrated delayed changes in autonomic balance and adaptability, which were 

associated with pro-inflammatory priming of peripheral macrophages. When challenged 

with enteric Cr infection 28 days post-CCI, host Th1/Th17 immune responses in the 

colon were unaffected by CCI; however, colonic paracellular flux and enteric glial cell 

activation were significantly increased. Importantly, Cr infection in chronically-injured 

mice worsened TBI neuropathology and increased neuroinflammatory responses (GFAP+ 

astrocytes, CD68+ microglia/mφ) in the cortex. These Cr-induced changes were 

associated with increased circulating IP-10 levels and decreased serum miR-223 

expression. These findings provide significant and novel insights into the bidirectional 

brain-gut axis and its clinical implications on long-term consequences and outcomes after 

TBI.   



 

 

Injured Brain, Disrupted Gut: Bidirectional Brain-Gut Interactions and Chronic 
Pathologies following Traumatic Brain Injury. 

 
 
 
 

by 
Elise L. Ma 

 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2017 
 



 

 

©Copyright 2017 by Elise L. Ma 

All Rights Reserved.



iii 

 

 

 

 

 

 

 

 

 

For the perpetual pursuit of wonder. 

  



iv 

 

Acknowledgements 

To all my teachers, for decades of inspiration and encouragement. 

To my advisors, Alan Faden and Terez Shea-Donohue, for their collaborative mentorship 

on this project.  Dr. Faden: for imparting on me invaluable tools for honing my writing 

and communication skills.  I thank you for driving this work forward by always 

reminding me of the bigger picture and for being a true role model for leadership in 

translational scientific research.  Terez: for imparting on me your expertise in 

gastrointestinal physiology.  I thank you for your kindness and tireless guidance, and for 

being a true mentor in navigating academic science, on a personal and professional level. 

To the talented scientists from whom I have had the privilege to learn: Bogdan 

Stoica, for your no-nonsense approaches and your day-to-day support; David Loane, for 

your cheerful enthusiasm for the process of scientific discovery; Boris Sabirzhanov, for 

your colorful storytelling and for your keen molecular perspectives. And to the many 

peers, post-docs, and technicians, for sharing your tips and tricks, and for commiserating 

and celebrating with me throughout these years. 

To my collaborators: Allen Smith at the USDA has been indispensable to the 

Citrobacter rodentium work. I thank you for your many insights and contributions, 

experimentally and as a member of my thesis committee. To Claire Fraser, Cheron Jones, 

and Yang Song at the Institute for Genome Sciences: regardless of the challenges 

encountered during the microbiome studies, it was a privilege to have trained and learned 

from you, and I am grateful for your many efforts.   

To additional committee members who have shared with me their expertise: 

Kimberly Byrnes, in neuroinflammation; Jian-Ying Wang, in gut barrier function.  I 



v 

 

thank you both for your persisting support and insightful recommendations throughout 

the development of this work. 

To the Medical Scientist Training Program (Terry Rogers, Jane Bacon, Michael 

Donnenberg, Achsah Keegan), the Program in Neuroscience (Renee Cockerman), and the 

Department of Gastroenterology T32 Steering Committee (Jean-Pierre Raufman), for 

years of academic, financial, career development, and personal support.   

To my family, for your unconditional love and care.  My parents Austin and 

Chae: for instilling in me practicality and creativity by way of their talents for medicine 

and for art.  My brother Stephen: for your gentle encouragements and pep talks along the 

way.  I thank you all for your immeasurable influences on me and for being sources of 

motivation, in life and in work. 

To my dear friends, near and far and across time: the homies (P.J., M.R., K.W., 

N.Z., C.C., M.N., R.H., A.S., C.L.), the core (L.G., M.T., K.F., J.A., C.F., K.C.), the 

dudes (R.G., T.C., A.P., K.G., N.P., N.Ph.), the cohorts (S.S., J.S., M.P., N.K., A.T., 

J.K.), and the crew (M.A., S.R., K.G., I.M., A.N., W.B., S.V., A.T.). Each of you has 

contributed profoundly to who I am today and to what I strive for in the future. I thank 

you all for the priceless, timeless tales we share! 

To Baltimore, for its unrelenting spirit of fortitude and creativity: I attribute so 

much of my development of critical thought and awareness (both academically and 

socially) to the emboldened, inspiring people of Baltimore.  And to A.P., for making it 

possible for me to call this city my home.  I cannot thank you enough for your endless 

contributions to my life and for your intermittent nudges to get “Back to work, Ma!” 



vi 

 

Table of Contents 

Chapter 1 ̶  Introduction .................................................................................................. 1 
1.1 Traumatic brain injury .............................................................................................. 1 
1.2 Intestinal tract............................................................................................................ 7 
1.3 Brain-gut axis .......................................................................................................... 13 
1.4 Hypotheses & Specific Aims .................................................................................. 15 

Chapter 2 ̶̶  Materials & Methods .................................................................................. 17 
2.1 General Methods ..................................................................................................... 17 

2.1.1 Animal use. ...................................................................................................... 17 
2.1.2 Controlled cortical impact................................................................................ 17 
2.1.3 RNA extraction, reverse transcription, and quantitative real-time PCR. ......... 18 

2.2 Region-specific changes after TBI.......................................................................... 19 
2.2.1 Histopathological  evaluation. ......................................................................... 19 
2.2.2 Permeability assays. ......................................................................................... 19 
2.2.3 Immunofluorescence. ....................................................................................... 20 
2.2.4 DNA extraction and targetetd qPCR for microbiome studies. ........................ 21 

2.5 Impact of Citrobacter rodentium on gut and brain. ................................................ 22 
2.5.1 C. rodentium infection and clearance. ............................................................. 22 
2.5.2 BrdU immunostaining. ..................................................................................... 23 
2.5.3 Brain collection and sectioning. ....................................................................... 24 
2.5.4 Stereology. ....................................................................................................... 24 
2.5.5 CD68+ immunohistochemistry and quantification. ......................................... 25 
2.5.6 GFAP+ immunofluorescence and quantification. ........................................... 26 

2.6 Statistics .................................................................................................................. 26 

Chapter 3 ̶  Region-specific changes in the intestinal tract during acute and chronic 
phases of TBI. .................................................................................................................. 28 

3.1 Introduction ............................................................................................................. 28 
3.2 Results ..................................................................................................................... 30 

3.2.1 Moderate CCI alters morphology in the colon, but not jejunum, 28 days after 
brain injury. ............................................................................................................... 30 
3.2.2 Moderate CCI induces time-dependent mucosal barrier permeability changes 
in the jejunum and in the colon. ................................................................................ 30 



vii 

 

3.2.3 Increased paracellular flux in the colon 28 days after moderate CCI is 
associated with claudin-1 downregulation. ............................................................... 34 
3.2.4 Inflammatory mediators are unaltered in the colon after moderate CCI. ........ 35 
3.2.5 GFAP reactivity in mucosae of the proximal and distal colon, but not in the 
small intestine, is significantly altered at 24 hours and at 28 days after CCI. .......... 35 
3.2.6 Microbiome composition in the colon is significantly altered 28 days after 
CCI. ........................................................................................................................... 37 

3.3 Discussion ............................................................................................................... 39 

Chapter 4 ̶  Responses in the gut and brain to Citrobacter rodentium infection during 
chronic TBI ...................................................................................................................... 45 

4.1 Introduction ............................................................................................................. 45 
4.2 Results ..................................................................................................................... 46 

4.2.1 Gross parameters after Cr infection. ................................................................ 46 
4.2.2 Clearance and host Th1/Th17 response to Cr are unaltered after CCI. ........... 48 
4.2.3 Cr infection during chronic CCI is associated with significant changes in 
morphology, mucosal barrier properties, and EGC reactivity in the colon. ............. 50 
4.2.4 Enteric infection exacerbates chronic CCI neuropathology. ........................... 53 

4.3 Discussion ............................................................................................................... 58 

Chapter 5 ̶  Mechanisms of the brain-gut axis (neural, immune, humoral) .............. 60 
5.1 Introduction ............................................................................................................. 60 
5.2 Results ..................................................................................................................... 63 

5.2.1 Heart rate variability parameters. ..................................................................... 63 
5.2.2 Peritoneal macrophage experiments. ............................................................... 64 
5.2.3 Cytokines and chemokines. ............................................................................. 69 
5.2.4 miRs. ................................................................................................................ 69 

5.3 Discussion ............................................................................................................... 70 

Chapter 6 - Discussion .................................................................................................... 73 
6.1 Is gut inflammation an instigator for intestinal barrier dysfunction during chronic 
TBI? .............................................................................................................................. 74 
6.2 Enteric glial cells as the primary defect after TBI .................................................. 76 
6.3 Immune activation and response following TBI ..................................................... 79 
6.4 Bidirectional vagal signaling .................................................................................. 81 
6.5 Potential serum biomarkers..................................................................................... 84 
6.6 Conclusions ............................................................................................................. 85 

References ........................................................................................................................ 88 



viii 

 

List of Tables 

Table 1:  Pro-inflammatory cytokine expression in colons. ............................................. 35 

Table 2:  Growth and weight parameters on Cr post-infection day 12. ............................ 48 

 

 



ix 

 

List of Figures 

Figure 1-1: Rates of Total Incidence and TBI-related Deaths in the U.S. from 2001 to 

2013..................................................................................................................................... 2 

Figure 1-2: Layers of the intestinal tract. ............................................................................ 7 

Figure 1-3: Dynamics of tight junction proteins. ................................................................ 9 

Figure 1-4: Schematic for the bidirectional pathways of the brain-gut axis. .................... 14 

Figure 3-1: Histopathological assessment in the jejunum at 24 hours and 28 days after 

CCI. ................................................................................................................................... 31 

Figure 3-2: Histopathological assessment in the colon at 24 hours and 28 days after CCI.

........................................................................................................................................... 32 

Figure 3-3: Mucosal barrier properties in jejuna and colons after CCI. ........................... 33 

Figure 3-4: Tight junction proteins in colons after CCI. .................................................. 34 

Figure 3-5: Enteric glial cells (EGC) in colon are significantly altered after CCI. .......... 36 

Figure 3-6: Enteric glial cells (EGC) in colon are significantly altered after CCI. .......... 37 

Figure 3-7: Relative gene expression levels of known probiotic bacteria in stool and 

colons. ............................................................................................................................... 38 

Figure 3-8: Relative gene expression levels of known pathogenic bacteria in stool and 

colons. ............................................................................................................................... 38 

Figure 3-9: Relative gene expression levels of Bacteroides in stool and colons. ............. 38 

Figure 4-1: Body weights over time after CCI and Cr. .................................................... 47 

Figure 4-2: Cr clearance. .................................................................................................. 49 

Figure 4-3: Th1/Th17 cytokine gene expression in colons after Cr. ................................ 49 

Figure 4-4 Morphology and epithelial proliferation in the colon in response to Cr. ........ 51 



x 

 

Figure 4-5: Mucosa barrier properties in Cr-infected colons on PID12. .......................... 52 

Figure 4-6: Enteric glial cell markers in Cr colons........................................................... 52 

Figure 4-7: Hippocampal neuronal densities during chronic CCI and after enteric Cr 

infection. ........................................................................................................................... 53 

Figure 4-8: Enteric Cr infection during chronic CCI leads to greater brain lesion size. .. 55 

Figure 4-9: Exacerbation of CCI-induced microglia/macrophages activation in brains 

after enteric Cr infection. .................................................................................................. 56 

Figure 4-10: Exacerbation of CCI-induced astrocyte activation in brains after enteric Cr 

infection. ........................................................................................................................... 57 

Figure 5-1: Power spectral analysis of HRV in the time domain. .................................... 63 

Figure 5-2: Power spectral analysis of HRV in the frequency domain. ........................... 64 

Figure 5-3: Baseline expression of key M1 and M2 markers in peritoneal macrophages.65 

Figure 5-4: M1 response to LPS stimulation in CCI- or naïve-isolated peritoneal 

macrophages. .................................................................................................................... 66 

Figure 5-5: M2 response to LPS stimulation in CCI- or naïve-isolated peritoneal 

macrophages. .................................................................................................................... 67 

Figure 5-6: M2 response to IL-4 stimulation in CCI- or naïve-isolated peritoneal 

macrophages. .................................................................................................................... 68 

Figure 5-7: Circulating IP-10 levels in sham- and CCI-injured mice after Cr infection. . 69 

Figure 5-8: Circulating miR- levels in sham- and CCI-injured mice after Cr infection. .. 69 

Figure 6-1: Schematic diagram of bidirectional brain-gut interactions after TBI. ........... 87 

 



xi 

 

List of Abbreviations 

ANS 

TBI 

BBB 

BDNF 

BrdU 

CCI 

CNS 

Cr 

EGC 

GAPDH 

GFAP 

GI 

ROS 

SIRS 

MODS 

ENS 

TJP 

IBD 

HPA 

LPS 

TEER 

DG

autonomic nervous system 

traumatic brain injury 

blood-brain barrier 

brain-derived neurotrophic factor 

5-bromo-2'-deoxyuridine 

controlled cortical impact 

central nervous system 

Citrobacter rodentium 

enteric glial cell 

glyceraldehyde-3-phosphate dehydrogenase 

glial fibrillary acidic protein 

gastrointestinal 

reactive oxygen species 

systemic inflammatory response syndrome 

multiple organ dysfunction syndrome 

enteric nervous system 

tight junction protein 

inflammatory bowel disease 

hypothalamic-pituitary axis 

lipopolysaccharide 

transepithelial electrical resistance 

dentate gyrus 



xii 

 

CA 2/3 

DAPI 

IL- 

TNF 

IFN 

Sox10 

ZO-1 

AChE 

ACh 

HRV 

LF 

HF 

SDNN 

miR 

IP-10 

qPCR 

 

 

corpus ammonis 2/3 

4′,6-Diamidino-2-phenylindole dihydrochloride 

interleukin- 

tumor necrosis factor 

interferon 

SRY-related HMG bos-10 

Zona occludens-1 

acetylcholinesterase 

acetylcholine 

heart rate variability 

low frequency 

high frequency 

standard deviations of inter-beat intervals 

microRNA 

IFN-γ-inducible protein-10 

Quantitative real-time PCR 

 

 



1 

Chapter 1  ̶  Introduction 

 

1.1 Traumatic brain injury 

Overview.  Over the past few decades, the overall incidence rate of traumatic brain injury 

(TBI) has been steadily increasing worldwide  (Hyder et al., 2007). Most recent available 

epidemiological data approximates 2.8 million total TBIs in the U.S. in the year 2013  

 (CDC, 2017).  Only 2% of this total incidence included TBI-related deaths, signifying a 

5% decrease in death rate from 2007 to 2013 and highlighting that the majority of those 

who suffer a TBI are increasingly surviving the initial injury (Figure 1-1).  In fact, TBI is 

a leading cause of long-term disability, with an estimated prevalence of 3.17 million 

people living in the U.S. with TBI-related disabilities (Zaloshnja et al., 2008).  Life-long 

cognitive, behavioral, and social impairments after a single incident of TBI contribute to 

poor quality of life, reduced lifespan, and, collectively, an estimated annual burden of 

over 77 billion U.S. dollars in economic, societal, and healthcare costs (Faul and 

Coronado, 2015).  Human and animal studies have focused on the immediate aftermath 

of TBI—these, along with public health measures, have been successful in advancing 

critical care and mitigating acute TBI fatalities. However, there remains a scientific and 

societal need to address the complex development of life-long consequences that reduce 

quality of life and increase risks of morbidity and mortality among TBI survivors.  

 

Pathophysiology of TBI.  The Center for Diseases Control and Prevention (CDC) defines 

TBI as the outcome of an energy force transferred to the head, disrupting normal 

functions of the brain.  Primary injury by a bump, blow, or jolt results in rapid, local 



2 

tissue damages associated with vascular injury and necrosis that occur within minutes. 

The immediate primary injury impairs cerebral blood flow and disrupts metabolic 

processes, resulting in increased glucose uptake, intracellular calcium accumulation, 

lactic acid accumulation, excitotoxicity, and cell death (Algattas and Huang, 2014).  In 

the hours to days that follow, these initiating events set off a biochemical cascade of 

secondary injury processes that contribute to blood-brain-barrier (BBB) breakdown, 

inflammation, and oxidative stress. 

 Though typically considered an immune-privileged site by the protection 

imparted by an intact BBB, the brain becomes vulnerable to blood-borne factors after 

trauma. TBI induces BBB breakdown, allowing infiltration of circulating leukocytes 

 
Figure 1-1: Rates of Total Incidence and TBI-related Deaths in the U.S. from 2001 to 2013. 

Rates of total incidence of reported TBIs (blue line), based on the total number of emergency department 

visits and hospitalizations, have dramatically increased over the past decade from a reported 566.7 to 884.2 

per 100,000 from 2007 to 2013.  The rates of deaths related to TBI (red dashed line) has decreased during 

this time with percentage TBI-related deaths reported at 3.2% in 2007 to 2.0% in 2013. Data collected and 

acquired from data.cdc.gov. 
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(neutrophils, monocytes, and lymphocytes) that accumulate in the brain parenchyma as a 

response to cellular damage caused by injury.  In addition to the signals generated from 

injured neurons after TBI, secreted chemokines activate and mobilize resident cells of the 

central nervous system (CNS) to the injured tissue. For example, the lymphocyte 

chemotactic CCL20, which primarily attracts inflammatory effectors and activators, is 

upregulated both systemically and within the brain during the acute phase of TBI, 

perpetuating infiltration of immune cells from the periphery and from distant sites within 

the brain  (Das et al., 2011).  

Microglia and astrocytes are primary responders to injury and inflammation 

within the brain.  In response to the molecular signals released by injured neurons and 

infiltrating peripheral cells, microglia and astrocyte proliferate and become activated.  As 

the resident innate immune cells of the brain, microglia are surveyors of the CNS that 

maintain homeostasis by phagocytosing cellular debris and neurotoxic substances.  

Microglia also migrate from distant sites to response to injury. Activated microglia 

demonstrate unique morphological changes and become polarized, producing pro- and 

anti-inflammatory cytokines over time to remove dead cells and promote tissue 

remodeling.  Astrocytes play a critical role in maintaining neural circuitry by regulating 

blood flow and maintaining homeostasis of ions and neurotransmitters.  Astrocytes form 

a dense support network of intermediate filaments within the brain that includes glial 

fibrillary acidic protein (GFAP), vimentin and nestin.  Following TBI, astrocytic 

intermediate filaments are upregulated heterogeneously, depending on severity and 

location of the injury. For example, GFAP expression is polarized among reactive 

astrocytes trauma, with highest expression levels at areas closest to the injury site  
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(Wanner et al., 2013).  This ‘reactive astrogliosis’ provides physical support, and secretes 

immune mediators and trophic factors to regulate inflammation and to promote 

neurogenesis and tissue remodeling  (Buffo et al., 2008).  Over the course of acute injury, 

IL-10 secretion necessarily suppresses microglia and astrocyte activation and decreases 

production of pro-inflammatory cytokines and reactive oxidative species (ROS).   

The progression and propagation of inflammation in response to TBI is initiated as a 

means to promote repair and regeneration at the sites of injury; however, sustained 

inflammation has the negative effects of provoking further tissue damage and impairing 

recovery. Chronic activation of microglia leads to prolonged pro-inflammatory responses 

and neurotoxic accumulation of ROS (Loane et al., 2014). Persisting reactive astrogliosis 

after TBI results in scar formation, which impairs regeneration of axons after injury and 

overexpresses matrix metalloproteinases that contribute to sustained BBB breakdown  

(Ekmark-Lewén et al., 2013; Menzel et al., 2017). 

 

TBI is a chronic disease process.  In the brain, secondary injury mechanisms initiated by 

trauma can continue for months to years.  When these mechanisms are dysregulated and 

sustained, initially reparative processes can become deleterious.  In particular, persisting 

pro-inflammatory microglial activation and reactive astrogliosis contribute to progressive 

neurodegeneration and neurological dysfunction (Faden and Loane, 2015; Masel and 

DeWitt, 2010).  Post-mortem studies of patients who have survived beyond one year after 

a single incident of TBI reveal evidence of microglial activation and neurodegeneration 

up to 47 years after injury (Johnson et al., 2013). In experimental TBI, pro-inflammatory 

microglia are activated up to 1 year after moderate-level injury and are associated with 
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greater lesion volumes and neuronal loss with continued activation over time  (Loane et 

al., 2014).  The overproduction of S100B by activated astrocytes also perpetuates 

microglial and astrocyte activation, stimulating the generation of pro-inflammatory 

cytokines and ROS that contribute further to neuroinflammation, neurodegeneration, and 

neurologic dysfunction (Kabadi et al., 2015).  Indeed, TBI is best understood as a chronic 

disease process: a single incident of TBI may lead to a progressive life-long disorder 

associated with reduced quality of life, cognitive and behavioral deficits, persisting 

neuroinflammation and progressive neurodegeneration.  Moreover, TBI is the most well-

established environmental risk for dementia.  A single occurrence of moderate-to-severe 

TBI in early adulthood increases risk of developing Alzheimer’s disease, particularly 

with increased injury severity (Guo et al., 2000; Sivanandam and Thakur, 2012; van 

Duijn et al., 1992).  Then again, repeated incidents of mild, often subconcussive, TBIs 

increase the risk chronic traumatic encephalopathy (CTE), a degenerative neuropathology 

resulting in progressive cognitive decline, behavioral changes, and dementia  (Aungst et 

al., 2014; Gardner and Yaffe, 2015; McKee et al., 2013; Mouzon et al., 2014). 

 

Peripheral manifestations of TBI.  Clinical manifestations of TBI also occur beyond the 

CNS and impact peripheral organ systems, resulting in metabolic disturbances as well as 

respiratory, cardiovascular, and gastrointestinal (GI) dysfunctions  (Gaddam et al., 2015).  

Incidence of delayed systemic consequences of TBI, such as systemic inflammatory 

response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) increases 

morbidity and long-term mortality after TBI (Anthony and Couch, 2014; Lim and Smith, 

2007).  Though the etiology of severe systemic consequences such as SIRS and MODS 
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remains unclear, it has been proposed that gut function directed by the interplay among 

the epithelium, immune cells, and microbiome is a critical regulator of pathological host 

response and potential for escalation to systemic disease.  

GI consequences following TBI manifest as clinical hurdles throughout recovery 

that can lead to life-threatening systemic consequences, and, ultimately, reduced life 

expectancy.  Both clinically and experimentally, TBI induces a constellation of GI 

symptoms associated with reduction of blood flow and mucosal injury, malabsorption of 

nutrients, dysmotility, and barrier disruption  (Kao et al., 1998; Olsen et al., 2013; Tan et 

al., 2011). Clinical studies of hospitalized TBI patients have assessed intestinal 

permeability as a measure for mucosal damage and intestinal epithelial barrier integrity. 

Notably, indices of impaired intestinal barrier function, such as increased intestinal 

permeability and endotoxemia, can reliably predict severity of brain injury and risk of 

SIRS, MODS, and infectious complications following moderate-to-severe TBI (Faries et 

al., 1998) .  Beyond the acute and subacute phases of TBI, GI dysfunctions impair quality 

of life and account for increased risk of disease and death.  Cause-of-death analyses of 

TBI patients who have survived beyond one year after injury demonstrate that these 

individuals are 12 times more likely to die from septicemia and 2.5 times more likely to 

die of digestive system conditions than matched cohorts of the general population  

(Harrison-Felix et al., 2009).  Mechanisms underlying these systemic consequences 

remain unclear, and the long-term impact of TBI on the intestinal tract is unknown. 
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1.2 Intestinal tract  

Overview.  The GI tract extends from the mouth (proximal) to the rectum (distal) and 

includes the vast surfaces of the intestines.  The small intestine has three distinct regions-

-duodenum, jejunum, and ileum—followed by the large intestine—with two regions, 

proximal and distal colon. The GI tract is comprised of four major tissue layers: mucosa 

includes the epithelial barrier, lamina propria contains a large number of immune cells, 

muscularis externa contains the myenteric and submucosal plexuses of the enteric 

nervous system (ENS) (Figure 1-2). The resident community of gut microbes 

dynamically interact with 

the passing luminal contents 

as well as with cells of the 

intestinal tract.  Within 

submucosal and muscular 

layers of the tract are the 

ganglionated plexuses of 

the ENS, which hold over 

100 million neurons—as many as the spinal cord (Furness and Costa, 1987).  The 

neuronal fibers of the ENS penetrate effector tissues, including the smooth muscle layer, 

mucosal epithelia, blood vessels and endocrine cells (Furness et al., 2014). This extensive 

neuronal network helps regulate all aspects of gastrointestinal function including motility, 

mucosal secretion and absorption, mucosal growth, and immune function (Costa et al., 

2000). Unlike all other components of the peripheral nervous system, the integrated 

 
Figure 1-2: Layers of the intestinal tract. 
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functions within the gut can be maintained in the absence of any CNS input, rendering 

the ENS capable of autonomous activity.   

 

Mucosal barrier function.  As an interface between vastly diverse external and internal 

environments, the intestinal mucosal barrier is critical to its host’s ability to respond to 

noxious or pathogenic stimuli.  Intestinal epithelial cells, immune mediators of the lamina 

propria, and enteric glial cells (EGCs) regulate mucosal barrier homeostasis though 

complex and dynamic interactions (Fasano and Shea-Donohue, 2005; Yu and Li, 2014). 

Remarkably, the intestinal epithelial barrier is constituted by a single layer of columnar 

epithelial cells along the apical (luminal) surface of the intestinal tract.  This monolayer 

of epithelial cells and the underlying immune and glial cells of the mucosa represent the 

first line of defense, and must strictly regulate and maintain its barrier functions against 

harmful stimuli.  

Movement across the intestinal mucosa consists of a “pore” pathway that is 

permeable to small molecules and a “leak” pathway that is permeable to larger molecules  

(Shen et al., 2011). The pore pathway represents the transcellular exchanges involving 

specific transporters that occur during digestion and absorption of nutrients. The leak 

pathway represents the passive paracellular transport of water and solute between 

epithelial cells, highly regulated by tight junctional protein (TJP) complexes. These tight 

junctional complexes are formed and maintained by several families of proteins, 

including zona occludens (ZO), occludin, and claudins.  The large family of claudin 

proteins is comprised broadly of pore-forming claudins (i.e. claudin-2), which are major 

components of the structure of the paracellular pore, as well as pore-sealing claudins (i.e. 
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claudin-1), which are critical in defining ion selectivity of the barrier (Günzel and Yu, 

2013; Wen et al., 2004). TJPs are continuously remodeling in steady-state to maintain 

epithelial barrier integrity, and the dynamics of TJPs at a molecular level can be 

correlated with tight junctional barrier function.  For instance, experimenters compared 

the kinetics and mobility of fluorescent-labelled claudin-1, occludin, and ZO-1 by using 

fluorescence recovery after photobleaching (FRAP) as a model for reconstituting TJP 

complexes (Shen et al., 2008).  During TJP remodeling, proteins are exchanged from 

stores of pooled TJPs within cellular 

compartments: the tight junction, 

lateral membrane, and cytosol.  ZO-1 

is immobile at the tight junction, and 

its recovery occurs entirely from 

intracellular pools.  Occludin recovery 

is fast and occurs from the tight junction 

and a small lateral membrane pool.  

Claudin-1, however, is predominantly 

anchored at the tight junction, and recovery occurs slowly from fixed stores of claudin 

within the area adjacent to the tight junction (Figure 1-3).  Thus, understanding how 

factors influence these pools of reconstituting TJPs can be useful to predict the impact on 

the stability or integrity of the intestinal epithelial barrier.  

 

Enteric glial cells.  EGCs are the predominant cell type of the ENS, outnumbering 

neurons by a factor of 10 (Furness, 2012).  Previously believed to solely function as 

Figure 1-3: Dynamics of tight junction proteins. 

Stores of claudin-1 (Cldn1), zona occludens-1 (ZO-

1), occludin (Occl) at the tight junction or cytosol. 
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neurotrophic and structural support of the ENS, EGCs are now understood to be integral 

regulators of homeostasis and functions in the gut.  The growing body of EGC research 

has relied on striking parallels in morphology and function between these glial cells of 

the ENS and their CNS counterparts, astrocytes.  Like astrocytes, EGCs upregulate glial 

fibrillary acidic protein (GFAP) expression upon activation and have important parallel 

roles to astrocytes in the brain, such as neuroprotection, synaptic transmission, regulating 

inflammation, and maintaining barrier integrity (De Giorgio et al., 2012; Savidge et al., 

2007).  Several subtypes of EGCs have been described, and are primarily distinguished 

by their location, morphology, and differential expression of specific markers GFAP, 

Sox10, and S100B (Boesmans et al., 2014).  The functional specializations of these EGC 

subtypes in response to signals from their microenvironment are not explicitly 

understood.  

Extraganglionic EGCs that reside within the mucosa are in close proximity to 

intestinal epithelial cells, immune cells of the lamina propria, and submucosal blood 

vessels  (Savidge et al., 2007), and are, therefore, strategically positioned to influence 

mucosal barrier homeostasis in the gut.  In fact, several transgenic studies targeting EGCs 

have recognized EGCs to be essential in the maintenance of mucosal integrity and in 

regulating epithelial proliferation (Bush et al., 1998; Savidge, Newman, et al., 2007).  In 

vitro studies have identified EGC-derived soluble factors that are barrier-inducing by 

enhancing TJP integrity and regulating epithelial turnover, anti-apoptotic by protecting 

epithelial cells in response to pro-inflammatory stimuli, and immunomodulatory by 

signaling innate lymphoid cells to promote host defense  (Bach-Ngohou et al., 2010; 

Ibiza et al., 2016; Neunlist et al., 2007; Savidge, Newman, et al., 2007; von Boyen et al., 
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2006).  The physiological relevance and the interplay between mucosal EGC activity and 

epithelial barrier function, especially in the context of local or distant stimuli, are yet 

undefined.   

 

Gut microbiome.  There has been an exponential increase in scientific interest in the gut 

microbiome in health and disease over the past several decades, from 285 (1990-1999) to 

2,183 (2000-2009) to 10,780 peer-reviewed publications between 2010-present.  

Nonetheless, we are only beginning to recognize the multifaceted, dynamic roles that 

commensal gut microbes play in health and in disease.  For decades, it had been widely 

cited that the number of bacterial cells within the human body outnumber human cells by 

a factor of 10:1 (Savage, 1977).  Last year, researchers debunked this cell count, 

reporting instead that the ratio of bacterial to human cells is closer to 1:1 (Sender et al., 

2016).  Regardless, the biological importance of the microbiota as determinants of health 

and disease is undeniable.  Current estimates report that the gut microbiome is comprised 

of over 1,000 distinct species encoding more than 5 million genes  (Huttenhower et al., 

2012).  Microbial colonization of the initially sterile human GI tract begins at birth and is 

considered central to the acquisition and development of the immune system.  Despite the 

multitude of environmental factors that contribute to high inter- and intra-individual 

variability over time, a consistent ‘core microbiome’ has been identified (Turnbaugh and 

Gordon, 2009), which has been ascribed to the maturation of the immune system, 

digestive processes, synthesis of vitamin and neurotransmitters, regulation of 

angiogenesis, and neuropsychiatric processes (Cryan and O’Mahony, 2011; Flint et al., 

2012; Mazmanian et al., 2005; Qin et al., 2010; Sekirov et al., 2010).  Remarkably, the 
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gut microbiome encodes genes that for host survival and has as much collective 

metabolic activity as an entire organ system, rendering it the ‘forgotten organ’  (Bocci, 

1992; O’Hara and Shanahan, 2006).  Like any organ, the gut microbiome must strike a 

balance to maintain physiological functions.  Pathology of the gut microbiome occurs 

when the diversity indices of the populations of microbes become reduced or when the 

changes in microbial composition produce a shift in the balance between beneficial and 

disruptive microbes in the gut.  A healthy gut microbiome is protective to the intestinal 

epithelium by forming a natural barrier of defense, augmenting mucosal immunity, and 

preventing colonization by pathogens.   

 

Summary.  The elaborate interactions between the structural, cellular, immune, and 

microbial components of the intestinal tract are essential to the maintenance of mucosal 

barrier homeostasis in the gut.  Mucosal barrier disruption is implicated in the 

pathogenesis of inflammatory bowel diseases (IBD), metabolic syndrome, obesity, non-

alcoholic fatty liver disease, diabetes, autoimmune disease, and neuropsychiatric 

disorders (Machado and da Silva, 2016).  In the context of TBI, intestinal barrier 

pathology in hospitalized patients is strongly associated with increased risks of co-

morbidities and poor outcome (Faries et al., 1998).  Experimental models of TBI in 

rodents have demonstrated evidence of acute intestinal barrier dysfunction associated 

with inflammation and downregulation of tight junction proteins ZO-1 and occludin in 

the small intestine (Bansal et al., 2009; Hang et al., 2003).  Loss of intestinal barrier 

function can occur suddenly, i.e. following a major trauma, or gradually, i.e. chronic 

inflammatory disease.  When barrier disruption occurs abruptly, gut leakiness can result 
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in translocation of bacteria, leading to sepsis, SIRS, MODS, death. When barrier 

disruption occurs gradually, as seen with IBD, intestinal mucosal homeostasis becomes 

chronically dysregulated, ensuing in mucosal injury, inflammation, glial cell reactivity, 

and dysbiosis of the gut microbiome.  

 

1.3 Brain-gut axis 

The ‘brain-gut axis’ has traditionally been described as the bidirectional interactions 

between the CNS and the ENS involving three major nodes of communication: neural, 

immune and humoral. The components and mechanisms of each of these signaling nodes 

impact metabolic processes, stress reactivity, visceral sensitivity and pain, mucosal injury 

response, inflammation, and barrier function (Figure 1-4).  The role of the brain-gut axis 

is to monitor and integrate these functions in order to maintain intestinal homeostasis. In 

doing so, the network that makes up the brain-gut axis intertwines these peripheral 

intestinal functions with cognitive and behavioral functions of the brain. More recently, 

researchers have recognized the bidirectional interplay between the microbiota of the gut 

and both the ENS and the CNS leading to a better understanding of the complexity of the 

“brain-gut-microbiome axis” (Foster et al., 2015; Sundman et al., 2017).  

The autonomic nervous system (ANS) is a critical regulator of homeostasis that 

innervates cardiac muscle, smooth muscle, and endocrine/exocrine glands, and, is thereby 

involved in systemic disease processes involved in heart failure, respiratory distress, 

stress reactivity, and digestive diseases  (Boissé et al., 2009; Salvioli et al., 2015; Shah et 

al., 1990; M. Shen and Zipes, 2014; Teixeira et al., 2015).  Activity of the ANS is a 

balance between two tonically active, coordinated branches of nerves: the sympathetic 
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nervous system and the parasympathetic nervous system.  The brain-gut axis is composed 

of these autonomic pathways and implicates centrally-driven neurotransmitter signaling 

in the regulation of enteric cells (Ma et al., 2007).  Integrated autonomic responses of the 

CNS can modulate intestinal permeability, leading to exposure of luminal factors and 

activation of immune cells in the gut. Neural communication between the CNS and the 

intestinal tract is, in fact, bi-directional: efferent signals from the gut and afferent signals 

from the brain work in concert to maintain homeostasis in the ENS, muscle layers, and 

mucosa of the intestinal tract.  

In 1977, Besedovsky et al. demonstrated that a flow of information occurs from 

the activated immune system to the hypothalamus, suggesting that the brain is involved in 

the immune response.  Bidirectional regulation of the CNS and the immune system was 

substantiated by evidence that cells within each system express receptors and ligands 

Figure 1-4: Schematic for the bidirectional pathways of the brain-gut axis.  
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from the other, and by the recognition of the vagal anti-inflammatory reflex (Blalock, 

1989; Tracey, 2002).  Upwards of 70% of all immune cells of the human body reside 

within the intestinal tract, highlighting the relevance of gut immunity on systemic health.  

The humoral aspect of the brain-gut axis includes circulating immune mediators and 

neuroendocrine hormones.  Typically, blood-borne factors only have access to 

circumventricular organs, which are located outside the BBB. For instance, circulating 

interleukins can activate neurons that stimulate the hypothalamic-pituitary-adrenal (HPA) 

axis to release glucocorticoids into circulation. This can result in suppression of mucosal 

inflammation in the periphery, and even directly impact inflammatory pathways and 

angiogenic factors through receptors expressed on the intestinal epithelium (Rhee et al., 

2015).  

 

1.4 Hypotheses & Specific Aims 

The goal of this work was to elucidate brain-gut interactions following TBI by testing the 

following hypotheses: 

Hypothesis #1: TBI induces chronic impairment of intestinal mucosal barrier function.  

Aim 1a: Identify region-specific changes in intestinal mucosal barrier structure 

and function after acute and chronic TBI. 

Aim 1b: Assess inflammatory cytokine production in the intestinal mucosa after 

acute and chronic TBI. 

Aim 1c Investigate the contribution of EGCs in response to TBI. 

Aim 1d: Characterize the effect of TBI on the composition and diversity of the 

gut microbiome. 
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Hypothesis #2: TBI increases subsequent susceptibility to a clinically relevant 

pathogenic microbial challenge by Citrobacter rodentium (Cr) infection in the 

intestinal tract. 

Aim 2a: Evaluate host protection and immune response to Cr infection during 

chronic TBI. 

Aim 2b: Assess the impact of enteric Cr infection on intestinal mucosal barrier 

properties during chronic TBI. 

Aim 2c: Assess the impact of enteric Cr infection on the TBI -induced injury 

progression in the brain. 

Hypothesis #3: TBI leads to disturbances in central- and intestinal-derived modulators 

of the neural, immune, and humoral nodes of the brain-gut axis. 

Aim 3a: Characterize TBI-induced changes in autonomic tone by assessing heart 

rate variability over time.  

Aim 3b: Investigate the effect of TBI on baseline expression of M1 and M2 

markers in peripheral macrophages and their responses to in vitro LPS challenge. 

Aim 3c: Quantify the expression of circulating cytokines, chemokines, and 

microRNAs in serum, constitutively and with Cr infection during chronic TBI.  
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Chapter 2 ̶̶  Materials & Methods 

2.1 General Methods 

2.1.1 Animal use.   

Animals used in were 8- to 10-week-old male C57BL/6 mice weighing 20-25 

grams (Taconic Biosciences, Hudson, NY). All experiments and procedures were 

conducted in accordance with the ethical standards and performed as approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Maryland 

School of Medicine in Baltimore, MD. Mice were housed under a 12-hour light-dark 

cycle with ad libitum access to food and water at the University of Maryland’s animal 

facilities. Animals involved in Cr infection studies were transported and housed 

according to IACUC-approved procedures at the United States Department of Agriculture 

(USDA) in Beltsville, MD.  

2.1.2 Controlled cortical impact  

Anesthesia was induced by 3% inhaled isoflurane in a gas mixture of 70% N2O 

and 30% O2, followed by maintenance at 1.5% via nose cone. The surgical site was 

trimmed and prepared antiseptically for a 10-mm midline incision over the cranium. Skin 

and fascia were retracted, and the skull surface was scrubbed with 0.9% sodium chloride. 

Using a micro-drill with a trephine tip diameter of 5mm, a craniotomy was performed on 

the left parietal bone, centrally situated between bregma and lambda. A microprocessor-

controlled device with a 3.5-mm diameter impactor tip driven by dry compressed air was 

used to induce CCI injury.  Parameters for moderate-level CCI injury were an impactor 

velocity of 6 m/s and a deformation depth of 2mm.  After injury, the incision was closed 

with surgical clips, anesthesia was terminated, and the animal was placed on a heat-pad to 
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maintain normal core temperature for 45 minutes. Sham animals underwent the same 

procedure as CCI mice except for the impact. 

2.1.3 RNA extraction, reverse transcription, and quantitative real-time PCR.   

Total RNA was isolated and purified from whole tissue homogenates of colon in 

Trizol using RNeasy Mini Kit (Qiagen, Valencia, CA). RNA were quantified and purity 

was assessed by Nanodrop 2000 Spectrophotometer (Thermo Scientific, Pittsburg, PA), 

and samples with a 260/280 ratio between 1.5 and 2.0 were studied further. Equal 

amounts of purified RNA were reverse transcribed using the Verso cDNA Synthesis Kit 

(Thermo Scientific). Quantitative real-time PCR was performed on an ABI 7900 HT Fast 

Real-Time PCR machine (Applied Biosystems, Carlsbad, CA) using Taqman gene 

expression assays for mouse (TNFα, Mm00443258_m1; IFNγ, Mm01168134_m1; IL-6, 

Mm00446190_m1;  IL-1β, Mm01336189_m1; GFAP, Mm01253033_m1; and GAPDH, 

Mm99999915_g1; Applied Biosystems). Alternatively, custom primers sets for mouse 

ZO-1, occludin, claudin-1, and claudin-2 were designed and synthesized by Sigma-

Aldrich: ZO-1 (forward 5’- GCGGGCTACCTTACTGAACG -3’, reverse 5’-

TGATCGGAGGGCTCTGAACG -3’), occludin (forward 5’- 

CTGACTATGCGGAAAGAGTTGAC -3’, reverse 5’- 

CCAGAGGTGTTGACTTATAGAAAGAC-3’), claudin-1 (forward 5’- 

GAAGATGTGGATGGCTGTCATTG -3’, reverse 5’- CCGTGGTGTTGGGTAAGAGG 

-3’), claudin-2 (forward 5’-CCGTGTTCTGCCAGGATTCTC-3’, reverse 5’- 

AGGAACCAGCGGCGAGTAG -3’).  Amplification reactions were run using SYBR 

Green Supermix (Bio-Rad Laboratories, Hercules, CA) at 95°C for 3 min, 60 cycles at 

95°C for 15 s, 60°C for 15 s, and 72°C for 20 s on an iCycler detection system (Bio-Rad).  
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Samples were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 

18S ribosomal RNA, and relative gene expression levels were calculated. 

 

2.2 Region-specific changes after TBI. 

2.2.1 Histopathological  evaluation.   

Jejunum and colon tissues were cut, pinned onto Sylgard-coated plates, and fixed in 4% 

paraformaldehyde for 2 h before transferring to phosphate-buffered saline (PBS), 

followed by embedding into paraffin blocks (Histoserv, Germantown, MD). Longitudinal 

4μm sections were stained with hematoxylin and eosin (H&E) for morphometric 

analyses. Images were acquired with a 10x objective using an Axio Imager M2 

microscope (Carl Zeiss Microscopy, Thornwood, NY). Villus height and crypt depth in 

the jejunum, and mucosal depth and smooth muscle thickness in the colon were assessed 

in digital brightfield images using ZEN Pro 2012 image acquisition software (Carl Zeiss 

Microscopy). In brief, morphometric parameters were measured in micrometers (µm) in 

10 random fields per section in which well-oriented mucosa were recognized, and 

measurements were averaged per section. 

2.2.2 Permeability assays.   

Segments of jejuna and colon were stripped carefully of smooth muscle, opened 

longitudinally along the mesenteric border, placed on a Whatman® Nuclepore™ Track-

Etched Membrane (diameter: 13 mm  / pore size: 0.4 μm), and mounted between custom-

cut disks into microsnapwells containing DMEM media (37°C).  Resistance was 

measured with an EVOM Voltohmmeter every 30 minute intervals for 3 hours and 

transepithelial electrical resistance (TEER) values were expressed as Ω • cm2. In the 
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same sections, permeability to small molecules, or ‘paracellular flux’, was assessed by 

adding cascade blue-labeled dextran to the apical aspect of the mucosae in the jejunum 

(10,000 mol wt, 200mg/ml, Invitrogen, Carlsbad, CA) and in the colon (3,000 mol wt, 

200mg/ml, Invitrogen).  After 3 hours of incubation, media was collected from 

basolateral and apical sides and plated in triplicates in black 96-well microplates.  

Fluorescence (Fl) was measured at excitation and emission wavelengths of 355 and 425 

nm.  Apical-to-basolateral mucosal flux of dextran was calculated by: % 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

 (𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × 30)
(𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × 30)+�𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ×2.5�

 

2.2.3 Immunofluorescence.   

Transverse frozen tissue sections (20 μm) were rinsed with PBS and placed in blocking 

buffer containing 10% normal goat serum and 0.1% Triton X-100 in PBS for 1 hour prior 

to incubation with polyclonal rabbit anti-GFAP (1:500, Dako, Glostrup, Denmark) or 

monoclonal rabbit anti-Claudin-1 (1:50, Cell Signaling Technology, Danvers, MA) 

overnight in 4°C.  Sections were washed three times with PBS, then incubated with 

AlexaFluor-conjugated goat anti-rabbit IgG (1:1000, Life Technologies, Carlsbad, CA) 

for 2 hours at room temperature.  Sections were washed with PBS, counter-stained with 

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (1:50,000, Sigma-Aldrich, St. 

Louis, MO), then coverslips were applied with non-fluorescing aqueous Hydromount 

mounting medium (National Diagnostics, Atlanta, GA).  Images were acquired with 20x 

and 63x objectives by confocal microscopy (Leica Microsystems, Wetzlar, Germany) 

with acquisition parameters kept constant. Analyses were performed on images captured 

with the 20x objective using ImageJ software (https://imagej.nih.gov/ij/). Mucosal 

regions indicated by apical epithelial cells and the submucosal border were outlined using 
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the freehand tool. Parameters for image adjustments were set based on threshold signals 

and kept constant for all images. Mean gray value and area of outlined regions were 

measured, and integrated density of immunofluorescent signal was calculated. 

2.2.4 DNA extraction and targetetd qPCR for microbiome studies.   

Fecal pellets (up to 100mg) were collected from individual animals and placed in 1mL 

RNAlater (Sigma).  To collect total contents (luminal and adherent microbes) from the 

colons, 1cm sections were collected, cut open longitudinally, placed in 1mL RNAlater, 

and vortexed for 15 minutes. Samples were stored in -80C.  Total DNA extraction was 

conducted with Zymo Fecal DNA isolation kit (Zymo Research, Irvine, CA) with a few 

modifications, as optimized by the Institute for Genome Sciences in Baltimore, MD.  16S 

rRNA amplification with AccuPrime High Fidelity DNA polymerase. Quantification of 

PCR product with Quant-iT PicoGreen dsDNA assay. Target primers were designed 

based on data generated by miSeg Illumina 16S sequencing (Appendix A) and 

synthesized by Sigma-Aldrich: genus Bacteroides_1109422 (Forward: 

AACTGAGACACGGTCCAAAC, Reverse: CGCTCCCTCTAAACCCAATAAA); 

genus Bifidobacterium_997439 (Forward: GGGAGCGAACAGGATTAGATAC, 

Reverse: ACATGTCAAGCCCAGGTAAG); genus Clostridium_1111003 (Forward: 

TAGCGGTGAAATGCGTAGAG, Reverse: CGTGTGTAGCCCTAGACATAAG); 

genus Turicibacter_806030 (Forward: GTAGCGGTGAAATGCGTAGA, Reverse: 

CGGTAAGTCAAGACCTGGTAAG); genus Prevotella_111119 (Forward: 

GTGGGTAGCAAACAGGATTAGA, Reverse: GTGTGTAGCCCAGGTCATAAG); 

genus Parabacteroides_102501 (Forward: TAGATAGGCATGCGTTCCATTAG, 

Reverse: CGGAGTTAGCCGATCCTTATTC); genus Lactobacillus_1111198 (Forward: 
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GTGGGTAGCAAACAGGATTAGA, Reverse: GTGTGTAGCCCAGGTCATAAG); 

family Peptostreptococcaceae_1044611 (Forward: 

GTGGGTAGCAAACAGGATTAGA, Reverse: GCCCACAATCCGAACTTAGA; 

Eubacteria (all 16S rRNA) (Forward: ACTCCTACGGGAGGCAGCAGT, Reverse: 

ATTACCGCGGCTGCTGGC). Amplification reactions were run using SYBR Green 

Supermix (Bio-Rad Laboratories, Hercules, CA) at 95°C for 3 min, 60 cycles at 95°C for 

15 s, 60°C for 15 s, and 72°C for 20 s on an iCycler detection system (Bio-Rad).  

Samples were normalized to 16S rRNA expression. 

 

2.5 Impact of Citrobacter rodentium on gut and brain. 

2.5.1 C. rodentium infection and clearance.   

Mice were inoculated with a naladixic acid-resistant C. rodentium (Cr) strain DBS100 

(American Type Culture Collection 51459; Manassas, VA). The bacteria were streaked 

on naladixic acid-coated agar plates and cultured overnight, followed by incubation in 

Luria-Bertani (LB) broth for 4.5 hours in 37°C. Turbidity of LB-diluted bacteria was 

measured by optical density (OD), and concentration of cultured Cr was calculated from 

a standard curve in colony-forming units (CFU)/ml.  LB-diluted Cr bacteria were 

collected by centrifugation (1600 x g for 15 min) and resuspended in LB for a final 

concentration of 5 x 1010 CFU/ml. Animals were administered 0.2 mL containing 1010 

CFU of resuspended bacteria or LB broth alone by oral gavage at 28 days after CCI or 

sham injury.  Cohorts of mice were euthanized at Cr PID-12 (40 days after CCI) and 

tissue collected and processed for microscopic, functional (TEER) and molecular 

analyses.  For chase studies, fecal samples were collected on post-infection days 4, 7, 11, 
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15, 19, 23. Fecal samples were homogenized and serially diluted in LB, then plated in 

duplicates onto agar plates supplemented with 50 μg/mL naladixic acid. Cr load in stool 

was quantified as CFU/gram of feces. Cohorts of mice were euthanized on PID12 and 

assessed for histopathological and barrier changes in the colon and neuropathological 

changes in the CCI brain. To assess for bacterial translocation of Cr, spleens were 

collected under sterile conditions, homogenized and serially diluted in LB, streaked on 

naladixic acid-coated agar plates, then assessed for colony growth of Cr.  

2.5.2 BrdU immunostaining.   

Epithelial proliferation after Cr infection was assessed by BrdU incorporation in colonic 

epithelial cells.  Two hours prior to euthanasia, mice were injected intraperitoneally with 

10mg/kg of 5-bromo-2'-deoxyuridine (BrdU) (Sigma-Aldrich) diluted in warm PBS.  

Heat-induced antigen retrieval was performed at 95°C in Tris-EDTA buffer for 20 

minutes, followed by denaturation with hydrochloric acid (1N 10 min on ice, 2N 10 min 

at room temperature and 20 min at 37°C), neutralization with borate buffer, 

permeabilization with 0.2% Triton X-100, peroxidase quenching with 3% hydrogen 

peroxide, and blocking with avidin and biotin.  Sections were then incubated in Mouse Ig 

blocking reagent, anti-mouse BrdU antibody (1:200, Sigma-Aldrich), and biotinylated 

anti-mouse IgG reagent according to the protocol outlined in the Mouse on Mouse 

(M.O.M) Basic Kit (Vector Laboratories, Burlingame, CA), followed by application of 

Vectastain ABC reagent (Vector Labs). Immunosignal was developed using the DAB 

Peroxidase Substrate Kit (Vector Labs).  Sections were counterstained with hematoxylin, 

dehydrated in an increasing gradient of ethanol and xylene, then mounted with 

Vectamount permanent mounting medium. BrdU-positive cells were counted in 8-10 
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well-oriented crypts per section in images acquired with a 10x objective.  BrdU 

incorporation was expressed as mean number of BrdU-positive cells per crypt. 

2.5.3 Brain collection and sectioning.   

Brains were fixed in 4% paraformaldehyde for 24 hours in 4°C, then transferred to 20-

30% sucrose for cryoprotection prior to embedding into Tissue-Tek O.C.T. compound 

(VWR International, Radnor, PA). Coronal sections beginning at +1.78 mm from bregma 

were serially collected (three x 60 μm, three x 20 μm), mounted on charged glass slides 

(Globe Scientific, Paramus, NJ) , and stored in -80°C until use. All sections were thawed 

and fully dried at room temperature and washed three times with PBS prior to 

immunostaining. 

2.5.4 Stereology.   

One series of 60 μm coronal brain sections were incubated in double strength cresyl 

violet (FD Neurotechnologies, Columbia, MD) for 1-3 min to visualize neural structures 

and cell bodies.  Stereoinvestigator software (MBF Bioscience, Williston, VT) was used 

for stereological assessment of lesion volume and hippocampal neuronal cell densities. 

Lesion volumes were determined using digital virtual images of whole transverse brain 

sections to ensure that contour tracings were representative of the symmetry between 

ipsilateral and contralateral hemispheres.  Lesion contours were traced, and lesion 

volumes calculated based on a section evaluation interval of 4 across 24 sections per 

sample using the cavalieri estimator probe with a grid spacing of 100µm.  Hippocampal 

regions dentate gyrus (DG) and CA2/3 were contoured and neuronal counts were 

performed under a 63x objective with oil on 4-6 sections at an evaluation interval of 4. 
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DG and CA2/3 contoured region volumes were determined using the cavalieri estimator 

probe with a grid spacing of 50µm, and neuronal densities were calculated as cells/mm3.  

2.5.5 CD68+ immunohistochemistry and quantification.  

A separate series of 60 μm coronal brain sections were probed for CD68 to assess 

microglial/macrophage activation. Sections were blocked for one hour in room 

temperature with PBS containing 10% normal goat serum and 0.1% Triton X-100.  

Immunohistochemistry was performed with rat monoclonal anti-mouse CD68 (1:200, 

Bio-Rad, cat. #MCA1957) incubated overnight in 4°C, followed by three rinses with PBS 

and application of mouse adsorbed biotinylated goat anti-rat IgG antibody (10µg/ml, 

Vector Labs) for two hours in room temperature.  Sections were rinsed three times with 

PBS and prepared for immunoperoxidase detection by application of the Vectastain Elite 

ABC reagent (Vector Labs) for one hour in room temperature. Immunosignal was 

developed by reaction with a DAB peroxidase substrate (Vector Labs), according to the 

manufacturer’s instructions. After washing three times with tap water, sections were 

counterstained with double strength cresyl violet, dehydrated, cleared, then mounted with 

Vectamount non-aqueous mounting medium (Vector Labs). Digitalized brightfield 

images captured with a 20x objective (Leica Microsystems, Wetzlar, Germany) were 

processed and analyzed using the Fiji package of ImageJ (http://fiji.sc).  All images were 

processed with the Colour Deconvolution plug-in using the H-DAB vector to remove 

background and separate the DAB-only image panel for analysis. CD68+ cells were 

counted within ipsilateral cortex areas on 3 sections spanning the injury site per brain, 

and averages were expressed as cells/mm2.  



26 

2.5.6 GFAP+ immunofluorescence and quantification.   

For immunofluorescent staining, 20 µm coronal brain sections were blocked with PBS 

containing 10% normal goat serum and 0.1% Triton X-100 for one hour in room 

temperature, followed by incubation with polyclonal rabbit anti-GFAP antibody (1:500, 

Dako, Glostrup, Denmark) overnight in 4°C.  Sections were rinsed three times with PBS, 

and AlexaFluor 488-conjugated goat anti-rabbit IgG (1:1000, Life Technologies) was 

applied for two hours in room temperature.  Sections were rinsed with PBS and nuclei 

were counterstained with DAPI in normal saline solution (1:50,000) for 30 minutes in 

room temperature.  After a final wash with PBS, cover slips were applied to sections with 

non-fluorescing aqueous Hydromount mounting medium (National Diagnostics).  Images 

were acquired using a fluorescent Nikon Ti-E inverted microscope (Nikon Instruments, 

Inc., Melville, NY) with a 20x objective, under constant acquisition parameters. All 

images were quantified using NIS-Elements Advanced Research imaging software 

(Nikon) under constant parameters: Background removal; Regional Maxima Detection 

for identification of GFAP-positive cells; Threshold applied globally to entire image. The 

intensity of GFAP was normalized to the total area of the ipsilateral cortex.   

 

2.6 Statistics 

Data are expressed as mean ± SEM.  Differences between sham and CCI groups were 

analyzed by unpaired Student t-test or Mann-Whitney test.  Immunofluorescence data 

were analyzed across time by one-way analysis of variance (ANOVA), followed by post 

hoc adjustments using a Bonferroni correction. Data in Cr infection studies were 

analyzed by two-way ANOVA for injury, infection, and interaction.  Statistical analyses 
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were performed using Prism 7.01 for Windows (GraphPad Software, San Diego, CA); 

P<0.05 was considered significant.  
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Chapter 3 ̶  Region-specific changes in the intestinal tract during acute and 
chronic phases of TBI. 

 

3.1 Introduction 

Animal studies have shown that experimental TBI in rodents increased mucosal damage 

such as villi distortion and edema in the small intestine as early as 3 hours and up to 7 

days after brain injury (Hang et al., 2003; Feighery et al., 2008; Zhang and Jiang, 2013). 

Others described ultrastructural aberrations including mitochondrial abnormalities, 

microvilli rupturing, and widening of tight junctions between epithelial cells (Feng et al., 

2007; Hang et al., 2007; Jin et al., 2009).  Experimental TBI-induced increases in 

intestinal permeability are associated with decreased tight junction protein expression in 

the jejunum or ileum 6 hours after TBI (Jin et al., 2008; Katzenberger et al., 2015; Bansal 

et al., 2009). Only one published study investigated the colon after TBI in rats and 

reported no significant permeability changes or histopathological findings in the colon 6 

hours after brain injury (Feighery et al., 2008).  Although human and animal studies 

established these links between TBI and intestinal dysfunction during acute and subacute 

stages after injury, long-term consequences of TBI on the gut are relatively unexplored 

and region-specific changes are not well characterized. 

An important regional distinction in the intestinal tract is that mucosal GFAP 

levels exhibit an increasing proximal-to-distal gradient, with highest levels of expression 

in the colon (Bush et al., 1998; Savidge et al., 2007).  EGCs, which are the predominant 

cell type of the ENS, express GFAP upon activation and are involved in dynamic 

interactions with the epithelial barrier.  In vitro studies have identified EGC-derived 

factors that promote tight junctional integrity and regulate epithelial proliferation in order 
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to modulate intestinal barrier function (Savidge et al., 2007; Neunlist et al., 2007). 

Despite the implications for the fundamental role of EGC function in the maintenance of 

gut integrity, the physiological contexts that determine the beneficial or disruptive effects 

of EGC on mucosal integrity are unclear.  Moreover, our understanding of EGC response 

to CNS pathology and injury is minimal.   

Shifts in gut microbiome composition or diversity are implicated in the 

pathogenesis of a number of disease states including inflammatory bowel diseases, lupus, 

obesity, and even psychiatric disorders.  More recently, the link between gut dysbiosis 

and CNS injury has been investigated in experimental models of acute brain injury by 

stroke or TBI.  These studies showed significant changes in the composition and diversity 

of gut microbiota in the small intestine were associated with functional impairments in 

the gut and the CNS 3 days after brain injury (Singh et al., 2016; Houlden et al., 2016). 

One study reported that experimental spinal cord injury in mice induced changes in the 

composition of gut microbiota up to 21 days post-injury (Kigerl et al., 2016).  The impact 

of chronic TBI on the gut microbiome, however, is unknown. Given the known delayed 

peripheral consequences that are clinically evident after TBI, we hypothesized that TBI 

leads to chronic impairment of intestinal mucosal barrier function, evident by increased 

mucosal permeability and decreased tight junctional integrity. We predicted that 

functional mucosal barrier changes may occur by way of TBI-induced intestinal tissue 

injury, inflammation, immune dysregulation, altered glial cell responses, and/or gut 

dysbiosis.  

Animals were injured utilizing the controlled cortical impact (CCI) model for 

focal, contusive moderate-level TBI (6 m/s; 2mm depth) or sham injury (craniotomy 
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only). To assess region-specific changes along the intestinal tract over time, tissue 

samples were collected from jejuna and colons at 24 hours and 28 days post-CCI for 

morphological, functional, and molecular studies. To characterize the diversity and 

composition of the intestinal microbiome over time, microbial contents were analyzed 

from stool, small intestine, and colons at baseline, 24 hours, and 28 days post-CCI.  

 

3.2 Results 

3.2.1 Moderate CCI alters morphology in the colon, but not jejunum, 28 days 

after brain injury.  

To assess CCI-induced morphological changes along the intestinal tract, H&E-stained 

sections of jejuna and colons were evaluated at acute (24 hours post-injury) and chronic 

phases (28 days post-injury). Jejunal morphology evaluated for villus length and crypt 

depth was unchanged at 24 hours or 28 days after moderate CCI (Figure 3-1).  

Microscopic evaluation of colon sections showed no alterations at 24 hours post-injury; 

however, at 28 days post-injury, colons of CCI-injured mice had significant increases in 

mucosal depth and smooth muscle thickness compared to shams (Figure 3-2).  These 

data indicate that chronic CCI induces morphological abnormalities within the mucosa 

and muscularis of the colon, but not in the jejunum. 

3.2.2 Moderate CCI induces time-dependent mucosal barrier permeability 

changes in the jejunum and in the colon. 

 Increased incidence of GI-related disorders among TBI patients implicates changes in 

intestinal function as a consequence of TBI (Faries et al., 1998; Doig et al., 1998); 

therefore, indices of mucosal barrier permeability were measured in sham and injured 
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mice at 24 hours and 28 days post TBI.  Consistent with previous reports (Hang et al., 

2003; Feighery et al., 2008; Zhang and Jiang, 2013), transepithelial electrical resistance 

(TEER) in the jejunum was significantly decreased at 24 hours after CCI when compared 

to shams (Figure 3-3).  At 28 days post-injury, jejunal TEER was no different from 

shams.  In the colon, no differences in TEER were detected at either 24 hours or 28 days 

post-injury (Figure 3-3).  Paracellular flux, measured by labeled-dextran flux, was 

unchanged in jejuna at acute and chronic time points (Figure 3-3) but was significantly 

 
Figure 3-1: Histopathological assessment in the jejunum at 24 hours and 28 days after CCI. 

 (A-C) Representative H&E staining and microscopy of longitudinal jenunum sections from sham, 24 hours 

post-CCI, and 28 days post-CCI mice assessed for (D) mucosal crypt depth and (E) villi length. Values are 

means ± SEM; n=6-8. 
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greater in colons at 28 days post-injury when compared to shams (Figure 3-3).  These 

data demonstrate that moderate-level CCI results in region- and type-specific alterations 

in mucosal barrier permeability, with acute transcellular changes occurring in the small 

intestine and chronic paracellular changes in the colon.  

 

Figure 3-2: Histopathological assessment in the colon at 24 hours and 28 days after CCI. 

(A-C) Representative H&E staining and microscopy of colon sections from sham, 24 hours post-CCI, and 

28 days post-CCI mice reveal increased mucosal crypt depth (arrowheads) and increased smooth muscle 

thickness (asterisk) in colons 28 days after CCI.  Values (D-E) are means ± SEM; **P<0.01,*P<0.05, 

compared to shams; n=6-8. 
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Figure 3-3: Mucosal barrier properties in jejuna and colons after CCI. 

Ex vivo tissue mounts in microsnapwells were measured for transepithelial resistance (TEER) 

in (A) jejuna and (C) colons at 24 hours and 28 days post-CCI.  Apical-to-serosal flux of (B) 

10K dextran across jejuna or (D) 3K dextran molecule across mounted colonic mucosa. Values 

are means ± SEM. % influx are relative to sham control values, set to 100%; *P<0.05, 

**P<0.01, compared to sham; n=6-8. 
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3.2.3 Increased paracellular flux in the colon 28 days after moderate CCI is 

associated with claudin-1 downregulation.   

To investigate whether changes in TJP were associated with long-term colonic barrier 

dysfunction after TBI, we assessed expression of key TJP molecules in colon tissue.  

There were no changes in colonic mRNA expression of ZO-1, occludin, or the pore-

forming claudin-2; however, expression of the barrier-forming claudin-1 was 

significantly decreased in the colon at 28 days post-injury (Figure 3-4).  Consistent with 

this observation, immunofluorescent-stained sections showed reduced claudin-1 protein 

expression at the apical mucosal barrier of the colon 28 days post-injury (Figure 3-4).  

These data indicate that moderate CCI induces long-term dysregulation of claudin-1 

synthesis and expression in the colon.  

 

 
Figure 3-4: Tight junction proteins in colons after CCI. 

(A) ZO-1, occludin, claudin-2, and claudin-1 mRNA expression. (B-D) Claudin-1 

protein expression in colons by immunofluorescent staining.  Values are means ± SEM, 

relative to sham expression; *P<0.05; n=6-8. 
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3.2.4 Inflammatory mediators are unaltered in the colon after moderate CCI.  

To assess whether these histopathological and functional changes in the colon were 

associated with altered inflammatory regulation, we determined expression of cytokines 

IL-1β, TNF-α, IFN-ϒ, IL-6, and IL-10.  There was a small, but significant, increase in IL-

1β gene expression in the colon at 24 hours post-injury, but this increase was not 

observed in the chronic phase of CCI at 28 days post-injury.  There were no significant 

changes in the gene expression of the pro-inflammatory cytokines TNFα, IFNγ, and IL-6, 

or the anti-inflammatory cytokine IL-10 in the colon either at 24 hours or 28 days post-

injury (Table 1).  Thus, CCI induces chronic colonic pathology in the absence of several 

classical markers of inflammation.  

 

3.2.5 GFAP reactivity in mucosae of the proximal and distal colon, but not in 

the small intestine, is significantly altered at 24 hours and at 28 days after CCI.  

To address Aim 1-4, expression of EGC markers were probed in the jejunum and colon 

of sham and CCI-injured mice. Within extraganglionic regions of the intestinal tract, 

GFAP is a specific marker for EGCs that is upregulated with EGC activation. 

Immunofluorescent quantification of GFAP-positive cells in mucosa of colon sections 

revealed a significant decrease in mucosal GFAP expression at 24 hours post-injury 

relative to shams (Figure 3-5).  In contrast, at 28 days post-injury, mucosal GFAP 

Table 1: Pro-inflammatory cytokine expression in colons.  
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expression levels were significantly increased compared to sham levels (Figure 3-5).  

Colonic GFAP mRNA expression was unchanged at 24 hours post-injury, but was 

significantly increased at 28 days post-injury when compared to shams (Figure 3-6).  

Moreover, colonic Sox10 mRNA expression was significantly increased 28 days post-

injury (Figure 3-6), indicating that GFAP upregulation was associated with an increase 

in the number of activated EGC in the colon.  Thus, CCI produces robust acute and 

 

 

 

Figure 3-5: Enteric glial cells (EGC) in colon are 

significantly altered after CCI.  

(A-C) Representative immunofluorescent staining and 

microscopy of EGC in colons. (D) Mucosal GFAP+ 

quantification by integrated density. Images (A-C, top) 

acquired with a 20x objective.  Images (A-C, bottom) acquired 

with a 63x objective.  Values are means ± SEM, relative to 

shams; **P<0.01, compared to sham; *P<0.05, compared to 

sham; n=5-8. 
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chronic changes in mucosal EGCs and reactivity in the colon.  The chronic EGC changes 

are evident at the time of CCI-induced permeability increases in the colon, suggesting a 

connection between altered barrier function and EGC activity post-TBI.  

 

3.2.6 Microbiome composition in the colon is significantly altered 28 days 

after CCI.   

Based on high throughput ribosomal 16S sequencing analyses of TBI-induced changes in 

the gut microbiome using the Illumina miSeq platform (preliminary data), several target 

families and genera of microbes were identified for confirmatory studies using single-

target qPCR in stool and colon samples.  No significant differences were seen in the 

relative expressions of Lactobacillus or Bifidobacteriaceae in stool or colons of CCI-

injured mice when compared to naïve control (Figure 3-7).  Relative levels of 

Clostridiaceae and Peptostreptococcaceae expression were significantly increased 28 

days after CCI in colons only (Figure 3-8).  Bacteroides gene expression levels were 

significantly increased in both stool and colons, 28 days after CCI compared to controls 

(Figure 3-9).  

 

Figure 3-6: Enteric glial cells (EGC) in 

colon are significantly altered after CCI. 

 GFAP and Sox10 mRNA expression in 

whole colon tissue isolates. Values are 

means ±  SEM, relative to shams; 

**P<0.01, compared to sham; *P<0.05, 

compared to sham; n=5-8. 
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Figure 3-7: Relative gene expression levels of known probiotic bacteria in stool and colons. 

No significant differences were seen in the relative expressions of Lactobacillus or 

Bifidobacteriaceae in stool or colons of CCI-injured mice when compared to naïve control.  

 
Figure 3-8: Relative gene expression levels of known pathogenic bacteria in stool and colons. 

Relative expressions of (A) Clostridiaceae  and (B) Peptostreptococcaceae were significantly 

increased in colons only of CCI-injured mice, 28 days after injury compared to content in naïve 

  

 

Figure 3-9: Relative gene expression levels of 

Bacteroides in stool and colons. 

Bacteroides gene expression was significantly 

increased 28 days after CCI, in both stools and 

colons of injured mice compared to naïve 

controls. **P<0.01, *P<0.05; n=5-8. 
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3.3 Discussion 

The most identifiable GI symptoms in brain-injured patients are consistent with mucosal 

abnormalities such as ulcerations, GI bleeding, intolerance to enteral feeding, and leaky 

gut (Olsen et al., 2013; Krakau et al 2006; Kamada, 1977; Alain-Pascal, 2010).  Several 

studies showed previously that moderate-to-severe experimental TBI in rodents acutely 

increased mucosal damage and permeability in the small intestine up to 72 hours after 

brain injury (Hang et al., 2003; Jin et al., 2008).  Using a clinically relevant murine model 

of TBI (moderate-level CCI), we observed similar acute changes in jejunal barrier 

function.  In contrast to earlier studies, however, increased permeability in the jejunum 

occurred in the absence of mucosal damage or inflammation, a difference that can be 

attributed to the known correlation between severity of brain injury and severity of 

intestinal symptoms (Faries et al., 1998). 

Mucosal injury and epithelial disruption in the small intestinal dysfunction can 

contribute to malabsorption, nutritional and metabolic imbalances; mucosal abnormalities 

in the colon, however, can be more detrimental, leading to the inability to maintain an 

effective barrier against the microbiota concentrated in this area, thereby increasing 

susceptibility to systemic disease (Turner, 2009).  Chronic pathologies that affect the GI 

tract, such as IBD, functional GI disorders, and metabolic disorders, are characterized by 

altered mucosal architecture, up-regulation of pro-inflammatory cytokines, and reduced 

mucosal barrier function (Lopetuso et al., 2015).  Features of colonic tissue injury in IBD 

patients and in experimental models of chronic colitis include increased thickness of 

mucosa and smooth muscle, as well as inflammatory infiltration during the active phase 

of disease (Kiesler et al., 2015).  The morphometric changes in the colons of mice at 28 
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days post-injury are consistent with these generalized mucosal hyperplasia and smooth 

muscle hypertrophy in response to insult or injury.  There were, however, no indications 

of increased inflammatory infiltrate and no upregulation of pro-inflammtory cytokines 

TNFα, IFNγ, IL-1ß or IL-6 or downregulation of the anti-inflammatory cytokine IL-10 in 

the colon, suggesting that the pathological response to TBI develops over time and occurs 

in the absence of overt inflammation.  Whether an inflammatory stimulus occurred earlier 

or whether barrier leakiness will lead to later inflammation has yet to be determined.  

When considering region-specific changes that occur along the intestinal tract, it 

is important to note the differential functional specializations within the small intestine 

compared to the colon. The small intestine has characteristic villi that increase surface 

area for active digestion, absorption of nutrients, and secretion of factors such as enzymes 

and hormones. In the colon, where digestion does not occur, absorptive properties are 

limited to reabsorption of water from undigested residue. Thus, whereas small intestinal 

barrier function is characterized by less resistance to allow for dynamic, specific 

exchanges of large molecules, the colon barrier remains relatively fixed and restrictive.  

Moreover, the colon harbors the vast majority of resident microbiota overlying its 

mucosal epithelium and must strictly maintain its barrier resistance to protect against 

detrimental immune and systemic consequences of pathogen exposure.  Microbial and 

host recognition of signaling molecules that originate from luminal microbes directly 

influence intestinal barrier permeability by regulating epithelial cell turnover and tight 

junctional protein expression (Abrams et al., 1963; Rakoff-Nahoum et al., 2004; Cario et 

al., 2004).  
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The stimulus for the changes in colon morphology at 28 days post-TBI may be 

linked to altered mucosal barrier function.  Movement across the intestinal mucosa 

consists of transcellular permeability, which involves active or passive movement of 

water and solutes through cells via specific transmembrane transporters; and paracellular 

permeability, which involves passive movement of water and solutes through the space 

between adjacent cells.  Paracellular barriers have a “pore” pathway that is permeable to 

small molecules and a “leak” pathway that is permeable to larger molecules (Van Itallie 

et al., 2008).  Measurements of TEER and paracellular flux are not always in agreement, 

as TEER is an index net ion flux while movement of 3K dextran molecules measures 

paracellular flux.  TBI did not induce changes in colonic TEER; however, there was 

enhanced paracellular flux in the colon at 28 days after brain injury.  Increased barrier 

permeability was not observed 24 hours post-injury, reinforcing our findings that TBI 

induces a delayed pathophysiological response in the colon.   

Paracellular permeability is tightly regulated primarily by tight junctional 

complexes that adjoin adjacent epithelial cells of the gut (Weber, 2012).  The increased 

paracellular flux in the colon at 28 days was associated with decreased claudin-1 

expression with no changes in other major TJPs ZO-1 or occludin.  Although occludins 

and ZO-s seem to have a targeted regulatory role on ‘leak’ permeability, claudins are 

indispensable for the intestinal barrier function. (Bischoff et al., 2014).  In animal 

knockout models, deletion of occludin expression does not cause intestinal disease and 

epithelial tight junction remain intact; deletion of claudin-1 expression, however, causes 

overt loss of tight junctional barriers and premature death (Saitou et al., 1998; Turken and 

Troy, 2004). In the reconstitution of epithelial tight junctions, the ZO- and occludin-
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families of proteins undergo rapid and reversible modifications.  In contrast, claudin 

proteins undergo alterations in synthesis and trafficking that impact tight junctional 

integrity over longer periods of time (Shen et al., 2011).  These kinetics for TJP 

modifications align with the concept that the delayed TBI-induced barrier disruption 

associated with dampened claudin-1 expression in the colon develops over time. 

Given the interplay between the ENS and colonic mucosa in the maintenance of 

homeostasis (Snoek et al., 2010), we investigated the effects of TBI on EGCs.  EGC 

populations are divided into distinct subtypes based primarily on their location in enteric 

plexuses, smooth muscle, or mucosa (Gulbransen and Sharkey, 2012), and play different 

roles in the regulation of GI function.  Changes in myenteric plexus- and intramuscular-

associated EGC are implicated in disordered motility (McClaine et al., 2014), whereas 

factors derived from mucosal EGC suppress tissue inflammation and enhance barrier 

function (Sharkey, 2015; Savidge et al., 2007).   EGCs can be identified by expression of 

Sox10, a marker for mature EGCs, and by GFAP, an index of functional activation 

(Sharkey 2015).  In the present study, gene expression of both markers was unchanged at 

24 hours, but significantly increased in the colon at 28 days post-injury. 

Immunohistochemical localization of GFAP in the colonic mucosa showed decreased 

EGC activity at 24 hours, but markedly increased subepithelial staining at 28 days post-

injury.  Thus, CCI increased both the number and activation of mucosal EGCs in 

association with the delayed disruption of colonic barrier function.   

In the brain, injury triggers recruitment and activation of glial cells in the affected 

area as a reparative response to BBB disruption. Over time, chronic astrocyte reactivity 

can result in the formation of a glial scar, which can impair resolution of brain injury 
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(Lozano et al., 2015). In the gut, EGC response to injury or pathogen is not well defined. 

Interestingly, the dichotomy seen over time with astrocytes in the brain may be paralleled 

by EGCs in the gut. In vitro studies characterizing the effects of EGC-derived factors on 

barrier integrity demonstrated a dose-dependent response that was reparative at low 

levels and destructive with EGC over-activation (Savidge et al., 2007).  In vivo models of 

non-intestinal trauma, such as severe burn injury and experimental TBI, demonstrate 

acute loss of intestinal barrier function associated with increased GFAP expression in the 

gut; however, vagal stimulation can further increase intestinal GFAP expression and act 

to attenuate TBI-induced intestinal pathology (Bansal et al., 2010; Costantini et al., 

2011). Thus, increased activation of EGCs may be either destructive or beneficial 

depending on the model system, the timing, and level of activity. In this study, 

inflammation is not evident at the time of barrier leak, suggesting that the delayed over-

activation of mucosal EGCs may serve a protective role.   

In models of acute brain injury by stroke or TBI, significant changes in the 

composition and diversity of gut microbiota in the small intestine were associated with 

functional impairments in the gut and the CNS 3 days after brain injury (Singh et al., 

2016; Houlden et al., 2016).  In addition to the known region-specific properties of the 

gut microbiome, the region-specific pathophysiology induced by TBI suggested that 

changes in the microbiota in the colon may occur, 28 days after brain injury.  The gut 

microbiome resides in a proximal-to-distal density gradient along the intestinal tract, 

pointing to the greater relevance of gut microbiome alterations in the colon than other 

regions of the GI tract.  In fact, the colon harbors the vast majority of the bacteria in the 

human body, and bacterial content within regions proximal to the colon are considered 
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relatively negligible (Sender et al., 2016).  It follows, then, that stool samples which are 

made up of total luminal microbial content as it passes along the entire tract, primarily 

represent colonic luminal content.  Beneficial bacteria, or “probiotics”, are 

microorganisms that incur protective effects to the host. Upon admission, critically-ill 

trauma patients were shown to have Lactobacillus counts that were significantly reduced 

to 0.1% of control levels, and failed to fully normalize within two weeks (Hayawaka et 

al., 2011).  Of note, strengthening of the intestinal epithelial tight junction has been 

demonstrated by Bifidobacterium bifidum, a species of the Bifidobacteriaceae family 

(Hsieh et al., 2015). On day 28 after moderate-level CCI, the probiotics Lactobacillus and 

Bifidobacteriaceae were unaltered in either stool or colon contents. On the other hand, 

populations of microbes typically associated with pathologies—Clostridiaceae, 

Peptostreptococcaceae (Firmicutes phylum), and Bacteroides (Bacteroidetes phylum)—

were increased 28 days after CCI.  These data suggest that gut dysbiosis associated with 

increased levels of pathogenic bacteria occurs chronically in the colon after CCI.  Further 

investigations of microbiome changes following TBI might shed light on mechanisms of 

CCI-induced disruption of mucosal homeostasis and pave the path towards nutrition-

based therapeutics. 
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Chapter 4 ̶  Responses in the gut and brain to Citrobacter rodentium 
infection during chronic TBI 

 

4.1 Introduction 

Infections are a frequent co-morbidity among TBI patients (Griffin, 2011). Increased 

susceptibility to infections is attributed to peripheral immune suppression as a direct 

consequence of CNS injury, not only during hospitalizations, but also chronically 

(Hazeldine et al., 2015; Schwab et al., 2014).  In particular, TBI patients demonstrate an 

impaired immune response to Escherichia coli, a predominant organism of the human 

microbiome that typically resides harmlessly in the colon (Liao et al., 2013).  In an 

immunosuppressed host or when intestinal barriers are compromised, nonpathogenic 

E.coli can lead to infection. Upon encounting pathogenic E.coli strains such as 

enteropathogenic E.coli (EPEC) and enterohaemorrhagic E.coli (EHEC), mucosal 

infection, even in a healthy host, can lead to a range of clinical illnesses. For instance, 

EHEC can cause mild diarrhea or more severe systemic disease such as hemorrhagic 

colitis or hemolytic uremic syndrome (Nataro and Kaper, 1998).  

Given the region-specific findings in the colon after TBI (Chapter 3), a colon-

targeted pathogen was utilized to assess the impact of chronic TBI on the ability to 

respond to a commonly encountered enteric infection. Citrobacter rodentium (Cr) is a 

rodent analog for E.coli that is utilized as a model for human infection by EPEC and 

EHEC due to their shared mechanisms of pathogenesis (Franket et al., 1996).  Cr, like 

EPEC and EHEC, is an attaching and effacing pathogen that infects enterocytes of the 

colon, leading to defined pathological hallmarks such as epithelial cell hyperplasia and 

mucosal thickening (Higgins et al., 1999; Collins et al., 2014).  Mice infected with Cr 
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demonstrate a well-characterized immune response that begins with an increase in Th17 

cells upon adhesion to enterocytes, followed by induction of a potent Th1 response in the 

late phase of infection (Atarashi et al., 2015; Smith et al., 2011). We hypothesized that 

chronic TBI impairs the host’s ability to respond a secondary peripheral challenge by the 

enteric microbial pathogen Cr, leading to greater susceptibility to intestinal dysfunction 

and possible escalation to systemic disease. We questioned whether TBI-induced 

morphological and functional pathologies in the colon and in the brain could be affected 

by enteric infection during the chronic phase of TBI. 

Animals were injured utilizing the CCI model for focal, contusive moderate-level 

TBI (6 m/s; 2mm depth) or sham injury (craniotomy only). To assess the host and 

intestinal responses to enteric challenge during chronic TBI, mice were orally gavaged 

with Cr or vehicle on day 28 post-CCI. Stool samples were collected on post-infection 

days (PID) 4, 7, 11, 15, 19, and 23 to monitor the clearance of infection. Tissue samples 

were collected from colons in the late phase of peak infection (PID12) for morphological, 

functional, and molecular studies.  Brains were collected, fixed, and sectioned for 

stereological and immunohistochemical analyses. 

 

4.2 Results 

4.2.1 Gross parameters after Cr infection.   

Changes in body weight were monitored over time, and no differences were seen up to 28 

days after CCI (Figure 4-1).  In response to Cr infection, changes in body weight 

followed the predicted time course and were significantly lower in Cr-infected groups on 

the day of peak infection (PID7), with no difference between sham+Cr and CCI+Cr 
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groups (Figure 4-1).  By the late peak phase of infection, four days later (PID11), overall 

body weights were comparable among all experimental groups. Increases in colon/body 

weight ratios, a feature of Cr infection (Vallance et al., 2003), were comparable in both 

sham+Cr and CCI+Cr mice.  Colon lengths were similar among all uninfected and 

infected groups, suggesting that the degree of colon pathology was unaltered across 

groups (Table 2).  Spleen/body weight ratios were significantly increased by Cr infection 

in sham and CCI groups; however, spleen/body weight ratios of CCI+Cr mice were 

significantly lower than sham+Cr, suggesting that systemic immune response might be 

impaired in CCI+Cr.  (Table 2).  Cultures of spleen homogenates were negative for 

bacterial growth in all groups, however, indicating that translocation and systemic 

dissemination of Cr or commensal bacteria did not occur (Table 2). 

 

 

 

 
Figure 4-1: Body weights over time after CCI and Cr. 

PID0 (day of infection) occurred at 28 days after injury. 
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4.2.2 Clearance and host Th1/Th17 response to Cr are unaltered after CCI.   

The kinetics of Cr clearance were monitored by fecal Cr excretion over time. No 

difference in Cr load was observed between sham and CCI groups at any point post-

infection (Figure 4-2); thus, neither peak colonization (PID7) nor clearance (PID11-

PID19) were affected by CCI.  Consistent with this conclusion, the characteristic -

cytokine responses to Cr infection, which include upregulation of Th1 cytokines TNFα, 

IFNγ, and Th17 cytokine IL-17α, were comparable in the colons of both sham- and CCI-

injured mice (Figure 4-3).  These data suggest that CCI does not alter the ability of the 

host to mount a protective Th1/Th17 response to pathogenic bacterial infection. 

Table 2:  Growth and weight parameters on Cr post-infection day 12. 

 

 

Measures Uninfected SHAM + Cr CCI + Cr 

Body Weight (g) 25.8 ± 0.4 25.7 ± 0.7 26.1 ± 0.5 

Colon Length (cm) 5.8 ± 0.1 6.2 ± 0.2 5.9 ± 0.2 

Colon Weight 
(% body wt) 0.8 ± 0.03 1.2 ± 0.04‡ 1.1 ± 0.03‡ 

Spleen Weight 
(% body wt) 0.3 ± 0.01 0.6 ± 0.1‡ 0.4 ± 0.03*,# 

Spleen Culture 
(CFU) negative negative negative 

*P<0.05, ‡P<0.0001: relative to uninfected. 
#P<0.05: relative to sham+Cr.  
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Figure 4-2: Cr clearance. 

 
Figure 4-3: Th1/Th17 cytokine gene expression in colons after Cr. 

The kinetics of fecal Cr excretion by sham and CCI-injured animals 

were monitored over time until samples samples from both groups 

reached the limit of detection (dotted line). 
 

Characteristic cytokine responses in colons on PID12 after Cr 

infection in CCI- versus sham-injured mice relative to uninfected 

controls (dashed line). 
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4.2.3 Cr infection during chronic CCI is associated with significant changes 

in morphology, mucosal barrier properties, and EGC reactivity in the colon.   

To investigate the impact of Cr infection on CCI-induced changes in the colon, we 

assessed morphology and mucosal barrier function in the colon at PID12. Cr infection 

significantly increased mucosal height in colons of both sham+Cr and CCI+Cr groups 

(Figure 4-4), but there was no difference between the two infected groups.  BrdU 

incorporation into proliferating epithelial cells was increased similarly in colons of both 

sham+Cr and CCI+Cr groups (Figure 4-4).  Although Cr infection alone did not alter 

colonic smooth muscle thickness in sham mice, the muscular hypertrophy was augmented 

further in CCI+Cr animals compared to shams or CCI alone (Figure 4-4).  Measures of 

mucosal barrier function in response to Cr infection showed significantly enhanced 

labelled-dextran flux across colonic mucosa in CCI+Cr mice when compared to sham+Cr 

(Figure 4-5).  This increase in paracellular permeability was not attributed to decreased 

expression of TJPs ZO-1, occludin, claudin-2, or claudin-1 (Figure 4-5). Interestingly, 

GFAP mRNA levels were significantly increased in colons of CCI+Cr compared to 

sham+Cr, whereas Sox10 mRNA expression was unchanged (Figure 4-6).  Therefore, 

increased paracellular flux following Cr infection during chronic CCI was associated 

with greater activation of the existing population of EGCs. 
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 Figure 4-4 Morphology and epithelial proliferation in the colon in response to Cr. 

 (A-C) Representative BrdU immunohistochemistry and hematoxylin counter-stained sections and 

microscopy of colons at PID-12 after Cr infection show (D) significant increases in mucosal depth 

(arrowheads) in response to Cr in both sham- and CCI-injured mice.  (E) Epithelial crypt 

proliferation indicated by BrdU incorporation. (F) Colonic submucosal and smooth muscle response 

(asterisk) to Cr.   
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Figure 4-5: Mucosa barrier properties in Cr-infected colons on PID12. 

(A)  Paracellular flux of 3K dextran in mounted Cr-infected colons and (B) tight 

junction proteins ZO1, occludin, claudin-2 and claudin-1 mRNA levels. 

 

Figure 4-6: Enteric glial cell markers in Cr colons. 

GFAP and Sox10 mRNA expression in whole colon tissue isolates.  

Values are means ± SEM; *P<0.05; n=10. 
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4.2.4 Enteric infection exacerbates chronic CCI neuropathology.   

To examine whether enteric infection during chronic TBI may impact the progression of 

brain injury, TBI neuropathology was evaluated in CCI and CCI+Cr mice at PID12.  

Hippocampal neuronal densities in the dentate gyrus and CA1 were comparable in CCI 

and CCI+Cr mice (Figure 4-7).  TBI-induced lesion volumes were significantly 

 

 

Figure 4-7: Hippocampal neuronal densities during chronic CCI and after enteric Cr infection. 

Unbiased stereological cell counts of cresyl-violet stained brain sections show comparable decreases in (A) 

neuronal density in the dentate gyrus and (B) neuronal density in the CA2/3 region in CCI and CCI+Cr mice 

compared to uninfected shams. Values are means ± SEM; *P<0.05, **P<0.01, ***P<0.001, ANOVA, 

compared to sham; n=8-10. 
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increased following enteric Cr infection when compared to CCI alone (Figure 4-8). The 

larger brain lesions in CCI+Cr groups were associated with enhanced numbers of peri-

lesional CD68+ immunoreactive cells, indicating that enteric challenge by Cr 

exacerbated the microglial/macrophage activation response during chronic stage of brain 

injury (Figure 4-9).  In addition, the peri-lesional GFAP+ response was significantly 

increased in CCI+Cr brains when compared to CCI alone, indicating that Cr infection 

also enhanced astrocyte reactivity and glial scar formation after TBI (Figure 4-10).  

Moderate-level TBI is associated with enhanced neuroinflammation and glial scar 

formation surrounding the lesion during the chronic phase of TBI, and the data in the 

present study demonstrate that enteric infection secondary to brain injury exacerbated 

cortical tissue loss and neuroinflammation.  
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 Figure 4-8: Enteric Cr infection during chronic CCI leads to greater brain lesion size. 

 (A1-B) Schematic and representative cresyl violet-stained sections showing CCI-induced lesions (red 

tracings) across injury site in brains of CCI and CCI+Cr mice. (C) Stereological analyses of lesion size in 

whole brains after CCI+Cr compared to CCI alone.  Values are means ± SEM; ***P<0.001; n=8-10. 
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Figure 4-9: Exacerbation of CCI-induced microglia/macrophages activation in brains after enteric 

Cr infection.  

(A1-B) Schematic and representative immunohistochemical images of brain sections stained with 

microglia/macrophage activation marker CD68 with 20x (A-B, top) and 63x (A-B, bottom) objectives. (C) 

Perilesional CD68+ cells in ipsilateral cortex of injured brains after CCI+Cr compared to CCI alone. 

Values are means  
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Figure 4-10: Exacerbation of CCI-induced astrocyte activation in brains after enteric Cr infection. 

(A1-B) Schematic and representative immunofluorescent images of brain sections stained with activated 

astrocyte marker GFAP with 20x (top) and 63x (bottom) objectives.. (C)  GFAP+ density in ipsilateral 

hemispheres of injured brains after CCI+Cr compared to CCI alone.  Values are means  
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4.3 Discussion 

The known long-term intestinal and systemic co-morbidities in TBI patients (Bay and 

Chartier, 2014) may reflect altered brain-gut communication.  In Chapter 3, experimental 

data indicate that TBI induces colonic tight junction barrier dysfunction associated with 

altered EGCs during the chronic phase of brain injury.  We therefore investigated the 

response to Cr, a clinically relevant enteric infection that targets the colon, in the context 

of chronic brain injury.  Features of the host response to Cr infection, including the rate 

of bacterial clearance, upregulation of colonic Th1/Th17 cytokines, and increased 

mucosal depth resulting from Cr-induced epithelial proliferation, were comparable in 

both infected sham and CCI groups.  Importantly, there was a reduction in mucosal 

barrier function in the CCI+Cr group compared to sham+Cr; however, cultured spleen 

homogenates were negative for bacteria, indicating that the CCI-induced disruption to 

paracellular flux was not sufficiently severe to allow systemic dissemination of bacteria 

in Cr-infected mice.  Spleen weights were lower in the CCI+Cr when compared to the 

sham+Cr group, suggesting a weaker systemic immune response, an effect reported in 

TBI patients with peripheral bacterial and viral infections (Griffin, 2011; Hazeldine et al., 

2015).  Notably, GFAP expression was augmented in CCI+Cr colons when compared to 

sham+Cr; in contrast, Sox10 levels were unchanged, consistent with enhanced activation 

of EGC rather than the presence of additional EGC.  These data provide additional 

support for the concept that EGC activation following chronic CCI is linked primarily to 

changes in mucosal permeability rather than to inflammation.    

During the chronic phase of TBI, Cr infection exacerbated neuroinflammation 

and increased lesion volume in the brain, underscoring the importance of gut-brain 
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communication on long-term outcomes after TBI.  In the injured brain, chronic 

recruitment of CD68+ activated microglia/macrophages and sustained GFAP reactivity at 

the site of injury are established mechanisms of persistent, cytotoxic neuroinflammation 

that contribute to long-term secondary injury and related neurodegeneration (Loane and 

Kumar, 2016).  In experimental models of chronic TBI, these neurodegenerative and 

neuroinflammatory processes are linked to persistent alterations in cognitive and 

behavioral functions (Zhao et al., 2013; Zhao et al., 2015).  In the present study, neuronal 

densities in the hippocampus were not reduced further in the CCI+Cr group, indicating 

that the exacerbation of brain injury was confined to the site of the lesion in the cerebral 

cortex.  It should be noted that increased EGC reactivity and mucosal barrier dysfunction 

are also features of chronic neurodegenerative disorders, such as Parkinson’s disease 

(Clairembault et al., 2014).  Thus, these studies suggest a potential link among cortical 

neurodegeneration, microglial (CD68+) and astrocytic (GFAP+) neuroinflammation in 

the brain, and EGC reactivity and mucosal barrier permeability in the gut.     
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Chapter 5 ̶  Mechanisms of the brain-gut axis (neural, immune, humoral) 

 

5.1 Introduction 

The findings reported in Chapters 3 and 4 describe the long-term consequences of TBI on 

intestinal epithelial barrier function and mucosal EGCs, as well as the detrimental effect 

of pathogen-induced gut inflammation during chronic brain injury on the gut mucosa and 

in the brain.  The underlying causes to TBI-induced gut pathology is an overwhelmingly 

complex question that would not be feasible to address within one body of work; 

however, we pursued an investigation of the broadly relevant interfaces of the brain-gut 

axis following TBI. The brain-gut axis is comprised of three primary means of 

bidirectional communication: neural, immune, and humoral. Through a multitude of 

factors, these channels of dialogue between the CNS and the intestinal system mediate 

functional homeostasis, including immune activation and gut barrier function.   

Excessive sympathetic activity after TBI is characterized by a constellation of 

symptoms that include tachycardia, tachypnea, hypertension, diaphoresis, and 

hyperthermia. Prolonged episodes of these autonomic abnormalities represent a distinct 

clinical syndrome in a subset of TBI patients —referred to most commonly as 

‘dysautonomia’ or ‘paroxysmal sympathetic storm’—and are associated with severity of 

brain injury and poor functional outcomes (Baguley et al., 2008; Boeve et al., 1998; 

Fearnside et al., 1993) . Moreover, sympathetic hyperactivity following TBI was 

associated with peripheral immunodepression and high incidence of infection (Kox et al., 

2012, 2008; Woiciechowsky et al., 1998).  
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Stimulation of the efferent vagus nerve leads to cholinergic activation of alpha-7 

nicotinic receptors expressed on peripheral immune cells—a phenomenon known as the 

‘cholinergic anti-inflammatory pathway’ (Jonge et al., 2005) . Upon detection of 

inflammation in the periphery, afferent stimuli serve as a negative feedback reflex to 

enhance efferent vagal signaling and dampen innate immune responses.  In the gut, vagus 

nerve stimulation activates alpha-7 nicotinic receptors on macrophages to inhibit the 

release of pro-inflammatory factor TNF (Wang et al., 2003) .  Interestingly, peritoneal 

macrophages isolated from extraintestinal trauma patients demonstrated strikingly 

decreased TNF mRNA expression compared to macrophages obtained from healthy 

individuals (Hauser et al., 1995).  CNS injury-induced alterations in autonomic function 

and the ensuing failure of non-neurologic organ systems are clinically well-described; yet 

mechanisms underlying TBI-induced autonomic impairment and its relation to gut barrier 

integrity or peripheral immune dysfunction remain underappreciated.  

 Human and animal studies have reported the development of cholinergic deficits 

in the CNS in the chronic phase of TBI. Notably, acetylcholinesterase (AChE) activity is 

significantly increased in the medulla region during chronic TBI, resulting in decreased 

acetycholine (ACh) levels and decreased acetycholine transmission to efferent targets, 

such as the gut (Valiyaveettil et al., 2012) .  ANS tone can be monitored by a method of 

noninvasive, continuous measures of heart rate variability (HRV) in humans and in 

rodents  (Pumprla et al., 2002; Thireau et al., 2008) .  By assessing time- and frequency-

domains of HRV at repeated intervals with power spectral analyses, independent and 

simultaneous sympathetic and parasympathetic activity can be evaluated (Akselrod, 

1988) .  We hypothesized that TBI-induced intestinal dysfunction is associated with long-
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term changes in autonomic balance and attenuation of the vagal cholinergic anti-

inflammatory pathway after TBI.  To address the potential posttraumatic role of disrupted 

vagal pathways on intestinal dysfunction, we examined changes in HRV after TBI and 

associated changes in the peritoneal macrophage response.  

Moderate-level TBI in adult male C57BL/6 mice was induced by controlled 

cortical impact (CCI; 6 m/sec, 2mm depth). Alterations in autonomic output after TBI 

were measured by non-invasive heart rate variability (HRV) recordings at baseline and on 

post-injury days 1, 3, 7, 14, 21, and 28. Sympathovagal balance was assessed by ratio of 

low frequency (LF) and high frequency (HF) values averaged from three independent 

recordings per timepoint. Given the role of vagal signaling on intestinal macrophage 

activity, thioglycollate-ellicited macrophages were isolated from peritoneal exudates 24 

hours and 28 days after CCI.  

 The study in Chapter 4 demonstrates that Cr-induced gut inflammation during 

chronic TBI led to increased neuroinflammation and greater pathology in the brain, 

which was associated with increased mucosal paracellular permeability in the infected 

colons of brain-injured mice. Although there was no indication of systemic bacterial 

dissemination after Cr infection, the expression of relevant chemokines, cytokines, and 

microRNAs (miRs) in serum was assessed to examine possible humoral changes that 

might influence gut-mediated chronic changes in brain pathology.  
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5.2 Results 

5.2.1 Heart rate variability parameters.   

Power spectral analyses of HRV were conducted on the time- and frequency-domains of 

electrocardiogram recordings. In the time-domain, standard deviations of inter-beat 

intervals (SDNN) were increased among CCI mice compared to naïve controls (Figure 5-

1).  This increased temporal variability in CCI mice is indicative of decreased autonomic 

adaptability after CCI. In the frequency-domain, low frequency (LF) and high frequency 

(HF) power of HRV were analyzed as a measure of sympathetic and parasympathetic 

activity, respectively. LF/HF ratio values, which represent sympathovagal balance, were 

elevated after CCI compared to controls, indicating that moderate CCI induces a shift to 

sympathetic dominance (Figure 5-2).  

 

 
Figure 5-1: Power spectral analysis of HRV in the time domain. 

Standard deviations of inter-beat intervals (SDNN) at baseline days 

(BLD) prior to injury and up to 28 days after CCI. n=8-15. 
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5.2.2 Peritoneal macrophage experiments.   

Given the role of vagal ouput on intestinal macrophage activity, thioglycollate-elicited 

peritoneal macrophages were harvested on day 28 after CCI or sham injuries.  Baseline 

gene expression of key M1 and M2 markers in peritoneal macrophages shows 

significantly decreased TNF⍺ mRNA levels in macrophages harvested from animals 28 

days after CCI when compared to those harvested from naïve controls (Figure 5-3).  

Response to LPS in cell culture was assessed at 4 hours and 24 hours after LPS 

stimulation. LPS challenge to macrophages induced a robust pro-inflammatory M1 

response (TNF, IL-1 ß, Nos2, IL-6) at 4hrs that was dampened yet still elevated by 24 hrs 

after LPS. Macrophages isolated from CCI-injured mice demonstrated 

 
Figure 5-2: Power spectral analysis of HRV in the frequency domain. 

Normalized low frequency (LF) to high frequency (HF) ratio values at 

baseline days (BLD) prior to injury and up to 28 days after CCI. n=8-15. 
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significantly augmented up-regulation of pro-inflammatory M1-associated TNF, IL-1ß, 

and Nos2 at 4hrs after LPS when compared to the M1 response by macrophages 

harvested from naïve controls (Figure 5-4).  LPS challenge to macrophages induced 

significant increases in IL-10 expression 4hrs after stimulation, indicating the initiation of 

an anti-inflammatory M2 response.  IL-10 induction and M2 response to LPS was 

comparable in macrophages from CCI-injured and naïve control mice (Figure 5-5). To 

assess whether the M2 response was appropriate in these cultured macrophages, cells 

were stimulated with IL-4, which drives an M2-only response.  Delayed (24hr) M2 

response to IL-4 stimulation by upregulation of CD206, Arg-1 and IL-10 was 

significantly augmented in peritoneal macrophages isolated from CCI-injured compared 

to naïve mice (Figure 5-6). 

 
Figure 5-3: Baseline expression of key M1 and M2 markers in peritoneal macrophages. 
Gene expression levels of TNFα, IL-1β, Nos-2, IL-6, IL-10, Ym1, Arg1, and CD206 were 

assessed by qPCR in peritoneal macrophages harvested at 28 days after CCI or from naïve 

controls and cultured in media alone. Values are relative to naïve. **P<0.01, n=12-14.  
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Figure 5-4: M1 response to LPS stimulation in CCI- or naïve-isolated peritoneal macrophages. 
Gene expression levels of (A) TNFα, (B) IL-1β, (C) Nos-2, (D) IL-6 in peritoneal macrophages 

harvested at 28 days after CCI (white) or from Naïve (black) animals and cultured in RPMI media 

alone (Cont.) or challenged with LPS (10ng/ml) for 4 h or 24 h.  Responses to LPS are relative to 

respective Cont. levels. Two-way ANOVA with Bonferroni’s corrections for multiple comparisons 

***P<0.0002, ****P<0.0001, relative to Naïve response at LPS 4h; n=7.  



67 

 Figure 5-5: M2 response to LPS stimulation in CCI- or naïve-isolated peritoneal macrophages. 

 Gene expression levels of (A) CD206, (B) arginase-1, (C) Ym1, (D) IL-10 in peritoneal macrophages 

harvested at 28 days after CCI (white) or from Naïve (black) animals and cultured in RPMI media 

alone (Cont.) or challenged with LPS (10ng/ml) for 4 h or 24 h.  Responses to LPS are relative to 

respective Cont. levels; n=7.  
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Figure 5-6: M2 response to IL-4 stimulation in CCI- or naïve-isolated peritoneal macrophages. 

Gene expression levels of (A) CD206, (B) arginase-1, (C) Ym1, (D) IL-10 in peritoneal macrophages 

harvested at 28 days after CCI (gray) or from Naïve (black) animals and cultured in RPMI media 

alone (Cont.) or challenged with recombinant IL-4 (10ng/ml) for 4 h or 24 h.  Responses to IL-4 are 

relative to respective Cont. levels. Two-way ANOVA with Bonferroni’s corrections for multiple 

comparisons; *P<0.05, **P<0.01, ****P<0.0001, relative to Naïve response at IL-4 24h; n=7. 
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5.2.3 Cytokines and chemokines.   

To assess whether levels of circulating inflammatory mediators were altered after TBI 

and/or after Cr infection, expression of cytokines TNF, IFN-gamma, IL-4, IL-6, IL-10, 

IL-12 p40 and chemokines IP-10, 

KC, MCP-1, RANTES, GCSF, and 

eotaxin were measured in serum on 

a multiplex assay.  Serum IP-10 

levels were significantly increased 

in sham+Cr and CCI+Cr samples 

when compared to sham or CCI 

alone, indicating an infection effect 

but no injury effect (Figure 5-7).  

 

5.2.4 miRs.   

Circulating miRs implicated in the injury response and inflammation following TBI were 

assessed in serum. MiR-223 

expression was significantly 

dampened in CCI+Cr mice 

compared to CCI alone (Figure 5-

8); however, there were no 

differences in miR-223 levels 

between sham and CCI, or between 

sham and sham+Cr.   

 

 

 

 Figure 5-8: Circulating miR- levels in sham- 

and CCI-injured mice after Cr infection. 

Figure 5-7: Circulating IP-10 levels in sham- 

and CCI-injured mice after Cr infection. 
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5.3 Discussion 

Autonomic alterations, as indicated by changes in total HRV, has been reported in TBI 

patients during the acute recovery phase (24 hrs – 3 days), sub-acute period (3 days – 14 

days), and chronic phase (1 -2 months) after brain injury (King et al., 1997; Colombo et 

al., 2008; Kox et al., 2008; Bagueley et al., 2009; Keren et al., 2005).  Diminished total 

HRV after TBI is significantly associated with increased mortality and long-term 

disability (Winchell and Hoyt, 1997; Colombo et al., 2008; Sykora et al., 2016). Low 

frequency (LF) components of HRV that primarily reflect sympathetic tone reportedly 

peak at 24 hours after injury and return to relatively normal levels by day 3 post-injury 

(Colombo et al., 2008).  Compared with healthy controls, TBI patients exhibited 

significantly lower LF/HF ratios, indicating that autonomic balance after TBI may shift 

toward parasympathetic dominance in early stages following injury (Kox et al., 2008). In 

chronic TBI, however, increased circulating catecholamines have been reported 3 months 

after injury, suggesting that chronic TBI is associated with a shift toward sympathetic 

activity (King et al., 1997). Here, CCI-injured mice demonstrated significantly altered 

HRV parameters compared to naïve controls.  LF/HF ratio values and SDNN were 

increased after moderate CCI, most apparently at 14 days and beyond.  Thus, CCI 

appeared to increase HRV in both frequency- and time- power domains. 

When autonomic balance is shifted toward one system, the other becomes 

inhibited to maintain overall autonomic tone (Malliani et al, 1998).  The timing of altered 

autonomic tone and the implications of shifts in sympathovagal balance over the course 

of injury after TBI remains unclear; however, experimental models have demonstrated 

that TNF production is attenuated by vagus nerve stimulation (Borovikova et al., 2000; 
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Wang et al., 2003).  Consistent with this concept, peritoneal macrophages isolated from 

trauma patients demonstrate strikingly decreased TNF mRNA expression compared to 

macrophages obtained from healthy individuals (Hauser et al., 1995).  Although 

sometimes attributed to ‘immune paralysis’ and ensuing susceptibility to infections, low 

levels of TNF can actually contribute to host defense by limiting the spread of  

pathogenic organisms  into  the circulation, promoting coagulation to localize the invader, 

and stimulating the growth of damaged tissues (Tracey et al., The Lancet 1989).  Notably, 

peritoneal macrophages harvested from CCI-injured animals demonstrate a “primed” 

state, leading to an exaggerated pro-inflammatory response to LPS challenge in vitro.  

Despite evidence of this augmented innate immune response, during in vivo microbial 

challenge by Cr, host immune response and inflammation did not differ between CCI and 

sham-injured mice.  When T-cells are disrupted or absent, monocytes are critical for 

producing Th1- and Th17-driving cytokines in response to Cr infection; thus, it is 

possible that the exaggerated pro-inflammatory response in macrophages is a 

compensatory response to CCI-induced T-cell defects.  Although heightened 

inflammation was not observed in Cr-infected colons of CCI versus sham animals, this 

does not rule out augmented inflammatory activity by circulating immune cells.  

Circulating levels of the chemokine IP-10 were significantly elevated after Cr 

infection.  Several studies in humans have attempted to identify circulating biomarkers 

following TBI as indices of injury severity or predictors for outcome. In one such study, 

increased circulating IP-10 following TBI was the only marker strongly associated with 

death (Helmy et al., 2011). Elevated expression of IP-10 in the brain increases 
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recruitment of microglia and reactive astrocytes and is associated with increased brain 

lesions and progressive neurodegeneration (Xia et al., 2000; Rappert et al., 2004).  

 Although there were no obvious effects of injury alone or infection alone on the 

expression of miR-223 in serum, animals with chronic CCI injury and enteric Cr 

infection demonstrated significantly decreased levels of circulating miR-223.  In response 

to infection, increased expression of miR-223 is a critical regulator of susceptibility and 

host immune responses to pathogens (Liu et al., 2015).  miR-223 has been demonstrated 

to negatively regulate pro-inflammatory NF-kB activity and inhibit cytokine production 

in macrophages (Liue et al., 2015). miR-223 is up-regulated in the early phase of spinal 

cord injury as part of the acute response to mediate injury repair by neutrophils (Izumi et 

al., 2011).  Moreover, miR-223 has been demonstrated to be neuroprotective, controlling 

responses to neuronal injury by regulating glutamate receptors to mitigate neuronal 

excitability (Harraz et al., 2012).  Therefore, the interaction of brain injury (CCI) and gut 

infection (Cr) resulting in decreased miR-223 availability in circulation may be 

implicated in the key mechanisms leading to exacerbation of chronic brain injury after 

enteric infection. 
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Chapter 6 - Discussion 

This work reports novel findings that chronic TBI induces morphological, cellular, and 

functional changes in the colon, and significantly impacts gut barrier function during a 

secondary challenge by enteric bacterial infection.  Importantly, TBI-induced impairment 

of mucosal barrier properties in the gut results in an adverse gut-to-brain effect, as 

enteric Cr infection during the post-traumatic period exacerbated long-term pathological 

and inflammatory changes in the brain.  These studies identify EGCs, gut 

microbiota, sympathovagal balance, and circulating inflammatory mediators as potential 

modulators of the long-term intestinal and neurological sequelae following TBI.  These 

novel findings expand our knowledge of the importance of the bidirectional neural, 

immune, and inflammatory brain-gut interactions that may potentially affect morbidity 

and mortality after brain trauma.  

Systemic consequences of TBI that involve functional disorders of the GI tract are 

clinically well-described.  Moderate-to-severe TBI causes dysregulation of metabolic and 

catabolic processes, which depletes nutrition reserves and adversely affects 

immune function and morbidity during the first two weeks of injury (Krakau et al., 

2006) .  It is widely accepted that early nutritional support by enteral feeding can limit 

immune dysfunction, decrease infectious co-morbidities, improve neurological recovery, 

and reduce mortality after TBI (Härtl et al., 2008; Perel et al., 2006; Sacks et al., 1995) . 

Approximately half of TBI patients, however, cannot tolerate enteric nutrition (Chapman 

et al., 2005; Norton et al., 1988; Ritz et al., 2000; Tan et al., 2011; Ukleja, 2010) . 

Inability to attenuate TBI-induced injury of intestinal mucosa and changes to intestinal 
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permeability can lead to failure of defense mechanisms in GI system, placing patients at 

subsequent risk of further injury, infection, or other systemic complications.    

Normal defense mechanisms in the GI tract are intimately associated with 

mucosal barrier integrity, which is sustained through complex interactions among the 

intestinal epithelium, the enteric nervous system, and the intestinal immune system.  As 

one of the primary measures of functional homeostasis maintained by the brain-gut axis, 

mucosal barrier integrity can be considered an index of stability of the brain-intestinal 

pathways.  Disruption in mucosal barrier function may reflect a disturbance in 

inflammatory-immune responses, the gut microbiome, vagal nerve activity, or secretion 

of neuropeptides and hormones.  A key objective of the current research was to 

investigate whether persisting secondary injury mechanisms during chronic period after 

TBI can disrupt brain-gut pathways that modulate intestinal mucosal barrier function and 

impact long-term outcome.   

 

6.1 Is gut inflammation an instigator for intestinal barrier dysfunction during 

chronic TBI?  

Chronic pathologies that affect the GI tract, particularly in the colon, can be 

debilitating, leading to the inability to mount appropriate defense mechanisms, thereby 

increasing susceptibility to systemic disease and risk of life-threatening 

complications (Turner, 2009).  Chronically reduced barrier function, tissue damage, and 

inflammation in the colon are key features of active IBD, Crohn’s disease and ulcerative 

colitis (Lopetuso et al., 2015).  Human and experimental studies have extensively 

characterized disease progression and pathologies during the relapsing and remitting 

phases of IBD.  These studies provide useful models for understanding chronic states of 
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mucosal barrier disruption in the gut during both active and inactive phases of 

inflammation.  The initiating etiology of chronic IBD, however, is debatable: a 

compromised intestinal epithelial barrier can result in passage of luminal contents and 

promote chronic inflammation; on the other hand, ongoing or preceding tissue 

inflammation can cause injury and disruption of the epithelial barrier.   

TBI-induced changes in gut permeability were time-dependent and region-

specific.  Acute reductions in TEER in the small intestine were transient, whereas 

delayed increases in paracellular flux were evident in the colon during the chronic phase 

of TBI.  To understand whether colonic barrier dysfunction during chronic TBI could be 

related to the pathologies underlying chronic IBD, several classical markers for 

inflammation were assessed.  TBI did not significantly alter the transcription of pro-

inflammatory cytokines or the anti-inflammatory IL-10 in the colon at the time of barrier 

leakage (28 days after injury).  A mild, albeit significant, increase in IL-1β expression 

was observed after TBI, but was not evident beyond 24 hrs.  IL-1β mediates a wide range 

of pro-inflammatory effects, including the initiation and amplification of the intestinal 

inflammatory responses that lead to tissue injury (Al-Sadi and Ma, 2007).  It is possible 

that this acute increase in IL-1β provides an early inflammatory trigger to delayed colon 

pathology.  However, in the absence of a robust collective pro-inflammatory response 

including TNF and IFNγ, it is unlikely that acute GI inflammation is the trigger for 

chronic barrier disruption following TBI.  Moreover, there were no histologic indications 

of increased inflammatory infiltrate at any experimental time point (24 hrs, 7d, 28d) post-

injury, suggesting that increased colonic permeability following TBI develops over time 

and occurs in the absence of overt tissue inflammation.    
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The delayed permeability changes may reflect a persisting injury response in the 

GI tract that parallels the sustained, chronic injury processes induced by TBI.  The 

stereotypical response to gut injury is to increase proliferation, which acts to restore the 

intestinal epithelium and maintain mucosal homeostasis (Seidelin et al., 2004) .  This can 

occur in the absence of inflammation, as observed during remitting phases of IBD or in 

response to high doses of total body irradiation (MacVittie et al., 2012; Shea-Donohue et 

al., 2016). Evidence of epithelial hyperplasia and smooth muscle hypertrophy in the 

colon in the absence of inflammation is consistent with these generalized responses to a 

preceding injury stimulus.  Thus, the histopathologic findings in the colon support the 

concept that TBI chronically induces aberrant regulation of the intestinal epithelium with 

persisting mucosal barrier leakiness.  Extensive investigation of colonic permeability 

changes, inflammation, and histopathological assessments at multiple time points after 

TBI is required to further address this concept.   

 

6.2 Enteric glial cells as the primary defect after TBI  

EGC activity and secretion of EGC-derived mediators can directly modulate 

barrier integrity through proliferative, anti-inflammatory, and tight junctional effects on 

the gut epithelium (Landeghem et al., 2011; Neunlist et al., 2007; Savidge, Sofroniew, et 

al., 2007) .  Moderate TBI significantly altered EGCs in the colon at 24 hrs and 28 days 

following brain injury.  The network of GFAP-reactive mucosal EGCs in colonic mucosa 

was acutely diminished after TBI, followed by significant increases in mucosal GFAP 

reactivity and the number of Sox10+ EGCs in the colon at 28 days.  Immunofluorescent 

staining of colon sections at additional time points revealed robust GFAP reductions as 

early as 6 hours, which returned to sham levels by day 7 and were significantly increased 
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by day 28 (Appendix B).  These time-dependent mucosal EGCs alterations suggest that 

TBI-induced changes in EGC reactivity may be directly linked to altered mucosal barrier 

permeability in the colon.  The increase in Sox10 expression indicates that TBI triggers 

enteric gliogenesis in the colon, giving rise to newly differentiated EGCs.  Rates 

of gliogenesis increase following ENS injury or inflammation (Joseph et al., 2011; 

Laranjeira et al., 2011).  Thus, it is possible that TBI induces underlying injury at the 

level of the ENS that presents as mucosal barrier dysfunction and triggers the 

proliferation and activation of mucosal EGCs in the colon.  

In the brain, TBI results in recruitment and activation of glial cells at the lesion site as a 

neuroprotective and reparative response to local injury and BBB disruption. Over time, 

however, chronic astrocyte reactivity can result in the formation of a glial scar, which can 

impair resolution of brain injury (Faden et al., 2016; Lozano et al., 2015) .  In the 

gut, increased activation of EGCs may be either destructive or beneficial depending on 

the model system, the timing, and level of activity; however, the different roles 

of mucosal EGC responses to injury are not well-defined.  In vitro studies characterizing 

effects of EGC-derived factors have demonstrated dose-dependent effects on intestinal 

barrier function and mucosal homeostasis.  Activated EGCs secrete S-

nitrosoglutathione (GSNO), which is protective at low concentrations, but significantly 

disrupts barrier function at higher concentrations (Savidge, Newman, et al., 

2007) .  Another secreted factor, glial-derived neurotrophic factor (GDNF), modulates 

intestinal epithelial proliferation as a reparative response to inflammation or injury, 

but its up-regulation in the colon has been implicated in the pathogenesis of chronic 

IBD (Steinkamp et al., 2003; von Boyen et al., 2006).  In vivo ablation of GFAP-



78 

expressing EGCs results in the development of progressive mucosal pathology in the 

intestine. Initially, EGC ablation significantly increased paracellular permeability in the 

absence of histologic tissue damage or local production of proinflammatory cytokines, 

suggesting that mucosal barrier integrity relies directly on functional EGCs; 7 days later, 

continued ablation of EGCs resulted in fulminant and fatal intestinal inflammation, 

suggesting that the EGC response to permeability changes is critical to recovery and 

survival (Bush et al., 1998).  At the time of TBI-induced barrier leak in the colon, 

inflammation was not evident, despite epithelial hyperplasia, suggesting that the delayed 

over-activation of mucosal EGCs may serve a protective role during the chronic period 

after TBI.  Thus, increased mucosal EGC reactivity chronically after TBI may occur as a 

compensatory or restorative response to barrier disruption, acting to promote epithelial 

homeostasis and to mitigate overt tissue inflammation in the colon.  Quantifying secreted 

levels of EGC-derived factors in the colon mucosa over time could serve to clarify EGC 

contributions to mucosal barrier dysfunction or homeostatic regulation following TBI.  

EGC disruption and ensuing pathologies observed in a GFAP-promoter driven 

ablation model appear to be specific to the small intestine (Bush et al., 1998; Savidge, 

Newman, et al., 2007).  Despite the increasing proximal-to-distal gradient of mucosal 

GFAP expression in the gut, GFAP-expressing EGCs in the colon were completely 

spared.  This unexplained region-specific effect of in vivo GFAP ablation highlights the 

critical need to better distinguish cell populations and functions across the GI 

tract.  Mucosal EGC populations in the adult gut are dynamic and renew 

constantly.  Intriguingly, the migratory influx of EGCs from the enteric plexuses into the 

mucosa is dependent on signals from gut microbiota within the lumen (Kabouridis et al., 
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2015).  Thus, it is possible that the concentrated presence of resident microbes in the 

colon confers stability to the mucosal EGC population by augmenting EGC renewal in 

response to disruption.  This would point to an unappreciated differential role for the 

influence of EGCs on permeability in the colon, as compared to the small intestine.  The 

TBI-induced changes in microbiome composition reported here warrant further 

investigation, with a focus on the interactions of the brain-gut-microbiome axis and 

EGCs, particularly within the colon.     

 

6.3 Immune activation and response following TBI  

Barrier dysfunction in the gut is also linked to aberrant mucosal immune 

activation, which has been demonstrated to occur prior to the onset of overt epithelial 

damage. TBI induced a delayed tight junctional permeability defect in colons in the 

absence of evident tissue damage.  Similarly, elevated paracellular permeability by 

targeted epithelial tight junction disruption has been reported to be insufficient to cause 

experimental intestinal disease; this tight junctional barrier dysfunction was associated 

with mild ‘subclinical’ mucosal immune activation, resulting in exaggerated responses to 

a subsequent injury by experimentally-induced colitis (Su et al., 2009).  Therefore, to 

assess whether chronic TBI-induced tight junction disruption is linked to dysregulated 

immune activation in the colon, barrier and immune properties were assessed in response 

to an infectious challenge by Cr, a clinically relevant enteric infection.    

Features of the host immune response to Cr infection, including the rates of 

bacterial colonization and clearance, upregulation of colonic Th1/Th17 cytokines, and 

epithelial hyperplasia, were comparable in infected sham and TBI groups.  Thus, the 

progression and severity of infectious colitis by Cr were unaltered by brain 
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trauma.  There was, however, a notable reduction in mucosal barrier function in the 

colons of TBI animals compared to shams during enteric Cr infection.  Thus, TBI-

induced permeability defects in the colon persist in spite of the need to appropriately 

protect against pathogenic tissue invasion or bacterial translocation.  The observation that 

increased paracellular flux coincided with increased GFAP expression in Cr-infected 

colons of TBI mice further links reactive EGCs to permeability changes in the 

gut.  Interestingly, EGCs have also been demonstrated to be critical in mediating the 

appropriate responses to infection by Cr.  Genetic disruption of mucosal EGC signaling 

markedly increased epithelial damage, gut inflammation, and susceptibility 

to Cr infection, which were attributed to the central role of EGCs in activating innate 

immune responses in the gut (Ibiza et al., 2016).  Overall inflammation and disease 

severity were comparable in shams and TBI animals, indicating that enhanced EGC 

response to Cr infection during chronic phase of TBI may be protective, compensating 

for a primary innate immune defect induced by TBI alone.      

To understand the possibility that TBI-induced barrier disruption in the colon is 

linked to aberrant innate immune response in the periphery, macrophages harvested from 

the peritoneal cavity were characterized on day 28 following TBI.  Peritoneal 

macrophages isolated from TBI animals demonstrated significantly decreased TNF 

mRNA expression relative to those from control animals, indicating dysregulated 

baseline production of a key inflammatory/immune mediator. Subsequent in 

vitro challenge by LPS resulted in an exaggerated pro-inflammatory response by TBI-

associated macrophages compared to uninjured controls, reflecting a 

characteristic hyperresponsive phenotype of macrophages that are ‘primed’ for immune 
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activation during the chronic period after TBI.  This mirrors findings in human 

studies (Hauser et al., 1995) and suggests that TBI has a chronic immunomodulatory 

effect on peripheral cells.  Investigations on resident intestinal immune cell populations 

and the potential dysregulation of adaptive immune responses are required to further 

consider a role for mucosal immune activation in the permeability defect apparent late 

after TBI.  

 

6.4 Bidirectional vagal signaling   

The vagus nerve is comprised of direct connections between the brain and the 

intestines.  Vagal efferents from the brain send direct projections to the muscularis and 

mucosal layers of the intestinal tract, innervating immune cells and EGCs of the 

gut.  Vagal afferents from the gut send sensory information to the nucleus of the solitary 

tract (NTS), which then projects signals to other areas of the CNS including the cerebral 

cortex.  Moreover, an anti-inflammatory neural reflex circuit involving the integration of 

efferent and afferent vagal signals links the CNS, the ENS, and the immune 

system (Borovikova et al., 2000; Tracey, 2002), and highlights the bidirectional capacity 

of the neural node of the brain-gut axis.   

Given the anti-inflammatory and immunomodulatory contributions of vagal nerve 

(parasympathetic) activity and its implications in the regulation of mucosal barrier 

function, autonomic tone was assessed following TBI by HRV measurements.  Reduced 

HRV has been demonstrated in chronic TBI, and is associated with poor outcome and 

higher mortality (Baguley et al., 2006; King et al., 1997; Riganello et al., 2010; Sykora et 

al., 2016). Functional recovery after TBI is correlated with improvements in HRV (Keren 

et al., 2005).  Power spectral analyses of HRV recordings revealed that autonomic 
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balance following TBI shifted towards increased sympathetic activity during the chronic 

phase of injury, beyond 14 days after moderate TBI.  Increased sympathetic activity and 

associated elevation of catecholamines have been known to interfere with peripheral 

immune activation, increase susceptibility to disease, and to participate in local and 

systemic inflammatory responses (Catania et al., 2009; Gruchow, 1979).  Indeed, it is 

possible that TBI-induced sympathetic hyperactivity contributes to the baseline deficit in 

TNF expression by peritoneal macrophages.  In the gut, resident macrophages 

overexpress activation markers such as TNF at baseline due to interactions with the 

overlying gut microbiota (Davies et al., 2013; Gabanyi et al., 2016). Interfering with this 

steady-state of activation may render the intestinal mucosa susceptible to barrier 

disruption. TBI-induced sympathetic dominance is tied also to altering composition of the 

gut microbiome and its interaction with epithelial cells, including mucosal protection and 

barrier function (Lyte et al., 2011).   

Of note, vagal afferents have been demonstrated to transmit signals from luminal 

bacteria in the gut.  Remarkably, there is evidence to suggest that the vagus can 

differentiate between commensal and pathogenic microorganisms, even in the absence of 

overt inflammation or immune activation.  Stimulation of vagal afferents by a local GI 

infection with the gram-negative pathogen Campylobacter jejuni led to significant 

neuronal activation in the brain and contributed to worse behavioral outcomes (Goehler et 

al., 2005).  Similar afferent effects have been demonstrated by peripheral injection of E. 

coli LPS (Elmquist et al., 1997; Konsman et al., 2000).  The findings in this work are the 

first to describe the impact of a clinically relevant enteric infection on long-term 

neuropathology following TBI.   
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During the chronic phase of TBI, Cr infection exacerbated neuroinflammation and 

increased lesion volume, emphasizing the importance of gut-brain communication on 

long-term outcomes after TBI. In the injured brain, recruitment of CD68+ 

microglia/macrophages and sustained GFAP reactivity at the site of injury are known 

mechanisms of persistent, cytotoxic neuroinflammation that contributes to long-term 

secondary injury and related neurodegeneration (Loane and Kumar, 2016). In 

experimental models of chronic TBI, these neurodegenerative 

and neuroinflammatory processes are linked to alterations in cognitive and behavioral 

functions (Loane et al., 2014; Zhao et al., 2013). In the present study, neuronal densities 

in the hippocampus were not reduced further in the TBI+Cr group, indicating that the 

exacerbation of brain injury was confined to the cortical lesion.  

It should be noted that increased EGC reactivity and mucosal barrier dysfunction 

are also features of chronic neurodegenerative disorders, such as Parkinson’s 

disease (Clairembault et al., 2014). In parallel, altered EGC reactivity was evident 

in TBI+Cr colons in conjunction with increased paracellular permeability during active 

inflammation in the gut and chronic neuroinflammation in the brain. Experimental 

induction of a systemic immune response by LPS administration not only increases 

enteric glial reactivity in the gut, but also to activates microglial-driven inflammation in 

the brain (da Cunha Franceschi et al., 2017; Sandiego et al., 2015). Thus, the present 

studies establish a bidirectional link between chronic pathology in the brain and mucosal 

pathology in the gut.  

The region-specific findings reported here, as well as the worsening of brain 

injury and neuroinflammation in response to Cr infection, support a role for the gut 
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microbiome in mediating bidirectional brain-gut effects of TBI. The colon harbors the 

vast majority of the total bacteria in the human body; in fact, relative to the high bacterial 

density of the colon, the bacterial content within small intestinal regions is considered 

negligible (Sender et al., 2016). Interestingly, the migratory influx of mature mucosal 

EGCs during adult gliogenesis in response to injury has been shown to rely on signals 

from the gut microbiota (Kabouridis et al., 2015). It has recently been postulated that a 

better understanding of the contributions and responses by the brain-gut-microbiota axis 

to chronic inflammation and brain injury would expand opportunities for 

therapeutic intervention to modulate the long-term sequelae of TBI (Sundman et al., 

2017).  Acute and chronic changes in the gut microbiome following CNS injuries, such as 

spinal cord injury or ischemic brain injury, are associated with intestinal barrier 

dysfunction, immune dysregulation, and functional neurologic deficits (Houlden et al., 

2016; Kigerl et al., 2016).  Moreover, induction of gut dysbiosis has been demonstrated 

to have deleterious effects on the outcome of acute ischemic brain injury, including 

increased lesion volume and neuroinflammation (Benakis et al., 2016; Singh et al., 2016; 

Winek et al., 2016).  Such gut-brain effects are paralleled in our study, which show that 

gut dysbiosis induced by Cr infection during the chronic period after TBI exacerbated 

injury outcomes in the brain.  

 

6.5 Potential serum biomarkers  

Many chronic diseases are associated with mild or moderate inflammation, which 

is evidenced by increased levels of inflammation in the tissues themselves or in levels of 

biomarkers in the blood. Although TBI-induced colon dysfunction was not severe enough 

to allow systemic dissemination of bacteria during Cr infection, overt mucosal 
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inflammation and injury after Cr in conjunction with barrier leakage after TBI points to a 

likely role for the release of gut-derived endotoxins or signaling molecules in the 

perpetuation of chronic disease.  

Molecules as large as chemokine and cytokines only penetrate a disrupted BBB; 

however, the occurrence and extent of BBB disruption during late phases of TBI are not 

yet defined.  MicroRNAs, however, are able to cross a fully intact BBB and have 

downstream effects on a variety of gene targets that mediate inflammation and immune 

response within the brain. During the peak phase of enteric Cr infection, chronically 

brain-injured mice had significantly decreased expression of circulating miR-223 relative 

to uninfected sham or TBI-alone groups or to Cr-infected sham controls.  miR-223 

appears to be critical for the regulation of the injury and immune responses, particularly 

in response to pathogenic stimuli. Its increase in circulating levels has been reported as a 

reliable biomarker for sepsis (Benz et al., 2016), and deregulation of miR-223 expression 

in response to infection is associated with death (Wang et al., 2014).  In a model for 

intracerebral hemorrhage, miR-223 was reported to inhibit inflammation, reduce edema, 

and improve neurological functions (Yang et al., 2015).  Given the function of miR-223 

in response to pathogenic stimuli, reduced miR-223 expression during secondary 

challenge by Cr may contribute to the late exacerbation of neuroinflammation and injury 

after TBI.    

 

6.6 Conclusions  

This work shows that TBI induces delayed changes in colon morphology and 

mucosal barrier function that and are associated with reduced expression of claudin-1 and 

increased activation of sub-epithelial EGCs. These alterations could not be ascribed to 
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inflammatory disease-states in the gut, but do parallel known increases 

in neuroinflammation and neurodegeneration in the injured cortex.  Similar changes in 

both the brain and gut were also observed in response to enteric infection by Cr, 

suggesting that TBI-induced changes in the colon represent an adaptation to a chronic 

brain-derived stimulus. A subsequent challenge by inflammation induced by pathogenic 

Cr in the gut worsened ongoing injury brain tissue injury and neuroinflammation, 

demonstrating the importance of the brain-gut axis in chronic TBI.  

Together, these findings establish a link among cortical neurodegeneration, 

microglial (CD68+) and astrocytic (GFAP+) neuroinflammation in the brain, and EGC 

reactivity and mucosal barrier permeability in the gut.  Dysregulated homeostasis of brain 

and gut interactions may be reflected by altered EGC reactivity, autonomic imbalance, 

gut dysbiosis, and/or local and systemic immune responses, which can affect 

posttraumatic brain restorative responses. These studies indicate that bi-directional nodes 

of neural, immune, and humoral communication within the brain-gut axis are altered by 

brain trauma or in response to gut inflammation following TBI (Figure 6-1). 

.  
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1. TBI
• Neuronal cell death
• Microglia activation

Neurotrauma-induced 
structural and functional gut damage
Mediators: 
• Nervous signals 
• Immune responses

2. Gut Injury
• Acute increase small-intestine permeability
• Chronic increase colon permeability
• Chronic colon structural changes
• Microbiome dysfunction

Gut-initiated secondary CNS 
pathology
Mediators: 
• Nervous signals 
• Immune responses

3. Secondary brain injury
• Amplification of long-term neuronal loss
• Promote chronic neuroinflammation

Figure 6-1: Schematic diagram of bidirectional brain-gut interactions after TBI. 
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