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ABSTRACT Melioidosis is a potentially fatal disease that is endemic to tropical northern Australia and Southeast Asia, with a mor-
tality rate of 14 to 50%. The bacterium Burkholderia pseudomallei is the causative agent which infects numerous parts of the
human body, including the brain, which results in the neurological manifestation of melioidosis. The olfactory nerve constitutes
a direct conduit from the nasal cavity into the brain, and we have previously reported that B. pseudomallei can colonize this
nerve in mice. We have now investigated in detail the mechanism by which the bacteria penetrate the olfactory and trigeminal
nerves within the nasal cavity and infect the brain. We found that the olfactory epithelium responded to intranasal B. pseu-
domallei infection by widespread crenellation followed by disintegration of the neuronal layer to expose the underlying basal
layer, which the bacteria then colonized. With the loss of the neuronal cell bodies, olfactory axons also degenerated, and the bac-
teria then migrated through the now-open conduit of the olfactory nerves. Using immunohistochemistry, we demonstrated that
B. pseudomallei migrated through the cribriform plate via the olfactory nerves to enter the outer layer of the olfactory bulb in
the brain within 24 h. We also found that the bacteria colonized the thin respiratory epithelium in the nasal cavity and then rap-
idly migrated along the underlying trigeminal nerve to penetrate the cranial cavity. These results demonstrate that B. pseu-
domallei invasion of the nerves of the nasal cavity leads to direct infection of the brain and bypasses the blood-brain barrier.

IMPORTANCE Melioidosis is a potentially fatal tropical disease that is endemic to northern Australia and Southeast Asia. It is
caused by the bacterium Burkholderia pseudomallei, which can infect many organs of the body, including the brain, and results
in neurological symptoms. The pathway by which the bacteria can penetrate the brain is unknown, and we have investigated the
ability of the bacteria to migrate along nerves that innervate the nasal cavity and enter the frontal region of the brain by using a
mouse model of infection. By generating a mutant strain of B. pseudomallei which is unable to survive in the blood, we show that
the bacteria rapidly penetrate the cranial cavity using the olfactory (smell) nerve and the trigeminal (sensory) nerve that line the
nasal cavity.
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elioidosis is a potentially fatal disease endemic to the tropics,
particularly northeastern Thailand and northern Australia,
where the mortality rates approach 50% and 14%, respectively (1).
Melioidosis is also considered to be underreported and an emerg-
ing disease worldwide (1). Clinical presentations of melioidosis
vary, ranging from chronic to acute disease and potentially rapid
death due to systemic infection and septic shock (1-3). Virtually
any organ of the body may be infected; while skin and soft tissues,
including lungs, liver, and spleen, are often involved, the bacteria
that cause melioidosis can also infect the parotid gland, the brain,
and bone (1, 3).
Burkholderia pseudomallei, the causative agent of melioidosis,
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is easily isolated from soil and standing water in regions of ende-
micity. Infection of humans stems from environmental exposure
and is closely associated with high rainfall (4). Two common
routes of inoculation are thought to be percutaneous inoculation
and inhalation; inhalation of contaminated water droplets or dust
(soil) is probably the most important natural route of infection.
Animal studies of melioidosis using inhalational exposure and
intranasal inoculation demonstrate infection of the lung and sys-
temic infection of internal organs. Such studies have revealed pre-
viously unrecognized sites of colonization in the nasal mucosa-
associated lymphoid tissue (NALT) and in the nasal mucosa,
especially the olfactory epithelium (5). This suggests that respira-
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tory infection and nasal colonization may be a portal of entry to
the brain and blood without necessarily involving the lower respi-
ratory tract (5).

Neurological abnormalities in human melioidosis (neurologi-
cal melioidosis) are various, and direct invasion of the central
nervous system (brain stem, cerebellum, and spinal cord) occurs
in at least some cases (6, 7). Clinically, nearly all such cases (5% of
total cases) in the Royal Darwin Hospital prospective study fea-
tured brain stem involvement (brain stem encephalitis) (6, 7),
although cases in Singapore appear to present more frequently as
micro- and macroabscess patterns and may represent systemic
spread via the blood (8).

It has been suggested previously (6) that classical neurological
melioidosis, with involvement of brain stem, cerebellum, and spi-
nal cord, is due to direct central nervous system invasion, but the
route of infection is unknown. It also has been suggested (6) that
B. pseudomallei may travel along nerves, and recent evidence in an
animal model provides compelling evidence for direct infection of
the brain via the nose in the absence of bacteremia (5).

The nasal mucosa comprises the respiratory epithelium, lo-
cated in the inferior-anterior nasal cavity, and the olfactory epi-
thelium, located in the superior-posterior nasal cavity. The olfac-
tory epithelium contains the olfactory receptor neurons, whose
axons extend all the way from the nasal cavity to the olfactory bulb
in the brain (Fig. 1A to D). The olfactory nerve fascicles that lie
within the lamina propria underneath the epithelium coalesce to
form larger nerve bundles that project through the bony cribri-
form plate to enter the central nervous system where they form the
nerve fiber layer of the olfactory bulb (Fig. 1B and D). Thus, the
olfactory nerve constitutes a direct conduit from the nasal cavity
to the brain. The nasal mucosa is also innervated by the ophthal-
mic branch of the trigeminal nerve, a sensory nerve providing
tactile, pain, and temperature sensitivity to the nose. Thus, the
trigeminal nerve could also provide a direct route from nasal mu-
cosa to the brain and be of particular importance to neurological
melioidosis with brain stem encephalitis (1, 7).

Infection of the brain via the olfactory nerve has been demon-
strated for many viruses (9-15) and also in the case of certain
amoebae which infect the olfactory bulb, causing a necrotizing
meningoencephalitis (11, 16, 17), but it is rarely described for
bacteria. There is some evidence that Listeria monocytogenes enters
trigeminal nerve axon terminals and is retrogradely transported to
the brain stem, resulting in brain stem encephalitis (18). There are
also reports that, following intranasal infection of mice, Strepto-
coccus pneumoniae may enter the brain via the olfactory nerve (19)
and that Neisseria meningitidis can infect the meninges by this
route (20).

We have previously demonstrated that B. pseudomallei rap-
idly infects the olfactory epithelium and the olfactory bulb (5).
Our findings further suggested that the olfactory nerve in the
olfactory mucosa is a conduit for B. pseudomallei infection of
the brain. The aims of the current study were (i) to describe
expanded evidence for brain invasion by B. pseudomallei
through the olfactory nerve, (ii) to gain further insight into the
mechanisms by which the bacteria invade nasal tissue and
travel along the olfactory nerve, and (iii) to determine if the
trigeminal nerve, which also innervates the olfactory epithe-
lium, is also involved in brain infection.
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FIG 1 The olfactory system is a potential portal of entry into the brain. (A)
Schematic sagittal view of the nasal cavity (NC), olfactory bulb (OB), and
cerebral cortex (Cx). (B to D) Panels show sagittal sections from S1008-DsRed
transgenic mice immunolabeled with antibodies against olfactory marker pro-
tein (OMP; green); olfactory ensheathing cells and chondrocytes express
DsRed, and nuclei are stained with DAPI (blue). (B) Low-power view of the
nasal cavity and olfactory bulb; this image is a montage of four fields of view
that have been spliced together. (C) Within the olfactory mucosa, neurons
(green; arrow with tail) reside in the olfactory epithelium (OE) and project
their axons in bundles (arrows) through the lamina propria (LP). Olfactory
ensheathing cells (red) surround the axon bundles. (D) The axon bundles
merge together to form a large nerve (arrow) that passes into the nerve fiber
layer (NFL) which lines the outer layer of the olfactory bulb. Bar sizes are in

pm.

RESULTS

Burkholderia pseudomallei destroys and penetrates the olfac-
tory epithelium. To determine how B. pseudomallei colonizes the
olfactory nerve, we intranasally inoculated adult mice with an iso-
genic acapsular mutant strain of B. pseudomallei (MSHR520Acap)
for 24 to 48 h and then examined cryostat sections of the infected
nasal cavity. The capsule prevents phagocytosis and is essential for
bacterial survival in blood; thus, the Acap mutant strain is unable
to survive in the bloodstream. As hematogenous brain infection is
eliminated, brain infection via nerves extending from the nasal
cavity into the brain can be studied in isolation. After 24 to 48 h of
exposure, bacteria were detected by immunohistochemistry
within the nasal cavity (Fig. 2A). While bacteria were detected in
both the left and the right sides of the nasal cavity, there was often
one side in which bacteria were more numerous (arrow, Fig. 2A).
The healthy olfactory epithelium is a thick uniform stratified layer
in the dorsal region of the nasal cavity (Fig. 2B), while the respi-
ratory epithelium is a thin layer that lines the ventral and rostral
nasal cavity (Fig. 2B). After exposure to intranasally delivered
B. pseudomallei, the olfactory epithelium dramatically altered
morphology and was crenellated with large swellings adjacent to
where the bacteria were present in high numbers (arrow with tail,
Fig. 2C). In comparison, the respiratory epithelium showed no
gross morphological changes (Fig. 2C).
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FIG 2 B. pseudomallei penetrates degraded olfactory and intact respiratory epithelium (RE). All sections were immunolabeled with anti-B. pseudomallei
antibodies (green) and DAPI (blue); some were also labeled with anti-OMP antibodies and UEAL lectin as indicated. (A) A coronal section of the nasal cavity
(NC) shows that one side has extensive infection (arrow) while the other side has little evidence of infection. Boxed areas are shown in panels F to H as indicated.
(B) A higher-magnification view of uninfected olfactory epithelium (OE) shows a uniform structure. (C) OE in an inoculated mouse shows an extensive presence
of B. pseudomallei (arrow; green) in the NC at 24 h. The OE is crenellated (arrow with tail); the thin respiratory epithelium (RE) in the ventral NC was not visually
affected. The asterisk indicates nonspecific autofluorescence. (D) Bacteria (green) occasionally penetrated relatively intact epithelium, but only in patches where
neurons (immunolabeled with OMP; red) were absent (arrow). (E) In the olfactory epithelium, bacteria (green; arrow) were not associated with Bowman’s
glands (labeled with UEA1 lectin; white; arrow with tail); olfactory neurons (red) are labeled with anti-OMP antibodies. (F to H) Higher-magnification views of

(Continued)
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We next examined the olfactory epithelium at higher magnifi-
cation to determine where the bacteria penetrated it. On a few rare
occasions, we detected B. pseudomallei within relatively intact ep-
ithelium, but only in regions where neurons were absent (Fig. 2D).
In these regions, we considered that bacteria could have pene-
trated Bowman’s glands, which are the mucous secretory ducts
that lie within the epithelium. However, lectin staining with
UEA1, which we find is a marker of Bowman’s glands, showed that
the bacteria were not present in the glands (arrows with tail,
Fig. 2E). We then compared the regions of olfactory epithelium in
which bacteria were in close proximity. In regions where small
numbers of bacteria were present in the mucous layer that lines
the apical surface of the epithelium, the olfactory epithelium
showed no gross morphological changes (arrow, Fig. 2F). In areas
where the epithelium showed signs of ulceration and indentation,
bacteria were again present immediately adjacent to but not
within the olfactory epithelium (Fig. 2G). It was only when the
structural integrity of the epithelium was obviously degraded that
bacteria were able to penetrate the olfactory epithelium (Fig. 2H).
In contrast, in the respiratory epithelium, bacteria easily pene-
trated the epithelium without any gross morphological changes to
the structural integrity of the epithelium (Fig. 2I). We confirmed
that the structural integrity of the olfactory epithelium had de-
graded by immunolabeling with antibodies against olfactory
marker protein (OMP), which is expressed by all primary olfac-
tory neurons and their axons. When bacteria were present in the
mucosal layer on the apical surface of the epithelium (arrow, Fig.
2] and K), OMP immunolabeling was uniform throughout the
olfactory epithelium (Fig. 2J). In contrast, in areas with partial
penetration of B. pseudomallei into the epithelium, the neuronal
layer showed clear signs of disruption and the OMP immunola-
beling was not uniform, with some areas showing low levels of
OMP immunoreactivity (Fig. 2L). In regions where the epithe-
lium showed extensive degradation, OMP immunolabeling re-
vealed that the cells had lost their normal structural morphology
(compare Fig. 2N with 2J). Even in these regions of epithelium,
however, only a small number of bacteria were detected within the
epithelial layer. Some bacteria had penetrated the epithelium,
reaching the olfactory nerve bundles within the lamina propria
(arrow, Fig. 2N and O). On the few occasions when B. pseudomal-
lei was present in the epithelium in which olfactory neurons were
intact, the bacteria were not localized near intact neurons but
instead were in small pockets of degraded epithelium (arrow, Fig.
2D and E). It was only when the neuronal layer of the epithelium
had been lost and shed off into the nasal cavity (arrows with tails,
Fig. 2P) that the bacteria penetrated the remaining layer of the

Figure Legend Continued

olfactory epithelium and underlying lamina propria (Fig. 2P and
Q). In summary, in healthy uninfected mice, the olfactory epithe-
lium that lines the rostral-dorsal regions of the nasal cavity is uni-
form and the olfactory sensory neurons are distributed through-
out the layer (Fig. 2R and S). Infection by B. pseudomallei results in
widespread crenellation of the olfactory epithelium, but the neu-
ronal layer generally remains intact and bacteria cannot penetrate
the epithelium. It is only when neurons are lost from the epithe-
lium that bacteria can penetrate the underlying layers (Fig. 2T).

Burkholderia pseudomallei migrates along olfactory nerve
fascicles that are devoid of axons. The neurons that reside in the
olfactory epithelium project their axons to the olfactory bulb in
bundles of axons called fascicles (Fig. 1C). As it was clear that
B. pseudomallei penetrated the olfactory epithelium only when the
neuronal layer had been perturbed, we next examined the mor-
phology of the axon fascicles in which B. pseudomallei was present.
Despite the extensive crenellation of the olfactory epithelium and
the presence of bacteria within the nasal cavity (Fig. 3A), the bac-
teria were detected within only a small number of olfactory axon
fascicles within the lamina propria (Fig. 3C to E). It should be
noted that due to the angle of the cryostat sectioning, the axons in
fascicles lying within the lamina propria do not necessarily arise
from neurons in the adjacent epithelium but are likely to arise
from neurons some distance away. Hence, the infected axon fas-
cicles sometimes lay adjacent to regions of relatively intact epithe-
lium in which no bacteria were detected (Fig. 3C and E).

In all axon fascicles in which B. pseudomallei was detected, the
bacteria were present in areas in which OMP immunoreactivity
was absent, indicating that the axons had degenerated and that
thus only the hollow conduit consisting of glial cells and a few
axons remained (Fig. 3B, C, E, and F). OMP immunolabeling was
restricted to the periphery of the axon fascicles, indicating that the
few surviving axons were localized to the periphery (arrows with
tails, Fig. 3E). In contrast, in axon fascicles in which bacteria were
not detected and which were adjacent to epithelium that showed
loss of morphological integrity, the axon fascicles showed uniform
OMP immunoreactivity (arrow with tail, Fig. 3G and H). In axon
fascicles in which bacteria were present, we examined the struc-
ture of the glia, called the olfactory ensheathing cells (OECs), that
normally surround the axons. The olfactory ensheathing cells ap-
peared intact and showed no gross morphological changes
(Fig. 3D; see also Movie S1 in the supplemental material), indicat-
ing that it is only the axons that are destroyed by the presence of
the bacteria. Closer to the olfactory bulb, the axon fascicles co-
alesce to form a large nerve bundle (arrow, Fig. 31). In this region,
too, axons were absent from areas in which B. pseudomallei was

the boxed areas indicated in panel A. (F) B. pseudomallei (arrow) was present on the surface of the OE, but no morphological reaction was apparent. (G)
Ulceration of the OE (dashed line) was seen, although the presence of bacteria was limited (arrow). (H) The OE showed extensive destruction and loss of integrity,
and bacteria were present (arrows) within the epithelium. Bacteria were not detected in the lamina propria (LP) underlying the OE (G and H). (I) In patches of
respiratory epithelium, there was widespread infection with B. pseudomallei (arrow), but bacteria did not penetrate the deeper layers. (J and K) OMP immuno-
labeling (red) demonstrates that healthy epithelium was not penetrated by bacteria (arrow) despite their presence in the adjacent nasal cavity, but that epithelium
was penetrated as the neurons partially degraded; panel K shows the same section as that in panel J but with the red channel (OMP) turned off. (L to O) OMP
immunolabeling became patchy with some areas showing low levels of OMP reactivity (arrow with tail). Bacteria penetrated the outer layers and were present in
nerve bundles in the lamina propria (arrows in panels N and O); panels M and O show the same sections as those in panels L and N, respectively, but with the red
channel (OMP) turned off. (P and Q) Complete loss of the neuronal layer led to colonization of the remaining layer by bacteria (arrows); arrows with tails point
to neurons in the nasal cavity and remaining epithelium. (R to T) Schematics summarizing the infection of the epithelium. (R) Sagittal view of the nasal cavity,
olfactory bulbs (OB), and cortex (Cx). (S) In uninfected mice, the olfactory epithelium is uniform and neurons (red) are distributed throughout the epithelium.
(T) When B. pseudomallei (green) is present, the majority of epithelium becomes crenellated but neurons remain within the epithelium and bacteria cannot
penetrate. In some regions, the neurons are lost (arrow) and bacteria penetrate the remaining layers. Bar sizes are in um.
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FIG3 B. pseudomallei travels along olfactory nerve bundles. Sagittal sections were immunolabeled with anti-B. pseudomallei antibodies (green) and stained with
DAPI (blue), with some sections also showing neurons (OMP antibodies; red) or glia (S100B8-DsRed; red). (A) In regions of OE showing extensive crenellation
(arrows with tails), bacteria (arrow) were present in the adjacent NC. (B and C) Double-label fluorescence. (B) Anti-B. pseudomallei (green). (C) Anti-OMP (red)
and anti-B. pseudomallei (green). There was no evidence of bacteria penetrating the crenellated OE (arrow with tail), although bacteria were occasionally observed
in axon bundles within the LP. Immunolabeling with anti-OMP (red in panel C) showed that axons surrounding the bacteria within the bundles had degraded
and left a partially open conduit. (D) A cross section through an olfactory nerve bundle; olfactory ensheathing cells (red) are morphologically intact despite the
presence of B. pseudomallei (arrow) within the nerve bundle; three-dimensional animation is shown in Movie S1 in the supplemental material. (E and F) When
bacteria (arrow) were present in nerve bundles within the lamina propria, the axons were degraded, with OMP immunolabeling (red) restricted to the periphery
of the bundles (arrows with tails), leaving an open conduit. (G and H) Examples of intact nerve bundles (arrows with tails) that were not infected with bacteria
even though the epithelium showed signs of crenellation. (I to K) In the large nerve projecting toward the nerve fiber layer of the olfactory bulb (OB), bacteria
(arrows) were localized to regions where axons were absent and OMP immunolabeling was restricted to the periphery (arrows with tails); the arrow in panel I
points to the region shown in panels J and K, which is a double-label image, with panel K showing the image without OMP immunolabeling. (L and M)
Immunolabeling with antibodies against B. pseudomallei (L) and OMP (M). (L) In addition to labeling the rod-like bacteria, the anti-B. pseudomallei antibodies
also specifically labeled numerous vesicles in the vicinity of the bacteria. (N to Q) Schematics summarizing the infection of the axon fascicles. (N) Sagittal view
of uninfected olfactory region with axons (red) projecting from the epithelium toward the OB. (O) Close-up of the healthy olfactory epithelium (OE) and lamina
propria (LP) with OECs surrounding the axons in the LP. (P) In uninfected mice, some axons are degraded (arrow) and bacteria (green) migrate along the empty
nerve fascicles. (Q) Close-up view demonstrating how the bacteria migrate along the empty nerve fascicles within the confines of the surrounding OECs. Bar sizes
are in pwm.
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localized (arrows, Fig. 3] and K) and the OMP immunolabeling
was restricted to the periphery of the fascicles (arrows with tails,
Fig. 3]). It should be noted that the intact bacteria within the
olfactory epithelium and axon fascicles were immunoreactive for
the OMP antibodies (Fig. 3L and M), whereas bacteria within the
nasal cavity and not in contact with the olfactory neurons were not
immunoreactive for OMP antibodies (Fig. 2M to P). The antibod-
ies against B. pseudomallei also specifically labeled tiny vesicles
that were in the immediate vicinity of the rod-like bacteria (ar-
rows, Fig. 3L; vesicles can also be seen dispersed around the bac-
teria in Fig. 3K); immunolabeling in regions where bacteria were
not present did not result in detection of any vesicles (data not
shown). The small vesicles which were immunoreactive to the
anti-B. pseudomallei antibodies (arrows, Fig. 3L) were not labeled
by the anti-OMP antibodies (Fig. 3M). In summary, in healthy
uninfected animals, the olfactory sensory neurons project axons
in fascicles through the lamina propria toward the olfactory bulb
(Fig. 3N) with the fascicles surrounded by OECs (Fig. 30). When
infection causes loss of neurons from the epithelium, the axons are
also degraded, resulting in open conduits through which the bac-
teria can migrate (Fig. 3P) within the confines of the surrounding
OECs (Fig. 3Q).

Burkholderia pseudomallei enters the nerve fiber layer of the
olfactory bulb by migrating along fascicles that are devoid of
axons. We next determined whether or not B. pseudomallei could
enter the olfactory bulb in the central nervous system through the
olfactory nerves. We found that the bacteria penetrated the nerve
fiber layer, which is the outer layer of the olfactory bulb within the
cranial cavity. The peripheral olfactory nerve fascicles pass through
the bony cribriform plate to form the nerve fiber layer which is
within the cranial cavity (Fig. 4A). In uninfected animals, the area
in which olfactory axon fascicles merge together and enter the
nerve fiber layer of the olfactory bulb showed uniform structural
integrity (Fig. 4B). In infected animals, bacteria were present
within the large nerve fascicles that projected toward the nerve
fiber layer (Fig. 4C to E). At the region spanning the cribriform
plate, bacteria were clearly present on both sides: within the axon
fascicles of the lamina propria (peripheral nervous system), within
the fascicles as they crossed through the cribriform plate (arrows,
Fig. 4G and H), and in the nerve bundles within the nerve fiber
layer (central nervous system) (Fig. 4F to H). We next examined
the distribution of axons in regions where B. pseudomallei was
present within the nerve fiber layer in the olfactory bulb using
immunolabeling for OMP. We found that the distributions of
bacteria in the nerve fiber layer were the same using wild-type and
Acap mutant strains of B. pseudomallei. In animals inoculated with
wild-type B. pseudomallei, in all regions where bacteria were pres-
ent, immunoreactivity for OMP was low and scattered, indicating
that the primary olfactory axons had degenerated and were absent
(Fig. 4Ito L). In contrast, in regions where bacteria were not pres-
ent, OMP immunoreactivity was strong and uniform (Fig. 41 and
M). Within the olfactory bulb of animals at 24 to 48 h after inoc-
ulation, bacteria were detected only within the nerve fiber layer
and were not usually detected in the glomerular layer or deeper
layers of the olfactory bulb (Fig. 41 and J). In summary, in healthy
uninfected animals, axons from the olfactory sensory neurons
pass through the cribriform plate and enter the nerve fiber layer,
which is the outer layer of the olfactory bulb (Fig. 4N and O). In
infected animals where the axons are lost, the bacteria can migrate
along the axon fascicles, pass through the cribriform plate, and
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enter the nerve fiber layer within the olfactory bulb (Fig. 4P and
Q).

Burkholderia pseudomallei infects the trigeminal nerve of
the nasal cavity and travels along axon conduits devoid of axons.
Neurological melioidosis often presents with involvement of
brain stem (1); one possible route of transmission to the brain
stem is via the trigeminal nerve that innervates the nasal cavity and
projects to the brain stem. We therefore examined the trigeminal
nerve for the presence of B. pseudomallei. We cut serial coronal
sections through the nasal cavity and olfactory bulbs (Fig. 5A) of
S100B-DsRed transgenic mice which had been inoculated with
the Acap mutant strain of B. pseudomallei. This fluorescent re-
porter transgenic mouse strain was used as it allows for the easy
identification of the trigeminal nerve, since the glia that surround
the nerve express the fluorescent protein DsRed. One branch of
the trigeminal nerve innervates the rostral region of the respira-
tory epithelium (Fig. 5B); in this region of the nasal cavity, there is
no olfactory epithelium. In contrast to invasion of the olfactory
epithelium, which required degradation of the olfactory epithe-
lium, the bacteria easily traversed the thin respiratory epithelium.
Bacteria were detected within the respiratory epithelium lining the
dorsal and septal surfaces (Fig. 5C and D) and were present within
the trigeminal nerve underlying the respiratory epithelium
(Fig. 5E). In adjacent sections, immunolabeling for the axonal
marker B-tubulin IIT showed that axons were absent from the
areas of the nerve in which bacteria were present (arrow, Fig. 5F).
In contrast, in uninfected trigeminal nerves, S-tubulin IIT immu-
nolabeling (trigeminal neurons do not express OMP) showed that
trigeminal axons were uniformly distributed throughout the
nerve (Fig. 5G). We traced the trigeminal nerve as it projected
caudally along the dorsal nasal cavity. In all locations, B. pseu-
domallei was detected within the trigeminal nerve (Fig. 5H and I).
In the more caudal regions of the nasal cavity, the trigeminal nerve
projected alongside the olfactory nerve bundles. Anti-B-tubulin
11T labeled both the olfactory and trigeminal nerves (Fig. 5J). To
distinguish between olfactory and trigeminal axons, we used im-
munolabeling with anti-OMP to selectively label olfactory axons
(arrows, Fig. 5K), whereas the trigeminal axons were not labeled
(dashed oval, Fig. 5K).

The trigeminal nerve passes from the nasal cavity into the fron-
tal cranial cavity and traverses from the medial to the lateral side of
the rostral olfactory bulb (Fig. 5N to Q). We were easily able to
distinguish trigeminal axons from olfactory axons, as only the
olfactory axons express OMP (Fig. 5P); further, trigeminal axons
exhibited lower levels of B-tubulin IIT immunolabeling than did
olfactory axons (Fig. 5Q). B. pseudomallei was present in the tri-
geminal nerve (arrow, Fig. 50), but in this series of experiments,
bacteria were not detected within the olfactory bulb. In more cau-
dal positions, a branch of the trigeminal nerve projected along the
lateral wall of the cranial cavity and bacteria were detected within
at least one axon bundle encased by Schwann cells (Fig. 5R to U).
Overall, B. pseudomallei had successfully penetrated the respira-
tory epithelium in the rostral nasal cavity, migrated along at least
one Schwann cell-encased trigeminal nerve bundle that was de-
void of axons, and passed into the cranial cavity, covering a total
distance of over 9,000 wm in 48 h.

DISCUSSION

We show here extensive immunohistological evidence for brain
infection by B. pseudomallei from olfactory epithelium and respi-
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FIG 4 B. pseudomallei travels along the olfactory nerve to enter the olfactory bulb. (A) The olfactory nerve bundles (green; arrow) offer a direct route from the
nasal olfactory epithelium (OE) to the nerve fiber layer (NFL) of the olfactory bulb. Panel A shows a sagittal section of an uninfected OMP-ZsGreen and
§100B-DsRed transgenic mouse in which neurons are green and glia and chondrocytes are red. Panel B shows a sagittal section of an uninfected animal, and
panels C to H show sagittal sections of animals infected with the Acap strain; sections are labeled with anti-B. pseudomallei antibodies (green) and DAPI (blue).
(B) Uninfected olfactory nerve and olfactory bulb (OB). (C to E) Localized infection of the olfactory nerve projecting to the OB; the arrow points to B. pseu-
domallei (green); higher-magnification views of panel C are shown in panels D and E. (F) B. pseudomallei (green) infection was present in the lamina propria (LP)
and ventral NFL (arrow). CP, cribriform plate. (G and H) Bacteria were present in the nerve bundles (arrow) passing through the cribriform plate (CP). (Ito L)
In animals infected with the wild-type (WT) strain of B. pseudomallei, the presence of bacteria (green) colocalized with regions of low OMP immunoreactivity
(red). (I) Low-power sagittal view of the olfactory bulb; boxed areas are shown in panels ] and M. (J) Bacteria (arrows) were present in the nerve bundles ventral
to the CP and in the NFL. (K and L) Higher-magnification view of regions of panel J; OMP immunolabeling (arrow with tail) was high in regions where bacteria
were absent but was low in regions where bacteria (green; arrows) were present. Panel L shows the same section as that in panel K but without OMP
immunolabeling. (M) Higher-magnification view of boxed area shown in panel I at the rostral region of the NFL where no bacteria were present; the OMP
immunolabeling is uniform, unlike that shown in panels J and K. (N to Q) Schematics summarizing the infection of the nerve fiber layer. (N) Sagittal view of
uninfected olfactory region with axons (red) projecting into the olfactory bulb (OB). (O) Close-up view of axons passing through the cribriform plate (CP) and
entering the NFL. (P) When axons are lost, B. pseudomallei migrates into the outer layer of the OB. (Q) Close-up view demonstrating how the bacteria migrate
along the empty fascicles into the NFL. Bar sizes are in um.
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Rtublll

"OMP +6080 pim Rtublll

FIG 5 B. pseudomallei infection of the trigeminal nerve within the nasal cavity. (A) Schematic of the mouse nasal cavity (nc), olfactory bulb (ob), and branch
of the trigeminal nerve (red line) with the locations of the following panels, which are coronal sections through an S1003-DsRed mouse head 48 h after
inoculation; red fluorescence shows glia and chondrocytes; blue fluorescence is DAPI nuclear stain in all panels; dashed boxes show positions of higher-
magnification views in the following sections. (B to D) Immunolabeling for B. pseudomallei (green; arrows in panels C and D) was localized to respiratory

(Continued)
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open trigeminal nerves
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and olfactory nerves
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bacteria penetrate CNS
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FIG 6 B. pseudomallei enters the central nervous system (CNS) via open channels. (A) Schematic sagittal view of the nasal cavity and olfactory system. The
trigeminal nerve (red) is represented in panel B; the yellow boxed area is represented in panels C to E. (B) Some trigeminal nerve axons (blue) surrounded by
Schwann cells degenerate as a result of the infection, and B. pseudomallei (green) migrates through the empty Schwann cell canals. (C) In healthy animals, primary
olfactory neurons (blue) reside in the olfactory epithelium (OE) and project axons (blue lines) in nerve bundles through the cribriform plate (CP) into the
olfactory bulb (OB) within the central nervous system. OECs (red) surround the nerve bundles. (D) Exposure to B. pseudomallei (green rods) results in neurons
degrading (dark blue ovals) in some regions of the epithelium; the loss of the neuron cell bodies (brown ovals) from the epithelium leads to the degradation of
their axons (dashed lines); OECs remain intact. (E) After the epithelium is sloughed off into the nasal cavity, the bacteria penetrate the remaining layers of the
mucosa and migrate along the open channels left by the degraded axons and thereby enter the central nervous system.

ratory epithelia in the nasal cavity. The bacteria were able to mi-
grate along olfactory and trigeminal nerve bundles and traverse
the cribriform plate to enter the central nervous system within the
cranial cavity within 24 h. We also show that bacterial coloniza-
tion of the nasal lumen mucus by B. pseudomallei resulted in wide-
spread crenellation of the olfactory epithelial surface followed by
sloughing of the epithelial sheet, after which the bacteria were able
to penetrate the remaining layers of the epithelium (Fig. 6).

The surface of the olfactory epithelium consists of homoge-
neously distributed supporting cells with dendrites of mature ol-
factory sensory neurons interspersed between, and protruding

above, the supporting cells into the mucus layer of the nasal lumen
(21, 22). We did not detect any evidence of bacteria selectively
entering either the supporting cells or sensory dendrites. Nor was
there evidence of the bacteria invading Bowman’s glands, which
secrete mucus through ducts and could offer a potential conduit
from the nasal lumen through to the underlying lamina propria.
Not even crenellation of the olfactory epithelium led to consistent
colonization of the epithelium by the bacteria. Indeed, extensive
bacterial invasion of the olfactory epithelium was detected only
when the neuronal layer was sloughed off into the nasal cavity,
exposing the underlying layers. These findings demonstrate that

Figure Legend Continued

epithelium (epi) on the dorsal portion of the septum (s; chondrocytes in the septum are red); the white box in panel B is enlarged in panel C; the yellow box in
panel B shows the location of panel D in a section that is 1,320 um more caudal; red fluorescence within the epithelium is localized within glia. (E) The trigeminal
nerve that projects along the upper septum is infected; B. pseudomallei (green) appears within the trigeminal nerve (dashed oval). (F) A section adjacent to panel
E shows B-tubulin III immunolabeling of the trigeminal axons (green); there is a noticeable loss of B-tubulin III in the area corresponding to where B. pseu-
domallei was localized in panel E. (G) In comparison, the trigeminal nerve in an uninfected animal shows uniform g-tubulin IIl immunolabeling across the nerve.
(H to K) Atalocation 2,460 wm more caudal than that in panel B and in the location shown by the dotted box in panel H, bacteria (green; arrows in panel I) were
present within the trigeminal nerve, which is distinguished by the tube-like Schwann cells; adjacent olfactory nerve bundles are indicated by double-headed
arrows. (J and K) B-Tubulin III immunolabeling (green) (J) and olfactory marker protein (OMP) immunolabeling (cyan) (K) verified the identity of the
trigeminal nerve (dashed ovals) in comparison to the adjacent olfactory nerve bundles (arrows). (K) The olfactory epithelium (oe) that was infected by bacteria
(green; arrow with tail) was degenerated. (L to P) Atlocations 5,400 to 6,060 um more caudal than that in panel B, the trigeminal nerve with degenerated particles
of bacteria (arrows) or intact bacteria (arrowhead in panel M) entered the cranial cavity and passed over the rostral-dorsal region of the olfactory bulb. (P and
Q) OMP (cyan) (P) and B-tubulin IIT (green) (Q) immunolabeling confirmed the identity of the trigeminal nerve in comparison to the olfactory axons that
strongly express both OMP and B-tubulin III; dashed lines demarcate the trigeminal nerve. (R to U) The trigeminal nerve projected to the lateral portions of the
cranial cavity, and immunolabeling for B. pseudomallei (green; arrows) was present in locations up to 9,060 um caudal from panel B; boxed regions in panels R
and T are shown at higher magnification in panels S and U, respectively. Bar sizes are in um.
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the olfactory nerve constitutes a direct conduit by which patho-
gens can rapidly invade the brain. This is consistent with a previ-
ous study which demonstrated that in healthy mice, the olfactory
epithelium is an effective barrier against Staphylococcus aureus in-
vasion; however, following damage to the olfactory epithelium by
mild detergent treatment, S. aureus was detected in the olfactory
epithelium and the olfactory bulb (23). Combined, these data sug-
gest that significant damage to the olfactory epithelium may be a
prerequisite for bacterial invasion of the olfactory nerves and ol-
factory bulb.

As olfactory axons project from the olfactory epithelium in-
ward to the olfactory bulb, they group together to form nerve
fascicles which are surrounded by olfactory ensheathing cells.
When neuron cell bodies are lost, the axons rapidly die and are
phagocytosed by the olfactory ensheathing cells (24), which main-
tain their positions and the overall integrity of the fascicles. Thus,
the loss of axons from the fascicles results in open conduits ex-
tending from the nasal epithelium directly into the brain. We
show clear evidence that the bacteria rapidly exploited this route
and migrated along the open olfactory conduits that were devoid
of axons so that within 24 h the bacteria had penetrated the outer
layer of the olfactory bulb (Fig. 6C and D).

It is unknown whether B. pseudomallei virulence factors play a
role in the cellular disruption and bacterial invasion of the olfac-
tory epithelium and nerves. Recently, Cruz-Migoni et al. (25) de-
scribed a B. pseudomallei toxin, structurally similar to Esche-
richia coli cytotoxic necrotizing factor 1, which demonstrated
cytotoxic activity against J774.2 macrophages in vitro. However,
an isogenic B. pseudomallei mutant deficient in this toxin still
causes crenellation of the olfactory epithelium and destruction of
olfactory neurons (data not shown). Alternatively, it is possible
that crenellation and sloughing of the olfactory epithelium may
occur as part of a host response against B. pseudomallei infection
of the nasal cavity. Indeed, we have shown that B. pseudomallei
induces a strong cytokine response in many tissues, including the
olfactory epithelium (unpublished data). Further research to de-
termine the role of B. pseudomallei virulence factors in the inva-
sion of the olfactory pathway is warranted.

It is noteworthy that a feature of the bacterial infection was the
presence of spherical particles which were selectively immunola-
beled with the bacterial antisera. The size of these particles was
approximately 200 nm, consistent with B. pseudomallei outer
membrane vesicles (26). Outer membrane vesicles have a number
of physiological functions, including the delivery of specific mol-
ecules to other cells through cell fusion (27). We speculate that the
continual production of the vesicles may contribute to the de-
struction of the axons and hence facilitate the migration of the
bacteria along the nerves. Thus, investigation of a possible role for
B. pseudomallei outer membrane vesicles in infection is merited.
Interestingly, the intact bacteria were reactive to the anti-OMP
antibodies while the tiny vesicles were not. It has been previously
reported that Neisseria meningitidis within the olfactory nerve co-
localized with OMP immunolabeling (20). The reason for the bac-
terial immunoreactivity to OMP antibodies is unknown and wor-
thy of further exploration.

The brain stem is a major site of signs and symptoms arising in
neurological melioidosis, and the trigeminal nerve constitutes a
direct pathway from the nasal cavity to the trigeminal nucleus in
the brain stem (7). We clearly demonstrated that B. pseudomallei
could easily penetrate the thin respiratory epithelium in the nasal
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cavity and colonize the trigeminal nerve. Bacteria were able to
cross the intact respiratory epithelium, in contrast to the olfactory
epithelium, which had to be damaged for bacteria to traverse it.
Again, it was clear that the presence of the bacteria resulted in the
loss of axons from within individual Schwann cell bundles, which
likely facilitated the migration of bacteria along the trigeminal
nerve into the cranial cavity. Thus, the trigeminal nerve bundles
(Fig. 6B) from the nasal cavity provide a potential route to the
brain stem in a manner essentially homologous to that of infection
of the olfactory bulb. While we did not detect bacteria in the brain
stem in this study, we could trace the bacteria a considerable dis-
tance along the trigeminal nerve within the cranial cavity, and it is
possible that the bacteria could migrate even further and reach the
brain stem or other brain areas if given more time.

In summary, we have provided evidence that B. pseudomallei
penetrates the thin respiratory epithelium but penetrates the ol-
factory epithelium only once the neuronal layer has been sloughed
off. The bacteria then migrate along nerves and pass through the
cribriform plate to enter the cranial cavity. Thus, both the olfac-
tory and trigeminal nerve routes offer a pathway into the brain by
which the bacteria can bypass the blood-brain barrier.

MATERIALS AND METHODS

Bacterial strains and growth conditions. B. pseudomallei strain
MSHR520 (previously “08” [28]) is a clinical isolate from a human case of
melioidosis, donated by Bart Currie (Menzies School of Health Research,
Darwin, Australia). An allele replacement capsule-deficient mutant of
MSHR520 (MSHR520Acap) has been previously described (5). B. pseu-
domallei was grown in liquid Luria broth (LB) medium with shaking.
Mice and experimental infection. Unanesthetized female BALB/c
mice (age, 5 to 10 weeks) and S1003-DsRed (29) mice were infected in-
tranasally by placement of 10 ul of bacteria onto the nostrils (5 ul per
nostril). The inoculum contained 3 X 10° stationary-phase cells resus-
pended in phosphate-buffered saline (PBS). Crosses of two transgenic
reporter lines of mice, OMP-ZsGreen (30) and S100B8-DsRed (29), were
used to demonstrate the anatomy of the olfactory system. All protocols
were approved by the animal ethics committee of Griffith University.
Immunohistochemistry and lectin chemistry. Animal tissue was pre-
pared and cryostat sections were cut as previously described (31), and
immunochemistry was performed as previously described (32). The pri-
mary antibodies used were rabbit anti-B. pseudomallei (1:2,000) (33),
polyclonal goat anti-olfactory marker protein (OMP; 1:1,000; Wako), and
polyclonal rabbit anti-B-tubulin IIT (1:500; Abcam) followed by the sec-
ondary antibody anti-rabbit Alexa Fluor 488 or anti-goat Alexa Fluor 594
(1:400; Invitrogen). The biotinylated lectin UEAI (1:100; Dako) was in-
cubated similarly to the antibodies, followed by streptavidin-Alexa Fluor
647 (1:400; Invitrogen). Cell nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI). Images were captured using an Olympus FV1000
microscope, and image panels were created using Adobe Illustrator CS3.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00025-14/-/DCSupplemental.
Movie S1, AVI file, 1.8 MB.
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