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Abstract

The pathophysiology of degenerative, infectious, inflammatory and traumatic diseases of the

central nervous system includes a significant immune component. As to the latter, damage to the

cerebral vasculature and neural cell bodies, caused by traumatic brain injury (TBI) activates innate

immunity with concomitant infiltration of immunocytes into the damaged nervous system. This

leads to pro-inflammatory cytokine and prostaglandin production and lost synaptic integrity and

more generalized neurotoxicity. Engagement of adaptive immune responses follows including the

production of antibodies and lymphocyte proliferation. These affect the tempo of disease along

with tissue repair and as such provide a number of potential targets for pharmacological treatments

for TBI. However, despite a large body of research, no such treatment intervention is currently

available. In this review we will discuss the immune response initiated following brain injuries,

drawing on knowledge gained from a broad array of experimental and clinical studies. Our

discussion seeks to address potential therapeutic targets and propose ways in which the immune

system can be controlled to promote neuroprotection.
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Introduction

Bridges between immunity and neurodegeneration have been widely studied in brain

diseases that have infectious, degenerative, immune and traumatic origins [1–3]. Indeed,

neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases (AD and PD),

amyotrophic lateral sclerosis (ALS), stroke and Huntington’s disease (HD) show a

significant inflammatory component that influences neuronal injuries [1]. Such linkages also

prove important to the pathophysiology of acute neurological injury that occurs from

traumatic brain injury (TBI) [2].
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TBI has recently entered the public consciousness as a significant brain disorder. The return

of wounded service members following United States military operations in Iraq and

Afghanistan is now considered a major issue for military medicine [3]. Likewise, injuries

leading to neurological impairments have led to long-term impairments and subsequent

high-profile lawsuits against the National Football League. These were initiated by former

players as a result of head injuries sustained during football games and allegedly resulted in

delayed onset cognitive and motor dysfunctions [4]. Notwithstanding such recent emerging

events, TBI has remained a significant and long-standing public health concern as it

annually affects up to 1.7 million Americans [5].

The pathobiology of TBI is comprised of two parts. The first is the mechanical impact

(primary injury) that initiates a cascade of biochemical reactions. This latter secondary

injury produces a robust immune response [6] and neurodegeneration with secondary repair

[7–9]. To reflect both injury types preclinical models were developed that reflect the

pathophysiology of disease (Figure 1). These include focal injury (controlled cortical

impact, weight-drop and others) and diffuse injury (lateral fluid percussion, Marmarou, for

example) [10]. Notably, while immune based inflammatory responses were observed, no

immune modulatory therapies have yielded a single therapeutic agent approved by the Food

and Drug Administration [11, 12]. A review of immune system components implicated in

TBI pathology that include both damage and repair are included herein. Moreover, we

discuss the means available that could ameliorate neurotoxic inflammation and as such

potentially improve neuronal function as well as the limitations seen in moving these from

experimental model systems to humans. The discussions draw on work previously

conducted with TBI models. Additionally, the designs of pre-clinical works are discussed as

they can influence human translational studies [13]. To this end we seek to present a

balanced vision of the role of neuroimmune pharmacology in TBI. This included noted

obstacles that lay in the path of translated immune modulation to affecting positive disease

outcomes.

Innate immunity

Neutrophils

The innate immune system is a complex network of cells and signaling mediators that serves

as the first-line of defense against invading pathogens and injuries. Indeed, in the context of

TBI where the initial mechanical trauma causes direct damage, it is the endogenous glia

(microglia and astrocytes) that begins a cascade of immune events heralded by the release of

damage-associated molecules [14, 15]. The stimulation of nonspecific immunes ensues that

involves inflammation produced from brain attracted mononuclear phagocytes (MP; blood

borne monocyte-derived macrophages and neutrophils) from blood while also activating

resident glia. These cells produce an array of pro-inflammatory mediators, reactive oxygen

species, and pro-apoptotic proteins that perpetuate neural injury. The complexity of the

innate immune response following TBI was recently demonstrated by the demonstration that

> 100 genes related to inflammation were significantly upregulated following controlled

cortical impact (CCI) [16].
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Neutrophils are the most prevalent leukocytes in blood, generated at a rate of up to 2 × 1011

cells/day [17] by the bone marrow. Upon the initiation of inflammation, they are attracted to

the endothelium, activated and express integrins. In response to proinflammatory cytokines,

integrins bind adhesion molecules on the surface of the neutrophil to form contact.

Following this contact β2 integrins expressed on neutrophils, including Mac-1 and LAF-1,

bind to intracellular adhesion molecule (ICAM)-1 and −2 to form a firm adhesion [18, 19].

Once firm adhesion is established, transendothelial migration occurs which allows entry of

the neutrophils into the damaged tissue where these cells perform phagocytic and clearance

functions [20].

Using intravital microscopy, leukocytes were observed to “roll” in the venular endothelium

near the injury site immediately following TBI [21]. The earliest cells that enter the site of

neural injury are neutrophils that appear within minutes and peak two hours later in the

subarachnoid and subdural spaces as shown by immunohistochemistry [18, 22]. Infiltration

into the brain parenchyma peaks 24 to 48 hours in the course of the inflammatory cascade

after cortical injury [18, 23] then decreases substantially over an ensuing 7 days [24–26].

Several groups identified neutrophil infiltration in subcortical structures such as the

hippocampus [22, 23], whereas others do not report infiltration anywhere but the damaged

cortex [20]. However, several variables including trauma model, animal species, and injury

intensity could account for such discrepancies. The recruitment of neutrophils to the area of

damage is dependent on ICAM-1 [18] and the cell surface integrin Mac-1 [19]. Once in the

brain tissue, neutrophils may perpetuate infiltration of other cells by secreting vascular

endothelial growth factor (VEGF) [27], a mediator of blood-brain barrier (BBB) disruption

and worsening edema as well as chemokines. Some evidence exists suggesting that early

BBB disruption occur independent of neutrophil infiltration [28]. However, this may be a

function of the marker size. A recent study using both the wet-dry method of determining

brain water content and Evans blue extravasation found that induced neutropenia reduced

the amount of water in the injured hemisphere while there was no significant difference in

dye content [20]. Also of significance in this study, neutropenia reduced lesion size, reduced

caspase-3 staining, and microglia and blood borne macrophage staining.

Few studies were conducted investigating neutrophil dynamics in clinical TBI as the cells

are transient. Histopathological analyses have shown they are also few in number and

present only at the earliest stages of brain injuries. Notably, in brain tissue collected from

postmortem TBI, neutrophils can be regularly observed in the first hours following injury,

though there is evidence that the cells can enter the brain in minutes [29]. A comprehensive

study including brains from 305 post-traumatic autopsy cases found evidence of neutrophil

infiltration in approximately 43% of samples from five minutes after injury [30]. These data

suggest that neutrophil recruitment following injury is a significant early event in TBI

pathogenesis.

Blood borne macrophages and microglia

Blood borne macrophages and microglia are a first-line innate immune cell of the brain.

These cells are derived from embryonic yolk-sac macrophages that migrate to the brain upon

development of the cerebral vasculature [31] and make up 10% of total brain cells [32].
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Under resting conditions, these cells have elongated, ramified processes protruding from a

small cell body. While largely considered to be “resting” under physiological conditions,

this is not an accurate representation of their complex role in the brain. The normal function

of these cells is to promote homeostasis of the brain by rapidly extending high-order

processes off of the main branches to engulf metabolic by-products and cellular debris [14,

15]. These cells can be identified by immunostaining surface markers including receptors for

chemokines, complement, cytokines, antibodies, pattern recognition, advanced glycation end

products, lectins and adhesion molecules [33].

However, following central nervous system (CNS) damage, these cells become quickly

activated by purinergic signaling through the P2Y family of receptors. This leads to cell

migration to the area of injury (< 75 μm) [15]. Leukocytes migrate towards the damage

while adjacent cells move further away and extend their processes. In addition to the release

of ATP from damaged cells, other damage-associated molecular patterns (DAMPs) and

activation pathways influence immune activation after trauma. High mobility group box-1

(HMGB1) protein was found to translocate from the neuronal nucleus to the cytoplasm in

the early hours following TBI and localized to microglia at a later stage [34]. Antibodies

against HMGB1, which can interfere with this translocation, have recently been tested as a

therapeutic agent in preclinical models with promising results [35]. Heat shock proteins such

as Hsp70 are also highly expressed in the lesion area within days following injury [36].

Likewise, S100B is known to be released at high levels following injury and has been

extensively studied for use as a biomarker to predict the clinical course of TBI victims [37].

However, evidence supporting its utility as a biomarker is variable [38, 39]. These and other

DAMPs activate toll-like receptors (TLR) and intracellular signaling pathways that promote

an immune response [40] and have been observed in the injured cortex and subcortical

structures by one day post-injury [36].

Additionally, the release of excitatory neurotransmitters, a significant pathological

mechanism of TBI [41, 42] also affects cellular activation. The α7 nicotinic acetylcholine

receptor (nAChR) [43, 44] and the n-methyl-D-aspartate receptor (NMDAR) [45], have

similar biophysical properties and are present on microglia, but have divergent signaling

pathway that affect cellular outcomes. Both receptors are ligand-gated ion channels with

high calcium permeability and affecting large numbers of neuronal populations by the TBI

[46–48]. Activation of the α7 nAChR on microglia induces a neuroprotective phenotype

[43, 44] whereas NMDAR activation on microglia leads to an opposite, neurotoxic

phenotype [45]. In fact, others have hypothesized that increased activity from the vagus

nerve following TBI acts on the α7 nAChR on peripheral blood borne macrophages [49],

promoting an anti-inflammatory state. This commonly leads to an increased risk of infection

and poor clinical outcomes [50].

Due to parallel lineages, it is difficult to discern the presence and functions of activated

microglia versus peripheral blood borne macrophages that infiltrate the brain following

trauma. Jin et al. [26] identified two subsets of cells based on the degree of binding to CD45;

CD45High/CD11b+ “macrophages” and CD45Low/CD11b+ “microglia.” Based on these

criteria, CD45High/CD11b+ cells peaked within one day following controlled cortical impact

(CCI) and remained elevated in numbers at three days before reaching control levels.
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Microglia, on the other hand, increase in numbers to a peak at day 7 then decrease over the

next week before increasing again through 28 days [26]. This profile is similar to what

investigators observed through immunohistochemical analyses of ionized calcium-binding

adapter molecule 1 (Iba1). Yet additional groups of investigators have also observed this

profile of prolonged Iba1+ cells to 28 days along with increased binding of [3H]-PK11195, a

marker for the 18 kDa translocator protein (TPSO) present on the activated glial cell outer

mitochondrial membrane [51]. Staining is especially evident in the thalamic regions at later

time points [52, 53] reflective of progressive neurodegeneration. These dynamics for

microglia activation are similar to those proposed by Loane and Byrnes [54], who also cite

evidence that a secondary peak occurs between 30 – 60 days.

Using the TPSO ligand [11C]PK11195 for microglia positron emission tomography (PET)

was used to determine long-term inflammatory responses following TBI [55]. This study

enrolled 10 patients, all of whom were ≥ 11 months post-injury. The investigators reported

an increase of [11C]PK11195 binding in regions away from the point of focal injury

including the thalami, putamen, occipital lobes, and posterior limb of the internal capsules.

Interestingly, the authors found no correlation between [11C]PK11195 binding and length of

time after trauma. In fact, the subject with the highest binding values was also the subject

with the longest time since the injury. However, it was shown that several aspects of the

report will require substantiation before this report can be accepted as definitive proof of

long-term microglia activation [55].

Nonetheless and assuming microglia are activated for years following traumatic injury, what

role these cells may have in a chronic state is far from certain. It has been hypothesized that

microglia and its associated neuroinflammation may play a deleterious or protective role

following insult. These divergent roles are due to subsets of activated microglia with

seemingly opposite functions. Microglia and infiltrating macrophages can assume

neurotoxic (M1) or neuroprotective and restorative phenotypes (M2) following traumatic

injury [56]. Recently, it was suggested that the brain experiences a bimodal increase in the

number of microglia present after TBI [26]. This study further went on to classify the

microglia phenotype out to 4 weeks post-injury. Using flow cytometry to determine cells co-

expressing CD86/CD11b (M1) or CD206/CD11b (M2), Jin et al. [26] reported that the anti-

inflammatory M2-like microglia were increased at seven days after injury and decreased

thereafter. The proinflammatory M1 phenotype however was not increased until 28 days.

This suggests a chronic neurotoxic inflammation, though the study did not determine any

time points beyond 28 days. Additional investigations are required to determine if this

pattern continues or if M2-like microglia resurge during later time periods.

Improvement in behavioral and histological outcomes through inhibition of microglia

activation with the use of minocycline, a semisynthetic antibiotic in the tetracycline family,

has been controversial. Initial work with minocycline showed promising effects in

experimental stroke models [57, 58], leading to clinical trials for stroke therapy [59, 60].

Minocycline has since been studied for other neurodegenerative disease models including

PD [61], AD [62, 63], HD [64] and spinal cord injury [65]. However, conflicting results on

the effectiveness of minocycline as a neurotherapeutic agent were reported [66]. Likewise,

preclinical TBI studies have been inconsistent between laboratories [Table 1]. Clinical trials
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using minocycline have also shown mixed treatment outcomes. While demonstrating safety

and efficacy when used as an acute neuroprotective agent in investigations of ischemic

stroke [59, 60, 67]; HD [68], PD and ALS [69] longer term clinical trials have failed to show

positive therapeutic outcomes. Nonetheless, the well-known safety profile of minocycline

supports its further study for TBI. To this end, a single trial to evaluate minocycline for the

treatment of TBI is listed as “recruiting” at www.clinicaltrials.gov [70].

Astrocytes

Originally described as “brain glue”, the astrocyte was long thought to have merely a

supportive role for brain homeostasis. Now it is understood that astrocytes have broader

functional role, being responsible for maintaining ionic balance, water balance, BBB

integrity, and maintenance of neurotransmitter levels. A defining characteristic of these cells

is the expression of glial fibrillary acidic protein (GFAP), though recent studies

demonstrated that approximately 15% of the cell volume actually stains positive for GFAP

[71]. The human cortex contains four morphologic subsets of GFAP cells; interlaminar

astrocytes in layer 1, protoplasmic astrocytes in layers 2–6, varicose projection astrocytes in

layers 5–6, and fibrous astrocytes in the white matter [72]. Rodents, on the other hand,

possess only protoplasmic and fibrous astrocytes. Differences between the species also exist

in the morphology of protoplasmic astrocytes with human cells being 2.55-fold larger with

10-fold more GFAP processes extending from the cell body [72]. Oberheim et al. [72]

estimated that this enlarged volume allows a single astrocytic domain to cover

approximately 270,000 to 2 million synapses, considering there are approximately 1094

million synapses/mm3 in the human cortex [73].

Following TBI, astrocytes become reactive which entails a phenotypic change including

increased expression of GFAP, cellular enlargement and extension of its processes. While

astrocytes perform critical functions in the uninjured brain, it is unknown if this reactive

astrocytosis, is beneficial or detrimental to TBI pathology [74]. Some of the strongest

evidence supporting a neuroprotective role for reactive astrocytes following TBI includes

decreased neuronal staining with NeuN or cresyl violet that corresponded to areas lacking

GFAP+ cells when reactive astrocytes were eliminated using gancyclovir administration to a

transgenic mouse model that targeted the herpes simplex virus thymidine kinase gene to

astrocytes using the GFAP promoter [75]. This study also found in regions lacking reactive

astrocytes there was a significant increase in CD45+ cells, suggesting a significant

infiltration of inflammatory cells that had a round, phagocytic morphology.

One of the primary functions of astrocytes is the uptake and control of glutamate. Regulation

of extracellular glutamate is performed primarily by uptake through astrocytic EAATs

GLT-1 (rat homolog of human EAAT2) and GLAST (rat homolog of human EAAT1) [76].

These two transporter subtypes are distributed widely throughout the brain [77, 78],

including the hippocampus where they account for 0.32% and 1.3% (for GLAST and GLT1,

respectively) of the total protein in the CA1 region [79]. Additionally, three other subtypes

of glutamate transporter exist; EAAC (rat homolog of EAAT3) and EAAT4-5 complete the

family of high-affinity glutamate transporters. Of these, EAAC was the only other subtype

that has shown to be localized in the hippocampus, though its expression is much lower than
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that of GLT-1 or GLAST [80] and is thought to have minimal contribution to glutamate

uptake [81]. However, evidence has been reported suggesting the presence of EAAT4 in

astrocytes of the hippocampus [82, 83]. As reviewed by Floyd and Lyeth [84], the reduced

ability of astrocytes to recycle glutamate through these transporters is dependent on several

mechanisms that are altered during the course of TBI pathophysiology: increased energy

demands from overstimulation of Na+-K+ATPase and excess glutamate uptake; astrocytic

swelling due to acidosis and increased intracellular [Na+]; and astrocytic loss from

apoptosis. Additionally, the expression of EAATs also undergoes significant TBI-induced

changes. Decreases in expression of both GLT-1 and GLAST have been observed as early as

15 minutes in the hippocampus following CCI [85] and remained decreased through 72

hours [86]. The reduction in EAAT expression was found to coincide with a decrease in d-

[3H]aspartate binding [86] suggesting an inhibited functional capacity of this transporter to

remove glutamate from the synapse and therefore sustaining excitotoxicity. Evidence of this

effect was seen [87] after increased neuronal damage following TBI was induced in rats who

were administered antisense oligonucleotides used to lower GLT-1 expression.

Pharmacological modulation of GLT-1 has shown neuroprotective potential in several

models of neurodegeneration. Rothstein et al. [88] was the first to identify GLT-1

upregulation following ceftriaxone exposure and found significant neuroprotection when

used in models of ALS and ischemia. Likewise, other labs have found similar results for

ischemia [89–91]. Here, ceftriaxone upregulates GLT-1 expression, presumably increasing

the functional capacity of the protein [88]. This work has now been expanded to models of

HIV dementia [92] and a clinical study for ALS [93]. However, Lipski et al. [89] caution

that the neuroprotective effects of ceftriaxone are not broadly applicable.

Further evidence of the neuroprotective effects of the glutamate transporters were made

through pharmacological studies conducted using inhibitors of glutamate transport. DL-

threo-β-Benzyloxyaspartate (DL-TBOA), a non-selective, non-transportable inhibitor of

GLT-1, GLAST, and EAAC1 are neurotoxic under normal conditions used during in vivo

tests [94]. Recently, a report showing a neuroprotective effect of ceftriaxone in a preclinical

TBI model was seen [95]. This study found that a single intravenous dose of ceftriaxone not

only improved cognitive functioning but decreased edema and proinflammatory cytokine

production out to at least 3 days post-injury [95]. Surprisingly, the authors found that

ceftriaxone only increased GLT-1 expression at 48 hours post-injury, which is apparently at

odds with other neurodegeneration models and did not correspond to the anti-edema and

anti-inflammatory effects that were reported [89–91]. However, another group recently

found that ceftriaxone improved GLT-1 expression at seven days following injury which

corresponded to a decrease in GFAP expression and a decrease in post-traumatic seizure

activity [96]. Ceftriaxone has several benefits including a well-defined safety profile

obtained from its wide clinical use and low cost. Future studies should be conducted to

determine its ultimate efficacy.

Immune secretory products

Cytokines are inflammatory regulators that are produced by blood-borne leukocytes, glial

cells, and possibly neurons [97]. These proteins can be proinflammatory or anti-
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inflammatory in action and are generally classified into several families based on their

receptor interactions [98; Table 2]. Many of these cytokines have been shown to have a role

in TBI and have been recently reviewed [99]. We highlight a few below that are important

for understanding work aimed to control immunity to mitigate neurodegenerative disease.

Interleukin-10 (IL-10)

IL-10 is an established anti-inflammatory cytokine with potent immunomodulatory effects.

Knoblach and Faden [100] tested the effect of IL-10 using differing administration

paradigms. When administered to rats as an IV injection at 30 minutes before and 1 hour

after a lateral fluid percussion (LFP) model, IL-10 improved neurological recovery out to 14

days after injury. This administration strategy also decreased the amount of

interleukin-1beta (IL-1β) and tumor necrosis factor alpha (TNFα) in the brain. When

administered as a subcutaneous injection at 10 minutes, 1, 3, 6, 9, and 12 hours after trauma,

neurological recovery was improved at 7 days, but this effect was gone at 14 days. When

IL-10 was administered by intracerebroventricular injection, there was no effect.

Interestingly, Kline et al. [101] found that while systemic administration of IL-10 following

CCI decreased the number of neutrophils accumulating in the parenchyma, it did not

improve behavioral outcomes and decreased the neuroprotective effect of hypothermia.

Granulocyte macrophage colony stimulating factor (GM-CSF)

GM-CSF is a well-established hematopoietic cell growth and differentiation factor released

from macrophages, T cells, mast cells, endothelial cells, and fibroblasts, which stimulates

the mobilization of hematopoietic progenitor cells. Receptors for GM-CSF have been found

in both the central and peripheral immune systems [102] and neurons [103]. Both in vitro

and in vivo evidence shows that GM-CSF can induce an expansion of the regulatory T cell

(Treg) population that can attenuate immune activation leading to neuroprotection [104–

106].

Recently, it was demonstrated that delayed administration of GM-CSF could have long-

lasting neuroprotective effects. Subcutaneous injections of GM-CSF (10 μg/kg) when

combined with IL-3 and administered beginning two days following a cortical stab injury

and continued daily for seven days [107]. Although GM-CSF administration alone did not

produce effects different from vehicle, the two cytokines together did attenuate tissue loss

and improved motor function when assessed two months after injury.

Arachidonic acid metabolites

The cyclooxygenase (COX) family of enzymes, which is primarily comprised of two

isoforms (COX-1 and COX-2), are responsible for the oxidation of arachidonic acid to

prostaglandin (PG) G2 and the reduction of PGG2 to PGH2. PGH2 is converted through

enzymatic and non-enzymatic pathways to PGD2, PGE2, PGF2α, PGI2, or thromboxane (Tx)

A2. COX-1 is constitutively expressed in most tissues whereas COX-2 is inducible in

response to cellular stress [108]. However, both enzymes are normally expressed in the

mammalian brain [108–110]. Found mostly in glutamate neurons, COX-2-derived PGE2 has

been shown to be a crucial signaling molecule for synaptic plasticity [111, 112]. Following

brain injury, COX-2 expression is further induced over basal levels within three hours after
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injury [113–116] and COX-1+ cells accumulate around the lesion site and injured

vasculature [117, 118]. Infiltration of neutrophils has been shown to be dependent, at least in

part on the upregulation of these enzymes with some evidence suggesting an inhibitory role

for COX-1 and a permissive role for COX-2 [119].

However, COX inhibition for the treatment of TBI has shown limited success. Multiple

preclinical studies have not demonstrated an effect of COX-2 selective inhibition on

behavioral and/or neurological tasks such as the Morris water maze, the Barnes maze, or

neurological severity scoring [113, 114, 120] though other groups have demonstrated and

improvement in outcomes [116, 121]. Biochemical and histological endpoints have similarly

been variable. While decreased PGE 2 production is a consistent finding following COX-2

inhibition, some studies have found it associated with a decrease in lesion size [120] while

others found no such association [114]. Other groups have found no evidence of COX-2

mediated neuroprotection as evidenced by fluoro-jade B labeling and TUNEL staining that

was not significantly difference compared to control [122]. Likewise, there were no

significant differences in behavioral or histological outcomes between COX-1 null or

COX-2 null animals following TBI compared with their respective wildtype animals. [123,

124].

The use of NSAIDs and COX-2 inhibitors largely fell out of favor around 2004 when the

COX-2 inhibitor Vioxx ® (rofecoxib) was withdrawn from the market following

randomized clinical trials showing an increased relative risk of cardiovascular events

following chronic daily use [125]. Other COX-2 inhibitors showed a similar increase in

cardiovascular events [126]. However, studies continue showing the neuroprotective effects

of nonselective COX inhibition [127] and selective COX-2 inhibition [128].

An emerging strategy is to modulate the pathways downstream of COX activity. The

balance between thromboxane A2 (TXA2) and prostacyclin (PGI2) is a well-known

regulatory mechanism responsible for cardiovascular health with PGI2 acting as a

vasodilator as well as an inhibitor of leukocyte activation and adhesion. Following TBI, this

balance is shifted towards TXA2 as evidenced by the increased production of its metabolite

TXB2 [129, 130]. However, clinical studies using PGI2 administration for the treatment of

severe TBI have not improved outcomes compared to placebo [131, 132]. Another strategy

is directly targeting PGE2 receptors in the brain. Mammalian cells throughout the CNS

constitutively express the G-protein coupled PGE2 receptor EP1. Antagonism of this

receptor with the compound SC51089 was shown to be neuroprotective following middle

cerebral artery occlusion [133] and in a surgical excision model of brain injury [134].

Adaptive Immunity

The adaptive immune response consists of two parts; humoral immunity and cell-mediated

immunity. Humoral immunity is mediated by B-lymphocytes that are responsible for the

production of antibodies following activation by an antigen. Cell-mediated immunity is

primarily directed by activated memory effector T-lymphocytes or regulatory cells and can

have destructive or homeostatic effects. These responses can be activated as a result of
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protein modifications that result from a TBI [135, 136] and lead to chronic

neurodegeneration.

B cells

B-lymphocytes are produced from progenitors in the bone marrow, which enter the

circulation and ultimately reside in the spleen and lymph nodes. Upon differentiation to a

plasma cell following activation by a pathogen, the primary function of these cells is the

production of antibodies. Evidence of B cell involvement following TBI has been little

studied relative to other aspects of immunity. Cells expressing the B cell marker OX33 have

only been reported 4 – 6 days following experimental injury [137]. CCL20, a chemokine

that has been shown to have a role in B cell chemotaxis [138] is elevated within four hours

after injury and persists out to three days following CCI [139]. However, mice lacking the

Rag1 gene, leading to a deficiency of mature B and T cells, were not found to be

significantly different from wild type controls in neurological functioning or evidence of

histological damage as evidenced by lesion size, TUNEL staining, and staining for the

neuronal marker NeuN, following a weight drop injury [140]. Rag1−/− mice were protected

against aseptic cerebral injury produced by the application of a liquid nitrogen-chilled rod

the intact skull for six seconds. When compared to C57BL/6 mice, Rag1−/− mice had a 50%

reduction in lesion volume and a reduction in the number of apoptotic cells [141], though it

is not known if this result is due to a lack of T cells, B cells, or both. Brain-reactive

antibodies have been found in the serum out to one month following weight-drop injury to

rats, but largely disappear by three months [142]. These antibodies primarily showed a

similar pattern of labeling to anti-NeuN with weak co-localization to anti-GFAP

(astrocytes).

Few clinical studies have been conducted to determine the effect of TBI on B cell

populations. One such study investigated B cell (CD5+/CD19+) populations in the

peripheral blood of 20 patients admitted with a severe TBI and found no significant

difference when compared to healthy controls [143].

T cells

T cells are lymphocytes that have origins in the thymus and are the primary mediators of the

adaptive immunity, acting in a cytotoxic, helper, or regulatory manner. Following a CCI to

C57BL/6 mice Clausen et al. [24] found that a significant number of T-cells infiltrated the

pericontusional cortex, but not the hippocampus or thalamus, and continued to increase in

number until at least 7 days. T cells were identified by immunohistochemical staining with

an anti-T-lymphocyte receptor (TcR) antibody so the phenotype of these cells is unknown.

Interestingly, this same group reported a different expression profile in rats [144] which the

authors suggest is an interspecies variation. In that study, TcR+ cells peaked at 24 hours and

decreased thereafter. A continued presence was observed in the white matter at 72 hours and

7 days post-injury, but this was not observed in all animals.

Jin et al. [26] performed an extensive characterization of inflammatory cell dynamics

following CCI, including not only the brain but the cervical lymph nodes and spleen.

CD45+/CD3+ T cells were reduced in the cervical lymph nodes as early as one day
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following injury followed by a return to baseline until 28 days when cell numbers increased.

In the spleen, T cell populations also decreased at one day following injury but remained

decreased until day 21. In the brain, T cells increased to a peak at three days, but then

decreased to baseline levels by day 14 before rising again out to 28 days. Although these

cells were significantly increased in the brain after trauma, their numbers were fewer than

neutrophils, macrophages, and microglia. Further research characterizing specific T cell

subsets after injury would be of great interest.

However, investigations into the infiltration of T cells into the brain after injury are

complicated with potential opposing effects. Cytotoxic T cells are historically identified by

the expression of CD8, a transmembrane glycoprotein expressed on the T cell surface and

acts as a co-receptor for the TCR. However, Zhang et al. [145] suggested that the majority of

CD8+ cells in the rat brain parenchyma following injury are of the mononuclear phagocyte

lineage rather than T cells. The authors performed double-labeling immunohistochemical

studies of rat brains at various time points following trauma. While CD8+ cells were

increased early following injury with a progressive increase out to 96 hours, the majority of

these cells also expressed ED-1 and relatively few expressed the T cell marker W3/13.

As further evidence of the role of T cells, 1×106 CD4+ T cells were adoptively transferred

into Rag1−/− mice, 24 hours before aseptic cerebral injury exacerbated the lesion size and

number of apoptotic cells [141]. When T cells were further sorted into naïve or effector

groups and adoptively transferred to Rag1−/− mice, the animals receiving the effector cells

had a more extensive injury than did the naïve animals.

The role of attenuating immunity thereby preventing “autoimmune-like” responses is

primarily performed by regulatory T cells (Treg). These cells are characteristic in their

expression of the transcription factor Foxp3 [146]. Using the 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) intoxication model of Parkinson’s disease, our group has

previously shown that Treg can attenuate the proinflammatory effects of Th17 cells [147].

Th17 cells are a subset of helper T cells that produce IL-17 and are known for promoting

cellular migration across the BBB and having a role in autoimmune diseases of the CNS

such as multiple sclerosis [148]. Recent work has suggested that Treg amplify a negative

feedback loop present in Th17 cells through an IL-10 dependent mechanism [149, 150]. It is

possible that neurons directly influence the production of Treg through signaling of cytotoxic

T lymphocyte antigen 4 and transforming growth factor (TGF)-β [97], the latter having been

shown to increase following experimental [151] and clinical TBI [152]. Likewise, it has

been suggested that astrocyte interactions with T cells can induce a regulatory phenotype

[153].

Human studies have generally supported preclinical evidence of T cell recruitment following

injury. Holmin et al. [154] performed an analysis of brain biopsy tissue collected from TBI

victims at different time points post-injury. This study evaluated the percentage of patients

who had immunohistochemical evidence of inflammatory cells present in the tissue sample.

The authors report no evidence of CD3+, CD4+, or CD8+ T cells in brain biopsies collected

within 24 hours following trauma. Comparatively, all brain samples collected 3 – 5 days

following trauma had some expression of CD3+ and CD4+ cells, and 75% of the samples
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had CD8+ cells. While this pattern supports preclinical evidence of delayed involvement, it

should be noted that the injuries did not occur in the same region for all patients and that this

study included only 12 patients, four of which were in the 3 – 5 day group. A more recent

study investigating 56 postmortem TBI cases found CD3+ T cells in the lesion area after 4

days post-injury and persisted for at least 26 days [29], but did not assess T cell subsets by

identifying any other markers.

Harnessing the natural ability of Treg function to limit autoimmune responses may be a

highly efficacious method of producing a neuroprotective response. Increasing the

population and/or function of Tregs for the treatment of neurodegenerative disease is a highly

promising strategy. Our group has previously demonstrated a neuroprotective role of Tregs in

protection from MPTP intoxication. Adoptive transfer of Treg at 12 hours following the last

MPTP injection provided over 90% protection of tyrosine hydroxylase-immunoreactive

neurons of the substantia nigra [155]. Using this strategy, our own group also found that Treg

responses provided neuroprotection in a model of HIV-1 encephalitis [156].

In addition to adoptive transfer strategies, our group and others are investigating the

potential of GM-CSF administration, which can elicit an increased Treg response. Increased

splenic Treg frequencies from mice treated with 50 μg/kg GM-CSF are neuroprotective in

models of both myasthenia gravis [157] and PD [158]. Furthermore, in an acute

experimental stroke model, GM-CSF administered immediately following middle cerebral

artery occlusion followed by daily injections for five days decreased infarct volume,

improved neurological and motor outcomes, and decreased the presence of proapoptotic

mediators [159]. While this research group found a proliferative effect of GM-CSF

treatment on blood mononuclear cells, others have identified Treg as the mediator of

neuroprotection, exerting an effect via suppression of Iba-1+ microglia and proinflammatory

cytokines by the secretion of IL-10 following middle cerebral artery occlusion [160].

Harnessing Immune Response for Neural Repair

At the interface of neuroscience, immunology, and pharmacology is the emerging field of

neuroimmune pharmacology. Researchers whose work encompasses these disciplines have

come to appreciate the complexity of the interaction between the three, specifically how the

immune system interacts and affects the brain during both normal and pathological states.

Pharmacological treatment of the diseased brain can influence how the immune system

affects the brain or vice versa, sometimes leading to less than optimal outcomes. Exciting

new research is constantly challenging our paradigms and hypotheses as to how these pieces

fit together and what is the appropriate strategy for mitigating the devastating disease states

of the nervous system.

The field has grown exponentially in recent years. Its origins are from the early 1980’s when

exciting research emerged on the effect of drugs of abuse on immunological function. The

field quickly gained traction with the discovery of HIV. The discipline now has an active

society with a dedicated membership, a peer-reviewed journal that reports exciting new

research, a textbook that defines the important concepts that serve as the basis of the

discipline, and numerous academic departments and centers contain leaders who carry on

Kelso and Gendelman Page 12

Curr Pharm Des. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



important work [161]. As the field develops, more diseases of the brain have been found to

have a robust immunological component, ensuring that expansion will continue.

One of the principles that governs neuroimmune pharmacology is that the brain is an

immune privileged site, though this concept has evolved significantly since the first

observations were reported in 1921 when it was shown that rat sarcoma did not proliferate

when implanted into the mouse periphery, but did grow when implanted into the mouse

brain parenchyma (reviewed in [162]). This finding has since been expanded to include

viruses and bacterial lysates. It is now understood that the concept of immune privilege is

relative. The brain parenchyma lacks dendritic cells (DC) which are responsible for

introducing antigen to T cells in the lymph organs, though other structures in the brain such

as the meninges and choroid plexus have populations of cells that express DC markers

[163]. This regulation was once thought to be attributed wholly to an intact blood-brain

barrier [164] but it is now understood that regulation of the immune privileged state is much

more complicated. The brain hosts a robust innate immune system, consisting primarily of

microglia, which is the first line of defense against infection or insult. As these cells become

activated in response to the trauma, the adaptive immune response is signaled, producing

autoantibodies to CNS proteins and activating T cell subsets and recruiting migration to the

area of injury where they may have neurotoxic or neuroprotective actions (Figure 2).

Manipulation of the immune system holds enormous promise as a therapeutic strategy

(Figure 3). An exciting new avenue of research has emerged in which the immune system is

used to deliver neuroprotective agents to the injured brain. This possibility has been made

possible through advances in polymer chemistry and nanomedicine, allowing the drug to

escape normal routes of degradation and cross the BBB. Our group has previously

demonstrated the utility of formulation and stabilization of protein therapeutics in polymer

complexes [165–167] and have shown the utility of cell-based drug delivery for the

treatment of neurological disorders. The ex vivo loading of the complex (termed nanozyme)

formed with the antioxidant enzyme catalase and a cationic block copolymer into bone

marrow-derived macrophages (BMM) decreased microglia activation [168]. Likewise, this

nanozyme increased brain penetration over free nanozyme following MPTP or 6-

hydroxydopamine intoxication [167].

However, this strategy is not without potential problems. Macrophages can become

activated upon entry to the injured brain and can take on a cytotoxic phenotype. Indeed,

when nanozyme-loaded BMM, free nanozyme, or BMM only were administered to MPTP-

intoxicated mice, only nanozyme-loaded BMM or free nanozyme decreased microglia

activation, whereas BMM-only was comparable to intoxicated animals injected with saline

[168]. In light of recent evidence from us and others that Treg can infiltrate damaged areas of

the brain and produce a neuroprotective response in models of stroke [160], PD [155], HIV-

associated neurocognitive disorders [169], and ALS [170], Treg would make a logical choice

to provide a synergistic effect if used as a drug carrier.
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Conclusions

In contrast to other diseases, TBI is not acquired or slowly developed over a period of years.

There are no warning signs for a victim to take notice of, and while lifestyle does have some

role, it mostly occurs at random. These devastating injuries occur within milliseconds and

can severely affect the survivor for the rest of his/her life. Although research has been

progressing for over the past 25 years, there is still no therapy available that can offer a

proven therapeutic benefit or help the victim regain lost functional ability or cognition.

The development of new pharmacological agents holds great promise for ameliorating some

of the most devastating neurologic and neurodegenerative diseases, including TBI. The

robust immune response that is initiated following injury provides a host of potential targets

that may dampen progressive neurodegeneration. The challenge lies in selecting the

potential target. Many strategies have shown great promise in the laboratory setting, only to

collapse when moved to a clinical study. Many times, inhibiting one pathway only leads to

more problems. We suggest another strategy: influence the body to produce an anti-

inflammatory response. We hypothesize that this strategy will dampen the pro-inflammatory

and neurotoxic effects of an activated immune system without artificially suppressing

pathways that may be necessary for repair and/or regeneration. Another benefit of this

strategy is that it may facilitate the delivery of therapeutic agents to areas of damage. By

packaging therapeutic molecules or proteins in carriers and targeting normally expressed

proteins on these inflammatory cells, drug can be taken up and delivered to the site where it

is needed, possibly eliminating many side effects and/or dose-limiting toxicities. In closing,

bridges between immunity and traumatic injury of the nervous system are constantly

evolving to reveal new pathways and targets that may facilitate improvements in clinical

outcomes for TBI.
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Figure 1.
Acute and chronic pathology resulting from experimental traumatic brain injury. A.

Representation of the controlled cortical impact (CCI), one of the most widely used models

of experimental TBI. The injury is administered directly to the brain of an anesthetized

animal with a computer-controlled, air-driven piston. This injury results in breakdown of the

BBB and the extravasation of blood components into the brain parenchyma that can be

observed through gross evaluation (B) and gadolinium-enhanced magnetic resonance

imaging (C). A robust immune response results over a period of weeks (D) observed through

binding of [3H]-PK11195 to the translocator protein (18 kDa) expressed on the outer

mitochondrial membrane of activated microglia) that ultimately leads to tissue loss and

cavity formation (E). (F) Further evidence of this response can be observed through

immunohistochemistry. The uninjured hemisphere (left column) has relatively low
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expression of microglia/macrophage marker ED1 (top row) or astrocyte marker GFAP

(bottom row) compared to the lesion site (right column).
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Figure 2.
The stages of the inflammatory response following TBI. A. The person sustains a traumatic

brain injury. B. Blood components such as neutrophils and monocytes pass through the

damaged blood brain barrier and enter the brain parenchyma. C. The reactive phase is

activated as macrophages begin to phagocytize cellular debris. Effector T cells are increased

while neuroprotective regulatory T cell populations are low. Proliferation of astrocytes and

microglia is present. Microglia undergo a change from a ramified resting state to an

activated state where they produce inflammatory mediators such as cytokines and

prostaglandins. These mediators are toxic to neurons that have already been subjected to

toxic concentrations of excitatory neurotransmitters. D. The resolution phase is

characterized by an increase in the production of anti-inflammatory mediators such as TGF-

β, IL-10, and IL-4. An expansion of the regulatory T cell population corresponds with a

change in microglia phenotype to a neuroprotective (M2) state.
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Figure 3.
Immune system strategies for treatment of TBI. The immune response following a TBI is

multifaceted and involves the innate and adaptive immune system. Anti-inflammatory

therapies including NSAIDs, COX-2 inhibitors, and minocycline have been tried with

varying degrees of success. Current strategies are focused on promoting and anti-

inflammatory reaction through the use of immunomodulators, such as GM-CSF, which have

shown promise in treating other neurodegenerative conditions. Figure modified from Stone

DK, Reynolds AD, Mosley RL, and Gendelman HE. (2009) Innate and adaptive immunity

for the pathobiology of Parkinson’s disease. Antioxidants & Redox Signaling. 11(9): 2151–

2166.
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Table 1

Summary of studies using minocycline as a treatment for TBI.

TBI Model Minocycline Tx Outcome Ref

CCI - Rat 40 mg/kg ip daily × 5 doses, beginning post- op
day 1

↔ Morris water maze
↔ lesion size
↔ [3H]-PK11195 autoradiography

[171]

Blast - Rat 50 mg/kg ip × 4 doses, beginning 4 h post- injury ↓ 9 different serum markers
↓ 9 different brain markers in various regions

[172]

Shohami Weight
Drop - Mouse

90 mg/kg @ 5min post- injury
45 mg/kg @ 3 h and 9 h post injury

↑ recognition index in the Novel Object Recognition
Test at 4 and 13 weeks post-TBI

[173]

Shohami’s Weight
drop - Mouse

45 mg/kg every 12 h ↓ NSS score Days 3–7, ↔ thereafter to 6 weeks
↓ activated microglia/macrophages (F4/80+ cells)
↔ BrdU+ cells in SGZ or GCL
↔/↓ DCX+ cells in SGZ or GCL
↔ NeuN or GFAP labeling

[174]

CCI – AQP4-
wildtype and null
mice

45 mg/kg ip 12 h before TBI; 90 mg/kg ip 30 min
after TBI every 12 h for 2 doses; 45 mg/kg ip

daily thereafter

↓ post-traumatic seizure phenotype
↔ Lesion size
↔ AQP4 immunoreactivity
↔ GFAP immunoreactivity
↓ CD11b+ immunoreactivity

[175]

Shohami’s Weight
drop - Mouse

90 mg/kg @ 5min post- injury
45 mg/kg @ 3 h and 9 h post injury

↑ aversion to acetic acid olfaction
↓ lesion size in olfactory bulb

[176]

Shohami’s Weight
drop - Mouse

90 mg/kg @ 5min post- injury
45 mg/kg @ 3 h and 9 h post injury

↑ sAPPα levels
↑ corpus callosum and striatum volume ratio
↓ GFAP immunoreactivity
↓ CD-11b immunoreactivity

[177]

CCI - Rats 45 mg/kg ip daily beginning 1 h post- injury ↑ Behavior ↓ myelin loss ↔ Lesion size ↔ IL-1β
production

[178]

Shohami’s Weight
drop - Mouse

90 mg/kg @ 5min post- injury
45 mg/kg @ 3 h and 9 h post injury

↓ TBI-induced locomotor hyperactivity (2 doses)
↓ CD11b immunoreactivity
↓ Lesion size

[179]

Shohami’s Weight
drop - Mouse

Protocol 1: 45 or 90 mg/kg ip @ 5 min post-
injury
OR

Protocol 2: Protocol 1 + 45 mg ip @ 3 h post-
injury
OR

Protocol 3: Protocol 2 + 45 mg/kg ip @ 9 h post-
injury

Protocol 1:
↓ IL-1β expression (90 mg/kg)
↓ proMMP-9
↔ edema
Protocol 2:
↓ IL-1β expression (45 and 90 mg/kg)
↓ edema (90 mg/kg)
↔ GSSG/Gsx or GSH/Gsx
Protocol 3:
↓ edema
↑ String test performance

[180]

Marmarou Weight
drop - Rat

1 mg/kg IV 30 min after injury ↑ synaptophysin expression (mRNA and protein)
↓ MMP-2 expression (mRNA and protein) and function
↓ MMP-9 expression (mRNA and protein) and function

[181]

Shohami’s Weight
drop - Mouse

45 mg/kg every 12 h DNA microarray experiment found 235 genes affected
involved in cellular signaling and transduction,
metabolism, chemotaxis, immune response, and growth
factors.

[182]

Shohami’s Weight
drop - Mouse

45 mg/kg every 12 h ↔ Neurological Severity Score
↓ errors Day 1 of Ledged beam test, ↔ Day 2–4.
↓ Lesion size Day 1, ↔ Day 4
↔ neutrophil infiltration
↓ activated microglia/macrophages (F4/80+ cells)
↔ TUNEL+ cells – cortex

[183]

Feeney’s Weight
drop - Mouse

Pre: 45 mg/kg ip 12 h before TBI; 90 mg/kg ip 30
min after TBI every 12 h for 2 doses; 45 mg/kg ip

daily thereafter
OR

Post: same paradigm without pre injection

↑ Rotarod Performance
↓ Lesion size
↓ IL-1β

[184]
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TBI Model Minocycline Tx Outcome Ref

Marmarou Weight
drop - Rat

1 mg/kg IV 30 min after injury ↓ brain edema
↓ FITC-dextran extravasation
↓ AQP-4, MMP-9
↔ HIF-1α, ZO-1

[185]
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Table 2

Cytokine family classification.

Cytokine Family Cytokines

Type I Interleukin (IL)-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-9, IL-12, granulocyte-colony stimulating
factor(G-CSF), granulocyte macrophage-colony stimulating factor (GM-CSF)

Type II IL-10, IL-19, IL-20, IL-22, interferon (IFN)-α, IFN-β, IFN-ε, IFN-κ, IFN-ω, IFN-δ, IFN-τ, IFN-γ

Tumor necrosis factor (TNF) TNF-α, TNF-β, Fas ligand, CD40 ligand, TNF-related apoptosis- inducing ligand

IL-1 IL-1α, IL-1β, IL-18, IL-1Ra

Transforming growth factor
(TGF)-β

Activins, inhibins, bone morphogenetic proteins, glial cell line- derived neurotrophic factor (GDNF)
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