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ABSTRACT Microglial cells are phagocytes in the
central nervous system (CNS) and become activated in
pathological conditions, resulting in microgliosis, man-
ifested by increased cell numbers and inflammation in
the affected regions. Thus, controlling microgliosis is
important to prevent pathological damage to the brain.
Here, we evaluated the contribution of Toll-like recep-
tor 2 (TLR2) to microglial survival. We observed that
activation of microglial cells with peptidoglycan (PGN)
from Staphylococcus aureus and other TLR2 ligands
results in cell activation followed by the induction of
autophagy and autophagy-dependent cell death. In
C57BL/6J mice, intracerebral injection of PGN in-
creased the autophagy of microglial cells and reduced
the microglial/macrophage cell number in brain paren-
chyma. Our results demonstrate a novel role of TLRs in
the regulation of microglial cell activation and survival,
which are important for the control of microgliosis and
associated inflammatory responses in the CNS.—Ar-
royo, D. S., Soria, J. A., Gaviglio, E. A., Garcia-Keller,
C., Cancela, L. M., Rodriguez-Galan, M. C., Wang,
J. M., Iribarren, P. Toll-like receptor 2 ligands promote
microglial cell death by inducing autophagy. FASEB J.
27, 299–312 (2013). www.fasebj.org
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Autophagy is a fundamental cellular homeostatic
mechanism (1), whereby cells autodigest parts of their
cytoplasm for removal or turnover. During cell injury or

accumulation of damaged cellular components, intra-
cellular inclusion bodies may be transferred to the
autophagic pathway, serving as a homeostatic mecha-
nism. In autophagy, a double or multimembrane-
bound structure, termed autophagosome or au-
tophagic vacuole, is formed de novo to sequester
cytoplasm. The vacuole membrane then fuses with the
lysosome to deliver the contents into the organelle
lumen, where they are degraded and the resulting
macromolecules are recycled (1). Under normal con-
ditions, cells exhibit a low basal rate of autophagy to
maintain homeostasis (2). However, autophagy is in-
creased to replenish amino acids and glucose pools for
protein synthesis in response to nutrient/growth factor
deprivation (nutrient recycling; refs. 3, 4). Several
recent studies have implicated autophagy in the re-
moval of pathogens located in phagosomes (5) and the
cytosol (6). Moreover, a particle that engages Toll-like
receptors (TLRs) on a murine macrophage while it is
phagocytosed triggers the autophagosome marker light
chain 3 (LC3) to be rapidly recruited to the phagosome
in a manner that depends on the autophagy pathway
proteins (7).

Cells may use multiple pathways to commit suicide.
Apoptosis (in a broader sense called programmed cell
death) means an orchestrated collapse of a cell, staging
membrane blebbing, cell shrinkage, chromatin con-
densation, and DNA and protein degradation, accom-
plished by phagocytosis of corpses by neighboring cells
(8). However, morphological, biochemical, and molec-
ular observations revealed that active self-destruction of
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cells is not confined to apoptosis but cells may use
different pathways to commit suicide, thereby severely
challenging the initial apoptosis-necrosis dichotomy
(8). Recently, the autophagic-lysosomal compartment
has been implicated in the initiation of programmed
cell death, either upstream or independent of caspase
cascade, denoted “type II programmed cell death” or
“autophagic cell death” (3, 9). Caspase inhibitors are
being developed as therapeutic agents for neurodegen-
erative diseases, such as amyotrophic lateral sclerosis
(ALS; ref. 10). Recent findings indicate that caspase
inhibition could have the untoward effect of exacerbat-
ing cell death and disease severity by activating the
autophagic death pathway (11).

Microglial cells are resident macrophages in the
central nervous system (CNS; ref. 12) and have multiple
functions, such as phagocytosis, production of growth
factors and cytokines, and antigen presentation (13).
Acute activation of microglia after neural injury rapidly
leads to reactive microgliosis, a cardinal feature of
expansion of microglia in the affected CNS region
(14). The increase in microglial cell number originates,
in part, from recruitment of myeloid cells (14), prolif-
eration (15), or migration from juxtaposed regions
(16). The state of reactive microgliosis dissolves days to
weeks later, according to an inherently tightly regulated
schedule, which has been suggested to involve micro-
glial apoptosis (17).

When pathogenic microorganisms enter the CNS, an
acute edematous response ensues, as shown by local-
ized microglial and astrocyte activation. The infection
culminates in the formation of a mature abscess char-
acterized by extensive necrosis and surrounded by a
fibrous capsule (18). TLRs are germline-encoded re-
ceptors that recognize microbial pathogens (19, 20).
Immediately following Staphylococcus aureus infection in
the CNS, TLR2 is likely pivotal for microglial activation
and the production of numerous chemokines and
cytokines critical for the recruitment of peripheral
immune cells into the site of infection and their
subsequent activation (21). Recently, it was shown that
stimulation of microglia with lipopolysaccharide (LPS),
a TLR4 agonist, and other inflammogens activates
caspase-8 and caspase-3/7 in microglia, resulting in
caspase-dependent cell activation (22). These findings
are in agreement with the concept that TLRs are able to
induce microglial proinflammatory responses, although sub-
tle differences may account for the effects of different
TLR family members (19, 20).

In this study, we evaluated the effects of TLR2
stimulation with peptidoglycan (PGN) from S. aureus
and other TLR2 ligands on microglial cell survival. We
report that TLR2 stimulation induced, after prolonged
treatment, nonapoptotic cell death through the activa-
tion of autophagy. Our findings provide new insights
into the role of TLR2 in the induction of autophagy
and in determining the fate of activated microglial
cells.

MATERIALS AND METHODS

Reagents, cells, and animals

PGN from S. aureus, LPS, staurosporine, and 3-methyladenine
(3-MA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Antibodies against caspase-3, poly-(ADP-ribose) poly-
merase 1 (PARP1), LC3B, beclin-1, and �-actin were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
Monoclonal antibodies against murine tumor necrosis factor
� (TNF-�) and FasL were purchased from Becton Dickinson
(San Jose, CA, USA). The caspase inhibitor zVAD-FMK was
purchased from Calbiochem (Merck, Darmstadt, Germany).
The murine microglial cell line BV2 was a kind gift from Dr.
Dennis J. Selkoe (Harvard Medical School, Center for Neu-
rological Diseases, Bringham and Women’s Hospital, Boston,
MA, USA). The murine microglial cell line N9 was a kind gift
from Dr. P. Ricciardi-Castagnoli (Universita Degli Studi di
Milano-Bicocca, Milan, Italy). The cells were grown in DMEM
or IMDM supplemented with 10% heat-inactivated FCS, 2
mM glutamine, 100 U/ml penicillin, 100 �g/ml streptomy-
cin, and 50 �M 2-mercaptoethanol. Primary murine micro-
glial cells were isolated from 6- to 8-wk-old male C57BL/6J,
TLR2-knockout (KO), or tumor necrosis factor receptor 1
(TNFR1)-KO mice. Animal care was provided in accordance
with the procedures outlined in the U.S. National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory
Animals (Publication 86-23, 1985). The experimental pro-
tocols were approved by the Institutional Animal Care and
Use Committee of Centro de Investigaciones en Bio-
química Clínica e Inmunología (CIBICI), Consejo Nacio-
nal de Investigaciones Científicas y Técnicas (CONICET).
Our animal facility obtained NIH animal welfare assurance
(assurance no. A5802-01, Office of Laboratory Animal
Welfare, NIH, Bethesda, MD, USA).

Isolation and treatment of primary microglial cells from
adult mice

After perfusion with HBSS, brains from 6- to 8-wk-old male
C57BL/6J, TLR2-KO, or TNFR1-KO mice (15 mice/group)
were collected in HBSS, dispersed with scissors, resuspended
in HBSS containing 0.3% collagenase D (Roche, Indianapo-
lis, IN, USA) and 10 mM HEPES buffer (Invitrogen, Carlsbad,
CA, USA), and incubated 30 min at 37°C. Brain homogenates
were then filtered in 70-�m-pore cell strainers (Becton Dick-
inson), centrifuged (7 min, 1500 rpm), washed, and resus-
pended in 70% isotonic Percoll (GE Healthcare, Fairfield,
CT, USA). Cell suspension (3.5 ml) was transferred to 15-ml
polypropylene conical tubes with 5 ml of 25% isotonic
Percoll, which were sequentially layered on top with 3 ml
of PBS. After centrifugation (30 min, 800 g, 4°C), the
70%:25% Percoll interphase layers were collected, and the
cells were washed. Finally, the adherent cells, which con-
tained �90% of CD11b� cells, were cultured in DMEM
supplemented with 10% heat-inactivated FCS, 2 mM glu-
tamine, 100 U/ml penicillin, 100 �g/ml streptomycin, 100
�g/ml sodium pyruvate, and 10 mM HEPES buffer (Invitro-
gen). Microglial cells were washed with PBS and resuspended
in medium containing 1% heat-inactivated FCS, PGN, or
other stimuli and then cultured for the indicated times at
37°C. Morphological changes were observed in a contrast-
phase microscope.

Evaluation of cell death by flow cytometry

To analyze the frequency of hypodiploid cells after stimula-
tion, microglial cells were stained with propidium iodide as
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previously reported (17). Briefly, the cells were harvested
after stimulation with PGN and other molecules, fixed in 70%
ethanol on ice for 30 min, and then incubated with pro-
pidium iodide (50 �g/ml) and RNase (1 mg/ml) at room
temperature for 30 min. Stained cells were analyzed by flow
cytometry on a FACSCanto II cytometer (Becton Dickinson).

For annexin V (AnV) and 7-aminoactinomycin D (7-AAD)
dual staining, the cells were harvested, washed twice with PBS,
and incubated with phycoerythrin (PE)-conjugated AnV and
7-AAD following manufacturer instructions (PE Annexin V
Apoptosis Detection Kit I, Becton Dickinson). Stained cells
were analyzed by flow cytometry on a FACSCanto II cytometer
(Becton Dickinson).

Cytokine and nitric oxide assays

Supernatants from microglial cells stimulated with PGN and
other ligands for 24 h were assayed for TNF-� production by
ELISA according to the manufacturer’s instructions (Mouse
TNF ELISA Kit, BD Biosciences). Microglial cells were cul-
tured in the presence or the absence of 75 �M aminoguani-
dine (AG; Sigma) for 1 h and then the cells were stimulated
with PGN and other ligands. After 48 h, supernatants were
collected and nitric oxide production was measured as nitrite
using the Griess reagent (23).

Transmission electron microscopy (TEM)

Ultrastructural features of dead cells were studied by TEM
as described previously (24). Briefly, microglial cells were
harvested after 72 h of incubation with PGN, washed in
PBS, fixed with 1% of glutaraldehyde in 0.1 M cacodylate
buffer for 2 h, postfixed with osmium tetroxide at 1% in
the same buffer, dehydrated, and embedded in Araldite
(Huntsman Advanced Materials, Los Angeles, CA, USA).
Thin sections were cut with a diamond knife on a Jeol
JUM-7 ultramicrotome (Jeol Ltd., Akishima, Japan) and
examined with a Zeiss LEO 906E electron microscope
(Carl Zeiss, Oberkochen, Germany).

Western immunoblotting

After treatment with PGN at the indicated time points, BV2
cells were lysed with 150 �l ice-cold lysis buffer. The cell
lysates were centrifuged at 14,000 rpm at 4°C for 5 min.
Western blotting of caspase-3, PARP 1, LC3B, or beclin-1 was
performed according to the manufacturer’s instruction using
specific polyclonal antibodies (Cell Signaling Technology).
Briefly, proteins were electrophoresed on a 7 or 15% SDS-
PAGE gel under reducing conditions and transferred onto
Immun-Blot PVDF Membrane (Bio-Rad, Hercules, CA, USA).
The membranes were blocked with 5% nonfat milk and 0.1%
Tween-20 in TBS overnight at 4°C and then were incubated
with primary antibodies for 3 h at room temperature. After
incubation with a horseradish-peroxidase-conjugated second-
ary antibody (Cell Signaling Technology, Beverly, MA, USA),
the protein bands were detected with a Super Signal Chemi-
luminescent Substrate (Pierce, Rockford, IL, USA) and Bio-
max-MR film (Eastman Kodak, Rochester, NY, USA).

Labeling of autophagic vacuoles with monodansylcadaverine
(MDC)

Following stimulation with PGN, microglial cells were fixed
with 2% paraformaldehyde for 5 min, washed with PBS, and
then incubated with 0.05 mM MDC in PBS at 37°C for 20 min
(25). After incubation, cells were washed 4 times with PBS

and immediately MDC-labeled vesicles were observed by
fluorescence microscopy using an inverted microscope
(Nikon, Tokyo, Japan).

Surgical procedures

After 1 wk of acclimation to the housing facility, 6- to 8-wk-old
male C57BL/6J mice were anesthetized with a combination of
ketamine and xylazine. The mouse scalp was shaved and
scrubbed with hydrogen peroxide. Animals were placed in a
stereotactic frame (Thomas, Philadelphia, PA, USA). A mid-
line incision was made, the skin was retracted, and one small
borehole was drilled into the skull. The infusion cannula (30
gauge; 20 mm) was stereotaxically lowered into the caudate
putamen (CPU) using the following coordinates: anterior,
�0.8 mm; lateral, �1.5 mm; ventral, �3.2 mm, according to
the atlas of Franklin and Paxinos (26). The infusion cannulae
were connected via polyethylene tubing (PE 10; Becton
Dickinson) to 10-�l microsyringes (Hamilton, Reno, NV,
USA) mounted on a microinfusion pump (Harvard Appara-
tus, Holliston, MA, USA). Each mouse was injected with 0.25
�l/side at a flow rate of 0.63 �l/min. This volume was
selected according to the size and structure of these nuclei.
Immediately after the microinjection, the cannulae were
retracted, the holes were covered with wax, and the skin was
sutured with surgical thread. For ex vivo analysis of microglial
cell death, the brains were rapidly removed and placed on ice
in an acrylic brain matrix (Stoelting Co., Wood Dale, IL,
USA). Coronal brain slices of 2.0 mm containing the CPU
from one hemisphere were dissected. The brain tissues were
homogenized with scissors on ice, and whole brain cells were
costained with anti-CD45 (PE) and anti-CD11b [allophycocya-
nin (APC)] antibodies, AnV-FITC or AnV-PE, and 7-AAD.
The frequency of AnV/7AAD� microglial cells was deter-
mined by flow cytometry gating on CD45 CD11b� cells.

Fluorescence confocal microscopy

Microglial cells grown on chamber slides were treated in the
presence or absence of PGN. The cells were fixed in 4%
paraformaldehyde for 10 min at room temperature and
washed with PBS. The slides were then incubated with 5%
normal goat serum (Sigma) in PBS, 0.05% Tween-20 (PBS-T-
NGS) for 1 h to reduce nonspecific binding of antibodies to
the cell surface and for cell permeabilization. An anti-LC3B
(Cell Signaling Technology), anti- lysosomal-associated mem-
brane protein 1 (LAMP-1), or anti-CD45 was applied to the
slides, which were further incubated for 1 h at room temper-
ature. After 3 rinses with PBS, the slides were incubated with
Alexa Fluor 488 or Alexa Fluor 546 secondary antibodies
(Invitrogen) for 60 min. The slides were analyzed under a
laser scanning confocal fluorescence microscope (Olympus
FV300; Olympus, Tokyo, Japan). For tissue fluorescence
confocal microscopy, at different time points after surgery
mice were anesthetized, perfused with 4% paraformaldehyde,
and killed, and the whole brains were obtained. After treat-
ment with sucrose, 10-�m sections were stained with anti-
CD45 (Biolegend, San Diego, CA, USA), anti-LC3B (Cell
Signaling Technology), or anti-LAMP-1 (Abcam, Cambridge,
UK) antibodies. Alexa Fluor 488 or Alexa Fluor 546 second-
ary antibodies (Invitrogen) were used. The slides were ana-
lyzed under a laser scanning confocal fluorescence micro-
scope (Olympus FV300). Quantification of microglial cell
numbers in brain slides was performed using ImageJ software
(NIH).
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Statistical analysis

All experiments were performed �3 times, and the results
presented are from representative experiments. The signifi-
cance of the difference between test and control groups was
analyzed using a 2-tailed Student’s t test or Bonferroni’s test.
In all the experiments, P � 0.05 was considered to be
statistically significant.

RESULTS

PGN induces microglial cell death

We have previously demonstrated that PGN, a cell wall
component of gram-positive bacteria, activates micro-
glial cells through TLR2 (27). Since it has been re-
ported that TLRs may induce cell activation, caspase
activation, and later apoptosis of microglial cells (22,
28), we studied the effects of PGN on mouse microglial
cell survival. After 72 h of PGN treatment, we observed

a decreased number of viable BV2 microglial cells (Fig. 1A),
which correlates with an increased frequency of hypo-
diploid cells (Fig. 1B). Then, we characterized PGN-
induced microglial cell death by a kinetic evaluation of
AnV vs. 7-AAD staining using flow cytometry. PGN
increased the frequency of AnV�/7-AAD� cells (late
apoptotic/necrotic cells) after 48 h of treatment (Fig.
1C). However, we did not detect the presence of
AnV�/7-AAD� cells (early apoptotic cells) at any time
point (Fig. 1C). As control, treatment of microglial cells
with staurosporine, a classical apoptosis inductor, in-
creased the frequency of early apoptotic cells (Supple-
mental Fig. S1A). We also stimulated N9 mouse micro-
glial cell line (Supplemental Fig. S1B) and primary
microglial cells (Fig. 2A) with PGN and observed in-
creased frequency of dead cells.

Since PGN is able to enhance the early production of
proinflammatory molecules by microglial cells, such as
TNF-� and nitric oxide, which in turn may induce
activation-induced apoptosis of microglial cells (29–
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31), we evaluated their contribution to PGN-induced
cell death. After 24 h culture in the presence of PGN,
both BV2 and primary microglial cells secreted in-
creased levels of TNF-� (Fig. 2B). However, a neutral-
izing monoclonal antibody against TNF-� did not re-
duce PGN-induced microglial cell death (Fig. 2C).
These results were confirmed by using primary micro-
glial cells isolated from both wild-type and TNFR1-
deficient mice (Fig. 2A), suggesting that TNF-� is not
involved in the PGN-induced microglia death. Similar
results were obtained when microglial cells were stim-
ulated with PGN in the presence of a neutralizing
monoclonal antibody specific for Fas ligand (Supple-
mental Fig. S1A). Overall, these data suggest that
microglial death induced by PGN is not mediated by
TNF-� or by Fas ligand.

In another set of experiments, we observed that PGN
induced increased expression of inducible nitric oxide
synthase (iNOS) mRNA and protein in microglial cells
(Supplemental Fig. S2A, B, respectively). The increase

in iNOS expression correlated with a significant boost
in nitric oxide production by microglial cells treated
with PGN and also by the synthetic TLR2 ligand
Pam3CSK4, effects that were blocked by the iNOS
specific inhibitor AG (Supplemental Fig. S2C). These
results led us to hypothesize that nitric oxide induced
by PGN may be responsible of the death of microglia
cells. However, data shown in Supplemental Fig. S2D
may indicate that nitric oxide induced by PGN or
Pam3CSK4 is not responsible of microglial cell death,
as similar percentages of AnV�/7-AAD� cells could be
detected in the presence or the absence of AG. More-
over, polymixin B, which binds and inactivates LPS, did
not inhibit PGN-induced death and nitric oxide pro-
duction by microglial cells, although it efficiently
blocked LPS-induced cell death and nitric oxide pro-
duction in these cells (Supplemental Fig. S2E), suggest-
ing that the activity of PGN is independent of possible
minimal contamination with endotoxin.

Caspase-3 is a key mediator of apoptosis being re-
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sponsible for the proteolytic cleavage of many key
proteins such as the nuclear enzyme PARP (32). We
studied the levels of caspase-3 in BV2 microglial cells
after treatment with PGN. Microglial cells expressed
full-length caspase-3 (35 kDa), and after 24 h treatment
with LPS, the levels of cleaved caspase-3 (17–19 kDa)
were increased (Fig. 3A). The pan-caspase inhibitor
zVAD was able to block that cleavage. In contrast to
LPS, PGN only induced minimal levels of cleaved
caspase-3 and the PGN-induced cell death was not
blocked by zVAD (Fig. 3). All together, these results
indicate that even though PGN is able to induce high
levels of TNF-� and nitric oxide by microglia, these
molecules may not participate in the cell death process.
Moreover, our data also point out that PGN induces
microglia cell death through a nonapoptotic mecha-
nism.

Autophagy is required for PGN-induced microglial
cell death

Nonapoptotic forms of cell elimination include necro-
sis and autophagic cell death (8). We next evaluated
the morphological and ultrastructural features of the
dying microglia. The dead BV2 microglial cells caused
by PGN treatment appeared to be round and detached
(Fig. 1A), and they had a plasma membrane permeable
to vital dyes (Fig. 1C); these features differed from
apoptosis, in which nuclei are condensed and mem-
brane integrity is preserved. TEM of dead cells induced
by PGN revealed disruption of outer cell membrane
and numerous large cytoplasmic inclusions that were

membrane-bound vacuoles characteristic of autophagy
(Supplemental Fig. S3A, arrows). Higher magnification
showed autophagic vacuoles containing a double mem-
brane (Supplemental Fig. S3A, arrowhead). Moreover,
we used MDC to stain autophagic vesicles in microglial
cells. Treatment with PGN increased the frequency of
microglial cells containing MDC-labeled vesicles (Sup-
plemental Fig. S3B, arrows). The autophagy marker
LC3 was originally identified as a subunit of microtu-
bule-associated proteins 1A and 1B (termed MAP1LC3;
ref. 33). Soluble LC3 (Atg8) is called LC3B I, and the
detection of the lipidated, autophagosome-specific
form, LC3B II, is widely used to monitor autophagy
(34). Induction of autophagy in BV2 and primary
mouse microglial cells was monitored with morphomet-
ric analysis after the formation of LC3B-labeled au-
tophagosomes (�1 �m; ref. 35). Culture of both BV2
(Fig. 4) and primary (see Fig. 7) microglial cells with
PGN resulted in a significant increase in the number of
LC3B� puncta per cell (Figs. 4C, G and 7A, B, respec-
tively). Interestingly, the PGN-induced formation of
LC3 puncta was blocked by the addition of LY294002, a
specific pan-phosphatidylinositol 3-kinase (PI3K) inhib-
itor (Figs. 4D, G and 7A, B, respectively). Since PGN
activates TLR2 in microglial cells, we evaluated the
capacity of synthetic TLR2 ligand Pam3CSK4 (TLR2/6
agonist) to mimic the effects of PGN. Pam3CSK4
induced a significant increase in the number of LC3B�

puncta per cell, and here again, this effect was blocked
by the addition of LY294002 (Fig. 4E–G).

The PGN-induced autophagy was confirmed by an

Medium  PGN  

PI 

B  
zVAD  

C
ou

nt
s

 

34,1% 47.0% 7.9% 4.0% 

Medium  PGN  

** 
** 

zVAD  

%
 H

yp
od

ip
lo

id
 c

el
ls

 Medium 
PGN 

DMSO  

DMSO 

caspase 3 

cleaved caspase 3 

35 KDa 

19 KDa 

zVAD  

β-actin 

A DMSO  

Figure 3. Caspase activation is not required for PGN-induced microglial cell death. A) BV2 cells incubated in the presence of
zVAD (20 �M; a pan-caspase inhibitor) or DMSO for 1 h at 37°C were cultured in the presence or absence of PGN (20 �g/ml)
or LPS (1 �g/ml) for 24 h at 37°C. Cells were lysed, and caspase-3 was examined by Western immunoblotting. Results represent
�3 independent experiments. B) BV2 cells cultured in the presence of zVAD or DMSO for 1 h at 37°C were stimulated with PGN
for 48 h. Cells were fixed with ethanol and stained with PI, and the percentages of hypodiploid cells were evaluated by flow
cytometry. Histograms of PI (red fluorescence) are shown; numbers indicate the frequency of hypodiploid cells. Bar graphs
represent means � sd of 3 separate experiments. **P � 0.01 vs. unstimulated cells.

304 Vol. 27 January 2013 ARROYO ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org


assay that measures conversion of LC3B I (nonlipidated
form with lower electrophoretic mobility) to LC3B II
(LC3 form C-terminally lipidated by phosphatidyletha-
nolamine, displaying higher electrophoretic mobility)
with immunoblots (34). As expected, induction of
microglial autophagy by PGN increased the intensity of
the LC3B II relative to the intensity of LC3B I band
(Fig. 5A). When 3-MA, a specific inhibitor of early
stages of autophagy, was added to PGN-stimulated
microglial cell cultures, the intensity of the LC3B I
band increased (Fig. 5A, compare lanes 3 and 2),
indicative of a reduced LC3B I to LC3B II conversion,
consistent with the inhibition of autophagy induction.
In addition, PGN up-regulated beclin-1 protein, a mol-
ecule involved in the induction of autophagy (Fig. 5A),
and this effect was not affected by the addition of 3-MA,
indicating that PGN is able to modify beclin-1 expres-
sion independently of the autophagy response.

PARP1, an enzyme involved in DNA base-excision
repair, is cleaved and inactivated by caspase-3 (36).
Necrosis is characterized by an overactivation of PARP1
and its subsequent cleavage into a major fragment of 55
kDa (37). We observed that untreated microglial cells
expressed low levels of a 55-kDa fragment, which were
increased after the treatment with PGN (Fig. 5B).
Interestingly, in the presence of 3-MA, both untreated
and PGN-treated microglial cells contained the full-
length PARP 1 (116 kDa) and a cleaved 89-kDa frag-
ment, suggesting caspase activation (Fig. 5B). More-
over, the levels of the full-length caspase-3 in microglial
cells decreased in the presence of 3-MA (Fig. 5B). As
expected, the caspase-mediated cleavage of PARP 1 and
the decrease in the levels of full-length caspase-3 were
inhibited by the caspase inhibitor zVAD (Fig. 5B). The
PGN-induced microglial cell death was blocked by

either 3-MA or LY294002, indicating that the induction
of autophagy is required for the killing of microglial
cells by PGN (Fig. 5C). In another set of experiments,
we found that both Pam2CSK4 (TLR1/2 agonist) and
Pam3CSK4 increased microglial cell death with a ne-
crotic staining pattern (Fig. 6). The presence of 3-MA
or LY294002 prevented the induction of microglial cell
death by both Pam2CSK4 and Pam3CSK4 (Fig. 6).
Muramyl dipeptide (MDP) is the minimally bioactive
PGN motif common to all bacteria and has been shown
to be recognized by NOD2, but not TLR2, nor TLR2/1
or TLR2/6 associations (38). Stimulation of microglial
BV2 cells with MDP failed to induce cell death (Fig. 6
and Supplemental Fig. S2D). To confirm the involve-
ment of TLR2 in the killing effects of PGN, we studied
autophagy response and cell death of primary micro-
glial cells obtained from TLR2-KO mice. As we ex-
pected, PGN failed to increase the number of LC3B�

puncta per cell (Fig. 7A, C) in TLR2-KO microglial cells
but induced LC3B� autophagic vesicles in wild-type
microglial cells (Fig. 7A, C). In addition, PGN failed to
induce cell death of TLR2-KO microglial cells, but as
previously shown, it is able to induced cell death of
wild-type microglial cells (Fig. 7D). Overall, these re-
sults suggest that activation of TLR2 by PGN induces
autophagy and autophagy-dependent microglial cell
death.

Microglial/macrophage cell depletion and increased
autophagy are induced by PGN in vivo

To evaluate whether in vivo TLR2 stimulation is able to
induce microglial cell death and autophagy, we in-
jected PGN into the mouse brain parenchyma (CPU).
At different time points, brains and CPU were analyzed
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for the presence of microglia in serial sections through
the needle track, and 1–2 mm ventral to the end of the
needle mark. The injection sites were defined as the last
section containing a visible needle track and the next
section without the needle artifact. Staining brain sec-
tions with CD45 allowed us to distinguish microglia and
macrophage cells from astrocytes, oligodendrocytes,
and neurons. In CNS leukocyte preparations, CD45 is
used to separate the CD45hi hematogenous population
from CD45lo resident microglia by flow cytometry.
Since CD45 expression could change on monocytes
and CNS-born microglial cells after proinflammatory
stimulation, making difficult to distinguish between
these two cell types (39), we decided to use anti-CD45
or anti-CD45 plus anti-CD11b antibodies to detect
microglia/macrophages in CPU. PGN injection re-
sulted in a significant increase in the number of LC3B�

cells containing punctate structures in the brain paren-
chyma (Fig. 8A, B, E). Moreover, the LC3 expression
colocalized with the late endosomal or lysosomal
marker LAMP-1 (Fig. 8A, B, E), indicating the fusion of

autophagosomes with lysosomes. Furthermore, we con-
firmed that CD45� microglia/macrophages showed
increased LC3B puncta after PGN injection (Fig. 8C–
E). In addition, coinjection of PGN and LY294002 was
unable to cause the increase of LC3B punctate paren-
chymal microglia (data not shown). We additionally
evaluated microglial/macrophage cell death by flow
cytometry and microglia/macrophage numbers in the
parenchyma of brain sections. We found that PGN
injection into the CPU induced increased frequency of
CD11b�/CD45� microglial/macrophage cell death at
48 h postinjection, reaching a peak level of cell death at
72 h (Fig. 9A). Moreover, as we found in the in vitro
studies, the staining profile corresponded to a nonapo-
ptotic type of cell death (AnV�/7-AAD� cells; Fig. 9A).
In addition, we observed by flow cytometry a decrease
in the frequency of CD45lo microglial cells after PGN
injection (data not shown). These results correlated
with the observation that the number of CD45� micro-
glia/macrophages close to the vicinity (next 3 sections
without the needle artifact) of the site of injection
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(CPU), decreased after the injection of PGN (Fig. 9B).
Taken together, both in vitro and in vivo experiments
demonstrate that PGN is able to induce microglial
cell death by mechanisms involving autophagy. Thus,
PGN might act as a regulator of microglial cell
survival through the induction of autophagic cell
death in pathological conditions where PGN, or
other TLR2 ligands, are present in the CNS.

DISCUSSION

Control of microglial cell activation and the number of
activated microglial cells is crucial for the regulation of the
inflammatory responses and the host defense in the CNS.

In this study, both in vitro and in vivo experiments
demonstrate that activation of microglial cells with
bacterial PGN and other TLR2 ligands results initially
in microglial cell activation and later in the induction
of microglial cell death by mechanisms involving au-
tophagy. Thus, PGN might act as a regulator of micro-
glial cell survival through the induction of autophagic
cell death in pathological conditions where PGN, or
other TLR2 ligands, are present in the CNS. To our
knowledge, this is the first demonstration that activa-
tion of TLR2, an important pattern recognition recep-
tor involved in host defense and neurodegeneration,
induces autophagic cell death in microglial cells.

Microglia rapidly respond to endogenous (e.g., dam-
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aged cells, cytokines, and tumors), as well as exogenous
(infectious agents and endotoxin), stimuli and actively
participate in immune responses, inflammation, and
tissue repair in the CNS (40, 41). During these pro-
cesses, microglia express markers also showed on dif-
ferentiated macrophages and display effector functions
including secretion of proinflammatory and neurotoxic
mediators (42). Activated microglial cells also accumu-
late at sites of inflammation in CNS, including multiple
sclerosis (43), AIDS encephalitis (44), prion disease,
and Alzheimer’s disease (45). Apoptosis has been sug-
gested as an important mode of microglial population
control, which is mediated through a nonclassic path-

way that does not culminate in condensed fragmented
DNA (46). Wirenfeldt et al. (47) demonstrated that
apoptosis does play a role in the control of microglial
population in brain regions, displaying a dense antero-
grade axonal and terminal degeneration in both resi-
dent and immigrating microglia. In our present study,
we show that stimulation of TLR2 in microglial cells
first triggers cell activation and later cell death. Since
PGN-stimulated microglial cells were double-positive
for AnV and 7-AAD, we conclude that PGN induced a
nonapoptotic form of microglial cell death.

Cell death is an integral part of the life of an
organism. However, if cell death is allowed to proceed,
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Figure 7. PGN-induced autophagy and microglial cell death require TLR2. A) Primary microglia from wild-type (WT) mice were
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microscope. B, C) Bar graphs represent means � sd of the number of LC3� vesicles per cell of 3 separate experiments.
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Figure 8. PGN induces microglial cell autophagy in vivo. PBS (A, C) or PGN (B, D) was stereotaxically injected into the mouse
CPU. After 24 h, 10-�m brain sections were stained with anti-LAMP-1 (green; A, B) or anti-CD45 (green; C, D) plus anti-LC3B
(red) antibodies. Alexa Fluor 488 or Alexa Fluor 546 secondary antibodies were used. Slides were analyzed under a laser
scanning confocal fluorescence microscope. Arrows indicate the presence of LC3B� punctated cells. Arrowheads indicate
colocalization of LC3B� vesicles with LAMP-1. Bar graphs (E) represent means � sd of number of LC3� vesicles per CD45� cell
of 3 separate experiments. Number of LC3/Lamp-1 double-positive cells was obtained from 10 fields/slide, analyzing the next
3 sections without the needle artifact of 3 separate experiments. ***P � 0.001 vs. unstimulated cells.
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unrestricted tissue damage and degenerative disease
may ensue. Until recently, 3 morphologically distinct
types of cell death were recognized, including apoptosis
(type I), autophagy (type II), and necrosis (type III).
Necrosis was formerly considered to be an accidental,
unregulated form of cell death resulting from excessive
stress, although this may be an oversimplistic view, as
necrosis may, under certain circumstances, involve the
mobilization of specific signal transduction mecha-
nisms. As a counterpart of uncontrolled necrosis, the
term “programmed necrosis” (further named necrop-
tosis) defines the forms of programmed cell death with
necrotic morphology (48). The first described pathway
leading to necroptosis is initiated by ligation of TNFR1
(48) in which, depending on the cell status, TNF-�
administration results in caspase-dependent or caspase-
independent programmed cell death (49). Therefore,
we examined whether TNF-� was involved in PGN-
induced microglial death. Although stimulation of mi-
croglial cells with TLR2 agonists increased the produc-

tion of TNF-�, it also increased cell death in microglial
cells in the presence of a monoclonal antibody specific
for TNF-� and in microglial cells from TNFR1 KO
mice. These results rule out the participation of TNF-�
in the induction of microglial cell death.

It has been reported that activation of rat cortical
astrocytes with LPS increases caspase-dependent apo-
ptotic cell death via a nitric oxide-mediated mechanism
(50). In contrast, hemin-induced cell death, although
similarly dependent on increased NO production, oc-
curs via caspase-independent necroptosis (51). Our
studies showed that activation of TLR2 in microglial
cells enhanced the expression of iNOS, which resulted
in elevated nictric oxide production. However, inhibi-
tion of nitric oxide production with AG failed to reduce
TLR2-induced microglial cell death.

Our TEM studies revealed that PGN was able induce
disruption of outer cell membrane and numerous large
cytoplasmic inclusions that were membrane-bound vac-
uoles characteristic of autophagy. Thus, it is plausible
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that TLR2 stimulation in microglial cells may trigger
autophagic cell death. Consistent with this, when mi-
croglial cells were activated with PGN and synthetic
TLR2 ligands, the levels of LC3B II were increased,
caspase-3 activation remained low, and two autophagy
inhibitors, 3-MA and LY294002, were able to block
microglial cell death. These results indicate that when
microglial cells are activated with minor caspase activa-
tion, cell death may result from the autophagic path-
way. Our findings are also consistent with previous
findings that the pan-caspase inhibitor zVAD induces
beclin-1-dependent autophagic cell death (11).

Stimulation of TLR4 with LPS activates to microglial
cells with increased p53 expression, culminating in cell
stress and apoptosis (52). However, activation of TLR4
in primary microglial cells with sublethal doses of LPS
also sustained cell viability, without any measurable
increase in apoptotic or necrotic cell death, therefore
overcoming the induction of apoptosis in vitro (53).
More recently, a novel aspect of TLR4 in microglial
cells emerged demonstrating that activation of
caspase-8 and caspase-3/7 was needed for activating the
cells without cell death (22). This is in agreement with
the findings that caspase-8 may suppress autophagic
cell death (11). Thus, engagement of TLR4 may result
in different outcomes depending on the amount of
ligand available in the cell microenvironment and the
activation of different set of regulatory caspases. Our
studies demonstrated that engagement of another TLR
family member, TLR2, fails to activate caspases but
induces autophagic cell death. Therefore, the diversity
of cell fate after TLRs stimulation becomes more com-
plex if we consider different members of TLR family.

Microglial activation in the midbrain participates in
neuroinflammatory and neurodegenerative responses
in patients of Parkinson’s disease (54) and in animal
models of neurodegeneration induced by striatal injec-
tion of LPS (54). We demonstrated that intracerebral
injection of TLR2 ligands increased both autophagy
and death of microglial/macrophage cells and as a
consequence the cell numbers were reduced into the
brain parenchyma. These data are consistent with find-
ings in S. aureus-induced brain abscess in which TLR2
on microglia reduced microglial cell population in the
brain parenchyma (55). Moreover, granulocyte and
macrophage recruitment was regulated by TLR2, as
shown by hyperinflammation in TLR2-deficient ani-
mals (55). Thus, TLR2 may be exploited by the bacteria
to evade innate host immune responses that may limit
their colonization.

Our data revealed that stimulation of TLR2 in micro-
glial cells initially activates the cells followed by the
induction of autophagic cell death. Therefore, TLR2
has the potential to control microglial cell population,
and this capacity might be exploited by pathogens to
evade innate host immune responses. This novel role of
TLR2 may also be utilized for the design of therapeutics
to reduce the number of microglial cells that may
exacerbate the pathogenic processes of neurodegen-
erative diseases.
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