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Abstract

Inflammatory signals generated within the brain and peripheral nervous system (PNS) direct 

diverse biological processes. Key amongst the inflammatory molecules is tumor necrosis factor-

alpha (TNF-α), a potent pro-inflammatory cytokine that, via binding to its associated receptors, is 

considered to be a master regulator of cellular cascades that control a number of diverse processes 

coupled to cell viability, gene expression, synaptic integrity and ion homeostasis. Whereas a self-

limiting neuroinflammatory response generally results in the resolution of an intrinsically or 

extrinsically triggered insult by the elimination of toxic material or injured tissue to restore brain 

homeostasis and function, in the event of an unregulated reaction, where the immune response 

persists, inappropriate chronic neuroinflammation can ensue. Uncontrolled neuroinflammatory 

activity can induce cellular dysfunction and demise, and lead to a self-propagating cascade of 

harmful pathogenic events. Such chronic neuroinflammation is a typical feature across a range of 

debilitating common neurodegenerative diseases, epitomized by Alzheimer’s disease, Parkinson’s 

disease and amyotrophic lateral sclerosis, in which TNF-α expression appears to be upregulated 

and may represent a valuable target for intervention. Elaboration of the protective homeostasis 

signaling cascades from the harmful pathogenic ones that likely drive disease onset and 

progression could aid in the clinical translation of approaches to lower brain and PNS TNF-α 

levels and amelioration of inappropriate neuroinflammation.
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Introduction

Inflammation and inflammation related illness is not a new concept by any means, typically 

when one thinks of inflammation related illnesses one immediately considers the classical 

examples of rheumatoid arthritis, asthma, psoriasis or Crohn’s Disease, all of which are 

caused by inappropriate immune responses in peripheral tissues. However, perhaps a newer 

set of inflammatory disorders specific to peripheral and central nervous system (CNS) 
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neuronal tissues are worthy of discussion. The response of living tissue to injury is 

inflammation, and by extension in neuronal tissues neuroinflammation, this term refers to 

the collective response of microglia and astrocyte actions in the CNS, or microglia and other 

immune cell actions in peripheral nervous tissues. Neuroinflammation incorporates a wide 

spectrum of complex cellular responses that often contribute to the pathogenesis and 

progression of a wide variety of neurological disorders [1,2]. Neuroinflammation related 

disorders are fast becoming some of the most common causes of mortality and morbidity in 

industrialized Western societies. The majority of CNS inflammatory diseases, such as 

Alzheimer’s disease (AD) and Parkinson’s disease (PD), which are neurodegenerative in 

nature, primarily tend to occur in older or aging populations and tend to be chronic in nature. 

Additional forms of chronic neuroinflammation can be seen in diverse illnesses such as 

sporadic and genetic forms of Lewy body associated dementia, ALS and in HIV-1-

associated dementia.

The relevance of chronic neuroinflammation becomes apparent when one considers that the 

human population is generally living longer which means that there will be a far higher 

occurrence of age related illnesses, as exemplified by senile dementia. Thus as our 

populations age, the impact of old age illnesses on social and economic institutions will 

correspondingly become far greater. In 2009 the numbers of American’s with diagnosed AD 

was 5.3 million, while future estimates are that in the year 2050 there will be over 13 million 

people with AD in the United States alone [3].

Yet again there is an alternative manifestation of neuroinflammation that can be described as 

acute in nature. This form can occur in a person of any age. Typically acute 

neuroinflammation is related to brain injury typified by stroke, head trauma or infections, 

where the inflammation is induced by an acute insult which more often than not, can result 

in a progressive transition to a debilitating chronic form of inflammation. In either chronic 

or acute neuroinflammation, a key cellular player is the brain resident macrophage like cell - 

the microglial cell. One of the critical cellular factors synthesized by microglial cells 

following activation within the brain is the potent pro-inflammatory cytokine tumor 

necrosis-alpha (TNF-α). TNF-α is a potent activator of the immune system and can induce 

the activation of additional resting microglial cells or astrocytes located in the adjacent brain 

microenvironment. If this occurs it can result in an unregulated inflammatory CNS response. 

This review will attempt to address the involvement of the cytokine TNF-α in several 

neuroinflammation related human illnesses.

Microglial cell role in brain

Microglial cells are the macrophages of the central nervous system. Typically, microglia 

provide a protective role to neurons. Under normal physiological situations microglia can 

regulate the environment of the brain through their ability to rapidly respond to external 

signals such as invading pathogens, endogenous cellular signals such as membrane 

components, or cytoplasmic proteins from damaged cells, or cytokines from other immune 

cells. Microglia have been shown to be involved in neuronal tissue structural modifications 

via the physical removal of or the initiation of apoptosis in cells via the synthesis and release 

of cytokines and reactive oxygen species. Through these means of regulation of the brain 
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cellular parenchyma, the microglia may play an important role in tissue remodeling after 

ischemic events [4,5]; or such as guidance of axons in white matter tracts and pruning of 

projections. While these events primarily occur during CNS development, there are lines of 

evidence that propose a role for microglia in neurogenesis, synaptogenesis, and synapse 

elimination, which are phenomena that continue through adulthood. Thus normally 

functioning microglia, play dynamic roles in neuronal communication throughout an 

organism’s life, in addition to and in conjunction with their maintenance of the brain 

microenvironment [6,7].

While programmed cell death is an essential process for normal development of the CNS 

and the maintenance of tissue homeostasis, unregulated neuroinflammation of an acute or 

chronic nature is associated with neuronal cell death (Figure 1). In these situations 

unregulated neuroinflammation often further exacerbates the conditions that initiated the 

signaling neuroinflammatory cascades, which in turn cause additional injury to neural 

tissues [8,9]. In the instance of neuroinflammation accompanying chronic conditions, 

discussion exists such that microglial cells undergo a type of cellular senescence that may 

contribute to the development of age-related brain dysfunction, specifically in the cases of 

neurodegenerative diseases such as AD and PD [10,11]. However, this cellular senescence is 

not to be confused with chronic neuroinflammation, although microglia undergoing cellular 

senescence may exhibit some features of activated microglia. Generally, activated microglia 

show a tendency to remain activated for a considerable length of time after the disruption of 

homeostasis occurred, even if the initiating factor(s) have been normalized. This 

unnecessarily long period of cellular activation can have adverse affects on the surrounding 

neurons, and other glial cells as pro-inflammatory cytokines are secreted on a mass scale and 

often lead to downstream cascades that initiate cell death [10].

Neuroinflammation in Alzheimer’s Disease

As previously discussed, certain neurodegenerative disorders, epitomized by AD, are 

occurring in alarmingly high numbers mainly due to our newly aged and aging populations, 

not surprisingly the high numbers of patients diagnosed with AD is having a significant 

impact on our societies. One of the hallmark biochemical features of the AD brain is the 

presence of amyloid-β (Aβ) plaques which are formed by various forms of insoluble Aβ that 

derive from amyloid precursor protein (APP) processing via the action of γ- and β-secretase 

activities. Postmortem histological evidence has highlighted a high association between Aβ 

plaques and activated microglial cells in the immediate surroundings of the plaque [12,13]. 

Importantly, the synthesis and release of IL-1β and TNF-α [12] by microglia and astrocytes, 

has been shown to stimulate an enhanced glial cellular expression of APP [14–16], in 

addition the actions of the cytokines has been reported to up regulate the conversion of APP 

into the pathological forms of Aβ peptides [17–19]. Furthermore, microglia and astrocytes 

can become activated by the presence of amyloid plaques [20,21] as well as by fibrillar Aβ, 

through a cell surface receptor complex, through which the microglial cells further increase 

their production of TNF-α and IL-1β [22,23] (Figure 2). Indeed, these cytokines are potent 

stimulators of γ-secretase, resulting in the increased production of Aβ [24]. This, thereby, 

creates the potential for a self-propagating cycle of APP induction, elevated Aβ generation 

and further neuroinflammation that may drive disease progression. Hence in brain, activated 
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microglia and astrocytes are additional non-neuronal sources of APP, and they can play a 

role in promoting the occurrence of an unregulated neuroinnflammatory response [20,21]. It 

is noteworthy to consider that memory impairments were exhibited in an animal study in 

which Aβ peptides were injected into the brains of the mice, suggesting a strong relationship 

between elevated Aβ peptides and neuronal dysfunction [25]. Furthermore the use of 

thalidomide to inhibit the synthesis of TNF-α protein, in these mice was shown to be 

beneficial by preventing the memory impairments. Although early onset familial AD has 

been directly linked to mutations in the amyloid-β precursor protein gene, as well as to 

presenilin-1 and presenilin-2 [26], late-onset Alzheimer’s has been linked to chromosome 1p 

and chromosome 12p regions, which also contain TNF receptors 1 and 2 [27].

In AD the impact of neuroinflammation is now well accepted and as such anti-inflammatory 

therapies may yield a promising line of therapeutic intervention [8,28]. A clear choice of 

target in the inflammatory cascades within the brain is lacking; however, there have been 

several studies that utilize animal models of various aspects of AD to assess novel treatment 

modalities. The potential that COX-1 and –2 inhibitors have demonstrated in cell culture and 

animal models has, unfortunately, not been shown to be reproducible in clinical AD [29]. 

However, a lower risk of development of the disease has been associated with the use of 

non-steroidal anti-inflammatory agents [30,31].

In 2003 Oddo and coworkers [32,33] described the generation of a novel triple transgenic 

mouse model of AD (3xTg AD). This model incorporated three genes (human Swedish 

mutation APP, human four-repeat tau P301L, also a knock-in mutation of presenilin 1 

PS1M146V) which, when combined, allowed the mice to develop hallmark features of AD 

in an age-dependent manner; namely, Aβ plaques followed by tau protein tangle pathology, 

in brain regions relevant to human AD. Through the use of these mice, inflammatory 

changes that may underlie the development of AD have been explored [34]; as early as 2 

months of age elevated expression of transcripts for TNF-α and monocyte chemoattractant 

protein-1 were detected in the brains of the mice, while they were absent in non-transgenic 

control animals. At 6 months of age the 3xTg AD mice displayed markedly significant 

elevations in these proteins. Additionally it was later determined that neurons from these 

mice were also able to express TNF-α gene transcripts in cells from the entorhinal cortex 

[35]. McAlpine and coworkers elegantly showed that inhibition of soluble TNF-α signaling 

can prevent lipopolysaccharide–induced Aβ plaque deposition in the triple transgenic AD 

mouse model [36]. Recently it was shown that by antagonizing the receptors of a protein 

involved in the complement cascade (C5a), it is possible to reduce the deposition of Aβ 

peptides and reduce the numbers of activated glial cells in two transgenic models of AD 

Tg2576 (human mutation of APP, KM670/671NL) and the 3xTg AD mouse model [37]. 

The actions of the C5a receptor antagonist were also associated with an improved behavioral 

task in a Tg2576 mouse model and the levels of hyperphosphorylated tau protein were 

reduced in the 3xTg AD mice. These studies point towards a clear role of 

neuroinflammation in the setting of models of AD and additionally suggest that 

interventions that limit the formation of critical inflammatory proteins (i.e. TNF-α) will be 

beneficial in the human disease.
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This hypothesis is further bolstered by findings from studies taking an anti-TNF-α approach 

in AD patients where the brain TNF-α protein was sequestered by use of an agent that binds 

to and effectively removes the pro-inflammarory cytokine from the patient’s brain 

parenchyma [38–40]. Initially a 6 month pilot study indicated improvements in measures of 

cognition, later studies showed that patients displayed rapid cognitive and verbal fluency 

improvements which were observed following administration of the agent (Etanercept). 

These human studies validate TNF-α as an appropriate drug target in human AD.

Neuroinflammation in Parkinson’s Diseases

PD involves the progressive degeneration of dopaminergic motor neurons in the substantia 

nigra and projecting tracts, ultimately leading to tremors, rigidity, slow movement, stooped 

posture, and other motor and non-motor symptoms [41,42]. A significant similarity between 

AD and PD is the detection of abnormally high levels of TNF-α protein in the CNS of PD 

patients. In a study comparing PD patients to healthy volunteers, significantly higher plasma 

levels of TNF-α protein were found in PD patients, though the mechanism for the 

potentially causal role of TNF-α in exacerbation of PD symptoms is currently unknown 

[43]. In PD, inflammatory markers in the substantia nigra were reported long ago [9] and in 

addition to increased plasma TNF-α, there is a consistent finding of elevated CNS TNF-α 

protein detection where elevated levels of the cytokine have been found in the striatum and 

also in ventricular and lumbar cerebrospinal fluid of PD patients [44,45]. Additionally, the 

substantia nigra is known to be the brain area with the greatest abundance of microglial cells 

[46] which may heighten the sensitivity of this region to the adverse effects of unregulated 

neuroinflammation. In PD it has been established that the most likely source of TNF-α is 

from activated glial cells located in the substantia nigra [47]. Furthermore, higher levels of 

the TNF-α receptor (type 1 or p55TNFR), which is associated with programmed cell death 

through caspase-1 and –3 dependent pathways, have been found on dopaminergic neurons in 

PD patients [45,48].

Though recent review of literature [42,49] points to a genetic basis for early onset PD (e.g., 

PINK1, Parkin, DJ-1, ATP13A2 and other gene mutations), the lack of a firm genetic link 

enforced by the random constituency of people who develop PD, implies that the onset of 

PD can be brought about by primarily environmental factors or gene-environmental factor 

interactions [6,41]. Recreational drug users inadvertently exposed to a substance known as 

MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine), rapidly developed symptoms that 

simulated the underling motor deficits seen in PD. In postmortem brain of such patients, 

structures resembling Lewy bodies, and the destruction of the substantia nigra cells were 

observed [50], as were activated microglial cells – indicative of neuroinflammation [50]. 

The mechanism of the MPTP-induced toxicity involves the two-step conversion of MPTP to 

MPP+, which is selectively taken up by dopamine neurons through the dopamine 

transporter, which ultimately inhibits the mitochondrial protein complex I that is a key 

component of the respiratory chain [42,51]. This agent has been used as a tool to further 

study possible mechanism underpinning PD. As an example, in a study by McGeer and 

colleagues [52] in rhesus monkeys, reactive microglia were identified in the SN of monkeys 

up to 14 years after administration of MPTP, and were in accord with findings from human 

MPTP cases [50]. This raises the concept that PD may, in certain circumstances, involve 
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potential exposure to one of a variety of transient but watershed insults that disappear after 

initiating a long-lasting neuroinflammatory change [52,53]. Such an insult might be 

environmental, viral or possibly traumatic. Evidence to support each of these as initiating 

causes is available, although controversial. Viral parkinsonism has been described after 

influenza exposure [54], stemming from an outbreak of encephalitic lethargica, additionally 

known as von Economo’s disease, and the ensuing postencephalic parkinsonism that 

occurred following the 1918 pandemic influenza outbreak involving a type A H1N1 

influenza virus [54]. Some cases were reported as having onset as late as 20 years after 

recovery from the acute infection [55]. Likewise, PD after head trauma is exhibited in 

numerous cases of dementia pugilistica [56–58]. Finally, environmental toxins, epitomized 

by the insecticide rotenone, the herbicide paraquat and the fungicide maneb, have long been 

linked to but have not specifically been shown to establish PD [49,59]. Several of the above 

insults have been utilized to model PD in animals, and whereas none can be considered to 

directly induce PD, they may act as the first in a two ‘hit’ hypothesis [53], to sensitize the 

brain through sustained inflammation to a later insult that might not have been pathogenic in 

the absence of an already primed system.

Animal models such as MPTP, rotenone and others also have proved of value to identify 

targets and candidate anti-PD therapeutic agents. The importance of TNF-α and the 

signaling events initiated by the cytokine in the development of PD are strengthened by 

animal models, where elevated levels of TNF-α are seen in a manner consistent to that of 

clinical PD [45,60–63]. A recent study employing the use of virally induced chronic 

expression and synthesis of soluble mouse TNF-α in rat substantia nigra, strongly supports 

an important role of TNF-α mediated signaling in the degeneration of tyrosine hydroxalyase 

containing cells [64].

Agents that interfere with the pro-inflammatory events connected to TNF-α synthesis and 

release can be predicted to be protective in the setting of experimental models of PD. 

Studies utilizing acute and subacute MPTP treatment on wild-type, TNF-α protein knock out 

(−/−) and wild-type mice treated with pharmacological agents, show this to be the case. 

Genetic ablation of TNF-α or treatment with a TNF-α synthesis inhibitor (thalidomide) can 

partly prevent MPTP-induced dopamine depletion and reduced striatal tyrosine hydroxylase 

fiber density [41]. These data implicate a role of TNF-α signaling events in the MPTP 

model of PD. The use of thalidomide, has been shown to afford partial protection to striatal 

dopaminergic neurons in a MPTP model of PD [41,65]. In accord with this, in transgenic 

mouse studies where the gene for TNF-α was functionally deleted, dopaminergic neurons in 

the striatum of mutant mice exhibited a greater degree of protection than that seen in wild 

type littermates when challenged with MPTP [41]. However, in other mouse models 

employing gene targeting events on either one or both of the TNF-α receptors (p55TNFR or 

p75TNFR); several studies have provided conflicting findings regarding the protective 

effects of TNF-α receptor deletion in toxin-induced PD [65– 68].

Dementia with Lewy bodies is considered to be the second most frequent dementing 

neurodegenerative condition after AD. It is associated with the accumulation of 

intraneuronal deposits of α-synuclein found in various regions of the brain. Lewy bodies are 

commonly associated with PD and can be considered as a hallmark feature of the disease. In 
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postmortem studies it has been determined that activated microglial cells are located in the 

vicinity of Lewy bodies and a weak association with TNF-α and TNF-α activated signaling 

has been described [69,70]. Certain studies indicate that α-synuclein is capable of activating 

microglial cells and thus is another line of evidence supporting the role of a potentially 

unregulated inflammatory response in the progression of PD. [71,72]. Interestingly in 

clinical studies, an over expression of Il-1α, iNOS and TNF-α was associated in the most 

vulnerable brain regions of patients with Lewy body dementia, namely the amygdala, 

hippocampus, entorhinal and insular cortices [73], the presence of activated microglia and 

astrocytes were also found to be associated with neuritic plaques and extracellular 

neurofibrillary tangles. Overall, data obtained from clinical and basic research indicates a 

strong involvement of TNF-α and TNF-α signaling events in PD and Lewy body dementia.

Neuroinflammation in Amyotrophic Lateral Sclerosis

ALS is a progressive motor neuron degenerative disease, and is either sporadic or familial in 

nature (around 5 to 10% of cases are thought to be due to genetic mutations), however, both 

forms end in rapid premature death. For the familial form of ALS ~20% of the cases are 

associated with mutations in the SOD1 gene. Similar to clinical observations, in a transgenic 

mouse model of familial ALS (the Cu, Zn-superoxide dismutase, G93A–SOD1 model [74]) 

the life span of these mice is markedly shortened when compared to wild-type mice. In 

mice, the disease progression is accompanied by marked elevations in TNF-α mRNA 

transcripts and protein detected in reactive microglia found in the spinal cord. However, 

with this particular model of ALS, unlike clinical ALS, no evidence of increased TNF-α 

activity was observed in brain indicating that elevated TNF-α occurs locally at the spinal 

cord. There is a large body of evidence emphasizing a relationship between abnormal 

communications between microglial cells and neuronal cells specifically associated with the 

SOD1 mutation. Cell lines expressing the mutant form of SOD1, show an enhanced level of 

mitochondrial toxicity induced by inflammatory cytokines, primarily TNF-α and IFNγ, with 

an apparent synergism if both cytokines are utilized simultaneously [75]. Additionally, 

others report that activated microglial cells (BV-2 cells) transfected with mutant forms of 

SOD1 synthesize and release more TNF-α compared to microglial cell transfected with 

wild-type SOD1 or mock transfected cells [76]. Furthermore, purinergic signaling events 

between neurons and microglia are altered in SOD1 mutant mice, such that there is an 

enhancement of the release of microglial-neurotoxic factors namely, TNF-α and activation 

of cyclooxygenase-2 [77]. These lines of evidence shed further light on the probable cause 

of neuroinflammation seen with clinical ALS. Additionally, clearly documented deficits in 

motor function as well as protein oxidative damage have been reported in these mice [78–

81]. Elevated levels of TNF-α have been observed in several different motor neuropathies in 

addition to ALS, when compared to healthy individuals [82].

In terms of possible therapies to slow down the disease progression, there have been several 

studies where various pharmacological interventions have increased the life span in these 

mice. Successful interventions have included the use of caspase inhibitors to block the later 

stages of apoptosis [83]. More recently an alternative approach has been to limit the amount 

of TNF-α signaling at the pre-symptomatic stage of the disease development by application 

of thalidomide and one of its analogs, Lenalidomide (Revlimid®) [84], both of which 
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destabilize the mRNA of TNF-α and thereby reduce the abundance of circulating protein. 

More recently again, Lenalidomide when given at the onset of ALS symptoms in the ALS 

SOD1 (G93A) mouse extended the survival time of mice by ~45% and allowed for 

improvements in mouse functional behavior [85] strongly indicating, a detrimental role of 

TNF-α in the disease progression, and anti-TNF-α therapies with potentially benefits in 

human ALS disease.

Yet, there is a degree of confliction regarding the role of TNF-α in the disease in clinical 

ALS. There are studies where elevations in circulating TNF-α pathway proteins have been 

identified [86], however, there have also been cases where there were no elevations is TNF-

α protein [87]. Recently, in a small scale human ALS phase II open label clinical trial, it was 

determined that thalidomide did not appear to modulate disease progression [88]. After 9 

months of treatment with thalidomide the patients failed to display any benefits in basic 

ALS functional measures, or shifts seen in plasma cytokine profiles. It is possible that larger 

human clinical trials with thalidomide or analogs, such as Revlimid and more potent TNF-α 

lowering agents, may be required to fully address the potential benefits of this line of 

therapy in the setting of ALS. Additionally as the patients involved in this study were 

exhibiting symptoms prior to the use of thalidomide, it may be that thalidomide or analogs 

of thalidomide may provide benefits in patients if administered prior to the onset on the 

disease symptoms. This approach may only be considered where an individual with a clear 

genetic mutation predisposing to ALS has been identified. Also the identification of novel 

thalidomide analogs with more potent anti-TNF-α properties will be necessary for this to be 

fully assessed.

Neuroinflammation in infection related dementia

HIV-1-associated dementia is widely considered to be related to the presence of TNF-α 

released by activated microglia in the CNS [89]. In a study from postmortem human brain 

tissues where patients had exhibited symptoms of HIV-1 encephalitis there was evidence of 

diffuse microglial cell activation and astrocyte gliosis, while in nodular microglial infiltrates 

the microglia expressed IL-β1 and TNF-α [90,91]. The authors describe similar finding in a 

macaque model of acquired immunodeficiency syndrome dementia complex [92]. Also 

soluble factors released from Simian immunodeficiency virus infected microglia are capable 

of disrupting the neuronal autophagy in primary culture, leading to a reduced neuronal 

survival [93]. TNF-α and glutamate had similar effects to that of infected microglial factors 

on reducing neuronal autophagy, these findings point towards the role of microglial factors 

in the exacerbation of neurodegenerative processes in HIV infection. Williams and 

coworkers [94] have shown that TNF-α and INFγ are able to synergistically enhance the 

astrocyte production of a neurotoxic chemokine (CXCL10) in the setting of HIV-1 infection. 

HIV-1 viral proteins, gp120 and Tat are thought to cause the activation of the microglia that, 

in turn, generate and secrete proinflammatory cytokines and reactive oxygen species leading 

to cellular apoptosis. In HIV-1 clade C infected individuals in South India, it was 

determined that there was a strong correlation between HIV related neurological disease and 

CSF levels of high viral counts, low CD4 counts and higher cytokines that included TNF-α 

[95]. Furthermore, the use of a cytokine array detection system with CSF samples from HIV 

infected patients was able to identify highly elevated levels of INFγ, IL-1α, IL-15 and TNF-

Frankola et al. Page 8

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2015 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



α in those patients selectively exhibiting symptoms of HIV-1 associated dementia [96]. 

Additionally, it has been demonstrated that in cases of HIV-associated dementia, TNF-α can 

be expressed in neurons in addition to microglia [97]. In vitro studies where cytokine 

production was suppressed by pharmacological intervention showed considerable benefits in 

experimental models of HIV-1 gp120 in combination with TNF-α induced cell death [98]. 

However, in a study looking at the acute effects of gp120 on neurobehavioral measures, 

viral protein infection-induced behavioral changes were not associated with an involvement 

of TNF-α [99], thereby suggesting a stronger role of TNF-α in a chronic setting.

Japanese encephalitis, which is caused by the Japanese encephalitis virus (JEV) is 

transmitted by a mosquito, and is associated with a high mortality rate. Infection of mice 

with JEV causes wide spread activation of microglial cells in a region specific pattern, with 

the highest levels of activated cells found in the hippocampus [100]. Infection of neuronal 

glial cultures with JEV caused neuronal death and microglial cell activation, with elevations 

in a number of cytokines, including TNF-α. Antibody neutralization studies indicated that 

the neuronal toxicity observed was mainly due to IL-1β and TNF-α [101]. JEV infection of 

neuronal cell lines induced apoptosis via a mitochondrial dependent mechanism that was not 

dependent upon functional Fas-associated death domain signaling [102]. Interestingly, in in 

vitro studies a strong dependence of TNFR-associated-death domain (TRADD) mediated 

signaling was observed for JEV mediated neuronal apoptosis to occur [103,104]. In clinical 

cases the levels of serum cytochrome c and various cytokines, including TNF-α, prove to be 

reliable predictors of the outcomes of the acute encephalopathy in children [105]. While 

other clinical related studies show a clear correlation between the occurrence of encephalitis 

and the detection of Il-6, RANTES and IL-8, yet not with TNF-α or IL-1β and several others 

proteins in CSF [106]. In Japan and East Asia, cases of influenza infection in children have 

been associated with CNS complications causing influenza-associated acute encephalopathy. 

High levels of child mortality have been identified with this condition. In children suffering 

from this form of encephalopathy elevated levels of RNA transcripts, serum and or 

cerebrospinal fluid protein for cytochrome c, IL-6 and TNF-α were consistently described 

[107–109]. Indeed, the detection of these proteins provided the only reliable markers to 

indicate the severity of the condition. On the whole, these data implicate the activation of 

TNF pathways in the severe pathology of this condition [110], further consolidating the 

detrimental role of TNF-α in neurological disorders of varying etiology.

Neuroinflammation in traumatic brain injury

Traumatic brain injury (TBI) represents a major public health concern and is the most 

common cause of mortality and disability in young adults. In addition, that associated with 

battlefield injury, blast-TBI, is currently particularly concerning. At present, no effective 

pharmaceutical therapies are available for TBI and existing treatment primarily involves 

optimized intensive care management following the injury [111,112]. The pathology of head 

injury is becoming increasingly better understood. Mechanical forces produce shearing and 

compression of neuronal and vascular tissue at the time of impact. A cascade of pathological 

events may then follow that lead to further brain injury. This ensuing secondary injury may 

be amenable to intervention and is worsened by secondary physiological insults. Specific 

risk factors for poor outcome after TBI have been recognized. Some of these are established 
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at the time of injury, such as age, gender, mechanism of injury, and presenting signs, 

whereas others, such as hypoxia, hypotension and hyperglycemia, are potential areas for 

medical intervention [112]. Recent studies suggest a commonality between the biochemical 

cascades resulting in neuronal cell death from TBI and neurodegenerative diseases, and 

provide the opportunity that mechanism-based treatments for the latter could possibly 

provide cross-over potential, but this is an area requiring considerable further research.

With increasing characterization of the biochemical and pathological changes induced after 

TBI, it is increasingly evident that brain trauma represents a complex neurodegenerative 

disease, encompassing numerous molecular and cellular pathways, including inflammation 

[113,114]. The inflammatory cascades activated following TBI are mediated by the release 

of both pro- and anti-inflammatory cytokines that, all be they barely detectable in healthy 

brain, are swiftly upregulated in response to TBI. An early transient elevation in the mRNA 

expression of TNF-α, in particular, but also of IL-1β, and IL-6 has been reported in rodent 

following closed head injury, and preceded the appearance of ensuing cytokine activity and 

leukocyte recruitment, [115–117]. Numerous studies of TBI models have reported TNF-α 

protein upregulation in brain, in accord with that described for its RNA expression, within a 

few hours of trauma [118–120] and, likewise, elevated levels of IL-1β and IL-6 have been 

detected in the CSF and brain parenchyma within hours of brain injury in both humans and 

rodents [121,122]. Inhibition of TNF-α, utilizing both pentoxifylline that has been reported 

to attenuate TNF-α gene transcription, and with TNF-α binding protein, a physiological 

inhibitor of TNF-α that provides a false target to compete with the cell surface TNF-α 

receptor, has been reported to ameliorate closed head injury over the initial 24 hr [116], 

when administered directly after trauma. However, studies utilizing TNF-α protein and 

receptor deficient, knockout (KO), mice have been less easy to interpret.

In TNF-α protein KO mice, significantly reduced deficits in both memory function (assessed 

at 1 week) and neuromotor function (assessed at 48 h) were evident during the acute 

posttraumatic period after a controlled cortical impact, compared to normal, wild type (wt) 

mice [123]. However, injured wt mice recovered motor function within 2–3 weeks, whereas 

TNF-α mice showed no improvement over a post-injury 4 week period, and appeared to 

suffer greater cortical tissue loss [123]. These results are indicative of TNF-α playing a 

deleterious role during the acute phase of the traumatized brain, but providing beneficial 

effects in the delayed, chronic phase, and are in accord with results of greater deleterious 

effects in TNF-α receptor KO mice following TBI [124,125].

The mechanisms via which TNF-α can impact TBI acute and chronic outcomes are 

becoming elucidated. Acutely, depending on the severity of TBI, changes in blood–brain 

barrier permeability as well as glutamate-mediated toxicity may ensue. TNF-α has been 

implicated in blood–brain barrier breakdown after TBI [116] and altered permeability [126]. 

Additionally, TNF-α has been demonstrated to potentiate glutamate neurotoxicity and to 

inhibit glutamate uptake leading to its extracellular accumulation [127]. In cell culture, 

TNF-α has been described to be toxic to neuronal cells inducing both apoptotic and necrotic 

cell death. Additionally, dose-dependent administration of exogenous TNF-α has been 

described to intensify focal ischemic when provided acutely after the event [128]. Taken 

together with TNF-α inhibitor studies in TBI [116], the above results suggest that TNF-α 
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may provide a useful target for therapeutic intervention in the acute posttraumatic period of 

TBI to diminish secondary brain injury.

Contrasting with its pathologic role in the acute posttraumatic period, TNF-α likely provides 

a beneficial role during the chronic period following TBI, where low concentrations may be 

neuroprotective. Hence timing and TNF-α concentration likely represent key factors to 

allow differentiation of the toxic versus neuroprotective effects of TNF-α. Mechanism 

whereby endogenous TNF-α protects neurons against ischemic and excitotoxic insults may 

involve the induction of antioxidant pathways. Low and more chronic TNF-α levels have 

been associated with induction of the expression of anti-inflammatory cytokines, typified by 

IL-10 and TGF-β [129] that may promote reparative mechanisms, and have actions on 

synaptic plasticity and ion homeostasis [130] depending on the pathway(s) via which actions 

are mediated.

In synopsis, the mechanisms underlying the acute pathology and behavioral deficits after 

TBI have yet to be fully elucidated. But current knowledge, nevertheless suggests that TNF-

α represents a therapeutically interesting target to pharmacologically manipulate within a 

critical therapeutic time window to reduce traumatic brain damage and behavioral 

dysfunction.

TNF-α Synthesis and Signaling

As has been discussed, TNF-α is a potent pro-inflammatory cytokine implicated in several 

peripheral inflammatory human diseases such as asthma, rheumatoid arthritis, cancer, liver 

cirrhosis, and neurodegenerative disorders [60,131,132]. TNF-α stimulates the acute phase 

reaction in inflammation (Figure 2) where the downstream pathological cascades are also 

known to contribute to symptoms of chronic inflammatory diseases, particularly rheumatoid 

arthritis and Crohn’s Disease. Anti-TNF-α approaches adopted in these medical conditions 

have been shown to alleviate the disease symptoms [133], validating anti-TNF-α 

medications for use in the clinic. In the CNS TNF-α can be synthesized and released by 

astrocytes and microglia and other types of invading immune cells, and in certain conditions 

even neurons [133]. TNF-α protein is first synthesized as a monomeric type 2 II 

transmembrane protein (tmTNF-α), which is inserted into the membrane as a homotrimer. 

Thereafter, it is cleaved by TNF-alpha converting enzyme (TACE; ADAM17) a matrix 

metalloprotease, into a 51 kDa soluble circulating trimer [131,134,135] to form soluble 

TNF-α (solTNF-α). Both the soluble and membrane bound form of TNF-α can be 

synthesized in the CNS by microglia, astrocytes, and some populations of neurons 

[133,136,137]. Cellular signaling mechanisms exist by which TNF-α can exert 

neuroprotective actions, often through NF-κB activation [138,139]. In order to define 

possible treatment strategies for neuroinflammation, it is vital to gain a clear understanding 

that there is a complicated feedback relationship between NF-κB and JNK signaling events 

in addition to a caspase-mediated apoptotic pathway. Thus activation of TNF-α receptors 

can generally result in activation of two death-promoting pathways or one neuroprotective 

pathway [140]. Knowledge of these pathways allows one to see the potential benefit of 

down regulating TNF-α protein in patients with conditions characterized by chronic 

unregulated neuroinflammation. TNF-α receptor 1 (TNFR1) is expressed in most cell types, 
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and preferentially binds solTNF-α, though it can also be activated by tmTNF-α [141,142]. 

The mechanism of TNFR1 activation is thought to begin with the dissociation of silencer of 

death domains (SODD) that permits the assembly of the TNFR1 signaling complex, 

allowing TNF-α receptor associated death domain (TRADD) activity [143,144]. Like other 

members of the TNF-α superfamily, TNFR1 contains an intracellular death domain, 

[131,145]. TNF-α receptor 2 (TNFR2) is preferentially activated by tmTNF, and expressed 

primarily by endothelial and immune cells, including microglia [141,142]. TNFR1 boasts 

responsibility for initiation of some of the cell-proliferating cascades that may occur upon 

TNF-α/receptor interaction, such as NF-κB activation, while simultaneously initiating other 

pro-apoptotic pathways, such as JNK [140]. In summary, TNF-α signaling events, similar to 

those initiated by other cytokines, are diverse and rather complicated when considered at an 

in vivo level [146], none-the-less a great deal about TNF-α signaling pathways have been 

elucidated by the use of important in vitro, cellular studies which will benefit human clinical 

disease management.

TNF-α Manipulation by pharmacological intervention

Theoretically, TNF-α signaling can be affected by several means, one could be to block the 

receptors, another could be to remove the TNF-α protein from the target tissue / organ 

extracellular environment, yet another could be to interfere with the secondary messenger 

systems associated with TNF-α signaling. Whereas these methods are excellent ways of 

limiting TNF-α signaling, they are somewhat hindered, by issues of classical 

pharmacological receptor subtype selectivity, a limited bioavailability of large proteins in 

the target area, i.e. typically proteins of the size of TNF-α will not readily cross the blood-

brain barrier and enter into the brain; and the commonality of intermediates in second 

messenger pathways makes identifying selective targets difficult. However, one possible 

method, which is both feasible and of growing interest, is to limit the biosynthesis of the 

TNF-α with novel analogs of thalidomide. In 1993 Moreira and coworkers [147] determined 

that thalidomide was a TNF-α synthesis inhibitor, which worked destabilizing TNF-α 

mRNA and, thereby shortening its half-life and reducing the amount of generated TNF-α 

protein [147]. The use of thalidomide as a means of manipulating TNF-α protein levels has 

become increasingly popular in recent years. Although thalidomide is a controversial drug, 

several research groups are utilizing the backbone of thalidomide to generate analogs for 

study in several areas to medical research [148–151].

Thalidomide was first developed as an anti-epileptic in the 1950s and, with limited success 

in treating seizures, prescribed as a sedative and an anti-emetic. Due to teratogenicity 

(thalidomide caused limb bud malformations in offspring of pregnant women who were 

taking the drug whilst pregnant), thalidomide was removed from clinical use in the late 

1950s to early 1960s [150,152]. This adverse effect was most likely related to an anti-

angiogenic effect of thalidomide on the developing fetus. Secretion of vascular endothelial 

growth factor (VEGF) and beta fibroblast growth factor (bFGF) from bone marrow stromal 

cells is suppressed after exposure to thalidomide and other IMiDs [153]. Multiple myeloma 

cell lines proliferate in response to VEGF and [153,154]; as a consequence, the potential 

utility of thalidomide and an analog in the treatment of certain cancers such as multiple 
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myeloma, myeloid cell disorders [155,156] has been more recently examined and found to 

be effective in a combination therapy with dexamethasone.

Thalidomide and its analogs have been shown to have regulatory effects on a number of 

immune markers [149]. Interestingly, the time-dependence of beneficial versus detrimental 

effects of these markers, such as TNF-α, further complicates our understanding of when 

down-regulation is most beneficial, and allows such IMiDs to be the best candidates for 

control of mass cytokine release and, consequently, inflammation [150].

Generally, two strategies have been adopted in the synthesis of thalidomide analogs; the first 

is to develop the structure based on target molecules to which thalidomide or its metabolites 

directly bind. The second strategy, to develop the structure of thalidomide based on 

hypothetical target molecules and biological responses, has led to the creation of compounds 

such as androgen and progesterone antagonists, cell differentiation inducers, and nuclear 

liver X receptors [157]. The chemical modification of the structural backbone of thalidomide 

has brought about second-generation immunomodulatory drugs (IMiDs) with the potential 

to be more selectively potent regarding anti-TNF-α activity and, simultaneously, less 

neurotoxic which is associated with the use of high doses of thalidomide [150].

Thalidomide’s effects in vivo have been demonstrated to be quite robust compared to its 

relatively weak effects on TNF-α and angiogenesis in cell culture models. This difference in 

activity implies that, in part, the in vivo utility of thalidomide may be driven by the 

generation of active metabolites [155]. For neurological use, as in neuroinflammation, 

modifications of thalidomide have been undertaken in our laboratory with the intent to 

provide a balanced aqueous/lipid solubility to combine a reasonable solubility in the 

aqueous phase of plasma with an ability of the compound to readily penetrate biological 

membranes, such as the blood-brain barrier and gastrointestinal tract, to achieve high target 

concentrations in brain and then to combine this with improved TNF-α inhibitory potency 

compared to thalidomide. Development of the novel thiothalidomide analogs resulted, as 

very little research had previously been conducted on the contribution of the four amide 

carbonyl groups of thalidomide to its biological activity. Replacement of a carbonyl group 

by a thiocarbonyl group resulted in generation of mono-thiothalidomide, di- and tri-

thiothalidomides [155,158–160], each with improved potency in cellular and animal models. 

Currently our research on thiothalidomides continues, with the aim of identifying novel 

potent anti-TNF-α agents for assessment cellular and animal models of clinically relevant 

diseases, such AD and PD.

Summary

Clear proof exists indicating a role of inappropriate microglia physiological responses in the 

CNS with a striking association between glial related neuroinflammatory events and 

diseases, such as AD and PD. In addition, there is growing evidence of immune 

dysregulation, marked by increased cytokines - particularly TNF-α and IL-6, in psychiatric 

conditions, epitomized by major depression [161,162], that can occur alone and commonly 

accompany a neurodegenerative condition. Clearly in these conditions, a disruption to 

normal glial cell function has initiated a prolonged unregulated cytotoxic cellular response 
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and dysregulation of numerous biochemical cascades able to induce pathological and mood 

changes, with downstream actions on neurogenesis and differentiation [163–168] as well as 

synaptogensis [165,169]. Pharmacological interventions that are able to reset this lost 

balance between protective and harmful glial cell actions should be of significant benefit in 

the clinic. TNF-α protein is a key candidate therapeutic target, as based on data from many 

clinical studies, cell biology and animal studies, abnormal regulation of this protein is 

strongly associated with unregulated glial cell activity. The identification of novel agents 

that can restore the normal function of activated CNS glial cells through means of reducing 

the proinflammatory effects of TNF-α protein in brain will be an essential step in human 

disease management. We believe that the exploration of available immunomodulatory 

agents, epitomized by thalidomide, and the development of newer more potent anti-TNF-α 

analogs in models of CNS neuroinflammation will provide vital insights into the role of 

TNF-α in neurological disorders, as well as badly needed therapies for human medicine.
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Figure 1. Microglial Cells
Microglia are the resident macrophage-like cell in brain. They respond to various stimuli in 

their microenvironment, such as Aβ, α-synuclein, oxidative stress and pathogens, by 

undergoing morphological changes from a ramified – resting state to an ameboid – activated 

state. When microglia become activated they respond by synthesizing an array of soluble 

factors (TNF-α, IL-1 α/β, INFγ and reactive oxygen species). These factors can (1) induce 

resting cells to become activated cells or (2) they may damage functional neurons leading to 

the generation of dysfunctional neurons. In several central nervous system diseases 

conditions exist that allow for the formation of a TNF-α-mediated feed back loop of self-

activating neuroinflammation.
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Figure 2. TNF-α signaling
TNF-α can bind with either of its receptors and initiate several pathways: activation of 

NFκB dependent signaling can lead to beneficial effects [138, 139]. Activation of c-Jun N-

terminal kinase (JNK) pathway may lead to either beneficial or harmful effects [170]. The 

activation of caspase dependent signaling typically leads to apoptotic mediated cell death in 

neurons [171].
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