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SHORT ABSTRACT: 34 
Physiologically, odorant receptors are activated by odorant molecules inhaled in the vapor phase. 35 
However, most in vitro systems utilize liquid phase odorant stimulation. Here, we present a 36 
method that allows real-time in vitro monitoring of odorant receptor activation upon odorant 37 
stimulation in vapor phase. 38 
 39 
LONG ABSTRACT: 40 
Olfactory perception begins with the interaction of odorants with odorant receptors (OR) 41 
expressed by olfactory sensory neurons (OSN). Odor recognition follows a combinatorial coding 42 
scheme, where one OR can be activated by a set of odorants and one odorant can activate a 43 
combination of ORs. Through such combinatorial coding, organisms can detect and discriminate 44 
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between a myriad of volatile odor molecules. Thus, an odor at a given concentration can be 45 
described by an activation pattern of ORs, which is specific to each odor. In that sense, cracking 46 
the mechanisms that the brain uses to perceive odor requires the understanding odorant-OR 47 
interactions. This is why the olfaction community is committed to "de-orphanize" these 48 
receptors. Conventional in vitro systems used to identify odorant-OR interactions have utilized 49 
incubating cell media with odorant, which is distinct from the natural detection of odors via vapor 50 
odorants dissolution into nasal mucosa before interacting with ORs. Here, we describe a new 51 
method that allows for real-time monitoring of OR activation via vapor-phase odorants. Our 52 
method relies on measuring cAMP release by luminescence using the Glosensor assay. It bridges 53 
current gaps between in vivo and in vitro approaches and provides a basis for a biomimetic 54 
volatile chemical sensor. 55 
 56 
INTRODUCTION: 57 
The sense of smell allows terrestrial animals to interact with their volatile chemical environment 58 
to drive behaviors and emotions. Fundamentally, the odor detection process begins with the very 59 
first interaction of odorant molecules with the olfactory system, at the level of odorant receptors 60 
(ORs)1. In mammals, ORs are individually expressed in olfactory sensory neurons (OSNs) located 61 
in the olfactory epithelium2. They belong to the G-protein coupled receptor (GPCR) family and 62 
more precisely to the rhodopsin-like sub-family (also called class A). ORs couple with the 63 
stimulatory G protein Golf whose activation leads to cAMP production followed by the opening of 64 
cyclic nucleotide gated channels and the generation of action potentials. It is accepted that an 65 
odor percept relies on a specific pattern of activated ORs3,4 and therefore odor recognition 66 
follows a combinatorial coding scheme, where one OR can be activated by a set of odorants and 67 
one odorant can activate a combination of ORs. And through such combinatorial coding, it is 68 
postulated that organisms can detect and discriminate between a myriad of volatile odor 69 
molecules. One of the keys to understanding how odors are perceived is to understand how and 70 
which ORs are activated by a given odor.  71 
 72 
In an attempt to elucidate odorant-OR interactions, in vitro functional assays have played an 73 
essential role. The identification of agonist odorous ligands for orphan ORs (OR de-orphanization) 74 
has been a very active field for the past twenty years, through the use of various in vitro, ex vivo 75 
and in vivo functional assays5-17.  76 
 77 
In vitro assay systems are best suited for the detailed functional characterization of ORs, including 78 
identifying the functional domains and critical residues of ORs, as well as potential engineering 79 
applications. However, further development of valuable in vitro systems for ORs has been a 80 
challenge, in part due to difficulty with culturing OSNs and functional expression of ORs in 81 
heterologous cells. The first challenge had been to establish protocols that allowed for the cell 82 
surface expression of functional ORs in the mapping of odorant-OR interactions. A number of 83 
independent groups have utilized various approaches5-12,14,18-20. One of the earliest achievements 84 
was made by Krautwurst et al. in tagged the N-terminus of ORs with a shortened sequence of 85 
rhodopsin (Rho-tag) and observed an improved surface expression in human embryonic kidney 86 
(HEK) cells13. Variations made to the tag attached to the OR sequence is still a path explored for 87 
improving OR expression and functionality19,21. Saito et al. then identified receptor-transporting 88 
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protein 1 (RTP1) and RTP2 which facilitate OR trafficking.22 A shorter version of RTP1, called 89 
RTP1S, has also been shown to be even more effective than the original protein23. The 90 
development of a cell line (Hana3A) which stably expresses Golf, REEP1, RTP1, and RTP2 24, 91 
coupled with the use of cyclic adenosine monophosphate (cAMP) reporters has enabled 92 
identification of odorant-OR interactions. The mechanism by which the RTP family of proteins 93 
promotes cell surface expression of ORs remains to be determined. 94 
 95 
One caveat of these established methods is that they rely on odorant stimulation in liquid phase, 96 
meaning that odorants are pre-dissolved into a stimulation medium and stimulate cells by 97 
replacing the medium. This is very distinct from the physiological conditions where odorant 98 
molecules reach the olfactory epithelium in vapor phase and activate ORs by dissolution into the 99 
nasal mucosa. To more closely resemble physiologically relevant stimulus exposure, Sanz et al.20 100 
proposed an assay based on vapor stimulation by applying a drop of odorant solution to hang 101 
beneath the inner face of a plastic film placed on the top of cell wells. They recorded the calcium 102 
responses by monitoring fluorescence intensity. This method was the first to use air-phase 103 
odorant stimulation, but it did not allow a large screening of OR activation.  104 
 105 
Here, we developed a new method that enables real-time monitoring of in vitro OR activation via 106 
vapor phase odorant stimulation by the Glosensor assay (Figure 1). This assay has been used 107 
previously in the context of liquid odorant stimulation18,19,25-31. The monitoring chamber of the 108 
luminometer is first equilibrated with vaporized odorant prior to plate reading (Figure 1A). 109 
Odorant molecules are then solvated into the buffer, bathing Hana3A cells expressing the OR of 110 
interest, RTP1S and the Glosensor proteins (Figure 1B). If the odorant is an agonist of the OR, the 111 
OR will switch to an activated conformation and bind the Golf, activating the adenylyl cyclase (AC), 112 
and ultimately cause cAMP levels to rise. This rising cAMP will bind to and activate the Glosensor 113 
protein to generate luminescence catalyzing luciferin. This luminescence is then recorded by the 114 
luminometer and enables OR activation monitoring. This method is of high interest in the context 115 
of OR deorphanization as it brings in vitro systems closer to the natural perception of odors. 116 
 117 
PROTOCOL:  118 
 119 
1. Hana3A cells culture 120 

 121 
1.1. Prepare M10 (Minimum Essential Medium (MEM) plus 10 % v/v fetal bovine serum (FBS)) 122 
and M10PSF (M10 plus 100 µg/mL penicillin-streptomycin and 1.25 µg/mL amphotericin B). 123 

 124 
1.2. Culture the cells in 10 mL of M10PSF in a 100 mm cell culture dish in an incubator set at 125 
37 °C and 5% carbon dioxide (CO2).  126 
 127 
1.3. Divide the cells every 2 days at a 20% ratio: when 100% confluence of cells (approximately 128 
1.1 x 107 cells) is observed under a phase-contrast microscope, aspire the media and wash the 129 
cells gently with 10 mL of phosphate-buffered saline (PBS). 130 
 131 
1.4. Aspirate PBS and add 3 mL of 0.05% trypsin-ethylene diamine tetraacetic acid (EDTA, 0.48 132 
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mM). Let act for approximately 1 min, until the cells dissociate from the plate. 133 
 134 
1.5. Add 5 mL of M10 to inactivate the trypsin and eventually detach the cells still attached to 135 
the plate by pipetting up and down. 136 
 137 
1.6. Transfer the volume (8 mL) to a 15 mL tube and centrifuge at 200 x g for 5 min. Aspirate 138 
the supernatant and resuspend the cells into 5 mL of M10PSF by pipetting up and down to break 139 
any cell mass. Avoid creating bubbles in the tube. 140 
 141 
1.7. Transfer 1 mL of the resuspended cells solution in a new 100 mm cell culture dish and add 142 
9 mL of fresh M10PSF. Incubate at 37 °C and 5% CO2. 143 

 144 
2. Preparation of the cells for transfection 145 

 146 
2.1. Evaluate the confluence, or the number of cells, by observing them under a phase-147 
contrast microscope. At least 10% confluence (approximately 1.1 x 106 cells) is needed for one 148 
plate. 149 

 150 
2.2. Aspirate the media and wash the cells gently with 10 mL of PBS. Aspirate PBS and add 3 151 
mL of EDTA. Let act for approximately 1 min at room temperature, until the cells dissociate from 152 
the plate. 153 
 154 
2.3. Add 5 mL of M10 to inactivate the trypsin and eventually detach the cells still attached to 155 
the plate by pipetting up and down. Transfer the volume (8 mL) to a 15 mL tube and centrifuge 156 
at 200 x g for 5 min. 157 
 158 
2.4. Aspirate the supernatant and resuspend the cells into 5 mL of M10PSF by pipetting up 159 
and down to break any cell mass. Avoid creating bubbles in the tube. 160 
 161 
2.5. Depending on the number of plates to be transfected, transfer an appropriate amount of 162 
cells in a reservoir with the proper corresponding volume of M10PSF. One 96-well plate should 163 
be plated with 1/10 of a 100% confluent 100 mm dish (approximately 1.1 x 106 cells) diluted in 164 
M10PSF to reach a total volume of 6 mL. For one 96-well plate starting with a 100% confluence 165 
100 mm dish, add 500 µL from the 5 mL of resuspended cells to 5.5 mL of fresh M10PSF. Mix the 166 
cells and M10PSF without generating air bubbles. 167 
 168 
2.6. Pipette 50 µL of the suspended cells into each well of the 96-well plate using a 169 
multichannel pipette. Incubate overnight at 37 °C and 5 % CO2. 170 

 171 
3. Plasmid transfection 172 

 173 
3.1. Observe the 96-well plate under a phase-contrast microscope to assure a cell confluence 174 
between 30% and 50%. 175 

 176 
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3.2. Prepare a first transfection mix that contains the plasmids common to the entire plate 177 
(RTP1S, OR and Glosensor protein, see Table of Materials) following the volumes in Table 1. 178 
Notice that the quantity of Rho-tagged OR should be divided by the number of ORs if several ORs.  179 

 180 
NOTE: We strongly advice to add an empty vector negative control (here Rho-pCI) and any 181 
positive control (OR known to respond to the tested odorant) to the experiment plan. 182 
 183 
3.3. Prepare a second transfection mix containing 500 µL of MEM and 20 µL of Lipofectamine 184 
2000 reagent (valid for one 96-well plate, see Table of Materials). Add the second mix to the first 185 
one, and gently mix by pipetting up and down and incubate for 15 min at room temperature. Add 186 
5 mL of M10 and mix gently. 187 

 188 
3.4. Replace the M10PSF in the previously platted 96-well plate by 50 µL of the final 189 
transfection media. Incubate in an incubator set to 37 °C and 5% CO2 and vacuum the chamber 190 
of the luminometer overnight following the procedure described in step 6. 191 

 192 
4. Substrate incubation 193 

 194 
4.1. Observe the 96-well plate under a phase-contrast microscope to assure a cell confluence 195 
between 60% and 100%. Prepare a stimulation solution of Hank’s Balanced Salt Solution (HBSS) 196 
containing 10 mM of hydroxyethyl piperazineethanesulfonic acid (HEPES) and 5 mM of D-glucose. 197 

 198 
4.2. Dilute 75 µL of the cAMP reagent (see Table of Materials) solution to 2.75 mL of the 199 
stimulation solution. Remove the transfection medium from the 96-well plate and wash the cells 200 
by adding 50 µL of fresh stimulation solution to each well. 201 
 202 
4.3. Remove the stimulation solution and add 25 µL of cAMP reagent solution prepared in step 203 
4.2 to each well. Incubate the 96-well plate at room temperature in a dark and odor-free 204 
environment (for example, a clean empty drawer far away from chemicals or any odorant source) 205 
for 2 h. 206 

 207 
5. Odorant stimulation 208 
 209 
5.1. First, equilibrate the luminometer chamber with volatile odorant molecules. Dilute the 210 
odorant to the desired concentration in 10 mL of mineral oil (Figure 2A). Before the end of the 211 
cAMP reagent incubation time, add 25 µL of the odorant solution in a new 96-well plate (not the 212 
one containing the cells). Incubate this odorant plate at room temperature in the luminometer 213 
chamber for 5 min (Figure 2B) (no luminometer recording is required here). 214 

 215 
5.2. Set the luminometer to record the luminescence with 0 s of delay during 20 cycles of plate 216 
measurement of 90 s with 0.7 s of interval between cycles. 217 

 218 
5.3. Right before reading the plate, remove the odorant plate from the chamber. Add 25 µL 219 
of odorant between the wells of the 96-well plate containing the cells (do not add the odorant in 220 
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the wells containing the cells) and quickly start the luminescence measurement of all wells for 20 221 
cycles within 30 min (Figure 2C). 222 

 223 
6. Removal of remaining odorant inside the luminometer 224 

 225 
6.1. Open the door of the luminometer. Insert the tube connected to the vacuum pump. 226 

 227 
6.2. Vacuum odorants in the reading chamber extensively (at least 2 h, preferably overnight) 228 
between two odorants to avoid cross contamination of odor volatiles from one experiment to 229 
another. Replace with fresh air by sending compressed air during 5 min before incubating the 230 
next odorant. 231 

 232 
7. Data analysis 233 

 234 
7.1. Export the data from the luminometer software. 235 

 236 
7.2. Average the replicates of the same OR for each recording time. Calculate the normalized 237 
OR response to any eventual control (e.g., Empty vector, Figure 3A and representative results 238 
section) by dividing the control averaged value to the OR averaged value at each recording time 239 
(Figure 3B and representative results section).  240 

 241 
7.3. Normalize the each OR response to their basal activity by dividing the averaged OR 242 
response at 0 s to each recording time response (See Figure 3C and representative results 243 
section).  244 

 245 
7.4. Ccalculate the area under the curve of each OR to obtain a single OR response value. To 246 
do so, sum all the luminescence values of each recording time for each OR. 247 
 248 
REPRESENTATIVE RESULTS:  249 
We screened the response of three mouse ORs, Olfr746, Olfr124 and Olfr1093 using 250 
cinnamaldehyde vapor stimulation (Figure 3). Simultaneously, we used an empty vector control 251 
(Rho-pCI) to assure that the odorant-induced activities of the tested ORs were specific (Figure 252 
3A). The real-time activation of the ORs upon vapor odorant stimulus was monitored over 20 253 
measurement cycles. The data for each well were first normalized to the empty vector control 254 
averaged value for each cycle (Figure 3B). It is important to note that ORs can show variable levels 255 
of basal activity in this assay in an OR-dependent manner and it can be important to also 256 
normalize their response to this parameter (Figure 3C). The average value of an OR can be divided 257 
by its response at t = 0 s, allowing to compare between ORs. Single activation values for each OR 258 
can also be computed by calculating the area under the curve (AUC) for each OR by summing all 259 
measurement cycle values (Figure 3D). 260 
 261 
Additionally, dose-dependent responses can be measured using this method using increasing 262 
odorant doses. We present the response of Olfr1377 to acetophenone stimulation recorded 263 
following the same procedure (Figure 4). Acetophenone volatility can be evaluated by its vapor 264 
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pressure, which is equal to 0.44 mm Hg at 25 °C. At a given temperature, an odorant possessing 265 
a higher vapor pressure is more volatile than an odorant with a lower vapor pressure. 266 
Acetophenone is, in consequence, a moderately volatile odorant and is exposed to the cell pure 267 
and diluted at 10-2, 10-4, 10-6 and 10-8. Only the three higher concentrations (pure, 10-2 and 10-4) 268 
are able to activate Olfr1377 (Figure 4A). We can also notice that the pure compound stimulation 269 
shows a tendency to decrease the OR response during time, likely due to cell toxicity, as it has 270 
been shown for eugenol in a recent publication32. Nevertheless, we can observe a typical dose 271 
dependency behavior of Olfr1377 (Figure 4B), showing that this method can also be used to 272 
determine the EC50 of OR to volatile compound.  273 
 274 
Note that when dose-dependent experiments are performed, we do not vacuum clean the 275 
luminometer chamber. However, experiments are always performed from low to high, increasing 276 
odorant doses to minimize contaminations. Further, since the real concentration of odorant 277 
molecules in the cell media is not known, the EC50s obtained by this method are not necessarily 278 
comparable to those obtained by liquid stimulation. The EC50 values determined by our method 279 
take into account the odorant volatility, the kinetics of odorant dissolution into the medium, the 280 
odorant’s solubility, and the affinity between the odorant and the OR, which are closer to the 281 
natural perception of odor. For our example of Olfr1377 stimulation by acetophenone, the EC50 282 
value from our vapor dose-response is 161 µM (0.001874 %), which is around 50 fold higher than 283 
the liquid stimulation (3.28 µM from Saito et al.6). This difference between liquid and vapor 284 
stimulations was also reported by Sanz et al.20 in their vapor stimulation assay where vapor 285 
stimulation gave 100 to 1000 fold lower EC50 values than the liquid stimulation. 286 
 287 
FIGURE AND TABLE LEGENDS: 288 
Figure 1: Principle of real-time monitoring of odorant receptor activation by vapored odorant. 289 
(A) The 96-well plate is placed into the already equilibrated with odor (violet cloud) luminometer 290 
chamber. (B) Vaporized odorant molecules (violet) at the surface of the cell media buffer dissolve 291 
into it to reach the OR cavity, at the Hana3A cell membrane surface. The accessory protein RTP1S 292 
(gray) is transfected as well, to favor the cell surface expression of the OR. If the odorant molecule 293 
is an OR agonist, the OR will switch to an activated state and bind the Golf, triggering the activation 294 
of adenylyl cyclase (AC) and the production of cyclic AMP (cAMP; green). The Glosensor protein 295 
(luciferase) possesses a binding site for cAMP that, once bound, allows the protein to bind its 296 
ligand, the luciferin (yellow). The final complex Glosensor protein/luciferin/cAMP produces the 297 
luminescence that is recorded to monitor the OR activation. 298 
 299 
Figure 2: Schematic protocols for real-time monitoring of odorant receptor activation by 300 
vapored odorant. The odorant (violet) is diluted at the desired concentration in mineral oil (A). 301 
The solution is then plated into a new 96-well plate, which is placed into the luminometer 302 
chamber for 5 min to equilibrate the volume with vapored odorant before monitoring the 303 
transfected 96-well plate (B). The odorant solution is pipetted into each space between the wells 304 
of the transfected 96-well plate (see zoom). The plate is then read for 20 cycles in the 305 
luminometer chamber equilibrated vapor odorant (C).  306 
 307 
Figure 3: Example of normalization that can be performed after data recording. (A) An empty 308 
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vector (negative) control is inserted in the transfection plan to be able to identify any potential 309 
non-OR specific odor activations of cells. It also provides information on the background 310 
luminescence of the plate. (B) Each OR response is then normalized by dividing the emission value 311 
of each well by the average value of the control vector in each plate. The luminescence values of 312 
each OR are then averaged along the measurement cycles. (C) OR responses can also then be 313 
normalized to their basal activity by further dividing each cycle value by the average value of the 314 
1st cycle of measurement (t = 0 s). (D) The AUC can be calculated by summing the emission values 315 
of each measurement cycle. For B, C and D, error bars represent the standard error of the mean 316 
(SEM, n = 3). 317 
 318 
Figure 4. Example of dose dependent responses obtained with the method. (A) The response 319 
of Olfr1377 to acetophenone is recorded for five different dilutions in mineral oil (100, 10-2, 10-4, 320 
10-6, 10-8), and without odorant (0), and normalized following the normalization protocol shown 321 
in Figure 3. (B) The data during the measurement cycles is translated into an AUC value for each 322 
dilution. This figure has been modified from Kida et al.32. This figure is licensed under a Creative 323 
Commons Attribution 4.0 International (CC BY 4.0). Error bars represent the standard error of the 324 
mean (SEM, n = 3). 325 
 326 
Table 1: Mix for transfection. Quantities of plasmids (Glosensor protein, RTP1S and OR) to add 327 
to MEM to transfect to one 96-well plate. 328 
 329 
DISCUSSION: 330 
The perception of odor is fundamentally dependent on the activation of ORs. Consequently, 331 
understanding of their functionality is required to crack the complex mechanisms that the brain 332 
use to perceive its volatile chemical environment. However, the understanding of this process 333 
has been hampered by the difficulties in establishing a robust method to screen the OR repertoire 334 
for functionality against odorants in vitro. Cell surface and heterologous expression of ORs has 335 
been partially solved by the creation of tagged receptors13,19 and by the discovery and 336 
optimization of the receptor-transporting proteins (RTPs) expressed in OSNs22,23. The first 337 
screening studies then appeared, bringing new insights to our understanding of OR function such 338 
as their odorant recognition pattern6,7,26,33, activation mechanism34,35, theoretical tridimensional 339 
structure36,37, evolution38,39, odor space40-42, and implications in odor detection43-46. We believe 340 
that improving the in vitro methods could boost the deciphering of odor coding. As such, we here 341 
developed a new functional assay to allow the monitoring of OR activation by vaporized odorant 342 
molecules. 343 
 344 
The success of this method depends on several critical steps. Although improved in the recent 345 
years, heterologous expression of some ORs remains difficult, which may influence OR 346 
responsiveness to odorant. The expression of ORs at the cell membrane can be evaluated in a 347 
parallel experiment using flow cytometry19,24. Notice that low levels of surface expression can 348 
still present robust responses in heterologous cell systems35. Another critical point is to avoid 349 
odorant contamination. Given the sensitivity of this assay, odorant molecules from any perfume, 350 
food, or previous assay can pollute the experiment by inducing uncontrolled OR responses. This 351 
is why we advise to vacuum the chamber of the luminometer for at least 2 h, preferably 352 
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overnight, before performing an assay with a different odorant. It is also important to consider a 353 
potential cytotoxicity of the odorant used in the experiment. A potential decrease of the 354 
response of the OR during the 30 min monitoring can show that the odorant itself has a negative 355 
effect on the cell health. The odorant cytotoxicity can be evaluated by performing a cell viability 356 
assay after exposing the cells to the odorant. To mitigate this problem, it is possible to consider 357 
only the first 10 min of the recording time for the analysis of data, cropping the end. We noticed 358 
that odorant toxicity mainly occurs when the odorant is tested pure or at very high 359 
concentrations. The sensitivity of our assay allows the detection of odorant diluted in mineral oil. 360 
The optimal concentration to elicit maximal response varies from one odorant to another, but 361 
we observed that a 1% dilution is enough to elicit a saturation of an OR response32. However, 362 
some odorant molecules can possess low vapor pressure (and therefore low volatility) and may 363 
need some adjustments to be made to the presented protocol. The incubation time of the 364 
odorant in the luminometer chamber here is set to 5 min. We assumed that this amount of time 365 
is sufficient to equilibrate the chamber with odorant volatile molecules, but low volatility 366 
odorants may require longer incubation times. 367 
 368 
Apart from these critical points, this method brings many new possibilities to exploring the 369 
structure-function relationships of odorant-OR interactions. The real-time monitoring aspect of 370 
this method also allows for the understanding of the kinetics of events that occur during an odor 371 
perception. As an example, we used the protocol to explore the functionality of a metabolite 372 
enzyme, the carboxyl esterase 1d (Ces1d), found to be expressed in the olfactory mucosa of 373 
mammals47. This enzyme is known to convert esters to carboxylic acid and alcohol48. The co-374 
transfection of Ces1d showed a modulation of in vitro OR responses to ester compounds,32 375 
demonstrating that this new protocol is efficient in exploring the importance of metabolic 376 
enzymes in odorant detection. Furthermore, using this platform to investigate odorant mixtures, 377 
and the way odors are presented in settings that are more natural, will enable future study in 378 
understanding more complex odorant interactions. Finally, detection of odorant molecules by 379 
ORs is also of high interest in the development of an odor sensor. Having shown that our system 380 
can detect odorant molecules presented in a vapor phase, this method is a first step in the 381 
development process of a miniaturized biosensor. 382 
 383 
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Per 96-well plate

MEM 500 µL

pGlosensor 10 ng

RTP1S 5 ng

OR 75 ng
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Name of Material/ Equipment Company Catalog Number

0.05 % trypsin-EDTA Gibco 25300-054

100 mm cell culture dish BD Falcon 353003

15 mL tube BD Falcon 352099

96-well plate Corning 3843

Amphotericin Gibco 15290-018

centrifuge machine Jouan C312

Class II Type A/B3 fumehood NUAIRE NU-407-500

FBS Gibco 16000-044

GloSensor cAMP Reagent Promega E1290

Incubator 37 °C; 5 % CO2 Fisher Scientific 11-676-604

Lipofectamine 2000 reagent Invitrogen
11668-019

Luminometer POLARstar OPTIMA BMG LABTECH discontinued

Mineral oil Sigma M8410

Minimum Essential Medium 

(MEM)
Corning cellgro 10-010-CV

Penicillin/Streptomycin Sigma Aldrich P4333

pGlosensor Promega E2301

phase contrast microscope Leica 090-131.001

RTP1S
H. Matsunami 

lab
-
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Comments/Description

0.05% Trypsin - EDTA (1x), phenol red - store at 4°C

100 mm x 20 mm cell culture dish 

17 mm x 120 mm conical tubes

96 well, with LE lid white with clear bottom Poly-D-lysine coated Polystyrene

Amphotericin B 250 µg/mL - store at 4°C

Centrifuge machine with swinging bucket rotor for 15 mL

fumehood for cell culturing

Fetal Bovine Serum - store at -20°C

GloSensor cAMP Reagent luminescent protein substrate - store at -20°C

Incubator for cell culturing

Lipofectamine 2000 Reagent 1mg/ml transfection reagent - store at 4°C

96 well plate reader for luminescence

Solvent for odorants - store at room temperature

Minimum Essential Medium Eagle with Earle’s salts & L-glutamine - store at 4°C

Penicillin-Streptomycin solution stabilized with 10,000 U of penicillin and 10 mg 

streptomycin - store at -20°C

pGloSensor-22F cAMP luminescent protein plasmid - store at 4°C

phase contrast microscope with x4, x10, x20 objectives

100 ng/µL plasmid - store at 4°C
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Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
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or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   
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Dear editor, 
 
Please find our response to the referees’ comments. We thanks the referees for their 
interesting comments. We have taken into account all their remarks. 7 citations were inserted 
in our references and a proper description of some previous work was added in the 
introduction. All materials used in the protocol were described in the Table of materials and 
several sections of the protocol were clarified. We modified each figure to address the 
editorial and referees’ comments. A paragraph comparing liquid and vapor stimulations was 
added to the representative results as well as a comparison of our assay results with those of 
the previous work of Sanz et al. 2005. Finally, an eventual optimization of the saturation time 
was proposed in the discussion.  
All changes are highlighted in yellow and are commented in the following referees’ point-by-
point response. The Rights and permissions policy from Nature Communications is attached 
to the submission for the editorial concerns on figure 4. 
 
Hiroaki Matsunami and Claire de March 
             
Editorial comments: 
Changes to be made by the author(s) regarding the manuscript: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 
 
R: We thoroughly proofread the manuscript and corrected typos. 
 
2. Please obtain explicit copyright permission to reuse any figures from a previous 
publication. Explicit permission can be expressed in the form of a letter from the editor or a 
link to the editorial policy that allows re-prints. Please upload this information as a .doc or 
.docx file to your Editorial Manager account. The Figure must be cited appropriately in the 
Figure Legend, i.e. “This figure has been modified from [citation].” 
 
R: We used raw data from the supporting information of Kida et al. 2018 published in 
Nature Communication (Figure S5 and S11). The graphic chart has been changed and 
data does not look like those from the original publication. Furthermore, the editorial 
policy of Nature communication allowed reproduction of any material as long as the 
original authors, paper and a link to the creative Commons License is included. 
“Figure 4B. The data during the measurement cycles is translated into an AUC value for 
each dilution. This figure has been modified from Kida et al.32. This figure is licensed under a 
Creative Commons Attribution 4.0 International (CC BY 4.0). Error bars represent the 
standard error of the mean (SEM, n = 3).” 
 
3. Please remove the embedded figures/tables from the manuscript. All figures should be 
uploaded separately to your Editorial Manager account. 
 
R: Done 
 
4. Figure 2 and Table 1: Please include a space between all numerical values and their 
corresponding units (25 µL, 5 min, 500 µL, 10 ng, 5 ng). 
 
R: Done 
 
5. Figure 3 and Figure 4: Please change the time unit “sec” to “s”. Please change “time[sec]” 
to “Time [s]” in panels B and C of Figure 3 and in panel A of Figure 4. Please define error 
bars in the figure legend. 
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response-to-
reviewers_Glovapor hm.docx

https://creativecommons.org/licenses/by/4.0/
https://www.editorialmanager.com/jove/download.aspx?id=963159&guid=e201430d-e47c-4ef9-95b0-dc5f4c4f2e16&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=963159&guid=e201430d-e47c-4ef9-95b0-dc5f4c4f2e16&scheme=1


R: Done 
 
6. Table of Materials: Please use SI abbreviations for all units (L, mL, µL) and include a 
space between all numerical values and their corresponding units (15 mL, 37 °C, etc.). 
Please remove trademark (™) and registered (®) symbols. Please sort the items in 
alphabetical order according to the name of material/equipment. 
 
R: Done 
 
7.  Please define all abbreviations before use. 
 
R: Done 
 
8. Please include a space between all numerical values and their corresponding units: 15 
mL, 37 °C, 60 s; etc. 
 
R: Done 
 
9. JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an instrument 
or reagent. Please remove all commercial language from your manuscript and use generic 
terms instead. All commercial products should be sufficiently referenced in the Table of 
Materials and Reagents. You may use the generic term followed by “(see table of materials)” 
to draw the readers’ attention to specific commercial names. Examples of commercial 
sounding language in your manuscript are: GloSensor, lipofectamine, etc. 
 
R: Done 
 
10. 2.5: Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions per 
minute (rpm). 
 
R: Done 
 
11. 1.3: Please describe how to divide cells at a 20% ratio. 
 
R: Done 
 
12. 2.3: Please specify the reaction temperature. 
 
R: Done 
 
13. 4.6, 5.2: Please specify the incubation temperature. 
 
R: Done 
 
14. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 
actions and maximum of 4 sentences per step. 
 
R: Done 
 
15. Please include single-line spaces between all paragraphs, headings, steps, etc. 
 
R: Done 
 
             



Reviewers' comments: 
 
Reviewer #1: Manuscript Summary: 
The article describes in detail a method for high throughput screening for odorant receptor 
ligands that was recently published (Kida et al, 2018, Nat Commun., 2018). This method is a 
modified version of a previous one, which used a heterologous expression system (Hana3A 
cells transfected with expression vectors for odorant receptors, other accessory factors and a 
CRE-luciferase reporter) in 96 well plates, to screen a large number of odorants and odorant 
receptors. This new method uses now the Glosensor assay instead of the CRE-luciferase 
reporter, and therefore allows for real-time monitoring of odorant receptor activation. In 
addition, to better reflect the in vivo odorant responses in the nose, the cells are now induced 
by odorants in vapor phase, instead of odorants that are diluted into the cell media. The 
detailed protocol should be very useful for researches in the olfactory field. 
 
Major Concerns: 
I have the following suggestions to make it clearer: 
 
1- Figure 1: the way that RTP1S is depicted in this figure, makes the reader think that there 
is no direct interaction between RTPs1 and the OR. Is this supported by previous 
experiments? Otherwise, the figure should be corrected. 
 
R: We corrected the figure by placing RTP1S close by the OR and highlighted it in gray 
since it has been shown that OR and RTP1S can be immunoprecipitated, 
demonstrating that these two proteins can interact with each other. (Wu, Lifang, et al. 
"Receptor-Transporting Protein 1 Short (RTP1S) Mediates the Translocation and 
Activation of Odorant Receptors by Acting through Multiple Steps." Journal of 
Biological Chemistry (2012): jbc-M112.) 
 
2- Line 116. The authors mention 'A number of independent groups have utilized various 
approaches'. And reference only two groups. More references or reviews on heterologous 
expression of OR genes could be cyted here. 
 
R: We added twelve citations studying OR function in in vitro systems from various 
laboratory2-13 » 
. We revised the text as follows: “A number of independent groups have utilized various 
approaches.5-12, 14, 18-20» 
 
3- Line 156: indicate the concentration of EDTA in this solution. 
 
R: We added the concentration of EDTA in the protocol and the corresponding 
commercial product on the Table of materials. 
 
“1.4 Aspire PBS and add 3 mL of 0.05 % trypsin-ethylene diamine tetraacetic acid (EDTA, 
0.48 mM). Let act for approximately 1 min, until the cells dissociate from the plate 
 

0.05 % trypsin-
EDTA Gibco 

25300-
054 

0.05% Trypsin - EDTA (1x), phenol red - store 
at 4°C 

“ 
4- Line 167: explain this better: for one 96 well plate should dilute the 600 micro liter in 4,8 
ml, and pipet from this 50 /well? 
 
R: The total final volume for one plate should be 6 mL, so if starting with a 100 % 
confluence plate, we add 500 µL of the 5 mL of resuspended cell solution in 5.5 mL of 
fresh M10PSF. We added an explanation and indicated how to realize one 96-well 
plate. 



“2.5 Depending on the number of plates to be transfected, transfer an appropriate amount of 
cells in a reservoir with the proper corresponding volume of M10PSF. One 96-well plate 
should be plated with 1/10 of a 100 % confluent 100 mm dish (approximately 1.1 x 106 cells) 
diluted in M10PSF to reach a total volume of 6 mL. For one 96-well plate starting with a 100 
% confluence 100 mm dish, add 500 µL from the 5 mL of resuspended cells to 5.5 mL of 
fresh M10PSF. Mix the cells and M10PSF without generating air bubbles.” 
 
5- Table 1: OR plasmids should be included in table 1. (including the amount in ng to be 
used). 
 
R: We added the OR plasmid amount in Table 1 

  Per 96-well plate 

MEM 500 µL 

pGlosensor 10 ng 

RTP1S 5 ng 

OR 75 ng 
 
« Table1: Mix for transfection.  
 
Quantities of plasmids (Glosensor protein, RTP1S and OR) to add to MEM to transfect to 
one 96-well plate.” 
 
6- Line 186: Explain in details how to vacum the chamber. 
 
R: We added a reference to the chamber vacuum section step (6) and provided a more 
detailed protocol for removing odors from the luminometer chamber. We revised the 
text as follows: 
“3.4 Replace the M10PSF contained into the previously platted 96-well plate by 50 µL of the 
final transfection media. Incubate in an incubator set to 37 °C and 5 % CO2 and vacuum the 
chamber of the luminometer overnight following the procedure described in step 6. 
6. Remove remaining odorant inside the luminometer 
6.1 Open the door of the luminometer. Insert tube connected to the vacuum pump. 
6.2 Vacuum odorants in the reading chamber extensively (at least 2 hours, preferably 
overnight) between two odorants to avoid cross contamination of odor volatiles from one 
experiment to another. Replace with fresh air by sending compressed air during 5 min before 
incubating the next odorant.” 
 
7- Line 197: Reagent solution included in the glosensor kit? Where does it come from? 
 
R: The Glosensor cAMP reagent solution is from the Glosensor kit (catalog number 
E1290) from Promega. The reference to the Promega kit is mentioned in the Table of 
materials. We now refer to this table in the protocol step. 
“4.2 Dilute 75 µL of the Glosensor cAMP reagent (see Table of Materials) solution to 2.75 
mL of the stimulation solution. Remove the transfection medium from the 96-well plate and 
wash the cells by adding 50 µL of fresh stimulation solution to each well 

GloSensor 
cAMP 
Reagent 

Promega E1290 
GloSensor cAMP Reagent luminescent protein 
substrate - store at -20°C 

“ 
 
8- Line 198: what is considered to be an odor free environment? Give one example. 



R: We use a clean empty drawer far from any odorant sources in our lab. We give now 
an example of odor free environment in this protocol section. We revised the text as 
follows: 
“4.3 Remove the stimulation solution and add 25 µL of Glosensor cAMP reagent solution 
prepared in 4.2 to each well. Incubate the 96-well plate at room temperature in a dark and 
odor-free environment (for example a clean empty drawer far away from chemicals or any 
odorant source) for 2 hours.” 
 
9- Line 206: odorants with low vapor pressures could require longer times? 
 
R: We thanks the reviewer for this comment. The incubation time is a parameter we 
have not fully optimized. We added a comment in the discussion as follows. 
“The optimal concentration to elicit maximal response varies from one odorant to another, but 
we observed that a 1 % dilution is enough to elicit a saturation of an OR response.32  
However, some odorant molecules can possess low vapor pressure (and therefore low 
volatility) and may need some adjustments to be made to the presented protocol. The 
incubation time of the odorant in the luminometer chamber here is set to 5 min. We assumed 
that this amount of time is sufficient to equilibrate the chamber with odorant volatile 
molecules, but low volatility odorants may require longer incubation times.” 
 
10- Line 209: what exactly does cycle here mean? What kind of luminometer was used? Are 
there other options? How to set the luminometer? 
 
R: By cycle we mean one luminescence recording of all wells of the 96-well plate. This 
cycle is set at 90 s with 0.7 s of interval between two cycles. The luminescence 
recording is done on a POLARstar OPTIMA from BMG LABTECH. The luminometer 
description has been added in the Table of materials. The set-up of the luminometer 
reading has been added in the protocol. 
“5.2 Set the luminometer to record the luminescence with 0 s of delay during 20 cycles of 
plate measurement of 90 s with 0.7 s of interval between cycles. 

Luminometer 
POLARstar 
OPTIMA 

BMG 
LABTECH 

discontinued 
96 well plate reader for 
luminescence 

“ 
 
11- Line 214 and 216: vacuum or wait for how long, between testing different odorants? 6.4 
'Replace with fresh air before next measurement.' How exactly? 
 
R: We vacuum the chamber at least 2 h between each measurement, preferably 
overnight. After the vacuum time, we replace the air in the chamber with fresh air by 
injecting compressed air for 5 min before saturating the chamber with an odorant. We 
clarified this step in the protocol. 
“6. Remove remaining odorant inside the luminometer 
6.1 Open the door of the luminometer. Insert tube connected to the vacuum pump. 
6.2 Vacuum odorants in the reading chamber extensively (at least 2 hours, preferably 
overnight) between two odorants to avoid cross contamination of odor volatiles from one 
experiment to another. Replace with fresh air by sending compressed air during 5 min before 
incubating the next odorant.” 
 
Minor Concerns: 
 
Text should be revised. There are many errors, for example: 
Line 95: 'to interact of their volatile' 
R: Done 
Line 100: a word is missing here: rhodopsin-like class (class A). 



R: Done 
Line 102: pattern of activated ORs. 
R: Done 
Line 110: the word realized is incorrectly used here. 
R: Done 
Line 131: where odorant molecules reach the olfactory epithelium. 
R: Done  
Line 163: Depending on the number 
R: Done 
Line 211: remaining 
R: Done 
Line 213: vacuum pump? 
R: Done 
Line 231: to also normalize their response to this parameter (Figure 3C) 
R: Done 
Line 241: possessing a higher vapor pressure is more volatile 
R: Done  
Line 262: luminescence that is recorded 
R: Done 
Line 269: pipetted in each space… The plate is then read 
R: Done 
Line 278: dividing each cycle value by the 
R: Done 
Line 314: assay after exposure of the cells to the odorant 
R: Done 
Line 324: the protocol to explore the functionality 
R: Done 
Line 325: This enzyme is known 
R: Done 
Figure 3 and legend: control vector (and not vector control) 
R: Done 
             
Reviewer #2: Authors report a new protocol, based on a previous study published in 
Nat.Com. (2018, ref.24), to monitor in real time olfactory receptor activation in vitro. The 
experimental procedure explain how to measure OR response to odorants in vapor phase 
while, in conventional in vitro protocol, odorants are dissolved in liquid phase. In short, 
authors have acknowledged expertise in cell-based functional assays of ORs and the 
innovative nature of the experimental protocol deserves to be published in JoVE with the 
following minor revisions : 
 
- l.204-209 : Reading the '5.Odorant stimulation' part, I understand that, in a first step, 
authors add the odorants in liquid phase directly into each well (l.205-206, Fig.2B). Then, in a 
second step, they add odorants between the wells (l.208-209, Fig.2C). Does it means that 
they record 2 types of OR activation (liquid and vapor phase) ? Do they use the conventional 
in vitro assay (first step) as a control? Please clarify the text. 
 
R: The first step is only to saturate the luminometer chamber in volatile odorant. For 
this propose, we use a plate without the cells and no luminescence recording is done 
during this first step. The second step is the luminescence recording. We inject 
odorant in the space between each well to keep the air in equilibrium with the tested 
odor during the 30 min of measurement. We clarified the distinction between the 
saturation of the luminometer chamber and the OR activation recording by 
luminescence by modifying the protocol text and Figure 2. 
“5. Odorant stimulation 
[Insert Figure 2] 



5.1 First, equilibrate the luminometer chamber with volatile odorant molecules. Dilute the 
odorant to the desired concentration in 10 mL of mineral oil (Figure 2A). Before the end of 
the Glosensor cAMP reagent incubation time, add 25 µL of the odorant solution in a new 96-
well plate (not the one containing the cells). Incubate this odorant plate at room temperature 
in the luminometer chamber for 5 min (Figure 2B) (no luminometer recording is required 
here). 
5.2 Set the luminometer to record the luminescence with 0 s of delay during 20 cycles of 
plate measurement of 90 s with 0.7 s of interval between cycles. 
5.3 Right before reading the plate, remove the odorant plate from the chamber. Add 25 µL of 
odorant between the wells of the 96-well plate containing the cells (do not add the odorant in 
the wells containing the cells) and quickly start the luminescence measurement of all wells 
for 20 cycles within 30 min (Figure 2C).” 
 
- Author mentioned that it's possible to determine EC50 of OR using their new techniques 
(l.247, Fig.4B). Can you give a bit more details? Are EC50 determined from 'in real 
time/vapor phase' in vitro assays comparable to conventional ones? 
 
R: We can obtain EC50 by recording OR activation upon a series of odorant dilution in 
mineral oil. The EC50 obtained is different from direct liquid stimulation since it takes 
into account the odorant molecules kinetic of diffusion in air and in the media, its 
vapor pressure, its solubility in the media and its interaction with the OR. We added a 
discussion about the differences between conventional EC50 and the EC50 obtained 
with our method in the representative results. We also compare our results with those 
from Sanz et al.  
“Further, since the real concentration of odorant molecules in the cell media is not known, the 
EC50s obtained by this method are not necessarily comparable to those obtained by liquid 
stimulation. The EC50  values determined by our method take into account the odorant 
volatility, the kinetics of odorant dissolution into the medium, the odorant’s solubility, and the 
affinity between the odorant and the OR, which are closer to the natural perception of odor. 
For our example of Olfr1377 stimulation by acetophenone, the EC50 value from our vapor 
dose-response is 161 µM (0.001874 %), which is around 50 fold higher than the liquid 
stimulation (3.28 µM from Saito et al.6). This difference between liquid and vapor stimulations 
was also reported by Sanz et al.20 in their vapor stimulation assay where vapor stimulation 
gave 100 to 1000 fold lower EC50 values than the liquid stimulation.” 
 
- few typos : 
(l.84) in the abstract, please explain what ID means. 
R: We meant ID as an identification card which is specific to each odor but we 
understand the confusion and decided to remove this reference to an ID 
(l.95) 'interact with' and not 'interact of'. 
R: Done 
(l.114) '...in functionally expressing ...' 
R: Done 
 
             
Reviewer #3: Manuscript Summary: 
 
In their manuscript "Real-time in vitro monitoring of odorant receptor activation by odorant in 
vapor phase" (JoVE59446), de March et al. describe a method that allows real-time 
monitoring of odorant receptor activation stimulated with vapor odorants. The authors used 
the pGloSensorTM assay for the in vitro measurement of odorant receptor activation. The 
authors claim that presenting odorants in the vapor phase is more similar to a natural odor 
perception than perfusion of odorant receptor-expressing test cells with odorants dissolved in 
physiological buffer solution. 
 



Major Concerns: 
 
General comments: 
Overall, this methods article is well written and easy to follow, and appears technically sound. 
In general, however, the notion that volatile compounds will activate buffer-submerged, 
odorant receptor-expressing test cells, if just their dose in the vapor phase is high enough, 
does not come as a surprise. In fact, the two experimental techniques on which this 
manuscript relies have been published many years ago: 
For the odorant receptor activation stimulated with vapor odorants, see G. Sanz et al., 
Comparison of odorant specificity of two human olfactory receptors from different 
phylogenetic classes and evidence for antagonism. Chem Senses, 2005. 30(1): p. 69-80. 
Then, 13 years ago, Sanz et al. termed their assay "volatile-odorant functional assay" 
(VOFA). 
The pGloSensorTM assay for the in vitro measurement of odorant receptor activation has 
been published first in detail in 2015 by C. Geithe et al., Butter Aroma Recombinate Activates 
Human Class-I Odorant Receptors. J Agric Food Chem, 2015. 63(43): p. 9410-20, and later 
on by F. Noe et al. 2017, JBM. 
Interestingly, both papers (Sanz et al., 2005 and Geithe et al. 2015) are not cited, and 
therefore are also not discussed by the authors in the appropriate context, which is a pity, 
because, typically, such a discussion helps both the authors and putative future readers of 
their manuscript. 
I therefore believe that it is mandatory to cite both papers, and in the correct context. 
 
R: We are thankful to the reviewer for this comment and fixed our omission. We added 
a proper citation of those papers in the text. We describe the method used by Sanz et 
al. to stimulate OR with odorant in vapor phase. We also added a large samples of 
publications using Glosensor to monitor OR activation since 2012. 
“This is very distinct from the physiological conditions where odorant molecules reach the 
olfactory epithelium in vapor phase and activate ORs by dissolution into the nasal mucosa. 
To more closely resemble physiologically relevant stimulus exposure, Sanz et al.20 proposed 
an assay based on vapor stimulation by applying a drop of odorant solution to hang beneath 
the inner face of a plastic film placed on the top of cell wells. They recorded the calcium 
responses by monitoring fluorescence intensity. This method was the first to use air-phase 
odorant stimulation, but it did not allow a large screening of OR activation. 
Here, we developed a new method that enables real-time monitoring of in vitro OR activation 
via vapor phase odorant stimulation by the Glosensor assay (Figure 1). This assay has been 
used previously in the context of liquid odorant stimulation.18,19,25-31 » 
 
In general, the same question as 13 years ago arises, and needs to be discussed by the 
authors: 
With respect to de-orphaning of hundreds of odorant receptors, what is the benefit of having 
a rather insensitive, air-water partition coefficient-biased odorant dose, but not odorant 
concentration (!), application system, which relies on the incubation of OR-expressing test 
cells for half an hour in high odorant dose-derived head-space vapors? 
 
R: We added a discussion in the present revised version where we compare EC50 
obtained by vapor and liquid stimulations. We also compared our results to those 
from Sanz et al. 2005. We think the Vapor assay may not be suitable for early de-
orphanization. pS6 (vapor phase stimulation in vivo) and Dual luciferase (liquid phase 
stimulation in vitro) are more suitable for de-orphanization in terms of HTS. However, 
OR responses using the two methods do not always agree with each other (Jiang et 
al., 2015). Vapor assay is proposed to help fill the gap. 
“Further, since the real concentration of odorant molecules in the cell media is not known, the 
EC50s obtained by this method are not necessarily comparable to those obtained by liquid 
stimulation. The EC50  values determined by our method take into account the odorant 



volatility, the kinetics of odorant dissolution into the medium, the odorant’s solubility, and the 
affinity between the odorant and the OR, which are closer to the natural perception of odor. 
For our example of Olfr1377 stimulation by acetophenone, the EC50 value from our vapor 
dose-response is 161 µM (0.001874 %), which is around 50 fold higher than the liquid 
stimulation (3.28 µM from Saito et al.6). This difference between liquid and vapor stimulations 
was also reported by Sanz et al.20 in their vapor stimulation assay where vapor stimulation 
gave 100 to 1000 fold lower EC50 values than the liquid stimulation.” 
 
Here, the authors at least should discuss or point out that their presented method is only 
suitable to obtain dose-response relationships and not concentration-response relationships 
like the already known pGloSensorTM assay for ORs published by C. Geithe et al. 2015, and 
F. Noe et al. 2017). 
 
R: We clarified this point in the representative results by replacing “concentration” by 
dose or dilution. We also corrected the label of the x-axis of Figure 4B. 
“Nevertheless, we can observe a typical dose dependency behavior of Olfr1377, (Figure 4B) 
showing that this method can also be used to determine the EC50 of OR to volatile 
compound.” 
 
Further, the authors should consider giving the appropriate name "pGloSensorTM" instead of 
using "Glosensor". 
 
R: We follow the editorial policy, “JoVE cannot publish manuscripts containing commercial 
language. This includes trademark symbols (™).” 
 
The authors should add more details and information for the odorants, salts, reagents and 
equipment they use during their assay. For example, they do not tell the reader which 
luminometer they used in their assay setup, and they do not give any information and 
instruction on preparation or storage of solutions. 
 
R: We improved the Table of materials and reagents by adding the luminometer, fume 
hood, incubator, microscope, centrifuge machine used and the storage temperature of 
every solutions. 
 
Specific comments: 
Line 154: The authors should make sure, whether they really take 100% confluent cells into 
their experiments. 
R: Done 
Line 165: The authors should give the number of cells that typically should be transferred to 
one 96-well plate, or to one well of a 96-well plate. 
R: Done 
Line 173: The authors should add that it is necessary to have an empty vector control for 
each experiment and plate, and a positive control for each plate. 
R: Done 
Lines 220 - 234: The authors should give more details on their calculations and data 
analysis. 
R: Done 
Lines 238 - 248: The authors write correctly "dose dependency" in this section; however, in 
Figure 4 B they use the term "odorant concentration" of acetophenone, which is incorrect, 
since this is a dose rather than the actual concentration at the receptor. Further, the authors 
should consider including a clear protocol on how to examine dose dependency, since one 
96-well plate can only be measured with one odorant concentration. Their measurement 
takes about 35 minutes, and they advise to vacuum the chamber of the luminometer for at 
least 2 hours between two odorants. So, for example, how is it ensured that one cell passage 
is used for one "dose dependency" measurement? 



 
R: We changed the label of the x-axis of Figure 4B for “odorant dilution in mineral oil”. 
We consider that vacuum is not necessary if measuring the same odorant at different 
dilutions. In this case, the dilutions are recorded from the lowest to the highest one 
after the other. We added a comment in that sense in the representative results 
section. 
“Note that when dose-dependent experiments are performed, we do not vacuum clean the 
luminometer chamber. However, experiments are always performed from low to high, 
increasing odorant doses to minimize contaminations.” 
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