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Abstract 
Title of Dissertation: Traumatic Brain Injury (TBI) Causes Alterations in Myeloid Cell Function:  
Role of Sex Differences and Lung Infection on Overall Outcomes following TBI 
 
Sarah J. Doran, Doctor of Philosophy, 2019 

Dissertation directed by:  

Alan I. Faden, M.D., Professor, Department of Anesthesiology; Director, Shock, Trauma &Anes-

thesiology Research Center 

David J. Loane, Ph.D., Associate Professor, Department of Anesthesiology 

Stefanie N. Vogel, Ph.D., Professor, Department of Microbiology and Immunology 

 Traumatic brain injury (TBI) is a major cause of morbidity and mortality. Males are nearly 

3-times more likely to die from brain injury than females. However, the impact of sex differences 

in relation to clinical outcomes following TBI is conflicting. Recent studies report that men have 

an increased risk for lung infection after TBI.  Importantly, hospitalized severely injured TBI pa-

tients have nosocomial infection rates of 50%. Acute-onset pneumonia represents 30-50% of in-

fections after more severe TBI, leading to increased deaths and disability. The goal of this work 

was to investigate the role of sex differences and lung infection on overall outcomes following 

TBI. In a well-characterized murine TBI model, there are increased numbers of infiltrating myeloid 

cells in male brains as compared to females following injury, correlating with poorer neurological 

outcomes. However, myeloid cells and microglia in male and female animals showed a similar 

pattern of activation in response to brain injury- including increased pro-inflammatory cytokines 

(TNF-α, IL-1β), reactive oxygen species (ROS), and greater phagocytic activity. These these find-

ings suggest that sex differences with regard to immune responses after TBI that may impact 

overall outcomes. We also examined potential bi-directional brain-lung interactions by examining 

posttraumatic lung infection at 3- or 60-days after injury. Animals subjected to TBI showed in-

creased mortality after infection with Streptococcus pneumoniae Type 3 (Sp) at both 3 and 60 

days post-injury. However, mortality was greater with infection at 60 days following TBI and ex-

acerbated brain injury, with increased markers of neuroinflammation including TNF-α, IL-1β, and 

NADPH oxidase 2 (NOX2) in the injured cortex. In the lung, TBI followed by infection resulted 



 
 

increased bacterial burden and pathology. Analysis of Ly6C+ infiltrating monocytes in the lungs 

of mice infected with Sp 3 days post-injury demonstrated that these cells were less able to pro-

duce TNF-α, ROS, and IL-1β in response to infection. In contrast, lung-infiltrating Ly6C+ mono-

cytes in mice subjected to infection 60 days post-TBI produced twice as much IL-1β and 50% 

more ROS as Ly6C+ monocytes from Sham-infected mice. These data show that TBI causes 

immune alterations, both acutely and chronically, that may contribute to susceptibility to infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

Traumatic Brain Injury (TBI) Causes Alterations in Myeloid Cell Function: 
Role of Sex Differences and Lung Infection on Overall Outcomes following TBI 

 
 
 
 
 

by 
Sarah J. Doran 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 

2019  

 

 



iii 
 

Acknowledgements 
Dedicated to my family and friends for their support and love. 

To my advisors: David Loane, Alan Faden and Stefanie Vogel, for their amazing mentorship and 

guidance. To David Loane for his endless patience and positivity. Thank you for believing in me 

and this project and pushing me to make the science the best it could be. To Alan Faden, for your 

prime example of a physician scientist and your continual guidance in both my career and com-

municating my science. To Dr. Vogel, for teaching me how to write precisely and with purpose. 

Thank you for your positivity and willingness to read a million drafts of my dissertation. Thank you 

again for the opportunity to work with you and your laboratory. 

 To my lab members who have been there since the beginning, from celebrating accepted 

papers to long flow nights. To Rebecca Henry: thank you for always being there with smile and 

an open ear to chat with me. To Rodney Ritzel, for his tutelage in the ways of flow cytometry and 

his ability to stretch my thinking. To James Barrett, for always checking my math and making me 

laugh no matter how my day has been. And to all my other lab members and co-workers that I 

will sorely miss.  

 To my collaborator, Kari Ann Shirey, for all her help with this project, her willingness to 

teach me, and her positive attitude in doing so. Thank you for being a good friend I could always 

talk to and chat about books, cats, and maybe science. 

 To my other committee members: Nevil Singh, Achsah Keegan, and Neeraj Badjatia for 

their contributions to this work, without whom it would not be where it is today. Thank you all for 

letting me come to you for guidance and advice. All of you have been amazing mentors and have 

helped me become a better physician scientist.  

 To the Maryland Medical Scientist Training Program and the Molecular Microbiology and 

Immunology Program for their continued support and belief in me as a physician scientist. 

 To my friends who have always stood by me, whether it be through tired phone calls (EJ, 

AP), or texts (SO, KS), or going out for a beer or two (KB, ML, KR, TC, PS). 

 To my roommates: Erik Klontz, Courtney Doran, Rebecca Henry, Jessica Wagner, and 

Ellen Barr, who are also some of my closest friends (and family). Thank you for making our house 

a fantastic place to live, laugh, and feel at home. Thank you all for your tireless support and 

willingness to put up with my brand of crazy.  

To my family who have been an amazingly supportive throughout my life. To my dad, who 

has always helped me see the bigger picture and taught me not get bogged down with the details. 

To my mom, who has always been there to listen to me, give me a hug, and make me laugh even 

when I am cranky. To my brothers, Andy and Chris, thank you for always keeping me grounded 

whether it’s through a weekend visit or just calling Sally, your support and love is appreciated 

more than you know. To my extended family, for the laughs and love, but especially for the hugs 

when they were sorely needed. 

 To my boyfriend, Ethan Glaser, whom I am extremely glad to have met along this journey. 

Words are not enough to express what you have done for me over the past three years. But thank 

you for continuing to be tremendously supportive and patient with me. Your endless positivity and 

effervescent personality kept me going during the tough times. Thank you for all your love and 

encouragement through the entire process. I simply could not have done it without you. 



iv 
 

Contents 
Abstract ...................................................................................................................................vii 

Acknowledgements .................................................................................................................iii 

List of Figures .........................................................................................................................vii 

List of Tables ............................................................................................................................ix 

List of Abbreviations ............................................................................................................... x 

Chapter One - Introduction ...................................................................................................... 1 

1.1 Traumatic Brain Injury .......................................................................................................... 1 

1.2 Innate Immune System ........................................................................................................ 7 

1.3 Sex Differences in TBI ........................................................................................................19 

1.4 Lung ....................................................................................................................................22 

1.5 TBI-induced immunosuppression ........................................................................................26 

1.6 Overall Research Objectives ...............................................................................................28 

Chapter 2- Methods.................................................................................................................30 

2.1 Animal husbandry ...............................................................................................................30 

2.2 Controlled Cortical Impact ...................................................................................................30 

2.3 Animal euthanasia and tissue collection ..............................................................................32 

2.3.1 Blood collection (all Chapters) ..........................................................................................32 

2.3.2 Lung removal (Chapters 4 & 5) ........................................................................................32 

2.3.3 Brain removal (all Chapters) .............................................................................................33 

2.3.4 Brain dissection (Chapters 4 & 5) .....................................................................................33 

2.4 Neurobehavioral tests .........................................................................................................33 

2.4.1 Rotarod (Chapter 3) .........................................................................................................34 

2.4.2 Open field (Chapter 3) ......................................................................................................34 

2.4.3 Y-maze (Chapter 3) ..........................................................................................................34 

2.4.4 Cylinder Test (All chapters) ..............................................................................................35 

2.4.5 Grip strength (Chapter 4 & 5) ...........................................................................................36 

2.5 Lung infection (Chapters 4 & 5) ...........................................................................................36 

2.6 Flow Cytometry ...................................................................................................................37 

2.6.1 Preparation of brain single cell suspensions (Chapter 3) ..................................................37 

2.6.2 Lung preparation to single cell suspension (Chapter 5) ....................................................37 

2.6.3 Broncho-Alveolar Lavage (BAL) (Chapter 5) ....................................................................38 

2.6.4 Surface Stain ...................................................................................................................38 

2.6.5 Intracellular Stain .............................................................................................................39 

2.6.6 Phagocytosis Assay .........................................................................................................39 



v 
 

2.6.7 Dihydrorhodamine-123 (DHR123) Assay .........................................................................40 

2.6.8 Data collection and analysis .............................................................................................40 

2.7 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) ........................................40 

2.7.1 RNA isolation ...................................................................................................................40 

2.7.2 Reverse Transcription of mRNA to cDNA .........................................................................41 

2.7.3 qRT-PCR for measurement of gene expression ...............................................................42 

2.7.4 Analysis of qRT-PCR .......................................................................................................44 

2.7.5 Quantitative PCR for 16S rRNA for Streptococcus pneumoniae .......................................44 

2.8 17β-estradiol enzyme-linked immunosorbent assay (ELISA) ...............................................45 

2.9 High Mobility Group Box 1 (HMGB1) ELISA ........................................................................46 

2.10 Western Immunoblot .........................................................................................................47 

2.11 Lung histology ...................................................................................................................48 

2.12 Evans blue and fluorescein tracers....................................................................................48 

2.13 Statistical Analysis ............................................................................................................48 

Chapter 3 .................................................................................................................................50 

3.1 Abstract ...............................................................................................................................50 

3.2 Introduction .........................................................................................................................52 

3.3 Methods (Abridged: refer back to Chapter 2 for more complete methods) ...........................54 

3.4 Results ................................................................................................................................58 

3.4.1 Microglial functional responses differ at baseline between male and female mice ............58 

3.4.2 Robust proliferation of resident microglia is preceded by early infiltration of peripheral 

myeloid cells in the injured brain of male compared to female mice ..........................................60 

3.4.3 Microglial phenotypic or functional responses after TBI are not majorly altered by sex.....63 

3.4.4 Sex does not alter cytokine, ROS, or phagocytosis levels in infiltrating myeloid cells in the 

injured brain ..............................................................................................................................67 

3.4.5 Infiltrating peripheral myeloid cells are the primary producers of inflammatory cytokines 

and ROS, and have high phagocytic activity during acute brain injury .......................................71 

3.4.6 Female mice exhibit reduced motor coordination deficits acutely after TBI .......................73 

3.5 Discussion...........................................................................................................................75 

Chapter 4 .................................................................................................................................83 

4.1 Introduction .........................................................................................................................83 

4.2 Methods (Abridged: refer to Chapter 2 for more complete methods) ...................................86 

4.3 Results ................................................................................................................................90 

4.3.1 Sham and TBI females have increased mortality with Sp infection compared to males 3 

days post-surgery .....................................................................................................................90 



vi 
 

4.3.3 With infection at 60 days post-TBI, males and females demonstrate increased mortality 

compared to Shams; however, females still have higher overall mortality. ................................93 

4.4 Discussion...........................................................................................................................96 

Chapter 5: ................................................................................................................................99 

5.1 Abstract ...............................................................................................................................99 

5.2 Introduction ....................................................................................................................... 101 

5.3 Methods (Abridged: see Chapter 2 for more complete methods) ....................................... 103 

5.4 Results .............................................................................................................................. 108 

5.4.1 TBI increases lung permeability and infiltration of myeloid cells in the lung .................... 108 

5.4.2 Lung infection in TBI mice delays neurological recovery and increases mortality ........... 111 

5.4.3 TBI mice subjected to lung infection have increased bacterial burden in lung associated 

with pathology ......................................................................................................................... 111 

5.4.4 Lung infection increases inflammation following TBI in brain and lung tissue ................. 116 

5.4.5 Ly6C+ monocytes in lung of TBI mice subjected to infection have impaired functional 

responses ............................................................................................................................... 121 

5.4.6 Chronic TBI mice subjected to lung infection exhibit increased mortality, neurological 

impairments, and enhanced bacterial burden in lung that is associated with pathology........... 125 

5.4.7 Chronic TBI mice subjected to lung infection have increased neuroinflammation and 

inflammation in the lung .......................................................................................................... 129 

5.4.8. Monocytes in the lung of 60 day TBI mice with infection have dysregulated functional 

responses resulting in increased cytokine and ROS production .............................................. 133 

5.5 Discussion......................................................................................................................... 137 

Chapter 6 ............................................................................................................................... 143 

6.1 Introduction ....................................................................................................................... 143 

6.2 Sex differences and TBI .................................................................................................... 143 

6.3 Lung infection and TBI ...................................................................................................... 146 

6.4 Changes in innate immunity after TBI ................................................................................ 149 

6.5 Conclusions ...................................................................................................................... 151 

References ............................................................................................................................ 152 

 

 

 

 

 

 



vii 
 

List of Figures  
Figure 1.1: Cellular response to traumatic brain injury over time……………………………………3 

Figure 1.2: Development of macrophages……………………………………………………………..8 

Figure 1.3: TLR signaling……………………………………………………………………………….10 

Figure 1.4: Inflammasome subtypes…………………………………………………………………..15  

Figure 1.5: HMGB1 production following TBI…………………………………………………………17 

Figure 2.1: Controlled cortical impact injury placement……………………………………………..31 

Figure 3.1: Basal microglial function in adult male and female mice………………………………59 

Figure 3.2: Time course of peripheral myeloid cell infiltration and microglial activation in male and 

female mice following controlled cortical impact……………………………………………………..61 

Figure 3.3: Microglial functional responses to controlled cortical impact are minimally altered by 

biological sex…………………………………………………………………………………………….64 

Figure 3.4: Peripheral myeloid cell functional responses to controlled cortical impact are not al-

tered by biological sex…………………………………………………………………………….…….68 

Figure 3.5: Infiltrating peripheral myeloid cells produce high levels of inflammatory cytokines and 

ROS, and have high phagocytic activity following controlled cortical impact………………….….72 

Figure 3.6 : Acute neurobehavioral outcomes in adult male and female mice following controlled 

cortical injury……………………………………………………………………………………………..74 

Supp. Figure 1: Flow cytometry gating strategy for peripherally derived infiltrating myeloid cells 

and resident microglia following TBI…………………………………………………………………...81 

Supp. Figure 2: Neutrophils and Monocytes in the brain 1 and 3 days post-injury……………....82 

Figure 4.1: Schematic for Protocol 1: 3-days post-injury Sp infection……………………………..87 

Figure 4.2: Schematic for Protocol 2: 60-days post-injury Sp infection……………………………89 

Figure 4.3: Females, regardless of TBI or Sham surgery, show greater mortality than males when 

infected with ~1500 CFU Sp 3 days post-injury………………………………………………………91 



viii 
 

Figure 4.4: In Male TBI+Sp mice, deficits in neurological recovery as measured by cylinder test 

and motor outcomes as assessed by grip strength is worsened……………………………………92 

Figure 4.5: Mice infected 60-days post-TBI show increased mortality compared to age-matched 

Sham-operated mice……………………………………………………………………………………94 

Figure 4.6: Male TBI+Sp mice show a significant loss of grip strength after infection compared to 

TBI alone…………………………………………………………………………………………………95 

Figure 5.1: TBI increases lung permeability and infiltration of myeloid cells in the lung………...109 

Figure 5.2: Lung infection in acutely after TBI mice delays neurological recovery and increases 

mortality in mice and is associated with increased bacterial burden in lung and with pathologic 

damage…………………………………………………………………………………………………112 

Figure 5.3: Lung infection increases inflammation and inflammasome activation in brain and lung 

following TBI…………………………………………………………………………………………...117 

Figure 5.4: Ly6C+ monocytes in lung of TBI mice subjected to infection have impaired functional 

responses………………………………………………………………………………………………122 

Figure 5.5: Chronic TBI mice subjected to lung infection have increased mortality, neurological 

impairments, and bacterial burden in lung that is associated with pathology…………………….126 

Figure 5.6: Chronic TBI mice subjected to lung infection have increased neuroinflammation and 

inflammasome component expression in the lung………………………………………………….130 

Figure 5.7: Ly6C+ monocytes in lung of chronic TBI mice with infection have dysregulated func-

tional responses resulting in increased cytokine and ROS production……………………………134 

Figure 6.1: Model for bidirectional effects of TBI and lung-infection……………………………….147 

  



ix 
 

List of Tables 
Table 2.1: List of Taqman gene expression assays used……………………………………………43 

Table 3.1: 17β-Estradiol levels in Sham and CCI male and female mice…………………………55 

Table 5.1: Summary of major outcomes from Figure 5.2…………………………………………..114 

Table 5.2: Summary of major outcomes from Figure 5.3…………………………………………..119 

Table 5.3: Summary of major outcomes from Figure 5.4………………………………………….124 

Table 5.4: Summary of major outcomes from Figure 5.5…………………………………………...128 

Table 5.5: Summary of major outcomes from Figure 5.6…………………………………………...132 

Table 5.6: Summary of major outcomes from Figure 5.7…………………………………………..136 

  



x 
 

List of Abbreviations 
APCs Antigen presenting cells 

AIM2 Absent in melanoma 2 

BBB Blood-brain barrier 

CCL2  C-C motif chemokine ligand 2 

CCR2 C-C motif chemokine receptor 2 

CNS Central nervous system 

DAMPs Damage-associated molecular patterns   

DCs Dendritic cells 

dpi  days post-infection 

dsDNA Double-stranded DNA 

dsRNA Double-stranded RNA 

DNA Deoxyribonucleic acid 

HMGB1 High mobility group box 1 

IFN-α Interferon-α 

IFN-β Interferon-β 

IFN-γ Interferon-γ 

IL-1β Interleukin-1β 

IL-1R Interleukin-1 receptor 

IL-6 Interleukin-6 

IRAK1 Interleukin-1 receptor associated kinase-1 

IRAK4  Interleukin-1 receptor associated kinase-4 

LPS Lipopolysaccharide 

LRR Leucine-rich repeats 

MHCI Major histocompatibility complex I 

MHCII Major histocompatibility complex II 

NAIP5 NLR Family Apoptosis Inhibitory Protein 5 

NK cells Natural killer cells 

NLR NOD-like receptor 

NLRC4 NLR Family CARD Domain Containing 4 



xi 
 

NLRP1B NLR Family PYD Domain Containing 1B 

NLRP3 NLR Family PYD Domain Containing 3 

NOX2 NADPH oxidase 2 

PAMPs Pathogen-associated molecular patterns 

PRRs Pattern recognition receptors 

RAGE Receptor for advanced glycation end products  

ROS Reactive oxygen species 

ssRNA Single-stranded RNA 

SCI Spinal cord injury 

TBI  Traumatic brain injury 

TBK-1 TANK-binding kinase 1 

TGFβ  Transforming growth factor-β 

TLR Toll-like receptor 

TNF-α Tumor necrosis factor-α 

TRIF TIR-domain-containing adapter-inducing interferon-β 

TRAM TRIF-related adaptor molecule 

T3SS Type-3 secretion system 

VCAM1 Vascular cell adhesion molecule 1 

 

Most abbreviations, other than commonly used expressions, are also defined at the first point of 

occurrence in the text.



1 
 

Chapter One - Introduction 

1.1 Traumatic Brain Injury 

Traumatic brain injury (TBI) occurs in 1.7 million Americans annually and is the leading 

cause of mortality and morbidity in people under 45.1 Of these 1.7 million TBI patients, almost 

300,000 are hospitalized each year.1 TBI is caused by falls, car accidents, assaults, and being 

struck by or against something, with the majority of cases caused by falls.1 Severity of TBI can 

range from a minor concussion to a severe head injury due to the heterogeneity of TBI etiology. 

An estimated 3.3 million people in the USA are currently living with TBI,2,3 representing 400 billion 

dollars in healthcare costs each year.3 A single TBI can cause significant depressive, memory, 

and social impairment that may result in debilitating disability and decreased quality of life. Dete-

rioration in neurological state is common 5-20 years following brain injury, and coincides with 

increased morbidity.4,5 Mortality in TBI survivors is 2.5 to 4.5 times greater than that of the general 

public.5–8 

Pathophysiology of TBI  

 TBI is the consequence of mechanical forces applied to the brain. 1 The initial blow causes 

what is called primary injury, disrupting both the blood brain barrier (BBB) and the brain paren-

chyma.9 This initial injury is marked by endothelial cell activation and neuronal cell death due to 

axonal shearing and tearing and necrosis.10 Secondary injury is caused by reactive physiological 

changes occurring over minutes to months or years after injury  leading to eventual neuronal cell 

death.10,11 Secondary  changes in the brain microenvironment include ionic flux ( particularly Ca2+, 

Na+, K+), and release of excitatory neurotransmitters such as glutamate, as well as cytosolic and 

nuclear proteins.10,11 Such changes also lead to the induction of neuroinflammation with produc-

tion of  inflammatory mediators such as chemokines and cytokines.12 

Brain resident glia cells, astrocytes and microglia, become activated in response to medi-

ators released from dying neurons such as ATP. Astrocytes provide nutrition to surrounding 
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neurons, regulating the homeostasis of neurotransmitters and ions. In response to TBI and a 

massive imbalance in ions and neurotransmitters, astrocytes proliferate in attempt to support the 

dying neurons and prevent further synaptic loss.9 Over days to months, these proliferating astro-

cytes form a glial scar surrounding the injury site (lesion) in an effort to protect and repair damaged 

tissue after TBI. 

 In response to brain injury, the resident innate immune cells of the brain, microglia, be-

come activated. These yolk-sac derived cells are long-lived and remain in the brain.13 Following 

TBI, microglia become activated, change their morphology, produce increased pro- and anti-in-

flammatory mediators (IL-1β, TNF-α, interleukin-6 (IL-6), interleukin-10 (IL-10), transforming 

growth factor-β (TGFβ)), and proliferate vigorously in an attempt to clear dying neurons and harm-

ful cell debris by phagocytosis. Within one week of moderate-severe focal TBI, microglia have 

proliferated and have become hyper-activated, producing reactive oxygen species (ROS) via 

NADPH oxidase 2 (NOX2) and cytotoxic levels of pro-inflammatory cytokines.14–17 Even months 

after experimental TBI, microglia continue to produce increased pro-inflammatory cytokines and 

ROS.18  

Alterations in the BBB and newly established gradients of chemokines and cytokines re-

cruit peripheral immune cells to the brain in response to injury (Figure 1.1). Neutrophils are the 

first peripheral innate immune cell type to respond to TBI and they rapidly infiltrate into the brain 

between 30 minutes and 24 hours post-injury.9 Drawn in by chemokine gradients, neutrophils 

enter the brain through a leaky BBB and produce high levels of cytokines and  ROS, in order to 

phagocytose debris. 19–21 TBI patients show evidence of neutrophilia, or elevated circulating neu-

trophils within the first 24 hours after TBI.9,22 In models of TBI and ischemic stroke, neutrophilia in 

the blood and neutrophil infiltration in the brain are seen within the initial hours of brain injury.20,21,23  
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Figure 1.1 Cellular response to traumatic brain injury over time. Following TBI, host-derived 
damage-associated molecular patterns (DAMPs) are released, triggering the production of cyto-
kines and chemokines and initiating a cascade of immune responses (A). These chemokines and 
cytokines, in turn, activate nearby astrocytes and microglia and set up chemokine gradients to 
recruit circulating immune cells into the brain (B). Neutrophils are the first immune cells to respond 
to brain injury by infiltrating in the brain within minutes to hours and continuing to enter the injured 
brain at 24 hours post-injury (B&C). One day post-injury (1 dpi), monocytes from the blood enter 
the brain and continue to secrete cytokines and chemokines, phagocytosing cellular debris, yet 
also triggering neuroinflammation (C). By 3 dpi, astrocytes and microglia become activated and 
have proliferated, while infiltrating monocytes have differentiated into activated macrophages (D). 
At 10 dpi, macrophages have almost disappeared from the brain, leaving activated astrocytes 
and microglia that form a glial scar and perpetuate neuroinflammation (E). Figure adapted with 
permissions from Gyoneva et al.9 
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Monocytes are the next peripheral innate immune cell type to enter the brain. Observed 

in TBI and ischemic stroke,24 monocytes are recruited to the brain injured site following TBI via C-

C motif chemokine receptor 2 (CCR2), following a CCL2 gradient.9 These cells enter through the 

damage BBB and secrete cytokines such as TNF-α, IL-1β, and IL-6, as well as chemokines. When 

these monocytes enter the injured brain, they become highly activated, phagocytosing cellular 

debris and producing high levels of ROS.25 While monocytes are thought to benefit brain injury by 

clearing debris more efficiently than microglia, infiltrating CCR2+ monocytes have also been 

shown to be detrimental to the brain following injury.9,22,26 Experimental TBI studies using anti-

CCR2 blocking antibodies prevented extravasation of monocytes into the brain following injury, 

resulting in better neurological outcome and smaller lesion volumes.27,28 Similarly, in models of 

ischemic stroke, blocking infiltration of monocytes into the brain prevents exacerbation of brain 

injury.29 Consistent with these observations, classical monocytes (CD45hiCD11b+Ly6C+) are 

found in low frequency in the brain in the weeks to months following TBI.9,30  Based on data from 

our own laboratory, there are almost no infiltrating monocytes detected in TBI brains at 7 days 

post-injury.30 Some experimental studies have hypothesized that bone marrow-derived mono-

cytes may take on a more microglial phenotype and become resident microglia within the brain,31 

concomitant with a downregulation of classical monocyte markers (Ly6C+CCR2+).  

 Lymphocytes extravasate the brain following TBI, and peak infiltration occurs at 1 week 

following post-injury.32 These lymphocytes, the majority of which are T cells, are few in number, 

but can become activated against brain-specific antigens.33,34 Such T cells can infiltrate into the 

brain, like monocytes, then drain into cervical lymph nodes to further activate T and B cells within 

the lymph node. Clinical and experimental studies have shown that TBI can cause significant 

damage to the surrounding brain meninges.35 Within the meninges lie brain lymphatic vessels.35,36 

It is thought that TBI disrupts these lymphatic vessels and could prevent drainage of lymph to the 

lymph nodes.35 However, studies have shown that due to damage to the BBB, brain-specific 
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antigens, such as Myelin Oligodendrocyte Glycoprotein (MOG), are released into the periphery.37 

These brain-specific antigens have been shown to initiate the production of brain-specific antibody 

production.37,38 Surgical and pharmacologic blockage of the lymphatic vessels have been shown 

to reduce brain-specific antigens within the blood of TBI animals.39 

Chronic Traumatic Brain Injury  

The events following TBI, from primary and secondary injury to peripheral immune cell 

infiltration, begin to resolve in the days to weeks following mild TBI. However, TBI has been de-

fined as a chronic disease state with certain aspects of TBI pathophysiology exacerbated in the 

months and years post-injury.5 For instance, in experimental models of severe TBI, the brain-

injured lesion doubles in volume one year from the time of initial injury.17 Neurons continue to die 

following TBI and by one year, the hippocampus of a TBI mouse contains half the number of 

neurons as an uninjured mouse.17 Endothelial cells are also chronically altered with new studies 

demonstrating BBB remodeling and leakiness as late as 6 months following TBI.40 Similarly, clin-

ical studies have shown that there are activated endothelial cells and evidence of microbleeds in 

patients with chronic TBI and chronic traumatic encephalopathy (CTE).41 Unpublished data from 

our laboratory has found that one year following moderate-severe TBI, there are increased num-

bers of endothelial cells in the brain and that these cells are highly activated, producing elevated 

levels of ROS and expressing high levels of Vascular Cell Adhesion Molecule 1 (VCAM1), a leu-

kocyte adhesion molecule.(1) Of particular interest to our laboratory, microglia are chronically ac-

tivated in the TBI brain, especially around the brain lesion. Activated and ameboid in shape, these 

microglia produce high levels of ROS, TNF-α, IL1β, and express NOX2 and MHCII antigens.17 It 

has been hypothesized that such microglia are chronically dysregulated and cause more damage 

to the brain, resulting in increased neuroinflammation and neuronal death.42 Indeed, studies 

                                                           
(1) Experimental TBI induces chronic behavioral deficits and altered neuroinflammatory responses up to 

one year following injury Doran et al 2019 in submission.  
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recently produced in our laboratory have shown that there are increased microglia in the TBI brain 

one-year post-injury, and by flow cytometry these cells producing both elevated levels of pro-

inflammatory TNF-α, IL-1β, and anti-inflammatory TGFβ cytokines than uninjured, age-matched 

microglia,(2) mirroring what is found clinically.43  

 Clinical studies have shown time and again that there are perturbations in the immune 

system of TBI patients days to weeks after injury.44–46 Clinically, there have been conclusions 

drawn on overall 6 month outcome based on correlating circulating levels of IL-6 to IL-10;12,47 

however, cellular alterations beyond the first week of injury have not been under investigated in 

TBI survivors. Early work in mice have shown that circulating monocytes within the first week 

following brain injury are more anti-inflammatory than age-matched uninjured controls.48 Meta-

analyses have shown that TBI survivors have an increased risk of dying from pneumonia and 

sepsis 5-20 years post-injury; however, the mechanism(s) underlying this increased risk has not 

been thoroughly studied. Our laboratory has shown that there are chronic effects of TBI on the 

peripheral immune system lasting up to 60 days and beyond.49 (2) At 60 days post-TBI, monocytes 

produce high levels of ROS and phagocytosis is impaired.49 Along with these monocytic changes, 

we also found that there were significantly increased numbers of circulating neutrophils, produc-

ing more ROS and IL-1β. Interestingly, even the adaptive immune system was significantly altered 

at 60 days post-TBI with CD8+ and CD4+ T cells producing high levels of TNF-α and interferon-γ 

(IFN-γ) when stimulated ex vivo.49 Together, these data suggest that there are chronic alterations 

in the peripheral immune response following moderate-severe TBI that may have important clini-

cal implications for the ability of TBI survivors to fight off an infection effectively.    

                                                           
(2) Experimental TBI induces chronic behavioral deficits and altered neuroinflammatory responses up to 

one year following injury Doran et al 2019 in submission. 
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1.2 Innate Immune System  
 The innate immune system is the first line of defense in the response against pathogens, 

including bacteria and viruses. Within minutes to hours after a pathogen encounters the host, the 

innate immune system becomes activated and stimulate a robust systemic response.50 The innate 

immune system includes critical components such as: anatomical barriers, such as the skin and 

mucus membranes, soluble immune proteins, as well as innate immune cells: neutrophils, mon-

ocytes/macrophages, mast cells, natural killer (NK) cells, and dendritic cells (DCs), along with 

several others.50 These cells respond to specific pathogen-derived molecular moieties (e.g., pep-

tides, lipopeptides, carbohydrates, DNA, RNA, others), collectively known as pathogen-associ-

ated molecular patterns (PAMPs), or damage-associated molecular patterns (DAMPs), molecules 

released from injured cells.51  PAMPs and DAMPs are recognized by pattern recognition receptors 

(PRRs), such as Toll-like receptors (TLRs) and Nod-like receptors (NLRs).50,51 PRRs trigger in-

tracellular signaling cascades that result in altered transcription and initiate production of pro-

inflammatory cytokines, Type I interferons (IFN-α and IFN-β), and inflammatory mediators. Major 

initiators of the innate immune response are monocytes and macrophages.  

Monocytes/Macrophages 

 Myeloid cell progenitors in the bone marrow give rise to monocytes.52 Monocytes are 

phagocytic cells that circulate in the bloodstream. These cells penetrate tissues, such as the lung, 

in surveillance of potential antigens to present to other cellular members of the immune system. 

Once in a tissue, monocytes can become resident cells, also called resident macrophages. Some 

resident macrophages are produced by the fetal liver or yolk sac before or at birth. For instance, 

microglial cells, the resident macrophages of the brain, are yolk-sac derived (Figure 1.2).13,52,53 

Microglia migrate into the brain early in development and remain in the brain throughout life.53 

While these cells are not bone marrow-derived, microglia play a similar role in immune surveil-

lance within the brain as monocytes do in the circulation.  
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Figure 1.2 Development of macrophages. Early in fetal development, macrophages are derived 
from the yolk-sac and the fetal liver. Microglia are derived from the yolk-sac; however, other mac-
rophages also develop from these early structures including skin macrophages (Langerhans), 
liver macrophages (Kupffer), and intestinal gut macrophages. Later in life, hematopoietic stem 
cells (HSCs) produce Ly6C+ monocytes that then go on to respond to PAMPs and DAMPs. These 
Ly6C+ monocytes are also recruited to sites of chronic inflammation such as the intestine and 
mammary glands. Figure adapted with permissions from Varol et al.52 
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Monocytes and macrophages are highly phagocytic and immune-reactive, migrating along 

chemokine gradients established by epithelial cells and neutrophils.50 Monocytes and macro-

phages can also become antigen-presenting cells (APCs), phagocytosing antigen and presenting 

pieces of these antigens on major histocompatibility class I (MHC I) or class II (MHC II) to stimu-

late T cells of the adaptive immune system response.52,54,55 Monocytes express high levels of 

TLRs and NLRs, and are able to produce high levels of pro-inflammatory cytokines and further 

activate other cells of the immune response.55–57  

Toll-like receptors (TLRs) 

The first Toll protein was discovered in Drosophila melanogaster as an important part of 

the fly antifungal immune response.56 The first human Toll-like homolog was identified as the IL-

1 receptor (IL-1R); however, the homology was restricted to the intracellular domain of the mole-

cule. 58  Subsequently, “hToll” was identified to share homology with Drosophila Toll in both the 

extracellular and intracellular domains of the molecule, and was later re-named “Toll-like receptor 

4” (TLR4).59 TLRs are a large family of structurally related signaling receptors that exhibit ligand 

specificity and are thus called “pattern recognition receptors (PRRs).”51 To date, a number of 

mammalian TLRs have been identified, with 13 expressed in mice and 10 in humans.59 TLRs are 

integral membrane glycoproteins and share cytoplasmic domain homology with IL-1R, and this 

region is called the Toll/interleukin-1 receptor (TIR) domain.58 TLRs have an extracellular domain 

that consists of unique leucine rich repeats (LRRs) for ligand binding, a transmembrane region, 

and a cytoplasmic TIR domain that, once the ligand is bound and the receptor dimerizes, can 

recruit adaptor molecules for signaling.58  

 Toll-like receptors can be divided into two groups: TLRs that respond to surface PAMPs 

or DAMPs (i.e., TLR1, TLR2, TLR4, TLR5, TLR6) and TLRs that respond to intracellular ligands 

such as nucleic acids (TLR3, TLR4, TLR7, TLR8, TLR9) (Figure 1.3).60,61 TLRs must dimerize to 

enable signaling. However, most TLRs homodimerize; however, TLR2 heterodimerizes with  
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Figure 1.3 TLR signaling. Surface TLR4, TLR2/1, TLR2/6, TLR5 recognize surface bacterial 
molecules like LPS, triacylated lipoproteins, diacylated lipoproteins, and flagellin, respectively. 

All four of these surface TLRs use MyD88 to recruit IRAK4 and IRAK1, initiating NF-B and mi-
togen-activated protein kinase (MAPK) signaling. This results in the induction of pro-inflamma-
tory cytokines such as TNF-α and IL-6. Endosomal TLRs such as TLR7, TLR8, and TLR9 re-
spond to nucleic acids like dsRNA, ssRNA, and DNA. TLR7, TLR8, and TLR9 use similar 
MyD88 machinery as the surface TLRs; however, these TLRs activate IRF7 which enhances 
transcription of IFN-α. Alternatively, TLR3 and endosomal TLR4 recruit TRIF to activate IRF3 
which increases transcription of IFN-β and other IRF-3-dependent genes. Figure is adapted with 
permission from Kawai et al.60 
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either TLR1 and TLR6. The TLR2/1 heterodimer responds to triacyl-lipoproteins and TLR2/6 het-

erodimer responds to diacyl-lipoproteins, ligands found in the cell membrane of Gram-positive 

bacteria.56,61 TLR4 is activated by the prototype ligand, lipopolysaccharide (LPS), found on Gram-

negative bacteria, as well as many other PAMPs (e.g., Respiratory Syncytial Virus Fusion protein, 

and Chlamydial heat shock protein 1 (hsp1)). TLR4 has also been shown to react to a multitude 

of DAMPs such as high mobility group box 1 (HMGB1), hsp70, and methemoglobin, a breakdown 

product of hemoglobin.62,63 In contrast to other TLRs, TLR4 is non-covalently associated with a 

binding partner called “MD-2” that binds ligands. Endosomal TLRs, such as TLR3, TLR7/TLR8, 

TLR9 are responsive to microbial and mammalian components such as double stranded RNA 

(dsRNA), single stranded RNA (ssRNA), and DNA (ssDNA), respectively.56 TLR4 is also unique 

as it has been shown to signal at both the cell surface and in endosomes.64  

All TLRs, except TLR3, recruit a key adaptor protein, MyD88.61 A “bridging adapter,” 58 58 

TIR domain containing adaptor protein (TIRAP), is associated with the interior cell membrane and 

facilitates recruitment of cytosolic MyD88 to the TIR domain of the intracellular region of the TLR 

through TIR-TIR interactions.65 In turn, MyD88 forms a “signaling platform” to which enzymatic 

proteins such as Interleukin-1 receptor associated kinase-4 (IRAK-4), IRAK-1, TANK-binding ki-

nase 1 (TBK1), and others are recruited, forming a very large multimeric structure, the 

“Myddsome”,65 that initiates a signaling cascade and ultimately triggers NF-B activation and its 

nuclear translocation, leading to NF-B-mediated transcription.56  

TLR3 and TLR4 also have the ability to recruit a second adapter called TIR-domain-con-

taining adapter-inducing interferon-β (TRIF).60 A different bridging adapter, TRIF-related adaptor 

molecule (TRAM), facilitates TRIF recruitment to TLR4.61,64 Activation of the TRIF pathway by 

TLR4 is dependent upon internalization of TLR4 and its co-receptors, MD-2 and CD14, into en-

dosomes.64,65 The TRIF pathway leads to the activation of Interferon Response Factor-3 (IRF-3), 

a transcription factor that mediates expression of a different subset of genes, including IFN- and 
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IFN-γ-inducible protein-10 (IP-10).64 Thus, differential utilization of distinct combinations of adap-

tor molecules results in activation of different transcription factors that, in turn, induce different 

subsets of genes.61 In the case of TRIF signaling, IFN-β can, in turn, act back on the Type I IFN 

receptor in an autocrine or paracrine fashion to activate a second signaling pathway leading to 

the induction of hundreds of interferon response genes (IRGs).56  
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NOD-like Receptors (NLRs) and the Inflammasome  

 NOD-like receptors (NLRs) are cytoplasmic PRRs that respond to intracellular DAMPs or 

PAMPs, such as parts of the Type 3 Secretion System (T3SS), as well as DAMPs such as ATP 

and potassium (K+).57 NLRs consist of three domains: nucleotide biding domain (NOD or NBD), 

Leucine-Rich Repeats (LRRs), and an N-terminal interaction domain.57 The N-terminal interaction 

domain can consist of Caspase recruitment domain (CARD) or pyrin domain (PYD).57 Classical 

NLRs such as NOD1 and NOD2 result in NF-B signaling.66 However, for our purposes, we will 

discuss the inflammasome-activating NLRs. Once an NLR is activated by its intracellular ligand, 

such as flagellin or low K+, the CARD domain can recruit caspase-1, and activate the inflam-

masome. However, only a few of these NLRs have been shown to be able to activate the inflam-

masome: NLR Family CARD Domain Containing 4 (NLRC4), NLR Family PYD Domain Contain-

ing 3 (NLRP3), and NLR Family Apoptosis Inhibitory Protein 5 (NAIP5).57 Other cytoplasmic re-

ceptors such as Absent in Melanoma 2 (AIM2) and Pyrin can also trigger inflammasome for-

mation, but only have partial NLR homology.67,68  

 AIM2 is part of a family called the AIM2-like receptors (ALRs) which has a pyrin domain 

and a C-terminal nucleotide binding domain.57 AIM2 is known to bind double stranded DNA 

(dsDNA), which can be derived from damaged cells, viruses, and bacteria.57,67 Binding of dsDNA 

to AIM2 causes oligomerization of the inflammasome and activation of capase-1, leading to IL-1β 

and IL-18 production.66 AIM2, like many of the NLRs, also must associate with an adaptor mole-

cule apoptosis-associated speck-like protein containing CARD (ASC) in order to aggregate the 

inflammasome fully.67 Pyrin is similar to AIM2 as it is not a classical NLR. Pyrin is a larger protein 

with a pyrin domain with a zinc finger domain.68 The ligand for the Pyrin inflammasome is modifi-

cations to Rho GTPases as seen in settings of infections with Clostridium difficile and Clostridium 

botulinum, which produce toxins that covalently modify Rho GTPases.68 
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 Inflammasome activation is a key response to bacterial infection. However, the activation 

of the inflammasome requires two signals. Signal 1 is usually TLR-mediated and leads to NF-κB 

translocation and upregulated transcription and translation of IL-1β pro-form. Signal 2 is usually 

NLR binding and inflammasome aggregation and activation, resulting in pro-IL-1β that is cleaved 

by inflammasome-activated caspase 1. NLR, AIM2, and Pyrin proteins can all cause aggregation 

of the inflammasome, consisting of the PAMP/DAMP sensor, adaptor (ASC), and pro-caspase-

1.57 There are 5 major inflammasomes: NLR Family Containing PYD Domain 1B (NLRP1B), 

NLRP3, NAIP-NLRC4, AIM2, and Pyrin. Each inflammasome is activated by different ligands 

(Figure 1.4).66 Once the inflammasome is fully aggregated, pro-caspase-1 is cleaved to fully ac-

tivate the caspase-1.69 Caspase-1 cleaves pro-IL-1β and pro-IL-18 to their mature forms. 

Caspase-1 can also cleave Gasdermin D, which can insert into the cell membrane forming pores, 

allowing IL-1β and IL-18 to be released from the cell, resulting in a specialized form of cell death 

called pyroptosis.66  

 In context of central nervous system (CNS) injury, the NLRP3 and AIM2 inflammasomes 

have been shown to play a role in perpetuating neuroinflammation and immune dysfunction.70 In 

spinal cord injury (SCI), blocking the NLRP3 components results in reduced neuroinflammation 

and demonstrated better outcomes.71 Even in mouse models of epilepsy and Alzheimer’s disease, 

the NLRP3 inflammasome has been indicated as a major target for neuropathology.69,72 Similarly, 

in studies of TBI, the NLRP3 and the AIM2 inflammasome has been identified as a potential target 

to blocking the detrimental effects of the immune response to brain injury.73,74 Interestingly, 

chronic TLR4 stimulation has been shown to lead to increased inflammasome component pro-

duction, 75 which could have implications for chronic brain injury if TLR4 is tonically activated by 

endogenous DAMPs such as HMGB1.  
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Figure 1.4 Inflammasome subtypes. Most NLRs have three domains: a nucleic acid binding 
domain, a LRR, and a N-terminal domain (usually either a CARD or a PYD). ASC is an adaptor 
protein with a CARD and a PYD that allows for full aggregation of the inflammasome and associ-
ation with pro-caspase-1. Once aggregated, pro-caspase-1 can be cleaved into capase-1 and 
cleave immature IL-1β and IL-18 into their mature forms. There are 5 major inflammasomes: 
NLRP1B, NLRP3, NAIP-NLRC4, AIM2, and Pyrin inflammasomes. NLRP1B is activated by lethal 
factor secreted by Bacillus anthracis. NLRP3 inflammasome can be activated by alterations in 
ATP or ion flux such as potassium (K+). The NAIP-NLRC4 inflammasome can be activated by 
flagellin or components of the T3SS. Here shown is the mouse NAIP-NLRC4 inflammasome as 
humans only have one NAIP. The AIM2 inflammasome is activated by host, viral, or bacterial 
DNA and the Pyrin inflammasome is activated by modified RhoGTPases. Figure adapted with 
permissions from Ming et al.66 
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HMGB1 and TLR4/RAGE 

 High mobility group box 1 (HMGB1) is a protein that is normally associated with chroma-

tin.76 However, when released from dying cells, such as injured neurons following TBI, 77 it can 

activate inflammatory responses by acting as a DAMP. Intracellular HMGB1 is a nuclear chroma-

tin binding factor, that binds to DNA to facilitate transcription.78 With inflammation or cellular 

stress, HMGB1 releases from the DNA and is translocated from the nucleus to the cytoplasm and 

then to the extracellular space. Once HMGB1 is released into the extracellular space, it can bind 

and activate TLR2, TLR4, and Receptor for Advanced Glycation Endproducts (RAGE).78 This 

binding can activate TLR-associated signaling such as NF-B activation, causing increased tran-

scription of pro-inflammatory cytokines.79  

 RAGE is a receptor that can be membrane-associated or secreted into the circulation. 

RAGE has been shown to bind to HMGB1, as well as S100/calgranulin, β-amyloid, phosphatidyl-

serine, C3a, and advanced oxidation protein products.79 However, many of the RAGE ligands 

bind other signaling receptors in addition to RAGE. Therefore, RAGE can affect diverse processes 

from autophagy, cell mobility, proliferation, to apoptosis.79 But in the context of inflammation, 

RAGE signaling has been shown to result in activation of mitogen activating protein kinase 

(MAPK) and NF-B activation.79   

 While HMGB1-mediated TLR4 signaling results in the classic TLR4 signaling and activa-

tion, HMGB1-RAGE signaling can increase NLRP3 inflammasome components such as ASC, 

Caspase-1, and NLRP3.80 Both HMGB1 and RAGE have been shown to be upregulated in the 

brain following TBI in mice, rats, and humans.81 With immune activation, RAGE expression is 

increased on cells such as neutrophils (Figure 1.5). With TBI, release of HMGB1 and primary 

brain injury triggers increased expression of RAGE and HMGB1 release from infiltrating cells, 

which can then result in HMGB1 in the circulation.78 Release of HMGB1 within the brain has been 

hypothesized to cause immunological activation and neuroinflammation following brain injury.77  
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Figure 1.5 HMGB1 release following TBI. Brain injury causes a quick passive release of HMGB1 
from dying necrotic neurons into the damaged brain parenchyma. Cells with RAGE expression 
such as infiltrating monocytes/macrophages respond to HMGB1 and actively secrete more 
HMGB1. Passive and active HMGB1 release results in HMGB1 in both the blood circulation and 
the cerebrospinal fluid (CSF). This HMGB1-RAGE interaction will cause monocytes/macrophages 
to secrete pro-inflammatory cytokines and chemokines leading to more immune cell recruitment 
and long-term activation of microglia and astrocytes. Figure adapted with permission from Parker 
et al.78 
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Interestingly, RAGE has also been shown to be highly expressed on the epithelial cells of 

the lung, suggesting that these cells may be very responsive to circulating HMGB1.82 In lung injury 

that occurs in response to TBI, HMGB1-RAGE signaling results in increased levels of the NLRP3 

inflammasome and IL-1β transcription.83 Following TBI, HMGB1 in the lung is also released from 

alveolar resident cells resulting in chemokine and cytokine production, recruiting neutrophils.84 

This axis is thought to cause lung injury following TBI that may result in poorer outcome.63,82,84 
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1.3 Sex Differences in TBI 

Clinical Traumatic Brain Injury  

Males are 2.5-times more likely to suffer TBI than females, due partially to the fact that 

males are more likely to participate in riskier behaviors.1,85 The overall death rate of TBI is roughly 

3-times higher for males than for females,86 and only recently has research begun to address the 

complex role that sex has on outcomes after TBI. Clinical data are conflicting regarding sex dif-

ferences in recovery following head injury. Some clinical studies report better outcomes in fe-

males, 87 whereas others report no difference, 88,89 or worse outcomes in females compared to 

males. 90–94  Injury severity (concussion/mild vs severe), age of TBI onset (pediatric, pre- vs post-

menopause, geriatric), and co-morbidities can influence brain injury outcomes in a sex-dependent 

manner, 95 yet existing clinical evidence for sex differences in functional outcomes after TBI re-

mains controversial 96.   

Experimental Traumatic Brain Injury 

Experimental studies of TBI have been classically performed on adult male mice. Only 

recently, have studies identified sex differences in the response to brain injury. Similar to clinical 

data, experimental TBI studies are conflicting as to whether or not there are sex differences. Early 

studies showed no sex differences following moderate-severe TBI in long-term outcome,97,98 while 

more recent studies have shown neuroprotection in females at acute timepoints.99,100 The latter 

studies demonstrate a transient protection in females correlating with elevated levels of circulating 

female steroids such as estradiol.101,102 On examination of the neuroinflammatory response fol-

lowing moderate-severe TBI in adult mice, females have significantly less microglia/macrophages 

in the brain at day 1 to day 3 following brain injury;100 however, whether there are differences in 

number of infiltrating myeloid cells or microglia is unknown. 

With the ability to do single cell sequencing and RNA-sequencing (RNA-seq), robust sex 

differences in microglia are currently being reported. Using these methods, transcriptional profiles 

have been constructed for both male and female microglia throughout development and during 
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disease states.103–106 These new studies reveal that there are, indeed, sex differences in microglia 

at birth, during adolescence, aging, and under neurological disease conditions. Further analysis 

of microglia revealed functional sex differences in phagocytosis, ROS production, cytokine pro-

duction, and expression of immune markers such as MHC II. Sex differences in microglial func-

tions may contribute to differences in TBI outcomes in males versus females. For example, it is 

well-established that there are robust sex differences in experimental ischemic stroke models in 

which estrous female animals exhibit better neurological outcome than male animals.95 A recent 

study using RNA-seq profiling of microglia from male and female ischemic stroke mice demon-

strated that female microglia were ultimately more protective or anti-inflammatory in response to 

ischemic injury.104 Moreover, injection of female microglia into male brains induced neurological 

protection against the major effects of ischemic stroke.104   

Experimental stroke models also implicate peripherally-derived immune cells as major 

contributors to sex differences seen in infarct volume, neuronal cell death, and secondary neu-

roinflammation.95,107  For example, adult female mice have decreased infiltration and activation of 

monocytes in the ischemic brain after transient middle-cerebral artery occlusion (MCAO) com-

pared to males.108 However, the effects of sex on peripherally-derived immune cell response fol-

lowing TBI are unknown. Extensive experimental work in male mice have shown a beneficial role 

in blocking CCR2+ monocytes from infiltrating into the brain; however, this study was not carried 

out in parallel with female mice.  

Monocytes and macrophages, like microglia, exhibit robust sex differences in both tran-

scription and translation of major immune cell mediators in the murine lung and models of 

asthma.109–111 Not only are there sex differences in the transcriptomes of monocytes and macro-

phages, but also, there are differences in the methylome, or the regions of the genome that are 

methylated or not.112,113 Monocytes and macrophages can also respond to the presence of estra-

diol.110 Both male and female macrophages have been shown to have estrogen receptors (ERα 

and ERβ) that are activated in sex-specific ways when the cells are stimulated with LPS.114 In the 
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lung, it has been shown that there is sex-specific macrophage skewing to pro- and anti-inflamma-

tory phenotypes in response to immunologic challenge such as allergens.109 

Estradiol 

17β-Estradiol (E2) is an estrogen sex hormone produced by the ovaries.116 Estradiol is the 

active form of estrogen that circulates throughout the body and can bind to estrogen receptors in 

the cytoplasm (ERα and ERβ).116 Estradiol can also bind to the G protein-coupled estrogen re-

ceptor (GPER1).116 Estradiol plays a major role in menstruation and secondary sex characteris-

tics. With menopause, females past the age of reproduction have lower levels of circulating es-

trogen. Immune cells express low but present levels of these steroid hormones and can thus be 

altered by circulating estradiol levels. 

Steroid hormones such as estradiol have been implicated as a major contributor to sex 

differences seen in models of brain injury such as TBI and stroke. Female sex steroids have been 

extensively studied in pre-clinical TBI models, and exogenous administration of estrogen have 

documented neuroprotective effects.117,118  An early study in TBI reported that neither sex nor 

estrogen manipulation by ovariectomy surgery affected microglial activation status in the hippo-

campus after moderate-severe TBI. 98 However, more recent studies have demonstrated signifi-

cant sex differences in microglial and astrocyte activation during acute phase responses after 

moderate-severe TBI, 100,101,119 which can be reversed by ovariectomy surgery. 101,120  
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1.4 Lung 

The lung is a vital organ of the body that is responsible for oxygen exchange in the blood. 

The lung consists of a network of alveoli, or air sacs that are highly vascularized by thin endothelial 

cells in order to facilitate the oxygen and carbon dioxide exchange in the blood.121 The cellular 

barrier between the environment and the bloodstream within the alveoli is extremely thin consist-

ing of alveolar epithelial cells (I & II) and specialized endothelial cells.122 Thus, barrier defense in 

the bronchi and trachea is essential for protection and preservation of lung function.123 In the 

trachea and major bronchi, mucus is secreted into the airway to trap pathogens and ciliated cells 

work to transport the mucus up and out of the lung.123 Lung epithelial cells secrete defensins and 

antimicrobial peptides into the mucus in attempt to halt pathogens.123 As you travel down the 

bronchi to the smaller bronchioles, goblet cells and ciliated cells disappear. At the level of the 

alveoli, alveolar epithelial cells type I (AT-I) cells are thin epithelial cells, primarily involved in the 

oxygen exchange; however, these cells express TLR4 and inflammasome components.122 Alve-

olar epithelial type II (AT-II) cells are thought to be the progenitors of AT-I cells and secrete sur-

factant.122 AT-II cells have constitutive expression of both TLR4 and TLR2.124 Importantly, in close 

association with the alveoli are lung resident alveolar macrophages (AMs) that survey the lung 

environment and phagocytose debris. These AMs are constantly patrolling the lung and play an 

essential role in the immune response when the alveolar barrier is broken. When a pathogen 

reaches the alveoli of the lungs, the AMs are the first responders, expressing high levels of TLRs 

and pro-inflammatory cytokines as soon as they are activated.125 

Lung injury after TBI 

 In the hours following TBI, acute lung injury (ALI) has been shown to occur. Similar to what 

is seen in acute respiratory distress syndrome (ARDS), TBI alone can cause pathologic changes 

in the lung akin to ALI.126 ALI and ARDS are defined as clinical hypoxemia, hypercapnia, and 

diffuse filling of alveolar spaces with proteinaceous material and sometimes blood.127 On pathol-

ogy, ARDS is characterized by distinctive hyaline membranes lining alveolar spaces, with edema 
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and necrotic endothelial cells and AT-I cells.121 Usually, mechanical ventilation is necessary to 

correct the imbalance in blood oxygen and carbon dioxide.127,128 TBI patients have been identified 

as a prominent patient population that may develop ALI or ARDS symptoms, usually requiring 

mechanical ventilation.  

 The cause of ALI after TBI is currently unknown. However, recent experimental TBI stud-

ies have shown that there is increased expression of inflammasome components in the lung 4 

and 24 hours following moderate-severe TBI, associated with worsened lung histology.126 One 

group has proposed that extracellular vesicles containing HMGB1, inflammasome components 

such as ASC and AIM2, and perhaps IL-1β itself, are released from the endothelial cells of the 

brain and then carried to the lung.129 In the lung, these proteins induce cell damage and death, 

further triggering HMGB1-mediated RAGE/TLR4 signaling and activation of the inflammasome. It 

has been theorized that the AIM2 inflammasome is activated by host-derived double stranded 

DNA (dsDNA) from nearby damaged cells or mitochondria.67  

 Usually HMGB1 is released from dying necrotic neurons following a TBI.77 In the blood-

stream, HMGB1 is thought to travel to the lungs where it acts as an agonist for TLR4 and RAGE, 

activating the Myddosome and subsequent NF-B signaling.70,130 HMGB1 can activate the inflam-

masome indirectly, causing increased IL-1β.80 In trauma patients without brain injury, circulating 

HMGB1 has been shown to mediate ALI and increased levels indicate poorer clinical outcome.131 

Clinically, TBI patients exhibit enhanced HMGB1 levels that correlate with poor outcome and lung 

pathology.63,82,84,132 Thus, it seems plausible that increased HMGB1 released following TBI, can 

also result in ALI.     

 In the context of ALI without TBI, the NLRP3 inflammasome has been shown to play a 

prominent role in pathophysiology.133 With brain injury, the NLRP3 and AIM2 inflammasomes 

have been implicated in cell death and alveolar collapse.129 In human TBI patients, lung cell py-

roptosis has been reported.134 Experimental models of TBI have demonstrated that NLRP3/AIM2 

inflammasome activation in the lungs results in increased IL-1β and pyroptosis.126 Lung damage 
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due to HMGB1-induced inflammasome activation may be perpetuated due to increased 

TLR4/RAGE agonism and increased NLRP3 and AIM2 inflammasome ligands.130   

Lung infection and TBI 

 A major risk factor for poorer outcome after severe TBI is subsequent infection. Severe 

TBI patients have a hospital infection rate of 50%, significantly higher than seen in stroke, poly-

trauma, and burn patients.22,135 Acute-onset pneumonia represents 30-50% of infections in severe 

TBI patients and is major contributor to post-TBI complications,135 leading to longer ICU stays, 

with increased deaths and disability.136,137.138 Because many TBI patients develop ALI and need 

ventilation, they often get ventilator-associated pneumonia (VAP). Bacterial causes of VAP in-

clude Staphylococcus aureus, Streptococcus pneumoniae, Pseudomonas aeruginosa, Esche-

richia coli, and Acinetobacter baumannii.136  

Streptococcus pneumoniae infection 

 Streptococcus pneumoniae is a Gram-positive bacterium and is a common cause of com-

munity acquired pneumonia (CAP).139 As one of the leading causes of sepsis, meningitis, otitis 

media, and CAP, S. pneumoniae is extremely virulent and can induce a deadly opportunistic in-

fection.140 In the elderly, this S. pneumoniae infection can be severe, leading to hospitalization 

and increased morbidity and mortality.139 While many people are colonized with S. pneumoniae, 

it can also cause disease in immunocompromised patients, such as infants and in people on 

immunosuppressive drugs. Brain-injured patients are increasingly thought of as immunosup-

pressed.48,141,142 Recent studies have demonstrated that in experimental stroke models, S. pneu-

moniae infection worsens neurological outcome.143 

 Neutrophils are the first immune cell responders to S. pneumoniae, heavily recruited to 

the lung and nasopharynx to attack the bacteria.140 Neutrophils phagocytose bacteria and produce 

high levels of ROS and cytokines. This results in epithelial cell damage, excess mucus, and infil-

tration of monocytes and macrophages into the lung.139,140 Monocytes/macrophages are 
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professional phagocytic cells and are required for S. pneumoniae clearance. While there is acti-

vation of alveolar macrophages, infiltrating monocytes enter the lungs providing a robust immune 

response to bacterial infection. Infiltrating monocytes are activated via TLR2/1 and TLR2/6 and 

show increased levels of NF-B activation and IL-1β production.140 While neutrophils are neces-

sary for the initial response, monocytes and IL-1β are essential for bacterial infection clearance 

and immune resolution.144 

 Like brain injury, sex differences are reported for S. pneumoniae infection. S. pneumoniae 

infection affects men significantly more often than women.145 Women are thought to have a more 

robust macrophage response as compared to men in response to S. pneumoniae lung infection. 

Experimental models of S. pneumoniae infection have shown that female lung macrophages are 

more effective at killing S. pneumoniae than male macrophages.146–148 Studies have also shown 

that exogenous 17β-estradiol (E2) administration to male mice at time of infection results in pro-

tection against S. pneumoniae.146 
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1.5 TBI-induced immunosuppression 

Alterations in immune cell function occur acutely after TBI.45,46 Circulating neutrophils are 

significantly increased at 1-3 days post-TBI and produce increased levels of ROS, but have im-

paired phagocytic activity.21,149 While there are increased numbers of monocytes following exper-

imental TBI at 3 days post-injury, these cells are unable to produce high levels of pro-inflammatory 

cytokines when stimulated with LPS or phorbol 12-myristate 13-acetate (PMA) a protein kinase 

C (PKC) activator.49 However, at this timepoint, CD4+ and CD8+ T cells are reduced.49 The mech-

anism(s) underlying these immune changes are widely speculated upon but have not been iden-

tified. Interestingly, while immunosuppression is seen early after TBI, 60 days following TBI mon-

ocytes and neutrophils demonstrate chronic dysfunctions as demonstrated by overproduction of 

cytokines when stimulated with PMA.49 Critically, the clinical implications of  these cellular immune 

changes in TBI patients and TBI survivors are unknown.  

Brain injury-induced immunosuppression is hypothesized to result from three possible 

mechanisms: 1) hypothalamus-pituitary-adrenal (HPA) axis activation leading to excess gluco-

corticoid release from the adrenal cortex, 2) excess sympathetic activation followed by catechol-

amine release from the adrenal medulla and sympathetic terminals, and 3) increased vagal nerve 

activity22,132,141,150,151. These mechanisms have been implicated in driving injury-induced immuno-

suppression in central nervous system (CNS) ( i.e., stroke, spinal cord injury (SCI), and TBI).  

Clinical literature investigating cortisol and the HPA axis152,153 demonstrate high circulating 

cortisol levels following brain injury. An experimental TBI study demonstrated decreased migra-

tion of T cells and immunosuppression associated with high levels of plasma cortisol.154 Cortisol 

reduces pro-inflammatory cytokine production, but increases production of anti-inflammatory cy-

tokines, such as IL-10 and TGF-β.155 Acutely, TBI-induced increase of cortisol impairs circulation 

of lymphocytes and sequesters T cells in lymphoid tissue.154 High cortisol levels have been shown 

to suppress phagocytosis, cytokine production (e.g., TNF-α, IL-1β, IL-6), and downregulate TLR4 
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signaling in macrophages throughout the body, resulting in an anti-inflammatory state, which may 

contribute to increased susceptibility to pulmonary infection155–157.  

Sympathetic storm or increased norepinephrine and epinephrine has been shown to in-

duce immunosuppression in SCI models.141 SCI-induced and stroke-induced immunosuppression 

is sufficient to cause spontaneous pneumonia, or development of pneumonia without bacterial 

inoculation.141,142 Spontaneous pneumonia has not been demonstrated following TBI in experi-

mental models. Early following brain injury there are increased circulating catecholamines.158 Cur-

rent studies of epinephrine in TBI have shown that there is a profound effect of sympathetic acti-

vation on the activation of T cells.159 However, effects of the sympathetic nervous system on 

monocytes and macrophages in the context of TBI have not been elucidated. 

The vagus nerve is activated following acute brain injury and releases norepinephrine and 

epinephrine in the spleen. This activates T cells in the spleen via β2-adrenergic receptors, result-

ing in acetylcholine release. Acetylcholine binds α7 nicotinic acetylcholine receptors (α7nAChR) 

on macrophages, which is thought to inhibit TLR signaling in these cells, resulting in decreased 

TNF-α production.160–162 In studies of experimental stroke with secondary Pseudomonas aeru-

ginosa lung infection, there is a strong association between immunosuppression and the activa-

tion of α7nAChR.163 Interestingly, antagonism of this receptor abrogated stroke-induced immuno-

suppression, increasing phagocytosis and protecting the lung from Pseudomonas infection.163 

However, whether this occurs in TBI and is the overriding mechanism of immunosuppression 

following brain injury is unknown.  
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1.6 Overall Research Objectives 

TBI has many associated risk factors for poorer outcome such as male sex and nosocom-

ial infection. Males have been shown to be 3-times more likely to die after TBI than females.1 In 

other forms of brain injury like stroke, females demonstrate a neuroprotective phenotype associ-

ated with circulating estrogen.118,164 While the TBI literature is conflicted as to whether men or 

women have better outcome following brain injury,87,165,166 experimental models have shown that 

there are sex differences in secondary injury response to TBI.100,101,167 However, these sex differ-

ence studies have been descriptive and broad,99,100 leaving a great need for further work to identify 

what cellular and functional responses contribute to differences between males and females fol-

lowing TBI. Thus, the aim of this study was to investigate sex differences in microglial and mon-

ocytic functional response over the first week of injury.     

 Lung infection is a significant contributor to increased morbidity and mortality following 

brain injury.132,168 TBI has been shown to cause acute lung injury via HMGB1-TLR4/RAGE signal-

ing coupled with inflammasome activation.84,130 However, TBI patients are immunosuppressed 

and have immune cell deficits in cytokine production and migration.46,48 It is unknown whether 

immune cell deficits following TBI may contribute to increased lung infection rates. Furthermore, 

with persistent alteration in systemic immune function months after the initial brain trauma it is 

unknown whether there is also an increased susceptibility to lung infection at chronic time points. 

Clinical data reports that there is an increased risk of death 5-20 years following brain injury as 

compared to the general population.5,8 Recent experimental TBI studies have shown that immune 

alterations are present even at 60 days post-injury.49 Therefore, another aim of this study was to 

examine the effects of TBI on lung infection both in the acute stage (3 days) and chronic stage 

(60 days) after TBI in order to better understand the clinical implications of these bidirectional 

effects. 
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The overarching aim and sub-aims of this dissertation are:  

Overarching aim: Investigate the role and function of myeloid cells on TBI outcome. 

Sub-aims: 

1. Evaluate brain-specific innate immune responses following moderate-severe TBI in 

both males and females. 

Hypothesis: Sex differences in cellular immune responses alter neuroinflammation re-

sulting in differences in neurological outcome in male versus female animals following TBI. 

 

2. Determine if sex differences in innate immune cell function lead to increased sus-

ceptibility to bacterial lung infection following TBI. 

Hypothesis: Sex differences in lung macrophage function following TBI will result in dif-

ferences in susceptibility to secondary lung infection in male versus female animals.  

 

3. Determine the effect of TBI on innate immune responses to secondary lung infec-

tion during acute and chronic periods of recovery.  

Hypothesis: TBI causes persistent immunosuppression and monocyte dysfunction such 

that a subsequent lung infection will lead to greater mortality, lung injury, and exacerbate 

brain inflammation and neurological impairments. 
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Chapter 2- Methods 

2.1 Animal husbandry 

Young adult male and female 12-week-old C57BL/6 mice from Taconic (Germantown, NY, USA) 

were used for Chapter 3, whereas young adult male C57BL/6J mice (12 weeks old) (Jackson 

Laboratories, Bar Harbor, ME, USA) were used for Chapters 4, 5, and 6. Mice were housed on 

sterilized bedding in a specific pathogen- free facility (12 hours light/dark cycle). All experiments 

were carried out during the light phase between 7:00am and 6:00 pm.    All mice had access to 

sterilized chow and water ad libitium.  Animal procedures were performed in accordance with NIH 

Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of Maryland School of Medicine.169 

2.2 Controlled Cortical Impact 

Our custom-designed controlled cortical impact (CCI) injury device consists of a microprocessor-

controlled pneumatic impactor with a 3.5 mm diameter tip.  Mice were anesthetized with an in-

ducing concentration of 4% isoflurane evaporated in a gas mixture containing 70% N2O and 30% 

O2 and administered through a nose mask. Once the mice were heavily anesthetized, as meas-

ured by loss of toe-pinch reflex, isoflurane concentration was reduced to 1-1.5% to maintain the 

mice in an anesthetized state. Fur on the head was removed using shearing razors. Mice were 

placed on a heated pad and core body temperature was maintained at 37° C.  The head was 

mounted in a stereotaxic frame, a 10 mm midline incision was made over the skull, and the skin 

and fascia were reflected.  A 5 mm craniectomy was made on the central aspect of the left parietal 

bone using a handheld micro-drill (Fig 2.1).  The impounder tip of the injury device was then 

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

reset to impact the cortical surface.  Moderate-severe level CCI was induced using an impactor 

velocity of 6 meters per second (m/s) and deformation depth of 2 mm.  After injury, the incision  
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Figure 2.1 Controlled Cortical Impact (CCI) Injury Placement. Mice under anesthesia under-
went a midline head incision of 10 mm. The fascia on the skull was removed using a cotton swab. 
Using a handheld micro-drill, a craniectomy at the indicated site was performed, with care not to 
disturb the dura. The impounder is then extended to its full length such that it touches the exposed 
dura. Then the impounder is retracted and set to impact 2 mm in depth at a speed of 6m/s, which 
then results in the moderate-severe injury (black circle). Figure adapted from Guo et al. 170, with 
permission.  
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was closed with interrupted 6-0 silk sutures, anesthesia was terminated, and the mouse was 

placed into a heated cage to maintain normal core temperature for 45 minutes post-injury.  Sham 

animals were subjected to the same procedure as CCI mice except for craniectomy and cortical 

impact.49  

2.3 Animal euthanasia and tissue collection 

 Animals were administered an intraperitoneal (I.P.) injection of 100-150 µl of Euthasol 

(Virbac Corp. Fort Worth, TX) as the humane experimental endpoint for all studies. 

 2.3.1 Blood collection (all Chapters) 

 After injection of Euthasol, mice were checked for reflexes and then an incision was made 

at the xyphoid process beneath the skin and opening the diaphragm. In addition, an incision was 

made on both sides of the rib cage to open the thoracic cavity. Using a 5/8 inch 25 G needle 

(Becton, Dickinson and Company (BD) Franklin Lakes, NJ, USA) and a 1 ml syringe (BD), blood 

was collected via cardiac puncture. Needles were heparinized before first use with 5-10 µl of 

heparin. Approximately 500 µl of blood was collected and stored in Eppendorf tubes (USA Scien-

tific, Ocala, FL, USA)  at 4° C for approximately 4 hours, then centrifuged at 14,000 x g for 15 

min. The plasma was then removed and stored at -80° C.   

2.3.2 Lung removal (Chapters 4 & 5) 

Following blood collection, the lungs were removed. An incision was made to cut the infe-

rior vena cava at the bottom of the thoracic cavity. At the neck, the fascia and muscle were re-

moved to reveal the trachea, which was cut at the larynx. Then, the clavicles and upper ribs were 

cut on both sides. Using a blunt forceps, the lungs were gently lifted from the thoracic cavity 

attached to the trachea and heart. Using 4-0 silk sutures, specific lobes of the lung were tied off, 

removed using scissors, and placed in Eppendorf tubes (USA Scientific) for immunoblot, qRT-

PCR, and flow cytometry measurements. Lobes taken for immunoblot and qRT-PCR were stored 

at -80° C until use, and lobes for flow cytometry were kept on ice until processing could take place 
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(typically ~1 hour following initial harvest). Finally, a suture was placed around the trachea. A 5 

ml syringe (BD) fitted with a blunted 1-inch 23 G needle (BD) was placed into the trachea and the 

lungs washed with phosphate buffer saline (PBS), then re-inflated with 4% paraformaldehyde 

(PFA) (Sigma-Aldrich, St. Louis, MO, USA), and tied off. The re-inflated lungs were stored in 15 

ml of 4% PFA overnight.    

2.3.3 Brain removal (all Chapters) 

Following lung removal, the mouse was decapitated, and an incision made using a scis-

sors along the top of the head and the skin pulled back to expose the skull. Using scissors, a cut 

was made carefully along the midline of the skull from the back, maintaining pressure away from 

the brain surface, and the parietal and frontal skull was removed. The remaining bone along the 

sinus between the olfactory bulbs and frontal cortex was carefully removed, as was the bone over 

the nasal cavity and eye socket. The dura mater was removed, the trigeminal nerve was cut, and 

the brain removed from the skull using curved forceps.  

2.3.4 Brain dissection (Chapters 4 & 5) 

Immediately after removal of the brain from the skull, discrete brain regions (hippocampus 

and ipsilateral cortex) were dissected on an ice-cold plate sprayed with RNaseZap® (Invitrogen, 

Carlsbad, CA, USA) to remove RNases. Each region was divided into two pieces; both were 

placed into an Eppendorf tube (USA Scientific). One piece was used for immunoblot and the other 

piece was used for qRT-PCR analysis. All samples were snap-frozen on dry ice and stored at       

-80° C for further analysis. 

2.4 Neurobehavioral tests  

 Behavioral tests were performed to identify neurological deficits following TBI and how 

these might be exacerbated in male mice and in mice given a subsequent lung infection. In all 

behavioral tests there were at N=5-10 mice per group tested at each time. Experiments were 
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repeated, and behavioral results were averaged together to reach a total N of 10-20 mice per 

group.  

 2.4.1 Rotarod (Chapter 3) 

 Motor function was assessed in Sham and CCI mice post-injury using an accelerating 

rotarod test (Ugo-Basile, Collegeville, PA).171,172 In each trial the rotarod accelerated from 4 to 60 

RPM over a period of 3 minutes.  Mice were trained on the rotarod test for two days prior to Sham 

or CCI surgery, and each mouse had three trials per day.  Latency to fall from the rod (or cling to 

and rotate with the rod for two consecutive rotations) was recorded for three trials on each testing 

day, allowing 5–10 minutes of rest with access to food and water between each trial.  Scores from 

the three trials on each testing day were averaged to give a single score for each mouse on each 

testing day.  

 2.4.2 Open field (Chapter 3) 

The open field test was performed to assess locomotor activity post-injury as previously 

described.173  Sham and CCI mice were individually placed in a corner facing the wall of the open 

field chamber (22.5 x 22.5 cm), and allowed to freely explore the chamber for 5 minutes.  The 

distance traveled, and average speed was recorded by Any-Maze tracking software (Stoelting 

Co., Wood Dale, IL). 

2.4.3 Y-maze (Chapter 3) 

The Y-maze spontaneous alternation behavior test, to assess hippocampal-dependent 

working (short-term) memory, was performed on day 5 post-injury, as previously described.15  

Briefly, the Y-maze (Stoelting Co.) consists of three identical arms with each arm at an angle of 

120° with respect to the other arms, where each arm was 35 cm long, 5 cm wide, and 10 cm high.  

One arm was randomly selected as the “start” arm, and the mouse was placed within and allowed 

to explore the maze freely for 5 minutes.  Arm entries (arms A–C) were recorded by analyzing 

mouse activity using ANY-maze tracking software (Stoelting Co.).  An arm entry was attributed 
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when all four paws of the mouse entered the arm, and an alternation was designated when the 

mouse entered three different arms consecutively.  The percentage of alternation was calculated 

as follows: total alternations x 100/(total arm entries − 2). If a mouse scored significantly >50% 

alternations (the chance level for choosing the unfamiliar arm), this was indicative of hippocampal-

dependent working memory. 

 2.4.4 Cylinder Test (All chapters) 

Forearm preference was assessed by the cylinder test as previously described.174,175  This 

test evaluates forelimb use asymmetry following acute brain injury.  The mouse was placed in a 

clean and transparent 2-liter glass beaker.  A mirror was placed behind the beaker and the mouse 

was videotaped throughout the test.  Forelimb use of the first contact against the wall after rearing 

and during lateral exploration was recorded.  Forelimb use was scored using described criteria: 

(1) The first forelimb to contact the wall during a full rear was recorded as an independent wall 

placement for that limb. (2) Simultaneous use of both the left and right forelimb by contacting the 

wall of the cylinder during a full rear and for lateral movements along the wall was recorded as 

‘‘both’’ movement. (3) After the first forelimb (for example right forelimb) contacted the wall and 

then the other forelimb was placed on the wall, but the right forelimb was not removed from the 

wall, a ‘‘right forelimb independent’’ movement and a ‘‘both’’ movement were recorded. However, 

if the other (left forelimb) made several contacting movements on the wall, a ‘‘right forelimb inde-

pendent’’ movement and only one ‘‘both’’ movement was recorded. (4) When the mouse explored 

the wall laterally, alternating both forelimbs, it was recorded as a ‘‘both’’ movement.” 175  A total of 

20 movements were recorded during the 10-minute test.  The final score = (nonimpaired forelimb 

movement − impaired forelimb movement) / (nonimpaired forelimb movement + impaired forelimb 

movement + both movement).  
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2.4.5 Grip strength (Chapter 4 & 5) 

Grip strength was measured using a digital grip strength meter (Bioseb BP, In Vivo Re-

search Instruments, France) on one day prior to infection and three days following infection, as 

previously described.172  Forelimb grip strength was measured from the mouse using both the 

ipsilateral and contralateral forepaws together.  The mouse was held by its tail, the forelimbs were 

placed on the grasping metal wire grid and the mouse was encouraged to grip the wire grid at-

tached to the force transducer.  Once the grip was secured, the animal was slowly pulled away 

from the bar.  The maximal average force exerted on the grip strength meter by both forepaws 

was averaged from 3 trials per day for each mouse. 

 

2.5 Lung infection (Chapters 4 & 5) 

Streptococcus pneumoniae serotype III (Sp) (ATCC 6303; Manassas, VA, USA) was 

grown in Brain Heart Infusion Broth (Sigma) at 37° C plus 5% CO2 overnight, aliquoted into an 

equal volume of glycerol, and stored at −80° C. Challenge inoculum colony forming units (CFUs) 

was calculated from the colonies that grew on 5% sheep blood agar plates (Hardy Diagnostics, 

Springboro, OH, USA). An hour prior to infection, frozen stocks of (Sp) were diluted to the desired 

challenge concentration (~1500 CFU), in sterile, endotoxin-free PBS (Biosource International, 

Rockville, MD, USA). Mice were anesthetized with isoflurane prior to infection of 25 µl of challenge 

inoculum to each nare for a total of 50 µl of inoculum administered. An aliquot of the inoculum 

was serially plated on 5% sheep blood agar plates to confirm the desired challenge dose. Mice 

were inoculated in Biosafety cabinet and mice were housed in a Biosafety Level 2 facility. Each 

mouse was followed daily for weights and mortality. If the animal lost more ≥20% body weight, 

then the animal was euthanized. 
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2.6 Flow Cytometry 

 2.6.1 Preparation of brain single cell suspensions (Chapter 3) 

After cardiac puncture, mice that were going to have their brain removed for flow cytometry 

were perfused with 60 mL of ice-cold sterile PBS transcardially. The brains were removed and 

processed by mechanical disruption on a 70 μm filter screen and resuspended in a total of 5 mL 

of Roswell Park Memorial Institute medium (RPMI) (Quality Biological, Gaithersburg, MD, USA). 

Ten Units (U) Papain (Sigma-Aldrich, St. Louis, MO, USA), 10 mg/ml DNase II (Sigma), and 1 

mg/ml Collagenase-Dispase (Sigma) were added to the brain suspension and incubated on a 

shaker at 200 rotations per minute (RPM) for 1 hour at 37° C for mechanical and enzymatic di-

gestion of the brain tissue.  After incubation, leukocytes were separated from other brain cells by 

a Percoll gradient (GE Healthcare, Chicago, IL, USA). Brain leukocytes were resuspended in 70% 

Percoll-HBSS and were slowly injected under a 30% Percoll-RPMI layer using a blunt popper 

pipetting needle (Sigma). This Percoll gradient was spun for 20 minutes with no brake. Leukocytes 

were then retrieved from the interface of the 30% and 70% Percoll layers and resuspended in 

RPMI as single cell suspensions.  

2.6.2 Lung preparation to single cell suspension (Chapter 5) 

Following lung dissection, the lobes of lung previously identified were minced into small 

pieces and suspended in 5 ml of RPMI. These suspensions were incubated with 150 U/ml Colla-

genase IV (Worthington Biochemical Corporation Lakewood, NJ) and 10 mg/ml DNase II (Sigma-

Aldrich, St. Louis, MO) for 1 hour at 37° C in a rotational shaker at 200 RPM. After 1 hour, the 

suspension was further passed through a 70 µm filter to mechanically dissociate the lung tissue. 

The cells were washed with RPMI and then red blood cells lysed with Tris-ammonium chloride 

(AKT) (StemCell Technologies Vancouver, Canada). Cells were then washed again in RPMI to 

remove residual AKT.  
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2.6.3 Broncho-Alveolar Lavage (BAL) (Chapter 5)  

Following 24 hours from TBI animals were euthanized with euthasol. Before opening the 

chest cavity, the trachea of the mouse was exposed using scissors and blunt forceps. The trachea 

was mobilized from the neck, cut at the larynx, and a piece of 6-0 suture was placed around the 

trachea beneath the larynx. A syringe with a blunted 23 G needle, 1 inch in length, was inserted 

into the trachea. The suture was tightened around the trachea and inserted needle to leakage of 

the BAL fluid. Then 2 mls of PBS was pushed into the lungs and then suctioned back out. (n=5-7 

per group). This fluid was then used for flow cytometry and stained for surface markers for myeloid 

cells (CD45, CD11b). 

2.6.4 Surface Stain 

  Leukocytes from brain and lung were then washed in fluorescence-activated cell sorter 

(FACS) buffer (0.1% penicillin and streptomycin with 5% fetal bovine serum in 1xHBSS) with 

sodium azide (NaN3) and blocked with 1:50 mouse Fc Block (clone 93; eBioscience, San Diego, 

CA) for 10 minutes on ice prior to staining with primary antibody-conjugated fluorophores. Surface 

staining included: from Invitrogen/eBioscience: CD45-eF450 (30-F11), CD11b-APCeF780 

(M1/70), and from Biolegend (San Diego, CA, USA): CD11c-FITC (n418), F4/80-APC (Bm8), 

CCR2(CD192)-PE/Cy7 (Sa203g11), CD206(MMR)-Percp/cy5.5 (C068C2), Ly6C-AF700/APC 

(HK1.4), and Ly6G-AF700/PE (1A8-Ly6g) at final concentration of 1:50 for each antibody. For 

live/dead cell discrimination, a fixable viability dye, Zombie AquaTM (Biolegend), was dissolved 

in DMSO according to the manufacturer’s instructions and added to cells at a final concentration 

of 1:50. After antibody staining in the dark for 15 minutes, samples were washed with FACS buffer 

and then fixed with 2% PFA. After fixation for 8 minutes with 2% PFA, samples were washed 

again with FACS and resuspended in 300 µl of FACS to be later analyzed on the flow cytometer. 
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2.6.5 Intracellular Stain 

In many of our experiments, we sought to assess in cell-specific subsets functional differ-

ences such as cytokine production and expression of proteins such as NOX2 and phosphorylated-

H2A histone family member X (p-H2AX). Prior to staining, cells were resuspended in 500 µl of 

RPMI and 1 μL of GolgiPlug containing brefeldin A (BD Biosciences) was added. Cells were then 

incubated at 37° C in a water bath for 1.5 hours. Cells were then washed and resuspended in Fc 

Block, stained for surface antigens, and washed in 100 μL of fixation/permeabilization solution 

(BD Biosciences, San Jose, CA, USA) for 20 minutes.  Cells were then washed twice in 500 μL 

Permeabilization/Wash buffer (BD Biosciences) and resuspended in an intracellular antibody 

cocktail of cytokine antibodies. Intracellular antibodies include: TNF-PE-Cy7 (MP6-XT22) (Invitro-

gen), IL-1β-PerCP-eF710 (NJTEN3) (Invitrogen), TGFβ-APC (TW7-16B4) (Biolegend, San Di-

ego, CA), NOX2-gp91-A647 (BIOSS, Boston, MA) and H2AX pS139-PE, MACS Miltenyi Biotec 

(130-107-585) (Bergisch Gladbach, Germany). After cytokine staining for 30 minutes at 4° C, 

samples were washed with Wash buffer and then fixed with 2% PFA as described above. After 

one more wash, these samples were resuspended in 300 µl of FACS buffer with NaN3 to be 

analyzed on the flow cytometer.   

2.6.6 Phagocytosis Assay 

To assess phagocytic ability, TexasRed fluorescent carboxylate-modified polystyrene la-

tex beads (0.5 μm mean diameter; Sigma) were added to freshly isolated cells in a final dilution 

of 1:500 (in RPMI).  After a 45 minute incubation in a 37° C water bath, the cells were washed 

twice, re-suspended in FACS buffer, stained for surface markers and viability, and fixed in 2% 

PFA. After an additional wash, these samples were resuspended in 300 µl of FACS buffer with 

0.05% NaN3 to be analyzed on the flow cytometer.   
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2.6.7 Dihydrorhodamine-123 (DHR123) Assay 

To measure reactive oxygen species levels, leukocytes were incubated with dihydrorho-

damine (DHR) 123 (5mM; 1:500 in RPMI; Ex/Em: 500/536), a cell-permeable fluorogenic probe 

(Life Technologies, Invitrogen).  Cells were loaded for 20 minutes in a 37° C water bath, washed 

twice with FACS buffer, and then stained for surface markers including viability dye, and subse-

quently fixed in 2% PFA. After one more wash, these samples were resuspended in 300 µl of 

FACS buffer with NaN3 to be analyzed on the flow cytometer.     

2.6.8 Data collection and analysis 

Data were acquired on a LSRII flow cytometer equipped with FACsDiva 6.0 (BD Biosci-

ences, San Jose, CA) and analyzed using FlowJo (Tree Star, San Carlos, CA). The individual 

analyzing the samples and the data was blinded to treatment groups until the end of the experi-

ment.  

2.7 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

 2.7.1 RNA isolation 

 RNA was extracted from a lobe of the lung using the QIAzol RNA isolation protocol. Briefly, 

1 ml of Qiazol (Qiagen, Valencia, CA) was added to the lobe of lung and was homogenized using 

an OMNI tissue homogenizer (OMNI-Inc, Kennesaw, GA). After homogenation, 200 µl of chloro-

form was added, shaken, and then spun at 14,000 x g for 15 minutes at 4° C to separate phases. 

The clear top phase was removed from the sample and placed in a new tube. To precipitate the 

RNA, 500 µl of isopropanol was added to the clear phase and allowed to sit overnight at 4° C. 

The RNA was then centrifuged at 10,000 x g for 10 minutes at 4° C and the supernatant discarded. 

The pellet was washed once in ethanol, centrifuged again, and then resuspended in DNase- and 

RNase-free water. 

Total RNA was extracted from the ipsilateral cortex of Sham and CCI mice using a RNeasy 

isolation kit (Qiagen) with on-column DNase treatment (Qiagen). Briefly, pieces of cortex were 
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homogenized using a handheld electric homogenizer in 700 µl of Qiazol (Qiagen). After homog-

enization, 140 µl chloroform was added, samples were shaken, and then centrifuged at 12,000 x 

g for 15 minutes at 4° C to separate phases. The clear top phase was removed from the sample 

and added to 350 µl ethanol. This mixture was then put onto the purifying columns provided by 

the RNeasy isolation kit (Qiagen). The flow through was discarded and then 80 µl of DNase was 

added to the column. This DNase was allowed to sit for 15 minutes at room temperature and then 

the column was washed twice with the wash buffer provided. Finally, RNase- and DNase-free 

water was added to the column and RNA was eluted. RNA concentration was determined using 

a specialized plate reader (Biotek version 2.0.5; BioTek Winooski, Vermont, USA). RNA quantity 

was determined by measuring optical density (OD) at 260 nm (1 OD unit at 260nm corresponds 

to 40 µg/ml RNA). RNA quality was determined by measuring the OD260/OD280 ratio where a value 

of approximately 1.6-2.1 was deemed indicative of pure RNA. All RNA samples with a ratio >1.6 

were accepted. Eluted RNA samples were kept at -80° C until reverse transcribed to cDNA.  

 2.7.2 Reverse Transcription of mRNA to cDNA  

 Complementary DNA (cDNA) synthesis was performed on 1 μg of total RNA using a Verso 

cDNA RT kit (Thermo Scientific, Pittsburg, PA) using the protocol provided by the manufacturer. 

Briefly, 1 µg of RNA in RNase-DNase-free water was prepared. In a PCR mini-tube, 10 µl of  the 

1 µg RNA-water mixture was added to 10 µl of Verso Master Mix containing (xµl of each reagent 

per reaction): 1µl RNase-DNase-free water, 1 µl Reverse transcriptase (RT) enhancer, 0.25 µl 

oligo nucleotides, 0.75 µl random hexamers, 4 µl synthesis buffer containing magnesium, 2 µl 

deoxyribonucleotide triphosphates (dNTPs) and 1 µl reverse transcriptase. These 20 µl reactions 

were then put into a thermal cycler for 1 cycle of 45 minutes at 50° C for synthesis and then 5 

minutes at 95° C for inactivation of the reverse transcriptase. The resultant cDNA was stored at -

80° C until used for mRNA quantification by qRT-PCR. 
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 2.7.3 qRT-PCR for measurement of gene expression 

 Gene expression of target proteins were determined using commercially available Taq-

Man gene expression assays (Applied Biosystems, Foster City, CA, USA) containing specific for-

ward and reverse target primers and 6-carboxyfluorescein (FAM)-labelled minor groove binding 

(MGB) probes. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal 

control to normalize gene expression between samples.176 Assay IDs for the genes examined are 

given in Table 2.1. 

A reaction master mixture was first prepared and stored on ice for each target gene. This 

consisted of 1 µl of target primers, 8 µl of RNase-DNase-free water and 10 µl of TaqMan master 

mix (Cat:4369016; Applied Biosystems) per sample. Nineteen µl of the relevant reaction mixture 

was pipetted onto a MicroAmp® optical 384 well plate (Applied Biosystems). One µl cDNA was 

pipetted into the reaction mixture, giving a total reaction volume of 20 µl. Non-template controls 

containing the master mix without cDNA for each target gene were also included as was the 

non-RNA control sample from the reverse transcription step. Plates were then covered with opti-

cal adhesive covers and centrifuged at 1000 x g for 5 minutes at 4° C to ensure complete mixing 

and elimination of bubbles. The plate was then placed in the PCR thermocycler (QuantStudio 5, 

Applied Biosystems) pre-set to run the following Relative Quantification protocol: step 1: 95°  C 

for 10 minutes, step 2: 95°C for 15 seconds, followed by one minute at 60° C. Step 2 was re-

peated 40 times and the fluorescence read during the annealing and extension phase (60° C) 

for the duration of the program.  

 

  



43 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1 List of Taqman gene expression assays used. 

  

Target Gene Assay number 

Cytokines 

IL-1β Mm00434228_m1 

TNFα Mm00443258_m1 

TGFβ Mm01178820_m1 

Markers of pro-&anti-inflammatory macrophages 

Cybb (NOX2) Mm01287743_m1 

Chil3 (Ym1) Mm00657889_m1 

Arg1 Mm00475988_m1 

Retnla (Fizz1) Mm00445109_m1 

MRC1 (CD206) Mm01329362_m1 

Inflammasome components 

NLRP3 Mm00840904_m1 

Caspase-1 Mm00438923_m1 

Housekeeping gene 

GAPDH Mm99999915_g1 
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2.7.4 Analysis of qRT-PCR 

Amplification plots and copy threshold (Ct) values were examined using QuantStudio5 

qPCR Data Analysis Software. Ct values for each sample were analyzed after setting the thresh-

old to the linear exponential phase of the amplification plots and exporting to Microsoft Excel for 

final analysis. The 2-∆∆CT method was used to determine gene expression.176 This method is 

used to assess relative gene expression by comparing the relative gene expression of experi-

mental samples to control samples after normalization of each to expression of the housekeeping 

gene in each sample, allowing determination of the fold-change in mRNA expression between 

experimental groups. This method involves 3 steps: (1) Normalization to endogenous house-

keepting control gene expression (GAPDH) where ∆Ct is determined: ∆Ct = Ct Target gene - Ct 

Endogenous control; (2) Normalization to control sample where ∆∆Ct is determined: ∆∆Ct = ∆Ct 

Sample - average ∆Ct of Control group; and (3) where the fold difference is given by 2-∆∆Ct. The 

2-∆∆Ct values for each sample were then normalized to Sham, or Sham+PBS, and expression 

levels expressed as a fold-change normalized to Sham as reported previously by the Loane la-

boratory.15,16,177  

2.7.5 Quantitative PCR for 16S rRNA for Streptococcus pneumoniae  

Relative bacteria burden was measured by SYBR green qPCR for 16S rRNA of S. pneu-

moniae III. Levels of 16S rRNA for Sp3 are reported as the direct Ct value. 178  The sequences 

used to detect 16S rRNA were: (forward) GGTGAGTAACGCGTAGGTAA; (reverse) AC-

GATCCGAAAACCTTCTTC.178 Briefly, a Power SYBR Green reaction mix is made with 12.5 µl of 

Power SYBR Green Master Mix (Applied Biosystems), 8 µl of RNase-DNase-free water, with 2.5 

µl of forward and reverse primer mix (equal mix of forward and reverse primers). In a MicroAMP® 

optical 96-well plate, 23 µl of master mix and 2 µl of cDNA made from the equalized 1 µg of RNA. 

Non-template controls containing master mix without cDNA for each target gene were also in-

cluded as the non-RNA control sample from the reverse transcription step with samples. Plates 
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were then covered with optical adhesive covers and centrifuged at 1000 x g for 5 minutes at 4° C 

to ensure complete mixing and elimination of bubbles. The plate was then placed in the PCR 

thermocycler (ABI Prism 7500, Applied Biosystems) pre-set to run the following Relative Quanti-

fication protocol: step 1: 95° C for 10 minutes, step 2: 95° C for 15 seconds followed by one minute 

at 60° C. Step 2 was repeated 40 times and the fluorescence read during the annealing and 

extension phase (60° C) for the duration of the program.  

2.8 17β-estradiol enzyme-linked immunosorbent assay (ELISA) 

 Plasma 17β-estradiol concentrations were determined using specific mouse acetylcholin-

esterase (AChE) competitive enzyme-linked immunosorbent assay (ELISA) (Cat: 582251) per-

formed using antibodies and standards obtained from Cayman Chemicals, Ann Arbor, MI, USA. 

Briefly, the kit comes with 96-well plates pre-coated with mouse monoclonal antibody against 

rabbit IgG. Fifty µl of each serum diluted 1:4 was added to the plate in duplicate. Fifty µl of each 

diluted standard was added to the plate in triplicate. Fifty µl of tracer (acetylcholinesterase conju-

gated to estradiol) was added to each well. Fifty µl anti-estradiol antiserum (rabbit IgG) was added 

to each well. The plate was then incubated for one hour on a rotational shaker at room tempera-

ture. After incubation, the plate is washed twice with 200 µl of wash buffer (5 ml of concentrate 

wash buffer diluted in 2 L of deionized water, and then 1 ml of Polysorbate 20 added). Then, 

Ellman’s Reagent (or Acetylthiocholine) is added to the plate. AChE breaks down the Acetylthi-

ocholine to 5-thio-2-Nitrobenzoic acid which absorbs light at 412 nm. After 60 minutes of incuba-

tion with Ellman’s Reagent, the plate is read at wavelengths from 405-420 nm. The ELISA data 

were analyzed in accordance with the manufacturer’s instructions, subtracting blanks appropri-

ately and calculating the standard curve using their website (www.caymanchem.com/analy-

sis/elisa). After plotting the best line of fit for the standard curve, sample concentrations of plasma 

17β-estradiol were determined.  
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2.9 High Mobility Group Box 1 (HMGB1) ELISA 

 An ELISA for HMGB1 (Cat. ST51011) from IBL International (Hamburg, Germany) was 

performed to quantify the concentration of circulating HMGB1 following TBI. Plasma samples from 

Sham and TBI mice at 3 hours, 24 hours, 72 hours, and 7 days post-surgery were diluted in 

sample diluent buffer acquired from the kit. Plasma samples were diluted 1:4 and plated in dupli-

cate alongside the standard curve. Prior to running the plate, standards were prepared from a 

supplied stock of HMGB1 standard (320 ng/mL). The standard curve ranged from 0-80ng/mL and 

was plated in triplicate. The samples and standards were incubated overnight at 37°C for 20-24 

hours. Following incubation, the plate was washed, and 100 µl of the enzyme conjugate was 

applied. After incubation for 1 hour at room temperature, the enzyme conjugate was washed, and 

the plate was then developed using a Colour Solution supplied by the company. After a 30 minute 

incubation at room temperature, the plate was read at 450nm. From these absorbance values, 

plasma HMGB1 concentration was calculated using the best fit model of the standard curve.     
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2.10 Western Immunoblot 

Approximately 100 mg of lung or 75 mg of brain was homogenized in 1 ml and 750 µl, 

respectively, of RIPA buffer (TekNova, Hollister, CA, USA) with protease and phosphatase inhib-

itors (Sigma) as described in Barrett et al.16 Samples were then centrifuged at 13,000 x g at 4° C 

for 20 min. The supernatant was collected, and protein content determined by Bradford Concen-

tration Assay (Pierce-ThermoFisher, Waltham, MA, USA). Samples were diluted in ice-cold lysis 

buffer to give equal protein concentrations (1.5 µg per 1 µl), followed by the addition of sample 

buffer containing 20% 2-mercaptoethanol. Lysates were heated at 95° C for 5 min and loaded 

onto 4–20% gradient SDS PAGE gels (Bio-Rad; Hercules, CA, USA). Proteins were transferred 

onto 0.22 µm nitrocellulose membranes (ThermoFisher) and then blocked for 1 h in 5% milk in 1 

× TBS (Bio-Rad) containing 0.05% Tween-20 (TBS-T) at room temperature. The membrane was 

incubated with mouse anti-cleaved caspase-1 (p20) (1:1000) (AdipoGen Life Sciences, San Di-

ego, CA, USA), rabbit anti-ASC pAb (AL177) (1:1000) (AdipoGen), rabbit anti-AIM2 (1:500) (BI-

OSS, Woburn, Massachusetts), or mouse anti-β-actin (1:5000) (Sigma-Aldrich) in 5% milk in TBS-

T overnight at 4° C. The next day, the membranes were washed three times with TBS-T and then 

incubated with anti-rabbit or anti-mouse secondary antibody conjugated to HRP (Jackson Immu-

noResearch Laboratories, West Grove, PA) for 2 h at room temperature. Membranes were 

washed three times in TBS-T, and proteins were visualized using SuperSignal West Dura Ex-

tended Duration Substrate (Thermo Scientific). Chemiluminescence was captured with a Chemi-

Doc™ XRS+ System (Bio-Rad), and protein bands were quantified by densitometric analysis us-

ing BioRad Molecular Imaging Software. The data presented reflects the intensity of target protein 

band normalized against the intensity of the endogenous control for each sample (expressed in 

arbitrary units) with representative images. 
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2.11 Lung histology 

 At time of euthanasia, lungs were washed in PBS and re-inflated with 4% PFA. Twenty-

four hours post-fixation, lungs were washed in PBS for 15 minutes and placed in 30% sucrose in 

PBS for 48 h at 4° C. Lungs were embedded in paraffin and 10 µm sections were cut and mounted 

on slides. Lung sections were then stained by hematoxylin and eosin (H&E). Four parameters 

were assessed independently from 0-4 in each section by a blinded trained researcher: peribron-

chiolitis (inflammatory cells, primarily lymphocytes, surrounding a bronchiole), perivasculitis (in-

flammatory cells, primarily lymphocytes, surrounding a blood vessel), alveolitis (inflammatory cells 

within alveolar spaces), and interstitial pneumonitis (increased thickness of alveolar walls associ-

ated with inflammatory cells). Pleuritis and focal/consolidated pneumonia was also evaluated. 

Two cohorts from the acute (3 day) and chronic (60 day) experiments were assessed and aver-

aged together (n=4-6 mice/group per cohort; total n=8-12/group). 

2.12 Evans blue and fluorescein tracers  

Mice were placed under a heat lamp for 5-7 minutes to allow the tail veins to vasodilate. 

Tail vein injections were performed under the heat lamp with a 5/8-inch 27 G needle. Three per-

cent Evan’s blue (Sigma) was made up from a powder in PBS. Five percent sodium fluorescein 

(Sigma) was also made up from a salt in PBS. One hour before euthanasia, 200 µl of 3% Evans 

blue (Sigma) in PBS or 100 µl of 5% sodium fluorescein (NaFl) (Sigma) in PBS was injected via 

the tail vein. One hour later, the animals were euthanized and their plasma, BAL fluid, or lungs 

were collected for analysis.    

2.13 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism Software v. 6.0 (GraphPad Soft-

ware, Inc., La Jolla, CA), and a p<0.05 was chosen as statistically significant. When comparing 

the means of two unrelated groups, parametric data were analyzed using unpaired Student’s t 

test. Behavioral differences on Rotarod (Chapter 3), Cylinder test (Chapter 4&5), and Grip 
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strength (Chapter 4&5) were analyzed by two-way ANOVA with repeated measures with a 

Tukey’s post hoc analysis for multiple comparisons.  In Chapter 3, Cylinder, Y maze, and Open 

field tests were analyzed by two-way ANOVA with a Tukey’ post hoc for multiple comparisons. 

Comparisons of only 2 groups (myeloid vs. microglia) over time were analyzed by one-way 

ANOVA with Tukey’s post hoc analysis. Mortality data was plotted as percent survival over time 

and analyzed using a Mantel-Cox analysis as described previously.179  Results comparing male 

and female or infected and uninfected by flow cytometry, immunoblot, qPCR, and histologic data 

were analyzed by two-way ANOVA with a Tukey’s post hoc analysis. All graphs representing data 

were constructed using GraphPad Prism 7.0 and results expressed as group means + standard 

error of the mean (SEM). Statistics were performed as done previously reported.15,16,177 
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Chapter 3 
Sex differences in acute neuroinflammation after experimental trau-

matic brain injury are mediated by infiltrating myeloid cells3 

3.1 Abstract 

The inflammatory response to moderate-severe CCI shows greater glial activation in adult 

male mice subjected to moderate-severe injury compared to age-matched female mice.  How-

ever, the relative contributions of resident microglia and infiltrating peripheral myeloid cells to this 

sexually dimorphic neuroinflammatory responses remains unclear.  Here, 12-week old male and 

female C57BL/6 mice were subjected to Sham or CCI, and brain samples were collected at 1, 3 

or 7 days post-injury for flow cytometry analysis of cytokines, ROS, and phagocytosis in resident 

microglia (CD11b+/CD45int) versus infiltrating myeloid cells (CD11b+/CD45hi).  Motor (rotarod, 

cylinder test), affect (open field), and cognitive (Y-maze) function tests were also performed.  We 

demonstrate that male microglia had increased phagocytic activity and higher ROS levels in the 

non-injured brain, whereas female microglia had increased production of TNF and IL-1.  Fol-

lowing CCI, males showed a significant influx of peripheral myeloid cells by 1 day post-injury 

followed by proliferation of resident microglia at 3 days.  In contrast, myeloid infiltration and mi-

croglial proliferation responses in female CCI mice were significantly less than observed in male 

mice.  No sex differences were observed for TNF-, IL-1, TGF, NOX2, ROS production, or 

phagocytic activity in resident microglia or in infiltrating cells at any time point.  However, across 

these functions, infiltrating myeloid cells were significantly more reactive than resident microglia.  

Female CCI mice also had improved motor function at 1 day post-injury compared to males.  Thus, 

                                                           
3 Sarah J. Doran, Rodney M. Ritzel, Ethan P. Glaser, Rebecca J. Henry, Alan I. Faden, and David 

J. Loane. "Sex differences in acute neuroinflammation after experimental traumatic brain injury 
are mediated by infiltrating myeloid cells."  Journal of Neurotrauma 36(7):1040-1053, 2019. PMID: 
30259790 
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we conclude that sexually dimorphic responses to moderate-severe CCI result from the rapid 

activation and infiltration of pro-inflammatory myeloid cells to brain in male, but not female mice. 
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3.2 Introduction 

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality worldwide, af-

fecting more than 1.7 million individuals annually in the United States. 1  The overall death rate of 

TBI is roughly three times higher for males than for females, 86 and only recent research has 

begun to address the complex role that sex has on outcomes after TBI.  Clinical data are conflict-

ing regarding sex differences in recovery following head injury.  Some clinical studies report better 

outcomes in females, 87 whereas others report no difference, 88,89 or worse outcomes in females 

compared to males. 90–93  Injury severity (concussion/mild vs severe), age of TBI onset (pediatric, 

pre- vs post-menopause, geriatric), and co-morbidities can influence brain injury outcomes in a 

sex-dependent manner, 95 yet existing clinical evidence for sex differences in functional outcomes 

after TBI remains controversial 96.   

For many years the majority of experimental TBI research has been carried out in male 

subjects.  Pre-clinical studies that have compared male and female animals report mixed and 

unclear results with regard to effects of biological sex on secondary injury mechanisms and TBI 

outcomes. 97,99,117,167,180–184  Microglia and infiltrating myeloid cells (inflammatory monocytes and 

neutrophils) play central roles in acute neuroinflammatory responses following TBI, and persistent 

microglial activation can lead to chronic neurodegeneration and loss of neurological function. 

17,27,28  However, the role of sex differences in post-traumatic neuroinflammatory responses has 

been debated and the data are currently conflicted. 97,98,117,119,165  An early study reported that sex 

did not affect microglial activation status in the hippocampus after moderate-severe TBI. 98  In 

contrast, more recent studies have demonstrated significant sex differences in microglial and as-

trocyte activation during acute phase responses after moderate-severe TBI. 100,101,119  Neverthe-

less, all studies to date have used immunohistochemical assessments that provide excellent spa-

tial and morphological resolution of post-traumatic neuroinflammation, but are limited in their abil-

ity to provide phenotypic and functional assessments of immune cell function in either resident 

(microglia) or infiltrating (myeloid, lymphocytes) cells in the central nervous system (CNS).  Flow 
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cytometry approaches can distinguish microglia from infiltrating myeloid cells in the brain based 

on the relative expression of the CD45 antigen, and provide the added advantage of assessing 

functional responses ex vivo. 15,49,185  

In the present study, we used advanced flow cytometry approaches to investigate pheno-

typic and functional responses in microglia and infiltrating myeloid cells following moderate-se-

vere TBI in adult male and female C57BL/6 mice in order to provide novel insight into sex differ-

ences in post-traumatic neuroinflammation.  We also performed motor and cognitive function as-

sessments in Sham and TBI mice during the acute phase post-injury to correlate changes in post-

traumatic neuroinflammation with neurological outcomes.  Studies have recently demonstrated 

that infiltrating myeloid cells promote a robust acute neuroinflammatory response to TBI 

18,27,28,186,187
, therefore, we hypothesized that peripherally-derived myeloid cells initiate acute neu-

roinflammatory responses in the injured brain, which are sexually dimorphic and exaggerated in 

males compared to female TBI mice.  Our data show that although microglia in males and females 

have similar functional responses following TBI, there are significant sex differences in peripheral 

immune activation and infiltration after TBI that are associated with transient sex differences in 

acute neurobehavioral outcomes.  
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3.3 Methods (Abridged: refer back to Chapter 2 for more complete methods) 

Animals: Young adult male and female C57BL/6 mice (12 weeks old) from Taconic 

Biosciences (Germantown, NY) were housed on standard bedding in a specific pathogen-free 

facility (12 hours light/dark cycle). All animals had access to chow and water ad libitium. Animal 

procedures were performed in accordance with NIH guidelines for the care and use of laboratory 

animals, and approved by the Institutional Animal Care and Use Committee (IACUC) of the Uni-

versity of Maryland School of Medicine. The average body weight at the time of injury was 26.3 ± 

0.7 g for males and 20.3 ± 0.3 g for females. We used random cycling of female mice to better 

reflect clinical applicability. We measured 17β-estradiol in the serum of females and males by 

ELISA assay (Cayman Chemicals Corporation, 17β-estradiol, Ann Arbor, MI) according to man-

ufacturer’s instructions. Sham and CCI male and female mice at 1, 3 and 7 days post-injury (ran-

domly selected n=4/group) were analyzed (Table 3.1), and males had significantly reduced 17β-

estradiol levels than females at each time point (p<0.05). Notably, Sham and CCI females had 

equivalent levels of estradiol at each time point, indicating random cycling and no effect of TBI on 

17β-estradiol levels.  

 

Controlled Cortical Impact:  Refer to Chapter 2 for details. Moderate-level CCI was induced using 

an impactor velocity of 6 m/s and deformation depth of 2 mm.  Sham animals underwent the same 

procedure as CCI mice except for craniotomy and cortical impact. 49 
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Table 3.1 17β-Estradiol levels in Sham and CCI male and female mice.  17β-Estradiol was 
measured from serum of males and females Sham and CCI across each time point (n=4 per 
group).  Females mice had significantly higher 17β-estradiol levels compared to male mice 
(p<0.05).  Levels of 17β-estradiol in female were the same in Sham and CCI groups across each 
time point, indicating no injury effect on plasma 17β-estradiol levels (p>0.05).  17β-estradiol levels 
are expressed in pg/ml (mean ± S.E.M.). 
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Flow cytometry:  See Chapter 2 for further details. Following euthanasia, mice were perfused 

with cold PBS and brains were extracted. Brains were processed into single cell suspensions as 

described in Chapter 2. Leukocytes were then washed and blocked with mouse Fc Block (clone 

93; eBioscience, San Diego, CA) prior to staining at a 1:50 concentration with primary antibody-

conjugated fluorophores including CD45-eF450 (30-F11), CD11b-APCeF780 (M1/70), TNF-PE-

Cy7 (MP6-XT22), IL-1β-PerCP-eF710 (NJTEN3) (eBioscience), TGFβ-APC (TW7-16B4) (Bio-

legend, San Diego, CA), H2AX pS139-PE, MACS Miltenyi Biotec (130-107-585) (Bergisch Glad-

bach, Germany) and NOX2-gp91-A647 (BIOSS, Boston, MA).  For live/dead cell discrimination, a 

fixable viability dye, Zombie AquaTM (Biolegend), was dissolved in DMSO according to the man-

ufacturer’s instructions and added to cells in a final concentration of 1:50.  Data were acquired on 

a LSRII using FACsDiva 6.0 (BD Biosciences, San Jose, CA) and analyzed using FlowJo (Tree 

Star, San Carlos, CA).  A standardized gating strategy was used to identify microglia 

(CD11b+/CD45int) and infiltrating myeloid (CD11b+/CD45hi) populations as shown (Supple-

mental Figure 1 see end of Chapter 3).  Cell-specific fluorescence minus one (FMO) controls 

were used to determine the positivity of each antibody. Subsets of brain leukocytes were used for 

intracellular staining, and assessment of ROS production and phagocytic activity (See Chapter 2 

for detailed methods).  

 

Neurobehavioral testing:  Sham and CCI mice underwent a battery of neurological tests, includ-

ing Rotarod, Cylinder, Open field, and Y-maze tests as outlined in Chapter 2.  Investigators 

were blinded to surgical condition during testing and analysis.  

 

Estradiol measurement: 17β-estradiol was measured in plasma from Sham and CCI mice at each 

time point using an ELISA assay (Cayman Chemical Company, Ann Arbor, MI). Plasma 17β-
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estradiol levels were determined according to the manufacturer’s instructions and expressed as 

mean ± SEM. 

 

Statistical analyses:  Data from individual experiments were analyzed for normal distribution and 

are presented as mean ± SEM.  Baseline differences in ex vivo microglial functional responses 

were determined by unpaired t-test.  Behavioral differences on Rotarod were analyzed by two-

way ANOVA with repeated measures and a Tukey’s post hoc analysis.  Cylinder, Y maze, and 

Open field tests were analyzed by two-way ANOVA with a Tukey’s post hoc for multiple compar-

isons.  Myeloid and microglial cell functional responses over time were analyzed by a two-way 

ANOVA with a Tukey’s post hoc analysis. Effects of sex and TBI are expressed with the observed 

F value (X), the degrees of freedom and the 2-tailed p-value (y) such that they appear as such: 

F(df,df)= x, p=y.   Myeloid versus microglial cell comparisons were analyzed per time point by 

one-way ANOVA with Tukey’s post hoc analysis.  Raw data (MFIs) were converted into a ratio of 

CD45himyeloid:CD45intmicroglial functional responses and are presented in Fig 3.6. Sex differ-

ences in plasma 17β-estradiol levels were analyzed by Student’s t test at each time point.  Sta-

tistical analyses were performed using GraphPad Prism Software v. 6.0 (GraphPad Software, 

Inc., La Jolla, CA), and a p<0.05 was considered statistically significant. 
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3.4 Results 

3.4.1 Microglial functional responses differ at baseline between male and 

female mice 

To establish baseline microglial function in adult male and female mice we used flow cy-

tometry and an established gating strategy for viable microglia (CD11b+/CD45int 18,185; Supple-

mental Figure 1, found at the end of Chapter), to assess microglial morphological features and 

functional responses.  Analysis of microglial size, as defined by forward scatter (FSC), revealed 

a significant increase in cell size in females compared to males (p<0.01; Fig 3.1A), whereas 

microglial cellular granularity, defined by side scatter (SSC), was not different between male and 

females at baseline (p>0.05; Fig 3.1B).  Microglial functional responses were assessed by the 

ability to produce ROS and cytokines, as well as phagocytose inert latex beads.  Our ex vivo 

analysis revealed that female microglia exhibited decreased phagocytic activity and lower ROS 

levels (p<0.05 and p<0.01 respectively), when compared to male microglia (Fig 3.1C,D).  Analysis 

of cytokine production in microglia showed that despite no sex difference in anti-inflammatory 

TGFβ production at baseline (p>0.05; Fig 3.1E), there was a significant increase in pro-inflam-

matory TNF-α and IL-1β levels in microglia from females compared to males (p<0.05; Fig 3.1F,G).  

Therefore, our data demonstrate that adult male and female microglia have different baseline 

characteristics that may reflect sex-specific homeostatic functions.  Male microglia phagocytose 

more beads and produce more ROS at baseline, whereas female microglia have an increased 

ability to produce TNF-α and IL-1β. 
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Figure 3.1 Basal microglial function in adult male and female mice.  Flow cytometry 
analysis of adult microglia isolated from male and female brains without any surgical condition 
demonstrated a significant difference in size as measured by forward size scatter (FSC) (A), but 
showed no sex differences in granularity as measured by side scatter (SSC) (B). Male microglia 
demonstrated increased levels of phagocytosis as measured by mean fluorescence intensity 
(MFI) of 0.5 μm latex bead uptake when compared to female microglia (C). Male microglia exhib-
ited higher ROS levels as measured by DHR123 MFI (D). Analysis of intracellular cytokines 
demonstrated that male and female microglia produced similar levels of TGFβ (E). However, fe-
male microglia produced more TNF-α and IL-1β compared to male microglia as measured by MFI 
(F,G).  Student t-test, *p<0.05; Mean ± standard error of the mean (S.E.M.); N = 12-15 mice/group. 
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3.4.2 Robust proliferation of resident microglia is preceded by early infiltration of 

peripheral myeloid cells in the injured brain of male compared to female mice 

To provide novel insight into sex-dependent effects on the neuroinflammatory response 

during the acute phase post-injury, we examined the functional dynamics of resident microglia 

(CD45intCD11b+) and infiltrating myeloid cells (CD45hiCD11b+).  We induced moderate-level CCI 

in adult male and female mice, and euthanized cohorts of injured mice at 1, 3, and 7 days post-

injury (dpi) along with time point-matched Sham mice (pooled) for phenotypic and functional anal-

yses.  Representative dot plots show that under Sham conditions the majority of cells in the brain 

are resident microglia (>90% CD45intCD11b+; Fig 3.2A).  Within one day of TBI, there is a signif-

icant influx of peripherally derived CD45hi myeloid cells (14%; Fig 3.2A).  Statistical analysis of 

CD45hi myeloid cell counts (infiltrating myeloid cells) revealed an effect of TBI (F(3,130)=8.255; 

p<0.0001)) and sex (F(3,130)=46.8; p<0.0001).  Specifically, there was a robust and significant 

increase in the number of peripherally derived CD45hi myeloid cells in the injured brain at 1 and 

3 days post-injury (p<0.001 vs Sham; Fig 3.2B).  At 7 days post-injury, the numbers of CD45hi 

myeloid cells in the injured brain returned to Sham levels.  Notably, post-hoc analyses revealed 

a sex-dependent effect on CD45hi myeloid cell infiltration at 1 day post-injury, with significantly 

increased numbers of cells in the injured brain of males versus females (p<0.0001 vs female TBI 

1dpi; Fig 3.2B).  The levels of infiltrating CD45hi myeloid cells in the brains of males and females 

were equivalent at 3 and 7 days post-injury.  Statistical analysis of CD45int cell counts (microglia) 

revealed an effect of TBI (F(3,230)=9.33; p<0.0001)) and sex (F(1,230)=4.8; p=0.03.  Specifically, 

CD45int cell count analysis demonstrated a significant increase in microglial cell number at 3 and 

7 days post-injury (p<0.05 vs Sham; Fig 3.2C), indicative of robust proliferative response to injury 

at these time points.  There was a sex difference on microglial activation at 3 days post-injury, but 

it failed to reach statistical significance in post-hoc analysis (p=0.08, male TBI 3 dpi vs. female 

TBI 3 dpi; Fig 3.2C).  Thus, our analysis revealed an early and robust CD45hi myeloid cell  
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Figure 3.2 Time course of peripheral myeloid cell infiltration and microglial activation in 
male and female mice following controlled cortical impact.  Flow cytometry analysis of brains 
from male and female mice from Sham and CCI through 7 days post-injury.  Representative dot 
plots at 1 day post-injury demonstrated that in male and female TBI there are similar numbers of 
microglia (CD45intCD11b+), but more infiltrating myeloid cells (CD45hiCD11b+) in male TBI (A).  
Both males and females showed a significant injury effect in the number of infiltrating cells in the 
brain compared to Sham at 1 (***) and 3 (***) days post-injury; however, there were significantly 
more infiltrating myeloid cells in the male brain at 1 day post-injury compared to the female TBI 
brain (+++) (B).  When compared to sex-matched Shams, TBI resulted in a significant increase 
in numbers of microglia both in male and female TBI brains at 3 (*) and 7 (*) days post-injury.  Sex 
and injury effects were analyzed by two-way ANOVA, and Tukey’s post hoc analysis was per-
formed for multiple comparisons where *p<0.05, ***p<0.01 for Sham vs. TBI, +p<0.05, 
+++p<0.001 for male vs. female. Mean ± S.E.M.; N = 8-15/group. 
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infiltration response in the brains of males compared to female mice at 1 day post-injury, as well 

as exaggerated microglial proliferation at 3 days post-injury.  By 7 days post-injury, the levels of 

peripheral myeloid cell infiltration and microglial numbers were similar between male and female 

mice. 
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3.4.3 Microglial phenotypic or functional responses after TBI are not ma-

jorly altered by sex 

 We next evaluated the expression level of various pro- and anti-inflammatory cy-

tokines (TNF, IL-1, and TGF), as well as the NADPH oxidase subunit NOX2, in microglia from 

Sham and TBI mice. Statistical analysis revealed an effect of TBI for each marker (TNF-: 

F(3,104)=51.4, p<0.0001; IL-1: F(3,75)=78.5, p<0.0001; TGF: F(3,74)=16.3, p<0.0001; NOX2: 

F(3,74)=32.0, p<0.0001), and an effect of sex for IL-1 and TGF only (TNF-: F(1,104)=1.6, 

p=0.2077; IL-1: F(1,75)=5.8, p=0.0189; TGF: F(1,75)=8.7, p=0.0043; NOX2: F(1,74)=0.27, 

p=0.6031).  Specifically, following a moderate-level CCI microglia up-regulated pro-inflammatory 

TNF-, IL-1 and anti-inflammatory TGF, starting at 1 day post-injury (p<0.05 - p<0.0001 vs. 

Sham; Fig 3.3A,C), and NOX2 starting at 3 days post-injury (p<0.0001 vs. Sham; Fig 3.3B,D).  

Injury-induced levels of TNF-, IL-1, and NOX2 were elevated through 7 days post-injury 

(p<0.01 - p<0.0001 vs. Sham); however, TGF returned to Sham levels by 7 days post-injury.  

There was no sex differences in microglial TNF-, IL-1, or NOX2 levels at any time point (Fig 

3.3A,B,D).  However, at 1 day post-injury there was a significant decrease in TGF expression in 

female microglia (p=0.0003 vs. male TBI 1 dpi; Fig 3.3C); thereafter, female levels normalized to 

male TGF levels at 3 and 7 days post-injury.   

We then assayed injury-induced microglia ROS production and phagocytosis activity in 

Sham and TBI mice.  Statistical analysis revealed an effect of TBI (ROS: F(3,74)=42.7, p<0.0001; 

phagocytosis: F(3,60)=65.1, p<0.0001), but no effect of sex (ROS: F(1,74)=1.0, p=0.3201; phag-

ocytosis: F(1,60)=0.25, p=0.6159).  Specifically, TBI resulted in increased microglial ROS produc-

tion at 1 day post-injury (p=0.0036 vs. Sham; Fig 3.3E) and phagocytic activity at 1 and 3 days 

post-injury (p<0.0001 vs. Sham; Fig 3.3E,F), before both functional markers returned to Sham 
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Figure 3.3 (legend on next page).  
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Figure 3.3 Microglial functional responses to controlled cortical impact are minimally al-
tered by biological sex.  Flow cytometry analysis of resident microglia (CD45intCD11b+) in male 
and female mice from Sham and CCI through 7 days post-injury.  TBI significantly increased 

microglial TNF-α in males and females at each post-injury time point (***), but TNF- production 
was independent of sex (A). In both sexes, microglial IL-1β production was significantly increased 
at 1 (*), 3 (***), and 7 (***) days post-injury compared to sex-matched Shams. Two-way ANOVA 
demonstrated an effect of sex, but post-hoc time point differences were not significant (B).  Mi-
croglial TGFβ was significantly increased at 1 (***) and 3 (***) days post-injury in both males and 
females; however, male microglia produced significantly more TGFβ than female microglia at 1 
day post-injury (+++) (C). Microglial NOX2 was significantly increased at 3 (***) and 7 (***) days 
post-injury in both males and females; but NOX2 expression in microglia was independent of sex 
(D). Examination of microglial ROS production demonstrated a significant increase in ROS pro-
duction at 1 day post-injury (**), and a decrease in ROS production at 7 days post-injury (***), in 
both sexes; however, ROS production following TBI was independent of sex (E). Microglial phag-
ocytic activity was significantly increased at 1 (***) and 3 (***) days post-injury compared to Sham, 
but phagocytic activity was independent of sex (F). Levels of microglial phosphorylated H2AX 
were significantly increased at 7 (*) days post-injury compared to Sham, but was independent of 
sex (G).  Sex and injury effects were analyzed by two-way ANOVA, and Tukey’s post hoc analysis 
was performed for multiple comparisons where +p<0.05, +++p<0.01 for male vs. female, *p<0.05, 
**p<0.01, ***p<0.001 for Sham vs. TBI. Mean ± S.E.M.; N = 8-15/group. 
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levels at 7 days post-injury.  There were no sex differences in microglial ROS production or phag-

ocytic function at any time point (Fig 3.3E,F).  Finally, because elevate oxidative stress levels and 

pro-inflammatory cytokines can lead to apoptosis and cell death, we measured DNA damage in 

microglia at 7 days post-injury using phosphorylated (S139) H2AX, a histone complex that marks 

impaired DNA.  Statistical analysis revealed an effect of TBI (F(1,21)=17.8, p=0.0004), but no 

effect of Sex (F(1,21)=0.004, p=0.9949; Fig 3.3G) on microglia pH2AX expression. 
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3.4.4 Sex does not alter cytokine, ROS, or phagocytosis levels in infiltrating 

myeloid cells in the injured brain  

We then evaluated expression levels of TNF-, IL-1, TGF, and NOX2 in peripherally 

derived CD45hi cells in the brain of male and female TBI mice at 1, 3, and 7 days post-injury.  

Sham mice do not accumulate CD45hi cells in the brain (Fig 3.2A) and were not included in this 

analysis.  Statistical analysis revealed an effect of TBI for each marker (TNF-: F(2,71)=82.4, 

p<0.0001; IL-1: F(2,74)=53.7, p<0.0001; TGF: F(2,51)=110.6, p<0.0001; NOX2: 

F(2,51)=103.0, p<0.0001), and an effect of sex for TNF only (TNF-: F(1,71)=12.7, p=0.0007; 

IL-1: F(1,74)=0.53, p=0.4687; TGF: F(1,51)=2.6, p=0.1157; NOX2: F(1,51)=1.2, p=0.2703).  

There was a robust up-regulation of TNF- and IL-1 in CD45hi cells in the brain following TBI, 

with highest protein expression levels of both pro-inflammatory cytokines at 1 day post-injury, and 

reduced expression at 3 and 7 days post-injury (TNF-, IL-1: p<0.05 - p<0.0001 for 1dpi vs. 3 

dpi; p<0.0001 for 1 dpi vs. 7 dpi; Fig 3.4A,B).  A sex difference in TNF- expression in infiltrating 

CD45hi cells was observed, with increased TNF- in female TBI compared to male TBI mice at 1 

day post-injury (p=0.0043 vs. male TBI 1dpi; Fig 3.4A), but not at later time points.  There was 

no sex difference in IL-1 expression across all time points (Fig 3.4B).  There was a delayed but 

robust increase in anti-inflammatory TGF in CD45hi cells in the brain following TBI (Fig 3.4C).  

At 1 day post-injury there were few TGF+/CD45hi cells in the brain, but TGF was greatly in-

creased in CD45hi cells at 3 and 7 days post-injury (p<0.0001 for 1 dpi vs. 3 dpi; p<0.0001 for 1 

dpi vs. 7 dpi; Fig 3.4C); there was no sex difference in TGF expression at any time point.  NOX2 

was highly expressed in CD45hi cells within 1 day of TBI, and there was a significant increase in 

NOX2 expression at 7 days post-injury (p<0.0001 for 1 dpi vs. 7 dpi; Fig 3.4D).  There was no 

sex difference in NOX2 expression at any time point.  We then assessed ROS production and 

phagocytic activity in infiltrating CD45hi myeloid cells and statistical analysis revealed an effect of  
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Figure 3.4 (legend on next page) 
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Figure 3.4 Peripheral myeloid cell functional responses to controlled cortical impact are 
not altered by biological sex.  Flow cytometry analysis of infiltrating myeloid cells 
(CD11b+CD45hi) in male and female mice from Sham and CCI through 7 days post-injury.  In 
infiltrating myeloid cells TBI increased TNFα protein expression in males and females at each 

post-injury time point. TNF was significantly increased in females compared to males at 1 day 
post-injury (+) (A).  TBI increased myeloid cell IL-1β protein at each post-injury time point in males 
and females, however, these effects were independent of sex.  Myeloid cell IL-1β levels de-

creased significantly over time (B).  TBI increased myeloid cell TGF protein at each post-injury 
time point in males and females, however, these effects were independent of sex (C).  TBI in-
creased myeloid cell NOX2 protein at each post-injury time point in males and females, however, 
these effects were independent of sex (D).  TBI increased myeloid cell ROS levels at each post-
injury time point in males and females, however, these effects were independent of sex (E).  TBI 
increased myeloid cell phagocytic activity at each post-injury time point in males and females, 
however, these effects were independent of sex (F).  Sex and injury effects were analyzed by 
two-way ANOVA, and Tukey’s post hoc analysis was performed for multiple comparisons where 
+p<0.05 for male vs. female. Mean ± S.E.M.; N = 8-15/group. 
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TBI (ROS: F(2,50)=37.6, p<0.0001; phagocytosis: F(2,41)=11.5, p<0.0001), but no effect of sex 

(ROS: F(1,50)=0.003, p=0.9549; phagocytosis: F(1,41)=0.016, p=0.9008).  Functional analysis of 

ROS production in CD45hi cells demonstrated high ROS levels in peripherally-derived cells in the 

brain at 1 and 3 days post-injury, and peak ROS production in CD45hi cells was observed at 7 

days post-injury (p<0.001 for 1 dpi vs. 7 dpi; Fig 3.4E).  There was no sex difference in ROS 

production at any time point.  Finally, peripherally derived CD45hi cells were highly phagocytic 

after TBI, with increased phagocytic activity in infiltrating CD45hi cells at 1, 3 and 7 days post-

injury (p<0.05 for 1dpi vs 7dpi; Fig 3.4F).  There was no sex difference in CD45hi phagocytic 

activity at any time point.    
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3.4.5 Infiltrating peripheral myeloid cells are the primary producers of in-

flammatory cytokines and ROS, and have high phagocytic activity during acute 

brain injury  

Our flow cytometry analyses demonstrated that despite resident microglia and infiltrating 

myeloid cells releasing cytokines, producing high levels of ROS, and having enhanced phagocytic 

activity during the acute phase after TBI, the effect of sex on these functional outcome measures 

was minor.  To determine whether relative numbers of infiltrating myeloid cells with a pro-inflam-

matory and reactive phenotype could be responsible for a divergent neuroinflammatory response 

to TBI in males versus female mice, we compared expression levels of cytokines, ROS, and 

phagocytosis in microglia (CD45int) and infiltrating myeloid cells (CD45hi) at 1, 3 and 7 days post-

injury (Fig 3.5).  At 1 day post-injury, peripherally-derived CD45hi myeloid cells in the brain were 

producing 3-5 times more TNF-α and IL-1β compared to microglia (TNF-, IL-1: p<0.001 CD45hi 

vs. CD45int; Fig 3.6).  CD45hi cells also produced more NOX2 and ROS, and this was associated 

with increased phagocytic activity when compared to levels in resident CD45int microglia (NOX2, 

ROS, phagocytosis: p<0.001 CD45hi vs. CD45int).  Peripherally-derived CD45hi cells also pro-

duced higher levels of cytokines, NOX2/ROS, and had greater phagocytic activity than microglia 

at 3 and 7 days post-injury (All: p<0.001 CD45hi vs. CD45int).  Of note, while there were signifi-

cantly fewer CD45hi cells infiltrating the injured brain at 7 days post-injury (p<0.01 CD45hi 1dpi vs 

7 dpi; Fig 3.2B), those that did accumulate in the injured brain at 7 days produced >5 times more 

ROS than the resident CD45int microglia.  Therefore, given the sex differences in CD45hi myeloid 

cell infiltration at 1 day post-injury (Fig 3.2B), the influx of CD45hi myeloid cells with an increased 

pro-inflammatory and ROS phenotype may underlie the exaggerated neuroinflammatory re-

sponses in male compared to female mice acutely after TBI.  
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Figure 3.5 Infiltrating peripheral myeloid cells produce high levels of inflammatory cyto-
kines and ROS, and have high phagocytic activity following controlled cortical impact.  
Comparison of infiltrating myeloid cells (CD45hi) versus resident microglial (CD45int) levels of TNF-

, IL-1, TGF, NOX2, ROS, and phagocytosis at each post-injury time point.  Males and females 
MFI values for each marker are represented at each time point (1, 3, and 7 days post-injury) and 
are expressed as a relative CD45hi myeloid / CD45int microglia levels.  After TBI, infiltrating mye-
loid cells express higher levels of TNF-α, IL1β, TGFβ, NOX2 protein, produce more ROS and 
have greater phagocytic ability than resident microglia at each time point. Myeloid vs. microglia 
comparisons were analyzed at each individual timepoint by one-way ANOVA with Tukey’s post 
hoc analysis. N = 6-12/ group. 
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3.4.6 Female mice exhibit reduced motor coordination deficits acutely after 

TBI  

To correlate brain immune function with neurological recovery, Sham and CCI mice un-

derwent a battery of neurobehavioral tests to assess motor and cognitive function.  Assessment 

of motor coordination using an accelerating Rotarod test revealed TBI (F(3,114)=9.2, p<0.0001) 

and Sex (F(3,38)=10.2, p<0.0001) effects on motor function.  When compared to Sham levels, 

TBI mice spent significantly reduced time on the accelerating Rotarod on days 1, 2, and 3 post-

injury (p<0.01 – p<0.0001 vs Sham; Fig 3.6A).  Notably, female TBI mice performed significantly 

better than male TBI mice at 1 day post-injury and spent increased time on the Rotarod (p=0.038 

vs male TBI 1dpi).  Sex differences in acute motor performance were transient because male and 

female TBI mice had equal Rotarod latencies on days 2 and 3 post-injury.  We also assessed 

forelimb function using a Cylinder test on day 2 post-injury.  Statistical analysis revealed a TBI 

effect (F(1,31)=87.8, p<0.0001), but no sex effect (F(1,31)=0.0005, p=0.9818) in forelimb function 

(Fig 3.6B).  We also assessed locomotor activity in Sham and TBI mice at 6 days post-injury 

using an open field test. Statistical analysis revealed a sex effect in speed (F(1,35)=7.3, p=0.0104) 

and distance travelled (F(1,35)=7.6, p=0.0092) in the open field, but no TBI effects (speed: 

F(1,35)=1.1, p=0.3085; distance: F(1,35)=0.93, p=0.3423; Fig 3.6C).  We also tested hippocam-

pal-dependent spatial working memory in Sham and TBI mice using a Y-maze task on day 5 post-

injury. Statistical analysis revealed a TBI effect (F(1,33)=7.3, p=0.0108), but no sex effect 

(F(1,33)=0.001, p=0.9710; Fig 3.6D) in the Y-maze test.  Therefore, neurobehavioral testing 

demonstrated acute and transient improvements in motor coordination in female TBI compared 

to male TBI mice at day 1 post-injury, but equal performance between sexes in all other motor 

and cognitive tasks. 
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Figure 3.6 Acute neurobehavioral outcomes in adult male and female mice following con-
trolled cortical injury.  Sham and CCI male and female mice underwent neurobehavioral testing 
through 7 days post-injury.  (A) In the Rotarod test, TBI induced impairments in motor function in 
males and female mice through 3 days post-injury (*) compared to Sham mice.  At 1 day post-
injury female TBI mice had reduced motor function deficits compared to male TBI mice (+).  (B) 
In the cylinder test, both male and female TBI mice showed a significant preference for the ipsi-
lateral paw placement (***) compared to Sham mice, indicating a TBI induced impairments in 
forelimb function. However, deficits in forelimb function were independent of sex.  (C) In the open 
field test, Sham female mice had significantly increased average speed and travelled greater dis-
tances than Sham male mice (+).  There was no effect of TBI in each open field outcome 
measures.  (D) In the Y-maze test, there was a significant TBI effect resulting in decreased spon-
taneous alterations in male and female TBI mice (***) compared to Sham mice.  TBI-induced 
deficits in cognition were independent of sex. Sham and CCI male and female mice had equal 
numbers of total arm entries in this test.  Sex and injury effects were analyzed by two-way ANOVA, 
and Tukey’s post hoc analysis was performed for multiple comparisons where +p<0.05 for male 
vs female, *p<0.05 and ***p<0.01 for Sham vs. TBI. Mean ± S.E.M. N = 8-15/group. 
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3.5 Discussion 

To our knowledge, this is the first pre-clinical study to compare directly the effect of TBI 

on peripheral myeloid cell versus resident microglial responses in age-matched, sexually mature 

male and female adult mice.  Using advanced flow cytometry and neurobehavioral testing, we 

have demonstrated that female mice had significant, albeit transient, improvements in acute neu-

rological function after TBI, which were associated with significantly reduced peripheral myeloid 

cell infiltration into the injured brain at 1 day post-injury and reduced microglial activation at 3 days 

post-injury. Thus, our flow cytometry analysis confirms prior histological studies that demonstrated 

sexually dimorphic neuroinflammatory responses acutely after TBI, with injured male mice dis-

playing faster and more pronounced microglial/macrophage activation responses following mod-

erate-severe CCI compared to female mice.100  Although sex differences in myeloid cell infiltration 

and microglial activation after TBI were short-lived, our study also demonstrated basal sex differ-

ences in microglial function such that male microglia had increased ROS production and greater 

phagocytic activity, whereas female microglia exhibited an increased ability to produce pro-in-

flammatory cytokines (TNF-α, IL-1β).  Despite the observed baseline differences, we did not de-

tect major sex differences in microglial functional responses, including pro- and anti-inflammatory 

cytokine production, ROS release, or phagocytic activity at any time point after TBI.  However, 

when we assessed myeloid cell infiltration dynamics following TBI significantly more peripheral 

immune cells trafficked to the injured brain of male versus female mice.  Notably, myeloid cells 

that infiltrated the brain expressed higher levels of pro-inflammatory cytokines, produced more 

ROS/NOX2, and had greater phagocytic activity than resident microglia at each time point.   

The majority of prior experimental studies that investigated neuroinflammatory responses 

following TBI have used histological approaches that do not adequately discriminate between 

resident microglia and infiltrating myeloid cells in the brain because commonly used antibodies 

recognize antigens that are expressed on both resident (microglia) and infiltrating myeloid cells 

(e.g. Iba1).  Similar to our study, these histological studies demonstrated sexual dimorphism in 
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neuroinflammatory responses during the acute period post-injury (4-72 hours), with both sexes 

reaching similar levels of glial activation by 3 days post-injury.100 Flow cytometry overcomes these 

limitations and can provide multi-dimensional phenotypic and functional assessments in resident 

(microglia) versus infiltrating immune cells (myeloid cells and lymphocytes), 33,185 thereby provid-

ing cell-specific functional readouts of neuroinflammation after TBI.  In resident CNS myeloid cells 

(CD11b+/CD45int microglia), we demonstrated that microglial phagocytic activity and ROS pro-

duction were robustly increased following TBI and remained elevated through 3 days post-injury.  

Pro-inflammatory cytokines TNF-α and IL-1β were also increased in microglia within 1 day of TBI, 

and remained elevated through 7 days post-injury.  In addition, levels of NOX2, the enzyme com-

plex responsible for ROS production in phagocytes, were significantly increased in microglia at 3 

and 7 days post-injury. In comparison to pro-inflammatory cytokine levels, baseline levels of mi-

croglial anti-inflammatory TGFβ were reduced, but following TBI there was a significant increase 

in TGF and 1 and 3 days post-injury.  However, there were minimal sex differences in microglial 

functional responses following TBI.  Statistical analysis showed a significant sex effect for micro-

glial IL-1 and TGF only, with IL-1 levels elevated in female microglia at each post-injury time 

point, and TGF levels significantly reduced in female microglia at 1 day post-injury.  These data 

are consistent with fluorescent in situ hybridization analysis, which identified similar sex differ-

ences in IL-1 and TGF mRNA in microglia/macrophages in the injured cortex at 4 and 24 hours 

post-injury. 100  

Rapid infiltration of peripheral immune cells, including myeloid and lymphocyte subsets, 

play a critical role in the brain’s inflammatory response to TBI.18,27,187  Moreover, inhibition of 

chemokine signaling, such as the CCL2/CCR2 signaling axis, reduces peripheral immune cell 

infiltration, attenuates secondary neuroinflammation and improves long-term cognitive function 

recovery after TBI.27,28,186,188–190  Recent studies from the experimental stroke field implicate pe-

ripherally-derived immune cells in sex differences for infarct volume, neuronal cell death and 
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secondary neuroinflammation.95,107  For example, adult female mice exhibited a decrease in infil-

trating and activated monocytes/microglia in the ischemic brain after transient focal cerebral is-

chemia compared to males.108 Furthermore, splenectomy prior to MCAO eliminated sex differ-

ences in infarct volume and activated brain monocytes/microglia.191  In our TBI model, we also 

observed a rapid activation and infiltration of peripherally-derived myeloid cells in the injured brain 

of male, but not female mice.  There was an early and robust CD45hi myeloid cell infiltration in 

male compared to female mice at 1 day after TBI, and a non-significant sex difference in infiltration 

at 3 days post-injury.  The acute infiltration response in male mice preceded an exaggerated 

microglial response at 3 days post-injury that was not seen in females.  However, by 7 days post-

injury, the levels of peripheral myeloid cell infiltration and microglial activation had equalized be-

tween male and female TBI mice.  The described peripheral immune cell infiltration dynamics 

corroborate prior histological studies, which used F4/80 as a marker of peripherally-derived mac-

rophages and showed significantly increased infiltration of F4/80+ macrophages in the cortex of 

male TBI mice at 1 and 3 days post-injury when compared to female TBI mice.100  Moreover, 

reduced influx of peripheral F4/80+ macrophages in females was associated with reduced neu-

ronal cell death and lesion volume acutely after TBI compared to male mice.100  Here we did not 

observe major sex differences in infiltrating myeloid cell function at any time point, except for 

myeloid TNF-, which was significantly elevated in females compared to males at 1 day post-

injury. However, despite not observing sex differences in myeloid cell function, we detected an 

increased number of infiltrating myeloid cells in the male brain as compared to the female brain 

at 1 day post-injury.  It follows that because there are more active cells infiltrating the brain glob-

ally, there would be a more pro-inflammatory milieu in the injured brains of males compared to 

females 1 day post-injury.  Moreover, the peripheral myeloid cells that trafficked to the injured 

brain were highly reactive and the strongest producers of pro-inflammatory and neurotoxic medi-

ators.  When compared to levels in resident microglia, the peripheral cells produced very high 

levels of ROS/NOX2, pro-inflammatory cytokines, TNF- and IL-1β, and had elevated phagocytic 
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activity at all timepoints analyzed.  Even though infiltrating myeloid cell numbers are greatly re-

duced by 7 days post-injury, those cells that remain are highly reactive and pro-inflammatory.  

Therefore, our data indicates that peripheral immune cells harbored late within the TBI brain may 

have an impact on injury resolution and neurological recovery, perhaps by propagating enhanced 

and sustained microglial activation after TBI that lasts for weeks and months post-injury. 17  

In neurobehavioral testing, we identified sex differences in locomotor function acutely after 

TBI using a Rotarod test.  Male CCI mice had significantly worse Rotarod performance at 1 day 

post-injury compared to female CCI mice, but at later time points there were no differences in 

locomotor function between males and females.  Sex differences in the number of peripheral 

myeloid cells infiltrating into the brain 1 day post-injury, coupled with an early microglial response, 

may explain the sexually dimorphic responses in acute locomotor function following moderate-

severe TBI.  Several prior studies also report significantly worse locomotor measures after TBI in 

male rodents compared to females,102,167,174,181,192 while others report no sex differences.99,193  In 

tests of cognitive and anxiety-like function, male and female CCI mice showed similar TBI impair-

ments during the acute phase response 1 day through 7 days post-injury, as previously reported. 

99,167,174,194  Overall, our neurobehavioral results are similar to what has previously been reported, 

99,194 where sex differences are present acutely after TBI, but are lost at later time points.  This 

suggests that although there may be acute differences in immune cell infiltration and microglial 

activation in males versus females following severe TBI, the neuroinflammatory response equili-

brates at later time points such that males and females have equal levels of secondary neuroin-

flammation, neuronal cell death, lesion expansion, and long-term neurological impairments in the 

weeks and months post-injury.99,100,194 

Although the present study highlights important differences between male and female 

neuroinflammatory dynamics and functional outcomes following TBI, there are several caveats to 

note.  First, this study did not distinguish between neutrophils and monocytes when analyzing 

CD45hiCD11b+ infiltrating myeloid cells in the brain.  While these two cell types perform different 
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functions after entering the brain,195,196 we found that monocytes greatly outnumbered neutrophils 

in the injured brain (4:1), and there were no sex differences in the frequencies of neutrophils to 

monocytes infiltrating in the brain (Supplemental Figure 2).  The majority of neutrophils were 

detected at 1 day post-injury and represented ~20% of total infiltrating myeloid cells at this time 

point, whereas only ~5% neutrophils trafficked to the injured brain at 3 days post-injury.  Secondly, 

we chose to use gonadally intact female mice in our study in order to get a better understanding 

of sex differences in microglial function and secondary neuroinflammatory responses at baseline 

and during the acute post-traumatic period.  Clinical data is currently conflicted as to whether 

there is a role for ovarian sex hormones in the setting of TBI because age, TBI heterogeneity and 

severity, are all major confounders in clinical studies.197  Analysis of 17β-estradiol levels in the 

blood were similar in all female mice tested and across all time points, indicating that all females 

were in proestrous stage and that estrogen levels did not change with injury (Table 3.1).  As 

predicted, 17β-estradiol levels were elevated in females compared to males, suggesting that es-

trogen may be related to the observed sex differences in our studies.  Female sex steroids have 

been extensively studied in pre-clinical TBI models, and exogenous administration of estrogen 

have documented neuroprotective effects.117,198 In fact, there is evidence from pig TBI and rat 

repeated mild TBI models that phases of the estrous cycle can impact female neurological out-

comes.167,174,199  Regarding neuroinflammatory responses an early study reported that neither sex 

nor estrogen manipulation by ovariectomy surgery affected microglial activation in the hippocam-

pus after moderate-severe TBI,98 however, more recent studies demonstrated significant sex dif-

ferences in microglial and astrocyte activation during acute phase responses after moderate-se-

vere TBI;100,101,119 effects that can be reversed by ovariectomy surgery.101,120  These recent studies 

support our findings and indicate that endogenous female sex steroids can regulate the neuroin-

flammatory response to TBI leading to acute neuroprotection in female animals.  In our study, we 

also chose to use age-matched male and female C57BL/6 mice with identical injury parameters 

including impact velocity and depth of CCI, despite a ~5 g difference in body weight.  
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Conventionally, the thinking is that a smaller body weight with a similar injury would cause more 

harm.200–202 Notably, we demonstrated that injured female mice did not have worse neurological 

outcomes or post-traumatic neuroinflammatory responses, but rather, showed acute neuropro-

tection associated with reduced immune cell infiltration and microglial activation, despite having 

lower body mass.  

In summary, we demonstrated that at baseline, male and female microglia have different 

functional activation states during homeostasis, such as differences in cell morphology, cytokine 

and ROS production, and phagocytosis.  Following moderate-severe TBI, we observed minimal 

sex differences in microglial functional responses. However, male mice had significantly in-

creased numbers of infiltrating peripheral immune cells within the brain as compared to females 

at 1 day post-injury that preceded exaggerated microglial activation at 3 days post-injury; acute 

neuroinflammatory changes correlated with poorer motor function recovery acutely after TBI.  Im-

portantly, infiltrating myeloid cells produced higher levels of pro-inflammatory cytokines and 

NOX2/ROS as compared to resident microglia following TBI, indicating that peripherally derived 

immune cells dictate sex-dependent post-traumatic neuroinflammatory responses that impair 

neurological outcomes acutely after TBI. 
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Supplementary Figure 1. Flow cytometry gating strategy for peripherally derived infiltrat-
ing myeloid cells and resident microglia following TBI.  Mononuclear cells from brain were 
stained with ZombieAqua Live-Dead stain, CD45-eF450, and CD11b APC-eF780.  Leukocytes 
were identified based on side scatter (SSC) and forward scatter (FSC), and then gated on a FSC-
width (FSC-W) and FSC-height (FSC-H) for single cells.  Dead cells were identified by gating on 
the FSC-H and ZombieAqua negative gate, and cells that did not retain the ZombieAqua dye were 
considered viable. Viable singlet leukocytes were identified as resident microglia 
(CD11b+CD45int) or infiltrating myeloid cells (CD11b+CD45hi) based on CD45 gating, and then 
further analyzed using phenotypic and functional markers.  Infiltrating myeloid cells were further 
subdivided into neutrophils (Ly6G+Ly6C+) and monocytes (Ly6G-Ly6C+).  Less than ~20% of 
total infiltrating myeloid cells are neutrophils in the brain 1 day post-injury which is reduced to ~5% 
neutrophils in the brain at 3 days post-injury, with no sex difference in monocyte and neutrophil 
frequencies (data not shown). 
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Supplemental Figure 2: Neutrophils and Monocytes in the brain at 1 and 3 days 

post-injury. Representative dot plots of Ly6C+Ly6G+ neutrophils compared to 

Ly6C+Ly6G-monocytes in the brain following TBI in males and females at 24 hours and 

72 hours post-injury. Cells were gated on leukocytes/singlets/living/ CD45hiCD11b+ (in-

filtrating myeloid) population identified in the supplementary figure in the original manu-

script. The accompanying graph depicts the percentage of monocytes and neutrophils 

in the brain at 1 day and 3 days post injury in males and females. 
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Chapter 4 
Sex differences in TBI and subsequent Streptococcus pneumoniae III 

lung infection 

4.1 Introduction 

Severe TBI patients have a hospital infection rate of 50%, significantly higher than seen 

in stroke, polytrauma, and burn patients.22,135 Acute-onset pneumonia represents 30-50% of in-

fections in severe TBI patients and is major contributor to post-TBI complications135, leading to 

longer intensive care unit (ICU) stays, with increased deaths and disability.136–138 Pathogenic 

causes of pneumonia following TBI include: Staphylococcus aureus, Pseudomonas aeruginosa, 

Enterobacteriaceae, Haemophilus influenzae and Streptococcus pneumoniae.138,168  

Streptococcus pneumoniae (Sp) is a common Gram positive bacterial infection that affects 

men significantly more than women.145 Males infected with Sp have more activated lung macro-

phages than females,203 producing increased IL-6, IL-1β, and growth factors/activators to recruit 

neutrophils and monocytes following lung infection.147 However, experimental models of Sp infec-

tion have shown that female lung macrophages are more effective at phagocytosing and killing 

Sp than male macrophages.146–148 Studies have also shown that administration of exogenous 17β-

estradiol (E2) to male mice at time of Sp infection results in protection against Sp-pneumonia.146 

Alterations in monocyte/macrophage function and skewing of monocytes towards an anti-

inflammatory phenotype have been seen in patient blood cells following TBI.46,204 Similar to clinical 

findings22,44,73,205, our laboratory has shown that following moderate-to-severe TBI in adult male 

mice there is widespread immunosuppression of monocytes that can last for several months after 

the initial trauma49. In the blood after experimental TBI, monocytes produce less TNF-α and IL-1β 

than Sham-injury controls, suggesting TBI-induced immunosuppression. Yet, little is known about 

the mechanism by which this occurs and whether the presence of immunosuppressed monocytes 

has any clinical implications for the incidence of pneumonia.  
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Notably, TBI survivors are 2.5-times more likely to die than the general population,5 13.5-

times more likely to die from respiratory failure, and 10-times more likely to die from sepsis than 

age-matched controls.6–8 Our laboratory has shown that there are alterations in circulating mon-

ocyte function at 60-days post-injury, resulting in overproduction of ROS and pro-inflammatory 

cytokines when stimulated with PMA.49 However, chronic alterations in monocyte function have 

not been demonstrated in clinical studies, most probably because TBI patients are not typically 

followed long-term after they leave the hospital setting. TBI is now considered a chronic health 

condition, and there may be underlying pathophysiology mechanisms that increase patient’s risk 

of secondary complications and co-morbidities after the initial brain trauma5 Our laboratory has 

hypothesized that chronic TBI may result in a maladaptive systemic immune responses, such that 

when the immune system is challenged following the initial traumatic event, there is an overacti-

vation of innate immune cells leading to an overproduction of ROS and pro-inflammatory cyto-

kines that could potentially cause the host more damage than the initial immune insult. These 

TBI-induced immune changes may be caused by epigenetic changes in innate immune cells or 

programmed innate immunity memory,206,207 resulting in an overactivation of the cells when they 

reactivate. 

Estrogen signaling has been shown to have dramatic effects on macrophage function. At 

endogenous levels, estrogen can prime a more pro-inflammatory macrophage phenotype. Briefly, 

ERs bind free estrogen that diffuses through the cell.116 At physiologic levels of estrogen in fe-

males, ligand-bound ER translocates to the nucleus and induces transcription of genes, affecting 

macrophage function by increasing TLR4 expression and transcription of IL-6 and IL-1β.109,110 At 

higher levels of estrogen, a tolerizing effect has been observed; where estrogen inhibits a pro-

inflammatory macrophage response, reducing IL-6, IL-1β, and TNF-α production.208  

Men have almost double the chance of acquiring pneumonia following TBI than women,209 

and even without TBI, males have increased susceptibility to pneumonia compared to females.145 

Recent experimental TBI studies without infection revealed that female mice have better 
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neurological acute outcomes than males100 and that these effects are mediated, in part, by estro-

gen.101 Clinical studies have shown that being male is a risk factor for infection after TBI209.  How-

ever, there is a gap in our current knowledge as to whether sex differences in infection suscepti-

bility contributes to overall outcome after TBI and whether increased susceptibility to infection is 

sustained long-term following TBI. 

In the present study, we examined the effect of sex on the susceptibility to Sp infection 

following brain injury. Using an intranasal Sp infection model administered at 3- and 60-days post-

TBI, we investigated whether sex differences affect TBI outcome in lung and brain at acute and 

chronic time points. The central hypothesis to be tested is that myeloid functional responses at 

both 3 and 60 days post-injury are sexually dimorphic, resulting in differential brain inflammation 

and secondary lung infection responses in males versus. females.  
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4.2 Methods (Abridged: refer to Chapter 2 for more complete methods) 

Protocol 1: Investigation of sex differences in susceptibility to Streptococcus pneumoniae 

(Sp) infection 3 days following brain injury 

Mice were treated as shown in Figure 4.1. Briefly, 12-week old male (27-31g) and female 

(18-22g) C57BL/6J mice from Jackson Laboratory were randomly assigned to groups: 1-4 (Sham, 

Sham+Sp, TBI, TBI+Sp) (n=5-10/group) and were subjected to Sham surgery or CCI at day 0 

(D0). On day 2 (D2), mice were tested on the Cylinder test to verify that all animals received 

similar injuries. Grip strength was also assessed at D2 for an uninfected baseline. On D3, mice 

were infected intranasally with ~1500 CFU of Sp or administered an equal volume (50 µl) of sterile 

PBS. Animals were monitored for weight loss and mortality. On D6, animals were tested on the 

Cylinder and Grip strength tasks to evaluate the effects of infection. On D10 after brain injury, 

surviving mice were euthanized. Plasma was collected for further cytokine analysis by ELISA. 

Lung lobes, brain cortex and hippocampus pieces were resected for qRT-PCR and immunoblot 

analysis.    
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Figure 4.1 Schematic for Protocol 1:  3-days post-injury Sp infection. Twelve-week old mice 

were subjected to CCI or Sham surgeries at day 0 (D0) (n=5-10/group). At D3, mice were intrana-

sally infected with 50 µl of Streptococcus pneumoniae (~1500 CFU) or sterile PBS. Mice were 

tested on D2 and D6 on the Cylinder and Grip Strength tasks to evaluate the behavioral effects 

of infection on CCI and Sham mice. At D10, mice were euthanized, plasma was collected, and 

pieces of the cortex, hippocampus, and lungs were resected for qRT-PCR, immunoblot analysis, 

16S rRNA PCR, and lung histology.   
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Protocol 2: Investigation of sex differences in susceptibility to Sp infection 60 days follow-

ing brain injury 

As described for Protocol 1, 12-week old C57BL/6J male (27-31g) and female (18-22g) 

mice from Jackson Laboratory were randomly assigned to a group: 1-4 (Sham, Sham+Sp, TBI, 

TBI+Sp) (n=5-10/group) and were then subjected to CCI or Sham surgery at D0. However, as 

seen in Figure 4.2, these animals were allowed to recover for 60 days prior to infection. At D59, 

mice were tested on the Cylinder and Grip strength tasks to assess uninfected baseline. At D60, 

mice were infected intranasally with ~1500 CFU of Sp or administered an equal volume (50 µl) of 

sterile PBS. Animals were monitored for weight loss and mortality. On D63, mice were tested on 

the Cylinder test and Grip Strength tasks to evaluate the effects of infection. At D67, the remaining 

mice were euthanized and plasma was collected. Lung lobes, cortex, and hippocampus pieces 

were taken for future qRT-PCR and immunoblot.   
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Figure 4.2 Schematic for Protocol 2: 60-days post-injury Sp infection. Twelve-week old mice 

were subjected to CCI or Sham surgeries at day 0 (D0) (n=5-10/group). At D60, mice were in-

tranasally infected with 50 µl of Streptococcus pneumoniae (~1500 CFU) or sterile PBS. Mice 

were tested on D59 and D63 on the Cylinder and Grip Strength tasks to evaluate the behavioral 

effects of infection on CCI and Sham mice. At D67, mice were euthanized, plasma was collected, 

and pieces of the cortex, hippocampus, and lungs were taken for qRT-PCR, immunoblot analysis, 

16S rRNA PCR, and lung histology.   
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4.3 Results  

 4.3.1 Sham and TBI females have increased mortality with Sp infection 

compared to males 3 days post-surgery 

 Male and female mice were subjected to Sham or TBI surgery on D0, then on D3 mice 

were either Sp-infected or administered vehicle (PBS) mice were assessed for mortality and 

tested on cylinder test and grip strength. TBI and Sham females administered ~1500 CFU Sp 

(Female TBI+Sp and Female Sham+Sp) demonstrated ~50-60% mortality with no statistical dif-

ference between survival curves (p>0.05) (Fig 4.3) (Mantel-Cox). However, 25-30% of Sp-in-

fected male TBI (Male TBI+Sp) mice administered the same dose of Sp died (Fig 4.3). Im-

portantly, none of the Sp-infected male Shams (Male Sham+Sp) died (Fig 4.3). However, the 

Male TBI+Sp versus. Male Sham+Sp survival curves were not statistically significant from each 

other (p<0.1, Mantel-Cox). On the Cylinder test, only one Female TBI+Sp and two Female 

Sham+Sp performed the task as these groups were extremely sick at the time of testing. If mice 

are unable to complete the Cylinder test, they are automatically excluded from the Grip strength 

task. Thus, comparisons between male and female groups were not possible. However, compar-

isons between the male groups (TBI vs. TBI+Sp) were performed.  At D2 post-injury, male TBI 

mice (TBI and TBI+Sp) exhibited a left paw preference index of 0.5 on the Cylinder task (p>0.05). 

Following infection, TBI+Sp mice had a significantly higher paw preference of ~ 0.4 as compared 

to TBI only mice that demonstrated a paw preference index of 0.2 (Fig 4.4A) (p<0.05). On the 

grip strength test (4.4B) TBI+Sp mice following infection demonstrated a decrease in grip strength 

per gram of body weight (BW) compared to TBI mice alone (p<0.05). These effects seen in the 

infected TBI group were later replicated and reproduced for publication in Chapter 5. 
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Figure 4.3 Females, regardless of TBI or Sham surgery, show greater mortality than males 
when infected with ~1500 CFU Sp 3 days post-injury. Female TBI+Sp mice and Female 
Sham+Sp mice showed a mortality of 50-60% following Sp infection with no significant difference 
in mortality by Mantel-Cox analysis. However, Male TBI+Sp mice demonstrated a mortality of 25-
30%, whereas Male Sham+Sp mice exhibited no deaths, resulting in a trend (p<0.1) towards 
different mortality curves (Mantel-Cox). This sex difference in mortality was the reverse of that 
reported in the literature, where females were shown to do better and exhibit less mortality than 
males.146 While not significant, Male TBI+Sp mice exhibited a trend toward greater mortality than 
Male Sham+Sp mice. N=5-10/group. 
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Figure 4.4 In Male TBI+Sp mice, deficits in neurological recovery as measured by Cylinder 
test and motor outcomes as assessed by grip strength is worsened. 4.5A At D2 prior to 
infection, TBI mice show a significant left paw preference as compared to Sham animals. At D6 
after infection, mice subjected to TBI only show a recovery to 0.2 index of paw preference; How-
ever, TBI+Sp mice show a preference index of ~0.4 (*p<0.05). On grip strength (4.5B) following 
infection, TBI+Sp mice show a significant reduction in grip strength as compared to TBI only mice 
(*p<0.05). Infection and injury effects were analyzed by Repeated Measures two-way ANOVA, 
and Tukey’s post hoc analysis was performed for multiple comparisons where *p<0.05 TBI vs. 
TBI+Sp. Mean ± S.E.M. N = 5-10/group. 
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4.3.3 With infection at 60 days post-TBI, males and females demonstrate in-

creased mortality compared to Shams; however, females still have higher overall 

mortality.  

Male TBI mice subjected to Sp infection 60 days after TBI, demonstrated ~50% mortality, 

while Male Sham+Sp were significantly less susceptible, with 25% mortality (Fig 4.5) (p<0.05, 

Mantel-Cox). As seen in Figure 4.4, Sp-infected female mice showed greater mortality than males 

regardless of surgical condition. Female TBI+Sp exhibited a mortality of 66%, while female 

Sham+Sp exhibited 55% mortality (Fig. 4.5) (p<0.1, Mantel-Cox). Unfortunately, of the surviving 

females, only one TBI+Sp mouse was able to complete the cylinder task, so comparisons be-

tween male and female groups on Cylinder test and Grip Strength tasks could not be performed. 

However, male TBI mice exhibited a 0.2 left paw preference ratio at D59 prior to infection. With 

infection at D63, TBI+Sp mice exhibited a left paw preference ratio of 0.4 while TBI only mice 

remained at a 0.2 ratio for paw preference, with a trend towards significance (Fig 4.6A) (p<0.1). 

On the Grip strength task, on D63 after infection, TBI mice demonstrated a significant reduction 

in grip strength compared to TBI only mice (Fig 4.6B) (p<0.05). These results were later repeated 

and reproduced for publication in Chapter 5.  

  



94 
 

     

Figure 4.5 Mice infected 60-days post-TBI show increased mortality compared to age-
matched Sham-operated mice. Infected male TBI (Male TBI+Sp) and infected female TBI mice 
(Female TBI+Sp) exhibit 50% and 75% mortality, respectively, whereas infected male Sham 
(Male Sham+Sp) and infected female Sham (Female Sham+Sp) mice exhibit 25% and 55% mor-
tality, respectively. Male TBI+Sp had a significantly different mortality curve than Male Sham+Sp 
(p<0.05) while the mortality curve of Female TBI+Sp trended towards significance when com-
pared to Female Sham+Sp (p<0.1) Mantel-Cox, N=5-10/group. 
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Figure 4.6 Male TBI+Sp mice show a significant loss of grip strength after infection com-

pared to TBI alone. Fig 4.8A showed that at D59, before infection, TBI mice show a paw prefer-

ence to the left paw of 0.2 compared to Sham animals. At D63 after infection, TBI only mice show 

a recovery to 0.2 index of paw preference; however, TBI+Sp mice show a preference index of 

~0.35-0.4, suggesting that infection may prolong TBI recovery (#p<0.1). On grip strength (4.8B) 

following infection, TBI+Sp mice show a significant reduction in grip strength as compared to TBI 

only mice (*p<0.05). Infection and injury effects were analyzed by Repeated Measures two-way 

ANOVA, and Tukey’s post hoc analysis was performed for multiple comparisons where #p<0.1, 

*p<0.05 TBI vs. TBI+Sp. Mean ± S.E.M. N = 5-10/group. 
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4.4 Discussion 

 In response to clinical traumatic brain injury, it has been widely debated as to whether 

males or females have better outcomes.87–94 Injury severity (concussion/mild vs. severe), age of 

TBI onset (pediatric, pre- vs. post-menopause, geriatric), and co-morbidities can influence brain 

injury outcomes in a sex-dependent manner.95  Recent experimental TBI studies have shown that 

females have better neurological outcomes on behavioral tasks associated with differences in 

microglial and monocyte cellular response.30,99,100 There is also some evidence supporting that 

these sex differences in TBI are mediated in part by circulating estrogen or 17β-estradiol.101,167  

Not only have sex differences been shown to play a role in brain injury, but also, they have 

been shown to be important in the monocyte/macrophage response to inflammation.210,211 Spe-

cifically, lung resident immune cells can exhibit robust sex differences, as female macrophages 

have been shown to be more effective in Sp killing compared to male macrophages.146 Male mice 

infected with Sp produce high levels of CCL2, and granulocyte and myeloid colony stimulating 

factors (G-CSF, M-CSF) within the lung, resulting in a robust recruitment of circulating monocytes 

and neutrophils that is observed to a significantly lesser extent in female mice.146,147  

 Clinically, severe TBI patients, those that typically are moved into the ICU, have an infec-

tion rate of 50%,168 usually resulting in acute-onset pneumonia, often caused by Streptococcus 

pneumoniae.132 Following TBI,  men are more likely to get an infection than women.209 Non-injured 

women infected with Sp are more likely to clear the infection without complications and are less 

likely to die from infection.145,147 This study sought to examine the effect of biological sex on the 

susceptibility to infection post-TBI. The hypothesis we sought to test was whether females have 

better outcomes following TBI and Sp infection at acute (3 day) and/or chronic (60 day) time points 

post-injury. However, our data fail to support this hypothesis. 

 In the acute injury paradigm, age-matched males and females were subjected to TBI and 

then administered ~1500 CFU Sp and females 3 days after TBI exhibited a mortality of 50% 
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regardless of surgical condition. Therefore, there was no effect of brain-injury on female suscep-

tibility to Sp infection when infected at 3 days post-injury. However, 25-30% male TBI mice in-

fected with Sp died compared to Sham operated, Sp-infected male mice. While this mortality 

difference was not found to be significantly different, the trend suggests that in males, there may 

be an effect of TBI on susceptibility to Sp infection. 

In other studies, it has been reported that non-injured female mice have better survival 

than non-injured male mice with intranasal Sp infection.146,147 However, the latter study exhibiting 

sex differences in Sp infection used 8-week-old males and females of similar weight. Since in our 

experiment the female mice were smaller than the male mice (18-22g vs. 27-31g), we hypothe-

sized that our differences from the literature might be attributable to female mice having a higher 

bacterial burden relative to total body weight, thereby leading to increased mortality. Thus, the 

first protocol was repeated with weight-matched males and females. Unfortunately, these mice 

were inoculated with a dose (~1000 CFU) of Sp that failed to kill any of the mice, regardless of 

their injury state (data not shown). In studies carried out by our colleague, Dr. Kari Ann Shirey 

(UMSOM), 6-week-old male and female C57BL/6J mice (14-16 g) exhibit comparable suscepti-

bility to infection with ~1500 CFU of this identical strain of Sp, resulting in ~50% mortality in mul-

tiple experiments. Thus, future studies will be required to delineate whether the observed differ-

ences are due to discrepancies in body weight at 12-weeks of age or inherent sex differences in 

response to TBI and subsequent lung infection.   

In the experiment in which mice were subjected to TBI 60 days prior to infection, males 

and females demonstrated similar mortality. Male TBI mice showed increased mortality compared 

to infected male Sham mice where Male TBI+Sp mortality was significantly different than Male 

Sham+Sp. However, females again had higher rates of overall mortality than males. The sex 

differences in mortality, again, may be due to differences in body weight and contradicts the ex-

perimental and clinical literature.146,147,212 Because the animals must recover from brain injury for 



98 
 

60 days before infection to develop a “chronic” post-TBI state, I was unable to repeat this experi-

ment with a weight-matched cohort. Importantly, in both males and females, prior TBI increased 

susceptibility to infection with Sp.  

The results from this study support the conclusion that in males there is an effect of brain 

injury at 3 and 60 days post-injury on poor outcome with subsequent lung infection. However, the 

effect of infection on brain-injured females remains unclear, as the consequences of infection are 

possibly confounded by a substantial difference in body weight between male and female mice. 

Because the females in our study exhibited a significantly higher mortality than males, resulting 

in only two or three surviving animals in the infected groups, behavioral comparisons as well as 

molecular analyses could not be performed. Since more males survived, behavior and molecular 

analyses (Chapter 5) could be performed. Unfortunately, due to difficulties with the proper con-

trols, this study was unable to compare TBI males and females with subsequent infection ade-

quately. Nonetheless, our findings in the male TBI mice support further investigation into immune 

cell changes at 3 and 60 days post-TBI and how this relates to susceptibility to lung infection.  
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Chapter 5: 
Traumatic brain injury-induced immunosuppression inhibits mono-

cyte response and increases mortality to Streptococcus pneumoniae 

lung infection 

5.1 Abstract 

Acute-onset pneumonia represents 30-50% of nosocomial infections in severe traumatic brain 

injury (TBI) patients and is a major contributor to morbidity and mortality. Even years following 

brain injury, TBI survivors have an increased risk of dying from infection than the general public. 

Previously, we demonstrated that TBI dramatically altered systemic immune function, which may 

increase vulnerability to respiratory infections during critical periods of recovery. Here, we set out 

to investigate bidirectional innate immune responses between the injured brain and lung using a 

controlled cortical impact (CCI) model in mice with secondary Streptococcus pneumoniae III (Sp) 

infection. Cohorts of adult C57BL/6 male mice received Sham surgery or severe-moderate-level 

CCI, and were infected intranasally with ~1500 CFU of Sp or vehicle starting at 3-, or 60- days 

post-injury (dpi), to model acute and chronic brain-lung interactions, respectively. At 3 dpi, infected 

TBI (TBI+Sp) mice showed 25% mortality compared to 0% mortality in infected Sham (Sham+Sp) 

mice, whereas at 60 dpi TBI+Sp mice exhibited 60% mortality compared to 0-5% mortality in 

Sham+Sp mice. In both cohorts, TBI+Sp mice had poorer neurological outcomes compared to 

uninfected TBI mice (TBI+PBS). Flow cytometry analysis of lung tissue at 3 dpi demonstrated that 

Ly6C+ monocytes from TBI+Sp mice had deficits in TNFα and IL-1β production when compared 

to Sham+Sp mice, whereas at 60 dpi Ly6C+ monocytes from TBI+Sp produced significantly 

higher levels of IL-1β and ROS compared to Sham+Sp mice. In the ipsilateral cortex, there was 

a significant increase in expression of pro-inflammatory markers (IL-1β, TNFα, NOX2) in TBI+Sp 

mice compared to TBI+PBS mice at both acute and chronic time points, indicating exacerbated 

neuroinflammation with infection.  In the lung, Sp bacterial burden and lung pathology were in-

creased in TBI+Sp mice compared to Sham+Sp. Analysis of alternative macrophage markers 
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(Arginase-1, Ym1, Fizz1, CD206) were significantly increased in the lung of TBI+Sp mice com-

pared to Sham+Sp mice. Furthermore, serum HMGB1 and expression of inflammasome compo-

nents (ASC, AIM2 and cleaved caspase-1) in lung were significantly increased in TBI+Sp mice 

as compared to TBI+PBS or Sham+Sp mice. Thus, severe TBI causes monocyte dysfunctions 

that may underlie the host’s increases susceptibility to respiratory infections. Moreover, chroni-

cally injured mice are more susceptible to infection and exhibit greater mortality than Sham-in-

fected mice. Together, these data suggest that respiratory infections long after a TBI may be 

deadlier than is currently appreciated.   
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5.2 Introduction 

Traumatic brain injury (TBI) occurs in 1.7 million patients annually and is the leading cause 

of morbidity and mortality for people under 45 years of age86. A major risk factor for poorer out-

come after severe TBI is nosocomial infection. Severe TBI patients have a hospital infection rate 

of 50%, significantly higher than seen in stroke, polytrauma, and burn patients22,135. Acute-onset 

pneumonia represents 30-50% of infections in severe TBI patients and is a major contributor to 

post-TBI complications135, leading to longer intensive care unit (ICU) stays, with increased deaths 

and disability136,137.138. Long-term outcome studies determined that 5-20 years after brain trauma, 

survivors are 2.3 - 4.3 times more likely to die than the general population, regardless of the 

severity of injury, and exhibited increased risk of death due to pneumonia and sepsis.4,5 TBI pa-

tients have also been shown to exhibit increased inflammasome ASC (adaptor protein apoptosis-

associated speck-like protein containing CARD) and high mobility group box 1 (HMGB1) in serum 

and plasma, respectively, within hours of severe head trauma.63,78,134 Mechanistically, experi-

mental studies indicate that lung injury after moderate-severe TBI is caused, in part, by absent in 

melanoma 2 (AIM2) inflammasome activation and HMGB1 release from damaged BBB endothe-

lial cells and subsequent TLR/RAGE signaling in the lung.79,82,84,129,213  

Clinical studies demonstrate that there is marked cellular immunosuppression after brain 

injury and trauma,22,45,46 resulting in alterations in monocyte gene expression and increased sus-

ceptibility to sepsis.214,215 Experimental TBI studies have revealed similar immune dysfunctions, 

such as less monocytic TNF-α and IL-1β cytokine production.33,49,216 Changes in systemic immune 

function and within the lung environment may allow for opportunistic infections to develop in TBI 

patients. Although some studies have identified deficits in monocyte function acutely after TBI, 

45,46 the clinical implications of a dysfunctional systemic immune state are unclear, and it is un-

known whether monocyte impairments are long-lasting. 
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Recently, our laboratory reported that monocytes are over-reactive at 60 days post-TBI, 

producing high levels of IL-1β, TNF-α, and ROS.49 However, whether these monocyte deficits 

have clinical implications for TBI survivors is not known. This pre-clinical study examines the im-

pact of TBI on the immunological response to Sp-infection at 3 (acute) and 60 (chronic) days post-

injury to model early- and late-onset pneumonia following TBI, respectively. We used a “double-

hit” model of moderate-severe TBI with a secondary Sp lung infection to examine the bidirectional 

effects of brain injury and lung infection. Using a combination of flow cytometry, histology, qRT-

PCR, and Western analyses, our data provide new insights into the relationship between TBI and 

its effect on lung immune function following secondary Sp infection.  
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5.3 Methods (Abridged: see Chapter 2 for more complete methods) 

Animals: Young adult male C57BL/6J mice (12 weeks old; 27-32g) from Jackson Laboratories 

(Bar Harbor, ME, US) were housed on sterilized bedding in a specific pathogen-free facility (12 

hours light/dark cycle).  All mice had access to sterilized chow and hyperchlorinated water ad 

libitium.  Animal procedures were performed in accordance with NIH Guide for the Care and Use 

of Laboratory Animals and approved by the Institutional Animal Care and Use Committee (IACUC) 

of the University of Maryland School of Medicine.169 

Experimental design: The first protocol (Fig 5.2A) was designed to investigate the early effect of 

TBI on the immunological response to lung infection. A total of 80 mice, divided into two cohorts, 

were used. TBI or Sham surgery was performed on 20-25 mice/surgical condition at day 0 (D0). 

Three days (D3) after TBI, mice received an intranasal infection of Sp or vehicle (sterile PBS) 

(n=10-15 per group). Mice (acute cohort 1) selected for flow cytometry, lung histology, RT-PCR, 

and immunoblot analyses were euthanized 3 days following infection (at day 6 post-TBI (D6)). 

Mice (acute cohort 2) were evaluated for mortality and were euthanized at 7 days after infection 

(day 10 post-TBI (D10)). 

The second protocol (Fig 5.5A) investigated the effects of chronic TBI on the immunolog-

ical response to lung infection. A total of 80 mice, divided into two cohorts, were used. TBI or 

Sham was performed on 20-25 mice/surgical condition at D0, and mice were maintained in normal 

housing conditions for 60 days. At day 60 (D60) mice were administered Sp or PBS (n=10-15 per 

group). Mice (chronic cohort 1) selected for flow cytometry, lung histology, and qRT-PCR, were 

euthanized 3 days after infection (at day 63 post-TBI (D63)), and mice (chronic cohort 2) were 

evaluated for mortality and were euthanized 7 days after infection (at day 67 post-TBI (D67)). 

Controlled Cortical Impact: See Chapter 2 for full details.  

Infection:  See Chapter 2 for full details. Briefly, Streptococcus pneumoniae serotype III (Sp) 

(ATCC 6303; Manassas, VA, USA) was grown in Brain Heart Infusion broth at 37°C plus 5% CO2 

overnight, aliquoted into an equal volume of glycerol, and stored at −80°C. An hour prior to 
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infection, frozen stocks of Sp were diluted to the desired challenge concentration (~1500 CFU), 

in sterile, endotoxin-free phosphate buffered saline (PBS; Biosource International, Rockville, MD, 

USA) as described previously.217 Mice were anesthetized with isoflurane prior to infection of 25 µl 

of challenge inoculum to each nare for a total of 50 µl of inoculum administered. Mice were then 

housed in a Biosafety Level 2 facility until euthanasia. Each mouse was examined daily for weight 

loss and mortality. If a mouse lost more ≥20% of its body weight, then the animal was humanely 

euthanized. 

Neurobehavior: Mice were tested one day prior to Sp infection and then three days after infection 

(Acute paradigm: D2 and D6; Chronic paradigm: D59 and D63, see Fig 5.2A and Fig 5.5A). Mice 

underwent Cylinder testing and Grip strength analysis. All neurobehavior tests were performed in 

a Category 2 Biosafety cabinet.  

Flow Cytometry: See Chapter 2 for full details on lung single cell preparation).  For immune cell 

surface markers, leukocytes were washed with FACS buffer (5% fetal bovine serum in 1x HBSS) 

with sodium azide (NaN3) and blocked with 1:50 mouse Fc Block (clone 93; eBioscience, San 

Diego, CA) prior to staining with primary antibody-conjugated fluorophores at 1:50 concentration 

including Invitrogen/eBioscience: CD45-eF450 (30-F11), CD11b-APCeF780 (M1/70) and from Bi-

olegend (San Diego, CA, USA): Ly6C-AF700/APC (HK1.4), and Ly6G-AF700/PE (1A8-Ly6g) For 

live/dead cell discrimination, a fixable viability dye, Zombie AquaTM (Biolegend), was dissolved 

in DMSO according to the manufacturer’s instructions and added to cells in a final concentration 

of 1:50.  Data were acquired on a LSRII using FACsDiva 6.0 (BD Biosciences, San Jose, CA) 

and analyzed using FlowJo Software (Tree Star, San Carlos, CA). For intracellular cytokine stain-

ing, cells were washed and resuspended in Fc Block, stained for surface antigens and washed in 

100 μL of fixation/permeabilization solution (BD Biosciences) for 20 minutes.  Intracellular staining 

of cytokines was performed using a 1:50 concentration of TNF-PE-Cy7 (MP6-XT22), IL-1β-

PerCP-eF710 (NJTEN3) TGFβ-APC (TW7-16B4) (Biolegend, San Diego, CA). Phagocytic activity 

and ROS production were assayed as described in Chapter 2.  



105 
 

qRT-PCR for gene expression: For greater details on RNA extraction from lung and cortex please 

refer to Chapter 2. Complementary DNA was made from 1µg of RNA using a Verso cDNA RT kit 

(Thermo Scientific, Pittsburg, PA) according to the manufacturer’s protocol (see Chapter 2 for 

more details) RT-PCR was performed using TaqMan gene expression assays for: GAPDH 

(Mm99999915_g1), IL-1β (Mm00434228_m1), TNFα (Mm00443258_m1), TGFβ 

(Mm01178820_m1), Cybb/NOX2 (Mm01287743_m1), Chil3/YM1 (Mm00657889_m1), Arg1 

(Mm00475988_m1), Retnla/Fizz1 (Mm00445109_m1), CD206/MRC1 (Mm01329362_m1), 

NLRP3 (Mm00840904_m1), Caspase1 (Mm00438923_m1), on a Quantstudio 5 PCR machine 

(Applied Biosystems). See Chapter 2 for more details on analysis. 

16S qPCR: Relative bacteria burden was measured by SYBR green qPCR on an ABI 7900 HT 

FAST Real-Time PCR machine (Applied Biosystems) for 16S rRNA of S. pneumoniae III. Levels 

of 16S rRNA for Sp3 (Ogunniyi et al, 2002) 178 are reported as the direct CT value. The sequences 

used to detect 16S rRNA were: (forward) GGTGAGTAACGCGTAGGTAA; (reverse) AC-

GATCCGAAAACCTTCTTC.178 See Chapter 2 for more details. 

Western blot analysis (immunoblot): Lungs and brains were homogenized with RIPA buffer 

(TekNova, Hollister, CA, USA) complete with phosphatase inhibitors (Sigma-Aldrich) and loaded 

onto 4–20% gradient gels for SDS PAGE (Bio-Rad; Hercules, CA).16 Proteins were transferred 

onto 0.22µm nitrocellulose membranes and then blocked for 1 hour in 5% milk in 1 × Tris Buff-

ered Saline (TBS) containing 0.05% Tween-20 (TBS-T) at room temperature. The membrane 

was incubated with mouse anti-cleaved caspase-1 (p20) (1:1000) (AdipoGen Life Sciences, San 

Diego, CA, USA), rabbit anti-ASC pAb (AL177) (1:1000) (AdipoGen), rabbit anti-AIM2 (1:500) 

(BIOSS, Woburn, Massachusetts), and mouse anti-β-actin (1:5000) (Sigma-Aldrich) in 5% milk 

in TBS-T overnight at 4°C. Membranes were then incubated with horse-radish-peroxidase-con-

jugated secondary antibody, developed, and analyzed. For more details on methodology and 

analysis please see Chapter 2.  
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Histology: Lungs were re-inflated and perfused with 0.9% saline (~4ml), followed by 4% PFA 

(~4ml). Lungs were then prepared for slide histologic analysis as described in Chapter 2. Four 

lung pathology parameters were assessed independently in each section by a blinded trained 

researcher using the following scoring system: (1) peribronchiolitis (inflammatory cells, primarily 

lymphocytes, surrounding a bronchiole), (2) perivasculitis (inflammatory cells, primarily lympho-

cytes, surrounding a blood vessel), (3) alveolitis (inflammatory cells within alveolar spaces), and 

(4) interstitial pneumonitis (increased thickness of alveolar walls associated with inflammatory 

cells).  

Bronchoalveolar Lavage (BAL): Twenty-four hours after TBI, animals were euthanized with eu-

thasol. Before opening the chest cavity, the trachea of the mouse was exposed using scissors 

and blunt forceps. The trachea was mobilized from the neck, cut at the larynx, and a piece of 6-0 

suture was placed around the trachea beneath the larynx. A syringe with a 1 inch, blunted 23 G 

needle was inserted into the trachea. The suture was tightened around the trachea and inserted 

needle to leakage of the BAL fluid. Then 2 mls of PBS was injected into the lungs and then suc-

tioned back out. This fluid was then used for flow cytometry and stained for surface markers for 

myeloid cells (CD45, CD11b). (n=5-7 per group). 

Evan’s blue and fluorescein tracers: One hour before euthanasia, 200µl of 3% Evan’s blue 

(Sigma) in PBS or 100µl of 5% sodium fluorescein (NaFl) (Sigma) in PBS was injected via the tail 

vein. Following one-hour, the animals were euthanized, lungs, BAL fluid, and plasma were col-

lected.  (n=5-7 per group). Lungs dyed with Evan’s blue were removed and imaged using a digital 

camera.  

BAL:Plasma fluorescein readings: BAL fluid taken from mice injected with NaFl was plated in 

duplicate on a clear 96-well plate. Plasma taken from the same mouse was diluted in PBS to 1:50 

and plated in duplicate. A standard curve was made using NaFl in PBS at serial dilutions. Absorb-

ance in samples was read on a plate reader at 490nm. The NaFl in plasma and BAL fluid was 



107 
 

determined from the calculated standard curve, and a ratios for NaFl in BAL: plasma was calcu-

lated. (n=5-7 per group). 

HMGB1 ELISA: Plasma samples were taken from Sham and TBI animals at 3 hours (h), 24h, 

72h, and 7 days following injury. These plasma samples were diluted 1:4 and run on HMGB1 

ELISA kit from IBL International (Hamburg, Germany) per the manufacturer’s instructions for more 

details on this ELISA please see Chapter 2. 

Statistical analyses:  Data from individual experiments were analyzed for normal distribution and 

are presented as mean ± SEM. Results comparing 2 groups were done using a Student’s t-test. 

Mortality data was plotted as percent survival over time and analyzed using a Mantel-Cox analy-

sis. Behavioral differences on Cylinder and grip strength were analyzed by two-way ANOVA with 

repeated measures and a Tukey’s post-hoc analysis for multiple comparisons.  Results from in-

fection cohorts with flow cytometry, immunoblot, qPCR, and histologic data were analyzed by two-

way ANOVA with a Tukey’s post hoc analysis. 
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5.4 Results 

5.4.1 TBI increases lung permeability and infiltration of myeloid cells in the lung 

 To investigate the early peripheral events following TBI, adult male C57BL/6J mice were 

subjected to Sham surgery or moderate/severe CCI and plasma was collected at 3 h, 24 h, 72 h, 

and 7 days (7 d) post-injury to evaluate circulating HMGB1 concentration. Peaking at 24 h post-

injury, circulating HMGB1 was significantly upregulated early after TBI (p<0.05; Fig 5.1A). To 

further investigate the myeloid cell responses in the lung acutely after TBI, adult male C57BL/6J 

mice were subjected to Sham surgery or moderate/severe CCI and flow cytometry was used to 

assess monocyte function. Twenty-four hours after TBI, there were increased numbers of myeloid 

cells (CD45+CD11b+) in the lung of TBI mice compared to Sham mice (p<0.05; Fig 5.1B). Cor-

roborating this finding, there were significantly increased numbers of myeloid cells 

(CD45+CD11b+) in the bronchoalveolar lavage (BAL) fluid of TBI mice compared to Sham mice 

(p<0.05; Fig 5.1C). Closer analysis of infiltrating Ly6C+ monocytes in lung of TBI mice demon-

strated that they were more anti-inflammatory and produced higher levels of TGF-β as assessed 

by increased mean fluorescence intensity (MFI) compared to Sham mice (p<0.05; Fig 5.1D). Fur-

thermore, lung-infiltrating Ly6C+ monocytes in TBI mice exhibited deficits in phagocytic function 

as evidenced by significantly reduced engulfment of latex beads in an ex vivo phagocytosis assay, 

compared to Ly6C+ monocytes from Sham mice (p<0.05; Fig 5.1E). Finally, there was a trend 

towards increased lung permeability in TBI mice compared to Sham mice, as measured by the 

permeability ratio of fluorescein in BAL vs. plasma (p<0.1; Fig 5.1F). Representative images of 

lungs from Sham and TBI mice injected with Evans Blue confirmed lung leakiness in TBI mice as 

evidenced by darker color of the intact lungs (Fig 5.1G). 
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Figure 5.1 (Figure legend on the next page) 
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Figure 5.1 TBI increases lung permeability and infiltration of myeloid cells in the lung. Cir-

culating plasma HMGB1 was increased acutely after injury by one-way ANOVA (p<0.05) (A). Flow 

cytometric analysis of whole lung tissue of TBI or Sham mice 24 hours post-injury demonstrated 

a significant difference in percent lung-infiltrating myeloid cells (CD45+CD11b+) (B). BAL fluid 

collected from TBI or Sham mice had significantly increased numbers of myeloid cells 

(CD45+CD11b+) (C). Lung-infiltrating monocytes (CD45+CD11b+Ly6C+Ly6G-), there was a sig-

nificant increase in TGF-β production in TBI monocytes than in Sham monocytes, as measured 

by mean fluorescence intensity (MFI) (D). Monocytes had significantly decreased phagocytic abil-

ity in TBI mice compared to Sham mice, measured by Bead MFI (E). While not statistically signif-

icant, a trend towards significantly increased extravasation of sodium fluorescein in lungs of TBI 

mice compared to Sham mice was observed. (F). Representative images of Evan’s blue dye in 

the lungs of TBI and Sham mice (G). Student’s t test, #p<0.1, *p<0.05; Mean ± standard error of 

the mean (S.E.M.); N = 5-8/group. 
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5.4.2 Lung infection in TBI mice delays neurological recovery and increases mor-

tality 

 To model post-traumatic nosocomial infection, C57BL/6J mice were subjected to Sham 

surgery or moderate-severe CCI and then infected with Sp (1500 CFU) or vehicle (PBS) at 3 days 

post-TBI (D3; Fig 5.2A). Immune function and lung pathology was assessed at 6 days post-TBI 

(D6) and mortality assessed at 10 days post-TBI (D10). TBI mice that were Sp-infected (TBI+Sp) 

exhibited increased mortality (25-30%) when compared to Sham Sp-infected mice (Sham+Sp, 0-

5%; p<0.05, Mantel-Cox mortality analysis; Fig 5.2B). Both Sham and TBI mice that were inocu-

lated with vehicle (Sham+ PBS; TBI+PBS) did not die (Fig 5.2B). Neurological testing to assess 

forelimb asymmetry after TBI demonstrated that all injured mice had equivalent levels of forelimb 

impairment in the cylinder task at day 2 post-TBI (p<0.001 for TBI effect at D2, vs. Sham; Fig 

5.2C). However, whereas forelimb impairment in TBI+PBS mice showed a partial recovery to 

Sham levels at 6 days post-TBI, impairments persisted in TBI+Sp mice and were significantly 

increased compared to TBI+PBS mice (p<0.05; Fig 5.2C). Similarly, analysis of forelimb grip 

strength demonstrated that all TBI mice had equivalent grip strength at 2 days post-TBI, whereas 

after infection, TBI+Sp mice had significantly reduced forelimb grip strength when compared to 

TBI+PBS mice (p<0.05; Fig 5.2D). Therefore, the outcome of neurobehavioral tests demonstrated 

that Sp infection exacerbated post-traumatic neurological deficits and impaired functional recov-

ery after TBI. 

5.4.3 TBI mice subjected to lung infection have increased bacterial burden in lung 

associated with pathology  

 To assess bacterial burden in lung and brain 16S rRNA for Sp was quantified by RT-PCR. 

In the lung, TBI+Sp mice had lower Ct values for Sp 16S rRNA than Sham+Sp mice (25 vs. 28), 

indicating increased bacterial load in the lung following TBI (p<0.05; Fig 5.2E). 
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Figure 5.2 Figure Legend on next page 
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Figure 5.2 Lung infection acutely after TBI delays neurological recovery and increases 
mortality in mice and is associated with increased bacterial burden in lung and pathologic 
damage. Experimental design: two cohorts of mice were subjected to Sham surgery or TBI on 
D0 and were infected Sp (1500 CFU) or administered vehicle (PBS) at D3. Mice were tested on 
the cylinder test and grip strength task at D2 and D6. The first cohort was euthanized at D6 for 
molecular and cellular analyses by flow cytometry, qRT-PCR, histology, 16S rRNA PCR, and 
Western immunoblot, whereas the second cohort was assessed for mortality up to D10 (A). Mor-
tality: in three separate experiments, TBI+Sp mice demonstrate significantly increased mortality 
(25-30%) compared to Sham+Sp mice (0-5%) (p<0.05) (B). Neurobehavior: on the cylinder test, 
TBI+Sp and TBI+PBS mice demonstrated a similar significant left-paw preference (TBI effect 
p<0.01, TBI+Sp vs. TBI+PBS p>0.05). On D6 after infection TBI+Sp mice exhibit an increased 
left-paw preference compared to TBI+PBS animals (p<0.05) (C). On the grip strength task, all TBI 
mice had similar grip strength at D2 (p>0.05). After infection, at D6, TBI+Sp mice exhibit signifi-
cantly decreased grip strength as compared to TBI+PBS mice (p<0.05) (D). Bacterial load: in the 
lung 16S rRNA Ct values were significantly lower in TBI+Sp mice compared to Sham+Sp mice 
(p<0.05) (E). In the cortex 16S rRNA Ct values were not significantly different between TBI+Sp 
and Sham+Sp mice (p>0.05) (E). Lung pathology: scoring of peribronchiolitis, perivasculitis, in-
terstitial pneumonia, and alveolitis in the lung revealed a significant effect of infection (p<0.01), 
yet there were no significant differences between TBI+Sp and Sham+Sp mice (p>0.05) (F). How-
ever, TBI+Sp mice had significantly increased alveolitis compared to Sham+Sp mice (p<0.05) (F). 
Lung pathology: representative H&E lung images from TBI+Sp and Sham+Sp mice (G). Statistical 
analyses:  survival was analyzed by Mantel-Cox analysis. Infection and TBI effects were analyzed 
by two-way ANOVA, and Tukey’s post hoc analysis was performed for multiple comparisons 
where *p<0.05. Mean ± S.E.M.; N = 8-15/group. These data are summarized in Table 5.1. 
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Outcome Sham+PBS Sham+Sp TBI+PBS TBI+Sp 

Mortality - ↑ - ↑↑ 

Neurodeficits - NC ↑ ↑↑ 

Bacterial burden - ↑ - ↑↑ 

Lung pathology - ↑ - ↑↑ 

Table 5.1: Summary of major outcomes from Figure 5.2 are that TBI+Sp mice, infected 3 days 

after injury, have greater mortality, lung bacterial burden (by 16S rRNA) and lung pathology (al-

veolitis) than Sham+Sp mice. Compared to TBI+PBS mice, TBI+Sp mice exhibited greater neu-

rodeficits at D6 on the cylinder test and grip strength. (NC= no change from baseline, - = N/A, ↑ 

slight increase, ↑↑ moderate increase, ↑↑↑ robust increase). 

  



115 
 

Importantly, RT-PCR analysis of the cortex demonstrated that bacteria were not present in the 

brain following Sp infection; Ct values for Sp 16S rRNA were high and not different from back-

ground levels (Fig 5.2E). Histopathological scoring of lungs showed that Sham+Sp and TBI+Sp 

mice had equivalent degrees of peribronchiolitis, perivasculitis, and interstitial pneumonia (Fig 

5.2F). However, TBI+Sp mice exhibited increased alveolitis in lung as compared to Sham+Sp 

(p<0.05; Fig 5.2F), as shown in representative histological sections (Fig 5.2G). 
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5.4.4 Lung infection increases inflammation following TBI in brain and lung tissue 

 To determine whether Sp infection altered neuroinflammation after TBI, markers of micro-

glial activation were measured in the cortex of Sham and TBI mice. Pro-inflammatory markers, 

TNF-α, IL-1β, and NOX2 mRNA, were significantly increased in the cortex of TBI+Sp mice com-

pared to TBI+PBS mice (p<0.05; Fig 5.3A). In addition, mRNA expression of several alternative 

activation markers, Arginase-1 and YM1, were also significantly increased in cortex of TBI+Sp 

mice compared to TBI+PBS mice (p<0.05; Fig 5.3A). There was no effect of Sp infection on other 

alternative activation (TGF-β, CD206, Fizz1) and inflammasome (NLRP3, Caspase-1) markers in 

the injured cortex (Fig 5.3A). Western analysis demonstrated an injury-induced decrease in AIM2 

protein expression in the cortex of TBI mice compared to Sham mice, with even lower expression 

of AIM2 in TBI+Sp cortex than seen in cortexes of TBI+PBS and Sham+Sp (TBI effect +p<0.05; 

TBI+Sp vs. TBI+PBS and Sham+Sp *p<0.05; Fig 5.3B). Despite this apparent decrease in these 

inflammasome components with TBI, there was a significant increase in ASC expression in the 

TBI cortex compared to Sham which was unchanged upon Sp infection (TBI effect +p<0.05; 

TBI+PBS vs. TBI+Sp p>0.05; Fig 5.3B). Similarly to AIM2 expression, there was an injury-induced 

decrease in cleaved caspase-1:total caspase that was unaffected by infection (TBI effect + 

p<0.05; TBI+PBS vs. TBI+Sp p>0.05; Fig 5.3B). 

Analysis of lung tissue focused on inflammation markers in Sham and TBI mice challenged 

with Sp infection. When compared to levels expressed in Sham+PBS mice, Sp infection increased 

expression of pro-inflammatory macrophage markers, IL-1β, TNF-α, NOX2 mRNA in the lungs of 

Sham+Sp and TBI+Sp mice (p<0.01; Fig 5.3C). Notably, there was a significant reduction in TNF-

α mRNA in lungs of TBI+Sp mice compared to Sham+Sp mice at this one time point. Macro-

phages from TBI+Sp mice were more anti-inflammatory as evidenced by increased expression of 

YM1, Arginase-1 and Fizz1 mRNA compared to levels in Sham+Sp mice (*p<0.05; Fig 5.3C).   
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Figure 5.3 Figure legend on the next page  
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Figure 5.3 Lung infection increases inflammation and inflammasome activation following 

TBI. Analysis of the effect of Sp on the injured cortex demonstrated elevated mRNA expression 

of TNF-α, IL-1β, and NOX2 in TBI+Sp mice vs. TBI+PBS mice (p<0.05), but no change in NLRP3 

and Caspase-1 mRNA (p>0.05) (A). TBI+Sp mice had increased cortical mRNA expression of 

alternatively activated (M2) macrophage markers YM1 and Arginase-1 (p<0.05); however, ex-

pression of other M2 markers, i.e.TGF-β, CD206, and Fizz1, were unaffected by Sp infection 

(p>0.05) (A). Western immunoblot of the cortex resulted in a TBI-induced decrease in expression 

of AIM2 and cleaved capase-1:total caspase, and a TBI-induced upregulation of ASC expression 

as seen in the representative images (p<0.01) (B). Sp infection did not alter inflammasome com-

ponent expression in injured cortex, but significantly decreased AIM2 protein when compared to 

TBI+PBS and Sham+Sp mice (p<0.05) (B). In the lung, TNF-α mRNA in Sham+Sp was signifi-

cantly increased as compared to TBI+Sp (p<0.05), but IL-1β and NOX2 mRNA expression 

showed no differences between infected groups (p>0.05) (C). mRNA analysis of anti-inflamma-

tory markers demonstrated significantly increased expression of YM1, Arginase1, and Fizz1 in 

TBI+Sp as compared to Sham+Sp (p<0.05), but TGFβ, CD206, NLRP3, and Caspase-1 mRNA 

expression was unchanged (p>0.05) (C). Western analysis of the lung demonstrated that there 

was significantly increased expression of AIM2, ASC, and Cleaved caspase-1: total caspase in 

TBI+Sp lungs compared to all other groups, including Sham+Sp (p<0.05) (D). For all experiments, 

qRT-PCR and immunoblots were normalized to corresponding Sham+PBS expression. Statistical 

analyses: two-way ANOVA for TBI and infection effects where + p<0.01, then a Tukey’s post hoc 

analysis was performed for multiple comparisons where *p<0.05.  Mean ± S.E.M.; A&C n = 8-

15/group; B&D n=6-9/group. These data are summarized in Table 5.2. 
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Outcome Sham+
PBS 

Sham+
Sp 

TBI+ 
PBS 

TBI+Sp 

CORTEX 

Neuroinflammation mark-
ers 

- - ↑ ↑↑↑ 

Anti-inflammatory macro-
phage markers 

- - ↑ ↑↑↑ 

AIM2  - NC ↓ ↓ 

ASC - NC ↑↑ ↑ 

Cleaved caspase-1 - NC ↓↓ NC 

LUNG 

Inflammation markers - ↑↑ - ↑ 

Anti-inflammatory Macro-
phage markers 

- ↑ - ↑↑ 

AIM2, ASC, Cleaved 
Caspase-1 

- NC NC ↑↑↑ 

 

Table 5-2 Summary of major outcomes from Figure 5.3. In the cortex, infection 3 days after 

TBI causes increased neuroinflammation markers and increases anti-inflammatory macrophage 

markers, i.e., Ym1 and Arginase-1. TBI also induces a decrease in AIM2 and cleaved caspase-1 

in the cortex but no change is seen with TBI and infection. ASC expression, however, increased 

with TBI, and this change is lost with infection. In the lung, inflammation markers are increased in 

the infected Sham as compared to infected TBI. Lung anti-inflammatory macrophage markers 

and inflammasome components are increased in TBI+Sp as compared to Sham+Sp. (NC= no 

change from baseline, - = N/A, ↑ slight increase, ↑↑ moderate increase, ↑↑↑ robust increase; ↓ 

slight decrease, ↓↓ moderate decrease, ↓↓↓ robust decrease). 
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Expression levels of other anti-inflammatory (TGF-β, CD206) and inflammasome (NLRP3 

Caspase-1) markers did not significantly differ between Sham+Sp and TBI+Sp mice. Western 

analysis demonstrated increased protein expression of inflammasome components, ASC, AIM2, 

and cleaved caspase-1, in lung tissue of TBI+Sp mice compared to Sham+Sp mice (p<0.05; Fig 

5.3D).  
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5.4.5 Ly6C+ monocytes in lung of TBI mice subjected to infection have impaired 

functional responses 

 Myeloid cells in lung were next assessed using flow cytometry-based functional assays, 

including measurements of cytokine production (IL-1β, TNF-α, TGFβ), ROS, and phagocytic ac-

tivity, at 3 days post-infection (D6; Fig 5.2A). Sp infection increased infiltration of Ly6G+ neutro-

phils into the lungs of Sham mice (p<0.05 vs Sham+ PBS; Fig 5.4A); however, TBI blunted this 

response such that TBI+Sp mice had a significantly reduced percentage of infiltrating neutrophils 

compared to Sham+Sp mice (p<0.05; Fig 5.4A). Analysis of infiltrating Ly6C+ monocytes in the 

lungs demonstrated that Sp infection resulted in a significant increase in IL-1β and TNF-α pro-

duction in Sham mice (p<0.05 vs Sham +PBS; Fig 5.4B, 5.4C). Notably, TBI suppressed Sp-

induced cytokine induction in Ly6C+ monocytes; TBI+Sp mice had significantly reduced IL-1β and 

TNF-α production compared to Sham+Sp mice (p<0.05; Fig 5.4B, 5.4C). Analysis of ROS pro-

duction and phagocytic activity in Ly6C+ monocytes demonstrated that Sp infection resulted in a 

significant increase in ROS production and phagocytic activity in lung of Sham mice (p<0.05 vs 

Sham +PBS; Fig 5.4D, 5.4E). Ly6C+ monocytes in lungs of TBI+Sp mice produced similar levels 

of ROS compared to Sham+Sp mice (Fig 5.4D), but increased phagocytic activity compared to 

Ly6C+ monocytes in lung of Sham+Sp mice (p<0.05; Fig 5.4E). 
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Figure 5.4 Figure legend on the next page 
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Figure 5.4 Ly6C+ monocytes in lung of TBI mice subjected to infection have impaired func-

tional responses. Analysis by flow cytometry of whole lung tissue demonstrated that Sp infection 

resulted in an increased percentage of lung-infiltrating neutrophils in Sham+Sp vs. Sham+PBS 

(p<0.05) (A); however, this effect of infection was significantly attenuated in lungs of TBI+Sp mice 

(p>0.05) (A). Representative flow plots where the previous gate is on living myeloid cells 

(CD45+CD11b+) and neutrophils were subsequently gated as Ly6G+Ly6C+ (A). Functional anal-

ysis of lung-infiltrating monocytes (living+singlet+CD45+CD11b+Ly6C+Ly6G-) demonstrated that 

TBI+Sp monocytes produced significantly less TNF-α and IL-1β compared to Sham+Sp mono-

cytes (p<0.05) (B&C). Sham+Sp monocytes produced significantly more TNF-α and IL-1β than 

Sham+PBS monocytes (p<0.05); however, TBI+Sp produced similar levels of cytokines to 

TBI+PBS monocytes (p>0.05) (B&C). TBI+Sp and Sham+Sp monocytes exhibited increased 

ROS production as measured by DHR123 MFI when compared to Sham+PBS (p<0.05); however, 

there was no significant difference in ROS production between TBI+Sp and TBI+PBS monocytes 

(p>0.05) (D). Phagocytic activity of TBI+Sp monocytes was significantly increased compared to 

monocytes from TBI+PBS and Sham+Sp mice (p<0.05) (F). Statistical analysis: two-way ANOVA 

for TBI and infection effects with a Tukey’s post hoc analysis performed for multiple comparisons 

where *p<0.05. ns p>0.05.  Mean ± S.E.M.; N = 8-15/group. These data are summarized in Table 

5.3. 
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Outcome Sham+PBS Sham+Sp TBI+PBS TBI+Sp 

Lung 

Infiltrating neutro-
phils 

- ↑↑↑ NC ↑↑ 

Monocyte IL-1β, 
TNF-α production 

- ↑↑↑ NC NC 

Monocyte ROS - ↑ ↑ ↑ 

Monocyte phagocy-
tosis 

- ↑ ↑ ↑↑↑ 

 

Table 5.3 Summary of major outcomes from Figure 5.4 are that there are fewer lung infiltrating 

neutrophils in the TBI mice infected 3 days after injury than in the Sham-infected mice. Upon 

further analysis of infiltrating Ly6C+ monocytes TBI results in a decreased response to infection, 

resulting in decreased monocyte IL-1β and TNF-α. ROS production in TBI+PBS monocytes was 

increased, however, there is no difference in ROS production with infection (TBI+Sp or 

Sham+Sp). Infection results in greater phagocytic activity in TBI monocytes compared to 

TBI+PBS and Sham+Sp. (NC= no change to baseline, - = N/A, ↑ slight increase, ↑↑ moderate 

increase, ↑↑↑ robust increase). 
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5.4.6 Chronic TBI mice subjected to lung infection exhibit increased mortality, 

neurological impairments, and enhanced bacterial burden in lung that is associ-

ated with pathology 

 To investigate the immunological effects of a delayed lung infection months after moder-

ate-severe TBI C57BL/6J mice were subjected to Sham surgery or CCI and inoculated with Sp 

(~1500 CFU) or vehicle (PBS) at 60 days post-TBI (D60; Fig 5.5A). Immune function and lung 

pathology was assessed at 63 days post-TBI (D63) and mortality assessed at 67 days post-TBI 

(D67). Chronic TBI mice that received Sp infection (TBI+Sp) had dramatically increased mortality 

(50-60%) when compared to Sham+Sp mice (5-10%; p<0.05, Mantel-Cox mortality analysis; Fig 

5.5B). Vehicle-treated chronic TBI mice and Sham mice (Sham+ PBS; TBI+PBS) did not exhibit 

mortality (Fig 5.5B). Neurological testing of forelimb asymmetry using the cylinder task demon-

strated that all TBI mice had equivalent impairment levels at day 59 post-TBI (TBI effect p<0.01 

at D59; TBI+PBS and TBI+Sp vs. Sham+PBS p<0.05 Fig 5.5C). Notably, Sp infection significantly 

increased forelimb impairments in TBI+Sp mice as compared to TBI+PBS mice at day 63 post-

TBI (p<0.05; Fig 5.5C). Analysis of forelimb grip strength demonstrated that all TBI mice had 

equivalent grip strength at day 59 post-TBI (TBI+Sp vs. TBI+PBS p>0.05), whereas after infection, 

TBI+Sp mice had significantly reduced forelimb grip strength when compared to TBI+PBS mice 

(p<0.05; Fig 5.5D). Analysis of bacterial burden in lung showed that TBI+Sp mice had significantly 

lower Sp 16S rRNA Ct values (16 vs 23), than Sham +Sp mice, indicating increased bacterial 

load in the lungs of chronic TBI mice following Sp infection (p<0.05; Fig 5.5E). There was no 

evidence of Sp 16S rRNA in the cortex of Sham+Sp or chronic TBI+Sp mice (Fig 5.5E). Histo-

pathological scoring of lungs showed that TBI+Sp mice had increased interstitial pneumonitis and 

alveolitis as compared to Sham+Sp mice (p<0.05; Fig 5.5F), while peribronchiolitis and perivascu-

litis scores for were equivalent between groups (Fig 5.5F). Representative histological sections 

show increased alveolitis in TBI+Sp mice compared to Sham+Sp mice (Fig 5.5G). 



126 
 

 

Figure 5.5 Figure Legend on the next page  



127 
 

Figure 5.5 Chronic TBI mice subjected to lung infection exhibit increased mortality, neuro-

logical impairments, and enhanced bacterial burden in lung that is associated with pathol-

ogy. Experimental design: two cohorts of mice were subjected to Sham surgery or TBI on D0 and 

were allowed to recover for 60 days. Mice were infected (Sp) (1500 CFU) or administered vehicle 

(PBS) on D60, and then tested on the cylinder test and grip strength task at D59 and D63. The 

first cohort was euthanized at D63 post-injury for molecular and cellular analysis by flow cytome-

try, qRT-PCR, histology, 16S RNA PCR, and immunoblot, where the second cohort was assessed 

for mortality (A). Mortality: In three separate experiments, TBI+Sp mice demonstrated significantly 

increased mortality (50-60%) compared to Sham+Sp mice (5-10%) (B). Neurobehavior: On the 

cylinder test, prior to infection TBI+Sp and TBI+PBS mice demonstrated an effect of TBI (p<0.01) 

and showed similar left-paw preferences at D59 (p>0.05) (C). On D63 after infection TBI+Sp mice 

exhibited an exacerbation in left-paw preference compared to TBI+PBS mice (p<0.05) (C). On 

the grip strength task, at D59 all TBI mice showed similar grip strength (p>0.05); however, at D63, 

after infection, TBI+Sp mice exhibited significantly decreased grip strength compared to TBI+PBS 

mice (p<0.05) (D). Bacterial load: in the lung, 16S rRNA Ct values were significantly lower in 

TBI+Sp mice as compared to Sham+Sp mice. In cortex, 16S rRNA Ct values were equal between 

TBI+Sp and Sham+Sp mice (E). Lung pathology: Histologic analysis of peribronchiolitis and peri-

vasculitis revealed a significant effect of infection (p<0.01), yet there were no significant differ-

ences between TBI+Sp and Sham+Sp (F). However, TBI+Sp mice had significantly increased 

interstitial pneumonia and alveolitis compared to Sham+Sp mice (F). Lung pathology: representa-

tive H&E lung images from TBI+Sp and Sham+Sp mice (G).  Statistical analysis: survival was 

analyzed by Mantel-Cox analysis. Infection and TBI effects were analyzed by two-way ANOVA, 

and Tukey’s post hoc analysis was performed for multiple comparisons where *p<0.05. Mean ± 

S.E.M.; N = 8-15/group. These data are summarized by Table 5.4. 
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Outcome Sham+ 
PBS 

Sham+Sp TBI+PBS TBI+Sp 

Mortality - ↑ - ↑↑↑ 

Neurodeficits - NC ↑ ↑↑ 

Bacterial burden - ↑ - ↑↑ 

Lung pathology - ↑ - ↑↑ 

Table 5.4 Summary of major outcomes from Figure 5.5 are that 60 day TBI mice exhibit greater 

mortality with Sp than Sham mice. Neurodeficits on the cylinder and grip strength are exacerbated 

in TBI mice with infection. Lung bacterial burden and pathology is increased in infected TBI mice 

as compared to infected Sham mice. (NC= no change from baseline, - = N/A, ↑ slight increase, 

↑↑ moderate increase, ↑↑↑ robust increase). 
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5.4.7 Chronic TBI mice subjected to lung infection have increased neuroinflam-

mation and inflammation in the lung  

Analysis of chronic neuroinflammation in the injured cortex demonstrated that TNF-α, IL-

1β, and NOX2 mRNA were significantly increased in TBI+Sp mice compared to TBI+PBS mice 

(p<0.05; Fig 5.6A). In addition, YM1 mRNA was also significantly increased in cortex of TBI+Sp 

mice compared to TBI+PBS mice (p<0.05; Fig 5.6A), but levels of other alternative activation 

(Arginase1, TGF-β, CD206, Fizz1) markers and inflammasome (NLRP3, and Caspase-1) com-

ponents were not altered by Sp infection after chronic TBI (Fig 5.6A). While Western blot analysis 

confirmed increased protein expression of ASC, AIM2, and cleaved caspase-1, in the cortex of 

Sham+Sp mice compared to Sham+PBS mice (p<0.05; Fig 5.6B). Sp infection did not exacerbate 

inflammasome component expression 60 days after TBI (p>0.05; Fig 5.6B).  

Analysis of lung tissue revealed that there was an almost 4-fold increase in IL-1β mRNA 

in TBI+Sp mice compared to Sham+Sp mice (p<0.05; Fig 5.6C). In contrast to the acute TBI+Sp 

model (Fig 5.3C), TNF-α mRNA was significantly increased in TBI+Sp compared to Sham+Sp 

(p<0.05; Fig 5.6C). Expression of M2 macrophage markers, Arginase-1 and YM1, were also sig-

nificantly increased in lung of TBI+Sp compared to Sham+Sp (p<0.05; Fig 5.6C). Importantly, 

expression of NLRP3 and Caspase-1 mRNA were also significantly increased in lung of TBI+Sp 

mice compared to Sham+Sp mice (p<0.05; Fig 5.6C). Chronic inflammasome activation in lung 

was confirmed by significantly increased protein expression of ASC, AIM2, and cleaved caspase-

1, in lung of TBI+Sp mice as compared to Sham+Sp mice (p<0.05; Fig 5.6D). Thus, pro-inflam-

matory and compensatory anti-inflammatory responses are significantly upregulated in TBI ani-

mals compared to Sham when infected with a bacterial pathogen.  
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Figure 5.6 Figure legend on the next page  
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Figure 5.6 Chronic TBI mice subjected to lung infection have increased neuroinflammation 
and inflammasome component expression in the lung.  Analysis of the effect of Sp on the 
injured cortex demonstrated elevated mRNA expression of TNF-α, IL-1β, and NOX2 in TBI+Sp 
mice vs. TBI+PBS mice (p<0.05), but no change in NLRP3 and Caspase-1 mRNA (p>0.05) (A). 
TBI+Sp mice had increased cortical mRNA expression of alternatively activated (M2) macrophage 
marker YM1 (p<0.05); however, TGF-β, Arginase-1, CD206, and Fizz1 were unaffected by infec-
tion (p>0.05) (A). Western immunoblot of cortical tissue demonstrated that Sham+Sp mice had 
significant increased expression of ASC and cleaved caspase-1:total caspase-1 (p<0.05), and a 
trend towards significantly increased AIM2 expression compared to Sham+PBS mice (p<0.1) (B). 
TBI+Sp cortex revealed a significant decrease in expression of AIM2 compared to TBI+PBS and 
Sham+Sp mice (p<0.05) (B). ASC expression in the cortex was significantly decreased in TBI+Sp 
compared to Sham+Sp (p<0.05), whereas cleaved caspase-1: total caspase 1 expression in the 
TBI+Sp cortex was increased compared to Sham+PBS levels but showed no difference between 
TBI+Sp cortex and Sham+Sp cortex (p>0.05) (B). qRT-PCR analysis revealed that IL-1β and 
TNF-α mRNA in TBI+Sp lungs was significantly increased compared to Sham+Sp lungs (p<0.05), 
yet no difference in NOX2 mRNA expression was observed (p>0.1) (C). Significantly increased 
mRNA expression of YM1, Arginase1, NLRP3 and Caspase-1 mRNA was observed in TBI+Sp 
compared to Sham+Sp (p<0.05) (C). TGFβ, Fizz1, CD206 expression was unchanged between 
TBI+Sp and Sham+Sp (p>0.05) (C). Western blot analysis of the lung revealed significantly in-
creased expression of AIM2, ASC and Cleaved caspase-1:total caspase 1 in TBI+Sp lungs as 
compared to the vehicle groups, as seen by the representative immunoblot images (p<0.05) (D). 
Compared to Sham+Sp, expression of AIM2, ASC, and cleaved caspase-1: total caspase 1 was 
significantly (*) or trending towards significantly (#) increased in TBI+Sp lungs (D). For all experi-
ments qRT-PCR and immunoblots were normalized to Sham+PBS expression. Statistical anal-
yses: two-way ANOVA for TBI and infection effects with a Tukey’s post hoc analysis performed 
for multiple comparisons where *p<0.05 and #p<0.1.  Mean ± S.E.M.; A&C n = 8-15/group; B&D 
n=6-9/group. These data are summarized in Table 5.5.  
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Outcome Sham+PBS Sham+Sp TBI+PBS TBI+Sp 

CORTEX 

Neuroinflammation 
markers 

- - ↑ ↑↑ 

Anti-inflammatory 
macrophage markers 

- - ↑ ↑↑ 

ASC  - ↑ ↑ NC 

AIM2 - ↑ ↑ NC 

Cleaved caspase 1 - ↑↑ ↑ ↑ 

LUNG 
Inflammation markers - ↑↑ - ↑↑↑ 

Anti-inflammatory 
Macrophage markers 

- ↑ - ↑↑ 

AIM2, ASC, Cleaved 
Caspase-1 

- NC NC ↑↑ 

Table 5.5 Summary of major outcomes from Figure 5.6. In the cortex, infection 60 days after 

TBI causes an exacerbation of neuroinflammatory markers and increases anti-inflammatory mac-

rophage markers such as YM1. In the cortex, 60 day TBI demonstrated baseline increased ex-

pression of inflammasome components; however ASC and Cleaved-caspase-1 do not change 

with infection, and only AIM2 decreases with TBI+Sp. In the lung, TBI causes an increased in-

flammatory response to infection compared to Sham+Sp. Anti-inflammatory macrophage markers 

such as YM1 and Arginase-1 are also increased with TBI+Sp. AIM2, ASC, and cleaved caspase-

1 are upregulated in TBI+Sp lungs compared to other groups. (NC= no change from baseline, - = 

N/A, ↑ slight increase, ↑↑ moderate increase, ↑↑↑ robust increase). 
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5.4.8. Monocytes in the lung of 60 day TBI mice with infection have dysregulated 

functional responses resulting in increased cytokine and ROS production 

 Finally, analysis of myeloid cells in the chronic TBI+Sp model demonstrated that, in stark 

contrast to the acute TBI+Sp model (Fig 5.4A), there was increased Ly6G+ neutrophil infiltration 

in lung of chronic TBI+Sp mice as compared to Sham+Sp mice (p<0.05; Fig 5.7A). Further anal-

ysis of Ly6C+ monocytes in lung of chronic TBI+Sp mice demonstrate that these cells produced 

2 fold higher levels of IL-1β than produced by monocytes in lungs of Sham+Sp mice (p<0.05; Fig 

5.7B). Similarly, TBI+Sp monocytes produced significantly more TNF-α than Sham+Sp mono-

cytes (Fig 5.7C) (p<0.05). In contrast to the acute TBI+Sp model (Fig 5.4E), Ly6C+ monocytes 

in lung of chronic TBI+Sp mice produced significantly more ROS than monocytes in lung of 

Sham+Sp mice (p<0.05; Fig 5.7D). Equivalent levels of phagocytic activity were observed in 

Ly6C+ monocytes of Sham+Sp and chronic TBI+Sp mice (Fig 5.7E). 
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Figure 5.7 Figure Legend on the next page 
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Figure 5.7 Monocytes in the lung of 60 day TBI mice with infection have dysregulated func-

tional responses resulting in increased cytokine and ROS production. Flow cytometric anal-

ysis of whole lung tissue from 60 day TBI mice with subsequent infection demonstrated an in-

creased percentage of lung-infiltrating neutrophils compared to Sham+Sp where neutrophils are 

gated as described in Fig 5.4 (p<0.05) (A). Functional analysis of lung-infiltrating monocytes re-

vealed that Sham+Sp monocytes exhibited increased TNF-α and IL-1β production compared to 

Sham+PBS monocytes (p<0.05); however, TBI+Sp monocytes produced almost twice as much 

IL-1β and 50% more TNF-α than Sham+Sp monocytes (p<0.05) (B&C). Sham+Sp monocytes 

exhibited a trend towards increased ROS production compared to Sham+PBS mice (p<0.1) (D). 

However, TBI+Sp monocytes produced significantly more ROS than Sham+Sp and TBI+PBS 

(p<0.05) (D). Phagocytic activity of TBI+Sp monocytes was significantly increased compared to 

monocytes in the lung of TBI+PBS (p<0.05); however, phagocytic activity of TBI+Sp monocytes 

was equivalent to that of Sham+Sp monocytes (p>0.05) (E). Statistical analysis: two-way ANOVA 

for TBI and infection effects with a Tukey’s post hoc analysis performed for multiple comparisons 

where *p<0.05, #p<0.1, ns p>0.05. Mean ± S.E.M.; N = 8-15/group. These data are summarized 

in Table 5.6.  
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Outcome Sham+ 
PBS 

Sham+ 
Sp 

TBI+ 
PBS 

Sham+ 
Sp 

Lung 

Infiltrating neutrophils - ↑↑ NC ↑↑↑ 

Monocyte IL-1β, TNF-α 
production 

- ↑ NC ↑↑↑ 

Monocyte ROS - ↑ NC ↑↑↑ 

Monocyte phagocytosis - ↑↑ NC ↑↑ 

Table 5.6 Summary of major outcomes from Figure 5.7. Increased infiltrating neutrophils  were 

detected in the lungs of TBI mice infected 60 days after injury compared to Sham+Sp mice. Mon-

ocytes in the TBI+Sp lungs produce high levels of IL-1β, TNF-α, and ROS compared to Sham+Sp 

monocytes. However, phagocytic activity of TBI+Sp and Sham+Sp monocytes are equivalent. 

(NC= no change from baseline, - = N/A, ↑ slight increase, ↑↑ moderate increase, ↑↑↑ robust in-

crease). 
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5.5 Discussion 

Lung infection following TBI is a deadly complication, causing increased morbidity and 

mortality in TBI survivors.5,8,136,138 Our experimental TBI studies in mice confirmed this relation-

ship, and mice infected with Sp at 3 days post-TBI exhibited 25% mortality compared to Sp-in-

fected Sham mice (0-5% mortality).  Chronic brain injury appears to exacerbate mortality signifi-

cantly such that Sp infection administered at 60 days post-TBI increased mortality to 50-60% 

when compared to Sp infected Sham mice (5-10% mortality). With infection, neurological recovery 

following TBI was worsened in both the acute and chronic injury paradigms. Furthermore, molec-

ular markers of chronic neuroinflammation were significantly increased in the injured cortex fol-

lowing Sp infection, suggesting that bidirectional brain-lung responses are exacerbated in the 

injured brain following lung infection. In the lung, we also identified immunosuppressive and dys-

functional cellular responses to Sp infection following TBI that were time-dependent. Acutely after 

TBI, Ly6C+ monocytes in the lung exhibited deficits in innate immune functions critical for bacte-

rial pathogen clearance. Monocytes produced lower levels of pro-inflammatory cytokines, TNF-α 

and IL-1β, and ROS in response to infection, which suggests an immunosuppressed phenotype. 

In contrast, following chronic brain injury Ly6C+ monocytes in the lung responded more vigorously 

to bacterial infection and produced significantly more TNF-α, IL-1β, and ROS following Sp chal-

lenge than monocytes from Sp-challenged Sham mice. In addition to the observed increase in 

proinflammatory gene and inflammasome component expression, select anti-inflammatory mark-

ers were also upregulated, perhaps as a host response to counteract the damaging effects of 

proinflammatory agents. However, with marked mortality differences and increased lung bacterial 

burden and pathology, TBI mice at both timepoints were unable to properly respond to infection 

and control inflammation. Thus, our pre-clinical studies suggest that bidirectional brain-lung inter-

actions influence key innate immune functions after TBI, which likely impact physiological and 

neurological outcomes in severely injured patients. 
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Recent experimental studies have shown that acute lung injury in the immediate aftermath 

of TBI may be due, in part, to increased inflammasome activation in lung (NLRP3, AIM2, ASC, 

and Caspase-1), which can be prevented by anti-ASC antibody treatment.126 Similarly, pharma-

cological inhibition of the NLRP3 inflammasome in a mouse spinal cord injury (SCI) model re-

duced macrophage and neutrophil infiltration into the lung, and attenuated alveolar cell apoptosis, 

lung edema, and histological injury following SCI. 71 Our studies using a “two-hit” model of TBI 

plus secondary lung infection have demonstrated that there was increased ASC, AIM2 and 

cleaved caspase-1 expression in the lung of TBI +Sp infection mice compared to all other treat-

ment groups, with the latter indicating enhanced inflammasome activity. Interestingly, elevated 

mRNA expression for inflammasome components were observed in lung of TBI mice at 60 days 

post-injury, even in the absence of Sp infection, indicating that TBI may prime the lungs to produce 

more IL-1 upon secondary infection by upregulating inflammasome components. Cellular anal-

yses confirmed excessive IL-1 production in lung-infiltrating Ly6C+ monocytes of chronic TBI+Sp 

infection mice as compared to Sham+Sp mice. Because circulating monocytes are repopulated 

within days of a brain injury,218 impairments in monocyte function in response to secondary infec-

tion in the chronic TBI model may reflect inherent changes in progenitor cells in the bone marrow.  

Previous immunophenotyping studies of bone marrow from chronically TBI mice revealed long-

lived impairments in myeloid cell function, including monocytes.49 Studies in experimental stroke 

models have also shown that myeloid progenitor stem cells are significantly altered early after 

brain injury, exhibiting epigenetic changes and producing more monocytes and neutrophils.219–221  

Recent studies have shown that through epigenetic reprogramming, the innate immune system 

can develop memory,206,207 such that when monocytes are re-stimulated they have a more robust 

response. Alternatively, an initial response to trauma may cause epigenetic changes in inflamma-

tory genes that result in a state of refractoriness upon subsequent challenge.222 It has been pos-

tulated that this latter mechanism may underlie the immune suppression that is seen in patients 
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who survive sepsis, rendering them more likely to become infected again. Future studies will be 

required to test the hypotheses that chronic TBI induces changes in progenitor stem cells in bone 

marrow, or epigenetic changes resulting in altered monocyte phenotypes that are either primed 

to produce an over-abundance or IL-1β and ROS in response to secondary Sp lung infection or 

unable to respond to a bacterial challenge. 

 To our knowledge, this is the first pre-clinical TBI study to investigate immunological re-

sponses of living Gram positive bacteria (S. pneumoniae) that cause respiratory infections com-

monly contracted by TBI patients in both the hospital setting and within the community. Unfortu-

nately, due to safety precautions surrounding the use of living bacteria in our facility, it was not 

possible to comprehensively assess neurobehavioral outcomes in TBI mice infected by Sp using 

established motor and cognitive function tests.173 Despite these limitations we identified subtle 

differences in sensorimotor function and forelimb grip strength between TBI mice that received 

Sp infection and those that were inoculated with vehicle (PBS). In both the cylinder and grip 

strength tasks, Sp infection exacerbated post-traumatic sensorimotor impairments and deficits in 

forelimb grip strength in both the acute and chronic injury paradigms. Importantly, differences in 

neurological outcome were associated with increased pro-inflammatory markers expressed in the 

injured cortex. There was exacerbated induction of TNF-α, IL-1β, and NOX2 mRNA expression 

in TBI+Sp mice compared to TBI+PBS mice in both acute and chronic model paradigms, and, 

these inflammatory markers are highly expressed by microglia and infiltrating monocytes that 

contribute to acute and chronic neuroinflammation.15,17 Recent studies have reported similar ex-

acerbation of CNS injury with Sp and influenza respiratory infection, associated with increased 

neuroinflammation, in experimental models of stroke and SCI.143,223 In addition, colonic infection 

of TBI mice with a gram negative bacterium, Citrobacter rodentium, increased chronic neuro-

degeneration and exacerbated microglial and astroglial reactivity in the injured cortex.224  

Similar to the described brain-gut axis,224 our studies demonstrate bidirectional immune 

cross-talk between the lung and the brain following injury and bacterial infection. For example, 
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Sham Sp infected mice had increased inflammasome component expression as well as an up-

regulation of pro-inflammatory macrophage markers in the cortex as compared to Sham vehicle-

treated mice.  Importantly, there was no evidence of bacteria in the brain, suggesting that a pro-

inflammatory response is initiated in the brain, even though the nidus of infection is in the lung.  

Our detailed cellular and tissue analyses demonstrated that after moderate-severe TBI and Sp 

infection there was a predominantly pro-inflammatory response in the injured cortex; however, in 

the lung anti-inflammatory markers such as YM1 and Arginase-1 were upregulated in TBI+Sp 

lungs compared to Sham+Sp lungs. Furthermore, monocytes found in the lung were unable to 

appropriately respond to bacterial challenge, producing significantly lower levels of IL-1β and 

TNF-α compared to Sham+Sp mice.  These data suggest bidirectional cross-talk between the 

brain and the lung, whereby TBI induces an immunosuppressive or anti-inflammatory shift in lung 

macrophage phenotype and lung infection exacerbates neuroinflammation in the brain. The 

changes in peripheral immunity and resultant immunosuppression would be expected to leave 

severely injured patient with a compromised immune system and, thus, increased vulnerability to 

opportunistic infections during acute recovery and rehabilitation after severe TBI. Experimental 

studies in lung infection and stroke have shown that there is a robust immunosuppressive pheno-

type in neutrophils and macrophages in lung acutely after injury, which are associated  with in-

creased neuroinflammation.163,225  

Increased mortality, lung pathology, and bacterial burden in infected 3-day post-TBI mice 

may have been the result of brain-injury induced immunosuppression. As early as 3 days after 

TBI, Ly6C+ monocytes were shown to produce less TNF-α and IL-1β,49 while monocytes taken 

from the lung 24 hours after brain injury exhibited inhibited phagocytic activity and increased TGF-

β production. Following infection, TBI Ly6C+ monocytes in the lung exhibited an inability to re-

spond to bacterial infection, and failed to upregulate TNF-α and IL-1 production. Other CNS 

injuries have been found to elicit a similar effect of peripheral immunosuppression shortly follow-

ing initial injury. Stroke studies have suggested that acetylcholine release in the spleen can result 



141 
 

in monocyte response deficits, leading to exacerbated infection and spontaneous pneumo-

nia.142,163 Alternatively, stroke, SCI, and TBI studies have shown that there is a robust effect of 

norepinephrine and epinephrine on peripheral immunosuppression, 141,223 where use of β-receptor 

blockers can inhibit decreased migration and cytokine production seen after central nervous sys-

tem injury.226 Even the effects of glucocorticoids and the hypothalamus-pituitary-adrenal (HPA) 

axis have been implicated in causing immune cell deficits following TBI.154,227 The underlying 

mechanism of CNS-induced immunosuppression is debated between these three different potent 

and interworking systems: anti-inflammatory acetylcholine response, sympathetic activity, and the 

HPA axis. How each of these systems plays a role in the response to post-TBI infection requires 

further research.   

Clinically, TBI survivors have been shown to have increased risk of death by aspiration 

pneumonia, respiratory problems, and sepsis at 5-20 years after brain injury, indicating that TBI 

should be considered a chronic health condition.5,6,8,228 The data presented herein showed that 

TBI mice infected 60 days post-brain injury showed increased mortality, exacerbation of brain 

injury, and dysfunctional Ly6C+ monocytes in the lung leading to increased lung pathology and 

bacterial burden. While neuroinflammation has been reported to continue even a year following 

experimental TBI,17,229 peripheral immune changes following TBI have been reported weeks to 2 

months after injury.48,49 However, the clinical implications and whether these peripheral immune 

changes are maintained over 2 months is not known. Recent studies have shown that gut infection 

at 28 days post brain injury can lead to augmented neuroinflammation and increased gut perme-

ability.224 Injections of systemic LPS following TBI induce microglial production of IL-1β and TNF-

α as well as promotes astrocyte activation.230 Furthermore, LPS injections following TBI have also 

been shown to exacerbate brain injury, worsening memory and depression-like outcomes.231,232  

Importantly, this study demonstrates that  TBI-induced peripheral immune cell changes can result 

in a poor response to bacterial infection and suggests that TBI survivors are at higher risk of poor 

outcome due to infection, having further implications on morbidity and mortality.  
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In summary, this study examines the bi-directional effects of TBI and lung infection at both 

3 days and 60 days post brain-injury. Importantly, we found that there is increased mortality in the 

TBI group as result of infection, but that mortality is exacerbated 60 days post-injury. Infection in 

TBI mice caused worsened neurological outcomes and upregulation of classical markers of neu-

roinflammation and inflammasome activity. Three days post-TBI, infected lungs exhibited a more 

anti-inflammatory macrophage phenotype, with elevated inflammasome components and dys-

functional infiltrating Ly6C+ monocytes. However, in the 60- day post-TBI infection lungs, Ly6C+ 

monocytes demonstrated over-expression of IL-1β associated with increased inflammasome 

components. These studies support that infection following TBI can result in exacerbation of brain 

injury and a dysfunctional immune response, resulting in greater morbidity and mortality for TBI 

survivors.   
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Chapter 6 
General Discussion 

6.1 Introduction 
Traumatic brain injury is associated with many risk factors for poor outcome such as male 

sex and infections. The aim of this discussion is to briefly summarize the main findings of this 

dissertation as it pertains to these risk factors. Taken together, my work has provided 3 important 

contributions to the field of traumatic brain injury research: (1) although there are no sex differ-

ences in the functional activation of microglia and myeloid cells, there are robust sex differences 

in infiltrating myeloid cells early following brain injury correlating with poor behavioral outcome; 

(2) infection post-TBI leads to increased mortality, worsened neurological outcome, increased 

neuroinflammation, and poor immune response to infection; and (3) innate immune cells are al-

tered acutely and chronically following TBI such that they are dysfunctional and unable to properly 

respond to bacterial stimuli. To our knowledge, these are the first studies of their kind to show 

detailed cellular sex differences and to demonstrate immune deficits in response to bacteria after 

acute and chronic TBI. Overall, this discussion will focus on how the primary findings add to the 

body of knowledge, with the remainder of the discussion extrapolating on potential future direc-

tions.  

6.2 Sex differences and TBI 

Whereas men are almost 3 times more likely to die of a TBI than women,86 clinical studies 

are conflicted as to whether men or women have better outcomes. Due to the heterogeneity of 

TBI etiology, severity of TBI, and age of TBI onset, comparisons between the sexes are difficult 

to perform. Experimental TBI studies have shown that there are early sex differences in behavioral 

outcome and macrophage activation following TBI (1-3 days),99,100 with these differences likely 

partially mediated by estrogen.101  
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My work has produced novel findings that indicate that there are sex differences in the 

acute pathophysiology following TBI. Male mice exhibited increased infiltrating myeloid cells in 

the brain at 24 hours post-injury compared to females, and this was associated with poor neuro-

behavioral outcome. Using flow cytometry to analyze both infiltrating myeloid cells and microglia 

functionally, this study was able to delineate the effects of peripherally-derived macrophages vs. 

resident microglia in the brain following injury. Over time post-TBI, male and female microglia 

exhibit a similar functional pattern of activation (TNF-α, IL-1β, TGFβ, ROS, and phagocytosis) in 

response to brain injury. Similarly, brain-infiltrating male and female myeloid cells demonstrate 

the same functional activation attributes following TBI; however, more infiltrating myeloid cells 

traffic into the injured male brain 24 hours post-injury compared to the injured female brain. These 

cellular and functional comparisons of microglia and infiltrating myeloid cells after brain injury 

have extended the current literature on the mechanisms underlying sex differences following TBI.  

Recent literature has suggested a role for estrogen in mediating sex differences in exper-

imental TBI outcome, as estrogen removal by way of ovariectomy (removal of the ovaries) re-

sulted in TBI female mice performing similarly to TBI male mice in behavioral paradigms.101 In 

other models of CNS-injury, such as ischemic stroke and SCI, estrogen has been  documented 

to be neuroprotective.95,118,164 Indeed, even in a non-pathogenic state, microglia have been shown 

to exhibit sex differences that are both dependent and independent of the presence of estrogen.104  

Estrogen has not only been shown to effect microglia, but also affects transcription of TNF-α, IL-

6, and IL-1β in female macrophages.109,110,115 Female lung macrophages have been shown to 

exhibit superior bacterial killing of Sp than male lung macrophages.146,147 Recent studies have 

shown that male mice exhibited increased infiltration of neutrophils and monocytes into the lungs 

within the first 24 hours following Sp-infection compared female mice.147 My study in Chapter 3, 

demonstrated that in TBI males have increased infiltrating neutrophils and monocytes into the 

brain in the first 24 hours following brain injury as compared to females. Estrogen may mediate 
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this sex difference in myeloid cell infiltration during TBI and Sp-infection and may be an important 

future direction for this work.  

Based on my findings, one future direction for this dissertation work would be to investigate 

the role of estrogen in mediating the changes in cellular function in female mice following TBI. For 

instance, administration of exogenous estrogen (17β-estradiol) to male TBI mice at or near the 

time of brain injury could be carried out to investigate whether estrogen plays a role in mediating 

myeloid cell infiltration early after TBI. It would also be interesting to examine the effect of estrogen 

in male TBI mice on microglial and myeloid cell function, to determine whether exogenous estro-

gen has the same effect on these cell types as endogenous estrogen on female microglia and 

myeloid cells. It might also be possible to perform ovariectomies (OVX) on female mice prior to 

or at the time of TBI and determine if this leads to a more deleterious outcome, i.e., the absence 

of estrogen in female OVX TBI mice could potentially demonstrate a more male-like phenotype 

and, based on my findings, would be predicted to be associated with increased infiltrating myeloid 

cells early after brain injury and poorer behavioral outcomes.  

Another future direction experiment to bridge the two topics of this dissertation work would 

be to investigate the effect of sex differences on TBI with subsequent lung infection. As mentioned 

above, there are sex differences in the macrophage response to S. pneumoniae such that female 

macrophages kill and clear this bacterial infection better than male macrophages. This sex differ-

ence in the response to infection, coupled with sex differences seen in the myeloid response to 

TBI, may translate to important clinically relevant differences between men and women in overall 

outcome. Thus, Sp infection of weight-matched male and female mice would control for the inher-

ently smaller body weights of the females that might result in a higher inoculum per gram of body 

weight. If this experiment were to work, it would also be interesting to evaluate the effect of estro-

gen in mediating the sex differences in TBI and subsequent lung infection.  



146 
 

6.3 Lung infection and TBI 

 Within the first week following brain injury, 50% of TBI patients will develop an infec-

tion.1,132 Acute-onset pneumonia, sometimes caused by ventilators, represent 30-50% of these 

infections, often caused by Sp.88,136,233 Infection early post-TBI has been associated with in-

creased death and disability.5,132,168 However, even 5-20 years following initial brain injury, TBI 

survivors have an increased risk of dying from pneumonia and sepsis.5–8 However, the mecha-

nism(s) as to why brain injury leads to increased risk for infection even 20 years after the initial 

insult is unknown.  

 My dissertation work has shown that even in experimental models of brain injury, TBI mice 

are more likely to die from lung infection at 3 and 60 days post-injury. Importantly, this work sug-

gests that there are bidirectional effects between the injured brain and the lung that mediate in-

flammation and overall outcome following TBI (see Fig 6.1). Despite the timing of infection after 

TBI, mortality was significantly increased, suggesting that TBI patients are at a higher risk of in-

fection and subsequent complications acutely and chronically after injury. Infection in TBI mice is 

shown to increase neuroinflammation in the injured ipsilateral cortex, exacerbating brain injury 

and delaying neurologic recovery. Importantly, this indicates that infection has important clinical 

implications on long-term recovery and may be a critical opportunity for infection prevention to 

facilitate improved outcomes of severely injured TBI patients.  
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Figure 6.1 Model for bidirectional effects of TBI and lung-infection. When 1) TBI occurs this 

results in BBB damage and neuronal death, leading to the release of HMGB1 from dying neurons 

and activation of microglia. TBI results in 2) TBI-induced immune changes which we have de-

scribed here as early immunosuppression of circulating monocytes and later as a more memory-

like highly reactive state for circulating monocytes. Systemic release of HMGB1 and inflam-

masome activation results in 3) Acute lung injury within 24 hours brain injury, marked by increased 

TLR4/RAGE signaling and lung pathology. At both 3 and 60 days following TBI 4) lung infection 

results in a dysregulated immune response, leading to increased mortality, lung bacterial burden 

and pathology, potentially driven by inflammasome activation. Furthermore, 5) lung infection in-

duces neurological worsening resulting in increased neuroinflammation and exacerbated behav-

ioral responses.  
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One future direction of this study would be to work on potential interventions to prevent 

increased risk to infection. While the easiest intervention would appear to be administering anti-

biotics, prophylactic antibiotics in clinical stroke studies have proven ineffective at improving out-

comes and have failed repeatedly in preventing infection.226,234 However, clinical and experimental 

TBI results in lung damage as early as 24 hours after brain injury.129,134 Early intervention in pre-

venting lung damage and preserving the integrity of the lung barrier may be more effective in 

improving acute infection rates. Moving forward, studies evaluating whether administration of an 

inflammasome inhibitor, such as anti-ASC antibody, as used by Kerr et al,129 at the time of TBI 

would prevent susceptibility to lung infection. However, this might only improve acute TBI out-

come.  

Another attractive target would be to block the products of the inflammasome at both acute 

and chronic timepoints after brain injury.  Administration of an IL-1R antagonist (IL-1Ra) has been 

shown to be very effective in reversing immune suppression in experimental stroke and prevent-

ing clinical infection after stroke.143,235–237 Similarly in TBI, administration of IL-1Ra at very high 

doses has been shown to decrease neuroinflammation and improve outcomes.238–240 However, 

there have been no studies evaluating the effect of IL-1Ra on TBI and subsequent infection. In 

preliminary experiments, we found that administration of 100 µg IL-1Ra/mouse therapeutically for 

4 days following infection in TBI mice that were infected 3 days after injury resulted in a slight 

benefit in mortality where vehicle-treated TBI had a mortality of 80% and drug-treated TBI had a 

mortality of 60%; however, this was not statistically significant and could not be repeated. When 

we administered 200 µg/mouse of IL-1Ra for 4 days following infection in TBI mice infected 60 

days after injury, no difference in mortality was observed and was associated with a robust in-

crease in monocyte ROS production. Perhaps, relatively high and repeated doses of IL-1Ra di-

rectly after TBI blunted the inflammatory response and the increased susceptibility to lung infec-

tion early after brain injury. Alternatively, it would also be interesting to determine if administration 
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of IL-1Ra at high doses at 60 days post-TBI can reverse the increased mortality to Sp seen in our 

experiments.   

6.4 Changes in innate immunity after TBI 

 TBI survivors have an increased risk dying of infection 5-20 years following brain injury 

and have an increased risk of mortality when compared to the general population.5–8 While infec-

tion is well documented early after TBI, there are only a handful of studies evaluating infection 

risk long-term after brain injury. A potential explanation for this increased risk for infectious death 

could be brain injury-induced deficits in the immune system. Immunosuppression has been re-

ported early after TBI;22,48,159,241 however, there have been no clinical reports of immune cell defi-

cits chronically after brain injury.  Recent studies from our laboratory have shown that TBI elicits 

long-lasting dysfunctions in immune cells including monocytes, neutrophils, B cells, and T cells.49 

These long-term alterations in the immune system may underlie why years after injury TBI pa-

tients are more likely to have poorer outcomes after infection. However, the mechanism(s) by 

which brain injury induces changes in susceptibility to infection is/are unknown.  

 My work has provided novel insights into the mechanisms by which brain injury causes 

immune cell changes that may underlie increased susceptibility to subsequent lung infection both 

at acute and late timepoints following TBI. Within the first few days of TBI, monocytes from mice 

that are challenged with a bacterial pathogen, Sp, fail to produce TNF-α and IL-1β proinflamma-

tory cytokines and adequate ROS to fight off infection. Importantly at 60 days post-TBI, the mon-

ocytes produce extremely high levels of TNF-α, IL-1β, and ROS in response to Sp. While these 

immune cells exhibit disparate phenotypes at 3 and 60 days following brain injury, both immune 

responses are dysfunctional, and possibly result in increased morbidity and mortality.  

 One future direction for this study would be to evaluate the mechanism by which these 

monocytes become altered. A current theory in immunology suggests that the innate immune 

system can develop a memory like state through epigenetic reprograming.206,207 This epigenetic 
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reprogramming primes innate immune cells to respond more readily to a PAMP or DAMP, chang-

ing the expression of surface receptors such as TLR4.206 It is possible that monocytes from TBI 

mice are “trained” to respond to TLR4 agonist, HMGB1, a DAMP that is released from dying cells 

and has been shown to be at high concentrations in patients’ blood following TBI.63,82 Upon infec-

tion at 60 days post-injury, any dying cell that releases HMGB1 in the lung may trigger a robust 

memory innate inflammatory response from the altered (trained) monocytes. Future experiments 

could be designed to determine the epigenetic changes in these cells over time and potentially 

use histone deacetylase drugs to prevent these changes from occurring.242,243 To determine if 

these putative changes were induced in bone marrow monocyte progenitor cells, it might be fea-

sible to perform bone marrow chimera experiments in which bone marrow from 60 day TBI mice 

were adoptively transferred into uninjured mice, followed by infection with Sp. A change in mor-

tality would strongly support the hypothesis that bone marrow progenitors carry the epigenetic 

changes that alter the response to infection.  

Furthermore, a comparison of the immunosuppressive state at 3 days and then at the 

highly immune-reactive state at 60 days would be very interesting to pursue. First, a Chromatin 

Immuno-precipitation (ChIP) could be performed to identify transcription factors and the genes 

affected at each timepoint. Furthermore, this would identify genes that are transcriptionally altered 

over time that could then be associated with potential epigenetic modifications. Then using his-

tone deacetylase drugs these modifications could be altered or manipulated following 3 or 60 day 

TBI in an attempt to rescue the increased mortality phenotype observed in my studies.  

Another future direction for this work would be to investigate the role of HMGB1 and TLR4 

signaling in the lung following TBI. Circulating HMGB1 has been shown to upregulated early after 

TBI both experimentally in this work and in TBI patients.63,77 Studies in TBI have demonstrated 

that HMGB1 and TLR4/RAGE signaling are present in the lungs, leading to NF-κB signaling and 

subsequent lung injury.82,84,126 Importantly, in studies using TLR4-/- mice or administration of anti-
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HMGB1 antibody resulted in better neurological outcomes following TBI.213,244–246 Alternatively 

blocking TLR4 signaling therapeutically in uninjured animals resulted in better outcomes following 

secondary Sp infection.247 However, there has only been a handful of studies investigating the 

effect of the HMGB1-TLR4/RAGE signaling axis in the lungs following TBI.248,249 Thus, an exper-

iment where an anti-HMGB1 antibody or TLR4 antagonist is administered post-injury should be 

performed, followed by subsequent infection after pharmacological treatment in order to investi-

gate the role of the HMGB1-TLR4/RAGE signaling cascade on lung injury and subsequent sus-

ceptibility to infection. 

6.5 Conclusions 

 In conclusion, this work has revealed sex differences in TBI outcome at the cellular level, 

as well as demonstrated distinct microglial and myeloid cell activation patterns following brain 

injury. Importantly, females were found to have fewer infiltrating myeloid cells in the brain at 24 

hours post-injury, possibly correlating with better behavioral outcomes. This work has resulted in 

the novel findings that TBI induces increased susceptibility to infection both at 3 and 60 days post-

injury, and that this may be due to innate immune cell dysfunction. Interestingly, the lung and the 

brain show bidirectional effects where lung infection exacerbates brain injury even 2 months fol-

lowing TBI. Given that male sex and infection are associated with poor outcome following TBI, 

this work has furthered the field of TBI research and provided clinically relevant insights. Overall, 

the data presented herein has extended the body of knowledge regarding sex differences in TBI 

and lung infection following brain injury and may inform the development of more targeted thera-

peutics.
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