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Abstract 

 

Title of Dissertation:  Investigating the Role of Microglia and Extracellular Vesicles in 

Spinal Cord Injury-Induced Brain Dysfunction  

 

Niaz Zafar Khan, Doctor of Philosophy, 2022 

 

Dissertation Directed by: Alan I. Faden, M.D. 

    David S. Brown Professor of Trauma 

Departments of Anesthesiology, Anatomy & Neurobiology, 

Neurosurgery, Psychiatry, and Neurology 

 

Spinal cord injury (SCI) causes brain neurodegeneration leading to cognitive and 

affective changes, including memory loss and mood alterations. Using SCI models, we 

and others have demonstrated that progressive neurodegeneration is accompanied by 

neuroinflammation, including sustained microglial activation. The primary goal of this 

dissertation was to test the hypothesis that SCI triggers brain microglia-mediated 

neuroinflammation and secondary neurological dysfunction and to study the 

underpinning mechanisms including changes in systemic and central extracellular 

vesicles (EVs). 

First, we probed the mechanisms responsible for microglia activation and 

examined the effect of pharmacological depletion of microglia on posttraumatic 

neuropathology and cognitive/depressive-like behavior in a mouse SCI model. Microglial 

depletion significantly improved neuronal cell loss in key brain regions and associated 

cognitive/depressive-like behavioral outcomes after SCI. The transcriptomes of the spinal 

cord and brain were also substantially altered, supporting our hypothesis that microglia 

significantly contribute to changes related to inflammation, neurotransmission, and 

apoptosis after SCI.  



Second, we studied changes in circulating EVs after SCI. EVs are biological 

nanoparticles released from cells that contribute to intercellular communication and can 

become altered with disease. We found a significant increase in plasma tetraspanin 

CD81+ EVs after SCI at 1d post-injury. Surface CD81 was decreased on astrocytes at the 

injury site, suggesting that these cells may release CD81+ EVs into circulation. Total 

plasma EV microRNA content was also significantly modified, similar to the profile 

previously described in inflammatory astrocyte EVs. Notably, when injected into the 

cerebroventricular system, plasma EVs from SCI mice increased brain expression of 

several inflammatory genes, including markers of astrocyte reactivity.  

Finally, we examined the brain transcriptional profile and EV changes 19 months 

post-SCI in male and female mice. While we observed strong sex-dependent differences 

in the overall brain transcriptome after SCI, the homeostatic microglial phenotype was 

reduced in both sexes. Chronic SCI increased EV count in the brain and modified their 

microRNA content, which may explain the observed transcriptional changes. Plasma EV 

markers were also elevated late after injury, especially in males. Collectively, these 

experiments are the first to characterize EV dynamics after SCI and suggest that EVs may 

be involved in posttraumatic brain inflammation.      
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Chapter 1 

 

Introduction 

 

1.1 Overview 

Traumatic injuries to the central nervous system (CNS), including traumatic brain 

injury (TBI) and spinal cord injury (SCI), contribute significantly to the global healthcare 

burden1. Patients with SCI often face a lengthy and costly rehabilitation process2. Cognitive 

and affective symptoms, including impaired memory and altered mood, are experienced 

by nearly half of SCI patients yet have only received relatively limited research attention 

to date3–5. These changes have been considered either “reactive” changes to the dramatic 

lifestyle impact of SCI or confounded by unrecognized concurrent TBI. However, recent 

clinical and experimental evidence, including many preclinical studies from our laboratory, 

suggests that neuropathological changes in the brain after SCI contribute strongly to 

posttraumatic cognitive and affective alterations6–13.  

 Microglia, the resident innate immune cells of the CNS, are rapidly activated after 

injury and facilitate debris removal as part of the normal repair process14,15. However, 

studies using experimental models of TBI and SCI demonstrate that microglial activation 

around the injury site often persist for many months after the initial event16–20. Chronically 

activated microglia after neurotrauma are skewed towards a pro-inflammatory neurotoxic 

phenotype associated with progressive neuronal cell loss17. Dysfunctional microglial 

activation is also a feature of chronic neurodegenerative disease such as Alzheimer’s 

disease (AD) and Parkinson’s disease (PD), which may explain the enhanced risk for 

developing these disorders after neurotrauma21–28. Importantly, chronic microglial 

activation occurs not only in the spinal cord but also in the brain after SCI. Our group was 
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among the first to show that isolated thoracic SCI leads to significant neuronal cell loss in 

multiple brain regions (e.g., hippocampus, cortex, and thalamus) by 12 weeks post-injury 

with associated neuroinflammation and cognitive behavioral deficits in rodents7,8,11. Using 

a sensitive radioligand probe to assess neuroinflammation, we showed that inflammatory 

changes begin as early as 7 days post-SCI in rats, well before neuronal cell death is 

observed by histology8. This suggests that events relatively early after spinal trauma may 

trigger secondary brain pathology, including the development of chronic, progressive 

neurotoxic inflammation. However, it remains unclear whether brain inflammation occurs 

in response to or promotes neurodegeneration after SCI. Furthermore, the precise 

molecular mechanisms that lead to remote microglial activation in the brain have not been 

fully explored. 

 Extracellular vesicles (EVs) are now recognized as a critical component of 

intercellular communication. Originally thought to be just a mechanism for cellular waste 

removal, EV functions can be attributed to a growing number of normal physiologic and 

pathophysiologic processes29–33. EVs are nanometer-sized structures enclosed by a lipid 

bilayer that transmit proteins, lipids, and nucleic acids, such as microRNAs (miRs), from 

their originating cells to alter the function of recipient cells29. Since EVs can be found in 

circulating biological fluids like blood plasma, they may contribute to long-distance 

signaling mechanisms between organ systems, including the spread of inflammatory 

molecules30. However, our current knowledge of EV signaling is largely derived from in 

vitro studies to date34, and corresponding in vivo evidence for proposed functions is limited.  

The primary focus of this dissertation is to understand the secondary injury 

mechanisms that contribute to brain dysfunction in a mouse SCI model with the central 
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hypothesis that EVs help drive remote brain inflammation after SCI. First, we addressed 

the contribution of microglia by employing a pharmacological, depletion-based model in a 

series of studies examining long-term brain pathology and neurological recovery after SCI. 

Then, we examined the role of EVs in the propagation of inflammation at a distance after 

SCI. These studies provide a detailed time course of changes in EV parameters after SCI – 

including count, size, and cargo – utilizing state-of-the-art technologies for EV detection. 

Data from the experiments in this dissertation are the first to implicate both microglia and 

EVs in SCI-induced chronic brain dysfunction.  

1.2 Spinal Cord Injury (SCI) 
 

1.2.1 Epidemiology 

 

The World Health Organization estimates that 250,000 – 500,000 people 

worldwide experience an SCI each year1. Approximately 90% of SCI cases are due to 

traumatic cause, including road traffic accidents, falls, and violent acts1,2. Males are at least 

two times more likely than females to experience SCI, and the elderly population is a major 

high-risk group for both sexes1. The young adulthood period (20-29 years) and the 

adolescent period (15-19 years) are additional high-risk groups for males and females, 

respectively1. 

Given the connections between the spinal cord and major organs, SCI can have 

marked effects on function, both neurological and systemic. SCI patients are at risk of 

developing a number of secondary complications that can not only hamper recovery and 

rehabilitation, but also be life-threatening or have chronic symptomatology35. Mortality 

risk is greatest in the first year after injury and, beyond that, remains elevated relative to 

the general population: SCI patients are 2-5 times more likely to have a premature death 
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than people without SCI1,35. Injury severity and injury level (i.e. higher with cervical vs. 

thoracolumbar) also increase mortality risk1,35. The main causes of death differ based on 

the socioeconomic status of countries and their medical care as advances in acute symptom 

management have reduced preventable secondary conditions (e.g. nosocomial infections) 

in high-income countries that still remain the main causes of death in low-income 

countries1,2.  

In the United States (US), there are approximately 300,000 people living with SCI 

and about 18,000 new SCI cases annually2. According to the National Spinal Cord Injury 

Statistical Center (NSCISC) database, vehicle crashes (38.2%) and falls (32.3%) remain 

the main causes of SCI, followed by violence (14.3%; primarily gun-shot wounds) and 

sports-related injuries (7.8%) in the US2. Historically, from the 1970s to 2015, the average 

age of injury has increased (29 vs. 43 years old), the length of stay in acute hospital care 

has decreased (24 days to 11 days), and the length of stay in rehabilitation has decreased 

(98 days to 30 days)2. Despite these significant improvements in hospital management, the 

overall life expectancy after injury has not changed much over the last few decades and 

remains well below the general US population2, suggesting that long-term, chronic 

complications of SCI have not been adequately met. 

1.2.2 Clinical Manifestations 

 

The focus of most SCI research relates to mechanisms of primary injury-induced 

tissue loss and associated sensorimotor and autonomic deficits36–39. The injury level is a 

significant predictor of symptoms due to the segmental organization of the spinal cord. 

Motor and sensory neurons that innervate specific skeletal muscles, as well as sympathetic 
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preganglionic neurons that comprise part of the autonomic nervous system (ANS) 

controlling internal organ function, are anatomically localized at specific levels40,41.   

Many SCI patients experience sexual/bladder dysfunction and nearly 40% of 

patients experience gastrointestinal dysfunction35. Depending upon spinal injury level, 

patients may also have impaired respiratory function, increasing the risk for developing 

pneumonia42,43. This risk is elevated with patients requiring ventilation and is greatest in 

the first year after SCI, contributing to increased mortality1,35. SCI can also interrupt 

innervations to immune organs, leading to immunodeficiency that increases susceptibility 

to infection44,45. SCI patients may also experience hypotension and bradycardia due to a 

loss of descending sympathetic tone on the heart and vasculature46,47. In addition, during 

the chronic stages of injury, patients can develop dysfunction in response to reorganization 

of neural circuits, such as autonomic dysreflexia48,49 and neuropathic pain50.  

Although these systemic complications are the most often recognized after SCI, 

less well acknowledged are the cognitive and affective symptoms that nearly 50% of 

patients report3–5. SCI can lead to decreases in attention span, concentration, learning and 

memory51. It has been estimated that SCI patients are 13 times more likely to develop 

cognitive impairment than age-matched counterparts52. A nationwide study from Taiwan 

in 2018 found that SCI significantly increases the risk of developing dementia28, and a 

more recent study in the U.S. similarly suggests that SCI patients are at increased risk for 

future AD53. Alterations in mood are also common with SCI, including increased 

prevalence of anxiety, depression and post-traumatic stress disorder54,55. In some studies, 

interventions with standard of care treatments only improved about a third of these patients 

with mood disturbances56,57. Neuroimaging studies have also revealed extensive 
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reorganization of gray and white matter in the brain, including atrophy in areas not 

classically linked to the spinal cord but known to modulate emotional or attentional states 

such as the medial prefrontal cortex, anterior cingulate, and cerebellum58–67. Overall, with 

improvements in SCI management reducing early mortality and allowing non-ventilator 

dependent patients to live to between 60-75 years of age2, these studies highlight brain 

dysfunction as an important long-term sequelae of SCI. Psychological well-being 

significantly impacts quality of life after SCI, and the development of dementia or 

depression may further hamper attempts at physical recovery and rehabilitation.   

1.2.3 Pathophysiology 

 

The pathophysiology of SCI is often described in two phases: primary and 

secondary. Primary injury is defined by the acute damage to neural tissue resulting from 

mechanical forces that affect cellular integrity and oxygen supply, leading to largely 

irreversible cell loss via necrosis35. The ensuing secondary injury phase is characterized by 

a delayed biochemical sequelae encompassing metabolic and inflammatory dysfunction 

that may contribute to further tissue damage over time35. These reactive physiological 

changes can occur on the order of minutes to weeks to years after the initial injury68,69. 

Secondary injury mechanisms include disruption of ion flux, excitatory neurotransmitter 

release, mitochondrial dysfunction, oxidative stress and neuroinflammation68. 

Additionally, white matter axonal shearing leads to both anterograde (i.e., Wallerian) and 

retrograde forms of degeneration that can affect sites distal to the lesion63,70. Delayed 

secondary cell death represents a critical therapeutic window for sparring neurological 

tissue and function after SCI, with investigational strategies aimed to promote 

angiogenesis, axonal sparing, and regeneration/remyelination, while limiting autophagy 
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dysfunction, inflammation, glial scarring and neuronal cell death71–73. Despite considerable 

preclinical research, over 30 clinical drug trials to date that target secondary injury 

mechanisms after neurotrauma have failed to show convincing evidence of improvement74–

76. This is likely due to the fact that most pharmacological agents used in clinical studies 

have targeted only a single secondary injury factor. However, after SCI there is a complex 

interplay of multiple secondary injury mechanisms that contribute to the overall response 

to injury. Whereas preservation of neuronal survival after trauma has largely been viewed 

with a “neurocentric” lens, more recent recognition of the diverse roles played by glia – 

including astrocytes, microglia, and oligodendrocytes – in the posttraumatic response 

requires a more complex and nuanced interpretation69,77.  

1.3 Microglia: The Resident Immune Cells of the CNS 
 

1.3.1 Development and Function  

 

The CNS has been classically considered an “immune-privileged” organ as the 

blood-CNS-barrier largely prevents peripheral immune cell access to its parenchyma78,79. 

However, the CNS can elicit a central immune response in response to injury80. Microglia 

are CNS resident cells that function in parallel to systemic macrophages. Microglia were 

first described by Franz Nissl in 1899 who identified rod-like glial cells in reaction to brain 

pathology81. Full microglial morphology was ultimately characterized by Del Rio-Hortega 

in 1932 using silver impregnation methods82. He discovered that microglia had a “ramified’ 

appearance in the adult brain under normal conditions and could transform into ameboid-

like cells with migratory and phagocytic capacity – a key observation that highlights the 

correspondence of microglial morphology and function.  
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Unlike other cell types in the brain that originate from the neural tube, microglia 

are largely derived from bone marrow monocyte precursors of the embryonic yolk sac81. 

These ameboid shaped cells enter the brain parenchyma early in development (when the 

blood-brain-barrier is still incomplete) and contribute to phagocytic clearance of apoptotic 

cells as well as secretion of growth factors and cytokines that promote angiogenesis and 

fiber tract development81. After this developmental period, microglia convert to a ramified 

appearance that is maintained through adulthood with a small rod-shaped soma and 

numerous, thin processes that extend out in a symmetrical fashion14. Microglia comprise 

5-20% of total CNS cells; and collectively, the microglial network contacts significant 

surface area of the CNS parenchyma81. These morphological findings correspond to the 

sentinel role that microglia serve in maintaining tissue homeostasis through environmental 

surveillance14. Microglia also contribute to neural plasticity through phagocytosis of 

minimally active synapses and overall synaptic modulation through the release of secretory 

components such as growth factors, cytokines, and EVs83.  

Microglia are rapidly activated in response to CNS tissue damage, inflammation, 

and infection. Under normal physiological conditions, microglia are in homeostasis with 

neurons, held in check from generating an immune response by several surface receptor-

ligand interactions, including CX3CR1/CX3CL1, SIRPα/CD47, and CD200R1/CD20084. 

Additionally, dedicated transcriptional factors like Sall1 and Mef2C also repress pro-

inflammatory pathways in microglia85,86. When CNS injury occurs, this balance is 

disturbed as neuronal cell death leads to microglial activation in response to lost inhibitory 

neuronal crosstalk and danger-associated molecular patterns (DAMPs) released from dying 

neurons15. Microglial morphology changes from ramified to amoeboid, reflecting its 
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enhanced functional capacity to mobilize and limit pathological spread and remove 

infected/damaged/dysfunctional cells via phagocytosis81,87. Furthermore, antigen 

expression is markedly changed on reactive microglia, including upregulation of 

monocyte/macrophage markers15. As part of endogenous recovery and repair, secondary 

mechanisms, including microglial activation, are initiated to return CNS tissue back to 

homeostasis. However, some of these mechanisms are maladaptive, contributing to further 

neuronal loss and dysfunction.  

Neuroinflammation at the injury site reflects both activation of resident microglia 

and infiltration of monocytes from the blood. Following injury, microglia can contribute 

to restorative or harmful functions, which depends in part on the local microenvironment 

(e.g. injury severity) and the relative balance between expressed neuroprotective versus 

neurotoxic factors88,89. A high degree or long duration of microglial activation that fails to 

resolve may contribute to a neurotoxic environment that is self-sustaining: as 

neurodegeneration occurs, microglia become activated and release neurotoxic factors, 

leading to further neurodegeneration. Clinical and experimental evidence show that 

microglial activation may continue for months to years after CNS trauma and can be 

associated with chronic neurodegeneration17,18,88–93. Distant from the lesion site, SCI can 

also cause chronic microglial activation in brain regions related to cognition, pain and 

memories that is associated with neuronal stress and dysfunction7,8,11,94–97. Brain microglia 

are known to become more reactive with normal aging and with non-immune-mediated 

neurodegenerative diseases, such as AD and PD, which may contribute to progressive 

neurodegeneration98,99. Thus, therapeutic modulation of secondarily activated neurotoxic 

microglia may prove beneficial in mitigating the long-term effects in the brain after SCI.  
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Microglial activation has been previously classified under a two-state model: M1 

vs. M2. M1 microglia are pro-inflammatory and release cytokines (TNFα, IL-1β, IFNγ, 

etc.), reactive oxygen species (ROS), nitric oxide, and proteolytic enzymes that collectively 

lead to tissue breakdown and neuronal death100. M2 microglia are anti-inflammatory and 

release a different set of cytokines and mediators (IL-10, TGF-β, IGF-1, etc.) associated 

with neural repair and inflammation resolution100. Identification of these microglia were 

originally based on induced molecular signatures from in vitro studies101. While useful in 

framing our understanding of microglial inflammation to date, this model has been an 

oversimplification and failed to translate to in vivo systems, as single-cell sequencing in 

different disease models has revealed a large overlap in the M1/M2 gene signatures in 

individual microglia101. Our understanding of the biological diversity and complexity of 

microglia remains an evolving landscape. Recent advances in single-cell technologies have 

helped to identify numerous subtypes of microglia based on gene expression profiling, 

including those that are disease context-specific102. For example, a novel cluster of 

microglia expressing high levels of Apoe, Lpl, Itgax, and Cst7 were identified in both an 

AD model and a multiple sclerosis model and termed “neurodegenerative microglia”103–

106. Normal microglia seem to express a core set of homeostatic genes that is, in part, TGFβ 

dependent and encode proteins critical for its surveillance function, including numerous 

receptors and transmembrane proteins107,108. The application of single-cell technologies to 

neurotrauma models is still in its early stages and beyond the scope of this dissertation; but 

it should be noted that these technologies are likely to identify future clusters of microglia 

that can be more precisely classified as neurotoxic or neuroprotective based on functional 

state and across temporal and spatial lines. 
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1.3.2 CSF1R Signaling  

 

Distinguishing the precise role of microglia has been challenging due to the overlap 

these cells have with peripheral immune cells under pathological conditions and a lack of 

effective methods that can specifically modulate this population. However, recent advances 

in genetic and pharmacological tools have helped to further elucidate the role of microglia 

in normal CNS function and disease109,110. Microglial depletion-based studies, in particular, 

have produced a body of literature evaluating the effects of removing microglia under 

various conditions. The most powerful of these depletion approaches involves 

pharmacological inhibition of colony-stimulating factor 1 receptor (CSF1R), which can 

have high efficacy for microglial removal with more limited off-target effects on peripheral 

immune cell populations compared to other strategies109,110.  

CSF1R is a type III receptor tyrosine kinase that is almost exclusively found on 

microglia in the CNS109. In the periphery, CSF1R is present at high levels on myeloid cells 

of the systemic immune system and osteoclasts as well as at low levels on hematopoietic 

stem cells111. The main ligand is the macrophage colony stimulating factor (M-CSF or 

CSF-1), which helps to drive the survival, differentiation, and proliferation of 

monocyte/macrophage populations through CSF1R signaling111. IL-34 also binds to 

CSF1R and performs similar functions as M-CSF112. Overexpression of M-CSF and/or 

CSF1R can lead to cancer, inflammation and bone disorders, which has spurred the 

development of therapeutic strategies to manipulate CSF1R signaling, including antibody-

based methods and small molecule inhibitors111. 

Microglia are dependent on constitutive CSF1R signaling for survival in the healthy 

adult brain as evidenced by both genetic and pharmacological approaches109,113,114. 
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Recently, identified CSF1R inhibitors lead to the rapid and continued elimination of 

microglia from the CNS, and these mice appear healthy and phenotypically normal115. 

PLX5622 is a second-generation inhibitor with higher specificity for CSF1R relative to 

other tyrosine kinases (e.g. c-Kit, FLT3) and enhanced brain penetrance compared to first-

generation formulations109,116. Although initial studies using CSF1R inhibitors emphasized 

their microglial depletion effect, they did not thoroughly evaluate off-target effects of these 

inhibitors on peripheral cells also expressing CSF1R, such as certain macrophage 

populations115,117,118. Pharmacological depletion of microglia has been reported to have 

benefits across various CNS disease models tested, indicating some therapeutic promise 

for CSF1R inhibition116,119,119–121. However, other reports have also described negative 

outcomes, which may relate in part to the timing of treatment and the specific role microglia 

play in the pathobiology of these disorders122,123. Current studies employing microglial 

elimination in SCI models have largely focused on the injury site and have varied with 

regard to dosing/timing of treatment, CSF1R inhibitors used, and experimental injury 

models. Therefore, results reported have been mixed, with some showing detrimental 

effects and others demonstrating protective outcomes123,124. In the third chapter of this 

dissertation, we examine the therapeutic potential of microglial depletion with PLX5622 

for SCI using multiple treatment paradigms. We assess the impact of microglial depletion 

on neuroinflammation at the injury site, including infiltration of peripheral immune cells 

and transcriptional changes. Moreover, we also examine whether systemic depletion of 

microglia affects SCI-mediated brain neuroinflammation, neurodegeneration, and 

associated post-injury cognitive and depressive-like impairments. 
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1.3.3 SCI-Induced Brain Dysfunction and Remote Microglial Activation  

 

Experimental models of SCI show that animals also display cognitive and mood 

dysfunction similar to those seen in humans. One of the first noted observations of this 

phenomenon was a 2012 study examining the effects of high-velocity behind armor blunt 

trauma of the spine in pigs125. The authors found that the pigs had damaged nerve fibers 

with mitochondrial swelling in the hippocampus and lost a learned active-avoidance 

response associating a colored food box with lip shock125. However, the authors surmised 

that the cognitive dysfunction was likely due to pressure waves extending upward leading 

to a concurrent brain injury125. In 2014, several studies in more well-controlled rodent SCI 

models, first demonstrated by our lab7,8 and then replicated by others9, provided clear 

evidence that injury to the spinal cord without concurrent TBI leads to deficits in a 

comprehensive set of cognitive and depressive-like behavior tests. Independent studies in 

rats showed that SCI increased anxiety/depressive-like behavior in the open field test and 

increased anhedonia in the sucrose preference test8,9; these findings were also replicated in 

a mouse model of SCI7,11. Both mice and rats also displayed deficits in spatial and non-

spatial learning tasks that are less dependent on locomotion7–9,11. These early studies also 

provided evidence of the pathology in the brain after SCI, including signs of microglial 

activation, with histological and molecular findings. In both mice and rats, an upregulation 

of microglial markers associated with a neurotoxic phenotype (e.g. TNFα, iNOS) was 

observed in the hippocampus at 8-12 weeks post-SCI7,8. Additionally, there were higher 

numbers of amoeboid (non-ramified) microglia at these timepoints7,8. Markers of cell cycle 

activation, potentially representing neuronal cell death of post-mitotic neurons or 

proliferation/activation of glia, were also upregulated in the brain7,8.  
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Our understanding of SCI-induced brain dysfunction remains largely observational, 

and few studies have examined this phenomenon with a mechanistic approach to date. 

Injury to the spinal cord leads to disruption of ascending and descending axonal pathways 

from supraspinal brain structures, which may provide a path for neural pathology to spread. 

One hypothesis that has been postulated is whether brain inflammation is due to the release 

of a potent microglial activator, cysteine-cysteine chemokine ligand 21 (CCL21), after 

SCI95,126. In vitro studies have shown that CCL21 is upregulated in damaged neurons 

specifically and can be released into the extracellular space to stimulate microglia126. 

CCL21 is packaged into dense-core vesicles inside the neuron that are transported 

anterogradely along the axon and released at presynaptic terminals126,127. In support of this 

hypothesis, our group has shown that CCL21 is upregulated after SCI not only around the 

lesion site, but also in brain regions that receive ascending projections from the spinal cord 

including the thalamus and cerebral cortex8,11. Less clear is how inflammation may spread 

to regions not directly linked to the spinal cord; for example, the hippocampus also shows 

increased CCL21 and signs of microglial activation before any observed 

neurodegeneration. An additional potential explanation for the widespread, posttraumatic 

brain inflammation after SCI involves circulating EVs, as explored further in this 

dissertation.  

1.4 Extracellular Vesicles (EVs)  
 

1.4.1 Background, Terminology, and Analytical Tools 

 

Research into EVs has intensified in recent decades with particular interest in their 

potential as clinical biomarkers and their specific contributions to disease pathology, which 

may lead to novel therapeutic strategies that target EV biology. EVs are defined as a type 
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of extracellular particle (EP) released from cells that are bound by a double-leaflet 

membrane and lack a nucleus (differentiating them from large apoptotic bodies released 

during apoptosis)128. EVs are released from virtually all cell types studied (as well as 

platelets) and contain unique biological cargo – including proteins, nucleic acids, and lipids 

– from the originating cell that can interact with and/or be transferred to recipient cells. 

Accordingly, EVs represent a more complex, heterogeneous, and dynamic form of 

intercellular communication than soluble, single proteins players such as hormones and 

cytokines. In fact, EVs have been shown to carry these proteins as part of their own 

biological cargo, which serves as an additional protective mechanism from degradation by 

active proteases in the extracellular milieu129. 

EV represents an umbrella term endorsed by the International Society of 

Extracellular Vesicles (ISEV) that encompass other terms used to describe these types of 

particles in the literature, including “exosomes” (EXOs) and 

“microvesicles/microparticles” (MVs/MPs), which often have confusing and misleading 

connotations in the literature128. The original biogenesis-based definitions of EXOs and 

MVs assigned these terms based on distinct mechanisms of generation from the cell130. 

While MVs described EVs that shed directly from the plasma membrane via outward 

budding, the mechanism of EXO formation involves several steps of inward membrane 

budding29–31. Starting with formation of an endosome from the plasma membrane, 

invaginations of this endosome produce a multivesicular body containing vesicles of 50-

150 nm in size. When the endosome then fuses with the plasma membrane, these so-called 

EXOs are released into the extracellular space. Due to the physical limitations imposed by 

the endosome, as well as electron microscopy evidence, the term EXOs had an implied 
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meaning of small EVs, whereas MVs were of a medium-to-large size130. In fact, some 

researchers use an empirical-based definition in which EVs pelleting at 10,000g (e.g. larger 

or more dense) are called MVs while those pelleting at 100,000g (e.g. smaller or less dense) 

are called EXOs130. However, it is now well-established that EVs shedding from the plasma 

membrane can be as small as endosomal-derived EXOs and that ultracentrifugation (nor 

any other current isolation procedure) cannot separate EVs based on their mode of 

biogenesis128. Thus, any preparation and analysis of EVs must be thoroughly documented 

and characterized with detailed methodology.     

There are several challenges in EV research that affect the interpretation and 

reproducibility of the observations reported, as detailed in recent MISEV2018 

guidelines128. Among these are the various EV isolation methods and technologies used for 

their characterization. Protocols for EV isolation may preferentially select for only certain 

types of EVs and include different degrees of non-EV contamination128. Technologies for 

characterization have different capabilities for sizing, counting, phenotyping, and 

visualizing EVs131. Because of numerous method-dependent factors, multiple working 

groups have highlighted the urgent need for standardized reporting in EV research as well 

as the use of complementary approaches for within-study validation128,132,133. Light 

scattering methods, including nanoparticle tracking analysis (NTA) and flow cytometry 

(FC), are still among the most commonly used techniques for EV detection and have a long 

history in the field34,134. Based on comparative studies with high-resolution microscopy, it 

is increasingly recognized though that these methods have limited detection capabilities 

for small EV populations due to the low intrinsic scattering power of biologic 

materials135,136. In recent years, new sub-diffraction-limited methods with multiplex 
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phenotyping capability have been developed for high-throughput, single EV analyses, 

including surface plasmon resonance imaging137,138 and single particle interferometric 

reflectance imaging sensor (SP-IRIS)139. As these methods rely on affinity-capture, they 

can directly detect EVs from samples and avoid certain complications and biases associated 

with sample processing128,132. In the fourth chapter of this dissertation, we provide a 

detailed analysis of plasma EV changes in a mouse model of SCI using multiple, 

complementary approaches including SP-IRIS.      

1.4.2 EV-associated bioactive molecules, including RNA, proteins, and lipids  

 

While our understanding of physiological EV communication in the CNS is limited, 

emerging evidence indicates that EV-mediated functions are likely altered in association 

with many pathological features of neurotrauma. Recent studies suggest that EVs 

participate in the progression of secondary injury by transporting parent cell-specific 

signaling cargo (e.g. signal lipids, genetic information, cytokines, receptors, etc.) that alter 

the function of recipient cells within the CNS and beyond140. EV bioactivity and biological 

cargo are related to the phenotype of the EV parent cell and can vary depending on stimulus 

and the surrounding microenvironment. Modifications in EV cargo, such as miRs, may 

significantly disrupt homeostatic balance between neurons and surrounding glia, as 

indicated by in vitro studies (Figure 1.1). For example, upon ATP or proinflammatory (e.g. 

IL-1β, TNFα, IFNγ, or LPS) stimulation, microglia release EVs enriched with 

proinflammatory cytokines (e.g. IL-1β) and miRNAs (e.g. miR-146a-5p, miR-155)141–143. 

Transfer of miR-146a-5p from microglia to neurons leads to downregulation of key pre- 

and post-synaptic proteins (e.g., synaptotagmin-1, neuroligin-1), thus reducing synaptic 

density and strength143. EVs from lipopolysaccharide (LPS)-stimulated microglia also 
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carry the enzyme glutaminase that may contribute to neurotoxicity in vitro through 

excessive glutamate production144. Microglial EVs released under these stimuli may also 

contribute as mediators of inflammation by activating surrounding microglia and 

astrocytes142,145.  

In response to similar pro-inflammatory stimuli, astrocytes undergo a phenotypic 

change that includes an increased rate of EV release relative to baseline146,147. EVs derived 

from reactive astrocytes are enriched with small GTPases (e.g. profilin-1, fascin actin-

bundling protein-1 and destrin), proteins (e.g. IL-1β, human immunodeficiency virus 1 

protein Nef), and miRs that largely inhibit neuronal function by decreasing neurite 

outgrowth and spike firing rates and may also lead to neuronal apoptosis146–149. In response 

to TNFα or IL-1β stimulation, astrocyte EVs are enriched with miR-125a-5p and miR-16-

5p that downregulate expression of the neurotrophin receptor NTRK3 in neurons, leading 

to reduced dendrite complexity and synaptic burst activity149. While our understanding of 

EV-mediated neuro-glia communication largely derives from in vitro systems, current 

evidence supports a role for EVs from activated glia in mediating secondary injury after 

SCI. In the fourth and fifth chapters of this dissertation, we describe changes in EV-

associated miRs after mouse SCI in multiple compartments including plasma, spinal cord, 

and brain subregions.    
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Figure 1.1 EVs contribute to local and systemic crosstalk after neurotrauma, including SCI.1 

Intercellular interactions and EV-associated cargos contribute to the injury response within the 

CNS and beyond. Primary injury leads to the release of intracellular ATP and DAMPs that activate 

surrounding microglia (MG) and astrocytes (AST). Reactive MG independently activate other MG 

and AST through the transfer of pro-inflammatory molecules within EVs. Both reactive MG and 

AST can transfer EV-associated miRs to surrounding neurons that impact their overall synaptic 

function and survival in the secondary injury phase. Glutaminase-carrying EVs from MG may also 

contribute to glutamate (GLT) excitotoxic neuronal cell death. AST and endothelial cells (EC) 

under pro-inflammatory conditions (e.g. IL-1β stimulation) release EVs into blood circulation that 

can trigger peripheral organ cytokine/chemokine gene responses regulating leukocyte infiltration 

into the CNS. CNS-derived EVs may also carry inflammasome (IF) components and pro-coagulant 

factors (e.g. TF, PS) after injury that contribute to secondary pulmonary dysfunction. Under 

conditions of peripheral inflammation or neuronal activity, MG and neurons can receive functional 

RNA from hematopoietic cell-derived plasma EVs. Local EV release may also contribute to 

recovery and repair mechanisms relevant to SCI. Neuronal RARβ stimulation leads to the release 

of PTEN in neuronal EVs that promote intrinsic axonal growth (increased PI3K/Akt/mTOR 

signaling) and reduced AST proliferation; retinoic acid (RA)-containing EVs from oligodendrocyte 

precursor cells (OPCs) also contribute to axonal growth under this paradigm. NOX2-containing 

EVs from macrophages (Mθ) taken up at injured axons and transferred to the neuronal soma 

promote axon growth as well. 

 

                                                           

1
 Dutta D*, Khan N*, Wu J**, SM J**. Extracellular vesicles as an emerging frontier in spinal 

cord injury pathobiology and therapy. Trends Neurosci. 2021 Jun;44(6):492-506. doi: 

10.1016/j.tins.2021.01.003. 
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1.4.3 EVs as a means of intercellular and interorgan communication 

 

In addition to local communication, EVs transported in circulation play a role in 

long-distance signaling and may contribute to overall SCI progression. While the relative 

contribution of CNS-specific EVs in the bloodstream is unknown, plasma EVs bearing 

neuronal (L1CAM, Glur2), astrocyte (GLT-1, GLAST), and microglial (CD45, CD11b, 

P2yr12) markers are a focus of recent clinical studies that focus on specific populations for 

diagnostic and prognostic monitoring after neurotrauma150–152. Beyond biomarker 

potential, emerging preclinical data suggest that circulating EVs play an active role in CNS 

injury progression (Figure 1.1). It is well-established that CNS inflammation and injury 

robustly activate the systemic immune system, leading to peripheral leukocyte infiltration. 

This effect is largely coordinated by cytokine/chemokine production in the liver, but the 

factors that modulate this hepatic acute phase response (APR) were largely unknown until 

recent evidence implicated EV release from the CNS147,153. In a GFAP-GFP transgenic 

mouse model, astrocyte EVs were shown to rapidly mobilize to the liver, lung, and spleen 

within two hours after striatal IL-1β injection. The associated cytokine responses in these 

peripheral organs were attenuated by local co-administration of a sphingomyelinase 

inhibitor to prevent CNS EV release and could be recovered by intravenous (IV) injection 

of EVs from IL-1β stimulated astrocytes147. Bioinformatics analysis based on the miR and 

protein content in stimulated astrocyte EVs identified specific modulation of the 

PPARα/NFκB pathway in recipient organs, which was further validated in vivo147. In 

addition to astrocytes, CNS endothelial cells may also contribute to circulating EVs that 

regulate the APR154,155. EVs have further been implicated in the development of various 

systemic inflammatory complications after neurotrauma, including pulmonary 
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dysfunction156,157. Proteins related to the inflammasome (IF) complex increase locally after 

neurotrauma and are present in EVs isolated from CSF from human SCI patients and from 

blood in human TBI patients156–158. EVs released from the injured CNS may also carry pro-

coagulant molecules [e.g. tissue factor (TF), phosphatidylserine (PS)] and can associate 

with other members of the coagulation cascade159–161. Together, these effects can disrupt 

endothelial cell barrier function leading to vascular edema and fibrin deposition in the 

lung159,161. 

Just as important but understudied are the effects of circulating EVs directly on 

CNS cells in vivo. CNS cells receive functional RNA via EVs from hematopoietic cell 

sources, which is further enhanced under LPS-induced peripheral inflammation162. 

Additional studies using this same model suggest that microglia are an important recipient 

cell type for plasma EVs (specifically from hematopoietic cells) and further highlight the 

importance of immune-related crosstalk between the CNS and peripheral systems163,164. 

Interestingly, neuronal activity also drives the uptake of hematopoietic cell-derived EVs 

into neurons under various paradigms including kainite injection (to induce seizure-like 

activity), optogenetic stimulation, and behavioral exploration of novel objects164. These 

studies are among the earliest to demonstrate the functional transfer of EV cargo from 

blood cells to the CNS and suggest that circulating EVs may impact brain function under 

a variety of normal physiological situations. The potential for blood-to-brain EV signaling 

after SCI has not been previously examined before and is addressed in the fourth and fifth 

chapters of this dissertation.  
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1.5 Overall Research Objectives 
 

Patients living with SCI are at increased risk for long-term dementia and 

depression3–5,28,53. Recent clinical and experimental evidence suggests that 

neuropathological changes in the brain after SCI, including chronically activated 

neurotoxic microglia, contribute strongly to posttraumatic cognitive and affective deficits6–

11,60,61,63,64. The mechanisms underlying these profound brain changes distant from the 

lesion site have not been well examined. Therefore, the broad objective of this dissertation 

was to extend our understanding of neuropathological effects in the brain after SCI and 

examine a potential contributing role for EVs in SCI-induced brain dysfunction. The 

specific aims of this dissertation are as follows: 

Aim 1. Evaluate the effect of microglial depletion on cognitive behavioral 

performance, histopathology, and transcriptional changes after rodent SCI  

Experimental models show that SCI leads to chronic neurodegeneration and 

neuroinflammation in critical brain regions and associated neurobehavioral deficits. The 

extent to which microglia actively contribute to such neurological dysfunction requires 

further study. One approach to address this issue is the use of the drug PLX5622 to deplete 

microglia. In Chapter 3, we utilize microglial depletion with PLX5622 in pre- and post-

injury treatment paradigms. We evaluate both acute and chronic inflammation at the injury 

site by flow cytometry and NanoString gene expression analysis. Using a clinically relevant 

treatment paradigm, we determine whether microglial depletion post-injury improves 

behavioral outcomes, using a comprehensive battery of tests that include evaluation of 

cognitive and depressive-like function. We additionally assess neuronal cell loss and 

transcriptional gene changes in key brain regions.  
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Aim 2. Evaluate changes in circulating EVs and their neuroinflammatory potential 

after SCI  

Alterations in EV-mediated intercellular communication may contribute to the 

pathology of a growing number of CNS disorders. However, the role of EVs in SCI 

pathology has not been well examined. In Chapter 4, we provide a thorough and detailed 

time course analysis utilizing multiple, complementary methodologies to describe changes 

in EV count, size distribution, phenotype, and miR content. We also assess changes in EV 

biogenesis-related proteins at the injury site and provide the first known characterization 

of EVs derived directly from spinal cord tissue. Finally, we perform a series of 

intracerebroventricular (ICV) experiments of plasma EVs to evaluate their potential to 

promote neuroinflammation in the brain after SCI. 

 Trauma to the CNS is no longer viewed as an acute event but rather a chronic 

disorder that progressively worsens over time. Furthermore, neurotrauma in aged animals 

exacerbates functional deficits with increased neuronal loss and inflammation as compared 

to young animals19,165. In Chapter 5, we extend our analysis to examine the impact of age 

and aging on changes in EV parameters after SCI. In one set of studies, we compare the 

EV response in young adult and aged animals at multiple time points after injury, including 

a comparison of EV-associated miR changes in the plasma and injury site. In a separate 

study, we examine the long-term effects after SCI in young adult male and female mice at 

19 months post-injury. We assess EV parameters in plasma, spinal cord, and brain regions 

(cortex, hippocampus) and describe their miR content. These changes are further correlated 

with transcriptional changes in the brain using NanoString analysis.   
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Chapter 2 

 

Methods 

 

2.1 Animals 
 

All study procedures were performed according to experimental protocols 

approved by the University of Maryland School of Medicine Institutional Animal Care and 

Use Committee (IACUC). In all chapters, experiments were performed using young adult 

(10-12 weeks) male C57BL/6 mice from Jackson Laboratories. In Chapter 3, additional 

experiments were conducted using young adult male Cx3xr1-GFP male mice (B6.129P-

Cx3cr1tm1Litt/J, Cat# 005582, Jackson Laboratories). Cx3xr1-GFP knock-in/knock-out 

mice express EGFP in monocytes, dendritic cells, NK cells, and brain microglia under 

control of the endogenous Cx3cr1 locus. In Chapter 5, one set of experiments included 

aged mice (18 months) from the National Institutes of Aging colony and another set of 

experiments included young adult female mice from Jackson Laboratories. Mice were 

housed in a 12:12 light:dark cycle with food and water provided ad libitum.  

For Chapter 3 experiments specifically, CSF1R inhibitor PLX5622 was provided 

by Plexxikon Inc. (Berkley, CA) and formulated in AIN-76A rodent chow by Research 

Diets Inc. (New Brunswick, NJ) at a concentration of 1200 ppm116. According to the 

provider, the specialized diet was stored in a 4°C refrigerator. Mice were provided ad 

libitum access to PLX5622 diet or standard AIN-76A chow as vehicle (Veh) control for 

specified time periods as indicated in Figures 3.1A, 3.2A, 3.3A, and 3.4A. Body weight 

and food weight were monitored daily (short-term experiments) or weekly (long-term 

experiments). After SCI, all mice were assigned to a treatment group according to a 

randomized block experimental design. Individuals performing functional assessments and 
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involved in data analysis were blinded to group designations throughout all stages of the 

experiment. To minimize stress and fatigue, each animal was subjected to only one 

behavioral test on a given day.  

2.2 Spinal Cord Injury Model 
 

Moderate/severe spinal cord contusion injury was performed using the Infinite 

Horizon spinal cord impactor (Precision Systems and Instrumentation)166. Mice underwent 

anesthesia induction at 3% and maintenance at 1.5% with isoflurane throughout the 

procedure. The spinal column was stabilized with bilateral steel clamps over the T9 and 

T11 lateral processes and a midline spinal contusion injury performed over the exposed 

T10 level with a force of 70 kilodynes (or 60 kilodynes in certain instances noted for 

Chapter 3). Naive/sham animals underwent isoflurane anesthesia for a similar time 

duration but did not receive laminectomy or spinal cord impact. The bladders of injured 

mice were manually voided 2-3 times daily for the duration of experiments.  

2.3 Flow Cytometry (Chapters 3, 4, & 5) 
 

For flow cytometry analysis of spinal cord or brain cells, anesthetized mice were 

perfused with 40 ml of cold PBS prior to dissection. Approximately ~1 cm (Chapter 3) or 

~1.5cm (Chapter 4) of spinal cord tissue surrounding the epicenter of the lesion site was 

collected and weighed to control for any variation and normalize cell counts. In some 

experiments, a brain hemisphere was collected by removing of the olfactory bulb and 

cerebellum from a full intact brain and dividing it along the interhemispheric fissure.  

Tissues were mechanically digested through a 70-μm filter in complete Roswell 

Park Memorial Institute (RPMI) 1640 medium (Cat# 22400105, Invitrogen) followed by 

enzymatic digestion in collagenase/dispase (Cat# 10269638001, 1mg/mL; Roche 
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Diagnostics), papain (Cat# LS003119, 5U/mL; Worthington Biochemical), 0.5M EDTA 

(Cat# 15575020, 1:1000; Invitrogen), and DNAse I (Cat# 10104159001, 10 mg/mL; Roche 

Diagnostics) on a shaking incubator (200 rpm) for 1 h at 37°C. Cells were washed twice 

with RPMI, filtered through a 70-μm filter, and RPMI was added to a final volume of 5 

mL per sample. After each wash, cells were spun down at 1500 rpm for 5 min at 4°C and 

samples were kept on ice unless noted elsewhere. Cells were then transferred to FACS 

tubes and washed with FACS buffer. Cells were incubated with Fc block (Cat#101320, 

Clone: 93; BioLegend) for 10 min on ice, and then stained with the following cocktail of 

antibodies depending on experiment: 

In Chapter 3, spinal cord cells were stained at room temperature for 15 min with: 

CD45-eF450 (Cat# 48-0451-82, Clone: 30-F11; eBioscience), CD11b-APC/Fire™750 

(Cat# 101262, Clone: M1/70; Biolegend), Ly6C-APC (Cat# 128016, Clone: HK1.4; 

Biolegend), Ly6G-PE (Cat# 127607, Clone: 1A8; Biolegend), and Zombie Aqua fixable 

viability dye (Cat# 423102, Biolegend). Cells were then washed in FACS buffer, fixed in 

2% paraformaldehyde for 10 min, and washed once more prior to adding 500 µl FACS 

buffer and being stored. Relative changes in ROS production were measured using the cell-

permeant fluorescent dye probe dihydrorhodamine 123 (DHR123, 1:500; Invitrogen) with 

a 2 hr incubation followed by washout prior to the Fc block step above167.  

In Chapter 4, spinal cord cells were stained at room temperature for 15 min with: 

CD45-PerCP-Cy5.5 (Cat# 103132, Clone: 30_F11; BioLegend), CD11b-APC/FireTM750 

(Cat# 101262, Clone: M1/70; BioLegend), Ly6C-AF700 (Cat# 128024, Clone: HK1.4; 

BioLegend), CD200-PE (Cat# 123808, Clone: OX-2; BioLegend), CD9-PE-Cy7 (Cat# 

124816, Clone: MZ3; BioLegend), CD63-PE-Cy7 (Cat# 143910, Clone: NVG-2; 
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BioLegend), or CD81-PE-Cy7 (Cat# 104914, Clone: Eat-2; BioLegend). Cells were then 

washed with FACS buffer and then fixed and permeabilized for intracellular staining with 

BD Cytofix/CytopermTM (Cat# 51-2090KZ; BD Biosciences) for 20 min at 4°C. Cells were 

washed with BD Perm/WashTM (Cat# 51-2091KZ; BD Biosciences) and then stained for 

intracellular detection of GFAP-AF647 (Cat# 644706, Clone: 2E1.E9; BioLegend) or 

TUBB3(Tubulin Beta 3)-AF647 (Cat# 657406, Clone: AA10; BioLegend) for 30 min at 

4°C. Cells were washed with Perm/WashTM and then fixed in 2% paraformaldehyde for 10 

min. Cells were washed in FACS Buffer and then resuspended and stored in 500 μL of 

FACS buffer at 4°C.  

For intracerebroventricular (ICV) injection experiments in Chapter 4, brain cells 

were stained at room temperature for 15 min with: CD45-PerCP-Cy5.5 (Cat# 103132, 

Clone: 30_F11; BioLegend)/CD45-eF450(Cat# 48-0451-82, Clone: 30-F11; eBioscience), 

CD11b-APC/FireTM750 (Cat# 101262, Clone: M1/70; BioLegend). Cells were then 

washed with FACS buffer and then fixed and permeabilized for intracellular staining with 

BD Cytofix/CytopermTM (Cat# 51-2090KZ; BD Biosciences) for 20 min at 4°C. Cells were 

washed with BD Perm/WashTM (Cat# 51-2091KZ; BD Biosciences) and then stained for 

intracellular detection of GFAP-AF647 (Cat# 644706, Clone: 2E1.E9; BioLegend), 

S100B-AF700 (Cat# NBP2-54399, Clone: SPM354; Novus Biologicals), IL-1β-PerCP-

eF710 (Cat# 46-7114-82, Clone: NJTEN3; Invitrogen), TNFα PE-Cy7 (Cat# 506324, 

Clone: MP6-XT22; BioLegend), and either IL-6-PE (Cat# 504504, Clone: MP5-20F3; 

BioLegend) or IL-1α-PE (Cat# 503203, Clone: ALF-161; BioLegend) overnight on ice at 

4°C. Cells were washed the next day with Perm/WashTM and then fixed in 2% 
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paraformaldehyde for 10 min. Cells were washed in FACS Buffer and then resuspended 

and stored in 500 μL of FACS buffer at 4°C. 

For ICV injection experiments in Chapter 5, brains cells were stained with the same 

surface antigens as in Chapter 4, but with a different set of intracellular antigens: TNFα 

PE-Cy7 (Cat# 506324, Clone: MP6-XT22; BioLegend), IL-1β-PerCP-eF710 (Cat# 46-

7114-82, Clone: NJTEN3; Invitrogen), IL-1α-PE (Cat# 503203, Clone: ALF-161; 

BioLegend), and IL-12-IL-23p40 (Cat# 505206, Clone: C15.6; Biolegend). Additionally, 

cells were stained with DHR123 to measure ROS production, as described previously for 

spinal cord cells for Chapter 3 above. 

Data were acquired on a BD LSRFortessa cytometer using FACSDiva 6.0 (BD 

Biosciences) and analyzed using FlowJo (Treestar Inc.). At least 5-10 million events were 

collected for each sample. Countbright™ Absolute Counting Beads (Invitrogen) were used 

to estimate cell counts per the manufacturer’s instructions. Data were expressed as either 

cells/mg tissue weight or back-calculated to estimate total counts/hemisphere. Leukocytes 

were first gated using a splenocyte reference (SSC-A vs FSC-A). Singlets were gated 

(FSC-H vs FSC-W), and live cells were gated based on Zombie Aqua exclusion (SSC-A 

vs Zombie Aqua-Bv510). In Chapter 3, the cell permeant nuclear stain Draq5 (Cat# 

424101, 1:500; Biolegend) was used in reference CNS samples to help delineate the 

leukocyte and singlet gates. Spinal cord resident microglia were identified as the CD45int 

CD11b+Ly6C− population, and CNS-infiltrating leukocytes were identified as 

CD45hiCD11b+ myeloid cells or CD45hiCD11b- lymphocytes. Within the CD45hi myeloid 

subset, monocytes were identified as Ly6ChiLy6G- and neutrophils, Ly6C+Ly6G+. In 

Chapter 4, prior to analysis, samples were stained with CytoPhase Violet (Cat# 425701, 
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1:500; BioLegend) for 15 min at 37°C to stain nucleated cells. Spinal cord resident 

microglia were identified as CD45+CD11b+Ly6C- and differentiated from infiltrating 

leukocytes identified as CD45+CD11b+Ly6C+; astrocytes were identified as CD45-

CD11b-GFAP+ and neurons were identified as CD45-CD11b-TUBB3+CD200+. Resident 

brain microglia were identified as the CD45intCD11b+ population, and astrocytes were 

identified as CD45-CD11b-GFAP+S100B+. Cell-type matched fluorescence minus one 

(FMO) controls were used to identify positive antibody staining. 

2.4 Quantitative Polymerase Chain Reaction (qPCR) (Chapters 3 & 4) 
 

Total RNA was extracted from either flash frozen spinal cord tissue (~5 mm 

surrounding the epicenter of the lesion site; Chapter 3) with a miRNeasy isolation kit (Cat# 

74104, Qiagen) or from flash frozen cerebral cortex after ICV injection (Chapter 4) using 

the miRNeasy Kit (Cat# 217004, Qiagen) following manufacturer’s instructions. 

Complementary DNA (cDNA) was synthesized from RNA with the VersoTM cDNA RT 

kit (Cat# AB1453B, Thermo Scientific) following manufacturer’s instructions. 

Quantitative real-time PCR for target mRNAs was performed with QuantStudioTM 5 Real-

time PCR System (Applied Biosystems) using TaqMan® Gene Expression assays for the 

following mouse genes in Chapter 3: Itgam (Mm00434455_m1), Tnf (Mm00443258_m1), 

Csfr1 (Mm01266652_m1), P2ry12 (Mm00446026_m1), Trem2 (Mm04209424_g1),

 Mfge8 (Mm00500549_m1), Casp1 (Mm00438023_m1), Casp6 

(Mm01321726_g1), Casp8 (Mm01255716_m1), Bax (Mm00432051_m1), Bcl2 

(Mm00477631_m1), Gfap (Mm01253033_m1), Il-1a (Mm00439620_m1), Lrrc25 

(Mm00462019_m1), Gbp2 (Mm00494576_g1), Osmr (Mm01307326_m1), Entpd2 

(Mm00515450_m1), Vim (Mm01333430_m1), C4a (Mm01132415_g1), GAPDH 
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(Mm99999915_g1). In Chapter 4, the following mouse genes were utilized for qPCR: Tnf 

(Mm00443258_m1), Nos2 (Mm00440502_m1), Il6 (Mm00446190_m1), Il1b 

(Mm00434228_m1), Il4ra (Mm01275139_m1), Arg1 (Mm00475988_m1), Chil3 

(Mm00657889_mH), Il1a (Mm00439620_m1), Tgfb1 (Mm01178820_m1), Nlrp3 

(Mm00840904_m1), Casp1 (Mm00438023_m1), Gfap (Mm01253033_m1), Lcn2 

(Mm01324470_m1), Cd44 (Mm01277161_m1), Gbp2 (Mm00494576_g1), Osmr 

(Mm01307326_m1), Vim (Mm01333430_m1), Cd14 (Mm01158466_g1), and Gapdh 

(Mm99999915_g1). qPCR reactions were run in duplicates and composed of 3 stages: (1) 

50 °C for 2 min, (2) 95 °C for 10 s for each cycle (denaturation), and finally, the 

transcription step at 60 °C for 1 min. Relative quantity of mRNA was calculated based on 

the comparative Ct method after normalization to Gapdh. 

2.5 Locomotion testing: Basso mouse scale (BMS) (Chapter 3) 
 

Mice were placed in a flat, enclosed surface (diameter = 100 cm) and observed for 

4 min by two trained observers using the Basso mouse scale (BMS) for locomotion168. 

Animals were rated on a scale of 0–9: 0 being complete paralysis, and 9 being normal 

locomotion based on hind limb joint movement, weight support, plantar stepping, and 

coordination. Mice were tested for BMS scores on day 1 after injury and weekly thereafter 

for up to 6 weeks. 

2.6 Locomotion testing: Spontaneous motor activity (Chapter 3) 
 

The open field (OF) test was used to measure locomotor activity. A mouse was 

individually placed in a corner facing the wall of the open-field chamber (22.5 cm X 22.5 

cm) and allowed to freely explore the chamber for 5 minutes. The distance travelled, 
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average speed, time immobile vs mobile and rearing/elongation behavior were recorded by 

Any-Maze software (Stoelting Co.). 

2.7 Locomotion testing: CatWalk XT automated gait analysis (Chapter 

3) 
 

Motor coordination was performed and analyzed using the CatWalk XT automated 

system (Noldus; RRID:SCR_004074)167. In a dark (unlit) room, animals were placed on 

the walkway and allowed to traverse from one end to the other. Direct contact between the 

paw and glass surface results in light reflection in the form of illuminated footprints. 

Footprint images were video-recorded by a camera positioned under the walkway. The 

images from each trial were converted into digital signature and processed using CatWalk 

XT 9.1 software with a minimum threshold set at 80 (a.u. ranging from 0 to 225). Following 

footprint identification and labeling, data pertaining to static and dynamic gait parameters 

are generated for each trial. The mean scores from 3 consecutive trials (per animal/time 

points) are analyzed for statistical significance. Trials in which the animal stopped partway 

across or turned around during a run were excluded from analysis.  

2.8 Cognitive testing: Y-maze (Chapter 3) 
 

The Y-maze was performed to test spatial working memory in mice167. The Y-maze 

(Stoelting Co.) consisted of three identical arms (A, B, C). During testing, one arm was 

randomly selected as the “start” arm, and the mouse was placed in the maze freely for 5 

min. Arm entries were recorded and an alternation was designated when the mouse entered 

three different arms consecutively. The percentage of alternation was calculated as follows: 

total alternations x 100/(total arm entries − 2). If a mouse scored significantly >50% 
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alternations (the chance level for choosing the unfamiliar arm), this was indicative of 

spatial working memory. 

2.9 Cognitive testing: Novel object recognition (NOR) (Chapter 3) 
 

NOR was performed to assess non-spatial hippocampal-mediated memory167. On 

day 1 of the test, mice were individually placed in an open field (22.5 cm X 22.5 cm) for 5 

min free moving for habituation. The next day, mice were placed in an open field where 

two identical objects were placed near the left and right corners of the chamber for training 

(sample phase). After 24 h, object recognition was tested by substituting a novel object for 

a familiar training object (the novel object location was counterbalanced across mice). 

Time spent with two identical objects was recorded; because mice inherently prefer to 

explore novel objects, a preference for the novel object (more time than chance (15 s) spent 

with the novel object) indicates intact memory for the familiar object. 

2.10 Depressive-like testing: Tail suspension (Chapter 3) 
 

The tail-suspension (TS) test assesses depression-like behavior in mice and is based 

on the observation that mice develop an immobile posture when placed in an inescapable 

haemodynamic stress of being hung by their tail11. Each mouse was suspended at a height 

of 28 cm using 3M adhesive tape. The tip of the mouse tail was not wrapped around the 

rod while being suspended. The duration of immobility was recorded throughout the 5-

minute test period. The definition of immobility is passive hanging and complete 

motionlessness. Foam padding (3” deep) was placed under the beam in case animals fall 

from the beam during the experiment. 
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2.11 Depressive-like testing: Forced swim (Chapter 3) 
 

Forced swim (FS) test is one of the most commonly used assays for the study of 

depressive-like behavior in rodents. Mice were placed in transparent plastic cylinder (45cm 

high X 20 cm diameter) filled with water (23 ± 2 °C; 28 cm in depth) for 6 min11. The 

duration of immobility was recorded. 

2.12 Depressive-like testing: Sucrose preference (Chapter 3) 
 

Sucrose preference (SP) test is used as an indicator of anhedonia, which is present 

in some affective diseases, such as depression. We evaluated the mouse’s interest in 

seeking a sweet rewarding drink relative to plain water11. Failure to demonstrate a bias 

toward the sweetened drink indicates depression-like behavior. The saccharine was 

weighed, dissolved in 5 ml plain water and injected into hydrogel pack with syringe to get 

final 0.3% saccharine concentration. Initial weights of hydrogel pack containing plain 

water and saccharine solution were recorded. Two inserts were placed in each cage with 

plain water insert at the normal back position and saccharine water insert at the front 

position. 100g food was added to each insert. The mouse was weighed and housed singly 

in each cage. After first 24 h, the water pouches, food, and mice were weighed and 

recorded. The insert with plain water and insert with saccharine water were rotated to avoid 

place preference. After second 24 h, the water pouches, food, and mice were weighed and 

recorded again. The sucrose preference was calculated by dividing the consumption of 

sweetened water by the total consumption of water (sweetened water plus plain water). 

2.13 Tissue processing and histological analysis (Chapter 3) 
 

Following animal perfusion with 4% paraformaldehyde, spinal cord segments 

containing the lesion area were dissected out, embedded, and cut into 20-μm-thick serial 
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sections placed serially on set of 10 slides for 10 sets of slides. A representative slide from 

each set was then stained for myelin using Luxol fast blue (LFB) to determine the location 

of the lesion epicenter, defined as the section with the least amount of spared white matter 

(WM). Residual WM was also calculated for areas rostral and caudal to the lesion 

epicenter169. Images were captured at ×2.5 magnification and analyzed using National 

Institutes of Health ImageJ software (RRID:SCR_003070). The threshold level of each 8-

bit image was set to mark only LFB-positive tissue, and total LFB-positive area was 

calculated for each section. Sections spaced 1 mm apart from 5 mm caudal to 5 mm rostral 

the injury epicenter were stained with GFAP and DAB as the chromogen for lesion volume 

assessment. Quantification was based on the Cavalieri method using Stereoinvestigator 

Software (MBF Biosciences)170. The lesion volume was quantified by outlining the missing 

tissue on the injured core using the Cavalieri estimator with a grid spacing of 0.1 mm. 

2.14 Immunofluorescence imaging and acquisition (Chapter 3) 
 

Coronal spinal cord sections from CX3CR1-GFP mice were applied for 

immunohistochemistry (IHC) staining followed procedures described. Sections were 

blocked with 5% goat or donkey serum diluted in 0.3% Triton X-100 solution and cell 

nuclei were labeled with 4’,6-diamidino-2-phenylinodole (DAPI, Sigma-Aldrich) and 

slides were cover-slipped with an anti-fade medium (Hydromount, National Diagnostics). 

All images were acquired using a fluorescent Nikon Ti-E inverted microscope, at 20X (CFI 

Plan APO VC 20X NA 0.75 WD 1 mm) magnification and the background of each image 

was subtracted using background ROI11. All images were quantified using Elements: nuclei 

were identified using Spot Detection algorithm; cells positive for GFP were identified 

using Detect Regional Maxima algorithm, followed by global thresholding. The number of 
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GFP+ cells was normalized to the total imaged area (mm2). Data from all images from one 

region in each mouse were summated and used for final statistical analysis. At least 500–

1000 cells were quantified per mouse per experiment. The images were acquired 0.4 mm 

rostral or caudal to the epicenter, with n=2–4 images per location (white matter and grey 

matter) from four to five sections per mouse. Representative Cx3cr1-GFP+ images were 

obtained by tile scan using a Nikon A1 Laser Confocal microscope. In addition, the 

following primary antibodies were used: rabbit anti-GFAP (1:200, Cat# PA5-16291, 

Invitrogen); rat anti-F4/80 (1:600, Cat# ab6640, Abcam). Images were acquired by tile 

scan using a Nikon A1 Laser Confocal microscope. For GFAP+ area, images were acquired 

from 1.4 mm rostral or caudal to the epicenter by tile scan using a Nikon A1 Laser Confocal 

microscope. 

2.15 Neuronal density (Chapter 3) 
 

Brain coronal sections at 60 µm thickness were stained with cresyl violet (FD 

NeuroTechnologies), and the optical fractionator method of stereology using 

Stereoinvestigator Software (MBF Biosciences) was employed166. Neurons were identified 

in motor cortex (M1, M2), thalamus [the ventral posterolateral nucleus (VPL), the ventral 

posteromedial nucleus (VPM), the posterior thalamic nucleus (PO), and anterior nucleus], 

hippocampal cornu Ammonis 1 (CA1), CA2/3, and the dentate gyrus (DG) regions. 

Approximate positions of relevant anatomical structures were followed by mouse brain 

atlas overlay171. A total of 6 sections were analyzed for each animal and the total number 

of surviving neurons in each field was divided by volume of that region of interest to obtain 

a result of counts/mm3, which reflects cellular density of neurons in the region. 
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2.16 Samples preparation and NanoString analysis (Chapters 3 & 5) 
 

Total RNA was extracted from previously flash-frozen spinal cord tissue (~5 mm) 

surrounding the epicenter of the lesion site as well as dissected cerebral cortex (including 

motor cortex and somatosensory cortex) and hippocampus using Qiagen RNA extraction 

kit. Total RNA (20 ng/µl) was run on an nCounter® Mouse Neuroinflammation (Chapter 

3) v1.0 panel or Neuropathology (Chapter 5) v1.0 panel (NanoString Technologies, Seattle, 

WA) to simultaneously measure RNA transcript counts for 757 genes and 13 housekeeping 

genes.  

Sample gene transcript counts were normalized prior to downstream analysis – 

unless specifically noted elsewhere – with NanoString’s nSolver software Version 4.0 that 

uses a geoNorm algorithm to identify stable housekeeping genes for normalization172. All 

statistical analysis of NanoString data was performed in the R language using RStudio 

Version 1.2.5033. Principal component analysis (PCA) was performed with the 

“prcomp()” function in R (Chapter 3); partial least squares discriminant analysis (PLSDA) 

was performed in R using mixOmics v6.8.2173. Differential expression analysis between 

paired groups was performed in R with the “NanoStringDiff” package Version 1.18.0, 

which performs normalization using the raw gene transcript counts, positive and negative 

controls, and housekeeping gene transcript data provided by NanoString as described174. 

All comparisons “Group 1 vs. Group 2” were interpreted as “Group 1 relative to Group 2” 

in the text and figures. Subsets of differentially expressed genes displayed as heatmaps 

were normalized across samples as z-scores and then averaged to a single value per group 

before plotting using GraphPad Prism Version 8.4.2. 
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Protein-protein interaction (PPI) network maps for gene sets were generated 

through the STRING database Version 11.0175. Network edges depict the level of 

confidence (thicker lines: higher confidence) in the interaction based on literature evidence 

curated by STRING. In some cases, PPI maps were imported into Cytoscape Version 3.8.0 

for further visual enhancements of the network176. Pathway diagrams were constructed 

using Cytoscape and annotated by direct binding or regulatory actions experimentally 

determined through literature curated by Elsevier’s Pathway Studio Version 12.3.0.16177. 

In Chapter 5, gene enrichment analysis was performed using Metascape178. 

2.17 Blood Collection and Processing (Chapters 4 & 5) 
 

Blood was collected by syringe from each animal through terminal cardiac puncture 

under isoflurane anesthesia and immediately placed into precoated EDTA tubes (Cat# 

365974, BD Biosciences) and gently inverted ten times for proper mixing179. Blood was 

then centrifuged at room temperature (RT) for 500g for 15 min, 2500g for 10 min, and 

2500g for 10 min to generate PFP180. Blood was kept at RT between collection and 

centrifugation for no more than 30 minutes to minimize release of platelet extracellular 

vesicles that occurs under cold temperatures, agitation, and prolonged storage of blood181–

183. PFP was aliquoted into multiple tubes, flash frozen on dry ice, and stored at -80°C. 

Prior to any analysis, a specific aliquot was thawed in a water bath at 37°C to avoid multiple 

freeze-thaw cycles, which can affect extracellular vesicle recovery and integrity184,185. A 

schematic illustration is shown in Figure 4.1.   

2.18 Plasma EV Isolation (Chapters 4 & 5) 
 

EVs were isolated from PFP by a standard ultracentrifugation-based protocol186,187. 

To isolate “total plasma EVs”, a 100 µL aliquot of PFP was diluted to 4 mL volume in 
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filtered PBS (f-PBS) in a thinwall, polypropylene tube (Cat# 326819, Beckman Coulter). 

PBS was filtered through a 0.22 µm PVDF filter (Cat# SLGV033RS, Millipore Sigma) 

prior to all EV isolation and characterization experiments. The sample was then spun at 

100,000g for 90 min at 4°C using a SW55Ti swinging bucket rotor in an Optima XE-90 

Ultracentrifuge (Beckman Coulter). The supernatant was carefully removed, and the pellet 

was resuspended in 60 µL f-PBS for downstream analysis by NTA and WB. In a separate 

procedure using two-step differential ultracentrifugation, a 100 µL aliquot of PFP was 

diluted as described above and spun first at 10,000g for 40 min at 4°C with the SW55Ti to 

isolate a “large EV” pellet (resuspended in 100 µL f-PBS). Then, the supernatant was 

transferred into a new thinwall, polypropylene tube and spun at 100,000g for 90 min at 4°C 

with the SW55Ti to isolate a “small EV” pellet (resuspended in 100 µL f-PBS). A 

schematic illustration is shown in Figure 4.1. 

2.19 EV Isolation from Spinal Cord and Brain Tissues 
 

After blood collection, mice were perfused with 40 mL normal saline. 

Approximately 1 cm of tissue around the epicenter of the lesion site (or equivalent length 

at the same spinal level in naive animals) was carefully dissected, weighed and flash frozen 

on dry ice prior to storage at -80°C. The hippocampus and cortex (motor/somatosensory 

region) were similarly dissected and processed. For EV isolation from these frozen tissues, 

we followed a modified protocol previously described for human brain EVs188. The tissue 

was first placed in a 50 mL conical tube containing type III collagenase (Cat# LS004176; 

40U/mL; Worthington Biochemical) solution in HibernateTM-E medium (Cat# A1247601, 

Thermo Fisher Scientific) at a ratio of 8µL/mg tissue weight. The sample was then placed 

on an orbital shaker at 37°C. After 15 minutes, the sample was pipetted up and down twice 
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carefully with a 25 mL Stripette and then placed back onto the shaker for another five 

minutes. Upon completion, a 2x concentrated solution of protease (Cat# 11697498001, 

Millipore Sigma) and phosphatase (Cat# 4906837001, Millipore Sigma) inhibitors was 

added to each sample at a volume equal to that previously calculated for the enzyme 

solution. The sample was then serially centrifuged at 4°C for 5 min at 300g, 10 min at 

2000g, and 30 min at 10,000g, transferring the complete supernatant between steps. Then, 

an equal volume of the remaining supernatant after the 10,000g spin was diluted to 4 mL 

volume in f-PBS into a thinwall, polypropylene tube and spun at 100,000g for 70 min at 

4°C with the SW55Ti. The supernatant was removed carefully with a pipette, and the tissue 

EV pellet was resuspended in 50 µL f-PBS.   

For initial characterization of spinal cord tissue EVs, we followed the protocol above 

with an additional purification step on a triple sucrose cushion gradient prior to 

ultracentrifugation as described previously (schematic diagram shown in Figure 4.12A)188. 

After the 10,000g spin, the supernatant was diluted to 1 mL in f-PBS and transferred on 

top of a layered sucrose gradient in a thinwall, polypropylene tube containing 1.2 mL of 

2.5M sucrose, 1 mL of 1.3M sucrose, and 1 mL of 0.6M sucrose. The sample was then 

spun at 180,000g for three hours at 4°C in the SW55Ti. 1 mL fractions (designated F1, F2, 

and F3) were carefully collected from the top of the tube, corresponding with the original 

sample and gradient placement (F1: sample; F2: 0.6M sucrose; F3: 1.3M sucrose). The 

density of the fraction was measured by weighing the mass of the fraction volume using a 

high precision balance ME103TE/00 (Mettler Toledo). These fractions were diluted to 4 

mL volume in f-PBS into a thinwall, polypropylene tube and spun at 100,000g for 70 min 

at 4°C with the SW55Ti. The final pellets were resuspended in f-PBS. 
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2.20 Nanoparticle Tracking Analysis (Chapters 4 & 5) 
 

NTA was performed with the ViewSizer® 3000 (HORIBA Scientific) fitted with 

the blue (44 5nm), green (520 nm), and red (635 nm) lasers set at 210 mW, 12 mW, and 8 

mW, respectively. Camera gain was set at 30 dB, frame rate at 30 frames per second, and 

exposure at 15 ms during video recording. EV samples isolated from plasma (or whole PFP 

directly) were diluted in f-PBS to an appropriate concentration within the linear range of 

the instrument (between 1x107 – 2x108 particles/mL). The final EV concentration data is 

presented as “particles/mL plasma” to reflect the original concentration in the plasma, 

which was calculated by accounting for the dilution factor for NTA, the resuspension 

volume after isolation, and the original input plasma volume for isolation. Particle counts 

were integrated from 50nm-2000nm in size, which covers the size range for which particle 

Brownian motion is relevant for NTA and largely the expected size range of various EV 

subtypes. The lower size limit was determined by the NTA theoretical limit of detection 

(LOD) for biological materials, and the upper size limit was determined by the lack of 

significant Brownian motion for particles greater than a few micrometers189. At least 50 

videos were recorded to generate enough particle counts (>3000 particles) for an accurate 

size distribution. Sample was automatically stirred for five seconds with a magnetic stir 

bar between each video for proper mixing. For assessment of instrument performance, a 

commercially available bead mixture (Cat# 1493, Apogee Flow Systems) containing six 

non-fluorescent silica beads and two fluorescent polystyrene beads ranging from 100 nm 

to 1300 nm in diameter was evaluated as shown in Supplementary Figure 1. Video 

processing settings for analysis were set as follows: Detection threshold type: Polydisperse; 

Detection threshold: 2; AutoThreshold: Disabled: Feature radius: 30; Drift correction: 0. 
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2.21 Protein Extraction and Western Blot Analysis (Chapters 4 & 5) 
 

For injury site analysis of EV biogenesis-related proteins, approximately 1 cm of 

tissue surrounding the epicenter of the lesion site was homogenized in RIPA buffer (Cat# 

R0278, Millipore Sigma) supplemented with protease (Cat# P8340, Millipore Sigma) and 

phosphatase (Cat# P5726, Cat# P0044, Millipore Sigma) inhibitors. Protein concentration 

was measured by PierceTM bicinchoninic acid (BCA) protein assay (Cat# 23225, Thermo 

Fisher Scientific). For detection of proteins in plasma or tissue EV samples, EV samples 

in PBS were prepared by ultracentrifugation as described above (see Chapters 2.18 and 

2.19).  

For different Western blot (WB) experiments, either 30 μg of tissue lysate protein, 

equal volumes of resuspended plasma EV sample pellets, equal volumes of resuspended 

tissue EV pellets, or 1 µL of PFP were loaded onto 4-15% CriterionTM TGX Stain-FreeTM 

Precast gels (Cat# 5678083, Bio-Rad) and transferred onto nitrocellulose membranes (Cat# 

1704159, Bio-Rad). Membranes were blocked with 5% nonfat milk in PBS containing 

0.1% Tween 20 (PBS-T) for one hour at RT, and then incubated in primary antibodies 

overnight at 4°C. The next day, membranes were washed three times with PBS-T and 

incubated in species-specific, horseradish peroxidase (HRP)-conjugated secondary 

antibodies for one hour at RT. Membranes were washed three times with PBS-T prior to 

the addition of chemiluminescence substrate (Cat# 37071, Thermo Fisher Scientific). 

Chemiluminescent protein detection was visualized with the ChemiDocTM MP Imaging 

System (Bio-Rad), and protein bands were quantified by densitometry analysis by Image 

LabTM software Version 6.0.1 (Bio-Rad).      
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The following primary antibodies were used: anti-CD81 (Cat# 10037S, 1:1000; Cell 

Signaling Technology), anti-LAMP-1 (Cat# 1D4B, 1:1000; Developmental Studies 

Hybridoma Bank), anti-Flotillin-1 (Cat# 3253S, 1:1000; Cell Signaling Technology), anti-

Alix (Cat# 2171S, 1:1000; Cell Signaling Technology), anti-TSG101 (Cat# ab125011, 

1:1000; Abcam), anti-GAPDH (Cat# 919501, 1:1000; BioLegend), anti-Calnexin (Cat# 

ab22595, 1:2000; Abcam), anti-ApoB (Cat# sc-393636, 1:100; Santa Cruz Biotechnology), 

anti-Albumin (Cat# 4929, 1:1000; Cell Signaling Technology), anti-ApoA1 (Cat# PA5-

88109, 1:2000; Invitrogen), and anti-CD63 (Cat# D263-3, 1:500; MBL International). The 

following HRP-conjugated secondary antibodies were used: Goat anti-Rabbit (Cat# 111-

035-003, 1:3000; Jackson ImmunoResearch Laboratories), Goat anti-Mouse (Cat# 115-

035-003, 1:3000; Jackson ImmunoResearch Laboratories), and Goat anti-Rat (Cat# 112-

035-003, 1:3000; Jackson ImmunoResearch Laboratories).  

2.22 Single Particle Interferometric Reflectance Imaging Sensor with 

ExoView® (Chapter 4) 
 

PFP for each animal was diluted 1:30 in separate tubes with PBS containing 0.05% 

Tween 20 (PBS-T). 35 µL of this sample was carefully pipetted onto the silicon chip coated 

with individual antibody spots against mouse CD9, CD63, and CD81 as well as negative 

isotype controls. After overnight incubation in a 24-well plate, chips were washed three 

times on an orbital shaker with PBS-T. Then, the chips were incubated for one hour at RT 

with a cocktail of fluorescent antibodies (anti-CD9-AF647; anti-CD63-AF488; anti-CD81-

AF555) diluted in BSA (5% final concentration in well). Chips were washed once in PBS-

T, three times in PBS, and once in deionized water. Chips were carefully removed from 

the 24-well plate, washed further in deionized water and removed for drying. Image and 

data acquisition for each chip was performed with the ExoView® R100 (NanoView 



43 
 

Biosciences). Data analysis was performed with NanoViewer 2.9 and ExoViewer 3 

(NanoView Biosciences). Antibodies were purchased from BioLegend (CD9: Cat# 

124802, Clone: MZ3; CD63: Cat# 143902, Clone: NVG-2; CD81: Cat# 104902, Clone: 

Eat-2). Fluorescent conjugation of antibodies was performed at NanoView Biosciences. A 

schematic illustration is shown in Figure 4.8A. 

2.23 EV Flow Cytometry (Chapter 4) 
 

FC for tetraspanin-positive EVs was performed with the Cytek® Aurora at the 

University of Maryland Flow Core Shared Facility. Instrument performance for small 

particle detection was evaluated with a commercially available bead mixture (Cat# 1493, 

Apogee Flow Systems) containing eight bead populations ranging from 100 nm to 1300 

nm in diameter. Compared across all channels, the R2 (APC/AF647) detector was chosen 

for fluorescence (FL) trigger detection of antibody stained EVs since it provided the least 

background signal in control, unstained samples. Threshold was set to the minimum (500) 

and R2 detector gain was increased until 10-20 events/second were detected in antibody 

only samples (to establish antibody aggregate noise). Flow rate was kept at the lowest 

setting (approximately 12-15 μL/min). A FL trigger detection was used rather than a side 

scatter (SSC) trigger detection based on prior published reports190,191 and our own 

preliminary testing that found a high number of stained EVs were undetected by SSC 

triggering, likely due to their small size (see Figure 4.9A-B).  

5 µL of PFP was diluted into f-PBS to a total volume of 100 μL with either anti-CD9-

AF647 (Cat# 124810, 1:200, Clone: MZ3; BioLegend), anti-CD63-AF647 (Cat# 

FAB5417R, 1:20, Clone: 446703; R&D Systems), or anti-CD81-AF647 (Cat# FAB4865R, 

1:20, Clone: 431301; R&D Systems) and stained for one hour at room temperature. The 
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reaction was stopped by adding 1 mL of f-PBS to each tube and samples were acquired on 

the Cytek® Aurora for an equal amount of time. The volume of sample taken from each 

tube was automatically recorded by the software and used to normalize calculations. The 

sample dilution was tested beforehand to ensure detection of single events and avoid 

“swarm-based” detection of multiple particles that are considered a single event, as 

previously demonstrated in FC analysis of concentrated nanoparticle samples190,192. Data 

was analyzed using FCS Express Version 6.0 (De NovoTM Software). 

2.24 Fireplex® microRNA assay and analysis (Chapters 4 & 5)  
 

A miR assay using FirePlex® technology (Abcam) was performed to assess the 

profile of 65 miRs after SCI in total plasma EVs (Chapters 4 and 5) or tissue EVs (Chapters 

5). The selected miRs were part of the Neurology Panel V2 (ab218371) that have published 

association in plasma/serum with neurological disease. The FirePlex® assay uses a 

hybridization technique to detect miRs on three-dimensional hydrogel particles that are 

analyzed by fluorescent intensity readout on a flow cytometer193. Total plasma EVs were 

isolated by ultracentrifugation from 360 μL of PFP by the protocol described above (see 

Chapter 2.18) and resuspended in 40 μL of f-PBS. Spinal cord, cortical, and hippocampal 

EVs were isolated as previously described above (see Chapter 2.19) and resuspended in 40 

μL of f-PBS. miRs were detected directly from these equal sample volumes without the 

need for RNA isolation193.         

For miR data analysis, fluorescence intensity readout values were normalized using a 

geNorm-like algorithm in the Firefly Analysis Workbench194. Partial least squares 

discriminant analysis (PLSDA) of normalized data was performed in the R language using 

RStudio Version 1.2.5033 with mixOmics v6.8.2173. Individual miR fluorescent intensity 
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data were statistically analyzed and plotted in boxplots with Prism Version 8.4.2 

(GraphPad). Heatmap with hierarchical clustering of individual samples (columns) and 

differentially expressed miRs (rows) was generated with “pheatmap()” function in 

RStudio.        

2.25 Intracerebroventricular Injection (Chapters 4 & 5) 
 

A small craniotomy was performed on the right skull to expose the site for injection 

centered at stereotactic coordinates of 0.2 mm anteroposterior and 1.0 mm mediolateral 

relative to bregma. Total plasma EVs were isolated from individual naive and SCI mice by 

ultracentrifugation from 350 μL of PFP (see Chapter 2.18 above) and resuspended in 10 

μL of f-PBS. In individual mice, 5 μL of these EV samples were injected into the right 

lateral ventricle at 2.5 mm depth below the pia mater at the craniotomy site using a 33-

gauge needle attached to a 10 μL Hamilton syringe as described before142. In one set of 

experiments in Chapter 4, anesthetized animals were perfused 24 hours later and cortical 

tissue ipsilateral to the injection site was dissected for RNA isolation and qPCR (see 

Chapter 2.4 above). In a subsequent set of experiments in Chapter 4 as well as for 

experiments in Chapter 5, anesthetized animals were perfused 24 hours later and the brain 

hemisphere ipsilateral to the injection site was processed for flow cytometry analysis (see 

Chapter 2.3 above).      

2.26 Statistical Analysis  
 

All statistical analysis was performed in Prism Version 8.4.2 (GraphPad), and a p-value < 

0.05 was considered statistically significant. Data normality was assessed using the 

Shapiro-Wilk test. Quantitative data are plotted as mean ± standard error of the mean 

(SEM). In Chapter 3, BMS scores were analyzed using two-way analysis of variance 
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(ANOVA) with repeated measures followed by Sidak's multiple comparisons test. 

Stereological data for lesion volume was analyzed using a two-tailed, unpaired Student’s t 

test. All other behavioral tests and multiple group comparisons in Chapter 3 were analyzed 

by two-way ANOVA followed by Tukey’s multiple comparisons test. In Chapter 4, Mann 

Whitney U test was performed between two groups for NTA, plasma EV WB densitometry, 

and quantitative RT-PCR data. For all other two group comparisons, a two-tailed, unpaired 

Student’s t test was used. For miR assay data in Chapter 4, a one-way ANOVA followed 

by Dunnett’s multiple comparisons test was used to compare each SCI group to the Naive 

control group. For comparison of EV and non-EV markers by WB densitometry in one- or 

two-step UC, a one-way ANOVA followed by Tukey’s multiple comparisons test was 

used. For comparison of tetraspanin expression in two subpopulations of neurons within 

injury by flow cytometry, a two-way ANOVA followed by Tukey’s multiple comparisons 

test was used. In Chapter 5, NTA, WB densitometry, flow cytometry, and miR assay data 

were all analyzed by two-way ANOVA followed by Tukey’s multiple comparisons test.  

 

 

 

 

 

 

 

 

 

 



47 
 

Chapter 3 

 

Microglial depletion decreases behavioral changes, chronic 

neuroinflammation and neurodegeneration in a mouse spinal 

cord injury model2 

 

Introduction 
 

Spinal cord injury (SCI) can lead to altered cognitive function and mood, as shown 

by clinical neurocognitive and neuropsychological testing4,6,52,56,195. As with traumatic 

brain injury (TBI), the risk of subsequent dementia increases after SCI28,53. However, the 

potential mechanisms that lead to neurodegeneration and neuroinflammation in the brain 

after SCI have not been well-investigated.  

In preclinical SCI studies, our lab has shown that injury induces chronic microglial 

activation in various brain regions that is associated with cognitive changes, depression 

and neurodegeneration7,8,11. These observations were subsequently replicated by other 

laboratories9,10.   

To more directly address whether posttraumatic neurobehavioral and 

neurodegenerative changes are a consequence of postulated neurotoxic microglial 

activation, we depleted adult microglia, before or after SCI using the CSF1R antagonist 

PLX5622115 in a well-characterized mouse impact SCI model and examined its effects on 

                                                           

2 
Li Y*, Ritzel RM*, Khan N*, Cao T, He J, Lei Z, Matyas JJ, Sabirzhanov B, Liu S, Li H, Stoica 

BA, Loane DJ, Faden AI, Wu J. Delayed microglial depletion after spinal cord injury reduces 

chronic inflammation and neurodegeneration in the brain and improves neurological recovery in 

male mice. Theranostics 2020; 10(25):11376-11403. doi:10.7150/thno.49199. 
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infiltrating monocytes, brain inflammation, neurodegeneration and post-injury cognitive 

and depressive-like behavior.  

Methods 

 
Refer to Chapter 2 for full detailed methods. Mouse strains and SCI model are 

described in Chapters 2.1 and 2.2, respectively. In studies involving pre-injury PLX 

paradigms, the following outcomes were measured: flow cytometry (Chapter 2.3), qPCR 

(Chapter 2.4), and locomotion BMS score (Chapter 2.5). In studies involving post-injury 

PLX paradigms, the following outcomes were measured: flow cytometry (Chapter 2.3), 

qPCR (Chapter 2.4), locomotion tests (BMS, Chapter 2.5; Open field, Chapter 2.6; 

CatWalk, Chapter 2.7), cognitive behavior tests (Y-maze, Chapter 2.8; novel object 

recognition, Chapter 2.9), depressive-like behavior tests (tail suspension, Chapter 2.10; 

forced swim, Chapter 2.11; sucrose preference, Chapter 2.12), histology of spared white 

matter and lesion volume (Chapter 2.13), immunofluorescence (Chapter 2.14), neuronal 

counts (Chapter 2.15), and NanoString gene expression panels (Chapter 2.16). Statistical 

analysis is described in Chapter 2.26.      
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Results 
 

Microglial depletion reduces infiltrating cells and ROS production at the injury site 

after SCI 

 

Traumatic injury to spinal cord elicits an acute intraspinal inflammatory response 

that includes resident microglial activation and infiltration of blood leukocytes. Leukocyte 

infiltration into the CNS is generally accepted to be neurotoxic under conditions of 

inflammation or injury. However, whether microglial depletion alters the number, 

composition, or reactivity of infiltrating cells after SCI is unknown. In this set of 

experiments, diet supplemented with CSF1R antagonist PLX5622 (PLX) or normal vehicle 

(Veh) chow was fed to animals 3 weeks before injury and remained for the duration of the 

study (Figure 3.1A). Injury biomechanics indicated that there was no difference in injury 

force and displacement (Figure 3.1B) and BMS score (Figure 3.1C) between SCI/Veh and 

SCI/PLX groups at 1d post-injury. Although all injured mice had significant body weight 

loss and decreased food consumption, PLX had no effects on animal weight (Figure 3.1D) 

and food intake (Figure 3.1E) both before and after injury. At 2 days post-injury, flow 

cytometry was used to examine neuroinflammation at the injury site. Representative dot 

plots illustrating our gating strategy for identifying CD45intCD11b+Ly6C- CNS-resident 

microglia and CD45hiCD11b+ infiltrating myeloid cells are shown in Figure 3.1F. A 

splenocyte reference and Draq5 staining were used to identify single, nucleated, live 

leukocyte populations in CNS tissue. Flow cytometry analysis revealed that PLX 

significantly reduced the number of CD45intCD11b+ microglia in the spinal cord under 

sham conditions, as expected (Figure 3.1G-H). After injury, microglia counts were 

increased in both groups, albeit significantly more so in the vehicle treated group. 

Continuous PLX treatment significantly attenuated the number of CD45hiCD11b+ 



50 
 

infiltrating myeloid cells compared to injured control, including reductions in both 

monocyte and neutrophil invasion (Figure 3.1G-H). Given the detrimental role of oxidative 

stress in sterile CNS injury and inflammation, we next assessed the level of ROS 

production in immune cells using DHR123. Microglial ROS levels were significantly 

higher after SCI in vehicle treated groups, which was attenuated with PLX (Figure 3.1I). 

ROS production by infiltrating monocytes and neutrophils after SCI also decreased with 

PLX treatment (Figure 3.1I). In addition, we examined whether our systemic 

administration of PLX affected circulating leukocyte populations after SCI, which could 

explain the reduced leukocyte infiltration. At 2 days post-injury, SCI significantly 

increased circulating CD45hi monocytes and Ly6G+ neutrophils, but reduced CD11b-

CD45hi lymphocytes (Figure 3.1J). However, SCI mice that had been on PLX diet (for a 

total of 3 weeks) did not show any marked dysregulation of blood cell numbers (Figure 

3.1J). Tissue-level gene expression of the myeloid marker CD11b confirmed PLX-

mediated depletion of spinal cord microglia (Figure 3.1K). This marker and the pro-

inflammatory cytokine TNFα were up regulated after injury, albeit significantly less so 

after PLX treatment compared to injured control (Figure 3.1K). Together, these findings 

show that elimination of microglia by pre-treatment with PLX reduces the severity of 

neuroinflammation following acute SCI. 



51 
 

 
Figure 3.1 Pre-injury microglial depletion reduces peripheral cell infiltration and ROS 

production after SCI. Mice were fed PLX diet or vehicle chow three weeks before injury until 

sacrifice at 2 days post-SCI (A), while injury forces (B), BMS (C), body weight (D) and food intake 

(E) were recorded. Flow cytometry was performed to assess cellular composition (F-G), count (H), 

and ROS production (I) at the injury site. Blood leukocyte composition was also measured by flow 

cytometry (J). qPCR was performed to assess inflammatory marker expression at the injury site 

(K).  
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 In the next set of experiments, we wanted to know whether the reduced 

neuroinflammation observed with pre-injury microglial depletion would also occur in a 

more clinically relevant, post-injury microglial depletion paradigm. PLX diet or vehicle 

chow was fed to the animals on day 1 post-injury and maintained up to 7 days (Figure 

3.2A). Injury biomechanics indicated that there was no difference in injury force or 

displacement between SCI/Veh and SCI/PLX groups (Figure 3.2B). No significant 

difference was observed between the two injury groups in BMS scores during the first week 

post-injury as well (Figure 3.2C). Although all injured mice demonstrated significant body 

weight loss and had decreased food consumption, PLX had no effect on animal weight and 

food intake after injury (Figure 3.2D-E). At 7 days post-injury, flow cytometry was used 

to examine the cellular correlates of neuroinflammation. Posttraumatic PLX treatment 

significantly reduced both microglia and infiltrating myeloid counts at the injury site 

compared to injured control (Figure 3.2F-G). Because our group has previously 

reported7,8,11 brain-related changes following SCI, we also evaluated the effect of PLX in 

the brain. Interestingly, while microglia counts were markedly decreased in the brain with 

PLX treatment (as expected), we also observed significant reductions in other myeloid cell 

populations that reside in the brain under normal conditions (Figure 3.2H-I). Together, our 

results with both pre- and post-injury PLX treatment paradigms suggest that microglia 

promote leukocyte infiltration in the spinal cord following traumatic injury. 

 

 

 

 

 

 

 

 

 



53 
 

 
Figure 3.2 Post-injury microglial depletion reduces microglia and infiltrating cells 7 days 

post-SCI. Mice were provided PLX diet or vehicle chow immediately post-injury until sacrifice 

at 7 days after SCI (A), while injury forces (B), BMS (C), body weight (D) and food intake (E) 

were recorded. Flow cytometry was performed to assess cellular composition at the spinal cord 

injury (F-G) site and in the brain (H-I).  
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Long-term elimination of microglia with PLX5622 improves gait dynamics but not 

overall gross locomotor recovery after SCI 

 

Next, we investigated whether post-injury microglial depletion affects neurological 

function after SCI. Immediately post-injury, mice were provided PLX diet or vehicle chow 

continuously up to 6 weeks with comprehensive behavioral (motor, cognitive, and 

depressive-like) testing performed in the final week (Figure 3.3A). Overall, PLX treatment 

had no effect in shams on any neurological function tested here. Gross hindlimb locomotor 

function was assessed by BMS in an open chamber on days 1, 3, and weekly up to 6 weeks 

post-injury. All injured mice had a BMS score of 0 or 1, indicating complete loss of motor 

function, on the first day after injury; however, no significant differences were observed 

between PLX- or vehicle-treated groups in BMS scores at all timepoints examined (Figure 

3.3B). Although there were no differences in mouse body weight prior to injury among all 

four groups, moderate/severe injury resulted in significant body weight loss (Figure 3.3C). 

PLX treatment alone had no effect on animal weight when comparing either sham or injury 

groups (Figure 3.3C). 

To detect more refined kinematic properties of locomotion beyond that recognized 

by BMS score, we quantified gait dynamics using the CatWalk apparatus. SCI mice 

capable of placing the plantar surface of the hindpaws on a flat surface were selected at 5 

weeks post-injury. Stepping pattern, which tracks step sequencing in a step cycle, is a 

parameter for evaluation of overall motor coordination. A percentage of normal stepping 

(regularity index) ideally reaches close to 100% in healthy animals196. In response to SCI, 

the regularity index in vehicle-treated mice was reduced by nearly half compared to 

Sham/Veh mice (Figure 3.3D-E). Remarkably, SCI/PLX mice demonstrated a significant 

increase in restored step sequencing, approaching 60% normal stepping (Figure 3.3D-E). 
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Stride length, categorized as the total distance between the successive placement of the 

same paw, was significantly reduced in all injured mice compared with shams, but 

increased with PLX treatment in SCI compared with SCI/Veh mice (Figure 3.3F-G). 

Additional CatWalk parameters associated with paw print measurements did not show 

improvement with posttraumatic microglial depletion. Print position, defined as the 

distance between the hindpaw and forepaw of the same side, typically approaches 0–1 cm 

in healthy mice. Print area is defined as the surface area of the complete print and is, by 

definition, at least as large as max contact area. All SCI mice showed dramatically 

increased print position and significantly reduced print area, as well as max contact area of 

the hindpaws compared with shams (Figure 3.3H), suggesting an increase in spontaneous 

pain-type behaviors. There were no apparent modifications of the injury effect with PLX 

treatment mice in these parameters. In addition, spontaneous motor activity was recorded 

in the open-field test at 5 weeks post-injury by computer-based Any-Maze automated video 

tracking system11. SCI resulted in a significantly reduced distance traveled and walking 

speed compared with sham mice (Figure 3.3I). However, elimination of microglia by PLX 

treatment did not improve overall animal motor activity. We also did not observe any 

differences in percentage of distance inside zone among the four groups (Figure 3.3I). 

Overall, PLX treatment alone had no effect on gross or fine motor coordination in sham 

mice.  
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Figure 3.3 Posttraumatic elimination of microglia improves gaits dynamics. Mice were 

provided PLX diet or vehicle chow immediately post-injury until sacrifice at 6 weeks post-SCI (A). 

BMS scores (B) and body weight (C) were monitored throughout the study period. Locomotion 

testing, including CatWalk and open field test, were evaluated in the final week. CatWalk measures 

included regularity index (D-E) and stride length (F-G) as well as print position, print area, and 

max contact area (H). The total distance traveled, maximum speed and percent distance inside zone 

were measured in the open field (I).  
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To determine whether the effects of microglial depletion on locomotor function 

were dependent on injury-severity, in a separate set of experiments, Cx3cr1-GFP mice 

were subjected to severe contusion injury (70 kdyn force) at T10. After injury, mice were 

fed the PLX5622 diet or vehicle diet for the duration of the study (Figure 3.4A). Analysis 

of hindlimb locomotor function using BMS did not reveal differences in scores between 

PLX- or vehicle-treated groups (Figure 3.4B). Cx3cr1 is the receptor for the 

chemoattractant cytokine, Cx3cl1, and Cx3cr1-GFP mice express the enhanced GFP in 

microglia, monocytes, dendritic cells, and NK cells. IHC was performed on processed 

spinal cord at 6 weeks post-injury to quantify Cx3cr1-GFP+ cells, which are largely 

representative of resident microglia since infiltrating monocytes are present in limited 

number at this time point post-injury. When compared to vehicle-treated shams, GFP+ cell 

counts were reduced 91% with 6 weeks of PLX treatment in shams (Figure 3.4C-D). 

Whereas SCI/Veh mice showed significant increases of GFP+ cells compared with 

Sham/Veh group, PLX treatment led to almost complete microglial elimination (>92% 

reduction) as demonstrated by loss of Cx3cr1-GFP+ cells by immunofluorescence (GFP+) 

analyses (Figure 3.4D). GFAP+ area analysis, representing astroglial scar organization, 

showed that PLX5622 treatment did not significantly alter SCI-induced changes in GFAP+ 

area (Figure 3.4E-F). Consistent with BMS data, histopathological analysis by unbiased 

stereology at 6 weeks post-injury indicated that there was no difference in lesion volume 

or spared white matter area between SCI/Veh and SCI/PLX groups (Figure 3.4G-H). 
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Figure 3.4 Posttraumatic elimination of microglia does not impact gross motor function and 

histological correlates. CX3CR1-GFP mice were given PLX diet or vehicle chow immediately 

post-SCI until sacrifice at 6 weeks (A). BMS scores were monitored for the duration of the study 

(B). Representative images (scale bar = 500 µm) of GFP+ cells (C) with immunofluorescent 

quantification (D) was performed near the injury site as well as for GFAP+ area (E-F). Histological 

assessment of lesion volume (G) and spared white matter (H) were also assessed.  

 

 

Microglial depletion after SCI improves cognitive behavioral outcomes and reduces 

brain neurodegeneration  

 

To explore the long-term effects of microglial depletion on cognitive function and 

depressive-like behavior after SCI, we also performed a variety of neurobehavioral tests 

that are less dependent on locomotion11 on the same cohort of animals as shown in Figure 

3.3A. Non-spatial recognition memory was evaluated by NOR at 6 weeks post-injury. 

During the training (sample) phase, sham and SCI mice spent equal time with the two 

identical objects (Figure 3.5A), indicating intact memory in the presence and absence of 

PLX. At 24h later in the choice phase, SCI/Veh mice spent significantly less time 

interacting with the novel object, but SCI/PLX mice showed increased time with the novel 

object, suggesting improved short-term recognition memory and preference for novelty 
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(Figure 3.5B). No significant differences were observed between the Sham/Veh and 

Sham/PLX groups. Hippocampus-dependent spatial working memory was examined by Y-

maze testing at 5 weeks post-injury. Both groups of sham mice showed approximately 70% 

spontaneous alternation, indicative of functional working memory (Figure 3.5C). SCI/Veh 

mice revealed a significant reduction in spontaneous alternations and no change in total 

arm entries (Figure 3.5D), indicative of impaired spatial working memory. Microglial 

depletion with PLX caused a significant improvement of spontaneous alternation compared 

to SCI/Veh animals (Figure 3.5C). 

To investigate whether microglial depletion after SCI causes changes in depressive-

like behavior, we used an array of established tests167. To reduce the potential confounding 

effects of motor function deficits in SCI mice, the sucrose preference test was evaluated at 

6 weeks post- injury. Compared to sham animals, SCI mice had significantly reduced sweet 

water consumption independent of tap water and food consumption, indicating increased 

anhedonia (Figure 3.5E). PLX-treated SCI mice showed a non-significant increased 

preference for sucrose compared with SCI/Veh animals. As for the other depressive-like 

behavior tests utilized here (tail-suspension and forced swim), immobility is interpreted as 

a symptom of learned helplessness and characteristic of depression in rodents. As shown 

in Figure 3.5F-G, SCI/Veh mice displayed greater immobility at 6 weeks post-injury in 

both tests relative to Sham/Veh, while SCI/PLX mice showed significant reductions in 

immobility time, compared with the SCI/Veh group.  
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Figure 3.5 Posttraumatic elimination of microglia improves cognitive and depressive-like 

behavior after SCI. The novel object recognition test (NOR) and Y-maze were used as measures 

of cognitive behavior. Time spent with the novel object in the sample (A) and choice (B) phases 

was measured in the NOR test. The percent of spontaneous alterations (C) and total arm entries (D) 

were measured in the Y-maze test. Depressive-like behavior testing included measurement of 

sucrose intake (E) in the sucrose preference test or immobility times in the tail suspension (F) and 

forced swim (G) tests.  
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Given that posttraumatic microglial depletion improved cognitive and depressive-

like behavior, we sought to determine whether this treatment also improved brain 

neuropathology. From a subset of animals that underwent behavioral testing (Figure 3.3A), 

neuronal density was quantified on brain sections stained with cresyl violet at 6 weeks post-

injury. Approximate positions of relevant anatomical structures were determined in 

comparison to a standard mouse brain atlas. Stereological assessment revealed that SCI 

resulted in significant reduction of neuronal density in motor cortex (M1, M2), thalamus 

(VPL, VPM, PO, and anterior nucleus), hippocampal CA1 and DG regions compared with 

Sham/Veh mice (Figure 3.6). Notably, PLX treatment reduced neuronal loss in both the 

thalamus and hippocampal DG, with a non-significant trend in motor cortex and 

hippocampal CA1 as well (Figure 3.6). There was no difference in neuronal density in 

subsectors of the somatosensory cortex (S1 and S2) or hippocampal CA2/3 amongst the 

four groups. Collectively, our comprehensive neurobehavioral testing data show that post-

injury microglial depletion by PLX in moderate/severe SCI mice leads to modest 

improvement in motor coordination and more marked improvement in cognitive and 

depressive-like behavioral tasks that are independent of locomotion. These behavioral 

improvements are also associated with reduced cell loss in key brain regions associated 

with cognitive function.  
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Figure 3.6 Posttraumatic microglial depletion reduces neurodegeneration in the brain. 

Neuronal density on cresyl violet stained sections was assessed by unbiased stereology in motor 

cortex (M1 and M2), somatosensory cortex (S1 and S2), thalamus (VPL, VPM, PO, and anterior 

nucleus), hippocampal CA1, CA2/3, and DG regions. Representative images (scale bar = 50 µm) 

with quantification are shown. n=5 (Sham/Veh), 7 (SCI/Veh), 5 (Sham/PLX), and 5 (SCI/PLX). 

 

 

 

 

 

 

 

 

 

 



63 
 

Long-term, posttraumatic depletion of microglia reduces the transcriptional 

inflammatory response in the injured spinal cord  

 

To determine whether behavioral improvements with microglial depletion after SCI 

were associated with transcriptional changes, we evaluated the injury site with 

NanoString’s nCounter® technology at 6 weeks from a subset of animals given long-term, 

posttraumatic PLX treatment (Figure 3.3A). Over 700 genes were analyzed across three 

fundamental themes: Immunity and Inflammation (6 pathways); Neurobiology and 

Neuropathology (13 pathways); and Metabolism and Stress (4 pathways). Principal 

component analysis (PCA) of all normalized gene counts revealed a distinct separation of 

samples into individual groups across the first two principal components (Figure 3.7A). 

The first principal component (PC1) accounted for most of the variation (51%) across 

samples and separated the groups well by injury. Notably, the SCI/PLX group was closer 

to the Sham groups than the SCI/Veh group along PC1, indicating a reduction of the injury 

effect at a global transcriptional level. Differential expression analysis using 

NanoStringDiff demonstrated a robust number of differentially expressed (DE) genes 

between groups (adjusted p-value<0.05). Four pairwise comparisons were performed: (1) 

Sham/PLX vs. Sham/Veh – PLX Comparison 1; (2) SCI/Veh vs. Sham/Veh – Injury 

Comparison 2; (3) SCI/PLX vs. SCI/Veh – PLX Comparison 3; and (4) SCI/PLX vs. 

Sham/PLX – Injury Comparison 4 (Figure 3.6B). SCI resulted in primarily increased 

expression of genes in both Veh-treated and PLX-treated group comparisons whereas PLX 

treatment resulted in decreased expression of genes in both Sham and SCI group 

comparisons (Figure 3.7B). PLX treatment resulted in a significant reduction of gene 

transcript counts for well- established microglia receptor markers, indicating an effective 

elimination of most microglia (Figure 3.7C). All microglial receptor transcripts (Csf1r, 
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Cd74, Tmem119, P2ry12, Gpr34, Trem2, Itgam) were reduced by at least 75% with PLX 

in both Sham and SCI group comparisons except for Cx3cr1, which had a low mean 

baseline count in Sham/Veh animals (Figure 3.7C). 

 

 
Figure 3.7 Posttraumatic PLX treatment after SCI alters the injury site transcriptome. A 

NanoString nCounter® Neuroinflammation panel was used to assess transcriptional changes at the 

spinal cord injury site at 6 weeks post-injury. Principal component analysis along the first two 

principal components account for 51% (PC1) and 11% (PC2) of the total variation across samples 

(A). Differential expression analysis was performed on pairwise group comparisons to determine 

differentially expressed genes between groups (B). Gene transcript counts for well-established 

microglial receptor markers demonstrate effective microglial depletion (C).    

 

 

We then compared the overlap of DE gene lists between comparisons SCI/Veh vs. 

Sham/Veh and SCI/PLX vs. SCI/Veh to determine which injury genes were modified by 

PLX treatment. Out of the 384 total injury genes, 218 (57%) were modified by PLX while 

166 (43%) were not modified by PLX (Figure 3.8A). All PLX-Modified injury genes had 
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an attenuation of the magnitude of the original injury effect (i.e., genes that increased by 

injury were decreased by PLX and vice versa) except for just a single gene, Mfge8, which 

further increased in SCI/PLX relative to SCI/Veh (Figure 3.8A). PLX treatment had a 

broad effect on injury genes across multiple biological themes. Consistent with a critical 

role for microglia in neuroinflammation, the top 6 pathways with the greatest proportion 

of injury genes that were PLX-Modified were all related to Immunity and Inflammation: 

Inflammatory Signaling, Innate Immune Response, Microglia Function, NF-κB, Cytokine 

Signaling, and Adaptive Immune Response (Figure 3.8B). PLX treatment reduced gene 

expression levels of several injury-induced chemokines, cytokines, and associated 

receptors (Figure 3.8C). In addition to a reduction in the inflammatory response 

transcriptionally, nearly 50% of injury genes related to the processes of apoptosis (Figure 

3.8D) and autophagy (Figure 3.9A) were modified by PLX and critically impact neuronal 

cell loss after SCI. Importantly, there was decreased gene expression of many caspases 

(Casp1, Casp4, Casp6, Casp7, Casp8) by PLX that are upregulated after injury, although 

not Casp3 (Figure 3.8D). PLX also reduced expression of the pro-apoptotic gene, Bax, 

whose protein product permeabilizes the mitochondria resulting in the release of 

cytochrome c as part of the intrinsic apoptotic pathway; the associated anti- apoptotic gene, 

Bcl2, had increased transcript counts with injury but was not further modified by PLX 

treatment (Figure 3.8D). A significant part of the transcriptional profile associated with 

astrocyte function, growth factor signaling, and matrix remodeling was also modified with 

PLX treatment, which may also contribute to improved repair and recovery (Figure 3.9B-

C). 
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Figure 3.8 Posttraumatic PLX treatment after SCI reduces injury site expression of 

inflammatory- and apoptosis-related genes. Venn diagram (A) demonstrates the separation of 

total injury genes into those modified by PLX (PLX-Modified) or not modified by PLX (PLX-

Unmodified). The percent distribution of total injury genes that are PLX-modified are largely 

related to inflammatory pathway annotations and themes. Heatmaps of genes related to cytokine 

signaling (C) and apoptosis (D) that are differentially expressed by injury and PLX-Unmodified 

(left) or PLX-Modified (right). Heatmap color coding was based on z-score scaling. 
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Figure 3.9 Posttraumatic PLX treatment after SCI modifies genes related to autophagy, 

astrocyte function, growth factor signaling and matrix remodeling. Heatmaps of differentially 

expressed injury genes related to autophagy (A), astrocyte function (B), growth factor signaling 

(C), and matrix remodeling (D) that are PLX-Unmodified (left) or PLX-Modified (right). Heatmap 

color coding was based on z-score scaling. 



68 
 

To further delineate which injury genes are more specific to the microglial 

response, we considered the overlap of total injury genes partitioned by PLX modification 

(Venn diagram in Figure 3.8A) with DE genes in the Sham/PLX vs. Sham/Veh comparison 

(Figure 3.10A) or SCI/PLX vs. Sham/PLX comparison (Figure 3.10B). We took advantage 

of the fact that long-term depletion of microglia with PLX in Sham animals identified over 

100 genes that had decreased expression (Figure 3.7B), indicating their presence in 

microglia at baseline. We then divided PLX-Modified injury genes into two groups, Sets 

A and B, based on their membership in Sham/PLX vs. Sham/Veh (Figure 3.10A). 

Set A contained 96 genes that were most likely expressed in microglia. These genes 

increased with injury and decreased with PLX in both Sham and SCI comparisons (Figure 

3.10C). Genes in Set A had the highest percent reduction by PLX after SCI (median = 79%; 

first quartile = 69%; third quartile = 85%) and the highest fold-change increase with injury 

(median = 1.85; first quartile = 1.33; third quartile = 2.45) (Figure 3.10D-F). A large 

majority of the genes in Set A (54 out of 96) were plasma membrane components 

associated with microglial activation including Toll-like receptors (e.g., Tlr7); 

immunoglobulin and Ig-like receptors (e.g., Lilrb4a); and receptors for complement (e.g., 

C3ar1), lectin (e.g., Clec7a) and cytokines (e.g., Il6ra) (Figure 3.10G). All microglial 

receptor markers identified in Figure 3.7C had increased gene expression with injury, 

though P2yr12 and Tmem119 had log2(FC)<1. There was also injury-induced upregulation 

of some secreted molecules (10 out of 96) expressed at baseline in microglia such as 

Mpeg1, Ctss, Grn, Tgfb1 and complement factors C1qa, C1qb, and C1qc (Figure 3.10G). 

Set B contained PLX-Modified injury genes that were not altered in Sham/PLX vs. 

Sham/Veh. We reasoned that Set B contained two categories of genes: (1) genes expressed 
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in non-microglia cells that are affected secondarily by PLX treatment; (2) a subset of 

microglial genes that are induced specifically after injury and not expressed in microglia 

at baseline. As shown in Figure 3.10F, some Set B genes clustered well with Set A genes, 

exhibiting similar characteristics in terms of injury fold-change and percent PLX reduction. 

These potential injury- specific microglia genes included a greater enrichment of secreted 

molecules (14 out of 30) including chemokines/cytokines (Ccl2, Ccl3, Ccl4, Ccl5, Il1a, 

Igf1, Spp1) and extracellular-matrix modifying factors (Mmp12, Timp1, Serpine1, Apoe) 

(Figure 3.10H). SCI also induced gene expression of certain receptors in microglia, 

including Tlr2 and Itgax (encoding CD11c), that are only minimally expressed at baseline 

(Figure 3.10H). 

In addition to the identification of microglial genes, our analysis also identified 

injury genes that respond independent of microglia. By including the SCI/PLX vs. 

Sham/PLX comparison, we divided injury genes that are not modified by PLX into two 

groups, Sets C and D (Figure 3.10B). Set C included genes (81 upregulated; 4 

downregulated) that were modified with injury in both Veh-treated and PLX-treated mice 

(Figure 3.10C). Linear regression analysis of the injury fold-change in each comparison 

for these genes demonstrated a strong correlation (R=0.91, R2=0.83) with a slope close to 

1, indicating that they are modified by injury to a similar magnitude with or without 

microglia (Figure 3.10I). Within Set C, the top two genes with the greatest increase with 

injury were Serpina3n and C4a, both associated with astrocyte function, while the top two 

genes with the greatest decrease with injury were Ugt8a and Cables1 (Figure 3.10I). 

Finally, we performed a network analysis to investigate the biological relationships 

between genes within our set classification scheme. We used the STRING interaction 
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database to create a map based on known protein-protein interactions (PPI). There were a 

strong number of connections between microglial genes defined in Set A (Figure 3.11A). 

Additionally, there was a high number of connections between our potential injury-specific 

microglia genes in Set B; these included signaling molecules related to 

chemokines/cytokines (Ccl2, Ccl3, Ccl5, Il1a), type 1 interferons (Irf1, Ifnar1), 

inflammasome (Casp1), NFκB (Myd88, Rela/Relb, Nfkb1/Nfkb2) and Toll-like receptor 2 

(Tlr2) (Figure 3.11A, inset, red asterisks). When all injury genes were placed into a single 

PPI network map, the degree of connectivity – defined for a single protein as the number 

of direct protein interactions – was highest for genes in Sets A and B (Figure 3.11B). We 

then created a subnetwork consisting of genes with degree greater than 50 in Sets A and B 

and displayed their relationships in a pathway diagram in Figure 3.11C. Collectively, our 

transcriptional analysis through a combined bioinformatics and biological network 

approach highlights a critical function of microglia in neuroinflammation after SCI. 
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Figure 3.10 Distinct transcriptional components of the inflammatory response are driven by 

microglia after SCI. Venn diagrams (A-B) show the overlap of three different pairwise 

comparisons that are divided into four groups labeled Sets A-D. The number and direction of 

differentially expressed genes within a Set for each PWC is shown in a table (C). Violin plots show 

the distribution of genes in each Set based on either percent decrease with PLX after SCI (D) or 

log2(Fold Change) with SCI/Veh vs. Sham/Veh (E). Median values for each set are marked with a 

dashed line while the first and third quartiles are marked with dotted lines in the violin plots. Plots 

of each gene (colors and shapes denoting Set membership) are shown by log2(Fold Change) in 

SCI/Veh vs. Sham/Veh and percent decrease with PLX in SCI/PLX vs. SCI/Veh (F). Additional 

plots show only a subset of suggested microglial genes in Set A (G) and Set B (H) as well as non-

microglial genes in Set C (I). 
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Figure 3.11 Network analysis identifies inflammatory genes that are expressed in microglia 

specifically after SCI. Protein-protein network interaction (PPI) maps for Sets A, B, C, and D were 

generated individually from the STRING database (A). A dense network of interconnected genes 

related to injury-activated microglia were highlighted (red asterisks) in Set B. The degree of 

connectivity for individual genes within a single total injury PPI map was organized and plotted by 

Set membership (B). A subset of these genes (degree of connectivity > 50 from Sets A and B) is 

illustrated in a pathway diagram based on known protein-protein interactions from the Elsevier 

Pathway Studio database (C).   
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We further validated gene expression changes of microglial receptors and 

biomarkers of neuronal apoptosis and astrocytes via qPCR. As expected, microglial 

receptors including Csf1r, P2ry12, Trem2, and Itgam (encoding CD11b) were significantly 

upregulated following injury and reduced with PLX treatment in both Sham and SCI 

groups (Figure 3.12A). We then determined expression level of genes related to the 

processes of neuronal apoptosis and autophagy including Mfge8, Casp1, 6, 8, Bax, and 

Bcl2. Consistent with our NanoString results, SCI caused a significant increase in all of 

these markers, which were largely reduced by PLX treatment (Figure 3.12B-C). Finally, 

there was significantly decreased expression of the astrocyte marker Gfap with PLX that 

was upregulated after SCI (Figure 3.12D).  

 

 
Figure 3.12 qPCR validation of injury site expression of inflammatory- and apoptosis-related 

genes. Injury site gene expression of microglial (A), apoptosis (B-C), and astrocyte markers were 

assessed by qPCR. 
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SCI alters neuronal gene expression in the cortex and long-term PLX treatment 

modulates both microglial and astrocyte related changes associated with 

neuroinflammation 

 

Our experiments here and previous studies support the phenomenon of SCI-induced 

brain neurodegeneration. However, few studies have examined transcriptional changes in 

the brain after SCI. To address this question and the impact of PLX treatment, we analyzed 

the dissected cortex (motor and somatosensory cortical areas) using the same nCounter® 

Neuroinflammation panel from a subset of animals given long-term, posttraumatic PLX 

treatment (Figure 3.3A). We found that 30 out of a total 44 DE genes in the cortex were 

decreased after SCI (non-adjusted p-value<0.05; Figure 3.13A). Similar to the spinal cord, 

PLX treatment in Sham and SCI animals resulted in largely decreased expression of genes 

(adjusted p-value<0.05; Figure 3.13A). Altered gene expression in the cortex after SCI was 

strongly related to neurons and neurotransmission, apoptosis, and microglia function 

(Figure 3.13B). We found decreased gene expression of several synaptic proteins including 

ionotropic and metabotropic glutamate receptors (i.e., Gria2, encoding an AMPA receptor 

subunit; Grin2a, encoding a NMDA receptor subunit; and Grm2, encoding mGlur2) as 

well as Nlgn1 and Syp, which are related to synaptic organization and synaptic vesicle 

function, respectively (Figure 3.13C). Genes related to apoptosis, DNA damage/cell cycle 

(e.g. Atm, Atr, Prkdc) and growth factor signaling (e.g. Igf1) were primarily decreased in 

the cortex, including the important anti-apoptotic gene, Bcl2 (Figure 3.13C). On the other 

hand, five of the 14 genes that increased in the cortex after SCI were related to microglia 

function (i.e., Chn2, Chst8, Epsti1, Kcnk13, Lrrc25) while two other increased genes were 

associated specifically with pro-apoptotic activity: Il1a, a pleiotropic cytokine gene, and 

Trp53bp2, a gene encoding a p53 interacting protein (Figure 3.13C). Finally, to determine 
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whether PLX treatment reversed any SCI-induced transcriptional changes in the cortex, we 

compared the overlap of DE gene lists in comparisons for SCI/Veh vs. Sham/Veh, 

SCI/PLX vs. SCI/Veh, and Sham/PLX vs. Sham/Veh (Figure 3.13D). While only a few 

injury-induced genes in the cortex were modified by PLX, we identified Il1a and Lrrc25 

as two genes that increased with injury and decreased with PLX treatment, suggesting that 

microglia may be the source of their expression in the cortex after SCI. We also found a 

high proportion of genes (11 out of 17) that were increased specifically in the SCI/PLX vs. 

SCI/Veh comparison (Figure 3.13C). Five of these increased genes are associated with 

astrocyte function - Gbp2, Osmr, Lcn2, Entpd2, and Vim - and all of these genes were in 

fact increased at the injury site as well (Figure 3.9B). Two other genes were increased with 

PLX treatment in both Sham and SCI animals: C4a, found primarily in astrocytes, and 

Slc2a1, which encodes the major glucose transporter, GLUT1, in the blood-brain barrier 

(Figure 3.10C). Compared to the spinal cord (Figure 3.7B), PLX treatment in the cortex 

resulted in a higher number of genes with increased expression in both Sham and SCI 

animals that are likely being expressed in non-microglial cells in response to microglial 

depletion. Overall, these data support a depression of activity related to neuronal and 

synaptic function transcriptionally in the motor and somatosensory cortex after SCI, an 

area directly connected to the injury site, with an associated increase in certain 

transcriptional activity in microglia. PLX treatment reduced injury-induced expression of 

Il1a and Lrrc25, while also increasing the expression of a few astrocyte-related genes. 

 



76 
 

 
Figure 3.13 SCI decreases transcriptional activity in the cortex related to neurotransmission 

while posttraumatic PLX treatment has only limited effect on SCI-induced genes. A 

NanoString nCounter® Neuroinflammation panel was used to assess transcriptional changes in the 

cortex at 6 weeks post-injury. Differential expression analysis by pairwise comparisons revealed a 

significant SCI-induced downregulation of genes in the cortex, especially those related to neurons 

and neurotransmission (A-C).  
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Summary 
 

In summary, we found that microglial depletion using a CSF1R antagonist, 

PLX5622, significantly improved neuroinflammation associated with SCI at the injury site, 

improved neurological functional recovery and reduced brain neurodegeneration and 

inflammation (Figure 3.14). We showed that PLX, whether initiated before or after injury, 

significantly reduced leukocyte infiltration and ROS production in the injured spinal cord 

during the acute stages of injury. Following six weeks of PLX5622 treatment, the 

transcriptomes of the spinal cord and brain were substantially changed, including those 

related to neuroinflammation, apoptosis, and neurotransmission. Histopathological 

changes in the brain and associated neurobehavioral outcomes related to cognition and 

depression were markedly improved with PLX treatment after SCI. These findings strongly 

implicate a role for chronic neurotoxic microglial activation in the pathophysiology of SCI-

mediated neurotoxic brain inflammation and related neurological impairments. 

 

 
Figure 3.14 Results summary schematic.   

 



78 
 

Chapter 4 

 

SCI alters microRNA and CD81+ exosome levels in plasma 

extracellular nanoparticles with neuroinflammatory potential3 
 

Introduction 
 

In addition to motor and sensory deficits, spinal cord injury (SCI) causes systemic 

organ changes that increase subsequent morbidity and mortality44,197–199. Experimental SCI 

also induces chronic neuroinflammation and neurodegeneration in brain regions linked to 

memory, emotions, and pain regulation that are far beyond the injury site7–10,200. Blood-

borne factors play an important role in SCI pathology and contribute to its systemic effects. 

Whereas plasma cytokine and hormone changes have been elucidated after SCI201–203, an 

emerging mechanism that may contribute to changes distant from the lesion site involves 

circulating extracellular vesicles (EVs).  

Recent studies have started to address the role of circulating EVs in long-distance 

signaling between organ systems, including bidirectional crosstalk between the central 

nervous system (CNS) and periphery147,162,164. In experimental models of CNS 

inflammation and injury, EVs have been implicated in the transfer of inflammatory cargo 

such as cytokines and microRNAs (miRs) that may contribute to the spread of 

inflammation at a distance142,147,156. While it is known that local and systemic inflammation 

has a major impact on SCI progression and outcomes204, the role of EVs in the pathobiology 

of SCI has not been well examined. 

                                                           

3 
Khan N, Cao T, He J, Ritzel RM, Li Y, Henry RJ, Colson C, Stoica BA, Faden AI*, Wu J*. 

Spinal cord injury alters microRNA and CD81+ exosome levels in plasma extracellular 

nanoparticles with neuroinflammatory potential. Brain Behav Immun. 2021; 92:165-183. 

doi:10.1016/j.bbi.2020.12.007. 



79 
 

 In the present study, we evaluated changes in plasma EVs at multiple timepoints 

after mouse SCI. To overcome methodological challenges associated with EV research as 

detailed in Chapter 1, multiple techniques were used in parallel to count, size, and 

phenotype EVs, including ExoView®, a novel detection platform based on SP-IRIS139. 

Finally, we assessed the neuroinflammatory potential of SCI plasma EVs through 

molecular and functional assays.    

Methods 

 
Refer to Chapter 2 for full detailed methods. Mouse strains and SCI model are 

described in Chapters 2.1 and 2.2, respectively. Blood was collected and processed to 

plasma (Chapter 2.17) for EV isolation via an ultracentrifugation protocol (Chapter 2.18). 

EVs were also isolated directly from spinal cord tissue at the injury site (Chapter 2.19). 

EVs were analyzed by Nanoparticle Tracking Analysis (Chapter 2.20), Western blot 

(Chapter 2.21), ExoView® (Chapter 2.22), and/or flow cytometry (Chapter 2.23). EV miR 

content was evaluated by a Fireplex® assay (Chapter 2.24). The injury site was also 

assessed for markers of EV biogenesis by flow cytometry (Chapter 2.3) and Western blot 

(Chapter 2.21). To examine the functional effects of plasma EVs after SCI, isolated EVs 

were injected intracerebroventricularly (Chapter 2.25) and the surrounding cortical tissue 

was examined by qPCR (Chapter 2.4). Statistical analysis is described in Chapter 2.26.      
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Results 
 

To assess changes in plasma EVs after SCI, blood was collected from an initial 

cohort of injured animals at 1d, 3d, 7d, and 14d post-injury. To avoid batch effects related 

to EV storage, SCI animals had matched naive controls at each timepoint for comparison. 

As illustrated schematically in Figure 4.1, EVs were analyzed from separate platelet free 

plasma (PFP) aliquots of this cohort after ultracentrifugation (UC) isolation or directly 

from PFP by multiple methods including NTA, Western blot, SP-IRIS, and FC. 

 

 
Figure 4.1 Characterization of plasma EVs by multiple methods in this study. Schematic 

diagram of experimental design for plasma EV characterization after SCI. Blood was collected 

from mice by cardiac puncture at various timepoints after SCI and immediately processed to 

generate PFP aliquots that were stored at -80°C (top). Prior to analysis, PFP was rapidly thawed in 

a water bath at 37°C, and EVs were analyzed after UC isolation or directly from PFP by various 

techniques (middle). NTA and Western blot for tetraspanin proteins (i.e. CD81) were performed on 

UC-isolated EVs, while FC and SP-IRIS were used to detect tetraspanin-positive EVs directly from 

PFP (bottom). 
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Multispectral illumination improves small EV detection with NTA 

 

We isolated a “total plasma EV” pellet by UC of diluted PFP at 100,000g, which 

was assessed by nanoparticle tracking analysis (NTA) for particle count and size 

distribution with ViewSizer® 3000. Unlike conventional, single-laser NTA, ViewSizer® 

is designed to illuminate samples with three controllable lasers simultaneously, which 

allows for more accurate counting and sizing of polydisperse samples205. We confirmed 

that ViewSizer® could resolve multiple peaks in a complex, bead mixture consisting of six 

silica beads and two fluorescent polystyrene beads ranging in size from 100 nm to 1300 

nm (Figure 4.2A-C). The illumination of nanoparticles within a sample by NTA is 

dependent on the laser wavelength used for detection based on Mie and Rayleigh scattering 

approximation, which states that scattering intensity is inversely related to the fourth power 

of the wavelength205,206. Thus, a shift to lower wavelength light can dramatically improve 

scattering detection. We were able to illustrate this principle clearly with ViewSizer® using 

a single laser at a time to analyze the same sample of total plasma EVs. A blue (445nm) 

laser was essential to visualize the majority of small particles within the sample, which 

were not well detected when using the green (520nm) or red (635nm) laser alone (Figure 

4.3A). This technical limitation led to an underestimation of the particle count and a right-

shift in the size distribution without the blue laser (Figure 4.3B). Compared to the 

NanoSight LM10, a conventional NTA instrument fitted with a single red (642nm) laser, 

the particle size distribution of total plasma EVs was similar to ViewSizer® when using 

the red laser alone, indicating this phenomenon was not an instrument-specific effect 

(Figure 4.3C). 
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Figure 4.2 ViewSizer® 3000 can resolve multiple peaks within a complex, polydisperse 

sample. A commercially available bead mixture (ApogeeMix) consisting of six different sized 

silica beads (non-fluorescent) and two fluorescent polystyrene beads, containing FITC-equivalent 

fluorophores, was evaluated by flow cytometry with the Cytek® Aurora (A) and by NTA with the 

ViewSizer® 3000 (B-C). NTA particle size distributions (left) and accompanying video screenshot 

(right) of ApogeeMix is shown using scatter (non-fluorescent) based detection with all three lasers 

on ViewSizer® (B) as well as using only the blue laser (445 nm) with a long pass 450 nm filter on 

ViewSizer® (C). For the latter, only the two fluorescent polystyrene beads are detected out of the 

eight bead populations.  
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Figure 4.3 Multispectral illumination with ViewSizer® 3000 improves detection of plasma 

EVs compared to conventional, single-laser NTA. NTA capability with ViewSizer® 3000 was 

evaluated on total plasma EVs isolated by UC at 100,000g. Video screenshots of the same sample 

illuminated by a single laser at a time show that many small particles within the sample are not 

detectable by NTA without the use of the blue laser (A). Particle size distribution (top) and 

cumulative frequency percent distribution (middle) with ViewSizer® on the same sample are 

shown using either one laser at a time or all lasers together for analysis (B) and in comparison to a 

different NTA instrument – a NanoSight LM10 fitted with a red 642 nm laser (C).  
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SCI results in decreased plasma EV count by NTA but increased CD81 expression 

 

With the appropriate NTA settings established, we found a robust decrease in total 

plasma EV count at 1d post-SCI, whereas there was no statistically significant difference 

at 3d, 7d or 14d (Figure 4.4A). Particle counts were integrated from 50nm-2000nm in size, 

which covers the size range detectable by NTA207. The overall particle size distribution 

(PSD) profile was similar between naive and SCI animals at all time points assessed with 

the majority (>90%) of particles below 300nm in size and a median size of ~100nm (Figure 

4.4B). The peak of the PSD was broad and extended down to the lower limit of detection 

(LOD) at 50nm. We also isolated EVs by a two-step, sequential UC protocol to 

differentiate “large EVs” (lEVs; pelleting at 10,000g) from “small EVs” (sEVs; pelleting 

at 100,000g) as commonly described in the literature187. Similar to one-step UC, there was 

a significant decrease in particle count in both the lEV and sEV pellet at 1d post-SCI 

(Figure 4.4C-D). Interestingly, NTA of diluted PFP revealed an overall decrease in plasma 

extracellular nanoparticle (ENP) count at 1d post-SCI and similar PSD profiles between 

groups (Figure 4.4E). Multiple independent cohorts supported this consistent drop in UC-

isolated plasma EV (Figure 4.5A-B) and overall plasma ENP count (Figure 4.5C) at 1d 

post-SCI.  
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Figure 4.4 NTA reveals an acute decrease in UC-isolated plasma EVs after SCI. NTA particle 

concentration (A) and particle size distribution (B) are shown for total plasma EVs isolated by UC 

at 100,000g directly from multiple timepoints after SCI. Particle concentration is also shown for 

plasma EVs by two-step UC for large (C) and small EVs (D). Additionally, particle concentration 

and particle size distribution are shown for total plasma ENPs at 1d post-SCI (E).  
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As EV isolation procedures can also contain non-EV components detectable by 

NTA, we then analyzed total plasma EV pellets by Western blot (WB) for tetraspanin 

proteins that are specifically present in EVs. If EVs were decreased at 1d post-injury, as 

our NTA results suggested, we expected to find an associated decrease in EV protein 

markers. Instead, we found a striking increase in CD81 expression at 1d, 3d and 7d post-

injury by equal volume loading (Figure 4.6A-B, Figure 4.5D). We estimated the amount 

of CD81 per plasma EV by taking the ratio of the WB densitometry and NTA count 

measured independently from the same samples (NTA data shown in Figure 4.4A), and 

this ratio was markedly increased at 1d and 3d post-injury (Figure 4.6C). CD81 was present 

in sEVs predominantly compared to lEVs, and its quantification by WB was not affected 

by either one-step or two-step UC (Figure 4.5E-G).   
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Figure 4.5 Additional data supporting SCI-induced decrease in plasma particle counts and 

increase in CD81 expression with UC-isolated plasma EVs. NTA particle concentrations are 

shown for plasma EVs isolated by two-step UC in two additional, independent experiments (A-B) 

as well as for whole plasma at 1d post-SCI (C). Western blot images (D) for detection of CD81 in 

total plasma EVs is also shown from the same cohort of animals as in (A). Due to technical 

challenges, the first naive animal on the far left of the top image was excluded from quantification; 

all other samples were quantified by densitometry and included within Figure 4.5B in the main text. 

The bottom image is from the same group but did not have sufficient CD81 detection in certain 

lanes for reliable quantification. Schematic diagram (E) illustrates comparison of a one-step or two-

step UC protocol from a pooled plasma sample with measurement of EV and non-EV markers by 

Western blot (F-G).   
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Figure 4.6 CD81 expression in total plasma EVs is increased after SCI. Western blot (A) was 

performed on total plasma EVs for the EV marker, CD81, with quantification (B). The ratio of the 

CD81 densitometry to particle count (by NTA) measured from the same samples is also shown (C).  
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Previous reports suggest that lipoproteins are the predominant ENP in plasma and 

may outnumber EVs with commonly used isolation methods, including UC207,208. ApoB-

carrying lipoproteins -- especially chylomicron and very low density lipoproteins (VLDL) 

-- can overlap in the size range with EVs, while other contaminants may be present in the 

EV sample but are below the theoretical LOD for NTA and would not be significantly 

quantified including low-density lipoproteins (LDL), intermediate-density lipoproteins 

(IDL), high-density lipoproteins (HDL), and albumin209. With our UC protocol, we found 

expression of ApoB100/ApoB48 (chylomicron/VLDL/IDL/LDL markers), ApoA1 (HDL 

marker), and albumin in the total plasma EV pellet as well as the lEV pellet and sEV pellet 

(Figure 4.5E-G). ApoB expression is directly related to ApoB+ lipoprotein count as there 

is only one copy of ApoB per particle210. Considering the parallel decrease in overall 

plasma ENP and UC-isolated EV counts at 1d post-injury, we examined expression levels 

of ApoB in PFP as well as the lEV and sEV pellets. Surprisingly, we found elevated ApoB 

in plasma of SCI animals at 1d-post injury (Figure 4.7A-B), and this relative difference 

was even greater in both the lEV and sEV pellets (Figure 4.7C-F).     
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Figure 4.7 ApoB expression is increased in whole plasma and in UC-isolated plasma EVs at 

1d post-SCI. Western blot (A) was performed for lipoprotein (ApoB, ApoA1) and albumin from 

plasma with quantification (B) at 1d post-SCI. ApoB expression was also quantified in large (C-

D) and small plasma EV isolates (E-F).   
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Interferometric imaging with ExoView® reveals an abundance of tetraspanin 

proteins in small plasma EVs 

 

Our results in Figures 4.4-4.6 show an intriguing reduction in the overall particle 

count by NTA with an increase in CD81 content in total plasma EVs at 1d post-injury. 

Considering the heterogeneity of EV subtypes and their marker expression, this increase in 

CD81 relative to the particle count could potentially reflect an increase in the number of 

CD81+ EVs and/or an increase in the amount of CD81 per EV. To address this issue 

without concern for measuring non-EV contaminants, we used a new interferometric 

imaging platform, ExoView®, to count, size and phenotype single EVs in a multiplex 

manner. This technology is based on the single particle interferometric reflectance imaging 

sensor (SP-IRIS) technique, which has previously been used to detect viruses and EVs 

down to 50nm in size139,211. Diluted PFP was incubated overnight on a silicon chip 

containing unique antibody capture spots for tetraspanin proteins CD9, CD63 and CD81 

(Figure 4.8A). Captured EVs were then stained with fluorescent antibodies against these 

three tetraspanins, and spot images were acquired in both label-free interferometry (IFM) 

and fluorescence (FL) modes (Figure 4.8A). We were able to capture EVs bearing CD9 

and CD81, but not CD63. The size distribution profile of CD9+ and CD81+ EVs peaked 

sharply at the limit of detection for IFM around 50 nm in size (Figure 4.8B-C). The addition 

of fluorescent-based detection was critical for accurate quantification as we found that a 

large majority of EVs (>90%) were undetected by IFM, indicating that the peak distribution 

is actually below 50 nm in size (Figure 4.8D-E). We found that CD9 and CD81 were 

colocalized on a significant number of EVs, whereas CD63 did not reliably colocalize with 

either of these tetraspanin markers (Figure 4.8F-H). More than 50% of CD9 captured EVs 
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also expressed CD81, while less than 25% of CD81 captured EVs expressed CD9 (Figure 

4.8H).  

 

 
Figure 4.8 Detection of tetraspanin proteins in plasma EVs captured on a chip with 

ExoView®. Schematic diagram illustrates the protocol for tetraspanin-positive plasma EV detection 

via SP-IRIS (A). Representative images of the label-free interferometry detection (B) and size 

distribution profile (C) of plasma EVs are shown. Addition of fluorescence-based detection 

highlights a large quantity of EVs below the interferometry detection limit of 50 nm (D-E). 

Fluorescent intensity and colocalization are also quantifiable with ExoView® (F-H).   
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FC has been the predominant antibody-based, single EV analysis method to date, 

but this technique is limited to medium/large EVs since small EVs evade event detection 

by most cytometers due to their low scattering signal136,212. Using the Cytek® Aurora, a 

high-resolution cytometer with detection capabilities down to 100 nm polystyrene beads 

(Figure 4.2A), we were unable to detect CD63+ or CD81+ EVs in mouse plasma (Figure 

4.9A-D). We did detect some CD9+ EVs, but most of the events were below the scatter 

triggering threshold and did not clearly separate from background fluorescent antibody 

signal (Figure 4.9A-D). Thus, SP-IRIS with ExoView® represents a more sensitive 

antibody-based EV detection method that can quantify a highly abundant population of 

EVs below 50 nm in size, which may not be sufficiently resolved by current FC or NTA 

technology. 
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Figure 4.9 Flow cytometry-based detection of tetraspanin-positive EVs is limited due to poor 

scatter signal and fluorescence separation from background. PFP was incubated separately 

with either anti-CD9-AF647, anti-CD63-AF647, or anti-CD81-AF647 to detect EVs by FC with 

the Cytek® Aurora. Representative dot plots show the increased detection of plasma EVs with a 

fluorescence (FL) triggering approach rather than side scatter (SSC) triggering (A-B), especially of 

EVs below 220nm (C). Despite this improvement, CD63+ and CD81+ EVs were not detected 

reliably above background (D). Therefore, only CD9+ EVs were quantified at 1d, 3d, and 7d post-

injury by FC (E).    
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ExoView® confirms increased plasma CD81+ EV count and cargo after SCI 

 

To compare changes in tetraspanin-positive plasma EVs after SCI, we analyzed 

aliquots of PFP with ExoView® from the cohort of animals previously analyzed by NTA 

and WB. We found a statistically significant increase in the number of CD81 captured EVs 

at 1d post-injury, with a non-significant trend at other timepoints (Figure 4.10A-B), 

supporting our prior WB results (Figure 4.6). We did not observe any differences in the 

overall count on the CD9 capture spot at any timepoint (Figure 4.10A), which was further 

supported by FC quantification of CD9+ EVs (Figure 4.9E). There was no remarkable 

difference in EV size or colocalization distribution with injury at any timepoint (data not 

shown). Since CD81 colocalized significantly with CD9 captured EVs (Figure 4.8H), we 

analyzed the fluorescent intensity distribution of CD81 on the CD9 capture spot as a 

measure of CD81 cargo per EV. There was a statistically significant increase in the median 

value at 1d post-injury, with a non-significant increase at 7d (Figure 4.10C). Collectively, 

our data using both isolation-based and purification-free strategies for EV analysis strongly 

support the conclusion that CD81+ EV count and cargo are increased in plasma at 1d post-

SCI and may remain elevated longer. 
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Figure 4.10 ExoView® demonstrates an acute increase in CD81+ EV count and cargo in 

plasma after SCI. Total EVs captured directly from plasma on the anti-CD81 (left) and anti-CD9 

(right) were quantified at multiple timepoints after SCI (A). Representative low (left) and high 

(right) magnification images of the anti-CD81 capture spot show increased CD81+ EV count 1d 

post-SCI relative to naive (B). Additionally, plots of the first quartile, median, and third quartile of 

CD81 fluorescent intensity distribution on the anti-CD9 capture spot at 1d (left) and 7d (right) post-

SCI are shown (C). 
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SCI alters expression of EV proteins at the injury site while modifying surface 

tetraspanin levels in a cell-specific manner 

 

We hypothesized that alterations in plasma EV count and cargo was due in part to 

direct release of EVs from cells at the injury site. To address this question, we first analyzed 

whole tissue lysates surrounding the injury site by WB for proteins related to EV 

biogenesis. Although we did not observe a change in CD81 expression, other EV-related 

proteins such as TSG101, LAMP-1 and Flotillin-1 were increased at either 1d or 3d post-

injury (Figure 4.11A-D). We confirmed the presence of these proteins in EVs isolated from 

spinal cord tissue using a protocol recently described for human brain188 (Figure 4.12A). 

Tissue was treated with type III collagenase in solution to release EVs from the 

extracellular spaces, followed by sequential centrifugation up to 10,000g to remove cells 

and large debris. The remaining supernatant was overlaid onto a triple sucrose cushion for 

density-gradient ultracentrifugation. At the end of the spin, separate fractions (F1, F2, F3) 

were collected and diluted in PBS to generate final pellets by ultracentrifugation at 

100,000g. NTA demonstrated the presence of particles consistent with an EV size 

distribution in all three fractions (Figure 4.12B). But, EV-marker proteins were found to 

equilibrate almost uniquely in F2 (0.6M sucrose) at a buoyant density (~1.07-1.08g/mL) 

similar to tissue EVs derived from human188, macaque213, and mouse214 brain (Figure 

4.12C). For higher throughput, we used the same procedure without the sucrose gradient 

step to compare EV-marker expression by WB in tissue EVs after SCI and observed a 

striking increase in LAMP-1 at 7d and 14d post-injury (Figure 4.11E-F). 
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Figure 4.11 EV biogenesis-related proteins are increased at the injury site and found in EVs 

isolated directly from spinal cord tissue. Western blot of total tissue homogenates surrounding 

the injury site was performed for proteins related to EV biogenesis at 1d (A-B) and 3d (C-D) post-

SCI with quantification. Western blot was also performed for detection of proteins in EVs isolated 

directly from spinal cord tissue at multiple timepoints after SCI with quantification (E-F). 
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Figure 4.12 Characterization of spinal cord tissue EVs after sucrose density gradient 

ultracentrifugation. Schematic diagram of EV isolation directly from spinal cord tissue using a 

modified sucrose gradient ultracentrifugation protocol 188. Three different fractions (F1, F2, F3) 

were collected after the density gradient spin and then centrifuged at 100,000g to generate final 

pellets for analysis (A). Size distribution profile of particles in F1, F2, and F3 are shown by NTA 

(B) as well as Western blot detection of EV proteins (LAMP-1, TSG101, CD81) and cellular 

markers (endoplasmic reticulum: calnexin) in these fractions (C).  

 

 

To gain more insight into which cells at the injury site may serve as a source of 

altered plasma EVs after SCI, we analyzed the surface expression of tetraspanin proteins 

(i.e. CD9, CD63, CD81) on cells isolated from the injured area by flow cytometry (Figure 

4.13A). Surface expression of both CD9 and CD63, as measured by mean fluorescent 

intensity (MFI), increased at 1d post-injury on astrocytes, neurons, and microglia (Figure 

4.13B-D). In direct contrast, changes in surface CD81 expression were cell type dependent. 

CD81 was unchanged in neurons but increased in microglia and decreased in astrocytes at 

1d post-injury (Figure 4.13B-D). This mix of upregulation and downregulation of CD81 in 

different cell types may explain why we did not observe a change in whole tissue CD81 at 

the injury site by WB at the same timepoint (Figure 4.11A-B). Astrocyte CD81 and 
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microglia CD63 showed the most marked population shifts among the cell types and 

tetraspanins analyzed (Figure 4.13B, D, E, G). The mean percent of CD81+ astrocytes 

decreased from 95% to 68% while the mean percent of CD63+ microglia increased from 

13% to 67% with injury (Figure 4.13H). Within neurons, we observed two distinct 

populations of cells based on high or low expression of CD200 (Figure 4.13F), a membrane 

glycoprotein that inhibits microglial activation through ligand-receptor signaling215. While 

CD63 and CD9 increased with SCI in both neuronal populations, there was a statistically 

significant higher expression of CD63 (and non-significant increase for CD9) in the 

CD200lo relative to the CD200hi (Figure 4.11I), suggesting a correlation with loss of 

inflammatory inhibition and tetraspanin expression. Together, these data demonstrate 

multifaceted changes in cell surface tetraspanins after injury that may be associated with 

inflammatory activation/signaling and EV release.    
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Figure 4.13 Surface CD81 expression decreases on astrocytes at the injury site while CD9 and 

CD63 increases in multiple CNS cell types. Surface tetraspanin levels were measured by flow 

cytometry on gated cell populations at 1d post-SCI (A). Mean fluorescent intensity (MFI) 

quantification (left) of tetraspanin proteins is shown for astrocytes (B), neurons (C), and microglia 

(D) with representative histograms (right). Representative contour maps of tetraspanin expression 

in astrocytes (E), neurons (F), and microglia (G) are also shown. Additionally, the percentage of 

cells in each subtype positive for the various tetraspanins was quantified (H). Neuronal populations 

were further subdivided by CD200 expression and MFI for CD9 and CD63 are shown (I).    

 

 

 

 

 

 



102 
 

UC-isolated plasma EVs after SCI have altered miR content and can promote 

inflammatory changes in the brain 

 

MicroRNAs (miRs) can be transported in circulation by EVs216 -- as well as by 

other plasma ENPs including lipoproteins217 and ribonucleoprotein complexes218 -- and 

exert powerful transcriptional regulatory effects when delivered to recipient cells. Based 

on our EV characterization data, we chose the 1d and 3d timepoints for cargo analysis via 

Abcam’s miR Fireplex® assay. Total plasma EVs were isolated by UC at 100,000g for 

analysis. We selected a focused Neurology panel that assayed miRs with published 

evidence for association in plasma/serum with neurological disease. Partial least squares 

discriminant analysis (PLSDA) of miR data showed a separation of naive, 1d SCI and 3d 

SCI animals along the first two principal component axes (Figure 4.14A). The first 

principal component (PC1) effectively separated naive and 1d SCI animals, indicating the 

greatest variation in the data was between these two groups (Figure 4.14A-B). In 

accordance, we found more differentially expressed (DE) miRs at 1d post-injury (Figure 

4.14C). Out of the 65 miRs tested, 18 miRs were increased and five miRs were decreased 

in EVs at this timepoint relative to naive controls (Figure 4.14C-E). Only six miRs were 

DE at 3d post-injury relative to naive controls, and five of them were already altered at 1d 

post-injury with similar magnitude and direction of change including miR-93-5p, miR-

486-5p, miR-21-5p, miR-29b-3p, and miR-206 (Figure 4.14C-E).  
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Figure 4.14 Neurology-related miRs are altered in UC-isolated total plasma EVs acutely after 

SCI. The Fireplex® Neurology miR assay was used to assess changes in 65 miRs in total plasma 

EVs isolated by UC at 100,000g at 1d and 3d post-injury. Partial least squares discriminant analysis 

(PLSDA) of miR data separated individual animals in each group based on the first two principal 

component axes (A). PLSDA loading scores highlight miRs with the greatest influence (absolute 

value > 0.1) in separating animals along PC1 (B). Pie charts (top) show the number of differentially 

expressed miRs at 1d and 3d post-injury relative to naive control animals; table (bottom) displays 

these DE miRs, their linear fold change based on mean fluorescent intensity (MFI) of assay data 

and adjusted (adj.) p-value of significance (C). Box plots of individual fluorescent intensity assay 

data for miRs that are DE relative to naive controls at 1d or 3d post-SCI are shown (D) as well as 

a heatmap of these miRs in individual samples with hierarchical clustering (E). Heatmap color is 

based on z-score scaling of miR data across samples. 
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Interestingly, a number of miR changes reflected alterations in astrocyte EV cargo 

after pro-inflammatory stimulation in vitro with either TNFα or IL-1β149 including 

upregulation of miR-145-5p, miR-214-3p, miR-24-3p, miR-206, and miR-34c-5p and 

downregulation of miR-451a, miR-21-5p, and miR-29b-3p. Astrocyte EVs carried in the 

blood have been shown to stimulate acute cytokine and chemokine gene responses in the 

liver, lung and spleen in response to central nervous system inflammation147. Whether 

remote inflammation in the brain after SCI may be mediated in a similar fashion through 

circulating EVs has not been previously examined. As a first step in addressing this 

question, we performed an intracerebroventricular (ICV) injection of UC-isolated total 

plasma EVs from either naive or SCI mice and collected the ipsilateral cortex for molecular 

analysis. Consistent with the extent of differential miR changes, we found that plasma EVs 

from 1d SCI mice (Figure 4.15A), but not 3d SCI mice (Figure 4.15B), were able to induce 

a robust inflammatory gene response in the cortex compared to plasma EVs from naive 

mice. Both pro-inflammatory (Tnf, Nos2, Il1a, Il1b, Nlrp3) and anti-inflammatory gene 

(Arg1, Chil3, Tgfb1) mRNA increased with SCI plasma EVs (Figure 4.15A). To determine 

which glial cell types may generate inflammatory cytokines in response to plasma EVs, we 

performed flow cytometry analysis of the ipsilateral hemisphere in a separate ICV injection 

cohort (Figure 4.15C). We found significant changes in astrocyte intracellular cytokine 

levels with SCI plasma EVs, including increased IL-1β and IL-1α and decreased IL-6 

(Figure 4.15D), whereas the same cytokines were not affected in microglia (Figure 4.15E). 

Furthermore, mRNA expression of multiple reactive astrocyte genes (Gfap, Lcn2, Cd14) 

increased in the cortex with SCI plasma EVs (Figure 4.15F). Overall, these data suggest 

that acute alterations in plasma EVs after SCI have the potential to trigger an inflammatory 
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response in remote regions targeted through the circulation and that astrocytes may play an 

important role in both the source and response to circulating EVs after injury. 

 

 

 
Figure 4.15 Intracerebroventricular injection of UC-isolated total plasma EVs from SCI 

animals promotes inflammation in the brain. Total plasma EVs were isolated at 100,000g from 

injured mice and injected ICV into control, naive mice. qPCR data shows relative expression of 

pro-inflammatory and anti-inflammatory genes in the cortex after injection of plasma EVs from 

either 1d (A) or 3d (B) post-SCI mice. In a separate experiment, glial cells from brain tissue were 

analyzed by flow cytometry after injection of EVs from 1d SCI mice (C). Cytokine levels were 

measured in both astrocytes (D) and microglia (E). Genes for reactive astrocyte markers were also 

assessed via qPCR (F).  
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Summary 
 

In summary, our results here describe dynamic and multifaceted changes in plasma 

EVs after thoracic contusion SCI in adult male mice (Figure 4.16). Using a combination of 

techniques to measure EV count, size, and cargo, we reported a significant increase in 

plasma tetraspanin CD81+ EVs after SCI in conjunction with an overall reduction in total 

plasma EV count. At the injury site, there was a robust decrease in CD81 surface expression 

on astrocytes specifically, suggesting these cells may shed CD81+ EVs into circulation. 

Furthermore, SCI modified CNS-related miRNA content in the total plasma EV 

population, where changes in miRNA profiles were like those previously described in 

astrocyte EVs after IL-1β or TNFα stimulation in vitro. 

Furthermore, the possibility that circulating EVs after SCI could promote 

inflammation in recipient target organs – specifically the brain – was assessed by ICV 

injection of plasma EVs from either 1d SCI or control (uninjured) mice into healthy mice. 

At 24 hours post-injection, increased expression of several key inflammatory genes, 

including markers related to astrocyte reactivity, was observed. Furthermore, flow 

cytometry analysis demonstrated increased intracellular IL-1β and IL-1α levels in brain 

astrocytes with this same paradigm. These data, in conjunction with prior studies using 

neuroinflammation models, suggest a critical role for astrocytes in both the production of 

and response to plasma EVs after acute SCI. 
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Figure 4.16 Results summary schematic.   
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Chapter 5 

 

Evaluation of the impact of age and aging on extracellular 

vesicle responses after spinal cord injury 
 

Introduction 
 

In the previous chapter, we evaluated changes in plasma EVs after SCI in young 

adult, male mice up to 2 weeks post-injury. Plasma EVs at 1d post-SCI had a significantly 

altered miR profile and produced a neuroinflammatory response when injected into the 

brain. Here, we extend these observations in studies examining more chronic time points 

after injury in both male and female animals, as well as aged mice. As SCI causes persistent 

neuroinflammation and neurodegeneration in the brain, we hypothesized that alterations in 

EV-mediated signaling may contribute to the process. To address this hypothesis, we 

evaluated the transcriptional profile of brain subregions and their EV miR content at 19 

months post-injury. We also measured plasma EV parameters in young adult and aged 

mice.        
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Methods 

 
Refer to Chapter 2 for full detailed methods. Mouse strains and SCI model are 

described in Chapters 2.1 and 2.2, respectively. Blood was collected and processed to 

plasma (Chapter 2.17) for EV isolation via an ultracentrifugation protocol (Chapter 2.18). 

EVs were analyzed by Nanoparticle Tracking Analysis (Chapter 2.20) and Western blot 

(Chapter 2.21). To examine the functional effects of plasma EVs after SCI, isolated EVs 

were injected intracerebroventricularly (Chapter 2.25) and the ipsilateral brain hemisphere 

was analyzed by flow cytometry. EV miR content was evaluated by a Fireplex® assay 

(Chapter 2.24). EVs were also isolated directly from spinal cord tissue at the injury site, 

brain cortex and hippocampus (Chapter 2.19). NanoString gene expression panels were 

also performed on cortex and hippocampus samples (Chapter 2.16). Statistical analysis is 

described in Chapter 2.26.     
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Results 
 

Age may exacerbate the plasma EV response after SCI 

 

In our first study, we assessed changes in plasma EV particle count and size by 

NTA in young adult and aged mice at a later time point after injury (2 months) than our 

previous work. We found that aged animals at baseline had lower particle counts, smaller 

modal particle size and a higher coefficient of variation (Figure 5.1A-D). Injury did not 

significantly alter these parameters in either group. We then analyzed the plasma EV 

isolates by Western blot for expression of EV (CD63, CD81) and non-EV (ApoB100) 

markers. Injury in aged animals specifically increased CD63 and ApoB100 expression 

(Figure 5.2A-C). CD81 was also highly expressed in some isolates from aged SCI animals 

but was not quantifiable due to lack of expression in other samples.  

 

 
Figure 5.1 NTA shows baseline but not injury-related differences in plasma EVs between 

young and aged mice. Particle concentration (A), mean particle size (B), mode particle size (C), 

and coefficient of variation (D) are shown for total plasma EVs isolated at 100,000g.   
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Figure 5.2 Elevated EV and lipoprotein marker expression in aged animals two months after 

injury. Western blot (A) was performed on total plasma EVs for EV markers, CD63 and CD81, 

and lipoprotein marker, ApoB100 with quantification (B-C). CD81 could not be quantified due to 

low expression in most samples except for those in the aged, injury group.   
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Given these findings, we sought to determine whether plasma EVs from aged, 

injured mice at this time after injury had the potential to generate an inflammatory response 

in the brain. We performed an intracerebroventricular (ICV) injection of plasma EVs 

isolated from the four different groups into a cohort of young naive mice and analyzed 

cytokine expression and reactive oxygen species production (ROS) in brain microglia by 

flow cytometry. None of the measured cytokines (TNFα, IL-1b, IL-1a, IL-12-IL-23p40) or 

ROS were significantly different between naive EVs and SCI EVs at 24h post-injection, 

irrespective of age group (Figure 5.3).  

 

 
Figure 5.3 ICV injection of plasma EVs from 2 month injured animals. Cytokine 

expression (A) and ROS production (B) were analyzed by flow cytometry in microglia 

after ICV injection of plasma EVs. Mean fluorescent intensity (MFI) data is shown. 
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Alterations in EV-associated miRs after acute SCI is largely age-independent 

 

In our next study, we focused on acute changes in EV cargo in young and aged 

animals. EVs were isolated from both the plasma and spinal cord injury site at 1d post-SCI 

to compare the overall miR profile using a CNS-enriched Fireplex® assay. Of the 65 miRs 

tested, three miRs in the plasma and two miRs in the spinal cord had a statistically 

significant interaction between the effects of age and injury (Figure 5.4A). All three plasma 

miRs (miR-206, miR-145-5p, miR-23a-3p) increased with injury, but the response was 

attenuated in aged animals (Figure 5.4B). In the spinal cord, let-7d-5p levels increased and 

mir-103a-3p levels decreased in aged SCI mice relative to young SCI mice, following post-

hoc Tukey’s test (Figure 5.4B). Main effects analysis revealed 12 miRs (9 up, 3 down) in 

plasma EVs and 18 miRs (10 up, 8 down) in spinal cord EVs that were differentially 

expressed (DE) with injury (Figure 5.4C-D). Age also modified EV expression of 6 miRs 

(2 up, 4 down) in plasma and 11 miRs (7 up, 4 down) in spinal cord (Figure 5.4C, E). 

Corroborating prior reports, age-modified miRs were mainly associated with inflammatory 

activation (“inflammaging”), including increases in miR-146a-5p and miR-155-5p, and 

decreases in miR-214-3p, miR-93-5p, and miR-20a-5p219–222.    

The most highly upregulated miRs in spinal cord EVs with injury were miR-451a 

and miR-486-5p, two red blood cell markers223, likely representing early hemorrhaging 

into the cord. Furthermore, miR-486-5p may also contribute to oxidative stress after SCI 

by downregulating expression of NeuroD6, a scavenger for ROS224–226. Comparing the list 

of DE miRs in plasma EVs and spinal cord EVs, miR-15b-5p increased whereas miR-150-

5p decreased in both samples of EVs with injury (Figure 5.5A). These miRs directly target 

transcripts for anti-apoptotic and pro-apoptotic proteins, Bcl2 and Bax, respectively225,227–
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229. Additional apoptosis-related miRs were also DE in either plasma (miR-15b-5p) or 

spinal cord EVs (miR-16-5p, miR-128-3p, miR-21-5p, miR-93-5p) specifically230–234. 

Strikingly, there were 3 miRs (miR-125b-5p, miR-206, miR-145-5p) that decreased with 

injury in spinal cord EVs and increased in plasma EVs (Figure 5.5B). These miRs may 

represent a preferential shuttling from the spinal cord compartment to plasma and include 

two miRs (miR-206, miR-145-5p) that are enriched in EVs after pro-inflammatory 

activation of astrocytes, as our prior data in Chapter 4 also suggest. Overall, our data at 

both acute and chronic timepoints suggest that age only has a limited impact on SCI-

induced EV responses as measured here. 
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Figure 5.4 Acute alterations in neurology-related miRs in EVs from aged mice. The Fireplex® 

Neurology miR assay was performed on EVs isolated from plasma and spinal cord injury site at 1d 

post-injury. Only a few miRs had an interaction effect between injury and age (A-B). Linear fold 

change of the mean fluorescent intensity (MFI) data between relevant groups are shown. Pie charts 

display the number of differentially expressed miRs by main effects analysis for injury or age (C). 

These miRs, their linear MFI fold change and adjusted (adj.) p-value of significance are shown (D-

E).   
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Figure 5.5 Comparison of miR changes in plasma EVs and spinal cord EVs after acute SCI. 
Diagrams show the intersection of miRs that were altered with injury or age in EVs (A). Plasma 

EVs are matched to spinal cord tissue EVs by column to row for each combination. Fluorescent 

intensity data for select miRs that are decreased in tissue EVs and increased in plasma EVs with 

injury are shown (B). 
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SCI promotes sexually dimorphic transcriptional responses in the brain 

 

In our next set of studies, we assessed the impact of aging after SCI in young adult 

mice of both sexes, evaluating long-term brain pathology and EV responses at 19 months 

post-injury. We first examined SCI-induced transcriptional changes in the cortex with a 

NanoString nCounter Neuropathology panel. Partial least squares discriminant analysis 

(PLSDA) utilizing all gene expression data effectively separated the four groups along the 

first two principal components, with injury slightly driving more of the observed variation 

than sex (Figure 5.6A). Consistent with the group separation by PLSDA, the number of 

DE genes was nearly double in males than in females with injury (Figure 5.6B). Nearly 

two-thirds of genes in males were downregulated in the cortex, whereas in females, 

changes were more balanced. Analysis of genes grouped by annotation revealed a higher 

number of genes in males with disease association and was heavily skewed towards 

structural features of neurons, synapses, and myelination (Figure 5.6C). Gene enrichment 

analysis of ontology clusters showed a higher enrichment in males of KEGG pathways 

related to neurodegeneration and gene ontology terms of “positive regulation of cell death”, 

“glial cell differentiation”, “regulation of neuron death”, and “regulation of apoptotic 

signaling pathway” (Figure 5.6D).   
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Figure 5.6 SCI alters the transcriptome in the brain cortex 19 months post-injury. Partial least 

squares discriminant analysis shows distinct clustering of males and females by injury or sham (A). 

Table displays the number of differentially expressed (DE) genes by pairwise comparison (B). SCI-

induced transcriptional changes are further defined by annotation (C). Heatmap with clustering 

shows gene ontology enrichment analysis using DE gene lists (D). Color is based on significance 

value (negative log of p-value) of enrichment analysis.    

 

 

Surprisingly, there was minimal overlap of injury-induced genes in the cortex 

between males and females, indicating a significant sexual dimorphism (Figure 5.7A). The 

most marked differences related to axon and dendrite structure, neural connectivity, 

neurotransmitters (e.g. release, response and uptake), and myelination (Figure 5.7B). For 

these categories, the number of DE genes were more than two times greater in males than 

females and were largely downregulated. While males and females both had decreased 

myelin-associated glycoprotein (Mag) transcripts, males had additional decreases in 

myelin transcripts for the transcription factor Myrf, multiple structural proteins (Mal, Mbp, 

Mog), and both neurofilament heavy (Nefh) and light chains (Nefl). Males also had greater 
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evidence of dysregulated neurotransmission with transcripts for voltage-gated potassium 

channels (Kcna1, Kcnb1), neuropeptides (Crh, Npy), adenosine receptors (Adora1, 

Adora2a) and choline acetyltransferase all decreased in males. In contrast, females had a 

stronger representation of oxidative stress and unfolded protein response genes that confer 

neuroprotection including increased Park2 and Park7235,236. Cdk5rap3, a gene that plays a 

role in maintaining endoplasmic reticulum homeostasis237, was also increased in females.  

Cytokine and growth factor changes were mostly downregulated (Figure 5.7C) and 

differed across sexes. Classical pro-inflammatory cytokine genes such as Tnf and Il1b were 

not significantly changed; however, their expression levels were very low in whole tissue. 

The anti-inflammatory Tgfb1 and Il10ra were decreased in females and males, 

respectively. Males additionally had decreased Csf1, Cx3cl1, Il6, Bdnf and Vegfa 

transcripts. Although CSF1 is a well-known ligand for the CSF1 receptor that maintains 

microglial survival, CSF1 can also exert a neuroprotective function through direct action 

on neurons expressing the receptor238. Reduced CX3CL1 in males may reflect a more 

inflammatory state as CXC3CL1-CX3CR1 signaling between neurons and microglia is one 

of the key mechanisms for maintaining microglial quiescence, removal of which can result 

in pro-inflammatory microglia activation239.     
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Figure 5.7 Transcriptional changes in the brain cortex after SCI are sex-specific. Venn 

diagram compares the overlap of differentially expressed genes with injury in males and females 

(A). Heatmaps of gene groups by annotation are colored based on z-score scaling (B-C).    
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We also assessed the transcriptional response using NanoString analysis in the 

hippocampus, a key brain region for learning and memory that shows delayed secondary 

injury after SCI but is not directly connected to the spinal cord. Although there were fewer 

DE genes overall compared to the cortex, males still had a greater number of changes with 

injury compared to females (Figure 5.8A) and a higher number of disease-associated genes 

(Figure 5.8B). Gene enrichment analysis of ontology clusters identified KEGG pathways 

related to neurodegeneration and MAPK signaling as well as gene changes associated with 

“regulation of neuron death”, “regulation of ion transport”, and “regulation of cell 

development” (Figure 5.8C). Similar to the cortex, there was minimal overlap of injury 

genes between sexes (Figure 5.8D). Genes related to axon and dendrite structure and 

neurotransmitters were downregulated primarily in males (Figure 5.9A). Transcripts for 

Arc, a protein critical for synaptic plasticity and long-term memory formation240 that is 

also known to be released in EVs241, was specifically decreased in males as it was similarly 

in the cortex (Figure 5.9B, Figure 5.7B). Males had decreased glutamate receptor gene 

expression in the hippocampus, including the ionotropic NMDA receptor subunit Grin2d 

and the metabotropic receptor Grm2. In contrast to the cortex, myelination genes were less 

altered in the hippocampus and skewed more towards downregulation in females – 

including Ugt8a, which encodes a key biosynthetic enzyme in the formation of 

galactocerebrosides that are abundant in myelin (Figure 5.9C-D). Expression of this gene 

was also robustly decreased in the cortex of both males and females (Figure 5.9D, Figure 

5.7B).   

Genes related to angiogenesis showed the greatest discrepancy in number between 

sexes in the hippocampus (Figure 5.9E). Both males and females had decreased 
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complement subunit C1qa while males had additional reductions in complement subunits 

C1qb and C1qc as well as C3.  Males also had reductions in pro-angiogenic mediators such 

as Vegfa, Stab1, and Fgf2 and in anti-oxidative stress molecules such as Hmox1, Nfe2l2 

and Hspb1. Cytokine changes in the hippocampus largely represented a reduced anti-

inflammatory/neurotrophic profile (Figure 5.9E). Il6, Cxcr4 and Tgfb1 have been 

implicated in neurogenesis or neuroprotection in the hippocampus242–245 and transcripts for 

these cytokines were all decreased in females. In males, gene expression for the anti-

inflammatory IL-10 receptor was also decreased. Interestingly, DE genes associated with 

microglia status were largely decreased in both males and females (Figure 5.9G). The 

majority of these genes were associated with a homeostatic microglia signature that has 

been shown to decrease with various neurological diseases and represents a shift from the 

quiescent, non-activated microglial state246,247. These genes included C1qa and Egr1 in 

both sexes; C1qb, C1qc, C3, and Fos in males; and Fcrls and Tgfb1 in females. When 

comparing differentially expressed genes across regions within each sex, there was a set of 

12 genes in males and 7 genes in females that were commonly downregulated together in 

both regions (Figure 5.9H). Despite the minimal overlap in injury-induced genes between 

males and females, the three genes that were commonly downregulated in both brain 

regions across sexes (Figure 5.9I) were related to important cell survival pathways (Akt2) 

and homeostatic microglia (C1qa, Egr1).  
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Figure 5.8 SCI-induced transcriptional effects in the hippocampus are sex-specific. Table 

shows differentially expressed (DE) genes by pairwise comparison (A). Injury-related changes are 

further differentiated by gene annotation (B). Heatmap with clustering shows gene ontology 

enrichment analysis using DE gene lists (C). Color is based on significance value (negative log of 

p-value) of enrichment analysis. Venn diagram shows the overlap of SCI-genes between males and 

females (D).  
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Figure 5.9 Transcriptional changes in the hippocampus after SCI are sex-specific. Heatmaps 

of gene groups by annotation are colored based on z-score scaling (A, C, E-G). Transcript counts 

for Arc (B) and Ugt8a (D) are shown. Network diagram based on protein-protein interactions 

displays genes commonly downregulated within each sex (G). Transcript counts for Akt2, C1qa, 

and Egr1 are shown (H).    
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Certain EV subtypes are more elevated in males after chronic SCI 

 

We then sought to determine whether long-term brain effects after SCI may be 

associated with altered EV responses. We first analyzed expression levels of both EV 

(CD63, CD81) and lipoprotein (ApoB100) markers in an ultracentrifugation-based total 

plasma EV isolate. For all markers tested, males had a more robust increase than females 

with injury (Figure 5.10A-D). We also quantified the particle concentration and size 

distribution by NTA. There was a significant interaction between injury and sex for particle 

concentration (Figure 5.10E). Post-hoc analysis did not reveal any significant injury-

related differences in particle concentration; nor did we observe any differences in mean 

or modal particle size across groups (Figure 5.10F).       
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Figure 5.10 Plasma EV subtypes are increased robustly in males 19 months post-injury. 

Western blot (A) was performed on total plasma EVs for EV and lipoprotein markers with 

quantification (B-D). NTA was also performed on the same samples with particle concentration 

(E) and mean/mode particle size (F) shown.  
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Next, we assessed particle counts in tissue EVs isolated from the 

motor/somatosensory cortex and hippocampus, two brain regions that show pathological 

changes after SCI. We detected significant main effects for both injury and sex in particle 

count in the cortex. In addition to a baseline sex difference in EV count with females greater 

than males, SCI increased counts in the cortex in both sexes (Figure 5.11A). There was 

also a significant main effect for injury in the hippocampal EV count with non-significant 

increase in both sexes (Figure 5.11B).  

 

 
Figure 5.11 SCI increases EV particle counts in the brain. Particle concentration data by NTA 

of EVs isolated from the cortex (A) and hippocampus (B).  

 

 

Chronic SCI alters hippocampal EV microRNA content  

 

As we have previously shown that SCI modifies the brain transcriptome and alters 

plasma and brain EV parameters, we hypothesized that changes in EV miR content may 

contribute to the altered transcriptional pattern. miRs are powerful transcriptional 

regulators that target multiple mRNAs based on complementary base-pairing. Using the 
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same Fireplex® assay as before, we compared the miR content of EVs isolated from four 

different compartments in both males and females: plasma, spinal cord, 

motor/somatosensory cortex, and hippocampus. Across all compartments, no miRs showed 

a strong interaction effect of injury and sex. Analysis of main effects revealed that several 

miRs in the spinal cord and the hippocampus were decreased in male EVs compared to 

female EVs, whereas few sex-related differences were observed in the plasma or cortex 

based on sex (Figure 5.12A). However, injury had a more significant impact on EV miR 

content depending on region (Figure 5.12B). Greater changes were observed in the 

hippocampus than the spinal cord. miR-497-5p and let-7b-5p were increased in spinal cord 

EVs and both are associated with apoptosis when upregulated in CNS disorders248–250. In 

the hippocampus, let-7b-5p and three other miRs (miR-24-3p, miR-328-3p, miR-370-3p) 

were increased, whereas five miRs were decreased (let-7i-5p, miR-103a-3p, miR-107, 

miR-22, miR-532-5p). The decreased hippocampal miRs have been previously associated 

with neurodegenerative and inflammatory processes. For example, miR-107 is decreased 

in Alzheimer’s disease and leads to enhanced amyloid-beta deposition through upregulated 

BACE-1 expression251,252. miR-103a-3p expression in microglia is negatively associated 

with HMGB1253, a well-known pro-inflammatory mediator, and miR-22 skews 

microglia/macrophages towards a more anti-inflammatory phenotype254. miR-532-5p 

directly targets an important enzyme in reactive oxygen species production – NOX2 – 

which strongly contributes to microglial-mediated neurotoxicity and drives chronic, pro-

inflammatory microglial activation after neurotrauma255. In the cortex, SCI increased 

expression of let-7d-5p, miR-128-3p and miR-323a-3p in EVs. Upregulation of miR-323a-

3p in various clinical studies has been strongly correlated to mild cognitive impairment, 
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neurodegenerative disease, and major depressive disorder256–258. SCI largely decreased 

expression of miRs (miR-15a-5p, miR-16-5p, miR-451a, miR-486-5p, miR-93-5p) in 

plasma EVs except for let-7d-5p. To determine whether miR changes in the hippocampus 

were associated with specific mRNA changes, we extracted known or predicted 

miR:mRNA interactions using DIANA miRPath259 and compared them to the differentially 

expressed gene lists from NanoString. We identified a group of 13 genes in males and 12 

genes in females that fit this pattern, representing 32.5% and 52.1% of the total 

differentially expressed lists, respectively (Figure 5.12C). Four of the five differentially 

expressed genes common to both sexes were also identified in this analysis: Akt2, Egr1, 

Ret, and Mmp9. Together, our data demonstrate that SCI leads to chronic alterations in 

brain EV count and miR content, which may be related to brain transcriptional changes.    
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Figure 5.12 Hippocampal EV miR cargo is modified after chronic SCI. Table shows miRs with 

main sex effect (A) or main injury effect (B) by region. Linear fold change of the mean fluorescent 

intensity (MFI) data between relevant groups are shown as well as adjusted (adj.) p-value of 

significance. List of differentially expressed (DE) injury genes associated with altered miR 

expression is shown (C).  

 

 

 

 

 
 



131 
 

Summary 
 

The data presented here are the first to describe changes in EVs at chronic time 

points after SCI, with additional assessment of changes related to age, sex, and tissue type. 

We found that plasma EV markers were elevated in aged, male mice compared to young 

adult males at 2 months post-injury, suggesting a potentially delayed, prolonged, or 

exacerbated response. However, neither age nor injury seemed to modify EVs towards a 

neuroinflammatory effect based upon brain injection studies. Acute alterations in miR 

content of plasma and spinal cord injury EVs were largely similar between young and aged 

mice. Our description of EV miR content directly from the injury site suggested apoptosis 

as a potentially important pathway that may be modulated by EVs in the spinal cord.        

In our next set of studies, we demonstrated that SCI in young adult mice leads to 

chronic transcriptional changes in the brain that may be associated with alterations in EV-

mediated responses at 19 months post-injury. These data overall suggest greater 

transcriptional changes in males compared to females, which may correlate with worsened 

neurological outcomes in males, as supported by prior SCI studies260,261. In plasma, males 

had increased EV and lipoprotein markers after chronic SCI. In the brain, we observed 

strong sex-dependent differences in the transcriptome of the cortex and hippocampus after 

SCI. Males had a pronounced reduction in genes related to axonal structure and 

myelination in the cortex. In contrast, females showed an improved oxidative stress and 

unfolded protein response profile. Although we did not observe a robust increase in 

cytokine transcripts in the brain, decreased expression of certain cytokines (Il6, Cxcr4, 

Tgfb1, Il10ra) in the hippocampus may contribute to a reduced anti-inflammatory 

environment that is detrimental to neuronal survival and adult neurogenesis. Across both 
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regions and sexes, gene expression related to homeostatic microglia were reduced, 

especially C1qa and Egr1. Chronic SCI also led to increased EV particle counts in the brain 

and modified their miR content. Alterations in EV miRs paralleled those reported with 

neurodegenerative disease, depression, and inflammatory processes. Differentially 

expressed miRs in the hippocampus were partly associated with observed transcriptional 

changes, including microglial-related genes. Collectively, these data support a possible role 

for EVs and potential loss of homeostatic microglial function in the hippocampal pathology 

observed after SCI.  
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Chapter 6 

 

Discussion 

 
Spinal cord injury (SCI) leads to progressive degeneration of neurons and white 

matter in the brain. More recently, experimental studies have shown that neurodegeneration 

following SCI is more widespread than has been clinically recognized262. We and others 

have shown that progressive neurodegeneration after injury is associated with 

neuroinflammation in the brain7–10,263. However, the potential mechanism of such 

microglial activation and its contribution to neurodegenerative processes remain to be 

further clarified. The work described in this dissertation supports a potential role for EVs 

and microglia in the pathophysiology of posttraumatic brain neurodegeneration and 

associated neurological dysfunction after SCI. Our findings include the following: (1) long-

term microglial depletion with  a selective CSF1R antagonist, PLX5622 (PLX), after SCI 

improves neuronal survival in critical brain subregions and reduces dysfunction in fine 

motor, cognitive, and depressive-like behaviors; (2) robust transcriptional changes can be 

observed in the cortex and hippocampus at chronic timepoints after SCI, including 

downregulation of neurotransmission and myelination-related genes, as well as 

modification of genes related to homeostatic microglial function; (3) SCI acutely alters 

plasma EV count with an increased subpopulation of EVs carrying CD81 that may derive 

from astrocytes; (4) EV-associated miR content is modified in plasma after SCI, and these 

EVs induce inflammatory effects when injected into the brain; and (5) chronic SCI leads 

to upregulation of EV markers in plasma, elevated brain EV counts, and modification of 

hippocampal EV-associated miRs.  
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6.1 Microglial Depletion and Spinal Cord Injury 

One of the main research questions of this dissertation is how microglia contribute 

to brain dysfunction after SCI.  Prior studies have shown microglial activation in various 

brain regions after SCI, based largely on histological assessment. Zhao et al. showed 

marked hypertrophy of microglial cells in the ventral posterolateral (VPL) nucleus of the 

thalamus 4 weeks post-SCI200. In addition to hypertrophic morphology findings, we and 

others have previously reported7,8,10,94,96 neuroinflammation in other brain regions after 

experimental SCI, including the cortex and hippocampus. Changes include increased 

expression levels of pro-inflammatory cytokines and elevation of translocator protein 18 

kDa – a widely used clinical marker of pro-inflammatory microglia or 

neuroinflammation264. However, these prior reports only demonstrate an association 

between microglial inflammation and subsequent neurodegeneration and neurobehavioral 

deficits. Our studies in Chapter 3, utilizing a pharmacological microglial depletion 

approach, strongly suggest that microglia are mechanistically involved in SCI-induced 

cognitive dysfunction.   

Long-term treatment with PLX markedly reduced SCI-related cognitive deficits 

and depressive-like behaviors. SCI mice treated with PLX had improved performance in 

the Y-maze and NOR tests, measures of spatial and working memory. These mice also 

showed decreased anhedonia in the sucrose preference test and less immobility time 

(indicative of depression) in the tail-suspension and forced swim tests. At the cellular level, 

SCI mice depleted of microglia had reduced neurodegeneration in multiple brain regions 

including the cortex, thalamus, and hippocampus. As microglia were depleted post-injury 

throughout the duration of the experiment, these data collectively indicate that microglia 
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play a causal role in the neuronal loss and cognitive dysfunction after SCI. Although 

cognitive/depressive-like behaviors improved with PLX treatment, hindlimb motor 

function, assessed by the BMS score, was not affected by treatment.  Moreover, there were 

no differences in spared white matter or lesion volume in the spinal cord after injury. 

Consistent with the latter finding, a recent study showed that delayed PLX treatment (given 

at day 3) had no effect on locomotor function after SCI, whereas treatment beginning prior 

to injury and continuing worsened locomotor function. However, we observed that certain 

components of fine motor coordination, including stride length and regularity index as 

assessed by CatWalk, did improve after PLX treatment in our study.       

Although resident microglia are essential in regulating central nervous system 

(CNS) development and maintenance of neuronal networks265, recent studies show that 

long-term depletion of microglia by CSF1R inhibitors has no detrimental effects on motor 

activity or cognitive function115,116. In agreement with these reports, depletion of microglia 

in control mice by PLX treatment did not lead to abnormalities in motor, cognitive, or 

depressive-like behavioral tasks. Prolonged or sustained depletion of microglia with 

CSF1R inhibitors has been shown to confer neuroprotection and improve cognitive 

recovery in experimental models of neurological disorders including traumatic brain injury 

(TBI), acute hippocampal lesion, Alzheimer’s disease (AD), and multiple 

sclerosis116,170,245,266,120,267,268. Our studies are the first to demonstrate cognitive benefits 

after microglial depletion in a SCI model. However, as delivery of PLX was systemic, 

affecting microglial changes in both the brain and spinal cord, it is not clear whether 

microglial removal from the brain alone is sufficient to account for all the neurobehavioral 

effects observed. It is possible that factors released by microglial activation locally within 
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the spinal cord could contribute to secondary injury in the brain in addition to its impact 

on induction of brain microglial activation. Our transcriptional analysis of the injury site at 

6 weeks post-SCI shows that spinal cord microglia have chronic upregulation of 

chemokine/cytokine expression and inflammatory pathways associated with type 1 

interferon signaling, NFκB, inflammasome, and innate immunity. The sustained, pro-

inflammatory activation of microglia at the injury site may be a continued source of 

secreted factors, such as EVs, that can promote remote activation of microglia142 or 

contribute to neuronal dysfunction143.        

Although the translational potential of CSF1R inhibitors in neurodegenerative 

disorders associated with neuroinflammation seems promising, there are several caveats. 

Microglial depletion has been shown to exacerbate neurotoxicity in some neurological 

disease models, including Parkinson’s disease (PD) and coronavirus encephalitis269,270. In 

experimental stroke models, microglial depletion prior to injury increases infarct size, in 

part through increased excitotoxicity and postischemic inflammation122,271. Considerations 

that likely influence the therapeutic potential of this approach include the timing, duration, 

and degree of microglial depletion. Converging evidence from stroke, TBI, and SCI models 

suggests that microglial removal may be harmful in the acute phase of injury, as microglia 

exert beneficial effects for tissue repair in this post-injury period by clearing cellular debris, 

producing neuroprotective molecules and directing neurorestorative 

processes122,123,170,245,271,272. Another issue is that CSF1R is present on peripheral cells, 

especially myeloid cells such as tissue resident macrophages, dendritic cells, neutrophils 

and myeloid-derived suppressor cells111. Current CSF1R small-molecule inhibitors, 
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including PLX5622, are not entirely selective for microglial depletion and may affect other 

cell populations in peripheral tissues273.  

As we gain greater understanding of the mechanisms by which microglial depletion 

confers neuroprotection, future therapies can be aimed at enhancing the neuroprotective 

function and/or limiting the neurotoxic effects of microglia rather than eradicating them 

altogether. In fact, experimental studies have advanced to employ microglia 

depletion/repopulation strategies using short-term PLX treatment followed by a recovery 

period that allow microglia to repopulate274. A recent study from our lab showed that one 

week administration of PLX followed by repopulation during the chronic phase of TBI (1 

month post-injury) significantly improved neurological recovery and reduced lesion 

volume size170. Repopulated microglia had a more normal ramified appearance distinct 

from the typical hypertrophic phenotype of chronic, posttraumatic microglia and showed 

reduced epigenetic changes and pro-inflammatory potential. Another TBI study supported 

these findings and suggested that the neuroprotective effects of repopulated microglia were 

dependent on increased IL-6 signaling in the hippocampus that supported adult 

neurogenesis245.  

6.2 Brain Transcriptional Changes after Spinal Cord Injury 

The NanoString data in this dissertation are among the first large transcriptional 

studies available that examine SCI-induced changes in the cortex and hippocampus. 

Previous studies from our lab examined a select cluster of genes related to microglial 

marker phenotypes (i.e. M1 pro- vs. M2 anti-inflammatory genes) and cell cycle related 

genes7,8. In our PLX studies in Chapter 3, whole tissue RNA analysis revealed several 

genes related to microglial function that were altered in the cortex at 6 weeks post-SCI. 
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Epsti1, a pro-inflammatory macrophage/microglia marker275, was increased whereas Igf1, 

which promotes an anti-inflammatory microglia phenotype276, was decreased. Chst8, 

Kcnk13, and Lrrc25, previously reported to be associated with neurodegenerative disease, 

were all increased. Chst8 encodes the enzyme carbohydrate sulfotransferase that is 

increased in the hippocampus of human AD brains277. Kcnk13 is a gene for a potassium 

channel (THIK-1) that is a major contributor to microglial-mediated synaptic pruning, 

which may become dysregulated with aging and disease278. Lrrc25 was recently identified 

as a novel, putative AD risk gene specific to microglia based on transcriptome and 

chromatin accessibility profiling of human microglia279. Lrrc25 and Il1a were the only two 

genes among those examined that increased with injury and decreased with PLX treatment. 

In conjunction with C1q and TNFα, microglial IL-1α signaling may skew astrocytes toward 

a neurotoxic phenotype280, which may be related to the neuronal loss observed. Indeed, 

several astrocyte-related genes (e.g., Gbp2, Osmr, Lcn2, Entpd2, Vim) increased in PLX-

treated SCI mice relative to vehicle-treated SCI mice, potentially implicating these genes 

in microglia-astrocyte interactions in the brain after SCI. Thus, microglial depletion with 

PLX5622 may improve the brain microenvironment through primary removal of 

potentially neurotoxic microglia as well as secondary effects on surrounding cells (e.g., 

astrocytes).  

Maladaptive transformation of microglia from a neuroprotective to a neurotoxic 

phenotype may contribute to SCI-mediated depressive-like behavior. This perspective is 

consistent with observations from a recent study showing that similar changes in microglial 

phenotype can spur the development of neuropsychiatric diseases, including major 

depressive disorder (MDD)281. Future work is needed to examine whether the neuronal loss 
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observed here in regions critical for learning and memory and/or pain and emotional 

regulation reflect transcriptional changes in these brain areas (hippocampus, thalamus) that 

can be modified by microglial depletion. Additionally, it would be intriguing to examine 

whether these behavioral deficits reflect, in part, synaptic dysfunction, such as impairments 

in long-term potentiation.  

In Chapter 5, we examined transcriptional changes in the cortex and hippocampus 

by NanoString (using a different gene panel from that in Chapter 3) at a late, chronic 

timepoint (19 months) after SCI in both male and female mice. Similar to our PLX studies 

at 6 weeks post-injury in male mice, there was a significant downregulation of genes in the 

cortex of males at 19 months post-injury (about two-thirds of the total differentially 

expressed genes in each study). These changes primarily reflected decreases in genes 

related to neurotransmission, axodendritic structure and myelination. In the hippocampus 

at 19 months post-injury, males showed decreased expression of neurotransmission-related 

genes, pro-angiogenic mediators and anti-oxidative stress molecules. As the hippocampus 

is not directly connected to the spinal cord, these transcriptional changes indicate that the 

neurodegenerative effects of SCI extend more broadly, potentially through trans-synaptic 

effects or secondary mechanisms that may involve circulating factors in the blood or 

cerebrospinal fluid.  

At 19 months post-injury, female mice showed reduced transcriptional changes in 

both the cortex and hippocampus as compared to males. Importantly, there was also 

minimal common overlap in the differentially expressed gene lists between sexes. Females 

had slightly more upregulated than downregulated genes in the cortex, including increased 

expression of neuroprotective genes related to oxidative stress and ER stress. We have 
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previously shown that SCI in males causes ER stress in the cortex, thalamus and 

hippocampus that can impair neurogenesis263, but this has not previously been studied in 

females. In the hippocampus, transcriptional changes associated with angiogenesis were 

markedly reduced in females compared to males. Alterations in the vascular 

microenvironment have the potential to negatively impact adult neurogenesis as neural 

stem cells and their progenitors form tightly coupled neurovascular units in areas without 

a complete blood-brain barrier282. Although we did not examine behavioral outcomes or 

histopathology in Chapter 5, the wide divergence in transcriptional response between sexes 

warrants further exploration of the impact of sex on SCI-induced neurodegeneration and 

cognitive dysfunction. Our data here would suggest that females have less neuropathology 

and improved behavioral outcomes compared to males. This prediction is in agreement 

with a recently published study from our group that showed improved performance in the 

Y-maze, novel object recognition (NOR), and tail suspension (TS) tests in females 

compared to males at 13 weeks post-injury when mice were injured as young adults260.    

Reduced expression of three key immediate early genes in male mice are critical to 

note as they play important roles in learning and memory: Fos, Egr1, and Arc. These genes 

are often used as indirect markers of neuronal activity, and each gene contributes to 

different forms of memory and synaptic plasticity283. Arc and Egr1 have been additionally 

associated with the development of psychiatric disorders, including MDD. The expression 

of both genes decrease in the hippocampus and the medial prefrontal cortex (mPFC) while 

increasing in the amygdala in various animals models of depression284–288, which may 

explain certain deficits in cognitive function and enhanced fear memory responses in MDD 

patients289. Chronic, but not acute, antidepressant treatment in experimental models was 
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shown to restore expression levels of Arc in the hippocampus and mPFC285,290. In another 

study, patients refractory to antidepressant treatment had reduced Egr1 in the mPFC, 

similar to unmedicated patients286. Our findings are in line with these prior clinical and 

experimental studies and suggest that these genes may be correlated with SCI-induced 

cognitive impairment and depression.  

With regard to neuroinflammation, we did not observe a robust upregulation of pro-

inflammatory pathways in the brain at the whole tissue RNA level after SCI at either 6 

weeks or 19 months. This may be due in part to the low baseline expression we observed 

with NanoString of well-established pro-inflammatory cytokine genes like Tnf and Il1b in 

whole tissue. However, some anti-inflammatory factors were decreased in both the cortex 

and hippocampus in females (Tgfb1) and males (Il10ra). Microglial activation at the 

transcriptional level has often been categorized in the literature based on gene expression 

representative of an M1 pro-inflammatory or M2 anti-inflammatory phenotype. However, 

the utility of this classification system – adapted originally from the in vitro macrophage 

literature – has been questioned as several single-cell RNA sequencing studies across 

different disease models have failed to identify pure M1/M2 microglial subtypes or to 

provide evidence of a spectrum of activation along the M1/M2 axis101.  Appreciating the 

diversity of microglial responses to injury, aging and disease, extensive gene expression 

profiling studies over the past few years have led to the identification of gene signatures in 

microglia that are “homeostatic” vs. “disease-associated”107,291. Interestingly, genes related 

to microglial status that were decreased at 19 months post-injury in both the cortex and 

hippocampus largely reflected the homeostatic microglia signature;  similar changes have 

been found with normal aging and neurodegenerative disease246,247. Loss of inhibitory 
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neuronal crosstalk through reduced Cx3cl1 expression, as observed here in the cortex in 

male mice, may also lead to phenotypic changes in microglia that contribute to aging-

related cognitive decline and AD292. Overall, our whole tissue transcriptional data suggest 

that brain microglia after SCI may shift to a reduced neuroprotective state, which can be 

further clarified with future transcriptomic studies utilizing isolated microglia or single-

cell RNA sequencing.   

6.3 Extracellular Vesicles and Spinal Cord Injury 

A major goal of this dissertation was to assess changes in EVs after SCI. As the 

field of EV research has expanded rapidly within biomedical research, the tools and 

methods for their analysis have also evolved quickly, raising questions about the 

interpretation of data from earlier studies128. A variety of analytical tools are available to 

count, size, and phenotype EVs with varying precision, accuracy and specificity134. 

Additionally, the requirement for EV isolation and the choice of isolation method may lead 

to different and/or contradictory findings128. These critical issues of reproducibility have 

encouraged the formation of numerous working groups within the EV field to standardize 

technical procedures during the experimental design phase and allow for better cross-study 

comparisons128,132,133. 

To our knowledge, our experiments are the first to characterize plasma EVs in a 

mouse SCI model, including temporal profiling of altered cargo content. Two recent 

reports during the time of this dissertation work analyzed miR changes in serum EVs after 

rat SCI for their biomarker potential, but neither study included a characterization of EVs 

or an assessment of their potential biological effects293,294. Our approach in Chapter 4 

highlights the importance of analyzing EVs with multiple techniques and suggests critical 
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evaluation of previous EV studies in relation to the methods utilized134. To analyze plasma 

EV changes after mouse SCI, we used four different characterization methods. 

Nanoparticle tracking analysis (NTA) demonstrated a decreased count in total plasma EVs 

isolated by ultracentrifugation (UC) early after injury. In contrast to the decreased particle 

count, expression of the EV-specific tetraspanin protein CD81 within the sample increased, 

as demonstrated by Western blot (WB) analysis. We addressed these seemingly 

contradictory results using ExoView®, a new technology based on single particle 

interferometric reflectance imaging sensor (SP-IRIS)139. EVs were affinity captured 

directly from plasma based on expression of tetraspanin proteins CD9 and CD81. CD81+ 

EV count and cargo were increased at 1d post-injury, with the peak size distribution of 

tetraspanin-positive EVs below 50 nm. EVs in this size range have been consistently 

reported in electron microscopy and high-resolution microscopy data but may not be 

completely detected by most traditionally used analytical techniques, including NTA212,295. 

We sought to confirm our SP-IRIS results on tetraspanin EVs with flow cytometry (FC), 

but detection of antibody-labeled EVs was hindered by a poor separation of fluorescence 

from background noise and poor overall scattering signal due to their small size (<50 

nm)212. Nevertheless, the combination of bulk (WB) and single EV characterization (SP-

IRIS) using isolation-dependent and isolation-free methods, respectively, strengthens our 

conclusions. 

UC has been the gold-standard for EV isolation, but recent studies have highlighted 

that UC also pellets non-EV components that fall into a similar size range and mimic EV 

detection by standard analytical techniques. These non-EV components may include 

protein aggregates296, lipoproteins208, or even recently discovered exomeres297. As UC-
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based isolation contains a heterogeneous nanoparticle mixture, the nature of the decreased 

particle count that we observed is unclear. This decrease could reflect alterations in an EV 

subtype that we were unable to analyze in those experiments (such as CD63+ EVs or 

Annexin V+ EVs) or a non-EV component. Lipoproteins are highly abundant extracellular 

nanoparticles (ENPs) in blood plasma and may significantly outnumber EVs during 

isolation by commonly used methods, including UC189,208. As we observed decreased 

plasma ENP count at 1d post-injury, we quantified levels of ApoB, a specific 

chylomicron/low-density lipoprotein family marker, in whole plasma and UC-isolated EV 

samples by WB. Contrary to our predictions, ApoB expression (directly correlated to 

ApoB+ particle count) increased after SCI in both plasma and the EV sample pellets, with 

greater relative difference in the latter. There are a few potential explanations that require 

further investigation. Whereas CD81+ EVs and ApoB+ lipoproteins increase in response 

to injury, the overall size distribution of plasma ENPs may shift below the NTA detection 

limit as most lipoproteins and EVs are less than 50 nm. It is also possible that EVs may 

aggregate with each other298 or with lipoproteins208 in circulation, leading to a net decrease 

in count. Alternatively, this decrease could reflect a change in another plasma ENP as yet 

unidentified.  

Tetraspanin proteins CD9, CD63, and CD81 are among the most commonly cited 

EV markers by WB characterization128,186. Jeppesen et al. showed that tetraspanin-positive 

EVs can be separated from other EV subtypes through immunoaffinity capture methods 

and contain a more restricted repertoire of biological cargo than previously recognized299. 

Based on recent work in HEK293 cells using SP-IRIS, the relative colocalization of 

tetraspanin markers within single EVs appears to depend on their subcellular distribution 
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(plasma membrane vs. endosomal) and, therefore their site of biogenesis and release300. 

Our SP-IRIS results also demonstrate considerable heterogeneity in tetraspanin expression 

within mouse plasma EVs. Similar to in vitro studies186,299,300, there was significant 

colocalization of CD9 and CD81 within single EVs, but there were also EVs that contained 

only one of these proteins.  We were unable to capture or detect CD63+ EVs in mouse 

plasma by SP-IRIS in this study. Although this could reflect technical limitations with 

antibody binding, we have observed CD63 staining with this antibody using SP-IRIS in 

cell culture EVs (unpublished results). Furthermore, we were able to detect CD63 marker 

expression by WB from plasma EVs in Chapter 5 experiments. Thus, mouse CD63+ 

plasma EVs may represent a subset distinct from those that are CD9+ and/or CD81+. The 

functional significance of this heterogeneity remains to be determined.      

Our novel findings here support the idea that alterations in circulating plasma EVs 

early after SCI reflect molecular and cellular changes at the injury site. We observed 

increased expression of proteins related to EV biogenesis at the whole tissue and single 

cell levels. Using flow cytometry, we found increased surface CD9 and CD63 at the injury 

site on astrocytes, neurons, and microglia at 1d. In contrast, injury-related changes in 

surface CD81 were cell-type dependent: decreased in astrocytes, increased in microglia, 

and unchanged in neurons. The decrease in CD81 expression in astrocytes may be 

connected to the increased CD81+ EVs in the blood after SCI, as astrocytes are an 

important component of the blood-brain-barrier interface. EVs from astrocytes can shed 

directly from the plasma membrane, which may explain the decline in surface CD81147. 

Previous in vitro studies have suggested an association between decreased cellular surface 

tetraspanins and increased levels in their EVs301, and that the secretion of tetraspanin-
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positive EVs is ~5-fold greater at the plasma membrane than from the endosome300. We 

cannot rule out the possibility that increased CD81 in microglia at the injury site may also 

reflect alterations in plasma EVs. Our results are consistent with a previous study showing 

increased histological staining of CD81 in microglia/macrophages at the injury site after 

SCI in rats302. Intraspinal administration of an anti-CD81 antibody improved behavioral 

and histological outcomes after SCI, but the authors did not speculate on a role for EVs in 

SCI pathology303; our results raise the question of whether this therapeutic strategy impacts 

EV release after SCI or prevents potential downstream pathological effects by blocking 

binding/uptake. Identification of cell-specific markers on tetraspanin-captured EVs may 

help clarify whether increased CD81+ plasma EVs after SCI originate from specific cells 

in the CNS. As the abundance of cellular markers may be low within single EVs, 

advancements in EV detection technology towards near single antigen detection levels 

(such as ExoView®) will be essential to address this question in the future.    

Astrocyte EVs can travel to immune organs in response to IL-1β injection in the 

brain and may stimulate acute cytokine responses regulating leukocyte infiltration to the 

site147. Inflammation and peripheral leukocyte infiltration are pathological features of 

trauma in both the spinal cord and brain304,305, and astrocyte EVs may contribute to these 

pathophysiological changes at the injury site. Our data suggest that the brain may be an 

additional target for inflammatory plasma EVs after CNS trauma. Multiple microRNA 

(miR) changes observed in UC-isolated total plasma EVs 1d after SCI were similar to 

alterations in astrocyte EV cargo observed within two hours of pro-inflammatory 

stimulation in vitro with either TNFα or IL-1β149. When injected into the cerebroventricular 

system, UC-isolated plasma EVs from SCI animals at 1d post-injury (but not 3d) induced 
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an inflammatory response in the cortex, as shown by increased mRNA for both pro- and 

anti-inflammatory genes, as well as those related to reactive astrocytes. Intracellular 

inflammatory cytokine levels were significantly altered in astrocytes at 24h post-injection, 

whereas microglial cytokines were largely unchanged. Our laboratory has previously 

shown that chronic inflammatory activation of microglia in the brain is associated with 

neurodegeneration in multiple brain regions after rodent SCI7,8,263. Although we did not 

observe any changes in microglial pro-inflammatory cytokines specifically after 

intracerebroventricular (ICV) injection, it is possible that microglial activation may be 

more delayed and occur downstream in response to astrocyte activation or neuronal cell 

death. Recently, Kur et al. reported that microglia are a major recipient of plasma EVs 

within two days after intraperitoneal injection of lipopolysaccharide (LPS) to induce 

peripheral inflammation164, supporting the idea that microglia can participate in direct 

blood-to-brain EV signaling. To address the possibility of microglial activation more 

comprehensively in the future, we can extend our ICV injection studies to assess multiple 

outcomes – including flow cytometry, immunohistochemistry, and transcriptional 

assessments of immunomagnetically isolated tissue microglia – across different time points 

post-injection. Fluorescent labeling of EVs prior to injection can also be performed to 

address which cell types seem to be direct recipients of EVs by either flow cytometry or 

fluorescent microscopy. Finally, a limitation of our study that should be addressed more 

clearly in subsequent functional experiments is that we cannot ascribe the miR cargo and 

inflammatory effects observed here to EVs specifically, as isolation by UC also contains 

non-EV components that can deliver functional RNA cargo. The use of additional controls, 
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such as detergent-treated samples to destroy EVs, are recommended by MISEV to support 

the reported effects are EV-specific128.  

A major strength of this dissertation is our analysis of EVs isolated ex vivo from 

tissues. Moreover, these studies represent one of the first known instances of EVs isolated 

from mouse spinal cord tissue. Evaluation and experimentation with tissue-derived EVs is 

an important step towards confirming the physiological relevance of EV functions that are 

largely proposed from in vitro studies34. Using a method initially described for human brain 

tissue188, we similarly found that the majority of EV proteins were located almost uniquely 

in the 0.6M sucrose fraction at a density of ~1.07-1.08 g/mL. We also analyzed protein 

content after SCI in tissue EVs isolated by a simpler protocol that bypassed the sucrose 

gradient. Expression of LAMP-1, an established EV and cellular lysosome marker, was 

increased in tissue EVs at 7d and 14d post-injury. This alteration in LAMP-1 may reflect 

an important intersection between lysosomal-autophagy dysfunction, which is known to 

occur after CNS trauma71,306,307, and EV secretion pathways. Autophagy-related EVs 

carrying classical markers LC3 and p62 have been recently described as a distinct 

population from tetraspanin-positive EVs299 and, therefore, may have different 

physiological effects. 

In Chapter 5, we showed that EV-associated miR content was altered locally at the 

injury site during the acute phase, though the same miRs were largely unchanged at 19 

months post-injury. Although it is well-known that miR dysregulation occurs at the whole 

tissue level after SCI224,227, these data are the first to show that miR content carried by EVs 

between cells are also significantly perturbed. One of the most intriguing miRs we 

identified was miR-206. In both of our Fireplex assays in Chapters 4 and 5, we found that 
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miR-206 was upregulated in plasma EVs at 1d post-injury (and at 3d-post-injury). At the 

injury site, miR-206 dramatically decreased in EVs at 1d, which may reflect local uptake 

of this miR and/or the transfer of this miR from the spinal cord to the plasma. Considering 

its low baseline expression in plasma EVs, the increase in EV plasma miR-206 likely 

reflects its release from the spinal cord, potentially from inflammatory astrocytes149. 

Although originally thought to be skeletal muscle-specific308, miR-206 has been 

increasingly studied in the CNS after this miR was found to directly target the neurotrophin 

BDNF309,310. In addition to its effects on neurotrophin signaling, upregulation of miR-206 

in astrocytes and microglia has been shown to potentiate LPS-induced inflammatory 

activation of these cells311,312. Plasma miR-206 is elevated in patients with mild cognitive 

impairment and AD and has a strong correlation with dementia progression313. miR-206 

levels are also increased in the brains of human AD patients and experimental AD mouse 

models309,310. ICV injection of a mir-206 antagomir in a transgenic AD mouse model 

(Tg2576) was shown to enhance BDNF levels, increase synaptic density and neurogenesis 

in the hippocampus, and improve memory function309. A recent study also implicated miR-

206 and BDNF signaling in the pathogenesis of depression, showing that hippocampal 

miR-206 was robustly elevated in a chronic social defeat stress model (CSDS). 

Overexpression of miR-206 in the hippocampus was sufficient to induce depressive-like 

behaviors, while knockdown of miR-206 produced antidepressant-like effects in the CSDS 

model. From our data, we can hypothesize that EV-mediated delivery of miR-206 after SCI 

to the brain could play a dual role in reducing BDNF/neurotrophin-related signaling and 

enhancing pro-inflammatory activation, leading to a neurotoxic environment. The 

timeframe of the changes in plasma EV miR-206 are consistent with previous reports of 
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acute reductions in BDNF mRNA and protein in the hippocampus beginning as early as 1d 

after SCI and potentially lasting beyond the first week12,314.    

Adding to our knowledge that SCI leads to neuronal cell loss and transcriptional 

changes in the brain, our findings in Chapter 5 support the conclusion that SCI also leads 

to changes in brain EVs. This is an exciting potential avenue for further investigation. In 

addition to an increased number of EVs by NTA in the brain, miR content was modified in 

the EVs, especially in the hippocampus. Future work can build on these initial findings to 

explore the functional effects of these altered EVs (isolated directly from tissue) as critical 

mediators of secondary injury after SCI, including their possible role in neuroinflammation 

and the promotion of apoptosis. We note that our analysis of EV content here was limited 

to a subset of miRs with known reference to CNS pathology. Yet, EVs contain a variety of 

small RNA species, proteins, and lipids that all may contribute to their overall effect on 

recipient cells. Future studies analyzing total EV cargo, using multiple ‘omics-based 

approaches, can provide a more comprehensive profile that can help improve predicted 

pathway changes in target cells.       

An important aspect of our central hypothesis that we did not investigate in this 

dissertation is whether inhibition of EV release would limit SCI-induced brain pathology. 

Our results here support such studies as a next step. Whereas the pharmacology of 

manipulating EV functions is still in its infancy, neutral sphingomyelinase (nMase) 

inhibitors have been widely used in studies to probe the effects of EV inhibition both in 

vitro and in vivo315. In the process of classical exosome biogenesis, neutral 

sphingomyelinases convert sphingomyelin to ceramide, creating large microdomains that 

lead to intraluminal budding and formation of exosomes inside the multivesicular body316. 
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Systemic administration of nMase inhibitors can be applied as a first step in these studies, 

which can subsequently be followed by local administration experiments to more formally 

address whether EVs released from the spinal cord injury site are largely responsible for 

the effects.   

Another line of investigation to continue from this work is to explore the temporal 

dynamics of EV release from CNS cells. The recent development of techniques to label 

EVs from specific cell types has opened the door for future work in this area317. In 

particular, transgenic mouse models have emerged in recent years employing fluorescent 

tags on EV-specific proteins (e.g. tetraspanins), with the ability to obtain stable or inducible 

expression in specific cells through Cre-loxP recombination318,319. EV isolation from 

biofluids or tissue of these transgenic animals, combined with SP-IRIS based fluorescent 

detection, could help differentiate EVs released from a specific cell type from the overall 

population. Additionally, the ability of EVs to carry Cre mRNA that can be translated into 

Cre protein in recipient cells offers a new strategy for identifying these target cells through 

fluorescent reporter expression after loxP recombination162. We expect that the utilization 

of transgenic mouse models and Cre-loxP systems will accelerate EV research in multiple 

biomedical fields and help delineate specific intercellular interactions in vivo that so far 

have only been suggested through cell culture-based experiments.    

Although our research focused on EVs in plasma, EVs also circulate through 

cerebrospinal fluid (CSF), which could provide an alternative route for the transport of 

cargo that could promote brain inflammation after SCI. Increased levels of inflammasome 

proteins have been observed in CSF EVs from human SCI patients158. Serum EVs can carry 

inflammasome proteins after TBI and may contribute to TBI-induced lung inflammation 
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and pathology320. Our ICV injection data in Chapter 4 also support an association between 

EVs and the inflammasome, as we observed increased Nlrp3 and Il1b mRNA expression 

in the cortex with plasma EVs from SCI animals. Systemic LPS administration has been 

shown to increase CSF EV count, particularly derived from choroid plexus epithelial cells, 

and pro-inflammatory miR content, which can lead to subsequent brain inflammation321. 

Otherwise, the amount of preclinical work on CSF EVs in neurological disease has been 

minimal to date and deserves greater attention. 

6.4 Conclusion 
 

In conclusion, this dissertation supports a critical role for neuroinflammation in 

brain dysfunction after SCI and implicates EV signaling as a potential mediator. We found 

that removal of microglia, the innate immune cells of the CNS, ameliorates 

neuropathological changes in the brain and improves behavioral outcomes. Our 

transcriptional data across multiple studies highlight that SCI results in a significant 

downregulation of neuronal and myelination-related markers in the brain up to 19 months 

post-injury. Addressing a potential mechanism for remote brain inflammation, we found 

that SCI resulted in significant acute alterations in circulating plasma EV count and 

inflammatory-associated/neurology-related miR cargo content. When injected into the 

brain, SCI plasma EVs produced a robust, mixed pro- and anti-inflammatory 

transcriptional response, including evidence of astrocytic activation. Our results also 

demonstrate that advanced age and male sex may increase plasma EV responses during 

chronic phases of SCI, although they did not significantly impact miR cargo as assessed. 

Finally, we showed that chronic SCI increases brain EV count and alters brain EV-

associated miRs. These studies support the concept that cognitive deficits and depression 
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after SCI may not necessarily be “reactive” to the psychosocial changes SCI patients 

experience, but rather may reflect specific neuropathological changes that can be improved 

by targeting neuroinflammation. Altogether, our data are consistent with the hypothesis 

that SCI-induced inflammatory brain changes may be mediated, in part, by circulating 

plasma EVs early after injury. 
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