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Abstract 
We utilized swept confocally aligned planar excitation (SCAPE) microscopy to measure odor-
driven activity simultaneously in many (>10,000) olfactory sensory neurons distributed over large 
areas of intact mouse olfactory epithelium. This approach allowed us to investigate the responses 
to mixtures or blends of odors and their components, a more realistic stimulus than monomolecular 
odors. In up to 38% of responding cells, responses to a mixture of odors were different - absent, 
smaller or larger - than what would be expected from the sum of the individual components. 
Further investigation revealed instances of both antagonism and allosteric enhancement in the 
primary olfactory sensory neurons. All 10 of the odor compounds tested were found to act as both 
agonists and antagonists at different receptors. We present a hypothetical scheme for how 
modulation at the peripheral receptors increases the capability of the olfactory system to recognize 
patterns of complex odor mixtures. The widespread modulation of primary sensory receptors 
argues against a simple combinatorial code and should motivate a search for alternative coding 
strategies. 
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With the seminal discovery of a very large number of olfactory receptors1-5 it appeared that a 
combinatorial, additive code, not unlike color vision, would be the most likely model for encoding 
olfactory sensory inputs. For monomolecular stimuli it is indeed possible to identify subsets of 
receptors that respond to particular odors or groups of related odors, and which could serve to 
unambiguously discriminate one odor from another6-9.  However, under realistic conditions the 
olfactory system must handle a far more complex input, consisting primarily of blends of odors 
that may number in the many hundreds. Among those varied molecules there may be some that 
act as modulators as well as simple agonists. Suppression in blends has been known from 
psychophysical experiments for decades10-14, but the neural locus of those effects remains largely 
unknown (unlike vision where inhibition plays a large role, but only in higher circuitry). In the 
current study we utilized a new technology, Swept Confocally Aligned Planar Excitation (SCAPE) 
microscopy15-17. SCAPE enabled high-throughput, high-speed 3-dimensional, simultaneous 
monitoring of the intracellular calcium responses of large numbers of individual intact olfactory 
sensory neurons (OSNs) expressing GCaMP6f, imaged in-situ within a uniquely designed mouse 
hemi-head perfused preparation. Observations of responses of the same cells to a sequence of pure 
odors and then to mixtures of the same odors revealed a significant number of cells whose activity 
was modulated by one or more components of the mixture.  This modulation could take the form 
of suppression or enhancement, consistent with both antagonistic and allosteric effects at the 
primary receptors. These results call into question what is likely an overly simple model of a linear 
combinatorial code for discrimination of odors or odor mixtures. An additional and unexpected 
finding to come from these data is the occurrence of small molecule allosteric modulation of these 
Class A GPCRs. 
 
 
RESULTS 
Previously several laboratories have shown the possibility of antagonistic inhibition at olfactory 
receptors8,18-23.  Given that they are members of the Class A family of GPCRS, this is not entirely 
surprising.  However, the role of inhibition, or other modulatory effects on the primary receptors 
has not been extensively examined in an intact preparation. We used a hemi-head, intact mouse 
preparation to image the activity of olfactory sensory neurons during perfusion of individual and 
combinations (blends) of specific odors. These mice expressed the genetically encoded Ca2+ 
indicator GCaMP6f under the mature OSN-specific OMP promoter (OMP-GCaMP6f). The 
physical layout of the preparation can be seen in Fig. 1A and the details are provided in Methods. 
This preparation enabled a variety of odor stimuli to be perfused over the intact tissue while 
tracking the simultaneous responses of thousands of olfactory neurons layered within the 
epithelium of the curved turbinates (Fig. 1B, C). Extended Data Movie 1 shows an example of 
dynamic neural responses to an odor stimulus. Mature OSNs express only one allele of an odor 
receptor gene 24-27, and therefore the response of a single neuron should represent the response of 
its receptor. With this new technique we were able to detect activity evoked by the application of 
the olfactory cell adenylyl cyclase activator, forskolin, in nearly 10,000 OSNs per mouse. 
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Figure 1. Imaging of intact olfactory epithelium using SCAPE microscopy.  
A. Schematic of intact olfactory epithelium imaging platform for SCAPE microscopy. The SCAPE microscope 
objective is configured in an inverted layout. A custom-designed glass bottom perfusion chamber was placed above 
the objective with water immersion. The right half of mouse head was mounted in the perfusion chamber, with 
olfactory turbinates exposed. The perfusion chamber was designed to control the perfusion flow through the nasal 
cavity with the inlet at the nostril and the outlet at the throat (blue arrows). The field of view typically covered the 
ventral half of either turbinate IIb or III, and some of the neighboring turbinates (yellow rectangle). 
B. 3D volumetric rendering of SCAPE data acquired on the olfactory epithelium showing a 1000µm×800µm×240µm 
field of view. The same volume could be imaged for more than an hour at 2-5 volumes per second (VPS) in the 
perfusion chamber during sequential odor delivery. 
C, C’. Top-down and side view of the highlighted regions (blue in C and yellow in C’). Maximum intensity projection 
of 10μm sub-stack in Z and 5μm sub-stack in X were shown here. Scale bar = 50μm. Note that individual olfactory 
sensory neurons (OSNs) can be resolved. 
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Odor blends 
To test OSN responses to odor blends, we designed two odor sets: odor set 1 (Fig. 2A) contained 
Acetophenone, Benzyl acetate and Citral, all at 100µM. These odors are common ingredients in 
perfumery but possess different nuances: Acetophenone, the simplest aromatic ketone, is often 
described as almond or mimosa; Benzyl acetate is described as possessing a floral and jasmine 
scent, and Citral is described as citrus. Thus the three components of the mixture are chemically 
and perceptually distinct (at least to humans). Additionally the three odors were chosen because 
they can activate a large number of cells for analyses. Odor set 2 (Fig. 4A) is a specific formula 
well known to perfumers as a “woody accord” and contains 148μM Dorisyl, 48μM Dartanol and 
127μM Isoraldeine. It was chosen both because it is a common blend with a singular perception 
(again to humans) and it is chemically quite different from mixture 1. Stimuli were pseudo-
randomly presented as the total mixture, each component singly and in the 3 possible binary pairs.   
 
Single neuron activity extraction from SCAPE imaging  
Dynamic 3D SCAPE images of epithelium responses were analyzed after performing motion 
correction over the whole trial. 11 to 18 trials (75s each) of volumetric recording were divided into 
several 7.7μm thick depth sub-stacks and concatenated together for further data analysis. Time-
courses from each neuron were then extracted using 2D constrained nonnegative matrix 
factorization (CNMF) from the sum intensity projection of each sub-stack to obtain single cell 
calcium time courses and cell locations 28.  
 
Responses to odor set 1 
Recording the number of cells responding to the mixture and then to each of the individual odors 
showed that the sum of the cells responding to each odor was greater than the number of cells 
responding to the mixture. One simple explanation for this is that some cells are activated by more 
than one of the odors and therefore are counted twice in the individual cell census.  However, there 
were clear instances of cells that responded to one of the odors but gave either a reduced or no 
response when presented with the mixture containing the same odors at the same concentrations. 
Fig. 2C shows an example of one such cell (solid red circle) that showed a high response to 
Acetophenone alone and a significantly reduced response to the Acetophenone containing mixture. 
The trace above the image (Fig. 2B) shows the responses of the cell. In these cases, which were 
numerous (see later), it appeared that the most reasonable explanation was that one of the other 
components in the mixture was acting as an antagonist at certain receptors. 
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Figure 2. Representative GCaMP time courses of individual OSNs extracted from raw SCAPE image.  
A. Chemical structures of the three odorants used as odor stimuli (odor set 1). 
B, B’. Two sample GCaMP time courses of individual OSNs. Time course was extracted directly from the raw 
volumetric time series imaged by SCAPE microscopy. A circular ROI centered at each individual OSN with 7.7µm 
diameter was used to extract the GCaMP activity. A 30s-long stimulus was delivered in each trial, with a 2.5min 
interval (not shown) between stimulus applications.  
C. A subset of Acetophenone responsive OSNs are inhibited by components of the mixture. 
From this maximum intensity projection of a 7.7µm-depth sub-stack cropped from a 1000µm×500µm×200µm volume 
imaged by SCAPE microscopy two OSNs are circled in red. Both of these neurons responded to Acetophenone. One 
of them however was inhibited by the mixture of which Acetophenone was one component (solid line) while the other 
was unaffected by the mixture (dashed line).  The raw time courses of these neurons are shown in figure B and B’.  
Each volume was recorded at 2s after the odor stimulus arrived in each trial. Scale bar = 50μm. 
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To determine if this was indeed the case, and to obtain a more comprehensive neuronal response 
profile, we sampled a large number of cells with the mixture, with each component of the mixture 
individually and with each of the three pairwise combinations of the three odorants.  Fig. 3A shows 
data from more than 10,000 cells where peak responses were normalized and plotted in a heat map 
format. Each row represents the response of a single cell and each column represents an odor 
stimulus condition (Mix-A-B-C-Mix-AB-AC-BC-Mix, where A/B/C stands for Acetophenone, 
Benzyl acetate and Citral). The data are sorted into subgroups based on response patterns using k-
means clustering. Eight major subgroups can be observed from top to bottom: cells not (or barely) 
activated by any of the stimuli, cells dominantly activated by one of the three individual odors, 
cells dominantly activated by a binary pair of two of the three individual odors, and cells activated 
by all three individual odors. Representative time courses of each subgroup can be seen in 
Extended Data Fig. 1. 
 
Among the subgroups, cells dominantly activated by one of the three individual odors (Fig. 3A, 
subgroups II-IV) were of particular interest because these cells provided a straightforward 
comparison between responses to that individual odor and to the mixture. For example, in the 
subgroup (II) that dominantly responded to Acetophenone (A) most cells responded at the same 
magnitude to A, AB, AC and Mix, indicating that Benzyl-acetate (B) and Citral (C) neither co-
activated these cells nor modified their responses to Acetophenone (Fig. 3B, cell c). However, 
there were important exceptions, as some cells responding to Acetophenone were suppressed or 
even completely inhibited (cell a and b) by the mixture, or as in the case shown, by the Citral 
component in particular, while responses in other cells were enhanced (cell d).  Similarly, instances 
of suppression/enhancement were also observed in the Benzyl-acetate and Citral dominant groups 
(III and IV). To quantify these effects, a modulation index (Imod) was calculated, where negative 
values indicate suppression and positive values indicate enhancement (Fig. 3C). The distribution 
of modulation effects for each odorant are plotted in Fig. 3D. These effects center around 0, no 
effect, as would be expected.  Nonetheless there is a significant degree of modulation, including 
both suppression and enhancement, even between only these three odors.  (The percentage of 
enhancement may be slightly over-estimated because some single odor-dominant OSNs also 
responded weakly to the other two odors. However, in many cases (29%, 31% and 54% in groups 
II, III, IV), the response to the Mix is still higher than the numeric sum of the responses to the 
individual odorants.) In a control experiment in which only the Mix was delivered repetitively the 
Imod had a variance of only 9% (Extended Data Fig. 2, see Methods).  
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Figure 3. Response profile of odor set 1. 
A. Heatmap of normalized peak responses (N = 11,923, 5 mice) to odor set 1. Odor stimuli (columns) were given in 
a pseudo-stochastic manner for each mouse and re-aligned for this presentation. OSNs (rows) were clustered into 8 
subgroups (I-VIII) based on k-means clustering, as detailed in the text. Odor stimuli combinations are denoted by the 
colored squares at the top. 
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B. Representative time courses of individual OSNs showing inhibition/suppression (a,b; Acetophenone primarily by 
Citral), no effect (c) and enhancement (d,e; Acetophenone by either Benzyl acetate alone or both Benzyl acetate and 
Citral) respectively. These traces are all from cells in Groups I and II of the Heatmap (see Fig. 3A). Additional 
representative traces for all 8 groups are shown in Extended Data Fig. 1 which also provides the basis for the groupings. 
C. Quantification of the modulation effects. For neurons that were most responsive to one odorant (Acetophenone in 
this case), a modulation index (Imod) was calculated as (d2-d1)/d2, where d2 was the response magnitude to the single 
odorant, and d1 was the response magnitude to the mixture linearly corrected based on responses to the flanking Mix 
stimuli (see Methods). 
D. Representations of the modulation effects on Acetophenone /Benzyl acetate /Citral dominant neurons in the left, 
middle and right histograms respectively.  These are subgroups II, III, IV in Fig. 3A. Red indicates that cell responses 
to the individual odors were inhibited by the mixture and blue indicates enhancement by the mixture. 18% / 3% / 3% 
neurons in each subgroup showed >30% suppression; 19% / 38% / 38% neurons showed >30% enhancement, 
respectively. 
 
Interestingly, the top most subgroup (Fig. 3A, subgroup I) shows cells that did not have a 
significant response to any of the individual odors but responded strongly to the mixture (Fig. 3B, 
cell e). There are two explanations for this behavior.  The simplest is that the receptors in these 
cells responded to each of the three odors, but only at high concentrations, and the Mix represented 
a 3-fold higher total concentration than the highest concentration tested individually (300μM vs. 
100μM).  Thus, these could simply have been relatively insensitive cells that were activated by the 
higher total concentration of odors in the Mix.  
 
While this seems a straightforward explanation it does require that this group of cells expressed 
receptors that would have had at least some affinity for all three odors in the Mix and that the three 
odors act independently at the receptor. Given the structural differences between the odors this 
seems unlikely and would itself be remarkable. We believe that a reasonable alternative 
explanation is that one or more of the odors in the Mix was indeed a weak agonist and that one or 
more of the odors provided an allosteric enhancement. We will provide additional evidence for 
this possibility below.  
 
Responses to odor set 2  
The experimental design here is similar to that of odor set 1 with the major exception being that 
the components of the mix are not all at the same concentration. This blend was designed by 
perfumers to produce a woody perception and both the components and the concentrations have 
been worked out to maximize that effect.  While perfumers apparently arrived at this formula by 
experience and tacit knowledge, we sought to determine if suppression and enhancement might 
play a role in their choices.  In this blend we noted that a significant number of Dorisyl-dominant 
neurons were suppressed (Fig. 4B, black box). OSN responses to the binary mixtures further 
indicated that Isoraldeine (asterisk) was the major inhibitor rather than Dartanol (triangle). The 
modulation profile is summarized in Fig. 4C.  
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Figure 4. Response profile of odor set 2. 
A. Chemical structures of components in odor set 2 (the woody accord). 
B. Heatmap of normalized peak responses (N = 1,340, 3 mice) to the woody accord. Odor stimuli (columns) were 
given in a pseudo-stochastic manner and re-aligned for presentation clarity. The 8 groups were determined in the same 
manner as for Odor mix 1. 
C. Histograms showing the distribution of modulation effects. Dorisyl/Isoraldeine/Dartanol-dominant neurons were 
analyzed and plotted in left, middle and right figures, respectively. Red indicates cell responses to individual odors 
were inhibited by the mixture and blue indicates enhancement. 15% / 5% / 28% neurons in each subgroup showed >30% 
suppression; 19% / 17% / 6% neurons showed >30% enhancement, respectively. 
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Dose response analysis shows that inhibition is due to partial or competitive antagonism 
To gain a deeper understanding of the mechanism of the observed modulation effects we undertook 
a series of dose-response experiments using the responses of single cells. With SCAPE we were 
able to sample a large number of cells for these experiments. Acetophenone was selected as the 
agonist and Citral as the modulator – that is, we selected cells that were activated by Acetophenone 
and showed little or no response to Citral. 
 
7,030 OSNs were activated by either component in this binary odor pair (Extended Data Fig. 3A). 
After k-means clustering and data sorting, 168 OSNs that responded to Acetophenone were found 
to be suppressed (by >30%) or completely inhibited by 100μM Citral (Fig. 5A). Single-neuron 
responses showed that neuronal responses were more likely to be inhibited at lower Acetophenone 
concentrations; as Acetophenone concentration increased, the suppression effect could be 
overcome (Fig. 5B).  Normalized responses of all 168 OSNs were plotted against Acetophenone 
concentration. The suppression effect of Citral was dependent on Acetophenone concentration, 
suggesting competitive antagonism (Fig. 5C). In a few cases (15/168) Citral alone could also 
activate an OSN but would nevertheless suppress the activity of Acetophenone (Extended Data 
Fig. 3B). These cases fit the standard model of partial agonism, which we also observed regularly.  
Similarly, dose-dependent inhibition was also observed in the Dorisyl-Isoraldeine odor pair, where 
Dorisyl was the agonist and Isoraldeine was the antagonist (Extended Data Fig. 4). 
 
Enhanced Responses 
While competitive antagonism and partial agonism are not surprising mechanisms to find in 
themselves among GPCRs, enhancement of responses is harder to explain.  Nonetheless we 
recorded 189 OSNS whose responses to Acetophenone were significantly (by >30%) enhanced by 
100μM Citral (Fig. 5D). In most of the cases we observed a low concentration of Acetophenone 
was insufficient to activate OSNs, unless mixed with 100μM Citral (which produced only a small 
response on its own), while high concentrations of Acetophenone (200 or 300μM) were sufficient 
to activate these OSNs alone (Fig. 5E). A dose-response plot of these OSNs (Fig. 5F) shows a 
clear shift to the left (enhancement) caused by the presence of Citral. In some cases (n=5 in this 
data set), even 300μM Acetophenone could not elicit a response, whereas the mixture of lower 
concentrations of Acetophenone and 100μM Citral could activate the neuron (Extended Data Fig. 
3C). We suggest, from these data, that the mechanism for this enhancement is most likely to be an 
allosteric effect of Citral on this subset of receptors. The combined concentration of 100μM Citral 
and 100μM Acetophenone (total equals to 200μM) gives a larger response than 200μM or even 
300μM Acetophenone alone. Therefore the enhanced effect cannot be due only to increased ligand 
concentration. Although small molecule allosteric modulation of Class A GPCRs has been only 
rarely observed29-33, the wide diversity of the OSN receptor family appears to have extended the 
occurrence of this mechanism in GPCRs of this type. We are unable from these experiments to 
determine the allosteric site, but we note that the odor molecules are relatively hydrophobic and 
from a chemical point of view, could easily insert themselves in the lipid membrane and bind to 
sites within the transmembrane regions of the receptor. 
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Figure 5. Dose-dependent suppression/ enhancement of Acetophenone by 100μM Citral. 
A. Normalized response heatmap of Acetophenone-activated neurons suppressed by Citral (N = 168). Neurons were 
stimulated by an increasing concentration of Acetophenone (10-300μM) in the presence or absence of 100μM Citral. 
OSNs that showed >30% suppression were considered as suppressed. Odor stimuli were denoted by colored squares 
at the top. 
B. Representative time course of an individual OSN suppressed by 100μM Citral. 
C. The effect of 100μM Citral as an antagonist. OSNs suppressed by 100μM Citral (see Fig. 5A) were selected for 
this analysis. Dose-dependent responses (mean±S.E.M.) were plotted and fitted with the Hill Equation. Responses to 
Acetophenone alone were plotted in black; responses to Acetophenone + Citral were plotted in red. Acetophenone 
alone: Hill coefficient = 1.55, EC50 = 13.99μM; Acetophenone + Citral:  Hill coefficient = 1.95, EC50 = 86.53μM. 
D. Normalized response heatmap of Acetophenone-activated neurons enhanced by Citral (N = 189). OSNs that 
showed >30% enhancement were considered as enhanced. 
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E. Representative time course of an individual OSN showing enhancement. 
F. The effect of 100μM Citral as an enhancer. To avoid bias, the baseline responses to 100μM Citral /DMSO were 
linearly subtracted from the dose-dependent responses (mean±S.E.M.) to Acetophenone + Citral (red) and 
Acetophenone alone (black), respectively. Results were fitted with Hill Equation. Acetophenone alone: Hill coefficient 
= 1.46, EC50 = 102.83μM; Acetophenone + Citral:  Hill coefficient = 0.87, EC50 = 45.42μM. 
 
How widespread is receptor modulation? Screening of additional Acetophenone modulators.  
While we have used a simple blend of a just a few odors and further concentrated on one or two 
of them as modulators, there is nothing inherently special about any of these molecules. Indeed we 
suspected that virtually all odors can act as both agonists and modulators at various receptors, 
depending on what other molecules may be present. This response modulation could occur 
between any pair of odors that happen to activate/antagonize/enhance the same receptor.  If this is 
correct, Citral should not be the only antagonist of Acetophenone, a prediction that can be tested 
empirically. 
 
To test this hypothesis, we selected four different odorants (Dartanol (DART), Isoraldeine (ISO), 
-terpinene (gTER) and Isoamyl acetate (IAA); see Fig. 6A) and paired them with Acetophenone 
(ACE). We recorded 6,178 cells that were activated by at least one of the odors (Extended Data 
Fig. 5); among which 1,309 were activated by Acetophenone. After k-means clustering and cell 
sorting, 85 cells showed at least a 30% response suppression by one or more of the other 
compounds, Isoraldeine being the most common (Fig. 6B). Interestingly, the responses to the four 
compounds were varied, indicating that multiple types of receptors were likely involved (Fig. 6C, 
cell a and b). In rarer cases, cells were inhibited by more than one odorant (cell c), and sometimes 
were even suppressed by all four odorants equivalently (cell d). 
 
We also observed evidence for enhancement among these compounds. For example, cell c shown 
in Fig. 6E did not respond to ISO, gTER or ACE, but both binary odor pairs (ISO/ACE and 
gTER/ACE) did activate the neuron. A detailed response profile of enhancement is shown in Fig. 
6D. Responses before and after are marked with asterisks for comparison.  It thus appears that 
numerous molecules, both those with and without an apparent smell, could act as antagonists at 
numerous receptors. 
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Figure 6. Acetophenone responses can be modulated by multiple odorants. 
A. Chemical structures of odorants tested as modulators. These odorants were chosen to reflect a diversity of chemical 
properties. 
B. Normalized response heatmap of suppressed OSNs (N = 85). OSNs were first stimulated with 100μM Dorisyl 
Isoraldeine, -terpinene and Isoamyl acetate individually.  Each of the odors was then tested against 30μM 
Acetophenone. Although the level of suppression varied, all OSNs shown here had >30% suppression.  Odor stimuli 
were denoted by colored squares at the top (color coding as in Fig.6A). 
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C. Representative time courses of four OSNs showing suppression. Responses to 30μM Acetophenone alone are 
highlighted by pink rectangles; inverted triangles with different colors indicate suppression/inhibition by 
corresponding odorants.   
D. Normalized response heatmap of enhanced OSNs (N = 75). The same protocol as for suppression was used here, 
and again all the OSNs shown here demonstrated >30% enhancement. Asterisks with different colors indicate 
enhancement by the corresponding odorants.  
E. Representative time courses of four enhanced OSNs. Inverted triangles with different colors indicate enhancement 
of corresponding odorants. 
 
DISCUSSION 
Odor suppression in particular has been well documented in psychophysical tests10-14, and is a 
common tool of perfumers. For example, Isoraldeine (also known as γ-methyl ionone) has been 
known to perfumers and fragrance producers as a masking agent since at least 200134. However, 
the neural mechanisms underlying these effects have remained obscure.  Even the locus of the 
effect – peripheral, central or both – is undetermined. Although studies using monomolecular odors 
as stimuli can reveal ligand-receptor relations and categories of odor sensitivity, such studies 
cannot reveal the mechanisms at play when smelling blends or mixtures of odors, some of which 
may be highly complex collections of tens to hundreds of compounds. By screening widespread 
cell-specific responses to more realistic blends of odors we demonstrate here that the receptors 
themselves are engaged in a variety of modulatory responses, including antagonism, partial 
agonism and enhancement, before any further processing of the stimulus at higher system levels.   
 
Inhibition or antagonism has been previously observed for single receptor neurons tested with 
monomolecular compounds8,18-23. Moreover, multiple mathematical and biophysical models have 
been proposed to describe the consequences of mixing two odors that included suppression and/or 
inhibition21,35‐37. However, the low throughput of classical methods to assess cell-specific 
responses to multiple odors has made it very difficult to quantify the incidence of inhibition in 
practice and therefore tis relevance to perception. Making use of a new high-throughput, high-
speed 3D imaging technology (SCAPE microscopy) enabled us to overcome this throughput 
challenge - surpass this limitation by an order of magnitude - and investigate responses of many 
neurons in an intact epithelium simultaneously, stimulated with multi component odor blends. 
These recordings revealed a complex interaction of mixtures of odors at the peripheral sensory 
level – at odds with the commonly accepted idea of a simple combinatorial encoding of odors at 
this level. In a strict combinatorial model the responses of a mixture should be approximately a 
linear summation of the responses to the individual components.  
 
Our results however demonstrate that some odors act as agonists at one receptor and antagonists 
or partial agonists at others, painting a much more complex picture of how odor sensing leads to 
perception of mixed odor blends. Additionally an approximately equal number of odors acted as 
enhancers of other odor responses.  Under the simplified conditions of using only a 3 odor blend 
we nonetheless found evidence of robust modulatory effects between the compounds.  Within any 
one subgroup we observed as much as 38% of the responses being modulated by different 
components of the mixture, and overall we estimate that a minimum of 22% of responses were 
modulated, out of 10,000 cells with only 3 odor component blends.  Although this is problematic 
for a simple combinatorial coding strategy it is consistent with recent data from several laboratories 
that have reported no discernable patterning or topographic arrangement of inputs from olfactory 
bulb to piriform cortex 38-40.  
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We propose an alternative to a combinatorial code utilizing the modulatory effects observed here 
(Fig. 7). Without the modulatory effects, the number of receptor patterns could easily be saturated 
even in the large olfactory receptor family due to the orders of magnitudes higher number of 
potential ligands (see left panel, model 1). Making conservative estimates that any given odor 
molecule can activate 3-5 receptors at a medium level of concentration, then a blend of just 10 
odors could occupy as many as 50 receptors, more than 10% of the family of human receptors4,41. 
The situation is worsened if, as seems likely, some of these receptors have overlapping 
sensitivities. This will result in fewer differences between two blends of 10 similar compounds. 
The number of available unoccupied receptors is further reduced with the addition of each new 
component, eventually saturating the system and making it impossible to discriminate between 
complex blends. We note that coffee has over 850 volatiles and Bordeaux wines are reported to 
have as many as 1100 42,43. However, if each of the ligands (odors) in a blend also inhibits some 
receptors activated by other components then this removes some of the overlapping receptors, 
producing increased sparsity (see right panel, model 2). At the same time enhancement introduces 
receptors insensitive to individual components but activated by the presence of multiple odors, 
broadening the ligand-binding spectrum of the receptors. Together, these modulatory actions 
produce additional possible patterns for complex blends to occupy. Therefore we suggest pattern 
recognition as an alternative to either combinatorial or topographical coding strategies. 
 

 
Figure 7. Increased coding capacity through modulation. Two conceptual models are shown to contrast their 
robustness in odor mixture coding. 
Non-modulation model (left): If we suppose odors X, Y and Z (all monomolecular compounds) can each activate a 
subset of odor receptors, with odor 1 having a slightly broader spectrum. In this model, mixing odor Y with odor X 
would recruit two more receptors but adding Z will not produce a different perception, because odor Z recruits no 
new receptors.  On the other hand, the four receptors that have been activated by odor X are ‘locked’ in an activation 
state, and are not available for detecting component changes in this mixture.   
Modulation model (right): In this model, all receptors are subject to modulation in addition to their activation 
profile. Under one possible circumstance, similar to what we have observed, mixing odors X and Y results in the 
inhibition of receptor 2 and the enhancement of receptor 8. Adding odor Z into the mixture inhibits receptor 5 and 
enhances receptor 7. As a result, the sparsity is increased due to inhibition and the spectrum of odor coding is 
expanded through enhancement. Together these serve to increase the robustness of pattern detection as a mechanism 
of perception. This model also implies that ‘silent’ receptors might be as important as the activated ones in pattern 
recognition of an olfactory object. 
 

Inhibition

EnhancementR1 R2 R3 R4 R5 R6 R7 R8R1 R2 R3 R4 R5 R6 R7 R8

X

Y

Z

X

X+Y

X+Y+Z

Od
or

s

Receptors

Single odor response

Global response

Increased sparsity Broadened spectrum

Actual response pattern
of the object

Model 1: non-modulation Model 2: modulation

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 8, 2019. ; https://doi.org/10.1101/760330doi: bioRxiv preprint 

https://doi.org/10.1101/760330


16 
 

Olfaction appears unique in these interactions at the level of primary receptors. In other non-
chemosensory sensory systems, (vision, hearing, somatosensory, etc.) there is no demonstrated 
case of a stimulus activating one type of primary receptor and inhibiting another. Whatever 
interactions occur between stimulus responses are at higher levels of processing, e.g. red-green 
color opponency in vision. This raises the crucial question as to whether olfactory processing at 
higher levels resembles that of other sensory systems or utilizes an alternative strategy. Together 
with the recent work in piriform cortex suggesting a lack of topographical representation44, there 
is abundant motivation to consider alternative coding strategies that also account for the presence 
of receptor modulation at the first step of olfactory discrimination. 
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METHODS 
Animals 
Mice were housed and handled in accordance with protocols approved by Columbia University 
Institutional Animal Care and Use Committee.  OMP-Cre-driven GCaMP6f strain was generated 
by crossing OMP-Cre strain (JAX006668) with Ai95D (CAG-GCaMP6f, JAX024105). Male 6 to 
8-week old mice with a genotype of OMP-Cre+/- GCaMP6f-/- were used for SCAPE Imaging.  
 
Tissue preparation 
Mice were overdosed with anesthetics (ketamine 90 mg·kg-1; xylazine 10 mg·kg-1, i.p.) and 
decapitated in accordance with IACUC approved procedures. The head was cut open sagittally 
and the septum was removed to expose the surface of the olfactory turbinates. Only the right half 
was used for experiments. The tissue was placed in cold modified Ringer’s solution (mM: 113 
NaCl, 25 NaHCO3, 5 KCl, 2 CaCl2, 3 MgCl2, 20 HEPES, 20 Glucose, pH 7.4) for 40min before 
imaging. 
 
For SCAPE imaging, the right half of a mouse head with the olfactory turbinates exposed was 
mounted in a custom-designed 3D printed glass bottomed perfusion chamber. The perfusion 
chamber was designed to control the perfusion flow in the nasal cavity with the inlet at the nostril 
and the outlet at the throat (Fig. 1A, blue trace and arrows). A small amount of light-cured dental 
composite (Tetric EvoFlow®, Ivoclar Vivadent) was applied to adhere the tissue to the chamber. 
During experiments, the tissue was continuously perfused with carboxygenated (95% O2, 5%CO2) 
modified Ringer’s solution at room temperature, 0.75ml·min-1. Depending on individual 
differences and the particulars of the tissue mounting, there was some variation in the precise 
region that was imaged. Typically, the field of view covered the ventral half of either turbinate IIb 
or III 45, and some portion of the neighboring turbinates. Every experiment covered a large and 
overlapping region of the epithelium (Fig. 1A, yellow rectangle). Analyses are on combined data 
from all regions recorded, as we saw no apparent differences in regional responses. 
 
Odorants and odor stimuli 
All odorants in this study except Benzyl acetate, Dorisyl, Dartanol, and Isoraldeine (all gifts from 
Firmenich SA) were from Sigma-Aldrich. In odor set 1, Acetophenone, Benzyl acetate and Citral 
were first diluted in DMSO to make stock solutions, then subsequently diluted in modified Ringer 
to 100μM. For two and three-component mixtures, Acetophenone, Benzyl acetate and Citral were 
mixed then subsequently diluted so that each component has a final concentration of 100μM, with 
DMSO concentration at 1‰. In odor set 2, Dorisyl, Dartanol and Isoraldeine were mixed at a 
volume ratio of 45% : 15% : 40% to reproduce the Woody Accord, an accord that has been widely 
used in the perfume industry. Final concentrations of the three odorants were 148μM, 48μM and 
127μM, respectively, both in single odorant solution and in mixtures; DMSO concentration was at 
2‰ for enhanced solubility. All other odorant solutions had a final DMSO concentration at 1‰. 
 
Odorants were applied for 30s using a 1260 Infinity HPLC system (Agilent Technologies, Santa 
Clara, CA, USA) with 2.5min time intervals between stimuli. The adenylate cyclase activator 
forskolin (50μM, Sigma-Aldrich) was applied at the end of each experiment to assess the viability 
of OSNs. 
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SCAPE imaging 
High-speed volumetric imaging of intact epithelium was performed on a custom Swept 
Confocally-Aligned Planar Excitation (SCAPE) microscope extended from designs described in 
Bouchard et al. 2015 and Hillman et al. 2019 15-17. SCAPE is a form of light-sheet microscopy, 
providing low phototoxicity combined with very high-speed 3D imaging of intact samples through 
a single, stationary objective lens. Briefly, SCAPE’s high-speed 3D imaging is achieved by 
illuminating the sample with an oblique light sheet through a 1.0 NA objective lens. Fluorescence 
signal excited by this sheet (extending in y-z’) is collected by the same objective lens (in this case 
an Olympus XLΜMPLFLN 20XW 1.0 NA water immersion objective with a 2mm working 
distance). A galvanometer mirror in the system is positioned to both cause the oblique light sheet 
to scan from side to side across the sample (in the x direction) but also to descan returning 
fluorescence light. This optical path results in an intermediate, de-scanned oblique image plane 
which is stationary yet always co-aligned with the plane in the sample that is being illuminated by 
the scanning light sheet. Image rotation optics and a fast sCMOS camera (Andor Zyla 4.2 PLUS) 
are then focused to capture these y-z’ images at over 1000 frames per second as the sheet is scanned 
in the sample in the x direction. Data is then reformed into a 3D volume by stacking successive y-
z’ planes according to the scanning mirror’s x-position. All other system parts including the 
objective and sample stage are stationary during high speed 3D image acquisition. 
 
In this study, the stationary objective in SCAPE system was configured in an inverted arrangement 
to image underneath the perfusion chamber. The overall magnification of SCAPE microscopy was 
configured to be 4.66x. A 488nm laser was used for excitation (<1.4 mW at the sample) with a 
500 nm long pass filter for the emission path. The system’s sCMOS camera was used at various 
frame rate for different specific ROI (800-1300 fps). The x-direction scanning step was set to be 
around 2-3µm to achieve 2-5 volumes per second imaging over a field of view as large as 1000µm 
× 800µm × 220µm (y-x-z, 1.39×(2-3)×1.1µm per pixel). Each trial was acquired for 75 seconds, 
and each mouse can be imaged for more than 20 trials with 2.5 min of inter-trial interval. 
 
Volumetric image data processing 
Sample drifts were corrected using custom Matlab code based on NoRMCorre46. Since the tissue 
drifts and motion artifact within each trial is negligible, a single volume from each trial was taken 
and registered to the template with manual correction when necessary. The same transform matrix 
was then applied to all the volumes in each trial. After registration, 3D volumetric data from each 
trial were then divided into multiple 7.7µm depth sub-stacks with 3.3µm spacing to minimize 
overlapping of neurons. Trials from the same experiment were concatenated and projected into 2D 
stacks with sum intensity in depth. Constrained Nonnegative Matrix Factorization (CNMF) was 
applied on each 2D stack to extract single cell calcium activity 28.  
 
Neurons with significant tissue drift/deformation were rejected from further analysis. CNMF 
extracted neuronal time-courses and spatial loci were initially screened with convolutional neural 
network to exclude neurons with spontaneous activity, motion induced baseline fluctuation or 
inconsistent responses to repetitive odor stimuli. All the cells were later validated manually to 
ensure data fidelity. Time courses of each neuron’s GCaMP activity were shown as ΔF/F, where 
ΔF is the real-time fluorescent intensity change and F is the baseline.  
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Plotting normalized response heatmaps 
Peak responses were normalized to the maximum odorant response of each neuron. Since odorants 
were administered in a pseudo-stochastic manner, data from different animals were re-aligned 
before combination. Neurons were then clustered into subgroups based on k-means clustering and 
sorted according to response intensity and modulation index within each subgroup. 
 
In order to calculate the modulation index (Imod) in Fig. 3D and 4C, responses to the mixture were 
linearly corrected based on responses to repeated odor stimuli. The modulation index (Imod) was 
calculated as (d1-d2)/d2, where d1 is the magnitude of response to the dominant odorant, and d2 is 
the corrected magnitude of response to the mixture (Fig. 3C). In a control experiment, the variance 
of Imod was measured to be 9% (N = 944, 2 mice; see Extended Data Fig. 2), which is comparable 
to that of conventional calcium imaging data9. 
 
DATA AND SOFTWARE AVAILABILITY 
All custom Matlab scripts will be made available upon request. The data that support the findings 
of this study are available from the corresponding authors upon reasonable request. 
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Supplemental Information 
 
 

 
Extended Data Figure 1. Representative time courses of subgroup I-VIII. A representative OSN was selected 
from each subgroup to illustrate different response patterns. Responses to 100μM Acetophenone/Benzyl acetate/Citral 
were highlighted with pink/blue/yellow rectangles, respectively. 
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Extended Data Figure 2. Stable responses to repetitive odor stimuli.  
A. Representative time course of an individual OSN. Neurons were stimulated repetitively by the ABC mixture 
(Acetophenone + Benzyl acetate + Citral, 100μM each) and DMSO. Cell viability was verified by 50μM forskolin.  
B. Histograms showing natural variation of OSN responses. Modulation indices (Imod) were calculated and plotted 
using the same method shown in Fig.4B. The results indicate that although there are a few outliers, the actual responses 
of most OSNs were close to estimation, with a standard deviation of 9% (N = 944, 2 mice).  
 

-1 -0.5 0 0.5 1
Imod

0

10

40

N
eu

ro
ns

(%
)

20

50

30

N=944

MIX
DMSO

FORK

 ∆
F/

F

2min

20
%

Time
Inh

Enh

-1.0

-0.5

0

0.5

1.0
>1.0

d2
d1

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 8, 2019. ; https://doi.org/10.1101/760330doi: bioRxiv preprint 

https://doi.org/10.1101/760330


22 
 

 
Extended Data Figure 3. Dose-dependent responses to Acetophenone and Citral. 
A. Heatmap of normalized peak responses (N = 7030, 3 mice) to Acetophenone and Citral. OSNs were stimulated 
with increasing concentrations of Acetophenone (10-300μM) in the presence or absence of 100μM Citral. OSNs were 
sorted based on kmeans clustering results and the modulation index. Brackets of suppression and enhancement indicate 
neuron subgroups shown in Figure 6A and 6D, respectively. 
B. Representative time course of an individual OSN showing partial agoinsm by 100μM Citral. 
C. Representative time course of an individual OSN showing enhancement by 100μM Citral, possibly due to positive 
allosteric modulation. 
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Extended Data Figure 4. Representative time course of an individual OSN. Neurons were stimulated with 
increasing concentrations of Dorisyl with or without 100μM Isoraldeine. 
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Extended Data Figure 5. Heatmap of normalized peak responses (N = 6178, 3 mice) to Acetophenone and four 
candidate modulators. OSNs were first stimulated with 100μM Dorisyl, Isoraldeine, -terpinene and Isoamyl acetate 
without Acetophenone and then with 30μM Acetophenone. Odor stimuli were presented in a pseudo-stochastic manner 
and re-aligned. OSNs were sorted based on k-means clustering results and sorting of modulation index. Brackets of 
suppression and enhancement indicate neuron subgroups shown in Figure 7B and 7D, respectively. 
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Extended Data Movie 1. 3D rendering video of SCAPE recording olfactory epithelium neuronal GCaMP 
fluorescence (Turbinate IIa-III) responding to a mixture of Acetophenone, Benzyl acetate and Citral (100μM each). 
The video playback speed is 5x real time.   
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