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BACKGROUND 

Extensive evidence, both clinical and preclinical, implicates neuroinflammation and 

overproduction of proinflammatory cytokines as a contributor to pathophysiology of chronic 

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

multiple sclerosis [for review, see: [1]].  Proinflammatory cytokine overproduction has also been 

documented as detrimental to recovery in acute brain injuries such as trauma or stroke [2-5].  In 

the brain, activated microglia are a major mediator of neuroinflammation and can release a 

number of potentially neurotoxic substances, such as reactive oxygen species, nitric oxide, and 

various proinflammatory cytokines, of which two main proinflammatory cytokines TNFa and 

IL-1β are generally considered primary mediators leading to neurotoxicity [for detailed reviews 

on microglia, see: [6, 7]]. 

There are many critical roles for innate immunity, and thereby the primary effector cells, 

microglia, in the classically immune privileged CNS.  For example, microglia are rapid 

responders to local tissue stressors [8, 9], can efficiently clear apoptotic cells during 

neurodevelopment [10], and can promote neuro-repair through the production of growth factors 

[7].  The spectrum of activated microglia phenotypes is diverse and generally beneficial.  It is 

only when the activation becomes exaggerated or dysregulated does the response become 

neurotoxic.  Therefore, it is of critical importance to elucidate the mechanisms that are 

specifically involved in the dysregulated response of microglia which contribute to neuronal 

damage. 

Intracellular signal transduction cascades regulate the production of proinflammatory 

cytokines. By targeting a specific signal transduction pathway it is possible to determine if a 

pathway is involved in the dysregulated response that is neurotoxic and if the dysregulated 
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response is amenable to intervention.  One of the most well established signal transduction 

cascades that regulate the production of proinflammatory cytokines in peripheral tissue 

inflammatory diseases, such as rheumatoid arthritis, is the p38 mitogen activated protein kinase 

(MAPK) family [11, 12]. The p38 MAPK family consists of at least four isoforms (p38a, � , � , 

� ), which are encoded by separate genes, expressed in different tissues and have distinct 

functions [13]. Activation of p38 MAPK signaling has been shown to regulate gene expression 

and lead to increased production of proinflammatory cytokines by a number of different 

mechanisms [for review, see: [14]]. The p38 MAPK pathway has been suggested to play a 

central role in various pathological CNS conditions including cerebral ischemia [15, 16] and 

Parkinson’s disease [17-19], as well as in AD [20, 21], where postmortem studies find p38 

MAPK activation occurs at the very early stage of the disease [20, 22].  

Previously we have shown using both a pharmacological approach with a selective small 

molecule p38a MAPK inhibitor and a genetic approach with primary microglia that are deficient 

in p38a that the a isoform of p38 MAPK is critical for the production of IL-1b and TNFa from 

activated microglia [23]. Moreover, suppression of p38a MAPK with the small molecule 

inhibitor in an AD-relevant mouse model was also found to decrease brain proinflammatory 

cytokine production, and attenuate synaptic protein loss [24].  These data suggested that 

microglia p38a MAPK is critical to inflammation-induced neurotoxicity.  In the current study, 

we explored whether there is a causative link between microglia p38a MAPK signaling and 

neuronal damage, as well as a potential mechanism for microglia-dependent neurotoxicity. We 

used primary microglia from either wild-type (WT) mice or from p38a MAPK conditional 

knockout (KO) mice in co-culture with cortical neurons from WT mice. In WT microglia/neuron 

co-cultures, LPS treatment led to a significant increase in TNFa production, loss of synaptic 
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The levels of TNFa reached maximum after 24h of LPS treatment and remained high until the 

72h time-point (data for 48h not shown). In co-cultures with p38a KO microglia stimulated with 

LPS, the levels of TNFa were significantly (p<0.0005) less than in co-cultures with WT 

microglia at all three time-points.  

We next addressed the question of whether TNFa overproduction is essential for the 

neurotoxicity observed in the microglia/neuron co-cultures.  To test this hypothesis, we used a 

TNFa neutralizing antibody to decrease the TNFa levels in WT microglia/neuron co-culture. As 

shown in Figure 4B, LPS caused ~40% neuronal death. When a TNFa neutralizing antibody 

was added to the culture, we found a concentration-dependent neuroprotection. At a 

concentration of 50ng/ml or higher of the neutralizing antibody there was a significant reduction 

in LPS-induced neuronal death, reaching 100% neuronal survival at 5µg/ml anti-TNFa antibody. 

In contrast, the administration of non-immune isotype control antibody (5µg/ml) failed to protect 

neurons from the LPS-induced neuronal death (Figure 4B).  These results suggest that blocking 

TNFa in WT microglia/neuron co-cultures is sufficient to prevent LPS-induced neuronal death. 

As a complementary approach to determining the involvement of TNFa in the LPS-induced 

neurotoxicity, we tested whether the enhanced neuronal survival seen in p38a KO 

microglia/neuron co-cultures could be influenced by adding back TNFa to levels seen in WT 

microglia/neuron co-cultures. As shown in Figure 4A, in the p38a KO microglia/neuron co-

cultures treated with LPS, TNFa is decreased on average ~5ng/ml compared to WT. Therefore, 

two concentrations of TNFa (5 and 10 ng/ml) were administered along with LPS to the p38a 

KO microglia/neuron co-cultures, and neuronal survival was measured after treatment for 72h. 

At a concentration of 5ng/ml or 10ng/ml TNFa, we found a significant concentration-dependent 
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DISCUSSION 

In the current study, we used microglia/neuron co-cultures to document several important 

findings about the mechanisms by which activated microglia can produce neurodegenerative 

responses.  First, the importance of microglia p38a MAPK signaling was demonstrated by the 

observations that neurons in co-culture with p38a-deficient microglia were protected against 

LPS-induced neurotoxicity, synaptic protein loss, and neurite degeneration.  Second, p38a-

dependent microglia TNFa production was shown to be involved in the mechanism of the LPS-

induced neuron damage by the findings that p38a KO microglia produce much less TNFa in 

response to LPS compared to WT microglia, that adding back TNFa to p38a KO microglia 

increases the LPS-induced neurotoxicity, and that neutralization of TNFa in WT microglia 

decreases the LPS-induced neuron damage.  Altogether, our results demonstrate the critical 

importance of the p38a MAPK signaling pathway and overproduction of the proinflammatory 

cytokine TNFa in the dysregulated microglia inflammatory responses to an LPS stressor, leading 

to microglia-induced neuronal dysfunction.  

Our demonstration that microglia p38a MAPK signaling is important in the mechanism 

of LPS-induced neuron damage is consistent with numerous findings that have implicated p38 

MAPK activation in the process of neuronal death in a variety of neurodegenerative disorders.  

In addition, our studies here using cell-selective, isoform-specific KO mice extend previous 

findings by showing that the p38a MAPK isoform in microglia is a key mediator of LPS-

induced neuronal and synaptic dysfunction. We also provide evidence that one mechanism by 

which LPS activation of microglia p38a MAPK signaling leads to neuron death is through up-

regulation of the proinflammatory cytokine TNFa.  
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triturated, followed by passing through a 70� m nylon mesh cell strainer. The neurons were 

plated onto poly-D-lysine-coated 12-mm glass coverslips at a density of 5x104/well in 24 well 

plates. Neurons were grown in neurobasal medium (Invitrogen) containing 2% B27 supplement 

(Invitrogen), 0.5mM L-glutamine,  (Mediatech), and 100 IU/ml penicillin, 100 � g/ml 

streptomycin (Mediatech); no serum or mitosis inhibitors were used. Every 3 days, 50% of the 

media was replenished with fresh medium. The purity of the primary neuronal cultures was 

verified as 93% by immunocytochemistry for the neuronal marker NeuN, astrocyte marker 

GFAP, and microglia marker Iba-1 (data not shown).  

 

Microglia culture 

Microglia cultures were prepared as previously described [23]. Briefly, mixed glial cultures 

(~95% astrocytes, ~5% microglia) were prepared from the cerebral cortices of 1-3 day old mice. 

The tissue was trypsinized as above, and the cells were resuspended in glia complete medium [� -

minimum essential medium (� -MEM; Mediatech) supplemented with 10% fetal bovine serum 

(FBS) (US Characterized FBS; Hyclone; Cat no. SH30071.03), 100 IU/ml penicillin, 100 � g/ml 

streptomycin (Mediatech) and 2mM L-Glutamine (Mediatech)]. After 10-14 days in culture, 

microglia were isolated from the mixed glial cultures by the shake-off procedure [55]. 

Specifically, loosely attached microglia were shaken off in an incubator shaker at 250rpm for 2h 

at 37°C, the cell-containing medium was centrifuged at 1100 rpm for 3 min, and the cells were 

seeded onto 12-mm glass coverslip at the density of 2x104 in 24 well plates, unless otherwise 

specified. Prior to plating the microglia on the coverslip, three equally spaced 1mm glass beads 

(Borosilicate; Sigma) were attached to the coverslip with paraffin wax.  The microglia cultures 
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were compared by unpaired t-Test. One-way ANOVA followed by Bonferroni’s multiple 

comparison test was used for comparisons among three or more groups. Statistical significance 

was defined as p<0.05.  
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LIST OF ABBREVIATIONS 

(AD): Alzheimer’s disease; (KO): knockout; (WT) wild-type; (LPS): lipopolysaccharide; 

(MAPK): mitogen-activated protein kinase; (TNF): tumor necrosis factor 
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