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Introduction: Exposure to cigarette smoke is a cause of olfactory dysfunction. We
previously reported that in young mice, cigarette smoke damaged olfactory progenitors
and decreased mature olfactory receptor neurons (ORNs), then, mature ORNs gradually
recovered after smoking cessation. However, in aged populations, the target cells in
ORNs by cigarette smoke, the underlying molecular mechanisms by which cigarette
smoke impairs the regenerative ORNs, and the degree of ORN regeneration after
smoking cessation remain unclear.

Objectives: To explore the effects of cigarette smoke on the ORN cell system using an
aged mouse model of smoking, and to investigate the extent to which smoke-induced
damage to ORNs recovers following cessation of exposure to cigarette smoke in aged
mice.

Methods: We intranasally administered a cigarette smoke solution (CSS) to 16-month-
old male mice over 24 days, then examined ORN existence, cell survival, changes of
inflammatory cytokines in the olfactory epithelium (OE), and olfaction using histological
analyses, gene analyses and olfactory habituation/dishabituation tests.

Results: CSS administration reduced the number of mature ORNs in the OE and
induced olfactory dysfunction. These changes coincided with an increase in the number
of apoptotic cells and Tumor necrosis factor (TNF) expression and a decrease in Il6
expression. Notably, the reduction in mature ORNs did not recover even on day 28 after
cessation of treatment with CSS, resulting in persistent olfactory dysfunction.

Conclusion: In aged mice, by increasing ORN death, CSS exposure could eventually
overwhelm the regenerative capacity of the OE, resulting in continued reduction in the
number of mature ORNs and olfactory dysfunction.

Keywords: cigarette smoking, aging, olfactory epithelium, olfactory receptor neuron, olfactory disfunction,
inflammatory cytokines, apoptosis

Abbreviations: CSS, cigarette smoke solution; OE, olfactory epithelium; OMP+, olfactory marker protein-positive;
ORN, olfactory receptor neuron.
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INTRODUCTION

Olfaction is mediated by the olfactory system, which is composed
of olfactory receptor neurons (ORNs) in the nasal cavity and
the olfactory bulb in the forebrain (Su et al., 2009). ORNs have
regenerative potential through the olfactory epithelial stem-cell
system (Bermingham-McDonogh and Reh, 2011). Olfactory
dysfunction can occur due to a variety of causes, such as aging,
exposure to toxic chemicals, airway allergy, upper-airway viral
infections, head trauma and neurodegenerative diseases (Weiler
and Farbman, 1997; Doty, 2009; Ueha et al., 2014, 2018).

Age-related changes are well-known factors that affect
olfaction. The elderly have a high incidence of olfactory
impairment (Bihun and Percy, 1995) and recovery from olfactory
dysfunction is decreased in aged populations (Walker et al.,
1990). Aging-related olfactory dysfunction is associated with
several histological changes in the olfactory neuroepithelium
such as a thinning of the olfactory neuroepithelium (Weiler and
Farbman, 1997; Watanabe et al., 2006; Kondo et al., 2009) and
respiratory epithelial metaplasia (Paik et al., 1992; Nagano et al.,
1997; Rosli et al., 1999). In humans, a part of the olfactory
neuroepithelium in the elderly is converted into metaplastic
respiratory epithelium and the metaplastic regions increase
with age (Holbrook et al., 2011; Suzukawa et al., 2011). These
morphological changes suggest that there is impairment in the
regenerative function of ORNs in aged populations.

Cigarette smoking is a major cause of hyposmia and anosmia
(Chen et al., 2003; Kushi et al., 2006; Katotomichelakis et al.,
2007). The numerous chemical irritants contained in cigarette
smoke trigger the expression of inflammatory mediators, such as
interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF), in the
respiratory tract (Nyunoya et al., 2014; Ueha et al., 2017). These
mediators damage epithelial tissue and induce inflammatory
responses, and a long history of cigarette smoking significantly
increases the risk of various respiratory diseases (Hellermann
et al., 2002; Nyunoya et al., 2014). In young adult populations,
cigarette smoking decreases the thickness of the olfactory
epithelium (OE; Kern et al., 2004) and increases apoptosis in
the OE (Doty, 2009). In a previous study (Ueha et al., 2016a),
we established a practical and reproducible model of cigarette
smoking in which olfactory impairment developed after 20 doses
of intranasal cigarette smoke solution (CSS) administration
over 24 days using 8-week old male mice. In addition, we
reported that exposure to CSS induced reduction in the number
of mature ORNs and olfactory dysfunction by damaging the
SOX2+ ORN progenitor population and increasing ORN death
(Ueha et al., 2016a), while the ORN progenitor population and
olfaction recovered following cessation of exposure to CSS (Ueha
et al., 2016a). Moreover, we recently demonstrated that CSS
impaired regeneration of ORNs by suppressing the development
of immature ORNs from ORN progenitors, at least partly by
reducing IGF-1 in the nasal mucosa (Ueha et al., 2016b).

Aging is linked to a higher risk of olfactory dysfunction, and
smoking has also been associated with decreased olfaction in
the elderly (Nicita-Mauro et al., 2008); thus, these two elements,
aging and smoking, could have a synergistic negative impact
on olfaction. However, in aged populations, the cellular and

molecular mechanisms by which cigarette smoke disrupts the OE
and olfaction remain largely unclear. We therefore hypothesized
that in aged populations, cigarette smoke-induced inflammation
may also disrupt the olfactory progenitor cell system and that
complete recovery may not be possible.

In the present study, we explored the effects of cigarette smoke
on the ORN cell system using an aged mouse model of smoking
that involved administration of a CSS. We also investigated the
extent to which CSS-induced damage to the ORNs recovers
following cessation of exposure to CSS in aged mice, using
histological analyses, olfactory habituation/dishabituation tests,
and quantitative real-time polymerase chain reaction (qPCR)
analyses.

MATERIALS AND METHODS

Mice
C57BL/6 mice were purchased from Saitama Experimental
Animals (Saitama, Japan). Sixteen-month-old mice were housed
in a temperature-controlled environment under a 12-h light-dark
cycle with access to food and water ad libitum. All animal
experiments were conducted in accordance with institutional
guidelines and with the approval of the Animal Care and Use
Committee of the University of Tokyo (No. P14-086).

Mouse Model of Smoking
Using a CSS, we prepared the mouse model of cigarette
smoking as previously reported (Ueha et al., 2016a). The CSS
was produced by bubbling a stream of the smoke of Hi-Lite
cigarettes (Japan Tobacco Inc., Tokyo, Japan) through saline
(1 mL/cigarette) purchased from Cmic Bioresearch Center Co.,
Limited (Yamanashi, Japan; CSS, 20 µL/animal/time). The CSS
was administered intranasally once a day on days −23 to −19.
This cycle of four consecutive CSS administrations followed by
1 rest day was then repeated, with cycles 2–5 conducted over days
−18 to −14, −13 to −9, −8 to −4, and −3 to 0, respectively
(Figure 1). Control mice received saline intranasally according
to the same schedule as CSS mice. CSS mice were sacrificed on
days 1, 7, 14 and 28 after the final administration of CSS. Control
mice were sacrificed on day 1 after the final administration of
saline. Twelve mice were used for each CSS and control groups;
six mice for histological analyses and six mice for gene analyses.
Control mice were not assigned on days 7, 14 and 28 after the
final administration of saline in accordance with our previous
protocol (Ueha et al., 2016a), because of the limited number of
aged mice.

Tissue Preparation
The septal nasal mucosa was harvested on days 1, 7, 14 and
28 after the final intranasal administration of CSS for histological
and qPCR analyses as previously described (Ueha et al., 2016a).
Immediately after sacrificing the mice, the nasal cavities were
gently irrigated with 4% paraformaldehyde in order to minimize
mechanical damage to the OE. After decalcification, the tissues
were dehydrated in a series of graded ethanol solutions, then
embedded in paraffin.
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FIGURE 1 | (A) Experimental timeline. Mice were intranasally administered a
cigarette smoke solution (CSS) between days -23 and day 0 (five cycles, each
including four daily doses of 20 µL/mouse and one rest day). Subsequently,
the olfactory epithelium (OE) was collected for immunohistochemistry (IHC)
and quantitative real-time polymerase chain reaction (qPCR) on the days
indicated. (B,C) Representative images of hematoxylin and eosin stained
sections of the OE from untreated mice (B, 40× magnification; (C) 400×
magnification). The box in (B) indicates the region of the OE shown at higher
magnification in (C).

Antibody Staining
We stained tissues with the following anti-mouse primary
antibodies: SOX2 (1:300 dilution; rabbit monoclonal, Abcam
clone EPR3131; Abcam, Cambridge, MA, USA), GAP43
(1:1000 dilution; rabbit polyclonal, Novus #NB300-143B; Novus,
Littleton, CO, USA), Ki67 (1:200 dilution; rabbit monoclonal,
Novus #NB600-1252), OMP (1:8000 dilution, goat polyclonal,
Wako, Tokyo, Japan), and cleaved capase-3 (1:300 dilution;
rabbit polyclonal, Cell Signaling #9661; Cell Signaling, Danvers,
MA, USA). SOX2 is a transcription factor that is widely expressed
in stem cell populations, including neural stem cells, and plays
a role in maintaining their undifferentiated state (Pevny and
Placzek, 2005). In the OE, SOX2 is expressed by proliferating
stem cells or progenitor cells in the basal layer and regulates
homeostasis of the OE (Kawauchi et al., 2005, 2009; Guo et al.,
2010; Bermingham-McDonogh and Reh, 2011; Ueha et al., 2014).
SOX2 expression was also observed in sustentacular cells in the
luminal layer, which lack progenitor activity, but these cells were
excluded from our quantification of SOX2+ ORN progenitors.
GAP43 is a growth-associated protein, and antibodies against
GAP43 stain immature neurons. In the OE, GAP43 is expressed
by immature ORNs (Katotomichelakis et al., 2007). OMP is
an olfactory marker protein and is exclusively expressed in
mature ORNs (Buiakova et al., 1996). The Ki67 protein is a
cellular marker of proliferation and is strictly associated with
cell proliferation (Starborg et al., 1996), and Ki67-positive cells

are detected throughout the depth of the OE, mainly in the
basal layer. On the other hand, caspases are crucial mediators
of programmed cell death (apoptosis), and Cas3 is a frequently
activated death protease, catalyzing the specific cleavage of many
key cellular proteins (Porter and Janicke, 1999).

Histological Analyses
As previously described (Ueha et al., 2014, 2016a), all samples
were cut at the level of the anterior end of the olfactory bulb.
Four-micrometer thick paraffin sections were deparaffinized
in xylene and rehydrated in ethanol before immunostaining.
For immunostaining, deparaffinized sections were treated with
3% hydrogen peroxide to block endogenous peroxidase activity
and were incubated in Blocking One (Nacalai Tesque, Kyoto,
Japan) to block non-specific immunoglobulin binding. Primary
antibodies were detected using peroxidase-conjugated secondary
antibodies and a diaminobenzidine (DAB) substrate. Three
different microscope fields (dorsal, middle and ventral) of each
bilateral septal OE were captured using a digital microscope
camera (Keyence, Osaka, Japan, BZ-9000) with a 40× objective
lens (Figure 1B). Analyses were restricted to the OE of the nasal
septum to minimize variation between specimens (Figure 1C).
The numbers of olfactory marker protein-positive (OMP+)
ORNs was quantified by averaging the number of cells in each
of the three microscopic fields between sections. The number
of SOX2+ ORN progenitors, GAP43+ immature ORNs, Ki67+

cells, and cleaved Cas3+ apoptotic cells per mm of basal layer
length were manually counted using digital imaging software
(Photoshop CS6 Adobe, San Jose, CA, USA), in a blindedmanner
for each of the three different fields.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was isolated from the septal nasal mucosa using
TRIzol reagent (Life Technologies, Gaithersburg, MD, USA) on
days 1, 7, 14 and 28 after the final intranasal administration of
the CSS, and then converted to cDNA using the ReverTra Ace
qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka,
Japan) according to the manufacturer’s instructions. qPCR
analysis was performed using the THUNDERBIRD Probe qPCR
Mix or THUNDERBIRD SYBR qPCR Mix (Toyobo) and an
ABI 7500 sequence detector system (Life Technologies). The
gene-specific primers and probes used were: Rps3 as endogenous
control (Life Technologies assay number Mm00656272_m1);
Il1b (forward 5′-AGGCAGGCAGTATCACTCATTGT-3′,
reverse 5′-CGTCACACACCAGCAGGTTATC-3′); and
Tnf (forward 5′-TGTGCCTCAGCCTCTTCTC-3′, reverse
5′-GAGCCCATTTGGGAACTTCT-3′); and Il6 (forward
5′-CTGCAAGAGACTTCCATCCAGTT-3′, reverse 5′-
AGGTCTGTTGGGAGTGGTATCC-3′). The expression levels
of each gene were normalized to the level of Rps3 expression for
each sample.

Behavioral Testing to Evaluate Olfactory
Function
Olfactory sensitivity was evaluated with an olfactory
habituation/dishabituation test that was performed on days
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7, 14 and 28 after the final intranasal administration of CSS,
following a previous procedure (Ueha et al., 2016a). Mice were
allowed to acclimatize in a clean plastic cage for 30 min, then
presented with a piece of filter paper soaked in odorless mineral
oil for 3 min. This procedure was repeated a total of four times
at 1-min intervals. However, for the fourth exposure, the filter
paper was soaked in propyl propionate instead of mineral oil.
Throughout each test, mouse behavior was recorded using a
digital video camera. The nose of the mouse being within 1 mm
of the filter paper was considered to represent ‘‘investigative
behavior.’’ The duration of investigative behavior was compared
between the third and fourth exposures. Mice with normal
olfaction display gradually reduced durations of investigative
behavior from the first to third exposures (habituation) but
display reinstatement of investigative behavior when an odor is
presented with the filter paper. A lack of reinstatement indicates
reduced or absent olfactory sensitivity.

Statistical Analysis
Statistical comparisons between groups or time-points were
performed by paired Student’s t-test or by one-way ANOVA (as
indicated in the figure legends) using GraphPad Prism software
(version 6.0; GraphPad Software Inc., San Diego, CA, USA).
qPCR data were subjected to logarithmic transformation prior
to analysis. P-values < 0.05 were considered to be statistically
significant.

RESULTS

Impairment of Olfactory Receptor Neurons
Caused by CSS Exposure Is Prolonged in
Aged Mice
We first examined the effect of continuous intranasal
administration of CSS on ORNs in the aged mice (see
experimental timeline in Figure 1). In the previous study
using 8-week old adult mice, with the same time course (Ueha
et al., 2016a), exposure to CSS induced reduction in numbers
of mature ORNs and the number of mature ORNs recovered
following cessation of exposure to CSS. Immunohistochemical
staining revealed that OMP+ mature ORNs formed thick layers
in the OE of saline-treated mice (Figure 2A). In contrast, the
number of OMP+ cells in the mice that received 20 doses (five
cycles) of CSS administration was approximately 60% less than
the numbers observed in saline-treated mice 1 day after the
final treatment (Figures 2A,B). We next examined whether the
OMP+ mature ORN population would recover after cessation
of CSS administration. A time course analysis revealed that
the reduction in OMP+ ORN numbers continued even after
cessation of CSS administration, and that the reduction became
more severe on day 28 after the final intranasal administration
of CSS (Figures 2A,B). This phenomenon is characteristic
of aged mice and is not observed in young adult mice (Ueha
et al., 2016a). The prolonged impairment of the OE suggests
that CSS-induced damage to the OE is not simply due to acute
damage to mature ORNs, but rather that additional long-term
factors are involved in impairment of ORNs by CSS.

Olfactory Dysfunction Is Induced by CSS
Exposure and Continues in Aged Mice
We examined whether the CSS-induced reduction in OMP+

mature ORN numbers is associated with impaired olfaction
by using a habituation/dishabituation test to evaluate
olfactory sensitivity. In this test, propyl propionate, which
is predominantly perceived by the OE (Kanaya et al., 2014), was
used as the odorant. Saline-treated mice displayed decreasing
durations of investigative behavior when repeatedly exposed to
a piece of filter paper soaked with odorless mineral oil, which is
consistent with habituation (Figure 2C). In saline-treated mice,
when the filter paper was soaked with propyl propionate on
the fourth exposure, the duration of investigative behavior was
significantly longer than that on the third trial, suggesting that
the mice were capable of smelling the odorant (dishabituation).
In contrast, while CSS-treated mice displayed a similar pattern
of habituation as saline-treated mice, there was no significant
difference in the duration of investigative behavior between the
third and fourth trials on day 7 after the final CSS administration,
suggesting a decrease in olfactory sensitivity in the CSS-treated
mice. Surprisingly, the loss of olfactory sensitivity continued
even on days 14 and 28 after the final CSS administration, while
in young adult mice, olfaction recovered following cessation of
exposure to CSS (Ueha et al., 2016a). These results show that
olfactory function is impaired by CSS administration in aged
mice and that olfactory function does not recover by day 28 after
the final CSS administration.

CSS Exposure Induces Cell-Death of ORNs
and Considerably Impacts ORN Numbers
The similarity in the insufficiency of recovery of OMP+

ORN numbers and olfaction following cessation of CSS
administration suggested that damage to the OMP+ ORNs
may underlie CSS-induced hyposmia and anosmia. Moreover,
these insufficiencies lasted at least until day 28 after the final
CSS administration. As the number of OMP+ mature ORNs
is determined by the balance between the cell death of ORNs
and the regeneration of ORNs from ORN progenitors, we next
investigated the effects of cigarette smoke on the number of ORN
progenitors, immatureORNs and dividing cells, and on cell death
in the aged mice, by examining SOX2 expression, GAP43, Ki67,
and cleaved caspase-3. Ki67+ cells detected throughout the depth
of the epithelium (mainly in the basal layer of the OE; Suzukawa
et al., 2011). In saline-treated mice, a large number of SOX2+

ORN progenitors and a small number of Ki67+ proliferating
cells were detected in the basal layer (Figure 3A). Although
SOX2 expression was also observed in sustentacular cells in
the luminal layer without progenitor activity, these cells were
excluded from our quantification of SOX2+ ORN progenitors.
GAP43+ immature ORNs were observed in the area above the
basal layer. Cleaved Cas3+ apoptotic cells were scarcely detected
in the OE. In CSS-treated mice, although the number of SOX2+

ORN progenitors in the basal layer did not show any changes
compared to that in saline-treated mice on day 1 after final CSS
administration, it was significantly elevated on day 7 and had
returned to saline treated-mouse levels by day 14 (Figure 3B).
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FIGURE 2 | (A) Immunohistochemical staining (brown) of olfactory marker protein-positive (OMP+) cells in the OE 1 day after the final dose of CSS. Mice received
20 doses (five cycles) of CSS. Data represent mean ± SEM (n = 6). ∗∗P < 0.01 (Mann-Whitney U test). (A) Representative images of immunohistochemical staining
(brown) of OMP+ cells in the OE in saline-treated mice and on various days following the final CSS dose (n = 6). (B) Number of OMP+ olfactory receptor neurons
(ORNs) per field in saline or CSS-treated mice. Data represent means ± SEM (n = 6). ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001 compared with saline-treated mice
(one-way ANOVA). (C) Olfactory habituation/dishabituation test. Mice were presented with a piece of filter paper soaked in odorless mineral oil three times for 3 min,
at 1-min intervals. For the fourth exposure, the filter paper was soaked in the odorant propyl propionate instead of mineral oil. Data represent means ± SEM (n = 6).
††P < 0.01, third exposure compared with the fourth exposure (paired Student’s t-test). No significant differences were detected between the third and fourth
exposures for CSS-treated mice on days 1–28, suggesting a decrease in olfactory sensitivity. CSS, cigarette smoke solution; OMP+, olfactory marker
protein-positive.

The number of Ki67+ proliferating cells in the basal layer
changed with a time course similar to that of SOX2+ ORN
progenitors except of that on day 1 after final CSS administration.
No significant differences in the number of GAP43+ immature
ORNs were detected between the saline-treated mice and the
CSS-treated mice over the time points examined. Cleaved Cas3+

apoptotic cells were more frequent on day 7 and somewhat more
frequent on days 1 and 14 after final CSS administration.

Given that OMP+ ORNs are maintained by the continuous
proliferation and subsequent maturation of SOX2+ ORN
progenitors in the steady-state, these results suggest that the
CSS-induced death of ORNs overwhelms increased proliferation
of ORN progenitors in aged mice exposed to CSS and that the
CSS-induced death of ORNs has a considerable impact on ORN
numbers and olfaction.

CSS Administration Does Not Induce
Increases in Inflammatory Cytokine
Expressions in the Olfactory Epithelium of
Aged Mice
Finally, because inflammatory cytokines influence the
proliferation and differentiation of neural stem and progenitor
cells, we examined the possible involvement of inflammatory
cytokines in the CSS-induced disruption of the ORN progenitor

cell population. Generally, aging is associated with increased
inflammatory activity reflected by increased circulating levels of
proinflammatory cytokines, such as IL-1β and TNF, and hence
the levels of inflammatory cytokines in the aged tissue are higher
than those in the young (Pedersen et al., 2000). In addition,
smoking is reported to upregulate proinflammatory cytokines
(Ueha et al., 2016a).

Our time course analyses revealed that Tnf expression
was significantly increased on days 1 and 7 after final CSS
administration compared to the saline-treated group. However,
Il1b mRNA expression did not show any significant changes in
the nasal mucosa on days 1–28 after final CSS administration,
relative to expression in saline-treated mice, and even then,
the mRNA expression of Il1b was maintained at an age-related
high level. Unexpectedly, Il6 expression was significantly
decreased contrary to expectations on days 1–28 after final CSS
administration compared to the saline-treated group (Figure 4).

DISCUSSION

In the present study, we demonstrated that long-term CSS
administration decreased OMP+ mature ORNs in aged mice
and it is suggested that cigarette smoke can disrupt the
balance between proliferation and apoptosis in the OE of aged
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FIGURE 3 | (A) Representative images of immunohistological staining (brown) of SOX2+ olfactory receptor neurons (ORN) progenitor cells, Gap43+ immature ORNs,
Ki67+ proliferating cells and cleaved caspase-3+ (Cas3+) apoptotic cells. Tissue sections were counterstained with the nuclear dye hematoxylin (blue). Arrowheads
indicate Cas3+ apoptotic cells in the OE (n = 6). (B) Numbers of SOX2+ ORN progenitors and Ki67+ actively proliferating cells per mm of the basal layer, and
Gap43+ immature ORNs and Cas3+ apoptotic cells per mm of the OE in saline or CSS-treated mice. Data represent means ± SEM (n = 6). ∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001 compared with saline-treated mice (one-way ANOVA).

populations. The reduction in mature ORN numbers could
be associated with olfactory dysfunction. Even after ceasing
CSS administration, deterioration of ORN numbers further
proceeded at least for 28 days; as a result, aged mice might
not react to odorants even at 28 days after the last CSS
administration, whereas olfactory impairment was transient in
young adult mice (Ueha et al., 2016a).

In young adult mice, CSS induced decrease in the numbers of
ORNprogenitors and proliferating cells and increase in apoptotic
ORNs on day 1 after then final CSS administration. Therefore,
these changes in cell dynamics appeared to be involved in the
CSS-induced decrease in the ORN population (Ueha et al.,
2016a). However, in the aged mice, time course analyses also
revealed that the number of SOX2+ ORN progenitors was not
statistically significantly changed after CSS exposure but mature

ORN numbers declined compared with the young mice (Ueha
et al., 2016a). The reason for this can be the milder decrease in
the numbers of Ki67+ proliferating cells and themore continuing
elevation in apoptotic ORNs in comparison with the young mice.
Regarding the increase in proliferating cells in aged mice on day
1 after the final CSS administration, it could be attributable to
that proliferated ORNs possibly remain immature, that apoptosis
in ORNs is predominant, and that ORN proliferating cells
possibly appear earlier than in young mice, as reflected in the
tissue repair response. Taken together, the increase in apoptotic
ORNs may be a main cause of decreased ORN populations in the
aged mice treated with CSS.

The characteristics of the response of aged OE to CSS
may be attributed to the persistent inflammation of aged
tissue. Generally, in aged populations, age-associated buildup of
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FIGURE 4 | Il1b, Tumor necrosis factor (TNF) and Il6 mRNA expression in the nasal mucosa was quantified by quantitative real-time polymerase chain reaction
(qPCR) in saline (ST) or CSS-treated mice and calculated relative to the expression of the endogenous control gene Rps3. Data represent means ± SEM (n = 6).
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001 (one-way ANOVA).

inflammatory cytokines (TNF, IL-1β and IL-6) within tissues is
noted (Chaker et al., 2015; Ueha et al., 2018), and this elevation
in inflammatory cytokines may result in a sustained state
of chronic inflammation, known as the senescence-associated
secretory phenotype, in aged populations. In the present study,
the expression levels of Il1b and Il6 in the saline-treated aged
mice were higher than those in the saline-treated young mice
in the previous study (Ueha et al., 2016a). An increase of Tnf
expression in the CSS-treated aged mice continued for at least
7 days after the last CSS administration. Our results suggest that
upregulation of Tnf expression may increase cell apoptosis in the
OE after CSS exposure and is possibly involved in a persistent
decline of mature ORNs and olfaction in aged mice (Suzuki and
Farbman, 2000).

The exact mechanism by which cigarette smoke disrupts
the balance of the OE in aged populations remains unclear,
but it seems likely that cigarette smoke could damage ORNs
by inducing inflammation and increasing apoptosis in the OE,
especially in aged mice, similar to the way in which cigarette
smoke toxicity in the lungs is largely mediated by inflammation
and immunotoxicity (Hellermann et al., 2002; Nyunoya et al.,
2014). Our observation that CSS induces expression of Tnf is
consistent with this theory. Considering that elevated levels
of Tnf and decreased levels of Il6 expression persisted for at
least 7 and 28 days after final CSS administration, respectively,
and that it coincided with the increased numbers of apoptotic
cells in the OE, these inflammatory cytokines may positively or
negatively regulate the suppression of ORN maturation from
their progenitors or induce apoptosis.

Regarding the role of TNF in the OE, it has been reported that
TNF induces inflammation and apoptosis in the OE, while also
suppressing the normal regenerative replacement mechanism
and inhibiting the ORN progenitors, resulting in thinning of the
olfactory neuron layer and a progressive loss of olfactory function
(Suzuki and Farbman, 2000; Turner et al., 2010a,b). Thus, our
findings are consistent with these theories. The roles of IL-6 in

the OE have not been well elucidated. On one hand, IL-6 can
protect cells from injurious stimuli via the inhibition of apoptosis
(Teague et al., 1997), suppresses the expression of SOX2 (Yoon
et al., 2014), and is involved in tissue repair and supports cell
proliferation (Liechty et al., 2000). On the other hand, IL-6 is
supposed to suppress OE regeneration following injury and is
considered to play an important role in the development of
hyposmia (Xie et al., 2013). Considering the coincident decrease
in Il6 expression and increase in apoptotic cells after CSS
exposure in aged mice, Il6 possibly plays a protective role in
CSS-treated aged mice.

In the present study, we focused on the effects of CSS
exposure on theOE of agedmice. However, olfactory dysfunction
can also be induced by damage to the olfactory bulb in the
forebrain. Accordingly, damage to the olfactory bulb could
also be responsible for some olfactory dysfunction. Future
neurophysiological studies that quantify signal transduction
from the ORNs to the olfactory bulb are necessary to fully
elucidate the pathogenesis of cigarette smoke-induced olfactory
dysfunction in aged populations. Moreover, regarding the
behavioral testing in the present study, limitations should be
taken into account. Considering that there were the differences
in the duration of investigative behavior between control mice
and CSS-exposure mice on the first exposure, the results from
the behavioral testing could be influenced by factors such as
curiosity, motivation, and motor function, which might be
caused by CSS exposure.

CONCLUSION

We demonstrated that CSS exposure reduces the number of
mature ORNs and olfactory dysfunction by increasing ORN
death in the OE of aged mice, which eventually overwhelms
the regenerative capacity of the epithelium. Moreover, the
ORN population and olfaction had not recovered 28 days after
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cessation of exposure to CSS. These findings provide a basis
of the mechanisms underlying cigarette smoke-induced damage
to ORNs in aged populations and therapeutic clues for the
treatment of cigarette smoke-induced olfactory dysfunction in
aged populations by TNF suppression and apoptosis inhibition.
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