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Traumatic brain injury (TBI) is a leading contributor to the global burden of disease. Despite the growing 

awareness of TBI and years of research into biomechanics and pathophysiologic mechanisms, there is still 

a lack of effective therapies to treat patients. To better understand the genomic landscape in both acute 

and chronic TBI, microarrays and next generation sequencing (NGS) were performed to gain insight into 

potential molecular mechanism of injury. Translational studies were initially performed in rats using a 

well-established model of TBI, fluid percussion injury (FPI). Rats were sacrificed, and tissue harvested at 

various post-injury intervals (4 TBI, 4 Sham control at 24hr, 2 wk, 1, 2, 3, 6, and 12-month post-TBI, n= 

56). Using a bioinformatic platform (Ingenuity Pathway Analysis), these studies identified genes and 

prominent cell signaling pathways that are dysregulated weeks to months after TBI. Genes and pathways 

were predominately associated with immune and regenerative signaling. Later, sequencing revealed TBI-

induced changes in small non-coding RNAs, known as microRNAs (miRNAs) in the rat hippocampus up 

to 12 months post-injury. Predicted gene targets of the differentially expressed rat miRNAs have been 

shown to be involved in inflammatory cell signaling pathways. Prinicipal component analysis (PCA) 

showed that gene and miRNA profiles could be used to identify TBI rats at all acute and chronic intervals. 

Pilot studies in two different rat TBI models (FPI and controlled cortical impact) showed that it was 
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possible to measure distinct changes in peripheral (serum) miRNA profiles representative of each injury 

model, respectively. To gain greater insight into the mechanistic underpinnings of human TBI, miRNA-

seq was performed on human TBI serum samples from both acutely injured and chronically injured 

patients (12 age-matched control and 39 archived TBI samples representing 24, 48, 96 hr post-ED 

admission and 2 to 32 years post-injury). Notably, human TBIs can be identified by serum miRNA 

profiles across all acute and chronic time points and at 24 hr, miRNA profiles discriminate between focal 

and diffuse injuries. The predicted gene targets of these discriminating miRNAs are involved in nervous 

system related signaling and immune function, highlighting their potential utility as ‘molecular 

fingerprints’ for TBI diagnosis.   
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Chapter 1:  

      Introduction 

Brain injuries have plagued humankind since our early descent from the trees. While such 

injuries are a major cause of death and disability worldwide 1,2, traumatic brain injury (TBI) has 

been referred to as a “silent epidemic” because the lay public is generally unaware of the 

magnitude of the problem. Over the past decade, awareness of TBI has grown considerably, due 

in large part due to military service members returning from wars in Afghanistan and Iraq with 

the “signature injuries” of these conflicts 3. The awareness of chronic traumatic encephalopathy 

(CTE) in professional athletes4 has also pushed TBI to the forefront of people’s consciousness. 

Everyday Americans are having discussions about potential brain injuries with their children as 

they play recreational and competitive sports. Nevertheless, despite the amount of news coverage 

on TBI in the last decade – and years of research into biomechanics and pathophysiologic 

mechanisms that preceded it – TBI remains largely misunderstood.  

According to monitoring by the Centers for Disease Control and Prevention (CDC), in the 

United States there are nearly 30 million injury-related emergency department (ED) visits, 

hospitalizations, and deaths each year. Approximately 16% (4,800,000) of those cases include 

TBI as a primary or secondary diagnosis 5. In 2010 alone, TBI accounted for approximately 2.5 

million ED visits in which 87% (2,213,826) were treated and released, 11% (283,630) 

hospitalized, and approximately 2% (52,844) died 5. Nearly 5.3 million people are living with 

TBI-related disabilities in the US alone, and the global incidence of TBI appears to be increasing 

1. The socioeconomic impact of TBI is also high due to rising costs of health care, elevated risk 

of developing comorbidities, and high rates of mortality. TBI represents a tremendous economic 
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burden. In a single year the direct and indirect medical costs of TBI have been estimated to be 

approximately $76.5 billion 6. Although the survival rate for TBI has increased, this also means 

more people living with the long-term effects of TBI. Recognizing its lifelong consequences, 

Masel and DeWitt 7 were among the first to describe TBI as a chronic disorder. A recent study in 

JAMA Psychiatry found a high percentage of mental health issues among patients who suffered a 

mild TBI 8. Other studies have shown the risk of developing neurodegenerative disorders also 

appears to increase after suffering a TBI 9. Given the prevalence of TBI, the inordinate economic 

burden, and amounts of money invested in preclinical and clinical research, it is notable that 

there are still no FDA-approved therapies to improve outcomes after brain injury.  

Epidemiology of TBI 

Brain injury remains a significant contributor to the global burden of disease. It has far-

reaching societal consequences for survivors 10, for families, and for caregivers 11. Taken 

together with health care costs and economic losses in productivity, these factors combine to 

make TBI an important global health priority.  

A recent state-wide, population-based study in the U.S. reported that more than 40% of its 

participants had at least one TBI during their lifetime 12. In 2010, the Centers for Disease Control 

and Prevention (CDC) reported an increase in the number of TBI-related emergency department 

visits to 824 cases per 100,000 from 567 cases per 100,000 a decade before 13. The largest 

increase in incidence of TBI occurred in low-income and middle-income countries where there 

are still a paucity of traffic laws and safety regulations 14. While the tracking of TBI incidence 

has improved over time with diagnostic capabilities, the true incidence is probably much higher. 

This is because mild TBI (mTBI), sometimes referred to as concussion, is often underestimated 



3 
 

in most studies 15. Clinically, mTBI accounts for 80% – 90% of all TBIs 15. Issues with scaling of 

injury forces is difficult experimentally. Most mechanistic studies in animals cannot mimic the 

force required to recapitulate a severe injury in humans without exceedingly high mortality rates.  

In 2019 data was published by the Global Burden of Diseases, Injuries, and Risk Factor 

(GBD) study which aimed to quantify the effects of hundreds of injuries and diseases. Before 

this study most data available regarding prevalence and incidence rates was only available for 

subpopulations, and included only selected injuries. The GBD study provided a framework to 

estimate mortality, non-fatal health outcomes, and risk-factors associated with TBI. Details of 

the epidemiological analysis for TBI were published in 2019 by GBD 2016 Traumatic Brain 

Injury and Spinal Cord Injury Collaborators 16. The study found that in 2016 there were 27.08 

million (CI: 24.30–30.30 million) new cases of TBI globally, with an age-standardized incidence 

rate of 369 (CI: 331–412) per 100,000 people. Authors reported that worldwide, around 55.50 

million (CI: 53.40 – 57.62 million) people live with a TBI and the prevalence rate has increased 

by 8.4% from 1990 to 2016. Age-standardized incidence rates for TBI have also increased from 

1990 to 2016 by 3.6% (CI: 1.8 – 5.5). This encompassing study also calculated the amount of 

years of life with disability (YLD) that individuals with TBI suffer worldwide. The calculation of 

YLDs considered prevalence and a characteristic called a disability weight which was measured 

through population surveying as health losses compared to people in full health. In total TBI has 

caused 8.1 million (95% UI 6.0-10.4 million) YLDs as of 2016. Globally these numbers will 

increase because of industrialization and explosive growth in factors such as population density, 

population aging, and use of motor vehicles. The age-standardized incidence rate is nearly 30% 

higher for TBI compared to spinal cord injury (SCI). The GBD study suggests that addressing 

the burden of these diseases requires both efforts to reduce the occurrence of TBI (e.g., fall 
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prevention strategies, reducing alcohol overuse, and improving road safety) and improved access 

to quality medical and social care. Differences in the way epidemiological studies are performed 

for TBI render study comparisons difficult. One poignant limitation of the study that the author’s 

pointed out was that many people with TBI, particularly mild TBI, do not seek out medical 

attention. Therefore, the number of people suffering a TBI and living with the consequences is 

probably underestimated by most studies, and the global burden of TBI is proibably much higher 

than what was reported.  

Traumatic brain injuries are commonly attributed to falls and traffic accidents which together 

account for more than 50% of all reported cases 1,13. Though any person may suffer a TBI, rates 

are higher among men than women, and often occur in older age groups most likely due to the 

risk of falls in this population 1. Negative outcomes after TBI including neurocognitive and 

memory impairment are more prominent with increasing TBI severity 12. Population studies like 

Whiteneck et al.12 support hypotheses that there is an association between TBI and the risk for 

developing dementia-related and other neurodegenerative disorders.  

Clinical Management of TBI 

There are no specific FDA-approved therapies indicated for TBI. Thus, most care provided 

for patients in pre-hospital admission and in the hospital is directed toward stabilization. 

Prehospital management often addresses the prevention of hypotension and hypoxia, which are 

known to be major causes of secondary injury after TBI 17-19. Odds of death have been shown to 

triple when systolic BP < 90 mmHg, double with a systolic BP < 100 mmHg, and were 1.5 times 

greater with an admission systolic BP < 120 mmHg 20. Airway management is an important 

component of prehospital management of TBI. Endotracheal intubation and/or supplemental 
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oxygen are administered as necessary to maintain an SpO2 > 90 to 93 percent 21. The benefits of 

prehospital intubation are debatable and current evidence suggest a variety of factors should 

influence the decision to intubate by providers 22. Blood pressure management to prevent 

hypotension is accomplished by fluid resuscitation using isotonic crystalloids (in randomized 

clinical trials hypertonic saline administration has not shown to have any measurable benefits) 

23,24. 

 Once admitted into the ED treatment and diagnostic assessment are performed according 

to the Advanced Trauma Life Support (ATLS) protocol. Assessment of neurologic status is 

typically completed as soon as possible. In the clinic and prehospital the most commonly used 

algorithm is the Glasgow Coma Scale (GCS) 25. The GCS uses a scoring system based on verbal, 

motor, and eye-opening reactions to stimuli to classify the severity of injury. These scores are 

different in mild (GCS ≥ 13), moderate (GCS 9-12), and severe (GCS ≤ 8) TBI. To avoid 

hypoventilation, hyperventilation, and hypotension vital signs including heart rate, blood 

pressure, temperature, and respiratory status are monitored17. Patients with a GCS score < 9 will 

typically receive endotracheal intubation. Laboratory tests commonly ordered are screens of 

complete blood count, electrolytes, glucose, coagulation parameters, blood alcohol level, and 

urine toxicology. 

 Neuroimaging is a routine component of TBI clinical management. The most common 

neuroimaging modalities available include magnetic resonance imaging (MRI) and computed 

tomography (CT). A frequent challenge for physicians is determining whether patients who 

present with mild acute head injuries symptoms can safely avoid CT (MRI is not typically 

indicated for moderate to severe acute closed head injuries) 26. Typically, a CT is considered 

appropriate for any mild closed head injury in patients with a GCS < 1327. Different clinical 
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guidelines exist to help them make that determination; they include the Canadian CT Head Rule 

(CCHR) 28, New Orleans Criteria (NOC) 29, and the National Emergency X-Ray Utilization 

Study (NEXUS)-II 30. Each set of guidelines tries to balance tradeoff sensitivity and specificity 

for significant findings 31. While sensitive, a negative CT does not always mean a patient does 

not have a TBI, thus physicians should follow patients closely to examine for any neurologic 

abnormalities that may develop32. Follow-up neuroimaging is often performed in the presence of 

clinical deterioration, that can help to direct alternative treatment approaches if necessary. In the 

absence of clinical deterioration or changes in physiologic parameters such as intracranial 

pressure, the practice of follow-up CT or other neuroimaging is debatable 33,34. Multiple rounds 

of exposure to radiation produced by CT imaging must also be weighed by the clinician. The 

introduction of non-invasive or minimally invasive biomarkers that can aid in the decision to 

perform further imaging and/or direct treatment may markedly improve the specificity of care.  

Pathophysiology of TBI 

Primary Injury 

TBI processes are usually broken down into two broad categories, ‘primary’ and ‘secondary’ 

injury. Primary injury refers to disturbances caused by mechanical forces being transmitted to the 

brain. Early TBI research was heavily focused on the kinematic correlates of mechanical forces, 

namely linear and rotational acceleration 35. Studies found a strong, positive correlation between 

linear acceleration and increases in intracranial pressure 36,37. In parallel research, intracranial 

pressure dynamics correlated with the level of neurologic dysfunction. Pioneering work in the 

1940s examined tensile and shear strain forces caused by rotational acceleration when rats and 

primates were exposed to sudden rotation using inertial loading 38. The brain’s inherent physical 
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properties make it particularly susceptible to shear forces generated by these forms of 

acceleration 39. Furthermore, some distinct brain regions are more vulnerable than others to 

deformation due to mechanical loading as a result of their composition, e.g. white vs grey matter 

40.  

 Primary injury alone can profoundly alter a person’s life in an irreparable fashion, and 

little can be done, except through prevention, to mitigate its effects. But secondary injury, which 

occurs after primary injury, forms a protracted process that is influenced by the extent of primary 

injuries, and lasts far beyond the moment of impact. 

Secondary Injury 

TBI outcomes are dictated by the extent of the injury and heterogeneity of pathoanatomical 

(referring to the pathology and anatomical location of injury) injury subtypes. The mechanical 

damage that primary injury exerts on the brain initiates a complex array of biochemical and 

molecular processes commonly described as “secondary injury” 41. Secondary injury involves 

diverse cellular processes, and these complex cascades are potentiated by the heterogeneity of 

the trauma itself. Tremendous efforts have been put forth to understand both the spatial (i.e., 

brain region specific) and temporal components of secondary injury. Several factors have been 

shown to mediate these processes; they include, but are not limited to, 1) glutamate 

excitotoxicity (a state caused by the excess of the neurotransmitter glutamate) 42, 2) free radical 

generation (e.g., nitrous oxide) 43, and 3) the neuroinflammatory response that is comprising of 

immune related gene dysregulation, a focus of this thesis.  
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Immunological components of the brain injury response  

The immune system is an integral defense against pathogens, but also has roles in healing 

and regeneration following injury. While the brain was once believed to be an immune-

privileged site, injury triggers immunological signaling in the brain involving both innate and 

adaptive immunity44. Components of innate immunity augment the regenerative landscape in 

both beneficial and harmful ways depending on the magnitude of their activations and temporal 

expression. The primary defense, innate immunity, is characterized by its rapid, non-specific 

response to injury and pathogen invasion. It compromises both anatomical and physiological 

barriers, like skin and body temperature, respectively. Cellular effectors of the innate immune 

response include phagocytes, granulocytes, innate lymphoid cells, and some classes of 

unconventional T lymphocytes 45,46. Participants of the innate and adaptive immune response 

both express factors that guide the inflammatory response. Sub-acutely, minutes after a TBI, a 

sterile immune response (activated by non-microbial signals) 47 develops, mediated by signaling 

from damaged neurons to glial cells inducing a cascade of inflammatory signaling 48. 

Dissemination of inflammation throughout the brain parenchyma, further referred to as 

‘neuroinflammation,’ is a common characteristic present in almost all brain injuries 49. This 

potent neuroinflammatory response is thought to exist as a continuum after injury and has been 

considered a “disease escalating factor.” While not a pure dichotomy, the inflammatory response 

can be both beneficial and deleterious. Harnessing the immune system and understanding the 

most opportune times to intervene by modulating its activity to address neuroinflammation has 

gained traction in the past few years as a potential therapy for TBI patients 50. Attempts to 

broadly address immune activation (i.e., neuroinflammation) have been unsuccessful in 

improving the clinical outcomes of TBI patients 51,52. Therefore, it is necessary to understand 
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better the composite of the neuroinflammatory response. The diversity of neuroinflammatory 

signaling has yet to be reconciled in all TBI subtypes. One hallmark of neuroinflammation is the 

activation of CNS resident immune cells known as microglia53. In TBI, non-CNS derived 

monocytes have also been shown to infiltrate the brain parenchyma and potentially contribute to 

inflammatory signaling 54. According to high-throughput sequencing studies, microglia and 

peripheral monocytes have distinct transcriptomic signatures55 and in spinal cord injury (SCI) 

models have been shown to have differential effects of cell death 56. The question arises of how 

each of these different immune cells interact with each other and the surrounding tissue to 

contribute to inflammatory responses after TBI. Microglia are essential for the removal of 

threating molecules, debris, and pathogens. Yet in TBI and chronic neurologic diseases their 

persistent activation and failure to return to normal is implicated in long-term neurodegeneration 

53. In TBI, microglial expression must be considered both contextually and temporally. While 

they are integral in maintaining integrity of the blood brain barrier 57 and release neurotrophins 

essential for CNS rebuilding 58, microglia have also been described as primarily neurotoxic 59. 

When activated microglia release inflammatory mediators such as IL-1β, IL-6, IL-12, TNF- α, 

matrix metalloproteinases, nitric oxide, and other reactive oxygen species (ROS) 60. Prolonged 

expression of inflammatory signaling may lead to collateral damage of surrounding healthy 

tissue, stymying the regenerative process 61. There also appears to be a gender dimorphism in the 

activation of microglia that affects whether they display pro- or anti-inflammatory properties 

62,63. Further studies are needed to address the ambiguity of the roles microglia play after TBI. 

Chronic neuroinflammation after TBI 

TBI is considered a risk factor for the development of other neurodegenerative diseases and 

substantial overlap exists between TBI induced sequelae and degenerative neurologic diseases, 
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including dementia related diseases 9. Chronic neuroinflammation has been suggested to 

contribute to the development of neurodegenerative disorders such as chronic traumatic 

encephalopathy (CTE), Alzheimer’s, and Parkinson’s disease 64. Some cognitive and 

neuropsychiatric disorders such as anxiety, depression, and autism spectrum disorder also share 

abnormalities in neuroinflammatory tone 65. In a subset of human TBI patients, 

neuropathological examination of brain tissue shows persistent markers of inflammation and 

degeneration years after injury 66,67. Studies in various animal TBI models have shown 

inflammatory gene expression persists over time in the brain 68-70, and not all brain regions are 

affected equally. Most of these studies only examined expression of a limited number of genes, 

at single time points, and rarely exceeded 3 to 6 months post-injury. Furthermore, expression 

profiling is typically limited to a priori knowledge of a small number of genes implicated in 

inflammatory response 71. Understanding intracellular pathways that propagate 

neuroinflammation in the evolution of brain injury is an important step in developing effective 

therapies moving forward. By exploring the spatial and temporal expression of genes that 

underlie the immune response and other perturbed networks we hope to point out drug-sentsitive 

targets with potential for arresting secondary injury from TBI. 

Animal Models of TBI 

Considering that clinical TBI is heterogeneous and multi-factorial, a plethora of experimental 

models of TBI exist72. No animal model is entirely representative of human TBI, and translation 

from preclinical studies has been met with challenges 73. Nevertheless basic questions, that are 

impossible to be tested in humans, can still be answered in animal TBI models. Early published 

research primarily used these models to study biomechanical aspects of injury 37. But within the 

last two decades these models, and others, have been amended to study the complexities of 
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biochemical and molecular mechanisms of injury. Various animal models have been developed 

to try and answer questions related to individual components of TBI subtypes. The most widely 

used experimental TBI models include fluid percussion injury (FPI), controlled cortical impact 

(CCI) injury, weight-drop impact acceleration injury and blast injury; for review see Xiong, et al. 

74 (the three most common injury modalities are shown in Figure 1).  

 

Fluid percussion injury 

Fluid percussion injury (FPI) is one of the most widely used and accepted models of TBI 75. 

While human TBI is often associated with skull fracture and contusions 76, FPI models transmit 

injury without skull fracture. In FPI, the injury is transmitted by striking a pendulum against a 

reservoir of fluid that generates a fluid-filled pulse directed at the intact dura exposed through a 

surgical craniotomy. The extent of deformation of the brain tissue depends on the pressure pulse, 

that can be altered by changing the height of the pendulum 77. Shifts in the craniotomy site are 

Figure 1. Three most commonly used experimental TBI models. This image, adapted from 
Xiong et al. (2013), describes the three most commonly used forms of experimental TBI, 
including fluid percussion injury, controlled cortical impact, and Marmarou’s weight-drop 
system along with their respective injury patterns.  
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correlated with differential lesion development 78, and in general FPI produces a combination of 

focal cortical contusion and diffuse subcortical neuronal injury 79. This includes injury to the 

hippocampus and thalamus – areas commonly damaged in clinical TBI 77 – but does not 

markedly affect other brain regions 79. Fluid percussion reproduces many clinical correlates of 

TBI in humans, including neurobehavioral 80 and cognitive deficits 81. The FPI model was 

originally designed for use with cats and rabbits 82 and was later adapted for use with rats 83 and 

mice84. It has since been amended for studies in larger animal species, such as dogs and pigs 85,86. 

One limitation associated with all FPI models is the minimal biomechanical control of the injury 

(i.e., the pendulum being the only adjustable mechanical parameter). To improve reproducibility 

and reduce variation between animals, fluid pulse pressures (typically measured in atmospheres - 

atm) are often recorded as a parameter of injury.  

Chronic animal studies using FPI 

With few exceptions, most studies of chronic TBI using the FPI model have focused on 

behavioral and histopathological changes that occur after injury. Previous work in rats 

demonstrated that contused cortex at the injury site enlarges over the weeks following injury and 

continues to expand up to 1-year post-TBI 87. Degeneration of tissue 79 and metabolic/structural 

cerebral perturbations 88 occur in other selectively vulnerable brain regions up to months after 

injury. These pathological changes occur concomitantly, and may underlie some of the 

neurobehavioral and cognitive deficits that have been shown to persist for more than 1 year after 

FPI 89. Recent data published from our laboratory shows our FPI model induces measurable 

behavioral deficits 90 and significant degeneration (unpublished) up to 12 months after injury.  
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microRNA  

microRNAs are short, non-coding RNAs expressed in virtually all tissues, that have distinct 

roles in regulating a vast number of genes and corresponding encoded proteins91. Gene 

expression and protein translation is a biologically complex process. Whole genome sequencing 

has shown that only 2% of the total genomic sequence accounts for protein coding transcripts, 

and the other 98% are non-protein-coding. The first non-coding RNAs, lin-4 and let-7, were 

discovered while studying early development in the invertebrate C. elegans 92. It was found that 

the lin-4 and let-7 RNAs had imperfect complementarity to conserved sites within the 3’ UTR of 

proposed gene targets; thus, a model was established in which these small non-coding RNAs 

exerted their regulatory functions through antisense interactions 93,94. Numerous subsequent 

studies identified that lin-4 and let-7 were part of a much larger class of small RNAs. While their 

functions were not clearly delineated at the time, it was known that they were processed from 

hairpin precursors and they were small. Because of their size, they came to be known as 

microRNAs (miRNAs). By 2000, let-7 was described in humans and other animals with similar 

temporal expression as first observed in C. elegans 95. In my studies, I show that several 

members of the let-7 family can potentially serve as biomarkers of acute and chronic TBI. 

MiRNAs have been found to be involved in numerous biological processes including regulation 

of the cell cycle, apoptosis, and differentiation. Evolutionarily ancient miRNAs are now 

considered master regulators of gene expression. When engaged with their constituent mRNA 

target, they enforce posttranscriptional repression.  
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miRNA Biogenesis 

Canonical miRNAs in animals are first transcribed by the RNA polymerase II (Pol II) as part 

of a longer primary or “pri-miRNA” 96. The pri-miRNA folds back upon itself in at least one 

region to form a hairpin substrate for Microprocessor, a heterotrimeric complex comprising of 

the Drosha endonuclease and two partner DGRCR8 proteins 97. Microprocessor can be 

considered the “gatekeeper” of the canonical miRNA biogenesis pathway as it determines 

whether hundreds of conserved and non-conserved hairpins enter the pathway by regions that 

flank the base of the hairpin 98,99. Drosha’s processing of the pri-miRNA occurs via its two 

RNase III domains that cut the stem of the hairpin and liberate a ~ 60 nt stem-loop called a “pre-

miRNA” 100. The pre-miRNA is then exported from the nucleus via Exportin 5 in a RAN-GTP 

dependent manner 101. In the cytoplasm, the pre-miRNA is processed by the endonuclease Dicer 

which, like Drosha, has two RNase III domains 102. Dicer associates with another partner protein 

named TAR RNA-binding protein (TRBP). The Dicer/TRBP complex cleaves the pre-miRNA 

near the terminal loop which liberates a small RNA duplex containing the miRNA paired with its 

passenger strand (also called the miRNA*). Once processed, the miRNA duplex is loaded into an 

Argonaute associated protein by chaperone proteins HSC70/HSP90 103,104. Loading of the duplex 

into the Argonaute protein requires a large amount of energy and the process occurs in an ATP-

dependent manner that allows the protein to assume an open conformation suitable for binding 

the duplex 104. Once the duplex is loaded, the Argonaute protein relaxes back to its ground state 

conformation whereupon the miRNA* is expulsed forming the mature silencing complex 104,105. 

Although which segment of the duplex (miRNA and the miRNA*) is chosen to be the guide 

strand is still unclear it is assumed that the loading orientation is independent of the duplex 

orientation within the pre-miRNA so the strand from either end of the hairpin can become the 
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eventual mature miRNA 106. The mature miRNA-argonaute protein complex is now amendable 

for pairing to messenger RNA (mRNA) by partial or complete complementary binding leading to 

their ultimate posttranscriptional repression. The most common mode of posttranscriptional 

repression in humans and other animals requires the adaptor protein TNRC6, which, when 

recruited by Ago interacts with the poly(A0-binding protein (PABPC), deadenylase complexes, 

and the CCR4-NOT complex107. Destabilization of the mRNA occurs through exonucleolytic 

decay after shortening of the poly(A) tail by deadenylases108. The CCR4-NOT complex (in 

association with a helicase DDX6) is also believed to interfere with translation initiation through 

interactions with the eIF43 transporter (4E-T) thereby enhancing miRNA-mediated silencing of 

protein expression109. A visual representation is provided in Figure 2. 
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miRNA expression analysis using high throughput sequencing and target prediction 

Expression profiling of individual miRNAs has typically been accomplished through qRT-

PCR. In recent years, the “-omics” revolution has greatly expanded the repertoire of techniques 

to examine putative miRNAs. Semi-quantitative technologies like microarrays which are a 

hybridization-based method allowed for the interrogation of many miRNAs at one time. In the 

years since 2005 when next generation sequencing (NGS) platforms first became available, 

Figure 2: Canonical miRNA Biogenesis and Function. This graphic, adapted from Bartel (2018), visually 
details the life-cycle of a canonical miRNA from its transcription by RNA Polymerase II to the loading of 
the mature miRNA into the guide strand channel of the AGO protein to form the RISC where 
degradation of the mRNA can occur. 
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technologies such as RNA sequencing have transformed molecular genomics research 110. Unlike 

microarrays which are constrained by the a priori knowledge required to assemble probes on a 

chip, RNA sequencing provides a high throughput method for measuring all transcripts present 

with less bias. The 2014 microRNA quality control (miRQC) study found that each of these 

methods has its advantages and disadvantages, therefore the choice of which platform to use 

depends on the study being conducted 111. These technologies vastly increased the rate of 

miRNAs being discovered, and as a result high-throughput screening has become commonplace. 

 There is an extensive array of prediction tools available for determining miRNA targets 

and their biological relevance (for a comprehensive review on the currently available tools see 

Akhtar, et al. 112. As more miRNA and target interactions are identified, it increases awareness of 

the complexity of the role of miRNAs in biology and indicates their importance. While NGS 

produces large sets of miRNAs, they are often error-prone 113 and vary dependent on sample 

quality 114. Northern blotting is the traditional method used to validate miRNAs found by NGS. 

However, it is a time-consuming process and it would be nearly impossible to validate each 

miRNA on an individual basis this way. Many studies circumvent this by performing in silico 

validation of predicted gene targets based on seed-sequence binding site complementarity. Using 

systems biology approaches (e.g., in silico or bioinformatics analysis of miRNA and target 

interactions) to verify miRNA and target genes is one approach to parse complex disease-

specific regulatory cascades while improving the confidence of sequencing-based miRNA 

generation methods 115.  
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miRNA in the central nervous system 

MiRNA-mediated repression of gene expression plays a critical role in the central nervous 

system (CNS) and throughout adulthood. Considering the cellular complexity of the CNS, it is 

unsurprising that upwards of 70% of all known miRNAs that can be experimentally detected are 

found in the CNS 116. Data from studies in mice support that many miRNAs are enriched in brain 

tissue 117. Despite this apparent enrichment, only a handful of these miRNAs are solely expressed 

in the brain118. A myriad of miRNA and gene targets orchestrate cellular programs that regulate 

CNS function including embryonic development, synaptic function, neurogenesis, and the 

response to environmental stimuli. Several lines of evidence suggest that miRNAs accumulate in 

a time-dependent manner over the course of vertebrate brain development 119,120 and in the 

developing human brain 121. In a study conducted in Zebrafish, manipulation of Dicer, a 

necessary endonuclease in the miRNA biogenesis pathway revealed that miRNAs are critical for 

brain morphogenesis 122. Along with induction of miRNA in differentiating neuronal cells 123, 

there is a preponderance of evidence implicating the role of miRNAs in maintenance of the CNS. 

Schratt et al. were the first to provide evidence that miRNAs regulate genes vital to synaptic 

function 124. That landmark study identified miR-134 repression of Limk1, a kinase important for 

dendritic spine development, which occurs in the postsynaptic compartment. Restoring Limk1 

expression with antagomiRs to miR-134 rescued spine morphology and demonstrated that 

miRNA modulate neuronal excitability 125,126. Data from several studies where conditional Dicer 

ablation in neural progenitor cells lead to impaired neuronal differentiation established the role 

of miRNAs in neurogenesis 127-130. These seminal studies highlight the interplay of miRNAs in 

synaptic plasticity mechanisms 131.  
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 These studies and others define a critical role of miRNAs in nervous system 

developmental processes. It has also been suggested that dysregulated miRNA expression may 

alter critical neuronal functioning, leading to premature neuronal cell death and impaired 

learning and memory; these are also hallmarks of neurodegenerative and neuropsychiatric 

disorders 132. 

miRNA in CNS Inflammation 

Inflammation of the CNS plays a major role in acute and chronic neurologic disease49. It has 

the potential to be beneficial, but also may worsen pathology in disease 133 and after injury 134. 

Since the discovery of miRNAs, they have been posited to regulate many pathological processes 

including the initiation and maintenance of inflammation 135. Recently, they have been described 

as key regulators in neuroinflammation136 and their integral roles in mediating microglial and 

astrocytic polarization is suggested to impact CNS pathologies137. As immunomodulatory 

participants, miRNAs may have both pro- and anti-inflammatory properties.  

miRNA in aging 

Global disruption of miRNA expression or alterations in individual miRNAs can lead to 

aberrant development and a variety of neurologic diseases. While aging may seem like an 

obvious contributor to the development of neurodegenerative diseases, the underlying 

mechanisms of how age leads to neurodegeneration are still poorly understood. A potential 

mechanism for age-related pathological neurodegeneration are altered miRNA profiles in the 

aged-brain 138,139. Support for this includes a genome-wide analysis of cerebellum and cortex 

tissue in chimpanzees and humans that revealed differential expression of miR-144 in an age-

dependent manner 140. MiR-144 (a member of the miR-144/-451 family) has been suggested to 
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regulate apoptosis in the aging brain via its binding to the 3’UTR of programmed cell death 

protein 4 (PDCD4) 140. In the same vein, many other miRNAs, differentially expressed in aged 

and senescent brains, regulate genes responsible for the induction of programmed cell death 141. 

In a landmark study on aging, differential miRNA expression was evident in the serum of older, 

longer-lived individuals compared to short-lived people suggesting a role that miRNA may play 

in human longevity 142. Injuries such as TBI that lead to the disruption of homeostatic miRNA-

gene networks may be increasing the risk for disease in the same way that age affects numerous 

pathways associated with neurologic disease. Additional research should aim to confirm the 

correlations between miRNA expression and age-related changes in target genes. Such studies 

can help to elucidate the role of miRNA in aging and the interplay between age, injury, and the 

development of chronic disease.  

miRNA in neurodegenerative diseases 

The etiology of neurodegenerative disease is complex and influenced by combinations of 

genetic, molecular, and environmental perturbations 143. Considering that the CNS is an 

amalgamation of many cell types, each with variable miRNA expression that can be induced or 

repressed by numerous stimuli, it is no wonder that pathological mechanisms in 

neurodegenerative diseases are immensely complex. For example, in PD multiple miRNAs 

including miR-548d, miR-224, miR-373, and miR-198 have been implicated in alpha-synuclein 

pathology and autophagy 144,145. Patterns of dysregulated miRNA expression including, but not 

limited to – miR-148a, miR-17-5p, miR-137, miR-181c, miR-101, miR-184, miR-15a, miR-185 

and miR-210 – have been shown to be AD specific 146-148. In a study using an α-CamKII-Cre 

conditional Dicer knockout (cKO) mouse line (adult forebrain neurons) showed there was 

marked development of neurodegenerative phenotypes similar to Alzheimer’s disease; these 
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hallmarks included neuronal loss in the hippocampus, cell shrinkage in the cortex, and 

accumulation of hyperphosphorylated tau proteins149. Altogether, the studies mentioned here 

suggest miRNAs may be involved in the etiology of different neurodegenerative diseases. 

Importantly, disruptions of these same miRNA (e.g., the miR-15 family) occur after TBI and are 

evident in both our animal and human studies covered in detail in this text.  

miRNA in TBI pathophysiology 

As described, aberrant miRNA expression is a common phenomenon in many neurologic and 

neurodegenerative diseases. Within the last decade, studies examining miRNA expression after 

TBI have found altered expression profiles suggesting a potential role its pathophysiology. Two 

key studies published in 2009 by Lei et al.  and Redell et al.,  were the first to report alterations 

of miRNA profiles in rat cerebral cortex (post-FPI) and hippocampus (post-CCI), respectively. 

Each of their studies were performed at acute time intervals after injury, ranging from 3 hours to 

72 hours post-TBI. Redell and colleagues used qRT-PCR to validate differential expression of 

several miRNAs including miR-107, -130a, -223, -292-5p, -433-3p, -451, -541, and -711 151. At 

the time, the authors performed network analysis using predicted targets of these validated 

hippocampal miRNAs to infer their regulatory roles in various biological processes (signal 

transduction, transcriptional regulation, proliferation, and differentiation) known to be initiated 

after TBI 151. In the Lei et al. study, moderate FPI induced similar changes in the peri-

contusional region of the injured cortex, although no gene ontology (GO) analysis was 

performed on predicted targets. Building off of the Redell et al. (2009) study, miRNAs were 

found to be differentially expressed up to 7 days post-CCI 152. Through GO enrichment and 

clustering analysis it was postulated that miRNAs induced acutely after CCI (24 hours) in the 

hippocampus cooperatively regulate genes involved with pathological changes and stress 
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management, while post-acute (7 days after CCI) miRNAs were more involved with brain repair 

mechanisms 152. Later on, studies using a similar miRNA microarray approach found that a mild 

CCI acutely altered miRNA expression in the contused cortex 153. All the studies reviewed here 

support the hypothesis that miRNAs are altered acutely after TBI. The purpose of my 

investigation is to address a large gap in knowledge that still exists pertaining to the magnitude 

and timing of miRNA changes in chronic TBI.   

Putative TBI diagnostics 

TBI, and particularly mild TBI, can be difficult to diagnose with traditional neuroimaging 

techniques including computed tomography (CT) and magnetic resonance imaging (MRI). 

Therefore, clinically feasible or point of care diagnostics to aid in the accurate diagnosis of TBI 

have long been sought. Until recently, there was a lack of FDA-approved laboratory tests to 

confirm the presence of a TBI 154. Ideal diagnostic techniques would be cost-effective and 

minimally invasive for the patient. Certain factors should be addressed when considering a 

diagnostic marker for TBI such as: 

1. What is origin of the marker and is it expressed solely in the CNS?  

2. What are the basal levels in normal circulation (can it cross the BBB)?  

3. Is the difference from baseline a result of injury or some other process which causes an 

up or downregulation?  

4. Do ancillary stressors (e.g., exercise, etc.) effect the levels of the marker in circulation?  

5. Can the marker distinguish certain aspects of neurotrauma (e.g., axonal shear, neuronal 

cell death, BBB dysfunction, gliosis)? 
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 Over the years several protein-based biomarkers of injury have been proposed and 

exhaustively studied. In the 1980s S100B, a member of the calcium binding protein family S100, 

was measured in the cerebrospinal fluid (CSF) of patients with neurologic injury 155. While 

highly expressed in astrocytes and other neural cells, S100B is not brain-specific and is increased 

after other trauma 156 and during intensive exercise 157. Ten-years earlier, an intermediate 

filament protein known as glial fibrillary acidic protein (GFAP) had been reported in the brain 

158. GFAP was later found to be expressed preferentially in astrocytes and increased in the 

injured brain 159. Studies in the 1990s reported measurable levels of GFAP in blood taken from 

suspected TBI patients upon admission to the emergency department (ED) 160. In comparison to 

S100B and another putative biomarker, neuron specific enolase (NSE) (see Cheng, et al. 161 for a 

description and meta-analysis of NSE in TBI), GFAP was found to have higher specificity to 

brain injuries when measured from serum 162. Though it is considered to be more sensitive for 

detection of brain injury than other protein biomarkers, GFAP is also expressed in bone and 

cartilage 163 and therefore cannot be considered brain specific when other traumas are present. 

Within the last two decades, ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) 164 has received 

considerable attention for its brain specificity and correlation to severity of TBI and patient 

outcomes 165-168. Some studies have reported that UCH-L1 does not sufficiently discriminate 

between mild TBI and uninjured controls 169. Despite some controversy, a panel comprising of 

GFAP and UCH-L1 was recently approved by the FDA and is now on the market 154. Other 

proteins of interest for TBI identification include; neurofilaments 170,171, myelin basic protein 172, 

spectrin breakdown products 173, tau 174, microtubule-associated protein 2 175, amyloid beta 176, 

cytokines 177. 
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miRNA as TBI biomarkers 

Despite the increasingly important role that miRNAs are suggested to have in brain injury, 

only a handful of groups have published on circulating miRNA as a biomarker for TBI 178-182. 

While protein biomarkers have generated more interest in the literature as diagnostic tools, 

miRNAs may be preferable for several reasons – 1) they are highly stable in circulation and 

measurable in a variety of bodily fluids including blood and CSF; 2) they are correlated with 

pathology; 3) they regulate the expression of proteins which are typically measured downstream; 

and 4) they have known roles in a multitude of cellular functions and can have hundreds of target 

mRNAs 183. The discovery of brain specific miRNAs 124,184,185 increases their potential for 

identification of TBI as opposed to measurement of peripheral or systemically induced markers. 

Newer, more highly sensitive and quantitative technologies such as RNA sequencing and droplet 

digital PCR (DDPCR) allow for quantification of miRNAs from typically ‘low-yield’ samples 

such as serum and plasma 186. The advent of such methods makes measuring miRNAs more 

amendable from lower volumes of patient samples, meaning a less invasive approach. Though 

promising as putative targets for biomarker studies, there are discrepancies between most 

reported miRNAs in published TBI studies. One possible explanation for such confounding 

results is the heterogeneity of TBI and complex pathophysiologies of different experimental 

models 187. Standardization of preclinical and clinical studies may help to reduce the variance 

associated with different methods of sample collection, preparation, and quantification enabling 

more reproducibility across laboratories 73,188.  
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Chapter 2:  

 

     Material and Methods 

Animals  

All animal experiments were approved by the Institutional Animal Care and Use Committee 

of the University of Texas Medical Branch, Galveston, Texas and conducted according to the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th edition, 

National Research Council).  

 Adult male Sprague-Dawley rats (250 g–300 g) from vendor Charles Rivers (Portland, 

Maine) were housed 2 per cage with food and water ad libitum in a vivarium with these constant 

conditions: light cycle (6∶00–18∶00) temperature (21°C–23°C), and humidity (40%–50%). For 

each post-TBI interval, we analyzed gene expression in hippocampus and cortex of four naïve, 

four sham-injured and four TBI rats; thus, 84 rats were used for microarray and PCR array 

analysis. 

Surgical Preparation  

Rats were anesthetized with isoflurane in an anesthetic chamber, intubated, and mechanically 

ventilated with 1.5-2.0% isoflurane in O2: room air (70:30) using a volume ventilator (EDCO 

Scientific, Chapel Hill, NC). Rats were prepared for parasagittal fluid-percussion injury (FPI) as 

previously described 189,190. Surgical preparation of sham-injured and TBI rats was identical 

except for the injury. Rats were placed in a stereotaxic head frame and the scalp was sagittally 
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incised. A 4.0 mm diameter hole was trephined into the skull 2.0 mm to the right of the sagittal 

suture and midway between lambda and bregma. A modified Luerlok syringe hub was placed 

over the exposed dura, bonded in place with cyanoacrylic adhesive and covered with dental 

acrylic. Isoflurane was discontinued; rats were connected to the fluid-percussion trauma device 

and immediately after the return of the withdrawal reflex to paw pinch a severe (2.3 atm) FPI; 

was administered. After FPI or sham injury, rats were disconnected from the fluid-percussion 

device and the righting reflex (the time to right), was measured. Rats were then placed back on 

isoflurane (2%), wound sites were infused with bupivicaine and sutured with prolene. Isoflurane 

was discontinued and the rats were extubated and allowed to recover in a warm, humidified 

incubator. 

 Controlled cortical impact (CCI) was performed at Baylor College of Medicine as 

previously described in Cherian et al., 1996. 191 

Microdissection of hippocampus and cortex 

Microdissected hippocampal and cortical tissue were collected at 24 hours, 2 weeks, 3, 6 and 

12 months after FPI, placed in a 1 ml tube and stored in RNAlater (Thermo Fisher Scientific) at 

4°C. Tissue was shipped to GenUs Biosystems (Northbrook, IL) for microarray analysis. Tissue 

dissections were performed using sterile, RNase treated Iris tissue forceps. The two cerebral 

hemispheres of the cortex were opened along the cerebral longitudinal fissure and separated with 

the forceps to expose the hippocampus. Next, each hippocampus was individually separated from 

the cortex and midbrain using the same Iris tissue forceps and each placed into separate sterile 

Eppendorf tubes containing RNAlater (Thermo Fisher Scientific) and stored at 4°C or placed 

into separate empty sterile Eppendorf tubes and fresh frozen on dry ice for 3-5 minutes. After 
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retrieval of the hippocampi, a small “snip” of cortex near the injury site was excised using the 

Iris forceps and placed into separate sterile Eppendorf tubes containing RNAlater (Thermo 

Fisher Scientific) and stored at 4°C or placed into separate empty sterile Eppendorf tubes and 

fresh frozen on dry ice for 3-5 minutes.  

Microarray Analysis  

We have a long-standing collaboration with GenUs scientists, who participated in the first 

MicroArray Quality Control (MAQC) study that demonstrated the inter- and intraplatform 

reproducibility of gene expression measurements 192. Thus, our microarray procedures follow the 

recommended guidelines of the first and second MAQC studies 193,194. RNA was extracted and 

purified using Ribopure (Ambion) and total RNA samples were quantified by UV 

spectrophotometry (OD260/280). The concentration and quality of total RNA was assessed using 

an Agilent Bioanalyzer with the RNA6000 Pico Lab Chip (Agilent Technologies). First and 

second strand cDNA was prepared from the total RNA samples. Complementary RNA (cRNA) 

targets were prepared from the DNA template and verified on the Agilent Bioanalyzer. 1µg of 

purified cRNA was fragmented to uniform size and hybridized to Agilent Rat GE 8x60K arrays 

(028279). Agilent Whole Rat Genome microarrays are comprised of approximately 41,000 60-

mer probes designed to conserved exons across the transcripts of targeted genes. These probes 

represent well annotated, full length, and partial human gene sequences from major public 

databases. Arrays were hybridized at 65° C for 17 hrs in a rotating incubator and washed at 37° 

C for 1 min. After being stained with Streptavidin-Alexa555, rinsed, and dried, arrays were 

scanned with an Agilent G2565 Microarray Scanner (Agilent Technologies, Santa Clara, CA) at 

5 µm resolution. Agilent Feature Extraction software was used to process the scanned images 

from arrays (gridding and feature intensity extraction) and the data generated for each probe on 
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the array was analyzed with GeneSpring GX v7.3.1 software (Agilent Technologies, Santa Clara, 

CA). To compare individual expression values across arrays, raw intensity data from each gene 

was normalized to the median intensity of the array. Genes were removed for further analysis if 

at least one replicate sample was not above background intensity. Further filtering was 

performed to only include genes whose values were within 50% for biological replicate samples. 

Bioinformatics analyses with Ingenuity Pathway Analysis and Qlucore Omics Explorer 

The filtered gene list was queried for genes differentially expressed (fold-change ≥1.4) in 

TBI relative to sham treatment. Statistically significant gene expression data (p < 0.05) from the 

GeneSpring analysis were uploaded into Ingenuity Pathway Analysis (IPA) software (QIAGEN). 

Core expression analysis was performed for genes 24 h, 2 wk, 3, 6- and 12-months post-injury, 

to identify critical canonical pathways in which genes were enriched and identify genes upstream 

of networks that could potentially be master regulators. P-values were calculated based on a 

Fisher's Exact Test by considering the number of genes that comprised a given process or 

pathway within our dataset and the number known to be associated with that process in IPA's 

reference set. The more genes which overlapped in our dataset with the reference set, the more 

likely the association was not due to random chance. Thus, significant canonical pathways 

represent processes with an over representation of focus genes from our dataset greater than were 

expected to show up by chance. Qlucore Omics Explorer (QOE, Qlucore, Lund, Sweden), a 

bioinformatics software platform (based on the statistical software R) that allows a dynamic and 

interactive visualization of multivariate data by projecting high dimensional data down to lower 

dimensions, was used for principal component analysis. Microarray data have been deposited for 

public access in the National Center for Biotechnology Information Gene Expression Omnibus 

under accession number GSE111452.  
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Quantitative real-time PCR validation of microarray results 

For validation of gene expression from 24 h, 2 weeks, 3, 6, and 12 months microarray results, 

qRT-PCR was completed using total RNA isolated for the microarray analyses. For each post-

injury interval, 10-20 differentially expressed genes from the microarray analyses were selected 

based on the IPA analysis. Total RNA (500 ng) was reversed-transcribed using the High 

Capacity Kit (Applied Biosystems) following manufacturer’s protocols. Q-PCR was performed 

on a Roche Light Cycler 96 using Taqman probes (Applied Biosystems) following 

manufacturer’s protocols. All data collected was analyzed using the Roche light cycler software, 

a data analysis tool for sample comparison using the ΔΔCT method for calculating the relative 

quantification of gene expression.  

1-month and 2-months Hippocampal and Cortex 96 well custom qPCR arrays 

RNA isolation, cDNA synthesis and qPCR: For custom qPCR array analysis of injured brains 

at one and two months post-TBI, total RNA was isolated from microdissected hippocampal and 

cortical tissue using Trizol (Invitrogen) according to manufacturer’s protocol and DNase treated 

for 30 min at 37oC using Turbo DNase (Ambion). Total RNA (700 ng) was reverse transcribed 

using the iScript Reverse Transcription Kit (Bio-Rad) according to manufacturer’s protocol. 

QPCR was performed on a CFX384 Real-Time System (Bio-Rad) using a Sybr-green 384 well 

custom PCR array plate containing 4 individual 96-well gene groups (86 selected genes, 5 

endogenous control genes, 5 plate controls). The thermo-profile cycling protocol: 2 min @ 95C 

for 1 cycle, 5 secs @ 95ᵒC and 30 secs @ 60ᵒC for 45 cycles and a melt curve 5 sec/step @ 65ᵒC 

to 95ᵒC for 1 cycle was used to run PCR plates. Data was collected and imported into the CFX 

Manager PrimePCR analysis software. Data was normalized to 5 endogenous control genes 
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(Actb, Hprt1, Ldna, Rpl13a, and Rplp1) and PrimePCR plate controls were analyzed to verify 

RNA quality and to test performance of reactions. The ΔΔCT method for calculating the relative 

quantification of gene expression was used to calculate fold changes comparing sham and TBI 

groups to naïve groups. We previously employed a similar experimental design using pathway-

specific PCR arrays to analyze gene expression in laser captured dying and surviving neurons 195.  

Rodent serum isolation and PCR array analysis 

Serum collected from rats subjected to FPI or CCI and stored at -80oC was used for miRNA 

isolation using miRNeasy Serum/Plasma Kit (Qiagen). To start, 200 µl of serum was removed 

from freezer storage (-80oC) and thawed. To lyse all cellular components present in the serum, 

five volumes of QIAzol Lysis Reagent (1000 µl) was added to the sample and mixed thoroughly 

by pipetting up and down. Samples were incubated for 5 minutes at room temperature (15–

25°C), then 3.5 µl of the miRNeasy Serum/Plasma Spike-In Control (1.6 x 108 copies/μl working 

solution) was added and mixed thoroughly as an internal control for PCR runs. To further 

remove potential protein contamination, 200 µl of chloroform was added to the sample and it 

was vortexed vigorously for 15 seconds. Once mixed, the samples were centrifuged for 15 

minutes at 12,000 x g at 4oC. Carefully, the upper aqueous phase was moved to a new tube while 

avoiding disrupting the interphase and 1.5 volumes of 100% ethanol were added and mixed 

thoroughly by pipetting up and down. Subsequent steps were necessary to clean the samples of 

any impurities. The samples were then pippeted into a RNeasy MinElute spin column, 700 μl at a 

time, and centrifuge at 10,000 x g for 15 seconds at room temperature (15–25°C) discarding the 

flow through after, until all of the sample had been passed through. From there, 700 μl of Buffer 

RWT was added to the spin column and centrifuged for 15 seconds at 10,000 x g, and the flow 

through was discarded. This was followed by a wash with 500 μl of Buffer RPE and 
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centrifugation of 15 seconds at 10,000 x g. The flow through was discarded and 500 μl of 80% 

ethanol was added to the spin column followed by a 2-minute centrifugation at 10,000 x g. To 

remove all excess fluid, the spin column was then placed into a new collection tube and spun for 

5 minutes at maximum speed (13,000 x g). Afterwards, the column was placed into another new 

collection tube and 14 μl of nuclease free water was added directly to the center of the filter and 

was then centrifuged at maximum speed for 1 minute to elute the RNA.  

Acquisition of Patient Samples  

Blood samples were collected at baseline 24, 48, and 96 hours after ED admission. When 

available, patients that required placement of a ventriculostomy catheter for ICP monitoring 

provided cerebrospinal fluid (CSF), along with the baseline blood sample. In most cases the 

samples were collected in vacutainer SST tubes (blood) or red top vacutainer tubes (CSF). Blood 

samples were allowed to clot, samples spun down, and the serum and CSF placed in 1 ml 

aliquots in RNase-free tubes. The samples were frozen and stored at -80oC. Healthy control 

serum and CSF samples were obtained prospectively from BioreclamationIVT 

(http://www.bioreclamationivt.com/). 

Human serum miRNA isolation and precipitation  

Approximately 1ml of human serum and CSF was used for miRNA isolation using the 

miRVana Paris Kit (#AM1556; Invitrogen) following manufactures protocol for extraction from 

biofluids. RNA extractions were performed from 500 µl of patient serum in tandem (total 1 ml of 

patient sample used for each isolation). To lyse all cellular components in the serum, 500 µl of 

lysis solution was added to each 500 µl aliquot of sample and incubated on ice for 5 minutes. To 

remove any potential protein contamination, phenol-chloroform was added at 2X the volume of 
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sample plus lysis solution (1 ml) to equal 2 ml total volume. The samples were vortexed 

vigorously for approximately 30 seconds before being centrifuged at 10,000 x g for 5 minutes. 

After centrifugation the aqueous phase was removed, and the volume recorded. To separate 

nucleic acids in solution, 1/3 volume of 100% ethanol was added to each sample, mixed 

thoroughly, and then added to the spin column in 700 µl aliquots until all of the sample was 

passed through the column. Samples were spun for 30 seconds each time at 10,000 x g and the 

volume was recorded. Two-thirds volume of 100% ethanol was then added to the samples. 

Again, samples were mixed thoroughly, and then added to the spin column in 700 µl aliquots 

until all of the sample was passed through the column (30 seconds each time at 10,000 x g). On 

the last spin the flow through was discarded and 700 µl of Wash Solution #1 (provided with kit) 

was passed through the column (30 seconds each time at 10,000 x g) to clean the samples. 

Afterwards, the flow through was discarded and then 500 µl of Wash Solution #2 (provided with 

kit) was passed through the column (30 seconds each time at 10,000 x g) to further clean the 

samples. The flow through was discarded and the column spun for an additional minute to 

remove any residual fluid. The column was then placed in a sterile, RNase-free tube and 100 µl 

of 95oC nuclease free water was placed directly on the filter to elute the miRNA (30 seconds 

each time at 10,000 x g). 

 The 2, 100 µl aliquots of the same patient’s samples were then added together to ethanol 

precipitate the miRNA to make a highly concentrated solution. To the now 200 µl solution, I 

added 0.01 volumes of 3M sodium acetate and 2.5 volumes of ice-cold 100% ethanol. The 

sample was vortexed thoroughly and precipitated in a combination bath of dry ice and ethanol 

until completely frozen (approximately 1 hour). The frozen solution was then centrifuged at 4oC 

for 10 minutes at 13,000 x g. The supernatant was carefully discarded as to not disturb the pellet 
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which had formed. The pellet was then washed twice with 0.5 ml of ice cold 75% ethanol, after 

each wash it was spun at 4oC for 10 minutes at 13,000 x g. After the final spin the ethanol was 

removed and the pellet allowed to air dry. Once all liquid had evaporated or was removed and 

the pellet dried, 10 µl of nuclease free water was added and the pellet resuspended. 

miRNA sequencing  

Samples were sent to the UTMB Sequencing Core for processing. First, miRNA samples 

were quantified using a Qubit fluorescent assay. Libraries for sequencing were prepared with the 

NEBNext Small RNA Library Prep (New England BioLabs, Inc.) following the manufacturer’s 

protocol. Briefly, linker molecules are ligated to each end of the small RNAs then reverse 

transcriptase is used to make a cDNA copy. Adapters are added and the library is amplified by 

PCR. Index sequences are included to identify individual samples. Polyacrylamide-gel 

purification was used to enrich for 22 nt miRNA sequences. 

 Sequencing was performed on a NextSeq 550 (Illumina, Inc.) with the High-Output 

flowcell using a single-end 75 base sequencing protocol with the SBS v2 sequencing kit. Fastq 

files were processed using the miRDeep2 program, version 2.0.0.8. Adapter sequences were 

trimmed off and duplicate reads were collapsed into fasta format files using the miRDeep2 

mapper.pl function with default parameters. Reads shorter than 18 bases were excluded. The 

quantifier.pl function was used to map the reads to mature and precursor miRNA sequences 

downloaded from the online miRBase database, version 21. The –W parameter was used to 

distribute multi-mapping read counts between miRNAs, then the counts for miRNAs with the 

same mature sequence were summed.  
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microRNA target prediction 

To infer the regulatory actions of miRNA from our sequencing data and improve our 

confidence that these miRNAs are representative of brain pathology we performed an iterative 

process for miRNA target prediction. Initially, miRNAs that were significant across all four 

statistical tests in R in separate time intervals were loaded into a Venn diagram analysis suite 

(Venny 2.1; Oliveros JC 2015) to find the overlapping significant miRNAs. The overlapping 

miRNAs were then separated into top 10 miRNAs (either up or downregulated) based on the 

adjusted p value. The miRNAs in these lists were then input into a miRNA target prediction 

online suite, miRDB 197. miRDB uses miRBase V22 198 as its source miRNA sequence database 

for target prediction. Based on sequence data miRDB then uses a proprietary bioinformatics 

program, miRTarget, to assess functional annotations of these miRNA and gene targets. 

MiRTarget uses constructive machine learning procedures known as support vector machines 

and high-throughput training datasets to generate a target prediction score ranging from 50-100. 

The higher the target prediction score the more confidence there is in the predicted relationship 

between miRNA and target. Genes were filtered to show only those with a target score > 60. 

After filtering, the lists of genes were uploaded into IPA (Qiagen) and an ‘Expression Analysis’ 

was performed. For the Expression Analysis, genes were filtered by confidence level 

(Experimentally Observed and High Predicted) and by species (Human, Rat, and Mouse) and 

included evidence from all tissue and cell types. Pathways are determined by the overlap of 

genes from our uploaded dataset and the reference set in IPA (Fishers Exact Test). A subsequent 

analysis between focal and diffuse injury with data from the 24 h cohort was performed in the 

same manner. The top canonical pathways were selected based on relevance to central nervous 

signaling or involvement in immune system related processes (e.g., inflammation). A 
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comparison analysis of signaling pathways across all human TBI time-intervals, focal and 

diffuse injury subtypes, and CCI and FPI data sets was performed to identify similarities that 

may exist in pathways of predicted target genes. The color intensity corresponds to the level of 

significance and is calculated as the -log of the Fisher’s Exact p value. The darker the color the 

more highly significant that pathway is for that individual analysis. Pathways relevant to nervous 

system signaling were selected from a larger list that included all predicted potential pathways.  

Droplet Digital PCR 

We used a Digital Droplet PCR (ddPCR; Bio Rad Inc.) platform for absolute quantification 

of miRNA concentrations in rat serum after FPI. ddPCR provides stand-alone absolute 

quantification of low-abundance miRNA with improved sensitivity and precision compared to 

conventional qPCR. For reverse transcription and pre-amplification, we used the Taqman 

Advanced miRNA cDNA Synthesis Kit (Thermo Fisher Scientific Inc.). Per the recommended 

protocol, the reverse transcription (RT) of serum derived miRNA with the maximum allowed 

volume of total RNA per reaction. Beginning with poly(A) tail addition, 2 μl of total RNA was 

added to a reaction tube with other poly(A) reaction components. A thermal cycler was set to 

incubate at 37oC for 45 minutes; 65oC for 10 minutes; and then held at 4oC until the next step. 

After addition of the poly(A) tail an adaptor ligation reaction was performed by adding the 5 μl 

poly(A) reaction to 10 μl of the master mix of the adaptor ligation reaction. The entire reaction 

was placed in the thermal cycler and set to 16oC for 60 minutes; then held at 4oC. For the RT 

reaction, the 15 μl adaptor ligation reaction was added to 15 μl of RT reaction master mix and 

placed into a thermal cycler and incubated at 42oC for 15 minutes; 85oC for 5 minutes; and held 

at 4oC. For the miR-Amp reaction 5 μl of the RT reaction product was added to 45 μl of miR-

Amp reaction mix and incubated in a thermal cycler at 95oC for 5 minutes; followed by 14 cycles 
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at 95oC for 3 seconds and 60oC for 30 seconds; 1 cycle at 99oC for 10 minutes; then held at 4oC. 

For the ddPCR reaction 1.5 μl of the miR-Amp reaction, including a non-template control, was 

added to 20.5 μl of ddPCR reaction mix which contains the miRNA assay of choice, ddPCR 

supermix, and RNase free water. Droplets were then generated by adding 20 μl of the final miR-

Amp reaction with 70 μl of droplet oil in a droplet generator (Bio Rad Inc.). The droplet 

generator produces approximately 20,000 droplets per sample, each containing an individual 

miRNA transcript and PCR reaction reagents. The PCR reaction was performed in a C1000 

(Eppendorf) thermal cycler. The final PCR product contained within the droplets were then read 

in a CFX1000 (Bio Rad Inc.) in duplicate. Droplets are measured as positive or negative based a 

on a fluorescence amplitude threshold. Concentrations of the target and reference miRNAs are 

determined by the number of positive and negative droplets and their Poisson-based 95% 

confidence interval. Only wells that contain at least 10,000 droplets are used in concentration 

calculations. Data from the droplet reader is then analyzed using Quantasoft software where 

thresholds for fluorescence can either be set automatically or manually by the user. 

Concentrations of miRNA are reported as copies/μl. 

Statistical Analysis 

The microarray analysis was initially performed on microdissected rat hippocampal and 

frontal cortex tissues from post-TBI intervals 24 hour, 2 weeks, 3, 6 and 12 months. To fill in 

gaps in gene expression between 2 weeks and 3 months, custom PCR array analysis was 

subsequently performed with microdissected hippocampal and cortical tissues collected from rats 

one and two months post-TBI. Microarray and PCR arrays for each post-injury interval were 

performed with four independent biological replicates each for naïve controls, sham-injured 

controls and TBI.  
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For statistical analysis of chronic gene expression qPCR validation experiments, a Mann-

Whitney test was performed to compare differences between Sham and TBI (p<0.05). For one- 

and two-months PCR arrays, normalized expression values were log transformed to an 

approximate normal distribution. A one-way ANOVA was performed on each gene. A 

Benjamini-Hochberg (BH) correction test was run and a Tukey’s post hoc test was performed on 

the genes that had a BH q-value of <0.05.  

For miScript PCR array analysis the expression of each miRNA was modeled by analysis of 

variance; miRNA expressions as 2(Avg. (Delta(Ct)) were log2 transformed to an approximation of the 

normal distribution prior to modeling. Differences among treatment groups (Naive, CCI, FPI) 

were assessed by Tukey-adjusted contrasts, followed by Benjamini-Hochberg control of the false 

discovery rate (FDR) among the miRNAs at the 5% level. 

 Raw data produced by miRNA-sequencing of sham and TBI hippocampus were input 

into DESeq2 or EdgeR and normalized to the reads per kilo base per million mapped (RPKM). 

This provided a ‘scaling factor’ which was applied to all time-specific samples. Differential 

expression analysis of the miRNA-seq counts was done using two R packages: Empirical 

Analysis of Digital Gene Expression Data in R (EdgeR) and Differential gene expression 

analysis based on the negative binomial distribution (DESeq). Both use the negative binomial 

distribution in order to assess differences in miRNA expression using count data and a general 

linear model (glm) analysis framework. For the EdgeR package, counts and a grouping string 

were read in. The miRNA that had low expression across all groups were filtered using one 

count per million. The glm procedure was used to estimate two exact tests: the quasi-likelihood 

(QL) F-test (the Wald Test) and the likelihood ratio test (LR test). The top tags from each were 

read out and compared. For the DESeq2 package, counts and their grouping string were read in. 
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miRNA were filtered using a count of less than eight across each miRNA. A quasi-likelihood 

(QL) F-test (the Wald Test) and the likelihood ratio test (LR test) were run. The top tags were 

read for each and compared. 

For DDPCR experiments a Wilcoxon Rank Sum test was performed to assess statistical 

significance between TBI and sham injury groups. 
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Chapter 3:  

 

Traumatic Brain Injury Induces Long-lasting Changes in Immune and Regenerative 

Signaling 

Published April 4, 2019 in PLoS One (PMID 30943276) 

 

 

Abstract 

There are no existing treatments for the long-term degenerative effects of traumatic brain injury 

(TBI). This is due, in part, to our limited understanding of chronic TBI and uncertainty about 

which proposed mechanisms for long-term neurodegeneration are amenable to treatment with 

existing or novel drugs. Here, we used microarray and pathway analyses to interrogate TBI-

induced gene expression in the rat hippocampus and cortex at several acute, subchronic and 

chronic intervals (24 hour, 2 weeks, 1, 2, 3, 6 and 12 months) after parasagittal fluid percussion 

injury. We used Ingenuity pathway analysis (IPA) and Gene Ontology enrichment analysis to 

identify significantly expressed genes and prominent cell signaling pathways that are 

dysregulated weeks to months after TBI and potentially amenable to therapeutic modulation. We 

noted long-term, coordinated changes in expression of genes belonging to canonical pathways 

associated with the innate immune response (i.e. NF-κB signaling, NFAT signaling, 

Complement System, Acute Phase Response, Toll-like receptor signaling, and 

This publication succinctly describes the gene expression studies 
that preceded the microRNA studies described in Chapters 4 and 5. 
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Neuroinflammatory signaling). Bioinformatic analysis suggested that dysregulation of these 

immune mediators- many are key hub genes- would compromise multiple cell signaling 

pathways essential for homeostatic brain function, particularly those involved in cell survival and 

neuroplasticity. Importantly, the temporal profile of beneficial and maladaptive 

immunoregulatory genes in the weeks to months after the initial TBI suggests wider therapeutic 

windows than previously indicated. Key words: traumatic brain injury, chronic immune 

response, gene expression, hippocampus, cortex
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Introduction  

There is a singular disquieting fact about traumatic brain injury (TBI); thus far, all successful 

preclinical studies have failed to translate 199,200, indicating a serious disconnect between bench 

and bedside. The lack of approved treatments for TBI’s degenerative effects and the knowledge 

that TBI can be incurred by individuals at any time should be troubling to all. As one of the 

major causes of mortality and disability across all age groups in all countries- a recent review in 

the Lancet suggests that the world-wide incidence is estimated to be over 50 million a year with 

a cost to the global economy of approximately $400 billion per year 201 – it is imperative that we 

identify underlying pathogenic mechanisms that may be targeted with existing or novel drugs.  

 Another reason for the urgency in identifying long-term pathogenic mechanisms is that 

TBI increases the risk of dementia later in life 202. In a nationwide cohort study of several 

hundred thousand TBI survivors and controls in Sweden, the authors reported a time- and dose-

dependent risk of developing dementia more than 30 years after TBI 203. TBI is a risk factor for 

all neurological disorders associated with dementia such as Alzheimer’s, Parkinson’s and 

Huntington’s diseases 204 as well as Chronic Traumatic Encephalopathy 205 and for psychiatric 

disorders such as depression 206. Altogether, these chronic brain disorders represent some of the 

greatest threats to human health worldwide 207. However, despite well documented lifelong 

deficits 208, and evidence for long lasting pathological changes after TBI 209, with a few 

exceptions 210, there is a notable lack of studies on the molecular mechanisms of chronic 

neurodegeneration in animal models. Given that progressive neurodegeneration is the common 

factor across most human brain diseases, identifying the causal mechanisms in TBI would have 

major implications for the treatment of all these brain disorders. 

 While acknowledging the dismal state of TBI therapeutics, how do we address this 
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challenge and provide hope for the existing population of TBI survivors? What are the 

endogenous deleterious and protective signals in the injured brain that could be therapeutically 

targeted with currently approved drugs to improve recovery and functional outcome after TBI? Is 

it too late or are there wider therapeutic windows that provide hope for the current population of 

chronic TBI survivors? As part of a larger project documenting proteomic, histological, 

behavioral90 and genomic changes occurring across five acute and chronic post-injury intervals 

(24 hr, 2 weeks, 3, 6 and 12 months post-TBI) in a rat model of TBI, we sought answers to these 

questions by analyzing the acute and chronic TBI-induced transcriptional profiles of two 

functionally connected brain regions, the hippocampus and cortex, which are associated with 

learning and memory and executive function 211-213.  

 Our previous studies 214,215 led us to hypothesize that persistent injury-induced genomic 

changes in key hub genes belonging to essential cell signaling pathways contribute to long term 

neurodegeneration. We recognized that there are clinically used drugs that are known to target 

some of these dysregulated signaling pathways. In this study, we found prominent dysregulation 

of several disease-associated canonical pathways in both hippocampus and cortex; notably, we 

have evidence of chronic dysregulation of pathways essential for cell survival, neuroplasticity 

and protein homeostasis (proteostasis) 216. As our focus was identifying potentially druggable 

pathways and there are multiple drugs that target inflammatory signaling, we noted with great 

interest that in both brain regions, genes in inflammatory and cell death pathways are acutely and 

chronically dysregulated after TBI.  
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Results 

Experimental design of microarray and custom PCR array analyses 

The model of parasagittal fluid-percussion injury (FPI) used in our studies recapitulates many 

important, clinically relevant hallmarks of human TBI 217 and has been shown by our group to 

produce measurable neurobehavioral deficits up to 12 months after injury 218. Our original 

experimental design involved whole genome microarray analysis of microdissected rat 

hippocampal and frontal cortex tissues from post-TBI intervals 24 hr, 2 weeks, 3, 6 and 12 

months (Fig.1). Subsequent analysis indicated a need for data from one and two months for 

validation of earlier (24 hr and 2 week) gene expression trends identified in our initial data 

analyses. Thus, the one and two-month TBI rat experiments were performed a year after the 

original set of experimental rats and selected gene expression changes were assessed using 

custom PCR arrays comprised of biologically relevant genes derived from bioinformatics 

analysis of our microarray data. For the following description of our findings, descriptions of the 

bioinformatics analyses methods are confined to specific applications in IPA or QOE. 
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Temporal gene expression profiling shows that injury-induced genomic changes persist up to a 

year after TBI 

Agilent microarray gene expression data for sham and TBI were normalized to the mean 

expression of the time/age-specific naïve samples. For clarity and to illustrate temporal gene 

expression (GE) patterns in the TBI groups, hierarchical clustering heatmaps were generated to 

show post-injury interval-specific GE across all hippocampus (Fig. 2A) and cortex samples (Fig. 

2B). Hierarchical clustering, which groups genes with similar transcriptional profiles into 

clusters, revealed that temporal hippocampal GE profiles reflect the post-TBI survival time of 

each animal cohort and the trends are similar in the cortex except that 6-month GE profiles 

appear closer to 2 week profiles. Most injury-induced changes occur within the first 24 hours to 

two weeks but some genes or the cellular pathways comprised of these genes remain 

dysregulated up to 12 months. The heatmaps also show that the temporal hippocampal and 

Figure 1. Schematic of experimental design. Rats were subjected to fluid percussion injury 
(FPI) and survived for 24 hours, 2 weeks, 3-month, 6 month, and 12 months. At the time of 
sacrifice, whole hippocampal and cortex tissue (beneath the injury site) were manually 
dissected and stored in RNALater at 4ᵒ C until processed for genomic analysis. (* 1- and 2-
month time points were subsequently added to the experimental design after the initial 
analysis was completed for animals survived up to 1-year post-FPI). 
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cortex expression profiles are distinct, reflecting differences in TBI-induced gene expression in 

these two functionally connected brain regions that subserve different as well as common 

cognitive domains 219,220.  

Figure 2. Hierarchical clustering of acute, subchronic and 
chronic gene expression after traumatic brain injury. Heatmaps 
of temporal (24 hour, 2 week, 3, 6,12 months) gene expression 
profiles of rat hippocampus (A) and cortex (B) after fluid percussion 
injury reflect the post-injury intervals. 
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 Qlucore Omics Explorer is a data analysis tool that combines powerful statistical and 

mathematical tools with instant visualization of large datasets with dimension reduction. The 

instant, interactive principal component analysis (PCA)- a data dimension reduction technique 

that allows visualization of high-dimensional, multivariate data without the loss of more 

information than necessary- performed in QOE is an unsupervised (i.e. no information about the 

experimental groups is used in the analysis) approach that is well suited for this time series gene 

expression study. Principal component analysis of hippocampal and cortical GE data shows that 

at each post-injury interval and as long as one year after injury, the TBI rats were clearly 

distinguishable from sham-injured controls (Fig. 3A, B; PCA plots of post-injury intervals 24 hr 

– 6 months for hippocampus and cortex are shown in Supporting Information, S1 Fig. and S2 

Fig.). For the one-year post-injury hippocampal and cortical data, the heatmaps display the 

differentially expressed genes that discriminate sham from the TBI groups in the PCA plots; the 

top three principal components shown in Fig. 3A and B capture 98% or 96%, respectively, of the 

variance in the GE data that separates the sham from TBI rats. Since a significant proportion of 

genes expressed in the mammalian brain are functionally enigmatic and lack annotation 221, it 

was not altogether surprising to find that some of the discriminating, significantly expressed 

genes (marked with asterisk in Fig. 3 heatmaps) were unknown. For the rest, in silico analysis 

showed that the genes that distinguished sham from TBI rats were associated primarily with 

immune response, synaptic function and proteostasis and all annotated genes are known to be 

essential for normal homeostatic brain function 222.  
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Figure 3: Principal component analysis (PCA) of chronic gene expression one-
year post-TBI. Qlucore Omics Explorer was used to generate the PCA plots and 
heatmaps displaying genes that distinguish TBI from sham controls in the 
hippocampus (A) and cortex (B) at one-year post-TBI. Annotated genes are 
associated with metabolism, synaptic function and proteostasis. Discriminating genes 
that are significantly differentially expressed but lack annotation (i.e. unknown and 
uncharacterized) are marked with an asterisk (*). 
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Ingenuity Pathway Analysis provides key insights into biological mechanisms of acute, 

subchronic and chronic gene expression 

To gain mechanistic insights into the acute, subchronic and chronic gene expression changes 

after TBI, we performed bioinformatics analysis using IPA to interrogate and infer the biological 

relevance of perturbed gene networks. Using IPA facilitates a systems biology approach 223 224 

that has allowed us to interrogate functional gene networks rather than individual genes in 

isolation 189,215,225. Genes imported into IPA had a stringency filter set for statistically significant 

genes (absolute fold-change >1.4, p-value ≤ 0.05) from across all time points in the ipsilateral 

hippocampus and cortex in TBI vs sham-injured controls. Biologically relevant changes were 

assessed in IPA through core expression analysis done for each set of filtered genes, at each 

discrete time point. The top 25 canonical pathways (CPs) at 24 hr for hippocampus and cortex 

are shown (Fig. 4A, B. Genes from all significant CPs and from each respective post-injury 

interval are listed in Supporting Information S1 File for hippocampus and S2 File for cortex); the 

greater the numbers of genes above the threshold in each pathway, there is a greater likelihood 

that the representative cell signaling pathway is functionally relevant to TBI pathogenesis. These 

analyses revealed sets of genes within and across time points in hippocampal and cortical tissue 

that were highly enriched in immune-related function and cell survival related canonical 

pathways.  
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Figure 4. Ingenuity pathway canonical pathway analysis. Genes in the top 25 
canonical pathways (complete list of pathways are shown in Extended data Figs. 4-1 
and 4-2) in the hippocampus (A) and cortex (B) at 24 hours post-TBI are prominently 
associated with inflammation and other immune related functions. Threshold 
indicates minimum significance level ( –log (p-value) from Fisher’s exact test). Ratio 
refers to the number of molecules from the dataset that map to the pathway listed 
divided by the total number of molecules that define the canonical pathway from 
within the IPA knowledgebase. 
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 In concordance with previous transcriptome profiling studies of TBI in animal models 

226,227, we found that the injured rat hippocampus and cortex shared pathways associated with 

inflammation and immune response, neuropathic pain, cell death and apoptotic signaling among 

others. In addition, analysis of significant diseases and functions pathways in IPA which displays 

predicted cellular processes and biological functions based on the gene expression profiles, 

showed considerable overlap between the hippocampus and cortex (Fig. 5A, B, genes from all 

significant pathways are listed in Supporting Information S3 File and S4 File) but also showed 

differences that likely reflect the region-specific response to TBI. Again, we found a 

preponderance of immune-related functions represented by significantly expressed genes.  
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Figure 5. Ingenuity pathway diseases and functions analysis. Genes in the top 
25 diseases and functions pathways (complete lists of pathways are shown in 
Extended data Figs. 5-1 and 5-2) in the hippocampus (A) and cortex (B) at 24 hours 
post-TBI are prominently associated with inflammation and immune-related functions. 
Threshold indicates minimum significance level [ –log (p-value from Fisher’s exact 
test). 
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 Gene Ontology enrichment analysis confirmed that differentially expressed genes in the 

hippocampus and cortex were significantly enriched in biological processes associated with 

immune response and inflammatory signaling (Supporting Information S5 File - GO 

hippocampus and S6 File - GO cortex). Overall, our temporal GE data corroborates the findings 

of acute TBI-induced genomic changes from other studies in rodent models 228 and our recent 

studies 189 and extends these findings to several subchronic and chronic post-injury intervals. 

Quantitative real time PCR validation of microarray results 

Quantitative real-time PCR is an accepted validation tool for confirmation of differentially 

expressed genes obtained from microarray analysis. QPCR was completed for selected genes (p-

value ≤ 0.05) that were enriched in canonical pathways relevant to TBI pathophysiology 

(Supporting Information S3 Fig. for hippocampus and S4 Fig. for cortex). In the hippocampus, 

qPCR was performed using TaqMan probes for 46 differentially expressed genes (significantly 

expressed genes at each post-injury interval were selected) to validate results of the microarray 

analyses. We confirmed trends in gene expression for 44/46 (95.6%) and found that 61% were 

significantly different between TBI and sham controls. We also confirmed that a small subset of 

these genes appeared differentially expressed across other post-injury intervals. In the cortex, 

qPCR was performed using Taqman probes to 70 differently expressed genes (significant at 

different post-injury intervals) to validate results of the microarray analyses. We confimed trends 

in gene expression for 61/70 (87%) and found 41% were significantly different between TBI and 

sham controls. Variability in qPCR data could be due to factors such as alternative RNA splicing 

and even with careful consideration of the variability in biological and technical procedures 

which could affect the correlation of microarray and qPCR data, the best correlation between the 

two techniques is around 0.8229. Moreover, the original MicroArray Quality Control (MAQC) 
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study (Genus Biosystems scientists were one of the original study groups that contributed to this 

study, MAQC Consortium, Nature Biotechnology, 2006) showed that at best, there was about 

80-90% concordance in results from multiple microarray platforms192,194. Based on these 

previous reports, we are confident that our qPCR reflects biologically relevant injury-induced 

gene expression changes. Thus, despite the limited number of biological replicates in our study 

for each experimental group, our finding that 95.6% and 87% of gene expression trends in the 

hippocampus and cortex, respectively, could be confirmed by qPCR indicated that microarray 

results did indeed reflect actual TBI-induced biological differences.  

Post-injury-interval gene expression reflects acute and persistent immune dysregulation 

In seeking to derive biologically meaningful gene expression trends across all post-injury 

intervals, it is helpful to determine what are the shared common features in dysregulated genes 

that belong to identified pathways. In a recent study, a mathematical framework that was 

developed to understand the essential parameters in high dimensional gene expression data 

showed that modularity and low dimensionality which is a feature of this type of data allows an 

accurate extraction of transcriptional programs 230; in other words, since a small number of 

features can accurately represent a signal comprised of a much larger number of features, data 

analysis tools such as IPA can accurately capture and represent biologically relevant programs 

from high dimensional microarray data. Across all acute (24 hr), subchronic, (2 weeks) and 

chronic (3, 6, 12 months) post-injury intervals, we found prominent dysregulation of multiple 

immune response and inflammatory cell signaling pathways (see Supporting Information S1-S4 

Files).  

 Significantly dysregulated genes in the hippocampus at 24 hr were enriched in immune 

function related pathways, including “Neuroinflammation Signaling Pathway”; “NFAT 
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Regulation of the Immune Response”; “Acute Phase Response Signaling”; “Toll-like Receptor 

(TLR) Signaling”; and, “Complement System”. In the cortex, NF-κB signaling was more 

prominent than TLR signaling. We used IPA’s Path designer tool to represent these five immune 

related pathways and their connection to differentially expressed TBI-associated genes in the 

hippocampus and cortex (Fig. 6A, B). Although overlapping pathways were affected in both 

brain regions, many more genes in these pathways were acutely affected by TBI in the 

hippocampus at 24 hr compared to the cortex.  
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Figure 6. Dysregulated genes after TBI at 24 hr are associated with multiple 
immune-related pathways. Ingenuity Pathway Analysis shows that differentially 
expressed (DE) genes in the hippocampus (A) and to a lesser extent in cortex (B) 
overlap in five key immune-related pathways. Many of the DE genes are well known 
hub genes in essential cell signaling pathways. 
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One great advantage of IPA is the access to the curated literature that underlies the functional 

annotation of identified genes and pathways. Thus IPA analysis showed that many genes in these 

immune-related pathways are hub genes that are essential components of key cell signaling 

networks. One prominent set of genes that have been shown in preclinical studies to effect acute 

outcomes after TBI are members of the complement system 231. The role of complement in 

chronic TBI pathology is not yet fully understood. Previous studies showed that the terminal 

component of the complement system (membrane attack complex; MAC) is the major mediator 

of damage 232. Here, we found that multiple members of this system are acutely and chronically 

dysregulated across multiple post-injury intervals in a coordinated manner (Fig. 7A and B), 

which is evidence for a causal role for this system in chronic neurodegeneration.  

Figure 7. Acute and chronic complement expression in hippocampus. 
Complement genes are persistently dysregulated up to six months post-TBI (A). 
Ingenuity Pathway Analysis (IPA) Path designer graphics integrates contextual 
information and biological insights from IPA’s knowledge base to depict a coordinated 
dysregulation of complement genes at 24 hours post-TBI (B). 
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At 2 weeks post-TBI, in both the hippocampus and cortex, IPA analyses showed a clustering of 

dysregulated genes in many of the same immune response pathways found altered at 24 hr (Fig. 

8A, B). Notably, genes in the complement system remain strongly activated. What is striking, 

however, is the increase in cortical expression of many immunoregulatory genes that were not 

significantly expressed at 24 hr in the cortex. Given that immune response has both beneficial 

and deleterious components, we speculate that some of these delayed gene alterations might be 

part of a coordinated protective response. For instance, immune mediators such as NF-κB as well 

as other major transcription factors regulate both pathogenic and prosurvival signaling after TBI 

233,234. We recently showed that pro-survival genes are downregulated in dying, degenerating 
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hippocampal neurons, including the endogenous neurotrophic molecule Bdnf 215. The NF-κB 

complex is an upstream regulator which influences the expression of Bdnf 235. 
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 Among other immune related processes is leukocyte extravasation 236. It has been 

previously reported that blood brain barrier damage and leukocyte infiltration into TBI affected 

brain parenchyma occur concomitantly up to 72 hr after FPI 237. While the inflammatory 

response after TBI often includes the infiltration of peripheral leukocytes in coordination with 

BBB permeability 238, it has been unclear the extent to which BBB permeability persists and the 

role leukocyte populations play in continuing neurodegeneration after injury. The persistence of 

leukocyte extravasation 2 weeks after injury has implications for the post-injury recovery 

process. Upregulation of leukocyte related genes such as Cd44, Itgb2, Ncf1, and Rap1b 2 weeks 

post-injury indicates a persistent activation of immune cell populations after injury. One of these 

genes which codes for the hyaluran receptor protein CD44, a cell-surface glycoprotein involved 

in immune cell adhesion and migration, has been previously shown to be upregulated up to three 

months after traumatic injury 239,240. In silico analysis indicated that the multiple immune-related 

genes upregulated in the hippocampus and cortex at 2 weeks are all implicated in critical cell 

functions. For instance, Rap1b has essential roles in immune function 241 and in angiogenesis and 

endothelial permeability 242. This hints at a regenerative response that is reflected in the long-

term chronic data. 

 Custom PCR array analysis at one and two months post-TBI was helpful in filling in gene 

expression trends observed at 2 weeks post-injury (Table 1 lists significantly expressed genes in 

hippocampus and cortex at one month post-injury). At one month post-TBI, in both the 

Figure 8. Ingenuity pathway analysis of gene expression at 2 weeks post-TBI. At 2 weeks 
post-injury, there is a sustained and persistent upregulation of genes in the most of the same 
immunoregulatory pathways identified at 24 hr post-injury in the hippocampus (A) and in the 
cortex (B). Immune related gene expression in cortex is increased vs 24 hr post-injury 
interval. Many of the differentially expressed genes are key hub genes in essential cell 
signaling pathways. 
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hippocampus and cortex, several genes that are involved in inflammation and immune resonse 

were still significantly upregulated. However by 2 months post-TBI we find that these same 

genes are upregulated but no longer significantly different between TBI and sham controls. The 

complete list of PCR array genes with their annotations are provided in Supporting Information 

S1 Table and complete PCR array results are provided in S2 Table. 

 

 

Table 1. Custom PCR array analysis of significant gene expression changes in hippocampus 
and cortex one month post-injury 
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 At chronic post-injury intervals, we found fewer canonical pathways are significantly 

activated or inhibited. However, we found that dysregulated genes in the complement pathways, 

C2 and C3 specifically, are consistently upregulated across multiple time points as well as the 

“Acute Phase Response” and “Leukocyte Extravasation” pathways which remain activated. 

Again, as in earlier time points, several pro-survival genes are upregulated at chronic post-injury 

intervals. For instance, increased levels of Bcl-3, a prosurvival gene 243, is only detected 3 

months post-injury as is S100A6 244. A previous study showed that a decrease in S100A6 

expression in the rat hippocampus is associated with TBI-induced cognitive deficits 245; 

therefore, the increased expression at 3 month suggests a regenerative response. SPP1, aka 

osteopontin, a cytokine with neuroprotective 246 and regenerative effects 247 is also upregulated at 

3 months. 

 At 6 months post-injury, genes in “Complement System,” “Acute Phase Response 

Signaling,” and “IL-6 Signaling” were still dysregulated. Core components of the complement 

cascade, i.e. C2 and C3, continue to be upregulated in the hippocampus. Genes involved in 

cytokine signaling, Il-1β and Il-6, also remain elevated at this time point. 

At one-year post-injury, there were no significantly altered pathways which were overtly 

related to immune-related function. However, we identified dysregulated genes that are involved 

in both immune cell signaling, such as the interleukin family of genes and neurotransmitter 

related pathways (“cAMP-Mediated Signaling,” “Axonal Guidance Signaling,” and “Semaphorin 

Signaling in Neurons”) such as the dopamine receptors (DR), Drd1, and Drd2. Importantly, at 

one-year post-injury, many of the genes in TBI-altered pathways (S1-S4 Files) are known to be 

involved in neuronal homeostasis and essential brain functions. At the one-year post injury time 

point the most important finding is the differential expression of neurotransmitter related 
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pathways and axonal guidance signaling. This points directly to a regenerative/restorative 

process that is taking place in the brain long term after TBI.  

Regulator effects analysis in IPA suggests TBI-induced dysregulation of genes involved in cell 

death and survival 

IPA’s Regulator Effects analysis tool allows interactive modeling of upstream and downstream 

relationships in our dataset. By integrating results from Upstream regulator and Downstream 

effects tools, we can create hypotheses that explain what is going on upstream to the 

experimentally measured gene changes that are linked to a phenotype or other functional 

outcomes. For instance, regulator effects analysis (Fig. 9) shows all predicted upstream genes for 

hippocampal TBI-induced gene changes at 24 hr are key hub genes that have essential roles in 

cell function and disease 248-250. Moreover, many of the genes we find significantly altered by 

TBI, such as Atf3 251, are also hub genes and/or transcriptional regulators of essential cell 

functions. Importantly, the downstream effects tool which would predict the biological impacts 

of upstream molecules based solely on the activity of the TBI-induced gene sets, shows the 

functional roles of these genes in neuronal cell death, organismal death and notably, cell 

proliferation and survival, hinting at an early regenerative response. This regenerative response is 

reflected in the axon guidance and We also observed that with longer post-injury intervals, there 

were increased expression of other known protective genes (i.e. Creb5, NgfR and Stat3), which 

merit closer examination in future studies. Upstream regulator analysis also allows us to identify 

and explore the interactions of individual hub genes that have biological significance in TBI. For 

instance, at both 24 hr and 2-week post-TBI in the hippocampus, we identified TNF as a key 
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regulator of multiple differentially expressed immune-related genes that are implicated in the 

inflammatory response (Fig. 10).  

 

 

Figure 9. Regulator Effects hippocampal network in Ingenuity pathway analysis 
(IPA). Example of integrated results from Upstream regulator and Downstream 
effects analyses in IPA indicating potential phenotypes or biological impact of TBI-
dysregulated genes at 24 hr after TBI in hippocampus. Upstream genes are key hub 
genes and transcriptional regulators in essential cell signaling networks. 

Figure 10. Upstream regulator analysis in IPA identifying tumor necrosis alpha (TNF-α) as a 
major regulator of TBI-dysregulated genes in the hippocampus. Upstream regulator analysis 
of hippocampal gene expression at 24 hr post-TBI (A). Upstream regulator analysis shows 
persistent dysregulation of genes predicted to be regulated by TNF-α 2 weeks post-injury in 
hippocampus (B). 
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Discussion  

The key findings of this study are 1) evidence of long-lasting dysregulation of homeostatic 

gene expression, particularly immunoregulatory gene expression; 2) many dysregulated genes 

are key hub genes involved in essential brain cell functions (i.e. metabolism, cell morphology, 

synaptic function, proteostasis);  and 3) the chronic activation of both deleterious and beneficial 

genes up to a year post-injury suggests the existence of a potentially wider therapeutic window 

than previously indicated.  

The lack of therapeutic interventions is a longstanding frustration for those who treat TBI. In this 

regard, a compelling reason for our focus on persistent inflammatory dysfunction is that simply 

documenting chronic neuropathological changes after TBI is not enough; we need to identify 

druggable molecular targets in chronic TBI so that we can explore therapeutic options that can be 

immediately implemented in the existing population of TBI survivors. The persistent, long-term 

dysregulation of immunoregulatory genes in TBI rats is suggestive of a much wider therapeutic 

window than previously thought and implies that treatment of chronic TBI survivors with 

immunomodulatory drugs may be beneficial months to years after their injuries.  

Neuroinflammation has been extensively documented in animal models of TBI, but with a few 

minor exceptions, most studies only examined inflammatory effects days to a month only after 

injury 252. Our findings are consistent with considerable existing evidence showing that 

uncontrolled and persistent inflammation is a driver of many progressive neurodegenerative 

diseases 253,254. One clue to the causal link between chronic inflammation and neurodegeneration 

is that the immune mediators found dysregulated in our study have been shown to regulate or 

influence key genes essential for protein homeostasis (proteostasis), genes that are also found 

dysregulated in neurodegenerative diseases 216,255. These findings are also concordant with the 
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significant finding of our recent study of microRNA regulation in rat TBI 215, that TBI-induced 

miRNAs suppress hundreds of target genes essential for proteostasis. Moreover, analysis of the 

OMIM (Online Mendelian Inheritance in Man) database shows that the differentially expressed 

genes identified in this study are involved in many known human diseases. 

One aspect of brain injury that has troublesome implications for the global burden of disease 

and is insufficiently understood is that TBI itself is a well-documented risk factor for age-related 

neurodegenerative disorders such as AD and PD and psychiatric disorders such as depression 

204,206. The role that chronic inflammation plays in the pathogenesis of aging and aging-related 

neurodegenerative diseases such as AD is well established 256,257. Thus, the chronic dysregulation 

of immune related genes in our study provides a mechanistic rationale for how TBI-induced 

inflammation increases the risk of age-related brain diseases after TBI 258. Likewise, since 

chronic inflammation is also causally linked to depression 259, the sustained and persistent 

inflammatory response in TBI rats is another piece of evidence linking TBI with increased risk 

of depression. Brain injury induced inflammation is also thought to contribute to the 

development of neurologic disorders such as epilepsy 260. This may relate to the activation of 

NFκB which has been shown to affect synaptic channel function and activity 261. Moreover, a 

common upstream regulator found upregulated at 24 hr and 2week, TNF-α, has been shown 

through computational modeling to modulate synaptic scaling, thus contributing to 

epileptogenesis 262. Together, our study suggests that abnormal expression of immune mediators 

and brain injury-induced factors may be involved in the etiology of various neurologic and 

neurodegenerative comorbidities of TBI.  

It has long been thought that failure to regenerate is a major cause of neurodegeneration 263 and 

we have shown that TBI induces multiple genes and pathways involved in regeneration and 
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survival as well as neurodegeneration 214. Since cytokines have both pro and anti-inflammatory 

effects which would impact regenerative processes 264, the expression of regenerative 

immunoregulatory genes at chronic postinjury intervals (i.e. Ngfr, Stat3, Il-18, HspB1) may 

provide additional targets for therapeutic modulation. Increased levels of dopamine receptors 

correlate with brain plasticity 265. Thus, the sustained expression of these neuroplasticity genes in 

the hippocampus is another indication of a long-term regenerative response. There is an 

important therapeutic implication here; evidence of a protective, regenerative response at all 

post-injury intervals indicates that therapies augmenting these responses may be beneficial 

regardless of how many months or years have passed since the initial TBI. For instance, since 

steroid-induced decreases in S100b levels have been shown to reduce inflammation in the 

hippocampus in a rat model of epilepsy, the significant decrease in expression of S100b at one 

year post-TBI would protect against inflammation 266. The increased expression of Atf3 also 

appears to be a protective response (see Fig. 6); a recent study found that neuroinflammation was 

enhanced in Atf3 knockout mice after TBI 267. Our study reinforces the idea that some 

components of the inflammatory response are beneficial and indeed, essential for recovery 253. 

We previously observed that a strong regenerative response involving developmental and 

neurotransmitter genes is activated in surviving brain cells after TBI 189. Overall, our long-term 

gene expression data is consistent with recent reports that describe therapeutic strategies to 

enhance endogenous repair responses 268. Inhibition of MAC formation in mice reduced axonal 

loss as well as mitigated the accumulation of microglia and apoptotic signaling 269. Given 

evidence that complement proteins are involved in synaptic degeneration 270 and inhibition of 

complement increases expression of genes involved in neuroplasticity 271, our finding that core 

components of the complement cascade are upregulated in hippocampal tissue as long as 6 
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months after injury provides a mechanistic rationale linking disruption of neuroplasticity with 

neurodegeneration. On the other hand, the increase in genes involved in neurotransmission and 

axon guidance at one year suggests that homeostatic regenerative responses have stabilized the 

injured brain by this time.  

Although wholly speculative, there are translational implications of this study; for instance FDA-

approved anti-inflammatory drugs 272 such as edavarone, have demonstrated neuroprotective 

potential 273. The anti-diabetic drug, metformin, also has neuroprotective effects via activation of 

antioxidant and anti-inflammatory pathways 274. Since antidepressants share common molecular 

mechanisms with anti-inflammatory drugs 275, these common mechanisms appear to be the basis 

for the ability of antidepressants to protect against neurodegeneration 276. Given that TBI is a risk 

factor for depression 277 and TBI patients with depression are treated with antidepressant drugs, 

we speculate that the recovery of the TBI patients treated with antidepressants may be attributed, 

in part, to the anti-inflammatory effects of these drugs 278. 

One of the most studied genes in the human genome, TNF-α 279, is a key upstream regulator of 

many immunoregulatory genes in our study. There are several approved drugs targeting TNF-α; 

for instance, some inhibitors of TNF-α such as the thalidomide analogue 3,6’-dithiothalidomide 

(DT) have been shown to reverse hippocampal-dependent cognitive deficits- by restoring 

neuronal function and reducing the effects of inflammation- induced by chronic inflammation in 

rats 280.  The neuroprotective properties of omega-3 fatty acids (FA) in fish oil are thought to be 

mediated by the ameliorating effects of FA on TLR-induced inflammation 281. Omega-3 FA and 

aspirin have also been shown to modulate microglial mediated inflammation and may provide 

protection against brain diseases with inflammatory etiology 282. Interestingly, given that 

exercise pre-conditioning reduced brain inflammation and protected against TBI in rats 283, it is 
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notable that exercise is known to improve cognitive performance in people with mild or 

moderate TBI 284. The existence of chronic therapeutic windows is also supported by a mouse 

study showing that late exercise (5 weeks after TBI) but not early (1 week after TBI) reduced 

inflammation and cognitive dysfunction after TBI 285.  

The limitations of this study were, in part, due to constraints imposed by the larger, 

comprehensive analysis of chronic TBI. Only a fraction, 4 of 12 rats per experimental group, 

were available to be processed for microarray analysis. The remaining rats were processed for 

parallel proteomic and histopathological analyses. Eventually, the genomic data will be 

compared across all time points with the proteomic and histological data and this comprehensive 

analysis is expected to shed significant light on the chronic disruption of brain functions after 

TBI. However, for this study, our confidence in the biological relevance of the chronic data is 

largely supported by the results of our recent genomic studies as well as extensive in silico 

validation of the differentially expressed genes. 

Supplemental Figures are available in Appendix I  
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Chapter 4:  

 

Acute and chronic studies of microRNA expression in rat fluid percussion injury and 

human TBI 

Introduction: 

Despite these advances in management and care, the prognosis for TBI survivors has 

changed very little over time 286. Disturbingly, acute and enduring alterations in cognition and 

motor function may not be clear to external observers and therefore TBIs frequently go 

undetected and remain undiagnosed. Often, people do not seek medical care for suspected TBI so 

reporting is probably vastly underestimated 287.  

Noninvasive surrogate measures, such as biofluid-based markers (biomarkers), would 

improve detection and monitoring of TBI 73 While neuroimaging alone can provide insight for 

objective assessment of structural damage, the underlying molecular mechanisms of long-term 

TBI sequelae associated with these changes or the lack thereof remains unclear. Current 

neuroimaging methods have limitations for diagnosis and prognostic value in specific types of 

TBI 288,289. Many TBIs, especially mTBIs, are apparently asymptomatic based on neuroimaging 

alone 290. Biomarkers like these have proved useful in other diseases. Indeed, in a recent cancer 

study, liquid biopsies enabled early detection and treatment of relapse in breast cancer patient 

(16 out of 18 cases) 291. Such an advancement could be a boon for TBI patients by improving the 

clinician’s ability to diagnose and monitor the TBI in both acute and chronic time periods. In the 

quest for reliable biomarkers of injury, studies conducted in our laboratory and others have 

suggested that small, non-coding microRNAs (miRNAs) are acutely dysregulated after 
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experimental TBI and can provide insight into putative injury mechanisms 215. Because of their 

stability in biofluids and their association with TBI related pathophysiological mechanisms, 

circulating miRNAs may be ideally suited for identification and longitudinal surveillance of TBI 

patients.  

MicroRNAs are considered master regulators of messenger RNA (mRNA) expression. They 

direct posttranscriptional repression by binding to complementary seed sequences in mRNA 

targets 91 leading to the dampening of expression and reduction in translation of protein. 

miRNAs play important roles in regulating numerous cell signaling pathways including those 

involved in development, cell function, and disease 292. Many miRNAs found in animals have 

preferentially conserved interaction sites in humans which improves their potential for 

translation (i.e., the utility of miRNA as biomarkers) across species and into the clinic 293. The 

casual role of miRNAs in many brain related disorders has been inferred by their regulation of 

critical networks in the nervous system such as those governing synaptic plasticity 294 295.  

In the present study, I used a next generation miRNA sequencing (miRNA-seq) platform to 

interrogate TBI-induced miRNA expression in a rat fluid percussion injury (FPI) model and in 

clinical TBI samples. The rat model of parasagittal FPI that I used produced measurable changes 

in hippocampal miRNAs up to a year post-injury. Pilot studies using two different models of 

animal TBI, controlled cortical impact (CCI) and FPI demonstrated how pathoanatomic 

differences in injury are mirrored in serum miRNA expression. Subsequent to the pilot studies 

described, I conducted miRNA-seq on acute and chronic human TBI serum and CSF. Although 

there were few commonly altered miRNAs in rat and human samples, examination of predicted 

gene targets of the differentially expressed miRNAs from both reveal a common denominator – 

predicted gene targets are associated with biological pathways involved with predominately with 
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nervous system signaling (neuroplasticity and brain repair) and pathways important for response 

and repair.  

Here, I provide evidence, in both rat and human brain tissue, and in biofluids of miRNA 

signatures that: 1) can distinguish acute and chronic TBI from uninjured controls, 2) can 

discriminate between focal and diffuse injuries and 3) have previously been identified to regulate 

processes (e.g., neuroinflammation) underlying many neuropsychiatric and neurodegenerative 

sequelae.  

Results: 

Rat microRNA Studies 

These rat miRNA studies were carried out with a similar experimental design as in Boone & 

Weisz et al. (2019). We used the same model of parasagittal FPI in our studies as discussed in 

previous chapters. Access to next generation sequencing platforms enabled us to screen for 

differential miRNA expression across all our original post-TBI time intervals using hippocampal 

tissue. A proof-of-concept study using two different experimental TBI models and miRNA 

arrays informed parallel human studies using serum from acute and chronic TBI patients. The 

results section is split into animal and human studies per the chronology of these experiments 

with data from the hippocampal miRNA time course described first. A schematic for the rat and 

human TBI studies is shown in Figure 3  
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Principal Component Analysis identifies sets of miRNAs that can discriminate TBI from sham 

animals up to 12 months post-TBI 

Data reduction methods such as principal component analysis (PCA) are helpful in 

visualizing high-dimensional datasets such as miRNA-seq. Qlucore Omics Explorer, a 

visualization-based bioinformatic software (based on R using a general linear statistical model) 

which provides a fast, efficient way to identify patterns and structure when exploring large 

datasets, was used to generate PCA plots for each post-injury interval, Figure 4; A-G. The 

discriminating miRNA variables are shown in each accompanying heatmap. 

microRNA  

Sequencing 

FPI Collection 

(24h, 2wk, 1-, 2-, 3-, 
6-, 12-months) 

Principal  
Component 

Analysis 

In silico 
miRNA:mRNA 

Target 
Validation 

Figure 3. Schematic of rat and human microRNA experimental design. RNA from 
rats that were subjected to FPI for previous gene expression studies and human TBI 
serum were used for microRNA sequencing and subsequent analyses. 
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Figure 4. Principal Component Analysis 
(PCA) and heat-map of miRNA 
sequencing results. Principal Component 
Analysis (PCA) to visualize the miRNA data 
in a three-dimensional space after filtering 
out variables with low overall variance and 
statistical testing (data is calculated in R 
using a general linear statistical model), 
was performed using Qlucore Omics 
Explorer. The p-values for each set of PCA 
plots are shown and the resulting list of 
discriminating miRNAs for each set of 
comparisons are shown in the heatmaps 
next to each plot. (A) 24 hrs, (B) 2 weeks, 
(C) 1 month, (D) 2 months, (E) 3 months, 
(F) 6 months, (G) 12 months. 
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Sequencing reveals differences in temporal expression of individual miRNAs up to 12 months 

post-TBI 

Data is displayed as the log2 fold change ratio between time-specific TBI and sham rats (n = 

4 per group). If miRNAs were found to be differentially expressed (up- or downregulated) and 

statistically significant (in EgdeR and DESeq2: quasi-likelihood F-test –Wald Test and the 

likelihood ratio test – LR test, FDR adjusted p-value < 0.05) in at least one time-point from 24 

hrs to 1 yr, they are later used for validation of the sequencing by droplet digital PCR (DDPCR).  

Sequencing revealed modest changes in several miRNAs (including miR-142-5p, miR-miR-

151-5p, miR-155-5p, miR-21-5p, miR-223-5p, miR-298-5p). Some miRNA that were found to 

be differentially expressed compared to sham injured controls in the sequencing data (FDR 

adjusted p-value < 0.05) were not measurable using Taqman probes for absolute quantification in 

ddPCR (rno-miR-146a-5p) but are still used for predictive analysis based on the assumption that 

these changes are real. Most of the statistically significant injury-induced changes occurred 

within the first 24 hours to 2 weeks after injury, and relatively few miRNAs were found to have 

statistically significant differential expression at 2-months to 1-year post-injury. Although, many 

show persistent trends of up- or downregulation across the post-injury time intervals. There were 

not large differences in miRNA expression when comparing TBI and sham animals (in terms of 

magnitude of expression). One explanation is that miRNA expression is typically low compared 

to messenger RNA (mRNA). It can be inferred that posttranscriptional dampening of mRNA 

target expression most likely occurs via combinatorial effects of multiple, lowly-expressed 

miRNAs 296. Several, individual miRNAs described here were significant at at least one post-

injury interval. 
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miR-142-5p 

I found that, miR-142-5p was upregulated at the 24 hr (log2 ratio: 0.53; FDR adjusted p-value < 

0.0001), 2 wk (log2 ratio: 0.77; FDR adjusted p-value < 0.001), and 3 month (log2 ratio: 0.53; 

FDR adjusted p-value < 0.05) post-injury time intervals Figure 5.  

 

 

Figure 5. miR-142-5p miRNA-seq and DDPCR. (A) Data is graphically represented as the log2 
ratio of TBI compared to sham injured controls (y-axis) and by post-injury time interval (x-
axis). * represents statistically significant comparisons (p-value < 0.05) of TBI vs. sham 
injured controls across all four independent statistical tests (EdgeR – Wald and LRT and 
DESeq2 – Wald and LRT); # represents a statistically significant result in at least of the 
statistical comparisons. (B) DDPCR confirmations of the sequencing results. Absolute 
quantification is measured at the amount of copies per µl of PCR reaction (y-axis). Blue bars 
indicate sham injured control samples and red indicates TBI samples. Box and whisker plots 
display interquartile ranges with the ‘X’ indicating the mean of all the samples, dots above 
and below the bars indicate outliers in that sample cohort. * represents a statistically 
significant comparison (p-value < 0.05) of TBI vs. sham injured controls according to a 
Wilcoxon Rank Sum Test; # represents a borderline significant result. LRT – likelihood ratio 
test; DDPCR – droplet digital PCR 

A
 
 
 
 
  

 

 

 

 

      

B
 
 
 
 
  

 

 

 

 

      



77 
 

miR-155-5p 

My analysis showed that miR-155-5p was upregulated at the 24 hr (log2 ratio: 2.72; FDR 

adjusted p-value < 0.0001), 2 wks (log2 ratio: 1.4; FDR adjusted p-value < 0.01), 1 month (log2 

ratio: 1.08; FDR adjusted p-value < 0.01), 2 month (log2 ratio: 1.08; FDR adjusted p-value < 

0.01), and 3 month (log2 ratio: 1.08; FDR adjusted p-value < 0.05) post-injury time intervals 

(Figure 6) There was nominal upregulation at 6 months post-FPI (log2 ratio: 0.53) that did not 

achieve statistical significance. MiR-155-5p upregulation was confirmed by DDPCR at the 2 

week, 1 month, and 3 month post-injury time interval (Wilcoxon Rank Sum Test; p-values < 

0.05) and borderline significant at 2 month.  

Figure 6. miR-155-5p miRNA-seq and DDPCR. (A) Data is graphically represented as the log2 ratio of 
TBI compared to sham injured controls (y-axis) and by post-injury time interval (x-axis). * represents 
statistically significant comparisons (p-value < 0.05) of TBI vs. sham injured controls across all four 
independent statistical tests (EdgeR – Wald and LRT and DESeq2 – Wald and LRT); # represents a 
statistically significant result in at least of the statistical comparisons. (B) DDPCR confirmations of 
the sequencing results. Absolute quantification is measured at the amount of copies per µl of PCR 
reaction (y-axis). Blue bars indicate sham injured control samples and red indicates TBI samples. Box 
and whisker plots display interquartile ranges with the ‘X’ indicating the mean of all the samples, 
dots above and below the bars indicate outliers in that sample cohort. * represents a statistically 
significant (p-value < 0.05) comparison of TBI vs. sham injured controls according to a Wilcoxon 
Rank Sum Test; # represents a borderline significant result. LRT – likelihood ratio test; DDPCR – 
droplet digital PCR 
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miR-223-5p 

miR-223-5p (Figure 6) showed significant upregulation acutely at 24 hrs post-injury (log2 

ratio: 4.6; FDR adjusted p-value < .0001). Non-significant upregulation persisted at 2 weeks and 

3 months while it was downregulated at the 1-month post-injury interval. Interestingly, miR-223-

5p was not measurable at 2-, 6-, and 12 months post-injury in miRNA-seq. But there were 

measurable differences via DDPCR at those time intervals, albeit not significantly different.  

 

Figure 7. miR-223-5p miRNA-seq and DDPCR. (A) Data is graphically represented as the log2 ratio of TBI 
compared to sham injured controls (y-axis) and by post-injury time interval (x-axis). * represents 
statistically significant comparisons (p-value < 0.05) of TBI vs. sham injured controls across all four 
independent statistical tests (EdgeR – Wald and LRT and DESeq2 – Wald and LRT); # represents a 
statistically significant result in at least of the statistical comparisons. (B) DDPCR confirmations of the 
sequencing results. Absolute quantification is measured at the amount of copies per µl of PCR reaction (y-
axis). Blue bars indicate sham injured control samples and red indicates TBI samples. Box and whisker 
plots display interquartile ranges with the ‘X’ indicating the mean of all the samples, dots above and 
below the bars indicate outliers in that sample cohort. * represents a statistically significant (p-value < 
0.05) comparison of TBI vs. sham injured controls according to a Wilcoxon Rank Sum Test; # represents a 
borderline significant result. LRT – likelihood ratio test; DDPCR – droplet digital PCR 
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miR-21-5p 

MiR-21-5p (Figure 8) was acutely upregulated at 24 hr (log2 ratio: 1.7; FDR adjusted p-

value < .0001) and 2 weeks (log2 ratio: 0.49; FDR adjusted p-value < 0.05) post-injury. From 1-

month post-injury onward there was no significant change in miR-21-5p expression compared to 

sham rats. 

 

Figure 8. miR-21-5p miRNA-seq and DDPCR. (A) Data is graphically represented as the log2 ratio of 
TBI compared to sham injured controls (y-axis) and by post-injury time interval (x-axis). * represents 
statistically significant comparisons (p-value < 0.05) of TBI vs. sham injured controls across all four 
independent statistical tests (EdgeR – Wald and LRT and DESeq2 – Wald and LRT); # represents a 
statistically significant result in at least of the statistical comparisons. (B) DDPCR confirmations of the 
sequencing results. Absolute quantification is measured at the amount of copies per µl of PCR 
reaction (y-axis). Blue bars indicate sham injured control samples and red indicates TBI samples. Box 
and whisker plots display interquartile ranges with the ‘X’ indicating the mean of all the samples, 
dots above and below the bars indicate outliers in that sample cohort. * represents a statistically 
significant (p-value < 0.05) comparison of TBI vs. sham injured controls according to a Wilcoxon Rank 
Sum Test; # represents a borderline significant result. The DDPCR graphs are separated because the 
amount of positive droplets were higher  in the 2 weeks and 3 months rats compared to the rest of 
the post-injury intervals, LRT – likelihood ratio test; DDPCR – droplet digital PCR 
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Serum miRNA expression 4 hr after CCI and FPI.  

To test the hypothesis that miRNA expression would be altered in serum after TBI and that 

these alterations would correspond to injury types, a small proof-of concept study was designed 

to compare the differences between controlled cortical impact (CCI) and FPI. Differential serum 

miRNA expression was assessed via miScript miFinder qPCR arrays (Qiagen) in FPI, CCI, and 

naïve rats (n =3/group). Figure 9 shows serum miRNAs that were significantly different 

(Benjamini-Hochberg FDR adjusted p-value < 0.05) in FPI and CCI rats compared to naïve 

controls, respectively. This pilot data suggested that CCI and FPI rat models of TBI can be 

distinguished by serum miRNA profiles.  

Figure 9. Statistically significant miRNAs in serum 4 hrs after CCI and FPI. (A) Serum miRNA 
expression 4 hrs after CCI. Data are graphically represented as log2 ratios ± SEM (y-axis). 
Only statistically significant TBI-induced miRNAs assessed by Tukey-adjusted contrasts with 
Benjamini-Hochberg FDR corrections (BH-value < 0.05) compared to naïve controls (n = 3). 
are presented (B) Serum miRNA expression 4 hrs after FPI. Blue bars indicate sham injured 
control samples and red indicates TBI samples. CCI – controlled cortical impact; FPI – fluid 
percussion injury; SEM – standard error of the mean 
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HUMAN STUDIES 

miRNA sequencing of serum from humans after acute or chronic TBI  

Demographic information for TBI patients and control patients is listed in Table 1. Serum 

was collected from patients at 24h, 48h, and 96h post-emergency department (ED) admission 

and from a limited set of chronic TBI patients. Distinct miRNA profiles were found in serum at 

individual time points after statistical analysis (EgdeR and DESeq2: quasi-likelihood F-test –

Wald Test and the likelihood ratio test – LR test). Notably, several miRNAs were found to be 

persistently dysregulated in TBI patients compared to healthy, age-matched controls across all 

acute time points. A smaller set of miRNAs in serum collected from chronic TBI survivors (2– 

32 years after head injury) was concordant with expression in the acute phase.  

Although there are more than 1000 miRNA gene annotations in miRBaseV22, experimental 

evaluation of subsets has shown that many are false positives 297. Thus, when exploring the 

predicted targets of differentially expressed miRNA found here, a platform (miRTarget) that uses 

an algorithm which incorporates high throughput training data sets of miRNAs and gene targets 

was used 197.  

Variables 

24 hr                
(n = 21) 

48hr                 
(n = 7) 

96hr                
(n = 5) 

Chronic        
(n = 6) 

Acute 
Controls       
(n = 6) 

Chronic 
Controls        
(n = 6) 

Age in years, mean (SD) 33.2 (14.7) 40.3 (14.42) 38.50 (17.33) 56.00 (9.42) 32.67 (5.23) 58.17 (2.80) 

GCS 7.41 5.83 5.25 ND N/A N/A 

Sex Male, n (%) 12 (57%) 5 (71%) 4 (80%) ND 3 (50%) 3 (50%) 

Injury Subtype       
Focal 15 5 3 ND N/A N/A 

Diffuse 6 2 2 ND N/A N/A 

       

Table 1. Demographic variables for TBI and control subjects. 
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At the 24h post- ED admission interval 128 miRNAs were differentially expressed (FDR 

adjusted p value ≤ 0.05) in TBI (n = 21) compared to healthy, age-matched controls (n = 6). 

Figure 10 shows the top 10 up- and downregulated miRNAs by level of significance.  

 

Figure 10. 24 h serum miRNA-seq. (A) Venn diagram showing the overlap between all significant 
miRNA in four statistical tests in R. Yellow and blue represents the LRT and Wald Test, 
respectively, in Edge R. Green and red represent the Wald Test and LRT, respectively, in DESeq2. 
(B) The top 10 upregulated and down regulated miRNA by level of significance (FDR adjusted p-
value). (C) and (D) show the top nervous system-related canonical pathways for the up- and 
downregulated miRNAs, respectively. The x-axes in (C) and (D) are based on the -log of the 
Fisher’s Exact p-value. LRT – likelihood ratio test 
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Among the top pathways enriched with predicted targets (miRDB; target score > 60) of the 

upregulated miRNAs are biological processes relevant to central nervous system signaling (p-

values correspond to Fisher Exact Test of overlap between inputted and Ingenuity reference 

datasets). These include axonal guidance (p-value 5.33E-14), ephrin receptor signaling (p-value 

2.4E-11), TGF-β signaling (p-value 1.12E-09), and the synaptogenesis signaling pathway (p-

value 1.73E-09), among others (Supplemental Figure). Likewise, canonical pathways that 

downregulated miRNAs are predicted to regulate include nervous system associated signaling 

such as; axonal guidance signaling (p-value 1.12E-09), neuroinflammation signaling (p-value 

2.88E-03), and synaptic long-term depression (p-value 3.55E-02), among others (Figure 10; C, 

D).  

At the 48h post-ED admission interval there were a total of 39 significant differentially 

expressed miRNAs between TBI (n = 7) and healthy, age-matched controls (n = 6). Figure 11 

shows the top 10 up- and downregulated miRNAs based on level of significance. The top five 

canonical pathways enriched with predicted targets (miRDB; target score > 60) of the 

upregulated miRNAs are biological processes, including; the synaptogenesis signaling pathway 

(p-value 1.11E-10), calcium signaling (p-value 9.26E-8), GNRH signaling (p-value 3.06E-07), 

and the opioid signaling pathway (p-value 7.89E-07). Downregulated miRNAs were predicted to 

also regulate genes in pathways related to nervous system signaling, including; NGF signaling 

(p-value 2.54E-10), synaptogenesis signaling (p-value 2.14E-09), and axonal guidance (p-value 

1.15E-08), among others (Supplemental Figure).  
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Figure 11. 48h serum miRNA-seq (A) Venn diagram showing the overlap between all 
significant miRNA in four statistical tests in R. Yellow and blue represents the LRT and Wald 
Test, respectively, in Edge R. Green and red represent the Wald Test and LRT, respectively, in 
DESeq2. (B) The top 10 upregulated and down regulated miRNA by level of significance (FDR 
adjusted p-value). (C) and (D) show the top nervous system-related canonical pathways for 
the up- and downregulated miRNAs, respectively. The x-axes in (C) and (D) are based on the -
log of the Fisher’s Exact p-value. LRT – likelihood ratio test LRT – likelihood ratio test 
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At the 96h post-ED admission there were a total of 58 significant, differentially expressed 

miRNAs between TBI (n = 5) and healthy, age-matched controls (n = 6). Figure 12 shows the 

top 10 up- and downregulated miRNAs. The top five canonical pathways enriched with predicted 

gene targets of the upregulated miRNAs included; the synaptogenesis signaling pathway (p-

value 1.95E-12), axonal guidance signaling (p-value 1.49E-11), AMPK signaling (p-value 

2.60E-11), and NGF signaling (p-value 6.40E-11). Downregulated miRNAs were predicted to 

also regulate pathways related to nervous system signaling, including; NGF signaling (p-value 

3.18E-07), axonal guidance (p-value 8.63E-06), and synaptogenesis signaling (p-value 6.34E-

05), among others (Supplemental Figure). 
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Figure 12. 96 h serum miRNA-seq (A) Venn diagram showing the overlap between all 
significant miRNA in four statistical tests in R. Yellow and blue represents the LRT and Wald 
Test, respectively, in Edge R. Green and red represent the Wald Test and LRT, respectively, in 
DESeq2. (B) The top 10 upregulated and down regulated miRNA by level of significance (FDR 
adjusted p-value). (C) and (D) show the top nervous system-related canonical pathways for 
the up- and downregulated miRNAs, respectively. The x-axes in (C) and (D) are based on the -
log of the Fisher’s Exact p-value. LRT – likelihood ratio test 
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A total of 50 miRNAs were found to be differentially expressed (FDR adjusted p-value < 

0.05) between chronic TBI patients (n = 6) and healthy, age-matched controls (n = 6). Figure 13 

shows the top 10 up- and down-regulated miRNAs. Predicted gene targets of the upregulated 

miRNAs were enriched in multiple nervous system signaling related canonical pathways, 

including; axonal guidance signaling (p-value 5.67E-11), synaptogenesis signaling pathway (p-

value 4.76E-08), endocannabinoid developing neuron pathway (p-value 8.90E-07), and NGF 

signaling (p-value 1.46E-06). Downregulated miRNAs were predicted to also regulate pathways 

related to nervous system signaling, including; synaptogenesis signaling (p-value 8.59E-17), 

axonal guidance (p-value 3.11E-10), synaptic long-term depression (p-value 1.03E-09), and NGF 

signaling (p-value 7.21E-07), among others (Supplemental Figure).  
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Figure 13. Chronic serum miRNA-seq. (A) Venn diagram showing the overlap between all 
significant miRNA in four statistical tests in R. Yellow and blue represents the LRT and Wald 
Test, respectively, in Edge R. Green and red represent the Wald Test and LRT, respectively, 
in DESeq2. (B) The top 10 upregulated and down regulated miRNA by level of significance 
(FDR adjusted p-value). (C) and (D) show the top nervous system-related canonical 
pathways for the up- and downregulated miRNAs, respectively. The x-axes in (C) and (D) 
are based on the -log of the Fisher’s Exact p-value. LRT – likelihood ratio test 
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miRNAs remain increased or decreased in the acute phase after TBI 

Of the miRNAs that were measurably and statistically different compared to healthy controls, 

23 have consistent up or down regulation across the 24 hr, 48 hr, and 96 hr post injury time 

intervals (Figure 14) 

 

 

 

 

Figure 14. Consistent expression of miRNAs across acute period after emergency 
department admission. Data is displayed graphically as the log2 ratio ± SEM (y-axis) and 
significant miRNAs from the LRT and Wald tests in EdgeR and DESeq2 (x-axis). Red bars 
indicate 24 hrs, green 48 hrs, and blue 96 hrs after ED admission. SEM – standard error of 
the mean; ED – emergency department; LRT – likelihood ratio test; hsa – human miRNA  
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A small set of miRNAs remain increased or decreased in chronic TBI patient serum 

Of the miRNAs that were differentially expressed in TBI compared to healthy controls in the 

acute and chronic intervals, four (hsa-miR-451a, hsa-miR-30d-5p, hsa-miR-145-5p, hsa-miR-

204-5p) remain increased or decreased in the serum of a chronic TBI patient cohort when 

compared to serum from healthy, age-matched controls (FDR corrected p-values < 0.05) (Figure 

15). Of the four, only hsa-miR-145-5p displayed anti-correlated expression compared to the 

acute interval expression.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Four miRNAs remain dysregulated in chronic TBI patient serum. Data is 
displayed graphically as the log2 ratio ± SEM (y-axis) and significant miRNAs from the LRT 
and Wald tests in EdgeR and DESeq2 (x-axis). Red bars indicate 24 hrs, green at 48 hrs, blue 
at 96 hrs post-admission to the ED when compared to healthy controls. Orange bars 
indicate chronic TBI patient serum when compared to healthy, age-matched controls. SEM 
– standard error of the mean; ED – emergency department; LRT – likelihood ratio test; hsa 
– human miRNA  
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Differentially expressed miRNAs in focal or diffuse TBI subtypes 

To see whether miRNA expression could be used to discriminate TBI injury subtypes, I 

compared the sequencing data from focal or diffuse injured TBI patients (diagnosis determinate 

on neuroradiologist assessment of CT imaging) in the 24 hrs post-ED admission cohort. A total 

of 76 miRNAs were found to be significant in the focal injury group (n = 15) and 57 in the 

diffuse injured group (n = 6) compared to healthy controls (FDR adjusted p-value < 0.05). Of 

those miRNAs, 33 (23 upregulated and 10 down regulated) were unique to focal TBI and 14 (12 

upregulated and 2 downregulated) were unique to diffuse TBI (Figure 16). 

Analysis of the functional gene targets of the top 10 up- and down regulated miRNAs in 

either focal or diffuse TBI showed many were enriched in pathways related to nervous system 

signaling (Figure 17). This lends plausibility to the idea that these miRNAs have a role brain 

trauma repair processes.  

Figure 16. Differentially expressed miRNAs in focal and diffuse subtypes of TBI. Patients in 
the 24 hr cohort were separated based on injury designation, into either focal or diffuse 
injury categories. Overlapping significant miRNAs from the LRT and Wald tests in EdgeR and 
DESeq2 (compared to healthy controls) in each respective group are shown in the left and 
right venn diagrams. Thirty-three miRNAs (23 up and 10 down) are unique to the focal 
injury group. Fourteen (12 up and 2 down) are unique to the diffusely injured group (yellow 
circle, center venn diagram). LRT – likelihood ratio test  
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Focal: Top Upregulated 
miRNA log2 Ratio Adjusted p-value 
hsa-miR-30d-5p 1.18 2.61E-07 
hsa-miR-191-5p 1.66 3.15E-06 
hsa-let-7g-5p 1.70 1.39E-05 
hsa-miR-503-5p 1.70 1.52E-05 
hsa-miR-660-5p 1.01 1.38E-04 
hsa-miR-15b-5p 2.67 1.47E-04 
hsa-miR-17-5p 1.52 1.47E-04 
hsa-miR-425-5p 1.33 1.47E-04 
hsa-miR-18a-5p 2.73 2.75E-04 
hsa-miR-454-5p 2.28 4.16E-04 

Focal: Top Downregulated 
miRNA log2 Ratio Adjusted p-value 
hsa-miR-320b -1.75 3.91E-06 
hsa-miR-6765-5p -4.41 6.63E-06 
hsa-miR-516b-5p -2.51 8.50E-06 
hsa-miR-4429 -2.07 1.34E-05 
hsa-miR-204-5p -2.18 1.52E-05 
hsa-miR-99b-5p -1.33 1.25E-04 
hsa-miR-139-5p -1.31 1.75E-04 
hsa-miR-342-5p -1.21 4.36E-04 
hsa-miR-6862-5p -2.74 1.07E-03 
hsa-miR-526b-5p -4.61 2.78E-03 

Figure 17. Differentially expressed miRNAs in focal TBI. Focal injury patients in the 24 hr 
post-ED admission cohort were compared to healthy controls by LRT and Wald tests in 
EdgeR and DESeq2. The top 10 overlapping significant miRNAs (by level of significance from 
the LRT and Wald tests) are listed in tables of (A) upregulated miRNAs and (B) 
downregulated miRNAs. Aside each list are the top canonical pathways that genes 
predicted to be regulated by these miRNAs are enriched in (Fisher’s Exact Test; p-value < 
0.05). LRT – likelihood ratio test  
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Diffuse: Upregulated 
miRNA log2 Ratio Adjusted p-value 
hsa-miR-509-3-5p 5.38 4.77E-05 
hsa-miR-100-5p 1.23 2.84E-03 
hsa-miR-195-5p 2.48 3.99E-03 
hsa-miR-378a-5p 2.21 7.93E-03 
hsa-miR-216b-5p 3.79 1.38E-02 
hsa-miR-4792 2.76 1.57E-02 
hsa-miR-4662a-5p 3.45 1.66E-02 
hsa-miR-574-5p 4.30 2.04E-02 
hsa-miR-218-5p 2.35 2.16E-02 
hsa-miR-223-5p 1.80 2.32E-02 
hsa-miR-324-5p 3.02 2.83E-02 

Diffuse: Downregulated 
miRNA log2 Ratio Adjusted p-value 
hsa-miR-412-5p -2.45 4.46E-03 
hsa-miR-9-5p -1.73 2.73E-03 

Figure 18. Differentially expressed miRNAs in diffuse TBI. Diffuse injury patients in the 24 hr post-
ED admission cohort were compared to healthy controls by LRT and Wald tests in EdgeR and 
DESeq2. The top 10 overlapping significant miRNAs (by level of significance from the LRT and Wald 
tests) are listed in tables of (A) upregulated miRNAs and (B) downregulated miRNAs. Aside each list 
are the top canonical pathways that genes predicted to be regulated by these miRNAs are enriched 
in (Fisher’s Exact Test; p-value < 0.05). LRT – likelihood ratio test 
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0.00 
-log (p value) 

13.5 

Figure 19. Comparison analysis of nervous system related signaling pathways from predicted gene 
targets of significantly dysregulated miRNAs. A comparison analysis of signaling pathways across all 
human TBI time-intervals, focal and diffuse injury subtypes, and CCI and FPI data sets was performed 
to identify similarities that may exist in pathways of predicted target genes. Pathways from targets 
of upregulated miRNAs in (A) and from downregulated miRNAs in (B) The color intensity 
corresponds to the level of significance and is calculated as the -log of the Fisher’s Exact p value 
(used to determine whether the overlap of genes in the user data set and reference data set is 
greater than just by chance). The darker the color the more highly significant that pathway is for that 
individual analysis. Pathways relevant to nervous system signaling were selected from a larger list 
that included all predicted potential pathways.  

A
 
 
 
 
  

 

 

 

 

 
B 



95 
 

Principal Component Analysis of miRNA profiles also discriminates chronic, focal, and diffuse 

TBI patients 

Principal component analysis showed that two miRNAs, let-7c-5p and let-7i-5p, were 

sufficient to clearly identify each individual in the chronic TBI group from the healthy age-

matched controls (Figure 20; A). PCA also showed that three miRNAs, miR-376b-5p, miR-509-

3-5p, and miR-6808-5p could clearly distinguish between focal and diffuse TBI (Figure 20; B). 

Given that different statistical algorithms will yield different lists of discriminating variables, it is 

notable that increased expression of miR-509-3-5p, which is also identified as significant by 

EdgeR and DESeq2 analysis, is biologically relevant to TBI (see discussion).  

 

Figure 20. Principal Component Analysis reveals miRNAs capable of differentiating 
chronic, focal and diffuse TBI. (A) PCA reveals members of the let-7 family (let-7c-5p and 
let-7i-5p) differentiate between chronic TBI and healthy, age-matched controls. (B) PCA 
revealed 3 miRNAs (miR-376b-5p, miR-509-3-5p, and miR-6808-5p) that discriminate 
between focal and diffuse injury. 
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 DISCUSSION 

Rat Studies 

This longitudinal analysis is, to my knowledge, the first to examine transcriptome-wide 

miRNA changes in rat hippocampus up to one year post-injury. By performing miRNA-

sequencing (miRNA-seq) I was able to identify the temporal expression of several miRNAs that 

are suggested in the literature to have important, multi-functional roles in the pathophysiology of 

disease and TBI. Prior studies have noted the importance of miRNAs that are altered in the 

hippocampus up to 3-months after fluid percussion injury 298. This study expands upon published 

findings to include post-injury intervals up 12-months. Our group has recently published gene 

expression data obtained from the same chronically injured rats 299. Taken together, this provides 

a comprehensive picture of the transcriptional landscape after TBI. The most important clinically 

relevant finding was that miRNAs I show to be dysregulated are implicated in the regulation of 

inflammatory, immune response, and neuroplasticity related pathways. This finding broadly 

supports the abundance of work that suggests neuroinflammation and neuroplasticity are 

important pathways that may be targeted for the design of therapeutics 53,280,285,300,301. The 

following sections describe in detail, how the TBI-induced miRNAs in this study may be related 

to both harmful and beneficial mechanisms of injury.  

miR-155-5p has multifunctional roles in regulating neuroinflammation 

Elevated miR-155-5p expression is associated with inflammation in numerous different 

contexts and is a critical regulator of the immune system. Discovered in 2005, miR-155-5p’s 

expression was found to be elevated in human B cell lymphoma 302. miR-155-5p is also crucial 

in T helper cell function by regulating germinal center reactions important for proper T-cell 
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dependent antibody responses 303. In macrophages, lipopolysaccharide and TNF-α, two pro-

inflammatory signaling molecules, are associated with increased miR-155-5p expression 304,305. 

Interestingly, gene expression data from our TBI model shows increased expression of TNF-α, 

indicating this may be a potential feedback loop after TBI which reinforces inflammation (see 

Chapter 1). Several anti-inflammatory genes including Ship1, Cebpb, Socs1, and IL-13Ra1 are 

all validated targets of miR-155-5p which suggests a blockade of anti-inflammatory signaling 

may lead to increased inflammation 306-308. Gaudet et al. 309 used a miR-155-5p knockout (KO) 

mouse in their SCI model and demonstrated attenuated inflammatory signaling in macrophages 

after injury. Additionally, miR-155-5p KO reduced anxiety and depressive-like symptoms in 

mice, suggesting that inflammatory signaling may underlie these behaviors and that miR-155-5p 

expression may influence cognitive processes 310. A slight downregulation at 12 months post-FPI 

(log2 Fold Change: -0.41) while not statistically significant may demonstrate a stabilization back 

to homeostatic levels or a potential regenerative response. We cannot rule out the possibility that 

age-related changes in miRNA expression may be masking the effect of the injury 311.  

miR-223-5p, miR-21-5, and miR-146a, known anti-inflammatory miRNAs, are acutely 

dysregulated after injury 

MicroRNAs do not exclusively possess pro-inflammatory regulatory properties. Many, 

including prominent miRNAs such as miR-124 (a miRNA that is expressed prominently 

throughout the nervous system 123) potentially have dual roles as both brakes to and propagators 

of inflammation. The anti-inflammatory cytokines, IL-4 and IL-13, both upregulate miR-124 

which has been shown to influence macrophage polarization to a more M2 (anti-inflammatory) 

state by decreasing CD86, iNOS, and TNF 312. Similarly, miR-124 overexpression was shown to 
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induce microglial quiescence in an experimental autoimmune encephalitis model 313 and likely 

regulates microglial activity in other CNS disorders 314.  

Other miRNAs from our studies (miR-223-5p, miR-21-5, and miR-146a) also regulate 

inflammation in a dualistic manner. miR-223-5p has previously been shown to affect 

immunomodulatory signaling in peripheral tissues but, its role in the CNS is relatively 

understudied. In peripheral macrophages, peroxisome proliferator-activated receptor gamma 

(PPARγ) and miR-223-5p have been suggested to form a regulatory axis that mediates 

polarization phenotypes 315. This is notable as PPARγ has been shown to attenuate axonal injury 

after TBI by potentially shifting microglia to a more M2 (anti-inflammatory) phenotype 316 and is 

considered a gatekeeper in CNS injury and repair 317. One potential neuroprotective strategy may 

be to prolong miR-223-5p expression (with the use of miRNA mimics) past the acute period. 

Because PPARγ has already been shown to possess neuroprotective properties 318 and there are 

PPARγ agonists commercially available, pharmacologic or genetic modulation of miR-223-5p 

may promote further neuroprotection by amplifying the PPARγ agonists regulatory axis. 

Previous studies have demonstrated that increased serum levels of miR-223 along with other 

miRNAs is indicative of acute exercise-induced inflammation 319. Considering that miR-223 

inhibits inflammasome activation by dampening caspase-1 and IL-1β expression 320, since FPI 

induces miR-223 in the rat hippocampus (Figure 6), and it has been reported in circulation – 

miR-223 may be a potential non-invasive biomarker or indicator of TBI mechanisms.  

miR-21-5p is another putative regulator of neuroinflammation that was altered in our data at 

different post-injury time intervals (Figure 7). The exact function of elevated miR-21-5p at these 

early time points is not entirely clear. Lei et al. 150 is among one of the few studies that also show 
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miR-21-5p upregulated post-acutely in the brain after TBI. Furthermore, searching the published 

literature on the mechanistic roles that miR-21-5p has in inflammation (covered below) returns 

confounding findings, with some studies showing it negatively regulates the inflammatory 

response and others showing it promotes inflammatory mediators. One such study by Ge et al.  

(2015) found a neuroprotective effect of upregulating miR-21-5p after FPI that was mediated by 

its regulatory impact on Angiopoietin-1 and Tie-2 expression, both key effectors of blood brain 

barrier (BBB) stability. In vitro models of TBI have shown an anti-apoptotic effect of increased 

miR-21-5p through its regulation of the PTEN-Akt pathway and downregulation of pro-apoptotic 

caspases 322. In a mouse model of CCI, miR-21-5p was elevated at 7-days post-injury in 

extracellular vesicles (EVs) isolated from around the injury’s lesion site 323. Contrary to the 

neuroprotective effect of miR-21-5p described earlier, miR-21-5p in EVs from simian 

immunodeficiency virus (SIV) infected animals displayed neurotoxic properties thought to be 

mediated by toll-like receptor 7 (TLR7) signaling 324. TLR7/miR-21-5p recognition and 

activation have also been shown to restrict dendritic growth in cortical neurons 325. TLR7 is 

expressed in the CNS most prominently in microglial cells, thus implicating the innate immune 

cell type in the regulation of the pro- and anti-inflammatory axis of miR-21-5p.  

Adding additional complexity, many other immune cells with roles in the inflammatory 

response including neutrophils, dendritic cells, monocytes, and some classes of T cells express 

miR-21-5p 326. This suggests that activity of miR-21-5p is context dependent, that is, depends on 

the cell type in which it is expressed, the stimuli inducing its expression, its temporal expression, 

and the environment where it is located. More work needs to be done to elucidate the role that 

miR-21-5p plays in the functionality of these diverse cell types, especially in brain injury where 

there are many conflicting reports.  
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Two miRNAs expressed in our data, miR-155-5p and miR-146a, are induced by NFκB 

activation. As described earlier, miR-155-5p has predominantly pro-inflammatory 

characteristics. This contrasts with miR-146a-5p which has a more protective profile. For 

example, in the brain endothelia, miR-146a limits T-cell adhesion by reducing NFκB activation 

through targeting of RhoA, Nfat5, IRAK1, and TRAF6 327. Leukocyte adhesion is a common 

feature of inflammatory disorders and can promote migration of immune cells across the BBB 

which leads to the propagation of neuroinflammation. In our FPI model, miR-146a-5p is 

upregulated at 2 weeks (log2 ratio: 1.24; FDR adjusted p-value < 0.001), 1 month (log2 ratio: 

1.35; FDR adjusted p-value < 0.001), 2 months (log2 ratio: 0.86; FDR adjusted p-value < 0.05), 

and 3 months (log2 ratio: 0.86; FDR adjusted p-value < 0.05) post-FPI. We were unable to 

validate miR-146a-5p through DDPCR, but considering many other studies have found that it is 

expressed in pathological contexts it may have a role in pro-inflammatory processes after TBI in 

both the acute and chronic phases after injury.  

Role of TBI-induced miRNAs in redox signaling 

Accumulating evidence suggests that TBI induces aberrant redox signaling, which occurs 

when a biological system changes in response to increased levels of reactive oxygen species 

(ROS) 328,329. Free radical (aka ROS) generation is known to occur after TBI330 and is associated 

with impairments in the cerebrovascular response331. This may be a link between TBI and altered 

redox signaling, which is often preceded by aberrant ROS levels and decreased antioxidant 

activity332. Notably, miRNAs found here to be differentially expressed in multiple post injury 

intervals may regulate redox signaling. For example, increased expression of miRNAs such as 

miR-155 results in decreased expression of antioxidant genes such as catalase and superoxide 

dismutase 333. Excessive ROS production and deficient clearance can cause vascular damage, the 
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recruitment of inflammatory cells, lipid peroxidation, and metalloproteinase activation. 

Combined, this leads to aberrant vascular remodeling causing disease and dysfunction334. 

Vascular function is also reduced in mild cognitive impairment compared to those with healthy 

aging, suggesting vascular risk factors for developing dementia 335. Cerebrovascular alterations 

and damage are associated with TBI 336,337 and neurodegenerative events and are often 

influenced by ROS generated oxidative stress 338. Protein markers of vascular integrity have also 

been correlated with TBI clinical outcomes 339,340. Taken together, temporal changes in miRNAs 

may directly or indirectly influence redox signaling and vascular dysfunction in acute and 

chronic TBI. Further investigation of the miRNAs-redox signaling-vascular reactivity axis is 

warranted. Definitive markers could aid in determining which TBI patients may be at risk for 

developing vascular-related dementia disorders. 

Inferring alternative roles of TBI-induced miRNAs 

In addition to their regulatory roles in immune function 136, several differentially expressed 

miRNAs are associated with cognitive functions 341. A miRNA from my analysis, miR-151-5p, 

contributes to the generation of contextual fear memory via regulation of APH1a which 

modulates ɤ-secretase activity 342. Thus, upregulation of miR-151 which is particularly 

prominent at 2 months post-injury, suggests a protective response. The protective role of miR-

223 is also supported by targeting the glutamate receptors, GluR2 and NR2B, thus inhibiting 

calcium influx and protecting neurons from excitotoxic damage 343. These findings imply that 

induction of some miRNAs may be occurring as a protective response to harmful stimuli. Data 

from our study and others126,344,345 supports that modulating miRNA expression to augment 

secondary injury processes and exploit their prosurvival capacities may be an effective therapy.  
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My analysis indicates that most of the differentially expressed miRNAs regulate genes 

involved in regenerative signaling. For instance, recent reports implicate early growth response 

(Egr) genes as master regulators of whole-body regeneration in an invertebrate flatworm 346. The 

3’ UTRs of all known Egr mRNAs have seed binding sites for many of the TBI-associated 

miRNAs found in our study. For example, per its anti-inflammatory role, increased miR-21 

expression has been shown to protect from amyloid beta induced apoptosis 347. But, miR-21 also 

has a role in proliferation and differentiation of neural stem cells via regulation of AKT and 

GSK-3β348. 

Inferring underlying mechanisms of differentially expressed miRNAs in serum after CCI and FPI 

Pathway analysis of the targets of the differentially expressed miRNAs in CCI and FPI vs control 

was carried out to infer what biological processes these miRNAs are predicted to regulate. Many 

of the differentially expressed miRNAs are suggested to have roles in neuronal plasticity. For 

example, miR-181a-5p (upregulated in CCI serum) and miR-124a-3p (downregulated in CCI 

serum) are both implicated in the reward circuitry of drug addiction, including in cocaine use 

disorder 349. MiR-181a overexpression has also been shown to augment the transition of human 

embryonic stem cells to endothelial cells, potentiating the expression of protein markers like 

platelet endothelial cell adhesion molecule-1 and Cadherin 350.  

Studies undertaken to identify the role of miRNAs in the pathophysiology of disease have in 

large part been completed in cancer research. Previous work has shown that miRNAs such as 

miR-17-5p can have differing roles dependent on their cellular context as both an oncogene and 

tumor suppressor 351. Apart from its role as a regulator of the cell cycle in cancer, miR-17-5p 

also has anti-apoptotic functions in other injury models 352. In the brain, miR-17-5p regulates the 
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proliferation and differentiation of neural precursor cells 353. This is an interesting finding 

because TBI has been linked to altered neurogenesis accompanied by increased proliferation of 

neural progenitor cells, especially in the granule cell layer of the hippocampus 354 355. MiR-17-5p 

could therefore be an important mediator of the neurogenic response after traumatic injury, as the 

downregulation seen in our CCI data corresponds with the literature linking these phenomena.  

Animal models of focal cerebral ischemia have shown that higher levels of miR-181a 

decrease neuronal survival and exacerbate injury while inhibition with antagomirs ameliorates 

neuron loss 356,357. Interestingly, miR-181a is also upregulated in this CCI model and the miRNA 

cluster family member miR-181b is upregulated in FPI. The findings in our CCI and FPI models 

suggest important roles for these miRNAs in the pathogenesis of TBI. Because of the 

evolutionary conservation of miRNAs and their mammalian gene targets, these studies support 

further investigation into the expression and mechanistic roles of specific families of miRNAs in 

human TBI. 

Implications for translation 

There are several implications of these findings. Despite the obvious differences in size and 

scale, previous studies showed high conservation of gene expression between rodent and human 

brains 358, that suggests that many of our findings would translate from bench to bedside. Indeed, 

in silico analysis indicates high concordance of results with recent studies of human TBI. Some 

of the miRNAs in rodent hippocampus (miR-146a, miR-223) are also known to be detectable in 

human blood in brain related disorders 359,360. These results are directly translatable to human 

TBI since these inflammatory and immune response pathways are eminently druggable. Either 

the protein targets or in future, miRNA-based therapeutics to increase or knockdown 
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dysregulated miRNAs. Additionally, this means that there are therapeutic options to mitigate the 

continuing inflammatory response in the current population of chronic TBI survivors. And given 

the knowledge that TBI-induced pathogenic alterations in miRNAs and their target genes are 

causally implicated in the increased risk of other neurodegenerative disorders such as AD, 

therapeutic modulation of chronically altered miRNAs could reduce this risk.  

Human Studies 

RNA sequencing of serum miRNAs from a clinical cohort of acute and post-acute TBI  

Our understanding of complex TBI mechanisms has substantially advanced over the years. 

Nonetheless TBI remains an intractable problem for patients and clinicians. Brain injury 

heterogeneity often confounds diagnosis and makes prognosis difficult 361. Animals models 

attempt to parse heterogeneity by mimicking specific aspects of injury 74. Despite numerous drug 

candidates showing neuroprotective properties in experimental models, none have shown clinical 

efficacy73. Poor translatability of preclinical models and failure of clinical trials can partially be 

attributed to the lack of reliable ‘intervention-tracking’ biomarkers 73. Characterization of 

accurate biomarkers is important for our increased understanding of TBI and to improve the 

success of clinical trials. 

Extensive research has shown that miRNAs are conserved among mammalian species293. 

There is a growing body of literature that recognizes the potential of circulating miRNAs usage 

for classifying TBI in animals and humans 178-181,362. Based on previous studies, I was optimistic 

about the ability to distinguish TBI from healthy controls. To date, there are few studies that 

have investigated the association between miRNA expression and TBI injury subtype or that 

measure expression chronically. My human biofluid experiments were prompted by compelling 
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results from our chronic animal work and a pilot study in two different TBI models (CCI and 

FPI). I was encouraged to test a couple of hypotheses, 1) that unique miRNA signatures could 

distinguish patients by injury type (focal or diffuse) and 2) that miRNA signatures would vary 

temporally and potentially identify acute and chronic TBI patients. Patient serum samples with 

associated CT scans were generously supplied from an archived set collected by collaborators 

(PI: Claudia Roberston, M.D., Baylor College of Medicine/Ben Taub Hospital) and healthy 

control samples were prospectively sourced (BioReclamationIVT). Serum miRNAs were 

isolated and processed for miRNA-seq as described in Chapter 2: Materials and Methods. 

Studies examining miRNA expression in human biofluids have primarily been in acute TBI. 

This study supports observations of differential miRNA expression from previous observations. 

For example, Redell and colleagues (2010) 362 assayed human TBI plasma and described 

upregulation of miRNAs including miR-16 in mild TBI (but found decreased levels in sTBI), 

which is persistently and significantly upregulated in our data (Figure 14). More recently, Di 

Pietro et al. (2017) 181 found miR-425 was elevated in early time points after mTBI. In 

agreement with this finding, our data demonstrate miR-425 to be persistently and significantly 

elevated across all acute time points (Figure 14). A pilot study by Mitra et al. (2017) 363 found 

elevated levels of miR-142 and miR-423 were associated with the development of post-

concussive syndrome. Similarly, our data show that miR-142 is significantly elevated at 24 hrs 

post-ED admission compared to healthy controls (log2 ratio: 2.22; FDR adjusted p-value < 

0.0001). All these data must be interpreted with caution because different types of controls were 

used in previous studies compared to ours. The notion that a single miRNA or combination of 

miRNAs could be used to determine patient outcomes after TBI is an exciting prospect for 

prognostic capabilities in the future. A study by Papa et al. (2019) 364 described a panel of 
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miRNAs that were significantly elevated in athletes post-season compared to pre-season, but also 

in athletes compared to non-athletes. Their data showed that even players with no reported 

concussions showed increased levels of miRNAs compared to controls and this correlated with 

lower scores on neurocognitive assessments. Those findings are consistent with other work 

suggesting that neurocognitive changes might occur even in players without clinically diagnosed 

concussions, potentially due to repetitive, subconcussive hits 365,366. Taken altogether, miRNAs 

may be useful as an adjunct measure with neurocognitive testing in patients without objective 

imaging to confirm a TBI. A summary of the miRNAs which are expressed in acute and chronic 

human is provided throughout the remaining sections of this chapter. 

Pathway analysis of the predicted targets generated from the identified miRNAs indicates the 

roles that they may have after injury. Typically, miRNA target prediction algorithms use only the 

seed-sequence binding sites to assess whether a gene is regulated in a canonical fashion by its 

coordinate miRNA. Because of this they often fail to take into consideration that many miRNAs 

are not experimentally validated and thus potentially have no effect on the predicted gene of 

interest. To improve the confidence of predicted miRNA-target interactions, I used a database 

that incorporates high-throughput sequencing training sets from publicly accessible experimental 

data into a machine learning algorithm, (referred to as support vector machines) for predicting 

functional miRNA targets (miRDB) 197. Further, the genes which were predicted with high 

confidence (target score > 60) were input into Ingenuity Pathway Analysis (IPA; Qiagen), a 

bioinformatic platform that predicts the biological functions of genes and networks based on a 

curation of published literature. Including multiple of levels of filtering (i.e., functional miRNA 

target prediction and network analysis based on published literature) revealed that a 
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preponderance of pathways are related to critical nervous system signaling, immune response 

related signaling, and cell-death related pathways.  

TBI induced miRNAs are predicted to regulate genes enriched in nervous system signaling 

pathways  

Neuroplasticity related pathways are among the top canonical pathways revealed through gene 

enrichment analyses using predicted gene targets of up- and downregulated miRNAs across all 

time intervals, acute and chronic. For example, miRNAs in focal and diffuse TBI regulate 

several genes enriched in pathways such as synaptogenesis related signaling and axonal guidance 

(Figure 21).  

Figure 21. miRNAs regulate genes involved in nervous system signaling. Lines from miRNAs are 
drawn to predicted target genes that are components of synaptogenesis signaling. Analyses like 
this can show the intersections of different miRNAs within gene networks and implies that 
multiple miRNAs work synergistically to alter the expression of target genes involved in numerous 
biological processes.  
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As one of the cardinal components of the nervous system, synapses represent a critical 

structure for communication between cells. Among the key structural features of synaptic 

communication are the ionotropic receptors for both γ-aminobutryic acid (GABA) and 

glutamate. Both are critical cell signaling molecules, with the latter being a prime mediator of 

secondary injury processes, specifically glutamate excitotoxity. Though, it is only speculation as 

to which components of the pre- and post-synapse are altered based on target prediction data 

without having gene expression data to correlate, the known pathophysiological mechanisms 

suggest the axis between inhibitory and excitatory (GABA/glutamate) signaling is disrupted. An 

in-depth functional analysis of individual miRNAs and their respective targets might allude to 

which dysregulated miRNAs are important for the regulation of these competitive signaling 

systems. More likely, groups of miRNAs operate in a synergistic manner to significantly disrupt 

key cell signaling pathways.  

Following this train of thought; numerous synaptic genes have been associated with age and 

neurodegenerative disease (e.g., AD) related changes 367. As synapses are essential for 

information processing, age-related dysregulation of existing and new gene networks involved in 

synaptic function could lead to cognitive dysfunction. TBI is thought to accelerate are-related 

changes in synaptic function 9. Multiple TBI-dysregulated miRNAs are predicted to target genes 

that would be important for cognitive resilience during aging and disease. Genes such as 

synaptophysin (SYP) and glutamate NMDA receptors (GRIN) are both predicted targets of 

differentially expressed miRNAs in the acute and chronic TBI patients from this study. Inability 

of patients to overcome the impact of degenerative changes that lead to cognitive decline may 

have its roots in TBI. More work needs to be done to elucidate whether TBI is a risk factor for 
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neurodegenerative diseases or makes the brain more resistant to the protective effect of genes 

related to resiliency.  

Lifestyle interventions such as exercise and diet modification can reverse age and AD-related 

transcriptional changes 368. Berchtold et al (2019) found that late-life physical activity increases 

neuroprotective hippocampal gene signaling (e.g. synaptic signaling mechanisms, axon and 

white matter health). Because these pathways seem to be impacted by differentially expressed 

miRNAs in this study, it implies that chronic TBI patients may also benefit from increased 

activity.  

Axonal guidance is another crucial pathway that was predicted to be perturbed through my 

analysis. It makes biological sense that this pathway would be disrupted in tandem with 

synaptogenesis as axons typically migrate to reach synaptic endpoints to facilitate 

communication. There are multiple families of ‘guidance cues’ that can either be attractive, 

repulsive, or have promiscuous functions dependent on the context of their expression. Among 

the identified guidance cues are; netrins and UNC-5 receptors, Slits and Robo receptors, ephrins 

and ephrin receptors, as well as semaphorins and plexin receptors. Semaphorin genes are 

predicted to be targeted by both up- and downregulated miRNAs in the acute human TBI cohort. 

Early studies in semaphorins demonstrated that they are involved with collapse of axonal growth 

cones 369 which was later found to be mediated by their interactions with Plexin receptors 

(detailed in Hota and Buck 2012 370). Downregulation of these guidance cues could be a potential 

protective response since axonal damage is a hallmark pathological feature of TBI 371. 

Semaphorin 3A (targeted by both up- and downregulated miRNAs) has been shown to affect 

BBB integrity after TBI and it is regulated by the family of miRNAs that include miR-30b 372, a 

cluster expressed in our data both in the acute and chronic phase. MiRNAs are not the only 
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drivers and regulators of gene expression; thus, I cannot infer beyond what the data has revealed. 

Key observations from these studies indicate – 1) TBI induces a competitive network of up and 

down regulated miRNAs and 2) gene targets are somewhat synonymous between sets of 

differentially expressed miRNAs. But the fact that the same miRNAs are predicted to regulate 

genes that fall into multiple canonical pathways related to known effects of TBI lends credence 

to the argument that they can at least be used to infer injury mechanisms.  

Overlapping genes in multiple signaling pathways include those related to immune response and 

inflammation 

Figure 22. Overlapping gene expression in pathways from predicted gene targets of differentially 
expressed miRNAs. Red boxes are the top 25 canonical pathways that are comprising of predicted 
gene targets of miRNAs from the 24 hrs cohort of TBI patient vs healthy controls. The intersecting 
blue lines represent the edges that connect one pathway to another and the numbers beside them 
correlate to the number of genes that overlap between the respective pathways. The statistical 
calculation for pathway designations is the -log of the Fisher’s Exact p value (used to determine 
whether the overlap of genes in the user data set and reference data set is greater than just by 
chance). Pathways include relevant nervous system, immune response, and inflammation related 
signaling among others that contain a statistically significant number of overlapping genes.  
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An important consideration when examining the putative gene targets of multiple 

differentially expressed miRNAs are the level of overlap between genes in various canonical 

pathways (Figure 22).  

Genes from other pathways provide more clarity to the role these miRNAs play in the 

pathological processes of TBI beyond the obvious perturbation of nervous system signaling. 

Some of the genes expressed in neuroplastic signaling are also component molecules of 

neuroimmune processes. For example, a group of extracellular growth factors, Wnt proteins, 

have been implicated in inflammation-related brain degeneration 373 but also in the 

neuroprotective response of dopaminergic cells in mouse models of Parkinson’s Disease 374. 

Wnt-signaling genes are predicted to be both direct and indirect targets of miRNAs across the 

temporal spectrum of TBI (based on miRDB analysis of dysregulated miRNA in my data). When 

normally expressed, Wnt signaling leads to stabilization of cytosolic β-catenin leading to its 

translocation to the nucleus and subsequent transcription of Wnt target genes 375. There are 

several regulators of Wnt/β-catenin signaling including, NEMO-like kinases 376, Sox proteins 377, 

and retinoic acid receptors 378, and secreted frizzled-related protein 379. MiRNAs in our data are 

suggested to regulate Wnt expression by repressing the expression of these regulatory factors. 

For instance, miR-204-5p (downregulated across all acute time intervals and in chronic TBI 

patient serum) has a predicted binding site in the 3’ UTR of the secreted frizzled-related protein 

5 (Sfrp5) gene. In combination with other mutations and dysfunctional glia-neuron interactions, 

Sfrp5 antagonizes Wnt-signaling by competing with Wnt ligands for binding to transmembrane 

receptors. Wnt/β-Catenin signaling has been shown to promote the proliferation of progenitor 

cells 380. Taken together, this suggests that decreases in critical inhibitors of Wnt antagonists 
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(e.g., has-miR-204-5p) may be a contributor to the disrupted regenerative response as seen in 

acute and chronic TBI.  

Diversity of miRNA expression and predicted gene targets distinguish focal and diffuse injuries  

Genetic factors contribute to the heterogeneous presentation and functional outcome after TBI 

381. Couple this with the plethora of biomechanical forces that can cause a TBI and classifying 

injury type becomes extraordinarily difficult. One benefit of principal component analysis is that 

we can clearly demonstrate showed that individual TBI patient’s serum express distinct 

combinations of miRNAs, in aggregate, the entire miRNA profile of each patient fell into either 

the focal or diffuse category.  

Distinguishing a focal injury by neuroimaging techniques (CT and MRI) is a straightforward 

and useful approach that most major hospitals can perform. On the other hand diffuse axonal 

injury (DAI) is more difficult to diagnose non-invasively 382. Highly advanced imaging 

techniques like high-resolution diffusion tensor imaging (DTI) are less accessible but able to 

identify DAI 383. Axonal injury is a component often found in both focal and diffuse injury and 

may play a role in the development of TBI related co-morbidities. Thus, the ability to 

discriminate between focal or diffuse injuries with a non-invasive circulating miRNA profile or 

identify when they occur in tandem would facilitate the improved diagnosis and earlier 

interventions for these TBI-related sequelae. A recent study using paraffin-embedded tissue of 

patients with confirmed DAI, found decreased levels of 3 miRNAs (miR-21, miR-92, and miR-

16) compared to controls 384. Contrary to this my analysis found upregulated miR-21-5p (log2 

ratio: 0.74; FDR adjusted p-value > 0.01) in the focal injured group compared to controls. While 

not definitive, this contradiction demonstrates the limitations in comparing studies of tissue and 

biofluids without standardizing for various patient characteristics. One difference to consider is 
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that all the samples in the Pinchi et al 384 study were from patients with fatal outcomes compared 

to our living cohort.  

This study is among the first to show data that there is a set of discriminating miRNAs in 

focal and diffuse TBI compared to healthy controls in biofluids. Furthermore, there are a paucity 

of studies that describe miRNAs that may be unique to each injury type, respectively 384. The 

information generated from these studies may be useful if corroborated in future studies and as 

point-of-care and clinical laboratory-based testing for TBI biomarkers becomes routine. We 

found that genes targeted by diffuse injury induced miRNAs belong to well-known cell signaling 

pathways that link immune and nervous systems such as the Wnt signaling pathway 373. The 

most significant differentially expressed (upregulated) miRNA in diffuse TBI samples, miR-509-

3-5p, has been shown to targets prosurvival genes such as PLK1 (polo-like kinase 1) 385. This is 

one possible explanation for the chronic degenerative effects of diffuse TBIs.  

Persistent dysregulation of injury-induced miRNAs suggests potential as chronic TBI biomarkers 

Traits like intelligence, height and skin color are polygenic traits, i.e. there is no single gene 

that determines these characteristics, but many genes contribute a little 386. Using current 

analytical tools, commonly set cutoffs potentially eliminate biologically significant genes whose 

expression or statistical significance are below a certain threshold. The ability to clearly identify 

TBI from healthy controls, even those who incurred a TBI 32 years prior by analysis of the entire 

miRNA transcriptome suggests that attempts to define a unique set of biomarkers in the 

heterogeneous human TBI population is entirely unnecessary. Now it is possible to generate 

whole transcriptome sequencing data in a few hours; thus, miRNA-seq of blood or other 

biofluids may serve as a valuable personalized medicine tool for identifying TBI.  
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In reviewing the literature, only a single study (Di Pietro et al. 2017) 181 examined the 

association of acute miRNA expression with chronic outcomes (6 months post injury). Our 

finding that TBI-induced miRNAs are dysregulated up to 32 years post-injury is fascinating 

since this implies that injury-induced biomarkers can identify TBI in chronic survivors. Although 

we only had access to a small number of chronic TBI serum samples, it is notable that miR-451a 

which was determined to be highly upregulated in CSF of patients with subarachnoid 

hemorrhage 387 was found significantly upregulated in the chronic TBI serum. Given the 

evidence that TBI accelerates brain aging 388; the striking finding here is that not only at 24-96 

hrs post-injury but as far out as 32 years post-injury, miRNAs implicated in brain aging are still 

found dysregulated. Notably, miR-204-5p which was decreased in chronic TBI serum was also 

reported downregulated in frontotemporal dementia 389, a finding that suggests that this miRNA 

might serve as a useful biomarker of dementia in neurodegenerative disorders.  

Principal component analysis (PCA) revealed that two significant miRNAs from my analysis, 

let-7c and let-7i, distinguish chronic TBI from healthy aged matched controls. Interestingly, 

upregulation of let-7c-5 has neuroprotective effects in animal models of stroke and TBI and this 

beneficial effect might be mediated by its ability to regulate microglial activity390. Moreover, 

intracerebroventricular injection (ICV) of let-7c-5p mimics improved the outcomes of mice 

subjected to CCI391. Downregulation of let-7c-5p in this chronic TBI cohort suggests that 

neuroinflammatory processes such as microglial activation may still be prominent features in 

patients, and potentially can be ameliorated with drugs that alter let-7c-5p expression. The 

finding that let-7i-5p is elevated in chronic TBI is consistent with previous studies that have 

found elevated levels in serum and cerebrospinal fluid after exposure to blast TBI 178. Elevated 

levels of let-7i-5p has also been measured in saliva of mildly concussed athletes 182. The finding 
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that let-7 miRNAs can be detected in serum and CSF after TBI is notable as this family of 

miRNAs has been shown to regulate numerous brain related processes. Considerably more work 

will need to be done to determine if let-7i or let-7c are suitable biomarkers for chronic TBI.  

The question may be asked if these new biomarkers add any additional value to current 

neuroimaging methods. This study is not meant to define a specific set of “biomarkers” for TBI; 

the entire concept of valid biomarkers is a controversial topic, 392 and great heterogeneity and 

differences among all the TBI samples suggest that a unique set of “TBI-specific” biomarkers 

would be difficult to establish. However, the miRNA-seq data does indicate that consideration of 

the entirety of the miRNA changes in the TBI vs the control groups allows clear identification of 

the injured cohort and hints that focal injuries may be distinguished from diffuse injuries. One 

disturbing aspect of animal studies is the relatively poor translation of successful preclinical 

animal studies at the level of human clinical trials 393. These data indicate that at the level of their 

gene targets, there are many commonly affected cellular pathways collectively affected by TBI-

dysregulated miRNAs and emphasis in future studies should be on the shared pathways and not 

on individual genes or miRNAs which according to the bioinformatics analysis, are involved in 

many overlapping cellular pathways. 

Limitations of the rat and human studies 

A major limitation of this study is the small sample size in both rat and human experiments. 

Specifically, the human study is limited by unequal numbers of samples in the control and TBI 

groups. Therefore, the data may be biased towards cohorts with more patient samples. That said, 

our study does have patient numbers comparable to other published studies 181 and I believe the 

results are substantive and intriguing enough that they should be reported in a peer-reviewed 
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publication. It was not possible to validate the differentially expressed miRNAs found in human 

TBI in a new cohort due to limited sample availability, cost, and time constraints. I am confident 

that the miRNAs I found to be differentially expressed are real based on corresponding findings 

in previous literature 151,178-180,362 and the stringency with which the statistical analysis was 

completed. Existing evidence supports the pleiotropic roles of these miRNAs in brain functions. 

Since it is not possible to validate every significant finding, in silico verification of NGS data is 

an accepted validation method. Another question is whether these changes would translate to 

human TBI? The rat FPI model that we have utilized here to chronicle long-term changes in 

hippocampal miRNA expression has been shown to reproduce many biologically relevant 

aspects of human brain injury 83. These findings are also congruent and consistent with previous 

reports of molecular and physiological changes in rodent models of TBI and in human TBI.  

  



117 
 

Chapter 5:  

 

     Summary and Conclusions 

This project was undertaken to gain insight into the mechanistic underpinnings of TBI and 

build upon previous work with the goal of improving care for patients. This body of work will 

have significant implications for our understanding of the pathophysiology of TBI. The rat 

investigations documenting gene and miRNA expression up to one year after TBI are one of the 

few longitudinal studies to date and provide crucial insights into temporal and spatial molecular 

consequences of TBI. The key findings in Boone, Weisz et al. (2019) were; 1) evidence of long-

lasting dysregulation of homeostatic gene expression, especially in immunological gene 

expression, 2) evidence that many of the dysregulated genes potentially function as key hubs 

controlling gene programs involved in essential brain cell functions, and 3) evidence that the 

chronic activation of both deleterious and beneficial genes up to one year post-injury suggests a 

regenerative response that may be augmented by therapeutic intervention initiated long after the 

initial TBI.  

The important findings to emerge from my miRNA studies include, 1) miRNAs are 

differentially expressed in TBI compared to controls in both rat and human subjects and some 

miRNAs remain increased or decreased across post-injury intervals, 2)  miRNA profiles 

distinguish TBI from uninjured cohorts across all acute and chronic intervals as well as 

distinguish between focal and diffuse injury subtypes, and 3) these miRNAs are predicted to 

regulate prominent pathways related to the pathophysiology of TBI.  
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Neuroinflammation is believed to underscore many neurodegenerative disorders 253. TBI 

induces neuroinflammatory signaling, suggesting it could mediate the development of 

degenerative diseases 254 258. These studies were unique in their reach; charting the progression 

of signaling related to neuroinflammation out to one-year post injury. This improves upon most 

studies that only examine the extent of neuroinflammatory gene expression for days to months 

after TBI animal models 252. Chronic inflammation has also been causally linked to the 

development of neuropsychiatric disorders such as depression 259 and neurologic disorders such 

as epilepsy 260. Our rat gene expression studies are yet another compelling piece of evidence 

suggesting that TBI shifts the rheostat to an increased risk of developing these types of disorders. 

Altogether, the aberrant expression of immune mediators documented in our chronic rat model of 

brain injury may ultimately be involved in the etiology of comorbidities of which TBI is 

suggested to be a risk factor. The hope is that interceding with therapeutics or lifestyle 

interventions will mitigate the effects of TBI and reduce the chance of developing 

neurodegenerative disease later in life.  

There have been approximately 86,000 microRNA (miRNA) PubMed entries since they were 

initially discovered in C. elegans. Most of these studies aim to define the biological roles of 

miRNA-mediated posttranscriptional regulation of protein-coding genes 91. MiRNA biogenesis 

and repressive functions occur in a canonical fashion (described in Chapter 1). But, miRNAs also 

have unconventional regulatory capacities including; interaction with non-Ago proteins 394, 

activation of toll-like receptors 395,396, upregulation of protein expression 397, affecting 

mitochondrial gene expression 398, and acting as transcriptional activators of inflammatory gene 

expression 399. Basic science research into these mechanisms has broadened the role that 

miRNAs are understood to have in the biology of disease. In translational research the nascent 
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field of biomarkers has rapidly evolved in the past decades. Multiple studies demonstrate 

changes in fluid-based miRNA biomarkers in aging 142,400 and neurologic disorders 401-405. In 

TBI, several published works have identified miRNAs that are useful for differentiating between 

injured and uninjured groups and have been explored for their utility in differentiating between 

injury severities 178-181.  

Comparison of these findings with other studies confirms that TBI induces the differential 

expression of miRNAs and that they can be reliably measured in circulation. In accordance with 

the present results, previous works has shown that TBI can be distinguished from controls180. 

But, just distinguishing TBI from controls may not be enough 361. For instance, diagnosis of 

diffuse axonal injury can be difficult without specialized equipment and missing that component 

of injury can drastically alter how a clinician cares for a patient 382,383. Heterogeneity implies 

different mechanism, my study of CCI and FPI shows the discrepancies in miRNA expression 

with pathoanatomically different injuries; CCI produces a focal injury while FPI contains a 

mixture of both focal and diffuse injury patterns 74. The finding that different TBI models 

showed unique differentially expressed miRNAs in serum was not necessarily surprising, as 

different serum miRNAs have been reported previously in various models 178,179. However, few 

studies have directly compared different animal TBI models in the same study. This led to my 

analysis of human TBI miRNAs by injury subtype (i.e., focal vs diffuse) compared to healthy 

controls. Surprisingly, after analyzing the data I identified unique sets of miRNAs that are only 

differentially expressed in focal or diffuse injury, respectively. These findings raise intriguing 

questions regarding the nature of miRNA expression in diversity of human TBI. Importantly, 

whether current biomarkers are sensitive and specific enough to distinguish injury subtype and 

not just the presence or absence of a TBI. The results of my work indicate that more studies into 
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the expression of miRNAs in diverse TBI subtypes are warranted. Additional work should be 

done to assess whether including an adjunctive measure such as miRNAs are clinically useful in 

decision making. An insightful response article published in the Lancet by Maas and Lingsma 

(2018) asserts that some biomarker candidates have negligible benefits and “…that the added 

value of the test in clinical practice might well be small or even absent.” Succinctly, pursuit of 

objective measures that provide some nuance to TBI clinical care beyond if a patient is injured or 

not are warranted. 

Since taking brain biopsies from human TBI patients is infeasible, I performed an in-depth in 

silico analysis to infer potential mechanistic roles of the differentially expressed miRNAs. The 

fact that predicted genes are enriched in networks related to brain specific processes increases the 

plausibility that the miRNAs are brain trauma related. There is abundant room for further 

progress in clarifying how these unique sets of miRNAs that distinguish focal and diffuse injury 

mechanistically relate to specific pathologies. Genetic studies in animals using knock-out and 

knock in systems to modulate miRNA expression in the context of diffuse and focal brain injury 

could provide insight into respective injury mechanisms. 

Some of the most compelling findings from these studies have been that miRNAs remain 

chronically dysregulated in patient serum samples even decades after injury when compared to 

age-matched healthy controls. Furthermore, a subset of these miRNAs, miR-451a, miR-30d-5p, 

and miR-204-5p show concordant expression with acutely dysregulated miRNAs, or as in the 

case of miR-145-5p, remain statistically significant when compared to the proper controls. This 

singular finding, if corroborated in future studies has enormous potential for the treatment of TBI 

patients. Future investigations will determine whether differential expression of these miRNAs 

corresponds with the development of comorbid TBI sequelae, like neurodegeneration and 
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cognitive impairment. Likewise, relating these markers to various interventions for acute and 

chronic TBI might enable researchers and clinicians to infer how a patient might respond to 

therapies. This type of work might support a more personalized-medicine based approach to TBI 

treatment which cuts at one of the core issues in TBI, heterogeneity.  

Future Directions 

As stated above these results in rats support existing evidence of a potent neuroinflammatory 

response after TBI. Moving forward, confirming the relevance of specific immune cell types in 

the progression and maintenance of neuroinflammation will be important. Our experimental FPI 

has face validity in terms of initiating neuroinflammatory sequelae and bypasses many of the 

external variables that can influence the induction of inflammatory signaling as seen in human 

TBI. Techniques such as laser capture microdissection (LCM) or flow assisted cell sorting 

technologies (FACS) can be used to isolate distinct populations of cells for various downstream 

analyses. Both have caveats. For example, LCM allows for cells to remain in their native 

conformations thus mitigating the effects that cell disassociation techniques may have on gene 

expression. FACS allows for the isolation of many cells of the same type all at once improving 

the RNA yield which is sacrificed in LCM for a purer population of cells. As a start, delineating 

populations of peripheral and CNS specific populations of cells will be important. Since BBB 

integrity is compromised after TBI and peripheral monocytes have been shown to be deposited in 

the brain after injury, understanding how peripheral cells propagate neuroinflammation and how 

they interact with CNS cells, such as astrocytes and microglia will be important54. Many of the 

components of neuroinflammatory signaling revealed in our gene expression studies are believed 

to be mediated by astrocyte-microglia interactions. Factors like TNFa, C1q, and IL-1 – all of 
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which are expressed in our data – can promote their activation and in turn be secreted by either. 

How that activation effects their trophic or homeostatic functioning remains unclear.  

The potential miRNA biomarkers that I found through my analysis should be verified in a 

larger test cohort that includes the proper trauma controls. With the advent of brain and biofluid 

banks, retrospective screening of miRNA expression is possible. Future studies should have 

some component of stratification for individuals with a known TBI diagnosis of focal, diffuse, or 

mixed injury. Examining the expression of miRNAs in chronic TBI survivors with comorbid 

conditions would help to elucidate whether these miRNAs have prognostic potential when 

measured acutely. Previous studies in familial Alzheimer’s disease have shown that biomarkers 

can predict the onset of symptoms up to 16 years before they show up in patients 406. A 

biomarker that can be used to monitor disease and predict clinical progression would have 

enormous potential in TBI. For example, a high percentage of members of the armed forces 

returning from combat have post-traumatic stress disorder (PTSD) 407 and show post concussive 

symptoms 408. Studies have reported gene expression differences in peripheral blood of service 

members with diagnosed PTSD and pathway analysis suggests those genes are involved with 

immune response and metabolic dysregulation 409. Because miRNAs are involved in regulation 

of both biological processes, it suggests that they too would be differentially expressed in this 

population. Having multiple levels of evidence that molecular alterations are implicated in the 

pathophysiology of disorders like PTSD may inform the development of therapies for precise 

treatment and improve monitoring in future studies. 
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APPENDIX I:  

    Supplemental Figures for Chapter 3 
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The following supplemental figures are provided as links do to the size of each individual file.  
 
S1 File. TBI-associated genes (absolute fold-change >1.4, p < 0.05, TBI vs sham control) in all 
significant canonical pathways in hippocampus. 
All time points are shown in separate tabs. 
https://doi.org/10.1371/journal.pone.0214741.s005 
 
S2 File. TBI-associated genes (absolute fold-change >1.4, p< 0.05, TBI vs sham control) in all significant 
canonical pathways in cortex. 
All time points are shown in separate tabs. 
https://doi.org/10.1371/journal.pone.0214741.s006 
 
S3 File. TBI-associated genes in all significant diseases and functions pathways in hippocampus. 
Genes for each post-injury interval listed in separate tabs. 
https://doi.org/10.1371/journal.pone.0214741.s007 
 
S4 File. TBI-associated genes in all significant diseases and functions pathways in cortex. 
Genes for each post-injury interval listed in separate tabs. 
https://doi.org/10.1371/journal.pone.0214741.s008 
 
S5 File. Gene Ontology (GO) categories for post-TBI hippocampal gene expression. 
GO categories for 24hr, 2 week, 3, 6, 12 month post-TBI listed in separate tabs. 
https://doi.org/10.1371/journal.pone.0214741.s009 
 
S6 File. Gene Ontology (GO) categories for post-TBI cortex gene expression. 
GO categories for 24hr, 2 week, 3, 6, 12 month post-TBI listed in separate tabs. 
https://doi.org/10.1371/journal.pone.0214741.s010 
 
S1 Table. List of 84 genes selected for a custom PCR array. 
https://doi.org/10.1371/journal.pone.0214741.s011 
 
S2 Table. Complete custom PCR array results for hippocampus and cortex at one and two months post-
injury (separate tabs for each brain region and post-injury interval). 
https://doi.org/10.1371/journal.pone.0214741.s012 
 

 
 
 
 
 
 
 
 
 
 

 

https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s005
https://doi.org/10.1371/journal.pone.0214741.s005
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s006
https://doi.org/10.1371/journal.pone.0214741.s006
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s007
https://doi.org/10.1371/journal.pone.0214741.s007
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s008
https://doi.org/10.1371/journal.pone.0214741.s008
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s009
https://doi.org/10.1371/journal.pone.0214741.s009
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s010
https://doi.org/10.1371/journal.pone.0214741.s010
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s011
https://doi.org/10.1371/journal.pone.0214741.s011
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0214741.s012
https://doi.org/10.1371/journal.pone.0214741.s012
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