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ABSTRACT 

Title of Dissertation: Inhibition of Autophagy in Microglia and Infiltrating 
Monocytes/Macrophages Exacerbates Neuroinflammation and Functional Defects 
Following Traumatic Brain Injury 

Dissertation directed by: Dr. Marta M. Lipinski., Associate Professor, Department of 
Anesthesiology, University of Maryland, Baltimore. 

Committee Members: Dr. Marta M. Lipinski (Committee Chair), Dr. Alan Faden, Dr. 
Brian Polster, Dr. David Loane, Dr. Mervyn Monteiro. 

 

The autophagy-lysosomal pathway serves an important role in cellular homeostasis and 

protection against neurodegeneration. Recently autophagy has been also implicated in 

regulation of immune and inflammatory responses. Specifically, high levels of autophagy 

flux are generally associated with anti-inflammatory, and inhibition of flux with pro-

inflammatory phenotypes.  

 

To determine if autophagy may be involved in modulation of brain inflammation after 

traumatic brain injury (TBI), we assessed the levels of autophagy in resident microglia 

and infiltrating macrophages following moderate controlled cortical impact (CCI) in 

C57Bl/6 mice. Consistent with a potential function in neuroinflammation, our data 

demonstrated accumulation of autophagosomes and inhibition of autophagy flux 

specifically in the activated microglia and infiltrating macrophages starting by day 1 and 

continuing through day 28 post-CCI. Our immunofluorescence studies in transgenic 

Cx3Cr1-GFP microglial and Ccr2-RFP monocyte reporter mice confirmed inhibition of 

autophagy flux and demonstrated that while both activated resident microglia and 

infiltrating macrophages are affected, inhibition of autophagy is much more prominent in 



 

macrophages. We used flow cytometry analysis to demonstrate that immune cells with 

inhibited autophagy flux after CCI expressed increased levels of pro-inflammatory 

markers, including IL-1β and TNF-α, as compared to corresponding immune cells with 

normal levels of autophagy. Furthermore, inhibition of autophagy flux correlated with 

impaired phagocytic function, indicating microglial/macrophage dysfunction. These 

trends persisted through day 28- post CCI, suggesting that autophagy flux impairment 

following TBI has long-term consequences. Consistent with ability of autophagy to affect 

inflammation, our in vitro experiments in microglial and macrophage cell lines 

demonstrated that inhibition of autophagy can potentiate pro-inflammatory activation 

induced by lipopolysaccharide (LPS) treatment. In vivo, mice with microglia/macrophage-

specific knockout of the autophagy gene Becn1 (Beclin1flox/flox,LysMCre/Cre) subjected to 

CCI showed increased expression of pro-inflammatory genes and proteins as compared to 

controls. This included a marked exacerbation of the innate immune responses, including 

activation of the NLRP3 inflammasome and the type-I IFN pathways, indicating the 

importance of autophagy in suppression of innate-immunity mediated inflammation. 

Finally, Beclin1flox/flox, LysMCre/Cre mice performed worse than LysMCre/Cre controls on 

behavioral tasks after CCI. Overall, these findings indicate that inhibition of autophagy in 

microglia/macrophages exacerbates neuroinflammation after TBI and contributes to 

functional deficits.  
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CHAPTER 1: Introduction 
 

1.1 Traumatic Brain Injury 

1.1.1 Overview  

Traumatic brain injury (TBI) is defined as a sudden, external, physical blow to the head 

that disrupts normal brain function. It is a form of an acquired brain injury (i.e., it occurs 

after birth) and is a major cause of disability and mortality in the United States (US). 

Epidemiological data suggest that 2.8 million Americans sustain a TBI every year, and 

approximately 56,000 people die every year from TBI- related complications. (Langlois 

et al., 2006; McKinlay et al., 2008). TBI is a growing socioeconomic concern in the US, 

with estimated healthcare costs of over $76.5 billion in 2010 (CDC website). Major causes 

of TBI include falls, motor vehicle accidents, gunshots, sports-related injuries, being 

struck by an object, explosive blasts, and other military injuries (CDC Stacks, 2020). 

While the risk of having a TBI is substantial among all age groups, this risk is highest 

among adolescents, young adults, and persons older than 75 years. Moreover, the risk of 

TBI among males is twice the risk among females, most likely due to the increased overall 

probability of injury in males (Tiret et al., 1990; Egea-Guerrero et al., 2013; Leitgeb et al., 

2011).  

 

TBI is a complex, heterogeneous injury. It is characterized as mild, moderate, or severe, 

based upon the Glasgow Coma Scale, which assigns scores from 3 to 15 (severe: 3-8; 

moderate: 9-12; mild: 13-15) based on clinical assessments, including eye opening (E),  

motor response (M), and verbal response (V) (Iankova, 2006; G. Teasdale & Jennett, 

1976; Teasdale & Jennett, 1974).  It is estimated that the majority of TBIs diagnosed are 
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mild, comprising approximately 70% of cases (Faul et al., 2010). Although total 

incidences of TBI are increasing, the associated death rate has decreased, highlighting that 

TBI patients are increasingly surviving the initial injury (Figure. 1-1). Symptoms of mild 

to moderate TBI include headaches, dizziness, nausea; these injuries usually resolve 

within days to weeks of the insult. However, moderate to severe TBI and even repeated 

mild TBI results in long-term effects such as aphasia, seizures, amnesia, impairments in 

motor and cognitive function, social behavior, sensation, development of mood disorders, 

alteration of sleep patterns, and changes in personality, and coma (in severe TBI); these 

can persist up to months and years after injury (Bruns &Hauser, 2003; Andriessen et al., 

2010).  

 

In addition, post-traumatic stress disorder has a high occurrence rate in TBI survivors 

(Risdall & Menon, 2011). Thus, more severe TBI results in poor prognosis, long-term 

disability, and long-lasting adverse effects on patient quality of life and overall life 

expectancy (Aungst et al., 2014; Dijkstra-Kersten et al., 2020; Dams-O’Connor et al., 

2013; Faul & Coronado, 2015; Finkelstein et al., 2006). Reports estimate that 3.17 to 5 

million people in the US (approximately 1-2% of the US population) live with a TBI-

related disability (Selassie et al., 2008; Thurman et al., 1999; Zaloshnja et al., 2008).  

Furthermore, there is evidence that moderate to severe TBI , and repeat mild TBI, may be 

associated with increased risk of neurodegenerative diseases such as late-onset dementias 

(Mortimer et al., 1985; Salib and Hillier, 1997; Plassman et al., 2000), Alzheimer’s 

Disease (AD)  (Lye & Shores, 2000), and Parkinson’s Disease (PD) (Hutson et al., 2011). 
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Fig 1-1. Report of TBI-related emergency department visits, hospitalizations, and 

deaths (EDHD) from 2001-2010. Between 2001 to 2010, the total number of TBI-related 
hospitalization increased by 54% (purple line), from approximately 521 visits per 100,000 
US population in 2001 to approximately 824 visits per 100,000 US population in 2010, 
while the number of emergency department (ED) visits increased by 54% (blue line), from 
approximately 420 visits per 100,000 US population in 2001 to approximately 716 visits 
per 100,000 US population in 2010. On the other hand, the rate of TBI-related deaths 
decreased from 18.5 per 100,000 US population in 2001 to 17.1 per 100,000 US 
population, indicating that more people are likely to survive a TBI-related injury. (Centers 
for Disease Control and Prevention, National Center for Injury Prevention and Control). 
 

TBI treatment is complicated by a lack of FDA-approved treatment interventions and 

failure of clinical trials (Loane & Faden, 2010; Gruenbaum et al., 2016). Current 

treatments majorly rely on alleviating the TBI-associated symptoms and improving 

patient quality of life rather than preventing TBI disease progression.  Given the heavy 

socioeconomic burden of TBI on the US healthcare system, there is a pressing need to 

identify and develop effective therapeutic interventions for TBI patients.  
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1.1.2 Overall Pathophysiology 

TBI pathophysiology is complex, and its time course and resulting neurological 

consequences vary significantly from individual to individual based on factors such as 

sex, age, overall health, injury severity, injury location, genetic predisposition, and the 

development of co-morbidities (Bennett et al., 2016; Chan et al., 2017; Gupte et al., 2019; 

Cortes et al., 2021). It includes both the mechanical damage resulting from the injury 

impact itself and the delayed molecular cascades that follow the injury.  These phases, 

distinguished as primary and secondary injury, contribute to temporary or permanent 

neurological deficits after TBI (Figure. 1-2). 

Primary injury, directly resulting from the primary external impact to the brain, occurs 

within seconds or minutes after the impact. It is characterized by the displacement of and 

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

hemorrhages, increased blood-brain barrier (BBB) permeability, axonal shearing, and 

irreversible neuronal and glial cell death (Frati et al., 2017; Gyoneva & Ransohoff, 2015; 

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

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

intercellular ions (Ca+, K+, Na+), and excitotoxicity (Loane & Faden, 2010; Algattas & 

Huang, 2014).  

The events of primary injury lead to the development of secondary brain injury, which 

can begin within minutes of the primary mechanical injury and persist for days, months, 

and years following the primary insult. It comprises molecular, biochemical, and 

inflammatory cascades that exacerbate secondary neuronal cell damage, death, and 

neuroinflammation, leading to neurological deficits (Loane et al., 2015). Secondary injury  
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Figure. 1-2. Pathophysiological mechanisms of primary injury in TBI. Mechanisms 
involved in primary injury associated with TBI. Primary injury eventually results in the 
development of secondary injury. Secondary injury includes molecular pathways that aid 
in neuroinflammation, brain damage and neuronal repair (Adapted with permission from 
Hongjuan et al., 2018) 

 

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

of excitotoxic neurotransmitters such as glutamate. In addition, cytoplasmic and nuclear 

proteins and genetic material are released from cells into the microenvironment (Frati et 

al., 2017; Tehse & Taghibiglou, 2019). 

Damaged and dying cells release mediators and danger signals, such as damage-associated 

molecular patterns (DAMPs) (Roth et al., 2014; Yang et al., 2017; Liesz et al., 2015). 

Microglia, the intrinsic immune cells in the brain, are the first responders to these danger 
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signals. Disruption of the BBB causes infiltration of peripheral immune cells, including 

leukocytes (monocytes/macrophages, neutrophils, and lymphocytes), to the site of brain 

injury. Together, resident microglia and infiltrating cells secrete multiple inflammatory 

mediators (e.g., pro-inflammatory cytokines, anti-inflammatory cytokines and 

chemokines) that regulate robust interactions among the cells, resulting in 

neuroinflammation (role of microglia and peripheral cells, and overall neuroinflammation, 

covered in detail in Chapter 1.2).   

Proliferating astrocytes, also activated in response to injury, form a glial scar surrounding 

the injury site and secrete trophic factors and immune mediators that promote tissue 

remodeling and neurogenesis. While in mild TBI, the secondary injury events generally 

subside within days or weeks, some can persist into the chronic phase (Figure. 1-3). The 

chronic phase of TBI also includes a restorative phase during which the brain remodels 

itself to counter tissue damage and death resulting from secondary injury (Schoch et al., 

2012). This restoration phase includes repair mechanisms such as proliferation and 

differentiation of endogenous neural precursors and stimulation of neurite outgrowth and 

re-myelination. Depending on the severity of TBI, these restorative mechanisms may or 

may not be able to compensate for neuronal tissue loss and neuroinflammation in chronic 

TBI.  

The evidence for chronic TBI progression is supported by clinical and experimental data. 

Clinical studies utilizing structural imaging has found progressive atrophy and 

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

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



7 

 
Figure. 1-3. General Timeline of TBI Pathophysiology. The initial mechanical impact 
(primary injury—red arrow) disrupts the structure of the brain and leads to complex 
secondary changes that collectively spread the damage to the intact neighboring tissue 
(secondary injury—red lines). The secondary injury includes secondary neuronal cell 
death as well as long-term inflammatory changes, which further tissue dammage. Cell 
damage and death resulting from secondary injury are followed by a restorative phase 
(regeneration—black dotted line) during which the brain or the spinal cord remodels itself 
to compensate for the tissue damage. CNS, central nervous system. (Adapted with 
permission from Lipinski et al, 2015). 

 

been found in experimental models of severe TBI, were the injured brain lesion doubles 

in volume one year from the time of initial injury (Loane et al., 2014). Mouse cortical 

neurons continue to die following TBI, and by one-year post-injury, the hippocampus 

contains half the number of neurons as an age-matched uninjured mouse (Loane et al., 

2014). Moreover, there are emerging findings that TBI also contributes to acute and 

chronic dysfunction of numerous peripheral organ systems, including the adrenal glands, 
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bladder, bone, gastrointestinal tract, heart, lung, kidney, and spleen (Hanscom et al., 2021; 

Doran et al., 2020). 

 

1.1.3 Neuroinflammation 

Neuroinflammation is a major consequence of TBI and is primarily driven by infiltrating 

immune cells from peripheral circulation (during the acute phase of TBI), astrocytes, and 

resident brain microglia (during both acute and chronic phases on TBI) (Figure. 1-4). The 

delicate balance between production and release of pro- and anti-inflammatory cytokines 

drives neuroinflammation after TBI. While immune cells in the injured brain have mixed 

pro- and anti-inflammatory polarization in the acute phases following injury, the anti-

inflammatory responses become dysfunctional over time, resulting in the development of 

pathological pro-inflammatory responses (Kumar et al., 2015).  

 

1.1.3.1. Microglia 

Microglia constitute the highly versatile resident immune cells in the brain, comprising 

5% to 10% of the total glial cell population (Lawson et al., 1990). Microglia were first 

thought to be identical to macrophages, however later studies established that they have a 

distinctive lineage and molecular signature as compared with macrophages (Ginhoux et 

al., 2010; Hickman et al., 2013). Adult microglia are derived from distinct myeloid 

precursor that leave the yolk sac on E8.5–E9.0, enter the primitive blood stream, and 

journey to the CNS where they gain lineage specific gene expression and differentiate into 

mature microglia (Ginhoux et al., 2010). The identification of microglia-specific markers  
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Figure. 1-4. Morphological changes of microglia. Above- representative schematics; 
Below- photomicrographs of human brain microglia (Iba-1 immunohistochemistry) 
depicting morphological stages of microglial activation. Ramified microglia are 
characterized by small bodies and long, branched processes. Mildly activated 
hypertrophic microglia are characterized by increased branching of processes as well as 
lengthening of processes. Bushy morphology is intermediate activation and is 
characterized by swollen, truncated processes, and enlarged cell bodies. Amoeboid 
microglia are characterized rounded macrophage-like morphology with no or few 
processes. (Adapted from Crews et al., 2015) 
 

 

and the use of flow cytometry have made it possible for researchers to discriminate 

between microglia and macrophages in the injured brain (Tanaka et al., 2020).  

 

Microglia have numerous functions in the brain, including synaptic pruning, CNS repair, 

mediating the immune responses against peripheral infection (Salter & Beggs, 2014). In 

a healthy CNS, microglia have a ramified morphology characterized by a small cell body 

and extended branches which allow microglia to survey the surrounding environment. The  

primary injury phase of TBI induces instantaneous neuronal and glial cell death that cells 

release DAMPs, which serve as ‘danger signals’ to other residents and infiltrating cells 

Hypertrophi
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via pattern recognition receptors (PPR). These damaged cells also secrete cytokines and 

chemokines that recruit more microglia and astrocytes at the site of injury (Gyoneva & 

Ransohoff, 2015; Loane& Byrnes, 2010; Nakamura et al., 2002; Woodcock & Morganti-

Kossmann, 2013). Activated microglia then undergo gene expression changes and distinct 

morphological changes, including increased cell body size and decreased branching. The 

microglial morphology switches from their ramified shape (small cell body with long, 

branched projections) to hypertrophic, “bushy” (large cell body with swollen, truncated 

processes), or amoeboid morphologies  (macrophage-like morphology with few or no 

processes) (Figure. 1-4).  These highly activated microglia phagocytosize cellular debris 

and produce various pro-inflammatory cytokines (TNF-α, IL-1β, iNOS, IL-6, IL-8), anti-

inflammatory cytokines (IL-10, IL-1ra), chemokines, and reactive oxygen species (ROS) 

at the site of injury. Phagocytosis and the release of neurotrophic factors and anti-

inflammatory cytokines prevent further neuronal injury and are believed to restore tissue 

integrity in the injured brain.  Microglia have a mixed pro- and anti-inflammatory 

polarization in the acute phases following injury; however, this transitions predominantly 

to a pro-inflammatory response over time that persists into the chronic phase of TBI 

(Kumar et al., 2015). Chronic activation of microglia results in the prolonged production 

of neurotoxic and pro-inflammatory cytokines and ROS (Loane et al., 2014; Izzy et al., 

2019). This persisting microglial activation has been confirmed in autopsy results in TBI 

patients and football players who suffered repeated, mild TBI (Johnson et al., 2013; 

Coughlin et al., 2015; Coughlin et al., 2017; Bendlin et al., 2008). Furthermore, there is 

increasing evidence that chronic inflammation after TBI is associated with cognitive 

decline and can lead to the development of sleep disorders, neurodegenerative diseases, 
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and psychiatric diseases (Masel & DeWitt, 2010; Faden et al., 2016; Ramlackhansigh et 

al., 2011; Wilson et al., 2017; Kumar et al., 2016; Henry et al., 2019).   

 

1.1.3.2  Peripheral Immune Cells  

The blood-brain barrier (BBB) is a highly selective semipermeable membrane comprising 

endothelial cells, sealed by tight junction proteins that restrict solutes in the circulating 

blood from non-selectively crossing into the brain. However, during the primary phase of 

TBI, the mechanical impact to the brain results in the damage to the endothelial cells of 

the BBB, leading to loss of blood flow followed by disrupted tight junctional proteins and 

the basal membrane. This results in a loss of BBB integrity and subsequently elevated 

membrane permeability. BBB disruption is commonly observed in both mild TBI patients 

and experimental animal models (Sandsmark et al., 2019). In the injured brain, damaged 

neuronal tissue releases chemokines which recruit peripheral immune cells to the area of 

injury through the disrupted BBB (Cardona et al., 2003; Wilson et al., 2010). Preclinical 

studies have established a general time course of inflammatory response after TBI (Simon 

et al., 2017) (Figure. 1-5). 

 

The first peripheral immune cells to infiltrate the CNS after trauma are neutrophils, bone-

marrow-derived cells that function to phagocytose cellular debris and bacteria (Schloz et 

al., 2007). In response to TBI, these are the first immune cells to cross the BBB and enter 

the sites of injury, though this response is short-lived, with a peak at 24–48 hours after 

injury and a resolution in neutrophil numbers by seven days (Clark et al., 1994; Semple 

et al., 2010).  
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Figure. 1-5. Temporal Inflammatory response following TBI. The number of activated 
astrocytes and microglia increase and peak within 3-7 days post-TBI. The inflammatory 
response is mostly resolved by 10 days post-injury. Representation of the injury site at an 
acute (minutes/hours) time point post-TBI. The focal injury site is characterized by tissue 
damage due to the impact and the secretion of chemokine/cytokines by damaged cells 
(Adapted from McKee & Lukens, 2016). 

 

 

Monocytes/macrophages are also bone marrow-derived and contribute to neuroprotection 

and recovery after CNS injury by phagocytosing cellular debris and preserving healthy 

tissue. They infiltrate the injured brain in the early days following TBI via the CC motif 

chemokine receptor 2, CCR2 (Gyoneva et al., 2015). Acutely after injury, infiltrating 

macrophages produce growth factors and neurotrophins, and anti-inflammatory cytokines 

such as interleukin IL-10 and transforming growth factor-β (TGF β). On the other hand, 

they also secrete pro-inflammatory cytokines (TNF-α, IL-1β, iNOS, IL-6, IL-8), 

chemokines, and ROS (Makinde et al., 2017). While macrophages are thought to play a 
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beneficial role by clearing debris more efficiently than microglia, they may also negatively 

impact the latter following injury. For example, in a model of peripheral induced 

inflammation, mice injected with LPS showed enhanced microglial activation and 

increased levels of pro-inflammatory cytokines IL-1β and TNF-α in the cortical brain as 

early as two days post-injection (Gyoneva et al., 2014). Anti-CCR2 neutralizing 

antibodies that prevent infiltration of peripheral macrophages into the brain following 

injury have been show to better neurological outcomes and smaller brain lesion volumes 

in mice following TBI (Hsieh et al., 2014; Morganti et al., 2015).  

 

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

or later following injury (Bai et al., 2017a). These lymphocytes, most of which are T cells, 

are highly suggestive of a transition to an adaptive immune response following a TBI. 

However, studies in TBI and ischemic stroke models suggest that infiltrating T cells might 

also contribute to neurological impairment following injury (Daglas et al., 2019). 

 

In recent years, there has been mounting evidence from both clinical and experimental 

models that implicate neuroinflammation and dysregulated immune responses in the 

exacerbation of neurological dysfunction after TBI. (Das et al., 2012; Giunta et sl., 2012; 

Woodcock et al., 2013; Walsh et al., 2014; Corps et al., 2015; Gadani et al., 2015). 

Clinically, elevated cytokine production is one of the strongest prognostic indicators of 

poor clinical outcomes in TBI patients (Woiciechowsky et al., 2002; Arand et al., 2001; 

Chiaretti et al., 2005). Inhibition of IL-1β receptor in experimental TBI preclinical models 

confers neuroprotection and improves functional recovery in mice (Jones et al., 2005; 

Sanderson et al., 1999). In addition, global deletion of TNF-α in mice results in 
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improvements in long-term neurological deficits after TBI (Scherbel et al., 1999; Sullivan 

et al., 1999). Finally, pharmacological depletion of microglia in mice following TBI 

results in the repopulation of ‘newer’ microglia with decreased pro-inflammatory 

phenotypes and improved long-term neurological outcomes (Henry et al., 2020, Witcher 

et al., 2020).  

 

There are currently no FDA-approved therapeutics to effectively slow the TBI-related 

disease progression. Most phase II/III clinical trials have failed to show consistent 

outcomes for TBI patients. Hence current treatments primarily focus on rehabilitation and 

alleviation of TBI-associated symptoms. The prolonged secondary injury process in TBI 

pathophysiology provides a wide therapeutic window for clinical intervention.  As TBI 

pathogenesis is complex, better understanding the molecular mechanisms underlying TBI-

related secondary injury is necessary to develop effective therapeutics, particularly those 

targeting neuroprotection, after TBI. 

 

 

1.2. Innate Immunity  

1.2.1. Overview of Innate Immunity. 

Innate immunity provides the first line of defense against invading pathogens and is 

defined by the body’s ability to rapidly respond to foreign antigens in a non-specific 

manner. The innate immune system includes anatomical barriers, such as the skin and 

mucus membranes, soluble immune proteins, and innate immune cells. In the periphery, 

this includes neutrophils, monocytes/macrophages, mast cells, natural killer (NK) cells, 
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and dendritic cells (DCs), and microglia in the brain. Within the brain, microglia can be 

activated during systemic infections (without the integrity of the BBB being 

compromised), brain injury, and chronic diseases. In general, immune cells respond to 

specific pathogen-derived molecular moieties (e.g., peptides, lipopeptides, carbohydrates, 

DNA, RNA, others), collectively known as pathogen-associated molecular patterns 

(PAMPs), or damage-associated molecular patterns (DAMPs), which are released from 

injured cells (Santoni et al., 2015). Numerous DAMPs are significantly released in the 

brain during conditions of trauma, including TBI (Sharma et al., 2016) (Table 1-1).   

 

PAMPs and DAMPs are recognized by immune cells via germ-line-encoded pattern 

recognition receptors (PRRs), which include membrane-bound Toll-like receptors 

(TLRs), NOD-like receptors (NLR) and cytosolic DNA sensors (CDS), C-type lectin 

receptors (CLR), retinoic acid-inducible gene I (RIG-I)-like receptors (RLR). TLRs detect 

ligands from the extracellular and endosomal milieu, whereas NLRs, ALRs, and RIG-I-

like receptors provide immune surveillance in the cytoplasm. Together, these receptors 

facilitate innate immune responses by activating key signaling pathways and producing 

essential cytokines and chemokines to mediate the immunological repose. For this thesis, 

only TLR, NLR, and CDS will be discussed in detail.  
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Table 1-1. List of recognized DAMPs in injury. DAMPs are released by damaged or 
dying cells during conditions of trauma, including TBI. They are recognized by different 
pathogen recognition receptors (PPR) located on immune cells (Adapted from Sharma et 

al., 2016). 
 

 

1.2.2. Toll-like Receptor (TLR) Signaling Pathway. 

Toll-like receptors (TLRs) are a conserved transmembrane receptor family that can 

recognize the specific PAMPS and DAMPs released from damaged cells and recruit a set 

of adaptors leading to the activation of downstream kinases and nuclear factors which 

regulate the expression of inflammatory genes. They a variable number of LRR motifs, a 

transmembrane region, and a Toll/IL-1 receptor (TIR) domain.  TLRs are classified into 

two subfamilies based on their localization: those expressed at the plasma membrane, 

encompassing TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10, and the intracellular ones 
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expressed on endosomes, including TLR3, TLR7, TLR8, TLR9, TLR11, TLR12, and 

TLR13.  

 

Each TLR interacts with a specific PAMP/DAMP through its extracellular leucine-rich-

repeat (LRR) (Figure 1-6). Plasma membrane TLRs mainly recognize microbial 

membrane components such as lipids, lipoproteins, and proteins. For example, TLR4 

recognizes bacterial lipopolysaccharide (LPS). TLR1, 2, and 6 recognize a wide variety 

of PAMPs including lipoproteins, peptidoglycans, and lipotechoic acids (Kawai & Akira, 

2010), TLR5 recognizes bacterial flagellin (Akira et al., 2006). On the other hand, 

intracellular TLRs recognize nucleic acids derived from bacteria and viruses and 

recognize self-nucleic acids in disease conditions such as autoimmunity. For example, 

TLR3 recognizes viral double-stranded RNA (dsRNA), small interfering RNAs, and self-

RNAs derived from damaged cells (Zhang et al., 2013; Takemura et al., 2014), and TLR7 

recognizes single-stranded (ss)RNA from viruses and bacteria. 

 

Upon ligand binding, TLRs dimerize and undergo conformation changes, which lead to 

the recruitment of TLR domain-containing adaptor proteins. To date, five adaptors with 

TLR domains have been identified: Myeloid differentiation primary-response protein 88 

(MyD88), TIR domain-containing adaptor protein (TIRAP), TIR domain-containing 

adaptor protein inducing IFN-β (TRIF), TRIF-related adaptor molecule (TRAM), and 

Sterile α- and armadillo-motif-containing protein (SARM). TLR signaling is largely  
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Figure 1-6. TLR Signaling Receptors. Surface TLR4, TLR2/1, TLR2/6, TLR5 
recognize surface bacterial molecules like LPS, triacylated lipoproteins, diacylated 
lipoproteins, and flagellin, respectively. Endosomal TLRs such as TLR7, TLR8, and 
TLR9 respond to nucleic acids like dsRNA, ssRNA, and DNA. (Adapted from Kawai et 

al) 
 

divided into two pathways: the MyD88-dependent and TRIF-dependent pathways. The 

differential utilization of distinct these two adaptor molecules by TLRs results in 

activation of different transcription factors that, in turn, induce different subsets of genes. 

 

MyD88-dependent signaling: All TLRs, except TLR3, associate with MyD88. TIRAP, 

associated with the interior cell membrane, facilitates recruitment of cytosolic MyD88 to 

the TIR domain of the intracellular region of the TLR through TIR-TIR interactions. 

MyD88 then forms a signaling platform to which enzymatic proteins such as Interleukin-

1 receptor associated kinase-4 (IRAK-4), IRAK-1, TANK-binding kinase 1 (TBK1), and 

others are recruited. This results in the formation of a large multimeric structure that 

initiates a signaling cascade and ultimately triggers NF-κB activation and its nuclear 

translocation, leading to NF-κB-mediated transcription.  
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TRIF-dependent signaling: TLR3 and TLR4 also can recruit TRIF as an adaptor. The 

TRIF pathway leads to the activation of Interferon Response Factor-3 (IRF-3), a 

transcription factor that mediates expression of a different subset of genes, including IFN-

β and IFN-γ-inducible protein-10 (IP-10). In the case of TRIF signaling, IFN-β can, in 

turn, act back on the Type I IFN receptor in an autocrine or paracrine fashion to activate 

a second signaling pathway leading to the induction of hundreds of interferon response 

genes (IRGs). 

 

TLR activation may be beneficial or detrimental to the cell. While the main function of 

TLRs is to mediate pro-inflammatory cytokine production as a protective response against 

pathogens in the CNS, they may be activated in the absence of microbial invaders. TLRs 

have been found to be upregulated in brains of patients with AD (Liu et al., 2005), PD 

(van Noort & Bsibsi, 2009; De Paola et al., 2012; Lee et al., 2015) and amyotrophic lateral 

sclerosis (ALS). While TLRs, particularly TRL2 and TLR4, are significantly upregulated 

following TBI, they are believed to play a more detrimental role in TBI pathophysiology. 

For example, the absence of TLR4 is shown to attenuate neuroinflammation and brain 

damage in mice after TBI (Ahmad et al, 2013; Hongsheng et al., 2018).  

 

1.2.3. NOD-like Receptors (NLRs) and the Inflammasome Pathway 

NOD-like receptors (NLRs) are cytoplasmic PRRs that respond to intracellular PAMPs, 

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

potassium (K+) (Davis et al., 2011). NLRs consist of three domains: nucleotide biding 

domain (NOD or NBD), Leucine-Rich Repeats (LRRs), and an N-terminal interaction 



20 

domain. The N-terminal interaction domain can consist of Caspase recruitment domain 

(CARD) or pyrin domain (PYD) (Davis et al., 2011).  

 

Classical NLRs such as NOD1 and NOD2 result in NF-kB signaling (Man et al., 2016). 

Other NLRs participate in the formation of the inflammasome- an apoptosis-associated 

speck-like protein that promote immune responses and the programmed cell death in 

response to PAMPs and DAMPs. The term ‘inflammasome’ was first coined in 2002 by 

Jurg Tschopp. In addition to NLRs, the inflammasome contains adaptor proteins (for 

example, ASCs [apoptosis-associated speck-like proteins containing CARDs (caspase 

recruitment domains)]), and effector proteins (for example, caspase-1), which undergo 

self-cleavage and conversion of inactive zymogen into their active forms. Four key 

inflammasomes, namely NLRP1, NLRP3, NLRC4, and AIM2, distinguished have been 

best characterized. They mainly differ from each other based on their composition and 

activating stimulus.  

1. NLRP1 interacts with ASC and caspase-1 via an N-terminal PYD and binds 

caspase-5 to the complex via the C-terminal CARD. Muramyl dipeptide, Bacillus 

anthracis lethal toxin and Toxoplasma gondii induce the activation of the NLRP1 

inflammasome. 

2. NLRP3 interacts with ASC through an N-terminal PYD domain, which recruits 

caspase-1. NLRP3 is activated by the recognition of mtDNA and cardiolipin 

(Figure 1-7). 

3. NLRC4 inflammasome is activated by the NAIP family, and it can recruit caspase-

1 directly via its CARD in an ASC-independent manner. However, it remains 

unclear how ASC interacts with the NLRC4 inflammasome complex.  
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Figure. 1-7.  Formation of the NLRP3 inflammasome. Activation of the NLRP3 
inflammasome involves the constituent molecules of the NLRP3 inflammasome (i.e., 
NLRP3, ASC and caspase-1) binding to form a heptamer or octamer NLRP3 
inflammasome complex. This inflammasome complex allows the cleavage of pro-
caspase-1 into active caspase-1, which in turn cleaves pro-IL-1β and pro-IL-18 to their 
active forms, IL-1β and IL- 18 respectively. The increase in these pro-inflammatory 
proteins leads to form of cell death called pyroptosis (Adapted from O’Brien et al., 2020) 
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4. AIM2 inflammasome recruits ASC and caspase-1 through its N-terminal PYD 

domain and is activated by direct binding with dsDNA via its HIN domain 

(Sutterwala et al., 2014).  

Activation of these inflammasomes leads to the processing and secretion of inflammatory 

cytokines, including IL-1β and IL-18, leading to an inflammatory form of cell death 

termed pyroptosis. In the context of CNS injury, the NLRP1 and NLRP3 inflammasomes 

are the most well-studied (Wallisch et al., 2017; Zendedel et al., 2017).  

The functional regulation of an active NLRP3 inflammasome is a two-step process; a non-

activating “priming” stimulus is firstly required to initiate expression of key 

inflammasome components, followed by a secondary “activating” stimulus that results in 

inflammasome oligomerization (Bauernfeind et al., 2009; Swanson et al., 2019). 

Inflammasome priming by inflammatory stimuli such as TLR4 agonists includes the 

transcriptional upregulation of NLRP3 and pro-IL-1β, as well as post-translational 

modifications of NLRP3 that stabilize the inactive protein in a signal-component state. 

These molecules are inactive until a subsequent stimulus occurs. The subsequent 

activation from PAMPS or DAMPS induces the assembly of NLRP3 constituent proteins 

into the complete NLRP3 inflammasome. This process involves the oligomerization of 

NLRP3 proteins via homotypic interactions between two NLRP3 proteins, which recruit 

and bind ASC. The ASC domain of the partially assembled inflammasome then cleaves 

pro-caspase-1 into its active isomer, caspase-1, and subsequently binds caspase-1 to form 

a complete NLRP3 inflammasome. Seven NLRP3 inflammasome molecules are recruited 

and bound together to form a heptamer ring structure. This structure allows the self-

cleavage and further activation of pro-caspase-1 proteins into caspase-1. Caspase-1 further 
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facilitates IL-1β and IL-18 maturation via the cleavage of their inactive forms, pro-IL-1β 

and pro-IL-18, into their active forms, IL-1β and IL- 18 respectively. (Martinon et al., 

2002, Jha et al., 2010). The cell then secretes these pro-inflammatory cytokines to mediate 

the inflammatory response. 

 

Under normal conditions, basal NLRP3 levels are low enough to avoid aberrant 

inflammasome assembly and activation. Under pathological conditions such as TBI, 

NLRP3 inflammasome is upregulated and is a major driver of neuroinflammation and 

neurobehavioral disturbances (O’Brien et al., 2020). This is supported by clinical data that 

reports higher CSF levels of NLRP3 in TBI patients and a positive correlation between 

peak NLRP3 levels of > 6.63 ng/mL in the CSF and poor outcome (Zendedel et al., 2017). 

The initial rise of NLRP3 may be due to necrotic cell death or traumatic lysis, whereas the 

late rise of NLRP3 may represent infection, cellular stress or other inflammasome 

activating triggers such as ion flux, mitochondrial dysfunction, ROS, and metabolic 

factors (Wallisch et al., 2017). Manipulation of the NLRP3 inflammasome pathways 

could have therapeutic efficacy in TBI. NLRP3 neutralization in mice after TBI reduces 

IL-1β processing and attenuate injury-associated neuronal loss. (Simon et al., 2017). 

Moreover, the absence of the NLRP3 inflammasome contributes to improvement in 

functional recovery in mice following TBI (Irrera et al., 2017). 

 

1.2.4. Cytosolic DNA Sensors (CDS) and the cGAS-STING Pathway. 

Cytosolic DNA sensors (CDS) are DNA-binding proteins that can detect perturbations in 

DNA homeostasis of the cell and activate the intracellular signaling cascades of the innate 
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immune system as a response (Ablasser et al., 2019). One such CDS pathway is the cGAS-

STING pathway, which when activated triggers a cascade that ultimately leads to the 

production of IFNs-I and other pro-inflammatory cytokines, allowing innate immune 

system to respond to injury (Nazmi et al., 2019; Peng et al., 2020; Li et al., 2020; Sun et 

al., 2013; Zhang et al., 2013) 

 

When double stranded DNA (dsDNA) binds with cyclic GMP-AMP synthase (cGAS), 

the latter undergoes a conformational change to catalyze the formation of 2′,3′-cyclic 

GMP-AMP (cGAMP), a cyclic dinucleotide (CDN) from ATP and GTP, containing the 

phosphodiester linkages of both 2′–5′ and 3′–5′. cGAMP synthase activates the protein 

Stimulator of Interferon Genes (STING), which leads to its dimerization, re-localization, 

and prion-like aggregation. (Walko et al., 2014;  Chin et al., 2019; Wang et al., 2019). 

This complex then associates with TANK binding kinase 1 (TBK1) and causes the 

recruitment of interferon regulatory factor 3 (IRF3). Then, IRF3 phosphorylates and 

translocates to the nucleus where the production of type I IFNs is induced. The NF-kB 

signaling pathways can also be activated by STING (Figure. 1-8). 

 

While exogenous DNA resulting from infection or efferocytosis primarily contribute to 

activation of the cGAS/STING-mediated pathway, ‘self-DNA’ leaked from the nucleus 

or mitochondria can also activate this pathway and trigger extensive inflammatory 

responses (Ma et al, 2020; Crow et al., 2006).  This occurs because cGAS binds to the 

sugar-phosphate backbone of dsDNA, hence it is not dependent on a specific DNA 

sequence (Barnett et al., 2019). DNA. Chronic IFN-I production contributes the 

development of age-related  
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Figure. 1-8. Signal transduction coordinated by the cGAS-STING pathway. Innate 
immunity is triggered by exogenous or intrinsic dsDNA binds to cGAS. Upon activation, 
cGAS undergoes a conformational change and actives STING. This complex then 
associates with TANK binding kinase 1 (TBK1) and causes the activation of the IRF3 
pathway as well as NF-kB signaling pathways (Adapted from Hoong et al., 2020) 
 

neurodegenerative diseases (Talor et al., 2014; Deczkowska et al., 2017). There increased 

expression of IFN-I and IFN-related genes is observed in brain tissues across several 

mouse models of AD. Furthermore, disruption of the cGAS/STING signaling pathways 

enhances susceptibility to bacterial and viral infection (Zhang et al., 2014; Tan et al., 2020; 

Cheng et al.,2018) and its chronic and dysregulated activation may be detrimental 

(Goldman et al., 2015).  

 

Activation of the cGAS/STING pathway and the induction of Type-I IFN/ IFN-I 

responses occur in response to TBI (Barrett et al., 2020). IFN-β deficiency has been found 

to reduce neuroinflammatory response and improve long-term motor and cognitive 
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function recovery in mice after TBI (Barrett et al., 2020). IFN-I have been also implicated 

in the progression of age- related neuroinflammation and cognitive decline after TBI 

(Baruch et al., 2013; Deczkowska et al., 2017). Inhibition of IFN-I signaling has been 

found to reduce pro-inflammatory cytokine expression in the aged brain, increase the 

expression of brain-derived neurotrophic factor (BDNF) and insulin-like growth factor 1 

(IGF-1), reduce neurodegeneration and improve long-term motor and cognitive function 

recovery (Karve, et al., 2016; Barrett et al., 2020; Baruch et al., 2014).  

 

 

1.3 AUTOPHAGY 

1.3.1 Overview of Autophagy 

Autophagy is a vital intracellular degradation pathway that delivers cytoplasmic 

constituents to the lysosomes for degradation. The term is derived from ancient 

Greek autos, 'self' and phago, 'to eat' — literally meaning 'self-eating', and was first 

described by Christian de Duve during his seminal work on the discovery of lysosomes 

(De Duve et al., 1955; Klionsky, 2007).  Autophagy can occur in bulk as a response to 

starvation, whereby portions of the cytoplasm are digested to meet the heightened 

biogenesis and energy needs of the cell (Rabinowitz &White, 2010; Galluzzi et al., 2014). 

It plays important roles in homeostasis, acting as a quality and quantity control process by 

removing protein aggregates (Rubinsztein et al., 2012; Birgisdottir et al., 2013) and 

defunct or surplus organelles (Maejima et al., 2013; Randow & Youle, 2014), as well as 

invading microbes and endogenous and exogenous inflammatory agonists (Deretic et al., 

2015).  
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Three types of general autophagy have been identified: chaperone-mediated autophagy 

(CMA); microautophagy; and macroautophagy. These differ from one another in how the 

substrates are identified and processed (Klionsky, 2005; Yang & Klionsky, 2010). 

Macroautophagy, referred to as autophagy from here, is the most common form of 

autophagy in the cell (Gatica et al., 2018). It involves the sequestration of cytoplasm into 

a double-membrane cytosolic vesicle referred to as an autophagosome, that subsequently 

fuses with a late endosome or lysosome to form an autophagolysosome (or autolysome). 

Inside the autophagolysosome, the lysosomal hydrolases degrade the sequestered 

material, which then becomes available to the cell for recycling (Figure. 1-9). 

 

Autophagy-related proteins (ATG proteins), the essential components of autophagosome 

formation were identified by means of yeast genetic screening in the 1990s. 

There are currently 38 ATG proteins identified in yeast. Of these, the core ATG proteins 

that are essential for the autophagy process are phylogenetically highly conserved 

(Longatti & Tooze, 2009; Suzuki & Ohsumi, 2007; Xie & Klionsky, 2007). The 

mammalian orthologs include ULK1 (mammalian ATG1), ATG3, ATG4s, ATG5, 

BECLIN1 (mammalian ATG6), ATG7, LC3A/B (mammalian ATG8), ATG9A, ATG10, 

ATG12, ATG13, ATG14, ATG16L1, FIP200 (mammalian ATG17), and WIPIs 

(mammalian ATG18), have been identified. The core ATG proteins are classified into 

several functional units, such as the ULK1/FIP200 protein kinase complex; the class III 

phosphoinositide 3-kinase complex; and the ATG7-mediated, ubiquitin-like conjugation 

system. These units induce the events responsible for isolation membrane formation and 

subsequent autophagosome formation.  
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Figure 1-9. Schematic diagram of the steps of autophagy. Autophagy begins with the 
formation of the phagophore or isolation membrane. Phagophore elongation leads to the 
formation of  an autophagosome, which can engulf cytoplasmic contents. When the outer 
membrane of the autophagosome with a lysosome it forms an autophagolysosome. This 
results in the sequestered material being degraded inside the autophagolyosome (vesicle 
breakdown and degradation). (Adapted with permission from Lipinski et al., 2015) 
 

 

Basal levels of autophagy are important for homeostasis and in all cells. Mice lacking 

crucial autophagy gene such as Atg3, Atg5, Atg7, or Atg6L1 have been observed to die 

shortly after birth due to poor nutrition and energy depletion, while mice lacking Beclin1, 

Ambra1 and Fip200 show early embryonic lethality (Cecconi & Levine, 2008; Mizushima 

& Levine, 2010). Autophagy is especially crucial in terminally differentiated cells such as 

neurons and oligodendrocytes; mice with neural tissue specific knockout of the essential 

autophagy genes Atg5 and Atg7 develop severe neurodegeneration, leading to abnormal 

motor function and reflexes (Komatsu et al., 2006). Due to this, researchers generally use 

tissue-specific knockout mice to study the role of autophagy in diseases. 
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1.3.2 Autophagy Pathway (in detail) 

Autophagy is negatively regulated by the nutrient-sensing mammalian target of rapamycin 

(mTOR) kinase, a master regulator of cellular growth and metabolism. Under nutrient-

rich conditions, mTOR inhibits autophagy by directly phosphorylating and inactivating 

Unc-51-like kinase 1 (ULK1) and Atg13 (Ganley et al., 2009). Phosphorylation of ULK1 

by mTOR at this site prevents ULK1 from interacting with a second master regulator of 

metabolism, the energy-sensing AMP-activated protein kinase (AMPK) (Kim et al., 

2011). AMPK induces autophagy by alleviating the negative regulation by mTOR through 

the phosphorylation and activation of TSC2 (Inoki et al., 2003), an upstream negative 

regulator of mTOR, and via direct phosphorylation of Raptor (Gwinn et al., 2008), a 

subunit of the mTOR complex. Additionally, AMPK induces the formation of the ULK1 

complex through direct phosphorylation of ULK1 at Ser 317 and Ser 777, which result in 

blocking mTOR and the activation of ULK1 kinase activity (Kim et al., 2011; Joungmok 

et al., 2011). 

 

Following activation, ULK1 phosphorylates several downstream targets to initiate the 

autophagic process (Hosokawa et al., 2009; Ganley et al., 2009). Formation of the ULK1 

multi-protein complex requires ULK1-mediated phosphorylation of ATG13 and the 

scaffold protein family-interacting protein of 200 kD (FIP200), thus resulting in the 

assembly of the ULK1-ATG13-FIP200-ATG101 complex (Jung et al., 2009; Zachari and 

Ganley, 2017). The ULK1 complex localizes to sites of autophagosome initiation. This 

step is responsible for the activation of a second essential autophagy effector protein 

complex, the phosphatidylinositol 3-kinase (PI3K) complex. The PI3K complex is made 

up of the proteins VPS34, VPS15, Beclin 1, ATG14L, and AMBRA1. VPS34, a class III 
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PI3K, is responsible for producing the phosphatidylinositol 3-phosphate (PtdIns(3)P) that 

is required for autophagosome nucleation (Simonsen and Tooze, 2009).  

 

Elongation of the autophagosome membrane is dependent on two ubiquitin-like 

conjugation steps (reviewed in Geng and Klionsky, 2008). The first involves the 

conjugation of the ubiquitin-like protein ATG12 to ATG5, which is catalyzed by ATG7 

and ATG10. The ATG12-ATG5 conjugate forms a multi-protein complex with ATG16L1 

and functions as an E3-like ligase (Kuma et al., 2002). The second conjugation step is 

mediated by ATG7 and ATG3, which together with the ATG5-ATG12:ATG16L1 

complex are responsible for conjugating phosphatidyl-ethanolamine lipid to microtubule-

associated protein 1 light chain 3 beta (MAP1LC3B, also known as LC3B), which has 

been proteolytically cleaved by ATG4 (LC3-I). Lipidated LC3B, further referred to as 

LC3-II, is incorporated into the both the inner and outer membrane of the autophagosome 

membrane during elongation (Kabeya et al., 2000; Mann et al., 1994). It plays a role in 

cargo degradation by interacting with the autophagy adaptor proteins (Schaaf et al., 2016) 

and also signals for the phagophore to seal itself off to become an autophagosome (Saha 

et al., 2018). When the autophagosome is completely closed, LC3-II on the outer 

membrane is removed by ATG4 and is recycled. LC3-II present on the inner membrane 

remains in the autophagosome and is eventually degraded together with its cargo 

(Kirisako et al., 2000; Maruyama and Noda, 2017). However, the LC3-II incorporated 

into the outer membrane of the autophagosome is unaffected and can be used as a marker 

to measure autophagosomes. 
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Autophagy adaptor proteins, also known as autophagy cargo receptors, are responsible for 

helping to recognize autophagy cargo by only binding substrates destined for autophagic 

degradation (Parzych & Klionsky, 2014). These include the proteins sequestosome-1 

(SQSTM1 or p62), next to BRCA1 gene 1 (NBR1), and optineurin (OPTN) (Johansen & 

Lamark, 2011; Wild et al., 2011; Yan et al., 2013). NBR1 relies on ubiquitin to distinguish 

the cargo to be degraded via autophagy (Dupont et al., 2010). p62 also relies on ubiquitin 

tagging to recognize the targets that should be degraded (Dupont et al., 2010; Gomez-Diaz 

& Ikeda, 2018). Once p62 recognizes the substrates through their ubiquitin tag, it 

aggregates the substrates together and recruits the phagophore (Johansen & Lamark, 

2011). Mature autophagosomes carrying cytoplasmic cargo are ultimately trafficked to 

lysosomes, resulting in the formation of the autophagolysosome, where the contents are 

degraded by lysosomal acidic hydrolases and are exported back to the cytoplasm to be 

reused for metabolic processes. 

 

 

 

1.3.3 Autophagy Flux 

The most used method to measure autophagy is by measuring the relative levels of the 

autophagic membrane-specific protein, LC3-II, using western blotting or fluorescence 

microscopy. However, sole measurements of LC3-II can lead to misinterpreted results as 

an increase in LC3-II levels could represent an increase in autophagy due to an increase 

in autophagosome formation or a decrease in functional autophagy due to blockage of 

downstream steps in autophagy, such as autophagosome fusion with lysosomes (resulting 

in a buildup of un-degraded autophagosomes and thus LC3). 
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Autophagy flux is a more accurate way of measuring autophagy function. The term 

‘autophagic flux’ refers to the progress of cargo from the formation of the autophagosome 

through cargo degradation (Loos et al., 2014). When autophagy occurs, LC3-II localized 

to the inner autophagosomal membrane is degraded by autolysosome; thus, lysosomal 

degradation of LC3-II reflects the progression of autophagic flux. Flux assays compare 

the levels of LC3-II in the presence of lysosomal inhibitors, such as bafilomycin A1 

(BafA) or in levels of autophagy cargo adaptors, such as NBR1, OPTN1, and p62. When 

autophagy occurs, LC3- II levels increase, and autophagy adaptor protein levels decrease. 

However,  

 

when autophagy is blocked, both LC3-II and the adaptor protein levels will increase due 

to reduced autophagosome degradation (Yoshii & Mizushima, 2017) (Figure. 1-10), 

chloroquine, and provides a way to distinguish between increase autophagosome 

formation and reduced degradation. Another method to measure autophagy flux is to 

examine changes  

 

Autophagic activity has been shown to decrease with age and this progressive reduction 

may contribute to accumulation of protein aggregates in the aging brain (Tan et al., 2014; 

Diskin et al, 2005). Age-related neurodegenerative diseases such as PD, AD and 

Huntington’s Disease (HD) are associated with autophagy defects that contribute to the 

accumulation of ubiquitin-positive protein aggregates and to neuronal cell dysfunction 

and death (Schmidt et al., 2021). In lysosomal storage diseases, defects in autophagy are 

secondary to deficiencies in specific lysosomal hydrolases and consequent impairment of  
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Figure. 1-10. Autophagy flux under normal and pathological conditions. (A) During 
homeostatic autophagy, autophagy flux processes normally- autophagosomes sequester 
cytoplasmic components, including damaged organelles and toxic protein aggregates, and 
then fuse with lysosomes to allow degradation of cargo by lysosomal proteases. (B) Under 
pathological conditions, autophagy flux may be blocked, for example due to lysosomal 
defects, resulting in accumulation of dysfunctional autophagosomes (Adapted with 
permission from Lipinski et al., 2015). 
 

 

the lysosomal function (Lieberman et al., 2012). Increasing efficiency of autophagic flux 

has been shown to improve outcomes in animal models of neurodegenerative diseases, 
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making the manipulation of this pathway as a promising therapeutic approach, particularly 

in the early stages of these disease (Spilman et al., 2010; Majumder et al., 2011; Zhu et 

al., 2013; Jiang et al., 2014).  

 

1.3.4. Role of Autophagy in TBI 

Increased levels of autophagy markers, including LC3-II, beclin1, p62, and 

autophagosomes, have been reported in human TBI autopsy samples and cerebrospinal 

fluid (Chen et al., 2014; Sakai et al., 2014; Au et al., 2017).  Many reports, including those 

referencing human samples note that markers of autophagy remain elevated for weeks to 

months after injury. In one study elevated levels of p62 were found in the majority of 

samples, with accumulation being the most pronounced in those with shortest survival 

times, implying more severe TBI (Sakai et al., 2014).  Studies in mice indicate that 

impaired autophagy flux is associated with severity of trauma (Zeng et al., 2018). 

 

Autophagy offers both beneficial and damaging roles after TBI. Autophagy upregulation 

in immune cells at the site of injury can provide ways for the removal damaged cells and 

harmful debris. Other hand, autophagosome accumulation due to decreased autophagic 

flux after TBI can play a detrimental role. Inhibited autophagy flux has been described in 

several pre-clinical models of TBI. After TBI in transgenic GFP-Lc3 mice, inhibition of 

autophagy flux includes accumulation of autophagosomes and increased levels of p62 at 

the site of injury (Sarkar et al., 2014). Unchanged transcription levels of LC3 and p62 

levels indicate autophagy flux is inhibited through decreased autophagosome degradation. 

Ex vivo LC3-II flux experiments using chloroquine in brain slices from control and 
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injured animals also confirm decrease in autophagy flux after TBI; increased LC3-II levels 

are observed in control but not injured mice (Sarkar et al., 2014).  

 

Inhibition of autophagy flux is cell-type specific in the injured brain cortex after TBI; it 

occurs within neurons at early time points (1day post-TBI) and within activated microglia 

and oligodendrocytes at later time points (3 days post-TBI and 7 days post-TBI, 

respectively). In neurons, this autophagy impairment is primarily driven by increased 

lysosomal membrane permeability, mediated through phospholipase A2, group IVA 

cytosolic, calcium-dependent (PLA2G4A/cPLA2), which prevents the fusion of the 

autophagosome with the lysosome (Sarkar et al., 2019). After TBI, neurons with impaired 

autophagy express markers for both apoptotic and non-apoptotic neuronal cell death. 

Several studies indicate that markers of inhibited autophagy flux after CNS injury 

correlate with the exacerbation of ER stress, implying a role for inhibited autophagy in 

the induction of ER stress-mediated neuronal cell death after neurotrauma (Liu et al., 

2018; Sarkar et al., 2014). Similarly, autophagy flux impairment in neurons also increases 

necroptosis (a programmed form of necrosis, or inflammatory cell death, mediated by the 

RIPK1/RIPK3 complex) after SCI (Liu et al., 2018).  

 

Much less is known about the role of autophagy in other brain cell types after TBI. 

Regarding oligodendrocytes, it known that autophagy is necessary to support 

oligodendrocyte precursor survival and myelin development. In spinal cord injury (SCI), 

another form of CNS injury, oligodendrocyte-specific loss of Atg5 in mice exacerbates 

the inhibition of the autophagic flux in oligodendrocytes and correlates with worse 

functional recovery, and greater myelin loss, which suggest that a similar outcome could 
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manifest after TBI. Inhibition of autophagy is also observed in activated microglia and/or 

infiltrating myeloid cell after TBI, however its function in these cells is not known. 

Additionally, the mechanisms leading to autophagy impairment in either oligodendrocytes 

or microglia/macrophages, after TBI is currently unclear and warrants further research.  

 

As inhibition of autophagy is believed to play a detrimental role after TBI, upregulation 

of this pathway, particularly through restoration of autophagy flux, is being investigated 

as therapeutic approach after TBI. Rapamycin (which inhibits mTOR) and other pro-

autophagy drugs (such as luteolin, ucoxanthin, tetrahydrocurcumin and melatonin) have 

been found successfully attenuate TBI-induced secondary brain injury and reduce 

inflammation after TBI. (Erlich et al., 2007; Xu et al., 2014; Ding et al., 2015; Lin et al., 

2016; Gao et al., 2017; Bao et al., 2015; Zhang et al., 2017; Hegdekar et al., 2021). By 

inhibiting mTOR, rapamycin promotes autophagosome biogenesis and lysosomal 

biogenesis in the injured brain after TBI, thereby restoring autophagy flux and promoting 

neuroprotection. The neuroprotective role of rapamycin is directly dependent on its ability 

to induce autophagy; autophagy hypomorph Beclin+/- mice are insensitive to the effects 

of rapamycin on neuronal cell survival and neuroprotection (Viscomi et al., 2012).  

 

1.3.5. Role of Autophagy in Innate Immunity and Inflammation 

Immunological processes are vital in eliminating damaged cells during injury or infection 

and initiate tissue repair. Emerging studies suggest that these processes are highly 

dependent on cellular autophagy for intracellular pathogen recognition and destruction, 

antigen presentation, lymphocyte development and effector function, and inflammatory 

regulation (Table 1-2).   
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Epidemiological data and experimental models demonstrate that defects in autophagy are 

associated with exacerbated inflammation in several autoimmune diseases. Autophagy is 

considered a core pathogenic contributor to the abnormal innate immunity in systemic 

lupus erythematosus (SLE) (Harley et al., 2008; Han et al., 2009). Insufficient autophagy 

due to the potential involvement of autophagic genes, such as ATG5, results in impaired 

LAP, increased autoantigen presentation, and excessive type I IFN production. Genome-

wide association studies have linked nucleotide polymorphisms in autophagy-related 

genes such as ATG5 and ATG7 to susceptibility for SLE (Harleyet al., 2008; Han et al., 

2009; Zhou et al., 2012). 

 

Similarly, in Crohn’s disease, SNPs in the autophagic gene ATG16L1 are suspected of 

causing an autophagy defect that leads to failed inhibition of inflammasome activation, 

increased cytokine production and chronic gut inflammation. Impaired autophagy has 

 

 

Table 1-2. Role of autophagy in immunologic responses.  Immune cells rely on 

autophagy for intracellular pathogen recognition and destruction, antigen presentation, 
lymphocyte development and effector function, and inflammatory regulation 
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been also linked to adaptive immunity in multiple sclerosis (MS) and experimental 

autoimmune encephalomyelitis (EAE). Intensified autophagy through high ATG5 levels 

supports the survival of autoreactive T cells and results in CNS inflammation (Alirezaei 

et al., 2009). 

 

Autophagy can affect the immune responses through several mechanisms. In general, high 

levels of autophagy flux are associated with anti-inflammatory properties and the 

inhibition of flux, with pro-inflammatory phenotypes. For example, autophagy can 

modulate inflammatory polarization through its influence on NF-kB activity by directly 

targeting the RELA/p65 protein and by affecting the availability of the p62 protein, which 

is needed for NF-kB activation (Duran et al., 2008; Lee et al., 2011; Chang et al., 2013). 

NF-kB can also restrict its own inflammation-promoting activity in macrophages by 

promoting p62-mediated removal of damaged mitochondria (Zhong et al., 2016). 

Conversely, a pro-inflammatory environment may also regulate levels of autophagy, as in 

primary cultured mouse microglia, where increased IL-1β induced the accumulation of 

many acidic vesicles loaded with autophagic markers (p62 and LC3).  Autophagy can also 

affect the secretion of cytokines. Loss of autophagy in macrophages or dendritic cells, 

either through knock down of Atg7, Atg16L1 or Beclin1 or treatment with autophagy 

inhibitor 3-MA (that targets Type III PI3K), stimulates the processing and secretion of IL-

1β in response to TLR agonists, independent of inflammasome activation (Crisan et al., 

2011). Conversely, induction of autophagy with rapamycin inhibits the secretion of IL-1β 

in murine dendritic cells in response to LPS with ATP or alum. 

 



39 

The role of autophagy in the innate immunity has also been studied in context of its role 

in removal of pathogens and apoptotic cells, which is important for immune response and 

resolution of inflammation. Autophagy aids in the removal of intracellular microbial 

pathogens and apoptotic cells by two major processes. One is called xenophagy, which 

eliminates pathogens (mainly bacteria and parasites) by engulfing them in double-

membrane autophagosomes and is activated during infection by TLRs. The other way is 

mediated by a non-canonical autophagy pathway called LC3- associated phagocytosis 

(LAP). Pathogens and dying/apoptotic cells trigger LAP via surface markers (TLR1/2, 

TLR2/6, TLR4, TIM4) resulting in the recruitment of a subset of the ATG proteins 

(including ATG5, ATG7 and Class III PI3K complex) to conjugate LC3 to the 

cytoplasmic surface of the single-membrane phagosome called the LAPosome. This is 

followed by rapid LAPosome maturation and lysosomal degradation of the engulfed 

pathogens, cellular debris and DAMPs.  It is important to point out that LAP is 

autophagosome-independent and proceeds independently of the pre-initiation ULK1 

complex, which is required in canonical autophagy. Consequences of LAP deficiency 

include decreased capacity to clear dying cells and the establishment of a lupus-like 

autoimmune disease in mice (Heckmann et al., 2017).  

 

As part of its role in regulation of innate immunity, autophagy plays a crucial role in the 

removal of intracellular DAMPS and damaged mitochondria that can activate pro-

inflammatory pathways after TBI. It can downregulate the activation of NLRP3 

inflammasomes to reduce inflammation. It does this directly by either digesting the 

interleukin precursors (e.g., pro-IL-1B) produced by inflammasomes or recycling of the 

inflammasome components, such as NLRP3 or ASC (Harris et al., 2017) with the help of 
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the autophagy adaptor protein p62 (Shi et al., 2012). Loss of autophagy has been shown 

to result in the accumulation of ROS-producing mitochondria and subsequently enhanced 

activation of NLRP3 inflammasome in response to NLRP3 agonist ATP, monosodium 

urate crystals, palmitic acid or influenza A virus (Zhou et al., 201; Nakahira et al., 2011; 

Wen et al., 2011; Lupfer et al., 2013). Interestingly, the induction of NLRP3-containing 

inflammasomes in macrophages induces formation of autophagosomes. Inflammasome 

activation appears to create a negative-feedback loop by activating autophagy, which 

controls inflammation by eliminating active inflammasomes. This loop is disrupted if 

autophagy is impaired. Autophagy can also degrade STING and cGAS to regulate 

inflammatory response (Chen et al., 2016; Prabakaran et al., 2016). Autophagy proteins 

ATG9L1 and LC3 co-localizes with STING after dsDNA stimulation to regulate 

trafficking and activation. The loss of ATG9L1 enhances the assembly of STING after 

stimulation, leading to aberrant activation of the pathway after TBI (Saitoh et al, 2009). 

These data suggest that autophagy plays a significant role in the regulation of 

inflammatory signaling pathways. 

 

In recent years, there is growing evidence that autophagy directly targets cytoplasmic 

regulators of innate immunity through a receptor-regulated form of autophagy, called 

precision autophagy (Kimura et al., 2015). In precision autophagy, certain receptors can 

guide autophagic machinery to targets, obviating the need for ubiquitin or galectins tags.  

Proteins such as members of the tripartite motif (TRIM) family act as both receptors and 

platforms for assembly of autophagosome machinery by two means. Firstly, TRIMs 

recognize their targets (Mandell et al., 2014; Kimura et al., 2015) by finding their cognate 

cargo (e.g. viral core, inflammasome components) through direct protein–protein binding 
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without a need for ubiquitin or galectin intermediates. Secondly, the same TRIMs that 

function as receptors then also act as platforms for the assembly of the core regulators of 

autophagy, such as ULK1, Beclin1, ATG16L1 (Mandell et al., 2014; Kimura et al., 2015).  

 
Precision autophagy though TRIM proteins has been shown to target cytoplasmic 

regulators of innate immune pathways. For example, TRIM21 targets IRF3 for autophagic 

degradation (Kimura et al., 2015). Another TRIM protein, TRIM20, target inflammasome 

components, including NLRP3, NLRP1, and pro–caspase 1, for autophagic degradation, 

thereby modulating their activity, and also serves as the platform for the assembly of 

ULK1, Beclin1, and ATG16L1. This suggests that TRIM20 acts as an autophagy receptor 

for delivery of the NLRP3 inflammasome components for autophagic degradation. 

Overall, the precision autophagy broaden the concept of role of autophagy as a mediator 

of innate immunity responses, and might play a crucial role in diseases where innate 

immune responses govern disease outcomes.  
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1.4. Scope of Research and Specific Aims 

As highlighted in Chapter 1.3, neuroinflammation is a prominent consequence of TBI. 

CD68 expressing immune cells (which includes activated microglia and infiltrating 

macrophages) accumulate autophagy markers LC3 and p62 around the injured lesion after 

TBI, demonstrating inhibition of autophagy flux thin these cells in the acute phases 

following TBI (Sarkar et al., 2014). As these immune cells play important roles in 

mediating neuroinflammation and phagocytosis after TBI, the potential role of autophagy 

in mediating these responses in these cells is of significant interest.  

Overarching aim of this dissertation is to determine the role of autophagy in resident 

microglia and myeloid cells after TBI and determine if modulation of autophagy flux 

levels in these cells determines neuroinflammation and outcomes. My overall hypothesis 

is that “inhibition of autophagy flux in microglia and infiltrating 

monocytes/macrophages exacerbates neuroinflammation and functional defects 

after TBI” 

 

Sub-aims:  

1. To evaluate autophagy flux levels in microglia and infiltrating myeloid cells 

following TBI and determine association with inflammation and phagocytic 

function (Chapter 2)  

Hypothesis #1: Inhibition of autophagy flux occurs in microglia and infiltrating 

myeloid cells following TBI, and this inhibition of autophagy flux is associated 

with increased proinflammatory cytokine expression.  
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Hypothesis #2: Inhibition of autophagy flux occurs in microglia and infiltrating 

myeloid cells after TBI is associated with decreased phagocytic function after TBI. 

2. To determine the effect of autophagy dysregulation in microglia and 

infiltrating monocytes/macrophages on neuroinflammation and functional 

outcomes following TBI, and elucidate the molecular pathways are impacted 

(Chapter 3) 

Hypothesis #1: Autophagy dysregulation in microglia and infiltrating myeloid 

cells exacerbates of neuroinflammation and innate immune responses following 

TBI.  

 

Hypothesis #2: Autophagy dysregulation in microglia and infiltrating myeloid 

cells worsens neurological outcomes, and motor and cognitive behavior following 

TBI. 

 

Chapter 4 of this thesis assess the role that a therapeutic agent- N-acetyl-L-Leucine 

(NALL) plays in reducing neuronal cell death, neuroinflammation and improving 

functional recover after TBI. It also demonstrates that NALL increases autophagy flux in 

the brain after TBI, which is likely a contributing factor to its beneficial effects. This paper 

features in Chapter 4 and is cited as follows: Hegdekar, N., Lipinski, M. M., & Sarkar, C. 

(2021). N-Acetyl-L-leucine improves functional recovery and attenuates cortical cell 

death and neuroinflammation after traumatic brain injury in mice. Scientific 

reports, 11(1), 9249. https://doi.org/10.1038/s41598-021-88693-8. 
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CHAPTER 2: Inhibition of Autophagy in Microglia and Monocytes/Macrophages 

is Associated with Increased Expression of Pro-inflammatory Markers and Defects 

in Phagocytosis after TBI.  

 

2.1. Introduction 

Autophagy is a well-known conserved lysosome-dependent cellular degradative process 

by which cells remove damaged organelles and toxic macromolecules. It is essential for 

cellular homeostasis (including protein degradation for energy needs and removal of 

damaged substrates for recycling) and the survival of terminally differentiated cells such 

as neurons. Autophagy is upregulated under physiological stress, for example, during 

conditions of nutrient starvation or ER stress (Mirushima et al., 2008). Although under 

certain pathological circumstances, increased autophagy is implicated in cell death, 

autophagy is largely considered to be a cytoprotective mechanism. (Moreau et al., 2010).  

 

TBI is a complex disease, whose pathophysiology is characterized by neuronal cell death 

and secondary injury. Given the crucial role that autophagy regulation plays in 

homeostasis and cellular recycling, researchers have investigated the role of autophagy in 

mediating post-TBI molecular and neurological outcomes (Zhang et al., 2018). Whether 

autophagy plays a protective or detrimental role mainly depends on the extent of injury 

severity; following mild TBI, an initiation of autophagy is observed. On the other hand, 

following moderate and severe TBI, autophagosome accumulation of autophagosomes 

and inhibition of autophagy flux occurs within the injured brain, with little to no 

alterations to levels of autophagy initiation (Zeng et al., 2018).  
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Given the heterogenous populations of cells present within the brain, it is important to 

determine cell-type specific nature of autophagy following TBI. We previously showed 

that autophagic flux is inhibited in neurons following moderate controlled cortical impact 

(CCI) in C57Bl6 and transgenic GFP-Lc3 autophagy reporter mice, and overall 

autophagosomal accumulation occurs primarily around the ipsilateral injured lesion 

following-injury (Sarkar et al., 2014). Within neurons, LC3-associated autophagosomal 

accumulation occurs within hours after injury and remains elevated for at least 1 week 

following injury. We showed that this accumulation of autophagosomes after TBI is not 

due to increased initiation of autophagy, but rather a temporary impairment of autophagic 

clearance associated with decreased lysosomal function after TBI. Inhibition of autophagy 

flux also occurs in other cell types in the brain after injury. For instance, inhibition of 

autophagy flux peaks in CD68+ immune cells by 3 days post-injury.  

 

Our previous work shows that inhibition of autophagy within neurons results in increased 

neuronal cells death, however the consequence of autophagy inhibition in the immune 

cells was not investigated. Research studying peripheral macrophages in cancer and other 

autoimmune disease suggest that inhibition of autophagy flux, particularly through block 

of autophagosome clearance, can increase inflammation by activating inflammatory 

pathways such as the NF-kB pathway (Tracoli et al., 2011).  The neuroinflammatory 

responses after TBI are mediated by the production of cytokines, chemokines, reactive 

oxygen species, and secondary messengers by resident CNS glia (primarily microglia) and 

peripherally derived myeloid immune cells. The degree of neuroinflammation varies 

based on the context, duration, and severity of the brain insult.  
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In this study, we used immunohistochemistry and flow cytometry to investigate 

phenotypic and functional responses in microglia and infiltrating myeloid cells based on 

autophagy levels, following moderate-controlled cortical impact (CCI) in young adult 

mice. We employed C57Bl6 mice and lineage-specific transgenic reporter mice to gain 

novel insight into the inflammatory status of these immune cells based on their levels of 

autophagy flux. Our data showed that both microglia and infiltrating myeloid cells 

(specifically monocytes/macrophages) have inhibited autophagy flux following TBI as 

early as 1 day post-TBI, and this inhibition is associated with increased production of pro-

inflammatory cytokines and decreased phagocytic function. Furthermore, our in vitro data 

using murine microglia and macrophages demonstrate that autophagy modulation can 

directly impact neuroinflammatory responses, with inhibition of autophagy directly 

increasing the production of pro-inflammatory cytokines.  

 

2.2. Results 

2.2.1. Autophagy flux is inhibited in activated microglia and macrophages after TBI. 

As mentioned earlier, cell-type specific inhibition of autophagy flux within the injured 

brain cortex occurs at different time points following TBI (Sarkar et al., 2014). 

Autophagosome accumulation in CD68+ immune cells peaks at 3 days post-injury, with 

59% of these activated microglia/monocytes positive for autophagosome accumulation. 

This increase in autophagosome accumulation in immune cells is transient, and levels 

eventually decrease by 7 days post-injury. While this data supports that inhibition of 

autophagy occurs in activated immune cells, the CD68 marker does not distinguish 

between activated microglia and infiltrating monocytes within the injured brain.  
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In this study, our first goal was to determine whether resident microglia or infiltrating 

monocytes/macrophages are preferentially impacted by inhibition of autophagy. To 

address this, we performed moderate CCI on Cx3Cr1-GFP mice, a transgenic mouse line 

with a green fluorescent protein (GFP) that marks cells positive for Cx3Cr1 (a known as 

the fractalkine receptor, specifically present on brain-resident microglia and infiltrating 

monocytes/macrophage cells). Using immunofluorescence, we co-stained mice cortical 

brain sections with antibodies against F4/80, to selectively label infiltrating 

monocytes/macrophages, and the autophagy adaptor protein, which increases in cells with 

inhibited autophagy flux (Figure 2-1A). While p62 accumulation occurred in both 

microglia (F4/80lowCx3Cr1+) and infiltrating monocytes (F4/80highCx3Cr1+) following 

injury, it accumulates more predominantly within the infiltrating cell population (Figure 

2-1B). At 3 days post-injury, 13% of all quantified CX3CR1+ cells are positive for p62; 

however, 65% of all quantified CX3CR1+F4/80+ cells are positive for p62, which indicates 

that the majority of cells with inhibited autophagy at 3 days post-injury are the infiltrating 

monocytes/macrophages (Figure 2-1C). Across all indicated time points, p62 

accumulates more predominantly in CX3CR1+F4/80+ monocytes. Consistent with 

published data, the overall levels of the infiltrating monocytes/macrophages reduce by day 

7 following injury (Sarkar et al., 2014). 
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Figure 2-1. Autophagy is inhibited in activated microglia and infiltrating monocytes 

after TBI. (A) 20X immunofluorescences (IF) images of Cx3Cr1-GFP mouse cortical 
brain sections co-stained with antibodies against infiltrating monocyte/macrophage 
marker F4/80 and autophagy adaptor protein p62; (B) close-up images of microglia 
(F4/80low) and infiltrating macrophage (F4/80high) and accumulation of p62 in the injured 
perilesional cortex at 3 days post-TBI. (C) Corresponding quantification of numbers of 
Cx3Cr1+ cells (black bar) and Cx3Cr1+/F4/80+ cells (grey bars) positive for p62 (grey 
bars), normalized to area images (mm2) indicated that autophagy inhibition occurs 
predominantly within the infiltrating cell population over the resident microglia. (D) 20X 
IF images of CCR2-RFP mouse cortical brain sections co-stained with antibodies for 
autophagosome marker LC3 and autophagy adaptor protein p62, and (E) corresponding 
quantification of numbers of CCR2+ cells which are positive for LC3 (black bar) and 
double positive for LC3 and p62 (grey bar), normalized to area imaged (mm2). Data are 
presented as mean ± SEM; n=5/group; at least 1,000 cells were quantified per mouse.  
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Figure 2-2. Microglia and infiltrating myeloid cells show inhibition of autophagy 

after TBI. Flow cytometry analysis of resident microglia (CD45
int

CD11b+) and 

infiltrating myeloid cells (CD45
high

CD11b+) from Sham and TBI mice. (A) A 
representative dot plot showing gating strategy for expression of LC3 in the microglia and 
infiltrating myeloid cells in Sham and injured mice at 3 days post-TBI. (B). Quantification 
of the % of LC3+ microglia and infiltrating monocytes. (C) Representative dot plots 
showing gating strategy for expression of LC3 in the microglia and infiltrating myeloid 
cells in Sham and injured mice at 3 days post-TBI. (B). Quantification of the % of LC3+ 
microglia and infiltrating monocytes. Data are presented as mean ± SEM; n=5-7/group. 
*p <0.05, **p< 0.01, ***p<0.005 vs Sham; Ordinary One-Way ANOVA with Tukey’s 
test for multiple comparisons). 
 

 

Autophagy flux inhibition in infiltrating monocytes was confirmed by performing CCI on 

CCR2-RFP reporter mice.  CRR2 is the main chemokine receptor inducing macrophage 

and monocyte recruitment to sites of inflammation and is useful to mark this infiltrating 

cell population in the injured cortex post-TBI. Using immunofluorescence on mice 

cortical brain sections, we observed accumulation of autophagy markers LC3 and p62 in 

89% of the CCR2+ cells at 3 days post-TBI, confirming inhibition of autophagy flux 

within these infiltrating cells (Figure 2-2D-E). Collectively, these findings suggest that 

A 
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while autophagy inhibition occurs in both microglia and infiltrating monocytes following 

TBI, it predominately occurs in the infiltrating monocyte/macrophage population.  

 

We used flow cytometry as a complementary technique to gain novel insight into the 

phenotypic and functional dynamics of resident microglia (CD45
int

CD11b+) and 

infiltrating myeloid cells (CD45
hi

CD11b+) in the injured brain post-TBI. We observed 

increase in the number of LC3+ and p62+ microglia and infiltrating myeloid cells after 

injury, with levels peaking at 3 days post-injury.  (Figure 2-2A-B). We further assessed 

autophagy flux levels in our flow cytometry-sorted cells using Enzo Cyto-ID Autophagy 

dye, a pH-sensitive autophagy dye that fluorescently labels autophagosomes in 

lysosomally inhibited live cells Guo et al., 2015). Following TBI, there is an increase in 

the percentage of autophagy dye+ microglia and infiltrating monocytes within the injured 

brain (Figure 2-2E).  

 

Furthermore, we noted an interesting observation when comparing the infiltrating 

monocytes/macrophages (CD45
hi

CD11b+Ly6C+) in the brain versus the system 

circulation. While the percentage of autophagy dye+ monocytes increases from 27% at 

day 1-post TBI to 43% at day 3-post TBI, corresponding increases are not reflected in the 

circulating blood monocytes; in fact, the percentage of autophagy dye+ circulating blood 

monocytes remains relatively after TBI. This suggests that autophagy impairment within 

the monocytes is restricted to those that cross the impaired BBB following TBI. We 

hypothesize that molecular processes that occur at the injured brain microenvironment are  

 

 



51 

 

responsible for impairment of autophagy flux within the monocytes/macrophages that 

cross the BBB 

 

2.2.2. Inhibition of autophagy is associated with increased expression of pro-

inflammatory markers and defects in phagocytic function. 

Next, we determined the inflammatory status of the activated microglia and infiltrating 

monocytes/macrophages showing inhibited autophagy flux after TBI.  We performed 

immunofluorescence staining using antibodies against p62 and various pro-inflammatory 

markers on Cx3Cr1-GFP mice cortical brain sections at one day, three days, and seven 

days post-TBI. We observed significant accumulation of pro-inflammatory markers 

iNOS, NLRP3, and NOX2 in CX3CR1+ positive cells in the injured cortex post-TBI, with 

levels peaking at 3 days post TBI (Figure 2-3 A-F). These findings are consistent with 

published work assessing pro-inflammatory cytokine production in the acute phase post-

TBI (Kumar et al., 2014). Additionally, most of these pro-inflammatory microglia and 

macrophages also accumulated high levels of p62, indicating inhibition of autophagy flux 

in these cells. At three days post-injury, 69% of the Cx3Cr1+iNOS+ cells were positive for 

p62, 89% of the Cx3Cr1+NOX2+ cells were positive for p62, and 81% of the 

Cx3Cr1+NLRP3+ cells were positive for p62. This strong overlap between p62 level and 

pro-inflammatory cytokine expression persisted through seven days post-TBI. Based on 

these findings, we predicted that inhibition of autophagy flux in microglia and infiltrating 

monocytes/macrophages is associated with increased levels of pro-inflammatory cytokine 

production compared to cells with higher autophagy flux. 
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Figure 2-3. Inhibition of autophagy flux is associated with increased expression of 

pro-inflammatory markers after TBI. 20X immunofluorescence (IF) images of 
Cx3Cr1-GFP mouse cortical brain sections co-stained with antibodies against autophagy 
adaptor protein p62 and pro-inflammatory markers (A) iNOS, (C) NOX2 and (E) NLRP3. 
The percentages of double-positive versus single-positive cells are indicated at the 3-day 
time post-injury. Corresponding quantifications normalized to total Cx3Cr1+ cell numbers 
show that (B) 69% of the Cx3Cr1+iNOS+ cells were also positive for p62, (D) 89% of the 
Cx3Cr1+NOX2+ cells were also positive for p62, and (F) 81% of the Cx3Cr1+NLRP3+ 
cells were also positive for p62 ***p<0.005, ****p<0.001 vs corresponding sham levels; 
Ordinary One-Way ANOVA with Tukey’s test for multiple comparisons). Data are 
presented as mean ± SEM; n=5/group; at least 1,000 cells were quantified per mouse per 
experiment.  
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To test this prediction, we used flow cytometry to distinguish between microglia and 

infiltrating myeloid cells with high and low levels of autophagy flux. Because Cyto-ID 

autophagy dye levels correspond to autophagosome accumulation, we defined cells with 

low levels of autophagy flux/inhibited autophagy flux as Autophagy dye+ (dye+) cells 

and cells with high levels of autophagy flux as Autophagy dye- (dye-) cells (Figure 2-

4A). We then evaluated the corresponding levels of pro-inflammatory cytokines 

production (TNFα, IL-1β) in these cell populations isolated from sham or CCI-injured 

mice. 

 

Starting at one day post-TBI, dye+ microglia expressed higher levels of the pro-

inflammatory cytokines TNF-α and IL-1β compared to dye- microglia at the same time 

points. This higher production of IL-1β in dye+ microglia compared to dye- microglia 

was statically significant up to 28 days post-TBI (**p<0.01 at the day 28 post-TBI), while 

the higher levels of TNF-α in the dye+ microglia compared to the dye- microglia remained 

statistically higher in the acute time points post-TBI, but not at day 28 post-TBI (p=0.062 

compared to dye- microglia at day 28 post-TBI).  Conversely, within the infiltrating 

myeloid cells we observed significantly higher levels of both TNF-α and IL-1β in the 

dye+ cells only at the later time points after TBI (for IL-1β,* p<0.05 at day 7 post-TBI 

and **p<0.01 at day 28 post-TBI; for TNF-α, ****p<0.001 at days 7 and 28 post-TBI). 

These findings suggest that inhibition of autophagy in microglia and infiltrating myeloid 

cells is associated with higher levels of proinflammatory cytokine production.  
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Figure 2-4. Inhibition of autophagy is associated with increased expression of the pro-

inflammatory cytokines IL-1ββββ and TNF-α α α α after TBI. (A) Representative gating 
strategy for distinguishing between Autophagy dye+ (dye+) and Autophagy dye- (dye-) 
microglia and peripheral myeloid cells post-injury.   (B). Representative histogram shows 
higher levels of Il-1b+cells is dye+ microglia compared to dye-microglia up to 28 days 

post-TBI. Mean fluorescence intensity (MFI) of (C) IL-1β levels and (D) TNF-a levels 
shows statistically higher levels in dye+ microglia vs dye- microglia after TBI. Similar 
trends were observed in the infiltrating myeloid cells after TBI (E). Representative 

histogram shows higher levels of IL-1β +cells is dye+ myeloid cells compared to dye-
myeloid cells.  significance only at the day 7 and day 28 time points after TBI. (MFI) of 

(F) IL-1β levels and (G) TNF-α levels shows higher levels in dye+ myeloid cells 
compared to the dye- myeloid cells after TBI, however, this showed significance only at 
the day 7 and day 28 timepoints post-TBI. n = 5/ group. Data are presented as mean ± 
SEM; *p < .05, **p<0.01, ***p < .005, ****p<.001 vs corresponding Dye- time point; 
two-way ANOVA using Tukey’s test for multiple comparison. 
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Phagocytosis of dying cells and injury-associated DAMPs is another important function 

of activated microglia and infiltrating immune cells following TBI. Flow cytometry was 

used to evaluate the phagocytic function of dye+ and dye- microglia and myeloid cells 

after TBI by measuring uptake of red fluorescently labelled beads (Figure 2-5). In both 

microglia and myeloid cells, phagocytic bead uptake was higher in the dye- cells 

compared to corresponding the dye+ cells. This finding suggests that inhibition of 

autophagy flux in immune cells after TBI might be the cause of their decreased phagocytic 

function.  

 

 

 

Figure 2-5. Inhibition of autophagy flux in microglia and myeloid cells is associated 

with decreased phagocytic function. Mean fluorescence intensity (MFI) of red latex 
bead uptake (phagocytosis) in (A) microglia and (B) infiltrating myeloid cells. Across all 
time points, Autophagy dye+ cells have decreased phagocytic bead uptake compared to 
dye- cells.  n = 5/ group. Data are presented as mean ± SEM; *p < .05, ***p < .005 vs 
corresponding Dye- time point; two-way ANOVA using Tukey’s test for multiple 
comparison. 
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2.2.3. Inhibition of autophagy results in increased expression of pro-inflammatory 

markers in vitro. 

Our in vivo findings demonstrate that inhibition of autophagy flux (i.e., decreased 

autophagy levels) in microglia and monocytes/macrophages is associated with increased 

pro-inflammatory cytokine production. However, it is not clear whether this decrease in 

autophagy flux contributes to the exacerbated inflammatory phenotype, or whether this is 

a mere correlation. To understand this further, we performed in vitro studies using murine 

microglia (IMG cells) and murine macrophages (RAW 246.7 cells) (Figure 2-6). We 

treated these cell lines with various inhibitors of autophagy for 6 hours (reflecting an acute 

time point). The inhibitors targeted different components of the autophagy machinery: 

Bafilomycin A1 (BafA) inhibits autophagosome-lysosome fusion, 3-MA inhibits the Type 

III PI3K complex, thus preventing autophagosome formation, MRT68921 inhibits ULK1, 

thus preventing autophagy initiation. Following treatment with the autophagy inhibitors, 

we determined corresponding changes in the expression of pro-inflammatory markers 

iNOS and NLRP3 by western blotting. We observed that IMG and RAW cells treated with 

autophagy inhibitors had increased inflammation as assessed by elevated expression of 

iNOS and NLRP3. This was true under baseline conditions, as well as in cells pre-treated 

with lipopolysaccharide (LPS) to simulate pro-inflammatory conditions present in the 

brain after TBI. It is important to note that all three inhibitors caused increased levels of 

the pro-inflammatory markers, which demonstrates that modulation of autophagy (rather  
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Figure 2-6. Inhibition of autophagy in macrophage and microglial cell lines alters 

inflammatory responses in vitro. (A) Western blot of murine IMG microglial cells 
treated with autophagy inhibitors bafilomycin A1 (BafA), 3-methyladenine (3-MA), or 
MRT68921 for 6 hours in the absence or presence of LPS pre-treatment (3 hours) and 
corresponding quantifications of iNOS protein fold change (B) and NLRP3 protein fold 
change (C). (D) Western blot of murine RAW 246.7 macrophage cells receiving the same 
treatments as IMG microglia. (E) iNOS protein fold change. (F) NLRP3 protein fold 
change. *p < .05, **p<0.01, ***p < .005, ****p<0.001, vs corresponding control; 
Ordinary One-way ANOVA using Tukey’s test for multiple comparison. Data are 
presented as mean ± SEM; n=3 independent experiments/group.  
 

than of only one specific component of the pathway) in macrophages & microglia can 

directly alter inflammatory responses in vitro. We extrapolate these findings to suggest 

that following TBI, autophagy inhibition in microglia and macrophages within the injured 

brain increases pro-inflammatory cytokine production. 
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2.3.  Summary 

Given the roles that autophagy plays in regulating homeostasis and cellular recycling, 

understanding its regulation in pathological conditions such as TBI is important. Our 

previous studies demonstrate transient inhibition of autophagic flux in various brain cell 

types following TBI, with activated CD68+ immune cells accumulating autophagosomes 

and markers of autophagy inhibition (LC3 and p62) beginning at one day post-injury. 

(Sarkar et al., 2014). 

 

Neuroinflammation, characterized by increased production of pro-inflammatory 

cytokines in the brain, is a classic hallmark of both the acute and chronic phases of TBI. 

It is mediated by microglia and infiltrating myeloid cells, which are primarily 

monocytes/macrophages.  The purpose of this study was to determine whether there is an 

association between autophagy flux levels in microglia or infiltrating 

monocytes/macrophages and levels of neuroinflammation following moderate CCI in 

young adult mice. Studies of peripheral macrophages in cancer and autoimmune diseases 

found that increased levels of autophagic flux are associated with anti-inflammatory 

properties, while impaired flux is associated with pro-inflammatory phenotypes; we 

expected the same trends to hold true for immune cells in the brain after TBI. In this study, 

we attempted to understand the role of autophagy in inflammation. Through our studies, 

we found that inhibition of autophagy flux in both microglia and infiltrating macrophages 

starting at one day post-TBI, with levels peaking at three days post-TBI, followed by 

decreased levels at seven days post-TBI. 
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Differentiating the contribution of resident microglia from infiltrating macrophages can 

be difficult, particularly in the context of TBI. This is because once peripheral monocytes 

differentiate into brain macrophages, they are nearly indistinguishable from microglia by 

histology due to similarities in the expression of many cell surface markers. To tease out 

these differences, we used transgenic lineage specific mouse lines and flow cytometry-

based cell surface markers to distinguish between resident microglia and infiltrating 

monocytes/macrophages. We initially used Cx3Cr1-GFP mice, as we believed them to 

mark just microglia and not the infiltrating monocytes/macrophages; however, we 

discovered that Cx3Cr1 marks both resident microglia and infiltrating 

monocytes/macrophage cell populations. To overcome this, we co-stained mice brain 

sections with antibodies against F4/80, which selectively labels the infiltrating 

monocytes/macrophages over the resident microglia. We observed that the infiltrating 

monocytes/macrophages are impacted by autophagy impairment to a higher extent than 

the resident microglia at all timepoints. The reason for this preferential inhibition is 

currently unknown and warrants future investigation.  

 

Furthermore, we observed that these microglia and infiltrating monocytes/macrophages 

with impaired autophagic flux show increased expression of pro-inflammatory markers 

such as NLRP3, iNOS, and NOX2. Immunofluorescence staining showed a positive 

correlation between pro-inflammatory cytokine production and levels of the autophagy 

adaptor protein, p62. Using flow cytometry, we presented a practical approach to study 

microglia and infiltrating myeloid cell subpopulations in the brain based on their levels of 

autophagy flux after TBI. Cyto-ID Enzo autophagy dye is a pH-sensitive dye that 

fluorescently labels autophagosomes in lysosomally-inhibited live cells and can thus be 
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used as a marker to infer autophagic flux rate. Based on our flow cytometry gating 

strategies, we distinguished microglia and infiltrating myeloid cells into dye+ (cells with 

low autophagy flux) and dye- cells (cells with high autophagy flux) across a time course 

ranging from one day to 28 days post-TBI. The dye+ verses dye- cell populations showed 

significantly different inflammatory statuses at all time points after TBI.  

Although the present study highlights important differences between neuroinflammatory 

dynamics in autophagy flux following TBI, there are several caveats to note. First, for our 

time-course FACS experiment (Figure 2-4 and 2-5), we did not distinguish between 

neutrophils and monocytes when analyzing CD45
high

CD11b+ myeloid cells after TBI. 

CD11b+CD45high cells include monocytes CD11b+CD45highLy6C+ and neutrophils 

CD11b+CD45highLy6G+. However, as most infiltrating cells disappear by seven days post-

TBI in the injured brain, it is difficult to distinguish between monocytes and neutrophil 

populations at the later time points. As we wanted to characterize the entire time course 

collectively, we focused on a combined CD11b+CD45high infiltrating myeloid cell 

population. Future work should focus on more specific populations within the 

CD45
high

CD11b+ myeloid cells as monocytes and neutrophils have different functions.  

Another caveat to this study is that we included only male mice in our experiments. At 

baseline, male and female microglia have different functional activation states during 

homeostasis, showing differences in cell morphology, cytokine and ROS production, and 

phagocytosis (Doran et al., 2019). Following moderate-to-severe TBI, sex-specific 

differences in microglial functional responses and motor function recovery are noticed 

between male and female mice. Infiltrating myeloid cells produce higher levels of pro-
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inflammatory cytokines compared to resident microglia following TBI, indicating that 

peripherally derived immune cells dictate sex-dependent post-traumatic 

neuroinflammatory responses that impair neurological outcomes acutely after TBI. 

Interestingly, our data demonstrates that infiltrating cells, which are primarily 

monocytes/macrophages, show a greater extent autophagy flux inhibition than the resident 

microglia (Figures 2-1 and 2-2). Future work should test whether sex-specific changes in 

autophagy flux occur following TBI.  

 

We demonstrated through our in vitro experiments that inhibition of autophagy flux in 

murine microglia and macrophages directly results in increased pro-inflammatory 

cytokine production upon challenge with the pro-inflammatory stimulus LPS. We 

accomplished this by utilizing drugs that inhibit different components of the autophagy 

machinery: MRT68921 is an ULK1 inhibitor, 3-MA is a Type III PI3K inhibitor, and 

BafA prevents fusion of the autophagosome with the lysosome, thereby decreasing 

autophagy flux. This result is consistent with the hypothesis that general inhibition of 

autophagy contributes to the increase in pro-inflammatory cytokine levels in microglia 

and infiltrating monocytes/macrophages that was seen for several days after CCI. We did 

not investigate the molecular mechanism(s) that mediate the increased pro-inflammatory 

cytokine production by autophagy inhibitors; it is plausible that more than one molecular 

pathway contribute. 
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2.4 Methods 

2.4.1. Animals 

All experiments were performed according to NIH guidelines for the care and use of 

animals in research and under protocol approved by IUCAC at the University of 

Maryland, Baltimore. All experiments were performed on young adult male mice (9–11 

weeks old, 21–27 g). The following mouse lines were purchased from The Jackson 

Laboratory (Bar Harbor, ME) - CX3CR1-GFP (Strain #005582; Jung et al., 2020), 

CCR2-RFP (Strain #017586), and C57Bl/6 mice (Strain #000664).  

 

2.4.2.  Controlled Cortical Impact (CCI) 

TBI was performed on mice using a custom-designed controlled cortical impact (CCI) 

injury device consists of a microprocessor-controlled pneumatic impactor with a 3.5 mm 

diameter tip. Mice were anesthetized with an inducing concentration of 3% isoflurane 

evaporated in a gas mixture containing 70% N2O and 30% O2 and administered through 

a nose mask. Once the mice were heavily anesthetized, as measured by loss of toe-pinch 

reflex, gaseous isoflurane concentration was reduced to 1-1.5% to maintain the mice in an 

anesthetized state. Fur on the head was removed using shearing razors. Mice were placed 

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

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

the skin and fascia were retracted. A 5 mm craniectomy was made on the central aspect 

of the left parietal bone using a handheld micro-drill (Figure 2-7). The impounder tip of 

the injury device was then extended to its full stroke distance (44 mm), positioned to the 

surface of the exposed dura, and reset to impact the cortical surface. Moderate-to-severe 

level CCI injury was induced on the exposed dura using an impactor velocity of 6 m/s and  
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Figure 2-7. Controlled Cortical Impact (CCI) injury in mice. Mice under anesthesia 
underwent a midline head incision of 10 mm. The fascia on the skull was removed and a 
craniectomy at the indicated site (craniotomy window) was performed, with care not to 
disturb the dura. The impounder was then extended to its full length such that it touched 
the exposed dura. Then the impounder was retracted and set to impact 2 mm in depth at a 
speed of 6 m/s, which then results in moderate-to-severe injury (black circle indicating 
infarct).  
(Image source: https://www.creative-biolabs.com/drug-discovery/therapeutics/rodent-
controlled-cortical-impact-injury-cci-model-of-traumatic-brain-injury.htm) 
 

 

a deformation depth of 2 mm. After performing injury, the incision was closed with 

interrupted 6-0 silk black sutures, anesthesia was terminated, and the mouse was placed 

into a heated cage to maintain normal core temperature for 60 minutes post-injury. Sham 

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

cortical impact. 

 

2.4.3. Immunofluorescence  

 At 1 day, 3 days and 7 days post-TBI, mice were anesthetized with 5% isoflurane and 

transcardially perfused with ice-cold saline followed by 4% paraformaldehyde (pH 7.4). 
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Brains were removed and post-fixed in 4% paraformaldehyde for 24 hours, 20% sucrose 

for 24 hours, and then protected in 30% sucrose. 20 µm frozen sections were cut and 

mounted on glass slides for immunofluorescence. Brain sections were hydrated and 

washed with 1X PBS (three times), followed by blocking for one hour in goat serum 

containing 0.4% Triton X-100. Sections were then incubated overnight at 4°C with a 

combination of primary antibodies, including mouse anti-gp91
phox (NOX2; 1:1000; BD 

Biosciences, San Diego, CA), anti-NLRP3 (1:200; Cell Signaling), anti-iNOS (1:250; BD 

Biosciences). The following day, sections were washed with 1X PBS (three times), and 

incubated with appropriate Alexa Fluor-conjugated secondary antibodies (Life 

Technologies) for 2 hours at room temperature with minimal shaking. Sections were 

washed with 1X PBS (three times), counterstained with 4’, 6-diamidino-2-phenylindole 

(DAPI; 1 µg/ml; Sigma-Aldrich), and mounted with glass coverslips using Hydromount 

solution (National Diagnostics).  

 

2.4.4. Flow Cytometry 

At 1 day, 3 days, 7 days and 28 days post-TBI, mice were anesthetized with 5% isoflurane 

and transcardially perfused with ice-cold PBS. The brains were removed, processed by 

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

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

USA). 20 Units (U) Papain (Sigma-Aldrich), 10 mg/ml DNase II (Sigma), 1 mg/ml 

Collagenase-Dispase (Sigma), and 1 μL of GolgiPlug containing brefeldin A (BD 

Biosciences) were added to the brain suspension and incubated on a shaker at 200 rotations 

per minute (RPM) for one hour at 37°C for further mechanical and enzymatic digestion 
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of the brain tissue. After incubation, leukocytes were separated from other brain cells by 

a Percoll density gradient (GE Healthcare, Chicago, IL, USA). Brain leukocytes were 

resuspended in 70% Percoll-HBSS and were slowly injected under a 30% Percoll-RPMI 

layer using a blunt popper pipetting needle (Sigma). This Percoll gradient was spun for 

20 minutes with no braking. The myelin layer was removed from the top of the 30% 

Percoll layer. The leukocytes were then retrieved from the interface of the 30% and 70% 

Percoll layers and resuspended in RPMI as single cell suspensions. These leukocytes were 

then washed in fluorescence-activated cell sorter (FACS) buffer (0.1% penicillin and 

streptomycin with 5% fetal bovine serum in 1x HBSS) with sodium azide (NaN3) and 

blocked with 1:50 mouse Fc Block (clone 93; eBioscience, San Diego, CA) for 10 minutes 

on ice prior to staining with primary antibody-conjugated fluorophores. Antibodies for 

surface staining included: from Invitrogen/eBioscience: CD45-eF450 (30-F11) and 

CD11b-APCeF780 (M1/70), and from Biolegend (San Diego, CA, USA): CD11c-FITC 

(n418), Ly6C-AF700/APC (HK1.4), and Ly6G-AF700/PE (1A8-Ly6g) at final 

concentration of 1:100 for each antibody. To mark autophagy flux levels, Enzo Cyto-ID 

Autophagy dye was added at a dilution of 1:1000, as per the manufacturer’s instructions. 

For live/dead cell discrimination, a fixable viability dye, Zombie AquaTM (Biolegend), 

was dissolved in DMSO according to the manufacturer’s instructions and added to cells 

at a final concentration of 1:50.  

 

After primary antibody staining, cells were washed in 100 μL of fixation/permeabilization 

solution (BD Biosciences) for 20 minutes. Cells were then washed twice in 500 μL 

Permeabilization/Wash buffer (BD Biosciences) and resuspended in an intracellular 

antibody cocktail of antibodies. Intracellular antibodies included: TNF-PE-Cy7 (MP6-
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XT22) (Invitrogen), IL-1β-PerCP-eF710 (NJTEN3) (Invitrogen), LC3 (FITC), and p62-

AF647 (Biolegend). After antibody staining for 30 minutes at 4°C, samples were washed 

with Wash buffer twice (BD Biosciences) and then fixed with 2% paraformaldehyde as 

described above. After one more wash, these samples were resuspended in 300 μl of FACS 

buffer with Sodium Azide to be analyzed on the flow cytometer.  

 

To assess phagocytic ability, TexasRed fluorescent carboxylate-modified polystyrene 

latex beads (0.5 μm mean diameter; Sigma) were added to freshly isolated cells in a final 

dilution of 1:500 (in RPMI). After a 45-minute incubation in a 37°C water bath, the cells 

were washed twice, resuspended in FACS buffer, stained for surface markers and 

viability, and fixed in 2% paraformaldehyde. After an additional wash, these samples were 

resuspended in 300 μl of FACS buffer with 0.05% Sodium Azide to be analyzed on the 

flow cytometer. Data were acquired on an LSRII flow cytometer equipped with FACsDiva 

6.0 (BD Biosciences, San Jose, CA) and analyzed using FlowJo (Tree Star, San Carlos, 

CA).  

 

2.4.6. Cell Culture and in vitro Treatments 

Murine microglia (IMG cells) and murine macrophages (RAW 264.7 cells) were from 

Sigma and ATCC (Manassas, VA, USA) respectively and cultured in DMEM media 

containing 10% fetal bovine serum (FBS) from Hyclone Laboratories (USA) and 1% 

penicillin-streptomycin from Cellgro (Manassas, VA, USA).  

 

Twenty-four hours prior to in vitro experiments, cells were passaged and plated in 24-well 

plates at a density of 5 × 104 cells per well. Specified cells were pretreated with LPS (10 



67 

ng/ml) for three hours prior to autophagy drug treatment. The following autophagy 

inhibitors were used- Bafilomycin A1 (BafA) (20 nM), 3-MA (5 μM) and MRT68921 (5 

μM). Treatment with the inhibitors was carried out for 6 hours, following which all cells 

were lysed and processed for western blotting. For all in vitro experiments, three 

independent experiments were performed. 

 

2.4.7. Western Blotting 

Cell lysates were prepared by lysing IMG microglia or RAW 246.7 macrophages cultured 

in 24-well plates with SDS-PAGE buffer. Cell lysates were resolved on 4–20% SDS-

PAGE gels (Bio-Rad Laboratories, 5671095) and transferred to PVDF membrane 

(Millipore Sigma, IPVH00010) using semi-dry transfer (Bio-Rad Laboratories). 

Membranes were blocked with 5% non-fat milk in TBS-T (Tris-buffered saline with 

0.05% Tween 20 [National Diagnostics, 9005–64–5]), probed with primary antibodies in 

1% bovine serum albumin (BSA) in TBS-T overnight at 4°C, and incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies (KPL, 474–1506, 474–

1806, 14–16–06 and 14–13–06) in blocking solution at room temperature for 1 h. Protein 

bands were detected using SuperSignal West Dura Extended Duration Substrate (Thermo 

Fisher Scientific, 34076), SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Fisher Scientific, 34080), or SuperSignal Femto Chemiluminescent Substrate (Thermo 

Fisher Scientific, 34080) and visualized using a Chemi-doc system (Bio-Rad 

Laboratories, Universal Hood II). Individual protein band intensities were analyzed using 

Image Lab software (Bio-Rad Laboratories) and normalized to that of a loading control 

(β-Actin). 
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Primary antibodies were: LC3 (1:1000; Novus Biologicals, NB100-2220), NLRP3 

(1:1000; Cell Signaling), iNOS (1:1000; BD); β-Actin (1:10000; ThermoFisher). 
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CHAPTER 3: Inhibition of Autophagy in Microglia and Monocytes/Macrophages 

Exacerbates Innate Immune Responses, Neuroinflammation, and Functional 

Defects following TBI in Mice 

 

 

3.1 Introduction 

The discovery of yeast autophagy-related (ATG) genes and subsequent identification of 

their mouse and human homologs have enabled researchers to investigate physiological 

functions of autophagy in molecular mechanisms and diseases using genetic techniques 

(Kuma et al., 2017). Beyond its role in maintaining cellular homeostasis and energy 

balance, autophagy has conserved roles in differentiation and development. Consequently, 

conventional systemic knockout of certain autophagy genes in mice results in embryonic 

or neonatal lethality. To circumvent this problem, researchers use tissue-specific Atg gene 

knockout mice to study the role of autophagy in various processes and diseases (Yoshii et 

al. 2016; Tsuboyama et al., 2016; Karsli-Uzunbas et al., 2014).  

 

The Cre/lox system is one of the most powerful tools in mouse genetics because it enables 

generation of tissue-specific and inducible knockouts with substantial control over the 

location and timing of gene expression. The process involves flanking a repeating 34 base 

pair loxP DNA sequence on either side of a target gene of interest (resulting in a “floxed” 

gene) and expressing Cre recombinase in a specific cell-type. Cre expression results in 

cell-specific deletion of the floxed sequence (Lakso et al., 1992; Orban et al., 

1992).  Using tissue-specific knockout mice has particularly practical applications when 

studying physiological processes in the brain. As the brain comprises numerous cell types, 
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global gene knockouts (when not neonatally or embryonically lethal) make it difficult to 

attribute resulting phenotypic changes to a specific brain cell type.  

 

The involvement of autophagy in the regulation of inflammatory responses and 

autoimmune diseases has only recently been studied. Most of our existing knowledge on 

the autophagy-inflammation link is derived from studies in peripheral macrophages and 

epidemiological data linking autophagy defects with the development of autoimmune and 

inflammatory diseases. Generally, inhibition of autophagy flux in peripheral macrophages 

results in increased pro-inflammatory cytokine polarization. To highlight a few recent 

findings, loss of the autophagy protein ATG16L1 is associated with Crohn's disease and 

results in enhanced pro‐inflammatory cytokine production by macrophages in response 

to stress (Saitoh et al., 2008; Murthy et al., 2014). A conditional knockout 

of Atg5 or Atg7 in murine macrophages correlates with increased severity of uveitis 

(Santeford et al., 2016), liver fibrosis (Lodder et al., 2015), or colitis (Lee et al., 2016). In 

vitro data on macrophages and macrophage cell lines show that addition of the autophagy 

blocker 3‐MA results in increased IL‐1β formation (Harris et al., 2011; Zhou et 

al., 2011; Shi et al., 2012; de Luca et al., 2014).   

 

As numerous ATG proteins participate in the autophagy process, it is necessary to study 

one that plays a crucial role in regulating physiological processes. Beclin 1 is an essential 

member of the multi‐protein complex that is necessary for nucleation of the autophagic 

vesicle during autophagy initiation and recent research underscores its importance in 

regulating health and disease (Zhang et al., 2016). In mouse models of AD and PD, Beclin 

1 was shown to mitigate amyloidosis (the buildup of amyloid proteins in heart, liver, 
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kidney, and other organs) and neurodegeneration (Levine et al., 2011; Pickford et al., 

2008; Spencer et al., 2009). Human AD brain sample lysates contain proteolytically 

cleaved forms of Beclin 1. Selective neuronal expression of these Beclin 1 cleaved 

products exacerbates neurodegeneration and inflammation in two models of 

neurodegeneration- a kainic acid-based mouse model of acute excitotoxic 

neurodegeneration and an hAPP-transgenic mouse model of AD (Bieri et al., 2018). 

Homozygous loss of the Becn1 gene causes embryonic death between E7.5 and E8.5 (Yue 

et al., 2003). On the other hand, heterozygous loss of Becn1 results in viable, 

hypomorphic Becn1+/- mice with decreased autophagy levels in various cell types 

(Qu et al, 2003; Pickford et al, 2008), making it a useful model to study autophagy 

dysregulation. More recently, Becn1+/- hypomorph mice were shown to have increased 

inflammatory response of microglia via NLRP3 activation (Houtman et al., 2019).  

 

For the present study, we generated Beclinflox/flox, LysMCre/Cre mice– a murine line with a 

cell-specific knockout of the Becn1 gene in microglia and monocyte/macrophage cells 

that express Cre recombinase driven by the LysM transgene. We report a new 

experimental mouse model for analysis of neuroinflammation following CNS trauma. For 

this study, we focused on the role of autophagy dysregulation in modulating 

neuroinflammatory outcomes following TBI.  We hypothesize that neuroinflammation 

and functional defects will be exacerbated in Beclinflox/flox, LysMCre/Cre mice. Our 

collective data demonstrates that autophagy dysregulation in microglia and infiltrating 

monocytes/macrophages, mediated through the tissue-specific knockout of the Becn1 

gene, exacerbates innate immune responses, overall neuroinflammation, and cognitive 

impairments following TBI. 
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3.2. Results 

3.2.1 LysM-Cre expression is driven in monocytes/macrophages as well as brain-

resident microglia. 

Our first goal was to determine whether LysM-Cre is a suitable driver to inducibly ablate 

Becn1 specifically in microglia and monocytes/macrophages. For this purpose, we crossed 

LysMCre/Cre mice to ROSA26 (R26)-tdTomato reporter animals and explored the Cre-

mediated recombination efficacy in microglia and infiltrating macrophages in sham- and 

CCI-injured mice (referred to as Sham and TBI, respectively). Microglia and infiltrating 

myeloid cells were gated by flow cytometry based on expression of cell surface markers 

CD11b and CD45, and expression of tdTomato+ cells was determined within these 

populations. tdTomato expression should be driven in cells that express LysM; thus, by 

quantifying tdTomato fluorescence in gated cells we can estimate the percentages of 

macrophages and microglia that drive expression from this promoter. In TBI mice, 

approximately 52% of brain-resident microglia and 80% of infiltrating monocytes were 

tdTomato+, while in Sham mice, approximately 56% of microglia were tdTomato+ 

(Figure 3-1). Thus LysM-is expressed in a subset of microglia and most macrophages, 

making it a useful driver to knockout autophagy genes and study the role of autophagy 

dysregulation in immune cells and neuroinflammation after TBI.  

 

Experimental studies were carried out on age-matched Beclinflox/flox, LysMCre/Cre and 

LysMCre/Cre mice as detailed in the methods. We first isolated bone marrow-derived 

macrophages (BMDM) from both strains and confirmed the knockout of Beclin 1 at the 

mRNA and protein levels in the Beclinflox/flox, LysMCre/Cre mice.  (Figure 3-2).  
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Figure 3-1. Characterization of LysM-Cre expression in the microglia and 

infiltrating monocytes/macrophages. (A) Breeding scheme of LysMCre/Cre mice 
containing the targeted LysM-Cre locus with R26-tdTomato indicator mice. (B) 
Representative gating strategy for microglia (CD11b+CD45int) and infiltrating myeloid 
cells (CD11b+CD45high) by flow cytometry in mice at day three in post-TBI (above) and 
Sham mice (below). (C) Representative histogram indicating the % of tdTomato+ 
microglia (in red) in Sham mice. (D) Representative histogram indicating the % of 
tdTomato+ microglia (in red) and tdTomato+ monocytes/macrophages (in blue) at three 
days post-injury. A Cre-negative littermate served as control. n=5/group. 
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Figure 3-2. Becn1 knockout in Beclinflox/flox, LysMCre/Cre (Becn1 cKO) mice results in 

decreased Beclin1 mRNA and protein levels in bone marrow-derived macrophages 

(BMDM) compared to LysMCre/Cre (Control) mice. (A) Western blot assessing Beclin 
1 protein levels in isolated BMDM from Becn1 cKO mice and control mice. (B) 
Corresponding quantification showed significant reduction in Beclin 1 protein levels in 
the Becn1 cKO mice compared to the Control mice. (C) BMDM mRNA quantification by 
qPCR showing that Becn1 cKO have significantly reduced Becn1 mRNA compared to 
Control mice. Data are expressed as mean ± SEM. n=3/group. **p < 0.01, *p < 0.05 
compared to Control mice; student’s unpaired t test.  
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For the sake of convenience, Beclinflox/flox, LysMCre/Cre mice, and LysMCre/Cre mice will 

henceforth be referred to as Becn1 conditional knockout (Becn1 cKO) mice and Control 

mice, respectively (Figure 3-2).  

 

3.2.2. Becn1 deficiency in microglia and monocytes/macrophages enhances global 

transcription changes in mice brain cortices at three days post-TBI. 

To determine the inflammatory consequences of Becn1 deficiency in microglia and 

infiltrating macrophages in the acute phase of TBI, we evaluated cortical brain tissue at 

the injury site using NanoString’s nCounter technology. The Neuroinflammation panel 

tested a total of 757 genes and 13 internal controls within three themes: Immunity & 

Inflammation, Neurobiology & Neuropathology, and Metabolism & Stress. Principal 

component analysis (PCA) of all normalized gene counts revealed clustering of four 

experimental groups across the first two principal coordinates, which accounted for 75.2% 

and 8.5%, respectively, of the total variation across samples (Figure 3-3A). Injury-related 

effects were captured on Coordinate 1, separating the TBI groups on the right from the 

left; genotype differences due to Becn1 deficiency were captured on Coordinate 2. 

Interestingly, the Control TBI group and the Becn cKO TBI group showed greater 

separation than the Control/Sham and the Becn cKO/Sham groups. These data suggest 

that the transcriptional changes observed in the TBI groups are exacerbated by genotype-

dependent changes. Heatmap expression profiling showed clustering of the four groups 

based on injury and genotype (Figure 3-3B). Based on the clustering patterns, we 

observed some overlap between the Control Sham and Becn1 cKO Sham groups; 

however, the Control TBI and Becn1 cKO TBI groups appeared more segregated. These 

findings suggest that while genotype-dependent differences are minimal at baseline  
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Figure 3-3. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

alters clustering of various groups, based on NanoString nCounter® 

Neuroinflammation panel, in mice brain cortices. A NanoString nCounter® 
Neuroinflammation panel was used to assess transcriptional changes in the injured brain 
cortex at three days post-injury. (A) Principal component analysis (PCA) was performed 
using all normalized gene counts in the four sample groups: Control Sham (red), Becn1 
cKO Sham (yellow), Control TBI (green), and Becn1 cKO TBI (blue). For PCA plots, 
each point represents a data set from an individual animal. The 95% confidence intervals 
are indicated by elliptical shaded areas per group. Data were sum normalized, log 
transformed, and mean centered. PCA plots generated using MetaboAnalyst. The first 
principal coordinate accounted for most of the variation (75.2%) across samples and 
separated the groups by injury, while the second principal coordinate (4.2%) separated the 
groups by genotype. (B) Heatmap expression profiling of normalized gene levels showed 
significant clustering of the four groups based on injury and genotype. 
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(hence the lack of genotype-specific clustering), injury-induced changes are exacerbated 

by genotype. We used volcano plots to visualize the Log2 (fold change) and -Log10 (p-

values) of each gene in pairwise comparisons, highlighting certain genes that meet the 

indicated cutoff for p-value (Figure 3-4 A-D) and labelling ones particularly implicated 

in inflammation and innate immunity.  Based on a threshold p value of p<0.05 to define 

differential expression, we observed an increase in the number of differentially 

upregulated genes in the pairwise comparison of Becn1 cKO TBI mice vs. Becn1 cKO 

Sham mice compared to the pairwise comparison of Control TBI vs. Control Sham 

(Figure 3-4E, top two lines of the table).  

 

3.2.3. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

increases innate immunity gene expression in mice brain cortices post-TBI. 

Gene ontology (GO) analysis of differentially expressed genes between Becn1 cKO TBI 

mice and Control TBI groups revealed that the differentially expressed genes play key 

roles in multiple biological processes related to the regulation of innate immune responses. 

(Figure 3-5A). Innate immune responses after TBI are known to contribute to the 

pathophysiology and disease outcomes (Needham et al., 2019). A heatmap of the 

differentially expressed genes indicate that Becn1 knockout in microglia and 

monocytes/macrophages drives increased transcription of genes involved in innate 

immune responses at three days post-TBI (Figure 3-5B). Some of these include Irf8 

(*p<0.05), Nf-kb (p=0.051), Ly9 (*p<0.05), Csfr1 (p=0.060), Lcn2 (**p<0.01), Csfr 

(****p<0.001), and Nod1 (*p<0.05) (Figure 3-5C).  
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Figure 3-4. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

significantly alters transcription levels of neuroinflammatory genes in mice brain 

cortices at three days post-TBI. Volcano plots in (A-D) depict the -Log10 (p-values) on 
the x axis and log2 (fold change) of the indicated pairwise comparison of differential gene 
expression. (A) Control TBI vs. Control Sham; (B) Becn1 cKO TBI vs. Becn1 cKO Sham; 
(C) Becn1 cKO Sham vs. Control Sham; (D) Becn1 cKO TBI vs. Control TBI. Dotted 
lines on the x-axis and y-axis show the thresholds used to visualize fold change and p 
value benchmarks. The dotted lines at x=-0.58 and x=0.58 denote a two-fold change in 
gene expression in the pairwise comparison. The dotted line at y=1.3 denotes a p value of 
0.05; genes above the line pass the significance threshold. Gray dots represent genes that 
did not pass any threshold criteria. Blue dots represent genes that pass the statistical 
threshold, but not the fold change threshold set for that comparison. Green dots show 
genes that pass the fold change threshold but not the statistical threshold. Red dots indicate 
genes that pass the statistical threshold and have fold changes greater than 2. (E) Table 
indicating the number of differentially expressed genes in the indicated pairwise 
comparisons. When determining if a gene was differentially expressed or not, a p value of 
< 0.05 was used as the threshold.  
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Figure 3-5. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

increased expression of genes involved in innate immunity in mice brain cortices at 

3 days post-TBI. (A) Gene Ontology of pathways modified by Becn1 deficiency in 
microglia/macrophages after TBI, generated using David software. (B) Heatmap of genes 
related to innate immune response that are differentially expressed. Color coding is based 
on z-score scaling. (C) Normalized mRNA gene expression of genes related to innate 
immune response. (D) Normalized mRNA gene expression of genes related to the 
cGAS/STING pathway. (E) Normalized mRNA gene expression of genes related to the 
inflammasome pathway. Data are expressed as mean ± SEM; n=4/5 per group. *p < 0.05, 
**p < 0.01, ***p < 0.005, ****p < 0.001 vs. Control TBI groups (genotype effect); ^^p < 

0.01, ^^^^p < 0.001 vs corresponding Sham group (injury effect).  
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We found significant upregulation of genes involved in the NLRP3 inflammasome 

signaling pathway and cGAS/STING signaling pathways in Becn1 cKO TBI mice 

compared to Control TBI. (Figure 3-5D-E). Activation of these pathways occurs after 

TBI and contributes to neuroinflammation and neurological outcomes following TBI. 

Within the inflammasome pathway, Becn1 cKO mice showed increased transcriptional 

expression of Nlrp3 (*p<0.05) and Il-1b (p=0.06) at three days post-TBI relative to 

Control mice, while Casp1 levels were unchanged (p=0.1045). The cGAS/STING 

pathway showed increased transcriptional levels on Tmem173/STING in Becn1 cKO mice 

(p=0.05) following TBI, while Mb21d1/cGAS level was unaffected by genotype in either 

the Sham or TBI groups. Interestingly, expression of Ifr3, a downstream regulator of the 

cGAS/STING signaling pathway, differed by genotype in both the Sham and TBI groups 

(*p<0.05). As a complementary method to support the NanoString data, we confirmed the 

differential expression patterns of some of these genes and other general inflammatory 

markers by qRT-PCR (Figure 3-6A-D).  

 

3.2.4. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

increases expression of proteins involved in innate immunity and inflammation post-

TBI. 

We next used cortical brain samples from Control and Becn1 cKO Sham and TBI mice to 

measure protein levels of markers associated with inflammation by western blotting 

(Figure 3-7). At three days post-TBI, we observed increased levels of pro-inflammatory 

markers NOX2 (*p<0.05), iNOS (*p<0.05), and NLRP3 (*p<0.05) in Becn1 cKO TBI 

mice compared to Control TBI mice.  Moreover, cGAS and STING protein levels were  
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Figure. 3-6. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

increases expression of pro-inflammatory and innate immune genes in mice brain 

cortices post-TBI. We confirmed increased mRNA levels of genes in Becn1 cKO TBI 
mice compared to Control TBI mice for (A) NLRP3 signaling pathway and (B) 
cGAS/STING signaling pathways and (C) genes involved in general innate immune 
responses. (D) We also saw increased gene expression of the general inflammatory marker 
NOX2 (Cybb), whereas Il10, Socs3, and Tgfb were not significantly different in the Becn1 

cKO mice after TBI. Data are expressed as mean ± SEM; n = 5/group  *p < 0.05, **p < 

0.01, ***p < 0.005, ****p < 0.001 vs. Control TBI groups (genotype effect); ^^p < 0.01, 
^^^^p < 0.001 (injury effect).  
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Figure 3-7.  Becn1 deficiency in microglia and monocytes/macrophages exacerbates 

neuroinflammation and innate immune gene pathways in mice brain cortices post-

TBI. Western blotting was performed to assess changes in protein expression of pro-
inflammatory markers and proteins involved in inflammasome pathways, cGAS/STING 
pathways, and autophagy. (A) Becn1cKO mice show increased levels of pro-
inflammatory proteins NOX2, iNOS and NLRP3. (B) Quantification of all data for the 
representative blots shown in A. (C-D). Representative western blots (C) and 
quantification (D) showing that Becn1cKO have increased levels of cGAS and STING 
proteins compared to Control TBI mice at three days post-injury. (E) Data are expressed 

as mean ± SEM. *p < 0.05, ***p < 0.005, Control/TBI mice (genotype effect); ^^^^p < 
0.001 vs. corresponding Sham mice (injury effect); two-way ANOVA using Tukey post-
hoc tests (n=4-5/group). 
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also significantly higher in the Becn1 cKO mice (***p < 0.005 compared to Control TBI 

for both markers), suggesting upregulation of cGAS/STING signaling in Becn1 cKO mice 

after injury. When we analyzed markers of autophagy, we observed increased levels of 

the autophagosomal markers LC3-II and p62 (*p<0.05) in Becn1 cKO mice compared to 

the Control TBI mice, consistent with the prediction of greater autophagy impairment in 

these mice after injury (Figure 3-7E-F). No significant differences were observed in 

baseline levels of the autophagy markers between Becn1 cKO Sham and Control Sham 

mice.  

 

We next performed flow cytometry on mice brain cortices to determine whether microglia 

and infiltrating monocytes/macrophages were differentially impacted by Becn1 deficiency 

(Figure 3-8). At three days post-TBI, we observed that Becn1 cKO mice had a 

significantly higher percentage of IL-1β+ microglia compared to Control mice 

(**p<0.01), whereas the IL-1β level did not significantly differ between genotypes 

(Figure 3-8A-B). Infiltrating monocytes/macrophages in Becn1 cKO mice also showed 

an increase in the percentage of IL-1β+ cells, as well as a strong trend toward increased 

IL-1β expression (p=0.055, Figure 3-8C-D). As IL-1β is a downstream target of NLRP3 

inflammasome activation, the observed changes complement our earlier findings that the 

NLRP3 signaling pathway is upregulated in Becn1 cKO mice compared to Control mice 

after TBI.  The data suggest that exacerbated inflammatory responses in Becn1 cKO mice 

are mediated through both microglia as well as infiltrating monocytes/macrophages. The 

possible difference between microglia and monocytes/macrophages regarding an effect 

on IL-1β expression level may be because Becn1 is expected to be almost completely 

knocked out in the infiltrating monocytes/macrophages based on LysM-driven tdTomato  
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Figure 3-8. The effects of Becn1 knockout on inflammatory responses in microglia 

and monocytes/macrophages from mice brain cortices post-TBI. (A) Representative 
histograms showing the relative mean fluorescence intensity (MFI) of IL-1β in microglia. 

(B) Percentage of IL-1β+ microglia and IL-1β MFI at three days post-TBI compared to 
Control mice. (C) Representative histograms showing the relative MFI of IL-1β in 
infiltrating monocytes/macrophages at three days post-TBI. (D) Percentage of IL-1β+ 

monocytes/macrophages and IL-1β MFI at three days post-TBI compared to Control 
mice. (E) Representative histograms showing the relative MFI of TNF-α in microglia at 

three days post-TBI and (F) percentage of TNF-α cells and TNF-α MFI levels. (G) 
Representative histograms showing the relative MFI of TNF-α in infiltrating 

monocytes/macrophages with (F) percentage of TNF-α+ monocytes/macrophages and 

MFI levels. Data are expressed as mean ± SEM (n = ¾ group). *p < 0.05, ***p < 0.005 
vs Control TBI mice; two-way ANOVA using Tukey post-hoc tests for multiple 
comparisons. 
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expression, whereas only a subset of the resident microglia are expected to show Becn1 

knockout (Figure 3-1). No baseline differences were detected between the Becn1 cKO 

Sham mice and Control Sham mice. 

 

On examining the expression of another pro-inflammatory marker by flow cytometry, we 

did not see significant changes in TNF-α expression levels between Becn1 cKO TBI mice 

and Control TBI mice (Figure 3-8E-H), suggesting that not all inflammatory pathways 

are impacted by autophagy dysregulation in microglia and monocytes/macrophages.   

 

3.2.5. Becn1 deficiency in microglia and infiltrating monocytes/macrophages does 

not alter fine motor coordination in TBI or Sham-injured mice.  

As Becn1 deficiency in microglia and monocytes/macrophages resulted in increased 

innate immune and neuroinflammatory responses after TBI, we next wanted to assess 

whether these changes translate to altered behavioral outcomes in mice after injury. We 

performed beam walk assessment to assess changes in impairments in fine motor 

coordination in mice at one day, three days, seven days, 14 days, 21 days, and 28 days 

post-injury (Figure 3-9A). We observed a significant increase in the number of footfalls 

beginning on the first day post-injury and persisting through the 28th day post-TBI in both 

genotypes (Injury effect: F (1, 49) = 1910, p<0.001). As no significant differences were 

observed between genotypes for the sham-injured groups, we infer that Becn1 knockout 

does not result in any baseline difference in fine motor coordination. Moreover, no 

differences were observed between the TBI groups throughout the time course, indicating 

that Becn1 cKO does not exacerbate motor impairment after injury (Figure 3-9B).  This 
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Figure 3-9. Becn1 deficiency does not exacerbate TBI-induced impairments in fine 

motor coordination. (A) Number of foot faults per 50 steps across various time points 
after TBI. (B) Number of footballs at 28 days post-TBI. We did not observe any significant 
genotype differences between Sham and TBI groups. We also measured (C) distance 
traveled and (D) average speed during novel object recognition habituation testing (day 
15 post-TBI) and observed no genotype-dependent changes between both Sham and TBI 
groups. Data are expressed as mean ± SEM (n = 12-16/group). ^^^^p<0.001 for Control 
TBI vs. Control Sham mice; ****p<0.001 for Becn1 cKO TBI vs. Becn1 cKO Sham mice; 
analyzed by repeated two-way ANOVA using Tukey post-hoc tests for multiple 
comparisons. 
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finding was further supported by analyzing distance traveled and average speed during 

novel object recognition (NOR) habituation testing at day 15 post-TBI; no genotype-

dependent differences were observed between Becn1 cKO mice and Control under Sham 

or injury conditions (Figure 3-9C-D). Collectively, the data in Figure 3-9 indicate that 

Becn1 cKO does not exacerbate fine motor impairment under baseline conditions or after 

TBI. 

 

3.2.6. Becn1 deficiency in microglia and infiltrating monocytes/macrophages 

exacerbates TBI-associated deficits in spatial learning and declarative memory. 

We tested spatial learning and memory in mice using Morris Water Maze (MWM) testing 

from 21-25 days post-TBI (Figure 3-10A-D). Both Becn1 cKO TBI and Control TBI mice 

required significantly more time to locate the hidden platform during acquisition training 

compared to Becn1 cKO Sham and Control Sham mice. This increased time is indicative 

of an injury-dependent spatial learning deficit (Injury effect: F(1, 49) = 1743, p<0.001). 

However, during probe trial testing, Becn1 cKO mice spent significantly less time 

exploring the escape quadrant compared to the Control TBI group, indicating a relative 

impairment in spatial learning (*p<0.05) (Figure 3-10D). 

 

We also investigated the search strategies used by mice to locate the hidden platform 

during probe trial testing (Figure 3-10B-C). Sixty-seven percent of Becn1 cKO Sham and 

60% of Control Sham mice followed a spatial search strategy to find the platform during 

probe trial testing. On the other hand, Becn1 cKO TBI mice and Control TBI mice showed 

decreased spatial search strategy usage compared to their Sham counterparts and 

increasingly relied on sequential and looping strategies to locate the platform. In  
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Figure 3-10. Deficits in declarative memory, spatial learning, and working memory 

are exacerbated in Becn1 cKO mice after TBI. (A) Graph of latency to escape during 
acquisition days 1-4 of the Morris Water Maze (MWM). (B) Representative images of 
search strategy used during the probe trial, and (C) the percentage composition for each 
strategy (spatial, systematic, and looping) among the groups. (D) Time spent in the escape 
quadrant during MWM probe trial testing as a measure of spatial learning. (E) Object 
familiarization for Novel Object Recognition (NOR) testing. All groups of mice interacted 
equally between both the left and right objects, eliminating side bias. (F) Percentage of 
time spent with the novel object during the test phase as a measure of declarative memory. 
(G) Number of arm entries per group during Y-maze testing, showing an equal number of 
arm entries among the groups. (H) Percentage of spontaneous alterations in the Y-maze 
task as a measure of hippocampal-dependent working memory. Data are expressed as 
mean ± SEM. n=12-16/group. **p< 0.01, ***p<0.005, vs. Becn1 cKO TBI (genotype 
effect); ^^p<0.01, ^^^p<0.005, ^^^^p<0.001 compared to corresponding Sham group 
(injury effect); two-way ANOVA using Tukey post-hoc tests for multiple comparisons. 
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particular, the Becn1 cKO TBI mice had greater reliance on looping compared to the 

Control TBI (68.5% in Becn1 cKO TBI mice compared to 50% in Control TBI mice). 

 

We also tested declarative memory in mice using NOR testing from 15-17 days post-TBI 

(Figure 3-10E-F). During familiar object acclimatization, there were no significant 

differences among all experimental groups in the amount of time that was spent with either 

of the two objects presented, demonstrating the absence of any side bias during testing 

(Figure 3-10E). During NOR testing, all Sham mice showed approximately 75% 

preference for the novel object over the familiar object and no differences were detected 

between the Becn1 cKO Sham and Control Sham mice. However, both genotypes of mice 

showed decreased preference for the novel object after TBI. Moreover, Becn1 cKO TBI 

mice spent less time exploring the novel object (NO) compared to Control TBI mice 

(*p<0.05) (Figure 3-10F). These findings suggest that Becn1 deficiency in microglia and 

monocytes/macrophages exacerbates declarative memory impairments after injury.  

 

We further investigated cognitive function using the Y-maze task on day eight post-TBI 

to assesses hippocampal-dependent working memory. All experimental groups of mice 

had a relatively equal number of arm entries during testing (Figure 3-10G).  Becn1 cKO 

TBI mice showed a significant decrease in the percentage of spontaneous alterations 

compared to Control TBI mice (*p<0.05) (Figure 3-10H). This finding suggests that 

Becn1 deficiency in microglia and monocytes/macrophages exacerbates impairments in 

hippocampal-dependent working memory after injury. 
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3.2.7. Becn1 deficiency in microglia and monocytes/macrophages exacerbates 

hippocampal neurodegeneration but does not significantly increase overall cortical 

lesion volume after injury.  

Hippocampal neuronal cell loss and cortical lesion volume were assessed using unbiased 

stereology at the end of the day 28 post-TBI period to examine the effect of Becn1 

deficiency in microglia and monocytes/macrophages on TBI-associated 

neurodegeneration outcomes. As expected, TBI resulted in a significant loss of neurons 

in the dentate gyrus (DG) subregion of the ipsilateral hippocampus in both the Becn1 cKO 

TBI and Control TBI mice compared to their Sham counterpart mice. No baseline 

difference in the ipsilateral DG neuronal count was observed between Becn1 cKO Sham 

and Control sham mice, implying that autophagy dysregulation through Becn1 knockout 

in microglia does not cause basal hippocampal neurodegeneration. On the other hand, we 

observed significantly lower ipsilateral DG neuronal counts in the Becn1 cKO TBI mice 

compared to the Control TBI mice. This suggests that Becn1 knockout exacerbates 

neuronal loss in the hippocampus following TBI (Figure 3-11A). 

 

We also assessed cortical neurodegeneration by quantifying lesion volume. TBI resulted 

in a large cortical lesion in the ipsilateral cortex in both Becn1 cKO mice and Control TBI 

mice. However, there was no significant difference in the measured lesion volumes in 

Becn1 cKO TBI mice compared to Control TBI mice (t(12)=2.030, p=0.073 vs control TBI, 

Figure 3-11B). Overall, these findings suggest that Becn1 deficiency in microglia and 

monocytes/macrophages exacerbates TBI-associated neurodegeneration, at least in the 

hippocampal DG.  
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Figure 3-11. Becn1 deficiency in microglia and monocytes/macrophages exacerbates 

hippocampal neurodegeneration but not overall lesion volume.  At day 28 post-TBI, 
ipsilateral hippocampal neuronal cell density and lesion volume were assessed by 
stereological quantification (A) Representative images of cresyl violet stained brains and 
neurons in the dentate gyrus (DG) region of the ipsilateral hippocampus (20x 
magnification) across all experimental groups. (B) Quantification of neurons in the 
ipsilateral DG subregion revealing TBI-induced neuronal cell loss. There was also a 
significant increase in neuronal cell loss in the Becn1 cKO/TBI mice compared to the 
compared to control/TBI mice. (C) Representative images of a cresyl violet stained TBI 
brain with missing cortical tissue, lesion, outlined in red. (D) Quantification of lesion 
volume showing no increase in the Becn1 cKO TBI mice compared to the Control TBI 
group (p=0.073 by Student’s unpaired t-test).  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 



92 

3.2.8. Expression of inflammation and innate immunity genes is not significantly 

elevated by Becn1 deficiency in microglia and monocytes/macrophages at 28 days 

post-TBI. 

Lastly, as we observed functional changes in Becn1 cKO mice at later time points 

following injury, we examined the expression levels of select inflammation and innate 

immunity genes in mice brain cortices at day 28 post-TBI. Using qPCR, we observed no 

differences in the expression of select genes of the NLRP3 inflammasome pathway, the 

cGAS-STING pathway, or general markers of inflammation in Becn1 cKO TBI mice 

relative to Control TBI mice at day 28 post-TBI (Figure 3-12). More biochemical analysis 

needs to be carried out to test for long-term changes at the protein level. 

 

 

Figure 3-12. Expression levels of pro-inflammatory and innate immune genes in 

brain cortices at 28 days post-TBI. Data are expressed as mean ± SEM. n=5/group; two-
way ANOVA using Tukey post-hoc tests for multiple comparisons. 
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3.3.  Summary and Future Directions 

This work is among the first to evaluate the tissue-specific role of autophagy in brain-

resident microglia and infiltrating monocytes/macrophages in regulating 

neuroinflammation and associated functional outcomes after TBI. We generated a mouse 

line with a cell-specific knockout of the autophagy gene Becn1 in microglia and 

monocytes/macrophages and observed decreases in Becn1 mRNA and Beclin 1 protein 

levels in BMDM. This makes this mouse line a suitable tool for assessing the effect of 

autophagy dysregulation in microglia and monocytes/macrophages on outcomes within 

the brain after injury or other pathological conditions. For the present study, our findings 

demonstrate that autophagy dysregulation in these immune cells exacerbates 

neuroinflammation, innate immune responses, and cognitive impairments in the acute 

phases following TBI. To summarize some of the significant findings: 

1. Autophagy dysregulation through Becn1 deficiency in microglia/monocytes 

exacerbates inflammatory responses in the brain after TBI, both at the 

transcriptional gene level as well as the protein level. The key pro-inflammatory 

proteins examined in this study were iNOS, NOX2 and TNF-α. Some of the 

specific innate immunity pathways impacted by Becn1 deficiency after injury 

include the NLRP3 inflammasome pathway and the cGAS/STING signaling 

pathway. These pathways are upregulated after TBI in response to stimulation of 

innate immunity receptors by DAMPs released from dying and damaged cells 

following injury and have been associated with poorer neurological outcomes in 

mice after TBI. (Barrett et al., 2020; Irerra et al., 2020) 

2. Autophagy dysregulation in microglia and infiltrating monocytes/macrophages 

increases TBI-associated hippocampal neurodegeneration after TBI. This finding 
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indicates that regulation of autophagy in brain immune cells impacts surrounding 

cells in the brain following TBI.  

3. Mice with autophagy dysregulation have worse impairments in cognitive learning 

and memory after TBI. As this inhibition of autophagy occurs 

microglia/monocytes based on the cell-specific Becn1 knockout strategy, it 

highlights the role that brain immune cell autophagy plays in mediating functional 

outcomes after TBI.  

 
 Immediate future directions for this study will include the following: 

1. A more thorough assessment of biochemical changes at the day 28 time point post-

TBI, looking at changes in protein levels of markers involved in inflammation and 

innate immunity. The goal of this experiment would be to better understand what 

(if any) changes in inflammation and innate immunity due to autophagy 

dysregulation persist at the later phases of injury. 

2. Assessment of biochemical changes in ipsilateral hippocampal samples at three 

days post-injury. Most of our data focuses on biochemical changes in mice brain 

cortices. As we have observed hippocampal-dependent changes in functional 

outcomes, it will be useful to test for corresponding changes specifically in the 

hippocampus. 

3. Morphological assessment of microglia at day 28 post-TBI in cortical brain 

sections stained with Iba1. 

 
Our tissue-specific knockout in mice results in knockout of the Becn1 gene in microglia 

and monocytes from birth, however no significant phenotypic differences were observed 

in these mice in terms of weight and behavioral outcomes. Becn1 deficiency in 
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microglia/monocytes does result in some baseline changes, as observed from differential 

gene expression visualized by volcano plot in the pairwise comparison of the Becn1 Sham 

mice vs. Control Sham mice (Figure 3-4C). However, these differences did not 

significantly alter baseline gene expression of innate immune response pathways or 

baseline outcomes in our cognitive behavior tests. It is possible that Becn1 cKO mice 

develop compensatory mechanisms to maintain cellular homeostasis in of the absence of 

Beclin 1. Additionally, it is important to note that we performed these experiments on 

young adult mice (9-11 weeks old); it is possible that there are additional genotype-

dependent differences that do not significantly manifest at this young age. Future work 

should examine how aging contributes to baseline differences between the Sham mice. As 

a decrease in autophagy function occurs during aging, we predict that Becn1 knockout-

mediated autophagy dysregulation further exacerbates the age-related decrease in 

autophagy function. 

 
Our data demonstrates that Becn1 deficiency results in exacerbation of innate immune 

responses during the acute phase of TBI (three days post-injury), which corresponds to 

the peak of neuroinflammation in mice after TBI. However, as seen in the Figure 3-12 

data, there are no statistically significant differences in transcriptional levels of the 

investigated inflammation pathway-related genes between the Becn1 cKO TBI mice and 

Control mice TBI mice at day 28 post-TBI, which is considered the chronic phase. We 

hypothesize two possible explanations for this. Our knockout mice should have Becn1 

knockout in most of the infiltrating monocytes/macrophages and a subset, but not all, of 

the resident microglial cells.  By day 28, there is little to no presence of infiltrating 

myeloid cells in the injured brain, and this could be a reason for the decline. On the other 
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hand, our biochemical studies at the day 28 timepoint were restricted to testing for 

transcriptional changes. In future experiments, we will characterize changes to 

inflammatory pathways in our experimental mice during the chronic phase of TBI using 

western blotting, flow cytometry, and immunostaining. These experiments will give us a 

better understanding of any long-term biochemical and molecular consequences of Becn1 

knockout in brain-resident microglia and monocyte/macrophages following TBI.  

 
LysM-Cre is a useful driver for obtaining selective knockout of genes in microglia and 

monocytes/macrophages. However, other microglia/monocyte specific drivers can also be 

utilized. One such example is obtaining tissue-specific knockout of autophagy genes using 

transgenic mice with inducible Cre expression driven by the Cx3Cr1 promoter (Cx3Cr1-

CreER); this could yield more efficient knockout of autophagy genes in the microglial 

population because Cx3Cr1 is more globally expressed by these cells. Moreover, it would 

be an inducible form of tissue-specific knockout, occurring only after mice are injected 

with tamoxifen. One could compare baseline differences before and after tamoxifen 

treatment, and this could more specifically tease out any baseline differences in outcome 

measures. We initially attempted this study using Beclin1flox/flox, Cx3Cr1CreER/CreER mice. 

However, we experienced technical challenges achieving the inducible knockout by 

tamoxifen, which lead us to develop the Becn1 cKO mice used in this study. 

 
Our study demonstrates cBecn KO-induced changes in innate immune pathways and 

neuroinflammation following TBI on a broad level. Future work should focus on the 

molecular mechanisms that cause exacerbated neuroinflammatory and innate immune 

responses after TBI.  Our work demonstrated the role of the Beclin 1 protein in regulating 

inflammation. However, Beclin 1 is one of the many ATGs involved in the autophagy 
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process. In understanding the molecular mechanisms by which autophagy regulates 

inflammation, studies should determine in greater detail which specific ATGs mediate 

inflammation. Increasing evidence has emerged that autophagy plays a more targeted and 

precise role in clearance of debris and components of the inflammasome pathway such as 

NLRP3 and DAMPs (damaged mitochondria and ROS) that activate the inflammasome 

pathway (Zhong et al., 2016).  This process involves cooperation between target 

recognition and assembly of the autophagic apparatus. Recent studies demonstrate that 

TRIM proteins play a role in coordination between cargo recognition and the assembly 

and activation of the principal autophagy regulators (Kinura et al., 2016). In their 

autophagy roles, TRIM proteins act both as receptors and as platforms (‘receptor 

regulators’) for the assembly of the core autophagy regulators, such as ULK1 and Beclin 

1 in their activated state. As autophagic receptors, TRIMs directly recognize endogenous 

or exogenous targets, and permit specific cargo degradation. Thus, future work should 

also focus on the role of precision autophagy mediated by TRIM proteins in regulating 

inflammation after TBI. 

 

Overall, this study provides unique and interesting insights into the role of autophagy in 

regulating immune responses following TBI and offers avenues for future research 

direction.  
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3.4. Methods 

3.4.1. Experimental Design 

Young adult (9-11 weeks old) male LysMCre/Cre mice and Beclinflox/flox mice from The 

Jackson Laboratory (Germantown, NY, USA) were purchased and bred in-house for two 

generations to produce Beclinflox/flox, LysMCre/Cre mice. All mice were housed on sterilized 

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

 

3.4.2. Controlled Cortical Impact  

CCI was done as described in Chapter 2.4.2.  

 

3.4.3. Bone Marrow-derived Macrophage (BMDM) Isolation and Culture  

BMDMs are isolated from LysMCre/Cre, ROSAtdTomato mice following euthanasia. The legs 

of the animals were sprayed with 70% EtOH, and the skin and muscle tissue were 

removed from the bones. The bones were sprayed with 70% EtOH, transferred to a 

sterile-flow hood, and cut at both ends. The marrow was flushed out into a sterile falcon 

tube in Dulbecco’s Modified Eagle’s Medium (DMEM; 500 ml; Invitrogen, Renfrew, 

UK) supplemented with heat-inactivated fetal bovine serum (FBS; 50 ml; 10%; Gibco, 

Paisley, UK) and penicillin-streptomycin (5 ml; 1%; Gibco, Paisley, UK). The cell 

suspension was triturated using a sterile Pasteur pipette, filtered through a nylon mesh 

filter (40 μm; BD Biosciences, Oxford, UK) into a sterile tube, and then centrifuged 

(400 × g, 5 min). The supernatant was removed, and the pellet was resuspended in red 

blood cell lysis buffer (Sigma-Aldrich, Gillingham, Dorset, UK). The suspension was 

centrifuged (400 × g, 5 min), the supernatant was discarded, and the cells were then 
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washed using DMEM and centrifuged once more (400 × g, 5 min). The pellet was 

resuspended in 20 ml of DMEM supplemented with L929-conditioned media (20%). 

Cells were seeded in sterile cell culture flasks (T75 cm2 flasks). On day 2, non-adherent 

cells were removed from the flask, the media was replaced, and the remaining adherent 

cells were maintained in culture for a further six days, with media being replaced on day 

four. On day 6, cells were transferred to 6-well plates (0.5 × 106 cells per well) and 

cultured for another two days, after which time they were scraped off and processed for 

qRT-PCR (see protocol in 3.4.4 below) or for Western blotting (see protocol in 3.4.5 

below). 

 

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

3.4.4.1. RNA isolation (for qRT-PCR and NanoString) 

RNA was extracted from ipsilateral brain tissue or BMDMs using the QIAzol RNA 

isolation protocol. Briefly, 1 ml of Qiazol (Qiagen, Valencia, CA) was added to the 

samples and they were homogenized using an OMNI tissue homogenizer (OMNI-Inc, 

Kennesaw, GA). After homogenization, 200 μl of chloroform was added to the samples, 

and the samples were shaken, and then spun at 14,000 x g for 15 minutes at 4°C to separate 

phases. The clear top phase concentrates the RNA, and is removed from the sample and 

placed in a new tube. To precipitate the RNA, 500 μl of isopropanol was added to the clear 

phase and allowed to sit overnight at 4°C. The RNA was then centrifuged at 10,000 x g 

for 10 minutes at 4°C and the supernatant discarded. The pellet was washed once in 

ethanol, centrifuged again, and then eluted into DNase- and RNase-free water. RNA 

concentration was determined using a specialized plate reader (BioTek version 2.0.5; 
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BioTek Winooski, Vermont, USA). RNA quantity was determined by measuring optical 

density (OD) at 260 nm (1 OD unit at 260 nm corresponds to 40 μg/ml RNA). RNA quality 

was determined by measuring the OD260/OD280 ratio. Ratios of 1.6-2.1 were deemed 

indicative of pure RNA. Eluted RNA samples were stored at -80°C until reverse-

transcribed to cDNA for qPCR or NanoString. 

 

3.4.4.2. Reverse Transcription of mRNA to cDNA  

Complementary DNA (cDNA) synthesis was performed on 2 μg of total RNA obtained 

in 3.4.4.1 using a Verso cDNA RT kit (Thermo Scientific, Pittsburg, PA) using the the 

manufacturer’s protocol. Briefly, 2 μg of RNA in RNase- and DNase-free water was 

prepared. In a PCR tube, 10 μl of the 1 μg RNA-water mixture was added to 10 μl of 

Verso Master Mix containing (in x μl of each reagent per reaction): 1 μl RNase- and 

DNase-free water, 1 μl Reverse transcriptase (RT) enhancer, 0.25 μl oligo nucleotides, 

0.75 μl random hexamers, 4 μl synthesis buffer, 2 μl deoxyribonucleotide triphosphates 

(dNTPs) and 1 μl reverse transcriptase. These 20 μl reactions were then put into a thermal 

cycler for one cycle of 45 minutes at 50°C for synthesis and then 5 minutes at 95°C for 

inactivation of the reverse transcriptase. The resultant cDNA was stored at -80°C until 

used for mRNA quantification by qRT-PCR.  

 

3.4.4.3. qRT-PCR for measurement of gene expression  

Gene expression levels of select targets were determined using commercially available 

Taq-Man gene expression assays (Applied Biosystems, Foster City, CA, USA) containing 

specific forward and reverse target primers and 6-carboxyfluorescein (FAM)-labelled 

minor groove binding (MGB) probes. Glyceraldehyde 3-phosphate dehydrogenase 
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(GAPDH) was used as an internal control to normalize gene expression between samples. 

A reaction master mixture was first prepared and stored on ice for each target gene. This 

consisted of 1 μl of target primers, 8 μl of RNase- and DNase-free water, and 10 μl of 

TaqMan master mix (Cat:4369016; Applied Biosystems) per sample. Nineteen μl of the 

relevant reaction mixture was pipetted onto a MicroAmp® optical 384 well plate (Applied 

Biosystems). 1 μl cDNA was pipetted into the reaction mixture, giving a total reaction 

volume of 20 μl. Plates were then covered with optical adhesive covers and centrifuged at 

1,000 x g for 5 minutes at 4°C to ensure complete mixing and elimination of bubbles. The 

plate was then placed in the PCR thermocycler (QuantStudio 5, Applied Biosystems) pre-

set to run the following protocol: step 1: 95°C for 10 minutes, step 2: 95°C for 15 seconds, 

followed by one minute at 60°C. Step 2 was repeated 40 times and the fluorescence was 

read during the annealing and extension phase (60°C) for the duration of the program.  

 

The following TaqMan Gene Assays were used for qRT-PCR:  

Gapdh (Mm99999915_g1), Nlrp3 (Mm00840904_m1), Cybb (Mm01287743_m1),  Nos2 

(Mm00440502_m1), Tnf (Mm00443258_m1), Ifnb1 (Mm00439552_s1), Il1b 

(Mm00434228_m1), Arg1 (Mm00475988_m1), Socs3 (Mm00545913_s1), Chil3 

(Mm00657889_mH), Il4r (Mm01275139_m1), Mefv (Mm00490258_m1), Mb21d1 

(Mm01147496_m1), Tmem173 (Mm01158117_m1), Irf8 (Mm00492567_m), Lcn2 

(Mm01324470_m1), Nfkb1 (Mm00476361_m1), Csf1r Mm01266652_m1, Tgfb 

(Mm00441724_m1), Tlr4 (Mm00445273_m1). qRT-PCR for Beclin levels in 

BMDMs was performed using the following TaqMan Gene Assay: Becn1 

(Mm01265461_m1). 
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3.4.4.4. Analysis of qRT-PCR  

Amplification plots and copy threshold (Ct) values were examined using QuantStudio5 

qPCR Data Analysis Software. Ct values for each sample were analyzed after setting the 

threshold to the linear exponential phase of the amplification plots and exporting to 

Microsoft Excel for final analysis. The 2-∆∆CT method was used to determine gene 

expression. This method is used to assess relative gene expression by comparing the gene 

expression of experimental samples to control samples after normalization of each to 

expression of the housekeeping gene in each sample, thereby allowing determination of 

the fold-change in mRNA expression between experimental groups. This method involves 

three steps: (1) Normalization to endogenous housekeeping control gene expression 

(GAPDH) where ∆Ct is determined: ∆Ct = Ct Target gene - Ct Endogenous control; (2) 

Normalization to control sample where ∆∆Ct is determined: ∆∆Ct = ∆Ct Sample - average 

∆Ct of Control group; and (3) where the fold difference is given by 2-∆∆Ct.  

 

3.4.4.5.  NanoString Analysis 

RNA samples were extracted as described above from mice cortical brain samples at 3 

days post-injury. Total RNA (20 ng/μl) was run on a NanoString nCounter® system for 

Mouse Neuroinflammation v1.0 panel (NanoString Technologies, Seattle, WA) to profile 

RNA transcript counts for 757 genes of interest and 13 housekeeping genes. All sample 

gene transcript counts were normalized prior to downstream analysis and pairwise 

differential expression analysis was performed with NanoString’s nSolver software 

Version 4.0. Principle component analysis (PCA) and agglomerative clustering heatmap 

were generated using MetaboAnalyst. Subsets of differentially expressed genes displayed 



103 

as heatmaps were normalized across samples as z-scores and then averaged to a single 

value per group before plotting with GraphPad Prism Version 9.2.0 (San Diego, CA).  

 

3.4.5. Western Blotting  

Approximately 70 mg of ipsilateral cortical brain tissue was isolated and homogenized in 

750 μl of RIPA buffer (TekNova, Hollister, CA, USA) containing protease and 

phosphatase inhibitors (Sigma).  Samples were then centrifuged at 13,000 x g at 4°C for 

20 min. The supernatants were collected and their protein content determined by BCA 

assay (Pierce-ThermoFisher, Waltham, MA, USA). Samples were then diluted in ice-cold 

lysis buffer to give equal protein concentrations (1.5 μg/μl), followed by the addition of 

sample buffer containing 20% 2-mercaptoethanol. Lysates were heated at 95°C for 5 min 

and loaded onto 4–20% gradient SDS-PAGE gels (Bio-Rad; Hercules, CA, USA). 

Proteins were transferred onto 0.22 μm PVDF membranes (ThermoFisher) and then 

blocked for 1 h in 5% milk in 1X TBS (Bio-Rad) containing 0.05% Tween-20 (TBS-T) at 

room temperature. Membranes was incubated with the following antibodies:  

 

NOX2 (1:1000; BD Biosciences, 611415), cGAS (1:1000; Cell Signaling, 15102), STING 

(1:1000; Cell Signaling, 13647), p62 (1:1000; BD Biosciences, 610833), LC3 (1:1000; 

Novus, NB100–2220), iNOS (1:1000; BD Biosciences, 610328), NLRP3 (1:1000; Cell 

Signaling, 15101), BECN1/Beclin 1 (1:1000; Santa Cruz Biotechnology, 11427), and 

ACTB/β-actin (1:10,000; Sigma, A1978). 

 

The next day, the membranes were washed three times with TBS-T and then incubated 

with anti-rabbit or anti-mouse secondary antibody conjugated to horseradish peroxidase 
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(HRP) (Jackson ImmunoResearch Laboratories, West Grove, PA) for 2 hours at room 

temperature. Membranes were washed three times in TBS-T, and proteins were visualized 

using SuperSignal West Femto Extended Duration Substrate (Thermo Scientific). 

Chemiluminescence was captured with a ChemiDocTM XRS+ System (Bio-Rad), and 

protein bands were quantified by densitometric analysis using Bio-Rad Molecular 

Imaging Software.  

 

3.4.6. Neurobehavioral tests  

3.4.6.1. Beam Walk    

Fine motor coordination was assessed using the Beam Walk test (Kabadi et al., 2012). 

Briefly, mice were placed at the end of a wooden beam (5 mm wide, 120 mm long) and 

the number of slips (foot faults) of the right hind limb were recorded over 50 steps. Mice 

were trained on the beam walk for three days prior to surgery and tested at 1 day, 3 days, 

7 days, 14 days, 21 days, and 28 days post-TBI. Gross motor function was also assessed 

during the habituation stage of Novel Object Recognition testing (distance traveled, 

average speed) and during Morris Water Maze testing (swim speed) using Any-Maze 

software (Stoelting Company, Wood Dale, IL).  

 

3.4.6.2. Open Field  

The open field test was performed to assess locomotor activity post-injury. Sham and TBI 

mice were individually placed in a corner facing the wall of the open field chamber (22.5 

x 22.5 cm) and allowed to freely explore the chamber for 7.5 minutes. The distance 

traveled and average speed were recorded by Any-Maze tracking software.  
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3.4.6.3. Y-Maze  

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

working (short-term) memory, was performed on day eight post-injury. Briefly, the Y-

maze (Stoelting Co.) consists of three identical arms with each arm at an angle of 120° 

with respect to the other arms, and where each arm is 35 cm long, 5 cm wide, and 10 cm 

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

and allowed to explore the maze freely for 5 minutes. Arm entries (arms A–C) were 

recorded by analyzing mouse activity using ANY-Maze tracking software. An arm entry 

was attributed when all four paws of the mouse entered the arm, and an alternation was 

designated when the mouse entered three different arms consecutively. The percentage of 

alternation was calculated as follows: total alternations x 100/(total arm entries − 2).  

 

3.4.6.4. Novel Object Recognition (NOR) 

Non-spatial hippocampal-mediated memory in mice was assessed by performing NOR 

testing through days 14-17 post-TBI. Mice underwent one habituation day consisting of 

one 7.5-minute trial/day to acclimate to the testing arena (22.5 x 22.5 cm, black plexiglass 

walls). Twenty-four hours following habituation, mice underwent object familiarization 

in which the mice were placed into the testing arena with two similar objects positioned 

equidistant apart from each other and the arena walls. The mice were allowed to explore 

freely for 7.5 minutes or 20 seconds of total interactions with the objects. Twenty-four 

hours later, mice underwent novel object (NO) testing in which one familiar object was 

replaced with a novel object and the mice were allowed to freely explore for 7.5 minutes 

or until 20 seconds of total interaction between the objects was recorded. Novel/familiar 

objects and the side in which the novel object was positioned were balanced across all 
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experimental groups to control for any potential object and side biases. Testing was 

recorded using Any-Maze software. Object interaction included time spent sniffing or 

placing front paws on, while facing, the object. Time spent chewing and climbing and 

sitting on top of objects was not considered exploration and excluded from final scores. 

Because mice inherently prefer to explore novel objects, a preference for the novel object 

indicates intact memory for the familiar object. The analysis was represented as the ratio 

of the time spent with the novel object to the time spent with the familiar object. 

 

3.4.6.5. Morris Water Maze (MWM) 

Hippocampal-dependent spatial learning and memory were assessed using the MWM 

during days 21-25 post-TBI. The MWM protocol included two phases: (1) hidden 

platform training (learning acquisition) and (2) a twenty-four-hour probe test (reference 

memory). A circular tank (100 cm in diameter) was filled with water (23 +/- 2°C) and was 

surrounded by various extra-maze cues (blue square, blue diamond, blue square and blue 

star) on the inner walls of the testing area. A transparent platform (10 cm in diameter) was 

submerged 0.5 cm below the surface of the water. Mice were trained to find the hidden 

submerged platform located in the northeast (NE) quadrant of the tank for four 

consecutive days. The mice underwent four trials per day, starting from a randomly 

selected release point (east, south, west, and north). Each mouse was allowed a maximum 

of 90 s to find the hidden submerged platform. The latency to find the submerged platform 

was recorded using Any-Maze software. Reference memory was assessed by a probe test 

performed 24 hours after the final acquisition day. The platform was removed, the mice 

were released from the southwest position, and the time in the target quadrant was 

recorded. Search strategy analysis was performed, and characterized as follows: (1) a 
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spatial search strategy was defined as swimming directly to platform with no more than 

one loop or swimming directly to the correct target quadrant and searching for the 

platform; (2) a nonspatial systematic strategy was defined as searching the interior portion 

of or the entire tank without spatial bias, including searching within the incorrect target 

quadrant before finding platform; and (3) a repetitive looping strategy was defined as 

circular swimming around the tank, swimming in tight circles, or swimming around the 

wall of tank before finding the submerged hidden platform. Mice that remained immobile 

or learned to simply float throughout the 90 s trial in the MWM test were excluded from 

the analysis (Control Sham: 1; Becn1 cKO TBI: 1 were excluded).  

 

3.4.7. Flow Cytometry 

Flow Cytometry was performed as described in 2.4.4. Intracellular antibodies included: 

TNF-PE-Cy7 (MP6-XT22) (Invitrogen), IL-1β-PerCP-eF710 (NJTEN3) (Invitrogen), 

NLRP3-APC (TW7-16B4) (Biolegend, San Diego, CA). Data were acquired on a Cytek 

Aurora flow cytometer equipped with FACsDiva 6.0 (BD Biosciences, San Jose, CA) and 

analyzed using FCS Express. The individual analyzing the samples and the data was 

blinded to treatment groups until the end of the experiment.  

 

3.4.7. Lesion Volume  

Cortical lesion volume was assessed in vehicle and TBI-treated injured mouse brains at 

day 28 after TBI. 60 μm sections located approximately 240 μm apart across the entire 

lesion volume were stained with cresyl violet (FD Neurotechnologies Inc) and images 

were acquired on Leica DM4000 B TL (BF) microscope. Quantification was based on the 

Cavalieri method using Stereo Investigator software (MBF Biosciences, Williston, VT) 



108 

and the lesion volume was quantified by outlining the missing tissue on the injured 

hemisphere using the Cavalieri estimator with a grid spacing of 0.1 mm.  

 

3.4.7. Neuronal Count 

Analysis of neuronal cell loss in ipsilateral hippocampus was performed on 60 μm fixed 

coronal brain sections collected at 28 days post-TBI and stained with cresyl violet. Every 

fourth 60 μm section between -1.34 and -2.53 mm and -2.7 to -3.16 mm from bregma, 

beginning at a random starting point, was analyzed (cohort 2 mice, n=8-10/group). A total 

of five sections per brain were analyzed. Neuronal cell loss was quantified using a Leica 

DM4000B microscope (Leica Microsystems, Exton, PA) with the Stereo Investigator 

software by counting the number of cresyl violet-stained neurons representing surviving 

neurons using the optical fractionator method of unbiased stereology, with fewer cresyl 

violet-stained neurons representing neuronal cell loss. The volume of the regions counted 

was determined using the Cavalieri method. Results are expressed in terms of cellular 

density (cells per mm3) (Kabadi et al., 2012).  

 

 

3.4.8. Statistical Analysis  

Quantitative data were expressed as mean ± standard error of the mean and statistical 

analysis was performed using GraphPad Prism Software v. 6.0. A p<0.05 value was 

chosen as the minimal value for statistical significance. Animal numbers in each 

experiment were derived from the power calculation based on effect sizes defined by 

Cohen (Cohen, 1992) and variability estimated from published data. 
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Beam walk and MWM acquisition were analyzed by repeated measures two-way ANOVA 

to determine the interactions of time and injury and genotype changes, followed by post- 

hoc adjustments using a Tukey’s multiple comparison test. Gene expression levels by 

qPCR and NanoString, protein levels by Western blotting, flow cytometry data, and 

behavioral outcomes (Distance traveled, mean speed, object and novel object preference, 

time spent in the target quadrant, swim speeds) were analyzed by Two-way ANOVA, 

followed by post-hoc adjustments using a Tukey’s test for multiple comparison. The 

MWM search strategy was analyzed using a chi-square analysis. Neuronal cell counts 

were analyzed by Two-Way ANOVA, followed by Tukey’s post-hoc. Stereological data 

examining lesion volume was analyzed using an unpaired, two-tailed Student t-test. 

Statistical analysis in each assay was detailed in figure legends. 
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CHAPTER 4: N-acetyl-L-leucine Improves Functional Recovery and Attenuates 

Cortical Cell Death and Neuroinflammation after Traumatic Brain Injury in Mice1 

 

4.1 Introduction 

Repurposing of drugs that are already in clinical use for the treatment of certain medical 

conditions can be an effective and rapid way to develop useful therapeutic strategies for 

the treatment of highly devastating and intractable conditions like TBI. While the primary 

mechanical injury in TBI is instantaneous and cannot be altered, the subsequent secondary 

injury has an extended timeframe and represents a therapeutic window for a treatment 

aimed at restricting neuronal cell death and suppressing neuroinflammation after TBI.  

 

In clinical and pre-clinical studies, it has been shown that N-acetyl-leucine (NAL), an 

acetylated derivative of leucine, improves neurological function in cerebellar ataxias 

(Schniepp et al, 2016; Strupp et al., 2018). The racemic mixture, N-acetyl-DL-leucine 

(DL-NAL) has been used as a medication for the treatment of acute vertigo and 

vertiginous symptoms in France since 1957; it is orally available and has a well-

established safety profile (Neuzel et al., 2002). Electrophysiological studies in a guinea  

 

_________________ 

1 Hegdekar, N., Lipinski, M.M. & Sarkar, C. N-Acetyl-L-leucine improves functional 

recovery and attenuates cortical cell death and neuroinflammation after traumatic brain 

injury in mice. Sci Rep 11, 9249 (2021). https://doi.org/10.1038/s41598-021-88693-8 
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pig model of acute unilateral vestibulopathy demonstrated that DL-NAL can restore the 

membrane potential of abnormally polarized neurons of the medial vestibular nucleus 

(Vibert et al., 2003). In a rat model of an acute unilateral vestibular lesion, N-acetyl-L-

leucine stereospecifically (i.e. not the D-enantiomer, see below) improved central 

compensation of postural symptoms in a dose-dependent manner (Gunther et al., 2015).  

More recent studies in the mouse model of Niemann-Pick disease type C (NPC) – a 

neurodegenerative lysosomal storage disorder caused by mutation in cholesterol 

transporting NPC 1 and 2 genes – identified that in addition to symptomatic effects, 

treatment with the L-enantiomer has a neuroprotective, disease-modifying effect (Kaya et 

al., 2020). Promising clinical outcomes following racemic NAL treatment, including 

improved ataxic symptoms and stabilized disease progression, were observed among 

small cohort of NPC patients, correlating to the pharmacological action of the drug 

observed in animal studies. These reports led us to predict that NAL may be useful in 

improving outcomes after TBI.  

 

The enantiomers of NAL are pharmacologically different and exert distinct toxicity due 

to their unique pharmacokinetic properties. It has been previously observed that the L-

enantiomer (NALL) is the pharmacologically active enantiomer of the racemate 

responsible for the long-term, neuroprotective, disease modifying effects (Kaya et al., 

2020). Administration of the D-isomer of NAL was found to be ineffective compared to 

its L-form in reducing neuroinflammation or correcting relative lysosomal volume in 

Niemann-Pick disease type C, consistent with the D-isomer having no neuroprotective 

effect (Kaya et al., 2020). As mentioned above, the L-isomer was also reported to be the 

only active form of NAL that improves functional recovery after vestibular neurectomy 
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in the rat and cat (Gunther et al., 2015; Tighilet et al., Churchil et al., 2020). In addition, 

differences in the pharmacokinetics of NAL enantiomers indicate chronic administration 

of the racemate could have negative effects and support the isolated use of NALL (Fields 

et al., 2021).  Based on the superiority of the L-enantiomer, three clinical trials are ongoing 

with NALL for the treatment of NPC, GM2 gangliosidosis, and ataxia telangiectasia 

(clinicaltrials.gov NCT03759639, NCT03759665, NCT03759678, and EudraCT 2018-

004331-71; 018-004406-25; 2018-004407-39).  

 

Accordingly, in this study, we assessed whether NALL is effective in preventing 

neurodegeneration and neuroinflammation after controlled cortical impact-induced 

experimental TBI in mice. Our data demonstrate that treatment with oral NALL can 

attenuate cell death after TBI in a CCI mouse model. This is associated with a decrease in 

several neuroinflammatory markers and improvement in autophagy flux. We also 

observed improved recovery of motor and cognitive function and reduction in lesion 

volume in injured mice treated with NALL. Together, these data provide further evidence 

of neuroprotective effect of NALL and indicate NALL as a promising novel drug 

candidate for the treatment of TBI.  
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4.2. Results 

4.2.1. NALL treatment does not negatively affect food intake or body weight of mice 

after TBI. 

To investigate if NALL treatment can attenuate secondary injury and improve recovery 

after TBI, we orally administered NALL to C57/BL6 mice for 1–28 days following CCI-

induced experimental TBI or sham surgery as depicted in Figure 4-1a.  Food intake was 

slightly higher in mice fed with NALL, particularly in the sham group (p<0.001) (Figure 

4-1b).  While a slight decrease in body weight was detected among all TBI mice (both 

vehicle and NALL-treated) at days 1 and 3 after injury, they gradually regained the body 

weight and no appreciable differences in their body weight was observed at day 28 after 

TBI (mean weight of 26.05±1.99 g in vehicle-fed TBI mouse group vs. 25.98±2.27 g in 

NALL-fed TBI mouse group) (Figure. 4-1c). Body weight increased gradually in both 

vehicle- and NALL-fed sham mice over the course of study. These results clearly suggest 

that inclusion of NALL in chow does not negatively affect food intake or body weight in 

mice with or without TBI.  

 

4.2.2. NALL treatment attenuates cortical cell death after TBI 

CCI is associated with extensive acute cell death that peaks at 1 day after injury.  We 

investigated whether NALL treatment can decrease overall cortical cell death after TBI 

by assessing the level of α-fodrin cleavage products in NALL- or vehicle-treated sham, or 

TBI mouse cortices by Western blot. TBI induces both calpain- and caspase-mediated 

cleavage of α-fodrin, generating 145-150 kDa and 120-150 kDa fragments, respectively.  

We observed a significantly lower level of 145-150 kDa fragments of α-fodrin in the  
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Figure 4-1. NALL does not affect food intake or body weight in mice. (a) NALL 
treatment strategy. Mice were orally fed with NALL and cortical tissues were collected at 
days 1, 3 and 7 after TBI for biochemical analyses. BW beam walk, NOR novel object 
recognition, BL Baseline. (b) Amount of NALL-containing chow eaten by the mice. (c) 
Body weight of sham and injured mice fed with vehicle or NALL. No significant 
differences were observed between corresponding vehicle and NALL groups. Data are 
presented as mean ± SEM. n = 10 sham + vehicle, 9 sham + NALL, 20–25 TBI + vehicle 
and 18 TBI + NALL. **p < 0.001 (Two-way ANOVA with Sidak post-tests).  
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NALL-fed mouse cortices as compared to the cortices of mice fed with vehicle at 1 day 

following TBI, while the levels remained unchanged or slightly lower in the NALL-

treated groups at the subsequent time points. This indicates the protective benefit of NALL 

in preventing cortical cell death, which peaks at early time points (e.g. day 1) after TBI 

(Figure 4-2a and b).  We further investigated the effect of NALL on apoptosis-mediated 

cortical cell death by Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End 

Labeling (TUNEL) assay.  We detected significantly lower numbers of TUNEL positive 

cells in the cortical sections of injured mice fed with NALL as compared to vehicle-fed 

TBI mice (Figure 4-2c and d).  Since cortical cell death peaks in neurons early after CCI-

induced TBI in mice, we determined the levels of the apoptotic cell death marker cleaved 

caspase-3 in the neurons (stained with NeuN) of TBI mice treated with NALL or vehicle. 

Our data showed significant attenuation of neuronal apoptosis in the cortices of TBI mice 

treated with NALL as compared to the vehicle-treated mice (Figure 4-2e and f).  

 

 

Figure 4-2. NALL attenuates cortical cell death after TBI. (a) Western blot to detect 
α-fodrin breakdown products in cortical tissue lysates from sham and TBI mice fed with 
NALL or vehicle. (b) Corresponding densitometric analysis of cleaved bands of α-fodrin 
with respect to β-actin. Data are presented as mean ± SEM. n = 5, *p<0.05 (Two-way 
ANOVA with Bonferroni post-tests). (c) 20X representative images of vehicle- or NALL-
fed mouse cortical brain sections stained for TUNEL at 1 day post-TBI and (d) 
corresponding quantification. Data are presented as mean ± SEM. n = 5, **p < 0.01 (Two-
tailed Student’s t-test). (e) 20X IF representative images of vehicle- or NALL-fed mouse 
cortical brain sections stained for cleaved caspase-3 and NeuN at 1 day post-TBI and (f) 
corresponding quantification, represented as number of cleaved caspase-3+ neurons/100 
neurons. Data are presented as mean ± SEM. n = 5/group, **p<0.01 (Two-way ANOVA 
with Sidak post-tests). (g) Quantification of cleaved caspase-3 positive neurons in 
hippocampal brain sections of vehicle- or NALL-fed mice at 1 day post-TBI, represented 
as cleaved caspase-3+ neurons/100 hippocampal neurons. Data are presented as mean ± 
SEM. n = 5/group *p < 0.05 (Two-tailed Student’s t-test). 
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We also observed a decrease in hippocampal cell death in TBI mice treated with NALL 

as compared to the vehicle-treated mice (Figure 4-2g). These data clearly indicate that 

NALL treatment can attenuate neuronal cell death after TBI. 

 

 

4.2.3. NALL treatment restores autophagy flux after TBI 

Recently, we demonstrated that autophagy, a lysosome-dependent cellular degradation 

process, is disrupted due to lysosomal damage after TBI (Sarkar et al., 2019). Autophagy 

is an important process for neuronal cells as it removes intracellular protein aggregates 

and damaged organelles (Klionsky et al., 2004; Klionsky et al., 2007; Mizushima et al., 

2011). We reported that disruption of autophagy flux after TBI causes accumulation of 

autophagosomal marker LC3-II and autophagic substrate p62/SQSTM1 and is associated  

NALL-fed mouse cortices as compared to the cortices of mice fed with vehicle at 1 day 

following TBI, while Vehicle- and NALL-fed sham and TBI mice were determined by 

Western blot. We detected a significant decrease in the levels of LC3-II in the brains of 

NALL-fed mice as compared to the vehicle-treated mice at day 1 after TBI (Figure 4-3a 

and b).  p62/SQSTM1 levels detected by Western blot in the cortex of mice fed with 

NALL or vehicle and subjected to TBI showed greater variability, potentially due to 

difficulties in optimizing antibody dilution (Figure 4-3a and c). However, we found a 

decrease in p62/SQSTM1 accumulation in NALL-fed TBI mouse cortices as compared to 

the vehicle-treated TBI controls by immunofluorescence staining (Figure 4-3d and e). 

These data demonstrate that NALL can improve autophagy flux in the mouse cortices 

after TBI, which may contribute to its neuroprotective function. 
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Figure 4-3. NALL restores autophagy flux after TBI. (a) Western blot 
forautophagosomal marker LC3 and autophagic cargo adaptor proteins p62/SQSTM1 in 
cortical tissue lysates from sham and TBI mice fed with NALL or vehicle and (b,c) 
corresponding densitometric analysis. Data are presented as mean ± SEM. n = 5 (only 
3/group included for representative images for western blot analysis), *p < 0.05 (Two-
way ANOVA with Bonferroni post-tests). (d) IF staining for p62/SQSTM1 on frozen 
mouse cortical brain sections at 1 day after TBI. (e) Quantification of image data from d. 
Data are presented as mean ± SEM. n = 5/group, *p < 0.05 (Two-way ANOVA with Sidak 
post-tests).  
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4.2.4. NALL reduces expression of inflammatory cytokines in TBI mouse brain. 

We examined whether NALL treatment can reduce neuroinflammation in the brain 

following TBI. We determined mRNA expression level of pro-inflammatory markers 

iNOS (Nos2), Nlrp3 (Nlrp3), IL-1β (Il1b), TNF (Tnf), IFN-B1(Ifnb1) and Nox2 (Cybb) in 

the perilesional area in TBI mouse cortices by qRT-PCR (Figure. 4-4a-f). We observed 

elevated levels of all inflammatory markers in TBI mouse cortices, irrespective of 

treatment, starting from day 1 and peaking at day 3 after injury,. However, we detected 

significant decreases in the mRNA levels of IL1b, Ifnb1 and Cybb in the cortices of 

NALL-fed TBI mice as compared to the vehicle-fed TBI mice (Figure 4-4c, e, and f). No 

change in Tnf level in TBI mice fed with NALL as compared to the vehicle-fed injured 

mice was observed (Figure 4-4d). Similar to pro-inflammatory markers, we observed 

higher expression of anti-inflammatory markers Socs3 (Socs3), YM-1 (Chil3), IL4ra 

(Il4r) and Arg-1 (Arg1) in the cortical tissue of all TBI mice as compared to sham animals 

(Figure. 4-5a-d). Among these markers, NALL treatment significantly increased Socs3 

expression and lowered levels of Arg1 in the injured mouse cortex as compared to vehicle-

fed TBI mice (Figure. 4-5a and d). Taken together, these results demonstrate that NALL 

reduces expression of several inflammatory markers, thus indicating an overall decrease 

in neuroinflammation following TBI in mice. 

 

4.2.5. NALL treatment improves motor and cognitive function in mice after TBI. 

We assessed whether NALL treatment can attenuate impairments in motor and memory 

function in injured mice following TBI. We compared functional recovery between 

vehicle and NALL-treated TBI and sham mice using a battery of behavioral tests as  
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Figure 4-4. NALL reduces pro-inflammatory markers in the injured mouse cortices. 
Relative mRNA levels of (a) iNOS (Nos2), (b) NLRP3 (Nlrp3), (c) IL-1β (Il1b), (d) TNF 
(Tnf), (e) IFN-β (Ifnb1) and (f) NOX2 (Cybb) in the cortices of sham and TBI mice fed 
with NALL or vehicle. Data are presented as mean ± SEM. n = 5/group, ***p < 0.001, *p 
< 0.05 (Two-way ANOVA with Bonferroni post-tests).  
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Figure 4-5. NALL alters the levels of anti-inflammatory markers in the injured 

mouse cortices. Relative mRNA levels of (a) SOCS3 (Socs3), (b) YM-1 (Chil3), (c) IL-
4R (Il4r) and (d) Arginase (Arg1) in the cortices of sham and TBI mice fed with NALL 
or vehicle. Data are presented as mean ± SEM. n = 5/group, ***p < 0.001, *p < 0.05 (Two-
way ANOVA with Bonferroni post-tests).  
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depicted in Figure 4-6. We assessed motor coordination using Beam Walk test on days 1, 

3, 7, 14, 21 and 28 post-injury. We observed gradual improvement in motor function in 

NALL-treated TBI mice as compared to vehicle-fed TBI mice, trending on day 7 and 

reaching significance on days 21 (p=0.0096) and 28 after injury (p=0.012) (Figure. 4-6a). 

This demonstrates that NALL treatment can accelerate motor function recovery in TBI 

mice.  

 

To assess effects of NALL on cognitive function after TBI, we used the Novel Object 

Recognition (NOR) test to assess non-spatial learning and memory. All TBI mice spent 

significantly less time with the novel object as compared to the corresponding sham 

groups, confirming the expected injury effect. However, NALL-fed TBI mice spent 

significantly (p=0.0395; two-way ANOVA) longer time with the novel object as 

compared to the vehicle-fed TBI mice (Figure. 4-6b), suggesting improvement in 

memory retention following NALL treatment.  

 

Finally, to determine whether NALL treatment could result in overall tissue sparing after 

TBI, we used stereology to compare lesion volume between NALL and vehicle-treated 

TBI mice. Our data demonstrated a significant decrease in lesion volume in NALL-fed 

TBI mice as compared to vehicle-fed TBI controls (Figure. 4-6c and d). Taken together, 

these results demonstrate attenuation of motor and cognitive deficits and decreased lesion 

volume in TBI mice fed with NALL as compared to the vehicle-treated TBI mice.  
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Figure 4-6. NALL attenuates motor and cognitive deficits and cortical tissue loss in 

mice after injury. (a) Sensory motor function was assessed in sham and TBI mice treated 
with vehicle or NALL using the Beam Walk test. Significant improvement in motor 
function was detected in the NALL-fed TBI group as compared to the vehicle-treated TBI 
mice on days 21 (**p < 0.01) and 28 (*p < 0.05). Data are presented as mean ± SEM, n = 
10 Sham + vehicle, 8 Sham + NALL, 18 TBI + vehicle and 16 TBI + NALL. (b) Novel 
object recognition (NOR) test was performed on days 24 and 25 after TBI to assess non-
spatial memory retention in vehicle or NALL-treated sham or TBI mice. Vehicle-fed TBI 
mice spent significantly less time with the novel object as compared to NALL-treated TBI 
mice (*p < 0.05, Two-way ANOVA). Time spent with the novel object by the vehicle-
treated TBI mice was also significantly less as compared to the vehicle (*p < 0.05) or 
NALL (**p < 0.01)-fed sham mice. No significant difference was observed between 
NALL- treated TBI and either of the sham groups. Data are presented as mean ± SEM, (c) 
Representative images of lesion volume at 28 days post-injury in vehicle- and NALL-
treated mouse cortices. Images were acquired on Leica DM4000 B TL (BF) microscope 
and generated using Stereo Investigator software, 2020.2.3 version (MBF Biosciences). 
Representative black lesion volume outlines seen in the images were traced on Microsoft 
Powerpoint (Version 16.42). (d) Stereological (Cavalieri method) quantification of lesion 
volume in vehicle- or NALL-fed CCI-injured mouse cortices. Data are presented as mean 
± SEM. n = 7/group, *p < 0.05 (Two-tailed Student’s t-test).  
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4.3.  Summary  

Repurposing of drugs that are already in clinical use for the treatment of certain medical 

conditions can be an effective and rapid way to develop useful therapeutic strategies for 

the treatment of highly devastating and intractable conditions like TBI. The racemic 

mixture of NAL has been used orally for more than 60 years in France to treat acute vertigo 

and dizziness (Ferber-Viart et al., 2009).  It is also shown to be effective for the treatment 

of lysosomal storage disorders like NPC and GM2 Gangliosidosis (Tay-Sachs and 

Sandhoff disease) and the prophylactic treatment of migraine. It is considered a safe drug, 

as it does not show any major side effects at its therapeutic dose (Bremova et al., 2019). 

Recently, its L-enantiomer form (NALL) has been identified as the active form of NAL 

for disease-modification and neuroprotection (Kaya et al., 2020). In the current study, 

using this active L-isoform we demonstrated that NALL is neuroprotective in an 

experimental TBI mouse model. This suggests therapeutic potential of NALL and 

provides a scientific basis for exploring NALL use to treat TBI. 

 

Early inhibition of cell death is very important in managing the devastating neurological 

outcome following TBI as markers of cell death peak at the acute time points following 

TBI, specifically in neurons (Sarkar et al., 2013). We observed marked attenuation of cell 

death both in cortices and in hippocampi during the acute phase at day 1 after TBI in mice 

that were treated orally with NALL. Our data suggest that this might be mediated through 

the activation or restoration of autophagy flux by NALL. Autophagy has a neuroprotective 

function (Nixon et al., 2013) by maintaining cellular homeostasis and removing 

pathogenic protein aggregates and damaged organelles that have particularly deleterious 
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effects in post-mitotic cells like neurons (Klionsky et al., 2014; Klionsky et al., 2007; 

Mizushima et al., 2011). 

 

Impairment in autophagic function has been well documented in many neurodegenerative 

diseases, including Alzheimer’s disease and Parkinson’s disease, as well as lysosomal 

storage disorders like NPC and GM2 (Nixon et al., 2013; Lee et al., 2007). We also 

previously demonstrated that autophagy is inhibited in the mouse cortex after TBI due to 

impaired lysosomal function, leading to the accumulation of autophagosomes and toxic 

ubiquitinated proteins that contribute to neuronal death in the injured cortex (Sarkar et al., 

2014; Sarkar et al., 2019).  Our and others’ data have also demonstrated that increasing 

autophagy flux after TBI has neuroprotective effects. Thus, early restoration of autophagy 

flux at day 1 after TBI by NALL treatment clearly demonstrates its beneficial effects in 

improving neuronal autophagy in the injured mouse cortices, which may contribute to its 

therapeutic benefits in restricting progressive neuronal death after TBI. We expect that 

similar mechanisms may contribute to disease-modifying benefits of NALL in other 

disorders where autophagy defects are observed. 

 

NALL treatment also reduced neuroinflammation in the injured cortices of TBI mice.  

Acute and prolonged neuroinflammation contributes to the brain damage after TBI. Pro-

inflammatory cytokines secreted by activated microglia/macrophages following TBI 

promote neurotoxicity either by acting directly on neurons or by activating other glial 

cells, including astrocytes, that secrete neurotoxic modulators (Loane et al., 2014; Kumar 

et al., 2012). Marked decline in pro-inflammatory cytokines like IL-1β in the injured 

cortices of TBI mice fed with NALL clearly suggests attenuation of pro-inflammatory 
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activation by NALL treatment. Recently, detrimental effects of IFN-β-mediated 

neuroinflammation was demonstrated to cause chronic neurodegeneration in experimental 

TBI (Barrett et al., 2019). Thus, the significant decrease in Ifnb1 gene expression in the 

injured cortices of TBI mice following NALL treatment further demonstrates the 

beneficial effects of NALL treatment in TBI.  

 

Additionally, the inflammatory response is also associated with an increase in oxidative 

stress. Previous studies have demonstrated that NOX2 activation can lead to increased 

ROS production (Qin et al., 2004; Kumar et al., 2014; Qin et al., 2013).  

 

Thus, the observed decrease in Nox2 expression following NALL administration may be 

particularly significant as its genetic deletion or pharmacological inhibition is 

neuroprotective after TBI  (Kumar et al., 2016). While NALL administration results in 

changes in anti-inflammatory genes Arg1 and Socs3 expression levels following brain 

injury, these levels gradually normalize to the levels observed in vehicle-treated TBI mice. 

Thus, NALL administration does not result in any long-term imbalance in anti-

inflammatory responses that play an important role in tissue repair after TBI. Together, 

our data suggest that the early attenuation of neuroinflammation is responsible for 

additional neuroprotective function of NALL after brain trauma.  

 

Early attenuation of neurodegeneration and neuroinflammation in injured mice treated 

with NALL was associated with improved functional recovery and smaller lesion volume 

for up to 28 days after injury. The improvements in both motor and cognitive function 

clearly support a therapeutic potential of NALL in TBI. Improvements in motor function 
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following NALL treatment in cerebral ataxia (Schneipp et al., 2016) and in 

neurodegenerative lysosomal storage diseases like NPC (de Vruchte et al., 2019; Bremova 

et al., 2015) and GM2 Gangliosidosis diseases have been reported previously. It has also 

been demonstrated that N-acetyl-leucine restores, prevents, and delays disease 

progression in multiple neurological circuits of the brain, the clinical manifestation of 

which can be visualized and captured in terms of improvements or stabilization in very 

different processes such as ambulation, fine motor skills, speech, and also cognition (Kaya 

et al., 2020; Bremova et al., 2015). The observed attenuation of memory deficit and 

improvement in cognition in TBI mice treated with NALL in this study supports the 

beneficial role of NALL treatment on cognitive function. Since TBI is a major risk factor 

for dementia, NALL-mediated improvement in memory function in injured mice indicates 

that it might be beneficial in attenuating injury-caused dementia, although further long-

term studies will be necessary. It will also be necessary to perform similar studies on 

female mice to determine if NALL treatment after TBI can yield similar results. 

 

Our study clearly demonstrates therapeutic potential of NALL in attenuating neurological 

deficits, restricting neuronal loss and neuroinflammation after TBI and provides a 

scientific basis for the use of NALL as a TBI treatment.  
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4.4. Methods 

4.4.1. Controlled cortical impact (CCI) 

CCI was performed as described in Chapter 2.4.2. 

 

4.4.2. NALL treatment 

N-Acetyl-L-Leucine L-enantiomer (441511, Sigma) was dissolved in ethanol to prepare 

a 50 mg/ml solution, which was then diluted to 10 mg/ml in water.  Since the food intake 

decreases in mice early after TBI and cell death and neuroinflammation peak at days 1 

and 3, respectively, following brain injury in mice, NALL was given to the mice via oral 

gavage for four days after CCI-induced TBI so that the effective therapeutic concentration 

of NALL can be maintained in mice early after injury. Around 0.25 ml of NALL solution 

(10 mg/ml) was orally administered to mice at a 100 mg/kg/day dose (2.5 mg NALL/25 g 

mouse) via oral gavage, starting at one hour after CCI-induced TBI and continuing once 

daily for four days. NALL has been shown to be safe even upon long-term administration 

(up to several months) and to improve outcomes in animal models in neurodegenerative 

diseases when administered IV at 10-15 mg/kg (Gunther et al., 2015). Because of the 

lower bioavailability of NALL when given orally (10-15%), 100 mg/kg of NALL was 

administered in mice per day orally to maintain its effective concentration. Oral 

administration was chosen because this route of administration is more clinically relevant 

and has been shown to be safe and effective in human patients and laboratory animals. 

Mice were also fed with NALL at 0.5 g/kg of chow for up to 28 days after injury (Figure 

4-1a). This amount was determined based on the average food intake of mice, which is 

between 17 and 23% (≈ 20% average) of their own body weight per day (Priestman et al., 

2008) that equates to 0.5g NAL/kg chow powder.  
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4.4.3. Western Blot Analysis 

Western blots were performed as described in Chapter 3.4.  

Primary antibodies for this study were: LC3 (1:1000; Novus, NB100-2220), 

p62/SQSTM1 (1:1000; BD Bioscience, 610832), β-actin/ACTB (1:10,000; A1978) and 

fodrin/spectrin (1:5000; Enzo Life Science International, BML-FG6090).  

 

4.4.4. TUNEL assay 

Twenty μm frozen cortical brain sections were obtained from vehicle- or NALL-fed sham 

or TBI mouse brains (n=6/group and 4 sections/mouse) at day 1 post-TBI, followed by 

fixation with 4% paraformaldehyde (PFA, pH 7.4) and protection in 30% sucrose, as 

previously described. TUNEL-positive cells were detected in brain sections from NALL-

fed sham and TBI mice at 1 day post-TBI using ApopTag In Situ Apoptosis Detection Kit 

(Millipore, S7165) as per the manufacturer's protocol. Images of TUNEL positive cells in 

the cortical region proximal to the injury site were acquired using a fluorescent Nikon Ti-

E inverted microscope at 20X (CFI Plan APO VC 20X NA 0.75 WD 1 mm) and quantified 

using Nikon Elements software (V4.12.01, Nikon).   

 

We quantified the number of TUNEL+ cells relative to the total number of cells counted. 

The average number of total cells counted/mouse was approximately 4000 cells/mouse. 

After the number of TUNEL+ cells were normalized to the total cell number, they were 

then expressed as TUNEL+ cells/100 cells. 
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4.4.5. Immunohistochemistry 

Twenty μm frozen sections were obtained from vehicle- or NALL-fed sham and TBI 

mouse brains at 1 day post-TBI (n=5/group) following fixation with 4% paraformaldehyde 

(PFA, pH 7.4) and protection in 30% sucrose, as previously described (27).   Sections 

were blocked with 5% goat serum (Millipore, S30-100) in 1X phosphate-buffered saline 

(PBS; Quality Biological, INC., 119–069-101) containing 0.025% Triton X-100 (Sigma, 

T8787). Sections were incubated overnight with primary antibodies at 4ºC and then with 

secondary antibodies in the blocking solution for 2 h at room temperature. Nuclei were 

stained with DAPI. 20X images of the immune-stained sections were acquired using a 

Nikon Eclipse Ti-E/Ni-E microscope and analyzed and quantified by Elements software.   

 

Primary antibodies used include: SQSTM1 (1:200; Progen, GP62-C), LC3 (1:250, Novus 

Biologics), NeuN (1:500; Millipore, MAB377), Cleaved caspase-3 (1: 200; Cell Signaling 

Technology, 9661). Secondary antibodies used include: Alexa Fluor 488 goat anti-rabbit 

(A11034), Alexa Fluor 633 goat anti-guinea pig (A11075), and Alexa Fluor 546 goat anti-

mouse (A11030).  

 

We quantified the number of p62+ cells relative to the number of total cells counted. The 

average number of total cells counted/mouse was approximately 4000 cells/mouse. Once 

the number of p62+ cells were normalized to the total cell number, they were then 

expressed as p62+/100 cells. For cleaved caspase-3 and NeuN double staining, the 

quantification was expressed as number of cleaved caspase 3+ neurons/100 cells.  
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4.4.6. Real-Time PCR 

Around 5 mm tissue of ipsilateral cortex around the site of injury from TBI mice (1 day, 

3 days and 7 days post-TBI) or the corresponding tissue of same volume around the same 

cortical region from sham mice was dissected and processed as described 23. Total RNA 

isolated using miRNeasy Mini Kit (Qiagen, Cat No. 217004) was converted into cDNA 

using High-Capacity RNA to cDNA kit (Applied Biosystem, Cat. No. 4387406) as per 

manufacturer's instruction. cDNA TaqMan® Universal Master Mix II (Applied 

Biosystems, Cat. No. 4440040) was used to perform quantitative real-time PCR 

amplification as described previously 23 using 20X TaqMan® Gene Expression Assay 

(Applied Biosystems) for the following mouse genes: Gapdh (Mm99999915_g1), Nlrp3 

(Mm00840904_m1), Cybb (Mm01287743_m1),  Nos2 (Mm00440502_m1), Tnf 

(Mm00443258_m1), Ifnb1 (Mm00439552_s1), Il1b (Mm00434228_m1), Arg1 

(Mm00475988_m1), Socs3 (Mm00545913_s1), Chil3 (Mm00657889_mH) and Il4r 

(Mm01275139_m1) (Applied Biosystems). Reactions were amplified and quantified by 

using a 7900HT Fast Real-Time PCR System and corresponding software (Applied 

Biosystems). Relative gene expression normalized to Gapdh was calculated based on the 

comparative Ct method described earlier. For this study n=5/group for all time points. 

 

4.4.7. Behavioral methods  

A battery of behavioral tests were performed at time points depicted in Figure 4-1a. All 

functional assessment and behavioral tests were performed and scored blinded. 
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4.4.7.1. Beam Walk Test 

Fine motor coordination was assessed in sham and vehicle- or NALL-fed TBI mice using 

the Beam Walk test performed on days 0 (before injury), 1, 3, 7, 14, 21 and 28 after TBI 

as described in Chapter 3.4.4.1. 

 

4.4.7.2. Novel Object Recognition (NOR) test 

Hippocampal spatial memory was measured on days 24 and 25 after TBI using the NOR 

test as per the method described in Chapter 3.4.4.2. Relative time spent with the novel 

object over total time spent with novel and familiar object is expressed as discrimination 

index. 

 

4.4.8. Lesion Volume 

Cortical lesion volume was assessed in vehicle- and NALL-treated injured mouse brains 

at day 28 after TBI. Sixty μm sections located approximately 240 μm apart across the 

entire lesion volume were stained with cresyl violet (FD Neurotechnologies Inc) and 

images were acquired on a Leica DM4000 B TL (BF) microscope. Quantification was 

based on the Cavalieri method using Stereo Investigator software (MBF Biosciences) and 

the lesion volume was quantified by outlining the missing tissue on the injured hemisphere 

using the Cavalieri estimator with a grid spacing of 0.1 mm.  

 

4.4.9. Statistical Analysis 

All data are presented as mean ± standard error of the mean (SEM). One-way ANOVA or 

two-way ANOVA was performed followed by appropriate post-hoc test as specified in 

the figure legends. For data with only two groups two-tailed student t-test with equal 
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variance was used. Statistical analyses were performed using GraphPad Prism program, 

version 3.02 for Windows (GraphPad Software, San Diego, CA, USA). A p value ≤ 0.05 

was considered statistically significant. Two-way ANOVA with repeated measures was 

performed for beam walk analysis. Behavioral and stereological analyses were performed 

by an individual who was blinded to injury or treatment groups. Number of animals used 

in this study was determined by power analysis (power of 0.8; alpha value 0.05). 
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CHAPTER 5: Discussions 

The pathophysiology of TBI is complex and heterogeneous, and the multifactorial nature 

of the involved secondary injury processes makes it challenging to develop effective 

therapeutic interventions. Neuroinflammation is a well-established key secondary injury 

mechanism following TBI and can have both detrimental and beneficial effects depending 

on the phase after injury. In the acute phase of TBI, neuroinflammation can be beneficial 

as it aids in the clearance of cellular debris and promotes brain repair and tissue 

regeneration. However, when neuroinflammation is excessive or persists into the chronic 

phase of TBI, it exacerbates secondary cell death, particularly neuronal cell death, 

interferes with endogenous repair mechanisms, and is associated with worse neurological 

outcomes and increased predisposition to neurodegenerative diseases and early-onset 

dementia. Improvements in our knowledge of the molecular mechanisms that govern 

neuroinflammation can help guide the development of therapeutics after TBI. 

Inhibition of autophagy is also observed in the injured brain after TBI. Our previous data 

demonstrated that inhibition of autophagy after TBI affects several cell-types, and occurs 

in different cells at different time points after injury. In the activated immune cells 

autophagy is inhibited in the acute phase following TBI, but prior to this study the role of 

autophagy in regulating inflammatory responses after TBI was limited. Thus, the purpose 

of this study was to characterize the inflammatory status of microglia and infiltrating 

monocytes/macrophages with inhibited autophagy and to determine the role that 

autophagy dysregulation plays in neuroinflammation. 
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5.1 Role of Autophagy in Neuroinflammation 

Our lab has previously shown that activated CD68-expressing immune cells accumulate 

autophagosomes and p62 after TBI (Sarkar et al., 2014), suggesting inhibition of 

autophagy flux within these cells. The current work demonstrated that inhibition of 

autophagy flux occurs in both resident microglia and infiltrating monocytes/macrophages 

as early as 24 hours after TBI and that infiltrating macrophages are impacted to a greater 

degree than the resident microglia. Moreover, we demonstrated that immune cells with 

inhibited autophagy flux after CCI expressed increased levels of pro-inflammatory 

markers, including IL-1β and TNFα as compared to corresponding immune cells with 

normal levels of autophagy. These impairments in autophagy and corresponding 

inflammatory phenotypes persisted through day 28- post CCI, suggesting that autophagy 

flux impairment following TBI has long-term neuroinflammatory consequences. 

Moreover, we showed through in vitro experiments (Chapter 2) and our in vivo studies on 

Becn1 cKO mice (Chapter 3) that the autophagy-neuroinflammation link is not a mere 

correlation, but rather inhibition of autophagy can potentiate pro-inflammatory responses. 

These findings are consistent with other published work that describing the function of 

autophagy in regulating inflammatory responses in macrophages and other immune cells. 

Defects in autophagy have been associated with increased inflammation. For example, 

cancer researchers have shown that defective autophagy in peripheral myeloid cells 

enhanced tumor-promoting inflammation and compromised antigen presentation. 

Conversely, stimulation of autophagy suppressed tumor-promoting inflammation and 

enhanced anti-cancer immunity (Szabo and Csak, 2012; Zhong et al., 2016). Our data are 

consistent with the observed anti-inflammatory role of autophagy. 
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5.2 Role of Autophagy in Innate Immunity after TBI 

Our work demonstrates that autophagy dysregulation exacerbates innate immune 

responses after TBI, particularly the NLRP3 inflammasome pathway and the 

cGAS/STING signaling pathway. These pathways are activated in the brain when specific 

DAMPs released from damaged or dying cells post-injury stimulate PPRs present on 

immune brain cells.  As such, these DAMPs act as endogenous danger signals to regulate 

the subsequent inflammatory and immune response. A crucial role of the autophagic 

machinery is clearance and degradation of these DAMPS to prevent prolonged activation 

of innate immune responses (Zhang et al., 2013).   

 

Previous work has supported the role of autophagy in regulating inflammasome 

activation. Under homeostatic conditions, autophagy negatively regulates inflammasome 

activation, and decrease in autophagy function leads to activation of these hyperactivation 

of the pathway and increased production of its downstream such as IL-1β and IL-18 

(Deretic et al., 2013; Levine et al., 2011). Regulation of inflammasome activation by 

autophagy occurs in multiple ways, through either removal of endogenous inflammasome 

activators or removal of inflammasomes components directly through selective 

autophagy. Selective autophagy is a more targeted and receptor-specific form of 

autophagy that entails cooperation between specific target recognition and assembly of 

the autophagic apparatus. In recent years, the tripartite motif (TRIM) family (particularly 

TRIM20) has been shown to act as an autophagy receptor for delivery of the NLRP3 

inflammasome components for autophagic degradation. Our data (Figure 3-7) shows 

increase of TRIM20 protein levels in response to TBI, which suggest a role for this 

precision autophagy in regulating inflammasome pathway activation following injury. In 
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context of TBI, we hypothesize that inhibition of autophagy in microglia and infiltrating 

immune cells leads to both decreased removal of inflammasome-activating DAMPs as 

well decreased removal of inflammasome components through p62 or other TRIM 

proteins. 

 

5.3. Role of Autophagy in TBI: Expansion of existing paradigm 

Overall, this work strengthens the need to study autophagy dysregulation in TBI and its 

role in all cell types. In the CNS field, autophagy has been studied in greater detail in 

neurons, where it plays a crucial role as a checkpoint for protein and organelle quality 

control. Dysregulated autophagy plays a critical role in the development and progression 

of neurodegenerative diseases such as AD, PD, HD, and ALS. The depletion of key 

autophagy‐related genes (such as Atg5, Atg7) in neurons results in neurodegeneration in 

mice. On the other hand, upregulation of autophagy in neurons can be a protective 

mechanism that slows the advance of neurodegenerative disorders (Martinez-Vicente and 

Cuervo, 2007).  

In TBI, autophagy flux inhibition in neurons results in excessive ER stress and neuronal 

loss. Our current data demonstrate that autophagy flux inhibition in microglia/monocytes 

in the acute phase of TBI exacerbates inflammation. Thus, inhibition of autophagy after 

TBI directly contributes to both neurodegeneration and neuroinflammation. Furthermore, 

excessive inflammation can indirectly result in increased neuronal cell death. In our 

studies, microglia and monocyte/macrophage-specific inhibition of autophagy in mice, 

mediated through knockout of the autophagy gene Becn1, resulted in worse functional 

outcomes. This was associated with excessive neuroinflammation as well as increased 
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hippocampal neuronal loss and overall neurodegeneration. This finding is consistent with 

the previously reported spatial and temporal correlation of microglial activation with 

levels of neuronal loss in the brain (Farfel-Becker et al., 2011b).  

Although we need to more thoroughly understand the complex and heterogeneous 

autophagic response triggered by the TBI, these data suggests that enhancement of 

autophagy can play a multivalent protective role to help restore homeostasis within the 

injured brain. As we have demonstrated in Chapter 4 (Hegdekar et al., 2021), therapies 

that upregulate autophagy in the early phase post-injury can result in both decreased 

neuronal cell death and decreased neuroinflammation, and ultimately translate to better 

functional outcomes. Thus, autophagy-enhancing drugs could positively affect multiple 

cell types, promoting neuron and oligodendrocyte survival, oligodendrocyte 

differentiation, and decreasing neuroinflammation in the brain (Lipinski & Wu, 2015).  

5.4. Autophagy, TBI & Aging  

Epidemiological data implicate history of TBI as a major predisposing factor to 

development of neurodegenerative diseases and dementia later in life. However, the 

mechanisms how TBI may contribute to development of neurodegeneration years or even 

decades later remain poorly understood. Our data indicate that although inhibition of 

autophagy in the microglia and monocytes/macrophages occurs in the acute phase 

following TBI, it persists into the chronic phase, suggesting possible long-term 

consequences. Therefore, our work has potential implications in the field of aging and 

chronic outcomes following TBI.  
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One of the major changes that occur during aging is the dysregulation of the immune 

response, leading to a chronic systemic inflammatory state. Among the dysregulated 

proinflammatory mediators, cytokines and chemokines are major culprits in the 

development of chronic inflammation and the immunosenescence process. For instance, 

interleukin (IL)-6, tumor necrosis factor (TNF)-α, and their receptors, are upregulated in 

aged tissues and cells. Elevated levels of chemokines and C-reactive protein (CRP) have 

been found to be involved in age-related pathogenesis (Gordon et al., 2011). Moreover, 

several key intra- or inter-cellular signaling pathways are closely associated with age-

related chronic inflammatory changes during aging (Kwon et al., 2001).  

In the aging literature, there are currently two major hypotheses related to age-related 

inflammation: inflammaging (Franceschi et al., 2000; Franceschi et al., 2007). and 

molecular inflammation (Chung et al., 2006; Chung et al., 2000; Chung 2001). These two 

are complementary to each other to a large extent but differ in their focus on age-related 

inflammatory phenomena. Inflammaging refers to a low-grade pro-inflammatory 

phenotype which accompanies aging in mammals. The aging process is also associated 

with a decline in autophagic capacity which impairs cellular housekeeping, leading to 

protein aggregation. Long-term defects in autophagy in brain immune cells also results in 

aberrant clearance of damaged mitochondria, leading to elevated inflammation and 

accumulation of ROS and protein aggregates that can cause ER stress (Bujak et al., 2015; 

Komatsu et al., 2006). Recent studies have clearly indicated that the ROS production 

induced by damaged mitochondria can stimulate inflammasomes. Nod-like receptor 3 

(NLRP3) can be activated by many danger signals, e.g. ROS, cathepsin B released from 

destabilized lysosomes and aggregated proteins, all of which evoke cellular stress and are 
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involved in the aging process. NLRP3 activation is also enhanced in many age-related 

diseases, e.g., atherosclerosis, obesity and type 2 diabetes. NLRP3 activates inflammatory 

caspases, mostly caspase-1, which cleave the inactive precursors of IL-1β and IL-18 and 

stimulate their secretion. Consequently, these cytokines provoke inflammatory responses 

and accelerate the aging process by inhibiting autophagy. This suggests that inhibition of 

autophagic capacity with aging generates the inflammaging condition via the activation 

of inflammasomes, in particular NLRP3.   

Overall, effective function of autophagic uptake and lysosomal degradation of 

dysfunctional mitochondria and aggregated proteins is a crucial element in maintaining 

tissue homeostasis. There are indications that autophagic capacity is compromised in 

certain diseases e.g., in Alzheimer×s disease (Nixon et al., 2011). On the other hand, there 

is growing evidence implying that inflammasomes are activated in many pathological 

conditions (Martinez-Vicente et al., 2007; Levine & Kroemer, 2008) and thus a deficiency 

in autophagic housekeeping could trigger an inflammatory component and aggravate their 

pathogenesis. As TBI inhibits autophagy function in microglia after TBI, this could 

potentially accelerate aging-related inflammaging and contribute to predisposition to 

neurodegeneration and dementia after TBI.  

5.5. Future Directions 

1. Molecular mechanisms by which autophagy mediates neuroinflammation: Our work 

provides interesting insights into the neuroinflammatory landscape after TBI due to 

autophagy dysregulation in microglia and monocytes/macrophages. However, we did not 

study molecular mechanisms or elucidate the components of the autophagy machinery 

that might be potentiating innate immune signaling pathways after TBI. Future work 
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should focus on the role that non-selective autophagy plays in DAMP removal and that 

precision autophagy plays in mediating inflammasome activation after TBI. 

2.  Sex-based differences in autophagy regulation after TBI: One future avenue that should 

be explored in further detail is whether there are sex-based differences in autophagy 

regulation/dysregulation after TBI. Sex has emerged as a contributing factor that 

influences the development and progression of multiple psychiatric and 

neurodegenerative conditions. For example, data suggests that while both men and women 

are affected by neurodegenerative diseases (such as AD and PD), women are at greater 

risk for both developing the disease and have more severe pathology (Yoshitake et al., 

1995; Fratiglioni et al., 1997; Andersen et al., 1999; Letenneur et al., 1999; Di Carlo et 

al., 2002; Miech et al., 2002). One possible cause of the differences between males and 

females is the effects of sex, both chromosomal makeup and hormones, on autophagy 

during the individual's lifetime. This would be an exciting area to explore in TBI, 

especially because sex is a factor that plays a role in TBI outcomes. We performed this 

work primarily on male mice, and experiments should be carried on female mice to obtain 

a sex-based comparison of autophagy regulation on inflammation. 

3. Effects of autophagy inhibition on long-term TBI outcomes: Our data indicate that 

dysregulated autophagy plays a vital role in the pathogenesis of neuroinflammation in the 

acute phases following injury. Our studies were performed until the day 28 time point 

following TBI, and future work should examine the long-term effects beyond this time 

point. As autophagic function decrease with age (Barbose et al., 2019), we hypothesize 

that long-term autophagy dysregulation, will enable us to further understand differences 

between our Becn1 cKO/Sham mice and Control/mice. In addition, long-term studies will 
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provide key insights into the long-term impact of autophagy dysregulation on TBI 

outcomes and neuroinflammation in aging. 

4. The impact of autophagy inhibition on other cell types in the brain and periphery For 

this study, we determined that autophagy dysregulation in microglia and 

monocytes/macrophage exacerbated (to some extent) neurodegeneration after TBI. Given 

the heterogeneity of cells in the brain, future work should examine the impact of 

autophagy dysregulation on other cell types such as astrocytes and oligodendrocytes. 

 

5.6. Final Thoughts on this Project  

TBI is a devastating condition with high personal and socioeconomic burden. While the 

current treatments can help mask symptoms and improve patient quality of life, they are 

unable to prevent or reverse the underlying damage to the brain. Understanding the 

mechanism of a disease is essential to finding a cure. Even today, the complete 

pathophysiology of TBI is not fully understood, but it is well established that chronic 

neuroinflammation contributes to TBI disease progression and poor neurological 

outcomes. The present work has characterized the functional role of autophagy in 

microglia and infiltrating monocytes/macrophages in regulating neuroinflammation levels 

after TBI. We demonstrated that inhibition of autophagy exacerbates neuroinflammation 

and particularly the innate immune responses after TBI. This work has expanded the 

field’s knowledge of a mechanism that could potentiate neuroinflammation after TBI, lays 

the groundwork for investigating pathways by which autophagy mediates innate immune 

responses after TBI and opens up potential novel therapeutic avenues to treat TBI.  
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