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Abstract

Background: Autophagy is a major pathway of protein and organelle degradation in the lysosome. Autophagy
exists at basal constitutive level and can be induced as a defense mechanism under stress conditions. Molecular
relationships between autophagy and inflammation at the periphery were recently evidenced, highlighting a role of
autophagy in the regulation of inflammation. Impairment of autophagy (with accumulation of autophagic vacuoles)
and substantial inflammation are found in neurodegenerative diseases such as Alzheimer’s Disease (AD). However,
the links between autophagy and inflammation in AD remain to be determined.

Methods: Here, we examined the inflammatory reaction and autophagy in murine tri-cultures of neurons, astrocytes,
and microglia. Tri-cultures were exposed to various inflammatory stresses (lipopolysaccharide (LPS), amyloid peptide
(Aβ42) with or without cytokines) for 48 hours. Furthermore, the relationships between inflammation and autophagy
were also analyzed in astrocyte- and microglia-enriched cultures. Data for multiple variable comparisons were analyzed
by a one-way ANOVA followed by a Newman-keuls’ test.

Results: Aβ42 induced a low inflammation without accumulation of acidic vesicles contrary to moderate or severe
inflammation induced by LPS or the cytokine cocktail (IL-1β, TNF-α, and IL-6) or IL-1β alone which led to co-localization
of p62 and LC3, two markers of autophagy, with acidic vesicles stained with Lyso-ID Red dye. Moreover, the study
reveals a major role of IL-1β in the induction of autophagy in tri-cultures in the presence or absence of Aβ42.
However, the vulnerability of the autophagic process in purified microglia to IL-1β was prevented by Aβ42.
Conclusion: These findings show a close relationship between inflammation and autophagy, in particular a
major role of IL-1β in the induction of the microglial autophagy which could be the case in AD. New therapeutic
strategies could target inflammasome and autophagy in microglia to maintain its role in the amyloid
immunosurveillance.
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Background
Macroautophagy (hereafter ‘autophagy’), a basal house-
keeping process, delivers a wide spectrum of cytosolic
substrates including long-lived proteins, protein aggre-
gates, and organelles to lysosomes for subsequent deg-
radation. In addition to its role in cellular homeostasis,

autophagy plays an essential role in the development of
innate and adaptive immune responses and in physio-
logical responses to exercise and aging. Autophagy can
also be induced by various environmental and cellular
stresses, such as nutrient starvation, trophic factor with-
drawal, and immune stimuli [1]. Autophagy is mainly
regulated by two key kinases and nutrient sensors: the
mammalian target of rapamycin (mTOR), a Ser/Thr kin-
ase which inhibits autophagy, and AMP-activated protein
kinase (AMPK), a positive regulator of autophagy [2].
Dysfunctions of autophagy are widely implicated in

pathological conditions, including cancer, metabolic and
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neurodegenerative disorders, and cardiovascular and
pulmonary diseases [3]. However, molecular mecha-
nisms underlying these connections are not completely
elucidated. Downregulation of both IFN responses to
viral infection and proinflammatory cytokine responses to
invading pathogens and the inhibition of inflammasome-
dependent maturation and secretion of proinflammatory
cytokines (for example, IL-1β) have been demonstrated
[4-6]. The first link between autophagy and inflammation
was established by the discovery that the inflammatory
Crohn’s disease is linked to the mutations of Atg16L1, a
key component of the core machinery of autophagy. Fol-
lowing stimulation by lipopolysaccharide (LPS), autophagy-
related protein 16-1 (Atg16L1)-deficient macrophages
produce high amounts of the proinflammatory cyto-
kines IL-1β and IL-18, suggesting that autophagy might
have an inhibitory effect on the maturation and secretion
of proinflammatory cytokines [7].
Currently, no studies have examined the potential

links between autophagy and inflammation activation in
the context of central nervous system (CNS) disease. At
early stages of Alzheimer’s disease (AD), autophagy is in-
duced in vulnerable neurons of AD patients and in a
transgenic mouse model [8,9]. A reduced expression of
the autophagy-related protein Beclin-1, which is required
for the early step of autophagosome formation [10], and
co-localization of sequestosome 1/p62 (an adaptor protein
with several functional domains to target polyubiquiti-
nated protein cargo to autophagosomes), ubiquitin, and
hyperphosphorylated tau in aggregates have been reported
in the cortex and hippocampus of AD patients [11,12].
Furthermore, in familial AD, autophagosomes proliferated
and the level of LC3-II (a marker of autophagosome) in-
creased [13]. In addition, components required for the
generation of Aβ (amyloid precursor protein (APP), prese-
nilin 1 (PS1), nicastrin, and β-secretase) are found in au-
tophagic vacuoles (AVs) [14].
Besides, several lines of evidence suggest that inflam-

mation plays a key role in the pathogenesis of AD [15].
Recently, amyloid-β-induced activation of the NLRP3
inflammasome was demonstrated to enhance AD pro-
gression by mediating harmful chronic inflammation tis-
sue response [16].
In the present study, we set out to investigate the in-

teractions between autophagy and inflammation in AD.
Firstly, in primary tri-cultures of neurons, astrocytes,
and microglia, we showed that an inflammatory stress,
particularly driven by IL-1β, induced autophagy with
acidic vesicle accumulation contrary to amyloid peptide
(Aβ42). Immunolabeling in tri-cultures showed that only
microglia displayed an accumulation of acidic vesicles as
demonstrated in Lyso-ID Red-stained cells under inflam-
matory stress. Secondly, on purified cultures of astro-
cytes or microglia, we confirmed that only in microglia

the autophagic process was sensitive to IL-1β, while
Aβ42 prevented the accumulation of acidic vesicles.
These close relationships between inflammasome and
autophagy in the AD model could open new therapeutic
strategies targeting microglia to maintain its role in the
amyloid immunosurveillance.

Methods
Chemical products
Sodium fluoride (NaF), phenylmethylsulfonyl fluoride
(PMSF), protease and phosphatase inhibitor cocktails,
dithiothreitol (DTT), 0.01% poly-L-lysine (PLL) solution,
Percoll, sterile filtered dimethyl sulfoxide (DMSO) Hybri-
Max, Triton X-100, paraformaldehyde (PFA), and all
reagent-grade chemicals for buffers were purchased
from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Dulbecco’s modified Eagle’s medium (DMEM) (1 g/L
and 4.5 g/L glucose), F-12, minimum essential medium
Eagle (MEM) and neurobasal media, B-27 supplement,
200 mM L-glutamine, 5,000 units of penicillin (base)
and 5,000 μg of streptomycin (base)/mL (penicillin-
streptomycin (PS)) mixture, 0.05% trypsin-EDTA (1X)
phenol red, FBS certified, horse serum, NuPAGE Novex
3-8% Tris-Acetate and Novex 4-20% Tris-Glycine gels,
NuPAGE LDS Sample Buffer (4X), NuPAGE Sample Re-
ducing Agent (10X), Novex Tris-Glycine and NuPAGE
Tris-Acetate SDS Running Buffer, NuPAGE Antioxidant,
iBlot transfer stack regular (nitrocellulose), and the
ProLong Gold antifade reagent with 4′,6-diamidino-
2-phenylindole (DAPI) were purchased from Gibco-
Invitrogen (Fisher Scientific distributor, Illkirch, France).
The β-amyloid peptide (Aβ42) and imidazole-oxindole
compound C16 were purchased from Merck Chemicals
Calbiochem (Merck Millipore, Billerica, MA, USA). Pri-
mary antibodies and secondary anti-rabbit IgG antibody
conjugated with horseradish peroxidase (HRP) and re-
combinant cytokines (TNF-α, IL-1β, and IL-6) were
purchased from Cell Signalling (Ozyme, Saint-Quentin-
en-Yvelines, France) except LC3 and p62/SQMT1 from
MBL (CliniSciences distributor, Nanterre, France), anti-β
actin from Sigma-Aldrich, and HRP conjugated anti-
mouse IgG from Fisher Scientific. For immunofluores-
cence, mouse anti-glial fibrillary acidic protein (GFAP)
antibodies were purchased from Cell Signalling, chicken
anti-microtubule-associated protein 2 (MAP2) from
Abcam (Paris, France), rat anti-macrosialin (murine
homologue of the human CD68) from AbD Serotec
(Düsseldorf, Germany), and secondary antibodies: swine
anti-rabbit fluorescein isothiocyanate (FITC) and tetra-
methylrhodamine isothiocyanate (TRITC) from DakoCy-
tomation (Trappes, France), goat anti-mouse Alexa 647
from Invitrogen (Fisher Bioblock Scientific distributor,
Illkirch, France), goat anti-chicken-FITC from Abcam
(Paris, France), and IgG- and protease-free bovine
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serum albumin (BSA) from Jackson ImmunoResearch
Europe, Ltd (Beckman-Coulter distributor, Villepinte,
France).

Murine primary cultures
The experiments using animals have made a request to
the local ethics committee according to “La direction
départementale de la protection de la population (DDPP)”
protocol was registered under the number 07.12. Any ex-
perimental research on animals followed internationally
recognized guidelines.

Neurons/astrocytes/microglia
The tri-culture was obtained as previously described
[17]. First, primary glial cultures were prepared from
B6C3F1 mouse embryos of 18 days. Briefly, brains were
quickly removed, and cerebral cortico-hippocampal re-
gions were dissected. Cells were then mechanically dis-
sociated and suspended into DMEM (1 g/L glucose)/F12
(1:1) with 10% FBS/1% of antibiotic PS, seeded at a dens-
ity of 4 × 105 cells/mL in Nunc EasYFlask (75 cm2)
coated with 0.001% PLL, and then incubated at 37°C in
a humidified 5% CO2 atmosphere. After 14-day-old cul-
tures, microglia was purified.
Second, primary cultures with neurons and astrocytes

were prepared from the cortex and hippocampus of
B6C3F1 mouse embryos of 18 days as indicated above.
Cells were suspended in MEM/neurobasal (1:1) supplied
with 18 mM glucose, 2% B-27 supplement, 1% glutam-
ine, 2.5% FBS, 2.5% horse serum, and 1% PS, and seeded
in 6-well plates (8.25 × 105 cells per well) coated with
0.001% PLL. Cultures were then maintained at 37°C in a
humidified 5% CO2 atmosphere. At day 5, neurons and
astrocytes were cultured with microglia purified from
the primary glial culture described above.
Third, microglia was purified from glial cultures on

day 14 on the Percoll gradient as previously described
[17]. Purified microglia was added at the proportion of
15% of the initial density of 5-day-old primary neuron
and astrocyte cultures. The obtained tri-cultures were
then used 3 days later in the experimental conditions.

Astrocyte-enriched cultures
Primary astrocyte cultures were prepared from the cor-
tex and hippocampus of B6C3F1 mice aged 2 days. Cells
were suspended in DMEM (4.5 g/L glucose), 1% glutam-
ine, 10% FBS, 1% PS, and seeded in 6-well plates (8.25 ×
105 cells per well) coated with 0.001% PLL. Cultures were
then maintained at 37°C in a humidified 5% CO2 atmos-
phere. These cells were used 8 days later in experiments.

Microglial cell-enriched cultures
Primary microglia cultures were prepared as described
above and purified microglia were seeded in 6-well

plates (3.75 × 105 cells per well) coated with 0.001% PLL.
Cultures were then maintained at 37°C in a humidified
5% CO2 atmosphere and used 3 days later in experi-
ments. The enrichment of microglial cells in these cul-
tures was approximately 79 ± 10% of microglia (n = 5 in
duplicate, five fields per coverslip).

Culture treatments
Tri-cultures, purified astrocytes, and microglia cultures
were treated with either C16 (a specific inhibitor of
double-stranded RNA-dependent protein kinase (PKR))
at 210 nM or 0.2% DMSO (vehicle of C16), in serum-
free MEM:neurobasal (1:1)/1% glutamine/1% PS medium
for tri-cultures, serum-free DMEM, 1% glutamine, 1% PS
for astrocytes, and serum-free DMEM/F12 (1:1)/1% PS for
microglia, 1 hour before inflammatory stress. The concen-
tration of C16 was chosen as previously described in these
primary tri-cultures [17]. All cultures were exposed to dif-
ferent inflammatory stresses for 48 hours: Aβ42 used at
20 μM and was previously incubated for 72 hours at 37°C
for aggregation as recommended by the Merck Chemical
supplier (this Aβ42 solution contains monomers at 4 kDa,
oligomers at 8 and 12 kDa, and fibrils as described by
Couturier et al. [17]); LPS used at 100 ng/mL; and mouse
recombinant TNF-α, IL-1β, or IL-6 cytokines used at
200 pg/mL alone or in combination (‘cocktail’ condition).
After 24 hours, cultures were treated with an autophagic
inhibitor, bafilomycin A1 (Baf), at 50 nM for 24 hours.

Cell lysis
After 48 hours of treatment, media were stored at -80°C
until used for xMAP (Luminex, Austin, TX, USA) assays.
Cells were then washed with PBS (1.54 mM KH2PO4,
154 mM NaCl, and 2.71 mM Na2HPO4-7H2O) and lysed
in ice-cold lysis buffer (50 mM Tris-HCl, 50 mM NaCl,
pH 6.8, 1% (v/v) Triton X-100, 1 mM PMSF, 50 mM
NaF, 1% (v/v) protease inhibitor, and 1% (v/v) phosphat-
ase inhibitor cocktail). Lysates were sonicated for 10 sec-
onds and centrifuged at 15,000 × g for 15 minutes at 4°C.
The supernatants were collected and analyzed for pro-
tein determination using a Qubit protein assay kit
(Fisher Scientific). Samples were frozen at -80°C until
further analysis.

Immunoblotting
Samples (40 μg protein of cell lysates) were prepared for
electrophoresis by adding NuPAGE LDS Sample Buffer
(4X) and NuPAGE Sample Reducing Agent (10X). After
heating, samples were loaded into NuPAGE Novex 4-
20% Tris-Glycine Mini Gels, run at 150 V for 60 minutes
in Novex Tri- Glycine SDS Running Buffer containing
NuPAGE Antioxidant and in NuPAGE 3-8% Tris-Acetate
Gels, run at 125 V for 120 minutes in Novex Tris-Acetate
SDS Running Buffer containing NuPAGE Antioxidant.
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Gels were transferred to nitrocellulose membranes using
the iBlot Dry Blotting System set to program 20 V for
7 minutes. Membranes were washed for 10 minutes in
Tris-buffered saline and Tween (TBST) (20 mM Tris-
HCl, 150 mM NaCl, pH 7.5, and 0.05% Tween 20) and
blocked for 2 hours in TBST containing 5% BSA. Blots
were incubated with primary antibody in blocking buffer
overnight at 4°C. Antibodies used were rabbit anti-Beclin-1
(1:500), rabbit anti-p62/SQMST1 (1:500), rabbit anti-LC3
(1:500), rabbit anti-mTOR (1:500), rabbit anti-PS2448
mTOR (1:500), rabbit anti-p70S6K (1:500), and rabbit
anti-PT389-p70S6K (1:500). Membranes were washed
twice with TBST and then incubated with the peroxid-
ase conjugated secondary anti-rabbit antibody (1:1,000)
for 1 hour at room temperature. Membranes were washed
again and exposed to the chemiluminescence Luminata
Forte Western HRP Substrate (Millipore, Saint-Quentin-
en-Yvelines, France) followed by signal capture with the
Gbox system (GeneSnap software, Syngene, Ozyme dis-
tributor). After two washes in TBST, membranes were
probed with mouse antibody against β-actin (1:100,000)
overnight at 4°C. They were then washed with TBST, incu-
bated with peroxidase conjugated secondary anti-mouse
antibody (1:1,000) for 1 hour, exposed to the chemilumin-
escence Luminata Classico Western HRP Substrate, and
signals were captured. Automatic image analysis software
was supplied with GeneTools (Syngene). Ratios of pro-
tein/β-actin and phosphorylated protein/total protein
(represented activation of kinase) were calculated and
shown in the corresponding figures.

Luminex xMAP assay
Mouse cytokine Luminex 3-plex kits (for TNF-α, IL-1β,
and IL6) were purchased from Millipore. The assay was
performed in 96-well plates and all reagents and plates
were prepared according to the manufacturers’ instruc-
tions. Each standard (25 μL) from a range of concentra-
tions (10,000 to 3.2 pg/mL) (assay buffer was used as a
blank), quality controls, and samples were added to the
relevant wells. The culture media and cell lysis buffer
were added as background controls. The mixed bead so-
lution was sonicated and vortexed prior to adding 25 μL
into each well. The plates were sealed and incubated
with agitation on a plate shaker at 750 rpm (Titrimax,
Fisher Scientific) overnight at 4°C in a darkroom. Plates
were washed twice with 200 μL assay wash buffer, and
25 μL biotinylated detection antibodies were added per
well. The samples were incubated for 1 hour at room
temperature on the plate shaker at 750 rpm in a darkroom.
Without washing, 25 μL/well of streptavidin-phycoerythrin
solution was added, and plates were incubated for another
30 minutes at room temperature on a plate shaker at
750 rpm in a darkroom. After staining was complete, the
microbeads were washed twice with 200 μL/well wash

buffer. The microbeads were resuspended in 150 μL/well
of Luminex Sheath Fluid on a plate shaker at 500 rpm for
5 minutes at room temperature before analyzing. The assay
was acquired on a Luminex 200 instrument using xPO-
NENT software (Luminex). An acquisition gate of between
8,000 and 15,000 was set to discriminate against any doub-
let events and ensure that only single microbeads were
measured. A total of 50 beads/well were collected and me-
dian fluorescence intensities (MFIs) were measured. The
sensitivity limit was 5.4, 1.1, and 2.3 pg/mL for IL-1β, IL-6,
and TNFα, respectively. The MFIs were converted to con-
centrations using the best parameter logistic fit curve
generated for each analyte from the six standards using
Milliplex Analyst software (Millipore). Results were
expressed as pg/mL for culture media and pg/mg pro-
tein for cell lysates.

Confocal immunocytofluorescence
After treatment, cells were washed with PBS and fixed
with 4% PFA for 15 minutes at room temperature. After
three washes with PBS, the permeabilizing and blocking
PBS buffer (137 mM NaCl, 2.7 mM KCl, 1.7 mM KH2PO4,
10.14 mM Na2HPO4, pH 7.4, containing 0.3% triton X-100
and 5% BSA) was added for 1 hour at room temperature.
In tri-cultures, staining of neurons, astrocytes, micro-

glia, and autophagosomes was performed by incubating
coverslips overnight at 4°C with a mix containing chicken
anti-MAP2 (1:50), mouse anti-GFAP (1:100) with a rabbit
anti-p62 (1:50) or rabbit anti-LC3 (1:50), or a mix with rat
anti-CD68-R-phycoerythrin (RPE) (1:25), mouse anti-
GFAP (1:100) with a rabbit anti-p62 or rabbit anti-LC3
(1:25) in PBS containing 0.3% triton X-100 and 1%
BSA. In purified primary microglia, a mix solution
containing rat anti-CD68-RPE (1:25), mouse anti-GFAP
(1:100) with a rabbit anti-p62 (1:50) or rabbit anti-LC3
(1:50) was used. Cells were then rinsed twice with PBS be-
fore 1 hour of incubation at room temperature either with
a mix containing swine anti-rabbit TRITC (1:20) for p62
or LC3, goat anti-chicken FITC (1:50) for MAP2, goat
anti-mouse Alexa Fluor 647 (1:25) for GFAP to study p62
or LC3 expression in neurons and astrocytes of tri-
cultures, or a mix containing swine anti-rabbit FITC
(1:30) for p62 or LC3, goat anti-mouse Alexa Fluor 647
(1:25) for GFAP to study p62 or LC3 expression in astro-
cytes and microglia of tri-cultures and in purified micro-
glia. Finally, cells were washed twice in PBS and twice in
distilled water before mounting with the ProLong Gold
antifade reagent with DAPI.

Lysosome activity assessment
In order to detect lysosome and lysosome-like organelle
perturbations in our experimental conditions, we used
Lyso-ID Red Cytotoxicity Kit (GFP-Certified) (Enzo Life
Sciences, Exeter, UK) for 96-well microplates. According
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to this assay, an increase in the red lysosome signal indi-
cates the accumulation of Lyso-ID Red dye within the
cells reflecting an increase in lysosome or lysosome-like
vesicle size and/or number. However, quantification of
fluorescence was not performed because in our experi-
mental conditions all cells were not fluorescent and thus
the fluorescent intensity was under the limit of detection
contrary to the positive control with verapamil, a cat-
ionic amphiphilic drug, known to cause phospholipido-
sis, the accumulation of phospholipids in acidic
organelles in the cells, and used by the manufacturer to
validate the assay. Thus, after treatment, tri-cultures or
purified microglia were washed once with 100 μL of 1X
assay buffer and incubated with 100 μL of the 1X Lyso-
ID Red reagent in a darkroom for 30 minutes at room
temperature. Then, cells were washed twice with 200 μL
of 1X assay buffer per wash and fixed with 4% PFA for
immunocytofluorescence as described above to study
co-staining with p62 and LC3.
Multiple labeled samples were examined with a spec-

tral confocal FV1000 station installed on an inverted
microscope IX-81 (Olympus, Tokyo, Japan) with Olym-
pus X40 oil, 1.2 NA, and an objective lens with optical
section separation (z-interval) of 0.6 μm. Fluorescence
signal collection, image construction, and scaling were
performed using the control software (Fluoview FV-
AS10, Olympus). Multiple fluorescence signals were ac-
quired sequentially to avoid cross-talk between image
channels. Fluorophores were excited with a 405 nm line
of a diode (for DAPI), 488 nm line of an argon laser (for
Alexa Fluor 488 or FITC), 543 nm line of a helium–
neon laser (for TRITC and RPE), and 633 nm line of a
helium–neon laser (for Alexa Fluor 647). Emitted fluor-
escence was detected through spectral detection chan-
nels between 425 to 475 nm and 500 to 530 nm, for
blue and green fluorescence, respectively, and through
560 nm and 650 nm long pass filters for red and far red
fluorescence, respectively. The images then were merged
as an RGB image. Signals were analyzed by ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).
For each channel in the merged image, the intensity of sig-
nal in neurons, astrocytes, and microglia were analyzed by
enclosing cells using the tools available in the software.
Co-labeling analyses between Lyso-ID and p62 or LC3

were performed by using Imaris software (version 7.4.2,
Bitplane, Zurich, Switzerland) in a region of interest
(ROI). Two-dimensional fluorograms displayed the in-
tensity and distribution of different colored pixels within
the merged image as a scattergram generated for each
analysis.

Statistical analysis
Results are expressed as means ± SEM. Data for multiple
variable comparisons were analyzed by a one-way ANOVA

followed by a Newman-Keuls’ test as a post hoc test using
the statistical program GraphPad InStat (GraphPad Soft-
ware, San Diego, CA, USA). The level of significance
was P <0.05.

Results
At first, we studied the impact of inflammatory stress on
autophagy in tri-cultures of neurons, astrocytes, and
microglia, a model previously published [17]. This model
brings together the major cellular players of the CNS in-
cluding neurons (36%), astrocytes (57%), and microglia
(6%), and seems necessary to answer our question, tak-
ing into account the cellular and molecular responses of
these three cell types in the same environment that
models the CNS.

Levels of cytokines in primary tri-cultures exposed to LPS
or Aβ42
LPS is the major component of the outer membrane
of gram-negative bacteria and is well reported to in-
duce inflammatory response and cytokine production
through the NF-κB signaling pathway [18,19]. C16 is
a specific imidazolo-oxindole inhibitor of PKR and
can prevent the NF-κB signaling pathway and cyto-
kine production [17,20-22].
As expected, 48 hours of treatment of tri-cultures of

neurons/astrocytes/microglia with 100 ng/mL LPS in-
duced a substantial increase in the levels of intracellular
and released cytokine (Figure 1). Intracellular and re-
leased IL-1β levels were 7.5 and 177 times higher, re-
spectively, compared to control values (Figure 1A,D).
TNF-α levels were increased by a factor of 113 and
1,200, respectively (Figure 1B,E) and IL-6 levels were
increased by a factor of 619 and 330, respectively
(Figure 1C,F).
Pre-treatment with 210 nM C16 significantly de-

creased levels of LPS-induced cytokines except for re-
leased IL-6. Intracellular levels of all cytokines were
decreased by 70% to 80% (Figure 1D,E,F) and reductions
in TNF-α and IL-1β in the extracellular medium were
50% and 90%, respectively (Figure 1A,B). Interestingly,
the prevention of LPS-induced cytokine levels was
complete for released IL-1β (Figure 1A) and TNF-α
and IL-6 in cell lysates (Figure 1E,F, respectively), but
partial for IL-1β in cell lysates and released TNF-α
(Figure 1B,D). C16 failed to prevent LPS-induced in-
crease of released IL-6 (Figure 1C).
Exposure of tri-cultures to Aβ42 20 μM for 48 hours

induced a very low inflammation stress of less than
10 μg/mg protein and 20 pg/mL in cell lysates and extra-
cellular medium, respectively. These values are compar-
able to those observed in controls (in the presence or
absence of C16) (Figure 1).
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Monitoring of the autophagic flux in primary tri-cultures
exposed to LPS or Aβ42
To determine whether autophagy changes occur during
an inflammatory stress, Beclin-1, p62, LC3-I, and LC3-II
were investigated. Beclin-1 is a key component of the
class III phosphatidylinositide 3-kinase (PI3K) complex
which is involved in the initiation of autophagosome for-
mation [23]; p62 is an autophagic receptor which recog-
nizes ubiquitinylated proteins and interacts with LC3-II
at the forming autophagosome [24]; LC3 is present in a
free cytoplasmic form as LC3-I which when it is associated
with phosphatidylethanolamine (through an ubiquitin-like
conjugation reaction) of the membrane of autophagosome
produces LC3-II, a useful marker of autophagic mem-
branes. LC3-II migrates to an apparently lower Mr position
(LC3-II) by electrophoresis [24]. Both p62 and LC3-II are
degraded with ubiquitinylated protein after autophagosome
fusion with lysosome. To understand whether autophagy
was impaired in our experimental conditions, an autopha-
gic flux inhibitor, Baf, has been used in particular to detect
LC3-II which is difficult to quantify during autophagic flux.
This toxin blocks the lysosome acidification required for
the fusion with autophagic vacuole by specific inhibition of
the vacuolar-type H+-ATPase lysosomal pump [25]. It
should be noted that Baf did not modify LPS-induced in-
creases in cytokines. Furthermore, in the presence of Baf,

C16 partially reduced levels of all intracellular cytokines
(46% to 56% of inhibition) and of extracellular TNF-α and
IL-1β (37% and 73%, respectively) except for released IL-6
[see Additional file 1].
As expected, LPS-treated tri-cultures displayed a very

reactive microglia, marked by a larger cell body and nu-
merous radiating cytoplasmic projections (Figure 2C,E).
LPS clearly affected neuron viability which is manifested
by the presence of highly condensed nuclei and the ab-
sence/retraction of neurites. Astrocytes were protoplasmic
but some were stellar [see Additional file 2]. Conversely,
in control or Aβ42 conditions, neurons had long processes
in communication with others, microglia remained ‘rest-
ing’, and astrocytes drew a very protoplasmic layer of cells
(Figure 2C,E) [see Additional file 2].
The expression of p62 was significantly increased by

LPS treatment (194% increase) but C16 failed to reverse
this increase (Figure 2A). Blockade of the autophagic
flux by Baf increased p62 expression (450% increase
compared to control) but LPS further enhanced the level
of p62 in the presence of Baf inhibitor and again C16
failed to reverse the p62 increase. Interestingly, Aβ42
had no effect alone but significantly decreased (by 30%)
p62 expression in the presence of Baf.
The co-labeling of p62, MAP2 for neurons, GFAP for

astrocytes, and CD68 for microglia in the tri-culture

Figure 1 Cytokine levels induced by LPS or Aβ42 in primary tri-cultures. Cytokine (IL1-β, TNF-α, and IL-6) levels in culture medium (A, B, C,
respectively) and in cell lysates (D, E, F, respectively) of tri-cultures pre-treated or not with 210 nM C16 and treated with 100 ng/mL LPS or with
20 μM Aβ42 in serum-free medium were analyzed by the 3-plex Luminex xMAP assay containing a mixture of specific beads for each cytokine as
described in the Methods section. Cytokine levels in culture medium and cell lysates are expressed in pg/mL and pg/mg protein, respectively. Results
are mean ± SEM for six experiments in duplicate. ***P <0.001 compared to control; ##P <0.01, ###P <0.001 compared to LPS; ††P <0.01, †††P <0.001 com-
pared to C16 by one-way ANOVA with a Newman-Keuls multiple comparison test. LPS, lipopolysaccharide; NS, not significant.
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showed that LPS causes accumulation of p62 specifically
in microglia (Figure 2C for microglia and see Additional
file 2 for neurons and astrocytes). In situ quantification
of p62 fluorescence intensity showed that LPS increased
by 184% for p62 compared to the control microglia.
LPS-induced p62 increase in microglial cells was signifi-
cantly higher than in neurons and astrocytes where p62
fluorescence intensity increased by 80% compared to
control neurons, whereas LPS failed to significantly alter
astrocytic p62 intensity (Figure 2D).
Concerning the conversion of LC3-I to LC3-II, the

LC3-II/LC3-I ratio was calculated and represented in

Figure 2B. As expected, blockade of the autophagic flux
by Baf induced an accumulation of LC3-II; the LC3-II/
LC3-I ratio was 5.45-fold of the control. Interestingly,
the accumulation of LC3-II was more pronounced when
cells were exposed to LPS in condition of blockade of
the autophagic flux; LPS increased by 50% LC3-II/LC3-I
ratio as compared to Baf alone. C16 failed to prevent
this increase and Aβ42 had no effect.
Co-labeling of LC3, MAP2 for neurons, GFAP for astro-

cytes, and CD68 for microglia in the tri-culture (Figure 2E
for microglia and see Additional file 2 for neurons and as-
trocytes) showed that, similarly to what was observed for

Figure 2 Changes in autophagic factors after exposure to LPS or Aβ42 in primary tri-cultures. Representative immunoblots show the
immunoreactivity of (A) p62, (B) LC3-I, LC3-II, and β-actin from cell lysates of primary tri-cultures exposed to 20 μM Aβ42 or 100 ng/mL LPS pretreated
or not with 210 nM C16 in serum-free medium for 48 hours, treated or not with an autophagic flux inhibitor bafilomycin A1 (Baf) at 50 nM for 24 hours
before cell lysis. Densities were quantified using GeneTools software. Data of each protein were reported to data of the corresponding β-actin.
The results are expressed as arbitrary units (percentage of the control set at 100%) and are mean ± SEM from six independent experiments
in duplicate. Co-labeling of autophagic receptor (C) p62 (green) or (E) LC3 (green), CD68 for microglia (red), GFAP for astrocytes (blue), and
DAPI for nuclei (cyan) in tri-cultures seeded on coverslips. All images were from a compilation of the entire z-series sections acquired by
confocal microscopy (Olympus IX-81). A white square represents a magnified ROI. Scale bars, 42 μm. Fluorescence intensity of (D) p62 and
(F) LC3 staining in neurons, astrocytes, and microglia quantified using ImageJ software in confocal images. ***P <0.001 compared to control; †††P <0.001
compared to C16; ##P <0.01, ###P <0.001 compared to Baf; $$P <0.01 compared to Baf with C16; £££P <0.001 compared to LPS treatment in microglia by
one-way ANOVA with a Newman-Keuls multiple comparison test. Baf, bafilomycin A1; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary
acidic protein; LPS, lipopolysaccharide; NS, not significant; ROI, region of interest.
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p62, the largest LPS-induced increase in LC3 fluorescence
intensity was observed in microglia and was significantly
different from that quantified in neurons and astrocytes
under LPS stress (56%, 116%, and 240% in neurons, astro-
cytes, and microglia compared to their respective control)
(Figure 2F).
Using the Lyso-ID Red dye, an acidic organelle-selective

dye, confocal images showed that many acidic vesicles
were accumulated in tri-cultures treated with LPS, specif-
ically in cells with microglial-like morphology (Figure 3).
Merged images revealed that p62- and LC3-positive
puncta largely co-localized with Lyso-ID-positive dots
(Figure 3A,B, respectively).
Beclin-1 expression was not affected by LPS or Aβ42

treatments (data not shown).

Activation of mTOR signaling pathway in primary tri-cultures
mTOR activation leads to phosphorylation of various
substrates, in particular p70S6K at T389, a ribosomal S6
kinase involved in ribogenesis [26,27] and is also known
as a negative regulator of autophagy; activation of
mTOR leads to the inhibition of autophagy, whereas
its inhibition by rapamycin activates autophagy.
Figure 4A shows that mTOR activation was only in-

creased in the LPS with Baf condition (33% increase)
which was significantly prevented by the addition of

C16. Concerning p70S6K activation, LPS induced an in-
crease in PT389-p70S6K/p70S6K (43%) which was pre-
vented by C16, while Aβ42 decreased p70S6K activation
(44%) which was maintained in the presence of C16.
When the autophagic flux was blocked by Baf, p70S6K
activation was inhibited (Figure 4B).
These results showed that: 1) only severe inflammatory

stress induced by LPS led to an accumulation of acidic
vesicles containing p62 and LC3 autophagic markers.
Significant prevention of the rate of inflammatory factors
by the C16 compound did not prevent the induction of
autophagy; and 2) to our surprise, Aβ42 did not alter the
rate of autophagic factors and did not induce inflamma-
tory stress 48 hours after treatment compared to the
control. We wanted to know whether an exogenous in-
flammatory stress in the presence of Aβ42 could alter
autophagy by targeting three main cytokines, TNF-α,
IL-1β, and IL-6, well-known in AD [15,28].

Effect of exogenous inflammatory factors with Aβ42 in
tri-cultures
Autophagy
Preliminary studies have shown that a cocktail of three
cytokines (IL-1β, TNF-α, and IL-6) at doses ranging
from 100 and 1,000 pg/mL in tri-cultures induced dele-
terious morphological changes starting at the dose of

Figure 3 Immunostaining of acidic vesicles and p62 or LC3 under inflammatory stress in primary tri-cultures. Co-labeling of autophagic
receptor (A) p62 (green) or (B) LC3 (green), Lyso-ID for acidic vesicles (red), and DAPI for nuclei (cyan) in tri-cultures seeded on coverslips, exposed to
20 μM Aβ42 or LPS 100 ng/mL in serum-free medium for 48 hours. All images were from a compilation of the entire z-series sections acquired by
confocal microscopy (Olympus IX-81). A white square represents a magnified ROI. Two-dimensional fluorograms display the intensity and
distribution of different colored pixels within the magnified ROI in the merged image. Scale bars, 42 μm. DAPI, 4′,6-diamidino-2-phenylindole;
LPS, lipopolysaccharide; ROI, region of interest.
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400 pg/mL for 48 hours. Therefore, in the following ex-
periments, the dose of 200 pg/mL was chosen because
the cell integrity was preserved. In addition, the effects
of each factor at a dose of 200 pg/mL on both inflamma-
tory and autophagic components were determined in the
presence or absence of 20 μM Aβ42.
As in the LPS condition, any change in Beclin-1 ex-

pression was observed by either the cocktail or individ-
ual inflammatory factors with or without Aβ42 or Baf
(data not shown).
In the absence of Baf, IL-1β and the inflammatory

cocktail increased p62 by 94% and 253%, respectively,
compared to the control. Furthermore, these inflamma-
tory stresses applied with Aβ42 also increased the ex-
pression of p62 (60% and 98%, respectively), while Aβ42
alone had the tendency to decrease the level of expres-
sion of p62 (Figure 5A). Interestingly, C16 only pre-
vented an IL-1β-induced increase in p62 with or without
Aβ42. In the presence of Baf, the inflammatory cocktail
and IL-1β enhanced the p62 expression with or without
Aβ42 (Figure 5A) as it was observed for LPS in Figure 2A.
However, the induction of inflammatory stress with TNF-α
or IL-6 alone did not impair p62 expression [see Additional
file 3A]. Consequently, confocal microscopy staining
was only performed in cells treated with exogenous IL-1β
and showed that microglia displayed significantly higher
fluorescent p62 staining (12.4 times higher than the

control microglia) compared to neurons and astrocytes
(fluorescence intensity of 3.8 and 5.3 times higher than
their respective controls) (Figure 5B,C). Furthermore,
C16 treatment prevented the p62-positive staining in all
cell types and, interestingly, p62 fluorescent intensity was
also reduced by Aβ42 in microglia (Figure 5C). Accumula-
tion of acidic vesicles stained by Lyso-ID and co-localized
with p62 was prevented by C16 treatment in the IL-1β
stress condition (Figure 5D).
Regarding LC3, western blot analysis showed that in

the presence of Baf, inflammatory cocktail and IL-1β
with or without Aβ42 increased the LC3-II/LC3-I ratio
compared to Baf alone (Figure 6A). Contrary to LPS
(Figure 2B), the compound C16 prevented these in-
creases of the LC3-II/LC3-I ratio compared to Baf alone
(Figure 6A). Similarly to what was observed for p62,
TNF-α or IL-6 did not modify the LC3-II/LC3-I ratio
with or without Aβ42 [see Additional file 3B]. LC3 im-
munostaining showed that under IL-1β stress, microglia
displayed diffuse LC3 staining in the cytoplasm which
was not prevented by C16 (Figure 6B). IL-1β induced
more expression of LC3 in microglia than in astrocytes
(207% and 113% increase of fluorescent intensity in
microglia and astrocytes, respectively) (Figure 6C). Fur-
thermore, co-labeling of LC3 and Lyso-ID showed that
LC3 was found in many acidic vesicles under IL-1β
stress with or without Aβ42 (Figure 6D).

Figure 4 Activation of mTOR signaling pathway by inflammatory stress in primary tri-cultures. Representative immunoblots show the
immunoreactivity of (A) mTOR, PS2448-mTOR, (B) p70S6K, PT389-p70S6K, and β-actin from cell lysates of primary tri-cultures exposed to 20 μM
Aβ42 or 100 ng/mL LPS pretreated or not with 210 nM C16 in serum-free medium for 48 hours, treated or not with an autophagic flux inhibitor
bafilomycin A1 (Baf) at 50 nM 24 hours before cell lysis. Densities were quantified using GeneTools software. Data of each protein were reported
to data of the corresponding β-actin. The results are expressed as arbitrary units (percentage of the control set at 100%) and are mean ± SEM from
six independent experiments in duplicate. ***P <0.001 compared to control; †††P <0.001 compared to LPS; ###P <0.001 compared to Baf; ‡‡‡P <0.001
compared to LPS with Baf; &P <0.05 compared to C16 by one-way ANOVA with a Newman-Keuls multiple comparison test. Baf, bafilomycin A1; LPS,
lipopolysaccharide, mTOR, mammalian target of rapamycin.
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Figure 5 Changes of p62 with cytokine cocktail or IL-1β stress in primary tri-cultures. (A) Representative p62 and β-actin immunoblots
from cell lysates of primary tri-cultures exposed or not to 20 μM Aβ42 pretreated or not with 210 nM C16 in serum-free medium and treated with
a cytokine cocktail of 200 pg/mL of IL-1β, TNF-α, and IL-6 or with IL-1β alone for 48 hours, treated or not with an autophagic flux inhibitor bafilomycin
A1 (Baf) at 50 nM 24 hours before cell lysis. Densities were quantified using GeneTools software. Data of each protein were reported to data of the
corresponding β-actin. The results are expressed as arbitrary units (control set at 100%) and are mean ± SEM from six independent experiments
in duplicate. (B) Co-labeling of the autophagic receptor p62 (green), CD68 for microglia (red), GFAP for astrocytes (blue), and DAPI for nuclei (cyan) in
tri-cultures. (C) Fluorescence intensity of p62 staining in cells quantified using ImageJ software in confocal images. (D) Co-labeling of the autophagic
receptor p62 (green), Lyso-ID (red), and DAPI for nuclei (cyan) in tri-cultures. In (B) and (D), all images were from a compilation of the entire z-series
sections acquired by confocal microscopy. A white square represents a magnified ROI. Two-dimensional fluorograms display the intensity
and distribution of different colored pixels within the magnified ROI. Scale bars, 42 μm. ***P <0.001 compared to control; §§§P <0.001 compared
to Aβ42; ††P <0.01, †††P <0.001 compared to IL-1β; δP <0.05, δδδP <0.001 compared to IL-1β with Aβ42; ##P <0.01, ###P <0.001 compared to Baf;
&&P <0.01, &&&P <0.001 compared to Baf with Aβ42; ‡‡‡P <0.001 compared to Baf with cocktail; εεεP <0.001 compared to Baf with cocktail
and Aβ42; £££P <0.001 compared to IL-1β treatment in microglia by one-way ANOVA with a Newman-Keuls multiple comparison test. Baf,
bafilomycin A1; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; ROI, region of interest.
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Figure 6 Changes of LC3 with cytokine cocktail or IL-1β stress in primary tri-cultures. (A) Representative LC3 and β-actin immunoblots
from cell lysates of primary tri-cultures exposed or not to 20 μM Aβ42 pretreated or not with 210 nM C16 in serum-free medium and treated with
a cytokine cocktail of 200 pg/mL of IL-1β, TNF-α, and IL-6 or with IL-1β alone for 48 hours, treated or not with an autophagic flux inhibitor bafilomycin
A1 (Baf) at 50 nM for 24 hours before cell lysis. Densities were quantified using GeneTools software. Data of each protein were reported to data of the
corresponding β-actin. The results are expressed as arbitrary units (control set at 100%) and are mean ± SEM from six independent experiments in
duplicate. (B) Co-labeling of LC3 (green), CD68 for microglia (red), GFAP for astrocytes (blue), and DAPI for nuclei (cyan) in tri-cultures.
(C) Fluorescence intensity of LC3 staining in neurons, astrocytes, and microglia quantified using ImageJ software in confocal images. (D) Co-labeling of
LC3 (green), Lyso-ID (red), and DAPI for nuclei (cyan) in tri-cultures. In (B) and (D), all images were from a compilation of the entire z-series sections
acquired by confocal microscopy (Olympus IX-81). A white square represents a magnified ROI. Two-dimensional fluorograms display the
intensity and distribution of different colored pixels within the magnified ROI in the merged image. Scale bars, 42 μm.***P <0.001 compared
to control; δδδP <0.001, compared to IL-1β with Aβ42; ###P <0.001 compared to Baf; &&&P <0.001 compared to Baf with Aβ42; ‡‡‡P <0.001
compared to Baf with cocktail; εεεP <0.001 compared to Baf with cocktail and Aβ42; σσσP <0.001 compared to Baf with IL-1β; γγγP <0.001
compared to Baf with IL-1β and Aβ42; £££P <0.001 compared to IL-1β treatment in microglia by one-way ANOVA with a Newman-Keuls multiple
comparison test. Baf, bafilomycin A1; DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; ROI, region of interest.
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Analysis of mTOR signaling showed that contrary to
LPS, the inflammatory cocktail or each cytokine tested
alone failed to activate mTOR [see Additional file 4A].
However, the inflammatory cocktail, TNF-α, and IL-6 ac-
tivated p70S6K as shown for LPS and this activation was
prevented by C16 only in the case of the inflammatory
cocktail [see Additional file 4B]. In addition, Aβ42 sig-
nificantly decreased p70S6K activation even in the pres-
ence of the inflammatory cocktail and cytokines TNF-α
and IL-6 alone (between 45% and 60%). A decrease of
PT389-p70S6K/p70S6K was also observed in the presence
of IL-1β (67% and 64% with or without C16, respect-
ively) [see Additional file 4B].

Inflammatory levels
The cytokine cocktail (200 pg/mL of IL-1β, TNF-α, and
IL-6) and IL-1β (200 pg/mL) alone in tri-cultures of
neurons/astrocytes/microglia induced a great increase of
all cytokines in the intracellular compartment after
48 hours of treatment (Figure 7). Indeed, intracellular
IL-1β levels were 3 to 8 times higher and 4 to 12 times
higher than the control with cocktail and IL-1β treat-
ment, respectively. While with cocktail, C16 had no ef-
fect, it significantly prevented the increase in the
intracellular IL-1β induced by exogenous IL-1β with or
without Aβ42 (Figure 7A). Intracellular TNF-α increases
(about 12% with cocktail and 40% with IL-1β treatment)
were observed and as for IL-1β, C16 only prevented the
TNF-α production induced by IL-1β treatment (Figure 7B).
Cocktail or IL-1β treatment induced an increase of
intracellular IL-6 levels (90 and 200 times higher than
the control, respectively). However, C16 prevented
cocktail-induced production of IL-6 without Aβ42 and
as for TNF-α and IL-1β, it inhibited the production of
IL-6 induced by IL-1β treatment with or without Aβ42
(Figure 7C).
In the extracellular compartment, IL-1β levels with

cocktail or IL-1β alone treatments were similar and
lower than the dose treatment (mean: 96.68 ± 6.82 pg/mL)
(Figure 7D). TNF-α levels induced by cocktail were similar
to dose treatment (mean: 241.60 ± 19.50 pg/mL), while
with IL-1β treatment, an increase was observed (P <0.001)
without Aβ42 and compared to cocktail, and significantly
prevented by C16 (66% and 69% in the absence or pres-
ence of Aβ42, respectively) (Figure 7E).
Extracellular IL-6 levels were higher than the amount

included in exogenous cocktail (mean: 5143 ± 510 pg/mL
versus 200 pg/mL in cocktail treatment) and a great re-
lease was also observed with IL-1β treatment (mean:
3643 ± 481 pg/mL) with no rescue by C16 (Figure 7F).
Concerning treatments of tri-cultures with TNF-α or

IL-6 alone at 200 pg/mL, IL-1β and intracellular TNF-α
and IL-6 levels were under the limit of detection. In the
extracellular compartment, TNF-α treatment did not

modify IL-6 levels, while IL-6 treatment induced a re-
lease of TNF-α (mean: 20.10 ± 2.97 pg/mL) but C16 had
no effect [see Additional file 5].
This part of the results showed that: 1) a more moder-

ate inflammation than previously induced by LPS also
led to an accumulation of acidic vesicles containing LC3
and p62 even in the presence of Aβ42 in the tri-cultures;
2) this effect is ascribed only to IL-1β; 3) interestingly,
the C16 compound prevented not only the production
of intracellular factors TNF-α and IL-1β induced by ex-
ogenous IL-1β but also the accumulation of p62 and
LC3 in acidic vesicles; and 4) again, we found that in-
creases in p62 and in the conversion of LC3-I in LC3-II
were more pronounced in microglia, where Aβ42 re-
versed the IL-1β-induced increase in p62, underlying an
increased sensitivity of microglial autophagy to inflam-
matory stress in an integrated cellular environment
modeling the brain parenchyma. We then wanted to
confirm that the global changes of autophagy observed
in tri-cultures mainly results from changes of microglial
autophagy. Given the drastic alterations on neurons in
these conditions, we investigated the impact of exogen-
ous IL-1β with or without Aβ42 on purified cultures of
astrocytes or microglia.

Inflammation and autophagy in purified microglia and
astrocyte cultures
Inflammatory level
Treatment of microglia with 200 pg/mL IL-1β for
48 hours induced a great increase of intracellular cyto-
kines. In fact, IL-1β levels were 6 to 10 times higher than
respective controls except in the presence of Aβ42 where
levels were similar to Aβ42 alone (Figure 8A). The C16
treatment partially prevented IL-1β production (35%,
P <0.05) induced by exogenous IL-1β without Aβ42.
However, C16 reversed the inhibitory Aβ42 effect on
IL-1β production (Figure 8A). For TNF-α, exogenous
IL-1β only increased intracellular levels in the pres-
ence of Aβ42 and C16 (Figure 8B). For IL-6, intracel-
lular levels increased by a factor of 20 to 66 compared
to respective controls except in Aβ42 with IL-1β treat-
ment where they were similar to Aβ42 alone (Figure 8C).
The C16 treatment did not prevent IL-6 production in-
duced by exogenous IL-1β without Aβ42. However, C16
blocked the Aβ42 inhibitory effect on IL-6 production
(Figure 8C).
In the extracellular compartment, results showed that

Aβ42 decreased IL-1β levels (35%, P <0.01). The C16
treatment also decreased IL-1β levels (21%, P <0.05)
without Aβ42. However, in the presence of Aβ42, C16
blocked the effect of Aβ42; extracellular IL-1β levels
were similar to the dose treatment (Figure 8D).
Exogenous IL-1β induced a great increase of extracellu-

lar levels of TNF-α (mean: 108.40 ± 8.10 pg/mL for IL-1β
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alone or with both Aβ42 and C16). However, Aβ42 de-
creased TNF-α levels induced by IL-1β treatment (49%,
P <0.01). The C16 also decreased TNF-α levels induced by
IL-1β treatment (35%, P <0.05). However, in the presence
of Aβ42, C16 blocked the effect of Aβ42 (Figure 8E). As
for TNF-α, exogenous IL-1β significantly increased

extracellular levels of IL-6 in all conditions (mean: 766.40 ±
114.60 pg/mL) (Figure 8F). However, Aβ42 decreased IL-6
levels induced by IL-1β treatment (44%, P <0.01). C16
blocked the inhibitory effect of Aβ42 (Figure 8F).
In astrocytes, IL-1β treatment did not induce produc-

tion of IL-1β [see Additional file 6A] and in the

Figure 7 Cytokine levels induced after an inflammatory cocktail or IL-1β stress in primary tri-cultures. Cytokine (IL1-β, TNF-α, and IL-6)
levels in cell lysates (A, B, C, respectively) and in culture medium (D, E, F, respectively) of tri-cultures pre-treated or not with 210 nM C16 and
exposed or not to 20 μM Aβ42, and treated with a cocktail of IL-1β, TNF-α, and IL-6 (200 pg/mL of each cytokine) or with 200 pg/mL IL-1β
alone in serum-free medium were analyzed by the 3-plex Luminex xMAP assay containing a mixture of specific beads for each cytokine as
described in the Methods section. Cytokine levels in cell lysates and culture medium are expressed in pg/mg protein and pg/mL, respectively.
Results are mean ± SEM for six experiments in duplicate. ***P <0.001 compared to respective control; #P <0.05, ###P <0.001 compared to inflammatory
cocktail; ††P <0.01, †††P <0.001 compared to IL-1β, εεP <0.01, εεεP <0.001 compared to IL-1β with Aβ42 by one-way ANOVA with a Newman–Keuls
multiple comparison test.
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extracellular compartment, levels were significantly de-
creased compared to the dose added in the medium
(mean: 43.17 ± 4.42 pg/mL versus 200 pg/mL). In the
presence of C16, results showed an increase in extracel-
lular IL-1β levels (36% and 50%, without and with Aβ42,
respectively) [see Additional file 6C]. IL-1β induced IL-6
production, which was higher in the presence of C16,
but IL-6 levels remained low at less than 10 pg/mL [see
Additional file 6B]. In the extracellular compartment, re-
sults were similar to those of IL-1β, with a significant in-
crease in the presence of C16 (100% and 176%, without
and with Aβ42, respectively) [see Additional file 6D]. For
TNF-α, levels were under the limit of detection.

Autophagy monitoring in microglia and astrocytes
Concerning p62 in microglial cell cultures, treatment
with IL-1β alone or combined with Aβ42 increased p62
by 30%, whereas Aβ42 alone had no effect. P62 in-
creased by 92% and 173% with Baf alone and IL-1β plus
Baf, respectively (Figure 9A). Aβ42 partially reversed the
Baf-induced increase of p62 (40%, P <0.001) and signifi-
cantly prevented the p62 increase induced by IL-1β
combined with Baf (37%, P <0.001) (Figure 9A).
Regarding the LC3-II/LC3-I ratio, Aβ42 and IL-1β

alone or combined had no significant effect without Baf.
However, in the presence of Baf, the LC3-II/LC3-I ratio
increased by 329% and 300% for Baf alone and Baf with

Figure 8 Cytokine levels induced by inflammatory stress in microglia. Cytokine (IL1-β, TNF-α, and IL-6) levels in cell lysates (A, B, C, respectively)
and in culture medium (D, E, F, respectively) of primary microglia pre-treated or not with 210 nM C16, exposed or not to 20 μM Aβ42, and
treated with 200 pg/mL of IL-1β in serum-free medium were analyzed by the 3-plex Luminex xMAP assay containing a mixture of specific beads
for each cytokine as described in the Methods section. Cytokine levels in cell lysates and culture medium are expressed in pg/mg protein and
pg/mL, respectively. Results are mean ± SEM for six experiments in duplicate. *P <0.05, **P <0.01, ***P <0.001 compared to respective control;
†P <0.05, ††P <0.01, †††P <0.01 compared to IL-1β; εP <0.05, εεP <0.01, εεεP <0.001 compared to Aβ42 with IL-1β by one-way ANOVA with a
Newman–Keuls multiple comparison test.
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Figure 9 Changes in autophagic factors in microglia. Representative immunoblots show the immunoreactivity of (A) p62, (B) LC3-I, LC3-II,
and β-actin from cell lysates of primary microglia pretreated or not with 210 nM C16 and exposed or not to 20 μM Aβ42 in serum-free medium
containing or not 200 pg/mL of IL-1β for 48 hours. The autophagic flux inhibitor bafilomycin A1 (Baf) at 50 nM was added or not for 24 hours
before cell lysis. Densities were quantified using GeneTools software. Data of each protein were reported to data of the corresponding β-actin.
The results are expressed as arbitrary units (percentage of the control set at 100%) and are mean ± SEM from six independent experiments in
duplicate. ***P <0.001 compared to control; §§P <0.01, §§§P <0.001 compared to Aβ42; $P <0.05, $$P <0.01 compared to Baf; ††P <0.01, †††P <0.001 com-
pared to Aβ42 with IL-1β and Baf by one-way ANOVA with a Newman-Keuls multiple comparison test. Co-labeling of the autophagic receptor (C) p62
(green) or (D) LC3 (green), Lyso-ID (red), and DAPI for nuclei (cyan) in microglia. All images were from a compilation of the entire z-series sections ac-
quired by confocal microscopy (Olympus IX-81). For (A) and (B), only merged images were selected. A white square represents a magnified ROI. Two-
dimensional fluorograms display the intensity and distribution of different colored pixels within the magnified ROI in the merged image. Scale bars, 42 μm. Baf,
bafilomycin A1; DAPI, 4′,6-diamidino-2-phenylindole; ROI, region of interest.
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Aβ42, respectively (Figure 9B). Microglial cell treatment
with IL-1β in the presence of Baf significantly reduced
the LC3-II/LC3-I ratio by 22% and 28% compared to Baf
alone or Baf plus Aβ42, respectively (Figure 9C).
Similarly to what was observed in tri-cultures, immuno-

fluorescence analysis showed that p62 increased in micro-
glia exposed to IL-1β with or without Aβ42. P62 was
largely found within acidic vesicles stained with Lyso-ID
[see Additional file 7A]. In the presence of Baf autophagy
inhibitor, the accumulation of p62 co-localized with Lyso-
ID was even more pronounced and, interestingly, was pre-
vented by Aβ42 with or without IL-1β (Figure 9C). While
no difference was observed in LC3 expression without Baf
(Figure 9B and see Additional file 7B), co-immunostaining
of LC3 and Lyso-ID was positive in the presence of Baf
with or without Aβ42 which was prevented by the IL-1β
treatment (Figure 9D).
The inhibitory effect of Aβ42 on the production of in-

flammatory factors and accumulation of acid vesicles
containing p62 induced by IL-1β was not an effect on
cell death because the result of the MTS test (Promega,
Charbonnières les Bains, France) showed no difference
compared to the control microglia (100.00 ± 4.00% and
103.60 ± 2.86% cell viability for control microglia and
Aβ42-treated microglia, respectively; n = 6 experiments
in duplicate).
In microglia, Aβ42 treatment induced a decrease of

Beclin-1 of 42% and 54% without or with C16 pre-
treatment, respectively, which was suppressed by IL-1β
treatment (Figure 10A). As in tri-cultures, Aβ42 decreased
the expression of Beclin-1 in the Baf condition which was
also inhibited by IL-1β treatment (Figure 10A).
Contrary to tri-cultures, Aβ42 and IL-1β alone or

combined significantly decreased the mTOR activation
which was not prevented by C16 pre-treatment in
microglia (between 30% and 50%) (Figure 10B). Further-
more, these inhibitions were associated with a great de-
crease of PT389-p70S6K/p70S6K ratio (between 40% and
60%) as shown in Figure 10C. As in tri-cultures, Baf de-
creased both mTOR and its downstream substrate
p70S6K activations (Figure 10B,C).
In astrocytes no changes in autophagic factors were

observed except in the presence of Baf where all of them
were increased [see Additional file 8A,B,C]. Aβ42 and
IL-1β alone or in association significantly inhibited the
mTOR signaling pathway not prevented by C16 [see
Additional file 8D,E].
The latest results obtained in purified microglia showed

that: 1) exogenous IL-1β induced p62 accumulation in
acidic vesicles and production of IL-1β and TNF-α which
were significantly prevented by Aβ42, suggesting that
amyloid peptide could maintain microglia defense; 2) the
C16 compound inhibited the effects of Aβ42, indicating
that its inhibitory role on PKR activation could be

dangerous for microglial autophagy (see Discussion sec-
tion); and 3) contrary to microglia, exogenous IL-1β did
not induce autophagy in purified astrocytes.

Discussion
Different studies have demonstrated a close relationship
between inflammation and autophagy in Crohn’s disease
[29], cancer [30], cutaneous inflammation [31], and dia-
betes [32]. Inflammation also constitutes a key compo-
nent in the pathogenesis of AD. Therefore, multiple
anti-inflammatory treatments have been tested but they
were not satisfactory [33]. Furthermore, autophagy has
been shown to be impaired in AD with accumulation of
AVs containing proteins for Aβ production [8,9]. For the
first time, this study brought out the links between
autophagy and inflammation in AD using a primary
tri-culture modeling the brain parenchyma by includ-
ing neurons, astrocytes, and microglia as previously
described [17].
We first treated tri-cultures with LPS, known to in-

duce autophagy and to produce cytokines through Toll-
like receptor (TLR)-4 activation [34,35]. Interestingly,
under this robust inflammatory input, microglia was
very reactive with many p62- and LC3-positive puncta in
cytoplasm and ramified processes, suggesting autophagy
induction specifically in microglia, while neurons were
condensed with very short extensions or died and many
astrocytes were stellar without p62 and LC3 signals.
Moreover, this immunostaining was predominantly
co-localized with the Lyso-ID Red dye staining acidic
vesicles. TLR is well known as a major innate immune
sensor and has been shown to mediate autophagy
through the recruitment of different protein adaptors
such as p62 [36]. However, the LC3-II/LC3-I ratio
was not changed compared to the control, except in
the presence of bafilomycin, an inhibitor of autoph-
agy, indicating that LPS induces autophagy in our ex-
perimental settings, confirming previous findings.
Unexpectedly, treatment of tri-cultures with Aβ42 did

not affect the expression of p62 and the LC3-II/LC3-I
ratio, except in the presence of Baf where p62 expression
significantly decreased. Aβ42 alone did not modify au-
tophagy in the serum-free conditions where a basal in-
flammation was similar to the control after 48 hours of
treatment. Other studies showed that Aβ neurotoxicity
induced cytokine mRNA expression [37,38] but few data
are available concerning TNFα, IL-1β, and IL-6 by
ELISA after Aβ42 treatment in vitro. Meda et al. [39] in-
dicated that production of TNFα in Aβ25-35-treated
microglia was only observed after stimulation by IFN-γ.
Other studies showed in microglia that oligomers were
only inducers of inflammatory factors but not the fibril-
lar form of amyloid peptide [40]. Furthermore, in human
fetal microglia, it was shown that Aβ42 induced release
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of TNFα and IL-1β but levels were around 10 and
8 pg/mL, respectively, accordingly to our results [41].
These last authors also showed that the production
was enhanced by IL-8.
To gain a better understanding of the autophagic

process, we checked the mTOR signaling pathway. In
our conditions, the mTOR activation was similar with
LPS or Aβ42, except with Baf where LPS increased the
mTOR activation. The p70S6K activation was increased

by LPS and conversely decreased with Aβ42 as previ-
ously described [42,43].
Taken together, LPS, a robust inflammatory inducer,

activated the mTOR/p70S6K pathway and induced au-
tophagy with accumulation of many acidic p62- and
LC3-positive vesicles in our experimental conditions.
Many studies support this LPS toxicity [44-48]. However,
Aβ42, which induced a low grade of inflammation,
inhibited the activation of the mTOR pathway and could

Figure 10 Activation of mTOR signaling pathway in microglia. Representative immunoblots show the immunoreactivity of (A) Beclin-1,
(B) mTOR, (C) PS2448-mTOR, p70S6K, PT389-p70S6K, and β-actin from cell lysates of primary microglia pretreated or not with 210 nM C16 and
exposed or not to 20 μM Aβ42 in serum-free medium and treated with 200 pg/mL of IL-1β for 48 hours, treated or not with an autophagic
flux inhibitor bafilomycin A1 (Baf) at 50 nM for 24 hours before cell lysis. Densities were quantified using GeneTools software. Data of each
protein were reported to data of the corresponding β-actin. The results are expressed as arbitrary units (percentage of the control set at
100%) and are mean ± SEM from six independent experiments in duplicate. ***P <0.001 compared to control; §§§P <0.001 compared to Aβ42;
&&&P <0.001 compared to C16 by one-way ANOVA with a Newman-Keuls multiple comparison test. Baf, bafilomycin A1; mTOR, mammalian
target of rapamycin.
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activate autophagy. For the first time, we described the
role of Aβ42 on the autophagic flux in primary neurons,
astrocytes, and microglia. Only one in vitro study has ex-
amined the autophagy using SH-SY5Y cells exposed to
Aβ42 and showed autophagosome accumulation [49].
Besides, many authors have shown AVs in transgenic
mouse models but the inflammation is severe in mice
and often studied at a very advanced age [49-52]. Thus,
Aβ42 alone could stimulate autophagy at early stages of
the disease and progressively a deleterious flux of au-
tophagy could take place with inflammatory input.
The C16 compound known for its anti-inflammatory

properties via the PKR inhibition [17,20,53] prevents at
least 50% of the production and release factors IL-1β,
TNF-α, and IL-6 (except its release) induced by LPS.
However, this effect while reducing the LPS-induced ac-
tivation of mTOR/p70S6K did not rescue the induction
of autophagy. It is clear that mTOR is involved in innate
and adaptive immunity [54,55]. Indeed, the mTOR acti-
vation induced cytokine production, which in turn can
also activate mTOR [56,57]. C16 by inhibiting cytokine
production can inhibit the mTOR pathway. Thus, the
robust inflammation by LPS could alter autophagy inde-
pendently of mTOR. Furthermore, C16 did not prevent
IL-6 release induced by LPS, and recently it was shown
that this cytokine can promote the maturation of autop-
hagosomes by regulating extracellular signal-regulated
kinase (ERK) which is not a target of C16 [58] and IL-6
can inhibit autophagy through interaction of STAT3
with PKR [59].
In a second part, as Aβ42 did not modify autophagy in

tri-cultures contrary to LPS and in order to better
understand cytokine involvement in autophagy regula-
tion in AD, we tested the impact of a cytokine cocktail
(IL-1β, TNF-α, and IL-6) and each cytokine alone in tri-
cultures exposed to Aβ42. Some studies demonstrated
that cytokines such as TNF-α, IL-1β, and IL-6 can in-
duce autophagy in infected macrophages as a defense
mechanism [60]. However, only a cytokine cocktail or
IL-1β increased the p62 expression and LC3-II/LC3-I
ratio (with Baf ) as LPS with or without Aβ42. By co-
immunostaining, tri-cultures treated with cocktail or
IL-1β displayed p62- and LC3-positive puncta co-
localized with acidic vesicles in reactive microglia as in
LPS. Contrary to the cocktail, the autophagic changes
observed with exogenous IL-1β were rescued by C16
which partially inhibited all cytokine production in-
duced by the exogenous IL-1β treatment. By inhibiting
the PKR pathway, C16 could prevent inflammasome
formation. Indeed, PKR physically interacts with inflam-
masome components, leading to inflammasome activation
which produces IL-1β from pro-IL-1β by caspase-1 cleav-
age [21]. Furthermore, autophagy is a novel evolutionarily
conserved function of the PKR pathway that is targeted by

viral virulence gene products [61,62] and in cancer where
anti-tumor effects induce autophagosome formation
through PKR activation [63].
Contrary to LPS and the cytokine cocktail, IL-1β

inhibited the p70S6K activation as Aβ42 that would sup-
port a compensatory stimulation of autophagy. However,
IL-1β also showed an accumulation of acidic vesicles
loaded with p62 and LC3 unlike Aβ42 alone.
These findings suggest that IL-1β could be a critical

inducer of autophagy dependent on the PKR activation
and associated to a great accumulation of acidic vesicles
with or without Aβ42, suggesting a regulation of autoph-
agy by IL-1β with the progression of the disease. How-
ever, IL-1β has a controversial role in AD depending on
experimental models. Indeed, some authors demonstrated
that IL-1β overexpression decreased amyloid deposits in
inducible APP/PS1-IL-1βXAT or 3xTgAD-IL-1βXAT mice
receiving a unilateral stereotactic injection of FIV-Cre, but
exacerbated tau pathology [64,65]. They also observed in-
filtrating inflammatory neutrophils, suggesting an involve-
ment of peripheral cells to eliminate amyloid deposits as
previously described [66]. On the contrary, blocking IL-1β
decreased pro-inflammatory cytokines, enhanced micro-
glial phagocytosis of Aβ, and rescued cognition and tau
pathology in 3xTgAD treated with intraperitoneal anti-
IL-1 receptor [67]. Recently, APP/PS1 mice with NLRP3
inflammasome deficiency were largely protected from the
loss of spatial memory and resulted in decreased Aβ de-
posits [16]. In many AD transgenic mice, autophagic flux
was inhibited with accumulation of AVs, but it is well
established that autophagy regulates IL-1β secretion [6] by
degradation of inflammasome [68,69]. Thus, a therapeutic
strategy aiming to enhance autophagy in AD could be at-
tractive to limit the deleterious effects of IL-1β.
Interestingly, accumulation of acidic p62+ and LC3+

vesicles by LPS, cytokine cocktail, or IL-1β was observed
in cells that looked like microglia. In a third part, to con-
firm, we investigated the IL-1β treatment in purified
microglia and astrocytes. For these last cells, any change
was observed in the p62 expression and LC3-II/LC3-I
ratio, while the mTOR/p70S6K activation decreased with
or without Aβ42. While the role of astrocytes is increas-
ingly appreciated [70], their autophagic process has
never been studied in AD. In severe lysosomal storage
disorders, Di Malta et al. [71] showed that autophagy in
astrocytes was impaired.
In purified microglia cultures, the IL1-β treatment in-

duced the production of cytokines prevented by Aβ42 in
the absence of C16. As the mTOR pathway was inhibited
with both Aβ42 and IL1-β, the decrease of IL1-β-induced
cytokine production by Aβ42 could not be explained by
alteration of protein synthesis. In addition, no microglia
death was observed with Aβ42. This cytokine inhibition
by Aβ42 was lost in the presence of the PKR inhibitor,
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indicating the involvement of this kinase in the cytokine
production in microglia. Aβ42 by activating PKR could in-
duce a defense reaction of microglia as non-viral patho-
gens which induced autophagy by PKR activation [72].
Thus, in microglia, it could be proposed that a PKR-
dependent autophagy could be playing a positive role to
limit IL-1β toxicity. In microglia, Aβ42 decreased Beclin-1
and p62 without modification of the LC3-II/LC3-I ratio.
Interestingly, Lyso-ID Red vesicles were less loaded
with autophagic markers than with IL1-β, suggesting
no impairment of autophagic flux in our experimental
conditions. These findings were in accordance with
data that showed that active autophagy reduced IL1-β
production [5] and inflammasome deficiency in AD
mouse models limited Aβ deposits and improved micro-
glial phagocytosis [16].
It should be noted that these results in purified

microglia are not completely congruent with those in
tri-cultures. The microglia was more amoeboid with
less p62 expression and decreased LC3-II/LC3-I ratio
than in the tri-cultures where changes in autophagic
factors were more sustained in microglia and extended
many ramified processes. An increasing body of evi-
dence suggests that neurons, astrocytes, and microglia
cooperation influence inflammatory environment and
their own activation [73-75].

Conclusion
These results highlight that IL-1β induced autophagy
with accumulation of many acidic vesicles loaded with
p62 and LC3 in microglia of tri-cultures and purified
microglia. Interestingly, Aβ42 maintains autophagy in
microglia and prevents effects of exogenous IL-1β in the
production of inflammatory factors and in the autophagy
impairment. In microglia, Aβ42 could generate an opti-
mal host immune response through an active PKR-
dependent autophagy.
Therefore, a better understanding of IL-1β levels and

autophagy status in AD brains according to the stage of
the disease would allow improved targeting of anti-IL-1β
and pro-autophagic therapies to reduce cognitive decline.

Additional files

Additional file 1: Cytokine levels induced by inflammatory stress in
autophagy inhibitory condition. Cytokine (IL1-β, TNF-α and IL-6) levels in
culture medium (A, B, C, respectively) and in cell lysates (D, E, F, respectively)
of tri-cultures in serum-free medium treated with an autophagic flux inhibitor,
50 nM bafilomycin A1 (Baf), with 100 ng/mL LPS or with 20 μM Aβ42 and
pre-treated or not with 210 nM C16, were analyzed by the 3-plex Luminex
xMAP assay containing a mixture of specific beads for each cytokine as de-
scribed in the Methods section. Cytokine levels in culture medium and cell
lysates are expressed in pg/mL and pg/mg protein, respectively. Results
are mean ± SEM for six experiments in duplicate. ***P <0.001 compared
to Baf alone; ###P <0.001 compared to LPS with Baf; †P <0.05, ††P <0.01,
†††P <0.001 compared to Baf with C16 by one-way ANOVA with a

Newman-Keuls multiple comparison test. Baf, bafilomycin A1; LPS,
lipopolysaccharide.

Additional file 2: Immunofluorescence of p62 and LC3 in neurons
and astrocytes under inflammatory stress in primary tri-cultures.
Co-labeling of autophagic factor (A) p62 (red) or (B) LC3 (red), MAP2 for
neurons (green), GFAP for astrocytes (blue), and DAPI for nuclei (cyan) in
tri-cultures seeded on coverslips and exposed to 20 μM Aβ42 or LPS
100 ng/mL in serum-free medium for 48 hours. All images were from a
compilation of the entire z-series sections acquired by confocal microscopy
(Olympus IX-81). A white square represents a magnified ROI. Scale bars,
42 μm. DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic
protein; LPS, lipopolysaccharide; MAP2, microtubule-associated protein 2;
ROI, region of interest.

Additional file 3: Changes in autophagic factors under
inflammatory stress. Representative immunoblots show the
immunoreactivity of (A) p62, (B) LC3-I, LC3-II, and β-actin from cell lysates
of primary tri-cultures exposed or not to 20 μM Aβ42 pretreated or not
with 210 nM C16 in serum-free medium and treated with 200 pg/mL of
TNF-α or IL-6 alone for 48 hours, treated or not with an autophagic flux
inhibitor bafilomycin A1 (Baf) at 50 nM for 24 hours before cell lysis.
Densities were quantified using GeneTools software. Data of each protein
were reported to data of the corresponding β-actin. The results are
expressed as arbitrary units (percentage of the control set at 100%) and
are mean ± SEM from six independent experiments in duplicate. ***P <0.001
compared to control; ###P <0.001 compared to Baf by one-way ANOVA with
a Newman-Keuls multiple comparison test. Baf, bafilomycin A1.

Additional file 4: Activation of mTOR signaling pathway by
exogenous cytokines in tri-cultures. Representative immunoblots
show the immunoreactivity of (A) mTOR, PS2448-mTOR, (B) p70S6K,
PT389-p70S6K, and β-actin from cell lysates of primary tri-cultures exposed
to 20 μM Aβ42, pretreated or not with 210 nM C16 in serum-free medium
and treated with a cytokine cocktail of 200 pg/mL of IL-1β, TNF-α, and IL-6
or with 200 pg/mL of IL-1β, TNF-α, or IL-6 alone for 48 hours. Densities were
quantified using GeneTools software. Data of each protein were reported to
data of the corresponding β-actin. The results are expressed as arbitrary
units (percentage of the control set at 100%) and are mean ± SEM from six
independent experiments in duplicate. ***P <0.001 compared to control;
&&P <0.01, &&&P <0.001 compared to C16; ‡‡P <0.01, ‡‡‡P <0.001 compared
to inflammatory cocktail; $P <0.05 compared to TNF-α; §§§P <0.001
compared to TNF-α with C16; †P <0.05 compared to IL-6; δP <0.05
compared to IL-6 with C16 by one-way ANOVA with a Newman-Keuls
multiple comparison test. mTOR, mammalian target of rapamycin.

Additional file 5: Cytokine levels induced by exogenous TNF-α and
IL-6. Cytokine (TNF-α and IL-6) levels in culture medium (A and B,
respectively) of tri-cultures pre-treated or not with 210 nM C16, ex-
posed or not to 20 μM Aβ42, and treated with 200 pg/mL of TNF-α
or IL-6 alone in serum-free medium were analyzed by the 3-plex
Luminex xMAP assay containing a mixture of specific beads for each
cytokine as described in the Methods section. Cytokine levels are
expressed in pg/mL. Results are mean ± SEM for six experiments in
duplicate. **P <0.01, ***P <0.001 compared to respective control by
one-way ANOVA with a Newman-Keuls multiple comparison test.

Additional file 6: Cytokine levels induced by inflammatory stress in
astrocytes. Cytokine (IL-1β and IL-6) levels in cell lysates (A and B,
respectively) and in culture medium (C and D, respectively) of primary
astrocytes pre-treated or not with 210 nM C16, exposed or not to 20 μM
Aβ42, and treated with 200 pg/mL of IL-1β alone in serum-free medium
were analyzed by the 3-plex Luminex xMAP assay containing a mixture
of specific beads for each cytokine as described in the Methods section.
Cytokine levels in cell lysates and culture medium are expressed in pg/mg
protein and pg/mL, respectively. Results are mean ± SEM for six experiments
in duplicate. ***P <0.001 compared to respective control; ††P <0.01,
†††P <0.001, compared to IL-1β; εεP <0.01, εεεP <0.001 compared to
Aβ42 with IL-1β by one-way ANOVA with a Newman-Keuls multiple
comparison test.

Additional file 7: Immunostaining of p62 or LC3 and Lyso-ID in
purified microglia. Co-labeling of the autophagic receptor (A) p62
(green) or (B) LC3 (green), Lyso-ID (red), and DAPI for nuclei (cyan) in
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microglia seeded on coverslips and exposed to 20 μM Aβ42 or 200 pg/mL
IL-1β in serum-free medium for 48 hours. All images were from a
compilation of the entire z-series sections acquired by confocal microscopy
(Olympus IX-81). A white square represents a magnified ROI. Scale bars,
42 μm. DAPI, 4′,6-diamidino-2-phenylindole; ROI, region of interest.

Additional file 8: Changes in autophagic factors in astrocytes.
Representative immunoblots show the immunoreactivity of (A) Beclin-1,
(B) p62, (C) LC3-I, LC3-II, (D) mTOR, PS2448-mTOR, (E) p70S6K, PT389-p70S6K,
and β-actin from cell lysates of primary astrocytes pretreated or not with
210 nM C16 and exposed or not to 20 μM Aβ42 in serum-free medium and
treated with 200 pg/mL of IL-1β alone for 48 hours, treated or not with an
autophagic flux inhibitor bafilomycin A1 (Baf) at 50 nM for 24 hours before
cell lysis. Densities were quantified using GeneTools software. Data of each
protein were reported to data of the corresponding β-actin. The results are
expressed as arbitrary units (percentage of control set at 100%) and are
mean ± SEM from six independent experiments in duplicate. *P <0.05,
**P < 0.01, ***P <0.001 compared to control; §§P <0.01, §§§P < 0.001
compared to Aβ42; &P <0.05, &&&P <0.001 compared to C16; ##P <0.01, ###P
<0.001 compared to IL-1β; $$$P <0.001 compared to IL-1β with Aβ42 by
one-way ANOVA with a Newman-Keuls multiple comparison test. Baf,
bafilomycin A1.

Abbreviations
Aβ42: Amyloid peptide; AD: Alzheimer’s disease; AMPK: AMP-activated
protein kinase; ANOVA: Analysis of variance; Atg16L1: Autophagy-related
protein 16-1; APP: Amyloid precursor protein; Atg16L1: Autophagy-related
protein 16-1; AV: Autophagic vacuole; Aβ: Amyloid-beta;
Baf: Bafilomycin A1; BSA: Bovine serum albumin; CNS: Central nervous
system; DAPI: 4′,6-diamidino-2-phenylindole; DMEM: Dulbecco ’s
modified Eagle’s medium; DMSO: Dimethyl sulfoxide;
DTT: Dithiothreitol; EDTA: Ethylenediaminetetraacetic acid;
ELISA: Enzyme-linked immunosorbent assay; ERK: Extracellular signal-regulated
kinase; FBS: Fetal bovine serum; FITC: Fluorescein isothiocyanate; GFAP: Glial
fibrillary acidic protein; HRP: Horseradish peroxidase; IFN: Interferon;
IgG: Immunoglobulin G; IL: Interleukin; LDS: Lithium dodecyl sulfate;
LPS: Lipopolysaccharide; MAP2: Microtubule-associated protein 2;
MEM: Minimum essential medium Eagle; MFI: Median fluorescence intensity;
mTOR: Mammalian target of rapamycin; NaF: Sodium fluoride; NF-κB: Nuclear
factor kappa-light-chain-enhancer of activated B cells; PBS: Phosphate buffer
saline; PFA: Paraformaldehyde; PI3K: Phosphatidylinositide 3-kinase;
PKR: Double-stranded RNA-dependent protein kinase; PLL: Poly-L-lysine;
PMSF: Phenylmethylsulfonyl fluoride; PS: Penicillin-streptomycin;
PS1: Presenilin 1; ROI: Region of interest; RPE: R-phycoerythrin;
SDS: Sodium dodecyl sulfate; SEM: Standard error of the mean;
STAT3: Signal transducer and activator of transcription 3; TBST: Tris-buffered
saline and Tween; TLR: Toll-like receptor; TNF: Tumor necrosis factor;
TRITC: Tetramethylrhodamine isothiocyanate.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
GP and FT designed the research; AF and GP performed the research; AF, GP,
and FT wrote the manuscript; AF analyzed the data; and ARB, TJ, and MP
followed the study with constructive comments. All authors read and
approved the final manuscript.

Acknowledgements
This work was supported by grants from Ligue Européenne Contre la
Maladie d’Alzheimer (LECMA) and PRES Limousin Poitou-Charentes. The authors
thank Anne Cantereau for confocal microscopy analysis and Damien Chassaing
for technical assistance.

Author details
1EA3808 Molecular Targets and Therapeutic of Alzheimer’s Disease, University
of Poitiers, Poitiers F-86022, France. 2Faculty of Medicine, Laboratory of
Histology and Molecular Biology, University of Limoges, Limoges F-87025,
France. 3Service d’Histologie et de Cytogénétique, Hôpital de la Mère et de
l’Enfant, Limoges F-87025, France. 4Service de Gériatrie, Poitiers University
Hospital, Poitiers F-86021, France. 5CMRR, Poitiers University Hospital, Poitiers

F-86021, France. 6CIC-P 0802, Poitiers University Hospital, Poitiers F-86021,
France. 7UFR Médecine et Pharmacie, 6 rue de la Milétrie, BP 199, 86034
Poitiers, Cedex, France.

Received: 22 August 2013 Accepted: 24 November 2013
Published: 13 December 2013

References
1. Ravikumar B, Sarkar S, Davies JE, Futter M, Garcia-Arencibia M, Green-Thompson ZW,

Jimenez-Sanchez M, Korolchuk VI, Lichtenberg M, Luo S, Massey DC, Menzies FM,
Moreau K, Narayanan U, Renna M, Siddiqi FH, Underwood BR, Winslow AR,
Rubinsztein DC: Regulation of mammalian autophagy in physiology
and pathophysiology. Physiol Rev 2010, 90:1383–1435.

2. Kim J, Kundu M, Viollet B, Guan KL: AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat Cell Biol 2011, 13:132–141.

3. Choi AM, Ryter SW, Levine B: Autophagy in human health and disease.
N Engl J Med 2013, 368:651–662.

4. Shrivastava S, Raychoudhuri A, Steele R, Ray R, Ray RB: Knockdown of
autophagy enhances the innate immune response in hepatitis C virus-infected
hepatocytes. Hepatology 2011, 53:406–414.

5. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, Englert JA,
Rabinovitch M, Cernadas M, Kim HP, Fitzgerald KA, Ryter SW, Choi AM:
Autophagy proteins regulate innate immune responses by inhibiting the
release of mitochondrial DNA mediated by the NALP3 inflammasome.
Nat Immunol 2011, 12:222–230.

6. Dupont N, Jiang S, Pilli M, Ornatowski W, Bhattacharya D, Deretic V:
Autophagy-based unconventional secretory pathway for extracellular
delivery of IL-1beta. EMBO J 2011, 30:4701–4711.

7. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, Omori H, Noda T,
Yamamoto N, Komatsu M, Tanaka K, Kawai T, Tsujimura T, Takeuchi O,
Yoshimori T, Akira S: Loss of the autophagy protein Atg16L1 enhances
endotoxin-induced IL-1beta production. Nature 2008, 456:264–268.

8. Nixon RA, Yang DS: Autophagy failure in Alzheimer’s disease–locating the
primary defect. Neurobiol Dis 2011, 43:38–45.

9. Yang Y, Coleman M, Zhang L, Zheng X, Yue Z: Autophagy in axonal and
dendritic degeneration. Trends Neurosci 2013, 36:418–428.

10. Pickford F, Masliah E, Britschgi M, Lucin K, Narasimhan R, Jaeger PA, Small S,
Spencer B, Rockenstein E, Levine B, Wyss-Coray T: The autophagy-related
protein beclin 1 shows reduced expression in early Alzheimer disease
and regulates amyloid beta accumulation in mice. J Clin Investig 2008,
118:2190–2199.

11. Salminen A, Kaarniranta K, Haapasalo A, Hiltunen M, Soininen H, Alafuzoff I:
Emerging role of p62/sequestosome-1 in the pathogenesis of
Alzheimer’s disease. Progress Neurobiol 2012, 96:87–95.

12. Moscat J, Diaz-Meco MT: p62 at the crossroads of autophagy, apoptosis,
and cancer. Cell 2009, 137:1001–1004.

13. Cataldo AM, Petanceska S, Terio NB, Peterhoff CM, Durham R, Mercken M,
Mehta PD, Buxbaum J, Haroutunian V, Nixon RA: Abeta localization in
abnormal endosomes: association with earliest Abeta elevations in AD
and Down syndrome. Neurobiol Aging 2004, 25:1263–1272.

14. Yu WH, Kumar A, Peterhoff C, Shapiro Kulnane L, Uchiyama Y, Lamb BT,
Cuervo AM, Nixon RA: Autophagic vacuoles are enriched in amyloid
precursor protein-secretase activities: implications for beta-amyloid
peptide over-production and localization in Alzheimer’s disease. Int J
Biochem Cell Biol 2004, 36:2531–2540.

15. Heneka MT, O’Banion MK, Terwel D, Kummer MP: Neuroinflammatory
processes in Alzheimer’s disease. J Neural Transm 2010, 117:919–947.

16. Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker A,
Griep A, Axt D, Remus A, Tzeng TC, Gelpi E, Halle A, Korte M, Latz E,
Golenbock DT: NLRP3 is activated in Alzheimer’s disease and contributes
to pathology in APP/PS1 mice. Nature 2013, 493:674–678.

17. Couturier J, Paccalin M, Morel M, Terro F, Milin S, Pontcharraud R,
Fauconneau B, Page G: Prevention of the beta-amyloid peptide-induced
inflammatory process by inhibition of double-stranded RNA-dependent
protein kinase in primary murine mixed co-cultures. J Neuroinflam 2011,
8:72.

18. Muller JM, Ziegler-Heitbrock HW, Baeuerle PA: Nuclear factor kappa B, a
mediator of lipopolysaccharide effects. Immunobiology 1993, 187:233–256.

19. Rossol M, Heine H, Meusch U, Quandt D, Klein C, Sweet MJ, Hauschildt S:
LPS-induced cytokine production in human monocytes and
macrophages. Critic Rev Immunol 2011, 31:379–446.

François et al. Journal of Neuroinflammation 2013, 10:151 Page 20 of 22
http://www.jneuroinflammation.com/content/10/1/151

http://www.biomedcentral.com/content/supplementary/1742-2094-10-151-S8.docx


20. Couturier J, Page G, Morel M, Gontier C, Claude J, Pontcharraud R,
Fauconneau B, Paccalin M: Inhibition of double-stranded RNA-dependent
protein kinase strongly decreases cytokine production and release in
peripheral blood mononuclear cells from patients with Alzheimer’s dis-
ease. J Alzheimers Dis 2010, 21:1217–1231.

21. Lu B, Nakamura T, Inouye K, Li J, Tang Y, Lundback P, Valdes-Ferrer SI, Olofsson PS,
Kalb T, Roth J, Zou Y, Erlandsson-Harris H, Yang H, Ting JP, Wang H, Andersson U,
Antoine DJ, Chavan SS, Hotamisligil GS, Tracey KJ: Novel role of PKR in
inflammasome activation and HMGB1 release. Nature 2012, 488:670–674.

22. Jammi NV, Whitby LR, Beal PA: Small molecule inhibitors of the RNA-dependent
protein kinase. Biochem Biophys Res Commun 2003, 308:50–57.

23. Kang R, Zeh HJ, Lotze MT, Tang D: The Beclin 1 network regulates
autophagy and apoptosis. Cell Death Differ 2011, 18:571–580.

24. Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A,
Adeli K, Agholme L, Agnello M, Agostinis P, Aguirre-Ghiso JA, Ahn HJ,
Ait-Mohamed O, Ait-Si-Ali S, Akematsu T, Akira S, Al-Younes HM, Al-Zeer MA,
Albert ML, Albin RL, Alegre-Abarrategui J, Aleo MF, Alirezaei M, Almasan A,
Almonte-Becerril M, Amano A, Amaravadi R, Amarnath S, Amer AO,
Andrieu-Abadie N, Anantharam V, et al: Guidelines for the use and
interpretation of assays for monitoring autophagy. Autophagy 2012,
8:445–544.

25. Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y: Bafilomycin A1,
a specific inhibitor of vacuolar-type H(+)-ATPase, inhibits acidification
and protein degradation in lysosomes of cultured cells. J Biol Chem 1991,
266:17707–17712.

26. Fenton TR, Gout IT: Functions and regulation of the 70kDa ribosomal S6
kinases. Int J Biochem Cell Biol 2011, 43:47–59.

27. Chong ZZ, Shang YC, Zhang L, Wang S, Maiese K: Mammalian target of
rapamycin: hitting the bull’s-eye for neurological disorders. Oxid Med Cell
Longev 2010, 3:374–391.

28. Akiyama H, Arai T, Kondo H, Tanno E, Haga C, Ikeda K: Cell mediators of
inflammation in the Alzheimer disease brain. Alzheimer Dis Assoc Disord
2000, 14:S47–S53.

29. Scharl M, Rogler G: Inflammatory bowel disease: dysfunction of
autophagy? Dig Dis 2012, 30:12–19.

30. Lin H, Hua F, Hu ZW: Autophagic flux, supported by toll-like receptor 2
activity, defends against the carcinogenesis of hepatocellular carcinoma.
Autophagy 2012, 8:1859–1861.

31. Lee HM, Shin DM, Yuk JM, Shi G, Choi DK, Lee SH, Huang SM, Kim JM, Kim
CD, Lee JH, Jo EK: Autophagy negatively regulates keratinocyte
inflammatory responsesviascaffolding protein p62/SQSTM1. J Immunol
2011, 186:1248–1258.

32. Wang Y, Li YB, Yin JJ, Zhu LB, Xie GY, Pan SH: Autophagy regulates
inflammation following oxidative injury in diabetes. Autophagy 2013,
9:272–277.

33. Trepanier CH, Milgram NW: Neuroinflammation in Alzheimer’s disease: are
NSAIDs and selective COX-2 inhibitors the next line of therapy? J Alzheimers
Dis 2010, 21:1089–1099.

34. Xu Y, Jagannath C, Liu XD, Sharafkhaneh A, Kolodziejska KE, Eissa NT:
Toll-like receptor 4 is a sensor for autophagy associated with innate
immunity. Immunity 2007, 27:135–144.

35. Gu X, Lu Y, Chen J, He H, Li P, Yang T, Li L, Liu G, Chen Y, Zhang L:
Mechanisms mediating propofol protection of pulmonary epithelial cells
against lipopolysaccharide-induced cell death. Clin Exp Pharmacol Physiol
2012, 39:447–453.

36. Into T, Inomata M, Takayama E, Takigawa T: Autophagy in regulation of
Toll-like receptor signaling. Cell Signal 2012, 24:1150–1162.

37. Bales KR, Du Y, Dodel RC, Yan GM, Hamilton-Byrd E, Paul SM: The NF-kappaB/Rel
family of proteins mediates Abeta-induced neurotoxicity and glial activation.
Brain Res Mol Brain Res 1998, 57:63–72.

38. Liu MH, Lin YS, Sheu SY, Sun JS: Anti-inflammatory effects of daidzein on
primary astroglial cell culture. Nutr Neurosci 2009, 12:123–134.

39. Meda L, Cassatella MA, Szendrei GI, Otvos L Jr, Baron P, Villalba M, Ferrari D,
Rossi F: Activation of microglial cells by beta-amyloid protein and
interferon-gamma. Nature 1995, 374:647–650.

40. Floden AM, Combs CK: Beta-amyloid stimulates murine postnatal and
adult microglia cultures in a unique manner. J Neurosci 2006, 26:4644–4648.

41. Franciosi S, Choi HB, Kim SU, McLarnon JG: IL-8 enhancement of
amyloid-beta (Abeta 1-42)-induced expression and production of
pro-inflammatory cytokines and COX-2 in cultured human microglia.
J Neuroimmunol 2005, 159:66–74.

42. Morel M, Couturier J, Pontcharraud R, Gil R, Fauconneau B, Paccalin M, Page G:
Evidence of molecular links between PKR and mTOR signalling pathways in
Abeta neurotoxicity: role of p53, Redd1 and TSC2. Neurobiol Dis 2009,
36:151–161.

43. Morel M, Couturier J, Lafay-Chebassier C, Paccalin M, Page G: PKR, the
double stranded RNA-dependent protein kinase as a critical target in
Alzheimer’s disease. J Cell Mol Med 2009, 13:1476–1488.

44. Zhang L, Cardinal JS, Bahar R, Evankovich J, Huang H, Nace G, Billiar TR,
Rosengart MR, Pan P, Tsung A: Interferon regulatory factor-1 regulates the
autophagic response in LPS-stimulated macrophages through nitric
oxide. Mol Med 2012, 18:201–208.

45. Waltz P, Carchman EH, Young AC, Rao J, Rosengart MR, Kaczorowski D,
Zuckerbraun BS: Lipopolysaccaride induces autophagic signaling in
macrophagesviaa TLR4, heme oxygenase-1 dependent pathway.
Autophagy 2011, 7:315–320.

46. Goldfinger M, Shmuel M, Benhamron S, Tirosh B: Protein synthesis in
plasma cells is regulated by crosstalk between endoplasmic reticulum
stress and mTOR signaling. Eur J Immunol 2011, 41:491–502.

47. Czapski GA, Gajkowska B, Strosznajder JB: Systemic administration of
lipopolysaccharide induces molecular and morphological alterations in
the hippocampus. Brain Res 2010, 1356:85–94.

48. Hagiwara S, Iwasaka H, Koga H, Hasegawa A, Kudo K, Kusaka J, Oyama Y,
Noguchi T: Stimulation of autophagy in the liver by lipopolysaccharide-induced
systemic inflammation in a rat model of diabetes mellitus. Biomed Res 2010,
31:263–271.

49. Son SM, Jung ES, Shin HJ, Byun J, Mook-Jung I: Aβ-induced formation of
autophagosomes is mediated by RAGE-CaMKKbeta-AMPK signaling.
Neurobiol Aging 2012, 33:1006.

50. Avrahami L, Farfara D, Shaham-Kol M, Vassar R, Frenkel D, Eldar-Finkelman H:
Inhibition of glycogen synthase kinase-3 ameliorates beta-amyloid
pathology and restores lysosomal acidification and mammalian target
of rapamycin activity in the Alzheimer disease mouse model: in vivo
and in vitro studies. J Biol Chem 2013, 288:1295–1306.

51. Congdon EE, Wu JW, Myeku N, Figueroa YH, Herman M, Marinec PS,
Gestwicki JE, Dickey CA, Yu WH, Duff KE: Methylthioninium chloride
(methylene blue) induces autophagy and attenuates tauopathy in vitro
and in vivo. Autophagy 2012, 8:609–622.

52. Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O, Bredesen D,
Richardson A, Strong R, Galvan V: Inhibition of mTOR by rapamycin
abolishes cognitive deficits and reduces amyloid-beta levels in a mouse
model of Alzheimer’s disease. PloS One 2010, 5:e9979.

53. Couturier J, Paccalin M, Lafay-Chebassier C, Chalon S, Ingrand I, Pinguet J,
Pontcharraud R, Guillard O, Fauconneau B, Page G: Pharmacological
inhibition of PKR in APPswePS1dE9 mice transiently prevents inflammation
at 12 months of age but increases Abeta42 levels in the late stages of the
Alzheimer’s disease. Current Alzheimer Res 2012, 9:344–360.

54. Powell JD, Pollizzi KN, Heikamp EB, Horton MR: Regulation of immune
responses by mTOR. Annu Rev Immunol 2012, 30:39–68.

55. Araki K, Ellebedy AH, Ahmed R: TOR in the immune system. Curr Opin Cell
Biol 2011, 23:707–715.

56. Dello Russo C, Lisi L, Tringali G, Navarra P: Involvement of mTOR kinase in
cytokine-dependent microglial activation and cell proliferation. Biochem
Pharmacol 2009, 78:1242–1251.

57. Schaeffer V, Arbabi S, Garcia IA, Knoll ML, Cuschieri J, Bulger EM, Maier RV:
Role of the mTOR pathway in LPS-activated monocytes: influence of
hypertonic saline. J Surg Res 2011, 171:769–776.

58. Li XZ, Sui CY, Chen Q, Chen XP, Zhang H, Zhou XP: Promotion of
autophagy at the maturation step by IL-6 is associated with the sustained
mitogen-activated protein kinase/extracellular signal-regulated kinase
activity. Mol Cell Biochem 2013, 380:219–227.

59. Shen S, Niso-Santano M, Adjemian S, Takehara T, Malik SA, Minoux H,
Souquere S, Marino G, Lachkar S, Senovilla L, Galluzzi L, Kepp O, Pierron G,
Maiuri MC, Hikita H, Kroemer R, Kroemer G: Cytoplasmic STAT3 represses
autophagy by inhibiting PKR activity. Mol Cell 2012, 48:667–680.

60. Harris J: Autophagy and IL-1 Family Cytokines. Frontiers Immunol 2013, 4:83.
61. Lussignol M, Queval C, Bernet-Camard MF, Cotte-Laffitte J, Beau I, Codogno P,

Esclatine A: The herpes simplex virus 1 Us11 protein inhibits autophagy
through its interaction with the protein kinase PKR. J Virol 2013,
87:859–871.

62. Talloczy Z, Jiang W, Virgin HW, Leib DA, Scheuner D, Kaufman RJ, Eskelinen EL,
Levine B: Regulation of starvation- and virus-induced autophagy by the

François et al. Journal of Neuroinflammation 2013, 10:151 Page 21 of 22
http://www.jneuroinflammation.com/content/10/1/151



eIF2alpha kinase signaling pathway. Proc Natl Acad Sci USA 2002,
99:190–195.

63. Yang C, Shogren KL, Goyal R, Bravo D, Yaszemski MJ, Maran A: RNA-dependent
protein kinase is essential for 2-methoxyestradiol-induced autophagy in
osteosarcoma cells. PloS One 2013, 8:e59406.

64. Matousek SB, Ghosh S, Shaftel SS, Kyrkanides S, Olschowka JA, O’Banion MK:
Chronic IL-1beta-mediated neuroinflammation mitigates amyloid
pathology in a mouse model of Alzheimer’s disease without inducing
overt neurodegeneration. J Neuroimmune Pharmacol 2012, 7:156–164.

65. Ghosh S, Wu MD, Shaftel SS, Kyrkanides S, LaFerla FM, Olschowka JA,
O’Banion MK: Sustained interleukin-1beta overexpression exacerbates tau
pathology despite reduced amyloid burden in an Alzheimer’s mouse
model. J Neurosci 2013, 33:5053–5064.

66. Simard AR, Soulet D, Gowing G, Julien JP, Rivest S: Bone marrow-derived
microglia play a critical role in restricting senile plaque formation in
Alzheimer’s disease. Neuron 2006, 49:489–502.

67. Kitazawa M, Cheng D, Tsukamoto MR, Koike MA, Wes PD, Vasilevko V, Cribbs
DH, LaFerla FM: Blocking IL-1 signaling rescues cognition, attenuates tau
pathology, and restores neuronal beta-catenin pathway function in an
Alzheimer’s disease model. J Immunol 2011, 187:6539–6549.

68. Shi CS, Shenderov K, Huang NN, Kabat J, Abu-Asab M, Fitzgerald KA, Sher A,
Kehrl JH: Activation of autophagy by inflammatory signals limits IL-1beta
production by targeting ubiquitinated inflammasomes for destruction.
Nat Immunol 2012, 13:255–263.

69. Harris J, Hartman M, Roche C, Zeng SG, O’Shea A, Sharp FA, Lambe EM,
Creagh EM, Golenbock DT, Tschopp J, Kornfeld H, Fitzgerald KA, Lavelle EC:
Autophagy controls IL-1beta secretion by targeting pro-IL-1beta for
degradation. J Biol Chem 2011, 286:9587–9597.

70. Medeiros R, LaFerla FM: Astrocytes: conductors of the Alzheimer disease
neuroinflammatory symphony. Exp Neurol 2013, 239:133–138.

71. Di Malta C, Fryer JD, Settembre C, Ballabio A: Autophagy in astrocytes: a
novel culprit in lysosomal storage disorders. Autophagy 2012, 8:1871–1872.

72. Ogolla PS, Portillo JA, White CL, Patel K, Lamb B, Sen GC, Subauste CS: The
protein kinase double-stranded RNA-dependent (PKR) enhances
protection against disease cause by a non-viral pathogen. PLoS Pathog
2013, 9:e1003557.

73. Wake H, Moorhouse AJ, Nabekura J: Functions of microglia in the central
nervous system–beyond the immune response. Neuron Glia Biol 2011,
7:47–53.

74. Gao Z, Zhu Q, Zhang Y, Zhao Y, Cai L, Shields CB, Cai J: Reciprocal
modulation between microglia and astrocyte in reactive gliosis following
the CNS injury. Cell Mol Neurobiol 2013, 48:690–701.

75. Barbierato M, Facci L, Argentini C, Marinelli C, Skaper SD, Giusti P:
Astrocyte-microglia cooperation in the expression of a pro-inflammatory
phenotype. CNS Neurol Disord Drug Targets 2013, 12:608–618.

doi:10.1186/1742-2094-10-151
Cite this article as: François et al.: Involvement of interleukin-1β in the
autophagic process of microglia: relevance to Alzheimer’s disease.
Journal of Neuroinflammation 2013 10:151.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

François et al. Journal of Neuroinflammation 2013, 10:151 Page 22 of 22
http://www.jneuroinflammation.com/content/10/1/151


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Chemical products
	Murine primary cultures
	Neurons/astrocytes/microglia
	Astrocyte-enriched cultures
	Microglial cell-enriched cultures

	Culture treatments
	Cell lysis
	Immunoblotting
	Luminex xMAP assay
	Confocal immunocytofluorescence
	Lysosome activity assessment
	Statistical analysis

	Results
	Levels of cytokines in primary tri-cultures exposed to LPS or Aβ42
	Monitoring of the autophagic flux in primary tri-cultures exposed to LPS or Aβ42
	Activation of mTOR signaling pathway in primary tri-cultures
	Effect of exogenous inflammatory factors with Aβ42 in tri-cultures
	Autophagy
	Inflammatory levels

	Inflammation and autophagy in purified microglia and astrocyte cultures
	Inflammatory level
	Autophagy monitoring in microglia and astrocytes


	Discussion
	Conclusion
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

