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The primary actors in the detection of olfactory information in insects are
odorant receptors (ORs), transmembrane proteins expressed at the dendrites
of olfactory sensory neurons (OSNs). In order to decode the insect olfactome,
many studies focus on the deorphanization of ORs (i.e., identification of their
ligand), using various approaches involving heterologous expression coupled
to neurophysiological recordings. The “empty neuron system” of the fruit fly
Drosophila melanogasterisanappreciable host forinsect ORs, becauseitconserves
the cellular environment of an OSN. Neural activity is usually recorded using
labor-intensive electrophysiological approaches (single sensillum recordings,
SSR). In this study, we establish a simple method for OR deorphanization using
transcuticular calcium imaging (TCI) at the level of the fly antenna. As a proof of
concept, we used two previously deorphanized ORs from the cotton leafworm
Spodoptera littoralis, a specialist pheromone receptor and a generalist plant
odor receptor. We demonstrate that by co-expressing the GCaMP6s/m calcium
probes with the OR of interest, it is possible to measure robust odorant-induced
responses under conventional microscopy conditions. The tuning breadth and
sensitivity of ORs as revealed using TCIl were similar to those measured using
single sensillum recordings (SSR). We test and discuss the practical advantages
of this method in terms of recording duration and the simultaneous testing of
several insects.

calcium imaging, heterologous expression, odorant receptor, insect, Drosophila
melanogaster, Spodoptera littoralis

1. Introduction

Olfaction is a predominant sense for most animals, which are exposed to a plethora of
chemical cues in their environment, signaling food sources, conspecifics, mating partners or
predators among others (Hansson, 1999; de Bruyne and Baker, 2008; Hansson and Stensmyr,
2011; Li and Liberles, 2015). While the visual system uses a few photoreceptors to decode the
entire light spectrum, the olfactory system deploys a high diversity and plasticity in its structure
in order to detect and discriminate thousands of discrete odorants differing in molecular
structure and physicochemical properties (Keller and Vosshall, 2016). In insects, odorants are
detected at the periphery by olfactory sensory neurons (OSNs) housed within cuticular hairs
located mainly on the insect’s antennae or maxillary palps. OSNs detect odorants through
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chemoreceptors belonging to different families of transmembrane
proteins, among which odorant receptors (ORs) play a major role
(Joseph and Carlson, 2015; Robertson et al., 2019). ORs form odorant-
gated ion channels (Sato et al., 2008; Wicher et al, 2008) in a
heteromeric complex with a conserved co-receptor (ORco) (Larsson
et al., 2004; Vosshall and Hansson, 2011). In addition to ORco, insects
typically express a high number of OR genes, ranging from about 3 in
some dragonflies to more than 500 in various ant species (Andersson
etal., 2015; Yan et al.,, 2020). The generally accepted model obtained
from work in Drosophila melanogaster is that only one OR gene is
expressed together with ORco in a given OSN, and that all OSNs
carrying a given OR project to the same glomerulus in the primary
olfactory brain center, the antennal lobe (Couto et al., 2005; Pitts et al.,
2016). Recently, some exceptions to this rule have been found, for
instance in some drosophilid and mosquito species in which
co-expression of different types of ORs, or of ORs together with IRs
(ionotropic receptors) have been demonstrated (Ebrahim et al., 2015;
Karner et al.,, 2015; Auer et al., 2022; Herre et al., 2022; Task et al.,
2022). In addition, such a simple system does not seem to apply
in locusts due to important differences in the number of ORs
compared to the number of glomeruli (142 vs. 1,000) (Ignell et al.,
2001; Chang et al., 2022).

Whatever the exact organization within a given insect species,
its olfactory capacities generally depend on its OR gene repertoire
and on the functional properties of the OR proteins, in particular
their
deorphanization (i.e., identification of the ligands) of ORs and the

sensitivity and tuning breadth. Accordingly, the
study of their functional properties have attracted strong interest in
the last decades (Table 1). Interest for ORs and their ligands also
stems from research aiming to develop new odorant biosensors that
can be used as tools in commercial devices for the detection of
volatile organic compounds (Kawano et al., 2011; Liu et al., 2013).
Accordingly, purely artificial approaches have been developed, such
as a synthetic OR is embedded in a bilayer lipid membrane on a chip,
and electrical activity is recorded using a conventional patch-clamp
system (Funakoshi et al., 2006; Osaki and Takeuchi, 2017; Misawa
et al., 2019) or into systems that mimic the cell membrane as
nanodiscs or nano-liposomes (Khadka et al.,, 2019; Murugathas
et al, 2019). Such a system may be applied for insect OR
deorphanization (Misawa et al., 2019). However, the most common
approach used for deorphanization is heterologous expression of
ORs within extant biological systems (Dobritsa et al., 2003; Kurtovic
et al.,, 2007; Wanner et al., 2007; Montagné et al., 2012; Claudianos
etal., 2014; de Fouchier et al., 2015, 2017). This involves the insertion
of gDNA or cRNA encoding an OR of interest from one species into
another species. Different types of in vitro and in vivo host systems
have been used. As in vitro systems, HEK-293 cells (human
embryonic kidney cells) are mostly used for the functional study of
mammalian ORs (Krautwurst et al., 1998; Wetzel et al., 1999; Katada
etal., 2003; Corcoran et al., 2014) but appear to be efficient for insect
ORs also (Grosse-Wilde et al., 2006), while Sf9 cells (from a
Spodoptera frugiperda ovary cell line) can be used to study insect
ORs (Claudianos et al., 2014; Xu et al,, 2015). OR activation by
odorant molecules is then monitored by calcium imaging.
Expression in Xenopus oocytes followed by electrophysiology
recordings is also widely used, from mammals to insects (Wetzel
et al., 1999; Wanner et al., 2007, 2010; Bavan et al., 2014; Peterlin
etal., 2014; Wang et al., 2016; Hou et al., 2020). As an in vivo system,
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the “empty neuron system” of the fruit fly Drosophila melanogaster
is an appreciable host for insect ORs, because it conserves the natural
environment of an OSN, with the presence of odorant-binding
proteins (OBPs) (Kruse et al., 2003; Xu et al., 2005), odorant-
degrading enzymes (ODEs), accessory cell environment (trichogen,
tormogen and thecogen cells) and membrane proteins such as
Sensory Neuron Membrane Proteins (Thurm and Kiippers, 1980;
Steinbrecht, 1992; Cassau and Krieger, 2021; Prelic et al., 2022). The
actual roles of each of these components are still debated but may
be crucial for measuring relevant OR responses. Therefore, this
system creates an optimal environment in which the probability of
deorphanizing an OR is ultimately enhanced. One option involves
replacing the endogenous odorant receptors OR22a and OR22b
present within the ab3A neurons of large basiconic sensilla, with the
OR of interest (Hallem and Carlson, 2006; de Fouchier et al., 2017;
Chahda et al., 2019). Similarly, it is possible to replace the Drosophila
ORG67d receptor by an OR of interest within OSNs of the at1 trichoid
sensilla (Kurtovic et al., 2007; Montagné et al., 2012; de Fouchier
etal, 2015, 2017; Brand et al., 2020). Both systems have been used
for the functional study of insect ORs, with the basiconic (ab3)
system being preferentially applied for generalist receptors like
OR22a (de Fouchier et al., 2017), and the trichoid system (atl)
preferred for pheromone receptors like OR67d (Montagné et al.,
2012). Beyond the expression of OR genes in Drosophila OSNs, OR
deorphanization involves measuring the electric activity of the
transformed neurons and testing a wide panel of odorants in order
to find the correct ligands. This is usually performed using single-
sensillum recordings (SSR) of ab3 or atl sensilla (Dobritsa et al.,
2003; Hallem et al., 2004; Kurtovic et al., 2007; Montagné et al., 2012;
de Fouchier et al., 2017; Chahda et al., 2019). While well established
and robust, the SSR approach has some limitations that may reduce
its use for high throughput approaches needed for a large scale OR
deorphanization. For instance, single sensillum electrical contact is
relatively short lived, only one insect can be recorded at a time and
recordings focus on one sensillum at a time. In this context, optical
imaging techniques may offer interesting opportunities to obtain
longer recording times and recordings from several
insects simultaneously.

In the present study, we asked if optical imaging approaches can
be used as an additional technique for OR deorphanization. Unlike
most insects, the cuticle of the Drosophila antenna is translucent, so
neurons can be imaged through the cuticle if a genetically encoded
fluorescent protein sensor with a strong baseline fluorescence is used,
an approach termed transcuticular calcium imaging (in this study,
shorted as TCI) (Pelz et al., 2006; Kamikouchi et al., 2010; Strauch
et al, 2014). To test this possibility, we used two previously
characterized ORs from the cotton leafworm Spodoptera littoralis
(Montagné et al., 2012; de Fouchier et al., 2015, 2017), a specific
pheromone receptor (SlitOR6) expressed in atl trichoid sensilla, and
a generalist receptor (SlitOR29) expressed in ab3 basiconic sensilla.
We showed that by co-expressing the strong baseline calcium sensors
GCaMP6s/m with the OR of interest, it is possible to measure odor-
evoked responses under conventional microscopy conditions. We then
compared the responses evoked by these receptors using TCI with
those previously measured using SSR (de Fouchier et al., 2017),
focusing on their tuning breadth and sensitivity. We also tested the
potential duration of TCI recordings and developed a 2-individual
preparation for improved experimental throughput.
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TABLE 1 Methods for ORs functional characterization by expression in heterologous system.

Functional characterization of ORs by expression in heterologous systems

Expression System Recording Odorant Type of OR  Screening References
system method stimulation species capacity
Mammal/Insect/
Xenopus oocyte In vitro Patch-clamp Liquid Broad 1,2,3
Human
cAMP response
sfo In vitro Liquid Human Broad 4
recordings
sfo In vitro Calcium imaging Liquid Insect Broad 5,6
Human embryonic
kidney (HEK)-293T In vitro Patch-clamp Liquid Mammal/Insect Broad 7,8
cells
Human embryonic Calcium imaging/
kidney (HEK)-293T In vitro Spectrofluorimetric Liquid Mammal/Human = Broad 9,1
cells calcium assay
Drosophila
melanogaster empty In vivo Electrophysiology (SSR) Volatile Insect Narrow 11,12,13,14,15,16
neuron systems
Drosophila
Transcuticular calcium
melanogaster empty In vivo o Volatile Insect Broad This study
imaging
neuron systems
Immunoaffinity
E. coli cell free In vitro Liquid Insect Broad 17
chromatography
Artificial membrane
In vitro Patch-clamp Volatile/Liquid Insect Broad 18
BLM
Adenovirus
In vitro Calcium imaging Liquid Insect Broad 19
recombined
HeLa/15 In vitro Calcium imaging Liquid Mammal Broad 20
HeLa/Olf In vitro Calcium imaging Liquid Mammal Broad 20,21
Drosophila S2 cells In vitro Calcium imaging Liquid Insect Broad 22
Bm5 In vivo Behavioral assay Liquid Insect Broad 23
High-five insect cells In vitro - - Insect Broad 24
Wheat-germ cell-free graphene field-effect
In vitro Liquid Mammal Broad 25,26
expression system transistor
cAMP response
Hana3A cells In vitro Liquid Mammal Broad 27
recordings
Cercopithecus aethiops Spectrofluorimetric
In vitro Liquid Mammal Narrow 28
SV40 (COS)-7 cells calcium assay
Spectrofluorimetric
ODORA cells In vitro Liquid Mammal Narrow 29
calcium assay
Rabbit reticulocyte
In vitro - - Mammal Broad 30
lysate

1, Wetzel et al. (1999); 2, Wanner et al. (2007); 3, Hou et al. (2020); 4, Parker et al. (1994); 5, Anderson et al. (2009); 6, Claudianos et al. (2014); 7, Grosse-Wilde et al. (2006); 8, Corcoran et al.
(2014); 9, Hamana et al. (2010); 10, Gonzalez-Kristeller et al. (2015); 11, Dobritsa et al. (2003); 12, Hallem et al. (2004); 13, Kurtovic et al. (2007); 14, Montagné et al. (2012); 15, de Fouchier et al.
(2017); 16, Chahda et al. (2019); 17, Tegler et al. (2015); 18, Misawa et al. (2019); 19, Zhao et al. (1998); 20, Shirokova et al. (2005); 21, Krautwurst (2008); 22, Lundin et al. (2007); 23, Sakurai et al.
(2011); 24, Tsitoura et al. (2010); 25, Kaiser et al. (2008); 26, Yoshii et al. (2022); 27, Thach et al. (2017); 28, Levasseur et al. (2003); 29, Levasseur et al. (2004); 30, Ritz et al. (2013).

2. Materials and methods

2.1. Drosophila genetics

The generation of transgenic flies expressing SlitOR6 within at] OSNs

instead of the endogenous Drosophila receptor DmelOR67d (genotype w;
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UAS-SlitOR6; DmelOR67d%4H) was described previously (Montagné
etal, 2012). To generate flies expressing SlitOR29 instead of DmelOR22a
and OR22b in ab3A OSN, the UAS-SlitOR29 line previously described
(de Fouchier et al, 2017) was crossed to the mutant knock-in
DmelOR22ab%* line (kindly provided by Dr. John Carlson) (Chahda
etal,, 2019). DmelOR67d% and DmelOR22ab®* lines were also crossed
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to lines expressing GCaMPém (genotype w; UAS-GCaMPém;
DmelOR67d°4)  or  GCaMP6s (w[1118]; PBac[y[+mDint2]
w[+mC]=20XUAS-IVS-GCaMP6s]VK00005, Janelia Research Campus,
Ashburn, United-States), to generate flies expressing these calcium
indicators in atl or ab3A OSNs, respectively. Prior to calcium imaging
experiments, flies expressing either SIlitOR6 or SlitOR29 were crossed with
flies carrying the GCaMP6m/s calcium indicator to generate heterozygous
flies co-expressing both an OR and a calcium indicator (genotypes w;
UAS-SlitOR6/UAS-GCaMP6m; DmelOR67d%H and w; DmelOR22ab%AM;
UAS-SlitOR29/UAS-GCaMPés).

2.2. Drosophila preparation and calcium
imaging recordings

The flies used in calcium imaging experiments were 3-7 days old.
Since different sets of OSNs were imaged on the fly antenna for the
SlitOR6 and SlitOR29 experiments, two different preparations were
used. For the SlitOR6 experiment, flies were immobilized in an ABS
(Acrylonitrile-butadiene-styrene) plastic chamber with only the head
protruding. Wings were attached using myristic acid to avoid fly body
movement. The fly antennae were constrained with a thin piece of
Parafilm® (Bemis Company, Inc., Zurich) in order to expose the
region of the antennae where at1 sensilla are located (Figure 1A; Pelz
etal., 2006; Lin and Potter, 2015). For the SlitOR29 experiment, flies
were restrained in a 200 puL plastic pipette tip, so that the antennae
and half of the head protruded. The tip was attached on a microscope
glass slide using dental wax, with the ventral side of the Drosophila
facing upward. The antennae were then placed on a piece of
microscope slide, and restrained by pressing a glass capillary between
the second (pedicel) and the third segment (funiculus) of the
antennae. The glass capillary was attached to the slide using low
temperature melting wax to ensure that the antennae did not move
during the experiment (Figure 1B). In order to increase the
throughput of each experiment, two-fly holders were also made for
both systems (Figures 1A,B).

Calcium imaging recordings were performed with a 10x water-
immersion objective (Olympus UMPIlanFI 10x/0.30 W) on an
epifluorescence microscope (Olympus BX-51WI) coupled to an
EMCCD-camera (Evolve™ 512, Photometrics). Recordings were
performed using dedicated routines under the Visiview 3.3.0.0
software. Excitation light at 488nm was produced with a
monochromator (Polychrome 5000). Each recording consisted in 100
frames sampled at a frequency of 5Hz (205 recording).

2.3. Olfactory stimulations

A constant airstream (3.5 L/min) was directed at a distance of 1 cm
toward the fly’s antennae. It was composed of a main air flow of 3L/
min and of a secondary air flow of 500 mL/min. The secondary air
flow could be directed to one of two sub-circuits (one containing an
odorant source and another without any odorant) before being
reinjected into the main airflow. Most of the time, air flowed through
the odorless sub-circuit. Olfactory stimulation was triggered by the
imaging computer, redirecting the secondary flow to the odorant
sub-circuit. The olfactory stimulation lasted for 1s, starting at the 15th
frame (i.e., after 3s) and lasting until the 20th frame.
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The odorant sub-circuit used interchangeable stimulation
cartridges containing the odor sources (see below). The other
sub-circuit included an identical cartridge without odorant. An air
extractor, placed behind the bee prevented odorant accumulation.

The stimulation cartridges consisted of Pasteur pipettes each
containing a 1 cm? piece of filter paper loaded with 5 pL of the odorant
solution, and a 1mL plastic pipette tip at the back to close the
cartridge. New stimulation cartridges were prepared every day. A
pipette containing a piece of filter paper soaked with solvent alone was
used as control stimulus.

Prior to each experiment, we tested the absence of response to the
ligands of the endogenous DmelOR as a negative control. Potential
flies that potentially respond to the negative control were evicted from
the experiments. We used cis-vaccenyl acetate (cVA) as the ligand for
DmelOR67d, and ethyl hexanoate as the ligand for DmelOR22a.

We tested 4 different odorants on SlitOR6, chosen from de
Fouchier et al. (2017): 1-hexanol, benzaldehyde, linalool and the
S. littoralis pheromone component (Z,E)-9,12-tetradecadienyl acetate
(further referred to as (Z,E)-9,12-14:0Ac). For SlitOR29, 13 odorants
were used based on their various response levels in de Fouchier et al.
(2017): (E)-2-hexenol,
acetophenone, benzaldehyde, geraniol, (E)-2-hexenal, (Z)-3-hexenyl

1-heptanol, 1-hexanol, 1-indanone,
acetate, B-myrcene, (E)-ocimene, sulcatone and (Z,E)-9,12-14:0Ac.
The moth pheromone (Z,E)-9,12-14:0Ac was diluted in hexane at
1pg.pL™" (10 pg on the filter paper). The other odorants were diluted
at 10 pg.pL™" (100 pg on the filter paper) in mineral oil, except for
1-indanone which was diluted in ethanol. The respective solvents were
used as controls. Odorants were presented in a random order except
in the case of dose-response experiments in which odorants were
tested in increasing doses. The pheromone was tested at doses ranging
from 100 pg. to 10 pg, (E)-ocimene was tested from 100 pg. to 100 pg,
and (Z)-3-hexenyl acetate from 100 ng to 100 pg.

For the two-fly experiment and the repeated stimulation
experiment, we used the most potent ligand of SlitOR29, (E)-ocimene
at 100 pg on the filter paper. Stimulations were applied every 2 min for
the repeated stimulation experiment, until responses stopped. The
maximum number of stimulations applied was 255. Because the
experiment could not be carried out for such a long time for all
individuals, the average curve presented in the results is based on the
first 180 stimulations of each fly.

In addition to recordings with odorants and their solvents, we also
performed a recording without any stimulus, in order to measure the
decay of GCamp6 fluorescence during the 100 frames of a recording.

2.4. Data analysis and statistics

The calcium imaging data were extracted using VisiView 3.3.0.0
software. Data processing was performed using custom scripts in R
software (v3.4.3) and Microsoft Excel 2013. Regions of interest (ROI)
were drawn around each antenna. The average fluorescence level
observed within each ROI at each frame was exported (100 frames per
stimulation). To obtain fluorescence changes over time, we calculated
AF/Fy=(F-F,)/F, where F, is the mean fluorescence value over 5
frames before the stimulation (which started 3 s after the beginning of
the recording, between the frame 16-20) and F the fluorescence at
frame n. To correct for photobleaching, the curve measuring GCaMP6
fluorescence decay over time was subtracted from all other curves.
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view from the EMCCD-camera showing the raw
with blue/green light filter fluorescence

access to
basiconic sensilla ab3

region
of interest
— (ROI)

—

under fluorescent light (488 nm) real picture
view from EMCCD-camera showing the raw
with blue/green light filter fluorescence

Drosophila preparation for calcium imaging. (A) Preparation for trichoid sensilla imaging: Flies were restrained to prevent movement during the
experiments and to expose the trichoid atl sensilla to the microscope objective and the EMCCD-camera. To increase the throughput of each
experiment, a system with two flies on the same holder was also used. (B) Preparation for basiconic sensilla imaging: Flies were restrained to expose

A
5cm
€
o
wn
o~
L plastic chamber
aluminium retainer
parafilm
access to trichoid sensilla at1
B
air flow
low-temperature
melting wax
microscope slide
capillary glass
pipette tip
cotton wool
dental wax
air flow
‘ btwoﬂies contention slid
FIGURE 1
the basiconic sensilla to the microscope objective and EMCCD-camera. A holder with two flies was also used.

As calcium signals are slow signals, response amplitude was
generally calculated as the average of 15 frames (3 s) after the start of
the stimulation (frames 17-31). In the case of SlitOR29, both SSR and
TCI provided a range of strong and weaker ligands, offering us the
opportunity to perform a temporal analysis asking when the calcium
signal was the best fit for the SSR data (measured very shortly after the
stimulus—see results). To do that, we performed a cross-correlation
using the calcium signal for each odorant at each time frame.

Statistical analysis was performed with GraphPad Prism 7
(GraphPad Software Inc.). The normal distribution of all data was
tested using the Shapiro-Wilk normality test. Response amplitudes to
the different stimuli were compared using the Friedman test, as the
data did not consistently follow a normal distribution. When
significant, the response to each odorant was compared to its solvent
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control using Dunn’s multiple comparison test. Pearson’s correlations
were applied for correlation analyses between SSR and TCI data (raw
SSR data were retrieved from De Fouchier et al., 2017).

The sparseness of OR response spectra was calculated using the
formula from Rolls and Tovee (1995):

1 (Zizl,nr; / n)2
1_% Zi=l,n(}ﬂi2 /n)

With 7, being the amplitude of the response to the stimulus i in the
set of n stimuli. As this formula does not allow the calculation of
negative responses, these were set to 0.
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For the dose-response analysis, we compared response amplitudes
obtained for the different doses using ANOVA for repeated
measurements with the Greenhouse-Geisser correction, after
verifying the normal distribution of the data using the Shapiro-Wilk
test. Pairwise comparisons between doses and their corresponding
negative control were performed using the Dunnetts multiple
comparison test.

We also compared the normalized dose-response curves between
SSR and TCI experiments. Normalized curves were established using
the highest response as 100% and the lowest response (to solvent) as
0%. Comparisons of ECs, and Hill slope coefficients were performed
using the Mann-Whitney U test.

For comparisons of response amplitudes between one-individual
and two-individual restraining experiments, an unpaired t test was
used. Lastly, for the repeated stimulation experiment, a Friedman test
was used to compare responses amplitude in the course of experiment.
Multiple comparisons of response amplitudes between the control and
any particular stimulation were performed using Dunn’s multiple
comparison test.

3. Results

In this study, we investigated whether TCI can be an interesting
alternative to SSR for the functional study of odorant receptors (ORs)
expressed in a heterologous system, the olfactory system of Drosophila
melanogaster. We chose to test two different ORs of Spodoptera
littoralis (Montagné et al., 2012; de Fouchier et al., 2015, 2017)
expressed in the two types of neurons largely used for OR studies: a
narrowly tuned pheromone receptor (SlitOR6) expressed in the atl
neurons of trichoid sensilla, and a broadly tuned plant volatile receptor
(SlitOR29) expressed in the ab3A neurons of basiconic sensilla.

3.1. Imaging the activity of a pheromone
receptor in atl sensilla

We first generated flies simultaneously expressing SlitOR6 and the
calcium probe GCaMP6ém in neurons of the atl sensilla (w;
UAS-SlitOR6/UAS-GCaMP6m; DmelOR67d4, Figure 2A). In these
flies, we observed a clear pattern of calcium responses to the different
stimuli we presented (n=16, Friedman’s test: Q=8.25, p<0.001). As
expected, none of these flies responded to cVA, the ligand of the
endogenous receptor (negative control). The SlitOR6 ligand (Z,E)-
9,12-14:0Ac induced strong calcium signals (4.99 £0.50%, Dunn’s
test, p<0.0001) in the region of the antenna where the at1 sensilla are
located (Figures 2A-C). Likewise, as this receptor is very specific,
we observed no significant response to the three other odorants and
to the solvent controls (mineral oil for the three plant volatiles and
hexane for the pheromone). As an additional control, we tested the
same odorant panel on a control genetic line which expresses the
calcium probe but not the moth receptor (w; UAS-GCaMP6m;
DmelOR67d°*) and observed no significant responses (n=16,
Friedman’s test, Q=2.14, p=0.82; Supplementary Figure S1A).

This response pattern is perfectly in line with that obtained by de
Fouchier et al. (2017) using SSR on SlitOR6-expressing atl sensilla.
Consequently, our antenna imaging data and the SSR data from de
Fouchier et al. (2017) are strongly similar, although we did not
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perform any correlation analysis due to the low number of correlation
point (Figure 2D). Calculation of the sparseness of this receptor based
on the distribution of response amplitudes observed in TCI yielded a
very high value (§=0.98) identical to that obtained with SSR (de
Fouchier et al., 2017). Thus, TCI and SSR provided a similar response
pattern from SlitOR6-expressing atl neurons.

Next, we compared the two methods in terms of sensitivity by
focusing on the dose-response analysis of SlitOR6 to the pheromone
(Z,E)-9,12-14:0Ac (de Fouchier et al.,, 2017; Figure 3). As expected,
with both methods, the amplitude of the response increased
significantly with the quantity of odorant. Using TCI, we observed
that the response started to be significant at a pheromone dose of 10 ng
(n=15, Repeated measure ANOVA, F,;,3=37.36, Greenhouse—
Geisser’s £=0.23, p<0.001, post hoc Dunnett’s multiple comparison
test p=0.042, Figure 3A). Under similar conditions, this threshold
reached 100ng in the SSR experiments (de Fouchier et al., 2017).
Despite this difference, the dose-response curves obtained with the
two methods appeared very similar. To be able to compare the shapes
and EC;, of the curves, they were normalized (Figure 3B). We found
comparable ECs, in both systems, 0.96+0.14pg for TCI and
0.10+0.02 pg for SSR (Mann-Whitney U Test, U=11, p=0.07). The
steepness of each curve, characterized by the Hill Slope, was similar
between the methods (1.82+0.45 for TCI and 1.77+0.98 for SSR,
Mann-Whitney U test; U= 34, p=0.80).

3.2. Imaging the activity of a generalist
receptor in ab3 sensilla

We expressed the generalist odorant receptor SlitOR29 in ab3A
neurons of Drosophila melanogaster simultaneously with the calcium
indicator GCaMP6s. We thus generated transgenic flies with the
genotype w;DmelOR22ab*; UAS-SlitOR29/UAS-GCaMP6s. In these
flies, we observed a clear pattern of calcium responses to the different
stimuli we presented (Figures 4A,B, N =16, Friedman test, Q=118.8,
p<0.0001). As expected, none of the flies responded to the ligand of
DmelOR22a, ethyl hexanoate (post hoc Dunn’s multiple comparison
test, p>0.99). Based on the SSR results from de Fouchier et al. (2017),
we tested some of the most potent ligands of SlitOR29: (E)-ocimene,
B-myrcene, geraniol, sulcatone (terpenes) and (Z)-3-hexenyl acetate
(aliphatic ester), but also other odorants that did not trigger responses
from SlitOR29 previously: (E)-2-hexenal, (E)-2-hexenol, 1-hexanol,
(Z,E)-9,12-14:0Ac benzaldehyde,
acetophenone, 1-indanone (aromatics) and linalool (terpenes). As

1-heptanol, (aliphatics),
observed in the previous SSR experiments, (E)-ocimene and
B-myrcene induced the highest activity in ab3A neurons expressing
SlitOR29, with amplitudes of 44.23+5.31% and 38.46+6.16%,
respectively (post hoc Dunn’s multiple comparison test, p<0.0001).
Geraniol (28.70+4.55%), sulcatone (21.55 +3.28%) and Z-(3)-hexenyl
acetate (14.78 £ 1.91%) also elicited significant responses (Dunn’s test,
p<0.01). The other stimuli did not elicit any significant response
(between 6.49+0.84% and 12.1+1.40%, post hoc Dunn’s multiple
comparison test, p>0.0081).

In contrast to flies carrying SlitOR29, small responses were
observed in genetic control flies w;DmelOR22ab%"*; UAS-GCaMP6s
(Friedman’s test, Q=118.2, p<0.0001). Responses were significant for
1-hexanol (p=0.0001), sulcatone (p=0.005), (E)-2-hexenol (p=0.007)
and 1-heptanol (p=0.0002) (Supplementary Figure S1B). Such small
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Analysis of the moth pheromone receptor SlitOR29 by transcuticular calcium imaging from atl sensilla. (A) From left to right, representation of atl
trichoid and ab3 basiconic sensilla on the third segment of the Drosophila antenna; raw fluorescence image and calcium activity maps before and
during stimulation with the moth pheromone (Z,E)-9,12-14:OAc. (B) Time course of calcium signals for the different stimuli (mean + SEM, n = 16).
Odorant stimulation is represented by the gray bar. (C) Amplitude of SlitOR6 calcium responses from atl OSNs (mean + SEM). Responses to the
odorants were compared to their respective controls (hexane for the moth pheromone, and mineral oil for other odorants) (n = 16, ***p <0.001).
(D) Representation of TCl data as a function of SSR data (retrieved from De Fouchier et al., 2017) for the SlitOR6 experiment.
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Dose-response analysis of SlitOR6 between TCl and SSR. (A) Time course of dose-response analysis of SlitOR6 in calcium imaging with increasing
doses of the moth pheromone (Z,E)-9,12-14:0Ac (n =16, *p <0.01, **p <0.001, ***p < 0.0001). Odorant stimulation is represented by the gray bar,
doses are represented by colors from light blue to orange (light blue: 1 ng; dark blue: 10 ng; green: 100 ng; yellow: 1 pug; orange: 10 pg; gray: solvent

control). (B) Comparison of normalized responses (%) to increasing doses of (Z,E)-9,12-14:0OAc between TCI (plain line, n =11, *p <0.05) and SSR
(dashed line, n =5, #p <0.05) (data from de Fouchier et al., 2017) (Rm-ANOVA and post-hoc Dunnett’s test).

responses were previously observed from the same genetic control
lines using SSR (Chahda et al., 2019). Note that these responses
(<10%) were much lower than those observed with the ligands of
SlitOR29 (>40%). In addition, the pattern of responses observed with
the genetic control did not correlate with SSR responses of the
SlitOR29 expressing line (Supplementary Figures S1C,D).

To compare these results with SSR data (De Fouchier et al., 2017),
we used a correlation analysis between the two datasets. We observed
a strong correlation between SlitOR29 responses to odorants using the

Frontiers in Molecular Neuroscience 07

TCI and SSR methods (Pearson correlation, *=0.84, p<0.0001,
Figures 5A,B). This analysis used a measure of calcium signal
amplitude that extended for 3, starting 400 ms after odor onset. In
contrast, the SSR data were measured for only 500 ms, starting 100 ms
after odor onset (De Fouchier et al., 2017). Since SlitOR29 offered a
graded response from different ligands, a more detailed analysis of the
correlation between SSR and TCI data was possible. We thus asked at
which point in time the correlation between SSR and TCI data was the
highest, by performing a cross-correlation of SSR data with the
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Analysis of the generalist moth receptor SlitOR29 by transcuticular calcium imaging from ab3 sensilla. (A) From left to right, a representation of the atl
trichoid and the basiconic ab3 sensilla expressing the calcium probe GCaMP6s on the third segment of the Drosophila antenna; raw fluorescence
image and calcium activity maps before and during stimulation with (E)-ocimene. (B) Left: time course of calcium signals for the different stimuli
(mean + SEM, n = 16). Odorant stimulation is represented by the gray bar. Right: Amplitude calcium responses of SlitOR29 expressed in the fly ab3
sensilla (mean + SEM). Responses were compared to control (hexane for the moth pheromone, ethanol for 1-indanone and mineral oil for the other
odorants) (n =16, ***p <0.0001, **p<0.001, *p<0.01).
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FIGURE 5

Cross-correlation analysis between TCI (measured at each time frame) and SSR data for the SlitOR29 experiment. (A) Pearson correlation between the
amplitudes of calcium responses to the 14 ligands in (B) at each time frame throughout a recording and the amplitudes of the SSR response (red curve,
left Y axis); On the same graph, the average response measured to the different ligands of SlitOR29 is given (blue curve, right Y axis). The correlation
between SSR and TCl data is very high very early upon odor delivery, at a time when the calcium signal is still low. (B) Correlation between TCI data
(measured 600 ms after odor onset—frame 18) and SSR data (Pearson correlation: r? = 0.94, 12 df, p<0.0001).

calcium data measured at each time frame. Figure 5 shows that, as  delivery, reaching a value of =0.91 already 400 ms after odor onset
expected, the correlation was very low when using calcium data  (frame 17), i.e., at a time when the calcium signal was only about 40%
measured before the stimulus, but it increased very quickly upon odor  of its maximum. It reached *=0.94 between 600 and 800 ms after
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odor onset. After odor delivery, the correlation tended to decrease but
remained at a high level, around r*=0.80. Thus, TCI provides a faithful
description of the responses recorded using SSR, and of the ligands
of SlitOR29.

Lastly, to evaluate the tuning breadth of the receptor as measured
using TCI, we computed its sparseness value. We obtained a low
sparseness (S=0.38), which is typical for generalist odorant receptors
(Rolls and Tovee, 1995). The odorant panel tested here was slightly
different from the panel tested in de Fouchier et al. (2017), so the
direct statistical comparison of sparseness values is not applicable, but
values correspond to a broad spectrum in both cases (S=0.65 in SSR).

We then monitored the sensitivity of SlitOR29 using a dose-
response analysis for two odorants, (E)-ocimene, the best ligand
(Figure 6A), and (Z)-3-hexenyl acetate, the ligand that triggered the
lowest significant response (Figure 6B). Dose-response analysis of
(E)-ocimene showed an increase in response amplitude with
increasing doses (Figure 6A). In TCI, the response amplitude became
significant compared to the control at 10ng (Repeated measure
ANOVA, F,,;=58.37, p<0.0001, post hoc Dunnett’s multiple

10.3389/fnmol.2023.1182361

comparison test, 10ng vs. mineral oil, p<0.001) whereas this
occurred at 1 ng for SSR. Despite this slight difference in sensitivity
threshold, the dose-response curves had similar shapes and slopes
(Figure 6C). Indeed, we found no significant difference between the
ECs, (TCI: 1.27 £0.37 pg; SSR: 0.59 +0.25 pg, Mann-Whitney U Test,
U=19 p=0.08) or the Hill slope coeflicient (TCI: 0.49 +0.04; SSR:
0.51+0.07, Mann-Whitney U Test, U=19 p=0.08) measured on the
standardized curves obtained for the two data sets. Similar results
were observed for the dose-response analysis of (Z)-3-hexenyl acetate
(Figure 6D) (Repeated measure ANOVA, F, ;;;=51.7, Greenhouse—
Geisser’s £=0.32, p<0.0001). A significant response was observed
starting from a dose of 10 pg (Dunnett’s multiple comparison test,
p=0.001), the same dose as observed in SSR (De Fouchier et al.,
2017). In order to compare TCI and SSR data, we analyzed the
normalized curves using the ECs, and Hill slope coefficient
(Figure 6D). We found similar ECs, for both curves (TCIL:
11.52+0.70 pg; SSR: 15.26 +2.65 pug, Mann-Whitney U test, U=22,
p=0.07). The slope of the sigmoid curves, estimated using the Hill
coefficient, was also similar with the two techniques (TCI: 4.14 +1.19;
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Dose—-response analysis of SlitOR29 between TCl and SSR. Time course of dose—response analysis for (E)-ocimene in calcium imaging (n=11, **p<0.001,
***p<0.0001) (A) and for Z-3-hexenyl acetate in calcium imaging (n=11, **p<0.001, ***p<0.0001) (B). Odorant stimulations are represented by colors from
purple to dark red (purple: 100pg.; light blue: 1ng; dark blue: 10ng; green: 100ng; yellow: 1pg; orange: 10ug; dark red: 100ug; gray: solvent control).

(C) Comparison of normalized (E)-ocimene dose—-response curves between TCl (plain line, n=11, *p<0.05) and SSR (dashed line, n=5, #p<0.05) (data from
de Fouchier et al., 2017) (Rm-ANOVA and post-hoc Dunnett's test). (D) Comparison of normalized responses to increasing doses of Z-3-hexenyl acetate
between TCl (plain line, =11, *p<0.05) and SSR (dashed line, n=5, #p<0.05) (data from de Fouchier et al., 2017) (Rm-ANOVA and post-hoc Dunnett's test).
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SSR: 4.41 +1.56, Mann-Whitney U Test, U=39 p=0.71). As above,
very high correlations between TCI and SSR data were obtained for
both (E)-ocimene (*=0.98), and (Z)-3-hexenyl acetate dose-
response curves (r*=0.97).

3.3. Maximizing experimental throughput

As the TCI method has been validated by the previous
experiments, we questioned its possible advantages over SSR. As
optical imaging does not require the use of electrodes, it is in
principle possible to image several individuals at the same time.
We therefore developed a contention system that allows two flies to
be imaged at the same time, taking care that both flies receive the
same airflow (Figures 1A,B). For this experiment, we used SlitOR29
expressed in basiconic sensilla, although both basiconic and
trichoid sensillum types and their respective two-fly contention
systems can be used. We found that response amplitude to
(E)-ocimene, the main ligand of SlitOR29, was identical in flies
tested in the two-individual system as in flies tested alone
(Figure 7A, one individual: n="7, two individuals: n =10, Unpaired
t test, t,3=0.1853, p=0.85). Thus, this technique can be used to
double the experimental throughput.

10.3389/fnmol.2023.1182361

A possible limitation of SSR approaches may be the number of
stimulations performed per sensillum and/or per individual. We next
used the two-fly contention system and SlitOR29 expressed in
basiconic sensilla to evaluate the maximal recording duration in
TCI. We presented first the solvent and then (E)-ocimene every 2 min,
until the responses stopped, with a maximum of 255 stimulations for
one individual (n=6, Figure 7B). Figure 7C presents the evolution of
response amplitude (mean + SEM) during 180 stimulations, which was
the minimum number applied to all individuals. On average, the
number of stimulations for which we still observed 50% of maximum
response was 127 (Figure 7B). We observed a significant response after
5h and 45 min of repeated stimulations on average (with a maximum
of 8h and 30min). Note that the same odorant stimulation was
repeated here, so olfactory adaptation may have occurred. The actual
longevity of the responses might thus be even longer. We conclude
from these experiments that TCI can be performed with several
individuals at the same time, and allows for long recording times.

4. Discussion

The faster we deorphanize and characterize the odorant receptors
of a given species, the more we will be able to understand which
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FIGURE 7
Transcuticular calcium imaging on multiple flies and for long durations. (A) From left to right, photograph of restraint with two flies expressing
SlitOR29 in OSNs of ab3 sensilla; Boxplot (whiskers are 10—-90 percentiles) showing amplitudes of responses to E-ocimene when flies are restrained
alone (one individual, n =7) or in pairs (two individuals, n = 10) (unpaired t test, NS = non-significant). (B) Number of stimulations for each fly until
response amplitude decreased to 50% of the maximum response (n = 6). The mean value for the six individuals is shown at the end. (C) Amplitudes of
calcium responses (mean + SEM) to (E)-ocimene, every 2 min until responses stopped (n = 6). The control is the solvent (mineral oil).
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odorants are involved in the ecology of that insect, how it detects and
processes them and thus, fundamentally, how it interacts with its
olfactory environment. Today, the most common way to isolate ORs
and to deorphanize them is via heterologous expression and
electrophysiological recordings like SSR, which require an extreme
immobility of the sample to measure neuronal activity and may suffer
from short preparation duration (de Bruyne et al., 2001; Benton and
Dahanukar, 2011; Lin and Potter, 2015). Here, we present a
complementary approach for deorphanizing ORs. TCI may represent
an efficient solution for screening large panels of odorants, before
subsequently refining the study of a receptor’s ligands with techniques
like SSR (Table 1).

We tested this technique in two different olfactory environments
depending on the type of OR considered: the specific pheromone
receptor SlitOR6 was expressed in atl neurons instead of DmelOR67d
while the receptor SlitOR29, which responds to a range of volatile
plant compounds, was expressed in ab3A neurons instead of
DmelOR22ab (Kurtovic et al., 2007; de Fouchier et al., 2017; Chahda
etal,, 2019). First, the response profiles recorded using TCI were very
similar to those previously described using SSR. SlitOR6 was highly
specific and responded strongly to its expected ligand, (Z,E)-9,12-
14:0Ac (Montagné et al., 2012). SlitO29 demonstrated a rather broad
odorant spectrum equivalent to that observed in SSR, with the two
best ligands being (E)-ocimene and f-myrcene. Second, comparison
of the dose-response curves obtained with the two techniques showed
very similar sensitivities: both dose-response curves had similar
shapes and slopes, although the responses to (E)-ocimene were
observed at a lower threshold in SSR. We observed a slight shift of the
dose response curve in favor of the TCI for the pheromonal OR and
in favor of the SSR for the generalist OR. However, measures like ECs,
or Hill coefficient were statistically indistinguishable between the two
techniques. These results suggest that TCI can be used for the
functional study of specific or general odorant receptors, regardless of
the type of Drosophila “empty neuron system” used.

The first apparent advantage of imaging is the non-invasive
strategy employed to observe neuronal activity. Due to the thinness of
the Drosophila melanogaster antenna cuticle, it is easy to capture the
fluorescence emission from OSNs expressing the calcium indicator
GCaMP6 without any dissection, in contrast to electrophysiological
approaches which require intrusion with a recording electrode. SSR
also involves finding the correct sensillum, which is not always
straightforward. Whether the target is atl or ab3, the selection of the
right sensillum is based on visual criteria such as the morphology and
location of the sensilla on the antenna but also on the amplitudes and
pattern of the action potentials. It is therefore a trial-and-error
approach. This process has been partly improved by a GFP
fluorescence-guided SSR, which consists in recognizing the correct
sensilla through fluorescently targeted olfactory neurons (Lin and
Potter, 2015). This crucial step is not necessary with the TCI method.
With the UAS/GAL4 system and tissue-specific expression of the
calcium indicator, recordings are unambiguously obtained from the
correct sensillum type and neurons. In addition, the entire population
of neurons on the surface of one side of the fly antenna is recorded,
which already offers an averaging step between individual neurons
and accordingly lower response variability. Note that we observed
some calcium responses in control lines expressing the calcium probe
in ab3 sensilla neurons but no OR (except for Orco). Such responses
were already observed using SSR in a previous study (Chahda et al.,
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2019). The origin of these responses is unclear at the moment, but they
may be attributed to the presence of ionotropic receptors, such as
IR25a, at the membrane of ab3A neurons (Abuin et al., 2011; Grosjean
et al,, 2011; Rytz et al., 2013; Wicher and Miazzi, 2021; Task et al,,
2022). In the absence of a functional OR-Orco complex (as observed
in the ab3 control line), it is possible that an IR complex would induce
neuronal responses.

In terms of experimental throughput, the time required to prepare
the fly for recording is decreased compared to SSR, as it only needs to
be placed under the camera (~2min vs. ~10min). However, the
calcium signals are slow signals that last long after odorant
presentation. In the present study, to avoid any influence of one
stimulation on the next, we set the inter-trial interval to 2min,
allowing the neurons to return to their basal intracellular Ca*
concentration. In addition, two different calcium probes were tested
in this study, GCaMPé6s (s for slow) and GCaMP6m (m for medium).
The former demonstrated a slower activation rate, increasing the size
of the inter-trial interval. This probe also increased the amplitude of
the response, which is an advantage for the screening test. The second
probe, GCaMP6m, is intermediate and allows a faster activation rate,
thus reducing the inter-trial interval. We did not test the third type of
probe (GCaMPéf, f for fast) which has the fastest activation rate and
may therefore be of interest for reducing the inter-trial interval.

In contrast, in electrophysiology, the time required for neurons to
return to their spontaneous electrical activity is usually shorter and
recordings are typically performed every 10-30s (Dobritsa et al., 2003;
Kurtovic et al., 2007; Montagné et al., 2012; de Fouchier et al., 2015,
2017; Chahda et al., 2019). Thus, the temporal resolution of the
response as well as stimulation frequency are better with SSR. However,
we show that imaging allows for the simultaneous placement of
several individual flies in the air stream and under the microscope
objective. Here, we have shown simultaneous recordings of 2
individuals, but we have already succeeded in making recordings with
4 individuals (data not shown).

The use of SSR coupled to heterologous expression within the
Drosophila “empty neuron system” has been described as a suitable
method for OR deorphanization, and the preparation can last more
than 1 h and thus allow large-scale screening compared to other
methods such as two electrode voltage-clamp on Xenopus oocytes.
Nevertheless, the main advantage of the TCI method is the longevity
of the fly preparation which is higher than for the SSR method. Here,
we subjected individuals to as many as 250 stimulations and about 8h
of recordings. The amplitude of the responses decreased with repeated
stimulations, which is partly explained by sensory adaptation (Koster
and de Wijk, 1991; Dalton, 2000), but the responses were still above
50% of the initial response after 127 stimulations (about 2h of
recording). Under normal screening conditions, only a few odorants
will trigger a response from neurons, so sensory adaptation is expected
to be kept to a minimum. Therefore, we expect that the preparation can
be maintained for even longer durations than those observed here with
repeated presentations of the same stimulus.

In summary, we have expanded the methods available for the
functional study of ORs expressed in Drosophila olfactory neurons.
We have shown that transcuticular calcium imaging can record the same
response spectra and dose-response curves with the same sensitivity as
SSR. Although based on slow signals, this technique has clear advantages
in terms of preparation time and the number of sensilla/animals that can
be recorded simultaneously. These advantages could make this technique
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a suitable first step for large-scale screening of odorants or for the
systematic investigation of odorant-detection principles, such as OR
co-expression or odor-mixture effects, possibly followed by the use of SSR
for a more refined evaluation of OR responses.
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