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Neuroinflammation is associated with diverse neurological disorders. Endosomal Toll-like receptors (TLRs) including 
TLR3, TLR7, and TLR8 cell-autonomously regulate neuronal differentiation. However, the mechanisms by which these 
three TLRs affect neuronal morphology are unclear. In this study, we compare these TLRs in mouse neurons. By combining 
in vitro neuronal cultures, in utero electroporation, and transcriptomic profiling, we show that TLR8, TLR7, and TLR3 
promote dendritic pruning via MYD88 signaling. However, they induce different transcriptomic profiles related to 
innate immunity, signaling, and neuronal development. The temporal expression patterns and the effects on neuronal 
morphology are not identical upon activation of these endosomal TLRs. Pathway analyses and in vitro studies specifically 
implicate mitogen-activated protein kinase signaling in TLR8-mediated dendritic pruning. We further show that TLR8 is 
more critical for dendritic arborization at a late development stage in vivo. The activation of TLR8, TLR7, or TLR3 results 
in dendritic shortening, and TLR7 and TLR3 but not TLR8 also control axonal growth. In-depth transcriptomic analyses 
show that TLRs use different downstream pathways to control neuronal morphology, which may contribute to neuronal 
development and pathological responses.
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Introduction
Neurodevelopmental disorders including autism spectrum dis-
orders, schizophrenia, attention deficient hyperactivity disor-
der, and mental retardation are caused by both environmental 
insults and genetic deficiencies. Among various environmental 
factors, acute inflammation at early developmental stages is one 
of most studied factors influencing neural development (Wright 
et al., 1993; Patterson, 2002). Maternal immune activation is the 
best-studied model demonstrating that multiple factors in both 
adaptive and innate immunity are involved in controlling brain 
development (Smith et al., 2007; Parker-Athill and Tan, 2010; 
Choi et al., 2016; Filiano et al., 2016; Kugelberg, 2016; Kim et al., 
2017; Wu et al., 2017).

In addition to maternal immune activation, accumulated 
evidence also indicates that neuronal innate immune responses 
regulate neuronal development and function. Endosomal Toll-
like receptors (TLRs) including TLR3, TLR7, and TLR8 as well as 
downstream adapters (such as MYD88 and SARM1) and inflam-
masomes have been shown to be expressed in neurons and to 
control neuronal morphology in a cell-autonomous manner (Ma 
et al., 2006; Cameron et al., 2007; Chen et al., 2011, 2017; Liu et al., 
2013, 2014, 2015; Wu et al., 2016). All endosomal TLRs recognize 

nucleotides (Shimizu, 2017). TLR3 recognizes double-stranded 
RNAs (Alexopoulou et al., 2001; Liu et al., 2008), whereas both 
TLR7 and TLR8 bind single-stranded RNAs (ssRNA; Diebold et 
al., 2004; Heil et al., 2004). After neuronal TLR3 activation, both 
dendrites and axons withdraw (Cameron et al., 2007; Chen et 
al., 2017), and dendritic spines became smaller and more dense 
(Chen et al., 2017). Activation of neuronal TLR7 also negatively 
regulates dendritic and axonal growth (Liu et al., 2013, 2015). 
TLR8 acts as a negative regulator of neurite growth (Ma et al., 
2006), but its effect on dendrites, axons, or both has not yet been 
specified. In addition to nucleotides derived from pathogens, 
these endosomal TLRs and inflammasome sensors also recognize 
endogenous ligands such as self mRNAs and DNA derived from 
dead cells or autophagosomes and miRNA released via exosomal 
secretion (Barrat et al., 2005; Kondo et al., 2012; Lehmann et al., 
2012; Park et al., 2014; Liu et al., 2015; Man et al., 2016; Monteith 
et al., 2016; Lian et al., 2017). Together, these sensors establish 
an alarm system for cells to sense both exogenous and intrinsic 
danger signals (Czirr and Wyss-Coray, 2012). Using this alarm 
system, neurons may be able to detect exogenous insults as well 
as intrinsic signals to regulate their growth and differentiation. 
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Thus, even without pathogen infection, neuronal innate immune 
machinery may participate in the regulation of neural develop-
ment by sensing intrinsic signals.

Ligand engagement triggers complex downstream TLR path-
ways to induce expression of various inflammatory and antiviral 
cytokines, i.e., the critical effectors of innate immunity. Toll/IL-1 
receptor homology (TIR) domain–containing adapters are essen-
tial for TLR signaling (Kondo et al., 2012). Specifically, in periph-
eral tissues and immune cells, TLR7, TLR8, and other TLRs mainly 
use myeloid differentiation primary response gene 88 (MYD88) 
as a key signaling adapter to trigger immune responses (Akira 
and Sato, 2003). In neurons, TLR7 also uses MYD88 to control 
immediate early gene c-Fos expression and IL-6 production, con-
sequently down-regulating dendritic and axonal growth (Liu et 
al., 2013). TLR3 uses TIR domain–containing adapter-inducing 
IFN-β (TRIF)/TIR domain–containing adapter molecule 1 to 
deliver downstream signals for cytokine expression in immune 
cells (Yamamoto et al., 2002) as well as neurons (Chen et al., 
2017). However, in contrast with TLR7, TLR3-induced cytokines 
are not involved in the regulation of neuronal morphology con-
trolled by TLR3 (Chen et al., 2017). Instead, the interaction with 
MYD88 is required for TLR3 to down-regulate Disc1 expression 
and thereby shorten dendritic length (Chen et al., 2017). Thus, 
different neuronal TLRs may use distinct pathways to regulate 
neuronal morphology.

Although TLR8 was the first reported endosomal TLR to reg-
ulate neuronal morphology (Ma et al., 2006), it is unclear how 
TLR8 activation achieves this function and whether it shares 
any similarity with TLR3 and/or TLR7 in terms of the respective 
mechanism. In this study, we combined in vitro neuronal cul-
tures, in utero electroporation (IUE), and transcriptomic pro-
filing, to reveal that different endosomal TLRs have differential 
effects on neuronal morphology via various pathways, suggest-
ing complex mechanisms of TLR function and regulation in neu-
ronal development. 

Results
Up-regulation of Tlr8 upon Tlr7 deficiency and 
neuronal maturation
Both TLR7 and TLR8 recognize ssRNAs. Tlr8 expression was 
up-regulated in Tlr7−/− neurons (Fig. 1 A; Liu et al., 2013). This 
up-regulation of Tlr8 is neuron specific and does not occur in 
peripheral tissues (Liu et al., 2013). Thus, it would seem that neu-
rons compensate for the defect of Tlr7−/− neurons in ssRNA recog-
nition by increasing Tlr8 expression. However, Tlr7 deletion still 
influences dendritic and axonal growth (Liu et al., 2013, 2015), 
suggesting that up-regulation of TLR8 in Tlr7-deficient neurons 
is not sufficient to completely ameliorate the defects and also 
implies differential regulation or functioning of Tlr7 and Tlr8 
in neurons. Consistent with this speculation, we found that in 
WT cultured neurons, Tlr8 expression levels gradually increased 
as the neurons matured, whereas Tlr7 expression levels did not 
change over different time points (Fig. 1 B). Under our culture 
conditions, neurons fully mature to form synaptic contacts at 
∼18 d in vitro (DIV; Chao et al., 2008; Chen and Hsueh, 2012). 
Higher Tlr8 expression levels at 18 DIV suggest a role for TLR8 in 

mature neurons. The differential expression profiles also suggest 
that the roles of TLR7 and TLR8 in neurons are unlikely to be 
identical. We have previously revealed the function and pathways 
of TLR3 and TLR7 in the regulation of neuronal morphology (Liu 
et al., 2013; Chen et al., 2017). In this study, we elucidate the role 
of TLR8 in neurons and compare TLR8 with both TLR3 and TLR7.

TLR8 regulates dendritic growth but not axonal growth
A previous study indicated that CL075 (also known as 3M002), 
a thiazoloquinolone derivative, binds murine TLR7 and that a 
mixture of CL075 and thymidine homopolymer (poly dT) acti-
vates murine TLR8 (Fig. 1 C, top; Gorden et al., 2006). We have 
previously shown that CL075 specifically activates TLR7 in neu-
rons to negatively regulate dendrite and axonal growth (Liu et 
al., 2013). To elucidate the role and signaling of TLR8 in neurons, 
we first determined the effect of the CL075/poly dT mixture on 
neuronal morphology. Different amounts of CL075 were mixed 
with 5 µM poly dT and applied to WT neuronal cultures at 4 DIV. 
Similar to a previous study (Liu et al., 2013), 4 µM CL075 alone 
was sufficient to activate TLR7 and shorten the dendritic length 
of neurons (Fig. 1 C). However, the mixture of 4 µM CL075 and 
5 µM poly dT that should presumably activate TLR8 did not have 
a negative effect on the dendritic length of WT neurons (Fig. 1 C), 
perhaps because of low Tlr8 levels in immature WT neurons.

Because Tlr8 is up-regulated in Tlr7−/− neurons, it renders 
them a nice model for investigating the specific effect of TLR8 
on neuronal morphology. We thus compared treatments of 
CL075 alone and CL075 plus poly dT on WT and Tlr7−/− neurons. 
In contrast with CL075, a combination of CL075 and poly dT did 
shorten the dendritic length of Tlr7−/− neurons but not WT neu-
rons (Fig. 1 D), supporting an effect of the CL075/poly dT mix on 
TLR8 but not TLR7. Moreover, the effect of the CL075/poly dT 
treatment was specific for dendrites but not axons (Fig. 1 E), fur-
ther supporting that the action of CL075/poly dT is not mediated 
by TLR7 because TLR7 activation shortens the lengths of both 
dendrites and axons (Liu et al., 2013).

Our previous studies evidenced a role for MYD88 in medi-
ating the function of TLR3 and TLR7 in controlling neuronal 
morphology (Liu et al., 2013; Chen et al., 2017). MYD88 has also 
been suggested to be a downstream signaling adapter of TLR8 via 
direct protein interaction in peripheral cells (Kondo et al., 2012). 
We first confirmed the interaction between TLR8 and MYD88 
using coimmunoprecipitation (Fig.  1  F). The involvement of 
MYD88 in TLR8 signaling was then investigated by comparing 
Tlr7−/−;Myd88−/− and Tlr7−/− neurons. In contrast with Tlr7−/− 
neurons, CL075/poly dT treatment did not reduce the dendritic 
length of Tlr7−/−;Myd88−/− neurons (Fig.  1  G), suggesting that 
MYD88 is also required for TLR8 signaling in dendritic growth, 
mirroring observations for the TLR3 and TLR7 pathways (Liu et 
al., 2013; Chen et al., 2017).

To further confirm the specificity of CL075/poly dT on TLR8, 
we performed Tlr8 knockdown using an artificial miRNA knock-
down system. The knockdown efficiency of Tlr8 miRNA (miR-
Tlr8) was confirmed in TLR8-HA overexpressed cells (Fig. 2 A). 
Compared with Tlr7−/− neurons transfected with control plasmid 
(miR-Ctrl), Tlr8 knockdown in Tlr7−/− neurons enhanced the 
dendritic growth of Tlr7−/− neurons (Fig. 2 B), suggesting that as 
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for TLR7 (Liu et al., 2013, 2015), TLR8 can recognize endogenous 
ligands in the culture to restrict dendritic growth. When TLR8 
is absent, neurons are insensitive to the endogenous ligands 
of TLR8 in cultures and grow better. Importantly, addition of 
CL075/poly dT did not restrict dendrite growth of Tlr8-knock-
down Tlr7−/− neurons (Fig. 2 B), supporting the specific effect of 
CL075/poly dT on TLR8.

In conclusion, CL075 alone and a CL075/poly dT mix specifi-
cally act through TLR7 and TLR8, respectively, to control neuro-
nal morphology. Although MYD88 is required for both TLR7 and 
TLR8, the downstream pathways and effectors of TLR7 and TLR8 
in neurons are different because unlike TLR7, TLR8 activation 
does not influence the axonal growth of neurons.

TLR8 is more critical for dendritic arborization at the late 
development stage
We then investigated the effect of Tlr8 knockdown in vivo. IUE 
was used to deliver miR-Tlr8 and miR-Ctrl into cerebral cortex 

at E15.5. In WT mice, Tlr8 knockdown did not alter dendritic 
morphology or length at P7. However, at both P14 and P21, Tlr8 
knockdown enhanced dendritic arborization of WT neurons 
(Fig. 2 C). Compared with control neurons, total dendritic length 
of Tlr8 knockdown neurons was increased by 12% and ∼19% at 
P14 and P21, respectively (Fig. 2 C). At P14, the number of den-
dritic branch tips was also increased by ∼20% via Tlr8 knock-
down (Fig. 2 C). Similar to WT mice, knockdown of Tlr8 in Tlr7−/− 
mice did not alter dendritic morphology at P7 but increased total 
dendritic length and branch tip number at P14 (Fig. 2 D). Note 
that at P14, Tlr8 knockdown in Tlr7−/− neurons increased total 
dendritic length and total dendritic branch tips by 21% and 30%, 
respectively (Fig. 2 D). The enhancement by Tlr8 knockdown in 
Tlr7−/− was greater than that in WT neurons at P14 (Fig. 2 C vs. 
Fig. 2 D, P14 groups), consistent with the up-regulation of Tlr8 
expression in Tlr7−/− neurons. Together, these results suggest that 
TLR8 cell-autonomously regulates dendritic growth and branch-
ing in vivo, particularly when neurons are attaining maturity.

Figure 1. Tlr8is up-regulated in Tlr7−/− neu-
rons and restricts dendritic growth but not 
axonal extension of cortical and hippocam-
pal neurons. (A and B) Up-regulated Tlr8 RNA 
levels in Tlr7-deficient neurons. (B) Increased 
Tlr8 RNA levels in mature neuronal cultures. 
Q-PCR was performed and normalized with 
internal control Gapdh. Numbers (N) of inde-
pendent repeated experiments are indicated. 
For each experiment, three embryonic cortices 
and hippocampi were pooled for each set of 
experiments. (C and D) Different concentra-
tions of CL075 with or without 5 µM poly dT 
were added to WT and Tlr7−/− cultured neurons 
at 4 DIV. 1 d later, neurons were harvested for 
immunostaining using dendritic marker MAP2 
antibodies. (C) Dosage effect on WT neurons 
of CL075 in the presence or absence of poly 
dT. Based on a previous study (Gorden et al., 
2006), CL075 activates TLR7 and CL075/
poly dT activates TLR8. (D) Comparison of 
the responses of WT and Tlr7−/− neurons. (E) 
Tlr7−/− cultured neurons were treated with 
CL075 alone or mixed with poly dT at 2 DIV for 
24 h and analyzed using axonal marker SMI312 
antibodies. (F) Coimmunoprecipitation of 
Myc-tagged TLR8 and HA-tagged MYD88. The 
fast-migrating protein species was likely the 
product of TLR8 proteolysis (Lee and Barton, 
2014). IB, immunoblot; IP immunoprecipita-
tion. (G) Dendritic morphology of Tlr7−/−– and 
Tlr7−/−;Myd88−/−-cultured neurons at 5 DIV. 
Bars, 20 µm. The sample size (n) indicates the 
number of examined neurons, which were ran-
domly collected blind from two (C, D, and F) or 
three (E) independent experiments. Data are 
presented as mean + SEM (error bars). *, P < 
0.05; **, P < 0.01; ***, P < 0.001. Two-tailed 
nonparametric Mann–Whitney test (A) and 
one-way (B and E) and two-way (C, D, and G) 
ANO​VA with Bonferroni’s multiple compari-
sons tests were used.
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Dendritic pruning by TLR8 activation
To further investigate how TLR8 activation regulates dendritic 
arborization of mature neurons, CL075/poly dT was added to WT 
cortical and hippocampal mixed cultures at 17 DIV. Consistent 
with our in vivo data (Fig. 2 B), TLR8 activation impaired den-
dritic arborization of mature neurons in cultures (Fig. 3 A). We 
then performed a time-lapse study. CL075/poly dT and control 
vehicle were added to WT neurons at 16 DIV. 12 h later, neuro-
nal morphology (as outlined by transfected GFP) was monitored 
by time-lapse imaging for another 12 h. The difference in total 
dendritic length (Δ length) for individual neurons between the 
start time of recording and the end point was measured. Control 
neurons still extended their dendrites under these conditions 
(Fig. 3 B), with only three of 17 examined neurons withdrawing 
their dendrites (Fig. 3 B, bottom right). In contrast, CL075/poly 
dT treatment resulted in dendritic pruning and negative values 
of Δ length (Fig. 3 B, bottom left), with 16 of 20 examined neu-
rons withdrawing their dendrites after CL075/poly dT treatment 
(Fig. 3 B, bottom right). Thus, the pruning rate of dendrites was 

increased in CL075/poly dT–treated neurons. In addition to WT 
mature neurons, we also investigated the pruning effect of CL075/
poly dT treatment on Tlr7−/− neurons at the early stage. At 7 DIV, 
i.e., the stage when neurons actively extend their dendrites, the 
difference between control and CL075/poly dT–treated groups 
was even more pronounced (Fig. 3 C). These time-lapse analyses 
indicate that TLR8 activation results in dendritic pruning.

TLR8 activation alters dendritic spine density and immediate 
early gene expression but not basal synaptic responses
In monitoring dendritic morphology at 18 DIV, we noticed an 
increase in dendritic spine density under CL075/poly dT treat-
ment (Fig. 4 A). We then measured miniature excitatory synaptic 
currents (mEPSCs) to examine whether this increased dendritic 
spine density enhances neuronal responses. Interestingly, nei-
ther the frequency nor amplitude of mEPSCs was altered upon 
TLR8 activation (Fig. 4 B). Expression of several different imme-
diate early genes, including Arc, Egr1, Egr4, and c-Fos, was also 
examined by quantitative PCR (Q-PCR). The results show that 

Figure 2. Tlr8 knockdown promotes dendritic 
growth in vitro and in vivo. (A) Immunoblotting 
using HA tag antibody to examine the effect of 
TLR8 knockdown constructs on TLR8 expres-
sion in HEK293T cells. Two expression vectors 
were used to express miR-Ctrl and miR-Tlr8 as 
indicated. (B) Tlr7−/−-cultured neurons were 
transfected with miR-Ctrl and miR-Tlr8 at 2 DIV, 
and then treated with CL075/poly dT at 4 DIV. 
Dendritic morphology was analyzed at 5 DIV 
based on GFP signals. The sample sizes (n) of 
the examined neurons are indicated. Data were 
collected from two independent experiments.  
(C and D) IUE with miR-Ctrl or miR-Tlr8 was per-
formed at E15.5 with WT (C) and Tlr7−/− (D) mice. 
Layer 2/3 cortical neurons were outlined by GFP 
signal at P7, P14, and P21 as indicated. N, num-
ber of examined mice; n, number of examined 
neurons. Bars: (B) 20 µm; (C and D) 50 µm. The 
data are presented as mean + SEM (error bars). 
*, P < 0.05; **, P < 0.01; ***, P < 0.001. Two-way 
ANO​VA with Bonferroni’s multiple comparisons 
test (B) and two-tailed nonparametric Mann–
Whitney tests (C and D) were used.
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RNA expression levels of Arc, Egr1, and Egr4, but not c-Fos, 
were reduced upon TLR8 activation (Fig. 4 C). Thus, the neuro-
nal response was not enhanced after TLR8 activation in mature 
neurons even though dendritic spine density was increased. It 
would seem that the increased dendritic spine density may be a 
compensatory response to the shortened dendrites and/or inhib-
ited neuronal response after CL075/poly dT treatment. The mor-
phological features of TLR8 activation, namely shorter dendrites 
but higher dendritic spine density, resemble the neuronal mor-
phology of some autism spectrum disorder brains (Penzes et al., 
2011; Kulkarni and Firestein, 2012).

Independence of the TLR8 pathway from secreted factors
We then investigated the downstream effectors of TLR8 in neu-
rons. Our previous studies had shown that activation of both 
TLR3 and TLR7 induces cytokine expression, although only TLR7 
requires a cytokine, namely IL-6, to control neuronal morphology 
(Liu et al., 2013; Chen et al., 2017). In this study, we investigated 
cytokine expression of cultured neurons upon TLR8 activation at 
4 DIV. In WT neurons, CL075 alone induced expression of various 
cytokines including Il-6, Il-1β, Tnfα, Il-12b, Ccl3, and Ccl4, but 
not Il-10 and Ccl5, specifically via TLR7 because Tlr7−/− neurons 
did not respond to CL075 alone (Fig. 5 A). When Tlr7−/− neurons 
were treated with CL075/poly dT to activate TLR8, none of the 
examined cytokines were induced (Fig. 5 A). Cytokine expression 
in mature cultures also revealed similar results (Fig. 5 B). These 
data suggest that TLR8 most likely does not use these cytokines 
to down-regulate dendrite growth.

To further evaluate the involvement of secreted factors in the 
function of neuronal TLR8, conditioned medium collected from 
Tlr7−/− neurons treated with CL075/poly dT was applied to WT 
neurons for 24 h. If a secreted factor or factors are involved, the 
conditioned medium would be expected to have a similar effect 
in terms of restricting the dendrite growth of WT neurons. How-
ever, we did not observe an inhibitory effect for the conditioned 
medium collected from CL075/poly dT–treated Tlr7−/− neuronal 
cultures (Fig. 5 C). In contrast, the conditioned medium collected 
from TLR7-activated neurons down-regulated the dendritic 
growth of Tlr7−/− neurons (Fig. 5 D; Liu et al., 2013), indicating 
the presence of secreted factors in the conditioned medium 
that could control dendritic morphology upon TLR7 activation. 
Together, these analyses suggest that cytokines or other secreted 
factors are not involved in TLR8-regulated dendritic withdrawal.

Transcriptomic profiles differ in response to TLR3, TLR7, or 
TLR8 activation
Previous studies (Liu et al., 2013; Chen et al., 2017) and our 
above results suggest that although TLR3, TLR7, and TLR8 share 
some common features in regulating neuronal morphology 
such as using MYD88 and inducing dendritic shortening, the 
mechanisms underlying the roles of these three TLRs seem to 
differ. To investigate further, we performed next-generation 
sequencing to analyze the transcriptomic profiles of neurons in 
response to TLR3, TLR7, or TLR8 activation. At 4 DIV, poly(I:C) 
and CL075 were separately added into WT neurons to activate 
TLR3 and TLR7, respectively. As before, CL075/poly dT was used 

Figure 3. TLR8 activation induces dendritic 
pruning of neurons. (A) TLR8 activation 
impairs dendritic arborization of WT mature 
neurons. (B and C) TLR8 activation induces 
dendritic pruning of WT neurons at 17 DIV (B) 
and Tlr7−/−-cultured neurons at 7 DIV (C). (A–C) 
The data were randomly collected blind from 
two independent experiments and are pre-
sented as mean + SEM (error bars). The num-
bers of examined neurons (n) are indicated. 
Bars: (A and B) 100 µm; (C) 50 µm. *, P < 0.05; 
***, P < 0.001. A two-tailed nonparametric 
Mann–Whitney test was used.
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to activate TLR8 in Tlr7−/− neurons. Vehicle controls of WT and 
Tlr7−/− neurons were included to examine the effects of poly(I:C), 
CL075 alone, and the CL075/poly dT mix. We identified 202, 98, 
and 54 genes that were significantly up-regulated (P < 0.05; fold 
change >1.5) upon TLR3, TLR7, and TLR8 activation, respectively. 

Significantly down-regulated genes (P < 0.05; fold change >1.25) 
were also identified: 373 genes for TLR3, 86 genes for TLR7, and 
178 genes for TLR8. The top genes controlled by TLR3, TLR7, 
and TLR8 activation (i.e., the up-regulated and down-regu-
lated genes separately for each of the three TLRs) according to 

Figure 4. TLR8 activation alters dendritic spine density and 
expression of immediate early genes but not mEPSC. (A) The 
effect of CL075/poly dT treatment for a day on dendritic spine 
density of WT cultured neurons transfected with GFP-actin. Data 
were randomly collected blind from two independent experi-
ments. Cell numbers of examined neurons were 29 for control 
and 38 for CL075/poly dT treatment. n, number of examined 
dendrites. (B) The results of mEPSC after CL075/poly dT treat-
ment for 1 d. Number of examined neurons (n) collected from 
four independent experiments (N) are indicated. (C) Expression 
of immediate early genes after CL075/poly dT treatment at 18 
DIV for 6 h. Q-PCR analysis was normalized with internal con-
trol Gapdh. Each dot indicates the result of an independently 
repeated experiment. Three embryonic cortices and hippo-
campi were combined for one set of experiments. Means + SEM 
(error bars) are also indicated in A–C. Bars: (A, original) 50 µm; 
(enlarged) 1 µm. *, P < 0.05; **, P < 0.01. A two-tailed nonpara-
metric Mann–Whitney test was used.

Figure 5. Secreted factors are not required 
for down-regulation of dendritic growth 
by TLR8 activation. (A and B) The effects of 
TLR7 and TLR8 activation for 6 h on cytokine 
and chemokine expressions of cultured neu-
rons. Q-PCR was performed by normalization 
with internal control Gm10069 or Gapdh as 
indicated. Three embryonic cortices and hip-
pocampi of the same genotype were combined 
for one set of experiments. One dot indicates 
the data of one independent experiment. Data 
were collected from six experiments (n = 6). (C 
and D) Experiments of conditioned medium 
(CM). Experimental flowcharts are summarized 
in the left panel. The effects of conditioned 
medium on dendritic length are summarized in 
the right panel. The sample size (n) indicates 
the number of examined neurons randomly 
collected blind from two (D) or three (C) inde-
pendent experiments. The data are presented 
as mean + SEM (error bars). *, P < 0.05; **, P < 
0.01; ***, P < 0.001. Two-way (A) and one-way 
(B) ANO​VA with Bonferroni’s multiple compar-
isons test as well as two-tailed nonparametric 
Mann–Whitney tests (C and D) were used.
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their p-values (Fig. 6 A) and fold change (Fig. 6 B) were com-
pared. Among the top ten genes of each of these six groups, only 
Gm5643 (more specifically heterogenous nuclear ribonucleop-
rotein A1 pseudogene) appeared in up-regulated groups of both 
TLR3 and TLR8 (Fig. 6 A). The remaining 58 genes were all spe-
cific for either TLR3, TLR7, or TLR8 (Fig. 6 A). The expression 
levels of the top 30 genes in each group were cross-compared 
using a heat map (Fig. 6 B). These results demonstrate the dis-
tinct gene expression profiles upon TLR3, TLR7, and TLR8 acti-
vation in neurons.

We then analyzed whether TLR3, TLR7, and TLR8 regulate the 
expression of any common genes. Uniquely regulated genes pre-
dominated under activation of TLR3 (up-regulated: 165, ∼82%; 
down-regulated: 343, ∼92%), TLR7 (up-regulated: 62, ∼63%; 
down-regulated: 69, ∼80%), or TLR8 (up-regulated: 49, ∼91%; 
down-regulated: 157, ∼88%; Fig. 7 A). Double- or triple-coregu-
lated genes by TLR3, TLR7, and TLR8 were much fewer (Fig. 7 A). 
In fact, there were only two up-regulated and two down-regu-
lated genes controlled by all three TLRs (Fig. 7 A and Table S1). 
Thus, our intersection analysis also suggests that TLR3, TLR7, and 
TLR8 tend to regulate different sets of genes in neurons, although 
there was some minimal overlap.

We then investigated the gene ontology (GO) of these 
TLR-regulated targets (Fig. 7 B and Table S2). Genes related to 
innate immune responses, cytokine production, and defense and 
inflammatory responses were the top cellular pathways under 
TLR3 and TLR7 control. In contrast, the biological processes 
related to TLR8-up-regulated genes were less relevant and less 
significant to immune responses (Fig.  7  B, up-regulated). For 
down-regulated genes, the top five biological processes of TLR3, 
TLR7, and TLR8 all differed (Fig. 7 B and Table S2). TLR3 path-
ways are related to synaptic transmission and organization and 
cell adhesion. For TLR7, they were still highly relevant to immune 
responses such as antigen processing and defense response. For 
TLR8, MAPK and WNT signaling pathways were the top pro-
cesses (Fig.  7  B and Table S2). Increased expressions of some 
cytokines by TLR7 activation such as Ccl3, Ccl4, and Tnfα as well 
as down-regulation of immediate early genes by TLR8 activation 
such as Egr1 and Arc (Table S2) were independently confirmed 
by Q-PCR (Figs. 4 C and 5 A), supporting the reliability of our 
RNA-seq data. When we cross-compared the double and triple 
coregulated genes (Table S1) with the genes in the top GO bio-
logical processes (Table S2), we found only four genes shared by 
TLR3- and TLR8–down-regulated groups, i.e., Prex2, Cdk6, Jag1, 
and Ccnd1. Protein interactions among target genes for these six 
groups of genes were also analyzed and summarized to reveal the 
differences of these TLR pathways (Figs. S1 and S2). Our analyses 
of gene expression, ontology, and protein interactions suggest 
that TLR3, TLR7, and TLR8 use different mechanisms to control 
neuronal activity and morphology.

Involvement of P38 kinases in the TLR8 pathway
In our GO analysis, “negative regulation of MAP kinase activity” 
was the most significant pathway down-regulated by TLR8 acti-
vation (Fig. 7 B and Table S2). Sprouty RTK signaling antagonist 
4 (Spry4) and dual specificity phosphatase 6 (Dusp6) are well-
known negative feedback inhibitors of the major ERK signaling 

cassette. Activation of the ERK pathway induces gene expression 
of these two inhibitors, which down-regulates ERK activity in a 
feedback loop (Kim and Bar-Sagi, 2004; Tetsu and McCormick, 
2017). Reduced expression of both Dusp6 and Spry4 suggests 
lower ERK activity upon TLR8 activation. To investigate this 
possibility, we performed immunoblotting to examine MAPK 
activity. In addition to ERK, we also compared two other MAPKs: 
P38 and JNK. ERK activity (as indicated by phosphorylation 
levels) gradually decreased and reached a minimum ∼1 h after 
adding CL075/poly dT to WT neurons at 16 DIV (Fig. 8 A, left; 
∼50% reduction at 1 h) and to Tlr7−/− neurons at 5 DIV (Fig. 8 B, 
left; ∼40% reduction at 1 h). These results are consistent with the 
reduced expressions of Dusp6 and Spry4 revealed by our RNA-
seq analyses (Table S2). Interestingly, we found that in contrast 
with ERK, P38 activity increased >2.5-fold 10 min after CL075/
poly dT treatment and lasted for at least 24  h in WT neurons 
(Fig. 8 A, middle) as well as in young Tlr7−/− neurons (Fig. 8 B, 
middle). Activity of JNK was not altered by CL075/poly dT treat-
ment (Fig. 8, A and B, right). These results suggest that the activ-
ities of P38 and ERK are altered by TLR8 activation in neurons.

Rescue effect of P38 and TAK1 inhibitors on neuronal 
morphology controlled by TLR8
Because P38 activation was faster than that of ERK inactivation 
(Fig. 8) and because P38 activation down-regulates ERK activity 
via protein phosphatase 2A (Liu and Hofmann, 2004; Junttila 
et al., 2008), we postulated that P38 acts upstream of ERK in 
response to TLR8 activation. To investigate the role of P38, we 
first confirmed that P38 is phosphorylated in neurons upon TLR8 
activation through immunofluorescence staining with antibod-
ies recognizing phosphorylated P38 and the neuron marker 
NeuN (Fig. 9 A). An inhibitor of P38 (SB203580) was applied to 
WT neurons in the presence or absence of CL075/poly dT. We 
found that SB203580 effectively neutralized the effect of CL075/
poly dT treatment on dendrite pruning and branching of mature 
neurons (Fig. 9 B). However, SB20358 could not reverse the neg-
ative effect of CL075 alone on dendritic length through TLR7 acti-
vation (Fig. 9 C). Moreover, SB203580 alone did not influence 
dendritic morphology (Fig. 9, B and C). These data strengthen 
the evidence for a specific role for P38 in the TLR8 pathway con-
trolling neuronal morphology.

MYD88 is known to activate the P38 pathway via TAK1, also 
known as MAP3K7 (Bergstrøm et al., 2015; Lee et al., 2015). There-
fore, we investigated whether TAK1 is involved in TLR8-regulated 
dendritic morphology. Similar to p38, TAK1 phosphorylation 
was increased upon TLR8 activation in neurons (Fig. 9 D). Fur-
thermore, three different TAK1 inhibitors—Takinib, 5ZO, and 
NG25—all effectively neutralized the negative effect of the 
CL075/poly dT mix on dendritic length of mature WT neurons 
(Fig. 9 E). These results suggest that TLR8 uses MYD88, TAK1, and 
P38 to control dendritic morphology in neurons.

Discussion
Our study suggests that endosomal TLRs regulate neuronal mor-
phogenesis through complex and varying pathways (see sum-
mary in Fig. 10). We first distinguished the specific responses of 
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Figure 6. Gene list and heat map of the top targets of TLR3, TLR7, and TLR8 activation in neurons. (A and B) Transcriptomic profiles after TLR3, TLR7, and 
TLR8 activation for 6 h of WT and Tlr7−/−-cultured neurons at 4 DIV were analyzed by RNA-seq. (A) List of the top 10 differentially expressed genes based on 
the p-values from TLR3-, TLR7-, and TLR8-activated neurons. Red, up-regulated; dark blue, down-regulated. (B) Heat map representing the expression levels of 
genes across TLR3, TLR7, and TLR8 activation. The top 30 up- and down-regulated genes of each group based on fold change were picked for cross-comparison. 
The color-coded bar is the z score.
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TLR7 and TLR8 to CL075 and CL075/poly dT treatment, respec-
tively. Unlike TLR3 and TLR7, TLR8 activation induces dendritic 
pruning but has no obvious effect on axonal growth. Transcrip-
tomic profiles indicate that differing downstream pathways 
operate in neurons under TLR3, TLR7, and TLR8 activation, 
although a small number of genes regulating immune responses 
and development overlap among TLR3-TLR7 and TLR3-TLR8, 
respectively (Fig. 10 and Table S1). The roles of endosomal TLRs, 

particularly TLR3 and TLR8, in the regulation of development-re-
lated genes suggest that TLRs function in mammalian develop-
ment and echo the original finding that the Drosophila melan-
ogaster Toll gene controls dorsoventral patterning (Anderson et 
al., 1985; Hashimoto et al., 1988) as well as the later discovery of 
Toll-6 and Toll-7 involvement in wiring specificity of Drosophila 
olfactory circuit assembly (Ward et al., 2015). Based on our pre-
vious studies (Liu et al., 2013; Chen et al., 2017) and this study, we 

Figure 7. Downstream signal networks 
of TLR3, TLR7, and TLR8 in neurons differ.  
(A) Venn diagram showing the overlap between 
TLR3, TLR7, and TLR8 up-regulated (left) and 
down-regulated (right) genes. Gene lists show-
ing overlap among and between TLR3, TLR7, 
and TLR8 are available in Table S1. (B) GO of 
the biological functions for up-regulated and 
down-regulated genes from TLR3, TLR7, and 
TLR8 activation. Only four biological processes 
in the group of TLR8 up-regulated genes were 
identified. The top five GO biological processes 
of the rest of the groups are listed. Gene lists of 
each GO are available in Table S2.

Figure 8. P38 MAPK and ERK are involved in 
TLR8 activation in cultured neurons. (A and 
B) WT neurons at 16 DIV (A) and Tlr7−/− neu-
rons at 5 DIV (B) were stimulated with CL075/
poly dT for different time periods as indicated. 
Phosphorylation levels and total protein levels 
of ERK, P38, and JNK were assessed by immu-
noblotting. Results are representative of five 
independent experiments, and the data of each 
independent experiment is the mean of experi-
mental duplication. The data are presented as the 
mean + SEM (error bars). *, P < 0.05; **, P < 0.01;  
***, P < 0.001. A one-way ANO​VA with Bonfer-
roni’s multiple comparisons test was used.
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suggest that although these three endosomal TLRs all use MYD88 
as their signaling adapter to down-regulate neuronal morphol-
ogy, the downstream pathways and target genes of these three 
TLRs vary, and they regulate neuronal development in different 
ways (Fig. 10).

The evidence indicates that neurons use various endosomal 
TLRs to detect diverse danger signals and down-regulate neu-
ronal morphogenesis. The danger signals can either be foreign 
pattern molecules derived from pathogens or endogenous mole-
cules released from dead cells (caused by apoptosis or infection) 
or autophagosomes (Czirr and Wyss-Coray, 2012). Although the 
downstream pathways of TLR3, TLR7, and TLR8 differ, their acti-
vations all result in dendritic shortening. This scenario suggests 
that neurons remain at least partially able to respond to danger 
signals even if mutation or other impairment disrupts one of the 
pathways. This redundancy would suggest that TLR regulation 
of neuronal morphology is critical or even necessary to fine-
tune neuronal development. It would seem that the expression 

of different TLRs ensures that neurons can sense various dan-
ger signals and make appropriate responses to infection, cell 
death, or stress.

Based on our transcriptomic analysis and Q-PCR, Tlr8 (but 
not other TLRs) was specifically up-regulated in Tlr7−/− neu-
rons, supporting the critical role of ssRNA recognition in reg-
ulation of neuronal morphology. Moreover, TLR7 and TLR8 
exhibit inverse temporal effects on dendritic arborization. 
Compared with control neurons, Tlr7 knockdown leads to lon-
ger dendrites at P7 and P14 but not at P21 (Liu et al., 2013). Thus, 
TLR7 is critical in earlier developing neurons, and TLR8 is active 
later in more mature neurons. These inverse temporal effects 
and the differing downstream effectors of TLR7 and TLR8 in 
controlling neuronal morphology reflect the complicated regu-
lation of dendritic morphology at different stages. Because TLR7 
but not TLR8 also controls axonal growth, the dominant effect 
of TLR7 at the earlier stage may allow TLR7 to coregulate den-
drites as well as axons. When neurons are attaining maturity, 

Figure 9. P38 and TAK1 inhibitors neutral-
ize the negative effect of TLR8 activation on 
dendritic growth. (A and D) WT neurons were 
treated with CL075/poly dT for 30 min at 18 DIV 
and subjected to immunostaining with phos-
pho-P38, phospho-TAK1, and neuronal marker 
NeuN antibodies as indicated. Counterstaining 
with DAPI was performed to label nuclei. (B and 
E) GFP was transfected at 12 DIV. CL075/poly 
dT and P38 inhibitor SB203580 (B) and three 
TAK1 inhibitors, Takinib, 5ZO, and NG25 (E), were 
added at 17 DIV for 1 d in WT cultured neurons. 
(C) SB203580 treatment did not influence the 
effect of CL075 on younger WT neurons at 4 DIV. 
(B–E) Sample size (n) indicates the number of 
examined neurons, which were randomly col-
lected blind from two independent experiments. 
Data are presented as the mean + SEM (error 
bars). Bars: (A) 25 µm; (B) 50 µm; (D) 20 µm. **, P 
< 0.01; ***, P < 0.001. One-way (E) and two-way 
(B and C) ANO​VA with Bonferroni’s multiple com-
parisons test as well as two-tailed nonparametric 
Mann–Whitney tests (D) were used.
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axonal projection is finished, so TLR8 may then replace the 
function of TLR7 to focus on fine-tuning dendrite morphology 
but not that of axons.

Although both TLR7 and TLR8 recognize ssRNA (Heil et al., 
2004), species specificity exists in ssRNA recognition of TLR7 
and TLR8. Murine TLR7 (human TLR8 equivalent) is known to 
interact with G/U-rich sequences, including viral RNA (Diebold 
et al., 2004; Hornung et al., 2005) and some miRNAs (Lehmann 
et al., 2012; Liu et al., 2015). Our previous study showed that Let7c 
and miR-21 shorten the dendritic length of WT neurons but not 
Tlr7−/− neurons (Liu et al., 2015), suggesting that the up-regulated 
TLR8 in Tlr7−/− neurons does not recognize Let7c and miR-21. 
Because TLR8 does not regulate dendritic arborization before P7 
even in Tlr7−/− mouse brains, it seems very likely that endogenous 
ligands of TLR8 are not expressed before P7. Indeed, some miR-
NAs are expressed late such as miR-29b and miR-138 (Miska et 
al., 2004). It would be intriguing to investigate further whether 
TLR8 recognizes specific miRNAs or other noncoding RNAs to 
regulate neuronal morphology.

In addition to dendritic shortening, our results suggest that 
dendritic spine density is increased upon TLR8 activation. 
Because neither frequency nor amplitude of mEPSCs was altered 
and because expression of immediate early genes was reduced, 
we speculate that the increased dendritic spine density is likely a 
secondary response. TLR8-activated neurons probably endeavor 
to compensate for the defects of dendritic shortening by increas-
ing dendritic spine density.

Our research indicates that the cytokines involved in innate 
immunity are not always required for TLRs to control neuronal 
morphology (Chen et al., 2017). Based on our transcriptomic 
profiling analyses, the genes up-regulated by TLR3 are involved 
in the innate immune response and inflammation, whereas the 
down-regulated genes are highly associated with synaptic for-
mation and transmission, organ development, and cell adhesion 
(Figs. 7 and 10). Our previous study indicated that TRIF-depen-
dent TLR3 signaling is critical for cytokine production in cul-
tured neurons, whereas MYD88 is required for TLR3-dependent 
neuronal morphogenesis (Chen et al., 2017). Thus, neuronal 
TLR3 activation likely uses TRIF to activate expression of genes 
involved in innate immunity. In contrast, the MYD88-mediated 
TLR3 pathway may control expression of down-regulated genes 
involved in neuronal morphogenesis and development (Fig. 10). 
As for TLR3, the genes up-regulated by TLR7 activation are 
highly associated with the innate immune response. Because 
the TLR7-up-regulated genes only partially (approximately one 
third) overlap with those of TLR3 (Fig. 7), it is clear that even for 
innate immunity, TLR3 and TLR7 control different processes in 
neurons. This finding matches previous observations that dif-
ferent TLRs regulate expression of common as well as different 
genes in dendritic cells (Chevrier et al., 2011) and a BV-2 microg-
lial cell line (Das et al., 2015).

It is very interesting but puzzling how MYD88 induces differ-
ent downstream signaling pathways in different neuronal TLRs. 
There are two nonmutually exclusive possibilities to explain this 
observation. One is that different subcellular compartments of 
TLR signaling complexes determine the specificity. To investi-
gate this possibility, specific antibodies for immunofluorescence 
staining and even superhigh-resolution microscopy would be 
required. Alternatively, how MYD88 interacts with different 
TLRs may differ, thereby inducing formation of different signal-
ing complexes. MYD88 requires its N-terminal death and inter-
mediate domains to interact with TLR3 (Chen et al., 2017) but 
binds TLR4 through its C-terminal TIR domain (Ohnishi et al., 
2009). It is known that upon TLR activation, MYD88 forms pro-
tein aggregates to further recruit downstream kinases such as 
IRAK4 and IRAK2 to deliver the signal (Lin et al., 2010). It seems 
reasonable to suggest that the interactions of MYD88 with dif-
ferent TLRs results in different protein aggregate conformations, 
leading to recruitment of different downstream kinases and con-
sequent activation of different pathways. Ultrastructural analy-
ses of complexes containing MYD88, various TLRs, and even 
different downstream kinases will provide essential information 
for evaluating this supposition.

Echoing the roles of TLRs in regulation of neuronal mor-
phology, a series of studies also revealed the impact of TLRs on 
mouse behaviors (Liu et al., 2014). Tlr3−/− mice show reduced 
anxiety-related behaviors, impaired motor coordination and a 
greater preference for novel objects. Tlr3 deletion also impairs 
cued fear memory. However, Tlr3−/− mice have better spatial 
memory in a water maze (Okun et al., 2010). For Tlr9 deletion, 
sensory and motor behaviors are abnormal (Khariv et al., 2013). 
Systematic behavioral analysis for Tlr7 knockout mice is still 
lacking, though TLR7 activation by imiquimod has been shown to 
enhance contextual fear memory and depression-like behaviors 

Figure 10. Summary of the TLR3, TLR7, and TLR8 pathways regulat-
ing neuronal morphology. TLR3, TLR7, and TLR8 all use MYD88 to control 
the downstream pathways regulating neuronal morphology, although TRIF 
is critical for TLR3 to regulate cytokine expression in neurons (Chen et al., 
2017). The colored ellipses indicate the major biological processes of target 
genes downstream of TLR3 (blue), TLR7 (green), and TLR8 (red). Some ellipses 
overlap because some target genes are shared between different pathways, 
particularly for inflammatory and innate immune responses downstream of 
TLR3 and TLR7. For TLR3 and TLR8, only four genes (namely Prex2, Jag1, Cdk6, 
and Ccnd1) overlap among these top GO processes. The specific agonists and 
ligands of TLR3, TLR7, and TLR8 are also labeled. The effects of TLR3, TLR7, 
and TLR8 on neuronal morphology are indicated at bottom. For TLR8, MYD88, 
TAK1, and P38, MAPKs are required for dendritic pruning. MYD88 and DISC1 
are required for TLR3-mediated neuronal morphogenesis (Chen et al., 2017). 
The biological function of cytokines or innate immune responses induced by 
the TLR3–TRIF pathway in neurons is unclear. TLR7 uses a traditional path-
way involving in MYD88, c-FOS, and IL-6 to negatively regulate dendritic and 
axonal outgrowth in neurons (Liu et al., 2013).
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in mice (Kubo et al., 2012, 2013). Similarly, a behavioral study of 
Tlr8 knockout mice has not been performed. Note that all these 
studies used global knockout mice for behavioral analyses. To 
establish the role of neuronal TLRs in behaviors, studies using 
conditional knockout mice have to be conducted.

Materials and methods
Animals
TLR7−/− and Myd88−/− mice in a C57BL/6 genetic background were 
imported from the Jackson Laboratory. In TLR7−/− mice, exon 3 of 
Tlr7 gene was replaced by a lacZ gene (008380; The Jackson Labo-
ratory; Lund et al., 2004). For Myd88, exon 3 of Myd88 locus was 
deleted in the Myd88-deficient allele (009088; The Jackson Lab-
oratory; Hou et al., 2008). To generate Tlr7-/–;Myd88-/– embryos 
for neuronal culture, Tlr7+/−;Myd88+/− and Tlr7-/y;Myd88+/− mice 
that were originally obtained by crossing Tlr7−/− female mice and 
Myd88+/− male mice were crossed. The lines were maintained by 
backcrossing with C57BL/6 mice and were housed in the animal 
facility of the Institute of Molecular Biology, Academia Sinica, 
under a 14-h light/10-h dark cycle with controlled temperature 
and humidity. Cortical and hippocampal mixed cultures were 
prepared from embryos of either sex at E17–18. All animal exper-
iments were performed with the approval of the Academia Sinica 
Institutional Animal Care and Utilization Committee and in strict 
accordance with its guidelines and those of the Council of Agri-
culture Guidebook for the Care and Use of Laboratory Animals.

Chemicals and antibodies
The antibodies and reagents used in this study were as follows: 
GFP (A6455; rabbit; Invitrogen; Chen et al., 2011); MAP2 (AB5622; 
rabbit; EMD Millipore; Chen et al., 2011); MAP2 (M4403; mouse; 
Sigma-Aldrich; Chen et al., 2011); SMI-312R (SMI-312R; mouse; 
Covance; Liu et al., 2013); HA (3F10; rat; Roche; Chen et al., 2017); 
phospho-P38 MAPK (9211; rabbit; Cell Signaling Technology); 
rabbit polyclonal P38 MAPK antibody (9212; rabbit; Cell Signaling 
Technology); phospho-ERK (4376; rabbit; Cell Signaling Technol-
ogy); ERK (4695; rabbit; Cell Signaling Technology); phospho-JNK 
(9251; rabbit; Cell Signaling Technology); JNK (9252; rabbit; Cell 
Signaling Technology); phospho-TAK1 (9339; rabbit; Cell Signal-
ing Technology); GAP​DH (sc-25778; rabbit; Santa Cruz Biotech-
nology, Inc.; Chen et al., 2011); NeuN (MAB377; mouse; EMD Mil-
lipore; Wang et al., 2015); HRP-conjugated secondary antibodies 
(GE Healthcare); and Alexa Fluor 488– and Alexa Fluor 594–con-
jugated secondary antibodies (Invitrogen). Antibodies with val-
idation profiles in Antibodypedia or 1DegreeBio are underlined. 
CL075, poly dT, poly(I:C) high molecular weight, and SB203580 
were all purchased from InvivoGen. Takinib and NG 25 were 
purchased from Medchem Express, and (5Z)-7-oxozeaenol was 
purchased from Tocris.

Plasmids
For the miR-Tlr8 construct, the oligonucleotide sequence 5′-TGC​
TGT​TTC​AAA​CCA​GGT​AGA​AGG​AAG​TTT​TGG​CCA​CTG​ACT​GAC​
TTC​CTT​CTC​TGG​TTT​GAAA-3′ designed by the BLO​CK-iT RNAi 
Designer tool (Invitrogen) was used. The paired oligonucleotides 
were inserted into a pcDNA6.2-GW/EmGFPmiR vector using the 

BLO​CK-iT Pol II miR RNAi Expression Vector kit (Invitrogen). 
The plasmid pcDNA6.2-GW/EmGFP-miR-neg (miR-Ctrl; Invit-
rogen), predicted to not target any vertebrate gene, was used as 
a negative control. The negative control sequence is 5′-GAA​ATG​
TAC​TGC​GCG​TGG​AGA​CGT​TTT​GGC​CAC​TGA​CTG​ACG​TCT​CCA​CGC​
AGT​ACA​TTT-3′. These plasmids in the pcDNA vector were used in 
neuronal cultures. For IUE, the miRNA fragment in pcDNA 6.2-
GW/EmGFP-miR-neg and -Tlr8 was further subcloned into the 3′ 
untranslated region of the GFP in pCAG vector (11150; Addgene; 
provided by C. Cepko; Matsuda and Cepko, 2004).

Q-PCR
Q-PCR was performed as described (Liu et al., 2013; Huang et 
al., 2014). In brief, to prepare total RNA from cultured corti-
cal neurons, neurons were plated at a density of 106 cells/well 
in poly l-lysine–coated six-well plates. Cultured neurons were 
subjected to RNA extraction using TRIzol reagent according to 
the manufacturer’s instructions (Invitrogen), followed by DNase 
I (New England BioLabs) digestion for 30 min at 37°C to remove 
contaminating DNA. Reverse transcription was performed using 
the Transcriptor First Strand cDNA Synthesis kit (Roche) with an 
oligo(dT)18 primer. A real-time PCR assay was performed using 
the LightCycler480 (Roche) and Universal Probe Library probes 
(UPL; Roche) system. The primers and their paired probes were 
designed using the Assay Design Center Web Service (Roche) and 
are summarized in Table S3. The PCR thermal profile was set as 
follows: denaturation at 95°C for 10 min; 45 cycles of denatur-
ation at 95°C for 10 s, annealing at 60°C for 30 s, and extension 
at 72°C for 1 s; and a final cooling step at 40°C for 30 s. Samples 
were assayed experimentally in triplicate and then averaged to 
represent the data of a single experiment. Six to eight indepen-
dent biological repeats using different animals were performed 
for each set of experiments.

Cell culture, transfection, drug treatment, 
immunoprecipitation, and immunoblotting
Mouse hippocampi and dorsocaudal parts of cortices that are 
adjacent to hippocampi were pooled for culturing in maintain-
ing medium (Neurobasal medium/DMEM [1:1] with B27 supple-
ment, 0.5 mM glutamine and 1× penicillin-streptomycin; all from 
Thermo Fisher Scientific). Transfection of neuronal cultures was 
performed using calcium phosphate precipitation methods as 
described (Jiang and Chen, 2006) with some modifications. In 
brief, cultured neurons were transferred to prewarmed transfec-
tion medium (a 1:4 mixture of maintaining medium and DMEM 
[11960; Thermo Fisher Scientific]; 0.8 ml/well in 12-well plate) 
and incubated at 37°C for 1 h. For two wells of transfection, 3 µg 
plasmid DNA and 10 µl of 2.5 M CaCl2 were mixed first in final 
100-µl solution. 100 μl of 2× Hepes-buffered saline (548  mM 
NaCl, 20  mM KCl, 2.8  mM Na2HPO4, 30  mM d-glucose, and 
84  mM Hepes, pH 7.05–7.07) was then added dropwise to the 
DNA/CaCl2 mixture and gently vortexed. The DNA solutions were 
further incubated for 15–20 min at room temperature to form 
fine precipitate before adding to cultured neurons. After incuba-
tion for 15–60 min at 37°C, the DNA solutions were removed from 
culture. Transfection wash buffer (135 mM NaCl, 20 mM Hepes, 
4 mM KCl, 1 mM Na2HPO4, 2 mM CaCl2, 1 mM MgCl2, and 10 mM 
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glucose, pH 7.3) was added to the culture (1 ml/well) for 5 min 
at 5% CO2 incubation to dissolve precipitates. After transfection, 
the cultures were placed back in the original culture medium. 
Cotransfected or coexpressed GFP was used to outline neuronal 
morphology. To prepare the CL075/poly dT mixture, half the 
amount of cultured medium was first collected from cultures 
and vortexed with CL075 and poly dT. For immunoprecipita-
tion, HEK293T cells were transfected with various constructs 
using Lipofectamine 2000 (Invitrogen). The lysates were incu-
bated with 0.5 µg HA antibodies and protein G–Sepharose beads 
(Sigma-Aldrich) for 3–4  h at 4°C. The precipitated complexes 
were washed and immunoblotted with antibodies as indicated. 
For immunoblotting, cultured neurons plated in 12-well plates 
were lysed with 100 µl of 1× SDS sample buffer. Proteins were 
separated by SDS-PAGE and blotted on polyvinylidene difluo-
ride membranes. The membranes were blocked with 5% nonfat 
milk in TBST for 1 h at room temperature and incubated with 
antibodies in 5% BSA-TBST for phosphor-protein or 0.5% nonfat 
milk–TBST for others at 4°C overnight. After three washes with 
TBST, membranes were incubated with HRP-conjugated second-
ary antibodies in 0.5% nonfat milk-TBST for 2 h at room tempera-
ture. The protein signals were visualized and quantified using 
ImageQuant LAS 4000 with the software ImageQuant LAS 4000 
Biomolecular Imager (GE Healthcare). 

IUE and imaging of brain sections
IUE was performed as previously described (Chen et al., 2017). 
In brief, pregnant female WT (crossed with WT male mice) and 
Tlr7−/− (crossed with Tlr7–/Y mice) mice were exposed to 1.8% 
isoflurane in oxygen during surgery. E15.5 embryos were used 
for in vivo electroporation of the cortex. Control plasmid pCAG-
GFP-miR-Ctrl or pCAG-GFP-miR-Tlr8 was injected into one of the 
lateral ventricles of embryo brain using a glass micropipette. The 
embryonic brain then received five pulses (30 V for 50 ms) of 
electric shock at 950-ms intervals using an ECM830 square wave 
pulse generator (BTX; Harvard Apparatus). To minimize varia-
tion, half of the embryos of each litter were electroporated with 
miR-Tlr8 into one of the brain hemispheres (e.g., left cerebral 
cortex), and the other half had miR-Ctrl electroporated into the 
other hemisphere (e.g., right cerebral cortex). The electroporated 
offspring were anesthetized and perfused with 4% PFA in PBS at 
P7, P14, and P21. After 4% PFA postfixation overnight at 4°C and 
30% sucrose dehydration, brains were embedded in optimal cut-
ting temperature compound (Tissue-Tek; Sakura) and sliced into 
100- or 150-µm-thick sections using a cryostat. The brain slices 
were then counterstained with DAPI to visualize the nuclei. After 
mounting with antifade solution (0.5% N-propyl gallate, 20 mM 
Tris, pH 8.0, and 90% glycerol), neuronal images were captured 
according to the GFP signal at 20–22°C with a confocal micro-
scope (LSM 700; Zeiss) equipped with transmitted light detector 
(Zeiss LSM; transmitted light detector [T-PMT]) and a 20×/NA 
0.80 (Plan Apochromat) objective lens. Z series images of 8–19 
sections spaced 2 µm apart were acquired and projected into sin-
gle images for quantification using Zen acquisition and analy-
sis software (Zeiss). For publication, the images were processed 
using Photoshop (Adobe) with minimal adjustment of brightness 
or contrast applied to the entire images. The quantification of 

dendrite length and tip number and the camera lucida drawings 
were performed with ImageJ (National Institutes of Health). 
Pups from two litters were analyzed for each time point.

Immunofluorescence staining, microscope image acquisition, 
and live recording of cultured neurons
Immunostaining of cultured neurons was performed as described 
(Liu et al., 2013, 2015). Alexa Fluor 488– and Alexa Fluor 594– 
conjugated secondary antibodies and DAPI were used to visualize 
the results. Vectashield mounting medium (H-1000; Vector Labs) 
or antifade solution was used to preserve the fluorescent signals. 
For morphological analysis, immunofluorescent images of fixed 
cultured neurons were visualized at 20–22°C with a fluorescence 
microscope (AxioImager M2; Zeiss) equipped with a 20× 0.80 NA 
(Plan Apochromat; Zeiss) objective lens and were acquired using 
a cooled charge-coupled device camera (Rolera EM-C2; QImag-
ing) with Zen software (Zeiss). Phospho-P38/NeuN and phor-
pho-TAK1/NeuN stained images were captured at 20–22°C with a 
confocal microscope (LSM 700; Zeiss) equipped with transmitted 
light detector (Zeiss LSM; T-PMT), a 40× 1.25 NA objective lens 
or a 20× 0.80 NA objective lens, and Zen acquisition and analysis 
software (Zeiss). For dendritic spine analysis, images of neurons 
were recorded at 20–22°C with a confocal microscope (LSM 700; 
Zeiss) equipped with a 63× 1.4 NA oil objective as a z series of 
5–12 sections spaced 0.6 µm apart. The z series of images were 
then projected into single images for quantification. For live 
recordings of dendrite dynamics, cultures in original medium 
were placed in a chamber maintained at 37°C and 5% CO2 and 
imaged with a spinning-disk confocal microscope (Revolution 
WD; Andor Technology) equipped with a 20× 0.75 NA objective 
lens and MetaMorph software (7.8; Molecular Devices). For pub-
lication, the images were assembled and processed with Photo-
shop (CS3 or CS6, image mode 8 bits; Adobe) with minimal or no 
adjustment of brightness or contrast applied to the whole images.

Neuronal morphometry
Analyses of dendrites and axons in vitro or in vivo were per-
formed as previously described (Chen et al., 2011, 2017; Liu et al., 
2013, 2015). In brief, the identity of dendrite and axon was first 
confirmed using markers MAP2 (dendrite) and SMI-312 (axon). 
Dendritic and axonal features were then mainly determined by 
transfected GFP. Three parameters were used to determine den-
dritic morphology: (1) the total dendritic length, including primary 
dendrite and all dendritic branches; (2) the number of primary 
dendrites, where the primary dendrites are the processes directly 
emerging from the soma; and (3) the number of dendritic branch 
tips. For axons, total axonal length including primary axon and all 
axonal branches were determined. The analysis of dendritic spine 
density was as previously described (Wang et al., 2011; Chen and 
Hsueh, 2012; Shih and Hsueh, 2016). In brief, GFP-actin was trans-
fected into cultured neurons at 12 DIV to outline neuronal mor-
phology at 18 DIV. For each neuron, three (not less than two) clearly 
recognizable dendritic fragments were analyzed. The number of 
spines present on the dendrites (along 20 μm of each dendrite 
starting from a point 20 μm away from the soma) was manually 
counted and traced. To minimize the effects of bias, the experi-
ments were performed blind through the relabeling of samples or 
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images by other laboratory members. All experiments were inde-
pendently repeated two or three times. For each repeat, neurons 
were randomly picked blind from each group for analysis. All mea-
surements were performed using ImageJ.

mEPSCs
WT cultured neurons were treated with CL075/poly dT at 17 
DIV, and whole-cell patch clamps were performed at 18 DIV to 
record mEPSCs. Neurons were incubated in extracellular solu-
tion containing 136.5 mM NaCl, 5.4 mM KCl, 5 mM Hepes, 1.8 mM 
CaCl2, 0.53 mM MgCl2, 5.56 mM glucose, 0.001 mM tetrodotoxin, 
and 0.02 mM bicuculline. The intracellular solution contained 
135.25  mM K-gluconate, 8.75  mM KCl, 0.2  mM EGTA, 7  mM 
Na2-phosphocreatine, 10 mM Hepes, 4 mM Mg-ATP, and 0.3 mM 
Na-ATP. Neurons were voltage-clamped at −70 mV, and mEPSCs 
were recorded with an Axon Axopatch 200B amplifier (Molecu-
lar Devices) and filtered at 1 kHz. Clampfit software (10.4; Molec-
ular Devices) was used to detect mEPSCs from the raw data with 
an amplitude threshold of 5 pA.

RNA-seq and bioinformatic analyses
At 4 DIV, total RNA was extracted from mouse cultured neurons 
6 h after treatment using TRIzol reagent according to the manufac-
turer’s instructions (Invitrogen). To investigate the downstream 
targets of TLR3, TLR7, and TLR8, WT neurons were treated with 
vehicle control, poly(I:C) (for TLR3 activation) or CL075 (for TLR7 
activation), whereas Tlr7−/− neurons were treated with vehicle 
control and CL075/poly dT (for TLR8 activation). RNA was qual-
ity controlled and quantified using an Agilent 2100 Bioanalyzer. 
The mRNA sequencing libraries were prepared using a TruSeq 
Stranded mRNA kit (Illumina), and 75–76-cycle single-read 
sequencing was performed using the 500 High-output v2 (75 
cycle) sequencing kit on an Illumina NextSeq500 instrument. Bio-
informatic analysis was performed as described (Padmanabhan et 
al., 2018). In brief, CLC Genomics Workbench (v.10.1.1, QIA​GEN) 
was used for raw sequencing trimming, sequence mapping, and 
data analysis. Raw sequencing reads were trimmed by removing 
adapter sequences, low-quality sequences (Phred quality score of 
< 20), and sequences with lengths >25 bp. Sequencing reads were 
mapped to the mouse genome assembly (mm10) from University 
of California, Santa Cruz, with the following parameters: mis-
matches = 2, minimum fraction length = 0.9, minimum fraction 
similarity = 0.9, and maximum hits per read = 5. Gene expres-
sions were based on transcripts per kilobase million. Differential 
expression (i.e., fold changes) of genes in response to TLR3, TLR7, 
or TLR8 activation were estimated by generalized linear model 
(McCarthy et al., 2012). The statistical significance (P < 0.05) was 
further decided by Wald Test. The Venn diagram (Fig. 7 A) was 
drawn with the software VEN​NY (2.0; Oliveros, 2007). GO biolog-
ical processes were assessed using Metascape (http://​metascape​
.org/​gp/​index​.html​#/​main/​step1) and the interaction maps (Figs. 
S1 and S2) were created in STR​ING (https://​string​-db​.org/​). Heat 
maps were generated using MeV v4.9.

Data availability
The RNA-seq raw data has been deposited to NCBI with acces-
sion no. GSE107199.

Statistical analysis
All the quantitative data in this study are presented as means + 
SEM. Graphs were plotted and analyzed using Prism (5.0 and 7.0; 
GraphPad software). No statistical method was applied to evalu-
ate the sample size, but our sample sizes are similar to those of 
previous publications (Liu et al., 2013; Huang et al., 2014; Shih 
and Hsueh, 2016). Basically, six to eight independent cultures 
were used for Q-PCR. For the study of dendrite and axon mor-
phology, 30–40 neurons were randomly collected blind each time 
from two to three independent experiments. For dendritic spine 
analysis, three dendrites of each neuron were quantitated, and 
30–40 neurons were randomly collected blind each time from 
two independent experiments. Data collection and analysis were 
conducted randomly and blind through relabeling of the samples 
by other laboratory members. None of the collected data were 
excluded from analysis. Statistical analysis was performed using 
the two-tailed nonparametric test (Mann–Whitney test) for two-
group comparisons. For multiple group comparisons, we applied 
one-way analysis of variance (ANO​VA) with Bonferroni’s test in 
Prism. Two-way ANO​VA with Bonferroni’s test was performed 
in Prism to analyze the effects of two genetic factors combined 
with two different treatments. P-values <0.05 were consid-
ered significant.

Online supplemental material
Figs. S1 and S2 summarize the interaction maps of TLR3-, TLR7-, 
and TLR8-regulated genes as indicated. Table S1 lists the coreg-
ulated genes. Table S2 contains the top five biological processes 
regulated by TLRs. Table S3 summarizes primer sequences and 
probe numbers for Q-PCR.
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