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Abstract

Traumatic brain injury (TBI) is a major health problem in the United States, which affects about 

1.7 million people each year. Glial cells, T-cells and mast cells perform specific protective 

functions in different regions of the brain for the recovery of cognitive and motor functions after 

central nervous system (CNS) injuries including TBI. Chronic neuroinflammatory responses 

resulting in neuronal death and the accompanying stress following brain injury predisposes or 

accelerates the onset and progression of Alzheimer’s disease (AD) in high-risk individuals. About 

5.7 million Americans are currently living with AD. Immediately following brain injury, mast 

cells respond by releasing prestored and preactivated mediators and recruit immune cells to the 

CNS. Blood-brain barrier (BBB), tight junction and adherens junction proteins, neurovascular and 

gliovascular microstructural rearrangements and dysfunction associated with increased trafficking 

of inflammatory mediators and inflammatory cells from the periphery across the BBB leads to 

increase in the chronic neuroinflammatory reactions following brain injury. In this review, we 

advance the hypothesis that neuroinflammatory responses resulting from mast cell activation along 

with the accompanying risk factors such as age, gender, food habits, emotional status, stress, 

allergic tendency, chronic inflammatory diseases, and certain drugs can accelerate brain injury-

associated neuroinflammation, neurodegeneration and AD pathogenesis.
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Introduction

Innate immune cells including T-cells, macrophages, natural killer cells (NK cells) and mast 

cells seek and destroy foreign organisms and toxic substances by constant surveillance in all 

organs. During this process, they also attack some normal cells, cause death of these cells in 

the tissues and induce inflammation. Subsequent to these events, immune cells such as T-

cells and mast cells play an important role in tissue repair, scar formation and generation of 

new cells to bring back the normal functions of the tissues or organs in the body (Filiano and 

others 2017). However, the magnitude of the immune response and tissue repair after an 

injury in the central nervous system (CNS) is naturally kept restricted (Negi and Das 2018). 

This is due to the limited regenerative capacity of neurons in the brain. CNS is also regularly 

under surveillance by the local and circulating immune cells in the cerebrospinal fluid (CSF) 

that entered the brain through choroid plexus and maintains brain plasticity in healthy 

condition and after an injury. Mild activation of glia provide neuroprotective effects. 

However, severe activation of neuroinflammatory pathways induce neuronal death (Nutma 

and others 2019). Endothelial cells and perivascular macrophages also contribute to the 

neuroinflammation.

Traumatic brain injury (TBI) can be classified into mild, moderate and severe types. 

Traumatic and non-traumatic brain injuries (non-TBI) are acquired and occur after birth due 

to tumors, stroke, seizure, infections, toxins, hypoxia and metabolic disorders. TBI may 

occur due to sports activities, vehicle accidents, falls, assaults, military activities, blasts, 

gunshots (Brain Injury Association of America, Vienna, VA). Combat military persons are 

exposed to explosive devices and blasts while civilians are targeted by terrorist blast attacks. 

It has been reported that 19.5 % of troops deployed in Operation Iraqi Freedom (OIF) and 

Operation Enduring Freedom (OEF) were subject to blast TBI (bTBI) (Bauer and others 

2015). About 50% of patients with severe TBI usually die, while the remaining patients 

show severe short and long-term neurological complications. Football players subjected to 

repeated TBI show chronic traumatic encephalopathy (CTE) (Omalu and others 2005). CTE 

has been reported in former sports and ex-military personnel (Falcon and others 2019). CTE 

shows the presence of elevated hyperphosphorylated tau in the neurons, neurofibrillary 

tangles, astrocytes and cell processes around the blood vessels (Falcon and others 2019). It 

may take years to decades to show the signs and symptoms of CTE after the head injury 

(Bailes and others 2019). However, neuropathology of CTE is not yet clearly defined (Smith 

and others 2019). Neurotrophins such as brain-derived neurotrophic factor (BDNF), nerve 

growth factor (NGF), neurotrophin-3 (NT-3), and NT-4 provide neuroplasticity in protecting 

neurons from secondary injury in the injured brains. Brain injuries or TBI induces immune 

responses to protect the brain from any further injury. However, over and sustained immune 

response leads to neuroinflammation-mediated neurodegeneration leading to Alzheimer’s 

disease (AD) (Kempuraj and others 2016; McManus and Heneka 2017). Neuroinflammation 

refers to the neuroinflammatory response that originates in the brain or the spinal cord 
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following an injury or infection associated with increased accumulation and activation of 

microglia and astrocytes. Activated glia and peripheral immune cells recruited into the brain 

after brain injury cross talk to induce neuroinflammatory responses that accelerates the 

pathogenesis of AD (Puntambekar and others 2018).

AD is a progressive neurodegenerative disease with clinical complication of dementia, 

eating problems, infections, and poor quality of life. Currently, about 5.7 million Americans 

are living with AD. About 44 million people were affected by AD and dementia in 2016 

worldwide (Laurent and others 2018). The prevalence of AD will rise as life expectancy 

constantly increases worldwide. The prevalence of AD among people aged 65 to 84 years is 

about 10 to 19% and over 47% for people above 85 years. Older African Americans have 

nearly double the risk to have AD and dementia as compared to older whites (Alzheimer’s 

Association, Chicago, IL). The brain atrophy starts in temporal lobe and progresses to the 

frontal and parietal regions before extending to the occipital lobes. Presence of amyloid-beta 

(Aβ) plaques and hyper-phosphorylated tau containing neurofibrillary tangles (NFTs) in the 

brain are the pathological hallmarks of AD. AD patients show initial learning and memory 

disorders followed by language and global cognitive disorders. AD is the most common 

dementia that is linked with TBI. AD specific therapies are unavailable as the disease 

mechanisms are not clearly understood (Umar and Hoda 2018). The immune mechanisms in 

brain injury-associated AD pathogenesis are not yet known. In the present hypothesis paper, 

we advance the hypothesis that neuroinflammatory response and factors such as age, gender, 

emotional status, stress, allergic tendency, chronic inflammatory diseases, certain food and 

drugs can affect brain injury-induced neuroinflammation that mediates AD pathogenesis in 

the high-risk individuals.

Brain Region Specific Immune and Inflammatory Response

Normal innate and adaptive immune networks are essential for the development and 

functions of the CNS. The immune system is actively involved in physio pathological states 

of the brain and during the recovery after an injury (Filiano and others 2017). T-cells are 

essential in learning behavior and in stressful conditions. T-cells and mast cells constantly 

patrol the meningeal spaces and at the blood-brain-barrier (BBB) structures to prevent the 

entry of foreign organisms or antigens into the brain. Brain parenchymal cells are protected 

from the peripheral system by the tight junction and selective BBB permeability. The 

subarachnoid space, CSF and vasculature have leukocytes, macrophages, T-cells and 

dendritic cells but the entry of these cells into the brain parenchyma is prevented by the 

BBB. There are no lymphocytes in the naïve CNS parenchyma but T-cells that reside in the 

meninges execute its social, behavioral and cognition functions by releasing specific 

cytokines such as interferon-gamma (IFN-γ), neurotransmitters, neuromodulators and 

growth factors. These T-cells enter the meninges through blood vessels in leptomeninges. 

Naïve T-cells are recruited into the brain by chemoattractant signals from activated neurons, 

glia and endothelial cells. Brain injury causes influx of T-cells from the blood vessels by 

chemokines and upregulation of adhesion molecules in the endothelial cells and integrins on 

T-cells (Filiano and others 2017). Specific type of brain injury also influences differently on 

T-cell number, its recruitment, proliferation and responses.
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Microglia are the innate immune cells in the brain. During normal conditions, microglia are 

in resting state (ramified) with small body and elongated thin processes that moves around. 

Microglial processes are the fastest moving structures in the brain. Resting microglia move 

their processes without moving the cell body. Activation changes the shape of microglia into 

amoeboid form to facilitate movement of microglia along with expression of several 

activation specific receptors, cytokines and chemokines. The injured site is surrounded by 

microglial processes within an hour in the brain. These processes can elongate and retract to 

scan its territory. Brain structures are completely scanned by microglial processes once every 

several hours. Microglia migrate and perform phagocytosis and present antigen in the 

normal brain. Microglia can remove the entire cells or cellular structures. Microglia 

recognize the cells that will undergo programmed cell death; once recognized, microglia 

migrate to the site before or during the programmed cell death for removal (Wolf and others 

2017). Microglia also influence neuronal precursor cell proliferation, neuronal survival, 

synaptic plasticity and cognition. Microglia express receptor CX3CR1 for fractalkine 

(CX3CL1), a chemokine released by neurons; pattern recognition receptors (PRRs) that 

detect microbes and pathogen-associated molecular patterns (PAMS). Microglia show 

gender variations in rodents. Astrocytes are more ramified and has more activated phenotype 

of microglia in preoptic area in male (Wolf and others 2017). Microglia and neurons 

communicate bidirectional through CX3CL1-CX3CR1, CD200- CD200R, C3-CR3 and 

DAP12 signaling pathways for the formation and maintenance of neuronal circuits. It is 

clear that immune system plays an important role in the restoration of normal tissue 

homeostasis after the brain injury (Table 1 and Fig. 1).

Brain Injury and Initial Neuroprotective Immune Response

The Centers for Disease Control and Prevention (CDC, Atlanta, GA) defines TBI as “a 

disruption in the normal function of the brain that can be caused by a bump, blow, or jolt to 

the head, or penetrating head injury” resulting in apoptotic and necrotic cell death of neurons 

and glia, disruption of BBB with subsequent infiltration of the injured brain by peripherally-

derived immune cell populations such as neutrophils and macrophages” (Puntambekar and 

others 2018). This is accompanied by activation of astrocytes and microglia. TBI is an 

important cause of long-term adverse effects on general health, behavior, cognition, 

morbidity and mortality. TBI affects millions of people worldwide every year (World Health 

Organization, Geneva, Switzerland). In the United States army, the incidence of TBI has 

increased greatly in recent years. TBI is now recognized as a major health concern in the 

United States which affects over 1.7 million people each year (Johnson and others 2015). 

TBI significantly increases Medicare cost as the adverse effects continues for days, weeks, 

months, years and even decades (Najem and others 2018). Though TBI initiates immune 

responses in the brain that involves immune cells in the brain and the peripheral system, 

administration of anti-inflammatory drugs immediately after the injury was not clinically 

effective (Russo and McGavern 2016). Early suppression of immune and inflammatory 

responses can cause chronic pathological changes and lesion spread. Moreover, anti-

inflammatory drugs are not effective against important inflammatory mediators or cells due 

to difficulties in drug delivery methods. Drug delivery to the CNS after TBI is complicated 

due to the BBB, blood-cerebrospinal-fluid barrier (BCSFB) and other problems (Weeks and 
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others 2018). Intranasal drug delivery to the brain may improve the therapeutic effects 

(Drews and others 2019). Thus, currently there is no effective therapy for TBI patients 

though some drugs provide symptomatic relief.

Microglia, monocytes, macrophages, neutrophils, T-cells and mast cells are associated with 

the clearing of dead cells, support barrier systems, wound healing mechanisms and 

regeneration in the CNS as shown in Fig 1. As microglia express high levels of chemokine 

(C-C motif) ligand 2 (CCL2), they can quickly identify and respond to damage-associated 

products such as adenosine triphosphate (ATP), deoxyribonucleic acid (DNA), ribonucleic 

acid (RNA) and send their processes towards damaged site within minutes and also inhibit 

capillary leakages (JassamIzzy and others 2017). Infiltrated neutrophils in the brain recruit 

peripheral monocytes into the brain within a day or two that are necessary for the tissue 

repair process after the injury. Brain injury also induces T-cell and mast cell responses and 

recruit CD4+ T-cells that produce interleukin-4 (IL-4) which induces neuroprotection and 

axonal regrowth after an injury (Russo and McGavern 2016). Regulatory T cells (Tregs) are 

important in wound healing, remodeling and neurotoxic astrogliosis in the CNS after an 

injury (Ito and others 2019). The danger-associated molecules released from the site of brain 

injury determine T-cell response as either neuroprotective or neuro destructive. Treg cells 

suppress T-cell response through anti-inflammatory cytokines. Generally, T-cells provide 

neuroprotective effects after brain injuries that are controlled by Treg cells. The initial 

inflammatory responses after the brain injury are beneficial. However, chronic immune and 

inflammatory responses following the primary injury induce secondary brain injury by 

positive feedback and neuroinflammatory responses (JassamIzzy and others 2017). Diversity 

in the outcome of TBI is due to the differences in the extent of injury and site of injury 

(JassamIzzy and others 2017). Since neuroimmune and inflammatory responses could be 

neuroprotective or detrimental, it is important to know the ongoing anti-inflammatory or 

proinflammatory mechanisms before treating with anti-inflammatory drugs. Treating with 

anti-inflammatory drugs may worsen when it is in neuroprotective and anti-inflammatory 

status. Therefore, understanding the timings and the immune responses are crucial for the 

therapeutic benefit after the TBI (JassamIzzy and others 2017). This study suggests 

investigating innate immune cells after TBI that moves away from the current M1/M2 

phenotypes of microglial activation. Naïve astrocytes express glial fibrillary acidic protein 

(GFAP), S100 β, glutamate transporter 1 (GLT-1), glutamate aspartate transporter (GLAST), 

and AldhL1 (aldehyde dehydrogenase 1 family, member L1). Reactive hypertrophic 

astrocytes proliferate, migrate and express Axin2, MMP2, MMP13, Nestin, cadherin 

associated protein beta1 (Ctnnb1) and Plaur. Scar forming astrocyte express Sox9, Acan, 

Pcan, cadherin 2 (Cdh2), secreted glycoprotein 2 (Slit 2), xylosyltransferase (Xylt1), 

chondroitin 4-0-sulfotransferase-1 (Chst11) and chondroitin sulfate N-

acetylgalactosaminyltransferase-1 (Csgalnact1). There are two distinct types of reactive 

astrocytes such as A1 neurotoxic and A2 neuroprotective phenotypes in neuroinflammation 

and ischemic brain injury conditions (Clark and others 2019).

The immune system performs sequestration of tissue-damaging irritants, removal of cellular 

debris and enhancing wound-healing process following TBI. TBI provokes the release of 

DAMPs and alarmins such as IL-1α and IL-33. Recognition of DAMPs and alarmins 

induces local release of cytokines and chemokines that cause activation, proliferation and 
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recruitment of immune cells into the site of injury. Neutrophil recruitment also requires 

increased expression of intercellular adhesion molecule-1 (ICAM-1) or CD54. Innate 

immune cells include neutrophils, macrophages, microglia, dendritic cells, eosinophils, 

basophils, mast cells, T lymphocytes. These cells use toll-like receptors (TLRs), nucleotide-

binding oligomerization domain (NOD)-like receptors and scavenger receptors to sense 

pathogens and danger signals that can cause immune response (PrabhuDas and others 2017). 

The choroid plexus epithelium detect the danger signals or proinflammatory mediators such 

as tumor necrosis factor-alpha (TNF-α) from the damaged brain cells and induce neutrophil 

migration to the choroid plexus. These neutrophils circulate with CSF close to the injured 

areas that could migrate to the brain parenchyma through BCSFB. Neutrophils can migrate 

from blood vessels at ipsilateral leptomeninges and choroid plexus within 4 hours following 

TBI. Then these neutrophils infiltrate the injured site, which peaks within 24 to 48 hours.

Activated mast cells release specific proinflammatory and anti-inflammatory mediators such 

as IL-1β, IL-4, IL-6, IL-8, IL-33, IL-36, TNF-α, CCL2, CCL3, CCL5, granulocyte 

macrophage colony-stimulating factor (GM-CSF), vascular endothelial growth factor 

(VEGF), matrix metalloproteinases (MMPs), reactive oxygen species (ROS), substance P, 

nerve growth factor (NGF), transforming growth factor-beta (TGF-β), corticotrophin-

releasing hormone (CRH), neurotensin, histamine, prostaglandin D2 (PGD2), leukotrienes 

(LTs), stem cell factor (SCF), tryptase and chymase as we and others have reported 

previously (Gallenga and others 2019; Kempuraj and others 2017b; Mukai and others 2018). 

These mediators released may vary depends upon the type of mast cells stimulated, nature of 

stimuli and tissue microenvironments. Mast cells can respond and protect the body from 

mold (fungi), bacteria, and viral infections and promote wound healing and fibrotic events 

(Kritas and others 2018; Mukai and others 2018; Ocak and others 2018). Several reports 

indicate that mast cells mediate neuroinflammation and neurodegeneration by releasing 

specific multifunctional inflammatory and neurotoxic mediators in the CNS as reported 

previously (Caraffa and others 2018; Kempuraj and others 2019). Mast cells act as both 

sensors and effectors and communicate with nervous, vascular and immune systems through 

direct cell-to-cell interactions through CD40, CD40L, neuroactive and vasoactive molecules 

such as CCL2, IL-8, TNF-α and VEGF (Kempuraj and others 2017a; Kempuraj and others 

2017b). Mast cells respond to cell injury by detecting IL-33 released from injured cells. 

Further, mouse mast cell proteases activate glia and neurons to release IL-33 that in turn can 

activate mast cells (Kempuraj and others 2018b). Several reports indicate that mast cells are 

the first cells that recognize and respond to brain injury by releasing prestored and 

preactivated TNF-α and proteases and recruit other immune cells such as neutrophils within 

hours of injury (Dong and others 2014; Hendriksen and others 2017). TNF-α released from 

mast cells can upregulate the expression of endothelial leukocyte adhesion molecule 1 

(ELAM-1), intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule 1 (VCAM-1) in vascular endothelial cells that influences adhesion and recruitment 

of neutrophils and other leukocytes into the site of injury (Meyer and others 2018; Mukai 

and others 2018). VEGFs released at the site of injury can increase mast cell accumulation 

through VEGF receptors (VEGFR) (Varricchi and others 2018). Transforming growth 

factor-beta (TGF-β) plays an important role in fibrosis, angiogenesis and tissue repair 

mechanisms and inhibits the functions of immune cells. Rapidly released TGF-β from mast 
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cell granules can inhibit mast cells in an autocrine and paracrine manner. The first immune 

response after TBI is the infiltration and degranulation of mast cells with release of prestored 

and preactivated neuroprotective mediators in the brain (Moretti and others 2016).

Mast cells, microglia and endothelial cells release TNF-α within few seconds, 4 hours and 

48 hours, respectively after the brain injury (Lindsberg and others 2010). Mast cells are early 

responders after hypoxia-ischemia and in other brain injuries (Lindsberg and others 2010). 

Rapid recruitment of TNF-α-positive mast cells within 1 hour of hypoxic–ischemia has been 

demonstrated (Jin and others 2009). Mast cells that are located near the hippocampus 

regulate emotionality and cognition functions. Mast cells enter the CNS during development 

through blood vessels and remain there perivascularly, and are present on the abluminal side 

of the blood vessels (Lindsberg and others 2010). Mast cells release preformed granular 

mediators within minutes and newly synthesized mediators in the next several hours and 

days and amplify vasoactive, neuroactive and immunoactive cellular and molecular 

responses in the CNS. Mast cells can activate microglia and neurons through mast cell 

specific tryptase, and protease-activated receptor-2 (PAR-2) that is expressed on microglia 

and neurons (Kempuraj and others 2018a; Skaper and others 2018). These cells remove 

cellular debris and damaged cells from the site of injury and promote angiogenesis and 

wound healing mechanisms including fibrosis (Mukai and others 2018). Mast cell tryptase is 

a strong proangiogenic protease that induces activation, proliferation and migration of 

endothelial cells and fibroblasts (Atiakshin and others 2018). Mast cells are localized close 

to capillary sprouting sites indicating its role in new blood vessel formation. Mast cells in 

association with as well as neuroinflammation are like double-edged sword. Inflammatory 

response is neuro protective on one side and neuro destructive on the other side including in 

acute TBI (Morganti-Kossmann and others 2002). Mast cells perform both protective and 

harmful functions in human health and disease throughout the lifespan. Mast cells are 

important in wound healing as they enhance acute inflammation, angiogenesis, fibroblast 

proliferation and scar formation.

Neurotrophic factors and anti-inflammatory progranulin attenuates neuronal damage and 

microglial activation after brain injury in mice, which suggests that recombinant 

progranulin, could be used to treat TBI (Menzel and others 2017). Brain injury causes the 

migration of monocytes from blood to the site of injury in the brain, mature into 

macrophages, and remain there until inflammation subsides. Peripheral CCL2-positive 

monocytes recruited into the brain can cause hippocampal damage in cortical brain injury. 

Neurotoxic and disruptive astrocytic phenotype (A1) increases after the brain injury (Clark 

and others 2019). Microglia mediate neuroprotective effects in early TBI. However, chronic 

microglial activation leads to classical activation and release of inflammatory mediators that 

mediate neurodegeneration. TBI can immediately activate microglia and the activation 

persists for years. Sites of microglia activation correlates with the extent of degeneration. 

Activated microglia change their shape from normal ramified to hypertrophic phenotype. 

The activation states are M1 or classically activated and M2 or alternatively activated. M1 

type is proinflammatory and induces neuroinflammation and neurodegeneration by releasing 

various inflammatory mediators (Kanazawa and others 2017). M2 type is associated with the 

release of neurotrophic factors that promote repair and phagocytic role. However, in chronic 

diseases microglia are of mixed phenotype consisting of both M1 and M2, and thus difficult 
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to clearly differentiate between distinct M1 or M2 phenotypes since they are in a transition 

state.

There are three phenotypic microglia in the CNS such as resting (ramified), activated non-

phagocytic (antigen-presenting like) and reactive (phagocytic) microglia Transitory state of 

microglia are commonly seen in TBI. The extent and duration of adverse effects due to brain 

injury vary based upon the site and extent of injury in the brain. This is partially due to the 

difference in immune responses at different regions and depends upon the speed of 

immunocytes recruitment to the site of injury. Additionally, the distribution of immune cells 

vary from one region to other in the brain. Moreover, injury at some site is more dangerous 

and fatal than others. Accumulation of amyloid beta (Aβ) peptide and tau increases with age 

and alters macrophage response to TBI. Microglia are “primed” after the initial injury and 

become hyper-active in subsequent immune challenge and worsen the recovery mechanisms 

(Kokiko-Cochran and Godbout 2018).

MMP-9 regulate neutrophil migration to the site of injury. After 3 days of injury the number 

of neutrophils decrease with increased recruitment of peripheral immune cells such as T-

cells, NK cells and dendritic cells (DCs), followed by the activation of local microglia and 

astrocytes. The recruited immune cells disappear in two weeks post injury. Neutrophils can 

initiate AD-like symptoms and play a role in the formation of amyloid plaques (APs) (LiuLi 

and Dai 2018). However, the activated astrocytes and microglia with elevated levels of 

inflammatory cytokines remain there for months to years after the TBI incident. This 

indicates that immune and inflammatory responses including presence of neutrophils 

persists for a long time in the tissue after the initial injury (McKee and Lukens 2016). 

Neutrophils can survive over a long period, and were detected one year after the induction in 

the CNS. Neutrophils can activate microglia to secrete several mediators including ROS, 

MMP9, TNF-α, IL-1β, IL-6 (Liu and others 2018). Whether the immune response 

contributes to neuroprotection or further destruction depends on the nature, duration, and 

magnitude of the immunological events that develop in response to TBI. Triggering receptor 

expressed on myeloid cells2 (TREM2) is expressed by several cells including macrophages, 

dendritic cells, granulocytes and microglia and is essential for the removal of Aβ contributes 

to and neuroprotection after brain injury (Kober and Brett 2017). Development of blood-

based biomarker for AD was previously attempted and is being further explored. In 

conclusion, brain injury can initiate neuroprotective immune responses in the brain that can 

protect the brain from further damage and initiate wound healing processes (Fig. 1).

Brain Injury and Adverse Inflammatory Response in the Brain

Most of the adverse effects after brain injury or TBI are due to immune and inflammatory 

responses (McKee and Lukens 2016). Primary injury after TBI may continue for months and 

years that leads to secondary injury and ultimately induces neurological impairment and 

neurodegeneration (McKee and Lukens 2016). Therefore, targeting specific 

proinflammatory pathways after TBI may be an effective treatment option in these patients. 

TBI-mediated neuroinflammation is strongly associated with several neurological disorders 

including AD, Parkinson’s disease (PD), anxiety, depression, post-traumatic stress disorder 

(PTSD), CTE), apathy, and amyotrophic lateral sclerosis (ALS) (McKee and Lukens 2016). 
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Though TBI is associated with several neurological disorders, there are no disease specific 

and disease-modifying treatment options currently available to treat these patients. 

Uncontrolled immune response leads to neuroinflammation-mediated neuronal death, tissue 

loss, BBB break down, edema, increased levels of inflammatory mediators, gliosis and 

immune cell infiltration in the CNS.

Immune cells involved in the TBI pathogenesis include neutrophils, macrophages, microglia, 

T-cells and mast cells. These cells specifically contribute to the immune and inflammatory 

consequences of TBI including activation of glia as shown in Fig. 2. Brain injury leads to the 

proliferation of microglia after 24 hours of injury and continue to proliferate for several 

weeks based upon the site and the extent of injury. TBI not only shows site-specific effect 

but also show neuronal type-specific effects in the CNS. Some neuronal types are more 

vulnerable than others in the same region of the injured brain (Brizuela and others 2017). 

Type of neurons and their responses vary according to mild, moderate and severe conditions 

of the injury. Therefore, mild injury may not affect all types of neurons in the injured area 

that might be affected by moderate injury. Currently, laser capture microdissection (LCM) 

method is useful to selectively collect specific neurons in specific brain regions affected by 

TBI for pathologic and gene analysis.

The reactive astrocytes and activated microglia remain at the site of injury for years after the 

first incident of TBI (McKee and Lukens 2016). M1 macrophages/microglia with the marker 

CD16/32 increases in 3–7 days after injury. Micro particles (MPs)-derived from microglia-

mediate neuroinflammation as well as participate in the peripheral inflammation (Kumar and 

others 2017). Increased IL-1α precedes IL-β production after injury and-induces 

neuroinflammation and neurodegeneration. IL-1 increases BBB permeability, glial 

activation, immune cell recruitment and neurodegeneration after TBI (Chodobski and others 

2011).

Plasma IL-6 level is increased in severe TBI than in mild TBI patients (McKee and Lukens 

2016). IL-6 plays an important role in neurovascular abnormalities, neuroinflammation and 

neurodegeneration. The level of TNF-α increase after TBI, and plays both protective as well 

as a detrimental role in acute and chronic phases, respectively. Immediately after the brain 

injury, TNF-α plays a crucial protective chemoattractant role for recruiting inflammatory 

cells to the site of injury. TNF-α level increases before IL-1β following TBI and these 

cytokines promote the expression of ICAM-1 and VCAM1 on the endothelial cells that 

promote BBB permeability and neuroinflammation (Sweeney and others 2019). Anti-

chemokine intervention showed decreased immune cell recruitment into the brain from 

blood and reduced the inflammation after brain injury. Chemokines are immediately 

released from astrocytes, microglia, endothelium, mast cells and recruited neutrophils at the 

injured site in the brain. CCL2 is transported from abluminal to luminal side in the 

endothelium influences BBB permeability, edema formation and the recruitment of immune 

cells after brain injury. The extent of immune cell recruitment and the edema formation 

depends upon the extent of brain injury. The recruited neutrophils are toxic to neurons and 

increase BBB permeability by producing cytokines such as TNF-α, reactive oxygen species 

(ROS), proteolytic enzymes elastase and MMP9. Neutrophils secrete lysosomal enzymes, 

free radicals, decrease blood flow by direct microvascular occlusion and increase vascular 
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permeability. Though leukocytes migrate across the brain, there are some specific sites 

where the migration is high after TBI in rodents (Carlos and others 1997). These includes 

periconstusional leptomeninges and subarachnoid CSF space adjacent to the injured area and 

cistern of velum interpostium. Glia maturation factor (GMF), a brain protein that was first 

discovered, sequenced and sub cloned in our laboratory has been shown to be implicated in 

the activation of brain cells, innate immune cells and neuroinflammation-mediated 

neurodegeneration in AD, PD and Multiple Sclerosis (MS) and its animal model 

experimental autoimmune encephalomyelitis (EAE) (Zaheer and others 2007). We have 

shown that GMF mediates neuroinflammation, neurodegeneration in PD, and is associated 

with APs and NFTs in AD (Kempuraj and others 2018a; Thangavel and others 2018). Since 

GMF plays a significant role in the neurodegeneration in the above mentioned disease 

conditions, we presume it could also play an important role in the pathogenesis of brain 

injury/TBI.

Brain injury chronically activates nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) pathway and contributes to the elevated inflammatory mediators in the CNS 

(Jones and Kounatidis 2017). The complement system also contribute to the inflammatory 

pathways in TBI. GM-CSF is an important cytokine that causes proliferation and 

mobilization of immune cells from bone marrow. GM-CSF could play a neuroprotective role 

after TBI, aiding in cognitive recovery, and increase neurogenesis in the hippocampus (Song 

and others 2016). Elevated level of IL-10 could mediate neuroprotection in TBI patients. 

Moreover, IL-10 suppresses NF-kB activation that is elevated in AD patients and TBI (Ju 

Hwang and others 2019). Exercise induces the release of IL-10 that may provide protective 

effects in patients such as with AD. Aspirin, a non-steroidal anti-inflammatory drug 

(NSAID) inhibit NF-κB activation, increases IL-10 and enhances the recruitment of immune 

cells (Medeiros and others 2013). Similarly, TGF-β also increases after TBI in patients. 

Additionally, apolipoprotein E4 (Apoε4) and TREM2 are implicated in inflammation, TBI-

mediated neuroinflammation and impaired cognition (Andreasson and others 2016). 

Proinflammatory mediators and innate immune mechanisms increases C-reactive protein 

(CRP) in inflammatory conditions, psychiatric disorders, including in age-associated AD 

and TBI patients (Anada and others 2018; De Berardis and others 2017).

Mast cells located on the abluminal side induces BBB permeability, increased extravasation, 

brain edema, hemorrhage and local inflammation after cerebral ischemic injury (Ocak and 

others 2018; Ribatti 2015). Ischemic stroke, hemorrhage or TBI-induces increase in BBB 

permeability and its dysfunction (Yang and others 2019). This allows the entry of several 

blood-borne factors such as fibrinogen, thrombin and albumin that act on neurovascular unit 

and brain cells in the injured brain. Factors that enter into the brain through defective BBB 

can activate microglia and increase its phagocytic activity and chemokine release (Sweeney 

and others 2019). Fibrinogen can inhibit neurite outgrowth and neuronal repair mechanism 

after TBI (Jenkins and others 2018). Thrombin affects endothelium, induces edema 

formation, and oxidative stress after TBI. Albumin activates microglia and astrocytes to 

release inflammatory cytokines by increasing Ca+ influx and mitogen-activated protein 

kinases (MAPKs) activation after the brain injury.
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Increased BBB permeability after the brain injury is due to several factors including TGF-β, 

glutamate, ROS, MMPs (MMP2, MMP3 and MMP9) and vascular endothelial growth factor 

A (VEGF A) (Takeshita and Ransohoff 2012). Immediately after the brain injury, the levels 

of cytokines such as TNF-α and IL-1β and chemokines increases followed by increase in 

cell adhesion molecules on endothelium. These factors increase the influx of immune cells 

from the blood to the brain through dysfunctional BBB. We have previously shown that mast 

cell activation induces BBB breakdown (Esposito and others 2001; Theoharides and others 

2008). Neutrophils and monocytes also migrate through blood-CSF barrier (BCSFB).In 

addition to CCL2, CCL20 is also involved in the recruitment of macrophage to the ischemic 

brain injury site and release of TNF-α and IL-1β (Rayasam and others 2018). IL-33 can 

influence local macrophage to release IL-4 to induce recovery from stroke (Korhonen and 

others 2015). In conclusion, brain injury can initiate adverse and prolonged 

neuroinflammatory responses if the immune system cannot control the initial injury. This 

inflammatory response leads to neuroinflammation-mediated neurodegeneration in the brain 

(Table 2 and Fig. 2).

Animal Models of Brain Injury

Animal models are used to understand the pathogenesis of TBI. Animal models of TBI, 

concussion and CTE are widely used to understand the consequences of brain injury 

(McAteer and others 2017; Wojnarowicz and others 2017). In contusion models of TBI, 

focal TBI may be due to a blow to the head, weight drop, and fluid percussion (FP), rigid 

indentation and dynamic cortical deformation. Models of traumatic axonal injury (TAI) 

show diffuse axonal injury (DAI). TAI animal models include gyrencephalic models and 

rodent models. Animal model of blast-injured TBI is significantly important due to its 

association with military activities. Models of acute hematoma show intracranial hematoma 

due to tearing or rupture of veins. Animal models of TBI provide invaluable information on 

the pathological effects of brain injury particularly biomarker discovery and pre-clinical 

screening of drugs (Estrada-Rojo and others 2018). However, translation of research findings 

from animal models of TBI into human patients remain extremely difficult due to 

immunological, anatomical and functional differences between the CNS of human and small 

animals (Sorby-Adams and others 2018). Moreover, the diverse nature of TBI in humans 

makes it very difficult to develop appropriate clinically relevant single animal model and 

thus requires several types of TBI models including focal and diffuse type models. Thus, use 

of larger animals such as non-human primates, swine, and sheep may improve clinical 

translation. Currently, there is no single “gold standard” animal model for TBI that is close 

to human TBI pathology. In addition to animal models, in vitro cell culture models of TBI 

also provide valuable information to understand the interactions of brain cells and immune 

cells in the pathogenesis of TBI. The in vitro cell culture models of TBI include 

compression, transection, barotrauma, acceleration, hydrodynamic, chemical injury, and 

cell-stretch methods (Kumaria 2017). Cell culture systems include brain-on-a-chip, primary 

cell cultures, and immortalized cell lines, co-culture of various brain cells, acute 

preparations and organotypic cultures. An in vitro cell culture model of CTE may provide 

additional information on CTE pathogenesis (Jaber and Polster 2017; Jayakumar and others 

2017). Further, replacement of in vivo studies with in vitro studies reduce the use of animals 
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for the experiments. In conclusion, animal models are useful to investigate the pathogenesis 

of TBI but there is no single animal model that closely resembles to human TBI with 

reference to immune response, pathologies and behavioral abnormalities.

Brain Injury Accelerates AD pathogenesis in High-Risk Individuals

TBI is associated with increased risk for psychiatric disorders, PTSD and AD pathogenesis 

(Al-Dahhak and others 2018; Becker and others 2018). Even a single incident of TBI can be 

associated with risk for AD (Kokiko-Cochran and Godbout 2018). A recent study suggests 

that post traumatic chronic and progressive neuroinflammation is associated with 

neurodegeneration after the TBI (Xiong and others 2018). However, a recent report also 

indicate that biomarker analysis failed to confirm the association between TBI and AD 

dementia (Katsumoto and others 2018). BBB breakdown and loss of tight junction proteins 

are frequent problems in AD, which could be worsened by TBI. TBI induces brain swelling, 

neuronal injury, hypoxia, BBB and tight junction injury and dysfunction, oxidative stress, 

neuroinflammation, neurodegeneration and cognitive decline and predisposes to AD 

pathogenesis later in life (Sulhan and others 2018; Sweeney and others 2018). Moreover, 

TBI patients show increased frequency of AD pathogenesis (Breunig and others 2013). A 

recent study showed increased head injury or TBI in AD patients (Ilmaniemi and others 

2019). TBI patients show the presence of AD hallmarks Aβ and NFTs in the brain 

immediately after the injury (Johnson and others 2012). Additionally TBI also increases 

amyloid precursor protein (APP) that is necessary for Aβ production in the brain. Moderate 

to severe TBI is a potential risk factor for dementia and AD, but whether mild TBI alters AD 

pathogenesis is not yet clearly known (Cheng and others 2018; Collins-Praino and Corrigan 

2017). Additionally, some findings do not support a link between TBI and AD (Lo and 

others 2018). Meta-analysis of the hypothesized TBI-AD link have shown mixed results and 

in fact, one-report shows that TBI was not even a significant risk factor for AD pathogenesis 

(Xu and others 2015). This study suggests that mild TBI has minimal effects on Aβ 
metabolism, but age can influence the outcomes. Moreover, brain injury at old age has been 

shown to be associated with severe problems and poorer recovery than at young age (Cheng 

and others 2018). Mild TBI can cause temporary dysfunction of cells in the brain. About 

80% of all TBI cases are classified as mild head injuries. TBI induces short-term and long-

term cognitive impairment. In one self-reported TBI, a history of TBI with loss of 

consciousness was not associated with AD, dementia or neuropathological features of AD. 

In the second report using Veterans Administration medical records, they examined the 

history of TBI with cognitive impairments or changes in brain on magnetic resonance 

imaging (MRI) and Aβ deposition in the positron emission tomography (PET) scans. The 

results showed that TBI history did not correlate with impaired cognition and AD 

biomarkers. These studies suggest that TBI may not increase the risk of AD (Weiner and 

others 2017). Similar to AD, late life TBI also increases the risk of PD (Gardner and others 

2015). Further evidence shows that repeated injuries are generally associated with high risk 

of developing chronic neurodegenerative diseases (Donat and others 2017). GFAP, tau and 

Aβ42 are increased in TBI and are proposed as diagnostic and prognostic biomarkers in TBI 

(Bogoslovsky and others 2017). Increased expression of GFAP can be lethal and can induce 
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AD pathogenesis. Further investigations are necessary to conclusively determine the 

association of TBI to cognitive decline in the aged people.

Dysregulated immune responses have been shown to be responsible for the 

neuroinflammation and neurological disorders observed after TBI. Brain injury induces 

increased release and deposition of Aβ and phosphorylated tau that forms APs and NFTs to 

mediate AD pathogenesis specifically early in AD progression (Puntambekar and others 

2018). Postmortem brains show increased Aβ and tau deposition that are hallmarks of TBI. 

Increased Aβ leads to the formation of plaques in the brain following TBI. Brain injury- 

mediated tau deposition varies with the severity, type, time-point, and number of brain 

injuries (Kokiko-Cochran and Godbout 2018). Tau deposition has been reported in a single-

incident of CCI, weight-drop, FPI and bTBI conditions (Gabbita and others 2005). Carrying 

an allele of Apoε4 or a mutation in TREM2 show significantly increased rate of AD in 

humans and that manipulation of these could affect the severity of neurological dysfunction 

after TBI (Van Cauwenberghe and others 2016). TREM2 may control acute macrophage 

migration to brain but it also upregulates neurodegeneration in chronic TBI. TREM2 also 

regulates innate immune pathways in AD (Li and Zhang 2018). Brain injury leads to 

cognitive impairment, increased accumulation of APP, extracellular Aβ peptide and 

intracellular NFTs containing tau protein and inflammatory cytokine and chemokine release 

(Kokiko-Cochran and others 2016).About 30% of TBI patient’s brains show the presence of 

Aβ peptides (Roberts and others 1994). This Aβ deposition was found within 24 hours after 

TBI indicating the association of AD specific Aβ peptide in the TBI pathogenesis 

(Ikonomovic and others 2004).

Mast cells are suggested to play an important role in the pathogenesis of AD similar to 

microglia (Kempuraj and others 2017a; Shaik-Dasthagirisaheb and Conti 2016; Skaper and 

others 2017). Since mast cells are implicated in neuroinflammation, brain injury or TBI, 

these cells could accelerate brain injury/TBI-mediated pathogenesis of AD (Fig. 3) 

(Kempuraj and others 2017a; Shaik-Dasthagirisaheb and Conti 2016; Skaper and others 

2018). Mast cells are able to detect the generation of amyloid plaques (APs) in AD. 

Immediately after the brain injury, mast cells infiltrate and degranulate releasing 

neuroprotective and chemo attractive mediators including TNF-α in the brain (Hendriksen 

and others 2017). However, mast cell number increases for days and weeks and contributes 

to the brain damage by releasing inflammatory mediators such as TNF-α and IL-9 in 

perinatal hypoxic-ischemia and that inhibition of mast cell activation decreased the brain 

damage in the immature rat brains (Ziemka-Nalecz and others 2017). Mild TBI is associated 

with persistent dura mast cell degranulation for few weeks and in chronic conditions this 

may compromise BBB integrity for immune cell recruitment to the brain (Skaper and others 

2018). TBI induces axonal injury and affects brain networks that cause behavioral 

abnormalities. Axons in the corpus callosum, fornix, internal capsule, superior and inferior 

longitudinal fasciculi and cerebral fibers are particularly vulnerable to injury in TBI. TBI 

patients also show white matter abnormalities with defective memory and learning skills that 

increase with repetitive concussions Disturbances in the thalamic-frontal connections lead to 

attention deficits. The corpus callosum with more white matter fibers is a common site of 

damage in TBI leading to significant cognitive deficits. White matter injury has been 

considered as a marker of TBI severity (Hayes and others 2016). Damage to the hubs that 
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link several neuronal networks may severely contribute to the long-term irreversible 

cognitive dysfunction in TBI patients and in TBI-mediated AD patients. From the available 

reports, we conclude that TBI may increase the risk for the development of AD in high-risk 

people.

Influence of Personal Traits on TBI-mediated AD Pathogenesis - Age, 

Gender, Race, Emotion, Peripheral Diseases, Allergic Tendencies, Genetic 

Factors, Environmental Factors, and Nature of Regular Food can Influence 

TBI-mediated AD Pathogenesis

Aging increases the activation of glial cells and innate immune cells associated with 

neuroinflammation and neurodegeneration in the brain. Recent studies suggest that TBI at an 

early age has less influence on the neurodegenerative diseases. But, TBI in the aged could 

influence the onset, progression and the severity of specific neurodegenerative diseases such 

as AD or PD (Griesbach and others 2018). However, AD is known to cause dementia in both 

young as well as in older people. One recent study reported that aged TBI patients are at 

higher risk for developing long-term abnormalities than younger patients (Erlebach and 

others 2017). The immune system can strongly protect the brain after an injury at younger 

age. Decreased immune response in the old age leads to decreased neuroprotection and 

therefore TBI in old age can easily accelerate the pathogenesis of AD. Wound healing 

process at old age also takes more time and thus the inflammatory response continues for 

months and years in the older people and therefore are more prone to the onset of 

neurodegenerative diseases including AD.

TBI-mediated complications and mortality rates are less in females than in males (3 times 

higher) due to hormonal influence (MacQueen and others 2018). Ovarian hormones play an 

important role to protect women from stroke and neurodegenerative diseases (Villa and 

others 2016). Progesterone can shift M1 to M2 macrophage and microglia phenotypes. 

Studies have shown that females who show psychiatric and neurobehavioral symptoms, take 

long time-to recover from injury and to return to job after TBI (Woolhouse and others 2017). 

The number of US women soldiers involved in combat operations have increased since the 

Iraq and Afghanistan wars. Moreover, the number of women using the US Department of 

Veterans Affairs (VA) services has doubled since 2001 (Amoroso and Iverson 2017). The 

current US Department of Defense policy of allowing women in the combat roles will likely 

increase the risk for TBI-mediated and stress-induced AD in women (Amara and others 

2014). Additionally, the recent wars have shown the need for women soldiers in combat 

zones, and thus increased the blast-related brain injuries in women soldiers (Amara and 

others 2014). Thus, it is crucial to design novel research strategies regarding the gender 

differences in TBI and gender-dependent treatment options for the future. Etiology of TBI in 

women veterans show multiple injuries due to blast (61%) and others causes such as fall and 

vehicular injuries (37%). Since women veterans show high risk for TBI, they should be 

screened for TBI during and after the military services (Amoroso and Iverson 2017).

Nutrition plays a key role in the cognitive functions, mental health, brain structure, 

neurotrophic factors, neuronal pathways, neuronal plasticity, and neurodegenerative 
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diseases. Decreased cognitive function and increased risk for vascular dementia has been 

reported to be associated with lower milk consumption. Mediterranean-type diet has been 

associated with slower cognitive decline, reduced risk and mortality of AD patients 

(Otaegui-Arrazola and others 2014). Thus, certain race with specific food-habits show 

differences in the vulnerability of brain to the TBI-mediated complications. Low amount of 

regular wine consumption that provide anti-oxidant and anti-inflammatory properties were 

associated with reduced risk of AD pathogenesis in some individuals, particularly in young 

adults. However, as alcohol is neurotoxic and reduces cognitive functions, the same amount 

of alcohol consumption could be neurotoxic, particularly in the aged individuals (Chastain 

and Sarkar 2014). Thus, nutritional based approach may benefit AD patients. Natural 

compounds present in regular diet or tea could function as “nutraceuticals,” and inhibit 

microglial activation and thus demonstrate neuroprotective properties. Flavonoids are natural 

active compounds present in many fruits, vegetables and herbs. Several flavonoids show 

neuroprotective properties and are anti-amyloidogenic and thus useful as a therapeutic agent 

for many brain disorders. Flavonoids show anti-inflammatory, anti-ischemic, anti-cancer, 

anti-bacterial, and anti-viral and neuroprotective characteristics. Quercetin, a flavonoid has 

been shown to be neuroprotective in animal models of TBI, through reducing brain edema 

and neuronal apoptosis with improved motor function tests (Du and others 2018). Other 

flavonoids such as genistein and pycnogenol also show neuroprotective effect with 

functional recovery in animal models of TBI. Luteolin, a potent natural compound inhibited 

TBI-induced AD pathogenesis in Tg2576 mouse model of AD (Sawmiller and others 2014). 

Luteolin inhibited injury–mediated ROS level and increased neuronal survival and activation 

of the nuclear-factor-E2-related factor 2 (Nrf2)-ARE pathway in vitro. Plant based 

Resveratrol is reported to protect brain injury after TBI Flavonoid luteolin has been 

suggested to provide neuroprotective benefits in neurodegenerative disorders (Theoharides 

and Tsilioni 2018). Regular consumption of these nutritional supplements or diets 

containing these flavonoids can slow or prevent the onset of neurodegenerative diseases 

including the adverse effects observed post-TBI and TBI-mediated AD. Regarding gender, 

men are at twice the risk of developing AD-associated with previous TBI.

Accumulating evidence suggests that chronic stress is a string risk factor for cognitive 

decline and AD pathogenesis (Caruso and others 2018). Hippocampus is an important organ 

affected by AD. The hippocampus with high cortisol receptors is crucial for verbal memory 

and memory of context with respect to time and place of events. Chronic stress accelerates 

the aging process including neuronal loss in hippocampal pyramidal neurons in CA1 region. 

Stress affects hypothalamus as well as hippocampus and induces short-term memory, 

neuronal dysfunction, neuroinflammation, neurodegeneration and finally AD. Repeated 

stress can cause atrophy of dendrites or pyramidal neurons in the CA3 region of 

hippocampus. This is reversible but long-term stress can permanently damage hippocampal 

neurons. Chronic psychological stress is also considered as a risk factor for late-onset AD 

and cognitive deficits. Several stress conditions activate hypothalamic-pituitary-adrenal 

(HPA) axis and increase the release of glucocorticoids such as cortisol (corticosterone in 

rodents) that are elevated in AD patients (Caruso and others 2018; Escher and others 2019).

Stress can increase APP and tau phosphorylation in AD progression (Caruso and others 

2018). Repetitive mild TBI-induced mechanical stress increases brain levels of Aβ1–42 

Kempuraj et al. Page 15

Neuroscientist. Author manuscript; available in PMC 2020 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptide, tau and α-synuclein-mediated neurodegeneration in mice (Levy and others 2018). 

Restraint stress in AD mouse models (Tg2576) showed increased Aβ (1–42), tau hyper 

phosphorylation and cortical neuronal atrophy (Lee and others 2009). TBI-induces major 

depressive disorder (MDD) and PTSD and these are significantly associated with female, 

depression, unemployment, amnesia and memory of the traumatic event (Cnossen and others 

2017). TBI is associated with PD, psychiatric disorders with increased risk of suicide and 

mortality. These symptoms can accelerate neuroinflammation and the onset and progression 

of AD after TBI in humans. Currently, it is very hard to compare the effect of stress in mice 

with humans regarding the pathogenesis of AD. The diagnosis of TBI and PTSD 

comorbidity increased recently in the United States Veterans. These veteran patients showed 

several neuropsychiatric symptoms such as insomnia, memory problem, anxiety, irritability, 

disrupted neuronal connections, neuronal circuitry dysfunctions, behavioral changes, 

memory impairment, neuroinflammation and oxidative damage. Mast cell activation is 

implicated in stress as well as in depression dependent inflammation and neurodegeneration 

(Georgin-Lavialle and others 2016; Kempuraj and others 2019; Kempuraj and others 2017a). 

Peripheral and brain mast cells are involved in the stress mediated effects including 

epithelial barrier dysfunction through corticotrophin releasing factor (CRF) and other 

mediators (Kempuraj and others 2017b; Vanuytsel and others 2014). Moreover, mast cells 

show sex specific differences in their activation after stress. Mast cells from female rodents 

show increased synthesis, storage and release of mast cell granule stored mediators 

independent of estrous cycle (Mackey and others 2016). Stress related diseases are more 

common in females and are associated with more mast cell activation in these patients. TBI 

induces stress in patients and mast cells play an important role in stress-mediated effects. 

Thus, mast cells could play a crucial role in TBI-mediated stress-induced neurodegeneration 

and AD pathogenesis. All these conditions increase neuroinflammation, neurodegeneration, 

neuronal death and worsen the quality of life of TBI-PTSD patients (Skaper and others 

2018). Recently the prevalence of TBI in women has increased from 25% to 40% (Oyesanya 

and Ward 2016). Females show more stress reactions than males including women veterans. 

Moreover, TBI during pregnancy could increase the level of stress than in normal women.

Genetic factors also play important role in the pathogenesis of AD. Apoε4 in combination 

with TBI increases the risk of AD pathogenesis. Studies have shown that Apoε4-associated 

phospholipid dysregulation-mediates phosphorylation of tau after repetitive blast-induced 

TBI in mice. Apoε and its subset Apoε4 has been shown to be involved in Aβ toxicity, 

neuroinflammation and BBB disruption (Zhao and others 2018). Chronic allergic diseases 

such as asthma in which mast cells are increased and heavily activated are strongly linked to 

phosphorylation of tau, dementia, and severity of AD (Bolos and others 2017). Presence of 

chronic peripheral diseases and allergic diseases can increase TBI-mediated onset, 

progression and severity of AD. Certain drugs also affect TBI-induced AD pathogenesis. 

Antidepressant use is associated with consistently increased risk of falling and head injuries 

in community-dwelling persons with AD (Taipale and others 2017). Innate immune targeted 

therapy could improve AD symptoms.

Presence of peripheral chronic disease conditions also influence neuroinflammation and 

neurodegeneration in the brain such as in AD (Kempuraj and others 2017b; McManus and 

Heneka 2017). Aβ present in the APs induces TLR-dependent innate immune response that 
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influences Aβ removal in AD (Scholtzova and others 2009). Studies have shown that 

peripheral inflammation induced by LPS administration induces Aβ formation, APs and 

impairment of cognitive functions in animal models of AD (Lee and others 2008). Similarly, 

CNS immune responses also affect peripheral immune responses. Recent studies have shown 

that diabetes mellitus, hypertension, hyperlipidemia, chronic kidney diseases, depression, 

stroke, periodontal diseases are clearly associated with cognitive impairment and immune 

response changes in the CNS (JassamIzzy and others 2017; Kempuraj and others 2017b). 

Chronic peripheral diseases cause BBB breach and increase the infiltration of immune cells 

and inflammatory mediators into the brain that in turn further activate glia and enhance 

neuroinflammation. Similarly, brain injury can cause leakage of debris and inflammatory 

mediators into periphery and induce systemic inflammatory response syndrome (SIRS) 

(JassamIzzy and others 2017). SIRS increases peripheral leukocyte numbers and its lifespan 

as well as the level of inflammatory mediators. Peripheral neutrophils arrive at the injured 

site in the brain within few hours. One study showed that both peripheral tissue generated 

and blood-derived Aβ can enter the brain and induce neurodegeneration and AD 

pathogenesis (Bu and others 2017). Increased duration of chronic periodontal diseases is 

associated with corresponding increased risk of AD pathogenesis (ChenWu and Chang 

2017). The onset, progression and the severity of AD can be modified through preventive 

measures. Primary prevention may be achieved by reducing or eliminating specific risk 

factors and remain without AD. In secondary prevention, AD could be detected early before 

symptoms appear and treatment could delay or halt its progression. Tertiary prevention 

inhibits the severity of disease complications to improve the quality of life. From the above-

mentioned reports, it is clear that there are several factors that could control the onset-

progression and severity of TBI-mediated AD (Tables 3–4, Fig. 3).

Immune and Inflammatory Pathways as Drug Targets for TBI-induced AD

TBI associated cognitive disorders, morbidity and mortality are still high in patients. It is 

estimated that about 5.3 million persons in the United States live with a TBI-related 

disability (the Centers for Disease Control and Prevention report) (Sulhan and others 2018). 

This is because the exact disease mechanisms are not clearly known. Moreover, studies have 

shown that neuroimmuine response is an important factor in the recovery of brain function 

after an injury (Kokiko-Cochran and Godbout 2018; Sun and others 2018). Additionally, the 

primed microglia in TBI are hyperactive for any subsequent immune challenge and this 

worsens the recovery in TBI. About 2% of the US population lives with various disabilities 

due to TBI (Hinson and others 2015). Certain drugs can improve cognitive dysfunctions, but 

significant improvement in cognitive dysfunction in chronic TBI patients is not yet clearly 

reported. Recent advances in the understanding of immune and inflammatory responses 

following brain injury or TBI led to investigate the neuroinflammatory response as a drug 

target to inhibit, prevent and to teat TBI patients. Neuroinflammatory response can induce 

secondary brain damage in TBI patients. However, it is not clearly known at what point the 

treatment should be effective to prevent the TBI mediated pathogenesis. Previous studies 

have shown clinical trials and therapeutic attempt to target the neuroimmune and 

neuroinflammatory responses after TBI. Results show that the neuroprotective and 

neuroinflammatory mechanisms overlap and make it difficult to treat due to its complexity. 
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Several preclinical studies have been shown ineffective and unsuccessful since the exact 

immune and inflammatory response are still not clearly understood and due to the 

heterogeneity of patient population and TBI (JassamIzzy and others 2017; Sun and others 

2018). Recent pre-clinical and clinical trials have shown significantly improved 

neuroprotective response in TBI patients. Therefore, it is very important to continue to 

understand the mechanism of immune and inflammatory response in TBI patients to develop 

significantly effective therapeutic options for TBI, and AD dementia.

Conclusions and Perspective

Brain injury is usually more common in the general population due to accidents, sports, and 

in the defense personnel in combat zone. Immune response mediated by innate immune cells 

such as neutrophils and mast cells prevent and limit inflammatory responses, remove dead 

cells and debris from the site of injury and promote the wound healing process. However, in 

severe and widespread injury, the protective innate immune response is insufficient to 

control the immune response and severe inflammatory response leads to the activation of 

glia and neuroinflammation. This chronic neuroinflammation leads to increased production 

of proinflammatory mediators in the CNS as well as in the peripheral systems, secondary 

tissue damage, and neurobehavioral changes with neuronal death. Mast cell activation in 

TBI and stress may increase the risk of AD pathogenesis in high-risk group. Increased 

neurodegeneration causes the onset and progression of AD in these individuals. Thus, TBI 

can accelerate the pathogenesis of AD. Even though few studies report that there may be no 

link between TBI and AD, most of the other reported studies do link TBI and AD. However, 

all the risk factors associated with this link are not yet clearly known and investigated. 

Moreover, the exact mechanism of this link is also not clearly known including the crucial 

contribution of the innate immune system. TBI-mediated adverse effects are very 

heterogeneous in humans. The severity and the duration of pathological changes depends 

upon the site, extent and the frequency of injury. Several factors including age, gender, diet, 

chronic peripheral diseases, allergic diseases, emotional characteristics, genetic factors, 

environmental factors, and certain drugs can affect or accelerate TBI-mediated AD 

pathogenesis. Additionally, future research should also focus on the emotional activities in 

an individual that can influence the neuroimmune responses, neurobehavioral characteristics 

and psychological stress. Effective therapeutic option should inhibit adverse 

neuroinflammatory pathways but not the immediate protective immune responses that 

specifically occur after TBI.
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Figure 1. 
Acute neuroprotective immune response in the brain. Brain is not an immunologically 

privileged organ. Brain regions are continuously under surveillance by the innate immune 

cells to detect cell death, debris and infective organisms. Microglia are the resident innate 

immune cells that are neuroprotective (M2 phenotype) in the brain. Microglia are phagocytic 

and antigen presenting cells that release anti-inflammatory cytokines, chemokines and other 

mediators to maintain the brain homeostasis. Astrocytes (A2 phenotype) also play important 

role in neuroprotection by physically supporting the brain cells and BBB as well as by 

releasing neurotrophins and growth factors. Neutrophils infiltrate the site of infection or 

injury and further activate microglia and astrocytes in the brain. Mast cells are also 

necessary for brain development and neurobehavioral activities by releasing prestored and 

preactivated TNF-α and proteases within seconds followed by other neuroprotective 

cytokines and chemokines including IL-1α, IL-4, IL-10, IL-33, CCL2, TGF-β, histamine, 

tryptase and chymase. Mast cells are crucial in wound healing and tissue repair processes by 

promoting fibroblast growth, proliferation and its functions. Activated microglia and 

astrocytes release neuroprotective chemokines and cytokines within few hours whenever 

needed in the brain. These mediators induce recruitment of innate immune cells such as 

neutrophils and macrophages to the site of injury from the peripheral blood. The activated 

innate immune system protects the brain from further acute injury by removing dead cells 
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and debris, initiating wound healing and axonal regrowth processes, neurodegeneration, 

fibrosis, protecting endothelial cells and BBB system in physiological conditions.
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Figure 2. 
Brain injury/TBI-mediated chronic neuroinflammatory response and neurodegeneration. 

Acute neuroprotective immune response fails to control the neuroinflammatory response if 

the brain injury is more and if the patient has other risk factor(s). Chronic immune response 

activates innate immune cells and microglia in the brain as well as in the peripheral system. 

Innate immune cells such as neutrophils, mast cells and some progenitor cells migrate from 

peripheral blood to the site of injury and further activate neuroglia and endothelial cells in 

the brain. Increased activation of microglia, macrophage, T-cells, astrocytes and mast cells 

increase the release of neuroinflammatory mediators such as CCL2, IL-1β, IL-6, IL-8, TNF-

α, GM-CSF, VEGF, MMP-9, ROS and proteases with increased activation of NF-kB, AP-1, 

MAPKs, TREM2 and ApoE4 in the brain cells and immune cells. Brain injury increases M1 

and A1 neurotoxic and proinflmmatory microglia and astrocytes respectively in the brain. 

High levels of these inflammatory mediators in the brain and in the peripheral blood causes 

chronic BBB and BCSFB dysfunctions, degeneration of pericytes and endothelial cells, 

neuroinflammation and neuronal death in vicious fashion that further leads to secondary 

damage in the brain. Several mast cell mediators including tryptase and chymase play a 

significant role in the BBB breach in neuroinflammation. TNF-α, tryptase, CCL2, VEGF, 

IL-1β, IL-6, IL-8, ROS and MMP-3 from activated mast cells contribute to the chronic 
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neuroinflammation. Chronic neuroinflammation leads to neuronal death and initiates onset, 

progression and severity of AD in certain high-risk category people.
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Figure 3. 
Proposed brain injury/TBI-associated onset, progression and severity of AD in high-risk 

people. Brain injury leads to microbleeds and acute primary damage of brain cells. If acute 

immune response continues chronically, that leads to secondary damage of brain cells due to 

over activation of immune cells associated with s significantly higher levels of inflammatory 

and neurotoxic mediator release in a vicious fashion in the brain and peripheral immune 

system. Increased number of neurotoxic and inflammatory M1 microglia and A1 astrocytes 

exacerbates neuroinflammation and neurodegeneration in the injured brain. Normal aging 

process and brain injury generate APP and Aβ1–42 in the brain and these chronically 

activate neuroglia and immune cells in the brain that release several neuroinflammatory and 

neurotoxic mediators. Aβ and tau protein generate the formation of extracellular APs, and 

intracellular NFTs in the neurons, respectively. Immune system fails to remove the excess 

Aβ peptide and NFTs and thus the levels of these increases continuously. This is associated 

with the degeneration of pericytes and endothelial cells, increased neuroinflammation and 

neurodegeneration in the brain. This ultimately cause cognitive dysfunction and the onset of 

AD. Brain injury/TBI in high-risk people with PD, anxiety, depression, PTSD, CTE, ALS, 
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aging, obesity, emotion, chronic peripheral diseases, chronic allergic tendencies, genetic 

factors, environmental factors, and high fat diet can accelerate the pathogenesis of AD.
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Table 1.

Normal neuroprotective immunosurveillance by innate immune cells in the normal healthy brain

Normal immunosurveillance in the brain
Microglia: acts as house keepers - resident innate immune cell - constantly perform immunusurveillance by migration, phagocytic and antigen 
presentation - release cytotoxic hydrogen peroxide and nitric oxide - cytokines and chemokines & maintain normal brain homeostasis - tissue 
repair mechanisms - influence neuronal survival - neurotransmitter release - maintenance of synapses - promote synaptogenesis - synaptic 
scaling - regulate BBB
Astrocytes: A2 astrocytes acts as supporting cells and protect neurons, astrocytic process support BBB formation and its integrity - regulate 
endothelial transport of substances - guide axon and neurite outgrowth - secrete growth factors for neurons in embryonic stage and after an 
injury – synaptogenesis - synaptic plasticity, neurotransmitter synthesis - regulate cerebral blood flow - hormone synthesis - cell-cell 
communication. Naïve astrocytes express GFAP, S100 β, GLT-1, GLAST, reactive astrocytes express Nestin, MMP13, MMP2, Axin2, and scar 
forming astrocyte express Sox9, Acan, Pcan, Slit 2, Chst11, Cdh2

Neuroprotective cells, gliovascular unit (BBB + glia), neurovascular unit (BBB + neurons) in the brain
Microglia normal (ramified M2) – A2 astrocytes - neutrophils – macrophage - mast cells - T-cells - endothelial cells - intact BBB and BCSFB

Cells and neuroprotection associated mediators and receptors in the brain
Microglia (M2): DAMPs (ATP, DNA, RNA), CCL2, IL-1α, IL-4, IL-10, IL-13, TGF-β, VEGF, BDNF, PDGF, progranulin, CX3CR1 R, 
PAMPs, TLRs, PRR, CXCL1-CX3CR1, CD200R
A2 Astrocytes: neurotrophin, CCL2, TREM2
Neurons: CD200, fractalkine (CX3CL1)
Endothelial cells: ICAM-1, VCAM-1
Neutrophils: Phagocytosis, myeloperoxidase, TGF-β, NGF, GM-CSF, VEGF, IL-4, IL-10,ROS, MMP9, neutrophil and microglianeutrophils
Mast cells: Important for wound healing and scar formation after an injury. TNF-α, histamine, proteases, GM-CSF, IL-4, serotonin, heparin and 
tryptase are prestored in granules. Newly synthetized are TNF-α, IL-1α, IL-6, IL-33, CCL2, VEGF (angiogenesis), substance P, CRH, TGF-β, 
NGF, prostaglandins, growth factors, leukotrienes
T-cells: IL-4
Macrophages (M2): CCL2, TNF-α, IL-1α, IL-6

Acute protective immune response in the brain
Neutrophils recruitment, removal of dead cells and debris, wound healing and tissue remodeling, and angiogenesis

Abbreviations: BBB, blood-brain barrier; BCSFB, BDNF, brain-derived neurotrophic factor; blood cerebrospinal fluid barrier; CCL2, chemokine 
(C-C motif) ligand 2; CRH, corticotropin releasing hormone; CXCR1, CXC3, chemokine receptor 1 and 3; DAMPs, damage-associated molecular 
patterns; IL-1apha, interleukin-1α; ICAM-1, intercellular adhesion molecule-1; PAMPs, pathogen-associated molecular pattern; PDGF, platelet-
derived growth factor; PRR, pattern recognition receptors; TGF-beta, transforming growth factor-β; TLRs, toll-like receptors; TNF-α, tumor 
necrosis factor-alpha; GM-CSF, granulocyte-macrophage colony-stimulating factor; VCAM-1, vascular cell adhesion molecule 1; VEGF A, 
vascular endothelial growth factor A.
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Table 2.

Brain injury-mediated chronic neuroinflammatory response and neurodegeneration after the brain injury/TBI

Brain injury
Causes: Direct blow to the skull, penetrating injury, acceleration, deceleration, rotational forces, Ischemic, hemorrhagic or traumatic injuries
Injured brain cells: Neurons, astrocytes, microglia, ependymal cells, oligodendrocytes, endothelial cells
Clinical complications: Hematoma, subarachnoid hemorrhage, contusion, diffuse axonal injury, cerebral ischemia, increased intracranial 
pressure, neuroinflammation, neurodegeneration, sickness behavior

Neuroinflammatory responses in brain injury
 Disruption of tight junction proteins and integrity of basement membrane
 Increased BBB permeability, edema, neuroinflammation
 Neutrophil, macrophage, T-cell and mast cells recruitment into the injured site
 Incomplete removal of dead cells and debris
 Partial wound healing and tissue remodeling
 Insignificant axonal regrowth
 Aβ 1–42 deposition, amyloid plaque and NFTs formation in the brain

Neuroinflammatory cells and their functional status in brain injury
 Microglia (M1 proinflammatory), resting ramified microglia to Reactive/activated microglia (amoeboid), migration, phagocytosis, antigen 
presentation
 Astrocytes (A1 proinflammatory), reactive astrocytes, reactive gliosis, retraction of process from synapsis, increased GFAP, S100β and 
vimentin, increase in metabolic enzymes
 Neutrophils – phagocytosis, MMPs release.
 Mast cells – degranulated and activated mast cell types
 T-cells – activated T-cells.
 Endothelial cells – activated cells
 Macrophage (M1-like) – activated cells
 BBB, BCSFB – increased permeability

Brain injury and expression of neuroinflammatory mediators and receptors in the CNS/immune cells
Microglia (M1) - activation, proliferation, phagocytosis, DAMPs (ATP, DNA, RNA), CCL2, IL-1β, TNF-α, IL-6, IL-8, IL-12, IL-23, IL-33, 
ROS, glutamate, MMPs, TLRs, PAR-2, P2, NO, TREM2
Astrocytes (A1) - CCL2, IL-1β, TNF-α, IL-6, GM-CSF, ROS, glutamate, MMPs, VEGFA, GFAP, S100β
Neurons - MMPs, VEGFA, P2, arginine vasopressin, PAR-2
Endothelial cells – ICAM-1, VCAM-1, CCL2, NO, MMPs, VEGFR1, VEGFR2, TLRs, PTY2, arginine vasopressin
Mast cells - degranulation - prestored TNF-α, histamine, proteases, GM-CSF, IL-4
Mast cells – activated - newly formed prostaglandins, leukotrienes, growth factors, TNF-α, IL-1α, IL-6, IL-8, IL-18, IL-23, IL-33, CCL2, 
VEGF, neurotrophins, substance P, CRH
T-cells – IL-4, IL-21
Platelets – TGF-β
Neutrophils - MMP9, TNF-α, ROS, elastase (ELANE)
Astrocytes, neurons and inflammatory cells- thrombin, albumin, fibrinogen, Ca++ increase, ERK1/2, p38, JNK MAPKs; p13K/Akt, NF-kB, 
AP-1; TREM2, Apoε4, PAR1–3 and 4, ATP, UTP, purinoceptors

Abbreviations: AP-1, activator protein 1; Apoε4, apolipoprotein E4; BBB, blood-brain barrier; BCSFB, BDNF, brain-derived neurotrophic factor; 
blood cerebrospinal fluid barrier; CCL2, chemokine (C-C motif) ligand 2; CRH, corticotropin releasing hormone; CXCR1, CXC3 chemokine 
receptor 1; DAMPs, damage-associated molecular patterns; ERK1/2, extracellular signal-regulated kinases; GFAP, glial fibrillary acidic protein; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-1apha, interleukin-1α; ICAM-1, intercellular adhesion molecule-1; JNK, c-jun N-
terminal kinase; MAPKs, mitogen-activated protein kinase; MMP9, matrix metalloproteinase 9; NO, NF-κB, nuclear factor kappa-B; NO, nitric 
oxide; NFTs, neurofibrillary tangles; PAMs, pathogen-associated molecular pattern; PDGF, platelet-derived growth factor; PAR, protease activated 
receptor; ROS, reactive oxygen species; PRR, pattern recognition receptors; TGF-beta, transforming growth factor-β; TLRs, toll-like receptors; 
TNF-α, tumor necrosis factor-alpha; TREM2, Triggering receptor expressed on myeloid cells 2; VCAM-1, vascular cell adhesion molecule 1; 
VEGF A, vascular endothelial growth factor A; VEGFR, vascular endothelial growth factor receptor.
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Table 3.

Brain injury/TBI-associated onset, progression and severity of AD in high-risk people

Abbreviations: Aβ, beta amyloid; AD, Alzheimer’s disease; BBB, blood-brain barrier; BCSFB, blood cerebrospinal fluid barrier; BDNF, brain-
derived neurotrophic factor; NFTs, neurofibrillary tangles; TNF-α, tumor necrosis factor-alpha
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Table 4.

Neuroimmune and neuroinflammatory responses after brain injury/TBI

Timings Brain injury/TBI-mediated onset, progression and severity of Alzheimer’s 
disease

Factors accelerating AD pathogenesis
Age, gender, race, emotion, peripheral 

disease, allergic tendencies, genetic 
factors, environmental factors, and nature 
of regular food intake can influence TBI-

mediated AD pathogenesis

Seconds & 
Minutes

Injury to microglia, astrocytes, neurons and endothelial cells lead to direct BBB 
damage and increased permeability. Injured brain cells release DNA, RNA, and 
ATP. DAMPs causes mast cell degranulation and release of neuroprotective 
preactivated cytoplasmic granule stored TNF-α, IL-1α, tryptase, IL-4, IL-33, 
TGF-β and ROS. DAMPs activate microglia, astrocytes, and release pro and 
antiinflammatory mediators including IFN-γ, IL-1β, TNF-α, ROS, chemokines 
CCL2, CCL5, CXCL1, and IL-8. Physical damage to the BBB causes activation 
of microglia and astrocyte to release more chemokines CCL2, CCL5, CXCL1, 
CXCL2, and IL-8 to recruit immune cells such as neutrophils, macrophages, T-
cells and mast cells. Mast cell released and other mediators increase vascular 
permeability and vasodilatation.

Hours Neutrophils release ROS, myeloperoxidase and perform phagocytosis. Increased 
phagocytosis and removal of cell debris by innate immune cells including 
neutrophils, microglia, macrophage and mast cells. Glial cell number increases 
(gliosis) to help removal of debris, promote BBB repair, and prevent spreading 
of injury related effects. Anti-inflammatory mediator release and neuroprotective 
responses. Mast cell chymase induces basement membrane breakdown.

Days Increased number of microglia, astrocytes, neutrophils, monocytes, T-cells and 
mast cells at the injury site. Increased expression of endothelial cell adhesion 
molecules that facilitate infiltration of immune cells from the periphery to the 
CNS. Tryptase, chymase and PGD2 induce collagen production and deposition. 
Fibroblast proliferation and growth.

Weeks Over immune and inflammatory responses with decreased removal of debris. 
Increased activation of astrocytes, microglia with increased activity of 
inflammatory signaling pathways. Increased release of neuroinflammatory 
mediators generated within and outside the brain. Wound contracture. 
Insufficient wound healing and repair process. Generation of Aβ and tau, 
phosphorylation of tau and its incomplete removal. VEGF induces angiogenesis 
and new blood vessel formation. Reduced clearance of Aβ from brain. Impaired 
mechanism of efflux of Aβ through BBB.

Months Vicious neuroinflammatory activation, chronic activation of neuroinflammatory 
pathways including microglia, astrocyte, T-cells and mast cell activations with 
peripheral influence. Leaky BBB and chronic disease influence on CNS diseases. 
Aβ1–42 activates glia and innate immune cells to release additional 
inflammatory mediators and induces neurodegeneration and neuronal death.

Years/
decade(s)

Increased amyloid plaques (APs) and neurofibrillary tangle (NFTs) formation in 
the brain. More activation of glia and immune cells at the vicinity of APs and 
NFTs. Increased GFAP expression. Chronic peripheral inflammatory diseases 
accelerate the neuroinflammatory mediators in the brain and increases the 
activation of glia and neurodegeneration that contribute to more 
neuroinflamation, neurodegeneration and cognitive decline. Chronic activation of 
glia, neurons and immune cells with neuroinflammation and neurodegeneration 
and continued cognitive decline.

Brain injury/TBI accelerated Alzheimer’s disease pathogenesis

Abbreviations: Aβ, beta amyloid; BBB, APs, amyloid plaques; ATP, adenosine triphosphate; blood-brain barrier; CNS, central nervous system; 
DAMPs, damage-associated molecular patterns; DNA, deoxyribonucleic acid; GFAP, glial fibrillary acidic protein; NFTs, neurofibrillary tangles; 
RNA, ribonucleic acid; TNF-α, tumor necrosis factor-alpha; IL-1α, interleukin-1alpha; TGF-β, tumor growth factor-beta; ROS, reactive oxygen 
species; IFN-γ, interferon gamma; CCL2, chemokine (C-C motif) ligand 2; CXCL1, C-X-C motif chemokine 1; PGD2, prostaglandins D2; VEGF, 
vascular endothelial growth factor
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