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Free Sialic Acid Acts as a Signal That Promotes Streptococcus
pneumoniae Invasion of Nasal Tissue and Nonhematogenous Invasion
of the Central Nervous System

Brandon L. Hatcher,* Joanetha Y. Hale, David E. Briles

Department of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama, USA

Streptococcus pneumoniae (pneumococcus) is a leading cause of bacterial meningitis and neurological sequelae in children
worldwide. Acute bacterial meningitis is widely considered to result from bacteremia that leads to blood-brain barrier break-
down and bacterial dissemination throughout the central nervous system (CNS). Previously, we showed that pneumococci can
gain access to the CNS through a nonhematogenous route without peripheral blood infection. This access is thought to occur
when the pneumococci in the upper sinus follow the olfactory nerves and enter the CNS through the olfactory bulbs. In this
study, we determined whether the addition of exogenous sialic acid postcolonization promotes nonhematogenous invasion of
the CNS. Previously, others showed that treatment with exogenous sialic acid post-pneumococcal infection increased the num-
bers of CFU recovered from an intranasal mouse model of infection. Using a pneumococcal colonization model, an in vivo imag-
ing system, and a multiplex assay for cytokine expression, we demonstrated that sialic acid can increase the number of pneumo-
cocci recovered from the olfactory bulbs and brains of infected animals. We also show that pneumococci primarily localize to the
olfactory bulb, leading to increased expression levels of proinflammatory cytokines and chemokines. These findings provide evi-
dence that sialic acid can enhance the ability of pneumococci to disseminate into the CNS and provide details about the environ-

ment needed to establish nonhematogenous pneumococcal meningitis.

S treptococcus pneumoniae (pneumococcus) is a common
asymptomatic colonizer of the nasopharynx of healthy indi-
viduals. Colonization can occur at any point during a person’s life
but occurs most frequently in the first few years of life, with colo-
nization rates of 50% to 70% in hosts =3 years of age (1). Colo-
nization in the young and elderly can lead to bacterial pneumonia,
otitis media, meningitis, and sepsis, with approximately 4 million
new cases of illness and 22,000 deaths annually in the United
States (2). Pneumococcal meningitis is traditionally thought to be
established when bacteria disseminate into the lower respiratory
tract and cause a focal pneumonia, which is proceeded by septice-
mia and subsequent crossing of the blood-brain barrier (3-5). We
and others have shown that pneumococci and other pathogens
have the ability to invade the central nervous system (CNS)
through a nonhematogenous route after nasopharynx coloniza-
tion. However, further research is needed to understand condi-
tions that may contribute to CNS dissemination (6-11).
Clinically, there have been cases of bacterial meningitis re-
ported in the absence of a positive blood culture. A study of child
cerebral malaria in Kenyan children found that of 29 cases of acute
bacterial meningitis, 10 cases had negative blood cultures but pos-
itive cerebrospinal fluid (CSF) samples, and half of these infec-
tions were caused by Streptococcus pneumoniae (12). A 2005 study
of neonatal meningitis found that 38% of cases of confirmed bac-
terial meningitis had negative blood cultures. The authors of that
study concluded that meningitis can often occur in the absence of
bacteremia (13). This idea was further corroborated by a study of
the efficacy of the use of blood culture to identify the causative
agent of bacterial meningitis. While the results of that study sup-
port the use of blood cultures to help identify the possible bacterial
etiology of meningitis, those authors also found that 9% of the
cases of meningitis in patients without antibiotic treatment had
negative blood cultures. They also showed that S. pneumoniae and
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Neisseria meningitidis, two colonizers of the nasopharynx, have a
lower rate of recovery from the blood in cases of meningitis caused
by these agents than in cases of meningitis caused by Haemophilus
influenzae (14). The sensitivity of detection of the causative agent
of bacterial meningitis via blood culture ranges from 40% to 90%.
Patients with pneumococcal meningitis have been estimated to
have the causative agent recoverable in the blood in 75% of cases
(4, 14, 15). These observations provide further support for the
hypothesis that some of the meningitis cases in young children are
the result of direct invasion of the CNS from colonization. The
clinical data reinforce the need for a model of nonhematogenous
meningitis in order to fully investigate factors that may contribute
to its establishment.

Previously, we demonstrated that in a mouse colonization
model, we could consistently infect the CNS in the absence of
bacteremia. This route of infection was attributed to the ability of
pneumococci to bind to gangliosides, which allow the bacteria to
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travel to the CNS via the olfactory nerve (6). Another study
showed that a pneumococcal mutant deficient in capsule, which
cannot survive in the peripheral blood, given intranasally (i.n.)
could still cause experimental meningitis (7). Other pathogens
that colonize the nasopharynx have also demonstrated the ability
to directly invade the CNS. Sjolinder and Jonsson established that
N. meningitidis can invade the CNS in a transgenic mouse line
expressing human CD46 via the olfactory nerve in the absence of
bacteremia (8). Herbert et al. also showed that when the olfactory
epithelium was damaged, Staphylococcus aureus administered in-
tranasally was localized along the olfactory nerve bundles and in
the olfactory bulbs 6 h after inoculation (9). These studies support
the idea that pathogens can invade the CNS directly from the
nasopharynx, but given the high rate of bacterial colonization in
human populations compared to the low reported incidences of
nonhematogenous meningitis cases, colonization must not be the
only determinant of CNS invasion. There is a need to identify a
signal that may promote nonhematogenous dissemination.

Carbohydrate availability and pneumococcal pathogenesis
have been studied extensively (16—19). Pneumococci possess up to
3 neuraminidases (neuraminidase A [NanA], NanB, and some-
times NanC), which are capable of cleaving a-2,6 and a-2,3 link-
ages of N-acetylneuraminic acid (Neu5Ac) (sialic acid) to galac-
tose and N-acetylgalactosamine (20). Sialic acid is a general term
used to describe a family over of 40 derivatives of neuraminic acid,
which are 9-carbon monosaccharides that occupy the terminal
end of many glycoconjugates. The most common sialic acid found
in humans is Neu5Ac, typically found in its bound form and ubiq-
uitously expressed on most cell surfaces in mammals. N-Glycolyl-
neuraminic acid (Neu5Gc) is also found in the human body but is
typically associated with disease (21). Sialic acid availability has
been shown to be important in pneumococcal pathogenesis. It was
demonstrated previously that exogenous sialic acid promotes na-
sal colonization and lung invasion when given to mice postinfec-
tion, and the addition of sialic acid in vitro leads to the upregula-
tion of NanA and NanB in pneumococci (22). Furthermore, it
was shown that pneumococci have the ability to metabolize
sialic acid, and when the locus responsible for sialic acid trans-
port was deleted, colonization was inhibited in mice (23, 24).
This finding and evidence that bound sialic acid cleaved by
influenza virus may exacerbate pneumococcal infection and
contribute to invasive disease underscore the importance of
sialic acid availability (25-27).

The purpose of this study was to investigate whether sialic acid
promotes nonhematogenous invasion of the CNS by pneumo-
cocci. To this end, we developed a model of CNS invasion that is a
modification of our previously reported intranasal colonization
model (28). Using this model, we showed that sialic acid treatment
can increase the numbers of recoverable pneumococcal CFU from
the sinus tissue, olfactory bulbs, and brain of mice infected intra-
nasally and that this increase happens without any detectable bac-
teremia. We verified invasion using an in vivo imaging system
(IVIS) to show the localization of pneumococci directly on the
olfactory bulbs and brains of infected animals. We also correlate
the presence of the bacteria with increased levels of proinflamma-
tory cytokines and chemokines. These findings indicate that ad-
ministration of sialic acid soon after intranasal inoculation with
pneumococci can promote pneumococcal invasion of the CNS in
the absence of bacteremia, providing evidence that free sialic acid
can enhance nonhematogenous pneumococcal meningitis.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. S. pneumoniae strains used in
our studies were EF3030 (serotype 19F); TIGR4 (serotype 4); D39.1, a
mouse-passaged D39 strain (serotype 2); a TIGR4 AnanA mutant; and
EF3030 Xen 11, which possesses a stable copy of the lux operon on the
bacterial chromosome (Caliper LifeSciences). The EF3030 strain was used
because it can easily colonize the nasopharynx and is incapable of estab-
lishing bacteremia when administered intravenously (29). TIGR4 is more
virulent than EF3030, but when given intranasally in a moderate inocu-
lum, it can colonize with no apparent bacteremia (6). D39.1 was used
because it is more virulent in intravenous infection than TIGR4 and read-
ily disseminates into the blood.

The pneumococcal EF3030, TIGR4, D39.1, and TIGR4 AnanA strains
were grown in Todd-Hewitt medium containing 0.5% yeast extract at
37°C to an optical density at 600 nm (ODy,) of 0.5 and then stored frozen
in aliquots at —80°C in the same broth supplemented with 10% sterile
glycerol. EF3030 Xen 11 was grown in a manner similar to that mentioned
above but modified to include brain heart infusion medium instead of
Todd-Hewitt medium.

Construction of AnanA mutants. Strains SAMO001 and JCP0O1 of
parental background TIGR4 are AnanA mutants derived through inser-
tion-duplication mutagenesis techniques (30-32). To obtain the mutants,
TIGR4 was used as the recipient for the transformation of donor chromo-
somal DNA prepared from the AnanA D39 strain (33). Examination of
the supernatants or lysed pellets of our AnanA mutant strains revealed no
neuraminidase activity (data not shown) using the fluorigenic substrate
2'-(4-methylumbelliferyl)-alpha-p-N-acetylneuraminic  acid  (Sigma
Chemical Company, St. Louis, MO) (34). Examination by Western blot-
ting using an antibody to NanA revealed whole NanA in the D39 and
TIGR4 parental strains but fragmented NanA in the mutant strain (data
not shown).

Mice. Eight- to 12-week-old C57BL/6] (female) and 6- to 8-week-old
BALB/cBy]J (female and male) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). BALB/cBy]J mice were used for the whole-
body imaging experiments because their white fur does not block light to
the same degree as the black skin or fur of C57BL/6] mice. Mice were
maintained under pathogen-free conditions, which includes being sepa-
rated into groups and housed in microisolator cages. Cubicles of infected
mice were physically separated and housed in different rooms from non-
infected mice. Additionally, laboratory personnel and University of Ala-
bama at Birmingham (UAB) veterinary staff work from “noninfected to
infected” by entering noninfected areas first and never backtracking. An-
imals were under the supervision of the UAB veterinary staff, and all
animal protocols used for these studies were approved by the Institutional
Animal Care and Use Committee of the University of Alabama at Bir-
mingham.

Mouse intranasal and intravenous infection models. For our intra-
nasal colonization model and intravenous infection model, mice were
infected as previously described (28, 35). A frozen inoculum containing
known concentrations of viable bacteria was diluted in lactated Ringer’s
solution. Mice were then inoculated i.n. with the indicated pneumococcal
strain in a volume of 20 pl. At 24 h postinfection, mice were intranasally
administered lactated Ringer’s solution or the indicated concentrations of
N-acetylneuraminic acid (catalog number A0812; Sigma), N-glycolyl-
neuraminic acid (catalog number G9793; Sigma), or glucose (catalog
number 15023021; Gibco) reconstituted in lactated Ringer’s solution
(20-p1 volume/mouse). For intravenous infection, mice received the in-
dicated amounts of either EF3030 or D39.1 in a 100- .l volume via tail vein
injection. Mice were monitored daily and sacrificed at the indicated times
postinfection. Numbers of CFU in the inoculum were confirmed by plat-
ing as described previously (6, 28).

Whole-body imaging. Mice challenged intranasally were imaged after
4 days by using the IVIS-100 system (Caliper Life Sciences) equipped with
a charge-coupled-device (CCD) camera (36, 37). Mice were anesthetized
until they reached a surgical plane of anesthesia with inhaled isoflurane
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and O, (flow rate, 2.5 liters/min). The mice were then positioned inside
the Xenogen imaging cabinet, where they received further anesthesia and
were placed onto a warm plate (37°C) for the duration of imaging. Acqui-
sition properties and signal quantification were performed by using Liv-
ing Image 4.2 software (Caliper). The total counts were taken from a
region of interest (ROI) (minus background). Mice were first perfused
with 20 ml of lactated Ringer’s solution via intracardial puncture with a
27-gauge butterfly needle before individual tissues were collected and im-
aged.

Tissue collection and enumeration. Tissue collection was done as
previously described, with few a modifications (6, 28). Mice were placed
under light anesthesia (inhaled isoflurane), and ~75 pl of blood was
collected into heparinized capillary tubes via retroorbital bleeding. Eight
3-fold serial dilutions of blood were made, each dilution was plated onto
blood agar plates, and CFU were enumerated after 24 h. The anesthetized
mice were then euthanized via CO,-induced hypoxia. A nasal wash spec-
imen was collected via an incision made in the trachea and a Tygon tube
(0.075-cm diameter) inserted into the trachea. A syringe was attached to
the tube, and the nasopharynx was then washed with 1 ml of lactated
Ringer’s solution. The wash specimen was collected as it was expelled
from the nares of the animal. Mice were then perfused with 20 ml of
lactated Ringer’s solution via intracardinal puncture with a 27-gauge but-
terfly needle. The sinus tissue, olfactory bulbs, and brain were collected as
previously described (6, 28). Eight 3-fold serial dilutions were made for
the sinus tissue and nasal wash specimens, while the olfactory bulbs and
brains were homogenized in 1 ml of lactated Ringer’s solution, and 100 pl
of the sample was plated. Each sample was plated onto blood agar plates,
and CFU were counted after 24 h. The limit of detection was back-calcu-
lated based on the dilution factors used to process each sample. The limits
of detection were 1.49 log CFU for blood, 1.0 log CFU for brains/olfactory
bulbs, 1.6 log CFU for sinus tissue, and 0.3 log CFU for nasal wash spec-
imens.

Cytokine expression assay. Nasal wash specimen and olfactory bulb
homogenate supernatants were assayed by using the Millipore (Billerica,
MA) mouse cytokine/chemokine magnetic bead panel (Mcytomag-70K)
as described previously (38). Tumor necrosis factor alpha (TNF-a), inter-
leukin-la (IL-1at), and IL-1 are all proinflammatory cytokines that have
been shown in patients and animal models to be present at increased levels
in the CSF in cases of bacterial meningitis. The level of IL-1a is increased
systemically during sepsis and fever, and IL-1a has been identified as
being very sensitive in sensing bacterial meningitis. Macrophage inflam-
matory protein la (MIP-1a), MIP-1P, and keratinocyte chemoattractant
(KC) are chemokines that are produced by activated macrophages and
attract granulocytes, and in this case, they were used to indicate immune
cellinfiltration. IL-10 is an important anti-inflammatory cytokine and has
been shown to downregulate TNF-a and KC during pneumococcal men-
ingitis (4, 39—41). Expression levels of IL-1a, IL-13, KC, MIP-1a,, MIP-
1B, and TNF-a were adjusted by the total protein levels in each sample
and are reported in picograms per milliliter.

Statistics. Statistical comparisons were done by using an unpaired
two-tailed Mann-Whitney U test and one-way analysis of variance
(ANOVA). Samples with no detectable CFU were set to the limit of detec-
tion according to their respective sample types. Significance is indicated in
the figure legends.

RESULTS

Increased colonization and dissemination of pneumococcal
species into the CNS after treatment with sialic acid. Previously,
it was reported that intranasal inoculations of free sialic acid could
increase the colonization of the nasopharynx in infected mice (22,
23). To determine if sialic acid availability plays a role in the direct
dissemination of pneumococci from the nasopharynx to the CNS,
we incorporated N-acetylneuraminic acid (Neu5Ac) in our colo-
nization model. C57BL/6] mice were infected with EF3030, a cap-
sule type 19F pneumococcal strain. All of the mice treated with
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sialic acid had increased numbers of CFU recovered compared to
Ringer’s solution-treated animals. However, mice that were
treated with 1 mg of sialic acid had significantly more CFU recov-
ered from nasal wash specimens, olfactory bulbs, and brain than
control mice (Fig. 1A).

In this study, it was important to determine whether sialic acid-
dependent increases in colonization and dissemination were likely
to be independent of the capsular serotype. C57BL/6] mice were
infected with EF3030 and TIGR4, capsule type 19F and 4 strains,
respectively, and then treated with 1 mg of sialic acid. TIGR4 dis-
played the same enhanced ability to colonize and invade animals
treated with sialic acid as EF3030 (Fig. 1B). There was also an
increased number of sialic acid-treated mice with recoverable
CFU in the brain compared to Ringer’s solution-treated animals.
This indicated that sialic acid not only increased colonization but
also affected the frequency with which the pneumococci could
enter normally sterile sites. Blood samples were taken from every
mouse before sacrifice, and at no time was there any detectable
CFU recovered from the blood (data not shown). We also wanted
to determine if bacteremia was detectable at earlier time points
during infection. We compared intravenous infection with D39.1,
a strain with a pneumococcal serotype associated with bacteremia
in animal models, to intranasal infection with EF3030. We took
blood samplesat 1,4, 8, 12, 24, 48, 72, and 96 h postinfection. Our
results indicated that intranasal infection with EF3030 does not
produce significant bacteremia, even when blood is sampled at
earlier time points during infection. Additionally, we found that
even though D39.1 can establish robust bacteremia, it did not lead
to significant CNS invasion. This gives credence to the idea that
the blood-brain barrier is still intact early during infection and
that another route must be available to bacteria (see Fig. S1 in the
supplemental material).

Sialic acid treatment increases pneumococcal colonization
without dissemination into the blood. In our model of intranasal
colonization without anesthesia, pneumococci are found in the
lungs only at low levels (28, 42). However, it was not known if the
addition of sialic acid would cause systemic distribution of pneu-
mococci in animals. To determine if sialic acid can cause the
spread of bacteria from the nasopharynx to other organs, we em-
ployed EF3030 Xen 11, which stably expresses the lux operon on
the bacterial chromosome. EF3030 Xen 11 allowed us to use an in
vivo imaging system (IVIS) to track bacterial dissemination. The
IVIS revealed that mice treated with sialic acid had increased levels
of nasopharynx colonization but no detectable bacteremia or or-
gan invasion (Fig. 2A and B). Opening of the body cavity of in-
fected animals still revealed no additional bacterial luciferase ex-
pression from the liver, spleen, or intestines (Fig. 2A). CFU data
for the different tissues complemented the IVIS images showing
that the level of recovery from the nasopharynx was highest in
sialic acid-treated mice. Moreover, pneumococci were not detect-
able by IVIS imaging of the whole mouse or by determination of
CFU in blood or spleen (Fig. 2C). The lack of systemic spread of
EF3030 was further substantiated when we infected mice intrave-
nously with EF3030 and found that EF3030 failed to establish
bacteremia or invade the CNS. However, we were able to recover
low levels of EF3030 in the spleen and liver of intravenously in-
fected mice (see Fig. S2 in the supplemental material). The IVIS is
not sensitive enough to detect small amounts of systemic pneu-
mococci, but IVIS imaging along with our intravenous challenge
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FIG 1 Increased colonization and dissemination of pneumococcal species into the CNS after treatment with sialic acid. Eight- to 12-week-old C57BL/6] mice
were intranasally challenged with 10” CFU of EF3030 (A and B) or 3 X 10° CFU of pneumococcal strain TIGR4 (B) without anesthesia. After 24 h, mice were
treated with the indicated amounts of N-acetylneuraminic acid (A) or 1,000 g of N-acetylneuraminic acid (B). Mice were then sacrificed at 4 days postinfection,
and pneumococcal CFU were enumerated from nasal wash specimens and tissue homogenates. Each point on the graph represents data for an individual mouse.
The red dashed line indicates the minimum level of detection, and the solid bar represents the median. Statistical significance was determined by using one-way
ANOVA (A) or a Mann-Whitney rank sum test (B) (¥, P < 0.05; **, P < 0.01; ***, P < 0.001 [indicating significant differences between populations]) (sialic acid
is N-acetylneuraminic acid). Before euthanasia, all mice were bled, and the blood was plated to determine CFU. In all cases, no bacteremia was observed (data not

shown).

with EF3030 make us confident that pneumococci are not present
in the blood in large enough numbers to invade the CNS.
Treatment with N-acetylneuraminic acid but not N-glycolyl-
neuraminic acid leads to increased invasion into the brain.
Neu5Ac is the most abundant sialic acid found in humans and is
ubiquitously expressed, while Neu5Gc is considered an “oncofe-
tal” antigen and is associated primarily with fetal development
and human tumors (21). To determine if increased pneumococcal
invasion into the CNS is a phenomenon specific to Neu5Ac, we
included Neu5Gc as well as another carbon source metabolized by
pneumococci (glucose) in our infection model and compared the
effects on bacterial dissemination (Fig. 3). The heads of infected
animals were removed and skinned before being imaged to in-
crease the sensitivity of luciferase detection in the sinuses. Imaging
revealed that luciferase expression levels in the heads were not
different among Ringer’s solution-, glucose-, Neu5Ac-, and
Neu5Ge-treated mice; however, there was a modest (but not sig-
nificant) increase in expression levels in Neu5Ac-treated animals
(Fig. 3A and C). The greatest differences were seen when the ex-
posed brains of infected animals were imaged directly. Neu5Ac-
treated mice had significantly higher luciferase expression levels
(P < 0.05) in the olfactory bulbs and brain than did control mice
treated with Ringer’s solution (Fig. 3B and C). This increase in the
signal from Neu5Ac-treated mice was confirmed by comparing
numbers of CFU recovered among the different groups (Fig. 3D).
Mice treated with Neu5Gc and glucose had approximately the
same number of bacteria recovered from the nasopharynx, with a
slight increase in CFU recovery in sinus tissue from Neu5Gc-
treated mice. The olfactory bulbs and whole brains of Neu5Ac-
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treated mice had significantly higher numbers of CFU recovered
than did glucose-treated animals (P < 0.05 and P < 0.01, respec-
tively) and Ringer’s solution-treated animals (P < 0.05 and P <
0.01, respectively). Although Neu5Gc and Neu5Ac treatments
were not significantly different in terms of luciferase expression
(Fig. 3B) or CFU recovery (Fig. 3C), in both cases, Neu5Ac-treated
animals showed higher CFU levels in the nasal wash specimens,
olfactory bulbs, and brains than those of mice treated with
Neu5Gc. The median total luciferase expression levels in the
whole brains of Neu5Ac-treated animals were over half a log
higher than those for Neu5Gc-treated animals (4.77 log total
counts and 4.05 log total counts, respectively), and the median
level of CFU recovery for the whole-brain homogenate was 1.31
logs higher in Neu5Ac-treated animals (4.04 log CFU versus 2.73
log CFU). This provides evidence that invasion into the CNS is
increased by treatment with Neu5Ac compared to glucose or even
other sialic acids like Neu5Gec.

Increased cytokine/chemokine expression in intranasally
challenged sialic acid-treated mice. The inflammatory response
and, thus, the expression of proinflammatory cytokines are some
of the indicators of the severity of pneumococcal meningitis (43).
We wished to determine if nonhematogenous CNS invasion in-
duced a cytokine/chemokine profile similar to that seen with other
animal models of pneumococcal meningitis (Fig. 4). The expres-
sion levels of the proinflammatory cytokines IL-1a, IL-1B, and
TNF-q; the anti-inflammatory cytokine IL-10; and the chemoat-
tractants KC, MIP-1a, and MIP-1{ in nasal wash specimens and
olfactory bulbs of infected animals were examined. In the nasal
wash specimens after infection, protein expression levels of IL-1(3,
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FIG 2 Sialic acid treatment increases pneumococcal colonization without dissemination into the blood. Six- to eight-week-old BALB/cBy] mice were intrana-
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The solid horizontal lines represent the medians for each data set. (C) CFU from nasal wash specimens, blood, and spleens from infected animals were
enumerated. Statistical significance was determined by a Mann-Whitney rank sum test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001 [indicating significant differences

between populations]).

KC, MIP-1a, MIP-18, and TNF-a were significantly increased
after treatment with sialic acid compared to Ringer’s solution-
treated animals, with no change being seen in IL-la and IL-10
expression levels. In the olfactory bulbs after infection, IL-1c, IL-
10, KC, and MIP-1a showed significant changes in expression
associated with sialic acid, while IL-13, MIP-18, and TNF-« ex-
pression levels were unchanged. The cytokines/chemokines that
showed increased expression levels were not the same for both the
nasal wash specimens and olfactory bulbs. While both the nasal
wash specimens and the olfactory bulbs showed increased KC and
MIP-1a levels, the nasopharynx additionally showed increased
IL-1@3, MIP-1B and TNF-a expression levels, while the olfactory
bulbs showed increased expression levels of IL-1a and IL-10.

Sialic acid treatment also caused increases in the expression
levels of the leukocyte chemoattractants KC, MIP-1a, and
MIP-1p in nasal wash specimens of uninfected animals but had
no statistically significant effect on cytokine/chemokine ex-
pression in the olfactory bulbs of uninfected animals. Further-
more, the sialic acid-dependent increases in the expression
levels of KC, MIP-1a, and MIP-1f in uninfected mice were
one-seventh, one-fifth, and one-quarter of those in sialic
acid-treated infected mice, respectively. The increased proin-
flammatory cytokine/chemokine levels in the olfactory bulbs
correlate with the more robust infection seen in sialic acid-
treated mice and are consistent with the hypothesis that sialic
acid enhances bacterial dissemination.

Neuraminidase is important for central nervous system in-
vasion. Streptococcus pneumoniae can extensively modify glycans
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on host cells, and it is thought that this gives pneumococci an
advantage during colonization (19). Pneumococci can express
up to 10 glycosidases, with one of the most prominent being
neuraminidase, which cleaves sialic acid-containing substrates
and is expressed by most pneumococcal serotypes (19, 20).
Previous reports have shown that neuraminidase A (NanA) is
important for the ability of pneumococci to cross the blood-
brain barrier and that neuraminidase activity may contribute
to the severity of pneumococcal meningitis (44, 45). In addi-
tion, it has been reported that pneumococci grown in the pres-
ence of sialic acid (Neu5Ac) can have up to 12 times the neur-
aminidase activity of pneumococci grown with glucose (24).
We therefore decided to investigate the effect of disabling the
production of NanA on bacterial dissemination from the naso-
pharynx to the brain. To study this, we used a TIGR4 NanA
deletion mutant and compared its pathogenesis to that of wild-
type TIGR4 with and without added sialic acid (Fig. 5). Mice
infected with the wild type typically had higher numbers of
CFU recovered from the sinus tissue and the olfactory bulbs
than mice infected with the NanA mutant. The NanA mutant
showed a decreased ability to infect the sinus tissue, and gen-
erally, the addition of sialic acid had less of an effect on the
TIGR4 mutant than it did on the wild type. Most notably, sialic
acid seemed to have little to no effect in helping the TIGR4
mutant invade the CNS. Thus, the ability of sialic acid to stim-
ulate the invasion of the CNS seems to be hampered by the lack
of one of the major pneumococcal sialidases.
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DISCUSSION

In this study, we investigated the ability of sialic acid to induce
CNS invasion without peripheral blood infection in a mouse col-
onization model. This was done to help address the question of
which events may promote this type of infection in human popu-
lations. Our results also add validity to reports that pneumococci
can invade the CNS and cause meningitis through a nonhematog-
enous route. We demonstrated that while pneumococci have the
ability to invade the CNS without a stimulant, the addition of
Neu5Ac postinfection increases the frequency of CNS invasion as
well as bacterial loads in the sinus tissue, olfactory bulbs, and brain
without resulting in detectable bacteremia in the blood.

It has been reported that other pathogens can also invade the
CNS directly from nasopharyngeal colonization, and evidence has
shown that the cribriform plate and the olfactory nerve are some
of the portals of entry into the CNS (6, 9-11, 46, 47). Our findings
are consistent with data from these reports because we have shown
the localization of pneumococci to the olfactory bulbs in the
brains of infected animals. This result plus the concurrent infec-
tion of the nasopharynx and sinus tissue suggest a cascade of
events that can lead to invasion and possibly that the severity of the
sinus infection is a precursor to CNS invasion. This, along with
recent evidence of the association and manipulation of the olfac-
tory ensheathing cells by pneumococci (48, 49), provides credence
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to the idea that the olfactory nerves are the portals of entry into
the CNS.

Pathogen movement through the cribriform plate and along
the olfactory nerve is not the only explanation. Filippidis and
Fountas cited the nasal lymphatics as a plausible source of access
to the CNS (46). Nevertheless, our findings strongly support data
from our previous report and are consistent with infection dis-
seminating from the olfactory epithelium, along the olfactory
nerve, and to the olfactory bulb of the brain (6). It should be noted
that when using the IVIS system, we occasionally detected a fluo-
rescent signal from the area of the brain near the ear. We suspect
that our intranasal infection caused secondary otitis media that
resulted in CNS invasion. Otitis media is often caused when respi-
ratory pathogens or colonizers of the nasopharynx infect the Eu-
stachian tube, which connects directly to the middle ear. This
result was seen sporadically during our experiments but is consis-
tent with other previously reported data (7). Further research is
needed to understand factors that lead to otitis media in our
model.

Sialic acid has long been studied as a major contributor to
disease severity in bacterial pathogenesis and is considered an im-
portant factor in coinfection by pneumococci and influenza virus
(27, 50). Previous research has shown that Neu5Ac and its deriv-
atives can be used as a sole carbon source for pneumococci and
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a Mann-Whitney rank sum test (*, P < 0.05; **, P < 0.01; ***, P < 0.001 [indicating significant differences between populations]).

can function as a regulator of the nanAB locus (24). Therefore, we
wanted to determine whether pneumococci have the ability to
respond to another sialic acid in the same manner as Neu5Ac and
if another carbon source, glucose, which is known to be metabo-
lized by pneumococci, could promote CNS invasion. In our stud-
ies, glucose-treated animals had recoverable CFU in the olfactory
bulb and the brain but never to the same extent as when animals
were treated with Neu5Ac. The presence of a carbon source (glu-
cose) was not enough to explain the increased dissemination of
pneumococci into the CNS. This suggests that Neu5Ac has an
effect that is not due to solely carbon availability. The addition of
Neu5Ge, a sialic acid which is similar to Neu5Ac, was also not
adequate to reproduce this effect. This suggests that physiological
factors (pH, charge, and inflammation) of treatment of infected

animals with sialic acid are not as important as the addition of
Neu5Ac itself.

A limitation of our study is the amount of sialic acid that was
given to each animal. The initial concentration that we used stems
from data reported previously by Trappetti et al. (22), who gave 1
mg of sialic acid per mouse intranasally and showed significant
increases in pneumococcal colonization and lung invasion. We
ended up using this concentration only after we determined that 1
mg of sialic acid per mouse gave the best results. We realize that a
1-mg concentration is not physiologically relevant and is not in-
dicative of how much sialic acid the pneumococci were actually
exposed to. We estimate that a small percentage of the free sialic
acid given to the mice actually stayed in the nasopharynx. In fu-
ture studies, we hope to accurately measure the amount of sialic
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FIG 5 Neuraminidase is important for central nervous system invasion. Eight- to 12-week-old C57BL/6] mice were intranasally challenged with 3 X 10° CFU
of pneumococcal strain TIGR4 or the TIGR4 ANanA strain without anesthesia. After 24 h, mice were treated with 1 mg of Neu5Ac or an equal volume of lactated
Ringer’s solution. CFU were counted from tissue homogenates at 4 days postinfection. The horizontal red dashed line represents the lower limit of detection in
each assay, which is where CFU-negative samples were plotted. The solid horizontal lines represent the medians for each data set. Statistical significance was
determined by a two-tailed Mann-Whitney rank sum test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001 [indicating significant differences between populations]).
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acid in regions of bacterial colonization. Additionally, we want to
see if the reduction in the amount of bound sialic acid in the sinus
tissue in the nasopharynx would affect our result.

We also found that a neuraminidase mutant had a decreased
ability to invade the CNS. It is possible that the ability of sialic acid
to induce the expression of neuraminidase contributes to the in-
vasion of the CNS or that the continued cleavage of sialic acid in
vivo is needed for invasion. Additional studies are needed to fur-
ther explore this finding.

Cytokines and chemokines play an important role in the
pathogenesis of bacterial meningitis. In clinical and research set-
tings, they are often used as an indication of meningitis. In our
study, we analyzed the expression of key cytokines that are impor-
tant indicators of pneumococcal meningitis. TNF-oc and IL-1(3 are
important early-response proinflammatory cytokines that have
been shown to be present at increased levels in the CSF of patients
with bacterial meningitis and linked to attracting leukocytes to the
subarachnoid space (4, 41). We did not see an increased expres-
sion level of TNF-a or IL-1B (Fig. 5D) in the olfactory bulbs of
infected animals. It is possible that the lack of an increase is due to
timing, as the expression levels of TNF-a and IL-13 are highest in
the first 24 h postinfection, or due to the elevated levels of IL-10,
which can directly inhibit IL-1 and TNF-a (4). This can also be
due to the intact blood-brain barrier. With less leukocyte infiltra-
tion, one would see less of the cascade that promotes IL-18 and
TNF-a expression. We saw increased KC, MIP-1a, and IL-la
levels. IL-1a contains a nuclear localization sequences and is
found in the nucleus of cells. IL-1a is released during cell damage
or death and initiates early inflammatory responses. KC and MIP
are functional homologs of IL-8, and their levels are increased
during acute-phase pneumococcal meningitis in mice (4, 39, 41).
The cytokine profiles have some differences from what has been
reported previously. The discrepancies could be an artifact of non-
hematogenous infection, but more information is needed before a
definitive conclusion can be drawn.

It is important to note that we do not feel that nonhematog-
enous invasion of the CNS is the only way, or even the primary
way, in which bacterial meningitis can be established. Previous
studies revealed that in most cases, patients with meningitis are
bacteremic, which suggests that the majority of cases of bacterial
meningitis occur through hematogenous infection (51-53). How-
ever, our results support the existence of an alternative pathway by
which pneumococci can reach the brain and that this pathway is
somehow activated by sialic acid.

In conclusion, our findings suggest that sialic acid, specifically
Neu5Ac, may prompt Streptococcus pneumoniae to leave its niche
in the nasopharynx and invade sterile sites such as the sinus tissue
and olfactory bulbs. It seems likely that pneumococci may pass
from the nasal olfactory epithelium, present in our nasal wash
samples, to the olfactory bulbs and then the remainder of the
brain. This work corroborates evidence that physiological changes
can prompt pneumococci to change from an asymptomatic colo-
nizer to an invasive pathogen (16). It is possible that coinfection
with viruses or bacteria that also possess a neuraminidase could
create a high level of free sialic acid in the environment, which
could be a precursor for more severe disease.
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