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Lipopolysaccharide-initiated
persistent rhinitis causes gliosis and
synaptic loss in the olfactory bulb
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Published online: 14 September 2017 . The olfactory mucosa (OM) is exposed to environmental agents and therefore vulnerable to

. inflammation. To examine the effects of environmental toxin-initiated OM inflammation on

the olfactory bulb (OB), we induced persistent rhinitis in mice and analyzed the spatial and
temporal patterns of histopathological changes in the OM and OB. Mice received unilateral
intranasal administration of lipopolysaccharide (LPS) or saline three times per week, and were
immunohistologically analyzed at 1, 3, 7, 14 and 21 days after the first administration. LPS
administration induced an inflammatory response in the OM, including the infiltration of Ly-6G-,
CD11b-, Iba-1- and CD3-positive cells, the production of interleukin-13 by CD11b- and Iba-1-positive
cells, and loss of olfactory sensory neurons (OSNs). In the OB, we observed activation of microglia
and astrocytes and decreased expression of tyrosine hydroxylase in periglomerular cells, vesicular
glutamate transporter 1, a presynaptic protein, in mitral and tufted projection neurons, and 5T4 in
granule cells. Thus, the OM inflammation exerted a detrimental effect, not only on OSNs, but also on
OB neurons, which might lead to neurodegeneration.

It is known that the central nervous system (CNS) actively interacts with the immune system under inflamma-
tory, as well as healthy, conditions. Using bone marrow transplantation, we and others have established that bone
marrow-derived immune cells are localized to particular regions including the leptomeninges, perivascular space,
and choroid plexus stroma (meningeal space)!, that are adjacent to the brain parenchyma, and circumventricular
organs that lack the blood-brain barrier?. These regions, therefore, may represent a ‘brain-immune interface’
Since cells in the meningeal spaces respond to endotoxemia-induced systemic inflammation and release multiple
cytokines that activate astrocytes at their endfeet®, the brain-immune interface may function as a relay station
through which inflammatory responses are transmitted from peripheral organs to the CNS.

Olfactory sensory neurons (OSNs) are receptor cells for smell located in the olfactory epithelium (OE).
Odorants are trapped by mucus covering the luminal surface of the OE and bind to odorant receptors expressed
on the dendritic cilia of OSNs'®. Unlike other sensory cells, OSNs bear axons that pass through the lamina propria
and the cribriform plate and directly target the olfactory bulb (OB), the first relay station of olfactory information
in the CNS!. In addition to odorants, the nasal cavity is constantly exposed to a wide variety of airborne envi-
ronmental agents such as bacteria, viruses, molds, dusts and pollen. Due to the close proximity of the olfactory
mucosa (OM; OE and lamina propria) and the OB and their direct axonal communication, this olfactory pathway
has been considered a potential route of entry for environmental agents into the brain'* 13,

Environmental agents entering the nasal cavity can cause inflammatory responses in the OM, including
the infiltration of inflammatory cells and production of inflammatory cytokines'*. Several animal studies have
reported inflammatory responses in the OB after administration of environmental toxins to the nasal cavity.
For example: intranasally applied satratoxin G and roridin A, macrocyclic trichothecene mycotoxins, induce
upregulation of proapoptotic genes and proinflammatory cytokines in the OB'> !¢ smoke inhalation significantly
increases the inflammatory cytokines and chemokines in the OB'; zinc sulfate irrigation induces degeneration of
the outer and glomerular OB layers as well as marked inflammatory responses'®; and intranasal administration of
lipopolysaccharide (LPS), which is a major component of outer membrane of gram negative bacteria and induces
a strong immune response, induces microglial activation in the OBY. Further, patients with severe persistent
rhinitis have a smaller OB volume?. These results strongly support that the OM-OB pathway serves as another
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Figure 1. Changes in the nasal cavity 1 day after LPS administration. (a) Protocol for intranasal administration
of LPS or saline. To cause acute rhinitis, mice received a single intranasal administration of LPS or saline and
sacrificed at 1 day after the administration (Day 1). (b) A coronal section of the immunofluorescently stained
OM shows accumulation of Ly-6G-positive cells (green) particularly in the lateral part of the LPS-treated nasal
cavity. AC III immunoreactivity (red) is weaker in the lateral part of the LPS-treated OE. All nuclei are stained
with DAPI (blue). Scale bar, 1 mm.

brain-immune interface that transmits the inflammatory responses from the peripheral OM to the OB. However,
the effects of toxin-initiated OM inflammation on neurons in the OB have not been examined.

In the present study, we induced persistent rhinitis in mice by repeated intranasal LPS administration to deter-
mine the spatial and temporal patterns of histopathological changes in the OM and OB, and to identify cells and
tissue components in the OB affected by persistent rhinitis. We report, for the first time, that LPS-initiated persis-
tent rhinitis exerts detrimental effects on OB neurons including projection neurons. These results are indicative
of inflammation-induced neuronal damage, which could lead to further neurodegeneration.

Results

Inflammatory cell infiltration into the olfactory mucosa. We first examined the acute effects of LPS
in mice that received a single unilateral administration and were then sacrificed 1 day later (Fig. 1a). At one day
following LPS administration, Ly-6G-positive cells accumulated in the OM and the nasal cavity ipsilateral to
LPS administration (LPS-treated OM), while no Ly-6G-positive cells were found in the contralateral non-treated
side (Fig. 1b). It was notable that Ly-6G-positive cells appeared specifically in the lateral part of the LPS-treated
OE. When Trypan Blue solution was administered intranasally in order to determine the distribution of solution
within the nasal cavity, the blue stain was markedly observed in the lateral part of the OE, while the medial OE
showed weak staining (Supplementary Fig. 1). This indicates that easiness of solution access may be an underlying
mechanism of specific immune cell infiltration to the lateral OE.

Then, we examined the chronic effects of intranasal LPS administration by administering LPS to one nos-
tril three times per week (every other day) and examined the nasal cavity 3, 7, 14 and 21 days after the first
administration (Fig. 2a). To identify infiltration of inflammatory cells, the tissue was stained with antibodies for
Ly-6G (a marker for neutrophils and inflammatory monocytes), CD11b (neutrophils and macrophages), Iba-1
(monocytes/macrophages) and CD3 (T cells)*'-?%. The administration of saline did not result in the infiltration
of Ly-6G-positive, CD11b-positive or CD3-positive cells into the OM (saline-treated OM; Fig. 2b, e, and h). In
contrast, Ly-6G-positive and CD11b-positive cells infiltrated the lateral part of the LPS-treated OM at all exper-
imental time points examined from Day 3 to Day 21, especially around the blood vessels in the lamina propria
(Fig. 2¢, d, f and g), while leukocytes were rarely found in the non-treated OM. CD3-positive cells infiltrated
the LPS-treated OM with increasing numbers between Day 3 and Day 21 (Fig. 2i and j); suggesting that T cells
infiltrate the LPS-treated OM in a time-dependent manner. These results indicate that repeated LPS exposure was
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Figure 2. Infiltration of immune cells into the OM. (a) Protocol for intranasal administration of LPS or saline.
To cause persistent rhinitis, mice received repeated intranasal administration of LPS or saline three times per
week (every other day) and were sacrificed at 3, 7, 14 and 21 days after the first administration (Day 3, 7, 14 and
21, respectively). Total number of administration is indicated in parenthesis. (b-j) Almost no Ly-6G-positive
(b), CD11b-positive (e) or CD3-positive (h) cells are observed in the saline-treated OM at Day 3. Many Ly-
6G-positive (c,d) and CD11b-positive cells (f,g) infiltrate the lateral part of the LPS-treated OM at Day 3 and
Day 21. A small number of CD3-positive cells infiltrate the lateral part of the LPS-treated OM at Day 3 (i) and
increase in number at Day 21 (j). (k-m) IL-13-positive cells (red) are observed in the LPS-treated OM; most of
which are immunopositive for CD11b (k; green) and Iba-1 (I; green) but not for Ly-6G (m; green). CD11b, Iba-1
or Ly-6G positive cells (green) also extravasate into the nasal cavity. All nuclei are stained with DAPI (blue).
Dotted lines indicate the boundaries of OF and mucus layer (above) or lamina propria (below). Blood vessels
are observed as circular structures in the lamina propria. Scale bars, 50 um.

successful to induce persistent inflammation (chronic inflammation in combination with newly induced acute
inflammation) in the OM.

To illuminate the macrophage and neutrophil response to LPS treatment we examined the expression of IL-13
in the OM. We found IL-13-expressing cells in the LPS-treated OM at Day 3 (Fig. 2k-m). Double immunoflu-
orescent staining revealed that the IL-13-expressing cells were mostly immunopositive for CD11b and Iba-1
(Fig. 2k and 1), but immunonegative for Ly-6G (Fig. 2m), indicating that they were infiltrating macrophages, not
neutrophils.

Loss of olfactory sensory neurons. We examined the effects of persistent rhinitis on OSNs by first
examining a marker for dendritic cilia®®, adenylate cyclase III (AC III). As shown in Fig. 1b, AC III was nor-
mally expressed along the luminal surface of the OM, throughout the non-treated OE. In contrast, AC III
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immunoreactivity was discontinuous in the LPS-treated OE, particularly in the lateral part, where Ly-6G-positive
leukocytes accumulated. The region most severely damaged by LPS administration was consistently localized
to OM sections cut between 360 and 720 pm rostral from the anterior tip of the OB. We quantified the AC III
expression in the OE section by subdividing it into the medial part (Area 1) and lateral part (Area 2) (Fig. 3a).
In the saline-treated OE, both Areas 1 and 2 had AC III-positive staining along the entire length of the OE at all
experimental time points examined (Fig. 3b and c). In the LPS-treated OE, the AC III-positive length in Area
1 decreased slightly, but significantly, to 89.2 £2.0% and 91.441.0% at Days 14 and 21, respectively (Fig. 3b).
The decrease was primarily the result of the loss of AC III expression in the ventral part of the septum (the area
indicated by thick black line in Fig. 3a). In Area 2 of the LPS-treated OE, the AC III-positive length markedly
decreased to 87.5+5.0, 50.4 £ 12.1%, 44.4 £7.3%, 49.3 +9.3% at Days 3, 7, 14 and 21, respectively (Fig. 3c).
These results indicated that intranasal LPS administration severely impaired the OSNs in the lateral part of the
OE.

Next, we examined the effect of persistent rhinitis on OSN subsets by immunofluorescent staining with olfac-
tory marker protein (OMP), a marker for mature OSNs; and growth associated protein 43 (GAP43), a marker for
immature OSNs?. As expected from the changes in AC III expression patterns, intranasal LPS administration
produced a more pronounced loss of OSNs in Area 2 than in Area 1. In fact, almost no OMP- or GAP43-positive
cells were found in the analyzed region of Area 2 at Day 21 (Fig. 3g). In contrast, SOX-2-positive sustentacular
and basal cells still remained in the LPS-treated OE (Fig. 3i). We quantified the time course of OSN loss within
Area 2 by counting OMP- and GAP43-positive cells at Days 3, 7, 14 and 21. In saline-treated OM, the den-
sity of OMP-positive cells (350-380 cells per mm OE length) and GAP43-positive cells (180-200 cells per mm
OE length) did not change over time (Fig. 3j and k). In contrast, the density of OMP-positive cells was signifi-
cantly lower in LPS-treated OE (240.1 £ 22.5 cells per mm OE length) than in saline-treated OE (351.3 £10.6
cells per mm OE length) as early as Day 3, and further decreased as a function of time (Fig. 3j). The density of
GAP43-positive cells in LPS-treated OE did not differ significantly from those in saline-treated OE at Day 3, but
decreased significantly at Days 7, 14 and 21 (Fig. 3k).

Degeneration of olfactory sensory neuronal axons. The OE can be subdivided into several zones
based on the expression patterns of specific molecules including odorant receptors?, and there is a prominent
boundary between the dorsomedial region (dorsal zone) and the ventrolateral region (ventral zone). Since Area
2 was largely included in the ventral zone of the OE, we examined the effects of intranasal LPS administration
on OSN axons by analyzing the expression of olfactory cell adhesion molecule (OCAM), a maker exclusively
expressed by OSNs in the ventral zone?®. OCAM immunoreactivity was seen in the olfactory nerve layer (ONL)
and glomerular layer (GL) of the lateral part of the OB, the region which receives input from the OSNs in the ven-
tral zone of the OE (Fig. 4a and b). The OCAM immunoreactivity in the GL of the LPS-treated OB was remarka-
bly reduced compared to that of the saline-treated OB at Day 21 (Fig. 4b and c). We then normalized the OCAM
intensity in the GL of the LPS-treated OB with that of the contralateral non-treated OB (see Methods). The results
indicated that the OCAM expression in the GL was significantly lower in the lateral part of the LPS-treated
OB (70.0 = 5.2%) than in saline-treated OB (91.5 4 1.9%) (Fig. 4d). This result suggests that the axons of OSNs
located in the ventral zone of the OE underwent degeneration in response to intranasal LPS administration.

Gliosis in the olfactory bulb.  To examine the potential activation of microglia and astrocytes in the OB,
we performed immunohistological studies to detect microglia and astrocytes with anti-Iba-1 and anti-GFAP
antibodies, respectively. In LPS-treated OB, microglia in the lateral part exhibited larger cell bodies and thicker
cytoplasmic processes (both of which reflect glial activation) than those in the medial part and were most pre-
dominant in the ONL, GL and external plexiform layer (EPL) (Fig. 5b—f). The gliosis was consistently observed in
all animals in sections that were cut between 600 and 900 um rostral from the anterior tip of the AON. The Iba-1
immunopositive area was significantly higher in the ONL, GL and EPL in the lateral part of the LPS-treated OB
compared to the corresponding layers of saline-treated OB at all experimental time points examined from Day 3
to Day 21 (Fig. 51-n). The percent of Iba-1-positive areas that were occupied by microglia in the lateral part of the
LPS-treated OB reached a maximal level at Day 14 and plateaued until Day 21. The maximal percentage of Iba-
1-positive areas in the lateral part of the LPS-treated OB at Day 14 were 33.8 +-14.1%, 40.8 £9.5% and 14.4 £+ 1.5%
of the ONL, GL and EPL, respectively. These values were significantly higher than those of the saline-treated OB
where less than 5% of the ONL, GL and EPL were Iba-1-positive (Fig. 5]-n). In contrast, there was no distinct
change in the morphology of microglia or in the Iba-1 positive area in the medial part of the LPS-treated OB
compared to the saline-treated OB (Fig. 5g-n).

Similar to findings for microglia, astrocytes became hypertrophic in the lateral part of the LPS-treated OB
with greater astrocytic accumulation in the ONL, GL and EPL as a function of time (Supplementary Fig. 2). These
results indicate that astrocytic gliosis progressed in the lateral part of the OB following intranasal LPS adminis-
tration. There were no obvious morphological changes or accumulation of astrocytes in the medial part of the
LPS-treated OB or in non-treated OB. We also observed a small number of Ly-6G-positive and CD11b-positive
cells in the GL and EPL of LPS-treated OB at the lateral part at Day 1 (Supplementary Fig. 3).

Neurodegenerative changes in the olfactory bulb.  To examine the potential effects of persistent rhini-
tis on OB neurons, we first focused on the periglomerular cells that are interneurons located in the GL and receive
synaptic input from OSN axons in the glomerulus. Periglomerular cells can be classified into several subgroups
based on molecular expression patterns®. Among the molecules expressed by subsets of periglomerular cells, we
compared the expression of tyrosine hydroxylase (TH) and calretinin between saline-treated and LPS-treated
OBs at Day 21 and found that TH expression in the GL was weaker in the lateral part of the LPS-treated OB than
in the saline-treated OB (Fig. 6a-d). The intensity of TH immunofluorescence in the GL (normalized to the
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Figure 3. Loss of OSN in the LPS-treated OM. (a) The diagram represents a coronal section of the OM,
including the septum, first turbinate, second turbinate and the third turbinate. Area 1 and Area 2 include the
medial (gray line) and lateral (black line) portions of the OE, respectively. The thick black line indicates the most
ventral part of the septum. A rectangle indicates the region that exhibited severe OSN loss and was used for
quantification. (b,c) Graphs show the percentages of AC III-positive length in the Area 1 (b) and 2 (c). The AC
III immunopositive area in the LPS-treated OE significantly decreased compared to saline-treated OE at Days
14 and 21 in Area 1 and at all experimental time points examined in Area 2. Statistical analyses were performed
with Mann-Whitney U-test (Mean 4= SEM. *p < 0.05, compared to saline-treated control at the same time
points). (d-h) Both OMP-positive mature (green) and GAP43-positive immature (red) OSNs show a decline

in number in the lateral part of the LPS-treated OE. (i) SOX-2 positive sustentacular and basal cells remain in
the lateral part of the LPS-treated OE at Day 21. All nuclei are stained with DAPI (blue). Dotted lines indicate
the boundaries of OF and mucus layer (above) or lamina propria (below). Scale bars, 50 pm. (j,k) Graphs show
the densities of OMP-positive (j) and GAP43-positive (k) cells in the OE calculated from the area indicated in
(a). The density of OMP-positive cells in the LPS-treated OE was significantly lower than that in saline-treated
OE at all experimental time points examined. The density of GAP 43-positive cells in the LPS-treated OE was
significantly lower than that in the saline-treated OE at Days 7, 14 and 21. Statistical analyses were performed
with Mann-Whitney U-test (Mean & SEM. *p < 0.05, compared to saline-treated control at the same time
points).
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Figure 4. Degeneration of OSN axons in the lateral LPS-treated OB. (a) The diagram showing the
topographical projection of OSN axons to the OB. OSNs in the lateral OE project their axons to the ventrolateral
part of the OB. (b,c) Glomeruli in the ventrolateral OB are immunopositive for OCAM. The OCAM signal

is weaker in the LPS-treated OB at Day 21 (c; green) compared to saline-treated OB (b; green). All nuclei are
stained with DAPI (blue). Scale bars, 100 pm. (d) The normalized intensity of OCAM in the GL decreases
significantly with LPS treatment compared to saline treatment. Data were analyzed with Mann-Whitney U-test
(*p < 0.05, compared to saline-treated control).

non-treated side of the same animal; see Methods) was significantly lower in the lateral part of the LPS-treated OB
(67.6+5.9%) compared to the corresponding layer of the saline-treated OB (99.5 £ 5.0%) (Fig. 6¢). However, no
obvious difference was found in the calretinin expression between LPS-treated and saline-treated OBs (Fig. 6a-
d). The normalized calretinin intensity did not significantly differ between LPS-treated and saline-treated OBs in
either the lateral or medial part (Fig. 6f).

Mitral and tufted cells are OB projection neurons whose primary dendrites are innervated by OSN axons
in the GL. Primary dendrites of mitral/tufted cells make dendrodendritic synapses with periglomerular cells
and granule cells in the GL and EPL, respectively. Vesicular glutamate transporter 1 (vGluT1) is a presynaptic
protein expressed by mitral/tufted cells and localized to the dendrodendritic synapses; therefore, vGIuT1 signals
are evident in the GL and EPL of the OB* (Fig. 7a). We found that the vGluT1 immunofluorescence at Day 21
was weaker in the lateral part of the LPS-treated OB, but not in the medial part, compared to the saline-treated
OB (Fig. 7a-d). The normalized intensity of vGluT1 in the EPL was significantly lower in the lateral part of
the LPS-treated OB (58.4 £ 6.1%) compared to the corresponding layer of the saline-treated OB (91.6 £ 5.2%).
The intensity did not differ between LPS-treated and saline-treated OBs in the medial part (100.9 £ 4.4% and
98.0+2.2%, respectively) (Fig. 7e).

Finally, we examined the effects of persistent rhinitis on granule cells. 5T4 is a molecule that is expressed in a
subset of granule cells that project dendrites to the superficial EPL (Fig. 8a)*!. Compared to saline-treated OB, we
found a pronounced reduction of 5T4 expression in the EPL at Day 21 in the lateral part of the LPS-treated OB,
but not in the medial part (Fig. 8a-d). The normalized intensity of 5T4 was significantly lower in the lateral part
of the LPS-treated OB (73.3 £ 3.7%), compared to the corresponding layer of the saline-treated OB (98.6 +-2.4%).
There was no difference between the medial part of the LPS-treated and saline-treated OBs (99.4 £ 1.6% and
106.1 £ 9.4%, respectively) (Fig. 8e). These results suggest that dendrodendritic synapses in the OB were lost in
response to persistent rhinitis.

Discussion

In the present study, we investigated the histopathological changes in the OM and OB induced by intranasal
LPS-initiated persistent rhinitis. Intranasal LPS administration induced leukocyte infiltration, IL-13 production,
and loss of OSNs in the OM. Further, the inflammatory response was transmitted to the OB, where intranasal LPS
administration caused microglial activation, astrocytic gliosis, decreased TH expression in periglomerular cells
and loss of dendrodendritic synapses formed between mitral/tufted cells and granule cells. We demonstrated the
detrimental effects that persistent rhinitis exerts on OB neurons, suggesting that the OM-OB pathway functions
as a brain-immune interface, presumably via cell-cell interactions between OSNs and central neuronal dendrites
and those between glial cells and dendrites and/or via some humoral factors.

OM inflammation and specific loss of OSNs were also reported with intranasal administration of toxic agents
such as Aspergillus fumigatus®, roridin A’>, cigarette smoke®, satratoxin G'° and polyinosinic-polycytidylic acid
(Poly IC)**. Infiltration of inflammatory cells and loss of OMP-positive OSNs are also reported in human patients
with chronic rhinosinusitis®>. However, the cellular and molecular mechanisms underlying OSN loss remains
unknown. Damage to OSNs caused by intranasal Poly IC administration is blocked by a neutrophil elastase
inhibitor and is suppressed in cyclophosphamide-induced neutropenic mice, suggesting that elastase released
from neutrophils contributes to the OSN damage®. In the present study, LPS administration also induced neu-
trophil infiltration into the OM. Therefore, neutrophil elastase may also be involved in the LPS-induced OSN
loss. Cytokines are other candidates for the OSN loss. CD11b- and Iba-1-positive cells that infiltrated the OM
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Figure 5. Microglial activation in the lateral LPS-treated OB. (a) Lateral and medial parts of the OB focused on
the analysis for microglial activation are indicated by two rectangles in the diagram. (b—f) Immunofluorescent
staining with anti-Iba-1 antibody (red) shows activation and accumulation of microglia in the ONL, GL

and EPL of lateral part of the LPS-treated OB. (g-k) No changes in morphology and distribution of Iba-1-
immunopositive microglia (red) are observed in the medial part of the LPS-treated OB. All nuclei are stained
with DAPI (blue). Scale bars, 100 pm. (I-n) Graphs showing the percentages of the Iba-1-positive area in the
ONL (1), GL (m) and EPL (n) of LPS- and saline treated OBs. Microglia are significantly activated in lateral
part of the LPS-treated OB compared to that of saline-treated OB at Days 7, 14 and 21. Statistical analyses were
performed with Mann-Whitney U-test (Mean = SEM. *p < 0.05, compared to the lateral part of the saline-
treated control at the same time points).

produced IL-18 in response to acute rhinitis. IL-13 is known to trigger apoptosis of target cells that express the
IL-10 receptor (IL-1R1). In vitro cell apoptosis induced by hypoxia, trophic factor deprivation or TNFa treatment
can be blocked by pretreatment with IL-1R1 antagonist®. IL-13, released from LPS/interferon gamma-activated
microglia, arrests the cell cycle of neural precursor cells, leading to apoptosis via the tumor suppressor
p53-dependent pathway®”. Our preliminary immunohistological data suggest that IL-1R was expressed by imma-
ture OSNs. Therefore, IL-10 released from CD11b- and Iba-1-positive cells infiltrating the OM may be involved
in the LPS-induced specific OSN loss. Regeneration of OSNs and recovery of OE structure are other interesting
questions awaiting further studies.

The damage caused by intranasal LPS administration was prominent in the lateral OE. Similar geographical
patterns of OE damage have been reported in studies with intranasal administration of satratoxin G, roridin A
and Poly IC'> %3, Given that intranasally administered Trypan Blue was predominantly localized to the lat-
eral part of the nasal cavity (Supplementary Fig. 1), restricted access of the solution to the lateral part may be
an underlying mechanism of region specificity of the damage. Further studies about the OE structure, solution
removal by mucus flow, and airflows in the nasal cavity would be necessary for understanding the mechanism
of restricted solution access. On the other hand, there is a clear boundary between dorsal and ventral zones of
rodent OE. For example, several molecules, such as OCAM, NAD(P)H quinone dehydrogenase (NQO1), and
olfactory specific medium-chain acyl-CoA synthase (O-MACS), are differentially expressed by OSNs located in
these zones?® %% 3% and differences in cellular homeostasis are also suggested*. Therefore, it is also possible that
differences in molecular and cellular properties between dorsal and ventral OE caused the spatial heterologous
effects in response to the LPS exposure.
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Figure 6. Reduction of tyrosine hydroxylase signal in periglomerular cells in the LPS-treated OB. (a-d) Images
from the GL of saline- (a,c) and LPS-treated (b,d) OBs stained with TH (red) and calretinin (green). TH signal,
but not calretinin, is weaker in the lateral part of LPS-treated OB (b) compared to that of saline-treated OB (a)
at Day 21, but not in the medial part (c,d). All nuclei are stained with DAPI (blue). Scale bars, 50 pm. (e,f) The
normalized TH intensity in the GL is significantly lower in the lateral part of the LPS-treated OB than saline-
treated OB (e), while that of calretinin differs neither in the lateral nor medial part (f). Statistical analyses were
performed with Mann-Whitney U-test (Mean = SEM. *p < 0.05, compared to saline-treated control).

In the present study, we found that neurodegenerative changes also occurred in the lateral part of the OB.
Given that OSNs located in the lateral part of the OE innervate the lateral part of the OB, the degeneration of
OSNs is very likely to be causally associated with the neurodegeneration of the OB. In the present study, the TH
immunofluorescent intensity was reduced in periglomerular cells following intranasal LPS administration. The
TH expression level of periglomerular cells represents neuronal activity in response to olfactory stimulation, and
it has been reported that the deprivation of sensory input by naris closure produces a decrease in TH expression
and TH activity in periglomerular cells*!. Thus, our result indicates that periglomerular cell activity was lowered
due to the loss of input from OSNs caused by persistent rhinitis.

We suspect that the degeneration of OSNs and the microglial activation with astrocytic gliosis in the ONL
and GL of the OB are causally-related, since the ONL and GL are rich in OSN axons. It is known that glial cells
are activated in response to axonal degeneration. For example, intraperitoneal or hippocampal injection of kainic
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Figure 7. Reduction of vGluT1 signal in the EPL of the LPS-treated OB. (a-d) Images from the EPL of saline-
(a,c) and LPS-treated (b,d) OBs stained with vGluT1 (green). VGIuT1 signal is weaker in the lateral part of LPS-
treated OB (b) compared to that of saline-treated OB (a) at Day 21, but not in the medial part (c,d). All nuclei
are stained with DAPI (blue). Scale bars, 100 um. (e) The normalized vGluT1 intensity in the EPL is significantly
lower in the lateral part of the LPS-treated OB compared to that of the saline-treated OB. No difference is found
in the medial part. Statistical analyses were performed with Mann-Whitney U-test (Mean & SEM. *p < 0.05,
compared to saline-treated control).

acid, a potent neuroexcitatory amino acid, caused pyramidal cell death in the cornu ammonis 3 (CA3) region,
resulting in the degeneration of axons in the CA1 region*. This axonal degeneration induced activation of micro-
glia and hypertrophic changes of astrocytes in the stratum radiatum in the CA1***%. Activated microglia then
released a variety of toxic substances such as prostaglandins, NO, and pro-inflammatory cytokines that may
injure nearby cells*-*%. Microglial activation and astrocytic hypertrophy of the OB shown in the present study
were very likely a response to axonal degeneration of OSNs. Activated microglia might release a variety of sub-
stances to initiate neuroinflammatory responses in the OB, which lead to degenerative changes in OB neurons.

SCIENTIFICREPORTS|7: 11605 | DOI:10.1038/s41598-017-10229-w 9



www.nature.com/scientificreports/

a  Day 21 Saline Day 21 LPS

Latera

e 5T4 intensity
Lateral Medial

&
1

X

T *p <0.05

[ —

N N

o N

o o
| 1

80

60

40

20

Normalized intensity

saline LPS saline LPS

Figure 8. Reduction of 5T4 signal in the EPL of the LPS-treated OB. (a—d) Images from the EPL of saline- (a,c)
and LPS-treated (b,d) OBs stained with 5T4 (green). 5T4 signal is weaker in the lateral part of LPS-treated OB
(b) compared to that of saline-treated OB (a) at Day 21, but not in the medial part (c,d). Scale bars, 100 pm.

(e) The normalized 5T4 intensity in the EPL is significantly lower in the lateral part of the LPS-treated OB
compared to that of the saline-treated OB. No difference is found in the medial part. Statistical analyses were
performed with Mann-Whitney U-test (Mean £ SEM. *p < 0.05, compared to saline-treated control).
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The present study revealed that the intensities of vGluT1 and 5T4 expression decreased in the lateral part of
the EPL of LPS-treated OB. The reduced expression of vGluT1 and 5T4 in the EPL indicated a loss of dendroden-
dritic synapses formed between mitral/tufted cells and granule cells*>*!. These data suggest that the loss or degen-
eration of OSNs and/or subsequent glial activation in the OB exert detrimental effects on the synapses formed by
the second-order neurons and interneurons of the OB in response to a nasal insult.

We also observed Ly-6G-positive and CD11b-positive cells in the GL and EPL of LPS-treated OB at Daysl and
3 (Supplementary Fig. 3), whereas CD3-positive T cells were observed at Day 21. A mild-to-moderate influx of
neutrophils into the GL 7 days after satratoxin G instillation has been previously reported’®. Therefore, rhinitis
induces local encephalitis, in which activated leukocytes may affect the brain cells by cell-cell interaction. How
the leukocyte infiltration of the OB is involved in persistent rhinitis-induced neurodegenerative changes in the
OB or the route of entry for these infiltrates into the OB remains to be determined. There is a possibility that
blood-borne leukocytes enter the OB by crossing the blood-brain barrier, which might be structurally compro-
mised by acute inflammation. Another possibility is that once leukocytes enter the OE, they gain access to the OB
by using OSN axons as a migratory scaffold'®.

One of the most striking findings in the present study is the influence of peripheral inflammation on the CNS
projection neurons. This is analogous to previously reported findings that severe corneal inflammation induced
by chronic instillation of benzalkonium chloride damages primary sensory neurons in the trigeminal ganglion,
leading to the activation of second-order neurons, interneurons and glial cells in the brainstem and to the pro-
duction of pro-inflammatory cytokines*. The activation of second-order neurons with brainstem inflammation
further activates motor neurons of the facial nerve nucleus. Similarly, in response to peripherally administered
LPS or IL-103, vagal afferents mediate the activation of the brainstem, hypothalamus and limbic structures that
represent primary and secondary projection areas of the vagus nerves®”>!. When LPS or IL-1f is injected into the
soft palate, a febrile response is induced in rats, which is attenuated by the transection of the glossopharyngeal
nerves2. These previous findings, together with the present study, suggest that peripheral nerves can convey
inflammatory information to CNS projection neurons, which may further transmit the inflammatory informa-
tion to deeper brain regions.

The fact that the synapses on mitral/tufted cell dendrites were lost in our persistent rhinitis model engenders
interest into whether and how the projection axons, emanating from mitral/tufted cells, are affected by persis-
tent rhinitis. We hypothesize that long projection axons of mitral/tufted cells undergo degenerative changes and
exert negative influences on their innervating brain regions. Mitral/tufted cells send axons to the olfactory cortex
including the anterior olfactory nucleus, olfactory tubercle, piriform cortex, entorhinal cortex and amygdala®-°.
Interestingly, olfactory dysfunction is one of the common and early symptoms of several neurodegenerative dis-
eases including Parkinson’s disease and Alzheimer’s disease®” 58, and the olfactory cortex is vulnerable in these
diseases® . Moreover, exposure to environmental toxins increases the risk for these neurodegenerative diseases,
and allergic rhinitis is associated with development of Parkinson’s disease later in life®!. In summary, the present
study is an important first step to determine the effects of olfactory inflammation on the brain, as well as the
potential contribution of the olfactory pathway to the pathogenesis of neurodegenerative diseases.

Methods

Animals. Male C57BL/6] mice at 7 weeks of age were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA) and acclimated for 1 week in our animal facility. To model rhinitis, mice received a 10 pL administration of
physiological saline or LPS from Escherichia coli O55:B5 (Sigma, St. MO, USA) dissolved in physiological saline
(I mg/mL) into a unilateral nostril under a deep anesthesia with isoflurane three times per week (every other
day). Mice were sacrificed for histological preparation at 1, 3, 7, 14, or 21 days after the first administration. To
determine the distribution of solution in the nasal cavity, mice received a single administration of 0.4% trypan
blue (10 L) in a unilateral nostril under deep anesthesia with isoflurane, and then sacrificed 30-60 min after the
administration. All protocols were approved by, and all methods were performed in accordance with the guide-
lines of, the Institutional Animal Care and Use Committee (IACUC) of Penn State Hershey and Guide of The
Association for Assessment and Accreditation of Laboratory Animal Care International (Frederick, MD, USA).

Histological preparation. Mice were deeply anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/
kg) dissolved in physiological saline and perfused transcardially with 0.1 M phosphate buffered saline (PBS)
followed by 80 mL of 4% paraformaldehyde (PFA) at a rate of 8 mL/min. Heads were removed and placed in
the same fixative at 4 °C overnight. For each head, the caudal half of the calvaria (posterior to the bregma) was
removed. The rostral half of the calvaria (anterior to the bregma) and the nasal bone were remained to preserve
the nasal mucosa and its continuity with the brain. The rostral brain and nasal cavity were then placed en block in
0.45M ethylenediaminetetraacetic acid (EDTA) in PBS at 4 °C for 2 days for decalcification, cryoprotected with
30% sucrose (wt/vol) at 4°C overnight, and embedded in optimal cutting temperature compound (OCT, Sakura
Finetek USA, Torrance, CA, USA). Frozen sections were cut coronally using a cryostat (Leica Biosystems Inc.,
Buffalo Grove, IL, USA) at 20 pm thickness. Sections were dried and kept in a freezer until they were subjected
to staining.

Immunohistological analysis. For immunofluorescence staining, frozen sections were rehydrated in
tris-buffered saline with 0.3% Triton-X (TBST, pH 7.4) for 15 minutes. Selected sections to be stained with pri-
mary antibodies for CD3, OCAM and 5T4 were pretreated in sodium citrate (pH 6.0) at 65 °C for 60 min and
then rinsed with TBST for the sake of antigen retrieval. Sections stained with primary antibody for SOX-2 were
pretreated in 0.025 M HCl at 65 °C for 60 min, immersed with 0.1 M borate buffer (pH 8.5) for 10 min and then
rinsed with TBST for the sake of antigen retrieval. After immersion in 5% normal donkey serum in TBST (block-
ing buffer) to block non-specific binding sites, sections were incubated with primary antibodies in blocking buffer
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at 4°C overnight. Primary antibodies used in the present study are listed in Supplementary Table 1. Sections were
then incubated with Alexa Fluor 555- or 488-conjugated anti-rabbit, anti-rat, anti-mouse or anti-goat IgG second-
ary antibodies (Thermo Fisher Scientific, Waltham, MA, USA, in accordance with the species origin of primary
antibodies) at room temperature for 60 min. Nuclei were counterstained with 4/, 6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific). Sections were mounted and coverslipped with Gel/Mount mounting medium
(Electron Microscopy Sciences, Hatfield, PA, USA) and observed with a fluorescence microscope (Axio Scope.
Al, Carl-Zeiss, Jena, Germany) equipped with a CCD camera (AxioCam, Carl-Zeiss). Optically sectioned images
were captured using a fluorescence microscope with structured illumination (BZ-x710, Keyence, Osaka, Japan)®2.

Image analysis and morphometry. All samples were randomly numbered so that the analyses were per-
formed by an experimenter who was blind to sample identities. To determine the geographical spread of tissue
damage in the OE, coronal sections of the nasal cavity were made between 360 and 720 pm rostral from the ante-
rior tip of the OB (18 sections). These sections share a similar morphological pattern of the turbinate as shown in
Fig. 3a and consistently included the most severely damaged regions in the OE. At least three randomly-selected
sections were stained with anti- AC III antibody for each mouse, confirming that the staining patterns were nearly
identical among all sections. Subsequently, one section per animal was used for the quantification of AC IIL
Microphotoimages covering the entire nasal cavity were captured as tiling images with a 10x objective lens. The
OE was divided into two areas as follows (see Fig. 3a): Area 1 was the medial part of the OE that covered the most
ventral point of the septal OE, upward along the septum and then downward to the bottom (most ventral point)
of the first turbinate; and Area 2 was the lateral part of the OE that covered the bottom of the first turbinate,
upward along the first turbinate to the midpoint of the second turbinate. The ventrolateral part of the OE was
excluded from our analyses, since the AC III expression along the OE is known to be discontinuous in this area.
The length of the OE segments labeled with immunofluorescence for AC III and that of the entire OE were meas-
ured using Image J software, and the percentage of the summed length of AC III-immunopositive OE segments
along the entire OE length was calculated. The percentages were compared between saline- and LPS-treated mice
at Days 3, 7, 14 and 21 (n = 3 animals per experimental condition for Days 3, 7 and 14, n =4 for LPS-treated mice
at Day 21 and n =5 for saline-treated mice at Day 21).

The number of mature and immature OSNs were quantified by counting cells immunopositive for OMP and
GAP43, respectively, using coronal sections of the nasal cavity. Sections were made between 360 and 720 pm
rostral from the anterior tip of the OB (18 sections). At least three randomly-selected sections were stained with
anti-OMP and GAP43 antibodies for each mouse, confirming that the staining patterns were nearly identical
among all sections. Subsequently, one section per animal was used for the quantification of OMP/GAP43-positive
cell. Microscopic photoimages were captured from 2 regions of the OE segments in Area 2 as indicated with a
rectangle in Fig. 3a using a 40x objective lens. DAPI-stained nuclei of cells with OMP-immunopositive cytoplasm
and those with GAP43-immunopositive cytoplasm were counted separately. Cell counts were divided by the
length of the OE to calculate the cell densities (cells/mm). The density of OMP-immunopositive cells and that of
GAP43-immunopositive cells were separately analyzed and compared between saline- and LPS-treated mice at
Days 3, 7, 14 and 21 (n =3 animals for all experimental conditions, except n =4 for OMP-immunopositive cells
in LPS-treated mice at Day 21 and n=>5 for GAP43-immunopositive cells in LPS-treated mice at Day 21).

To quantify the immunofluorescent intensity of OCAM, TH, calretinin, vGluT1 and 5T4 in the OB at Day
21, microphotoimages of sections were taken with a 20x objective from the lateral and medial parts of the saline-
or LPS-treated OBs. Coronal sections were made between 600 and 900 um rostral from the anterior tip of the
AON (15 sections). These sections shared a similar morphological pattern as shown in Fig. 4a and included the
most significant gliosis in the OB. Two sections were stained with anti-OCAM antibodiy and three sections were
stained with anti-TH, calretinin, vGluT1 or 5T4 antibodies for each mouse and used for quantitative analyses.
Microphotoimages were also taken from the corresponding parts of the contralateral non-treated OBs for the
sake of normalization to reduce the contributions of variations among animals and sections. The same exposure
time was applied to capture the images from the same animal. Using Photoshop software (Adobe Systems, Sun
Jose, CA, USA), the immunofluorescent intensity of each antigen obtained from the ipsilateral OB were normal-
ized by dividing them by the intensity obtained from the contralateral OB on the same section. The mean of the
normalized intensity was calculated for each mouse. The values were compared between saline- and LPS-treated
mice (n =4 animals for LPS-treated mice and n =5 for saline-treated mice at Day 21 for OCAM analysis; n =4
each for all experimental conditions for TH, calretinin and vGluT1 analyses; and n =3 each for all experimental
conditions for 5T4 analysis).

To measure the geographical area of the OB labeled with immunofluorescence for Iba-1 at Days 3, 7, 14 and
21, coronal sections were made between 600 and 900 um rostral from the anterior tip of the AON (15 sections).
At least three randomly-selected sections were stained with anti-Iba-1 antibody for each mouse, confirming that
the staining patterns were nearly identical among these sections. Subsequently, one section was used for the quan-
tification of Iba-1-positive area. Microphotoimages were taken with a 20x objective from the lateral and medial
parts of the LPS- or saline-treated OBs. The same exposure time was applied to capture the images from the same
animal. Using Photoshop software, immunofluorescence for Iba-1 was converted to binary image and the white
pixels were defined as the Iba-1-immunopositive pixels. The percentage of the Iba-1+ area was calculated by
dividing the Iba-1-immunopositive pixel count with total pixel count in the entire area of interest (ONL, GL and
EPL). The percentages of Iba-1 positive area were compared between saline- and LPS-treated OB in the lateral
part at Days 3, 7, 14 and 21 (n =3 animals per experimental condition).

Statistics. The percentage of AC III-immunopositive length, OMP-immunopositive cell density, GAP43-
immunopositive cell density, percentage of Ibal-immunopositive area, and immunofluorescent intensities of
OCAM, TH, calretinin, vGluT1 and 5T4 were analyzed using Mann-Whitney U-test at each day to compare the
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values between saline- and LPS-treated OE or OB. All statistical analyses were performed using Statistica software
(Statistica, Tulsa, OK, USA). All numbers shown in the Results section are expressed as Mean + SEM.

Ethics approval and consent to participants. The studies presented in this manuscript were previously
approved by the Institutional Anima Care and Use Committee (IACUC) of Penn State Hershey.

References

1.
2.

3.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Derecki, N. C. et al. Regulation of learning and memory by meningeal immunity: a key role for IL-4. ] Exp Med 207, 1067-80 (2010).
Vallieres, L. & Sawchenko, P. E. Bone marrow-derived cells that populate the adult mouse brain preserve their hematopoietic
identity. J Neurosci 23, 5197-207 (2003).

Chinnery, H. R., Ruitenberg, M. J. & McMenamin, P. G. Novel characterization of monocyte-derived cell populations in the
meninges and choroid plexus and their rates of replenishment in bone marrow chimeric mice. ] Neuropathol Exp Neurol 69, 896-909
(2010).

. Anandasabapathy, N. et al. FIt3L controls the development of radiosensitive dendritic cells in the meninges and choroid plexus of

the steady-state mouse brain. ] Exp Med 208, 1695-705 (2011).

. Hasegawa-Ishii, S. et al. Selective localization of bone marrow-derived ramified cells in the brain adjacent to the attachments of

choroid plexus. Brain Behav Immun 29, 82-97 (2013).

. Vallieres, L. & Rivest, S. Regulation of the genes encoding interleukin-6, its receptor, and gp130 in the rat brain in response to the

immune activator lipopolysaccharide and the proinflammatory cytokine interleukin-1beta. ] Neurochem 69, 1668-83 (1997).

. Lacroix, S. & Rivest, S. Effect of acute systemic inflammatory response and cytokines on the transcription of the genes encoding

cyclooxygenase enzymes (COX-1 and COX-2) in the rat brain. ] Neurochem 70, 452-66 (1998).

. Laflamme, N. & Rivest, S. Toll-like receptor 4: the missing link of the cerebral innate immune response triggered by circulating

gram-negative bacterial cell wall components. FASEB ] 15, 155-163 (2001).

. Hasegawa-Ishii, S. et al. Endotoxemia-induced cytokine-mediated responses of hippocampal astrocytes transmitted by cells of the

brain-immune interface. Sci Rep 6, 25457 (2016).

. Pifferi, S., Menini, A. & Kurahashi, T. in The Neurobiology of Olfaction (ed. Menini, A.) (Boca Raton (FL), 2010).

. Mombaerts, P. et al. Visualizing an olfactory sensory map. Cell 87, 675-86 (1996).

. Doty, R. L. The olfactory vector hypothesis of neurodegenerative disease: is it viable? Ann Neurol 63, 7-15 (2008).

. Dando, S.]. et al. Pathogens penetrating the central nervous system: infection pathways and the cellular and molecular mechanisms

of invasion. Clin Microbiol Rev 27, 691-726 (2014).

. Imamura, F. & Hasegawa-Ishii, S. in Frontiers in Immunology 475 (2016).
. Islam, Z., Amuzie, C. J., Harkema, J. R. & Pestka, J. J. Neurotoxicity and inflammation in the nasal airways of mice exposed to the

macrocyclic trichothecene mycotoxin roridin a: kinetics and potentiation by bacterial lipopolysaccharide coexposure. Toxicol Sci 98,
526-41 (2007).

Islam, Z., Harkema, J. R. & Pestka, J. J. Satratoxin G from the black mold Stachybotrys chartarum evokes olfactory sensory neuron
loss and inflammation in the murine nose and brain. Environ Health Perspect 114, 1099-107 (2006).

Zou, Y. Y, Yuan, Y, Kan, E. M,, Lu, J. & Ling, E. A. Combustion smoke-induced inflammation in the olfactory bulb of adult rats. J
Neuroinflammation 11, 176 (2014).

Williams, S. K., Franklin, R. J. & Barnett, S. C. Response of olfactory ensheathing cells to the degeneration and regeneration of the
peripheral olfactory system and the involvement of the neuregulins. ] Comp Neurol 470, 50-62 (2004).

He, Q. et al. Intranasal LPS-mediated Parkinson’s model challenges the pathogenesis of nasal cavity and environmental toxins. PLoS
One 8, 78418 (2013).

Rombausx, P, Potier, H., Bertrand, B., Duprez, T. & Hummel, T. Olfactory bulb volume in patients with sinonasal disease. Am |
Rhinol 22, 598-601 (2008).

Cruz-Revilla, C. et al. Taenia crassiceps cysticercosis: protective effect and immune response elicited by DNA immunization. ]
Parasitol 86, 67-74 (2000).

Imai, Y, Ibata, I, Ito, D., Ohsawa, K. & Kohsaka, S. A novel gene ibal in the major histocompatibility complex class III region
encoding an EF hand protein expressed in a monocytic lineage. Biochem Biophys Res Commun 224, 855-62 (1996).

Lopez, A. E, Strath, M. & Sanderson, C. J. Differentiation antigens on mouse eosinophils and neutrophils identified by monoclonal
antibodies. Br ] Haematol 57, 489-94 (1984).

Rosen, H. & Gordon, S. Monoclonal antibody to the murine type 3 complement receptor inhibits adhesion of myelomonocytic cells
in vitro and inflammatory cell recruitment in vivo. ] Exp Med 166, 1685-701 (1987).

Wei, J. et al. Phosphorylation and inhibition of olfactory adenylyl cyclase by CaM kinase II in Neurons: a mechanism for attenuation
of olfactory signals. Neuron 21, 495-504 (1998).

Verhaagen, J., Oestreicher, A. B., Gispen, W. H. & Margolis, F. L. The expression of the growth associated protein B50/GAP43 in the
olfactory system of neonatal and adult rats. ] Neurosci 9, 683-91 (1989).

Ressler, K. J., Sullivan, S. L. & Buck, L. B. A zonal organization of odorant receptor gene expression in the olfactory epithelium. Cell
73, 597-609 (1993).

Yoshihara, Y. et al. OCAM: A new member of the neural cell adhesion molecule family related to zone-to-zone projection of
olfactory and vomeronasal axons. ] Neurosci 17, 5830-42 (1997).

Nagayama, S., Homma, R. & Imamura, E. Neuronal organization of olfactory bulb circuits. Front Neural Circuits 8, 98 (2014).
Mizuguchi, R. et al. Tbr2 deficiency in mitral and tufted cells disrupts excitatory-inhibitory balance of neural circuitry in the mouse
olfactory bulb. ] Neurosci 32, 8831-44 (2012).

Imamura, E et al. A leucine-rich repeat membrane protein, 5T4, is expressed by a subtype of granule cells with dendritic arbors in
specific strata of the mouse olfactory bulb. ] Comp Neurol 495, 754-68 (2006).

Epstein, V. A, Bryce, P. ], Conley, D. B, Kern, R. C. & Robinson, A. M. Intranasal Aspergillus fumigatus exposure induces
eosinophilic inflammation and olfactory sensory neuron cell death in mice. Otolaryngol Head Neck Surg 138, 334-9 (2008).

Ueha, R. et al. Damage to Olfactory Progenitor Cells Is Involved in Cigarette Smoke-Induced Olfactory Dysfunction in Mice. Am |
Pathol 186, 579-86 (2016).

Kanaya, K. et al. Innate immune responses and neuroepithelial degeneration and regeneration in the mouse olfactory mucosa
induced by intranasal administration of Poly(I:C). Cell Tissue Res 357, 279-99 (2014).

Yee, K. K. et al. Analysis of the olfactory mucosa in chronic rhinosinusitis. Ann N'Y Acad Sci 1170, 590-5 (2009).

Friedlander, R. M., Gagliardini, V., Rotello, R. J. & Yuan, J. Functional role of interleukin 1 beta (IL-1 beta) in IL-1 beta-converting
enzyme-mediated apoptosis. ] Exp Med 184, 717-24 (1996).

Guadagno, J., Swan, P, Shaikh, R. & Cregan, S. P. Microglia-derived IL-1beta triggers p53-mediated cell cycle arrest and apoptosis
in neural precursor cells. Cell Death Dis 6, 1779 (2015).

Gussing, F. & Bohm, S. NQOI activity in the main and the accessory olfactory systems correlates with the zonal topography of
projection maps. Eur ] Neurosci 19, 2511-8 (2004).

Oka, Y. et al. O-MACS, a novel member of the medium-chain acyl-CoA synthetase family, specifically expressed in the olfactory
epithelium in a zone-specific manner. Eur J Biochem 270, 1995-2004 (2003).

SCIENTIFICREPORTS|7: 11605 | DOI:10.1038/541598-017-10229-w 13



www.nature.com/scientificreports/

40. Vedin, V., Molander, M., Bohm, S. & Berghard, A. Regional differences in olfactory epithelial homeostasis in the adult mouse. J
Comp Neurol 513, 375-384 (2009).

41. Cho,]. Y., Min, N, Franzen, L. & Baker, H. Rapid down-regulation of tyrosine hydroxylase expression in the olfactory bulb of naris-
occluded adult rats. ] Comp Neurol 369, 264-76 (1996).

42. Nadler, J. V,, Perry, B. W,, Gentry, C. & Cotman, C. W. Loss and reacquisition of hippocampal synapses after selective destruction of
CA3-CA4 afferents with kainic acid. Brain Res 191, 387-403 (1980).

43. Hasegawa, S., Yamaguchi, M., Nagao, H., Mishina, M. & Mori, K. Enhanced cell-to-cell contacts between activated microglia and
pyramidal cell dendrites following kainic acid-induced neurotoxicity in the hippocampus. J. Neuroimmunol. 186, 75-85 (2007).

44. Hasegawa-Ishii, S. et al. Defects in cytokine-mediated neuroprotective glial responses to excitotoxic hippocampal injury in
senescence-accelerated mouse. Brain Behav Immun 25, 83-100 (2011).

45. Jorgensen, M. B. et al. Microglial and astroglial reactions to ischemic and kainic acid-induced lesions of the adult rat hippocampus.
Exp Neurol 120, 70-88 (1993).

46. Brown, G. C. & Vilalta, A. How microglia kill neurons. Brain Res 1628, 288-97 (2015).

47. Minghetti, L. & Levi, G. Microglia as effector cells in brain damage and repair: focus on prostanoids and nitric oxide. Prog Neurobiol
54,99-125 (1998).

48. Walter, L. & Neumann, H. Role of microglia in neuronal degeneration and regeneration. Semin Immunopathol 31, 513-25 (2009).

49. Launay, P. S. et al. Ocular inflammation induces trigeminal pain, peripheral and central neuroinflammatory mechanisms. Neurobiol
Dis 88, 16-28 (2016).

50. Dantzer, R. Cytokine, sickness behavior, and depression. Immunol Allergy Clin North Am 29, 247-64 (2009).

51. Konsman, J. P, Luheshi, G. N., Bluthe, R. M. & Dantzer, R. The vagus nerve mediates behavioural depression, but not fever, in
response to peripheral immune signals; a functional anatomical analysis. Eur ] Neurosci 12, 4434-46 (2000).

52. Romeo, H. E., Tio, D. L., Rahman, S. U., Chiappelli, F. & Taylor, A. N. The glossopharyngeal nerve as a novel pathway in immune-
to-brain communication: relevance to neuroimmune surveillance of the oral cavity. ] Neuroimmunol 115, 91-100 (2001).

53. Haberly, L. B. & Price, J. L. The axonal projection patterns of the mitral and tufted cells of the olfactory bulb in the rat. Brain Res 129,
152-7 (1977).

54. Igarashi, K. M. et al. Parallel mitral and tufted cell pathways route distinct odor information to different targets in the olfactory
cortex. ] Neurosci 32,7970-85 (2012).

55. Nagayama, S. et al. Differential axonal projection of mitral and tufted cells in the mouse main olfactory system. Front Neural Circuits
4(2010).

56. Scott, J. W. Electrophysiological identification of mitral and tufted cells and distributions of their axons in olfactory system of the rat.
] Neurophysiol 46, 918-31 (1981).

57. Daulatzai, M. A. Olfactory dysfunction: its early temporal relationship and neural correlates in the pathogenesis of Alzheimer’s
disease. ] Neural Transm (Vienna) 122, 1475-97 (2015).

58. Doty, R. L. Olfaction in Parkinson’s disease and related disorders. Neurobiol Dis 46, 527-52 (2012).

59. Braak, H. & Del Trecidi, K. Neuroanatomy and pathology of sporadic Alzheimer’s disease. Adv Anat Embryol Cell Biol 215, 1-162
(2015).

60. Braak, H. & Del Tredici, K. Neuroanatomy and pathology of sporadic Parkinson’s disease. Adv Anat Embryol Cell Biol 201, 1-119
(2009).

61. Bower, J. H., Maraganore, D. M., Peterson, B. J., Ahlskog, J. E. & Rocca, W. A. Immunologic diseases, anti-inflammatory drugs, and
Parkinson disease: a case-control study. Neurology 67, 494-6 (2006).

62. Langhorst, M. E, Schaffer, ]. & Goetze, B. Structure brings clarity: structured illumination microscopy in cell biology. Biotechnol J 4,
858-65 (2009).

Acknowledgements

We thank Drs. Kent Vrana and Arie Mobley for critical reading of this manuscript, and Ms. Takako Nagano for
her technical assistance. The present study was supported by Grants-in Aid for Scientific Research from JSPS
(Contract Grant Nos 26430061 to SHI and 25290020 to AS).

Author Contributions
S.H.L carried out all the experiments. S.H.L,, A.S., and EI. designed the experiments, interpreted the results, and
wrote the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/541598-017-10229-w

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 11605 | DOI:10.1038/541598-017-10229-w 14


http://dx.doi.org/10.1038/s41598-017-10229-w
http://creativecommons.org/licenses/by/4.0/

	Lipopolysaccharide-initiated persistent rhinitis causes gliosis and synaptic loss in the olfactory bulb

	Results

	Inflammatory cell infiltration into the olfactory mucosa. 
	Loss of olfactory sensory neurons. 
	Degeneration of olfactory sensory neuronal axons. 
	Gliosis in the olfactory bulb. 
	Neurodegenerative changes in the olfactory bulb. 

	Discussion

	Methods

	Animals. 
	Histological preparation. 
	Immunohistological analysis. 
	Image analysis and morphometry. 
	Statistics. 
	Ethics approval and consent to participants. 

	Acknowledgements

	Figure 1 Changes in the nasal cavity 1 day after LPS administration.
	Figure 2 Infiltration of immune cells into the OM.
	Figure 3 Loss of OSN in the LPS-treated OM.
	Figure 4 Degeneration of OSN axons in the lateral LPS-treated OB.
	Figure 5 Microglial activation in the lateral LPS-treated OB.
	Figure 6 Reduction of tyrosine hydroxylase signal in periglomerular cells in the LPS-treated OB.
	Figure 7 Reduction of vGluT1 signal in the EPL of the LPS-treated OB.
	Figure 8 Reduction of 5T4 signal in the EPL of the LPS-treated OB.




