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Pneumococcal meningitis (PM) causes neurological sequelae in up to half of surviving patients. Neuronal damage associated
with poor outcome is largely mediated by the inflammatory host response. Dexamethasone (DXM) is used as an adjuvant ther-
apy in adult PM, but its efficacy in the treatment of pneumococcal meningitis in children is controversially discussed. While
DXM has previously been shown to enhance hippocampal apoptosis in experimental PM, its impact on hippocampal cell prolif-
eration is not known. This study investigated the impact of DXM on hippocampal proliferation in infant rat PM. Eleven-day-old
nursing Wistar rats (n � 90) were intracisternally infected with Streptococcus pneumoniae to induce experimental meningitis.
Treatment with DXM or vehicle was started 18 h after infection, concomitantly with antibiotics (ceftriaxone 100 mg/kg of body
weight twice a day [b.i.d.]). Clinical parameters were monitored, and the amount of cells with proliferating activity was assessed
using in vivo incorporation of bromodeoxyuridine (BrdU) and an in vitro neurosphere culture system at 3 and 4 d postinfection.
DXM significantly worsened weight loss and survival. Density of BrdU-positive cells, as an index of cells with proliferating activ-
ity, was significantly lower in DXM-treated animals compared to vehicle controls (P < 0.0001). In parallel, DXM reduced neuro-
sphere formation as an index for stem/progenitor cell density compared to vehicle treatment (P � 0.01). Our findings provide
clear evidence that DXM exerts an antiproliferative effect on the hippocampus in infant rat PM. We conclude that an impair-
ment of regenerative hippocampal capacity should be taken into account when considering adjuvant DXM in the therapeutic
regimen for PM in children.

Pneumococcal meningitis (PM) is the most common form of
bacterial meningitis in children and continues to result in sub-

stantial morbidity and mortality despite the availability of effec-
tive antimicrobial therapy (1).

The pathogenesis and pathophysiology of bacterial meningitis
involve a complex interplay between virulence factors of the
pathogen and the host immune response. Experimental data sug-
gest that the excessive inflammatory reaction to the invading bac-
teria is responsible for many of the pathophysiologic conse-
quences of the disease (2–4). Thus, adjunctive corticosteroids,
namely, dexamethasone (DXM), have been introduced to the
therapeutic regimen in patients with bacterial meningitis with the
rationale that down-modulating the immune response would be
the key to an improved outcome. The early use of DXM in PM has
been shown to improve selected aspects of clinical outcome in
adults (5). In children, the effect of adjuvant dexamethasone in
bacterial meningitis was evaluated in several studies and meta-
analyses with conflicting results. For Haemophilus influenzae
meningitis, but not for Streptococcus pneumoniae meningitis, a
beneficial effect was found for hearing loss (6). In a large random-
ized, controlled double-blind trial that included 598 children in
resource-poor countries, no difference in survival or neurologic
sequelae was found with adjuvant dexamethasone (7). In a more
recent study, the only significant effect of dexamethasone was to
prevent deafness in children with H. influenzae meningitis with-
out considering the timing between dexamethasone and ceftriax-
one administration (8). This finding was challenged by results
from another recent study, in which dexamethasone failed to pre-
vent hearing loss regardless of the causative agent or the timing of
antibiotics administration (9). A difference in therapy efficacy ac-
cording to the socioeconomic level, with restricted benefit in adult
patients from high-income countries, was suggested in a recent
meta-analysis (10). The latest and most complete meta-analysis

concluded that a significant beneficial effect of DXM in the man-
agement of bacterial meningitis in children is limited to short-
term neurological sequelae in high-income countries and to se-
vere hearing loss in H. influenzae-infected patients. In particular,
no significant beneficial effect of corticosteroids on S. pneu-
moniae-infected children was detected (5).

Concerns arise from animal studies documenting a potentially
harmful effect of DXM on hippocampal structure and function
when applied on the developing brain in PM (11). It has been
shown that DXM increases hippocampal injury and reduces
learning capacity during experimental PM in infant rats (11). In
the same infant rat model, a decrease in some inflammatory pa-
rameters was more pronounced in tissue samples than in cerebro-
spinal fluid (CSF) (12). A direct association of hippocampal dam-
age and learning deficiencies consecutive to bacterial meningitis
has not been shown in patients so far (13). The reported hip-
pocampal damage was caused by an increase of apoptosis in the
dentate gyrus. A proapoptotic effect of adjuvant DXM was also
observed in the dentate gyrus of adult rabbits with PM (14) or with
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bacterial meningitis induced in the same adult rabbit model by
Escherichia coli (15). In addition to an aggravated hippocampal
apoptosis, transcriptome analysis suggests that DXM-induced
hippocampal damage in PM may be related to a decrease of pro-
neurogenic processes in the infant rat model (12). Of note, the
proapoptotic and antiproliferative properties of DXM on embry-
onic and neonatal rat hippocampal cells have been previously re-
ported outside of the context of PM (16–18). The hippocampus is
a site of persistent neurogenesis (19), and an increase in the cellu-
lar proliferative capacity that might be involved in the regenera-
tion of PM-induced brain damage has been observed in the hip-
pocampi of infant rats (20), adult mice (21), and even patients
who died from meningitis (22). Since the effect of DXM on the
proliferation of hippocampal cells in infant PM has not been in-
vestigated so far, this study was initiated with the aim to assess the
impact of adjuvant DXM on the proliferation of hippocampal
cells in infant rat PM using a combined in vivo/in vitro approach.

MATERIALS AND METHODS
Model of experimental PM. All animal studies were approved by the
Animal Care and Experimentation Committee of the Canton of Bern,
Switzerland (license BE 100/11) and followed the Swiss national guide-
lines for the performance of animal experiments. A well-established
model of infant rat PM was used (11, 12, 20, 23). Series of 8 to 12 nursing
Wistar rat pups of mixed sex with their dam were purchased at postnatal
day 6 (Charles River, Sulzfeld, Germany) and were acclimatized for 5 days
before infection. Before and during the experiment, animals were housed
in a temperature-controlled environment at a 12 h light/dark cycle with
food and water provided ad libitum. Nine independent sets of experi-
ments were performed. For each set, equal numbers of subjects were at-
tributed to each experimental group.

Bacterial meningitis was induced by infecting 11-day-old rats by direct
intracisternal injection of 10 �l saline solution, which contained log10

5.5 � 0.3 CFU/ml S. pneumoniae (serotype 3), using a 32-gauge needle
(24). At 18 h after infection, CSF was obtained by puncture of the cisterna
magna, and 5 �l was cultured quantitatively on agar plates to document
successful infection.

Study design. On the day of the experiments, animals (n � 90) were
randomized into two treatment groups (DXM or saline). Treatment was
started at 18 h postinfection. DXM (Mephameson; Mepha Pharma,
Aesch/BL, Switzerland; 0.7 mg/kg of body weight every 8 h; n � 46) or
saline (control group; n � 44) was administered subcutaneously. All an-
imals were treated concomitantly with 100 mg/kg ceftriaxone (Rocephin;
Roche Pharma, Reinach, Switzerland), which was administered intraperi-
toneally twice daily. Treatment was continued until the time of sacrifice.
The dosage of DXM (0.7 mg/kg) was in line with previous studies on
adjuvant DXM in infant rat PM (11). The higher dose of DXM compared
with the recommended dose in human infants (0.15 mg/kg) compensates
for the higher clearance rates in infant rats (15). Hence, dosing and ther-
apy duration reflect clinical use in human infants.

A subset of the animals (n � 21 for DXM treated and n � 19 for saline
treated) was randomly preassigned in each set of experiments for assess-
ment by the in vitro neurosphere assay and was sacrificed at 72 h after
infection by an overdose of intraperitoneal pentobarbital (150 mg/kg;
Esconarkon; Streuli & Co. AG, Uznach, Switzerland).

To assess in vivo cell proliferation, the remaining animals (n � 25 for
each treatment group) received intraperitoneal bromodeoxyuridine
(BrdU) (Sigma; 50 mg/kg of body weight, daily) at days 1 to 3 after infec-
tion. The last BrdU injection was scheduled concomitantly with the sac-
rifice of littermates assigned to the neurosphere assay. Animals were sac-
rificed 24 h after the last BrdU injection (94 h after infection).

All animals were clinically assessed by using a motor performance
score as described previously (11) and by weighing at predetermined time
points. Survival was assessed for the whole course of the experiment.

Neurosphere assay. Thirty-five surviving animals with confirmed
meningitis (18 treated with DXM and 17 treated with saline) were assessed
by the neurosphere assay. Immediately after sacrifice, animals were per-
fused with ice-cold phosphate-buffered saline (PBS) via the left cardiac
ventricle, and their brains were processed for neurosphere assay as previ-
ously described (25). The brains were carefully removed and placed into
ice-cold dissection solution consisting of Ca2�- and Mg2�-free Hanks’
buffered salt solution (HBSS; Biochrom, Berlin, Germany) supplemented
with antibiotic/antimycotic solution (Gibco, Life Technologies) and 6
mg/ml D-glucose. Hippocampi were dissected, and meninges and vas-
cular tissue were removed. Tissue was minced into 1-mm3 pieces,
collected in the cold dissection solution, and centrifuged for 5 min at
500 � g. After removal of the supernatant, hippocampal cells were
dissociated in 1.5 ml of papain/dispase/DNase (PDD) enzyme mix (1
mg/ml [10 U/ml] papain, 1 mg/ml [0.5 U/ml] dispase II, 0.1 mg/ml [400
U/ml] DNase I, and 12 mM MgSO4 in Ca2�- and Mg2�-free HBSS, all
from Sigma) (26). Cells were incubated for 5 min at 37°C and then twice
for 10 min at room temperature (RT) with gentle trituration between the
incubation steps. Three milliliters of Dulbecco modified Eagle medium
(DMEM)/Ham’s F-12 were added, and the cell suspension was filtered
through a 70-�m cell strainer (BD Biosciences, USA). After centrifuga-
tion for 5 min at 500 � g, the supernatant was removed and cells were
washed in 10 ml DMEM/Ham’s F-12. The washing step was repeated. The
pellet was resuspended in 10 ml serum free medium (SFM) consisting of
DMEM/Ham’s F-12 plus L-glutamine (Biochrom), which was supple-
mented with 10 mM HEPES, antibiotic/antimycotic solution (Gibco, Life
Technologies), and B-27 (Gibco); 20 ng/ml recombinant human fibro-
blast growth factor (FGF) and human epidermal growth factor (EGF)
(Pepro Tech, Rocky Hill, NJ); and 4 �g/ml heparin (Stemcell Technolo-
gies, Grenoble, France). Finally, the cell suspension was plated onto two
60-mm culture dishes coated with poly-hydroxyethyl-methacrylate
(poly-HEMA) (Sigma P3932-1G) and was maintained for 1 day at 37°C in
a 5% CO2 atmosphere.

The next day, cells were harvested, and viable cells were determined by
trypan blue exclusion. For each animal, 4 wells of a 24-well poly-HEMA-
coated tissue culture test plate were seeded with 104 cells in 0.5 ml of a 0.8
mg/ml collagen (Sigma)-containing SFM medium. The plate was incu-
bated at 37°C for 1 h to allow gel formation. Once the gel had set, 0.5 ml of
prewarmed supplemented SFM was added to the top of each gel, and
neurospheres were grown for 17 days by replenishing half of the medium
(0.25 ml/well) with fresh supplemented SFM every 2 to 3 days

After 17 days, gels were washed with PBS and were incubated at RT for
15 min in paraformaldehyde (PFA) 4% to achieve fixation. After washing
twice with PBS for 10 min, the neurosphere-containing gels were trans-
ferred to glass slides (Superfrost; Menzel GmbH, Braunschweig, Ger-
many) and were allowed to dry. Gels were stained with cresyl violet, and
slides were subsequently mounted with Entellan (Merck, Zug, Switzer-
land). The number of neurospheres per gel was determined under a light
microscope by an investigator blinded to the experimental group. For
each animal, 4 gels were assessed, and the mean number of neurospheres
was calculated.

BrdU immunohistochemistry. Thirty-eight surviving animals with
confirmed meningitis (15 DXM-treated and 23 saline-treated animals)
were sacrificed and perfused via the left cardiac ventricle with ice-cold
PBS. Brains were removed and were fixed in methanol-acetic acid (95:5)
and processed for paraffin embedding. For each animal, twelve 10-�m-
thick coronal sections were sampled at regular intervals throughout the
hippocampus and were processed for anti-BrdU immunostaining using a
mouse monoclonal primary anti-BrdU antibody (1:50; Dako Schweiz AG,
Baar, Switzerland) and a Cy3-conjugated donkey anti-mouse IgG sec-
ondary antibody (1:1,000; Jackson ImmunoResearch, Newmarket,
United Kingdom). Sections were counterstained with 4=-6-diamidino-
2-phenylindol-dihydrochlorid (DAPI; Merck, Darmstadt, Germany)
and mounted with Mowiol (Merck, Darmstadt, Germany) containing
2.5% DABCO (Sigma).
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Digital image acquisition was performed using a Zeiss Imager M1
fluorescence microscope and a charge-coupled device camera. Using
ImageJ software (NIH), the area of the dentate gyrus was determined from
the DAPI-stained image and was superimposed on the BrdU image. After
calibration, the surface area was assessed, and cell density was determined
as the number of BrdU-positive cells/unit area by an investigator who was
blinded to the experimental grouping (23).

Statistical analysis. Statistical analyses were performed using Prism
(version 6.02; GraphPad Software, San Diego, CA, USA). Normality tests
were performed to verify whether data followed a Gaussian distribution.
Normally distributed variables were compared using a two-tailed un-
paired t test. Comparisons between non-normally distributed variables
were performed by the two-tailed nonparametric Mann-Whitney U test.
Post hoc power calculation was determined using freely available calcula-
tor software (http://clincalc.com/Stats/Power.aspx).

Survival curves were compared by means of the log rank test. Further-
more, odds ratio and significance were determined using Fisher’s exact
test. A P value of �0.05 in two-tailed tests was considered statistically
significant. Data are indicated as mean � standard deviation.

RESULTS
Survival. A comparison of the survival of DXM-treated versus
saline-treated animals revealed a significant difference (P � 0.04)
with a lower survival rate in the DXM group. Of the 45 animals
with confirmed meningitis that were treated with DXM, 12 did
not survive until the end of the study. Among the 44 animals in the
control group, 4 died before the end of the study (Fig. 1A). The
odds ratio for DXM was 3.636 [1.071 to 12.34] with a P value of
0.051 (Fisher’s exact test).

Clinical parameters. Except for one subject in the DXM-
treated group that was excluded from further analyses, all animals
developed meningitis as documented by a combination of positive
quantitative bacterial CSF cultures at 18 h after infection, altered
clinical score, and weight loss.

There was no significant difference (P � 0.61) between the
concentrations of bacteria in the CSF of animals treated with
DXM (log10 7.5 � 0.5 CFU/ml) or with saline (log10 7.5 � 0.6
CFU/ml) at 18 h postinfection (hpi). No difference in clinical
score was detected between the two groups during the course of
infection (data not shown).

While there was no significant weight loss difference at 18 h
postinfection, the treatment groups differed significantly at later
time points (42, 72, and 94 h after infection). At 42 h after infec-

tion, weight reduction in DXM-treated animals was significantly
more pronounced than that of saline-treated animals (�3.8 � 0.7
g versus �2.3 � 1.2 g; P � 0.0001). At 72 h postinfection, the
mean weight change in the two groups still indicated a weight loss,
which was significantly worse in animals receiving DXM (�3.6 �
1.3 g versus �0.7 � 2.3 g; P � 0.0001). The mean weight differ-
ence in DXM-treated animals at 94 h postinfection still denoted a
weight reduction (�2.6 � 2.1 g), while a slight increase in weight
(1.7 � 3.8 g) was observed in saline-treated animals (P � 0.001)
(Fig. 1B).

Neurosphere assay. Development of cell aggregate as cell
progenies arising from a single stem or progenitor cell was ob-
served in the gel matrix (Fig. 2A) over time. Quantification was
performed by drying and staining the gel matrix with cresyl violet
(Fig. 2B). The number of neurospheres in animals treated with
DXM was significantly lower than that of the saline-treated ani-
mals (P � 0.01; post hoc statistical power of 60.3% for 	 � 0.05). In
the DXM group, a mean amount of 132 � 112 neurospheres/well
(n � 16) was determined, whereas the saline-treated group
showed a mean number of 284 � 224 neurospheres/well (n � 16)
(Fig. 2C).

Density of BrdU-positive cells in the dentate gyrus. The ma-
jority of BrdU-labeled cells were found at the interface between
the hilus and the subgranular zone of the dentate gyrus (Fig. 3A).
Animals who were administered DXM showed a mean density of
471 � 230 BrdU-positive cells/mm2 of the dentate gyrus (n � 12).
The observed mean cell density in animals receiving saline was
972 � 202 cells/mm2 (n � 20) (Fig. 3B). The density of BrdU-
positive cells in the dentate gyrus was significantly lower in ani-
mals receiving DXM than the density in those treated with saline
(P � 0.0001; post hoc statistical power of 100% for 	 � 0.05).

DISCUSSION

The present study in infant rat PM investigated the impact of
adjuvant DXM on stem/progenitor cell density and on cells with
proliferative capacity in the hippocampus by using a combined in
vivo/in vitro approach. We found a decreased density of BrdU-
positive cells in the hippocampal dentate gyrus and a decreased
amount of cells with proliferating capacity (stem and progenitor
cells) by documenting a lower number of neurospheres from hip-
pocampal tissue of animals receiving DXM compared to the vehi-

FIG 1 (A) Survival proportion of animals with meningitis treated with DXM (n � 45, closed circles) or saline (n � 44, open circle). (B) Time course of weight
loss/gain in animals with meningitis treated with DXM (dashed line, hatched boxed) or saline (straight line, open boxes). For each time point, experimental
groups are represented by boxes and whiskers in the 10th to 90th percentile. ***, P � 0.001 (Mann-Whitney test).
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cle control group. Moreover, DXM treatment worsened clinical
parameters as was indicated by a more pronounced weight loss
and a lower survival rate. These findings document a DXM-in-
duced decline in the regenerative capacity of the hippocampus in
infant PM. While the identity of the proliferative, BrdU-positive
cells has not been studied in detail in the present study, evidence
from other studies suggests neuronal precursors as the main cell
population. An increase in doublecortin- or TUC4-immunoposi-
tive cells, two markers for immature neurons, was demonstrated
in patients after bacterial meningitis (22). Furthermore, a non-
neuronal immune cell identity was largely excluded in adult mice
after meningitis (21).

Our findings extend the available literature on the potentially
harmful effect of adjuvant DXM on the hippocampus in infant rat
PM. While the proapoptotic effect of DXM in the paradigm of PM
has been shown previously (11, 14), we hereby provide evidence of
an additional negative impact of adjuvant DXM treatment on
neuronal regeneration in the developing brain affected by PM.
Our findings are in line with the recently reported decrease in
proneurogenic signaling at the transcriptome level (12). More-
over, our data are consistent with the results of several investiga-
tions that addressed the effect of perinatal glucocorticoid admin-
istration on hippocampal neurogenesis in otherwise healthy
animals. Neural precursor cells and immature neurons in the hip-
pocampus were shown to be sensitive to the proapoptotic actions
of DXM in neonatal rats, leading to significant and sustained re-
ductions in the volume of the dentate gyrus (18). In addition, a

one to three day DXM regimen in 4- to 7-day-old rats significantly
decreased brain weight, which was associated with a decrease in
BrdU-labeled cells in the subpial granular layer (SGL), the sub-
ventricular zone (SVZ), and the cortex (16). The same decline in
BrdU incorporation following DXM application was also shown
in in vitro investigations on embryonic rat neural stem cells (17).

Previous studies have consistently shown an increased prolif-
eration of neural progenitors in response to bacterial meningitis
(20–22). The observed anti-regenerative effect of DXM may
therefore impair the body’s own attempt to alleviate the conse-
quences of PM-induced neuronal damage, thereby increasing
rather than reducing disease morbidity. In addition to the net
decrease of cells in a proliferative state, we found a more pro-
nounced weight loss and a lower survival rate in DXM-treated
animals than in vehicle control animals.

The strengths of this study are the use of a well-characterized
experimental model of infant rat PM and the investigation of hip-
pocampal regenerative capacity using a combined in vivo/in vitro
approach. We nevertheless acknowledge some limitations. First,
the functional impact of the observed anti-regenerative effect was
not assessed in the present study. However, the clinical relevance
of our findings is supported by our previous study showing re-
duced learning capacity in DXM-treated infant rats using the
same experimental protocol (11). Second, although the applied
neurosphere and BrdU-labeling techniques are well-established
methods to assess hippocampal cell proliferation, no definitive
statement can be made about whether the observed reduction of

FIG 2 Representative pictures of neurospheres during incubation in collagen gels (A) or after processing and staining with cresyl violet (B). (C) Number of
neurosphere/well of a 24-well plate, originating from hippocampal cells isolated from animals with meningitis treated with DXM (open boxes) or saline (gray
boxes). Experimental groups are represented by boxes and whiskers in the 5th to 95th percentile, and mean values are represented by a cross.

FIG 3 (A) Representative immunofluorescence picture of the dentate gyrus of an animal with meningitis (blue, DAPI staining; red, anti-BrdU staining). (B)
Density of BrdU immunolabeled cells in the dentate gyrus of animals with meningitis treated with DXM (open boxes) or saline (gray boxes), respectively.
Experimental groups are represented by boxes and whiskers in the 5th to 95th percentile, and mean values are represented by a cross.
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cells in a proliferative state as documented by the BrdU analysis is
due to a reduced amount of precursor cells, as it would be sug-
gested from our previous study (11), an impaired proliferative
capacity or these precursors, or a combination of the two. Third,
the present study precludes a distinction between direct and indi-
rect effects of dexamethasone with regard to hippocampal regen-
eration. Evidence from the available literature suggests both. In
particular, it has been shown that stimulation of cultured rat neu-
ral stem cells with dexamethasone or corticosterone reduced cell
proliferation by BrdU labeling, therefore suggesting a direct effect
(17). Indirect effect by modulation of the inflammatory reaction is
also plausible. We have shown that DXM modulated the inflam-
matory reaction in the present model, particularly in tissue
samples (12). The modulation of the neuro-inflammation, par-
ticularly that caused by microglia, and its consequence on neu-
rogenesis is complex (27). While studies of inflammatory
meningitis by injection of pneumococcal cell wall (28) or lipo-
polysaccharides (29) were shown to have a negative impact on
neurogenesis, we (20) and others (21) have demonstrated the op-
posite using models of productive bacterial infections. Conse-
quently, inhibition of inflammation in these different experimen-
tal paradigms leads to different results. Furthermore, since the
microglial population changes over time with respect to pheno-
type and cytokine expression, possibly altering its effect from cy-
totoxic in the acute phase to supportive in the chronic phase (27),
differences in the timing of microglial inhibition may lead to the
opposite effect on neural proliferation. Our findings of an anti-
regenerative effect of DXM in PM are based on an infant rat model
reflecting infection during early childhood, which precludes di-
rect applicability to human beings. Thus, a similar negative impact
of adjuvant DXM on the hippocampus of children with PM still
remains speculative. This study was designed to reflect the situa-
tion in patients suffering from long-term sequelae. It should how-
ever be mentioned that, in contrast to our experimental evidence,
DXM was not shown to significantly influence mortality during
childhood PM (5). Clinical research in human beings is needed to
assess the possible adverse effects of adjuvant DXM on hippocam-
pal function in pediatric patients with PM. In that context, the
meta-analysis of Barrington on preterm infants with postnatal
steroids for bronchopulmonary dysplasia demonstrated a very
clear increase in neurodevelopmental impairment and led the au-
thor to conclude that the use of corticosteroids for this indication
should be abandoned (30). In particular, one study showed that a
DXM treatment as short as 3 days was still associated with severe
adverse outcome (31). In contrast to the beneficial effects of DXM
in adult patients with pneumococcal meningitis, which are most
likely due to its anti-inflammatory property, the negative impact
of this therapy on the regenerative capacity of an immature central
nervous system in children may explain differences in the thera-
peutic efficacy observed between these two distinct patient popu-
lations. These findings must be taken into account when evaluat-
ing the effect of adjuvant DXM in the therapeutic regimen for PM
in children.

In conclusion, the present study demonstrates that DXM de-
creases the density of proliferating cells, including stem/progeni-
tor cells in the hippocampus of infant rat with PM. This finding
further clarifies the underlying mechanisms of the previously
shown learning deficiency in infant rats following treatment with
adjuvant DXM for PM. Experimental evidence of the harmful
effects of adjuvant DXM on hippocampal structure and function

suggests that DXM should be used with caution when treating PM
in children.
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