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Abstract
In mammals, odorant molecules are thought to activate only a few glomeruli, leading to the
hypothesis that odor representation in the olfactory bulb is sparse. However, the studies supporting
this model used anesthetized animals or monomolecular odorants at limited concentration range.
In this study, using optical imaging and 2-photon microscopy, we show that natural odorants at
their native concentrations can elicit dense representations in the olfactory bulb. Both anesthesia
and odorant concentration are shown to modulate the representation density of natural odorants.
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In the olfactory bulb, odorant molecules evoke complex spatio-temporal patterns of
activated glomeruli1-10 that substantially vary in density with stimulus
concentration1,6-7,10-11. To better understand how odorants are normally coded in the
glomeruli array, it is important to use concentrations that are behaviorally relevant. Mixed
odorants from natural products come by definition in behaviorally relevant concentrations
and ratios. Such complex odorants activate only a few glomeruli12, providing evidence for a
general theory of sparse glomerular coding12-13. However, the studies supporting the model
of sparse coding were performed on anesthetized animals or used monomolecular odorants
within a limited range of concentrations.

Here we investigated, using intrinsic optical signal imaging, how natural odorants are
represented in awake mice (Fig. 1a,b). We presented the stimuli either directly to the mouse
snout (Fig. 1b) or using an olfactometer (Fig. 1a). In the latter case, the concentrations were
reduced at least two fold compared to the concentrations that a mouse would experience
when being close to the odor source (Supplementary Methods and Fig. 1c,d), leading to a
reduced number of activated glomeruli (Fig. 1e, n = 6 odorant/mouse pairs, paired t-test P <
0.005).
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We then applied forty different natural odorants using the olfactometer in order to minimize
the animal stress and to have a better temporal control of the odorant application. In all mice
tested (n = 8), every odorant evoked a specific dense pattern of glomerular activity (Fig. 2a
and Supplementary Fig. 1). For each odorant, we analyzed the image sequence
(Supplementary Methods and Supplementary Fig. 2) and quantified the number of activated
glomeruli (Fig. 2b and Supplementary Fig. 3). We found the number of activated glomeruli
for each stimulus ranged between 10 and 40 glomeruli (Fig. 2b). For the same set of 30
natural stimuli, the total number of activated glomeruli per OB was 443 ± 15 glomeruli (n =
5 mice; Fig. 2c,d). By merging the glomeruli activated by several odorants (Supplementary
Methods), we obtained a map composed of glomeruli with a unique identity showing that
the natural odorants used activated a large portion of the dorsal OB (Fig. 2c,d; 127 ± 3
glomeruli).

We then addressed the issue of the fraction of the total number of glomeruli activated by the
odorants. Using two-photon imaging of Omp-GFP14 mice, we estimated the dorsal olfactory
bulb accessible to imaging contains ~200 glomeruli (Supplementary Fig. 4). Therefore,
natural odorants activate 10-30 % of the total glomeruli number (including the correction
factor 1.5 calculated in Fig. 1e), though this value may have been underestimated
(Supplementary Methods).

Our observations differ considerably from a previous report in isoflurane anesthetized
animals12. We tested the hypothesis that isoflurane may alter odorant evoked patterns. Used
as a regular smell, isoflurane specifically and stereotypically activated glomeruli in the
posterior-lateral portion of the OB in awake mice (Fig. 3a,b and Supplementary Fig. 5a,b).
We then assessed the potential impact of constant isoflurane application on odorant maps.
All the odorants tested consistently activated more glomeruli in the awake condition than
during isoflurane anesthesia (Fig. 3c-h and Supplementary Fig. 5c-f). The effect was
independent of odorant concentration (Fig. 3i,j), reversible after ending gas anesthesia (Fig.
3i,j) and not homogenous across the OB surface (Supplementary Fig. 5d,f). Therefore, gas
anesthesia led to previously underestimate12 the number of glomeruli normally activated by
natural odorants (Supplementary Figs. 6).

We identified two mechanisms possibly explaining the isoflurane mediated glomeruli
suppression. First, long-term exposure to the anesthetic may alter normal neuronal
functioning (pharmacological effect). Second, constant application of isoflurane may also
induce adaptation and/or desensitization of a large number of OSNs, as a non-anesthetic
odorant constantly applied could also do (odorant effect; Supplementary Fig. 7). Further
work will be necessary to identify the exact mechanisms underlying the isoflurane mediated
glomeruli suppression.

Natural odorants evoked denser patterns than previously reported for monomolecular
odorants13. In this regard, one important parameter is the odorant concentration used6-7,9-11.
Natural odorants are complex mixtures of monomolecular components, each of which can
bind different olfactory receptors. A monomolecular odorant could either activate as many
glomeruli as a multimolecular odorant or only few glomeruli. In the latter case, natural
odorant evoked patterns could represent the summation of multiple monomolecular odorant
evoked patterns12. We compared natural odorants with concentrations of monomolecular
odorants that are perceived by humans to smell the same and as strong as the natural
odorants (Supplementary Fig. 8a-c). The number of activated glomeruli was comparable
between natural and monomolecular odorants (Supplementary Fig. 8d). Therefore, even a
monomolecular odorant can activate for some concentrations a large number of glomeruli in
the OB. This result differs with the sparse patterns reported in previous studies that used
weaker concentrations of monomolecular odorants13. However, decreasing the

Vincis et al. Page 2

Nat Neurosci. Author manuscript; available in PMC 2013 February 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



concentrations of odorants (up to similar concentrations previously used) led to a sparsening
of activated glomerular patterns and a decrease of glomerular response amplitude
(Supplementary Fig. 9).

We therefore conclude that the odorant representation can vary in density with concentration
and anesthesia. Natural odorants at their native concentrations are evoking dense patterns of
activated glomeruli in awake mice. Since the coactivation of multiple glomeruli is required
to fire a pyramidal neuron in the piriform cortex in vivo15, a dense representation should
improve processing of odorants from the OB to the olfactory cortex.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Intrinsic optical signal imaging of glomerular evoked activity in awake mice. (a,b) Schema
showing natural odorants delivered by an olfactometer in a and natural products drawn up to
the mouse snout in a spoon in b. (c,d) Glomeruli maps evoked by two natural odorants
presented either by an olfactometer or directly. The blood vessel pattern is shown in c (right
image). (e) Comparison of the number of glomeruli activated in the two applications. The
number of glomeruli activated by the olfactometer application served as control (ctrl; 100%)
for each natural odorant/mouse pairs (n = 6). Data shown as mean ± s.e.m.
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Figure 2.
Dense representation of natural stimuli in the olfactory bulb of awake mice. (a) Glomerular
activity patterns evoked by a variety of natural odorants in a single mouse. The images
represent the average of all frames during odor application. (b) Number of glomeruli
activated by each natural odorant tested (number of mice tested in white). (c) Total number
(middle image; glomeruli activated by multiple odorants and plotted several times) and
unique I.D. number (right image; i.e. each activated glomerulus is only plotted once) of
glomeruli activated by thirty natural odorants presented to one mouse and overlaid on the
blood vessel pattern (left image) after realignment with the blood vessels. (d) Quantification
of the total and unique ID numbers of activated glomeruli (n = 5 mice that shared the same
thirty natural odorants). Data shown as mean ± s.e.m.
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Figure 3.
Gas anesthesia reversibly suppresses odorant-evoked response. (a,b) Blood vessel patterns
of the OB in two mice (left images). Glomerular maps induced by air and isoflurane when
applied as an odorant. (c,d) Glomerular patterns induced by benzaldehyde (Benz) and
carvone-(-) (Carv-) during wakefulness at three odorant dilutions. (e,f) Constant isoflurane
anesthesia suppresses glomerular responses. Yellow arrowheads indicate some glomeruli
that disappear or display a reduced response following anesthesia. (g,h) Recovery of the
glomerular patterns when animals are awake again (10 minutes after ending the anesthesia).
(i) Quantification in different conditions (Aw.: awake, An. Anesthetized, R. Aw.: awake
after anesthesia) of the average number of glomeruli activated by different odorants (n = 24
odorant/animal pairs) at three dilutions (10, 50, 100 dilutions: black, magenta and green
curves, respectively). Aw. vs. An.: for all paired t-test, at least P < 0.05. Aw. vs. R.Aw.: for
all paired t-test, P > 0.05. (j) Quantification of the glomeruli responses amplitude. Gas
anesthesia mediates a suppression of activity at all dilutions used (paired t-test, P < 0.05).
The effect of the gas anesthesia is reversible (paired t-test, P > 0.05). Data shown as mean ±
s.e.m.
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