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Necrotic and apoptotic neuronal cell death can be found in pneumococcal meningitis. We investigated the
role of Bcl-2 as an antiapoptotic gene product in pneumococcal meningitis using Bcl-2 knockout (Bcl-2�/�)
mice. By using a model of pneumococcal meningitis induced by intracerebral infection, Bcl-2-deficient mice and
control littermates were assessed by clinical score and a tight rope test at 0, 12, 24, 32, and 36 h after infection.
Then mice were sacrificed, the bacterial titers in blood, spleen, and cerebellar homogenates were determined,
and the brain and spleen were evaluated histologically. The Bcl-2-deficient mice developed more severe clinical
illness, and there were significant differences in the clinical score at 24, 32, and 36 h and in the tight rope test
at 12 and 32 h. The bacterial titers in the blood were greater in Bcl-2-deficient mice than in the controls (7.46
� 1.93 log CFU/ml versus 5.16 � 0.96 log CFU/ml [mean � standard deviation]; P < 0.01). Neuronal damage
was most prominent in the hippocampal formation, but there were no significant differences between groups.
In situ tailing revealed only a few apoptotic neurons in the brain. In the spleen, however, there were signifi-
cantly more apoptotic leukocytes in Bcl-2-deficient mice than in controls (5,148 � 3,406 leukocytes/mm2 versus
1,070 � 395 leukocytes/mm2; P < 0.005). Bcl-2 appears to counteract sepsis-induced apoptosis of splenic
lymphocytes, thereby enhancing clearance of bacteria from the blood.

Streptococcus pneumoniae is one of the most important
gram-positive bacterial species causing disease in humans, and
the diseases that it causes include pneumonia, otitis media, and
meningitis. In adults it is the most common cause of meningitis
(7, 39). In spite of the continuing development of new antibi-
otics, the mortality rate for S. pneumoniae meningitis remains
high (7). The overall mortality rate for bacterial meningitis has
not changed over the last few decades in developed countries
(7, 46, 39). Survivors of meningitis often suffer from severe
neurological sequelae (3, 11). The pathological substrate for
these long-term problems is neocortical and hippocampal neu-
ronal damage, as observed at autopsy, by hippocampal mag-
netic resonance imaging volumetry, and in animal models (8,
10, 25, 33, 47, 44). Neuronal apoptosis and necrosis are caused
by direct toxicity of bacterial compounds and the inflammatory
reaction of the host (6, 21, 38, 40, 43, 47). They are mediated
by free radicals, excitatory amino acids, and caspases (4, 5, 22,
25, 26, 34, 43).

The Bcl-2 protein family consists of pro- and antiapoptotic
members that can homo- and heterodimerize with each other
(23, 27, 35). An excess of proapoptotic dimers leads to cell

death, whereas an excess of antiapoptotic molecules prevents
cell death (23, 27). Bcl-2 itself is antiapoptotic. Bcl-2 knockout
mice have a shortened life span and develop gray hair, poly-
cystic kidneys, and premature lymphocyte apoptosis after ini-
tially normal lymphocyte development (19, 29, 31, 42). Also,
apoptosis of neurons appears to depend on Bcl-2 family mem-
ber concentrations. The absence of Bcl-2 results in degenera-
tion of sympathetic, sensory, and motoneurons in the early
postnatal period (29). Furthermore, increased susceptibility of
aged rabbits to hippocampal apoptosis after aluminum treat-
ment has been correlated with a short-lived early Bcl-2-re-
sponse and a late intense Bax response, as opposed to the small
Bax response and a maintained intense Bcl-2 response in
young animals to this stimulus protecting against apoptosis
(37). Moreover, Bcl-2 overexpression enhances survival of hip-
pocampal neurons after oxidative stress, glutamate exposure,
and hypoglycemia in rats (24). Neurological scores and infarct
volume are increased in Bcl-2-deficient mice after 1 h of oc-
clusion of the middle cerebral artery (13). Hypoxia of rat neo-
cortical neuronal cultures leads to Bcl-2 expression and apo-
ptosis that is aggravated when Bcl-2 is antagonized (1).

Therefore, we investigated the effect of an absence of Bcl-2
on the inflammatory changes, clinical course, and neuronal
damage in experimental murine pneumococcal meningitis by
using Bcl-2 knockout mice.

(This work was presented in part at the 40th Interscience
Conference on Antimicrobial Agents and Chemotherapy, To-
ronto, Canada, 2000.)
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MATERIALS AND METHODS

Bacteria. A strain of S. pneumoniae serotype 3 (isolated from a patient with
meningitis; a gift from M. G. Täuber, Department of Clinical Microbiology,
University of Bern, Bern, Switzerland) was used. Bacteria were grown in tryptic
soy broth for 18 h, harvested by centrifugation, washed and resuspended in 0.9%
NaCl, divided into aliquots, and stored frozen at �70°C. Frozen aliquots were
used for the experiments, and the concentration was adjusted to the required
concentration, 104 CFU/25 �l of inoculum. The inoculum size was confirmed by
plating 10-fold dilutions on blood agar.

Mice. Eleven Bcl-2-deficient mice and 13 control littermates with a C57BL/6
background (10 heterozygous and 3 homozygous) that were 40 days old and were
kindly provided by B. Holtmann (Department of Neurology, University of Würz-
burg) were bred as described previously (29). Phenotypically, the Bcl-2-deficient
mice had a slightly prolonged life span and exhibited less severe polycystic
kidneys than other Bcl-2-deficient mice described previously (31, 42). The Bcl-
2-deficient mice weighted 13.5 � 3.5 g, and the controls weighed 20.0 � 1.9 g (P
� 0.0002). For analysis of Bcl-2 expression in spleens of infected or uninfected
mice, 10 6-week-old C57BL/6 mice (Charles River Laboratories, Sulzfeld, Ger-
many) were used. The mice were kept in the Animal Care Facility of the
University Hospital of Göttingen at 25°C (room temperature), and water and
food were provided ad libitum. The experiments were approved by the Animal
Care Committee of the Medical Faculty of the University of Göttingen and by
the District Government of Braunschweig, Lower Saxony.

Experimental meningitis. Mice were anesthetized with 100 mg of ketamin per
kg and 10 mg of xylazine per kg. Then eight Bcl-2-deficient mice and nine control
mice (three Bcl-2�/� mice and six Bcl-2�/� mice) were infected by injection of
104 CFU in 25 �l of 0.9% saline into the right forebrain with a 27-gauge needle
at a depth of 2 mm from the surface of the skull; this depth ensured that the bevel
of the needle was partially placed in the subarachnoid space, which allowed a
significant part of the inoculum to spread into the subarachnoid space (10).
Twenty-five microliters of 0.9% saline was injected into uninfected controls
(three Bcl-2�/� mice and four Bcl-2�/� mice) in the same way. After recovery
from anesthesia the mice were clinically normal without apparent deficits. The
mice were monitored by using clinical scores, a tight rope test, and weight before
infection and 12, 24, 32, and 36 h after infection. The clinical scores were
determined as follows: 0, healthy; 1, slightly lethargic; 2, moderately lethargic but
able to walk; 3, severely lethargic and unable to walk; 4, dead (10, 44). At 36 h
after infection the mice were sacrificed by decapitation, and blood was collected.
Then the brain and spleen were removed from each mouse. Bacterial counts
were determined for blood, spleen, and cerebellar homogenates. A part of the
spleen and the brain were fixed in 4% paraformaldehyde and embedded in
paraffin for hematoxylin-eosin staining and in situ tailing (47). For analysis of
Bcl-2 expression in the spleens of wild-type mice, C57BL/6 mice were infected
with 104 CFU in 25 �l of 0.9% saline (n � 5), or 25 �l of saline was injected (n
� 5). After 36 h the mice were killed by cervical dislocation and perfused after
cardiac puncture with 10 ml of a 0.9% saline solution. Then the spleen was
removed from each mouse and homogenized in 10 �l of phosphate-buffered
saline per �g (wet weight). Homogenates were immediately snap frozen in liquid
nitrogen.

Tight rope test. An adapted string test, originally described by Miquel and
Blasco (30), was used to evaluate motor performance. Mice were taken by the tail
and placed with their front paws in the middle of a 60-cm-long tight rope about
60 cm above the floor. A box with a padded floor was placed beneath the rope
to prevent falling mice from being injured. Healthy mice placed on the rope tried
to reach one end of the rope, usually by using their hind paws and tail for
climbing. The time until the end of the rope was reached was determined. Based
on whether the animal reached the end and the time required, a tight rope test
performance score was given. Mice that reached one end in less than 7 s were
given a score of 1. An additional point was added for every additional 6 s that was
needed. Mice that hung on the rope for 60 s but did not reach one end were given
a score of 11. Mice that fell before that time were given a point in addition to the
11 points for every 6 s before 60 s that they fell. Mice that fell after less than 6 s
received the highest score, 20. Therefore, a low score indicated good perfor-
mance in the tight rope test (44).

Histology. One-micrometer coronary sections of the brain were stained with
hematoxylin and eosin and examined by light microscopy. Brain sections were
scored semiquantitatively for inflammation and neuronal damage. Neuronal
damage was assessed in four regions: hippocampus, dentate gyrus, basal ganglia,
and neocortex. The percentage of damaged neurons was estimated and was
expressed as a score, as follows: 0, no damaged cells; 1, �10% of the neuronal
cells damaged; 2, 11 to 30% of the neuronal cells damaged; and 3, �30% of the
neuronal cells damaged. Meningeal inflammation was assessed as follows. By

using a 40-fold magnification field three meningeal, the two temporobasal, and
the interhemispheral regions and the third ventricle were examined to determine
the number of leukocytes. A score was given based on the number of leukocytes
present, as follows: 0, no leukocytes; 1, 1 to 10 leukocytes; 2, 11 to 50 leukocytes;
3, more than 50 leukocytes. All regional scores were added. Thus, the maximum
score possible was 21 (10).

In situ tailing. To assess apoptotic cell death, in situ tailing was performed
with brain and spleen sections as described previously (47). Deparaffinized and
hydrated 5-�m sections of the spleen and 1-�m coronal sections of the brain
were treated with 50 �g of proteinase K (Sigma, Deisenhofen, Germany) per ml
for 15 min at 37°C in a reaction mixture containing 10 �l of 5� tailing buffer, 1
�l of digoxigenin DNA labeling mixture, 2 �l of cobalt chloride, 12.5 U of
terminal transferase, and the amount of distilled water necessary to bring the
volume to 50 �l. After washing, a solution of alkaline phosphatase-labeled
anti-digoxigenin antibody in 10% fetal calf serum (1:250) was placed on the
sections for 60 min at 37°C. The color reaction was developed with 4-nitroblue
tetrazolium chloride–5-bromo-4-chloro-3-indolylphosphate (BCIP). The sec-
tions were counterstained with nuclear fast red-aluminum hydroxide (all re-
agents were obtained from Boehringer, Mannheim, Germany) (47).

Quantification of lymphocyte apoptosis in the spleen. The area of three
follicles per section was measured for sections stained with hematoxylin and
eosin by using a microscope (Olympus BX51; Olympus, Hamburg, Germany)
equipped with a digital camera (SIS Color View) attached to a computer with
software for image analysis (analySIS [Special �SIS Docu]; Soft Imaging System;
www.soft-imaging.net), and the numbers of apoptotic leukocytes per square
millimeter in the consecutive sections stained by in situ tailing were determined
for the follicles used. The number of apototic cells per square millimeter was
calculated.

Quantification of meningeal PML apoptosis. For brain sections stained by in
situ tailing the numbers of apoptotic polymorphonuclear leukocytes (PML) were
determined by assessing 300 PML per animal by using a microscope equipped
with an ocular grid.

All investigators involved in the scoring and assessment of histological sections
were blinded with respect to allocation of the samples.

Immunohistochemistry. The following antibodies were used for immunohis-
tochemical analysis of the spleen: monoclonal mouse anti-human Bcl-2 (clone
124; dilution, 1:25; DAKO, Glostrup, Denmark), monoclonal mouse anti-human
CD8 (clone C8/144B; dilution, 1:100; DakoCytomation, Glostrup, Denmark),
and rat anti-human CD3 (clone CD3-12; dilution, 1:200; Serotec, Düsseldorf,
Germany). Deparaffinized and hydrated 1-�m sections (for double staining with
CD3 and CD8 after in situ tailing) were pretreated by microwaving them five
times for 3 min in 10 mM citric acid buffer (pH 6.0). Positive and negative control
sections were included for each individual antibody. Staining after the primary
antibodies were omitted revealed no immunoreactivity. The following secondary
antibodies were used: for Bcl-2 staining and double staining of in situ tailed
sections with CD8, a biotinylated sheep anti-mouse immunoglobulin antibody
(RPN1001; Amersham Biosciences, Freiburg, Germany); and for double staining
of in situ tailed sections with CD3, a biotinylated goat anti-rat immunoglobulin
(RPN1005; Amersham Biosciences). The color reaction was developed by using
a peroxidase-conjugated avidin-biotin complex (Vectastain ABC kit; Vector,
Peterborough, United Kingdom) with diaminobenzidine (Roche, Basle, Switzer-
land) as a chromogen (brown) for Bcl-2 and new fuchsin (red) for CD8 and CD3.
Slices were counterstained with hemalaun.

Bcl-2 Western blotting. For protein extraction murine spleen tissue was ho-
mogenized, mixed with an equal volume of reducing sample buffer, and boiled
for 5 min. After quantitation of total protein by the bicinchoninic acid assay
(Pierce, Rockford, Ill.) 50 �g of each specimen was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to a nitrocellulose
membrane. The blot was blocked and then incubated with anti-Bcl-2 mouse
monoclonal immunoglobulin G1 (sc-7382; Santa Cruz Biotechnology, Heidel-
berg, Germany) and peroxidase-conjugated goat anti-mouse immunoglobulin G
(Jackson Immunoresearch Laboratories, West Grove, Pa.). The reaction was
developed with the ECL enhanced chemiluminescence Western blotting detec-
tion reagents, and the emitted light was detected and quantified by using a
chemiluminescence camera (Fluor S MAX Multiimager; Bio-Rad Laboratories,
Hemel Hempstead, United Kingdom).

Statistics. Data were expressed as means � standard deviations if they were
normally distributed. Groups were compared by using a t test for independent
samples. When there was not a normal distribution, the median and the 25th and
75th percentiles were used, unless indicated otherwise. Then groups were com-
pared by using the Mann-Whitney U test. A P value of 	0.05 was considered
significant.
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RESULTS

At the beginning of the experiment all mice were healthy.
Bcl-2-deficient mice and controls into which saline was injected
intracerebrally did not develop signs of clinical disease within
36 h. Also, the performance in the tight rope test was not
altered, and the results for the two groups were not signifi-
cantly different. At zero time the median score in the tight rope
test for the Bcl-2�/� mice was 3 and the minimum and maxi-
mum scores were 2 and 4, respectively, whereas for the Bcl-
2�/� mice the median score was 2 and the minimum and
maximum scores were 2 and 3, respectively (P � 0.4). At 36 h
the median score for the Bcl-2�/� mice was 2 and the mini-
mum and maximum scores were 2 and 4, respectively, whereas
for the Bcl-2�/� mice the median score was 2 and the mini-
mum and maximum scores were 2 and 2, respectively (P � 0.4).
These mice did not show any neuronal damage other than that
at the site of injection. The spleens of these mice contained few
apoptotic lymphocytes, but the number of these cells was sig-
nificantly greater in Bcl-2-deficient mice than in the controls.
The spleens of the Bcl-2�/� mice contained 118 � 42 apoptotic
cells/mm2, whereas the spleens of the control littermates con-
tained 36 � 23 apoptotic cells/mm2 (P � 0.02) (Fig. 1A and 2E
and F).

Bcl-2-deficient mice infected intracerebrally with pneumo-
cocci developed lethargy and other clinical signs of meningitis
earlier than control mice developed such signs (Table 1). This
was also reflected by the worse performance of the Bcl-2�/�

mice in the tight rope test (Table 1). The bacterial titers in the
blood were significantly higher in Bcl-2-deficient mice at 36 h than
in the control littermates; the values for the Bcl-2�/� and control
mice were 7.46 � 1.93 and 5.16 � 0.96 log CFU/ml, respectively
(P � 0.0074) (Fig. 3). The bacterial titers in cerebellar and splenic
homogenates were not significantly different; the values for the
cerebellum for the Bcl-2�/� mice and the control littermates were
7.98 � 2.25 and 7.95 � 1.19 log CFU/ml, respectively (P � 0.97),
and the values for the spleen were 5.30 � 1.41 and 4.80 � 1.06 log
CFU/ml, respectively (P � 0.43). Severe secondary neuronal
damage (other than the damage at the site of injection, where
moderate direct injury occurred) was found predominantly in the
hippocampal formation in hematoxylin-and eosin-stained brain
sections (Fig. 2B and C). There were no significant differences
when Bcl-2-deficient mice were compared with the control litter-
mates for each individual region of the brain examined (data not
shown). Also, the difference in the overall damage scores did not
reach statistical significance; the overall neuronal damage scores
(sums of scores for the four regions examined) for the Bcl-2�/�

mice and the control littermates were 6.5 (25th and 75th percen-
tiles, respectively, 5.0 and 8.0) and 5.0 (25th and 75th percentiles,
respectively, 4.3 and 6.5), respectively (P � 0.20). In situ tailing
revealed that the neuronal damage was mainly necrotic. Only a
few animals had one or two apoptotic neurons per section as
determined by in situ tailing (Fig. 2D).

Both groups developed histologically confirmed meningitis
with high inflammation scores; the scores for the Bcl-2�/� mice
and the control littermates were 16.2 (25th and 75th percen-
tiles, respectively, 12.2 and 17.5) and 17 (25th and 75th per-
centiles, respectively, 16.0 and 17.0), respectively (P � 0.67)
(Fig. 2A and 4A). Sections stained by in situ tailing showed
that high proportions of the PML at the site of infection and in

meningeal infiltrates were apoptotic. There were no significant
differences between the groups, however; for the meningeal
infiltrate the values for the Bcl-2�/� mice and the control
littermates were 78 � 37 and 69 � 36 apoptotic cells/300 PML,
respectively (P � 0.64) (Fig. 4B), and for the intraparenchymal
infiltrate the values were 98 � 24 and 81 � 35 apoptotic
cells/300 PML, respectively (P � 0.39) (Fig. 4C).

In the spleen 36 h after infection marked apoptosis of fol-
licular lymphocytes was observed by in situ tailing. The number
of apoptotic lymphocytes was higher in Bcl-2-deficient mice;
the values for Bcl-2�/� mice and the control littermates were
5,148 � 3,406 and 1,070 � 395 apoptotic lymphocytes/mm2,
respectively (P � 0.0018) (Fig. 1B and 2G and H). Most apo-
ptotic lymphocytes were located in the white pulp of the
spleen. Double staining with CD3 and CD8 showed that cells
were positive for in situ tailing in regions with T lymphocytes
and cytotoxic T lymphocytes and also outside T-cell regions
(Fig. 2I, K, and L). However, it was difficult to morphologically
identify double-stained lymphocytes in these areas since the
cytoplasm of apoptotic lymphocytes was shrunken, which im-
peded staining for lymphocyte markers (Fig. 2K and L).

In wild-type mice we observed expression of Bcl-2 in the

FIG. 1. Numbers of apoptotic lymphocytes in spleen follicles in
Bcl-2-deficient mice (open bars) and controls (wild type [WT]) (solid
bars). (A) Results 36 h after intracerebral injection of 25 �l of saline
(n � 3 and n � 4 for the Bcl-2-deficient mice and controls, respec-
tively). (B) Results 36 h after intracerebral injection of 104 CFU of S.
pneumoniae in 25 �l (n � 8 and n � 9 for the Bcl-2-deficient mice and
controls, respectively). Note the difference in the scales of the ordinate
axes. The bars indicate means, and the error bars indicate standard
deviations. A number sign indicates that the P value is 0.02, and a plus
sign indicates that the P value is 	0.005 (as determined by a t test).
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spleen by Western blotting. However, expression of Bcl-2 did
not increase in mice infected intracerebrally with pneumococci
compared to mice into which saline was injected (Fig. 5).
Bcl-2-positive cells were found in spleen follicles by immuno-
cytochemistry (Fig. 2M).

DISCUSSION

Bcl-2 knockout mice initially show normal lymphocyte de-
velopment, but there is premature lymphocyte death (19, 29,
31, 42). In immunocompetent individuals lymphocyte death

FIG. 2. Histology and immunohistochemistry of the brain and spleen in experimental S. pneumoniae meningitis in Bcl-2-deficient mice and
controls. (A) In situ tailing of the brain showing meningeal inflammation in a Bcl-2-deficient mouse with apoptotic PML (arrow). Bar, 20 �m. (B
and C) Hematoxylin and eosin staining showing necrotic neuronal damage (arrow) in the CA3 region of the hippocampus of a Bcl-2-deficient
mouse (B) and in the dentate gyrus of a Bcl-2-deficient mouse (C). (D) In situ tailing of the brain showing an apoptotic neuron (arrow) in the
dentate gyrus of a Bcl-2-deficient mouse. (E and F) In situ tailing of the spleen showing few apoptotic lymphocytes (arrow) in a heterozygous
control mouse (E) and in a Bcl-2-deficient mouse (F) into which saline was injected. (G and H) In situ tailing of the spleens of a wild-type mouse
(G) with few apoptotic lymphocytes (arrow) and a Bcl-2-deficient mouse (H) showing a markedly increased number of apoptotic lymphocytes
(arrow) 36 h after intracerebral infection with S. pneumoniae. Bars in panels B to H, 50 �m. (I) Double staining of spleen slices with in situ tailing
(black) and CD3 (red) showing apoptotic lymphocytes (arrow) mainly in the white pulp (wp) within and outside T-cell regions. Note the arteriole
(ar) in the center of the T-cell region located in the periarteriolar lymphatic sheath. The red pulp (rp) is visible at the edge and does not contain
as many apoptotic cells. Bar, 50 �m. (K) Higher magnification showing that there are no cells that show clear double staining with in situ tailing
(black) and CD3 (red) due to the shrunken cytoplasm of apoptotic cells. (L) Double staining with in situ tailing (black) and CD8 (red) showing
apoptotic lymphocytes within a cytotoxic T-cell cluster and also outside this area. (M) Bcl-2 staining (arrow) in splenic lymphocytes. Bars in panels
K to M, 20 �m.
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can be accelerated by stimuli, such as sepsis (14, 18). In our
study Bcl-2-deficient mice developed clinically more-severe
pneumococcal meningitis despite similar cerebellar bacterial
titers, meningeal inflammation scores, and neuronal damage in
the hippocampal formation, yet the bacterial titers in the blood
were higher. This coincided with markedly enhanced lympho-
cyte apoptosis in the spleens of Bcl-2-deficient mice, which
exceeded by far that in control mice (the means were 5,148 and
1,070 lymphocytes/mm2, respectively). Bcl-2-deficient mice
which received saline contained few apoptotic lymphocytes, yet
the lymphocyte apoptosis was higher in uninfected Bcl-2-defi-
cient mice than in the healthy wild-type littermates (the means
were 118 and 36 lymphocytes/mm2, respectively) (Fig. 1A and
2E and F). Lymphocyte apoptosis in the spleen appeared to
affect all types of lymphocytes and, probably, also dendritic
cells, although we were not able to show double staining for
various lymphocyte markers with conventional immunohisto-
chemistry, since cells that had undergone apoptotic cell death
had lost the rim of cytoplasm.

Bcl-2�/� mice were less able to clear bacteria from the
blood, which led to more severe sepsis. Also, in patients dying
from sepsis and multiorgan dysfunction there is marked lym-
phocyte apoptosis in the spleen affecting B cells and CD4-
positive T cells (14, 18). Hotchkiss et al. concluded that this
acquired immunodeficiency may be partially responsible for
the high mortality rate for sepsis. Accordingly, it was suggested

FIG. 3. Bacterial titers in blood, cerebellar, and spleen homoge-
nates of Bcl-2-deficient mice (open bars) (n � 8) and controls (solid
bars) (n � 9) 36 h after intracerebral infection with 104 CFU of S.
pneumoniae in 25 �l. The bars indicate means, and the error bars
indicate standard deviations. A number sign indicates that the P value
is 	0.01 (as determined by a t test).

FIG. 4. Meningeal inflammation in experimental S. pneumoniae
meningitis 36 h after infection. Mice were infected intracerebrally with
104 CFU of S. pneumoniae in 25 �l of saline. E and open bars,
Bcl-2-deficient mice (n � 8); ■ and solid bars, controls (wild type
[WT]) (n � 9). (A) Meningeal inflammation score (median and 25th
and 75th percentiles). (B) Apoptotic PML in the meningeal infiltrate.
(C) Apoptotic PML in cerebral infiltrate. The bars indicate means, and
the error bars indicate standard deviations. No statistically significant
differences were observed.

TABLE 1. Clinical scores and tight rope test results during the
course of meningitis in Bcl-2-deficient mice and wild-type littermates

Time
(h)a

Clinical score Tight rope test

Median
(25th percentile,
75th percentile)

Pb
Mean

(25th percentile,
75th percentile)

Pb

Bcl-2�/� mice
(n � 8)

Controls
(n � 9)

Bcl-2�/� mice
(n � 8)

Controls
(n � 9)

0 0 (0, 0) 0 (0, 0) NS 2.5 (2, 6) 2 (1, 3) NS
12 0 (0, 0.5) 0 (0, 0) NS 9.5 (3.5, 11) 3 (2, 3) 0.046
24 0 (0, 1.5) 0 (0, 0) 0.046 11 (4.5, 13) 3 (2, 6) 0.059
32 2 (1.5, 2.5) 1 (0, 1) 0.0025 17 (12.5, 20) 11 (11, 11) 0.046
36 3 (2.5, 3) 1 (1, 2) 0.0055 18 (16.5, 20) 14 (11, 17) NS

a Time after infection. The data for time zero are preinfection data.
b P value as determined by the Mann-Whitney U test. NS, not significant.
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that inhibition of lymphocyte apoptosis could be a new treat-
ment option to improve survival in sepsis (35). The role of
lymphocytes in sepsis is not completely clear. Certainly, B
lymphocytes proliferate in bacterial infections and produce
antibodies that may be important for opsonization of bacteria
to improve their phagocytosis. Apoptotic lymphocytes are
taken up by phagocytes themselves. When there is overwhelm-
ing death of lymphocytes, as occurs in Bcl-2-deficient mice
during sepsis, the dying lymphocytes may divert the capacity of
the phagocytic system, interfering with the phagocytosis of
bacteria (42). Furthermore, macrophages react in an anti-in-
flammatory manner when they ingest apoptotic lymphocytes,
impairing the host response to infection (18).

We demonstrated that there was increased pneumococcal
sepsis-induced lymphocyte apoptosis in the spleens of Bcl-2-
deficient mice by in situ tailing. In pigs, bacterial endotoxins
that cause septic shock and multiorgan failure induce apoptosis
in the liver and spleen that correlates with a decrease in the
Bcl-2 protein level (12). In our study, after intracerebral chal-
lenge with pneumococci wild-type mice did not show any
change in the Bcl-2 protein concentration in the spleen, as
estimated by Western blotting. Therefore, the presence of nor-
mal amounts of Bcl-2 may be sufficient to prevent the over-
whelming lymphocyte apoptosis in gram-positive infections
seen in Bcl-2-deficient mice. However, overexpression of Bcl-2
in transgenic mice led to a decrease in apoptosis of spleno- and
thymocytes and to improved survival in sepsis (15, 16). Also,
murine splenic T cells overexpressing Bcl-2 showed reduced
apoptosis in vitro after stimulation with myelin oligodendro-
cyte glycoprotein (36). In conclusion, Bcl-2 is involved in pre-
vention of infection-induced apoptosis of splenocytes and thy-
mocytes. Bcl-2 probably acts as an inhibitor of activation of
caspases involved in the mitochondrial pathway (41). Accord-
ingly, caspase inhibitors were able to prevent lymphocyte apo-
tosis in the cecal ligation and puncture model of polymicrobial
sepsis (17). In meningitis treated with antibiotics, PML in the
subarachnoid space preferentially die by apoptosis and are
removed by macrophages (32). Meningeal inflammation and
PML apoptosis in the subarachnoid space were not influenced
by the lack of Bcl-2 in our experiments, suggesting that Bcl-2
plays only a minor role in regulation of the cellular immune

response to bacteria in the central nervous system. The men-
ingeal infiltrate in pneumococcal meningitis consists mainly of
PML. The leukocyte subgroups affected by apoptosis and reg-
ulated by Bcl-2 in sepsis are, however, B lymphocytes and
CD4� T helper cells (18). In vitro, PML underwent mainly
necrosis when they were exposed to live pneumococci, but they
exhibited features of apoptosis when they were exposed to
heat-inactivated pneumococci (48). Bcl-2 may, therefore, be of
minor importance in the regulation of PML death in the sub-
arachnoid space in untreated meningitis.

In focal ischemia, neuronal apoptosis was markedly in-
creased in Bcl-2 knockout mice (13). Accordingly, overexpres-
sion of Bcl-2 in transgenic mice protected the mice from isch-
emia-induced neuronal apoptosis (28). Furthermore,
intravenous administration of a TAT-Bcl-X(L) fusion protein,
containing Bcl-X(L) (another antiapoptotic member of the
Bcl-2 family), which is able to cross the blood-brain barrier, can
reduce neuronal damage in the brain in a murine stroke model
(20). In bacterial meningitis Bcl-2 was expressed in apoptotic
hippocampal neurons (9). Bacterial meningitis leads to oxida-
tive stress, which has been shown to trigger neuronal necrosis
and apoptosis in the central nervous system (4, 9, 25). There-
fore, we also expected that neuronal damage would be in-
creased in Bcl-2 knockout mice. However, in Bcl-2 knockout
mice with pneumococcal meningitis neuronal damage was not
significantly enhanced. Apoptosis, however, accounted only for
a small part of the neuronal damage in this model (10). Neu-
ronal damage in meningitis can be a consequence of several
alternative pathogenetic mechanisms (34). Infection-induced
neuronal apoptosis could in part be caused by tumor necrosis
factor alpha-induced caspase activation, which many research-
ers believe is not influenced by Bcl-2 (2, 17, 43, 45). The role of
Bcl-2 in neuronal damage during bacterial meningitis needs to
be investigated further by using a model of central nervous
system infection with more pronounced apoptotic neuronal
damage.

In conclusion, this study provided evidence concerning the
role of Bcl-2 in preventing infection-induced apoptosis of lym-
phocytes in the spleen. A Bcl-2 deficiency leads to a more
fulminant clinical course of pneumococcal meningitis after in-
tracerebral infection, but it does not influence meningeal in-
flammation, PML apoptosis within the central nervous system,
and necrotic neuronal damage. Future research could be tar-
geted at direct application or stimulation of the synthesis of
antiapoptotic members of the Bcl-2 protein family to prevent
lymphocyte apoptosis in bacterial infections and thereby im-
prove survival.
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