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Bacterial meningitis is a major infectious cause of neuronal degeneration in the hippocampus. Neurogenesis, a
continuous process in the adult hippocampus, could ameliorate such loss. Yet the high rate of sequelae from
meningitis suggests that this repair mechanism is inefficient. Here we used a mouse model of nonreplicative
bacterial meningitis to determine the impact of transient intracranial inflammation on adult neurogenesis. Exper-
imental meningitis resulted in a net loss of neurons, diminished volume, and impaired neurogenesis in the dentate
gyrus for weeks following recovery from the insult. Inducible nitric oxide synthase (iNOS) immunoreactivity was
prominent in microglia in nonproliferating areas of the dentate gyrus and hilus region after meningitis induction.
Treatment with the specific iNOS inhibitor N6-(1-iminoethyl)-L-lysine restored neurogenesis in experimental men-
ingitis. These data suggest that local central nervous system inflammation in and of itself suppresses adult
neurogenesis by affecting both proliferation and neuronal differentiation. Repair of cognitive dysfunction following
meningitis could be improved by intervention to interrupt these actively suppressive effects.

Neurogenesis, the production of new neurons from precur-
sor cells, remains constitutively active throughout adult life in
defined regions of the mammalian brain, e.g., the subgranular
zone (SGZ) of the dentate gyrus (DG) and the subventricular
zone (SVZ). Neurogenesis can be induced by physiological
stimuli, e.g., physical exercise (24, 50), but is also modulated in
pathological conditions such as focal or global cerebral isch-
emia (23, 28), traumatic brain injury (10), and epileptic sei-
zures (35). Neurogenesis has been studied as a potential repair
mechanism for brain damage of diverse origins. For example,
treatment with fibroblast growth factor 2, epidermal growth
factor, or transforming growth factor � (14, 32, 56, 57) has
been attempted to increase neurogenesis after injury. Anti-
inflammatory treatment with indomethacin (30) or minocy-
cline (12) promotes neurogenesis in the face of systemic in-
flammation induced by lipopolysaccharide (LPS).

Bacterial meningitis is the prototype of acute intracranial
inflammation associated with neuronal damage in the DG (6).
Even with modern antibiotic treatment, it is still a life-threat-
ening disease leading to frequent sequelae. Fifty percent of the
survivors suffer from neuropsychological deficits (3), which
have been linked to the loss of neurons predominantly in
hippocampal structures in patients and experimental models
(33). Replacement of lost neurons in the natural course of
recovery from meningitis has not been well studied.

Streptococcus pneumoniae is the most common pathogen
causing meningitis associated with an unfavorable clinical out-
come. In pneumococcal meningitis, bacterial toxins such as the
pore-forming pneumolysin and hydrogen peroxide induce half

of the neuronal damage (6). Equally important, however, is
antibiotic-induced lysis of bacteria that leads to a massive re-
lease of bacterial cell wall components (16). Recognition of the
bacterial cell wall, which is composed of teichoicated pepti-
doglycan and lipoteichoic acid (47), by Toll-like receptor 2 is
currently regarded as the predominant pathway by which pneu-
mococci stimulate the immune response (43, 53, 55). The con-
centration of major cell wall components in the cerebrospinal
fluid (CSF) correlates with disease severity in pneumococcal
meningitis (42), and the clinical situation may worsen even in
the absence of viable bacteria (41, 45, 48). Our model features
the major host-side hallmarks of meningitis (29, 53). Induction
of meningitis by injection of chemically defined cell wall (21)
allows study of the effects of local and temporally limited
central nervous system (CNS) inflammation. In contrast, men-
ingitis induced by live bacteria is characterized by a pro-
nounced systemic inflammatory response, suggesting that cir-
culating factors such as interleukin 6 (30) may act as additional
modulators of neurogenesis. The aim of this study was to
demonstrate the impact of acute intracranial inflammation on
constitutive neurogenesis in the DG, to identify potential host-
side mechanisms, and to determine the net restorative effect on
experimental meningitis-induced neuronal loss in the DG. A
limitation is that this approach may not be fully representative
of meningitis induced by live pathogens, in which additional
effects of the bacterial metabolism could be hypothesized.

MATERIALS AND METHODS

Preparation of PCW. Pneumococcal cell wall (PCW) was prepared as previ-
ously published (48, 53). Briefly, unencapsulated pneumococci (strain R6) were
cultivated overnight in casein-plus-yeast medium at 37°C with 5% CO2. Follow-
ing heat inactivation, bacteria were mechanically disintegrated. The suspension
was digested with 10 �g/ml DNase (Promega, Mannheim, Germany) and 50
�g/ml RNase (USB Corp., Cleveland, OH) for 1 h at 37°C, followed by treatment
with 0.01% trypsin (Sigma) for 2 h at 37°C. The digest was sedimented by
centrifugation (23,000 � g, 20 min) and resuspended in 2% sodium dodecyl
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sulfate (Serva, Heidelberg, Germany) at 90°C for 20 min, followed by eight cycles
of washing. LPS was not detectable using a commercially available Limulus
amebocyte lysate assay (Whittaker Bioproducts, Walkersville, MD). The optical
density (absorption at 620 nm) of the solution was adjusted to 1.0, which was
equivalent to 108 CFU per ml (49, 53). The chemical composition of this cell wall
has been published previously (17).

Animal experiments. All animal experimental protocols were reviewed and
approved by state authorities. Meningitis was induced in 8-week-old male 129S6
mice weighing approximately 20 g by instillation into the lumbar spinal canal of
40 �l PCW preparation, using a previously published protocol (21). (These mice
are referred to as meningitis mice below.) Controls received an equal volume of
pyrogen-free phosphate-buffered saline (PBS). Adequate waking from anesthe-
sia and absence of pareses were verified. To exclude effects of anesthesia or of
the surgical procedure, untreated mice were studied as further controls. To label
proliferating cells, five doses of bromodeoxyuridine (BrdU) (50 mg/kg) were
given intraperitoneally (i.p.) at 12-h intervals over three consecutive days prior to
sacrifice. Doses of 50 mg/kg BrdU were previously demonstrated to yield near-
saturation labeling and are considered to give reliable results also in pathological
conditions (7). Repeated injections rather than single-point labeling were used to
allow study of the cumulative effects of the acute inflammatory period (30).

A subset of animals was treated with the specific inducible nitric oxide synthase
(iNOS) inhibitor N6-(1-iminoethyl)-L-lysine (L-NIL) (Alexis Biochemicals, Grün-
berg, Germany), which was added to the drinking water at 1 mg/ml until sacrifice (39,
51) and given i.p. (0.1 mg/kg in sterile PBS) as a loading dose at the time of surgery.
In the behavioral studies, mice received L-NIL until after testing. L-NIL has no
reported activity on endothelial NOS and has a 28-fold specificity over the neuronal
isoform (31). At the end of the experiment, animals were deeply anesthetized and
sacrificed by transcardial perfusion with PBS. Brains were removed and snap frozen
in methylbutane on dry ice. The group design, times of BrdU labeling, and survival
intervals are shown in Table 1.

Measurements of cytokines and corticosteroids in serum. To determine the
degree of systemic inflammation elicited by the intrathecal injection technique,
we measured the concentrations of interleukin 1� and interleukin 6 in the sera
of control mice as well as 3 h and 24 h after intrathecal challenge with PCW.
Measurements were performed using mouse-specific commercial enzyme-linked
immunosorbent assay kits (Ebioscience, San Diego, CA). Furthermore, we stud-
ied the effect of experimental meningitis on the serum concentrations of corti-
costerone and cortisol in order to rule out confounding effects of these the stress
hormones on neurogenesis. Cortisol was measured in pooled sera from PBS-
injected controls (n � 10) or meningitis mice (n � 10) at 12 h after surgery, using
a commercially available assay (Immulite 2000; Diagnostic Products Corpora-
tion, Los Angeles, CA). Corticosterone was measured in individual samples from
PBS controls (n � 10) or meningitis mice (n � 10) after 12 h, using a commercial
enzyme-linked immunosorbent assay (Cayman Chem, Ann Arbor, MI).

Sectioning and immunohistology. All staining was performed on 20-�m thaw-
mounted cryosections spanning the entire hippocampus of both hemispheres.
For quantification of immunolabeled cells, every 10th section was studied. Ste-
reological estimates were obtained from the left DG only, using every 20th
section. Proliferation in the DG was determined by light microscopic quantifi-
cation of BrdU immunostaining. For this purpose, slides were air dried and
postfixed for 10 min in 4% freshly made paraformaldehyde in PBS. After block-
ing with 3% normal goat serum and 0.3% Triton X-100 in PBS, slides were
incubated with 2 N HCl for DNA denaturation. Slides were rinsed in PBS and
incubated with a rat monoclonal antibody against BrdU (Chemicon, Chandlers
Ford, United Kingdom; 1:250 in blocking solution) at 4°C overnight. For visu-
alization, a biotinylated goat anti-rat immunoglobulin G (IgG) and ABC perox-
idase kit (Vector Laboratories; Linaris, Wertheim-Bettingen, Germany) were
used following the manufacturer’s instructions. Diaminobenzidine (Sigma) was

used as the chromogenic substrate. Slides were then counterstained with hema-
toxylin.

To study neuronal differentiation of newly formed cells, slides pretreated as
described above were incubated with primary antiserum against NeuN (mouse
monoclonal; Chemicon; 1:100 in blocking solution), a marker of mature neurons,
or Hu-D (rabbit polyclonal; Chemicon; 1:100 in blocking solution), which is
expressed early in immature neurons. Astrocytes were identified by glial fibrillary
acidic protein (GFAP) (rabbit polyclonal; Dako, Hamburg, Germany; 1:500 in
blocking solution). In the case of NeuN, background was reduced by preincuba-
tion with an anti-mouse IgG blocking reagent (Mouse On Mouse kit; Vector
Laboratories). Signal was visualized using appropriate Alexa-488-labeled second-
ary antibodies (Invitrogen, Karlsruhe, Germany) followed by BrdU immuno-
staining. BrdU signal was visualized using a Texas red-labeled goat anti-rat
secondary antibody.

Other antibodies used in this study were rabbit anti-iNOS (BD Transduction
Labs, Heidelberg, Germany; 1:1,000), rabbit anti-active caspase 3 (BD Pharmin-
gen, Heidelberg, Germany; 1:250), rabbit antinitrotyrosine (Upstate; Biomol,
Hamburg, Germany; 1:100), rat monoclonal anti-CD11b (Chemicon; 1:100), and
mouse monoclonal antinestin (Chemicon; 1:250). For visualization of rabbit IgG,
a Texas red secondary antibody (Vector Laboratories; 1:100) was used. In some
slides, mouse or rat IgG was visualized using appropriate biotinylated goat
antisera (Vector Laboratories) followed by a streptavidin-aminomethyl couma-
rin conjugate (Vector Laboratories, 1:100). In further sections, Hoechst 33258
(1:10,000; Molecular Probes) was used as a nuclear counterstain. The distance
between newly formed cells in the DG and sites of peroxynitrite formation was
determined by fluorescence microscopy at a magnification of �1,000 on slides
double stained for BrdU and 3-nitrotyrosine, using a measuring tool included in
the Stereo Investigator software (MicroBrightfield Germany, Magdeburg).

Cell counting and determination of DG volume. Cell counting was performed
in two ways. The absolute number of BrdU-positive nuclei in both DGs was
determined by light microscopy at a magnification of �1,000, including cells in
the granular and subgranular layers and in the white matter up to one cell width
away from the inner border of the granular zone. Counting was performed on
20-�m sections spaced 200 �m apart, including the entire DG. Active caspase-
3-positive cells in the DG were counted by fluorescence microscopy using the
same protocol. To determine the relative proportion of BrdU-positive cells in the
DG with neuronal (NeuN or Hu-D) or astrocytic (GFAP) differentiation mark-
ers, 100 BrdU-positive cells per animal were examined for double fluorescence at
a magnification of �1,000. Estimates of the DG volume and number of DG
neurons were obtained using Stereo Investigator software on a Leica DM-RA
microscope equipped with a motorized stage controller. DG volume was deter-
mined according to the Cavalieri principle as implemented in the Stereo Inves-
tigator software. For this purpose, the area of the DG was manually delineated
on each section using a �20 objective. For cell counting, a �100 objective with
a numerical aperture of 1.4 was used. We applied the optical fractionator with a
counting box of 20 by 20 �m and a sampling grid of 100 by 170 �m, studying
hematoxylin-stained sections at 400-�m intervals. Since shrinkage of fresh-frozen
tissue leads to nonhomogenous, unpredictable reduction of the section thickness,
the fractionator was modified as suggested by Williams and Rakic (http://www
.nervenet.org/papers/3DCounting.html) in that both the section thickness and
height of the counting box were set to 20 �m, omitting top and bottom guard
zones (“quick-fix method”). This strategy may lead to a systematic overestima-
tion of the neuronal density and absolute number of neurons per animal but
allows reliable group comparisons.

To determine the number of BrdU-positive nuclei in the SVZ, 20-�m consec-
utive sections were prepared as described above, including the levels between the
genu corporis callosi and the crossing of the comissura anterior. Using every 10th
section, the optical fractionator was applied accordingly with a counting box of 20
by 20 �m and a 100- by 150-�m grid.

Behavioral studies. In the Morris water maze task (1), the mice underwent a
single adaptation trial on day 0. They were released into the pool for 90 s, with
no escape platform present. On the following 8 days (days 1 to 8, “place ver-
sion”), a transparent platform (10 by 10 cm) was placed 1 cm below the surface
in the middle of one of four virtual quadrants. Each day the animals were
lowered into the water facing the wall from three different starting points.
Animals which did not find the escape platform within 90 s were placed on it and
remained there for 30 s for orientation. Afterwards they were removed to rest for
60 s. For each trial, the search time (escape latency) and path length to reach the
platform were measured by a computerized tracking system (TSE VideoMot,
version 1.43, Germany), and the average swimming speed was calculated. For
each mouse the three daily trials were averaged. On day 9 the escape platform
was removed (“spatial probe”), and the time spent in each quadrant during a
single 90-s trial was registered. On the 10th day (“cued version”) the platform

TABLE 1. Experimental group design for histological studies

Group
No. of mice BrdU treatment

daysa
Sacrifice

daya Treatment
Control Meningitis

1 7 9 0–2 3 None
2 6 7 0–2 3 L-NIL
3 7 9 21–23 24 None
4 6 7 21–23 49 None
5 9 7 35–37 38 None

a Day 0 was the day of challenge with cell wall.
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was elevated 1 cm above water level, signaled by a white cylinder (3 cm in
diameter and 4 cm high), and moved to the quadrant opposite to the initial
quadrant. Following completion of the water maze studies, a pause of 7 days was
introduced in order to avoid possible carryover effects to the subsequent hole
board study. The automated hole board apparatus (Tru Scan 99; Coulbourn
Instruments) consists of a square box (28 by 28 cm) made of translucent Perspex
with 16 equally spaced holes (2.2 cm in diameter and 2 cm deep) in a rough-
textured aluminum floor. Two photobeam sensor rings were used to record the
number of nose pokes and the distance traveled. The hole board was illuminated
by a neon lamp (400 lx) embedded into the ceiling. The test was conducted on
two consecutive days, and animals were placed in the center of the apparatus and
observed for 10 min. After use by each animal, the box was cleaned with 30%
(vol/vol) 2-propanol. Habituation to the apparatus was defined as a significant
reduction of nose pokes and locomotor activity from the first to the second day
(52).

Additional groups of control mice (n � 14), meningitis mice (n � 12), and
L-NIL-treated meningitis mice (n � 13) were individually tested in an inhibitory
avoidance paradigm, starting 3 weeks after meningitis induction. For a single
training session, mice were placed in a step-through apparatus consisting of a
larger illuminated start compartment and a smaller dark compartment (shock
compartment). During the training, the mouse received an unavoidable foot
shock (1 s, 0.1 mA) after crossing over into the dark compartment. Mice with
initial step-through latencies of longer than 60 s were rejected from further
experimentation. Twenty-four hours later, the mice were again released into the
illuminated start compartment, and the step-through latency was recorded. The
experiment was terminated after 180 s if a mouse did not cross into the dark
compartment (successful learning).

Statistical evaluation. Statistics were performed using SigmaStat statistical
software (SPSS Inc., Chicago, IL). All data are presented as means � standard
deviations. Multigroup comparisons were performed by one-way analysis of
variance (ANOVA) followed by Student-Newman-Keuls post hoc testing. In the
water maze experiments, data were analyzed by two-way ANOVA followed by
the Holm-Sidaks method for post hoc multiple pairwise comparisons for place
version and cued version. Spatial probe data were analyzed by repeated-mea-
sures two-way ANOVA, and Holm-Sidaks post hoc testing was used. After
ensuring normal distribution and equal variance, a paired t test was used for the
hole board data. Fisher’s exact test was used to compare percentages in the
inhibitory avoidance test. A P value of �0.05 was considered a significant dif-
ference.

RESULTS

Effect of meningitis on proliferation and neurogenesis. Our
first aim was to identify time-dependent changes of the rate of
precursor cell proliferation and constitutive neurogenesis in
the SGZ of the DG after induction of meningitis. Proliferating
cells in the SGZ were identified by the incorporation of BrdU
over 3 days. During the study period, we observed a decline in
baseline proliferation in control mice after intrathecal injec-
tion of PBS (3 days after surgery, 14,859 � 3,288 BrdU-positive
cells; 3 weeks, 7,640 � 2,271 cells; and 5 weeks, 6,512 � 892
cells in both SGZs [P � 0.01]). A similar age-dependent de-
cline was found also in mice which were untreated except for
BrdU injections (8 weeks old, 14,389 � 2,742 BrdU-positive
cells; 13 weeks old, 6,433 � 3,032 cells [P � 0.01]). These
findings reflect the relatively young age of the mice (8 weeks)
at the beginning of the experiment. Compared to time-
matched PBS-injected controls, meningitis led to a significant
reduction of BrdU-immunopositive nuclei in the SGZ on day 3
after intrathecal challenge, followed by an increase of prolif-
eration at 3 weeks and a return to equivalent numbers of
BrdU-positive cells compared to controls at 5 weeks (Fig. 1A;
see Fig. 3A). In the SVZ, a similar reduction of BrdU-positive
cells was observed 3 days after meningitis induction (controls,
142,438 � 29,784; meningitis, 108,250 � 33,901 [P � 0.027])
(see Fig. 3B). Later time points were not studied in the SVZ.

Newly formed cells adopting a neuronal fate were identified

by double labeling for BrdU and the early expressed neuronal
differentiation marker Hu-D (Fig. 1B; see Fig. 3C). The pro-
portion of newly formed cells expressing the neuronal differ-
entiation marker was significantly lower in the meningitis
group both at 3 days (48% � 4% versus 54% � 5%; P � 0.01)
and at 3 weeks (44% � 2% versus 55% � 2%; P � 0.01) (Fig.
1B) after meningitis induction. By comparison, the proportion
of BrdU-positive cells colabeled with the astrocytic marker
GFAP was 5% � 1% versus 6% � 1% at 3 days (not signifi-
cant) and 14% � 2% versus 19% � 2% at 3 weeks (P � 0.01).
These data indicate that meningitis led to a decrease in pro-
liferation and neurogenesis in the SGZ on day 3. This was
followed by a transient increase of proliferation at 3 weeks
after meningitis induction but a continued reduction of neu-
ronal differentiation together with a significant increase of
gliogenesis.

Long-term effects of meningitis on neuronal cell count and
DG volume. Next, we asked whether the transient increase of
proliferation at 3 weeks could compensate for the acute men-
ingitis-associated neuronal loss. We performed stereological
estimates of the absolute neuronal cell count in the DG (Fig.
2A) and of the DG volume (Fig. 2B). Three days after CSF
challenge, no statistically significant difference in the total neu-
ronal cell count was detected between the meningitis and con-
trol groups (Fig. 2A). In the control animals (given PBS intra-
thecally), an increase of the total neuronal cell count was
demonstrated at 3 and 5 weeks after challenge compared to
baseline at 3 days (P � 0.001 for both time points). This finding
is consistent with the young age of the mice at the beginning of
the experiment. The neuronal cell count was significantly lower

FIG. 1. Rate of proliferation of new neurons following acute men-
ingeal inflammation. (A) Nuclei in both DG that accumulated BrdU
over 3 days were enumerated. (B) The percentage of BrdU-positive
cells expressing the early neuronal differentiation marker Hu-D was
determined at 3 days and 3 weeks after meningeal challenge with cell
wall. P values were calculated by one-way ANOVA followed by Stu-
dent-Newman-Keuls post hoc testing.
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in the meningitis group at 3 weeks (P � 0.001) and 5 weeks
(P � 0.002) after inoculation compared to time-matched con-
trols. Additionally, only a minor increase in neuronal cell count
was observed during the study period (at 5 weeks, P � 0.069
compared to day 3).

Next we determined the effect of meningitis on the DG
volume (Fig. 2B). Control animals showed a significant in-
crease of DG volume (by about 20%) at 5 weeks after surgery
(P � 0.001), a finding not observed in meningitis animals (P �
0.233). Meningitis was followed by a significantly smaller DG
volume compared to control animals after 3 weeks (P � 0.031)
and 5 weeks (P � 0.024).

In addition, we studied the survival of those early neurons
formed 3 weeks after meningitis induction. Mice received
BrdU labeling on days 21 to 23 and were left to survive for 4
weeks. We used double immunolabeling for BrdU and the
mature neuronal marker NeuN to identify neurons which had
been generated at 3 weeks after surgery and were still present
at 7 weeks (Fig. 2C and Fig. 3D). In these animals, the number
of BrdU and NeuN double-positive cells did not differ between
meningitis mice and PBS-injected controls (1,993 � 490 in
controls and 2,080 � 458 in meningitis mice; P � 0.75) (Fig.
2C). Thus, compared to the cell counts in animals studied
immediately after labeling at 3 weeks postchallenge, more
newly formed cells had disappeared in the meningitis group at

7 weeks than in PBS-injected controls. Together, these findings
suggest that the increase in proliferation at 3 weeks after men-
ingeal challenge does not translate into a net gain of newly
formed neurons or lead to a replacement of neuronal loss after
meningitis.

Role of precursor cells. We then investigated potential
mechanisms which might contribute to the decrease of BrdU-
positive cells at 3 days after meningitis induction. First, we
looked for histological evidence of damage to precursor cells
by using double labeling for nestin, a marker of neuronal/
astrocyte precursor cells, and activated caspase 3, a marker of
apoptosis (Fig. 3E). Compared to PBS-injected controls, we
observed an increase of active caspase 3-immunopositive cells
in the meningitis group, localized mainly to the inner layers of
the DG and the hilar region (Fig. 3E and F). Precursor cells
could be identified by nestin immunopositivity and typical as-
trocyte-like processes, but nestin did not colocalize with active
caspase 3 signals (Fig. 3E). Interpretation of the nestin signal
was impaired by additional (specific) staining of blood vessels
by the nestin antibody (15) and the distribution of the nestin
signal mainly to the cellular processes, precluding a reliable
comparison of the number of nestin-positive cells between
groups (15).

Alternatively, we hypothesized that a special vulnerability of
newly formed cells to the inflammatory environment could
lead to reduced numbers of BrdU-positive cells at 3 days after
meningitis induction. We performed costaining for BrdU and
active caspase 3 and included NeuN as a third marker to
identify the type of active caspase 3-positive cells (Fig. 3F).
Meningitis was associated with an increase of apoptosis. At 3
days after surgery, 218 � 56 cells in both DGs were immu-
nopositive for active caspase 3 in controls, compared to 553 �
102 cells in meningitis mice (P � 0.001). The vast majority of
apoptotic cells were identified as mature neurons by immuno-
positivity for NeuN. Conversely, no BrdU-positive cells were
labeled by the active caspase 3 antibody. These results indicate
that apoptosis of precursor cells or of newly formed cells is not
the principal mechanism of reduced proliferation and neuro-
genesis at 3 days after meningitis induction.

Activation of microglia and nitric oxide. We hypothesized
that the acute reduction of proliferation and neurogenesis in the
SGZ at 3 days after meningitis induction could be related to an
inflammatory environment and that nitric oxide (NO) produced
by immunocompetent cells could be involved as a mediator. We
performed double staining for BrdU and CD11b, a surface
marker that is upregulated on activated microglia. The number of
CD11b-positive cells in the hippocampus was strongly increased 3
days after meningitis induction (Fig. 3G) compared to that in
controls (Fig. 3H). In meningitis animals, BrdU-positive cells
were rarely found in proximity to CD11b-positive cells. The av-
erage distance from CD11b-positive cells to the nearest BrdU-
positive cell within individual sections was 48.5 � 23.4 �m, with
the minimal distance being 21 �m. To study whether microglia
may be a relevant source of NO in meningitis, we performed
double staining for CD11b and iNOS, the key enzyme of inflam-
matory NO production. iNOS protein was expressed mainly in
CD11b-positive cells in the DG 3 days after meningitis induction
(Fig. 3I), whereas no expression of iNOS protein was found in
controls (Fig. 3J). To demonstrate activity of the enzyme, we
performed immunostaining for nitrotyrosine, a footprint of NO-

FIG. 2. Effects of meningitis on hippocampal growth. (A and B)
The absolute number of granule cells (A) and volume (B) of the DG
bilaterally were compared over a 5-week observation period in mice
with and without challenge with PCW. (C) To follow the long-term
fate of new neurons appearing after cell wall challenge, all animals
received BrdU on days 21 to 23 after surgery. Although meningitis
animals (solid bars) showed an increase of BrdU-positive cells in the
DG on day 24 compared to control animals (hatched bars), equal
numbers of newly formed neurons were present in both groups 4 weeks
later. P values were calculated by one-way ANOVA followed by Stu-
dent-Newman-Keuls post hoc testing.
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derived peroxynitrite. The nitrotyrosine signal was strongly in-
creased in the DG at 3 days after meningitis induction (Fig. 3K)
compared to that in controls (Fig. 3L). In sections double stained
with anti-BrdU, proliferating cells were usually not found close to
sites of NO production (Fig. 3G). The average distance within
individual sections was 50.1 � 30.3 �m. Our findings show that

the reduction of BrdU-positive cells at 3 days after meningitis
induction is paralleled by the presence of activated, iNOS-positive
microglia and increased local NO production.

Role of cytokines and stress hormones. By selecting a sterile
bacterial cell wall preparation as a challenge, we aimed at
inducing a self-limited, strictly intrathecal inflammation. To

FIG. 3. Immunohistology of the DG. (A and B) Bright-field microscopic BrdU immunostaining was used to quantify newly formed cells in the DG
(A) and SVZ (B). (C) Double staining for BrdU (red) and Hu-D (green) immediately after BrdU exposure was used for the early quantification of newly
formed cells adopting a neuronal phenotype. Inset, confocal demonstration of colocalization. (D) Double staining for BrdU (red) and NeuN (green) 4
weeks after BrdU exposure was used to quantify surviving new neurons. (E) Apoptosis of NPCs was examined 3 days after meningitis induction by
costaining for activated caspase 3 (red), nestin (green), and chromatin (blue). (F) Triple staining for active caspase 3 (green), NeuN (blue), and BrdU
(red) 3 days after meningitis was used to indicate apoptosis of mature neurons. (G and H) Double staining for BrdU (blue) and CD11b (red) revealed
more CD11b-positive microglia 3 days after meningitis (G) compared to the control (H) but no colocalization of proliferating cells with these activated
microglia. (I and J) Activated microglia (CD11b, green) expresses iNOS protein (red) in meningitis mice (I) but not in controls (J). (K through M) Double
staining for BrdU (red) and nitrotyrosine (green), a footprint of peroxynitrite, reveals nitrotyrosine formation in untreated meningitis (K) but not in
controls (L) or in meningitis mice treated with the iNOS inhibitor L-NIL (M).
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verify the absence of a significant systemic inflammatory re-
sponse, we measured the serum concentrations of proinflam-
matory cytokines. Interleukin 1� was below the detection limit
of 8 pg/ml in control mice as well as 3 h and 24 h after
induction of experimental meningitis. Interleukin 6 was below
the detection limit of 4 pg/ml in controls. A very slight increase
to 130 � 136 pg/ml was observed 3 h after challenge, which
subsided within 24 h in most animals (to 28 � 40 pg/ml). By
comparison, systemic challenge with LPS induces peak levels
of interleukin 6 in the nanogram to microgram range within 3 h
(27). To address the issue of whether effects of meningitis on
proliferation and neurogenesis might be secondary to changes
of stress hormones, we compared the serum concentrations of
corticosterone and cortisol in control and meningitis mice. At
12 h after challenge, we did not detect a relevant difference for
corticosterone (36.8 � 8.8 versus 38.8 � 8.3 ng/ml; P � 0.6) or
cortisol (49 versus 47 pmol/liter; measured in pooled sera).

Restoration of neurogenesis by iNOS inhibition. To further
support a causal role of inflammatory NO, we tested whether
treatment with L-NIL, an inhibitor of iNOS, was able to restore
proliferation and neurogenesis in meningitis. L-NIL was given
as an i.p. starting dose at the time of meningitis induction and
was added to the drinking water for the remaining duration of
the experiment. In animals receiving intrathecal PBS, the num-
ber of BrdU-positive cells at 3 days was not influenced by
L-NIL treatment (Fig. 4A). Conversely, the reduction of pro-
liferating cells associated with untreated meningitis was com-
pletely restored in meningitic animals receiving L-NIL. We
performed double staining for BrdU and the early neuronal
differentiation marker Hu-D to reveal changes of the rate of
neuronally committed, newly formed cells (Fig. 4B). In these
studies, L-NIL treatment of PBS-injected controls had no effect
on the percentage of Hu-D and BrdU double-positive cells.
While untreated meningitis was associated with a reduction of
immature neurons, L-NIL treatment completely restored the
percentage of Hu-D/BrdU-positive cells in meningitis mice.
Additionally, we observed a strong reduction of the nitrotyrosine
signal in L-NIL-treated meningitis mice (Fig. 3M). These data
suggest that iNOS-derived NO mediates the reduction of
proliferation and neurogenesis at 3 days after meningitis but
is not involved in the regulation of baseline proliferation
and neurogenesis.

Effect of iNOS inhibition in behavioral tests. We asked
whether the restoration of proliferation and neuronal differenti-
ation by L-NIL treatment of meningitis animals had a chronic
functional correlate. In the Morris water maze paradigm, we were
not able to detect a significant difference at 3 weeks after surgery
between meningitis mice and PBS-injected controls regarding the
decrease of escape latencies during the acquisition phase, swim
speed, or motivation to escape. Remarkably, neither meningitis
nor control mice exhibited a significant preference for the plat-
form quadrant in the probe trial, i.e., after removal of the target
platform (data not shown). Also, in the inhibitory avoidance task,
only a subset of control mice displayed good learning (step-
through latency of above 180 s). The percentage of good learners
was moderately reduced at 3 weeks after experimental meningitis,
and this was reversed by chronic treatment with L-NIL, but none
of these effects reached statistical significance (Fig. 4C). In the
hole board test, L-NIL treatment of experimental meningitis had
no significant effect on the habituation to a new environment

(data not shown). These findings suggest that neuropsychological
correlates of the neuronal loss are subtle and are not reliably
detected in the mentioned standard tests. Poor performance of
the control mice is a limiting factor. There was a weak trend
suggesting that a negative effect of intracranial inflammation on
memory retention may be present and may be reversed by chronic
L-NIL treatment.

DISCUSSION

Bacterial meningitis is a foremost infectious cause of neu-
ronal degeneration of the hippocampus. Clinically, neuronal

FIG. 4. Restoration of neurogenesis in the acute phase of meningitis
by iNOS inhibition. (A) In nonmeningitic animals, the number of newly
formed, BrdU-incorporating cells in the SGZ is not significantly changed
by the specific iNOS inhibitor L-NIL. Control animals (open bars) and
animals challenged with cell wall (solid bars) were treated with the iNOS
inhibitor L-NIL as indicated. Neurogenesis was measured by BrdU-posi-
tive cells in both DG. (B) Early neuronal differentiation of BrdU-positive
cells was demonstrated by Hu-D costaining. P values were calculated by
Student-Newman-Keuls tests after one-way ANOVA. (C) Behavioral ef-
fect of L-NIL in the inhibitory avoidance paradigm 4 weeks after induction
of experimental meningitis. Compared to PBS-treated controls, the pro-
portion of animals avoiding the dark compartment of the test apparatus
for more than 180 s (i.e., successful learners) has a tendency to be lower
after challenge with PCW (P � 0.26), and this effect is abolished by
chronic treatment with L-NIL (P � 0.23 versus untreated meningitis and
P � 1.0 versus PBS-treated controls by Fisher’s exact test).
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damage is responsible for permanent neuropsychological dis-
ability in a large fraction of survivors. Here we report that not
only are neurons killed during experimental meningitis but also
adult neurogenesis is negatively affected by intracranial inflam-
mation and cannot compensate for neuronal damage.

Induction of meningitis with highly purified PCW, a known
Toll-like receptor 2 ligand, decreased neurogenesis during the
acute phase of inflammation. Our results are supported by
findings in a model of systemic inflammation, in which a re-
duction of immature neurons was reported 6 days after a single
i.p. LPS injection (30). Given the systemic nature of the stim-
ulus, it is not clear to what extent the reported effects on
neurogenesis were related to the systemic or the intracranial
inflammatory process in the latter study. Hence, an important
aspect of our study is that we have demonstrated suppression
of neurogenesis by strictly intracranial inflammation in a clin-
ically relevant model of acute bacterial meningitis. Suppression
of net neurogenesis was also reported in chronic brain inflam-
mation induced by prolonged intracortical LPS infusion (12).
In contrast to our results, those authors did not observe a
reduction of BrdU-positive cells or BrdU/Doublecortin-posi-
tive neuroblasts, and they concluded that the net reduction of
neurogenesis was due to an impaired survival of the newly
formed neurons in the inflammatory setting.

Neurogenesis is a hypothetical source from which lost neu-
rons might be replaced in bacterial meningitis, particularly
since injury and neurogenetic capacity colocalize in the same
brain region. Yet, for at least 5 weeks after meningitis we
found a decreased total volume of the DG compared to that in
controls. It is of note that we have used young adult mice in our
experiments. While a significant increase of the neuronal cell
count and DG volume was observed in the control animals, this
increase was completely inhibited by PCW-induced meningitis.
Clinically, this may point to an extended vulnerability of the
developing CNS in bacterial meningitis.

Later in the course of recovery from intracranial inflamma-
tion, we observed a rebound increase of proliferation. More
importantly, however, the increased proliferation was accom-
panied by a decrease in the percentage of newly formed cells
adopting a neuronal phenotype. Thus, the net result of exper-
imental meningitis is a net decrease of newly formed neurons
early and at 3 weeks after induction of the inflammatory pro-
cess through a combination of decreased proliferation and
altered differentiation. Previous studies of neurogenesis in bac-
terial meningitis have reached conflicting results. In one study
using live bacteria (18), a sharp increase of BrdU-positive
nuclei in the DG was reported on day 2, followed by a gradual
return to control levels on day 16, and more new neurons were
generated on day 10. In a later study by the same group (46),
no significant effect was reported at 30 h after infection, fol-
lowed by a delayed increase in proliferation. An important
difference from our study is the use of live bacteria, raising the
possibility of a specific effect of bacterial metabolic products.
Alternatively, quantification of BrdU-positive nuclei per DG
area on selected sections rather than in the entire DG (as in
our study) may be confounded by an uneven distribution of the
baseline proliferation and of the inflammatory changes.

The reduction of BrdU-immunopositive cells on day 3 after
induction of meningeal inflammation could be the result of
several hypothetical events. Meningitis-associated neuronal

loss, usually due to apoptosis, is particularly severe in the DG
and often includes cells of the SGZ. Thus, loss of neuronal
precursor cells (NPCs) could form a basis of reduced prolifer-
ation. Indeed, an increased vulnerability of precursor cells
born 6 to 10 days before meningitis induction has recently been
reported in a neonatal rat model of pneumococcal meningitis
(20). In the present study, we did not detect colocalization of
active caspase 3 with nestin or BrdU. Several factors may limit
the validity of this finding. These include the weak expression
of nestin in the perinuclear region (15) and the possibility that
an unknown number of newly formed cells either could be
cleared completely between S-phase labeling and sacrifice of
the animals or could escape immunostaining in the presence of
late apoptotic condensation. Still, our data do not provide
support for loss of nestin-positive NPCs or of neurons born
between challenge and sacrifice of the animal as a primary
event in acute CNS inflammation, thus emphasizing inhibition
of NPC proliferation as an alternative mechanism.

In regard to possible mediators of NPC inhibition by neu-
roinflammation, NO is a highly attractive candidate due to its
role as a physiological negative regulator of NPC proliferation
(8, 13, 34–38) and the well-established role of NO in the patho-
physiology of bacterial meningitis. We were able to demon-
strate iNOS immunoreactivity in microglia of the DG and hilus
region 3 days after meningitis induction, with immunostaining
for nitrotyrosine as a footprint for peroxynitrite, which is pro-
duced from NO under conditions of stress. Moreover, there
was no overlap of areas of nitrotyrosine signal and BrdU in-
corporation. While bacterial surface components have been
shown to induce release of NO from microglia in vitro (25), it
is not known how meningitis leads to glial activation in the DG,
as this brain region is probably not directly exposed to bacterial
antigen. A hypothetical diffusion of proinflammatory mole-
cules from the CSF space would be supported by three obser-
vations. First, neuronal damage in our experiments was usually
concentrated in those parts of the DG situated nearest to the
CSF space. Second, an acute suppression of proliferation was
also observed in the SVZ, which is also located close to the
ventricle. Third, the pneumococcal toxin pneumolysin was de-
tected by immunostaining within the DG in a previous study,
suggesting traffic of bacterial components in the intercellular
space (6).

In experimental bacterial meningitis, NO has been identified
as a mediator of blood flow increase, brain edema, and CSF
pleocytosis (4, 5, 26, 44, 54). Regulation of iNOS in the brain
tissue of meningitis animals was demonstrated on both the
RNA (44) and protein (26) levels. The mechanisms involved in
the antiproliferative effect of NO are not completely under-
stood but appear to include formation of cGMP (2), upregu-
lation of the cyclin-dependent kinase inhibitor p21 (38), and
interaction with retinoblastoma and p53 systems (19). The
restoration of neurogenesis by the specific iNOS inhibitor L-
NIL suggests that local NO acts as a mediator reducing NPC
proliferation in neuroinflammation. In support of the histolog-
ical evidence, we observed a trend towards a functional im-
provement by L-NIL in the inhibitory avoidance paradigm.
Memory impairment may reflect one of the neuropsychological
deficits seen in patients after meningitis (3). A role of inflam-
matory glia in suppressing DG neurogenesis has been pointed
out by two recent studies (12, 30), but inhibition of NPC pro-
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liferation by NO as a major toxic glial product has not previ-
ously been demonstrated. The beneficial effects of minocycline
and indomethacin treatment in these studies agree with a role
of NO in NPC suppression. Minocycline acts as an inhibitor of
microglial activation and has previously been shown to reduce
iNOS expression, e.g., in global brain ischemia (58) or in a
model of Huntington’s disease (9). Indomethacin also reduced
iNOS upregulation in cerebellar homogenates of LPS-treated
rats (11). However, additional mediators may be involved in
the modulation of neurogenesis in the context of inflammation.
As an example, the tumor necrosis factor type 1 receptor has
recently been reported to mediate reduced proliferation in the
DG following status epilepticus (22).

In summary, precursor cell proliferation and adult neuro-
genesis are downmodulated in early PCW-induced meningitis.
A delayed rebound increase of proliferation does not translate
into a net gain of new neurons. Adult neurogenesis apparently
cannot compensate for neuronal loss in the hippocampus. The
cell wall-induced model of neuroinflammation is particularly
well suited to dissect CNS processes affecting neuronal repair.
Development of protective interventions to enhance neuronal
repair will need to address how neuroinflammation inhibits
both proliferation and neuronal differentiation, particularly
through nitric oxide.
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