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Neural activity at the human olfactory epithelium
reflects olfactory perception

Hadas Lapid!?, Sagit Shushan!-3, Anton Plotkin!, Hillary Voet*, Yehudah Roth?, Thomas Hummel®,
Elad Schneidman! & Noam Sobel?

Organization of receptive surfaces reflects primary axes of perception. In vision, retinal coordinates reflect spatial coordinates.
In audition, cochlear coordinates reflect tonal coordinates. However, the rules underlying the organization of the olfactory
receptive surface are unknown. To test the hypothesis that organization of the olfactory epithelium reflects olfactory perception,
we inserted an electrode into the human olfactory epithelium to directly measure odorant-induced evoked responses. We found
that pairwise differences in odorant pleasantness predicted pairwise differences in response magnitude; that is, a location

that responded maximally to a pleasant odorant was likely to respond strongly to other pleasant odorants, and a location that
responded maximally to an unpleasant odorant was likely to respond strongly to other unpleasant odorants. Moreover, the extent
of an individual’s perceptual span predicted their span in evoked response. This suggests that, similarly to receptor surfaces for

vision and audition, organization of the olfactory receptor surface reflects key axes of perception.

Receptive surfaces have evolved to optimally encode the sensory
scene. Thus, their organization typically reflects key perceptual axes
relevant to their function. For example, vision is spatial, and retinal
coordinates reflect spatial coordinates!. Audition is tonal, and coch-
lear coordinates reflect tonal coordinates?. In contrast, the perceptual
axes of olfaction are poorly understood, and organizational coordi-
nates of olfactory epithelium have yet to be linked to perception.

In rodents, the ~1,200 olfactory receptor subtypes are spatially seg-
regated in four zones along a dorso-ventral epithelial axis, grouped by
gene subfamily®. Although initial observations suggested that receptor
subtypes are randomly distributed in each zone, later observations
revealed both zonal overlap* and non-stochastic organization in a
zone®. The functional importance associated with the dorso-ventral
zonal organization, as well as its persistence across mammalian
species, is unclear. For example, humans express ~12 million copies®
of ~400 intact receptor subtypes’, and very little is known regarding
their spatial distribution in the adult nose.

Although several expression studies in rodents have suggested that
receptor subtypes are randomly distributed in a zone, most functional
studies have found potential order in the organization of the olfactory
receptive surface. Such order was first suggested by the finding that
precisely directing the same odorant at different portions of the epi-
thelium generates different response patterns at the bulb®. Moreover,
directly measuring epithelial response both electrically and optically
revealed odorant-dependent spatial patterns of epithelial activa-
tion®~14. These patterns may be partly imposed, reflecting a chroma-
tographic-like interaction of odorant sorption and clearance in the
mucosa!>!6, and partly inherent, reflecting meaningful topographical

dispersion of receptor subtypes as a function of their tuning curves'2.

However, whether imposed, inherent or a combination of both, the
axes underlying this order remain unknown.

A large body of research has suggested that odorant pleasantness
is the primary perceptual axis of human olfaction!”-2!. Note that the
term pleasantness is used here to describe an axis ranging from very
unpleasant to very pleasant, an axis that is also referred to as odor
valance, or odor hedonic tone. Recently, we linked this axis to odorant
structure!® and to neural responses obtained (by others??) in human
olfactory receptors in vitro?®. Given that single olfactory receptor
subtypes reflect perception?4, we set out to test the hypothesis that
in olfaction, similarly to other distal senses, receptors are grouped in
accordance with a key perceptual axis, namely pleasantness.

There are two approaches to examining the organization of a recep-
tive surface. One is to keep the stimulus constant and to systematically
span the receptive surface. The second is to keep the location at the
receptive surface constant and to systematically span the stimulus
space. Ideally, one would use both approaches. However, because
the human olfactory epithelium is a highly variable and convoluted
structure, whose boundaries cannot be determined by endoscopic
guidance?’, we used the second approach alone. We placed an elec-
trode at a responsive location on the upper portions of the middle
turbinate (Fig. 1a—c) and recorded an odorant-induced sum of gener-
ated potentials referred to as an electro-olfactogram (EOG; Fig. 1)%.
We then delivered odorants selected to span stimulus space. We found
that different recording sites were differently tuned, implying that
dispersion of receptor subtypes is not both uniform and random.
Moreover, distances in the EOG response correlated with distances
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Figure 1 Experimental scheme. (a) Experimental a
setup. Subject was positioned in the non-invasive
stereotactic device. The EOG electrode (fixed

with holding bar in front of the nose) and heated
olfactometer tube were inserted into the left

nostril. EOG reference electrodes were placed

on the nasal bone and left earlobe. Eye motion

was recorded from above the left supraorbital

area. (b) Sagittal section of the human nasal

cavity, including the inferior, middle and superior

turbinates. The approximate boundaries of the d
olfactory epithelium are marked in purple and 3 2
the boundaries from which EOG recordings g

were obtained are overlaid in dark blue. § g 0
(c) Endoscopic view of an EOG recording in a e
right nostril. On the right is the septum, and the £%-20
shiny body is the middle turbinate, onto which § _40

the EOG electrode was nestled. (d) Three sets
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indicate the first set (n = 12), blue squares indicate the second set (n = 16) and red circles indicate the third set (n = 13). The odorants are plotted
against a dataset of 2,993 odorants. For odorant specifications, see Table 1. (e) ORN collision count. Based on the birthday problem in probability
theory, we calculated the expected number of different receptor subtypes expressed in increasing sample populations of ORNs given a random uniform
distribution. At ~2,000 neurons, we reached the maximal number of different receptor subtypes with a probability of 95%. (f) Average EOGs from

16 subjects (thin lines), as well as grand average (thick lines) for the odorants vanillin (Van, black) and ammonium sulfide (AmS, red). Inlay is AUC

and error bars represent within-subject sum of squares between conditions.

in odorant pleasantness; that is, a location that responded maximally
to a pleasant odorant was likely to respond strongly to other pleasant
odorants, and a location that responded maximally to an unpleasant
odorant was likely to respond strongly to other unpleasant odorants.
Finally, the extent of an individual’s perceptual span predicted their
span in evoked response; that is, individuals who perceived big differ-
ences across odorants also had big EOG differences across odorants.
These results combined to suggest that, as with other distal senses,
organization of the olfactory receptor surface in part reflects olfac-
tory perception.

RESULTS

The statistics of the EOG response call for about five repetitions per
odorant and a 45-s inter-stimulus interval?®?’, A volunteer can rarely
remain motionless in the non-invasive stereotactic device (Fig. 1a)
for more than 2 h. Given that it takes up to an hour to place the
apparatus in the nose and find a responsive location, we could only
apply up to six different odorants in each experiment. We therefore
used three batches of six odorants (Table 1), with each batch being
applied to a separate group of, at minimum, 12 subjects, culminat-
ing in 18 odorants that spanned stimulus space (Fig. 1d). Overall,
we obtained recordings in 57 of the 81 individuals that we studied,
where we measured a response to 801 out of 1,974 odorant events
(see Online Methods).

EOG tuning was recording site specific

Estimates of mammalian olfactory receptor neuron density vary
between 8.3 x 10*and 3 x 10° per mm (refs. 2,6,28,29). Thus, an EOG
likely reflects the summated generator potentials of anywhere between
2,000 and 35,000 neurons for an electrode of 117-350-um diameter®!1.
Our electrode had an inner diameter of 380 pm, putting it at the upper
end of these estimations. Under the assumption of uniform and ran-
domly distributed receptor subtypes, it is within 95% confidence that
an EOG summating 2,000 neurons or more would contain all receptor
subtypes (Fig. 1e). Thus, in an epithelium consisting of uniform and
randomly distributed receptor subtypes, one would expect a similar

EOG tuning profile no matter where the electrode was placed. With this
in mind, we studied 16 subjects with a batch of six odorants
(Experiment 1; Fig. 2). For each subject, we blindly placed the elec-
trode and then cycled through the six odorants, delivering a single
pulse of each. If any one of the odorants generated a response, we
then commenced with the full experiment at that recording location.
If none of the odorants generated a response, we shifted the electrode
location and repeated the process®.

Although uniform receptor subtype dispersion would predict that
the greatest response would always be generated by the same odorant
regardless of recording location, we instead observed a distribution
of odorants that generated the maximal response. The number of
times the maximal response was induced by odorants 1-6 was 3, 2,
3, 6, 3 and 1, respectively (Fig. 2c). The mean EOG area under the
curve (AUC) induced by odorants 1-6 was —=57.9 £ 6.5, —40.1 £ 5.1,
-53.4+3.9,-69.3%£7.9,-70.0£7.4 and -42.6 + 6.1 mV. Indeed, a
two-way ANOVA interaction model revealed that the EOG tuning
curve for these six odorants was not constant across subjects (Fy5 |3, =
2.39, P < 107°). Moreover, a nonparametric approach revealed that the
rank ordering of the EOG response was not correlated across subjects
(Kruskal-Wallis, H,=9,P=0.1 1). This result is inconsistent with the
notion of a random and uniform distribution of receptor subtypes and
suggests that, for each location, there was a subset of receptors that
best responded to one of the six odorants.

One may raise the possibility that these differences did not
reflect a difference across recording locations, but rather a differ-
ence across subjects31’32, and that, had we recorded from differ-
ent locations in the same subject, we would always get the same
response. To address this, we repeated the experiment in a single
subject three times, searching for a responsive location once only
with odorant 1, once only with odorant 3 and once only with odorant 5
(Experiment 2). Again, in contrast with the expectation generated
by a random and uniform distribution of receptor subtypes, we
observed an independent location that was maximally tuned to each
of the three odorants that we used to identify a responsive location
(Fig. 2d-f). An ANOVA revealed that these tuning curves differed
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Table 1 The odorants used, their dilution and perception

Index CID CAS Name Pleasantness Intensity PC1 PC2 DilOil DilAir
Set 1

1 176 64-19-7 Acetic acid 0.41 +0.06 1.86+0.39 -48.7 -7.3 0.1% PEG 100%
2 612 50-21-5/598-82-3 Lactic acid 0.24 £0.05 2.06 £0.40 -36.6 1.7 20% PEG 100%
3 650 431-03-8 2,3-butanedione 0.52+0.10 2.44+0.42 -36.2 0.6 0.02% PEG 100%
4 6501 77-83-8 Ethyl 3-methyl-3phenylglycidate ~ 0.59 +0.11 2.31+0.41 14.1 18.8 10% MO 50%
5 93009 5655-61-8 Bornyl acetate 0.51+0.10 2.56+0.33 15.3 19.8 1% PEG 100%
6 91497 1222-05-5/keine 1,3,4,6,7,8-Hexahydro-4,6,6, 0.38+0.08 2.28+0.38 39.8 17.8 20% MO 100%

7,8,8-hexamethylcyclopentalg]-
2-benzopyran in 50% DEP

Set 2

1 261 123-72-8 Butyraldehyde 0.53+0.08 0.91+0.28 -38.6 -12.7 0.01% PEG 43%
2 7888 107-75-5 Hydroxycitronellal 0.48 £0.08 1.61+0.31 6.5 -6.3 30% PEG 25%
3 12348 628-63-7 Amyl acetate 0.88 +0.07 1.59+0.31 -12.9 -11.2 0.3% PEG 22%
4 8797 140-39-6 p-Cresyl acetate 0.78£0.09 1.67+0.26 -7.6 7.5 0.7% PEG 23%
5 643820 106-25-2 Nerol 0.13+0.05 1.75+0.30 -1.2 0.4 50% PEG 22%
6 957 111-87-5 Octanol 0.54+0.12 1.72+0.31 -9.0 -22.5 13% PEG 33%
Set 3

1 1031 71-23-8 1-Propanol 0.42+0.12 1.35+0.20 -45.1 -17.3 100% 10%
2 9609 352-93-2 Diethyl sulfide 0.32+0.10 0.86+0.18 -36.9 -15 0.01% PEG 12%
3 8918 143-13-5 Nonyl acetate 0.73+0.07 1.38+0.17 11.6 -24.1 100% 30%
4 14228 1117-55-1 Hexyl octanoate 0.53+0.09 0.88+0.16 28.5 -33.3 100% 30%
5 7800 106-33-2 Ethyllaurat 0.55+0.10 1.28+0.20 28.7 -34.1 100% 100%
6 31283 124-06-1 Ethyl myristate 0.57+0.11 1.12+£0.19 40.85 -38.7 100% 60%

Regarding reported pleasantness and intensity, note that the critical values for the analyses were not the cross-subject means reported here, but rather the within-subject means,
as this study revolves around within-subjects comparisons between EOG and perception. CID, compound identification number; DilAir, dilution with clean air using the olfactometer;
DilQil, dilution with oil in liquid phase; MO, mineral oil; PC1, principal component 1; PC2, principal component 2; PEG, propylene glycol.

significantly (F,, , = 28.5, P < 1077). Moreover, a nonparametric
approach revealed that the rank ordering of the EOG response was
not correlated across locations (Kruskal-Wallis, H = 3.5, P = 0.62).
In other words, the EOG tuning was recording site specific.

These results suggest that a given patch of epithelium, as defined by
the responsive area under the EOG electrode, has a unique functional
response pattern. Given such a patched epithelium, one would predict
that, had we used only one odorant to identify recording cites, we would
then obtain a similar response profile across subjects. To test this, we
used only one of a new batch of six odorants (odorant 4, p-cresyl acetate,
Chemical Abstract Services (CAS) no. 140-39-6) to search for a respon-
sive site and then measured the response to all six odorants at that loca-
tion (Experiment 3). Consistent with the notion of patchy epithelium,
odorant 4 induced the maximal response in 10 of the 12 subjects in which
it was used to identify a responsive location (Fig. 3). Here, odorant 4
stood out for its selectivity, not for its response magnitude, which was
similar to that of strong responses in the first two experiments (Fig. 3).
The mean EOG AUC induced by odorants 1-6 was 0.4+ 1.8, -4.3+ 1.9,
-2.6+2.7,-53.9+7.6,-7.2+7.6and —7.8 £ 1.7 mV. Consistent with our
prediction, a two-way ANOVA interaction model revealed that the odor-
ant response distribution was not significantly different across subjects
(Fs5.70 = 0.78, P = 0.82). Moreover, a nonparametric approach revealed
that the rank ordering of the EOG response was indeed correlated across
subjects (Kruskal-Wallis, H. 5 =12.65P< 0.03).

Figure 2 Different localizer odorants revealed different epithelial response
profiles. (a—c) Experiment 1. (a) Each subject’s normalized AUC. Odorants
are color-coded and numbered according to set 1 of Table 1. (b) Grand
averaged EOG responses (n = 16, stimulus duration = 500 ms). Black
square-wave reflects odorant onset/offset. (¢) Number of times each of
the six odorants elicited the maximal EOG AUC. (d-g) Experiment 2.

(d) Subject-normalized AUC with odorant 3 as localizer. (e) Subject-
normalized AUC with odorant 1 as localizer. (f) Subject normalized AUC
with odorant 5 as localizer. (g) Averaged EOGs obtained in three recording
sessions (d—f) from different locations in a single subject. Black square-wave
reflects odorant onset/offset. Error bars are s.e.m., au are arbitrary units.

Using a particular odorant from the set to search for a respon-
sive location entailed extensive exposure to that odorant, and this
may have somehow influenced the response. With this in mind, we
first used an independent odorant (L-carvone, CAS no. 6485-40-1)
to identify a responsive site and then tested a new batch of six
odorants at that site (Experiment 4). This yielded a bimodal response
profile. Subjects 1-6 responded maximally to different odorants,
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Figure 3 A common localizer odorant revealed common epithelial
response profiles. (a) Experiment 3, each subject’s normalized AUC.
Odorants are color coded, and numbered according to set 2 of Table 1.

(b) Grand averaged EOG responses (n = 12, stimulus duration = 500 ms).
Black square-wave reflects odorant onset/offset. (c) Number of times each
of the six odorants elicited the maximal EOG AUC. In 10 of 12 subjects,
the maximal response was for the odorant used to localize the recording
site. Error bars are s.e.m., au are arbitrary units.

mostly odorant 1. Subjects 7-15 all responded maximally to odorant 5
(Fig. 4). The mean EOG AUC induced by odorants 1-6 was
-45.4+ 4.5, -40.3 £ 2.6, -33.4 £2.9, -19.1 £ 1.8, —-41.7 £ 3.8 and
—-31.7 £ 5.7 mV. Overall, this amounted to a variable response pro-
file (Fg ;5 =5.95, P < 10712). Moreover, a nonparametric approach
revealed that the rank ordering of the EOG response was indeed
correlated across subjects (Kruskal-Wallis, H,=13.96, P< 0.02).

The bimodal profile may reflect one of two possibilities. In that
subject numbering reflects their chronological order in time, exami-
nation of the data suggests that, from the seventh subject onward, the
response pattern apparently changed (Fig. 4a). Thus, one possibility
is that an independent factor that we failed to identify influenced the
result. Alternatively, it remains possible that the localizer odorant
indeed activated areas that were responsive to both odorants 1 and 5.
These alternative interpretations, however, do not substantially influ-
ence the main implications of this data (see Discussion).

Finally, despite a psychophysical test that implied non-trigeminality of
the low odorant concentrations that we used (see Online Methods), we set
out to conduct a final test using pure olfactants to insure that the EOGs can
be obtained from non-trigeminal sources. We recorded from 16 subjects in
which we searched for a responsive location using the pleasant pure olfactory
odorant vanillin®® (Experiment 5). After identifying a responsive location,
we commenced with the experiment using both vanillin and the unpleasant
odorant ammonium sulfide, which we have found to be non-trigeminal at
low concentrations. We measured a clear response to both odorants, vali-
dating the olfactory source of EOGs (Fig. 1f). Moreover, consistent with
the previous experiments, vanillin and ammonium sulfide generated a sig-
nificantly different response (binomial, P < 0.04), with an AUC greater for
vanillin in 12 subjects and greater for ammonium sulfide in four subjects.

To summarize these results, if the epithelium consisted of uniform
and randomly distributed receptor subtypes, then our results would
be unlikely. One could not expect such specificity of site given ran-
dom and uniform receptor subtype distribution. Thus, consistent with
previous studies® 121434 our results imply that olfactory receptor
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subtypes are not uniformly and randomly distributed, but are rather
concentrated in patches on the olfactory epithelium.

Inherent, rather than imposed, response patterns

The EOG may be influenced by imposed, rather than inherent, epi-
thelial properties, and the patchy response profile may not necessarily
reflect receptor subtype distribution. Imposed patterns reflect a com-
bination of sniff-related flow properties and odorant sorption proper-
ties>>-37. Here, subjects did not sniff, and odorants were introduced at
a constant flow. Thus, the remaining potentially imposed component
relates to odorant sorption.

To address the possible influence of sorption properties, we used
previously collected data!® to generate a simple optimized physico-
chemical metric that reflects epithelial sorption (see Online Methods).
Odorant pairwise distance in this physichochemical sorption metric
significantly correlated with odorant pairwise difference in retention
time across bullfrog mucosa!® (r=0.78, P < 10~ for log(retention time)
values; Fig. 5a). We did not find a relation between odorant pairwise
distances in this physichochemical sorption metric and our measured
odorant pairwise distances in EOG AUC (r = 0.13, P = 0.06; Fig. 5b). In
other words, the imposed properties that follow odorant sorption alone
could not explain our results, which likely reflect, in part, inherent
patterns related to olfactory receptor subtype distribution.

The EOG is tuned to olfactory perception

Assuming an inherently driven response profile, we next set out to ask
what axis governs this response organization. We tested alternative
tuning axes, some related to perception and others related to odor-
ant structure. For each dataset, we calculated the distance in EOG
responses and then tested for a relation between these response dis-
tances and their respective odorants’ distances in perceptual (pleasant-
ness, intensity and trigeminality) and physicochemical spaces. Briefly,
to calculate EOG distance, per subject, we represented each odorant’s

Figure 4 An external common localizer odorant revealed a bimodal
epithelial response profile. Experiment 4: EOG recordings conducted
after searching for responsive locations with L-carvone. (a) Each subject’s
normalized AUC. Odorants are color coded, and numbered according to
set 3 of Table 1. (b) Grand averaged EOG responses (n = 13, stimulus
duration = 500 ms). Black square-wave reflects odorant onset/offset.

(c) Number of times each of the six odorants elicited the maximal EOG AUC.
Error bars are s.e.m., au are arbitrary units.
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Figure 5 EOGs were unrelated to odorant sorption. (a) Relation between
the optimized sorption metric (see Online Methods) and the actual mucosal
retention times reported in the bullfrogl®. Each point is a pairwise odorant
comparison. (b) Relation between this same optimized sorption metric

and EOG distances measured here. Each point is the mean odorant
pairwise distance per odorant pair per subject; that is, points = n x 5.

No relation is evident. Note, however, that the model is bound by the
limited physicochemical span of the bullfrog experiment odorant selection,
as evident in the restricted x-axis span in a. au are arbitrary units.

average EOG as a vector and calculated the Euclidean distance
between these vectors (see Online Methods). To calculate perceptual
distance per subject, we measured the normalized distance between
odorant scores provided by the subject on visual-analog scales.
To calculate physicochemical distances, we used the Euclidean distance
between odorants represented by 1,491 physicochemical descriptors®.
For these analyses, we only considered subjects who responded to at
least three of the odorants used, to allow for a meaningful correlation
analyses (this eliminated nine subjects, retaining 32).

The distance in odorant perceived pleasantness was significantly
correlated with distance in odorant-induced EOG (r=10.42, P< 1077;
after retaining all 41 subjects in the analysis, this correlation grows to
r=0.45,P<10710; Fig. 6a). In other words, a location that responded
maximally to a pleasant odorant was more likely to respond strongly
to other pleasant odorants, and a location that responded maximally
to an unpleasant odorant was more likely to respond strongly to other
unpleasant odorants. In contrast, the pairwise distances in odorant
perceived intensity was unrelated to the odorant pairwise EOG dis-
tance (r = 0.09, P < 0.26), and pairwise distance in odorant trigemi-
nality showed a statistically significant, but weak, correlation to the
odorant pairwise EOG distance (r=0.23, P <0.01), a correlation that
was significantly weaker than with pleasantness (difference between
normalized correlations, Z = 1.89, P = 0.028).

The correlation between distances in odorant pleasantness and
distances in EOG response may be, in part, artificially imposed by the
structure of the data combined with measurements of distances rather
than vectors. To address this, we randomly reassigned the odorant pleas-
antness ratings and recalculated the correlationr r100 times. The aver-
age correlation of the shuffled values was <r> = 0.21 + 0.003 (<P> =
0.05). This correlation was significantly lower than that obtained for the
unscrambled data (difference between normalized correlations, Z = 2.04,
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P =0.02). In other words, the relation of EOG to pleasantness was sig-
nificantly stronger than would be expected by chance.

After establishing a link between EOG and an axis of odorant per-
ception, we set out to investigate links between EOG and axes of
odorant structure. The pairwise odorant distance in physicochemi-
cal space, as defined by the Euclidean distance in a 1,491 descriptor
space®3, was also a significant predictor of the pairwise EOG distance
(r = 0.24, P < 0.002; Fig. 6b), yet this correlation was significantly
weaker than that with pleasantness (difference between normalized
correlations, Z = 1.82, P = 0.03). Substituting the Euclidean physico-
chemical metric with PC1 of physicochemical space!” yielded a similar
correlation (r = 0.22, P = 0.005), which was also significantly weaker
than the correlation of EOG distance with pleasantness (difference
between normalized correlations, Z = 1.95, P = 0.026). Moreover,
substituting the Euclidean physicochemical metric with a rodent-data
optimized set of physicochemical descriptors®® yielded a null result
(r=0.14, P = 0.08).

Finally, we asked whether any individual physicochemical descrip-
tor alone could predict EOG response. Only 184 of the 1,491 descrip-
tors generated a normal distribution of values for the 18 odorants in
question, thus allowing a correlational analysis. Of these, none of the
descriptors were significantly correlated with EOG distance (best cor-
relation was for the descriptor R6e+, r = 0.10, P = 0.12).

Perceptual span predicted EOG span
Despite our testing of various alternative axes, odorant pleasantness
remained the best predictor of EOG. That said, the weak, yet disturb-
ing, correlation that nevertheless emerged between shuffled pleasant-
ness ratings and the EOG response (<r>=0.21, <P> = 0.05) drove us
to further investigate the relation between EOG and perception. We
asked whether subjects who had a large span in their perception also
had a large span in their EOG. The span is the distance between the
smallest and largest measurement obtained in a subject. This analysis
revealed a correlation of = 0.497, P < 0.002 (Fig. 6¢). In other words,
individuals who perceived big differences across odorants also had big
EOG differences across odorants. Critically, randomly shuffling pleas-
antness span values 100 times revealed no meaningful correlation
(<r>=-0.004, <P>= 0.46), and physichochemical span was unrelated
to EOG span (r = —-0.01, P = 0.95). In other words, properties of the
EOG were clearly linked to perception.

Finally, to estimate the influence of subjects with reduced EOG span
on the overall relation of EOG to pleasantness, we conducted a median

Figure 6 EOGs were tuned to olfactory perception. In a, b and d, each
point is the mean odorant pairwise distance per odorant pair per subject;
that is, points = nx 5. In ¢, each point is a subject. (a) Correlation
between pleasantness distances and EOG distances (n = 32).

(b) Correlation between chemical Euclidean distance and EOG distance
(n=32). (c) Correlation between pleasantness span and EOG span
(n=41). (d) Correlation between EOG distance and pleasantness distance
for the subjects with largest EOG span (n = 16). au are arbitrary units.
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split of subjects according to their EOG span and recalculated the cor-
relation between EOG and pleasantness in the remaining 16 subjects.
Note that this is not a split according to the power of the correlation,
but rather only according to the extent of the EOG span; that is, we
retained subjects who provided more information that could either
favor or decrease the correlation. Following this split, the correlation
increased from r = 0.42 (P < 1077) to r = 0.52 (P < 107%) (Fig. 6d).

DISCUSSION

Consistent with previous studies that characterized the functional
response properties of the olfactory epithelium, we observed a patchy
receptive surface. When we probed the epithelium using different
odorants, we found maximally responsive regions for each. When we
probed the epithelium using one odorant, we found an area maxi-
mally responsive to that odorant in most subjects. The possibility
that this response topography exclusively reflected imposed patterns
of response is minimal in light of the lack of correlation between the
response and a physicochemical estimate of sorption. Taken together,
if receptor subtype identity indeed governs EOG response profile, then
receptor subtypes were not randomly and uniformly distributed.

Although this patchy response profile echoes numerous other
studies® !4, here we were also able to plot this response pattern as a
function of human perception. This revealed a modest, but clear, and
highly significant correlation between the response pattern and the
perception of odorant pleasantness. In other words, as in vision and
audition, organization of the receptor surface in olfaction reflects a
primary perceptual axis.

One may ask how these results would transfer to the real world,
where, unlike the monomolecular odorants that we tested, odor
objects are often made of hundreds of different molecules. In con-
sidering this, it is important to remember that, although natural odor
objects may contain hundreds of different molecules, their constit-
uents are not present with equal magnitude. For example, natural
rose may have 172 volatile monomolecules, but 70% of its headspace
consists of only one molecule, PEA3°. Thus, the rose-induced epi-
thelial pattern would be dominated by patches responsive to PEA.
The remaining activated locations may then contribute to the overall
image by some average or additive representation.

Although our results imply a hard-wired aspect of odorant pleasant-
ness, they do not imply that odorant pleasantness is unmalleable, as a
portion of perception that is hardwired at the receptive surface does
not rule out later remapping. This is clearly evidenced in vision“°.
For example, location in the world is hardwired to location on the
retina. Nevertheless, context and experience can shift spatial percep-
tion (for example, Muller-Lyer illusion)*!. Similarly, perceived color
is hardwired to wavelength. Nevertheless, the same wavelength can
be perceived as an entirely different color as a function of the context
in which it is viewed*?. Here we suggest that odorant pleasantness is
mapped onto the olfactory epithelium, yet this mapping is malleable
by context and experience, which influence possibly epithelial, and
without question later processing stages*2-44,

Our key finding was that activity patterns at the epithelium cor-
related with odorant perception. We also found that these activity
patterns correlated weakly with various physicochemical axes. In turn,
functional magnetic resonance imaging data has revealed a physico-
chemical-based representation in the anterior piriform cortex*’.
Because such a representation in piriform would be dependent on
maintenance of this information in epithelium and bulb, these find-
ings can be construed as disagreeing. However, our finding of epithe-
lial neural activity that better correlated with a perceptual, rather than
a structural, axis does not infer that the latter doesn’t exist. In other

words, the fact that a key perceptual axis is reflected in olfactory epi-
thelium does not prevent the epithelium from conveying information
on structure. Thus, we stress that our most important finding is the
correlation that we uncovered, rather than those that we did not.

Although it is tempting to relate interchangeably between previous
results from rodents and our results, this must be done with cau-
tion. The cellular organization of human olfactory epithelium may
be more patchy than rodent epithelium*®. Moreover, organizational
principals may differ throughout the olfactory pathway, as humans
have a substantially larger number of bulbar glomeruli than are pre-
dicted from rodent organizational principals®”. Thus, our results per-
tain to organization of the human olfactory system. This, of course, is
not a drawback, but rather something to keep in mind when relating
our findings to the bulk of the literature.

Our study has several inherent caveats. First, olfactory perception
depends on sniffing48’49. Sniffs, however, contaminate the EOG and
were therefore prevented. Although odorant pleasantness percep-
tion with and without sniffing was correlated (r = 0.65, P < 1077, see
Online Methods), percepts with and without sniffing were not identi-
cal. Second, although human olfactory epithelium likely extends into
cribriform plate®, subject safety considerations limited our record-
ings to the medial turbinate. Third, we cannot make definitive claims
as to the overall size of a functional patch or to the full range of patch
odorant specificity. Finally, the experiment duration restriction, com-
bined with the need for repeated trials, minimized the flexibility in
experimental design. Indeed, these inherent caveats may underlie the
apparent shift in response profile starting with subject 7 in the fourth
experiment. This shift, however, did not introduce a result, but rather
weakened our main result, as it reduced the correlation between EOG
response distance and odorant pleasantness distance.

Despite these inherent weaknesses, the unique opportunity of col-
lecting perceptual data from the same subjects in which we recorded
neural activity allowed us to uncover an organizational feature of the
human olfactory epithelium. Specifically, we conclude that the organi-
zation of the human olfactory epithelium reflects, in part, an important
axis of human olfactory perception, namely odorant pleasantness.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Subjects. Recording EOGs was attempted in 81 normosmic healthy subjects.
The experiment concluded prematurely in 24 subjects, primarily as a result of
movement of the recording electrode. Thus, data from 57 subjects (37 women,
mean age = 26.8 years) who completed the experiment were submitted to further
analysis. All subjects provided written informed consent to procedures approved
by the Helsinki Committee. Subjects had no history of neurological, sinus or
nasal disease.

Odorant selection. First, we generated a physicochemical odorant space contain-
ing 2,993 molecules. To this end, we downloaded the odorant’s three-dimensional
molecular structure files from PubChem (http://pubchem.ncbi.nlm.nih.gov/),
used analytical chemistry software (Dragon Talete, http://www.talete.mi.it/index.
htm) to obtain 1,491 chemical descriptors for each odorant and used principal
component analysis to replot the odorants in a two-dimensional space made of
the first and second principal components (PC1 and PC2). We then selected
odorant sets 1 and 3 such that they spanned PC1 and had either upper (set 1) or
lower (set 3; Fig. 1d) boundary projections on PC2. These sets contained pairs
of odorants that were chemically close. Odorant set 2 was chosen such that it
contained three pairs of odorants that each had a similar functional group, but
differed in percept (Fig. 1d, aldehydes, alcohols and esters in Table 1).

Odorant dilution. In each experiment, odorants were first diluted in either
propylene glycol (PEG, 57-55-6) or mineral oil (8042-47-5) to equate expected
intensity according to the odorant’s vapor pressure. To further equate the per-
ceived intensities, we then individually diluted odorants with clean, heated and
humidified air using a fully automated olfactometer, such that they were rated
as equally intense (within two s.d.) by an independent group of seven subjects.
Odorant delivery parameters during intensity equation were identical to those
later used in the EOG recordings.

Stimulus delivery and experiment design. For odorant stimulation, a compu-
ter-controlled 30-channel air-dilution olfactometer was used. This olfactometer
delivered odorants into the recorded nostril via Teflon tubing (inner diameter =
2.15 mm), maintaining steady mechanical and thermal conditions (constant flow
of 5.51 min~!, temperature of 37 °C and relative humidity of 80%). Stimulus dura-
tion was 500 ms, and inter-stimulus-interval was 45 s. In a given experiment, a
minimum of four repetitions for each of the six odorants was presented in a fully
randomized manner, followed by four clean air, or blank, events. To avoid mucosal
sniff artifacts, a digitized voice asked subjects to hold their breath for 1.5 s before
stimulation onset and 3 s thereafter. Following the recording epoch, subjects ranked
the intensity and pleasantness of the stimulus on separate visual-analog scales.

Recording apparatus. We have previously described EOG recording in
detail?”. Here, we also used an improved non-invasive stereotactic head holder
(Fig. 1a). We recorded olfactory EOG, visual EOG, electrocardiogram and nasal
airflow by spirometer, all at 1 kHz, with a 50-Hz notch filter to exclude electrical-
system noise.

Preprocessing EOG responses. False-negative EOG recordings were abundant.
In such cases there was no evident EOG response despite a clear percept. Such
false negatives can occur for various reasons, primarily micro-movement of the
electrode during the experiment. To control for these cases, we built a Matlab-
based graphical user interface (Matlab R2009b, The MathWorks) that simultane-
ously presented all repeated measures of EOGs, eye movements, respiration and
heartbeats to a single odorant in one experiment session (4-5 repeats). We then
selected only successful repetitive recordings, omitting respiratory artifacts, eye-
blinks, abrupt facial movements and sudden flat responses, culminating in 801
successful recordings out of 1,974 odor events. Baseline was corrected in each
recording by subtraction of the mean value during the first 150 ms from stimulus
onset. That is, all responses were now aligned to V = 0 at ¢ = 0 (response onset
(t rise) was typically equal to or larger than 150 ms; Supplementary Fig. 1). We
low-passed filtered the data to include frequencies lower or equal to 5 Hz and
then calculated the subject averaged responses.

EOG distances. To calculate the EOG distance within subject, we first extracted
the amplitudes and latencies of the mean responses of each subject. To calculate

the response’s AUC, we defined a time window for integration according to the
odorant that evoked the maximal amplitude. The time window for integration
was from 100 ms before 1/e of the response amplitude, and up to 100 ms after
recurrence to 90% of the response amplitude (Supplementary Fig. 1). This time
window provided maximal signal to noise ratio across all data collected. For
correlation analysis between EOG distances and other measures, we defined an
exclusion criterion by which subjects with less than three odorants with signifi-
cant AUC (larger than 25% of the maximal AUC) were discarded. This exclusion
criterion ruled out data from narrowly tuned recording sites, which provided
only limited information on the relation between EOG and other measures. This
exclusion criterion eliminated nine subjects, retaining 32 subjects for analysis.
To calculate EOG distances, we represented each of the six EOGs as a vector
in the time window of maximal activation within subject (see above). We then
calculated the Euclidean distance between the EOG with maximal amplitude and
the remaining five EOGs using the function ‘pdist’ (Matlab). Notably, the time
window was subject specific. The average time window for this calculation was
700 + 230 ms. EOG span was calculated as the maximal distance among all the
pairwise EOG distances within subject.

Perceptual measures. Erratic perceptual measures were discarded (events in
which the subject mistakenly did not use the scale bars or events in which the
subject could not detect any odorant). This retained 927 out of 1,152 events in
experiments 1 through 4 (experiment 5 was not used for correlational analyses,
as it used only two odorants). We then calculated the subject mean pleasantness
and intensity ratings. For each subject, we calculated the pleasantness distance
between the odorant that elicited maximal EOG amplitude and the remaining
five odorants, similar to the EOG distance calculation. Pleasantness span was the
maximal pleasantness distance within subject, or in other words, the maximal
range on a visual-analog scale used by a subject.

Chemical distances. To calculated the chemical distance between the odorant
molecules, we downloaded their three-dimensional structures from PubChem
and obtained their 1,491 physicochemical descriptor identity using Dragon
Talete (http://www.talete.mi.it/index.htm). The Euclidean distance was calcu-
lated between the chemical identity vectors of any two odorants using the Matlab
function ‘pdist. To calculate the odorant’s distance in the first principal physico-
chemical axis, we performed principal component analysis on a comprehensive
database of 2,993 odorant molecules. We then calculated the pairwise distances
between our tested odorants using their projections on the first principal axis.
For the optimized chemical distance, we used only the chemical descriptors pre-
viously identified as an optimized set>® (Supplementary Table 1). For the indi-
vidual chemical descriptors, we calculated the correlation between the chemical
distances in each of the Dragon descriptors and the EOG distances, conditioned
on that the descriptor distance distribution was normal (most were not).

Statistical analysis. To test for differences in the distribution of the above meas-
ures, we used two-way ANOVA interaction models. Moreover, to compare
rank-ordering of responses across subjects we used Kruskal-Wallis tests.
To test for differences across measures within subjects, we used paired student
t-tests. Finally, correlations between measures (for example, Figs. 5 and 6) were
computed using the Pearson correlation unless noted otherwise.

Optimizing a physicochemical metric for epithelial sorption. To test whether
the EOG was tuned to mucosal sorption properties, we created an optimized
descriptor metric based on bullfrog retention time (RT) values detailed in
Supplementary Table 2. We downloaded from PubChem the three-dimensional
structure of the molecules specified in Supplementary Table 2 and obtained
their chemical profile using Dragon Talete. We then applied a simple greedy algo-
rithm that selected the chemical descriptors whose Euclidean distances correlated
best with the pairwise log(RT) distances. The algorithm initiates by creating a
null vector that represents the optimized weights of the chemical features that
best describe the correlation between the chemical Euclidean distances and the
log(RT) distances. At each iteration, each of the 1,491 chemical descriptors was
added to the optimized chemical representation in turn. The Euclidean pair-
wise distances were calculated for each of these descriptors and the correlation
between the chemical Euclidean distances and the log(RT) distances was derived.
At the end of such a cycle, we have 1,491 correlation coefficients that represent

NATURE NEUROSCIENCE

doi:10.1038/nn.2926


http://pubchem.ncbi.nlm.nih.gov/
http://www.talete.mi.it/index.htm
http://www.talete.mi.it/index.htm
http://www.talete.mi.it/index.htm

I@ © 2011 Nature America, Inc. All rights reserved.

the contribution of each of the 1,491 descriptors to the chemical distance metric.
The chemical descriptor with maximal correlation coefficient is added to the
optimized weights vector. The cutoff criterion for stopping this optimization
process is when the improvement in the correlation coefficient is smaller than
0.0001. Eventually, we ended with two chemical descriptors that best described
the log(RT) distances: HATS2m (leverage-weighted autocorrelation of lag 2/
weighted by atomic masses) and RDF105m (radial distribution function - 10.5 /
weighted by atomic masses) (for more information regarding these chemical
descriptors see the Dragon user manual: http://www.talete.mi.it/help/dragon_
help/index.html). This optimized metric was then used for calculation of
the correlation between the retention-optimized chemical distance and the
EOG distances.

Estimating odorant trigeminality. To test the trigeminality of the odorants,
we asked ten subjects to localize the side of stimulation using a separated
bi-nostril jar device®?. The odorants were tested ten times each, five repetitions
in each nostril. Maximum of five odorants were tested in each experiment. Each
odorant was assigned a trigeminality score based on the localization accuracy
(Supplementary Table 3). Ideally, this test would have been conducted under
the same conditions as the EOG recordings, but the EOG olfactometer has only
one line out, preventing localization studies. To address the possibility that judg-
ment of non-trigeminality was biased by lower concentrations using the bi-nostril

jar device, we used a photoionization detector (ppbRAE 3000) to measure con-
centration at the output points of the jars and the olfactometer (we tested set 3,
which was least diluted). The jars always had a higher concentration (minimal
increase 127%, maximal increase 35,714%), thus alleviating the concern of such
bias. We stress, however, that many of these odors likely are trigeminal at higher
concentrations than those used here.

Comparing perception following passive stimulation and active sniffing. To
test whether the pleasantness estimates obtained during breath-holding in the
EOG experiments were meaningful, we obtained repeated measures of pleasant-
ness ratings under two conditions. conditions identical to the EOG experiment
and conditions after sniffing the stimulus. The six odorants used for this experi-
ment were from odorant set 2 (Table 1). Each odorant was presented three times
with active sniffing and three times with breath-holding, summing to 36 fully
randomized stimulus events (inter-stimulus interval = 45 s, stimulus duration =
500 ms, n = 10). No significant differences in perception were observed between
the two conditions (t, = 1.27, P = 0.20), and the correlation in pleasantness per-
ception across conditions was r = 0.65, P < 10~/ (Supplementary Fig. 2).

50. Hummel, T., Futschik, T., Frasnelli, J. & Huttenbrink, K.B. Effects of olfactory
function, age, and gender on trigeminally mediated sensations: a study based on
the lateralization of chemosensory stimuli. Toxicol. Lett. 140-141, 273-280
(2003).
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