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Abstract
Microglial activation is believed to play a role in many psychiatric and neurodegenerative diseases. Based largely on evidence 
from other cell types, it is widely thought that MAP kinase (ERK, JNK and p38) signalling pathways contribute strongly 
to microglial activation following immune stimuli acting on toll-like receptor (TLR) 3 or TLR4. We report here that expo-
sure of SimA9 mouse microglial cell line to immune mimetics stimulating TLR4 (lipopolysaccharide—LPS) or TLR7/8 
(resiquimod/R848), results in marked MAP kinase activation, followed by induction of nitric oxide synthase, and various 
cytokines/chemokines. However, in contrast to TLR4 or TLR7/8 stimulation, very few effects of TLR3 stimulation by poly-
inosine/cytidine (polyI:C) were detected. Induction of chemokines/cytokines at the mRNA level by LPS and resiquimod 
were, in general, only marginally affected by MAP kinase inhibition, and expression of TNF, Ccl2 and Ccl5 mRNAs, along 
with nitrite production, were enhanced by p38 inhibition in a stimulus-specific manner. Selective JNK inhibition enhanced 
Ccl2 and Ccl5 release. Many distinct responses to stimulation of TLR4 and TLR7 were observed, with JNK mediating TNF 
protein induction by the latter but not the former, and suppressing Ccl5 release by the former but not the latter. These data 
reveal complex modulation by MAP kinases of microglial responses to immune challenge, including a dampening of some 
responses. They demonstrate that abnormal levels of JNK or p38 signalling in microglial cells will perturb their profile of 
cytokine and chemokine release, potentially contributing to abnormal inflammatory patterns in CNS disease states.
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Introduction

Inappropriate microglial activation is a component of most 
neurodegenerative diseases. In Alzheimer’s disease, for 
example, activated microglia surround amyloid plaques, 
and genetic evidence implies strongly that microglia directly 
influence the neurodegenerative process (Yeh et al. 2017; 
Efthymiou and Goate 2017; Baufeld et al. 2018). In certain 
psychiatric diseases, most prominently schizophrenia, there 
is also evidence that microglia contribute to disease aetiol-
ogy (Takahashi et al. 2016; Herron et al. 2018). The epide-
miological evidence that exposure to viral infection in utero 
increases schizophrenia risk in offspring is consistent with 
inappropriate microglial activation during development as 
a component of disease causation.

In Alzheimer’s disease (AD), there are many reports of 
abnormal levels of chemokines/cytokines in plasma, cer-
ebrospinal fluid and post-mortem tissue (Swardfager et al. 
2010), although many are contradictory. Conversely, equiva-
lent studies in schizophrenia consistently indicate elevated 
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CNS cytokine and chemokine expression (Zhang et al. 2002; 
Miller et al. 2011; Hong et al. 2017). For example, robust 
increases in interleukin 6 (IL-6) are detected in cerebrospi-
nal fluid in patients samples, whilst in post-mortem tissue, 
increased inflammatory markers such as CXCL8, IL-1β, and 
IL-6 mRNAs are detected in dorsolateral prefrontal cortex 
from patients (Fillman et al. 2013).

The possibility of microglial involvement in a range of 
CNS diseases becomes of significant interest considering 
that complementary evidence links signalling via the JNK 
subgroup of MAP kinase cascades to the aetiology of the 
same diseases. JNK phosphorylation (activation) is elevated 
in neurons showing early signs of Aβ1-42 accumulation in 
AD and is also increased in prefrontal cortex and hippocam-
pus in later stage AD (Del Villar and Miller 2004; Swatton 
et al. 2004; Mufson et al. 2012), and JNKs are considered as 
potential therapeutic targets (Yarza et al. 2016). JNK activa-
tion is also heavily implicated in the neurotoxic responses to 
CNS-penetrant viruses, such as polio virus, west nile virus, 
Human immunodeficiency virus (HIV) and Herpes simple 
virus (HSV) (Michaelis et al. 2007; Autret et al. 2008; Crews 
et al. 2009; Cliffe et al. 2015; Beckham et al. 2007). Genetic 
evidence supports the involvement of JNK signalling in 
schizophrenia aetiology (Winchester et al. 2012; Morris 
and Pratt 2014).

Toll-like receptors (TLRs), which detect the presence of 
tissue pathogens such as bacteria and viruses, are expressed 
by immune cells including monocytes and macrophages, and 
also in CNS microglia. Many signalling pathways interact to 
regulate microglial activation in response to immune chal-
lenge. Most prominent amongst these are the nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) and 
MAP kinase (ERK, p38 and JNK) cascades, which com-
bine to induce proliferation, morphological change, migra-
tion, and synthesis and release of inflammatory mediators 
including nitric oxide, cytokines and chemokines (Dong 
et al. 2002). The JNK pathway is known to contribute to 
the activation of T cells and macrophages, but the extent to 
which JNK signalling is involved in microglial activation is 
less clear. For example, induction of TNF, IL-2, and CCL5 
following immune challenge is reduced in mice lacking 
JNK1 (Tran et al. 2006). Conversely, induction of inducible 
nitric oxide synthase (NOS2, iNOS) and IL-6 is enhanced 
in bone-marrow-derived macrophages (BMDMs) from mice 
lacking JNK1 (Zhao et al. 2017).

Most studies compare the effects of TLR4, responding 
to bacterial mimetics such as lipopolysaccharide (LPS) 
and TLR3, responding to double-stranded virus mimetics 
such as poly inosine-cytosine (poly I:C). There is limited 
information concerning responses to mimetics of single-
stranded viruses, such as resiquimod/R848 (Hemmi et al. 
2002), which act on TLR7 and TLR8. In view of epidemio-
logical evidence linking single-stranded virus exposure to 

psychiatric and neurological diseases, this is an important 
area that needs to be addressed.

In pursuit of an improved understanding of the mecha-
nisms involved in microglial activation, we were also keen 
to assess the extent to which MAP kinase signalling, and in 
particular the JNK pathway, mediates microglial responses 
to immune challenge. There is a concern that viral immor-
talisation causes established microglial cell lines to be 
unrepresentative of their in vivo counterparts (Henn et al. 
2009; Stansley et al. 2012; Butovsky et al. 2014; Das et al. 
2016). Most of these lines stem from primary microglia cul-
tures derived from the brain or the spinal cord, which were 
immortalized by viral transduction with oncogenes, e.g. BV2 
(Blasi et al. 1990) or N9 (Righi et al. 1989) cell lines. This 
is a particular issue for studying MAP kinase involvement 
in cell responses, since in many cases the immortalisation 
involves increasing MAP kinase activity. Whilst advantages 
of cell lines include their ease of maintenance and their 
abundant availability due to their unrestricted proliferative 
capacity, a major disadvantage is that viral transformation or 
immortalization may alter the microglial phenotype. Recent 
studies have pointed out that microglia cell lines differ both 
genetically and functionally from primary microglia and 
ex vivo microglia (Butovsky et al. 2014; Das et al. 2016; 
Melief et al. 2016). The SIM-A9 cell line derived from a 
population of spontaneously transformed microglia in a 
primary mouse cortical culture (Nagamoto-Combs et al. 
2014), and hence may be more closely related to microglia 
in vivo. In this study, we use SIM-A9 mouse microglial cells 
to probe the similarities and differences between activation 
of TLR3, TLR4 and TLR7/8, and the contribution of MAP 
kinase pathways to microglial responses.

Materials and Methods

Cell Culture and Stimulation

Murine microglial cells (SIM-A9) (RRID:CVCL_5I31) 
(Nagamoto-Combs et al. 2014) were purchased from ATCC 
(CRL3265). To expand the population, the cells were grown 
in DMEM:F12 (Gibco 302006) containing 5% horse serum 
(Gibco-26050-088) with 1% penicillin/streptomycin. The 
cells were detached with Trypsin/EDTA. For the immune 
stimulation describe below, required drugs were added after 
horse serum was removed (i.e., serum-free conditions).

LPS (Sigma, L-8274, 50 ng/ml (100 ng/ml for Griess 
assay),  dH2O), Poly I:C (LMW, Invivogen, Tlrl-picw, 
100 ng/ml,  dH2O), and resiquimod (Tocris, resiquimod, 
3 μM, DMSO) were used to induce immune responses. JNK-
IN-8 (Sigma, SML1246, 1 μM, DMSO), PD98059 (Calbio-
chem, 513000, 40 μM, DMSO), SB203580 (Calbiochem, 
559389, 5 μM, DMSO) were used to inhibit specific MAP 
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kinases, and they were added 3 h (JNK-IN-8)(Zhang et al. 
2012) or 30 min (PD98059, SB203580) prior to immune 
stimuli.

RNA Extraction and RT‑qPCR

Total RNA was extracted from the cell culture after vari-
ous experimental conditions using an RNeasy mini kit 
(Qiagen, 79254) with additional DNase I (Qiagen, 79254) 
as per manufacture’s instruction. The RNA concentration 
was determined by a Nanodrop DeNovix DS-11+ Spectro-
photometer. RNA was reverse-transcribed to cDNA using 
High-capacity RNA-to-cDNA™ kit (Applied Biosystems, 
4387406) according to the manufacturer’s instruction.

Gene expression in the cells was quantified Fast Sybr-
Green™ master mix (Applied Biosystems, 4385612) for 
each target using the QuantaStudio7 (Thermo Fisher Sci-
entist). Primer sequences are provided in Supplementary 
Table 1. The level of the target genes was normalised to a 
geometric mean of two reference genes (Gapdh, Henmt1), 
which were not significantly different within treatment 
groups, and relative differences in target gene expression 
were determined using absolute quantification method.

Only for Tlr expression analysis, the relative quantifica-
tion method  (2−ΔΔCT) was used. The arbitrary value relative 
to Gapdh was compared to the average of all control (no RT) 
values as an index of relative expression.

Griess Assay

Cell culture media were collected and transferred to a 96 
well plate. The culture media were mixed with an equal 
volume of the Griess assay reagent (Enzo Life Sciences, 
ALX-400-004-L050) and incubated for 10–15 min under 
dark condition. Measurements were taken (Multiskan® 
Spectrum; Thermo Scientific™, 540 nm), operated via the 
SkanIt™ software (Thermo Scientific™). 650 nm absorb-
ance was taken for the reference.

Western Blot

Western blotting was performed essentially as described pre-
viously (Guilding et al. 2007). The cells were stimulated with 
pathogen mimetics for 15 min and proteins were extracted 
from the stimulated cells using ice-cold RIPA buffer (10 mM 
Tris–HCl (pH 7.4) + 150 mM NaCl + 1 mM EDTA + 1%(v/v) 
Triton x-100 + 0.1%(w/v) SDS + 0.5% (w/v) sodium deoxy-
cholate +  dH2O + 1% (v/v) proteinase inhibitors (Sigma, 
P8340) + 1 mM Sodium Orthovanadate + 2.5 mM Sodium 
Pyrophosphate + 25 mM Sodium Fluoride) and the lysate 
was centrifuged at 8000 × g for 10 min at 4 °C. The superna-
tant was kept at − 20 °C till further use. Proteins were mixed 
with sample buffer (NuPAGE®, Invitrogen, NP0007) and 

the reducing agent (NuPAGE®, Invitrogen, 1769410) and 
heated for 10 min at 80 °C. Preheated samples and protein 
ladder (Bio-Rad, 161-0375) were loaded onto a pre-cast gel 
(10% Bis–Tris gel, NuPAGE®, Invitrogen) and transferred to 
pre-methanol/diluted NuPAGE transfer buffer soaked PVDF 
membrane (0.45 μm pore size, Novex, LC2005) NUPAGE 
transfer PVDF membranes. The transferred membranes were 
blocked by 5% milk/TBS-T for 30 min at room temperature 
and incubated with primary antibody overnight at 4 °C with 
gentle shaking (pJNK, Abcam, ab76572, 1:10000; pERK, 
Cell Signaling Technology (CST), 4377, 1:5000; pp38, CST, 
4511, 1:4000; GAPDH Genetex, GTX627408, 1:20000). 
Specificity of the antibodies was assessed by the presence 
of a single band of the predicted size (in Kda) in our west-
ern blots (Supplementary Figure 5), and by inspection of 
literature data of immunoreactivity absence in mice with the 
corresponding gene deleted. The membranes were washed 
three times for 10 min each in TBS-T and incubated with 
secondary antibody (anti-Rabbit, Merck 12-348, 1:10000 in 
1% milk/TBS-T) for 2 h at room temperature. Washes were 
repeated after secondary antibody incubation, washing three 
times for 10 min, first washing in TBS-T and then last two 
washing in 10 × TBS. Blots were developed via ECL (Mil-
lipore, WBKLS0100; or CST, 6883S), and images captured 
(Syngene PXi).

Gel Electrophoresis

cDNA samples were mixed with 5 µl of SybrGreen (Applied 
Biosystems, Fast SYBR™ green master mix, 4385612), 
0.3 µl of a target gene of forward primer, 0.3 µl of a target 
gene of reverse primer, and 3.4 µl of RNase free water. The 
PCR was 95 °C for 3 min followed by 40 cycles of 95 °C 
for 3 s, 60 °C for 30 s, and 95 °C for 1 min. The final PCR 
products were run on a 1.5% agarose gel (120 V, 45 min). 
The gel was imaged under UV lamp machine (Alpha Inno-
tech, AlphaImage™).

ELISA

Secreted cytokines and chemokines from the stimulated 
cells were measured by ELISA kits (IL-6, eBiosciece™, 
12364003; TNF-a, eBiosciece™, 155501117; CCL2, eBi-
osciece™, 15561137; CCL5, R&D system, DY478-05, 
CXCL10, R&D system, DY466-05) per manufacturers’ 
instructions. The culture media were stored at − 80 °C if they 
were not immediately used.

Statistics

A priori sample size calculations were performed, based on 
our previous experience with these techniques, assuming 
a minimum power of 0.8 and significance level of p < 0.05 
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for ANOVA main effects (Minitab). All results are reported 
as groups means ± SEM. No outliers were removed. Any 
deviation from normality of distribution (Kolmogorov 
– Smirnov test) and homogeneity of variance was assessed 
using Minitab. Non-normally distributed data were log 
transformed, and two-way or three-way analysis of variance 
(ANOVA) with post hoc Tukey multiple tests conducted 
(Minitab). For small sub-group sizes, individual planned 
comparisons between groups were also performed using a 
Fisher-Pitman permutation test. Details of the results of the 
statistical analysis are given in figure legends and in Sup-
plementary Table 2.

Results

Resting Microglial Cells Show Low Expression 
of TLR3 and TLR8

Previous studies (Bsibsi et al. 2002; Olson and Miller 2004; 
Trudler et al. 2010) have compared the expression of TLRs 
in microglial cells maintained in serum, and hence likely 
to be under some degree of stimulation. To assess the rela-
tive expression of TLR3, TLR4, TLR7 and TLR8 in resting 
microglial cells, grown in serum-free conditions, prior to 
using agents stimulating these receptors to study the micro-
glial responses, we used PCR to amplify the corresponding 
mRNAs (Fig. 1). At the mRNA level, Tlr3 and Tlr8 mRNAs 
showed a relatively low expression level compared to Tlr4 
and Tlr7 mRNAs.

TLR Stimulation Activates MAPK Pathways

We assessed the extent to which immune mimetics were 
able to activate MAP kinase signalling in the microglial 
cells. The cells were stimulated with one of three different 
pathogen mimetics: resiquimod (TLR7/8 agonist) activated 
pMAPKs 15 min after stimulation (JNK, ERK and p38) 

(Fig. 2), however LPS and poly I:C did not show any mean-
ingful changes. With a slightly longer exposure time, after 
30 min, LPS appeared to produce activation of pMAPKs, 
poly I:C rarely showed significant changes compared to LPS 
and resiquimod, even though pp38 appeared to be decreased 
at 30 min point (Supplementary Figures 1 and 2). The lack 
of MAPK phosphorylation after poly I:C stimulation may 
be a result of the low expression of Tlr3. These results indi-
cate that microglial TLR4 and TLR7 use MAPKs as part of 
their response to immune stimuli. MAPKs have different iso-
forms. These isoforms have distinct expression patterns and 
their different biological function have been reported (Pagès 
et al. 1999; Kuan et al. 1999; Coffey 2014). For example, 
Jnk1 and Jnk2 are expressed through the body, although 
Jnk3 is expressed in limited organs such as the brain, and 
heart (Davis 2000). Therefore, it is important to know how 
individual isoform expression varies. Our results showed 
that JNK isoforms were significantly changed (Fig. 2A,B), 
and also both ERK isoforms (Fig. 2C,D).

Nitric Oxide Production After Immune Challenge

We then assessed the extent to which immune mimetics were 
able to stimulate an immune response in the microglial cells 
To monitor microglial activation after the stimuli, nitrite 
production was measured as an index of inducible nitric 
oxide synthase (iNOS) induction. Nitrite production was sig-
nificantly increased by LPS and resiquimod but not by poly 
I:C (Fig. 3A). In order to understand MAPK effects on iNOS 
production, three different inhibitors were given before LPS 
and resiquimod. JNK and ERK inhibition reduced nitrite 
production under the LPS condition, but not with resiquimod 
(Fig. 3B-2, B-3). p38 inhibition tended to increase nitrite 
production with resiquimod (F(3,42) = 8.175, p = 0.0002; 
resiquimod vs. resiquimod + SB203580, p = 0.0439; Bon-
ferroni post hoc) (Fig. 3B-3). This observation suggests dif-
ferences in MAPK involvement downstream of TLR4 and 

Fig. 1  Tlr expression in SIM-A9 microglial cells. The cells were 
maintained under serum-free conditions overnight prior to RNA 
extraction and PCR. A A 100  bp DNA ladder is shown at left and 
right (red arrow indicates 500  bp). Loading order, negative control, 

positive control (cDNA from whole mouse brain), and five independ-
ent SimA9 cell samples; loading order was repeated for each TLR. 
B Relative quantification of Tlr expression on SIM-A9 cell samples, 
whole brain cDNA was used as a positive control (n = 5–6/group)
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TLR7/8, with greater involvement of ERK and JNK in TLR4 
signalling.

Time Course of Cytokine and Chemokine Responses

To explore other consequences of the immune challenge, the 
cells were stimulated for three different time points, 0.5, 8, 
24 h in serum-free conditions, and cytokine and chemokine 
responses were measured, at both mRNA and protein level. 
Il-6 mRNA significantly increased after LPS and resiqui-
mod stimulation, however no changes were detected with 
poly I:C (Fig. 4A). Il-6 mRNA levels continuously increased 
to 24 h. Tnf mRNA showed the peak stimulation at 0.5 h, 
after which its level gradually decreased (Fig. 4C). Again, 
poly I:C did not make any meaningful changes. Interest-
ingly, IL-6 protein only showed detectable changes after 8 h; 
0.5 h levels were below the quantification limit (data not 
shown), even though mRNA levels were raised from 0.5 h 

(Fig. 4B). TNF protein was significantly increased at 8 and 
24 h (Fig. 4D). Thus whilst both TNF and Il-6 genes are 
induced rapidly after TLR stimulation, Il-6 mRNA levels 
continue to increase over 24 h, whereas Tnf mRNA levels 
start to decline. However, the levels of both proteins released 
from the cells rises over the 24 h period. At the concentra-
tions used, resiquimod produced a greater release of TNF 
protein, compared to LPS (Fig. 4).

In contrast to pro-inflammatory cytokines, the time courses 
of changes in chemokine expression were almost consistent. 
Ccl2, Ccl5 and Cxcl10 mRNA levels robustly increased from 
8 h and their levels remained at roughly the same level until 
24 h (Fig. 5A,C,E). Thus the induction of these chemokine 
mRNAs showed a different temporal profile from both TNF 
and Il-6, with no further increase after 8 h. Responses to LPS 
and resiquimod were generally similar, but interestingly, 
Cxcl10 mRNA showed measurable changes at 0.5 h with 
resiquimod but not LPS (Fig. 5E). Despite the LPS effect on 

Fig. 2  Resiquimod induces MAPK phosphorylation in microglial 
cells. The microglial cells were cultured in serum-free medium 
overnight, and treated with LPS (50  ng/ml), poly I:C (100  ng/
ml), or resiquimod (3  μM) for 15  min. A Resiquimod increases 
the level of pJNK compared to poly I:C or LPS. B The pJNK lev-
els appear increased with resiquimod compared to vehicle. C and 
D Resiquimod, but not poly I:C or LPS, increases pERK and pp38 
levels significantly. C and E Resiquimod increased pp38 levels sig-
nificantly. One representative blot out of two independent experi-

ment images is shown for A and C. Individual dots are shown along 
with mean ± SEM. The data were analysed by two-way ANOVA, 
Tukey comparison (pJNK, pERK) and by one-way ANOVA, Bonfer-
roni comparison (pp38) (*p < 0.05, ****p ≤ 0.0001 vs. same isoform 
in vehicle group; ####p ≤ 0.0001 overall effect Tukey comparisons). 
(n = 3–6/group). Details of ANOVA F values and p values and of 
Fisher-Pitman permutation testing are provided in Supplementary 
Table 2
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Cxcl10 mRNA starting more slowly, there was a much greater 
response to LPS by 24 h. The same greater response to LPS 
compared to resiquimod was seen with Ccl5 mRNA (Fig. 5C). 
CCL2 protein release broadly reflected mRNA level changes 
even though it showed a later induction time point (Fig. 5B). 
CCL5 and CXCL10 protein levels, despite the mRNAs chang-
ing over time, did not show any increases (Fig. 5D,F). Our 
results suggest that bacterial infection will result in relatively 
greater chemokine (CCL5, CXCL10) release, and relatively 
less cytokine (IL-6, TNFα) release, from microglia, compared 
to single-stranded virus infection.These findings emphasise 
that protein level does not always reflect mRNA level, and 
other factors may influence the amount of protein that is 
detectable. Moreover, the nature of the immune response will 
clearly be different, depending on the pathogen.

Effect of MAPK Inhibitors on Cytokine 
and Chemokine Induction

To determine the effect of MAP kinase inhibition on 
cytokine and chemokine secretion, the cells were pre-treated 

with MAPK inhibitors, JNK-IN-8, PD98059, or SB203580, 
and then stimulated with LPS or resiquimod. After 8 h, LPS 
and resiquimod induced Il-6 mRNA, and minor effects of 
MAPK inhibition were seen under resiquimod stimulation 
(Fig. 6A–C). IL-6 release with LPS or resiquimod was not 
detectable (data not shown). In contrast to Il-6 mRNA, Tnf 
mRNA showed MAPK inhibition effects. The levels of Tnf 
mRNA were altered by ERK inhibition with vehicle and 
LPS (F(3,18) = 24.33, p < 0.0001; LPS vs. LPS+PD98059, 
p = 0.0079; LPS vs, LPS+SB203580, p = 0.0002, Bonferroni 
post hoc) but with resiquimod, however, JNK inhibition did 
not cause any alterations of Tnf mRNA (Fig. 6D–F). In spite 
of the alteration of TNF mRNA levels, TNF protein did not 
reflect these changes (Fig. 6G,H). In contrast to the lack of 
effect of JNK inhibition on Tnf mRNA induction by resiqui-
mod, the increased TNF protein release was clearly inhib-
ited (Fig. 6I). These results emphasise further the complex 
relationship between mRNA induction and protein release, 
and the distinct signalling pathways recruited in microglial 
cells by TLR4 and TLR7 stimulation (see Supplementary 
Figure 3).

Fig. 3  iNOS production. The microglial cells were cultured in serum-
free medium and left overnight before use. The cells were stimulated 
by LPS (100 ng/ml), poly I:C (100 ng/ml) or resiquimod (3 μM) for 
24  h and MAPK inhibitors, JNK-IN-8 (1  μM), PD98059 (40  μM), 
or SB203580 (5 μM), were added before the mimetics. A iNOS was 
increased by LPS and resiquimod, however poly I:C did not pro-
duce any affect (B-1). Nitrite release in the vehicle condition was not 
affected by MAPK inhibition (B-2), but JNK-IN-8 and ERK inhibi-
tion under the LPS condition reduced nitrite release, whilst (B-3) p38 
inhibition with resiquimod increased iNOS production. Griess assay 

was performed and the individual data points are shown along with 
mean ± SEM. The data were analysed by two-way ANOVA, Tukey 
post hoc test (*p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001, ****p ≤ 0.0001 
vs. same TLR activator without inhibitors, Tukey comparisons; 
ǂp ≤ 0.05, ǂǂp ≤ 0.005, ǂǂǂp ≤ 0.001, ǂǂǂǂp ≤ 0.0001 Resiquimod vs. 
SB203580 within resiquimod treatment group one-way ANOVA Bon-
ferroni post hoc test). Vehicle(V) data in B-2 and B-3 are repeated 
data from Vehicle(V) in B-1. (n = 8–24/group). Details of ANOVA F 
values and p values are provided in Supplementary Information
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Similarly complex regulation was observed with pro-
inflammatory chemokines after MAPK inhibition. Under 
the vehicle condition, MAPK inhibition effects on Ccl2 
mRNA and CCL2 protein were not detected (Fig.  7A, 
D), but there was other evidence for JNK involvement 
in the regulation of CCL2 release, in that JNK inhibition 
increased the stimulatory effect of LPS, but not resiqui-
mod (Fig. 7E, F). LPS stimulation increased Ccl2 mRNA 
levels, which was further enhanced with p38 inhibition 

(Fig. 7B); however, this change was also not detectable in 
protein level (Fig. 7E). As observed previously, LPS pro-
duced a greater induction of Ccl5 and Cxcl10 mRNA than 
resiquimod. Ccl5 mRNA was not affected by any MAPK 
inhibitor (Fig. 7G–I). CCL5 protein levels were not sig-
nificantly changed (Fig. 7J–L). However, JNK inhibition 
with LPS induced CCL5 protein levels (F(3,16) = 7.917, 
p = 0.0018; LPS vs. LPS+JNK-IN-8, p = 0.0014; Bonfer-
roni post hoc) and its secretion pattern is similar to CCL2 

Fig. 4  Distinct time courses of TNF and IL-6 induction after LPS 
and resiquimod. The microglial cells were cultured in serum-free 
medium overnight, stimulated by LPS (50 ng/ml), poly I:C (100 ng/
ml), or resiquimod (3 μM), and RNA extracted and the culture media 
stored after the times indicated. A Il-6 mRNA showed meaning-
ful changes from 8  h stimulation with LPS and resiquimod but not 
with poly I:C. B IL-6 release increased statistically from 8 and 24 h 
stimulation with LPS and resiquimod. 0.5  h stimulation data were 
below quantification limit. C Tnf mRNA was maximally increased at 
0.5 h after stimulation with LPS or resiquimod. D TNF release was 
significantly increased from 8 h and this level continued to increase. 
The individual data points are shown along with mean ± SEM. The 

colour represent passages of the cells. Data were analysed by two-
way ANOVA (RT-qPCR); or three-way ANOVA (ELISA), Tukey 
post hoc test (n = 4–6 independent samples; *p ≤ 0.05, **p ≤ 0.005, 
***p ≤ 0.001, ****p ≤ 0.0001 vs. vehicle control at same stimula-
tion time; $p ≤ 0.05, $$p ≤ 0.005, $$$p ≤ 0.001, $$$$p ≤ 0.0001 vs. 0.5 h 
stimulation within the same treatment group; #p ≤ 0.05, ##p ≤ 0.005, 
###p ≤ 0.001, ####p ≤ 0.0001 overall effect Tukey comparisons; 
@p ≤ 0.05, @@p ≤ 0.005, @@@p ≤ 0.001, @@@@p ≤ 0.0001 LPS vs. 
resiquimod in a same stimulation time Tukey comparisons). (n = 4–6/
group). Details of ANOVA F values and p values and of Fisher-Pit-
man permutation testing are provided in Supplementary Table 2
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protein (Fig. 7E, K). Interestingly, p38 inhibition increased 
the Ccl5 mRNA and CCL5 protein response to resiquimod 
(Fig. 7I, L). Cxcl10 mRNA was not meaningfully changed 
by any MAPK inhibition (Fig. 7M–O). CXCL10 protein 
levels were below the threshold for detection (data not 
shown). These observations may suggest that MAPKs are 
not crucial, but selectively participate in chemokine induc-
tion during immune responses of microglia (see Supple-
mentary Figure 3).

Many previous studies of the effects of JNK inhibition 
on the cytokine or chemokine responses in immune cells 
use the JNK inhibitor SP600125, which is fairly, but not 
completely selective for JNKs (Bain et al. 2007). When 
we compare the effects of SP600125 (at a widely used and 
putatively JNK-selective concentration) with the highly 
selective inhibitor JNK-IN-8 used here (Zhang et al. 2012) 
we observed some very clear differences between them 
(Supplementary Figure 3).

Discussion

Through a direct comparison of the effects and mecha-
nisms of different immune stimuli, we have found that the 
microglial cells studied here have very little response to 
TLR3 stimulation, distinct responses to TLR4 and TLR7 
activation, and also a complex and distinct contribution 
of MAP kinase pathways to the regulation of the immune 
response.

Lack of Response to polyIC

We detected clear MAP kinase/cytokine/chemokine 
responses to relatively low concentrations of LPS and 
resiquimod, with induction of all of the cytokines/
chemokines measured. However, the general lack of respon-
siveness to polyI:C was surprising. The poly I:C employed 
clearly acts as a TLR3 stimulant, as we have previously 
observed substantial in vivo systemic immune responses 
to this batch of poly I:C in mice (Openshaw et al. 2019). 
The concentration of poly I:C used here in vitro—100 ng/
ml—has previously been reported to activate p38 and JNK 
signalling in primary rat microglial cultures (de Oliveira 
et al. 2016), and to induce a large enhancement of cytokine 
release from microglia and other cells (Remels et al. 1990; 
Ribes et al. 2010; Peltier et al. 2010; Lehmann et al. 2012) 
via TLR3 stimulation. However, cytokine induction and JNK 
activation with a much higher (500x) poly I:C concentration 
are not mediated by TLR3 (Town et al. 2006).

Consistent with our data, many studies have reported 
a lack of response, or very low sensitivity, to poly I:C, in 
microglial cells (Olson and Miller 2004; Zuiderwijk‐Sick 
et al. 2007; Lobo‐Silva et al. 2017), and in peripheral blood 
mononuclear cells, where the cytokine and chemokine 
responses to poly I:C are 100–1000-fold smaller than the 
responses to TLR4 or TLR7/8 (2.5 μM resiquimod) stimu-
lation (Ghosh et al. 2006; Monguió-Tortajada et al. 2018).

The expression of TLR3 in SIM-A9 cells was substan-
tially lower than that of TLR4 and TLR7. Primary pri-
mate microglial cells also express very low levels of TLR3 
(Zuiderwijk‐Sick et al. 2007). A possible explanation for 
the discrepant findings on poly I:C sensitivity may be that 
TLR3 expression is highly dynamic, with marked transcrip-
tional induction depending on the degree of prior activation 
of the immune cells (Olson and Miller 2004; Town et al. 
2006; Monguió-Tortajada et al. 2018). It seems likely that 
the SIM-A9 cells under our conditions are in a quasi-resting 
condition, with low basal Tlr3 mRNA expression, possibly 
reflecting the lack of extensive and prolonged isolation pro-
cedures used for primary cultures, or viral imortalisation as 
in other microglial cell lines. Our data therefore support a 
growing awareness that sensitivity to TLR3 stimulation of 
microglia in their resting state may be rather limited.

Relative Responses to TLR4 and TLR7 Stimulation—
MAP Kinase Activation

Exposure of SIM-A9 microglial cells to LPS or resiquimod 
led to a rapid and pronounced phosphorylation of JNKs 
and p38s, with JNK activation being especially dramatic. 
Phosphorylation (activation) of ERKs 1 and 2 (p44 and 
p42 ERK) appeared to occur after a slight delay relative 
to the phosphorylation of JNKs and p38 MAP kinases. 

Fig. 5  Distinct chemokine induction after LPS and resiquimod. The 
microglial cells were cultured in serum-free medium overnight, 
stimulated by LPS (50  ng/ml), poly I:C (100  ng/ml),or resiquimod 
(3 μM for the times indicated. A Ccl2 mRNA levels were increased 
by LPS and resiquimod after 8  h stimulation but not by poly I:C. 
B CCL2 protein level showed meaningful changes with LPS and 
resiquimod stimulation at 24  h. C Ccl5 mRNA showed consider-
able changes after 8 h resiquimod stimulation and its level remained 
increased till 24  h. LPS challenge induced an even greater increase 
in Ccl5 mRNA levels from 8 and 24  h. D CCL5 protein levels did 
not change. E Cxcl10 mRNA increased from 8  h after stimulation 
with LPS. Resiquimod showed a lesser induction from 0.5 h and its 
level was no different from control levels by 24  h. F CXCL10 pro-
tein levels did not change at any timepoints with any treatments. 
The individual data points are shown along with mean ± SEM. The 
colour represent passages of the cells. The data were analysed by 
two-way ANOVA (RT-qPCR); three-way ANOVA (ELISA), Tukey 
post hoc test (n = 4–6 independent samples; *p ≤ 0.05, **p ≤ 0.005, 
***p ≤ 0.001, ****p ≤ 0.0001 vs. vehicle control at same stimula-
tion time; $p ≤ 0.05, $$p ≤ 0.005, $$$p ≤ 0.001, $$$$p ≤ 0.0001 vs. 0.5 h 
stimulation within the same treatment group; #p ≤ 0.05, ##p ≤ 0.005, 
###p ≤ 0.001, ####p ≤ 0.0001 vs. overall effect Tukey comparisons; 
@p ≤ 0.05, @@p ≤ 0.005, @@@p ≤ 0.001, @@@@p ≤ 0.0001 LPS vs. 
resiquimod in a same stimulation time Tukey comparisons). (n = 4–6/
group). Details of ANOVA F values and p values and of Fisher-Pit-
man permutation testing are provided in Supplementary Table 2
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This is consistent with a report that primary microglial 
cells show ERK activation peaking at 20–30 min after 
LPS exposure (Bhat et al. 1998). However, the clear ERK 
response to LPS in SIM-A9 cells as well as primary micro-
glia is interesting, since the BV-2 mouse microglial cell 
line reportedly shows very little ERK activation at any 
time after LPS exposure (Watters et al. 2002). This prob-
ably reflects high basal levels of ERK activity, as these 
cells are immortalised by activation of this pathway (Blasi 
et al. 1990).

Relative Responses to TLR4 and TLR7 Stimulation—
Cytokines

Agonists at TLR7/8 are relatively poorly studied in micro-
glial cells, in comparison to TLR3 or TLR4 agonists. We 
found that resiquimod was a powerful stimulant of cytokine 
and chemokine release, consistent with its effects on MAP 
kinase phosphorylation. Expression of TLR8, was relatively 
low, suggesting that the effects of resiquimod are mediated 
via TLR7 rather than TLR8. The strong responses that we 

Fig. 6  Pro-inflammatory cytokines are selectively regulated by 
MAPKs in microglia after LPS and resiquimod. The microglial cells 
were cultured in the serum-free medium and left overnight. The 
cells were stimulated by LPS (50  ng/ml) or resiquimod (3  μM) for 
8  h and MAPK inhibitors, JNK (JNK-IN-8, JNK inhibitor, 1  μM), 
ERK (PD98059, ERK inhibitor, 40  μM), or p38 (SB203580, p38 
inhibitor, 5  μM), or vehicle, were added before the mimetics. A–C 
Il-6 mRNAs did not show any MAPKs’ inhibitor effects compare to 
vehicle or LPS only condition. ERK and p38 inhibition suppressed 
Il-6 mRNA production when it combined with resiquimod. D–F Tnf 
mRNA did not any statistically significance of LPS or resiquimod 
with MAPKs’ inhibitors. G–I TNF-a proteins were only changed 
by JNK inhibitor with resiquimod. Absolute quantification was per-
formed via RT-qPCR and the data were normalised to Gapdh and 
Henmt1. Total amount of protein (per 1000 cells) was presented on 

graphs and its amount was measured by ELISA. The individual data 
points are shown along with mean ± SEM. The colour represents pas-
sages of the cells. The data were analysed by three-way ANOVA, 
Tukey post hoc test (n = 5–12 independent samples; *p ≤ 0.05, 
**p ≤ 0.005, ***p ≤ 0.001, ****p ≤ 0.0001 vs. vehicle under the 
same inhibitor; $p ≤ 0.05, $$p ≤ 0.005, $$$p ≤ 0.001, $$$$p ≤ 0.0001 vs. 
vehicle alone within the same immune mimetic group; @p ≤ 0.05, 
@@p ≤ 0.005, @@@p ≤ 0.001, @@@@p ≤ 0.0001 vs. LPS+ a same 
inhibitor; ^p ≤ 0.05, ^^p ≤ 0.005, ^^^p ≤ 0.001, ^^^^p ≤ 0.0001 overall 
treatment effects; ǂp ≤ 0.05, ǂǂp ≤ 0.005, ǂǂǂp ≤ 0.001, ǂǂǂǂp ≤ 0.0001 
LPS vs. LPS+PD98059 and LPS vs. SB203580 within LPS treatment 
group one-way ANOVA Bonferroni post hoc test). (n = 5–12/group). 
Details of ANOVA F values and p values are provided in Supplemen-
tary Information
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observe following TLR7 activation, as compared to activa-
tion of TLR3, or even TLR4, are consistent with evidence 
that stimulation of cytokine (TNF) release from primary pri-
mate microglial cells is also especially sensitive to TLR7/8 
agonists (Zuiderwijk‐Sick et al. 2007). There is controversy 
with primary mouse microglia, which have been reported to 
be relatively unresponsive to TLR7 stimulation, compared to 
TLR4 stimulation, (Lee et al. 2016), or especially sensitive 
to the TLR7 stimulation (Butchi et al. 2008). These discrep-
ancies again may relate to the degree of prior sensitisation of 
the cells. Our data are also consistent with data from mouse 
macrophages (Pauls et al. 2013) where 3 μM resiquimod 
produces much greater increases in Tnf-a mRNA compared 
to 100 ng/ml LPS.

It is interesting to note that Il6 mRNA and IL-6 protein 
induction develops relatively slowly, over 24 h, in contrast 
Tnf-a mRNA and TNF protein induction, which is detected 
in 0.5 h, even though they are in the same functional group 
(pro-inflammatory cytokines). This has been noted in other 
systems (Eskay et al. 1990) and so is not unique to microglia.

Relative Responses to TLR4 and TLR7 Stimulation—
Chemokine Induction

Cxcl10 mRNA induction after resiquimod is remarkably fast 
(mRNA is elevated after 0.5 h), but then declines, in con-
trast to the slower but more sustained time course after LPS, 
and indeed the slower but more sustained time course after 
resiquimod for Ccl2 and Ccl5 mRNAs. This is similar to 
the rapid induction of TNF mRNA, and, in terms of mecha-
nism, at least partially reflects fast pre-mRNA splicing for 
these two genes (Hao and Baltimore 2013). Similar effects 
have been noted in vivo, where induction of Cxcl10 in vivo 
by Toxoplasma Gondii infection is faster than induction of 
Ccl2/Ccl5 (Khan et al. 2000).

For most of the cytokine/chemokines monitored, the 
degree of induction by LPS and resiquimod was roughly 
equivalent, at the concentrations used. However, it was 
noticeable that the profile of the response differed, with LPS 
producing a greater induction of Ccl5 and Cxcl10 mRNAs, 
whilst resiquimod produced a greater induction of Tnf, Il6 
and Ccl2 mRNAs (Figs. 4, 5, 6, 7), indicative of distinct 
signalling pathways downstream of TLR4 and TLR7.

Effects of p38 Kinase Inhibition

Inhibition of p38 tended to facilitate nitrite production after 
TLR4 stimulation. In previous reports, SB203580 is often 
observed to diminish iNOS induction, or nitrite production 
in microglial cells (Pyo et al. 1998; Bhat et al. 1998; Watters 
et al. 2002; Han et al. 2002; Wen et al. 2011). However, in 
macrophage cells, selective p38 inhibition increases nitrite 
release following LPS exposure (Lahti et al. 2002, 2006), 

due to enhanced JNK signalling, normally dampened by a 
p38-mediated destabilisation of JNK. Since higher concen-
trations of SB203580 (30 μM) inhibit nitrite production by 
a mechanism unrelated to p38 inhibition (Lahti et al. 2002), 
this may provide an explanation for some of the discrepant 
reports.

As predicted from other studies (Tessaro et al. 2017; 
Rutault et al. 2001), p38 inhibition reduced TNF release. 
However, we found no reduction in TNF mRNA with p38 
inhibition. In fact, mRNA levels were increased with p38 
inhibition after LPS, but not resiquimod, treatment. This 
resembles the recently reported increased TNF mRNA lev-
els after p38 inhibition in epithelial cells, reflecting loss of 
a p38-mediated transcriptional induction of the TNF mRNA 
destabiliser tristetraprolin (Shah et al. 2016). Our data sug-
gest the operation of a similar mechanism in microglia. 
These actions of p38 are likely to be very time-dependent, 
as p38 also rapidly suppresses tristetraprolin-mediated 
destabilisation of its target mRNAs via phosphorylation 
events (Ronkina et al. 2019; Prabhala et al. 2015). The 
overt post-transcriptional effects of p38 inhibition on TNF 
release probably reflect actions on TRIF (Gais et al. 2010), 
or MAPKAP-K2 (Kotlyarov et al. 1999; Tiedje et al. 2014).

It is interesting to note that the enhancing effect of p38 
inhibition on TNF mRNA is also seen with Ccl2 and Ccl5 
mRNA, as Ccl2 and Ccl5 mRNAs are also known to be 
tristetraprolin targets (Tu et al. 2019; Schichl et al. 2009; 
Ishmael et al. 2008). Moreover, this p38 action is clearly 
both time- and pathogen-specific, and yet implies some com-
monality in the regulation of this group of genes.

Effect of JNK and ERK Inhibition—Cytokine 
and Nitric Oxide Production

Inhibition of JNK or ERK suppressed immune mimetic-
stimulated nitric oxide and TNF release. The effect on nitric 
oxide was more pronounced with LPS, whilst the effect on 
TNF was more pronounced with resiquimod. ERK inhibi-
tion, but not JNK inhibition, also decreased TNF mRNA 
induction by stimulation of both TLR4 and TLR7. Induction 
of IL-6 was less dramatic than TNF, but this may reflect the 
time point chosen, and the slower induction of Il-6 mRNA 
compared to TNF mRNA (Fig. 3).

The suppression of microglial nitric oxide release, fol-
lowing exposure to LPS or resiquimod, by inhibition of 
ERK or JNK pathways, has been shown in a number of 
previous studies, both in microglia, and in other immune 
response cells (Bhat et al. 1998; Pyo et al. 1998; Lahti 
et al. 2003; Wang et al. 2004; Yu et al. 2017). ERK and 
JNK are also generally reported to mediate increased 
TNF release in response to LPS (Swantek et al. 1997; 
Scherle et al. 1998; Zhu et al. 2000; Wang et al. 2004, 
2010; Sánchez-Tilló et al. 2007). The lack of suppression 
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of TNF release by inhibition of JNK pathways reported 
here, following exposure to LPS, was not predicted; the 
more so considering that inhibiting JNK does suppress 
the response to resiquimod (summarised in Supplementary 
Figure 3). To understand the role of JNK following TLR7, 

but not TLR4, stimulation, it is worth noting that TRAF6 
may contribute to signalling by the former but not the lat-
ter (Loniewski et al. 2007), and that TRAF6 mediates JNK 
activation in various cell types (Kobayashi et al. 2001; 
Wan et al. 2004).
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Effect of JNK and ERK Kinase Inhibition—
Chemokine Production

Selective inhibition of JNK enhanced the release of CCL2 by 
LPS, but not by resiquimod. Again this illustrates the selec-
tivity with which distinct TLRs recruit distinct signalling 
pathways, and reveals that JNK can suppress CCL2 release.

We noted above that the enhancing effect of p38 inhi-
bition on Tnf, Ccl2 and Ccl5 mRNAs implied some com-
monality in the regulation of this group of genes. However, 
whilst Ccl5 showed a larger induction by TLR4 compared 
to TLR7 stimulation, this was also true for Cxcl10, but not 
for Ccl2 (Figs. 5, 7). JNK inhibition further enhances Cxcl10 
responses to LPS but not resiquimod (as indeed it enhances 
TNF response to resiquimod but not LPS). This effect of 
JNK is despite the larger LPS responses noted above, sug-
gesting additional (JNK-mediated) mechanisms may be 
recruited to dampen the powerful Cxcl10 response to TLR4 
stimulation.

There are a number of contradictory findings concerning 
the extent to which ERK, p38 and JNK mediate induction 
of CCL2, CCL5 and CXCL10 release from microglia and 
other immune cells (Aversa et al. 2004; Nakamichi et al. 
2005; Bandow et al. 2012). Some of these discrepancies may 
reflect differential control of mRNA versus protein, as noted 
above.

Much of the confusion in the literature regarding the 
effects of JNK inhibition on the immune response no doubt 
reflects the use of SP600125, which is fairly, but not com-
pletely selective for JNKs. Indeed, when we compare the 
effects of SP600125 (at a putatively JNK-selective concen-
tration) with the highly selective inhibitor JNK-IN-8 (Zhang 
et al. 2012) we observed some fairly dramatic differences 

(Supplementary Figure 3). SP6001265, at a concentration 
sufficient to inhibit JNKs, will also inhibit various kinases 
including SGK1 and PKD1 (Bain et al. 2007), which likely 
contribute to the variable results obtained in other studies.

It is notable from our data that p38 regulates Ccl2 and 
Ccl5 at the mRNA level whilst JNK acts at the post-tran-
scriptional level. Similar effects are seen with TNF (Sup-
plementary Figures 3). The dramatically differing effects 
on mRNA vs protein of JNK and p38, whilst supported by 
prior reports, are not easily understood in terms of the func-
tional significance. It may be that the post-transcriptional 
control allows a “fine tuning” of the courser control pro-
vided by transcriptional regulation (rheostat vs switch), and 
it has been proposed that a wider dynamic range is gen-
erally observed for protein as compared to mRNA (Vogel 
and Marcotte 2012). Our results therefore implicate JNK in 
this fine tuning of microglial responses, and p38 rather in 
broad control. Indeed, where the magnitude of the response 
to TLR4 and TLR7 stimulation differs, this seems to be due 
to the selective activation of a p38-mediated suppression of 
mRNA levels in the lower of the responses (Supplementary 
Figure 3).

Conclusions

The data show that TLR3 stimulation has little effect on 
MAP kinase activation or cytokine/chemokine responses in 
resting microglial cells. TLR4 and TLR7 stimulation pro-
duces clear effects, but the profile of cytokine/chemokine 
induction differs between them, as do the signalling path-
ways involved. With the exception of TNF release, inhibi-
tion of ERK, JNK or p38 had surprisingly little effect to 
suppress cytokine or chemokine induction, and in some 
specific instances actually enhanced the effects of LPS or 
resiquimod.

The question remains, if MAP kinase pathways are exert-
ing subtle modulatory effects on the microglial inflamma-
tory response, then what signalling pathway is responsible 
for the main gene induction events downstream of TLR 
stimulation ? The most likely candidate is the NF-kappaB 
pathway, which a wide range of evidence implicates in 
microglial activation alongside MAPK pathways (Kaminska 
et al. 2016). Indeed, there is evidence that LPS is much more 
effective than poly I:C at activating NF-kappaB in human 
macrophages (Reimer et al. 2008). It is also worth consid-
ering the possibility that simultaneous combined inhibition 
of all three major MAP kinase pathways (ERK, JNK and 
p38), might produce a qualitatively greater suppression of 
inflammatory mediator induction than individual inhibition 
of each component. However, current evidence suggests that 
interactions between the different kinase cascades tend to be 
negative feedback cross-regulation rather than synergistic 

Fig. 7  MAPKs selectively affect inflammatory chemokine in 
microglia after immune challenges. The cells were cultured in the 
serum-free medium and left overnight. The cells were stimulated 
by LPS (50 ng/ml) or resiquimod (3 μM) for 8 h and MAPK inhibi-
tors, JNK (JNK-IN-8, JNK inhibitor, 1  μM), ERK (PD98059, ERK 
inhibitor, 40  μM), or p38 (SB203580, p38 inhibitor, 5  μM), were 
added before the mimetics. A–C Ccl2 mRNA, D–F CCL2 protein, 
G–I Ccl5 mRNA, J–L CCL5 protein, M–O Cxcl10 mRNA. Abso-
lute quantification was performed via RT-qPCR and the data were 
normalised to Gapdh and Henmt1. Total amount of protein (per 
1000 cells) is shown. The individual data points are shown along 
with mean ± SEM. The colour represents passages of the cells. 
The data were analysed by three-way ANOVA, Tukey post hoc test 
(n = 5–12 independent samples; *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001, 
****p ≤ 0.0001 vs. vehicle under a same inhibitor; $p ≤ 0.05, 
$$p ≤ 0.005, $$$p ≤ 0.001, $$$$p ≤ 0.0001 vs. vehicle alone within the 
same immune mimetic group; @p ≤ 0.05, @@p ≤ 0.005, @@@p ≤ 0.001, 
@@@@p ≤ 0.0001 vs. LPS + the same inhibitor; ^p ≤ 0.05, ^^p ≤ 0.005, 
^^^p ≤ 0.001, ^^^p ≤ 0.0001 overall treatment effects; ǂp ≤ 0.05, 
ǂǂp ≤ 0.005, ǂǂǂp ≤ 0.001, ǂǂǂǂp ≤ 0.0001 LPS vs. LPS + JNK-IN-8 
within LPS treatment group one-way ANOVA Bonferroni post hoc 
test). (n = 5–12/group). Details of ANOVA F values and p values are 
provided in Supplementary Information
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downstream actions (Junttila et  al. 2008; Boutros et  al. 
2008), and where inhibitors of different MAPK pathways 
have been applied in combination, synergistic inhibitory 
effects have not been observed (Dolivo et al. 2019).

The effect of p38 inhibition to enhance rather than sup-
press mRNA induction of some inflammatory mediators 
may be highly relevant for the current development of p38 
inhibitors as therapeutic agents for neurodegenerative and 
psychiatric disease (Scheltens et al. 2018; Wittenberg et al. 
2019). Furthermore, our results suggest that infection with 
single-stranded viruses will produce much greater microglial 
TNF release than bacterial infection. In any situation where 
JNK activity is elevated (as for example in genetic predis-
position to schizophrenia (Winchester 2012), this induction 
of TNFα will be even further increased. This may be highly 
relevant for understanding the basis of the increased risk of 
schizophrenia caused by antenatal viral infections.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10571- 021- 01127-x.
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