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Abstract Hearing impairment is a common and frequently
permanent sequel of Streptococcus suis meningitis in
humans. Nevertheless, mechanisms underlying the develop-
ment of cochlear damage have not been addressed so far. In
the present work, we characterized a mouse model of sup-
purative labyrinthitis and meningitis induced by a systemic
infection with S. suis and studied the impact of the injected
bacterial dosage on the progression of such inflammatory
events. We observed that high infection doses of bacteria
lead to sustained bacteremia, with an increase in the perme-
ability of the blood–labyrinth and blood–brain barriers,
causing suppurative labyrinthitis and meningitis, respective-
ly. However, in mice infected with a low dose of S. suis,

bacteria disappeared quickly from blood, hence, cochlear
inflammation and meningitis were not consistent features.
This model of S. suis infection seems ideal to evaluate novel
drugs that may help alleviate the negative consequences of
such important sequelae of S. suis-induced meningitis and
labyrinthitis.

Introduction

Streptococcus suis is currently considered as one of the most
relevant disease-evoking pathogens in the swine industry
worldwide, and also an important emerging agent of zoono-
sis. In pigs, the most frequent pathologies of S. suis infec-
tions include meningitis, septicemia, arthritis, pneumonia,
and endocarditis [1]. As a human pathogen, S. suis is re-
sponsible for meningitis, labyrinthitis, septicemia, toxic
shock-like syndrome, and endocarditis [2, 3]. Traditionally,
S. suis infections have been documented in people working
in close contact with pigs or raw pork products, thus, it was
considered to be a risk in countries where pig rearing is
common [4, 5]. However, the classical picture of S. suis
infection as an occupational disease has drastically changed,
as large outbreaks have taken place in Asian countries [2, 6].
In fact, S. suis is currently the primary cause of adult
meningitis in Vietnam, the second in Thailand, as well as
the third most common cause of community-acquired bac-
terial meningitis in Hong Kong [7, 8]. People who survive S.
suis infection may be handicapped, as severe post-infection
sequels, mainly permanent hear impairing, frequently devel-
op [9, 10].

Although research on S. suis pathogenesis has increased
in recent years, there are still many unsolved questions,
rendering the control of infection and prevention of sequels
difficult. Whereas it is believed that S. suis enters through
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the respiratory route with further colonization of the tonsils
in swine, infections occur through skin cuts and/or the oral
route in humans [2, 11, 12]. For research purposes, infection
of adult mice of S. suis via the intraperitoneal route has been
established as a model exhibiting typical features of the
disease. This model has successfully allowed to study the
development of septicemia and meningitis and to test the in
vivo relevance of S. suis virulence factors [13–15]. Using
this model, it has been established that, once in the blood-
stream, virulent S. suis will colonize different tissues and
organs, with high mortality associated to septic shock char-
acterized by an exaggerated systemic production of proin-
flammatory cytokines [13–15]. In cases where the host
survives septicemia, S. suis may still invade the central
nervous system (CNS), where it generally induces the upre-
gulation of different proinflammatory genes, including Toll-
like receptor 2 (TLR2), CD14, IκBα (an index of NF-κB
expression), interleukin-1β (IL-1β), tumor necrosis factor
alpha (TNF-α), and monocyte chemoattractant protein 1
(MCP-1). It has recently been confirmed that microglia
and astrocytes are largely responsible for the orchestration
of such an inflammatory response [15–17]. As a conse-
quence, meningitis and encephalitis develop, leading to
clinical signs of neurologic disease.

Similar to other important meningitis-associated patho-
gens, sensorineural hearing loss is the most frequent long-
term complication of S. suis infection in humans [5, 18].
Meningitis is most severe in the high-frequency hearing
range. Retrospective studies documented that 47.7% to
73% of the surviving meningitis cases suffer persistent
sensorineural hearing loss and that 50% demonstrate vestib-
ular impairment [5, 19]. Although the cochlea has been
recognized as the primary site of damage, the mechanisms
involving labyrinthitis and vestibular damage are uncertain,
and it has been hypothesized that they are caused by some
ototoxins from bacteria [18].

Here, we studied the histomorphological alterations that
occur in the cochlea in our mouse model of systemic infec-
tion of S. suis. We evaluated the integrity of the blood–
labyrinth barrier, verified neuronal injury in spiral gangli-
ons, and assessed the impact of the infective bacterial loads
in the development of cochlear damage and its association
with CNS inflammation.

Materials and methods

Bacterial strain and growth conditions

S. suis serotype 2 strain 31533 was used for all experimental
infections. This encapsulated, hemolysin (suilysin)-positive
virulent strain was originally isolated from a case of porcine
meningitis and has been used in previous studies [15, 20,

21]. Bacteria were grown overnight on sheep blood agar
plates at 37°C and isolated colonies were inoculated into
5 ml of Todd–Hewitt broth (THB) (Difco Laboratories,
Detroit, MI, USA), which was incubated for 8 h at 37°C
with agitation. Working cultures were prepared by transfer-
ring 10 μl of 1/1,000 dilutions of 8-h cultures into 30 ml of
THB, which was incubated for 16 h at 37°C with agitation.
Stationary-phase bacteria were washed twice in phosphate-
buffered saline (PBS; pH 7.3). The bacterial pellet was then
resuspended and adjusted to a concentration of 5×108 CFU/
ml. For experimental infections, inoculums were diluted in
THB to obtain the different final concentrations specified
below. Final suspensions were plated onto blood agar to
accurately determine the CFU/ml.

Mice and experimental models of S. suis meningitis

Female 6- to 8-week-old CD1 mice (Charles River Labora-
tories, Saint-Constant, Québec, Canada) were acclimatized
to standard laboratory conditions of 12-h light/12-h dark
cycles with free access to rodent chow and water. All experi-
ments involving mice were conducted in accordance with
the guidelines and policies of the Canadian Council on
Animal Care and the principles set forth in the Guide for
the Care and Use of Laboratory Animals, and approved by
the Animal Welfare Committee of the Université de Mon-
tréal. For the high-dose (HD) intraperitoneal systemic model
of meningitis (i.p.), 50 mice were infected with 1 ml of 5×
107 CFU/ml of S. suis. For the low-dose (LD) i.p. group, 30
mice were infected with 1×107 CFU/ml of S. suis [15, 20].
Animals infected i.p. were monitored daily and sacrificed at
specific time-points (see the Results section). Sampling
included mice with no clinical signs that were randomly
chosen and mice with clinical signs of CNS disease. In the
case of the transcutaneal intracisternal model of meningitis
(i.c.), five mice were anaesthetized with inhaled isofluorane
(Halocarbon Products Corporation, River Edge, NJ, USA)
and they then received 20 μl of 1×107 CFU/ml of S. suis
(final concentration of 2×105 CFU/mouse). Animals were
allowed to wake up and were sacrificed 24 h later. Controls
were injected with 1 ml (i.p.) or 20 μl (i.c.) of the vehicle
solution (sterile THB) [22].

Determination of viable bacteria in the blood

At each designated time, mice were anesthetized with CO2

and blood was collected by cardiac puncture. Then, 50 μl of
10−1 to 10−6 dilutions of blood in PBS were plated onto
blood agar plates. All samples were plated using an Auto-
plate 400 Automated Spiral Plater (Spiral Biotech). Blood
agar plates were incubated overnight at 37°C. Colonies were
counted and expressed as CFU/ml.
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Histology

Temporal bones and brains were dissected and fixed in
formalin 4% for four days. Once fixed, temporal bones were
decalcified in PBS containing 10% EDTA. Seven-μm sec-
tions of formalin-fixed, paraffin-embedded mouse temporal
bones and brains were deparaffinized, rehydrated, and
stained with Mayer’s hematoxylin. The severity of the in-
flammatory changes in different cochlear structures and
brain sections was evaluated on a scale of 0 (no changes)
to 4 (severe changes), as previously described [23]. The area
of each section of the spiral ganglion in the basal turn of the
cochlear was measured using the UTHSCSA ImageTool
software version 3.0 (University of Texas, San Antonio,
TX, USA) and intact-appearing spiral ganglion neuron (cri-
teria: round cell body containing a nucleus and homogenous
cytoplasm) were counted within. The spiral ganglion neuro-
nal density was expressed as neurons/0.01 mm2 [23]. Three
sections were investigated for each cochlea and the mean
was calculated for each readout parameter.

Determination of blood–labyrinth barrier permeability

One hour before sacrifice, 300 μl of Evans Blue dye (EB)
(Sigma-Aldrich, St. Louis, MO, USA) in PBS (pH 7.3) was
applied by intravenous (i.v.) injections into the dorsal veins
of the tail. EB extravasation in the cochlea (spiral limbus,
spiral ligament, stria vascularis, and cochlear bone) was
detected by fluorescence microscopy (excitation filter
545 nm, barrier filter 590 nm). Images of 7-μm temporal
bone sections were digitized using a black and white Vari-
oCam video system (PCO CDD Imaging, Kelheim,
Germany).

Statistical analysis

EB extravasations, inflammatory changes, and spiral gan-
glion neuronal density were evaluated in a blinded fashion.
Survival curves for the different treatment groups were
compared using the log-rank test. The Mann–Whitney test
served to compare bacterial loads in blood and neuron
counts in spiral ganglions between HD and LD groups. A
p-value of <0.05 was considered to be statistically signifi-
cant. All analyses were performed using the SigmaPlot
system (v.11; Systat Software, San Jose, CA, USA).

Results

Presence of S. suis in blood

The numbers of S. suis in blood differed between the HD or
LD groups (Fig. 1). In the HD group, the bacterial blood

counts stayed elevated from the first 5 days post-infection
(PI), ranging from a mean of 5×108 CFU/ml during the first
2 days PI) to 1×107 CFU/ml at day 3 PI and 2×104 CFU/ml at
day 5 PI, thus, independently of the presence or not of clinical
disease. HD mice sampled at later time-points presented sig-
nificantly lower bacterial counts (less than 103 CFU/ml),
which was also not related to the severity of their clinical
status (data not shown). On the other hand, S. suis blood
counts in LD mice were considerably lower, have similar
kinetics, with a mean of 1×105 CFU/ml at day 1 PI, ~1×
104 CFU/ml between days 2 and 3 PI, and 1×101 CFU/ml at
day 5 PI (Fig. 1). Statistical differences in bacterial loads in
blood between the HD and LDmouse groups were found at 1,
2, 3, and 5 days PI (p<0.05). No bacteria were recovered in
any of the mice from the HD or LD groups considered as
healthy at the end of the experiment (15 days PI).

Clinical behavior in mice infected with high and low doses
of S. suis

Clinical behavior differed, especially in intensity, between
the group of mice i.p. infected with HD or LD of S. suis.
Table 1 summarizes the main clinical results from both
groups. Clinical signs of septicemia, meningitis, or neuro-
logical disease in mice infected with S. suis have been
previously described [15]. In the HD group, eight mice
had died (16% mortality). From days 1 to 3 PI, all mice
from the HD group presented clear clinical signs associated
to septic shock, consisting of depression, piloerection,
hunchback, and swollen/closed eyelids [15]. Despite the fact
that a further ten mice died at days 2 and 3 PI, no exact
percentage of mortality was assessed, as the sampling of
mice started at day 1 PI, with a total of 17 HD mice used for
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Fig. 1 Bacterial loads in blood from mice infected intraperitoneally
with a high dose (HD) or a low dose (LD) of Streptococcus suis or non-
infected controls (NI). Bacterial loads are expressed as CFU/ml. The
results are expressed as mean (± standard error of the mean [SEM]) and
represent at least three infected mice per post-infection (PI) time-point.
* indicates significant differences between the HD and LD groups (p<
0.05), while ** indicates significant differences between the NI and
HD and LD groups (p<0.001)
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this purpose. From days 3 to 15 PI (47% of sampled mice),
eight mice from the HD group developed clear clinical signs
of CNS disease and/or vestibular syndrome. These signs
consisted mainly of hyperexcitation, hyperextension of the
neck (opisthotonus), tilted head, walking in circles, and
spinning while in recumbency (see supplemental video 1)
[15]. At the end of the experiment, 14 HD mice remained,
all of them considered as healthy based on clinical signs
(Table 1). Contrary to the HD group, the LD group did not
present deaths associated to septicemia during the first 24 h
PI (p<0.022). Moreover, during the first 3 days PI, clinical
signs were present, although milder in the LD group com-
pared to the HD group, consisting mainly of slight and
transitory piloerection and swollen eyelids. A total of 25
LD mice were taken for sampling throughout the experi-
ment, though only five animals (20% of sampled mice)
developed clear neurological signs from days 5 to 15 PI
[15]. At the end of the experiment, there were four remain-
ing mice, all of which were considered as healthy (Table 1).

S. suis infection induces strong inflammatory changes
in the cochlea and blood–labyrinth barrier disruption

In order to evaluate the evolution of S. suis infection in the
cochlea, inflammatory and degenerative changes were arbi-
trarily classified into four categories according to the sever-
ity of the cochlear damage (no damage, light, medium, and
severe damage). In the HD group, 12 out of 17 samples
presented different degrees of inner ear inflammation. At
day 1 PI, neither inflammatory nor degenerative lesions
(spiral ganglion neuronal damage) were observed in any of
the three mice sampled. The first inflammatory changes
were observed on day 2 PI, still during the acute phase of
septicemia, 2 out of 3 HD sampled mice had cochlear

damage that was considered as light, with fibrinous exudate,
some neutrophils, and bacteria in the lumen of the different
scalae (vestibuli, media, and tympani), and involved basal to
apical turns of the cochlea, though no signs of neurological
disease were recorded in any of these mice (Fig. 2A). At day
3 PI, 1 of 4 HD sampled mice showed clinical signs asso-
ciated to meningitis, though cochlea damage was present in
3 of 4 mice. At day 5 PI, 5 of 5 sampled mice presented with
clinical meningitis and labyrinthitis. In mice sampled on
days 3 and 5 PI, inner ear damages varied from medium to
severe. Histopathological analysis revealed a strong suppu-
rative infiltration (mainly granulocytes) at the different sca-
lae (Fig. 2B). Inflammatory changes affected the spiral
prominence and stria vascularis, the latter structure with
evident damage to epithelial cells (Fig. 2D). The pattern of
inflammation suggested that infection spread from the scala
tympani into the scala media, affecting firstly the organ of
Corti, causing loss of hair cells (Fig. 2C). From days 7 to 15
PI, two more HD mice showed clear clinical signs of men-
ingitis, which progressed with time and, when sampled, ear
infection was severe and chronic, with polymorphonuclear
cells replaced by macrophages and proliferation of a well-
irrigated fibrotic matrix, causing partial to total occlusion of
the perilymphatic spaces (early stage of labyrinthitis ossifi-
cans). Interestingly, scalae vestibuli and media presented
cyst-like structures filled with proteinaceous material, which
seemed to originate from the Reissner’s membrane. More-
over, damage was not restrained to the cochlea, as there was
infiltration by inflammatory cells at the perilymphatic
spaces of the vestibular system (Fig. 2E).

The time until the manifestation of inner ear lesions in the
LD group differed from the HD group, although the mor-
phology of lesions was similar. Only 10 out of 25 sampled
mice throughout the experiment presented inner ear lesions.

Table 1 Summary of the clinical signs and sampling from mice infected with high and low doses of Streptococcus suis

Number of mice Group

High dose (HD) Low dose (LD)

Total per group 50 30

Dead on day 1 PI 8 (16%) 0 (0%)

Main clinical features of septicemia (days 1–3 PI) Death, depression, piloerection, hunchback,
and swollen/closed eyelids

Piloerection and swollen eyelids

Number of sampled mice (day 1 to end of experiment) 17 25

Sampled mice with clinical signs of M/VS 8 (47%) 5 (20%)

Sampled mice with cochlear damage 12 (71%) 10 (40%)

Sampled mice with cochlear and CNS damage 13 (76%) 2 (8%)

Day of appearance of clinical signs of M/VS Day 3 PI Day 5 PI

Main clinical features of M/VS Hyperexcitation, opisthotonus, tilted head,
walking in circles, spinning while in recumbency

Number of remaining mice (end of experiment) 14 4 (plus one mouse found dead on day 12)

CNS, central nervous system; PI, post-infection; M, meningitis; VS, vestibular syndrome
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No histopathological lesions could be observed in the co-
chleae of any of the four mice examined on day 1 and only 1
of 4 of the mice sampled on day 2 PI presented medium
cochlear damage. By day 3 PI, no inner ear damage was
recorded in any of the four sampled mice. However, by day
5 PI, 3 of 5 sampled mice presented inflammatory changes
classified as light to medium. As infection progressed, by
days 7 to 10 PI, 4 of 6 sampled mice had developed inner
ear changes considered as severe (data not shown). At
2 weeks PI, two more LD mice were sampled, which pre-
sented clear clinical signs of meningitis and vestibular syn-
drome. These animals had developed severe degenerative

changes leading to the destruction of scalae, proliferation of
a bone matrix mixed with fibroblasts, macrophages, and
lymphocytes, and important loss of spiral ganglions
(Fig. 2G). No inflammatory or degenerative changes were
observed in uninfected controls (Fig. 2H, I).

LD and HD mice that developed cochlear damage also
presented increased vascular permeability of the blood–lab-
yrinth barrier in comparison to non-infected controls. This
was evidenced by EB extravasation, in particular at the
spiral ligament, the stria vascularis, and the spiral limbus
(Fig. 3A, B). Vascular damage persisted up to 2 weeks after
infection.
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Fig. 2 Images illustrating the inflammatory score in the cochlea in
mice infected intraperitoneally with S. suis: A 2 days post-infection
(PI), light inflammation towards the pinna of the cochlea (×25); B
5 days PI, medium inflammatory changes (×70); C 5 days PI, medium
inflammation, detail of the spiral limbus and organ of Corti with loss of
hair cells (×1,000); D 5 days PI, medium inflammation, diminishment
of epithelial cells in the stria vascularis (×1,000); E 15 days PI, severe
inflammation, loss of cochlear structures and fibrous obliteration, a

pseudocyst and inflammation at the vestibular system (×25); F Detail
of E showing the pseudocyst and fibroblast matrix (×70); G 15 days
PI, severe inflammation, proliferation of fibroblasts and bone tissue
(labyrinthitis ossificans) (×70); H and I non-infected mouse with no
inflammatory or degenerative changes (×25 and ×70). oc organ of
Corti, sg spiral ganglion, sl spiral limbus, slg spiral ligament, sm scala
media, st scala tympani, sv scala vestibuli, stv, stria vascularis, vsy
vestibular system, * pseudocyst, arrow bone tissue
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S. suis-associated damage to the cochlea is accompanied
by neuronal ganglion loss

Inflammatory changes at the different levels of the cochlea
were accompanied by damage to spiral ganglions, indepen-
dently of the bacterial dose. These structures presented a
considerable loss of neurons that increased as inflammation
and destruction of inner ear structures progressed. Indeed,
the neuron numbers in animals sampled that did not present
cochlear damage were similar to those of uninfected con-
trols (Table 2). However, those mice with cochlear damage
classified from light (Fig. 4A) to severe (Fig. 4B) presented
significantly reduced ganglion neuron counts in comparison
to uninfected controls (Fig. 4C) (p<0.05 and p<0.001,
respectively).

Cochlear damage in S. suis infection may be independent
of central nervous system damage

One of the most interesting findings in this mouse model of S.
suis infection is the fact that, in the HD group, sustained
bacteremia lead to meningitis and/or encephalitis and suppu-
rative labyrinthitis in most of the cases. Indeed, between days
1 and 2 PI, two mice suffered from both CNS damage and
labyrinthitis, while another two presented inflammation only
at the CNS. Lesions consisted of discrete foci of neutrophils
infiltrating the meninges and small foci of necrosis. As
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Fig. 3 Evans Blue (EB) extravasation as detected by fluorescence
microscopy, indicating blood–labyrinth barrier disruption. A Mouse
infected with HD S. suis, 5 days PI, medium inflammation animal with
medium inflammation in the cochlea B Non-infected control. * spiral
limbus, sl spiral ligament, sv stria vascularis

Table 2 Spiral ganglion neuronal count in the basal turn of the cochlea
in mice intraperitoneally infected with a high dose or a low dose of S.
suis. Data are shown as mean (± standard error of the mean [SEM])

Severity of damage Mean count (neurons/frame)

High dose Low dose Controls

No damage 36±6.5 33±6.5 34±4

Light 24±1.2 25±4.3
Medium 17±5.3 18±2.3

Severe 18±6.18 17±5.4

B

C

A

Fig. 4 Images (×500) from normal spiral ganglions from: A an unin-
fected control with no cochlear damage and normal neuronal density, B
a mouse infected with a high dose of S. suis at 5 days PI with sensible
neuronal loss, and C a mouse infected with a high dose of S. suis
2 weeks PI with severe neuronal loss
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infection progressed (from day 3 PI onwards), 11 of 11 HD
sampled mice had clinical signs of cochlear inflammation and
meningitis/encephalitis. CNS lesions consisted of evident foci
of gliosis and areas of necrosis of the brain parenchyma,
mainly at the corpus callosum, accompanied by infiltration
of the meninges and choroid plexus by polymorphonuclear
cells and macrophages. On the other hand, in the LD group, in
striking contrast to the HD group, CNS damage was a spo-
radic feature in LDmice suffering from labyrinthitis. In detail,
only 1 of 14 sampled mice at days 1–3 PI presented with
cochlea inflammation and a discrete inflammation of the
meninges. However, from day 5 PI onwards, 9 of 11 mice
had developed labyrinthitis, but only one of these mice also
presented discrete meningoencephalitis.

Comparison of the intracisternal and intraperitoneal routes
of infection for the development of cochlear inflammation
by S. suis

The pattern of cochlear inflammation observed in mice
infected with S. suis by the i.p. route suggested that labyrin-
thitis was the result of direct damage to labyrinth blood vessels
during the septicemic phase of the infection. In order to verify
this hypothesis, studies were conducted to compare cochlear
damage obtained using the i.p. route with that obtained using
the i.c. route of infection, in which bacteria is delivered
directly into the subarachnoid space [23]. To achieve this
objective, five mice were anesthetized and infected by the i.
c. route with a dose of 2×105 CFU [24] and kept for only 24 h.
At 12 h PI, all mice infected by the i.c. route were depressed,
with rough hair coat, suggesting impaired consciousness. At
24 h PI, all of them were lethargic and tried to rest their heads
against the floor of their cages. Histopathological examination
at 24 h showed inflammatory changes in the cochleas of all i.c.
infected animals. Protein precipitations and bacteria were
observed predominantly in the turns towards the apex
(Fig. 5A, B). As for the degree of inflammation, three animals
presented light inflammatory changes (Fig. 5A), while another
two showed medium damage (Fig. 5B). However, and in
striking contrast with cochlear damage induced by S. suis
inoculated by the i.p. route, inflammation was more pro-
nounced towards the basal turns of the cochlea, and the scala
tympani was more affected than the scala media and scala
vestibuli (Fig. 5A, B), suggesting that infection spread
through the cochlear aqueduct [23]. Interestingly, no inflam-
matory changes were observed in the vestibular system of any
mice infected by the i.c. route.

Discussion

The main purpose of this study was to evaluate the inflam-
matory changes in the cochlea during systemic S. suis

infection using a mouse model of infection leading to sep-
ticemia and meningitis. We observed that the amount of
bacteria injected intraperitoneally has a direct impact on
clinical outcome and associated pathologies, including
CNS inflammation and cochlear damage. In mice infected
with high amounts of bacteria, S. suis loads remained high
in the blood during the first 5 days PI, while in the group
that was infected with a low dose, bacteria diminished
quickly from the circulation. High loads of S. suis in the
blood were associated with stronger clinical signs of septi-
cemia and death of mice during the first 24 h PI. Interest-
ingly, the difference of the challenge dose was half a log
only. Moreover, below a certain bacterial threshold used to
infect mice (1×106 CFU/animal), no clinical signs or lesions
are observed and bacteria are quickly eliminated from the
bloodstream by the innate immune system (unpublished
observations). Only in a small number of mice infected with
LD was S. suis able to reach the CNS and cause very limited
local inflammation, while in mice that received high doses
of bacteria, CNS inflammation and clinical signs of associ-
ated disease were a constant feature. This supports the
hypothesis that high and sustained numbers of S. suis in
blood circulation are necessary to efficiently trespass the
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Fig. 5 Images from the cochleas of mice infected with S. suis using the
intracisternal (i.c.) route. Inflammation is more accentuated at the basal
turns of the cochlea (×25). A Light inflammatory infiltrate. B Medium
inflammatory infiltrate. sg spiral ganglion, sm scala media, st scala
tympani, sv scala vestibuli, * pseudocyst, arrow bone tissue
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blood–brain barrier during septicemia and cause relevant
CNS inflammation [15].

Interestingly, in mice infected with HD of S. suis, CNS
inflammation was accompanied in most of the cases by
cochlear inflammation. On the contrary, meningoencephali-
tis associated with cochlear damage was an infrequent find-
ing in animals infected with LD of S. suis. This would
suggest that cochlear invasion by S. suis and further local
inflammation may occur during septicemia and that it may
be independent of meningitis. In fact, in humans infected
with S. suis, although labyrinthitis and deafness are tradi-
tionally considered as a consequence of meningitis, there are
reports indicating that, at least in some cases, cochlear
inflammation by this pathogen may occur without CNS
inflammation [25]. In both HD and LD groups, cochlear
and CNS inflammation was documented between 1 and
15 days PI. The most consistent clinical signs during this
period were the sudden appearance of hyperexcitation, opis-
thotonus, and rolling, which have been associated to S. suis
invasion of CNS structures [15] and vestibular syndrome in
mice [26].

These findings are in accordance with humans recovering
from S. suis meningitis, that is concomitant to cochlear
inflammation, also suffer from vestibular damage, charac-
terized by ataxia and vertigo [19, 27]. Infected mice devel-
oped suppurative labyrinthitis that comprised even from the
earliest lesions, the perilymphatic spaces at different turns of
the cochlea, with the presence of proteinaceous material,
suppurative inflammatory cells and bacteria. These inflam-
matory changes are very similar to those observed in pigs
experimentally infected with S. suis, which develop otitis
interna characterized by a mixed inflammatory exudate
comprising neutrophils, lymphocytes, and, less often, mac-
rophages in the perilymphatic ducts of the cochlea and
perineuritis along the vestibulocochlear nerve [28].

Inflammatory events at the cochlea were accompanied by
blood–barrier disruption and affected highly vascularized
structures [23], which may increase the passage of more
bacteria and leukocytes into the cochlear perilymphatic struc-
tures, thus, exacerbating inflammation and affecting the deli-
cate structures related to hearing, such as the organ of Corti,
associated hair cells, and the spiral limbus. Cytokine produc-
tion during septicemia, including TNF-α and IL-1β [15], may
increase the permeability of endothelial walls, affecting the
labyrinth blood–barrier and causing cochlear tissue invasion.
Cell wall and/or secreted bacterial virulence factors, such as
lipoteichoic acid, peptidoglycan, and suilysin, may also facil-
itate bacterial colonization of different tissues [13, 14, 29],
including the cochlea. Rats experimentally infected with S.
pneumoniae develop a similar pathology in inner ear struc-
tures, as there is disruption of the blood–labyrinth barrier and
extravasation of inflammatory cells in different structures of
the cochlea [23]. As inflammation progressed, the density of

spiral ganglion neurons diminished considerably. It has been
proposed that neuronal injury may be the result of the local
production of reactive nitrogen species and reactive oxygen
radicals [30]. Exacerbated inflammation may hamper the con-
duction of impulses of cochlear nerves via synapses between
hair cells and axons of spiral ganglion neurons, and, finally, to
central processing in the auditory cortex, thus, causing hearing
impairment [31]. With time, perilymphatic spaces were occu-
pied by the proliferation of fibroblasts and blood vessels
characteristic of irreversible labyrinthitis ossificans, which
has already been diagnosed in humans infected by S. suis [19].

In the present model of i.p. labyrinthitis by S. suis,
damage involved different turns of the cochlea. This repre-
sents a remarkable difference to the pattern of labyrinthitis
observed in rodents infected by the i.c. route with other
meningitis-associated bacteria, such as S. pneumoniae. In
such cases, damage is usually restricted to the perilymphatic
spaces and accentuated in the basal turn of the scala tympa-
ni, suggesting that inflammation spreads through the cochle-
ar aqueduct, which connects the middle cranial fossa to the
basal turn of the scala tympani [23, 24]. In order to test if the
pattern of damage observed in animals infected with S. suis
by the i.p. route was the result of the inoculation route and
not due to a particular characteristic of this pathogen, mice
were also infected with S. suis by the i.c. route. Similarly to
the observations from the same model with S. pneumoniae,
S. suis infected mice developed suppurative labyrinthitis
that was accentuated in the basal turns of the cochlea, with
particular involvement of the scala tympani [23, 24]. These
differences in the pattern of cochlear inflammatory changes
after intraperitoneal and intracisternal infection suggests two
different ways of the spread of infection: during septicemia,
infection seems to spread hematogenously, leading to an
evenly distributed cochlear inflammation; in contrast, intra-
cisternal infection and resulting primary inflammation of the
subarachnoid space seems to spread to the cochlea via the
perilymphatic duct, which opens into the basal turn of the
cochlea. In consequence, inflammation is aggravated in the
basal turn of the cochlea and hearing loss is most severe in
the high-frequency hearing range.

The use of the i.p. route of infection to study the pathogen-
esis of S. suis infection may provide some advantages to
models of bacterial labyrinthitis/meningitis, as it better mimics
a natural infection with increased permeability of the blood–
brain barrier and possible damage to the epithelial cells from
the choroid plexus (blood–cerebrospinal fluid barrier) [32,
33], leading to the development of clear clinical signs of
CNS disease. Moreover, animals challenged with meningeal
pathogens using the intravenous or i.p. routes usually develop
bacteremia and septicemia, with the rapid death of infected
animals with modest, if any, brain pathology [34, 35].

All the clinical and histopathological data of inner ear
damage by S. suis in CD1 mice documented in our results
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provide additional evidence for the clinical relevance of this
experimental model. Furthermore, it seems to be an excel-
lent tool for future research on S. suis-induced hearing loss
and deafness. Besides serving to study the participation of
different inflammatory pathway mechanisms of injury in S.
suis infection, it seems useful for the investigation of novel
drugs that may help alleviate the negative consequences of
S. suis septicemia and meningitis.
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