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Enzymatic Conversion of Odorants in Nasal Mucus Affects
Olfactory Glomerular Activation Patterns and Odor
Perception

Ayumi Nagashima and Kazushige Touhara
Department of Applied Biological Chemistry, The University of Tokyo, Tokyo 113-8675, Japan

Odor information is decoded by a combination of odorant receptors, and thus transformed into discrete spatial patterns of olfactory
glomerular activity. It has been found, however, that for some odorants, there are differences between the ligand specificity of an odorant
receptor in vitro and its corresponding glomerulus in vivo. These observations led us to hypothesize that there exist prereceptor events
that affect the local concentration of a given odorant in the nasal mucus, thus causing the apparent specificity differences. Here we show
that odorants with functional groups such as aldehydes and esters are targets of metabolic enzymes secreted in the mouse mucus,
resulting in their conversion to the corresponding acids and alcohols. The glomerular activation patterns elicited by an enzyme-targeted
odorant in the olfactory bulb was different in the presence of an enzyme inhibitor in the mucosa, suggesting that the enzymatic conversion
occurs fast enough to affect recognition of the odorant at the levels of olfactory sensory neurons. Importantly, olfactory discrimination
tests revealed that mice behaviorally trained to associate an enzyme-targeted odorant to sugar rewards could not discriminate the
odorant after treatment with the enzyme inhibitor. These results reveal that the enzymatic conversion of odorants in the nasal mucus
appears be fast enough to affect olfactory perception, which sheds light on the previously unappreciated role of nasal mucosal enzymes in

odor sensation.

Introduction

The mammalian olfactory system can detect and discriminate
numerous volatile odorous compounds. Odorants are recog-
nized by odorant receptors (ORs) expressed in the olfactory sen-
sory neurons (OSNs) that consist of ~1000 members of the
G-protein-coupled receptor superfamily (Touhara and Vosshall,
2009). The odorant information is directly transmitted to glo-
meruli in the primary olfactory center, the olfactory bulb (OB),
and further to the higher brain areas wherein odor perception is
constructed (Zou et al., 2009). Because each olfactory neuron
expresses a single type of OR, and the neurons expressing the same
OR converge their axons onto the same glomeruli (Mombaerts,
2004), it haslong been believed that glomerular response patterns
faithfully reflect the pharmacological characteristics of ORs in the
olfactory epithelium, and thus, odorant—-OR matrices obtained
by in vitro receptor assays.

Emerging evidence, however, suggests that more complex
processes are involved in odorant recognition than previously
appreciated. When comparing in vitro and in vivo OR responses,
OR-defined glomeruli exhibited different response properties
from corresponding ORs in heterologous expression systems or
isolated olfactory neurons in terms of both sensitivity and speci-
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ficity (Oka et al., 2006). Recently, the apparent higher sensitivity
has been shown to be due to an efficient nasal airflow that helps
absorption of odors into the mucosal layers and increases focal
odor concentration in the olfactory receptor site in the mucus
(Oka et al., 2009).

With respect to specificity, we previously found that some
mouse ORs recognizing vanillin or acetyl isoeugenol showed dif-
ferent ligand specificities in HEK293 cells in vitro and in the cor-
responding glomerulus in vivo (Oka et al., 2006). In addition,
elimination of the nasal mucus from the nasal cavity resulted in a
similar change in the specificity of these glomeruli in vivo (Oka et
al., 2006). These observations suggest that nasal mucus is one of
the key factors in the regulation of in vivo odorant selectivity in
the OB.

The nasal mucosa contains a variety of proteins such as
odorant-binding proteins and metabolic enzymes (Débat et al.,
2007; Mayer et al., 2009). These proteins have been thought to
play arole in transporting (Tegoni et al., 2000; Pelosi, 2001; Ko et
al., 2010) or decomposing or clearing (Lazard et al., 1991; Ben-
Arie et al., 1993; Miyawaki et al., 1996; Tamura et al., 1997)
external volatile odorants. Deciphering the roles of such prere-
ceptor events occurring in the mucus would lead to a better un-
derstanding of the specificity differences of ORs in vitro and in
vivo, as well as of relevant odorant recognition mechanisms. This
information may also be useful in answering the intriguing ques-
tion regarding how these steps affect our odor perception under
physiological conditions.

The purpose of this study was to determine whether nasal
mucus has enzymatic activity that transforms or converts odor-
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shortened gel-loading tip (Ringer’s solution
containing the following (in mm): 140 NaCl,
5.6 KCl, 10.0 HEPES, 2.0 pyruvic acid sodium
salt, 1.25 KH,PO,, 2.0 MgCl,, 2.0 CaCl,, 9.4
glucose) ata depth of 12 mm in nasal cavity. To
reduce contamination of respiratory mucus,
mice were laid on their back and the tip was
inserted in the dorsal area of nasal cavity. The
nasal lavage fluid was then immediately collected using the same tip by
pipetting the solution in-and-out. We defined this fluid as nasal mucus.
Ten microliters of an odorant solution was added to 10 ul of nasal mucus,
and the mixture was incubated for 5 min at 37°C. The compounds were
extracted from the mixture by ethyl acetate.

Chromatographic conditions of GC/MS analysis. Gas chromatography—
mass spectrometry (GC/MS) (GCMS-QP2010, Shimazu) was used to
examine the ethyl acetate extract. The compounds were separated using a
Stabilwax column (60 m X 0.32 mm inner diameter, film thickness = 0.5
pm). The column temperature was held at 40°C for 1 min, then pro-
grammed to rise to 100°C at 10°C/min and then to 220°C at 5°C/min, and
finally held at this temperature for 20 min. The interface temperature was
maintained at 250°C, and the ion source temperature was set at 230°C.
Peak identities were confirmed by matching the component mass spectra
to the National Institute of Standards and Technology Mass Spectral
Database and by matching the retention time and mass spectra of the
peaks to the data observed for the pure compounds. To identify the
products of enzymatic reaction in the nasal mucus, mass spectra were
obtained in full scan mode. Quantitative analysis of products was per-
formed by comparison with the peak area of authentic odorants in total
ion chromatograms (TIC). The amount of benzoic acid was quantified
by the extracted ion chromatograms, m/z 122. The conversion ratio was
calculated by subtracting the amount of substrate remaining after con-
version from the amount of starting material and then dividing by the
amount of starting material. Because the quantities of compounds in-
volved were very small, the odorants applied into the nasal cavity in a
vapor phase were analyzed by the GC/MS-selected ion monitoring (SIM)
process.

Ca’" imaging in the OB. For Ca®" imaging, we loaded dextran-
conjugated calcium dye into OSNs as described previously (Oka et al.,

chromatograms of the organic extracts from Ringer’s solution (black line, top panel), nasal mucus (red line, middle panel), and
heated nasal mucus (blue line, bottom panel), each incubated with benzaldehyde. The extracted ion chromatogram of the molec-
ular ion peak of benzoic acid (m/z 122) is shown as the inset. Peaks for benzaldehyde, benzyl alcohol, and benzoic acid are shown
by arrowheads. B, Total ion chromatograms of the organic extracts from Ringer’s solution (black line, top panel), nasal mucus (red
line, middle panel), and heated nasal mucus (blue line, bottom panel), each incubated with acetyl isoeugenol (AIEG). Peaks for
AIEG and isoeugenol (IEG) are shown by arrowheads.

2006). Briefly, OSNs of 4-week-old C57BL/6Cr mice were loaded in vivo
with Calcium Green-1 dextran (Invitrogen). Six microliters of dye solu-
tion (6%, in Ca*"-free Ringer’s solution) was perfused into the nasal
cavity using a shortened gel-loading tip under ketamine (90 mg/kg) and
xylazine (10 mg/kg) anesthesia. Maintaining body temperature at 37°C,
mice recovered from anesthesia were held for 4 d before imaging to allow
transport of dye to OSN axon terminals.

Mice were anesthetized by intraperitoneal injection of ketamine (70
mg/kg) and medetomidine (0.5 mg/kg). Under local anesthesia (1% Xy-
locaine), the skin overlying the dorsal skull was removed. Using a dental
drill, the bone overlying the dorsal surface of the OB was thinned and
removed before imaging. Next, 1.5% agarose gel was applied and then a
coverslip placed over the exposed area. An excitation wavelength of
500 = 25 nm was used for fluorescent Ca®" imaging in the OB. Emitted
light at wavelengths above 530 nm was collected using a 525 nm dichroic
mirror. Stimulations were delivered by placing odorant-containing glass
vial container for 3 s at a distance of 5 mm from the nose. Images were
acquired using AQUA COSMOS 2.5 software and an ORCA2-ER CCD
camera (Hamamatsu Photonics) at 12 Hz using Olympus LMPlanFL N
10X objective lens (numerical aperture = 0.25, working distance = 21.0
mm, field number = 26.5 mm) (Olympus). The imaging area was 2.3 X
1.4 mm. The mice were breathing freely during all experiments.

Glomerular activation patterns to an odorant were observed repro-
ducibly in several trials, and the intensities of responses of each glomer-
ulus in several trials were similar (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).

Data analysis for imaging. The relative signals acquired from Ca*"
imaging were calculated as described previously (Wachowiak and
Cohen, 2001). This method gives a measure of the signal amplitude
relative to the resting fluorescence. Spatial maps of the Ca®" imaging
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signals were constructed by subtracting the temporal average ofa 2 s time
window just preceding stimulus onset from a 2 s temporal average be-
ginning just after odorant onset. For display, spatial maps were smoothed
using a 3 X 3 pixel kernel. All spatial data were analyzed and processed
using Aqua Cosmos 2.5 software and Photoshop (Adobe).

Preparation and nasal administration of inhibitors. Inhibitor solutions
were prepared as 10, 100, and 1000 mum stocks in DMSO and diluted to
give the indicated concentrations before each experiment. For inhibiting
enzymatic activity of the nasal mucus in vivo, 20 ul of inhibitor solution
(10 mm) was gently applied to each nostril of mice under ketamine (90
mg/kg) and xylazine (10 mg/kg) anesthesia using a shortened needle (4
mm, 29 gauge).

Olfactory discrimination test. Four days before training, experimentally
naive 6-week-old mice were placed on a food-restricted schedule. They
were given 3 g per mouse (~150 g/ kg) of food and trained to associate
one of the two related odorants with a sugar reward for 4 consecutive
days. The odorant was presented on filter paper (25 mm in diameter,
Whatman) placed on the bottom of a plastic Petri dish. Ten holes were
drilled in the top of the Petri dish to allow the odorant to escape. During
the training, the mice received four 10 min trials per day: two trials for an
odor paired with a sugar reward and two for the unpaired odor. After 4 d
of training, bis( p-nitrophenyl)phosphate (BNPP) or acetazolamide
(AZ) was applied to the nasal cavities of the mice. On day 5, each test
odorant was buried independently, without sugar, in the cage (22.5 X
34 X 15.5 cm) bedding at a depth of 4 cm. The mouse behavior was
recorded with a digital video camera for the analysis. The time (in sec-
onds) spent investigating for each odorant was measured during the 2
min test period with a stopwatch. The following parametric statistics
were used to look for differences in investigation time: paired t test used
for two related samples (pairs of odorants in each group); non-repeated-
measures ANOVA for three independent groups (control, AZ, BNPP

group).

Results

Analysis of enzymatic activity of the nasal mucus

We first determined whether the nasal mucus contained any ac-
tivity that targeted odorants with various functional groups.
Nasal mucus was collected as described in the Materials and
Methods section. Most ORs are activated at the micromolar
range according to in vitro studies (Katada et al., 2005; Oka et al.,
2006), and thus the local odorant concentration in nasal mucus in
vivo must be at micromolar ranges. Therefore, odorants were
added at a concentration of 50 um. Benzaldehyde and acetyl
isoeugenol served as our initial substrates. Benzaldehyde has been
known to show high variability in activation patterns in the ol-
factory bulb, while acetyl isoeugenol has been known to show
some differences in in vitro and in vivo receptor activities (Oka et
al., 2006), suggesting that these substances are likely targets of
enzymatic reactions in the mucus. After 5 min incubation,
GC/MS was used to examine whether the added odorant was
intact or converted to other compounds. The TIC of samples
showed that the peak for benzaldehyde in the nasal mucus was
much smaller than that in a control solution, while peaks for
benzyl alcohol and benzoic acid were observed (Fig. 1A). The
quantification of the peaks suggested that ~80% of the benzal-
dehyde was converted to benzyl alcohol and benzoic acid (1:5
ratio). In the case of acetyl isoeugenol, the peak for acetyl isoeuge-
nol in the nasal mucus was barely detected and the peak for
isoeugenol appeared. It was found that >90% of acetyl isoeuge-
nol was converted to isoeugenol (Fig. 1 B). The converted prod-
ucts were not detected when the odorants were added in the
boiled mucus, suggesting that the reaction was enzyme mediated
(Fig. 1A, B, bottom panels).
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Figure 2.  Structure—activity relationships of the enzyme reactions in nasal mucus of odor-
ants with an aldehyde or acetate group. A, The percentage of converted odorants with an
aldehyde group (conversion ratio) was plotted as the mean == SEM (n = 3). B, The percentage
of converted odorants with an acetate group (conversion ratio) was plotted as the mean = SEM
(n = 3).C, The compounds not converted.

Structure—activity relationships of the enzyme reactions in
the nasal mucus

We next examined the structure—activity relationships of the en-
zymatic reactions using various aldehyde and acetate com-
pounds. We tested aldehydes and acetates with a benzene ring
(aromatic), as well as saturated or unsaturated aliphatic alde-
hydes and acetates. We quantified the amount of added aldehyde
or acetate (50 uM) remaining after 5 min incubation with nasal
mucus. Figure 2 shows the percentage of converted aldehyde or
acetate. Aliphatic aldehyde compounds such as octanal, heptanal,
and 2-octenal were well converted in a manner similar to benz-
aldehyde (60—80% conversion), whereas more substituted aro-
matic compounds such as vanillin and 4-hydroxy-3-methyl
benzaldehyde (4H3MBA) were converted poorly in nasal mucus.
Of the acetates, aromatic acetate compounds were well converted
to the corresponding alcohol (90-100% conversion), while ali-
phatic acetates such as isoamyl acetate, amyl acetate, and hexyl
acetate were less efficiently converted in nasal mucus (20—40%
conversion). The unsaturated aliphatic acetate 2-hexenyl acetate
was slightly more reactive (65% conversion), suggesting that the
presence of a double bond or conjugated structures is favorable
for the reaction. These results further indicate that aldehyde and
acetate are targets for enzymatic reactions. Odorants other than
aldehydes and acetates, however, are not targets for enzymatic
conversion in mucus: no apparent conversion has been observed
for alcohol, thiol, and ketone compounds tested to date.
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Figure 3.
Inhibitors for the enzymes that target
aldehydes and acetates
We next examined what types of enzymes
convert aldehydes and acetates in nasal
mucus. Various known inhibitors for
aldehyde oxidase, aldehyde reductase,
and aldehyde dehydrogenase were tested
for the aldehyde conversion reaction.
Some reagents only partially inhibited the reaction (see Dis-
cussion). For ester hydrolysis, we tested the carboxylesterase
inhibitor BNPP (Heymann and Krisch, 1967) and the carbonic
anhydrase inhibitor AZ (Maren, 1952). Data were analyzed by
calculating the conversion ratio and are presented by normal-
izing this value as a percentage of the conversion ratio without
inhibitor. BNPP exhibited dose-dependent inhibition of the
acetyl isoeugenol hydrolysis (IC5, = ~300 M), whereas AZ
had little or no effect (Fig. 4A). These results suggest that the
acetate hydrolysis is conducted by carboxyl esterase rather
than carbonic anhydrase.

For the purpose of Ca®" imaging, we determined whether
the enzyme inhibitor BNPP stays active 1 d after its application
in the nasal cavity. To do so, the nasal mucus was collected 1 d
after application of BNPP and examined for enzyme activity
by evaluating the acetyl isoeugenol-isoeugenol conversion.
No acetyl isoeugenol was detected in the nasal mucus collected
from mice treated with AZ, whereas some remained in the
mucus of BNPP-treated mice (Fig. 4B). A similar result was
observed when acetyl isoeugenol was perfused into the nasal
cavity (Fig. 4C). The amount of acetyl isoeugenol was quanti-
fied, and it was found that 5-20% was left intact without con-
version. These results suggest that, although there is some
individual variability, BNPP is still active in vivo in the nasal
cavity 1 d after injection.

The in vivo enzymatic conversions of benzaldehyde and acetyl isoeugenol in the nasal cavity. 4, Total ion chromato-
gram of the benzaldehyde sample recovered from the nasal cavity. Upper panel, Control benzaldehyde; lower panel, the sample
retrieved from the nasal cavity after perfusion. Extracted ion chromatogram of the molecular ion peak of benzoic acid (m/z 122) is
shown as the inset. Peaks for benzaldehyde, benzyl alcohol, and benzoic acid are shown by arrowheads. B, Total ion chromatogram
of the acetyl isoeugenol (AIEG) sample recovered from the nasal cavity. Upper panel, Control AIEG; lower panel, the sample
retrieved from the nasal cavity after perfusion. Peaks for AIEG and isoeugenol (IEG) are shown by arrowheads. C, Extracted ion
chromatogram of the molecular ion peaks m/z 122,108, 106, 105, 94, and 79 of the nasal mucus sample obtained from mice that
naturally inhaled benzaldehyde vapor. D, Extracted ion chromatogram of the molecular ion peak m/z 164 of the nasal mucus
sample obtained from mice that naturally inhaled AIEG vapor. The samples in € and D were analyzed by GC/MS-SIM.

Effect of the enzymatic conversion in nasal mucus on
glomerular activation patterns

To examine the effects of the conversion in nasal mucus on the
pattern of glomerular responses, we performed Ca”* imaging of
odorant responses in the olfactory bulb. We first confirmed that
glomerular activation patterns to an odorant were reproducible
and almost the same among several trials (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). We
next compared patterns of Ca** responses to acetyl isoeugenol
before and after the application of BNPP to nasal cavities (Fig.
5A).In animal #1, the glomeruli 2 and 3 were responsive to acetyl
isoeugenol regardless of the inhibitor treatment, while the glo-
meruli 1 and 4 were responsive to acetyl isoeugenol only after
BNPP treatment. In animal #2, the glomeruli 2, 3, and 4 were
responsive to acetyl isoeugenol regardless of the inhibitor treat-
ment, while the glomeruli 1 and 5 were responsive to acetyl
isoeugenol only after BNPP treatment. In animal #3, although the
intensity of responses of the glomeruli 1 and 2 to acetyl isoeuge-
nol was weaker after BNPP treatment, the glomeruli 3 became
strongly responsive after the treatment. These results suggest that
glomerular activation patterns are affected by mucosal enzymes
sensitive to BNPP. There was no effect of AZ treatment (ineffec-
tive drug as a negative control) on glomerular activation patterns
(Fig. 5B). Although we are not allowed to further discuss the
response profiles quantitatively due to the technical limitation of
this experiment, the enzymatic conversion of acetyl isoeugenol
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mucus. A, Dose-dependent inhibition by carboxylesterase inhibitor BNPP, but not by carbonic anhydrase inhibitor AZ. The mean
conversion ratio was shown as percentage = SEM (n = 3). Statistics, One-way ANOVA and post hoc test (Dunnett's test), *p <
0.05; ***p << 0.001. B, Analysis of the enzymatic activity of nasal mucus collected 1 d after application of Ringer’s solution (left
panel), AZ (middle panel), or BNPP (right panel) in the nasal cavity. €, The amount of nonconverted acetyl isoeugenol (AIEG)
remaining 1d after application of AZ or BNPP upon odorant perfusion into the nasal cavity. Statistics, One-way ANOVA and post hoc

test (Dunnett’s test), **p << 0.01.

seems to be fast enough to affect recognition of this odorant at the
level of the olfactory sensory neuron.

Effects of the enzymatic conversion on the recognition of
acetyl isoeugenol in a behavioral context

To examine the effects of the enzymatic conversion on the odor
recognition at the behavioral level, we performed an olfactory
discrimination test (Fig. 6). Food-restricted mice were trained to
associate either of the two odorants to a sugar reward. After 4 d of
training, the inhibitors were applied in the nasal cavities of the
trained mice, and on day 5, investigation times for the two odor-
ants were compared.

For a set of odorants that were not targets for enzyme conver-
sion, such as eugenol and pentanol, we could successfully train
the mice to discriminate the sugar-associated odorant from
another odorant regardless of the presence or absence of the in-
hibitors (Fig. 6A). Thus, mice spent more time with a sugar-
associated odorant (i.e., eugenol in Fig. 6A left panel, and
pentanol in Fig. 6 A right panel). Next, we performed the test with
an odor that was not converted (eugenol in Fig. 6 B-1, pentanol in
Fig. 6 B-2, 2-heptanone in Fig. 6 B-3) versus acetyl isoeugenol that
is a target for enzyme conversion (Fig. 6 B). Mice trained with a
not-converted odor could discriminate it even with inhibitor
treatment (Fig. 6 B, left panels). When mice were trained with
acetyl isoeugenol, the control or AZ-treated mice could discrim-
inate the sugar-associated acetyl isoeugenol, while mice treated
with BNPP spent significantly less time investigating acetyl

by the pharmacology of each OR (Kajiya
et al., 2001; Katada et al., 2005), and
therefore, it has been thought that the
odorant—-OR matrices obtained by in
vitro ligand-receptor pairing experi-
ments would reveal the entire view of in
vivo odor coding maps. In this study, we
demonstrated that metabolic enzymes
in the nasal mucus immediately attack odorants that enter
from the nasal cavity space, leading to a decrease in the
amount of the original odorant and the formation of metabo-
lites in the mucus before binding to the receptors. We propose
that, because of this enzyme-mediated biotransformation pro-
cess, mice were not decoding information for the original
odorant but sensing the mixture of the original odorant and
metabolites. Therefore, in vitro odor receptor matrices some-
times do not reflect the receptor code for each odorant in vivo.

In general, the role of mucus is to protect the epithelium or
body surface exposed to external environments against dryness.
For example, a decrease of mucus secretion causes disorders like
dry eye (Paulsen, 2006) and xerostomia (dryness of the mouth)
(Thelin et al., 2008). Other roles include protection against
infection by microorganisms or damage by harmful chemical
compounds. The mucus, therefore, contains various xenobi-
otic metabolic enzymes (Débat et al., 2007). The nasal mucus
is not the exception; the olfactory epithelium as well as nasal
and Bowman’s glands secrete various metabolic enzymes such
as cytochrome P450, dehydrogenases, oxidases, reductases, and
esterases that degrade various chemicals coming from the outside
world (Bogdanffy et al., 1987; Thornton-Manning et al., 1997;
Kimoto et al., 2004; Kurosaki et al., 2004; Mayer et al., 2009). It
has been demonstrated that xenobiotic metabolic reactions occur
inside of mucosal cells, but it was not clear whether they occurred
in the mucus. In this study, we have shown that enzyme-
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Comparison of odorant-evoked glomerular activation patterns stimulated with acetyl isoeugenol before and after the application of inhibitor. A, Glomerular Ca®* responses to acetyl

isoeugenol (AIEG) before/after the application of BNPP shown as pseudocolored images. Left, Fluorescent image of the olfactory bulb. Middle images, Pseudocolored images of the olfactory bulb
before and after the application of BNPP showing the glomerular activation patterns; red corresponds to the greatest response. The data from three animals (#1, #2, #3) are shown. Right, Schematic
illustrations of glomerular activation patterns in pseudocolored images. The filled circles indicate glomeruli activated by AIEG, while the glomeruli with open circles are the ones that responded to
AIEG only after BNPP application. Some extra glomeruli are activated by AIEG after BNPP treatment. B, Glomerular Ca2* responses to acetyl isoeugenol (AIEG) before/after the application of AZ
shown as pseudocolored images. Left, Fluorescent image of the olfactory bulb. Middle images, Pseudocolored images of the olfactory bulb before and after the application of AZ showing the
glomerular activation patterns. The data from two animals (#4, #5) are shown. Right, Schematic illustrations of glomerular activation patterns in pseudocolored images. The filled circles indicate

glomeruli activated by AIEG. There was no effect of AZ treatment on glomerular activation patterns.

mediated conversion of odorants does indeed occur in the nasal
mucus, and also that these reactions appear to affect olfactory
recognition at the level of olfactory sensory neurons as well as
olfactory perception at the behavioral level.

Because olfactory neurons expressing the same olfactory re-
ceptors converge onto fixed glomeruli, it has been believed that
the odorant—OR matrices obtained from in vitro receptor char-
acterization exactly reflect the activation patterns in the olfactory
bulb. However, the ligand specificity of an OR expressed in het-
erologous systems in vitro is sometimes different from that in the
olfactory bulb (Oka et al., 2006). In the optical imaging experi-
ments, it has been empirically noticed that bulbar activation pat-
terns of some odorants such as heptyl aldehyde and benzaldehyde
vary significantly among multiple trials even in the same individ-
ual (Fried et al., 2002). In these cases, consistent bulbar activation

patterns are only observed after washing the nasal cavity with
Ringer’s solution (Oka et al., 2006). Thus, these observations can
be explained by the presence of metabolizing enzymes and by the
difference in the conversion efficiency in nasal mucus at each
recording condition.

The amount of secreted proteins in the nasal mucus may de-
pend on the metabolic or reproductive status of the individual.
For example, OBP-1F secretion is shown to be downregulated
following food deprivation (Badonnel et al., 2007). Similarly, it is
possible that the amount of odorant metabolizing enzymes in
nasal mucus may vary depending on physiological conditions.
Also, age-related progression of lesions has been observed in the
Bowman’s gland in olfactory mucosa (Kondo et al., 2009), which
may affect the amount of mucosal enzymes. The expression levels
of these enzymes may be different between races, as was found for
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Effects of enzymatic conversion on the recognition of acetyl isoeugenol (AIEG) in a behavioral context. Mice were

trained for 4 d to associate a reward (sugar grains) with either of two odorants. After 4 d of training, BNPP or AZ was applied to the
nasal cavities of the mice. On day 5, investigation times were measured for each pair of odorants without the sugar reward. Mean
investigation times (in seconds) == SEM during the 2 min test period are shown as bar graphs for odorants paired with the sugar
reward [odor (+), gray bars], and unpaired odorants [odor (—), white bars]. A, Eugenol (EG) versus pentanol; B, EG versus AIEG;
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aldehyde dehydrogenase (Chen et al,
1991). The difference in olfactory percep-
tion to the same odorant under different
hormonal conditions (Doty and Cam-
eron, 2009; Prud’homme et al., 2009),
along with aging (Ship and Weiffenbach,
1993), or between races (Doty et al., 1985;
Jones et al., 1995) may be due to differ-
ences in the composition of the mucosal
components. The unraveled role of the
nasal mucus as a place for odorant bio-
transformation may shed light on indirect
effects of an endocrine condition on odor
perception, and thus may provide a tool to
monitor physiological change in each
individual.

In this study, we found that, in nasal
mucus, aldehydes were converted to alco-
hols and acids. To determine which en-
zyme is involved in these reactions, we
tested various inhibitors. Aldehyde oxi-
dase inhibitors such as SKF525A and ben-
zamidine did not inhibit the reaction,
while an aldehyde reductase inhibitor,
3,5-dichlorosalicylic acid, partially inhib-
ited the acid formation, and aldehyde de-
hydrogenase inhibitors such as cyanamide
and citral also exhibited only partial in-
hibitory activity. Although both aldehyde
dehydrogenase and oxidase have been
shown to be secreted from Bowman’s
glands in the olfactory epithelium (Kuro-
saki et al., 2004; Débat et al., 2007), the
type of enzymes that act as metabolic en-
zymes for aldehyde odorants remains to
be determined. For the ester conversion,
our results suggest that carboxyl esterase,
but not carbonic anhydrase, is likely in-
volved in the reaction. Consistently, it has
been reported that carboxyl esterase activ-
ity in the olfactory mucosa is much higher
than that in the respiratory mucosa (Bog-
danffy et al., 1999).

The nasal mucus has also been impli-
cated in the process for dissolving hydro-
phobic odorant molecules, transporting
them to receptor sites, and finally degrad-
ing and removing the excess odorants.
Indeed, the olfactory mucus contains so-
called odorant binding proteins that bind
odorant molecules. Odorant—odorant
binding protein complexes have been re-
ported to be internalized into sustentacu-
lar cells (Brose et al., 2009). In addition,

<«

B-2, pentanol versus AIEG; B-3, 2-heptanone versus AIEG; C,
IEG versus AIEG. Statistics, Paired t test was used for two re-
lated samples (pair of odorants in each group); *p << 0.05,
*¥p < 0.01 (black asterisk). Non-repeated-measures ANOVA
for three independent groups (control, AZ, BNPP group) and
post hoc test (Dunnett’s test), *p << 0.05, **p << 0.01 (gray
asterisk).
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the sustentacular cells express organic anion transporters that
take up carbonic acids from the mucus (Monte et al., 2004; Kaler
et al., 2006). This activity could explain our observation that the
amount of benzoic acid found in the nasal cavity in vivo upon
benzaldehyde inhalation is much less than that found in in vitro
experiments using isolated mucus. It may also explain why some
aliphatic alcohols were recovered in only minute quantities from
the nasal cavity. The nasal mucus thus appears to play a critical
role not only in efficiently absorbing odorants from the air space
in the nasal cavity, but also in removing them to prepare for the
next odor stimuli.

In conclusion, we have demonstrated that mucosal enzymes
metabolize odorants with an aldehyde or acetate functional
group, and as a consequence, mice perceive the odorant as a
mixture of the original odorant and its metabolites. The effect of
prereceptor enzymatic events in the mucus on odor perception is
likely a common “epiphenomenon” among mammals. Indeed, a
recent study in humans demonstrated that inhibitors of human
nasal enzymes influence the quality of odorants (Schilling et al.,
2007). The current study proposes the intriguing notion that our
olfactory sense is sometimes deceived because of the mucus.
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