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ABSTRACT: Sensorineural hearing loss (SNHL) is the most com-
mon sequel of bacterial meningitis (BM) and is observed in up to
30% of survivors when the disease is caused by Streptococcus
pneumoniae. BM is the single most important origin of acquired
SNHL in childhood. Anti-inflammatory dexamethasone holds prom-
ises as potential adjuvant therapy to prevent SNHL associated with
BM. However, in infant rats, pneumococcal meningitis (PM) in-
creased auditory brainstem response (ABR) thresholds [mean differ-
ence � 54 decibels sound pressure level (dB SPL)], measured 3 wk
after infection, irrespective to treatment with ceftriaxone plus dexa-
methasone or ceftriaxone plus saline (p � 0.005 compared with
mock-infected controls). Moreover, dexamethasone did not attenuate
short- and long-term histomorphologic correlates of SNHL. At 24 h
after infection, blood-labyrinth barrier (BLB) permeability was sig-
nificantly increased in infected animals of both treatment groups
compared with controls. Three weeks after the infection, the aver-
aged number of type I neurons per square millimeter of the
Rosenthal’s canal dropped from 0.3019 � 0.0252 in controls to
0.2227 � 0.0635 in infected animals receiving saline (p � 0.0005).
Dexamethasone was not more effective than saline in preventing
neuron loss (0.2462 � 0.0399; p � 0.05). These results suggest that
more efficient adjuvant therapies are needed to prevent SNHL asso-
ciated with pediatric PM. (Pediatr Res 62: 291–294, 2007)

BM, particularly in children, is associated with devastating
mortality rates of up to 30%. Despite appropriate ther-

apy, 20%–50% of pediatric patients who survive the infection
have permanent neurologic sequels, which include deafness,
mental retardation, and learning impairment, sensorimotor
deficits, seizure disorders, and cerebral palsy. Streptococcus
pneumoniae is the most common cause of BM in infants and
young children worldwide (1). Pneumococcal meningitis
(PM) is consistently associated with a particularly high inci-
dence of neurologic sequelae, with up to half of the survivors
presenting some form of neurologic deficits (2,3).

SNHL, usually profound and unilateral, is the most com-
mon neurologic sequel of BM and is observed in as many
as 30% of survivors when the etiologic agent is S. pneu-
moniae (4,5). BM is the single most important cause of

acquired SNHL in childhood despite appropriate antimicro-
bial therapy (6).

SNHL results from involvement of the inner ear due to
inflammation as the cerebrospinal fluid (CSF) containing
pneumococci and leukocytes extends from the subarachnoid
space via the cochlear aqueduct to the perilymph (7–9). In an
adult rat model of PM, the severity of permanent hearing
impairment assessed 2 wk after the infection correlated sig-
nificantly with the loss of type I spiral ganglion neurons (10).
We have recently confirmed and expanded the correlation
between the loss of type I neurons in the spiral ganglion and
the degree of hearing impairment in infant rats (11). Indeed,
we have shown that adjuvant therapy with doxcycline com-
bined with ceftriaxone significantly attenuated neuron loss in
the spiral ganglion. Attenuation of neuron loss was accompa-
nied by a moderate, yet statistically significant decrease in
long-term ABR thresholds when compared with infected an-
imals receiving only ceftriaxone and saline (11).

The contribution of excessive inflammation to the patho-
genesis of brain and inner ear damage in BM has motivated a
number of studies aiming to access the neuroprotective poten-
tial of adjuvant therapy with the anti-inflammatory drug dexa-
methasone. Some of these studies have proven the ability of
dexamethasone to decrease the incidence and severity of
SNHL in children with Haemophilus influenzae meningitis
when given in combination with antibiotic therapy (12–14).
However, a beneficial effect of adjuvant dexamethasone to
infants with PM has not yet been demonstrated (15). Results
from different surveys are controversial and not conclusive, in
part because of the small number of patients with PM enrolled
(12,16–21).

Experimental studies evaluating the neuroprotective poten-
tial of adjuvant dexamethasone in PM have generated con-
flicting data. Whereas dexamethasone was shown to decrease
neurologic sequels and caspase activity in an adult rat model
of PM (22), it increased both acute hippocampal injury and
long-term learning deficits in adult rabbits (23) and in infant
rats (24). Experimental data on the potential of adjuvant
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dexamethasone to prevent inner ear damage associated with
PM is scarce and limited to adult animal models (25,26). To
our knowledge, the present report is the first experimental
study assessing the potential of dexamethasone to prevent
hearing loss in an infant model of PM.

METHODS

Model of meningitis with live pneumococci. Nursing Wistar rats were
injected intracisternally on postnatal d 11 (P11) with 10 �L of saline
containing 2.5 � 106 � 1.5 � 106 colony-forming units (CFUs)/mL S.
pneumoniae as described previously (27). At 18 h after infection, all animals
were assessed clinically as described elsewhere (24,27), and CSF was ob-
tained from the cisterna magna to document infection and to determine the
number of bacteria by plating serial dilutions of CSF on blood agar plates. If
incubation of 5 �L of undiluted CSF did not result in growth of bacteria, the
CSF was considered to be sterile and animals were excluded from further
analysis. The detection limit for bacteria in the CSF was 200 CFUs/mL.

All animal experiments were approved by the Animal Care and Experi-
mentation Committee of the Canton of Bern, Switzerland, and were per-
formed using National Institutes of Health guidelines for animal experiments.

Assessment of BLB integrity in acute PM. To assess early damage to the
cochlea during acute PM, animals were infected (n � 7) and randomized for
treatment with dexamethasone (Fortecortin, Merck, Dietikon, Switzerland)
[one dose of 0.7 mg/kg i.p. at 18 h after infection, i.e. together with the first
dose of antibiotics (n � 4)] or with the same volume of saline (n � 3). The
dose of 0.7 mg/kg used in the study corresponds to the dose used in earlier
studies on adjuvant dexamethasone in experimental pneumococcal meningitis
in infant rats (24). The higher dose of dexamethasone in comparison with the
dose used in infants (usual dose in children: 0.15 mg/kg body weight) was
chosen to compensate for the higher clearance rates of infant rats (28).
Mock-infected control animals (n � 3) were also given dexamethasone. All
animals (n � 10) were treated with one single dose of 100 mg/kg ceftriaxone
s.c. (Roche Pharma, Reinach, Switzerland) at 18 h after infection. Twenty-
three hours after infection, animals were injected with 1 mL 1% Evans blue
i.p. and killed 1 h later. Evans blue was quantified in cochlear histologic
sections prepared as describe above by fluorescence microscopy using a
454-nm excitation filter and a 590-nm barrier filter (29). Three pictures
showing different regions of the stria vascularis (i.e. lower, mid, and upper
cochlear turns) were captured with a CDD imaging system (Hamamatsu
Photonics, Solothurn, Switzerland), and the optical density (OD) per square
millimeter of the stria vascularis was quantified using the NIH Image program
(version 1.61; U.S. National Institutes of Health, Bethesda, MD). The ODs
per square millimeter were adjusted by subtracting the OD of the area
corresponding to the stria vascularis from the OD of the background. The
adjusted ODs were averaged per cochlea (10,30).

Assessment of long-term damage to the cochlea. To assess long-term
cochlear damage, animals were infected (n � 29) and randomized for
treatment with dexamethasone (12 doses of 0.7 mg/kg i.p. every 8 h; n � 17)
starting at 18 h after infection, together with the first dose of antibiotics, or
with the same volume of saline (n � 12). Mock-infected control animals (n �
13) were also treated with dexamethasone. All animals (n � 42) were treated
with eight doses of 100 mg/kg ceftriaxone s.c. (Roche Pharma, Reinach,
Switzerland) every 12 h. This treatment schedule was maintained for 4 d,
starting 18 h after infection. At 3 wk after infection, the ABR were measured
in both ears of a subset of randomly chosen animals (n � 14, n � 9, and n �
6 for the dexamethasone, saline, and mock-infected groups, respectively), and
then the animals were killed. The density of type I neurons in the spiral
ganglion was assessed by histomorphologic analysis of cochlear sections in
one randomly chosen cochlea per animal.

We ran two separate pilot studies to set up the methods of cochlear
histomorphology and ABR measurements. Only in the final study, animals
were tested with both methods. Because the histomorphologic analysis and
ABR measurements were conducted with the same protocol in both the pilot
and final studies, we included both results in this report. Only animals from
the final study are represented in the correlation analysis (see “Statistics”
below).

Histomorphologic analysis of cochlear sections. To determine the density
of type I neurons in the spiral ganglion, the region of the temporal bone
containing the cochlea was dissected from the skull, postfixed for 4 h in
paraformaldehyde, and decalcified for 10 d in phosphate-buffered saline
containing 120 mM ethylenediaminetetraacetic acid and 0.1% sodium azide.
One cochlea of each animal was embedded in paraffin, and the six most
mid-modiolar sections (10 �m thick) were mounted on glass slides and
stained with toluidine blue. The specimens were analyzed with a light

microscope, and the images were digitized. The outline of the Rosenthal’s
canal was traced using the NIH Image program. The type I neurons in 10
profiles of the Rosenthal’s canal, from the base to the apex of the cochlea,
were counted (11,31). The results were expressed as the density of type I
neurons per square millimeter. All histopathologic evaluations were done by
an investigator who was unaware of the clinical, microbiologic, and treatment
status of the animal.

ABR measurements. ABRs were recorded for inactin-anesthetized rats
3 wk after infection (11). Measurements were performed in an audiometric
room (model AC-1 chamber; Industrial Acoustics Company, Niederkrüchten,
Germany) for both ears in response to click stimulation (presentation rate, 20
clicks/s). Subdermal needle electrodes were placed in the mastoid of the tested
ear (active), at the vertex (reference), and in the cervical neck muscles
(ground). The sound stimulus consisted of 100 �s square wave impulses
synthesized digitally using SigGen32 software (System II; Tucker- Davis
Technologies, Alachua, FL), fed into a programmable attenuator, and after
D/A conversion transduced by a speaker (2405H ultra-high-frequency driver;
JBL Professional, Northridge, CA) located 4 cm from the pinna. The system
was calibrated with a sound level meter (2231 modular precision sound level
meter; Brüel & Kjær, Nærum, Denmark) by measuring with a 0.5-in. micro-
phone (type 4189; Brüel & Kjær, Nærum, Denmark) the maximum peak level
(expressed in dB SPL; reference pressure, 20 �Pa) emitted by the speaker
when it was driven by a square wave impulse. ABR were amplified (103),
band-pass filtered between 100 Hz and 3 kHz (model 1201 low-noise pream-
plifier; Ithaco, Ithaca, NY), and averaged (n � 500) during a 12-ms window
with the data acquisition software BioSig32 (System II; Tucker-Davis Tech-
nologies, Alachua, FL). The intensity of the click stimulus was reduced from
110 to 0 dB SPL in 10-dB steps. The hearing threshold was defined as the
lowest intensity, which induced the appearance of a visually detectable first
peak. The ABR responses of both ears of each animal were averaged.

Statistics. Normally distributed variables were presented as mean � SD
unless stated otherwise and were compared using one-way analysis of vari-
ance followed by an unpaired t test. Variables that were not normally
distributed (hearing thresholds) were compared using the Kruskal-Wallis test.
When the latter yielded a statistically significant value (p � 0.05), pairwise
comparison was done using the two-tailed nonparametric Mann-Whitney U
test. Correlation between ABR thresholds and density of type I neurons in the
spiral ganglion was tested by nonparametric correlation (Spearman).

RESULTS

Evans blue extravasation into the stria vascularis. At 24 h
after infection, Evans blue extravasation into the stria vascu-
laris, which is an indication of BLB disruption, was signifi-
cantly increased (p � 0.05) in infected animals (7.84 � 0.95)
compared with mock-infected controls (2.81 � 1.77). Adju-
vant treatment with one single dose of dexamethasone given at
18 h after infection failed to attenuate BLB disruption (9.75 �
2.00; p � 0.01 compared with vehicle-treated animals).

Loss of neurons in the spiral ganglion. Pneumococcal
meningitis caused significant loss of type I neurons in the spiral
ganglion, as determined 3 wk after the infection. The averaged
density of type I neurons per square millimeter of the
Rosenthal’s canal was 0.3019 � 0.0252 for mock-infected
animals versus 0.2227 � 0.0635 for animals that were in-
fected and treated with ceftriaxone plus saline (p � 0.0005).
Adjuvant dexamethasone did not attenuate the loss of type I
neurons in infected animals (0.2462 � 0.0399) compared with
treatment with saline and ceftriaxone (p � 0.05) (Fig. 1A).
Infected animals receiving dexamethasone had significantly
fewer type I neurons in their spiral ganglia compared with
mock-infected animals (p � 0.0001).

ABR measurements. PM caused a significant increase in
ABR thresholds (mean difference � 54 dB SPL) determined 3
wk after infection [100 � 11.73 for ceftriaxone and saline–
treated infected animals versus 45.83 � 14.63 for ceftriaxone
and dexamethasone–treated mock-infected animals (p �
0.0005)]. Adjuvant dexamethasone did not prevent the in-
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crease in ABR thresholds in infected animals (90 � 15.81)
compared with treatment with ceftriaxone and saline (100 �
11.73; p � 0.05) (Fig. 1B).

The density of type I neurons in the spiral ganglion corre-
lated negatively with ABR thresholds (Spearman r � �0.78;
p � 0.0001, Fig. 1C).

DISCUSSION

Anti-inflammatory therapy with adjuvant dexamethasone
has been regarded with optimism as a feasible strategy to
prevent ear damage associated with BM. Several successful
clinical trials have shown that adjuvant dexamethasone im-
proves hearing outcome in children with H. influenzae men-
ingitis (12–14). However, data from clinical trials available at
present do not allow any conclusion on the potential benefit of
adjuvant dexamethasone to prevent SNHL in children with
PM (12,14,16–19,21). Experimental data on animal models of
PM are scarce and limited to adults (25,26). None of them
attempted to investigate the morphologic correlates of hearing
loss. In an adult rabbit model of PM, the administration of
dexamethasone 10 min before ampicillin (therapeutic regimen
starting at 18 h after infection) attenuated SNHL compared
with placebo, as measured by ABR 8 d after infection (26).
More recently, it was reported that adjuvant dexamethasone
preserved cochlear function in an adult gerbil model of PM
(25). In this report, ABR measurements were performed 3
months after infection. Altogether, these findings suggest a
beneficial role of dexamethasone in attenuating long-term and
irreversible hearing loss associated with PM in adult animals,
provided that therapy is initiated before or at the time of
initiation of the antibiotic therapy (15).

In agreement with previous studies using adults rats
(10,30), we found herein that, in infant rats, PM induces a
pronounced disruption of the BLB, as evidenced by Evans

blue extravasation into the stria vascularis. Sensory transduc-
tion in the mammalian cochlea requires the homeostasis of
specialized fluid compartments with distinct ionic composi-
tions. The stable composition of endolymph is achieved by the
concerted action of diverse ion channels and transporters,
most located at the stria vascularis, and by an integral BLB
(32,33). Thus, it seems reasonable to think that disruption of
the BLB during the acute phase of PM may contribute to the
cochlear dysfunction. However, the present investigation does
not allow further insights into the toxic mechanism. Never-
theless, the present study shows that adjuvant dexamethasone
failed to preserve the integrity of the BLB during acute PM.

We assessed short- and long-term cochlear damage associ-
ated with PM at the very onset of hearing in infant rats, i.e.
infection on P11. In the rodent cochlea, stereocilia sprout from
the apical surface of sensory hair cells at embryonic d 15 and
the hair bundles reach their final adult shape by P6. The organ
of Corti reaches its adult size by P10, becomes functional at
around P12–P14, and is considered morphologically and func-
tionally mature at P21 (34,35). The onset of hearing (P12–
P14) is associated with increased ionic and metabolic activity
and with changes in cell proliferation and growth. We dem-
onstrated in our study that dexamethasone is not effective in
preventing SNHL in infant rats experimentally infected with
S. pneumoniae at P11. Our results contrast with those of a
previous report of SNHL attenuation by adjuvant dexameth-
asone in adult rats with PM (26). The differential response to
dexamethasone in the adult and the infant rat model needs to
be further investigated, but it may be due to the metabolic and
growth changes taking place in the immature cochlea at the
time of hearing onset (34,35). We have also shown here that
adjuvant therapy with dexamethasone did not prevent damage
to cochlear structures, namely, the stria vascularis and the
spiral ganglion neurons in PM. A strong correlation was

Figure 1. Anatomical and functional changes associated with hearing impairment at 3 wk after experimental PM or mock infection. (A) PM caused a significant
loss of type I neurons in the spiral ganglion of infected animals treated with saline (*p � 0.0005; n � 12) and dexamethasone (**p � 0.0001; n � 17) when
compared with mock infection (n � 13, n refers to the number of animals). One randomly chosen cochlea was analyzed per each animal. Adjuvant therapy with
dexamethasone had no significant effect on density of type I neurons in the Rosenthal’s canal. †Not significant. (B) PM led to a significant increase in ABR
thresholds 3 wk after infection irrespective of adjuvant treatment regimen (*p � 0.0005 for both treatment groups) when compared with ABR thresholds in
mock-infected animals (n � 6). Adjuvant dexamethasone did not prevent the increase in ABR thresholds in infected animals compared with treatment with
ceftriaxone and saline (†p � ns (�0.05), n � 14 and 9, respectively). The ABR responses of both ears of each animal were averaged. In our experimental
conditions, a 110-dB hearing loss value represents deafness. (C) A significant negative correlation (Spearman r � �0.78; p � 0.0001; n � 18, one ear per animal)
was found between hearing thresholds and the number of type I neurons in the Rosenthal’s canal. Linear regression curve defined by y � 167.2 � 358.6x. Points
in Figure 1C represent ears that have been analyzed by both ABR and cochlear histomorphology (n � 18 animals, one ear per animal).
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observed between the density of type I neurons in the spiral
ganglion and the shifts in the ABR thresholds, which confirms
the hypothesis that loss of this subpopulation of neurons is an
important morphologic correlate of long-term hearing loss
associated with PM (10,11). The present results demonstrate
the failure of dexamethasone to prevent SNHL in the infant
rat, contrary to previously successful trials in adult animal
models (25,26). A direct comparison with the data generated
in the adult model is not possible because the effects of
dexamethasone on morphologic correlates of SNHL have not
been reported (25,26). It is important to note that the results of
the above-mentioned studies with adult animals disagree with
the conclusions of the European Dexamethasone Adulthood
Bacterial Meningitis Study Investigators that in adult human
patients with PM, adjuvant dexamethasone did not have a
significant beneficial effect on neurologic sequels, including
hearing loss (36,37).

In conclusion, adjuvant therapy with dexamethasone failed
to prevent SNHL and short- and long-term damage to cochlear
structures in an infant rat model of PM. The present results
suggest that more efficient adjuvant therapies are needed to
prevent hearing loss associated with PM in the developing ear.
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