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Bacterial toxins such as pneumolysin are key mediators of cytotoxicity in infections. Pneumolysin is a
pore-forming toxin released by Streptococcus pneumoniae, the major cause of bacterial meningitis. We found
that pneumolysin is the pneumococcal factor that accounts for the cell death pathways induced by live bacteria
in primary neurons. The pore-forming activity of pneumolysin is essential for the induction of mitochondrial
damage and apoptosis. Pneumolysin colocalized with mitochondrial membranes, altered the mitochondrial
membrane potential, and caused the release of apoptosis-inducing factor and cell death. Pneumolysin induced
neuronal apoptosis without activating caspase-1, -3, or -8. Wild-type pneumococci also induced apoptosis
without activation of caspase-3, whereas pneumolysin-negative pneumococci activated caspase-3 through the
release of bacterial hydrogen peroxide. Pneumolysin caused upregulation of X-chromosome-linked inhibitor of
apoptosis protein and inhibited staurosporine-induced caspase activation, suggesting the presence of actively
suppressive mechanisms on caspases. In conclusion, our results indicate additional functions of pneumolysin
as a mitochondrial toxin and as a determinant of caspase-independent apoptosis. Considering this, blocking
of pneumolysin may be a promising cytoprotective strategy in pneumococcal meningitis and other infections.

Bacterial toxins are key mediators of cytotoxicity to the host
in invasive infections. Streptococcus pneumoniae is one of the
most common and most aggressive causes of pneumonia and
sepsis, and it represents one of the most frequent and most
disastrous pathogens in bacterial meningitis. A major exotoxin
of Streptococcus pneumoniae is pneumolysin (24). Pneumolysin
is a multifunctional bacterial cytoplasmic protein of 53 kDa
with a wide range of cytotoxic and proinflammatory properties,
and it is an important determinant of pneumococcal virulence
(28).

Proinflammatory effects of pneumolysin include comple-
ment activation, enhanced activation of neutrophils (10), and
increased production of proinflammatory mediators such as
tumor necrosis factor alpha, interleukin-1�, and nitric oxide (5,
28). Pneumolysin activates the innate immune system through
Toll-like receptor 4 (TLR4) (34). Upon intrathecal applica-
tion, it triggers an acute inflammatory response equivalent to
the effects of live bacteria (15). However, pneumolysin is not
required in order to induce an immune response to pneumo-
cocci (2, 15, 39).

Pneumolysin shares cytotoxic properties with a large family
of highly homologous thiol-activated cytolysins (25). Other
members of this group are streptolysin (Streptococcus pyo-
genes), perfringolysin (Clostridium perfringens), and listeriolysin
(Listeria monocytogenes). Pneumolysin binds to the cholesterol
of eucaryotic cell membranes and induces pore formation (3,
16). In the respiratory tract, destruction of tissue barriers leads

to enhanced pulmonary inflammation and injury (31) as well as
to septic dissemination of S. pneumoniae (1, 30).

In pneumococcal meningitis, pneumolysin causes the death
of cochlear cells and subsequent hearing loss (12, 40). Inde-
pendently of the inflammatory response, pneumolysin also me-
diates neuronal loss in the dentate gyrus, where it is colocalized
with neurons undergoing apoptosis (4). The specific events
involved in the direct toxicity of pneumolysin toward neurons
are not known. Live pneumococci cause neuronal cell death by
inducing rapid increases in the levels of intracellular reactive
oxygen species (ROS) and calcium (Ca2�), followed by early
mitochondrial damage and release of the mitochondrial apop-
tosis-inducing factor (AIF) (7). In the present study, we hy-
pothesized a role for pneumolysin as a mediator of these
effects of live bacteria.

MATERIALS AND METHODS

Materials. Standard chemicals, acridine orange, ethidium bromide, stauro-
sporine, dimethyl sulfoxide, and components of the lactate dehydrogenase assay
and of the bacterial growth medium were obtained from Sigma (Deisenhofen,
Germany). Cell culture medium and supplements were from Gibco, United
Kingdom. Fluo-4, tetramethyl rhodamine ethyl ester (TMRE), and 123-rhoda-
mine were purchased from Molecular Probes, Eugene, OR. Components of the
caspase activity assays and N-benzyloxycarbonyl-Val-Ala-Asp fluoromethyl-
ketone (z-VAD-fmk) were from Calbiochem, San Diego, CA. Pneumolysin was
purified as previously described (5). Hemolytic activity was verified qualitatively
by dropping eluted pneumolysin fractions onto sheep blood agar plates. We also
used the Trp-4333Phe (W433F) pneumolysin point mutant, which has substan-
tially (1,000-fold) decreased pore-forming activity (24).

Neuronal cell culture. Primary rat cortical neurons were obtained from fetal
rats on embryonic day 18. Cultures were prepared as described previously (21).
Plates were coated with poly-L-lysine and collagen. Briefly, the cortex or hip-
pocampus was dissected, incubated in trypsin-EDTA (Biochrom, Berlin, Ger-
many), dissociated with a Pasteur pipette, and plated in starter medium (serum-
free neurobasal medium supplemented with B27, 0.5 mM glutamine, 100 U/ml
penicillin/streptomycin, and 25 �M glutamate), and cells were counted and
plated in 48- or 96-well plates at a density of 150,000/cm2. The status of cultures
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was assessed by light microscopy, immunohistochemistry, and a trypan blue
exclusion test as described previously (21). On day 8, neurons were exposed to
pneumolysin at various concentrations (20 to 500 ng/ml), depending on the
experiment and the readout.

Bacterial cell culture. D39 capsular type 2 Streptococcus pneumoniae (Rocke-
feller University, New York, NY) and its isogenic pneumolysin-deficient �plnA
(1) and �plnA �spxB (4) mutants were grown in casein-plus-yeast (C�Y) me-
dium to an optical density at 620 nm of 0.4 to 0.6, pelleted, and resuspended in
sterile phosphate-buffered saline (PBS). The bacterial inoculum was prepared by
adjusting the bacterial concentration to various CFU per milliliter using a pho-
tometer. Bacteria were plated onto blood agar plates to confirm quantity and
viability.

Cytotoxicity assays and differentiation between apoptosis and necrosis. Intra-
cellular reduction of the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl
tetrazolium bromide (MTT) to a purple formazan was used to determine neu-
ronal cell viability (26). Following exposure of neurons to pneumolysin, the MTT
labeling agent was added (final concentration, 0.5 mg/ml) and the absorbance of
the formazan product was measured at 550 nm. DNA laddering was performed
according to the protocol described previously (21). The in situ cell death
TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling) detection kit (Boehringer, Mannheim, Germany) was used as described
by the manufacturer. Ethidium bromide and acridine orange (Sigma) are fluo-
rescent intercalating DNA dyes. Acridine orange stains all nuclei green, whereas
ethidium bromide stains nuclei red but is excluded by cells with an intact cell
membrane. Double staining with ethidium bromide and acridine orange (both
used at a concentration of 2 �g/ml) allows differentiation of live, apoptotic, and
necrotic cells on the basis of nuclear size and color (7).

Fluorometric analysis of caspase activities. Following incubation with pneu-
molysin for different times, neurons were scraped, centrifuged at 2,000 rpm, and
lysed in 50 mM HEPES–1 mM dithiothreitol–0.1 mM EDTA–0.1% 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) (pH 7.4) for 5
min on ice. Lysates were centrifuged at 15,000 rpm, and supernatants (20 �l)
were added to 80 �l of reaction buffer (100 mM NaCl, 50 mM HEPES, 10 mM
dithiothreitol, 1 mM EDTA, 10% glycerol, 0.1% CHAPS [pH 7.4]) containing 75
�M of a specific fluorogenic caspase substrate (Calbiochem, San Diego, CA).
After incubation at 37°C for 60 min, fluorescence was measured by a microplate
reader (CytoFluor II; PerSeptive Biosystems, Framingham, MA). Standard
AMC (7-amino-4-methyl coumarin) and AFC (7-amino-4-trifluoromethyl cou-
marin) solutions were used for calculating caspase activity.

Immunocytochemistry. Primary rat neurons were incubated with pneumolysin,
fixed (with 4% paraformaldehyde), and permeabilized (with 0.1% Triton X-100).
These neurons were processed for immunocytochemistry, with an anti-AIF an-
tibody (Santa Cruz, Santa Cruz, CA) diluted 1:500 in PBS–1% bovine serum
albumin, or for TUNEL staining (Boehringer). A fluorescent Cy3 antibody
(Jackson ImmunoResearch, West Grove, PA) was used to visualize the binding
sites of the primary antibody.

Assessment of mitochondrial membrane potential. TMRE (Molecular Probes)
was used to assess the integrity of the mitochondrial membrane potential as
described previously (18). Following incubation with pneumolysin, TMRE was
added (at 300 nM for 30 min) to neurons, and its mitochondrial uptake was
assessed by fluorescence microscopy and in the CytoFluor II multiwell fluores-
cence plate reader.

Calcium assay. Changes in intracellular calcium concentrations were moni-
tored with Fluo-4. Following exposure to pneumolysin, neurons were incubated
with Fluo-4 (at 10 �M for 30 min) and rinsed with PBS, and intracellular calcium
concentrations were determined by fluorescence. Fluorescence was determined
with a multiwell fluorescence plate reader (CytoFluor II).

Assay for ROS. Changes in intracellular ROS concentrations were monitored
with the ROS-specific dye dihydrorhodamine 123 (DHR 123) using a multiwell
fluorescence plate reader (Cytofluor II). DHR 123 fluoresces when oxidized to
rhodamine 123. Neurons were preincubated with 10 �M DHR 123 for 1 h,
followed by exposure to pneumolysin.

Western blotting. Primary rat neurons were incubated with pneumolysin (at
500 ng/ml for 6 h). Whole neurons were pelleted by centrifugation, and pellets
were lysed on ice in radioimmunoprecipitation assay buffer (50 mM Tris, 150 mM
NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate, and 1% sodium deoxy-
cholate) with 10 mg/ml protease inhibitor mixture (Boehringer, Mannheim,
Germany). Subcellular fractionation by differential centrifugation, homogeniza-
tion, and digitonin treatment was performed according to the protocol of Bron-
fman and coworkers (9). The protein extracts were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene
membrane. Blots were blocked and incubated with an anti-caspase-3 primary
antibody (1:1,000; New England Biolabs, Frankfurt, Germany) or an anti-AIF

antibody (1:300; Santa Cruz, Santa Cruz, CA) overnight at 4°C. Blots were
rinsed, incubated with a horseradish peroxidase-conjugated secondary antibody,
and developed using the ECL kit (both from Amersham, Little Chalfont, Buck-
inghamshire, England).

PFGE and internucleosomal DNA fragmentation. Large-scale DNA fragments
were detected by pulsed-field gel electrophoresis (PFGE), which was performed
as described elsewhere (33). Briefly, cell pellets were embedded in agarose, and
agarose plugs were incubated in digestion buffer (0.5 M EDTA, 1% laurylsar-
cosine, 1 mg/dl proteinase K) for 36 h at 50°C. Thereafter, agarose pellets were
washed in 0.5� Tris-boric acid-EDTA buffer, loaded onto a gel, and separated by
alternating-current electrophoresis in a Bio-Rad CHEF-DR II hexagonal cham-
ber (Bio-Rad Laboratories) (1% agarose; 0.5� Tris-boric acid-EDTA; 190 V;
24 h; pulse wave, 60 s; 120° angle). Molecular weight standards (� ladder PFG
marker and low-range PFG marker) were purchased from New England Biolabs.

To investigate internucleosomal DNA fragmentation, neurons were exposed
to pneumolysin or staurosporine, and agarose gel electrophoresis of DNA was
performed as described previously (23). DNA was isolated from neurons (106) by
using a genomic DNA isolation kit (Invitrogen Corp.) according to the manu-
facturer’s instructions.

Electron and immune electron microscopy. Primary rat neurons were exposed
to pneumolysin and its pore formation-deficient mutant for 3 and 6 h. Thereaf-
ter, neurons were rinsed twice with PBS and fixed overnight at 4°C with 3%
glutaraldehyde and 3% paraformaldehyde in ice-cold PBS. Neurons were post-
fixed in a solution of osmium tetroxide (0.7% in PBS) and 0.2 M sucrose.
Neurons were dehydrated; incubated twice in pure hydroxypropylmetacrylate
(HPMA; Fluka, Neu-Ulm, Germany), twice in a mixture of 50% HPMA and
50% Epon 812 with accelerators (Fluka), and twice in 100% Epon with accel-
erators; and finally embedded in Epon. Ultrathin sections were cut with a
Reichert Ultracut S ultramicrotome (Leica, Vienna, Austria) with a diamond
knife and were mounted on grids (Plano, Marburg, Germany) coated with Form-
var film (Fluka). These sections were stained with a Reichert UltraStainer
(Leica) using uranyl acetate and lead citrate and were examined in an EM900
electron microscope (Zeiss, Germany).

For immune electron microscopy, neurons were exposed to pneumolysin (at
200 ng/ml for 5 and 10 h) and fixed overnight at 4°C with 0.2% glutaraldehyde
and 3% paraformaldehyde in ice-cold PBS. Thereafter, cells were rinsed exten-
sively in PBS and immunocytochemistry was performed using a polyclonal anti-
body against pneumolysin diluted 1:200 in PBS–1% bovine serum albumin
(Novocastra, Newcastle upon Tyne, United Kingdom). A biotinylated secondary
antibody, the ABC system, and diaminobenzidine (Vector, Burlingame, CA)
were used to detect the binding sites of the primary antibody.

TLR4 real-time PCR. To quantify TLR4 receptor mRNA expression, total
RNA was isolated from �106 cells by applying standard methods using TRIzol
reagent (Life Technologies). DNA was removed by DNase incubation (Promega,
Mannheim, Germany), followed by phenol-chloroform extraction and ethanol
precipitation. RNA was quantified by determining optical density. Reverse tran-
scription of 2 �g extracted RNA was performed with random hexamer primers
(Roche Applied Science, Mannheim, Germany) and Moloney murine leukemia
virus reverse transcriptase (Promega) according to the manufacturer’s instruc-
tions. Real-time PCR was performed using FastStart DNA SYBR green I and a
LightCycler (Roche). PCR conditions were as follows: 10 min at 95°C, followed
by 45 cycles at 95°C for 15 s, 64°C for 10 s, and 72°C for 15 s (amplification
product data acquisition at 81°C). The mean cycle threshold value was used for
analysis. The TLR4 expression of each sample was normalized on the basis of its
�-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA con-
tent. The following sequence-specific primers were used: TLR4 forward, 5�-AG
CAGGTCGAATTGTATCGC-3�; TLR4 reverse, 5�-TGTGAGGTCGTTGAG
GTTAG-3�; beta-actin forward, 5�-ACCCACACTGTGCCCATCTA-3�; beta-
actin reverse, 5�-GCCACAGGATTCCATACCCA-3�; GAPDH forward, 5�-AG
ATTGTCAGCAATGCATCCTGC-3�; GAPDH reverse, 5�-CCTTCTTGATGT
CATCATACTTGG-3�.

TLR4 in situ hybridization. The digoxigenin (DIG)-labeled sense and anti-
sense RNA probes of rat TLR4 were prepared as follows. The 299-bp fragment
of the rat TLR4 cDNA was amplified using the primers mentioned above and
subcloned into the pGEM-T vector (Promega). The plasmid was linearized and
taken as a template for generation of DIG-labeled RNA probes using SP6 or T7
RNA polymerase according to the manufacturer’s protocol (Roche, United
States). These probes were used for in situ hybridization on primary rat neurons
or microglia according to the method of Breitschopf and coworkers (8). Primary
brain cells were grown on glass slides for 8 days, then fixed with paraformalde-
hyde, and finally pretreated with proteinase K. Hybridization was performed
overnight at 63°C in a moist chamber. After rinsing three times and blocking
(with 10% fetal calf serum in PBS), the binding sites were visualized using a
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fluorescein-conjugated anti-DIG antibody (1:1,000) (Boehringer, Mannheim,
Germany).

RESULTS

Pneumolysin causes apoptosis in primary neurons. The ki-
netics of pneumolysin-induced neurotoxicity were determined
and quantified by the acridine orange-ethidium bromide assay
(Fig. 1A), the MTT assay, and light microscopy (Fig. 1B).
Pneumolysin was a potent inducer of primary neuronal cell
death. Cellular and nuclear shrinkage and condensation were
detectable as early as 3 h after the start of incubation with
pneumolysin and increased time-dependently (Fig. 1A and B).
Further markers of apoptotic cell death were the loss of neu-
ronal processes and the induction of DNA double-strand
breaks as evidenced by the TUNEL reaction (Fig. 1B).

Pneumolysin increases intraneuronal calcium (Ca2�) and
ROS levels. Live pneumococci are known to induce rapid in-
creases in intracellular ROS and Ca2� levels. We therefore

assessed whether pneumolysin is also able to increase ROS and
Ca2� levels.

Intracellular Ca2� levels were determined by measuring Fluo-4
fluorescence. A marked increase in the cytosolic Ca2� level was
detected as early as 30 min after the addition of pneumolysin (Fig.
1C). The kinetics of intracellular Ca2� increase were dose depen-
dent. Peak fluorescence was reached at 1 h with 0.5 �g/ml Pln and
at 3 h with 0.1 �g/ml Pln, while the Ca2� level was still increasing
at 5 h with 0.02 �g/ml Pln (Fig. 1C).

Intracellular ROS were detected using DHR 123. Uncharged
nonfluorescent DHR 123 is oxidized intracellularly to the cationic
fluorescent rhodamine 123 derivative in the presence of ROS
(20). Neurons were preloaded with DHR 123, followed by incu-
bation with pneumolysin or H2O2 as a positive control. Both
H2O2 and pneumolysin increased the intensity of DHR 123
fluorescence (Fig. 1D). Therefore, increases in intracellular
ROS and Ca2� levels precede pneumolysin-induced neuronal
apoptosis.

FIG. 1. Pneumolysin induces increases in intraneuronal calcium and ROS levels and causes cell death. Primary rat cortical neurons were
either incubated with pneumolysin (500 ng/ml) or left untreated as a control (Ctrl). (A) Apoptosis and necrosis were differentiated and
quantified with the nuclear dyes acridine orange and ethidium bromide. (B) Evidence of apoptosis by light microscopy (LM) and TUNEL
of neurons treated with pneumolysin (Pln) (500 ng/ml). Bars, 30 �m. (C and D) Intraneuronal levels of Ca2� (C) and ROS (D) were
visualized by the fluorescence of the dyes Fluo-4 (10 �M) and DHR 123 (10 �M), respectively. Results shown (means � standard deviations)
are representative of three independent experiments performed in triplicate, �, P 	 0.05 for comparison with the control by Student’s t test;
n.s., no significant difference from the control.
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FIG. 2. Pneumolysin damages neuronal mitochondria. (A) Primary rat neurons were incubated with pneumolysin (Pln) (200 ng/ml). Mito-
chondrial membrane potential integrity was assessed by measuring the uptake of the TMRE dye (n 
 3) (means � standard deviations). �, P 	
0.05 for comparison with the control (Ctrl) by Student’s t test; n.s., no significant difference from the control. Bar, 20 �m. (B) Neurons were
incubated with Pln (500 ng/ml, 6 h), and ultrastructure was monitored by transmission electron microscopy. Control neurons showed intact
ultrastructure of the nucleus and mitochondria. Pln caused nuclear shrinkage, chromatin condensation, and massive swelling of cell organelles
(arrows). In contrast, in neurons exposed to the Pln mutant defective in pore formation (Pore�), nuclear shrinkage, chromatin condensation, and
mitochondrial swelling were markedly impaired. N, nucleus. Magnifications, �4,000 (top) and �12,000 (bottom). (C) Following incubation with
Pln (200 ng/ml, 5 h), immune electron cytochemistry was performed by applying a Pln-specific antibody. Binding sites of the antibody were
visualized with the diaminobenzidine reaction (arrows). Inset shows results at a late time after exposure to Pln (200 ng/ml, 10 h). The Pln mutant
defective in pore formation did not bind to mitochondrial membranes. Magnification, �24,000.
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Pneumolysin binds to neuronal mitochondria and damages
the mitochondrial membrane potential and ultrastructure.
Next, we asked whether pneumolysin is able to trigger mito-
chondrial damage, and we used the mitochondrion-selective
dye TMRE to investigate. The uptake of TMRE depends on
an intact mitochondrial membrane potential (22). Control neu-
rons all stained positive with TMRE in a pronounced perinu-
clear pattern (Fig. 2A). Following exposure to pneumolysin,
the mitochondrial TMRE level decreased rapidly (Fig. 2A). In
addition, we also observed a marked reduction in the mito-
chondrial metabolism of MTT (26) as early as 3 h after expo-
sure (data not shown). The loss of mitochondrial membrane
potential preceded all morphological signs of apoptosis, e.g.,
nuclear condensation and shrinkage.

To determine if the loss of mitochondrial membrane poten-
tial was associated with ultrastructural changes of mitochon-
dria, we performed electron microscopy at different time
points. Exposure of neurons to pneumolysin caused a massive
swelling of mitochondria (Fig. 2B). Pneumolysin is known to
bind to cholesterol in cell membranes. To test the hypothesis
that pneumolysin might also bind to mitochondrial mem-
branes, we used immune electron microscopy on primary
neurons after 5 and 10 h of incubation with pneumolysin.
Pneumolysin was detected on the membranes of swollen mi-
tochondria by using an anti-pneumolysin antibody (Fig. 2C).
Control neurons that were either left untreated (Fig. 2C) or
treated with staurosporine (data not shown) did not show
binding of the anti-pneumolysin antibody to the mitochondria.
In our previous studies, we have shown that the pore-forming
activity of pneumolysin is required for its proapoptotic func-
tion (4). A pneumolysin point mutant (W433F) with defective
(only 0.1%) cytolytic activity failed to induce apoptosis. There-
fore, we exposed neurons to W433F mutant pneumolysin and
studied its mitochondriotoxic properties. The deficiency in
pore formation abolished both mitochondrial swelling and nu-
clear shrinkage (Fig. 2B) as well as the binding of pneumolysin
to mitochondria (Fig. 2C). Thus, the lost proapoptotic poten-
tial of W433F mutant pneumolysin most probably is due to its
reduced mitochondrial toxicity.

Pneumolysin induces the release of mitochondrial AIF and
large-scale DNA fragmentation. Loss of mitochondrial integ-
rity is associated with the release of proapoptotic factors into
the cytosol, including AIF, which induces caspase-independent
apoptosis (37). Applying immunocytochemistry, we found a
decreased mitochondrial localization of AIF within 1.5 h fol-
lowing incubation of neurons with wild-type pneumolysin (Fig.
3A). Mutant pneumolysin defective in pore formation failed to
release AIF from mitochondria (Fig. 3A). During pneumoly-
sin-induced neuronal death, AIF decreases in mitochondria,
appears in the cytosol, and translocates to the nuclei, as shown
by immunoblotting of AIF in mitochondrial and cytosolic neu-
ronal cell fractions (Fig. 3B) and by immunocytochemical dou-
ble staining of AIF and nuclei (Fig. 3C).

AIF functions as an endonuclease, causing large-scale DNA
fragmentation with approximately 50-kb fragments. Both
large-scale DNA fragmentation and DNA laddering are mark-
ers of apoptosis. There are two pathways leading to apoptosis:
one involves caspases and causes oligonucleosomal DNA frag-
mentation (DNA laddering), while the other is caspase inde-
pendent, involves AIF, and leads to large-scale DNA fragmen-

tation (38). Since large-scale DNA fragmentation is a signature
event in AIF-mediated (caspase-independent) cell death, we
tested if pneumolysin-induced release of mitochondrial AIF
triggers large-scale DNA fragmentation. Primary rat neurons
were either left untreated or incubated with pneumolysin.
Staurosporine was used as a positive control. Both staurospor-
ine and pneumolysin induced massive apoptosis of neurons.
However, PFGE detected large-scale DNA fragmentation only
in neurons exposed to pneumolysin, not in neurons exposed to
staurosporine or in control neurons (Fig. 3D).

Pneumolysin fails to induce caspases. Using immunoblotting
and caspase activity assays, we evaluated whether pneumolysin
activates caspases. Incubation of primary neurons with stauro-
sporine (as a positive control) led to the activation of caspases
(Fig. 4A and C) (data not shown for caspases 2, 5, 6, and 9) and
caused typical nuclear condensation and fragmentation. In con-
trast, despite its potent death-inducing activity, pneumolysin
failed to activate caspases in primary neurons (Fig. 4A and C).
Furthermore, incubation of neurons with pneumolysin in the
presence of the broad-spectrum caspase inhibitor z-VAD-fmk did
not prevent cell death, whereas staurosporine-induced neuronal

FIG. 3. Pneumolysin (200 ng/ml) induces the release of mitochon-
drial AIF. (A) Immunocytochemistry of neurons using an anti-AIF
antibody. AIF was released from mitochondria following incubation of
neurons with pneumolysin (Pln) (200 ng/ml, 9 h) but not with equal
concentrations of its mutant deficient in pore formation (Pore�). Ctrl,
control. Bar, 10 �m. (B) Western blots of mitochondrial and cytosolic
fractions show release of AIF from mitochondria into the cytosol.
(C) AIF immunocytochemistry and Hoechst nuclear staining show
translocation of AIF to the nucleus. Bar, 10 �m. (D) PFGE of genomic
DNA prepared from neurons exposed to Pln (500 ng/ml, 12 h) de-
tected large-scale DNA fragmentation. STS, staurosporine; MW, mo-
lecular weight (in thousands).
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apoptosis was prevented by z-VAD-fmk (Fig. 4B). Western blot-
ting detected active caspase-3 in staurosporine- but not in pneu-
molysin-incubated neurons (Fig. 4C). Pneumolysin was actually
able to block staurosporine-induced caspase activation. Upon in-
cubation of neurons for 4 h with staurosporine and/or pneumo-
lysin, caspase-3 activities were as follows (by the caspase-3 activity
assay): 22.0 � 3.8 �M with staurosporine, 7.5 � 1.3 �M with

pneumolysin, 12.5 � 1.2 �M with staurosporine plus pneumoly-
sin, and 11 � 1 �M for the control.

As a possible mechanism of caspase inhibition by pneumo-
lysin, we found a time-dependent upregulation of the potent
caspase-inhibitor XIAP (X-chromosome-linked inhibitor of
apoptosis protein) in primary neurons exposed to pneumolysin
(Fig. 4D).

FIG. 4. Pneumolysin induces apoptosis in neurons without activation of caspases. Primary rat neurons were induced to undergo apoptosis
by incubation with pneumolysin or staurosporine. (A) Incubation of neurons with staurosporine (STS; 0.1 �M, 5 h) induced caspase (Casp.)
activation. Neuronal caspases were not activated following exposure to pneumolysin (Pln; 500 ng/ml, 6 h). Results of representative caspase
activity assays for caspase-1, -3, and -8 are shown. Similar results were obtained by measurement of other caspases (data not shown). Each
error bar indicates the standard deviation for one of three experiments performed in triplicate. Ctrl, control. (B) Apoptotic neurons
quantified by the acridine orange-ethidium bromide assay after exposure to STS (0.1 �M) or Pln (500 ng/ml) with or without z-VAD-fmk
(100 �M). �, P 	 0.05 for comparison with STS by Student’s t test; n.s., no significant difference from result for Pln alone. (C) Immuno-
blotting detected active caspase-3 in cells exposed to STS (0.1 �M, 5 h) but not in cells exposed to Pln (500 ng/ml, 6 h). (D) Western blotting
of XIAP was performed with untreated control neurons and with neurons exposed to Pln (200 ng/ml). Actin was used as a loading control.
(E) Regular agarose gel electrophoresis. Typical DNA laddering was detected for neurons exposed to STS (0.1 �M, 5 h) but not for those
exposed to Pln (500 ng/ml, 6 h).

4250 BRAUN ET AL. INFECT. IMMUN.



Oligonucleosomal DNA laddering (a typical feature of caspase-
mediated cell death) was observed only for primary neurons
exposed to staurosporine, not for neurons exposed to pneu-
molysin or for untreated neurons (Fig. 4E).

Pneumolysin-negative S. pneumoniae activates neuronal
caspase-3. Neuronal apoptosis induced by live S. pneu-
moniae is independent of caspase activation (7). We there-
fore tested the hypothesis that the absence of caspase acti-
vation in pneumococcus-induced neuronal apoptosis is due
to the presence of pneumolysin. Neurons were incubated

with either live wild-type bacteria (S. pneumoniae serotype
2), the isogenic pneumolysin-negative �plnA mutant, or the
�plnA �spxB double mutant deficient in pneumolysin and
H2O2 production. Caspase-3 activation was investigated at
several time points by using the caspase activity assay (Fig.
5A). Wild-type pneumococci did not induce caspase activa-
tion above the level of control neurons, although they po-
tently induced apoptotic morphology in light and electron
microscopy, e.g., shrinkage of cells and nuclei, blebbing of
nuclear membranes, and condensation and fragmentation of

FIG. 5. (A) The pneumolysin-deficient �plnA mutant but not wild-type S. pneumoniae D39 was able to induce caspase-3 activation.
Primary rat neurons were incubated with either D39, the �plnA mutant, or the �plnA �spxB double mutant at 107 CFU/ml, or with medium
alone, for the indicated time points, and caspase-3 levels were determined using the fluorogenic caspase activity assay. Each error bar
indicates the standard deviation for one of three experiments performed in triplicate. �, P 	 0.05 for comparison with the control (Ctrl) or
D39 by Student’s t test. (B) D39 (107 CFU/ml, 6 h) potently induced apoptotic morphology, e.g., shrinkage of cells and nuclei, blebbing of
nuclear membranes, condensation and fragmentation of nuclei (light microscopy bar, 30 �m; electron microscopy bar, 1 �m) but without
activation of caspase-3.
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nuclei (Fig. 5B). In contrast, the pneumolysin-negative mu-
tant consistently induced caspase activation at various time
points (Fig. 5A). This is not due to different kinetics of
caspase activation, since wild-type pneumococci also failed
to induce caspase activation at other time points, e.g., after
30, 60, or 90 min of incubation (data not shown). We hy-
pothesized that caspase activation by pneumolysin-deficient
pneumococci could be mediated by H2O2, another major
exotoxin of S. pneumoniae. Using the �plnA �spxB double
mutant, which is defective both in pneumolysin and in H2O2,
we did not observe caspase activation (Fig. 5A). These find-
ings indicate that in wild-type pneumococci, the caspase-inacti-
vating effects of pneumolysin counteract caspase activation by
H2O2, leading to the induction of caspase-independent apoptosis.

Pneumolysin-induced apoptosis in neurons does not require
TLR4. In the RAW 264.7 murine macrophage and HEK 293
human epithelial cell lines, pneumolysin-induced apoptosis is
in part TLR4 dependent (34). Quantitative real-time PCR
showed that primary neurons expressed virtually no TLR4
mRNA, whereas primary microglia (as a control) exhibited
high levels of TLR4 mRNA (Fig. 6B). In accordance with this
result, in situ hybridization revealed the presence of TLR4 in
microglia but not in neurons (Fig. 6A). These findings indicate
that apoptosis induction in primary rat neurons is not depen-
dent on TLR4 expression.

DISCUSSION

We demonstrate that pneumolysin, one of the major pneu-
mococcal exotoxins, induces the key cell death mechanisms of
live pneumococci, i.e., disturbed calcium homeostasis, accumu-
lation of ROS, mitochondrial damage, translocation of AIF
into the cytosol, and execution of caspase-independent pro-
grammed cell death. Mitochondrial membranes represent an
additional target within the cell. The ability of pneumolysin to
induce AIF-mediated apoptosis coincides with its pore-form-
ing activity. An interaction with TLR4 is not required in order
to induce cell death. Moreover, the presence of pneumolysin
inhibits the activation of caspase-3, possibly through upregu-
lation of XIAP.

Mitochondrial damage has been described as a key event in
neuronal cell death induced by live pneumococci (7). Pneumo-
cocci induce oxidative stress in neurons via their exotoxin
H2O2, leading to the release of Ca2� from intracellular stores
such as the endoplasmic reticulum and influx from the extra-
cellular space. The subsequent increase in cytoplasmic and
mitochondrial Ca2� levels is a key event in apoptosis models of
diverse origins (29). It leads to depolarization and swelling of
mitochondria, breakdown of the respiratory function, and the
formation of transition pores in the mitochondrial membranes
(14, 17). A vicious circle leads to further compromise of the

FIG. 6. Pneumolysin-induced apoptosis in primary rat neurons does not require TLR4. (A) In situ hybridization (ISH) of TLR4 on primary rat
neurons and primary rat microglia. Binding sites of rat TLR4 antisense RNA probes are visualized with a fluorescent antibody. Bar, 20 �m.
(B) Quantitative real-time PCR using �-actin (solid bars) or GAPDH (hatched bars) as an internal standard reveals the highest levels of TLR4
mRNA in microglia and the virtual absence of TLR4 mRNA in neurons. However, both cell types undergo apoptosis by pneumolysin with similar
kinetics (data not shown). AU, arbitrary units.
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energy metabolism, production of ROS, and an ongoing in-
crease in the Ca2� level. Furthermore, leakage of toxic pro-
teins such as cytochrome c and AIF from the mitochondria per
se is able to initiate apoptosis (32). While according to this
concept, mitochondrial compromise and apoptosis induction
by pneumococci are regarded as secondary effects of a dis-
turbed cytoplasmic homeostasis, our data support a novel role
for pneumolysin as a direct inducer of mitochondrial dysfunc-
tion. The presence of the W433F mutation, which substantially
(1,000-fold) decreases pore-forming activity, abolished the
proapoptotic activities of pneumolysin and resulted in a pre-
served ultrastructure of the mitochondria and failure to release
AIF. These findings suggest that damage of membrane integ-
rity through pore formation is the basis of pneumolysin’s mi-
tochondrial toxicity. In our experiments, pneumolysin translo-
cates to the mitochondria. Interestingly, the pore-forming
toxin PorB of Neisseria gonorrhoeae has also been shown to
transfer to mitochondria and induce apoptosis in Jurkat T cells
(27). The exact mechanisms of mitochondrial targeting of PorB
and pneumolysin are unknown.

Programmed cell death in pneumococcal disease features
both classical caspase-dependent and caspase-independent
types of apoptosis. In experimental pneumococcal meningitis
in vivo, about half of the neuronal loss is caused by the con-
tribution of bacterial factors, while the remaining half is the
consequence of the host immune response (4, 19). Moreover,
about half of the neuronal loss in vivo is prevented by broad-
spectrum caspase inhibition (6), while in the absence of inflam-
mation, neuronal apoptosis is caspase independent (7). Taking
into account our present results, it can be concluded that in
vivo, caspase activation is triggered by the host immune re-
sponse, whereas live bacteria and pneumolysin induce AIF-
dependent, caspase-independent apoptosis (4, 6, 7).

Addressing a possible impact of pneumolysin on host immu-
nity, the toxin has indeed been shown to activate TLR4 and
induce partially caspase driven apoptosis in nonneuronal cells
(34). However, given the absence of TLR4 in primary rat
neurons as well as the failure of pneumolysin to activate neu-
ronal caspases, a major direct contribution of TLR4 signaling
by pneumolysin to the induction of neuronal apoptosis is highly
unlikely.

In vitro, live pneumococci induce rapid apoptosis of primary
neurons. As a distinctive feature, activation of caspases does
not occur; rather, neuronal apoptosis is mediated by the re-
lease of AIF from the mitochondria into the cytoplasm (2, 7).
Large-scale DNA fragmentation has been reported as a typical
feature of AIF-mediated apoptosis (13, 37). Our present data
indicate that pneumolysin is the pneumococcal factor respon-
sible for caspase-independent cell death induction. Pneumoly-
sin has previously been shown to induce caspase-independent
apoptosis in dendritic cells (11) and primary brain microvas-
cular endothelial cells (2), and a proportion of caspase-inde-
pendent pneumolysin toxicity was also observed in murine
RAW 246.7 macrophages (ATCC) (34) and SH-SY5SY hu-
man neuroblastoma cells (36).

As an interesting principle of action, our findings suggest
that pneumolysin itself is the factor by which S. pneumoniae
influences the type of apoptosis in primary neurons. While the
presence of pneumolysin in wild-type D39 pneumococci was
associated with strictly caspase independent apoptosis, the

pneumolysin-deficient �plnA mutant induced a marked and
early activation of caspase-3. The shift to a caspase-indepen-
dent type of apoptosis could be linked to the ability of pneu-
molysin to target mitochondrial membranes and release AIF as
an inducer of caspase-independent apoptosis. However, the
inhibition of staurosporine-induced caspase-3 activation and
the upregulation of XIAP, a crucial endogenous regulator of
cell survival (35), suggest an actively suppressive mechanism
involving the inhibition of caspase activation.

In conclusion, pneumolysin is a major neurotoxin of S. pneu-
moniae. Characteristic features of apoptosis induced by live
pneumococci, especially the absence of caspase activation, are
mediated by pneumolysin. Targeting of mitochondria seems to
be a central feature of pneumolysin’s toxicity. Since the release
of bioactive pneumolysin is potentiated by antibiotic-induced
lysis of the bacterium, neutralizing this toxin is a potential
strategy to reduce cell damage in invasive pneumococcal in-
fections.
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