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Abstract 
Measures of behavioral sensitivity provide an important guide for choosing the stimulus concentrations used in functional experiments. This 
information is particularly valuable in the olfactory system as the neural representation of an odorant changes with concentration. This study fo-
cuses on acetate esters because they are commonly used to survey neural activity in a variety of olfactory regions, probe the behavioral limits of 
odor discrimination, and assess odor structure–activity relationships in mice. Despite their frequent use, the relative sensitivity of these odorants 
in mice is not available. Thus, we assayed the ability of C57BL/6J mice to detect seven different acetates (propyl acetate, butyl acetate, pentyl 
acetate, hexyl acetate, octyl acetate, isobutyl acetate, and isoamyl acetate) using a head-fixed Go/No-Go operant conditioning assay combined 
with highly reproducible stimulus delivery. To aid in the accessibility and applicability of our data, we have estimated the vapor-phase concentra-
tions of these odorants in five different solvents using a photoionization detector-based approach. The resulting liquid-/vapor-phase equilibrium 
equations successfully corrected for behavioral sensitivity differences observed in animals tested with the same odorant in different solvents. 
We found that mice are most sensitive to isobutyl acetate and least sensitive to propyl acetate. These updated measures of sensitivity will hope-
fully guide experimenters in choosing appropriate stimulus concentrations for experiments using these odorants.
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Introduction
Perceptual measures of detection threshold provide a mech-
anism to compare sensory systems across species and gauge 
appropriate stimulus concentrations for functional experi-
ments. This information is particularly valuable in the ol-
factory system as odorants are encoded in a combinatorial 
fashion across glomeruli in the main olfactory bulb (Malnic 
et al. 1999), with each glomerulus corresponding to a specific 
receptor (Ressler et al. 1994; Vassar et al. 1994; Mombaerts 
et al. 1996). These neural representations are not static as 
the repertoire of activated receptors/glomeruli changes with 
odorant concentration (Kauer and White 2001), while per-
cepts such as odor identity often (but not always) remain 
stable (Laing et al. 2003; Mainland et al. 2014). These obser-
vations, combined with recent findings, suggest that each re-
ceptor/glomerulus does not make an equal contribution to the 
perception of an odor (Dewan et al. 2013, 2018; Saraiva et 
al. 2016; Sato-Akuhara et al. 2016; Horio et al. 2019; Chong 
et al. 2020). One potential mechanism to identify receptors/
glomeruli that make a significant to the perception of a par-
ticular odor, would be to sparsen the representation of the 
stimulus, by probing the system nearer to its perceptual limits. 
However, for many odorants, behavioral thresholds have not 
been identified.

Acetate esters are commonly used to assess odor structure–
activity relationships, probe behavioral responses, and survey 
odor-evoked activity in the brain of mice (Wachowiak and 
Cohen 2001; Otazu et al. 2015; Kida et al. 2018; Pashkovski 
et al. 2020; Xu et al. 2020). The stimulus concentrations 

used in these studies vary widely as no systematic survey of 
acetate sensitivity exists in this species. A systematic survey 
of acetate sensitivity is available for another rodent species, 
the rat (Moulton 1960). However, the unusual method of 
stimulus delivery (small nylon capsules attached to a water 
bottle) would seemingly lessen the applicability of these sen-
sitivity measures for functional studies employing more con-
ventional methods of odor delivery. Behavioral thresholds for 
specific acetates are available for rats and mice but differ in 
their behavioral method, the manner of odor delivery, and 
the solvent used (Moulton 1968; Davis 1973; Pierson 1974; 
Walker and O’Connell 1986; Slotnick and Schoonover 1993; 
Clevenger and Restrepo 2006). Thus, depending on the study, 
sensitivity estimates for these acetates differ by several orders 
of magnitude. One potential consequence of this variability 
and lack of a systematic analysis is that functional studies 
may be employing higher than ideal odorant concentrations.

One major impediment to these cross-study comparisons 
is an inability to accurately compare vapor-phase odorant 
concentrations across laboratories. One key factor is a lack 
of data describing the relationship between the liquid- and 
vapor-phase concentrations of odorants in different solvents. 
Raoult’s law for ideal solutions assumes a proportionality be-
tween the number of molecules present in the vapor phase 
and the molar fraction of the solute. In other words, a 10-fold 
liquid dilution should have 10-fold fewer molecules in the 
headspace above the liquid. Unfortunately, the vapor-phase 
concentration of an odorant frequently deviates from these 
laws of proportionality due to interactions with the solvent 
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(Haring 1974). Liquid/vapor-phase equilibria measurements 
are available for several acetate esters diluted in mineral oil 
(Cometto-Muñiz et al. 2003) but not for other commonly 
used solvents.

Panels of structurally similar odorants are typically pre-
sented at equivalent concentrations to map odor-evoked re-
sponses (Uchida et al. 2000; Pashkovski et al. 2020). Large 
variations in behavioral sensitivity toward these odorants 
could potentially obfuscate fundamental principles of odor 
coding. The relationship between sensitivity and acetate 
carbon chain length can be described as a U-shaped func-
tion for several, but not all, of the species tested (Moulton 
1960; Laska and Seibt 2002; Hernandez Salazar et al. 2003; 
Cometto-Muñiz et al. 2008). This relationship has yet to be 
analyzed in mice.

The goal of the current study was to determine the olfac-
tory detection thresholds of C57BL/6J mice (the most com-
monly used inbred strain) to acetate esters using operant 
conditioning combined with a well-controlled and highly 
reproducible stimulus delivery system. Using a photoioniza-
tion detector (PID)-based approach, we provide liquid/vapor-
phase equilibria equations for these odorants in 5 commonly 
used solvents. These results will hopefully guide experimenters 
in choosing appropriate concentrations for functional studies 
using these odorants and allow more accurate comparisons of 
acetate concentrations across laboratories.

Methods
Animals
Male and female C57BL/6J mice (25 M; 21 F) were housed 
in same-sex cages until head-bar surgery. Mice (10–14 weeks 
old) were anesthetized with isoflurane at a dosage of 2%–3% 
in oxygen, and administered buprenorphine (0.1 mg/kg) as an 
analgesic, and lidocaine (2 mg/kg) as a local anesthetic. Mice 
were secured in a stereotaxic head holder with non-rupture 
ear bars during the duration of the procedure. A custom ti-
tanium head bar (<1 g) and 2–3 micro-screws were affixed to 
the skull and secured using dental cement. The ID number of 
the animal was added to the head bar to ensure correct iden-
tification throughout the experiment.

After surgery, mice were individually housed and given 
at least 3 days to recover. Following recovery, mice were 
water restricted for at least 2 weeks before training in a 
water-rewarded conditioning paradigm. The daily allotment 
of water for each mouse was determined according to their 
body weight. Mice that weighed 85%–100% of their initial 
bodyweight received 1 mL of water, while mice that weighed 
70%–85% of their initial bodyweight received between  
1 and 2 mL of water. All procedures conducted were reviewed 
and approved by the Florida State University Animal Care  
and Use Committee.

Odor stimuli and solvents
A set of seven acetates was used: propyl acetate (CAS# 109-
60-4), butyl acetate (CAS# 123-86-4), pentyl acetate (CAS# 
628-63-7), hexyl acetate (CAS# 142-92-7), octyl acetate 
(CAS# 112-14-1), isobutyl acetate (CAS# 110-19-0), and 
isoamyl acetate (CAS# 123-92-2). All odorants were of the 
highest available purity (>98%) and obtained from Millipore-
Sigma. Vapor pressure measurements for each odorant were 
obtained through a US Environmental Protection Agency 

database [Estimation Program Interface [Epi] Suite tool; 
www.epa.gov/oppt/exposure/pubs/episuite.htm]. Air/mucus 
odorant partition coefficient (β) for each odorant was calcu-
lated based on the following equation (Scott et al. 2014):

logβ = logβwater − (logP− 1) × 0.524

where βwater is the air/water partition coefficient and P is the 
octanol/water partition coefficient, both of which were also 
obtained through [Epi] Suite tool (EPA). Odorants were stored 
under nitrogen and housed in a chemical storage cabinet (Air 
Science). A set of five solvents was used: nanopure water, min-
eral oil (CAS# 8042-47-5), diethyl phthalate (CAS# 84-66-2), 
dipropylene glycol (CAS# 25265-71-8), and propylene glycol 
(CAS# 57-55-6). Odorants were diluted within an odor-free 
chemical safety cabinet with the use of filtered pipette tips. 
For the behavioral experiments, isoamyl acetate was diluted 
in both nanopure water and mineral oil. All other odorants 
were only diluted in mineral oil. The maximum odorant con-
centration tested was 1:100 dilution (or 1% v/v) in mineral 
oil for all odorants except isobutyl acetate (1:1,000 dilution 
or 0.1% v/v in mineral oil).

Quantification of the vapor-phase concentration of 
acetates in different solvents
The relative vapor-phase concentration of an odorant in 
each solvent was estimated using a PID (Aurora Scientific). 
Photoionization detection collects and exposes a vapor 
sample to a high-intensity ultraviolet light that ionizes the 
chemical molecules, creating a current that is proportional 
to the vapor-phase concentration of the odorant (Zhou et al. 
2018). However, the net charge resulting from the ionization 
of a specific vapor concentration differs by chemical. Thus, a 
correction factor (CF) for each odorant needs to be calculated 
to determine vapor-phase concentration relative to a standard 
(e.g. isobutylene gas).

To calibrate our PID, 500 ppm of isobutylene gas (Airgas) 
was directed to the PID using corrosive-resistant, mass flow 
controllers (MFC, Alicat Scientific), specifically calibrated for 
isobutylene. To ensure the accuracy of the PID measurements, 
the flow from the MFCs matched the suction rate of our PID 
(900 mL/min). Isobutylene gas was presented at multiple con-
centrations (500, 200, 100, 50, 20, 10  ppm) for each PID 
gain (1×, 5×, 10×) using flow dilution. The resulting data fit 
with an equation that described the relationship between iso-
butylene concentration and PID voltage for each gain.

To calculate the CF for each tested odorant, a sealed bottle 
containing a small volume of a pure odorant (0.5–10 µL) was 
heated beyond its boiling point. The vapor concentration of 
this odorant in this sealed container can be determined by:

24.4
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With the use of three-way valves, an MFC directed the vapor-
ized sample from the temporarily sealed bottle onto the 
PID. The resulting voltage was converted to an equivalent 
isobutylene concentration as determined by the calibration 
method above. The vapor odorant concentration (within the 
bottle) was divided by the equivalent isobutylene concentra-
tion (as determined by the PID voltage) to calculate the CF for 
that odorant. This method resulted in CFs that were similar 
to those published online (e.g. https://sps-support.honeywell.
com/s/article/RAE-Correction-factors-for-PID-sensors)  
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(Table 1). Furthermore, our measured saturated vapor con-
centrations closely matched the predicted vapor concentra-
tion above a pure odorant as calculated by the following 
equation:

C (ppm) =
Pvap

Patm
(106)

where C is the concentration in ppm, Pvap is the vapor pressure 
of the odorant and Patm is the atmospheric pressure in mmHg 
at 25°C. Of note, the high boiling point of octyl acetate pre-
vented accurate measurements using this method. Thus, the 
CF for this odorant was estimated by dividing the calculated 
vapor concentration (based on odor volatility) by the equiva-
lent isobutylene concentration of the equilibrated headspace 
above a pure odorant (as measured by the PID). This estima-
tion method yielded similar CFs to those calculated with the 
above method for the remaining acetates.

To measure the liquid-/vapor-phase relationship of acetates 
in different solvents, we measured the net charge resulting 
from the ionization of the headspace above the pure and di-
luted odorant for each solvent using a calibrated PID (Fig. 1A). 
Due to its low volatility, octyl acetate was the only odorant 
that was not flow diluted to ensure maximal PID sensitivity. 
Extensive tests determined that PID responses in our setup are 
directly proportional to flow dilution levels. Please note that 
the liquid-/vapor-phase equilibrium equations are corrected 
for these flow dilutions. Importantly, the total flow from the 
MFCs always matched the suction rate of the PID (900 mL/
min). Two three-way valves switched between a pressure-
balanced empty vial and the sample vial (Fig. 1A) 600 msec 
before delivery to the PID. This time was necessary to ensure 
the vial was pressurized and the odorant could reach steady 
state. During stimulus delivery to the PID, a dual-synchronous 
three-way solenoid valve (final valve) directed the odor sample 
to the PID and the clean air to exhaust. The duration of the 
stimulus was 2 s and the average PID response for each trial 

was measured between 500 and 1,500  ms after final valve 
opening. Five measurements were taken from each sample 
with 30-s inter-trial interval so that the headspace above the 
odorant could re-equilibrate. To allow for automation, this 
setup was controlled by a custom Python Script while PID 
measurements are recorded using a custom-built Arduino-
based behavioral controller. The calibrated net charge for 
each trial was multiplied by the appropriate CF to determine 
the vapor-phase odorant concentration resulting from associ-
ated liquid dilution. These data were plotted and fitted with a 
power function ([C]vap = a[C]liqβ; Prism GraphPad).

Liquid-/vapor-phase equilibrium equations already ex-
isted for five of the seven acetates using the solvent mineral 
oil (Cometto-Muñiz et al. 2003). While our method is not as 
accurate or sensitive as gas chromatography (GC) (Cometto-
Muñiz et al. 2003), this approach resulted in similar vapor-
phase concentration estimates. Specifically, a comparison 
of extrapolated vapor-phase concentration (from 1:100 
to 1:10−15 liquid dilutions) resulting from our respective 
equations yielded maximum differences less than 4-fold. 
Specifically, the maximum difference between our estimates 
of vapor-phase concentration for propyl acetate was 0.3-fold, 
butyl acetate was 2.3-fold, pentyl acetate was 3.6-fold, and 
hexyl acetate was 2.3-fold. The saturated vapor concentra-
tion of octyl acetate measured in the previous study was only 
64 ppm (Cometto-Muniz, personal communication) as com-
pared to our calculated 286 ppm (Table 1). Factoring in this 
difference, the extrapolated vapor-phase concentration re-
sulting from our respective equations differed only by a max-
imum of 1.6-fold for this odorant.

Stimulus delivery for behavioral approach
Odorants were delivered using a custom, 8-channel, flow-
dilution olfactometer (Dewan et al. 2018; Williams and 
Dewan 2020; Fig. 2A). Disposable 40 mL amber glass vials 

Table 1. Liquid-/vapor-phase relationships of acetate esters in different solvents. 

 Propyl acetate Butyl acetate Pentyl acetate Hexyl acetate Octyl acetate Isobutyl acetate Isoamyl acetate 

CAS # 109-60-4 123-86-4 628-63-7 142-92-7 112-14-1 110-19-0 123-92-2

Po (mmHg) 35.10 11.90 4.16 1.45 0.22 18.30 5.67

PID SVC (ppm) 49,647 15,150 5,166 1,519 286a 25,878 9,978

PID CF 3.2 2.5 2.2 1.9 3.3a 2.8 1.9

logβ −2.18 −2.35 −2.48 −2.60 −2.76 −2.14 −2.28

Ideal max: 100%
496.5×1.00

max: 100%
151.5×1.00

max: 100%
51.7×1.00

max: 100%
15.2×1.00

max: 100%
2.9×1.00

max: 100%
258.8×1.00

max: 100%
99.8×1.00

Mineral oil max: 3.5%
5,924×1.00

max: 3.5%
1,408×0.92

max: 3.5%
965.1×0.93

max: 10%
109.7×0.92

max: 10%
25.1×0.67

max: 3.5%
3,040×1.00

max: 3.5%
1,170×0.95

Water max: 1%
20,444×0.95

max: 1%
18,578×0.97

max: 0.35%
8,497×0.93

max: 0.1%
10,777×1.01

n/a max: 1%
25,480×1.02

max: 0.35%
25,782×0.97

Dipropylene glycol max: 10%
2,688×0.95

max: 10%
727.5×0.89

max: 10%
234.6×0.99

max: 35%
43.31×0.91

max: 35%
18.8×0.73

max: 10%
1,351×0.97

max: 10%
567.3×1.02

Propylene glycol max: 3.5%
7,291×0.98

max: 3.5%
1,460×0.97

max: 3.5%
815.4×0.94

max: 10%
163.5×0.91

max: 10%
51.6×0.63

max: 3.5%
2,775×1.01

max: 3.5%
2,154×0.97

Diethyl phthalate max: 35%
2,099×0.94

max: 35%
446.3×0.91

max: 35%
241.1×1.01

max: 35%
43.4×0.93

max: 35%
10.5×0.74

max: 35%
772.2×1.00

max: 35%
319.6×0.92

Vapor pressures (Po) values were obtained from the [Epi] Suite tool (EPA). The saturated vapor concentration (SVC) and correction factor (CF) for each 
odorant were determined experimentally using a photoionization detector (PID), while the air/mucus partition coefficient (β) was calculated (see Methods). 
Liquid-/vapor-phase equilibrium equations obtained from the data in Fig. 1 are in bold where × is the liquid dilution (% v/v) and the answer is the vapor-
phase concentration in ppm. Also shown is the max liquid concentration (% v/v) of each odorant that follows the described relationship.
aOctyl acetate saturated vapor pressure and correction factor are estimated based on the calculated vapor concentration (see Methods).



4 Chemical Senses, 2022, Vol. 47

1

10

100

1000

10000

100000

liquid concentration (% v/v)
1001010.10.010.001

PROPYL ACETATE 

vapor concetration (ppm
)

Equations:
Ideal: y = 496.5x1.00 

DEP: y = 2099x0.94 

DPG: y = 2688x0.95

MO: y = 5924x1.00

PG: y = 7291x0.98

H20: y = 20444x0.95

B

0.1

1

10

100

1000

10000

liquid concentration (% v/v)
1001010.10.010.001

vapor concetration (ppm
)

PENTYL ACETATE 

Equations:
Ideal: y = 51.7x1.00 

DEP: y = 241.1x1.01 

DPG: y = 234.6x0.99

MO: y = 965.1x0.93

PG: y = 815.4x0.94

H20: y = 8497x0.93

D

0.001 0.01 0.1 1 10 100
1

10

100

1000

10000

100000

liquid concentration (% v/v)

vapor concetration (ppm
)

BUTYL ACETATE 

Equations:
Ideal: y = 151.5x1.00 

DEP: y = 446.3x0.91 

DPG: y = 727.5x0.89

MO: y = 1408x0.92

PG: y = 1460x0.97

H20: y = 18578x0.97

C

0.1

1

10

100

1000

10000
HEXYL ACETATE vapor concetration (ppm

)

0.001 0.01 0.1 1 10 100
liquid concentration (% v/v)

Equations:
Ideal: y = 15.2x1.00 

DEP: y = 43.4x0.93 

DPG: y = 43.3x0.91

MO: y = 109.7x0.92

PG: y = 163.5x0.91

H20: y = 10777x1.01

E

0.1

1

10

100

1000
F OCTYL ACETATE 

liquid concentration (% v/v)
1001010.10.010.001

vapor concetration (ppm
)

Equations:
Ideal: y = 2.87x1.00 

DEP: y = 10.5x0.74 

DPG: y = 18.8x0.73

MO: y = 25.1x0.67

PG: y = 51.6x0.63

H20: N/A

0.1

1

10

100

1000

10000
H ISOAMYL ACETATE 

liquid concentration (% v/v)
1001010.10.010.001

vapor concetration (ppm
)

Equations:
Ideal: y = 99.8x1.00 

DEP: y = 319.6x0.92 

DPG: y = 567.3x1.02

MO: y = 1170x0.95

PG: y = 2154x0.97

H20: y = 25782x0.97

1

10

100

1000

10000

100000
G

liquid concentration (% v/v)
1001010.10.010.001

ISOBUTYL ACETATE 

vapor concetration (ppm
)

Equations:
Ideal: y = 258.8x1.00 

DEP: y = 772.2x1.00 

DPG: y = 1351x0.97

MO: y = 3040x1.00

PG: y = 2775x1.01

H20: y = 25480x1.02

A

O

air

exhaust

MFC

dual-synchronous
solenoid valve

spacer

3-way 
valves

FLOW

MFC
FLOW

PIDJuction

Fig. 1. To approximate the vapor-phase concentration for each odorant/solvent dilution, we used a simplified olfactometer (A). Using mass flow 
controllers, the diluted headspace above a sample was directed onto a photoionization detector (PID). Two three-way valves switched between 
a pressure-balanced empty vial (B) and the sample vial (O). A dual-synchronous three-way solenoid valve (final valve) connected the odorized air 
(~900 mL/min total) and a purified airline (~900 mL/min) to an exhaust line and the odor port. (B–H) Vapor (ppm) versus liquid (% v/v) concentration 
for seven acetates in logarithmic coordinates. Plots show mean ± SD for propyl acetate (B), butyl acetate (C), pentyl acetate (D) hexyl acetate (E), 
octyl acetate (F), isobutyl acetate (G), and isoamyl acetate (H) in five different solvents. The liquid-/vapor-phase equilibrium equation for each solvent 
([C]vap = a[C]liq

β) is listed in the lower right of each panel, where y denotes the vapor concentration in ppm, × is equal to the liquid concentration (% v/v), 
and the exponent β is the slope in the double logarithmic coordinates of the figure. See Table 1 for the max concentration for the liquid-/vapor-phase 
equilibrium equation corresponding to each odorant/solvent pair.



Chemical Senses, 2022, Vol. 47 5

filled with 15  mL of diluted odorant (or solvent) were at-
tached to the olfactometer manifolds and pressurized before 
the start of the first trial. These manifolds switched between 
a pressure-balanced empty carrier vial (via normally open so-
lenoid valves) and seven odorant vials (via normally closed 
solenoid valves). Nitrogen gas regulated by a 100  mL/min 
MFC (Alicat Scientific) flows through the selected vial before 
it is diluted 10 times by the main air flow stream—regulated 

by a 900 mL/min air MFC (Alicat Scientific). Nitrogen was 
used in the odorized line to minimize the oxidation of the 
odorant and had no effect on the animal. A dual-synchronous 
three-way solenoid valve (final valve) connected the olfactom-
eter and a purified airline (~1,000 mL/min) to an exhaust line 
and the odor port. Care was taken to ensure that both lines 
were impedance matched to limit pressure spikes during odor 
delivery. During stimulus delivery, the final valve swapped 

Fig. 2. To measure behavioral detection thresholds, we used a head-fixed Go/No-Go operant conditioning assay combined with well-controlled and 
highly reproducible stimulus delivery. (A) Odorants were delivered using an 8-channel flow dilution olfactometer that switches between a pressure-
balanced dummy (D) vial (via normally open valves, NO) and either odor (O) or blank (B) vials containing only the solvent (via normally closed valves). 
Odorized air is directed to exhaust to allow the stimulus to reach equilibrium prior to stimulus delivery. During stimulus application, a dual-synchronous 
solenoid valve re-directs pressure-balanced, odorized air from exhaust to the animal. At the conclusion of the trial, the dual-synchronous solenoid valve 
returns the pressure-balanced clean air to the animal. (B) Photoionization device (PID) traces of 250 stimulus presentations of pentyl acetate. Shaded 
area signifies 2-s stimulus period. (C) Average cumulative behavioral performance across 250 trials for all concentrations of propyl acetate. Initial go 
trials are not included. Line signifies mean with shaded SE. Final behavioral performance for each concentration is plotted in the next panel (cohort 2/
rig 2). (D, E) Our experimental approach did not differ across mouse cohorts or different behavioral setups/olfactometers. Data were fitted using a Hill 
function. Maximal behavioral performance for each odorant concentration is limited to ~85% (see Methods). Plots show mean ± SE with shaded 95% 
confidence interval.
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the flow to the animal from clean air to diluted odorant. The 
selected vial within the olfactometer is actuated 0.6-s before 
stimulus delivery to allow the odor concentration to reach 
equilibrium before delivery to the animal. The odor port is 
attached to a micromanipulator to standardize the distance 
to the nose for each head-fixed animal.

To verify the stability and reproducibility of our odorant 
presentations, a PID (Aurora Scientific) was used in place 
of the mouse. A single vial containing 15 mL of the diluted 
odorant was repeatedly actuated (250 times) with a 15-s 
inter-trial interval (Fig. 2B, Supplementary Fig. S1). 1% dilu-
tion was used for propyl, butyl, pentyl, and isoamyl acetates; 
a 3.5% dilution was used for isobutyl acetate, and a 10% di-
lution was used for hexyl and octyl acetates, all using mineral 
oil as the solvent.

Behavioral assay
Water-restricted mice were trained to report the detection of 
odor in a Go/No-Go task in a custom-built apparatus, de-
scribed in detail previously (Dewan et al. 2018; Williams and 
Dewan 2020; Fig. 2A). Each cohort of mice initially consisted 
of four males and four females (age-matched). Cohorts were 
tested on a maximum of two odorants to limit over-training 
and minimize the probability that mice were solving the 
task using non-odor cues (see below). Individual mice were 
excluded from the experiment, if they failed to reach the 
training criterion (n = 2 out of 46) or learned to solve the task 
using non-odor cues (n = 1 out of 46) (see below for specific 
details).

Behavioral training consisted of two stages. Stage 1—the 
mice were trained to receive a water reward if they licked 
during the 2  s stimulus period (signaled by an LED). Stage 
2—mice were trained in a Go/No-Go odor detection task. A 
blank olfactometer vial (15 mL of nanopure water or min-
eral oil) served as the Go stimulus while a vial containing 
the highest concentration of the target odor served as the 
No-Go stimulus (see above for concentrations). Correct re-
sponses during the 2  s stimulus period were immediately 
rewarded with water (1.5–2 µL) and/or a short inter-trial 
interval (8–10 s). Incorrect responses were punished with a 
longer inter-trial interval (13–18 s). Inter-trial intervals were 
randomized within these ranges to prevent mice from antici-
pating trial start times. Since over-motivation due to increased 
thirst can mask true sensitivity (Berditchevskaia et al. 2016), 
the first 10 trials were Go trials and were not included in 
our analyses (and are not plotted within the figures). Sessions 
typically lasted 250–300 trials and were terminated after the 
mice missed three Go trials in a row or the mice reached 300 
trials. Behavioral performance was determined by the number 
of correct responses (hits + correct rejections) divided by the 
total number of trials (after the initial Go trials). Mice learned 
this task quickly and usually performed >90% in the second 
session. Upon reaching criterion (two sessions >90% correct), 
mice were subsequently tested in the thresholding assay. Stage 
2 training does not include a cheating check (see below), so 
the maximal behavioral performance is 100% (compared to 
approximately 85% for the thresholding experiment). Mice 
that did not reach criterion in a maximum of 4 days were ex-
cluded (n = 2 out of 46).

To determine behavioral thresholds, mice were only tested 
on one concentration per day. This approach eliminated any 
masking/adaptation effects resulting from the contamination 

of the olfactometer by higher concentrations of the target 
odor. The olfactometer was loaded with three blank (Go) 
vials, three diluted odor (No-Go) vials, and a single blank 
(No-Go) vial. Each vial was replaced daily, and their positions 
were randomized. The first session used the same concentra-
tion as stage 2 training experiment (see above for concentra-
tions) while each subsequent session presented the mice with 
a 10-fold dilution of the odorant. Again, mice typically per-
formed 250–300 trials per session and each session was ter-
minated as above. While this approach maximized the length 
of the session, average behavioral performance stabilized 
after 100–175 trials (Fig. 2C). The total flow rate (but not 
flow dilution factor) from the olfactometer was fluctuated 
(970, 980, 990, or 1,000 mL/min) on a per trial basis to limit 
mice from using slight variations in air pressure (likely associ-
ated with small differences in the resistance of each solenoid/
vial combination) to solve the task. The blank No-Go vial (or 
“cheating check”) served to test whether the mice were using 
cues other than the presence or absence of the target odor to 
maximize performance. This blank No-Go vial should be in-
distinguishable from other blank Go vials unless the animal is 
using non-odor cues to maximize performance and the asso-
ciated water reward. Thus, mice are “cheating” at this task if 
they are able to reject (i.e. not lick) the blank No-Go vial at a 
frequency higher than the percentage of misses (i.e. not licking 
during a blank Go vial). If this occurred, the session was ex-
cluded from the analysis. If this occurred multiple times over 
the course of an experiment, the mouse was removed from 
the experimental group. Since this check is included in our 
thresholding analysis, the maximum performance a mouse 
can attain using only odor cues in this experiment is approxi-
mately 85% (in contrast to stage 2 training in which the mice 
can achieve 100% behavioral performance). After the com-
pletion of all odorant concentrations, the mouse’s ability to 
discriminate between vials using non-odor cues was again 
tested by loading the olfactometer with only blank vials. 
These data are included in each figure.

Using this setup, the actuation of any single odorant vial 
resulted in consistent odor kinetics that had <250 ms delay 
to peak concentration at the mouse’s nose (Williams and 
Dewan 2020). We have previously shown that mice respond 
to the stable portion of the odor presentation (not the rapid 
increase) and that average response times are not correlated 
with odor concentration (Williams and Dewan 2020).

At the end of each day, the olfactometer (including the 
manifolds and all tubing) was flushed with acetone, 70% iso-
propanol, and nanopure water, and then was dried with pres-
surized clean air overnight. The vial caps and tubing were also 
cleaned with isopropanol, followed by nanopure water, and 
dried overnight.

Data analysis
Behavioral performance for each odorant was fitted with a 
Hill function

R = Rmin +
Rmax − Rminî
1 +

Ä
C1/2
C

änó

where R is the behavioral accuracy, C is odor concentration, 
C½ is the concentration at half-maximal performance, and n 
is the Hill coefficient.

We defined threshold in the standard psychophysical 
manner as the concentration at which mice discriminate the 

http://academic.oup.com/chemse/article-lookup/doi/10.1093/chemse/bjac017#supplementary-data
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odor from blank with 50% accuracy (C½), typically rep-
resented by the inflection point of the psychometric curve 
(Harvey 1986). Behavioral thresholds were compared be-
tween odorants and sexes using a two-way ANOVA with 
multiple comparisons (Prism GraphPad).

Data availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Results
To estimate the vapor-phase concentration of acetates in dif-
ferent solvents, we used a simplified olfactometer and a PID 
(Fig. 1A). Regardless of the solvent, most acetates showed 
slopes near unity (i.e. a simple proportionality between the 
liquid and vapor concentration) at lower concentrations  
(Fig. 1B–H, Table 1). However, as previously reported 
(Cometto-Muniz et al. 2003), octyl acetate exhibits a 
flattening of its slope (Fig. 1F, Table 1). At higher concentra-
tions, all odorant/solvent pairs deviated from this simple pro-
portionality in a solvent-dependent manner (Fig. 1B–H, Table 
1). Across the examined concentrations, dilutions in water re-
sulted in the highest vapor concentrations, while dilutions in 
diethyl phthalate resulted in the vapor concentrations closest 
to ideal. Interestingly, for most odorants, dilutions in min-
eral oil and propylene glycol resulted in similar estimations of 
vapor concentration.

To measure behavioral detection thresholds, we used a 
head-fixed Go/No-Go operant conditioning assay (Fig. 2A).  
Our stimulus delivery system resulted in consistent odor 
pulses throughout a session (Fig. 2B, Supplementary Fig. 
S1). Although sessions typically lasted 250–300 trials (see 
Methods for session termination criterion), behavioral 
performance could be accurately predicted after 150–175 
trials (Fig. 2C). As shown previously (Williams and Dewan 
2020), our approach is not only consistent among indi-
viduals (see below) but even across cohorts of animals. 
The sensitivity to propyl acetate and pentyl acetate across 
different cohorts of mice tested in different behavioral 

chambers (connected to different olfactometers) were 
similar (propyl acetate: P = 0.39, F = 0.736; pentyl acetate: 
P = 0.55, F = 0.359, sum of squares test) (Fig. 2D and E). 
Furthermore, our liquid-/vapor-phase equilibrium equa-
tions successfully corrected for behavioral sensitivity dif-
ferences observed in animals tested with the same odorant 
in different solvents (Fig. 3).

Mice differed in their sensitivity to these acetates in a 
manner that was independent of the sex of the animal (odor: 
P < 0.0001, F(6,43) = 48.82; sex: P = 0.407, F(1,43) = 0.701; 
two-way ANOVA). The average vapor-phase detection 
threshold for propyl acetate was 268 ppb (95% CI: 189–378 
ppb) (Fig. 4A and H). This threshold was equivalent to a 
2.1 × 10−6 (95% CI: 1.1–4.0 × 10−6) dilution of propyl acetate 
in mineral oil (v/v). Individual mice differed in their sensitivity 
to this odorant by slightly more than one order of magnitude 
(49–533 ppb).

Mice were not statistically more sensitive to butyl acetate, 
responding with an average threshold of 49 ppb (95% CI: 
35–70 ppb; P = 0.064, df = 43; two-way ANOVA with mul-
tiple comparisons) (Fig. 4B and H). This behavioral threshold 
was equivalent to a 1.6 × 10−6 (95% CI: 1.1–2.3 × 10−6) di-
lution of butyl acetate in mineral oil (v/v). Individual mice 
displayed incredibly consistent thresholds to this odorant, 
ranging from only 40 to 50 ppb.

The average vapor-phase detection threshold for pentyl 
acetate was 97 ppb (95% CI: 66–179) (Fig. 4C and H). The 
animal’s sensitivity to this odorant did not differ statistically 
from propyl acetate (P = 0.992) or butyl acetate (P = 0.271, 
df = 43, two-way ANOVA with multiple comparisons). This 
concentration was equivalent to a 7.1 × 10−6 (95% CI: 4.2–
11.8  ×  10−6) dilution of pentyl acetate in mineral oil (v/v). 
Individual mice exhibited thresholds that differed by less than 
one order of magnitude (40–241 ppb).

Mice were more sensitive to hexyl acetate as they had a 
behavioral threshold of 11 ppb (95% CI: 7–16 ppb) (Fig. 4D  
and H). Specifically, mice were more sensitive to hexyl 
acetate than propyl acetate (~24-fold), butyl acetate (~4-
fold), and pentyl acetate (~8-fold) (P < 0.05, df = 43, two-
way ANOVA with multiple comparisons; Fig. 4H). The  
hexyl acetate threshold was equivalent to a 4.4 × 10−6 (95% 

Fig. 3. The resulting liquid-/vapor-phase equilibrium equations successfully corrected for behavioral sensitivity differences observed in animals tested 
with the same odorant in different solvents. Vapor-phase concentration is plotted according to the ideal (A) or solvent corrected (B) liquid-/vapor-phase 
equilibrium equation. Data were fitted using a Hill function. Plots show mean ± SE with shaded 95% confidence interval.

http://academic.oup.com/chemse/article-lookup/doi/10.1093/chemse/bjac017#supplementary-data
http://academic.oup.com/chemse/article-lookup/doi/10.1093/chemse/bjac017#supplementary-data
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CI: 2.8–6.1  ×  10−6) dilution in mineral oil (v/v). Individual 
mice differed in their sensitivity to hexyl acetate by less than 
one order of magnitude (5–23 ppb).

The vapor-phase detection threshold for octyl acetate was 
13 ppb (95% CI: 9–19 ppm; Fig. 2E and H). Mice were more 
sensitive to octyl acetate than either propyl acetate (~20-fold) 
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or pentyl acetate (~7-fold, P  <  0.001), but their thresholds 
were statistically indistinguishable from either butyl acetate 
or hexyl acetate (P > 0.05; df = 43, two-way ANOVA with 
multiple comparisons) (Fig. 4H). The octyl acetate threshold 
was equivalent to a 4.3 × 10−6 (95% CI: 2.8–6.5 × 10−6) dilu-
tion in mineral oil (v/v). Individual mice differed in their sen-
sitivity to octyl acetate by less than one order of magnitude 
(8–23 ppb).

Mice were most sensitive to isobutyl acetate as they 
had a behavioral threshold of 1.4 ppb (95% CI: 0.9–1.8 
ppb; Fig. 4F and H). Specifically, isobutyl acetate thresh-
olds were lower than those measured for propyl acetate 
(~190-fold), butyl acetate (~35-fold), pentyl acetate (~70-
fold), hexyl acetate (~7-fold), and octyl acetate (~9-fold, 
P  <  0.05; df  =  43, two-way ANOVA with multiple com-
parisons). The isobutyl acetate threshold is equivalent to 
a 4.7  ×  10−8 (95% CI: 3.25–6.95  ×  10−8) dilution of iso-
butyl acetate in mineral oil (v/v). Individual mice differed 
in their sensitivity to isobutyl acetate by less than one order 
of magnitude (0.7–3.7 ppb).

Mice were also very sensitive to isoamyl acetate as they 
had a behavioral threshold of 3.6 ppb (95% CI: 2.4–5.4 ppb; 
Fig. 4G and H). Isoamyl acetate thresholds were lower than 
those of propyl acetate (~80-fold), butyl acetate (~14-fold), 
pentyl acetate (~27-fold), and octyl acetate (~4-fold, P < 0.05; 
df  =  43, two-way ANOVA with multiple comparisons). 
However, the animal’s sensitivity to isoamyl acetate was stat-
istically indistinguishable from that of isobutyl acetate and 
hexyl acetate (P  >  0.05; df  =  43, two-way ANOVA with 
multiple comparisons). The isoamyl acetate threshold was 
equivalent to a 2.6 × 10−7 (95% CI: 1.7–4.1 × 10−6) dilution in 
mineral oil (v/v). Individual mice displayed also very similar 
sensitivities to this odorant (2–12 ppb).

We did not find a statistically significant correlation be-
tween olfactory detection thresholds and either carbon 
chain length (rs  =  −0.752; P  =  0.142, Spearman correl-
ation), the volatility of the odorant (rs = 0.659; P = 0.435, 
Spearman correlation), or the air/mucus partition coefficient 
(rs = 0.243; P = 0.599, Spearman correlation) of acetate es-
ters (Table 2).

Discussion
We found that C57BL/6J mice can reliably detect acetate 
esters at concentrations in the parts per billion (ppb). On 
average, mice were most sensitive to isobutyl acetate and 
least sensitive to propyl acetate. Threshold measures did 
not differ by sex and were relatively consistent across both 
individuals within a cohort and across different cohorts, 
even when tested in different behavioral chambers with 
different olfactometers. These sensitivity data are supple-
mented by estimations of the vapor concentration of these 
odorants in different solvents. Although this PID method 
does not have the sensitivity or accuracy of a GC approach, 

it is faster, cheaper, more accessible, and resulted in liquid-/
vapor-phase equilibrium equations that were very similar to 
published equations using a purely GC approach (Cometto-
Muniz et al. 2003). It is also important to note that our 
approach is not the first method to use a PID to calibrate 
odor concentrations (Gorur-Shandilya et al. 2019). In sum-
mary, we put forth robust estimates of behavioral sensi-
tivity and vapor concentration that will hopefully guide 
experimenters in choosing appropriate concentrations for 
functional studies in mice using these odorants and their 
preferred solvent.

Estimates of behavioral sensitivity can be influenced by 
a number of factors, including the behavioral assay, head-
fixation, method of odor delivery, strain testing, and the def-
inition of threshold (Bodyak and Slotnick 1999; Slotnick and 
Schellinck 2002; Tsukatani et al. 2003; Laska 2015). For a de-
tailed discussion about how our method differs from previous 
studies in these facets, including the addition of a cheating 
check, please see Williams and Dewan (2020). One additional 
major impediment to accurately comparing our sensitivity 
measures to published thresholds is the solvent used. Previous 
studies have used a wide array of different solvents and in 
many cases do not account for the odorant/solvent inter-
actions. In fact, our estimates of sensitivity differed by or-
ders of magnitude once the odorant/solvent interactions were 
factored into our analyses. For example, our uncorrected 
isoamyl acetate thresholds were overestimated by more than 
one order of magnitude when diluted in mineral oil and more 
than two orders of magnitude when diluted in water (Fig. 3). 
Thus, our uncorrected thresholds differed by an order of mag-
nitude depending on the solvent used. To compare our data 
more accurately with published studies examining acetate 
sensitivity, we have provided liquid-/vapor-phase equilibrium 
equations for these odorants in five commonly used solvents.

Our measures of acetate ester sensitivity represent the first 
behavioral threshold measurements for many of these odor-
ants in mice. Using a maximum likelihood adaptive staircase 
procedure with dynamic olfactometry, the isoamyl acetate 
threshold in wild-type mice of the CNGA2 knockout strain 
was determined to be approximately 32 ppb once the data 
were corrected for solvent effects (Clevenger and Restrepo 
2006). Accordingly, our estimations of isoamyl acetate 
threshold (2.7 ppb), using the descending method of limits 
were roughly similar. On the other hand, using a three-stage 
dynamic flow dilution olfactometer, pentyl acetate thresholds 
of C57BL/6J mice were approximately 24 parts per trillion 
(pptr) (Walker and O’Connell 1986), approximately 3 orders 
of magnitude lower than our estimations of the threshold for 
this odorant. The reason for this discrepancy is unclear, as our 
estimations of threshold for this odorant are internally con-
sistent across cohorts of mice and different behavioral cham-
bers (Fig. 2E).

In contrast to the few studies that measured acetate sensi-
tivity in mice, thresholds in rats have been examined multiple 

Table 2. Correlation between olfactory detection thresholds and odorant features.

 Carbon chain length Volatility (mmHg) Air/mucus partition coefficient (β) 

Threshold (ppm) r = −0.7523
P = 0.142

r = 0.6592
P = 0.107

r = 0.2430
P = 0.599

Spearman’s rank correlation coefficients (rs) are listed along with P value.
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times with varying results. Moulton (1960) measured the 
sensitivity of rats to several acetates diluted in propylene 
glycol. Correcting for solvent effects, these thresholds ranged 
from ~50 parts per thousand (ppt) for propyl acetate to ~1 
ppt for hexyl acetate. Using a different method of odor de-
livery, the same author updated their estimation of pentyl 
acetate sensitivity to ~4  ppm (corrected) (Moulton 1968). 
Pierson (1974) and Slotnick and Schoonover (1993) sug-
gested that rats were even more sensitive to these odorants, 
measuring odor detection thresholds for butyl, pentyl, and 
hexyl acetates between 1 and 100 ppb. Lastly, Davis (1973) 
provided the lowest threshold for rats, ~5 pptr for pentyl 
acetate. Clearly, the method of odor delivery and the experi-
mental paradigm can have a profound impact on threshold 
estimations. However, comparing sensitivity measures within 
a study indicates that rats are relatively more sensitive to 
hexyl acetate as compared to propyl acetate, butyl acetate, 
or pentyl acetate (Moulton 1960; Pierson 1974), similar to 
our data in mice.

Using the same method, we have previously determined 
odor detection thresholds for C57Bl6/J mice to aliphatic alco-
hols and wild-type mice of a trace amine-associated receptor 
knockout strain (129/B6 mixed background) to amines and 
an additional ester (Dewan et al. 2018; Williams and Dewan 
2020). We find that mice are more sensitive to aliphatic al-
cohols than acetate esters (Fig. 5). Alcohols, carbonyls, and 
hydrocarbons have been identified as key volatiles produced 
by grain spoilage fungi (Magan and Evans 2000). Thus, the 
enhanced sensitivity of mice to alcohols could potentially as-
sist in the identification of spoiled grains, a major food source 
for both wild and laboratory mice (Pellizzon and Ricci 2020). 
Interestingly, esters are also targeted by metabolic enzymes 
secreted in the mouse nasal mucus, resulting in their conver-
sion to the corresponding acids and alcohols (Nagashima and 
Touhara 2010). Specifically, 20%–40% of aliphatic acetate 
molecules are converted to the corresponding alcohol, re-
sulting in a significantly lower concentration of the target 
odorant (Nagashima and Touhara 2010). This mechanism 
could also contribute to higher behavioral thresholds to-
ward acetates. However, future experiments that measure 
behavioral thresholds while inhibiting this enzyme-mediated 

biotransformation of acetates are necessary to test this 
hypothesis.

The relationship between acetate sensitivity and the carbon 
chain length of the odorant appears to differ by species. For 
rats, acetate sensitivity was found to be negatively correlated 
with carbon chain length (Moulton 1960), while humans, 
spider monkeys, squirrel monkeys, and pigtail macaques had 
a non-linear (i.e. U-shaped) correlation between their olfac-
tory detection thresholds and the carbon chain length of the 
acetate tested (Laska and Seibt 2002; Hernandez Salazar et 
al. 2003; Cometto-Muñiz et al. 2008). In mice, acetate sen-
sitivity was not linearly correlated with carbon chain length, 
odor volatility, or the air/mucus partition coefficient and did 
not appear to display the U-shaped function observed in other 
species.

In addition to the main olfactory system, several receptor 
systems in the nasal cavity can detect airborne chemicals and 
therefore have the potential to impact detection threshold. In 
fact, anosmic humans can reliably detect several acetates (me-
thyl to heptyl acetates) (Cometto-Muñiz and Cain 1991). The 
impact of trigeminal activation on acetate detection has not 
been investigated in mice. However, olfactory sensitivity to 
butyl acetate is roughly 6 orders of magnitude lower than tri-
geminal sensitivity to the same odorant in humans (Cometto-
Muñiz et al. 2002). Thus, it seems unlikely that mice are using 
their trigeminal system to enhance their sensitivity to acetates, 
but further research is needed.

In summary, we have provided robust estimates of sen-
sitivity in C57BL/6J mice to a series of acetate esters. 
Interestingly, mice differ in their sensitivity to these odorants, 
including being more sensitive to the isoform rather than the 
non-isoform versions of butyl and pentyl acetate. In addition 
to these threshold measures, we have analyzed the relation-
ship between the liquid- and vapor-phase concentrations 
of these odorants in five commonly used solvents. It is our 
hope that these liquid-/vapor-phase equilibrium equations 
will make our sensitivity measures more accessible and allow 
more accurate comparisons of vapor-phase acetate concentra-
tions across laboratories.

Supplementary material
Supplementary material is available at Chemical Senses  
online.
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