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Detection and Masking of Spoiled Food Smells by Odor Maps
in the Olfactory Bulb
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Two major causes of spoiled food smells such as fatty, fishy off-flavors are alkylamines liberated by bacterial actions and aliphatic
acids–aldehydes generated by lipid oxidation. Using the method of intrinsic signal imaging, we mapped alkylamine-responsive glomeruli
to a subregion of the aliphatic acid-responsive and aldehyde-responsive cluster in the odor maps of rat olfactory bulb. Extracellular
single-unit recordings from mitral–tufted cells in the subregion showed that individual cells responded to the alkylamines in addition to
acids and aldehydes. Responses of mitral–tufted cells tended to last for a long period (5– 88 sec) even after the cessation of the alkylamine
stimulation. These results suggest that the subregion is part of the representation of the fatty, fishy odor quality. Fennel and clove, spices
known to add flavor and mask the fatty, fishy odor, activated glomeruli in the surrounding clusters and suppressed the alkylamine-
induced and acid–aldehyde-induced responses of mitral cells, suggesting that the odor masking is mediated, in part, by lateral inhibitory
connections in the odor maps of the olfactory bulb.
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Introduction
The olfactory bulb (OB) is the first center of odor information
processing in the mammalian brain, and it is covered by a few
thousand glomeruli. Individual glomeruli represent a single
odorant receptor (OR) (Buck, 2000). Thus, the glomerular sheet
of the OB forms two maps of ORs (Buck, 1996; Mori et al., 1999).
Although the knowledge of odorant-evoked activity maps (odor
maps) is rapidly accumulating (Uchida et al., 2000; Leon and
Johnson, 2003; Xu et al., 2003; Takahashi et al., 2004), neuronal
mechanisms by which odors interact at the level of odor maps in
the OB are not well understood. A good model for the interaction
is how an objectionable odor is masked by a pleasant odor.

Unpleasant off-flavor odors play a key role in detecting
spoiled food and thus in avoiding the ingestion of toxins pro-
duced by food-borne micro-organisms. A sensitive marker of
meat spoilage is the distinct unpleasant odor of amines that are
produced by the decarboxylation of free amino acids in the fish
and meat caused by to bacterial enzymes (Reineccius, 1991; Ashie
et al., 1996; Silla Santos, 1996; Gram et al., 2002). For example,
decarboxylation of leucine produces isopentylamine that has
fatty, fishy odor, whereas that of lysine produces cadaverine with
rancid, fishy odor of decaying meat (Fig. 1). Repellent nature of
alkylamines was shown also in rats (Dielenberg and McGregor,
2001). Other major fatty, fishy off-flavors are the aliphatic acids
and aldehydes that are generated by lipid oxidation of meat and

dairy products (Hughes, 1960; Forss, 1964; Shipe et al., 1978;
Badings, 1991; Mottram, 1991; Nijssen, 1991; Ashie et al., 1996;
St. Angelo, 1996) (Fig. 1).

Using the method of intrinsic signal imaging (Rubin and Katz,
1999; Uchida et al., 2000; Meister and Bonhoeffer, 2001; Taka-
hashi et al., 2004), we thus mapped the dorsal and dorsolateral
parts of the glomerular sheet for alkylamine odorants that have
unpleasant fatty, fishy odor, and for spice odorants that is known
to mask the fatty, fishy odor. We then recorded single-unit activ-
ity from mitral cells and examined the effect of spice odorants to
the alkylamine-induced responses of mitral cells. The results are
consistent with the hypothesis that the spice odor maps interfere
with the alkylamine odor maps, presumably through lateral in-
hibitory connections in the OB.

Materials and Methods
Twenty-three male Wistar rats (200 –300 gm) were used in this study. All
experiments were performed in accordance with the guidelines of the
Physiological Society of Japan and the animal experiment committee of
the University of Tokyo.
Intrinsic signal imaging and data analysis. Eleven rats were anesthetized
with medetomidine (0.5 mg/kg, i.p.), ketamine (67.5 mg/kg, i.p.), and
pentothal sodium (25 mg/kg, i.p.), in that order, and the skull overlying
the dorsal and dorsolateral surfaces of the OB was removed (Takahashi et
al., 2004). The exposed surface was covered with 1.5% agarose gel and
glass slip.

The optical imaging device and the experimental procedures for the
measurement of intrinsic signals were described in detail previously
(Uchida et al., 2000). Light reflectance from the surface of the OB (705
nm wavelength light illumination) (Meister and Bonhoeffer, 2001) were
captured using a CCD camera (CS8310; TELI, Tokyo, Japan), digitized,
and stored with a Pentium PC using a frame grabber board (Pulsar;
Matrox, Quebec, Canada). We imaged a 4.2 � 3.1 mm region with a
spatial resolution of 320 � 240 pixels (after 2 � 2 binning). For each
recording trial, data were collected for 8 sec with a frame duration of 500
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msec (16 frames/trial). Odorant stimulation was applied from the begin-
ning of the fourth to the end of the sixteenth frame. Individual odorants
were tested more than four times per animal.

Images were analyzed using IDL (Research Systems, Boulder, CO) and
MetaMorph (Universal Imaging, West Chester, PA) software. Images of
odorant-induced responses were obtained by dividing the magnitude of
signals acquired during odorant stimulation (in most cases, frames 10 –
16) by that acquired before stimulation (frames 1– 4). A Gaussian spatial
filter was used to eliminate nonspecific global darkening and high-
frequency noise of the differential image (cutoff frequencies, � �
20.0/mm for high cut and � � 0.2/mm for low cut). To analyze the
odorant response specificity of individual glomeruli, hypothetical glo-
meruli (150 �m in diameter) were set on the center of dark spots, and the
mean pixel value was measured. Glomerular activity was calculated by
subtracting the prestimulus baseline value. The intensity of glomerular
activity was classified into four levels: 0.040 – 0.055% change in light
intensity is weak (the smallest circle in Fig. 3A), 0.055– 0.070% is modest
(a small circle), 0.070 – 0.085% is strong (a large circle), and �0.085% is
very strong (the largest circle).

Extracellular single-unit recording. Twelve rats were anesthetized with
urethane (1.2 gm/kg, i.p.). After exposure of the dorsal surface of the OB,
a recording glass micropipette (10 –15 M� DC resistance; filled with 4 M

NaCl) was inserted into the dorsomedial region for the extracellular
single-unit recording. A stainless concentric electrode was inserted in the
lateral olfactory tract (LOT) for electrical stimulation (100 �sec in dura-
tion). Respiratory rhythms were detected using a strain gauge attached
around the animal’s chest (652-T; Nihon Kohden, Tokyo, Japan). The
recorded signals were stored in the computer via analog-to-digital
converter with spike2 software (Cambridge Electronic Design, Cam-
bridge, UK).

The magnitude of the odorant-evoked response was calculated by sub-
tracting the number of spikes that occurred during 2 sec before the stim-
ulus onset from the number of spikes that occurred during 2 sec after the
stimulus onset. Each odorant was tested more than three times per unit.
Then the averaged magnitude of the odorant-evoked response and their
SEM were calculated. For the estimation of the fluctuation of spontane-
ous discharges, the number of spikes that occurred from 5 to 3 sec and 3
to 1 sec before stimulus onset was counted. The magnitude of fluctuation
of spike frequency was calculated by subtracting the former from the
latter. We averaged the spontaneous fluctuations and determined the SD
of the spontaneous fluctuation for each cell. When odorant responses
were �2 SD, we considered them significant.

Odorants and odorant stimulation. Odorants were purchased from
Sigma (St. Louis, MO), Tokyo Kasei Organic Chemicals (Tokyo, Japan),
and Nacalai Tesque (Kyoto, Japan) and yielded by T. Hasegawa Com-
pany, Ltd. (Tokyo, Japan). Aliphatic amines, aliphatic acids, and ali-
phatic aldehydes were diluted to 1:50 (v/v) with the odorless mineral oil.
Odorant stimulation was performed by placing the opening of an
odorant-containing test tube at a distance of 10 mm from the animal’s
nostril.

To check the concentration of tested odorants, we sampled the five
representative odorants at the tip of the animal’s nostril that was 10 mm

distant from the opening of the odorant-containing test tube. Gas chro-
matographic analysis showed the following concentrations: hexanoic
acid, 0.13 � 0.06 ppm (mean � SD); hexanal, 0.63 � 0.15 ppm; hexy-
lamine, 1.33 � 0.25 ppm; trans-anethole, 0.13 � 0.06 ppm; and eugenol,
0.17 � 0.06 ppm.

Results
Alkylamine-responsive glomerular clusters
A homologous series of alkylamines (C4-C8 NH2) activated a
large cluster of glomeruli in the anteromedial part and a small
cluster of glomeruli in the posteromedial part of the dorsal sur-
face of the OB (Fig. 2A,B). Methylamine (Fig. 2C) and trimeth-
ylamine, both of which having an ammonia-like note, selectively
activated a few glomeruli at the posteromedial cluster (white
arrowhead).

Because the positions of amine-responsive glomeruli exten-
sively overlapped with those of the aliphatic acid-responsive and
aliphatic aldehyde-responsive glomeruli (Fig. 2D,E) (Uchida et
al., 2000; Takahashi et al., 2004), we examined in detail with the
optical imaging method whether individual amine-responsive
glomeruli respond also to aliphatic acids and aldehydes. Figure
3A shows the odorant response specificity of individual glomeruli
(numbered from 1 to 53) in a rat OB to a systematic panel of
odorants containing homologous series of aliphatic amines (or-
ange), acids (red), and aldehydes (blue). The positions of indi-
vidual glomeruli listed in Figure 3A are shown by circles with
glomerulus number in the diagram of the dorsal surface of the OB
in Figure 3B. Figure 3C shows the results of the mapping in the
OB of another rat. In all seven rats examined, the alkylamine-
responsive glomeruli were activated also by aliphatic acids and

Figure 1. Two major fatty, fishy off-flavors in foods. Left column, Bacterial decarboxylation
of free amino acids produces amines. Right column, Oxidative degradation of lipids produces
aliphatic acids and aliphatic aldehydes.

Figure 2. Alkylamines activate a large cluster of glomeruli in the anteromedial part and a
small cluster of glomeruli in the posteromedial part of the dorsal OB. A–F, Optical images of
intrinsic signals in response to hexylamine ( A), isopentylamine ( B), methylamine ( C), hexanoic
acid ( D), hexanal ( E), and leucine ( D). The molecular structure of each odorant is shown in the
inset. Dashed line in A indicates the estimated position of midline of the rat brain. White arrow-
heads in B and C indicate the position of amine-responsive glomeruli in the posteromedial
cluster. Scale bar, 500 �m.
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aldehydes, and the large anteromedial
cluster of alkylamine-responsive glomer-
uli (surrounded by a green line with an
arrowhead) was always located within the
aliphatic acid–aldehyde-responsive cluster
(surrounded by a red line with an arrow)
(Fig. 3B,C). In addition, a small cluster of
glomeruli (Fig. 3B,C, surrounded by a
green line with an asterisk) that responded
to amines with short carbon chain, cadav-
erine, and trimethylamine was consis-
tently observed at the posteromedial part,
which was caudally adjacent to the ali-
phatic acid-responsive and aldehyde-
responsive cluster (Fig. 3A–C).

Individual mitral–tufted cells respond
to three structurally different classes
of odorants
Individual mitral–tufted cells in the OB
are connected by a single primary dendrite
to a single glomerulus and receive olfac-
tory axon input within the glomerulus
(Shepherd and Greer, 1998). If a single
glomerulus is activated by the amines, al-
dehydes, and acids, mitral–tufted cells be-
longing to the glomerulus would respond
to all three structurally different classes of
odorants. We examined this possibility by
recording the single-unit activity from
mitral–tufted cells in the anteromedial alky-
lamine-responsive cluster. As shown in Fig-
ure 3D, individual mitral–tufted cells in the
cluster responded with increased spike dis-
charges to a subset of aliphatic amines, a sub-
set of aliphatic aldehydes, and a subset of al-
iphatic acids. We noted that, in many
mitral–tufted cells (32 of 67 U), responses to
alkylamines lasted for a long period (5–88
sec; mean, 23 sec; n � 32) even after cessa-
tion of the odor stimulation (Fig. 3E).

Because amino acids have both a car-
boxyl group and an amino group in their
molecular structure (Fig. 1) and can acti-
vate ORs in fish (Friedrich and Korsching,
1997), we examined whether the glomeruli
that respond to both aliphatic acids with a
carboxyl group and amines with an amino
group respond to amino acids. Optical im-
aging from the dorsal OB showed that the
amine-responsive and aliphatic acid-
responsive glomeruli did not respond to
glycine, alanine, valine, leucine, or isoleu-
cine (Figs. 2F, 3A). Thus, the glomeruli in the anteromedial clus-
ter do not detect amino acids, but selectively detect their de-
graded compounds: amines, aldehydes, and acids.

Masking of fatty, fishy off-flavor
In cooking, a variety of spices are commonly used to add flavor
and reduce any unpleasant fatty, fishy off-flavor. Fennel, for ex-
ample, is known to mask the off-flavor and is called “the fish
herb.” Clove also is known to reduce the fatty, fishy off-flavor of
meat and fish. We used the optical imaging method to map the

glomeruli that responded to the odors of fennel oil or clove oil in
the dorsal and dorsolateral surfaces of the OB, and we found that
the spices activated clusters of glomeruli that were located near
the anteromedial alkylamine-responsive cluster. Fennel and its
major component trans-anethole activated clusters of glomeruli
that were located lateral to the alkylamine-responsive cluster
(Fig. 4C,D,G). The clusters of glomeruli that responded to clove
oil and its major component eugenol overlapped in part with the
fennel-responsive clusters and surrounded the amine-responsive
cluster (Fig. 4E–G).

Figure 3. Individual glomeruli and mitral–tufted cells in the anteromedial cluster respond to three structurally different
classes of odorants. A, The odorant-response specificity of glomeruli in the anteromedial cluster (1– 46 in B) and in the postero-
medial cluster (47–53 in B). The left column indicates the stimulus odorants. Top row indicates glomerular number. The glomer-
ular number corresponds to that shown in B. Responses were classified into four types: very strong (the largest circle), strong (a
large circle), modest (a small circle), and weak (the smallest circle). Open box indicates no response. B, Spatial arrangement of
glomeruli listed in A on a dorsal surface of the OB of a rat. The odorant response specificity of each glomerulus is shown in A. Red,
blue, and orange indicate aliphatic acid-responsive, aliphatic aldehyde-responsive, and amine-responsive glomeruli, respec-
tively. C, Spatial arrangement of amine-responsive, acid-responsive, and aldehyde-responsive glomeruli in the dorsal surface of
another rat OB. Dashed lines in B and C indicate the estimated position of the midline. Scale bar, 500 �m. D, Odorant-evoked spike
responses of a mitral cell to hexanoic acid, hexanal, and hexylamine. E, Spike-frequency histogram (1 bin is 500 msec) of the
responses of a mitral cell to heptylamine stimulation.
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Mitral cells extend their secondary dendrites tangentially for a
long distance and receive lateral inhibition via local interneurons
connected to mitral cells in the neighboring clusters (Aungst et
al., 2003; Nagayama et al., 2004). This suggested the hypothesis
that the alkylamine-induced responses of mitral cell in the an-
teromedial cluster might be suppressed by activation of mitral
cells in the neighboring fennel-responsive and clove-responsive
clusters. To examine this possibility, we recorded single-unit ac-
tivity from mitral cells in the alkylamine-responsive and
aldehyde–acid-responsive anteromedial cluster and examined
the responses of the mitral cells to fennel sweet oil, trans-

anethole, clove oil, and eugenol. The mi-
tral cell in Figure 4H responded with pro-
longed spike discharges to hexylamine.
The spike discharges were temporarily
suppressed when fennel sweet oil or its
major component trans-anethole was ap-
plied to the nose. Figure 4 I shows the re-
sponses of another mitral cell to the spices
and their major components. This cell was
activated by heptylamine, and in addition
was strongly suppressed by trans-anethole,
fennel sweet oil, eugenol, and clove oil.

In 14 mitral cells of 33 cells examined,
alkylamine-induced responses were
clearly suppressed by at least one of the two
spices and their major components. These
results suggest that fennel and clove odors
activate glomeruli in the neighboring clus-
ters and then suppress the activity of mitral
cells in the amine-responsive and
aldehyde–acid-responsive cluster via the
lateral inhibitory connections in the local
neuronal circuit of the OB.

Discussion
In the present study, we showed that alky-
lamine activated a large cluster of glomer-
uli in the anteromedial part and a small
cluster of glomeruli in the posteromedial
part of the dorsal OB. The alkylamine-
responsive glomeruli in the anteromedial
cluster responded to aldehydes with
medium-to-long carbon chains (mainly
C5-C10 CHO), and especially strongly to
hexanal and heptanal. The odors of hex-
anal and heptanal contain a fatty, fishy
note, and they are major components of
the fatty, tallowy, fishy off-flavor associ-
ated with oxidative degradation of lipids in
meats and seafoods (Mottram et al., 1982;
St. Angelo et al., 1987; Josephson, 1991;
Nijssen, 1991; Refsgaard et al., 1999). cis-
4-heptenal, for example, has been recog-
nized for years to be responsible for the
fishy off-flavor of cold-stored cod and but-
ter (McGill et al., 1974; Josephson, 1991).
The alkylamine-responsive glomeruli
were activated also by aliphatic acids with
medium-to-long carbon chains (C5-C10
COOH), including hexanoic acid and hep-
tanoic acid. These acids also have rancid,
fatty, fishy notes. Extracellular single-unit
recording study showed that individual

mitral–tufted cells in the anteromedial cluster responded not
only to aliphatic acids and aldehydes but also to alkylamines.
Thus, individual glomeruli and individual mitral–tufted cells in
the anteromedial cluster responded to the three structurally dif-
ferent classes of odorants that have different odors but have a
fatty, fishy note in common. These results suggest that the antero-
medial amine-responsive cluster of glomeruli participate in the
representation of the fatty, fishy odor quality and corroborate the
hypothesis that glomerular clusters in the OB may participate in
the topographic representation of odor quality (Uchida et al.,

Figure 4. Odors of spices activate neighboring clusters and suppress spike activity of alkylamine-responsive mitral cells. A–F,
Glomerular responses elicited by hexanoic acid ( A), hexylamine ( B), trans-anethole ( C), fennel sweet oil ( D), eugenol ( E), and
clove oil ( F). G, Superimposed map of optically recorded responses to hexanoic acid (red line), hexylamine (orange line), trans-
anethole (blue line), fennel sweet oil (pale blue dashed line), eugenol (green line), and clove oil (green dashed line). Dashed black
lines in A and G indicate the estimated position of midline. Scale bars: A (for A–F ), G, 500 �m. H, Odorant-evoked spike discharges
of a mitral cell in response to hexylamine, fennel sweet oil, and trans-anethole. Top row shows the spike-frequency histogram (1
bin is 400 msec) of the mitral cell response. Odorant stimulation was indicated by color bars. Middle trace shows single-unit spike
discharges, and the bottom trace is the monitor of the respiratory rhythm (upward deflection is inhalation). I, Response properties
of a mitral cell to heptylamine, trans-anethole, fennel sweet oil, eugenol, and clove oil. y-axis indicates the increase (open bar) or
decrease (filled bar) of the spike discharge rate during odorant-stimulation in comparison with that during prestimulation period.
Dotted line indicates the 2 SD of fluctuation of spontaneous spike discharges. Suppressive responses �2 SD levels are shown by
(�).
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2000; Takahashi et al., 2004). Interestingly, many mitral–tufted
cells showed prolonged afterdischarges even after the cessation of
the alkylamine stimulation (Fig. 3E). Besides the anteromedial
and posteromedial clusters in the dorsal OB, alkylamines acti-
vated also a cluster of glomeruli in the lateral surface of the OB (K.
M. Igarashi and K. Mori, unpublished data). This suggests that a
specific combination of several clusters in the glomerular map
handles information about alkylamine odorants.

Because fennel and clove are commonly used to mask fatty,
fishy off-flavor in meat and fish, we examined whether odors of
the spices suppress the activity of alkylamine-responsive mitral
cells. Extracellular single-unit recordings in the anteromedial
cluster showed that the activities of some alkylamine-responsive
mitral cells were suppressed by the odors of the spices and their
major components (Fig. 4H,I). These results indicate that the
lateral inhibitory connections in the odor maps participate in the
spices’ masking of the fatty, fishy off-flavor, although this does
not deny the possibility that the masking is mediated also at the
level of olfactory sensory neurons or at the levels of higher olfac-
tory centers, including the olfactory cortex. We previously re-
ported that aliphatic acid-responsive and aldehyde-responsive
mitral cells in the anteromedial cluster were inhibited by specific
odorants that were effective in activating glomeruli in the sur-
rounding clusters (Nagayama et al., 2004). This suggests that
these odorants besides the two spice odorants can participate to a
certain degree in the masking of the fatty, fishy off-flavor. How-
ever, the range of odorants that interfere with the alkylamine
responses of mitral cells remains to be determined.

It is likely that there are also alkylamine-responsive clusters and
spice odorant-responsive clusters in other parts of the OB, and that
together they constitute the global patterns that interact to produce
the behavioral results of repellant and attractive odors and the mask-
ing between them. Further recordings of alkylamine-induced re-
sponses from mitral–tufted cells in the clusters other than the an-
teromedial cluster are necessary to examine whether odors of the
spices suppress the alkylamine-induced activity.

The glomerular clusters with specific odorant response selec-
tivity are stereotypically and systematically arranged in the odor
maps of the rat OB (Uchida et al., 2000; Leon and Johnson, 2003;
Xu et al., 2003; Takahashi et al., 2004). The spatial arrangement of
the glomerular clusters and intensive interactions among mitral
cells in the neighboring clusters may thus be important determi-
nants for the mechanisms of mitral cell responses to the complex
mixture of odorants (Nagayama et al., 2004). Given the parallels
between humans and rats in the detection and masking of the
fatty, fishy off-flavor, we speculate that the spatial organization of
odor maps in the OB is basically similar between the two omniv-
orous mammals. If so, the manner of human perception of and
emotional reaction to complex mixtures of odorants that occur in
foods and beverages and in the natural environment may depend
critically on the spatial organization of the odor maps in the OB.
Indeed, odor masking of a particular pair of odorants, which was
known in human psychophysical studies, is also observed in be-
havioral study of rat (Laing et al., 1989). Detailed knowledge of
the odor maps in the rodent and human OB thus would provide
an important basis for the science of foods and cooking (Shep-
herd, 2003).
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