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Systemic inflammatory reactions have been postulated to exacerbate neurodegenerative diseases via microglial activation. We now
demonstrate in vivo that repeated systemic challenge of mice over four consecutive days with bacterial LPS maintained an elevated
microglial inflammatory phenotype and induced loss of dopaminergic neurons in the substantia nigra. The same total cumulative LPS
dose given within a single application did not induce neurodegeneration. Whole-genome transcriptome analysis of the brain demonstrated that repeated systemic LPS application induced an activation pattern involving the classical complement system and its associated phagosome pathway. Loss of dopaminergic neurons induced by repeated systemic LPS application was rescued in complement
C3-deficient mice, confirming the involvement of the complement system in neurodegeneration. Our data demonstrate that a phagosomal inflammatory response of microglia is leading to complement-mediated loss of dopaminergic neurons.
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Introduction
Bacterial infections leading to systemic inflammation are commonly observed in elderly patients with neurodegenerative diseases and are often associated with exacerbation of clinical
symptoms (Perry et al., 2007; Wyss-Coray and Rogers, 2012).
Systemic inflammation is known to activate microglia within the
CNS, and it was postulated that the activated microglial cells
contribute to the progression of neurodegenerative diseases
(Perry et al., 2007; Glass et al., 2010; Hirsch et al., 2012).
Systemic intraperitoneal application of bacterial lipopolysaccharides (LPS) in single or repeated challenges in experimental
animal models can induce or even exacerbate neurodegeneration
(Dutta et al., 2008; Cunningham, 2013). In an animal model of
prion disease, it was shown that systemic application of a single
dose of 100 ng LPS per gram body weight (gbw) communicated
to the brain and induced behavioral changes, microglial activation, and local production of inflammatory cytokines that contributed to neurodegeneration (Cunningham et al., 2009).
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Furthermore, mice receiving a single systemic application of LPS
(5 g/gbw, i.p.) presented loss of dopaminergic tyrosine hydroxylase (TH)-positive neurons in the substantia nigra (SN) 7
months after injection (Qin et al., 2007). In parkin-deficient mice
challenged repeatedly twice a week with 750 EU/gbw LPS intraperitoneally, loss of TH-positive neurons in the SN was already
observed after 3 months, whereas loss of TH-positive neurons in
control treated parkin-deficient mice was detected only after 6
months (Frank-Cannon et al., 2008). Thus, all these studies
showed that the dopaminergic neurons in the SN are susceptible
to inflammatory damage after systemic LPS exposure, but the
exact molecular mechanism of neurodegeneration is unclear.
Here, we compared in mice the effects of two systemic LPS
treatment paradigms: a single and a repeated application. We
observed that the repeated LPS treatment induced a distinct prolonged inflammatory microglial phenotype with an enrichment
of the complement–phagosome pathway that triggered degeneration of dopaminergic neurons in the SN. Loss of dopaminergic
neurons induced by repeated systemic LPS challenges was prevented in complement C3-deficient mice.

Materials and Methods
Experimental animals and treatments. All animal experiments have been
approved by the authors’ institutional review boards and by the local
government and have been conducted according to the principles expressed in the Helsinki Declaration. C57BL/6J mice and B6;129S4C3tm1Crr/J mice, backcrossed for at least 8 generations into C57BL/6
(referred as C3 KO in the text) were obtained from The Jackson Laboratory via Charles River and housed in specific pathogen free environment
with water and food ad libitum. For the experiments, 3-month-old male
mice were injected intraperitoneally with 100 l LPS (concentrations
accordingly to the text; Enzo LifeSciences) or with 100 l PBS (Invitro-
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Immunohistochemistry. Animals were perfused intracardially with 1⫻ PBS followed by
4% PFA (Sigma); brains were collected and
kept in 30% sucrose (Sigma) supplemented
with 0.1% sodium azide (Sigma) until processed into frozen sections. Fixed brains were
sectioned in coronal plane (20 m extent in the
rostal-caudal plane) and directly mounted
onto superfrost slides. Ventral midbrain containing slides were blocked with 5% normal
goat serum (Invitrogen) in PBS and incubated
overnight at 4°C with the primary antibody.
After washing with PBS, the slices were incubated for 2 h with the corresponding secondary
antibodies (Cy3-conjugated antibody, 1:500,
Dianova or Alexa-488-conjugated antibody,
1:500, Invitrogen). Mowiol (Sigma) was used
as mounting medium, and the slices were kept
at ⫺20°C until pictures were taken. Stainings
were visualized using AxioObserver Z1 inverted microscope with Apotome (Carl Zeiss),
and images were collected with AxioCam Rm
(AxioVision software). All images were analyzed using the ImageJ software. For neuronal
quantification, slides were double-stained with
antibodies directed against the dopaminergic
neuronal marker TH (1:1000; Sigma) and with
neuronal neuclei marker NeuN (1:500; MilliFigure 1. Loss of dopaminergic neurons in the SN after repeated systemic challenges with LPS. A, Treatment and analysis pore). SN pars compacta (SNpc) was demarparadigms. For the single treatment (left), mice were injected intraperitoneally once with 4 g LPS/gbw and were analyzed on day cated based on TH-positive immunostaining
19. For the repeated treatment (right), mice were injected intraperitoneally on four consecutive days with 1 g LPS/gbw and were as previously described (Baquet et al., 2009).
analyzed on day 19. B, Immunofluorescence staining of the SN with antibodies directed against the dopaminergic cell specific Optical sections of four SNpc matched levels
marker protein TH (green) and neuronal nuclei marker protein NeuN (red) on experimental day 19 after repeated treatment with per animal were used for cell counting (McPBS control or LPS . Reduced staining of TH was detected in the SNpc after repeated systemic LPS challenge. Higher-magnification Cormack et al., 2002). The TH-positive neuinset as indicated. Scale bar, 50 m. Representative images for n ⱖ 3 mice shown. C, Quantification of TH-positive (left) and rons were only counted if the whole nucleus
NeuN-positive cells (right) in the SNpc of mice on experimental day 19 after systemic single or repeated challenge with PBS control was visible within the section. SNpc neurons
or LPS . Only systemic repeated LPS application induced significant loss of TH-positive and NeuN-positive neurons. n ⱖ 3 mice. n.s., were distinguished from the ones of the ventral
Not significant. *p ⬍ 0.05. **p ⬍ 0.01. ***p ⬍ 0.001.
tegmental area based on size and orientation
(Baquet et al., 2009). For microglia evaluation,
TH immunostaining (1:1000; Millipore) was
gen) vehicle as control. For the single treatment, mice were injected once
used for positioning on the slice, together with an antibody directed
with 4 g LPS/gbw or vehicle and killed on the second, fifth, or 19th day
against the microglial marker ionized calcium binding adaptor moleafter the start of the treatment, according to the text. For the repeated
cule1 (Iba1; 1:1000; Wako). Iba1-positive cells were counted in the Subtreatment, the protocol from Cardona et al. (2006) was adapted. It constania nigra pars reticulata (SNpr) in the above mentioned section levels.
sisted of four daily injections with 1 g/gbw LPS or vehicle, and the
For microglial activation, lysosomal CD68 was quantified in microglial
analysis was performed on the fifth or 19th day since the start of the
cells from SNpr, which were double-labeled with Iba1 (1:1000, Wako)
treatment, according to the text.
and CD68 (1:500, Serotec). Confocal z-stack images were acquired, and
ELISA analysis. Plasma was isolated from aortic blood by centrifugathe area occupied by CD68-positive staining was analyzed using ImageJ
tion in heparin-containing tubes (Ratiopharm) to sediment the blood
software (National Institutes of Health). At least 6 images per animal
cells. To prepare brain supernatant, mice were intracardially perfused
were analyzed.
with 1⫻ PBS, brains were isolated and homogenized in radioimmunoMicroarray transcriptome analysis. Mice were challenged with LPS or
precipitation assay buffer (RIPA buffer, Sigma) containing proteases and
PBS according to the single or repeated treatment protocol. For the
phosphatases inhibitor cocktails (Sigma). After incubation on ice for 15
single-treated group, the analysis was conducted on experimental day 2
min, the homogenates were centrifuged and brain supernatants were
(24 h after the injection) and day 5; for the repeatedly challenged group,
collected. Tumor necrosis factor ␣ (TNF␣) and interleukin 1 ␤ (IL1␤)
the analysis was performed on day 5 (24 h after the last injection). Brains
protein expression levels in the plasma or brain were quantified by using
were collected after PBS perfusion of mice and immediately homogecorresponding mouse Quantikine ELISA Kits (R&D Systems) according
nized in cooled down QIAzol reagent (QIAGEN). Total RNA was exto the manufacturer’s instructions.
tracted according to QIAzol manufacturer’s recommendations with
Real-time RT-PCR analysis. RNA was isolated from brains of PBS
⫺20°C overnight incubation for small RNA precipitation. Total RNA
transfused mice using the RNeasy Mini Kit (QIAGEN) according to the
integrity and purity were assessed using the Agilent 2100 Bioanalyzer and
manufacturer⬘s protocol. Reverse transcription of 50 g total RNA was
RNA 6000 Nano LabChip kits (Agilent Technologies). Only good-quality
performed with SuperScript III reverse transcriptase (Invitrogen) and
RNA (no contamination or degradation, RIN ⬎ 9) was used and further
hexamer random primers (Roche Molecular Biochemicals). Semiquanprocessed. Total RNA samples were reverse-transcribed to doubletitative RT-PCR was performed using 1 l cDNA diluted 1:10, SYBR
stranded cDNA using specific primers, which reduce the priming of
GreenER qPCRSuperMix Universal (Invitrogen) and specific oligonurRNA. cRNA was generated by in vitro transcription and reverse trancleotides into a final reaction volume of 25 l. For amplifications, a
scribed into a sense single-stranded cDNA. The cDNA was fragmented,
Mastercycler epigradient S (Eppendorf) was used, and the results were
labeled, and hybridized onto Affymetrix GeneChip Mouse Gene 1.0 ST
evaluated with the manufacturer’s software. Amplification specificity
Arrays according to the Ambion Whole Transcript Expression kit for
was confirmed by melting curve analysis, and the quantification was
Affymetrix GeneChip Whole Transcript Expression Array Protocol (P/N
performed using the ⌬⌬Ct method.
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4425209 Rev.B 05/2009) and GeneChip WT
Terminal Labeling and Hybridization User
Manual for use with the Ambion Whole Transcript Expression kit (P/N 702808 Rev.6). Microarrays were then washed, stained, and
scanned according to the manufacturer’s instructions. The 36 CEL files generated by the
scanner were then imported into Partek
Genomics Suite (GS) 6.4 for preprocessing and
quality control. Preprocessing aims at estimating transcript cluster expression values from
probe signal intensities. Thus, Partek options
were set up for GC-content adjustment, robust
multiarray background correction, quantile
normalization, log2 transformation, and mean
summarization. Quality control was assessed
through different methods available in Partek
GS and did not reveal any outlier. Transcript
cluster expression values were then imported
into R statistical environment (R Core Team,
2014R: A Language and Environment for Statistical Computing. R Found Stat Comput) for
further analysis. Transcript clusters that do not
target any gene were removed so that each
transcript cluster is associated with a gene.
Then, Limma (Smyth, 2004) (R/Bioconductor) was used to detect differentially expressed (DE) genes between LPS and PBS
within each group (single/repeated, paradigm, D2/D5). Analysis was done according
to “time course experiment,” and the p values were adjusted for multiple testing errors
using the Benjamini and Hochberg’ false discovery rate (FDR) (Benjamini and Hochberg, 1995). Genes with FDR ⬍ 0.05 and Figure 2. Prolonged microglial activation after repeated systemic challenge with LPS. A, Mice treatment and analysis paraabsolute log2FC ⱖ 0.5 were considerate as digms. For the single treatment, mice were intraperitoneally injected once with 4 g LPS/gbw and were analyzed on experimental
DE. For Ingenuity Pathway Analysis (IPA), day 5 or 19 (top). For the repeated treatment, mice were injected intraperitoneally on four consecutive days with 1 g LPS/gbw
lists of significantly DE genes between (single and were analyzed on experimental day 5 or 19 (bottom). B, sqRT-PCR determination of Allograft inflammatory factor 1 (Aif1, the
or repeated) LPS treatment versus (single or microglial marker ionized calcium binding adaptor molecule 1 [Iba1] encoding gene) from the whole brain of mice on experimental
repeated) PBS treatment were uploaded in day 5 or 19 after single or repeated treatment with PBS control or LPS. Aif1 gene transcripts were increased on day 5 only after
the IPA tool (Ingenuity Systems, www. repeated application of LPS, and the transcript levels returned to the levels of PBS treatments control on day 19. n ⱖ 3 mice. n.s.,
ingenuity.com). The significance of the asso- Not significant. **p ⬍ 0.01. ***p ⬍ 0.001. C, Immunofluorescence staining of the microglial marker Iba1 (green) in SNpr on
ciation between each list and function or experimental day 5 after single or repeated treatment with PBS control or LPS. TH immunostaining (red) was used to match the
canonical pathway was measured by Fisher’s level of analysis. Microglial Iba1 immunoreactivity was highly increased after single and repeated LPS application. Scale bar, 50
exact test. As a result, a p value was obtained, m. Representative images of n ⱖ 3 mice shown. D, Quantification of Iba1 immunostaining in the SNpr sections of mice on
determining the probability that the associa- experimental day 5 and 19 after single or repeated PBS control or LPS treatment. Microglial Iba1 immunoreactivity was increased
tion between the genes in our dataset and on day 5 after both single and repeated systemic LPS challenge and returned to PBS control levels on day 19. n ⱖ 3 mice. ***p ⬍
function or canonical pathway can be ex- 0.001.
plained by chance alone. Microarray expression data are available at ArrayExpress
(http://www.ebi.ac.uk/arrayexpress/) under accession number
over four consecutive days (Fig. 1A). On experimental day 19
E-MTAB-1770.
after the first application, immunohistochemistry of the SNpc
Statistical analysis. Data are presented as mean ⫾ SEM of at least three
was performed and histological sections were analyzed using anindependent experiments. Data were analyzed by one-way ANOVA foltibodies directed against TH and NeuN (Fig. 1B). Although a
lowed by Bonferroni post hoc test comparing all columns using GraphPad
computer software. Results are considered as significant if p ⬍ 0.05, p ⬍
single dose of LPS (1⫻ 4 g/gbw) did not induce a significant
0.01, or p ⬍ 0.001.
change of TH-positive or NeuN-positive cell number, repeated

Results
Loss of dopaminergic neurons in the SN after repeated
systemic application of LPS
Dopaminergic neurons in the SN have been shown to be susceptible to systemically applied LPS, but the extent of dopaminergic
neurodegeneration was strongly dependent on the dose and kinetics of application (Cunningham, 2013). Therefore, we first
compared the effect of systemically applied LPS given to
C57BL/6J mice either within a single intraperitoneal injection or
repeated intraperitoneal injections of the same cumulative dose

systemic application of LPS (4⫻ 1 g/gbw) triggered a reduction
in the number of TH-positive and NeuN-positive neurons (Fig.
1C). The quantification of SNpc serial sections after repeated LPS
(4⫻ 1 g/gbw) application showed a relative reduction of the
number of TH-positive cell bodies from an average of 134.6 ⫾
6.24 to 80.28 ⫾ 6.20 cells per section on experimental day 19 ( p ⬍
0.001), and the number of NeuN-positive cell bodies was decreased from 277.9 ⫾ 14.30 to 178.4 ⫾ 12.25 cells per section
( p ⬍ 0.001; Fig. 1C).
Data show that a single LPS application had no obvious neurotoxic effect within 19 d, whereas four daily applications of the
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per section, p ⬍ 0.001) and to a lesser extent after repeated LPS challenges (from
32.53 ⫾ 2.11 cells per section in PBS
controls to 77.07 ⫾ 2.24, p ⬍ 0.001; Fig.
2D). However, immunoreactivity of
Iba1 on day 19 returned to initial levels
(Fig. 2D).
In addition, the level of the lysosomal
marker CD68 was quantified in SNpr sections of mice treated with LPS or PBS (Fig.
3). On day 5, an unchanged level of Cd68
mRNA after the single treatment was observed, whereas after the repeated treatment the level was increased from 0.68 ⫾
0.06 FC (single LPS treatment group) to
3.82 ⫾ 0.54 FC (repeated LPS treatment
group, p ⬍ 0.001; Fig. 3A). Similarly, on
day 19, the single treatment showed no
change in the mRNA level, whereas the
repeated treatment was increased from
0.83 ⫾ 0.20 FC (single LPS treatment
group) to 4.11 ⫾ 0.62 FC (repeated LPS
treatment group, p ⬍ 0.001; Fig. 3A). Accordingly, immunohistochemistry of the
SNpr of mice challenged with repeated
Figure 3. Enhanced microglial activation after repeated treatment with LPS. A, Microglial activation marker CD68 mRNA levels LPS treatment showed an increase of
in the whole brain of mice on experimental day 5 or 19 after single or repeated treatment with PBS control or LPS. Cd68 gene CD68 protein staining compared with the
transcripts were increased on both experimental days after repeated treatment with LPS. n ⱖ 3 mice, n.s., Not significant. ***p ⬍ single LPS-treated group or PBS-treated
0.001. B, Immunofluorescence staining of CD68 (red) and Iba1 (green) in SNpr on experimental day 5 or 19 after repeated group (Fig. 3B). Quantification of the area
treatment with PBS control or LPS. CD68 immunoreactivity was increased after repeated LPS application on day 5. Scale bar, 10
occupied by CD68 staining confirmed an
m. Representative images of n ⱖ 3 mice are shown. C, Quantification of CD68 immunoreactivity area in the SNpr sections of mice
increase of CD68 immunoreactivity after
on experimental day 5 and 19 after single or repeated PBS control or LPS treatment. Microglial CD68 immunoreactivity was
repeated LPS challenge on day 5, from
increased on day 5 after repeated systemic LPS challenge. n ⱖ 3 mice. n.s., Not significant. *p ⬍ 0.05. **p ⬍ 0.01.
147.1 ⫾ 32.2 pixels (single LPS treatment)
to 366.7 ⫾ 54.25 pixels (repeated LPS
same cumulative dose induced loss of TH- and NeuN-positive
treatment, p ⬍ 0.01 Fig. 3C). However, on experimental day 19,
neurons in SN.
the CD68 activation marker was back to control levels for the
repeated LPS-treated group (Fig. 3C), and the single LPS-treated
Microglial activation after systemic LPS application
animals showed a decrease of the CD68 staining on day 19 from
Detrimental changes in brain parenchyma are quickly sensed by
190.0 ⫾ 29.07 pixels (single PBS-treated group) to 70.65 ⫾ 10.63
microglial cells (Ransohoff and Perry, 2009). To assay the micropixels (single LPS-treated group, p ⬍ 0.05; Fig. 3C).
glial response in the brain to peripheral application of LPS, we
Thus, we observed increased gene transcription and immunoperformed semiquantitative real-time PCR (sqRT-PCR) for gene
reactivity of the microglial markers Iba1 or CD68 5 d after LPS
transcripts of Aif1 (Allograft inflammatory factor 1, gene encoding
application that returned back to almost normal levels after 19 d.
microglial protein marker Iba1). We analyzed brain tissue on day
5 and day 19 after systemic single or repeated application of LPS
Increased proinflammatory molecule production in the brain
or PBS vehicle control (Fig. 2A). On experimental day 5, the levels
after repeated systemic application of LPS
of Aif1 transcripts were slightly increased after single LPS appliSystemic bacterial infections have been postulated to contribute
cation (from an mRNA fold change (FC) of 1.03 ⫾ 0.15 in PBS
to the progression of neurodegenerative diseases in elderly pacontrols to a FC of 1.66 ⫾ 0.28) and ⬃3-fold increased after
tients by triggering an inflammatory response of microglia (Perry
repeated LPS challenges (from 1.06 ⫾ 0.23 FC in PBS to 3.08 ⫾
et al., 2007). To study the local inflammatory response in the
0.18 FC, p ⬍ 0.001; Fig. 2B). However, on experimental day 19,
brain after peripheral challenge, we compared cytokine levels afthe Aif1 mRNA levels were comparable in the brains of both
ter single or repeated intraperitoneal application of LPS (Fig. 4).
groups (Fig. 2B).
As determined on day 5 by ELISA, plasma levels of TNF␣ and
Next, we studied the microglial Iba1 immunoreactivity in the
IL1␤ proteins after single or repeated application of LPS showed
SNpr, a brain region that is characterized by a relative high denan increase compared with PBS treated controls but no differsity of microglial cells (Lawson et al., 1990; Kim et al., 2000).
ences between the treatment paradigms (Fig. 4A). In contrast,
Therefore, mice systemically challenged with LPS given in a single
higher TNF␣ and IL1␤ protein levels were observed in the brain
or in four repeated injections were analyzed on experimental day
tissue on day 5 after repeated systemic challenge with LPS com5 (Fig. 2C) or day 19 by double immunostaining with the micropared with the single LPS challenge (Fig. 4B). In detail, on experglial marker Iba1 on levels matched by TH-positive immunoreimental day 5, TNF␣ in the brain was increased ⬃12-fold, from
activity. Immunohistochemical analysis on day 5 showed an
3.5 ⫾ 1.4 pg/ml after single LPS application to 44.4 ⫾ 12.1 pg/ml
increase in the Iba1 staining after a single injection of LPS (from
after repeated LPS application ( p ⬍ 0.001; Fig. 4B). IL1␤ was
32.53 ⫾ 2.11 cells per section in PBS controls to 145.3 ⫾ 8.35 cells
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increased ⬃4-fold on day 5 from 21.4 ⫾
4.8 pg/ml (single LPS) to 84.2 ⫾ 12.4
pg/ml (repeated LPS; p ⬍ 0.05; Fig. 4B).
Next, we analyzed the TNF␣ and IL1␤
gene transcription in the brain along with
Nos2 (encoding for the inducible nitric
oxide synthase) to evaluate any CNS production of the proinflammatory molecules. Indeed, mice challenged once with
LPS showed slight, but not significant, activation of TNF␣ and IL1␤ gene transcriptions in the brain tissue on day 5 but no
modulation of the Nos2 mRNA (Fig. 4C).
After repeated challenge with LPS, increased TNF␣, IL1␤, and Nos2 gene transcriptions were observed compared with a
single LPS challenge (Fig. 4C). In detail,
TNF␣ gene transcription was almost
threefold increased, from 3.26 ⫾ 1.17 FC
(single LPS challenge) to 8.88 ⫾ 2.19 FC
after repeated LPS application on day 5
( p ⬍ 0.05), IL1␤ gene transcription was
⬃4-fold increased from 7.27 ⫾ 1.46 FC
(single LPS) to 32.47 ⫾ 12.5 FC, and Nos2
was also ⬃4-fold induced from 0.8 ⫾ 0.08
FC (single LPS) to 3.2 ⫾ 0.4 FC (repeated
LPS; p ⬍ 0.001; Fig. 4C). Further, we
quantified TNF␣, IL1␤, and Nos2 mRNA
on day 19 after a single or repeated LPS
challenge. No significant increase in the
levels of these transcripts was observed on
day 19 after both single and repeated LPS
challenge compared with the PBS control
(Fig. 4D). Thus, after repeated challenges
with LPS, the inflammatory markers
TNF␣, IL1␤, and Nos2 mRNA levels are
increased on day 5 in the brain, along with
the levels of TNF␣ and IL1␤ proteins.

Figure 4. Increased production of proinflammatory cytokines in the brain after repeated systemic challenge with LPS. A, ELISA
measurement of TNF␣ and IL1␤ proteins in the plasma of mice on experimental day 5 of single or repeated treatment with PBS
control or LPS. Plasma levels of the cytokines showed similar response to LPS after single or repeated treatment. n.d., Not detected.
B, ELISA measurement of TNF␣ and IL1␤ proteins in brains of mice on experimental day 5 of single or repeated treatment with PBS
control or LPS. LPS challenge induced more pronounced elevation in the levels of the TNF␣ and IL1␤ after repeated treatment.
n.d., Not detected. *p ⬍ 0.05. ***p ⬍ 0.001. C, sqRT-PCR for TNFa (gene transcript for TNF␣ protein), IL1b (gene transcripts for
IL1␤), and Nos2 (gene transcript for inducible nitric oxide synthase) in the whole brain of mice on experimental day 5 after single
or repeated treatment with PBS control or LPS. The repeated LPS treatment induced increased transcription levels of TNFa, IL1b,
and Nos2. n.s., Not significant. *p ⬍ 0.05. **p ⬍ 0.01. ***p ⬍ 0.001. D, sqRT-PCR for TNFa, IL1b, and Nos2 in the whole brain of
mice on experimental day 19 after single or repeated intraperitoneal treatment with PBS control or LPS. The analyzed transcript
levels were unchanged after single or repeated LPS challenge compared with the control. n.s., Not significant.

Repeated systemic LPS application
triggers an inflammatory transcriptome
in the brain
To better understand the molecular mechanisms leading to neurodegeneration after repeated systemic LPS challenge, wholebrain transcriptome analysis was performed in mice that received
either single or repeated intraperitoneal treatments with LPS or
PBS vehicle. Because our data showed that the proinflammatory
reactions resolve by day 19, total RNA was isolated from brain
hemispheres either on the experimental day 2 or day 5 (single LPS
challenge) or day 5 (repeated LPS challenge; Fig. 5A). Microarray
analysis was performed to identify common and specific transcriptomic changes after the single and repeated LPS treatment
paradigms. As seen in heatmaps, the single treatment showed an
increased number of DE genes on day 2 (24 h after the injection),
which subsided within 5 d (Fig. 5B). When the repeated treatment effect was analyzed on the experimental day 5 (24 h after the
last injection), it revealed a lower number of genes upregulated or
downregulated compared with the results obtained on the experimental day 2 after the high-dose single LPS challenge but higher
than those observed after the single treatment on day 5 (Fig. 5B).
The analysis of the most significant biological functions
underlined by the DE genes after LPS challenges revealed a

high correlation with immunological functions within the
treatment groups (Fig. 5C).
Repeated systemic challenge with LPS activates the
complement–phagosome pathway in the brain
To identify a mechanistic link between the transcriptome
analysis and the faster neurodegeneration observed after the
repeated LPS challenges, we further performed a more detailed analysis of DE genes on day 5 (single vs repeated LPS). In
this regard, we identified specific genes that were selectively
and significantly (FDR ⬍ 0.05; FC ⱖ 2) upregulated in the
brain tissue after repeated or single LPS treatment compared
with the PBS treated controls (Table 1). In total, 21 genes were
found to be commonly induced by both treatment paradigms.
These were mostly immune related genes (e.g., complement
components: C1qa, C1qc, C3, C3ar1, C4b; chemokine Ccl5;
major histocompatibility complex (MHC) molecule H2-k1;
Table 1). Only 2 genes were selectively upregulated after single
LPS treatment, both indirectly linked to immune function
(glutathione peroxidase 3 [Gpx3] and neutrophilic granule
protein [Ngp]). Interestingly, 60 genes (mainly immunerelated genes, e.g., complement components, Fc receptors,
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were represented by the phagosome and
the complement/coagulation cascades (Fig.
6B). The phagosome pathway contained the
maximum number of DE genes enriched by
the repeated treatment followed by pathways specific to infections with microorganisms (Fig. 6B). KEGG analysis showed that
the complement cascade was the strongest
common inflammatory enriched pathway
from both single and repeated LPS challenge
(Fig. 6B). Importantly, several complement components are also part of the
KEGG phagosome pathway. As presented
in Table 1, elements in the KEGG phagosome pathway common to both single
and repeated LPS challenge were thus represented by the complement cascade
member C3 or the lysosomal protease cathepsin S (Ctss). Elements unique to the
repeated LPS challenges were composed
of MHC class I members (H2-d1, H2-q6,
H2-q7 ), complement cascade members
(Integrin ␣M␤2- Itgam, part of the complement receptor 3 (CR3), phagocytosisrelated molecules (Fcer2b, Fcgr3, Fcgr4 ),
and p22phox (Cyba) and gp91 (Cybb)
members of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
complex (Table 1).
Next, we performed a validating sqRTPCR for selected molecules of the
phagosome-related pathway enriched by
LPS treatment (Fig. 6C), like the TYRO
protein tyrosine binding protein gene
(Tyrobp, encoding the DAP12 protein),
the common ␥-chain gene (Fcer1 g), and
the NADPH components Cyba and Cybb.
Of note, Tyrobp and Fcer1 g, which here
were induced in the brain after repeated
LPS challenge as found in the microarray,
Figure 5. Enriched inflammatory response pathways in the brain after systemic repeated treatment with LPS. A, Treatment and were recently described to be crucially inanalysis paradigms. For the single treatment (top), mice were injected intraperitoneally once with 4 g LPS/gbw and were volved in complement-phagosomal siganalyzed on experimental day 2 or 5. For the repeated treatment (bottom), mice were injected intraperitoneally on four consec- naling during neurodegeneration (Zhang
utive days with 1 g LPS/gbw and were analyzed on day 5. B, Heatmap of the transcriptome in mice after intraperitoneal et al., 2013). The Cyba gene transcription
treatments with LPS versus PBS on experimental day 2 and 5 (single treatment) or on day 5 only (repeated treatment); n ⬎ 3 mice. was significantly increased after both sinLPS treatment generates an increase of DE genes after both the single or repeated treatment. C, Enriched pathways of the DE genes gle LPS treatment (from 1.25 ⫾ 0.41 FC to
of mice after intraperitoneal treatments with LPS versus PBS on experimental day 2 and 5 (single treatment) or only on day 5 2.91 ⫾ 0.27 FC, p ⬍ 0.01) and repeated
(repeated treatment). Ingenuity Pathway Analysis was performed on significantly DE genes (FDR ⬍ 0.01) in each condition, and LPS treatment (from 1.00 ⫾ 0.10 FC to
the top 12 enriched functions were presented. Score is obtained from the ⫺log( p value) transformation; n ⬎ 3 mice.
3.64 ⫾ 0.24 FC, p ⬍ 0.001), whereas Cybb
was showing a significant increase beMHC molecules) were selectively upregulated after repeated
tween the repeated versus single LPS treatments, from 4.33 ⫾
LPS treatment, therefore being potential causal regulators for
0.94 FC (single LPS) to 9.8 ⫾ 0.83 FC (repeated LPS; p ⬍ 0.001).
the inflammatory neurodegeneration (Fig. 6A; Table 1). Thus,
However, Tyrobp mRNA levels were not modulated, whereas afwhole-genome transcriptome analysis showed a unique inter the repeated LPS challenge Fcer1 g was increased to 3.1 ⫾ 0.19
flammatory molecular signature of the brain after repeated
FC from 1.91 ⫾ 0.28 FC (single LPS; p ⬍ 0.05; Fig. 6C).
Therefore, data indicate that a complement-phagocytosis
systemic challenge with LPS.
process involving Fcer1 g and Cyba/Cybb is linked to the neuroTo investigate further the intimate mechanism of LPS-triggered
degenerative process.
dopaminergic degeneration, we used the Kyoto Encyclopedia of
Genes and Genomes (KEGG) to evaluate the interconnectivity of the
Loss of dopaminergic neurons is rescued in complement C3elements of the repeated or single LPS treatment paradigm. The
deficient mice
pathways underlined by KEGG in the 81 (60 specific and 21 comMicroglia clear synapses and neurites during development and in
mon) genes upregulated after repeated LPS treatment or the 23 (2
neurodegenerative processes via a C1q, C3, CR3, and Dap12/
specific and 21 common) genes specific to the single LPS treatment
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Table 1. Differentially expressed and common genes after repeated treatment
(4ⴛ LPS vs 4ⴛ PBS) or single treatment (1ⴛ LPS vs 1ⴛ PBS)a
4⫻ LPS versus 4⫻ PBS (60 genes)
AI607873
AW112010
Acer2
Aoah
Apobec3
C1qb
Cav1
Ccl3
Cd33
Cd53
Cd68
Cd72
Cd93
Clec4a1
Clec4a3
Cp
Ctsc
Ctsh
Cxcl13
Cyba
Cybb

Eltd1
Eng
Fcer1g
Fcgr2b
Fcgr3
Fcgr4
Fn1
Gbp2
H2-D1
H2-Q6
H2-Q7
Hba-a1
Hba-a2
Hbb-b1
Ifi204
Ifi30
Ifit1
Ifit3
Igfbp7
Il2rg
Itgam

Lcp1
Lcp2
Lgals3bp
Lilrb4
Ly6a
Ly86
Mpeg1
Ms4a6b
Ms4a6d
Ms4a7
Pglyrp1
Pilra
Prg4
Ptprc
Stab1
Tgtp1
Trim30
Tyrobp

Common
(21 genes)

1⫻ LPS versus 1⫻ PBS
(2 genes)

C1qa
C1qc
C3
C3ar1
C4b
Ccl5
Cd52
Ctss
Emr1
Fyb
Gm11428
H2-K1
Ifitm3
Igsf6
Lcn2
Lyz2
Ms4a6c
Pld4
Saa3
Serpina3n
Vwf

Gpx3
Ngp

log2FC ⱖ 1(FC ⱖ 2); FDR ⬍ 0.05.

a

Tyrobp cascade (Stevens et al., 2007; Wakselman et al., 2008;
Schafer et al., 2012). Based on these facts and on the microarray
results confirmed by sqRT-PCR, we hypothesized that complement is causally involved in neurodegeneration. Detailed analysis
of the microarray data for the complement pathway showed that
the first components of the classical/alternative complement system (e.g., SerpinG1, C4, C3, HF1) were upregulated in the brain
after repeated LPS challenge (Fig. 7A). Validating sqRT-PCR revealed that C1q transcripts were not modulated by LPS challenges
(single or repeated), whereas challenges with LPS led to a strong
increase in C3 (from 1.08 ⫾ 0.24 to 5.58 ⫾ 1.02 FC, p ⬍ 0.01 in
the single LPS-treated group and from 1.19 ⫾ 0.40 to 7.75 ⫾ 0.82
FC, p ⬍ 0.001 in the repeated treated group). C3-related Itgam
gene transcripts were unchanged by the single LPS challenge but
highly increased by the repeated challenge (from 0.98 ⫾ 0.2 FC
after the single LPS to 4.32 ⫾ 0.14FC after the repeated challenge,
p ⬍ 0.001). C4b transcript levels were also showing significant
differences between the LPS treatment groups (from 2.26 ⫾ 0.45,
single LPS, to 9.84 ⫾ 2.60 FC, repeated LPS, p ⬍ 0.01; Fig 7B).
Within the complement cascade, C3 is in a crucial bottle-neck
position (Fig. 7A). Activation of C3 is leading to the formation of
the powerful C3 convertase initiating further downstream signaling. Based on the central position of C3 within the complement
pathway, we hypothesized that the absence of C3 might block the
neurodegenerative process. Thus, we analyzed C3 KO mice challenged with LPS after the repeated treatment paradigm. Quantification of the TH-positive neurons in the SNpc showed that the
C3 KO mice were protected against the inflammation-mediated
loss (Fig. 7C). In detail, the wild-type (WT) animals showed decreased neuronal numbers (from 115.1 ⫾ 6.86 after PBS to
75.76 ⫾ 7.27 cells per section after LPS treatment, p ⬍ 0.001) on
experimental day 19 after the repeated LPS treatment, whereas
the C3 KO mice were protected against the loss of dopaminergic
neurons (110.1 ⫾ 8.63 after PBS vs 117.0 ⫾ 6.22 cells per section
after LPS treatment; Fig. 7C). These findings were confirmed by
NeuN staining, which showed no reduction in the NeuN-positive
cells in the C3 KO animals treated repeatedly with LPS (Fig. 7C).

In detail, after repeated injections, NeuN-positive cells were reduced in C3 WT mice from 241.2 ⫾ 14.64 in the PBS group to
178.4 ⫾ 12.25 cells per section in the LPS group ( p ⬍ 0.01) and
kept at similar levels in C3 KO animals (277.9 ⫾ 14.3 in the PBS
group vs 257.3 ⫾ 20.11 cells per section in the LPS group).
Thus, complement C3 was an essential intermediate molecule
in the loss of dopaminergic neurons triggered by systemic repeated LPS application.

Discussion
In this study, we examined the mechanisms of dopaminergic
neuronal loss triggered by repeated systemic challenge with
LPS over four consecutive days. Dopaminergic neurons of the
SN are more susceptible to inflammatory damage compared
with other neuronal subtypes (Block et al., 2007). This susceptibility might involve stronger microglial activation in the
midbrain (Perry et al., 2007), higher neuronal sensitivity of
dopaminergic neurons to impaired mitochondrial energy metabolism (Lannuzel et al., 2003), and increased sensitivity to
oxidative stress resulting from pro-oxidant properties of dopamine and TH (Di Giovanni et al., 2012). To identify the
molecular mechanism of systemically applied LPS-triggered
degeneration of dopaminergic neurons, we compared a single
versus a repeated LPS treatment paradigm in mice. We observed that only the repetitive challenge induced loss of dopaminergic neurons within 19 d as stained with the specific
marker TH. These results were validated by NeuN staining
that also showed a decrease in the total number of neurons.
However, we cannot exclude that other subtypes of neurons
also were affected by the repeated LPS challenge. Despite the
fact that repeated LPS injections caused a significant loss of
dopaminergic neurons in the SN, levels of striatal dopamine
were found to be similar between control animals and LPStreated mice (data not shown). This dissociation between nigral and striatal effects has been reported also in other models
of toxicant-induced injury as well as in transgenic models of
nigrostriatal pathology (Liberatore et al., 1999; McCormack et
al., 2002). Most likely, in both our present and in other previous studies, dopamine levels after challenges were detected as
unaffected because of biochemical compensatory mechanisms
(e.g., TH upregulation and/or decreased dopamine turnover).
Microglial reaction to systemic LPS challenges showed a
strong increase of the microglial specific marker Iba1 or CD68 on
experimental day 5 after repeated LPS treatment at both mRNA
and protein levels. However, on experimental day 19, both Iba1
mRNA and the protein levels were lowered back to PBS control
levels, whereas for CD68, the mRNA level was found to be kept at
increased level, in contrast to the protein expression. Similar results were observed in another study that used a comparable
repeated LPS treatment protocol and analyzed the time course of
Iba1 and microglial activation within a 5 d period (Chen et al.,
2012).
To identify causal elements and molecular pathways enriched
inside the CNS by systemic repeated LPS application, we performed whole-genome transcriptome analysis of the brain tissue
and examined the early changes in gene transcription triggered by
the LPS challenges. For this, we collected brain material on experimental day 2 (24 h after the treatment) and day 5 after the
single LPS treatment and compared the DE genes with day 5 of
the repeated LPS treatment (24 h after the last treatment), when
we observed a higher proinflammatory response inside the brain.
Transcriptome data pointed toward a sustained higher increase
of genes for at least 5 d after the repeated treatment. In contrast,
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ment C3, the integrin subunit Itgam (also
known as CD11b or MAC1) of the CR3, and
the immunoreceptor tyrosine-based activation motif (ITAM)-signaling common
␥-chain subunit (coded by the Fcer1 g gene).
The phagosome pathway was mainly represented by the lysosomal activation marker
CD68, the NADPH family member
p22phox (coded by the Cyba gene), and the
NADPH family member gp91phox (coded
by the Cybb gene).
Although we identified the complement–phagosome pathway, including the
NADPH oxidase, as major elements enriched in the brain after repeated systemic
challenge with LPS, it is still unclear
whether LPS acts systemically or locally
after reaching the CNS. Several studies
presumed that the blood– brain barrier
remains intact after systemic LPS challenge (for review, see Cunningham,
2013), but LPS might reach the brain parenchyma also directly through the circumventricular organs (Rivest, 2003).
Furthermore, leukocytes might infiltrate
the brain under LPS application and other
severe inflammatory conditions (Ji et al.,
2008), thus potentially contributing to the
increase of proinflammatory cytokines in
the brain parenchymal milieu. It was proposed that the effect of peripheral administration of LPS to the brain is mediated
via nervous and/or humoral routes, with
an involvement of the proinflammatory cytokines TNF␣ and IL1␤ passing the blood–
brain barrier (Perry, 2004; Dantzer et al.,
Figure 6. The phagosome pathway is activated in the brain after systemic repeated LPS application. A, Venn diagram of the DE
2008). In agreement with a previous report
genes (FDR ⬍ 0.05, FC ⱖ 2) in mice after single or repeated intraperitoneal treatments with LPS versus PBS on experimental day
(Perry, 2010), our study identified a local
5. Apart from a common group of 21 DE genes, 2 genes are specific to the single LPS treatment, whereas after the repeated
challenges, 60 specific DE genes can be observed; n ⬎ 6 mice. B, KEGG pathway analysis of the DE microarray elements (FC ⬎ 2, production of proinflammatory cytokines
FDR ⬍ 0.05) in the whole brain after single or repeated LPS challenge on day 5. By comparing the pathways formed by the 81 inside the brain after repeated intraperitogenes upregulated after the repeated LPS treatment with the pathways of the 23 genes upregulated by the single LPS neal LPS administration.
Our data show that selective compotreatment, the phagosome process shows the most selectively represented pathway in the repeated LPS challenge (12
genes from the repeated treatments and 3 genes from the single treatment). Microorganism response-related pathways nents of both classical and alternative
were also enriched in the brain after repeated LPS challenge. Additionally, the complement and coagulation cascade were complement pathways were enriched in
found to be enriched in the brain after repeated treatments (7 genes) and single treatment (6 genes); n ⬎ 3 mice. C, Gene the brain after LPS treatments. Even
transcript levels of elements involved in phagocytosis or phagocytosis-related oxidative stress analyzed via sqRT-PCR in though C1 transcripts did not show a
mouse brain on day 5 of the single or repeated treatment paradigm. The genes of adaptor molecules implicated in
significant change in our sqRT-PCR valphagocytosis Tyrobp (encoding DAP12) and Fcer1 g (common ␥ chain) were analyzed, with Fcer1 g being significantly
idation, C3, CR3 subunit Itgam, and C4
upregulated by the repeated LPS challenges. NADPH oxidase components Cyba (transcript for p22phox protein) and Cybb
(gp91) mRNA levels were upregulated by the single and even higher by the repeated LPS treatment. n ⬎ 3 mice. n.s., Not presented increased mRNA levels after
the treatment with LPS. However, genes
significant. *p ⬍ 0.05. **p ⬍ 0.01. ***p ⬍ 0.001.
downstream of C3/C4 were not enriched, suggesting no local production
the response obtained after a single LPS challenge peaked on the
of components of the complement membrane attack complex.
experimental day 2 and subsided within the following days. TranIn our study, C3, as amplifier of the complement response, was
scriptome analysis revealed that top DE genes were members of the
instrumental for the loss of dopaminergic neurons after reimmunological system. More rigorous analysis showed that approxpeated systemic challenge with LPS. Both C3 and its receptor
imately three times more genes were specifically induced by the reCR3 have been involved in microglial clearance mechanisms
peated LPS challenge (60 genes) compared with the group of
before. It was shown that complement-marked neuronal
common genes (21 genes), and 30 times more genes compared with
structures are removed by microglial CR3 (Linnartz et al.,
the single LPS treatment (2 genes). KEGG analysis identified the
2012b; Schafer et al., 2012). In addition, it was suggested that
complement–phagosome linked to the NADPH oxidase as the most
complement C3 contributes directly to “priming of microglia”
representative pathways induced by repeated LPS treatments. Major
toward a proinflammatory profile (Ramaglia et al., 2012). The
upregulated components of the complement pathway were compleabsence of the C3 convertase regulator complement receptor
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1-related protein (Crry) leads to increased cleavage of C3 into the active
products C3b and iC3b. Deletion of
Crry triggered microglia to become
“sensitized” to systemic LPS (Ramaglia
et al., 2012). This “priming of microglia” was abolished in C3-deficient
mice. In our experiments, C3 KO mice
were resistant to loss of dopaminergic
neurons induced by repeated systemic
LPS challenge. Results suggest that the
complement C3 is interposed between
the activated microglia and the neurodegenerative process. After single or
repeated LPS challenge, the gene transcription of complement C3 was upregulated. Of note, transcription was
higher after repeated challenge with LPS
compared with single LPS treatment.
Moreover, Itgam, part of the CR3, has
been implicated in dopaminergic neurodegeneration previously (Pei et al.,
2007). Loss of dopaminergic neurons
was attenuated in CR3-deficient mice
challenged with LPS, together with a
lower TNF␣ response and abrogation
of superoxide production in Itgamdeficient microglial cultures treated
with LPS (Pei et al., 2007). In other myeloid cells, it was shown that CR3 signals
via Dap12 to induce phagocytosis and
the associated respiratory burst (Ivashkiv, 2009), but the detailed signaling
cascade of CR3 in microglia is not fully
understood. We failed to see upregulation of Dap12 after systemic and repeated LPS challenges. However, a
highly homolog molecule of Dap12, Figure 7. The complement pathway is activated and involved in neurodegeneration after repeated LPS application. A, The
namely, the common ␥ chain (coded by complement system canonical pathway of mice after single or repeated intraperitoneal treatments with LPS versus PBS on
the Fcer1 g gene) was upregulated. The experimental day 5 shows DE genes. Ingenuity Pathway Analysis was performed on significantly DE genes (FDR ⬍ 0.01) in each
common ␥ chain can substitute Dap12 condition (single and repeated LPS treatment). The canonical complement pathway showed significance in both conditions ( p ⬍
functions in deficient mice, and both 1E⫺06). The overlay represented corresponds to repeated treatment, and significant upregulated genes are shown in red; n ⬎ 3
mice. B, Gene transcript levels of complement pathway analyzed via sqRT-PCR in mouse brain on day 5 of the single or repeated
molecules present homolog ITAM- treatment paradigm. The classical pathway initiator C1q is unresponsive to the LPS challenge. C3 is upregulated by both single and
signaling motifs. The common ␥ chain repeated LPS treatment. Itgam (complement receptor 3 [CR3]) and C4 transcripts are significantly upregulated only by the rehas been shown to be upregulated in the peated treatment with LPS. n ⬎ 3 mice. n.s., Not significant. **p ⬍ 0.01. ***p ⬍ 0.001. C, Quantification of TH-positive and
brain during chronic neurodegeneration NeuN-positive cells in the SNpc of C3-deficient (C3 KO) or wild-type (C3 WT) mice challenged repeatedly with PBS vehicle or LPS.
(Lunnon et al., 2011), whereas common ␥ The C3 KO mice showed no loss of TH-positive or NeuN-positive neurons compared with C3 WT animals; n ⱖ 3 mice. n.s., Not
chain-deficient mice were partially pro- significant. **p ⬍ 0.01. ***p ⬍ 0.001.
tected against dopaminergic damage (Cao
et al., 2010). Moreover, common ␥ chain-deficient mice treated
CD68, a lysosomal protein highly expressed in activated phagowith the toxin MPTP showed less dopaminergic neuronal loss
cytes (Neher et al., 2013).
Thus, we propose a mechanism by which systemic LPS leads to a
compared with control mice (Lira et al., 2011). Developmental
microglia-triggered neuronal apoptosis was previously described
complement-mediated response that activates microglia via CR3,
as being linked with ITAM signaling (Wakselman et al., 2008).
releasing ITAM-associated signaling and culminating with the
Interestingly, activation of ITAM-bearing molecules, such as the
formation of the NADPH oxidase that was previously associated
common ␥ chain or Dap12, can lead to NADPH oxidasewith the production of neurotoxic reactive oxygen species
mediated release of reactive oxygen species causing progressive
(Qin et al., 2013). Under both normal and pathological conditions, silent phagocytosis is one of the main beneficial funcdegeneration of dopaminergic neurons (Wu et al., 2002; Choi et
al., 2012; Qin et al., 2013). Of note, transcripts of Cyba and Cybb
tions of microglia (Neumann et al., 2009; Linnartz et al.,
encoding for NADPH oxidase members p22phox and gp91 were
2012a; Noda and Suzumura, 2012). However, microglia can
also induce delayed neuronal cell death by primary phagocyalso found to be upregulated by LPS challenges in our study.
tosis, a process that recently was named “phagoptosis” (Brown
Another member of the phagosome pathway specifically found to
and Neher, 2012, 2014; Neher et al., 2013). Our data now bring
be enriched by the repeated LPS treatment was the transcript of
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new insights in this process of primary phagocytosis. By activating a distinct microglial complement–phagosome pathway,
the repeated treatment with LPS induced dopaminergic neurodegeneration. Furthermore, we show that complement C3 is
causally involved in the inflammatory neurodegeneration.

References
Baquet ZC, Williams D, Brody J, Smeyne RJ (2009) A comparison of modelbased (2D) and design-based (3D) stereological methods for estimating
cell number in the substantia nigra pars compacta (SNpc) of the C57BL/6J
mouse. Neuroscience 161:1082–1090. CrossRef Medline
Benjamini Y, Hochberg T (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc
57:289 –300.
Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: uncovering the molecular mechanisms. Nat Rev Neurosci 8:57– 69. CrossRef
Medline
Brown GC, Neher JJ (2012) Eaten alive! Cell death by primary phagocytosis:
“phagoptosis.” Trends Biochem Sci 37:325–332. CrossRef Medline
Brown GC, Neher JJ (2014) Microglial phagocytosis of live neurons. Nat
Rev Neurosci 15:209 –216. CrossRef Medline
Cao S, Theodore S, Standaert DG (2010) Fc␥ receptors are required for
NF-B signaling, microglial activation and dopaminergic neurodegeneration in an AAV-synuclein mouse model of Parkinson’s disease. Mol
Neurodegener 5:42. CrossRef Medline
Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM,
Huang D, Kidd G, Dombrowski S, Dutta R, Lee JC, Cook DN, Jung S, Lira
SA, Littman DR, Ransohoff RM (2006) Control of microglial neurotoxicity by the fractalkine receptor. Nat Neurosci 9:917–924. CrossRef
Medline
Chen Z, Jalabi W, Shpargel KB, Farabaugh KT, Dutta R, Yin X, Kidd GJ,
Bergmann CC, Stohlman SA, Trapp BD (2012) Lipopolysaccharideinduced microglial activation and neuroprotection against experimental
brain injury is independent of hematogenous TLR4. J Neurosci 32:
11706 –11715. CrossRef Medline
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