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Abstract

Experience is an essential factor informing food choice. Eating food generates enduring odor-
taste associations that link an odor with a taste’s quality and hedonic value (pleasantness/un-
pleasantness) and creates the perception of a congruent odor-taste combination. Previous human
psychophysical experiments demonstrate that experience with odor-taste mixtures shapes per-
ceptual judgments related to the intensity, familiarity, and pleasantness of chemosensory stimuli.
However, how these perceptual judgments inform consummatory choice is less clear. Using rats
as a model system and a 2-bottle brief-access task, we investigated how experience with palatable
and unpalatable odor-taste mixtures influences consummatory choice related to odor-taste con-
gruence and stimulus familiarity. We found that the association between an odor and a taste, not
the odor’s identity or its congruence with a taste, informs consummatory choice for odor-taste
mixtures. Furthermore, we showed that the association between an odor and a taste, not odor
neophobia, informs consummatory choice for odors dissolved in water. Our results provide further
evidence that the association between an odor and a taste, after odor-taste mixture experience, is
a fundamental feature guiding consummatory choice.
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Introduction

Experience is a key factor guiding future food choice (Sclafani 2001;
Verhagen and Engelen 2006). Lacking experience with a novel food
often results in avoidance, a behavior known as neophobia (Barnett
1958; Corey 1978; Dematte et al. 2014). A fundamental experiential
factor informing consummatory choice is the perception of flavor
(Prescott 2015). Although all senses contribute to the perception
of flavor, the predominant perceptual qualities are smell and taste
(Small 2012). Eating food activates the olfactory and gustatory sys-
tems, generating enduring odor—taste associations (Fanselow and
Birk 1982; Schul et al. 1996; Sakai and Yamamoto 2001; Gautam
and Verhagen 2010; Green et al. 2012). These powerful associations
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can form after only one pairing (Stevenson et al. 1995, 1998;
Prescott et al. 2004; Blankenship et al. 2019), are resistant to extinc-
tion (Sakai and Imada 2003; Albertella and Boakes 2006; Yeomans
et al. 2006; Gonziélez et al. 2016), and link odors with the quality
and hedonic value (pleasantness/unpleasantness) of tastes (Fanselow
and Birk 1982; Holder 1991; Stevenson et al. 1995; Prescott et al.
2004; Gautam and Verhagen 2010; Green et al. 2012). It is these ex-
periences with flavors that inform food choice; foods with pleasant
flavors are consumed again, and those with unpleasant flavors are
avoided.

Experience with a flavor creates the perception of a congruent
odor-taste combination. Congruence is defined as “the extent to
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which 2 stimuli are appropriate for combination in a food product”
(Schifferstein and Verlegh 1996) or, simply, how well an odor and
taste “fit together” based on prior experience (Amsellem and Ohla
2016). Many elegant human psychophysical experiments show
that experience with a congruent odor-taste mixture increases the
detectability of the mixture’s taste or odor components (Dalton et al.
2000; Delwiche and Heffelfinger 2005; White and Prescott 2007;
Veldhuizen et al. 2010; Green et al. 2012; Shepard et al. 2015).
Furthermore, adding a congruent odor enhances the perceptual in-
tensity of a taste (Frank and Byram 1988). Importantly, congruent
odors enhance the perceived hedonic value of tastes. For example,
sucrose is rated as more pleasant when mixed with a congruent odor
(Schifferstein and Verlegh 1996; Amsellem and Ohla 2016), and an
unpleasant concentration of salt is rated as more unpleasant when
mixed with a congruent odor (Seo et al. 2013).

Odor-taste incongruence (i.e., mixing of odors and tastes
from different congruent odor—taste pairs) impairs perceptual per-
formance, including perturbing intensity (Stevenson et al. 1999;
Amsellem and Ohla 2016), disrupting familiarity (Small et al. 2004;
Labbe et al. 2006), and decreasing pleasantness (Schifferstein and
Verlegh 1996; Amsellem and Ohla 2016). However, these effects
are not necessarily maladaptive. For example, mixing a “sweet
odor” with citric acid lowers the perceptual “sourness” of the in-
congruent mixture (Stevenson et al. 1999), suggesting that an in-
congruent mixture of a pleasant odor and an unpleasant taste may
be preferable to a congruent mixture. Together, these studies dem-
onstrate the importance of flavor experience in shaping percep-
tual judgments related to intensity, familiarity, and pleasantness of
chemosensory stimuli. However, how these perceptual judgments
relate to the decision to avoid or consume chemosensory stimuli is
less well understood.

Two standard paradigms for investigating rodent consummatory
behavior are the 2-bottle choice task and the single-bottle brief-access
task (Smith 2001; Sclafani 2002). The 2-bottle choice task is a main-
stay for investigating chemosensory-dependent associations (Touzani
and Sclafani 2005; Bonacchi et al. 2008; Schier et al. 2016). For this
task, rats are given a single trial, ranging from a minute to days,
to drink from 2 bottles containing different chemosensory stimuli
(Flaherty and Mitchell 1999; Glendinning et al. 2005; Gonzalez
et al. 2016; Schier et al. 2016). The differences in consummatory be-
haviors (e.g., volume or lick number) between the 2 bottles indicate
the preferred stimulus. The single-bottle brief-access task involves
the pseudorandom presentation of various stimuli using repeated
brief-duration trials (typically 5-30 s) to measure taste responsive-
ness in rodents (Glendinning et al. 2002). The repeated presentation
of stimuli over multiple trials, along with limiting the time allowed
to initiate a trial, measures immediate consummatory choice and
task engagement (Treesukosol et al. 2014). Also, the relatively short
sampling time limits postingestive factors such as those associated
with satiety or toxicity (Boughter et al. 2002).

To incorporate the strengths of both tasks, we employ a 2-bottle
brief-access task (Fredericksen et al. 2019). This paradigm uses a
fixed number of trials in which a rat has a limited amount of time to
drink from 2 simultaneously presented bottles containing different
chemosensory stimuli. The number of times each bottle is sampled
(i.e., licks) and the number of trials in which the rat engages are
measures of consummatory behavior, whereas the difference be-
tween the number of times the 2 bottles are sampled is a measure of
stimulus preference. By standardizing the number of trials and sam-
pling time, we investigate consummatory choice for different chemo-
sensory stimuli across sessions.

Using the 2-bottle brief-access task, we investigated how experi-
ence with palatable and unpalatable odor—taste mixtures affects de-
cisions to consume congruent and incongruent odor—taste mixtures
as well as familiar and novel odors. We found that rats preferred to
consume a congruent mixture when both odor-taste mixtures con-
tained a palatable concentration of sucrose but preferred to consume
an incongruent mixture when both odor—taste mixtures contained an
unpalatable concentration of citric acid. Importantly, consummatory
behavior was reduced when both odor-taste mixtures contained an
unpalatable concentration of citric acid. Furthermore, rats preferred
to consume a novel unpaired odor to an odor previously paired with
an unpalatable concentration of citric acid, but preferred to consume
an odor previously paired with a palatable concentration of sucrose.
Our findings provide further evidence that the association between
an odor and a taste after experience with an odor—taste mixture is a
fundamental feature guiding consummatory choice.

Materials and methods

Animals

All experimental procedures were performed in accordance with uni-
versity, state, and federal regulations regarding research animals and
were approved by the University of Louisville Institutional Animal
Care and Use Committee. Sixteen 3-month-old female Long-Evans
rats (275-300 g; Charles Rivers) were single housed and maintained
on a 12/12-h light—dark cycle with ad libitum access to food and
water unless otherwise specified.

Chemosensory stimuli

Chemical stimuli were selected based on their previous use in che-
mosensory research involving rats (Gautam and Verhagen 2012;
Samuelsen and Fontanini 2017; Bamji-Stocke et al. 2018). The
concentrations of sucrose (Bamji-Stocke et al. 2018; Fredericksen
et al. 2019) and citric acid (Samuelsen et al. 2013; Samuelsen and
Fontanini 2017) were used in our previous studies. Furthermore,
the concentrations of sucrose are consumed significantly more than
water (Spector et al. 1993; Grobe and Spector 2008; Treesukosol
et al. 2014), and the concentrations of citric acid are higher than
those shown to be consumed significantly less than water (Grobe and
Spector 2008; Treesukosol et al. 2014). Taste stimuli were obtained
from VWR (Radnor, PA). Odor stimuli (isoamyl acetate, benzalde-
hyde, and methyl valerate) were obtained from Sigma-Aldrich (St.
Louis, MO). All stimuli were mixed with distilled water.

Two-bottle brief-access task

All experiments employed a computer-controlled 2-bottle brief-
access apparatus directed by custom-written LabVIEW scripts
(National Instruments, Austin, TX) (Fredericksen et al. 2019). The
2-bottle brief-access apparatus consists of a test chamber, 2 motor-
ized shutters to control port access, and a motorized stage for
bottle positioning. The acrylic plastic test chamber (15 cm wide,
30 cm long, and 25 c¢m tall) has one stainless steel wall with 2 ports
(1.25 cm wide, 4 cm tall and 6.75 cm apart) and a stainless steel
wire mesh floor. Access to each port is blocked by a shutter con-
trolled by a stepper motor. Small bottles with stainless steel sipper
tubes are secured onto a PTFE bar mounted on a linear rail and
controlled by a stepper motor. The position of each bottle on the
PTFE bar is separated by 2.25 cm. This spacing ensures that simul-
taneously presented bottles are spaced 6.75 cm apart. For example,
when a bottle mounted in position 1 containing stimulus A is at the
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left port, a bottle mounted in position 4 containing stimulus B is at
the right port.

For each 2-bottle brief-access session, rats were first acclima-
tized to the test chamber for 2-5 min. A given trial began with the
opening of the 2 shutters, allowing access at each port to a stainless
steel sipper tube (10 ¢cm from the floor). Bottles were presented in
a pseudorandom pattern and counterbalanced such that each che-
mosensory stimulus was presented 10 times at each port (20 trials
total). Rats had 15 s to contact either bottle (contact window). If
either bottle was contacted during the initial 15 s, the shutters re-
mained open for an additional 15 s (sampling window). The 15-s
sampling window afforded the opportunity for switching between
ports within a trial. Licks were recorded by a grounded contact cir-
cuit. At least 1 of the 2 bottles must have registered a minimum of
3 licks to qualify as an engaged trial. If no contact was made during
the 15-s contact window, the shutters closed and a new trial began.
Regardless of whether rats chose to engage or not, each trial counted
as one of the 20 trials. At the completion of a trial, the port shutters
closed, a 30-s intertrial interval began, and the computer moved the
next trial’s bottles into position. With a 15-s contact window, a 15-s
sampling window, and a 30-s intertrial interval, each 20-trial session
could be as short as 15 min (if spout contact was made immediately
on shutter opening for each trial) or as long as 20 min (if spout con-
tact occurred at the end of the 15-s contact window for each trial).
Each session provided a maximum of 5 min to sample the solutions.

Data are presented as the mean number of licks per engaged trial,
mean number of engaged trials, mean total licks per engaged trial,
and preference ratio. Preference ratio was calculated as (S1 - S2)/
(S1 + S2), where S1 is the total number of licks for bottles containing
stimulus 1, and S2 is the total number of licks for bottles containing
stimulus 2. Thus, a positive preference ratio indicates a preference
for stimulus 1, and a negative preference ratio indicates a preference
for stimulus 2.

Experiment 1

Eight single-housed rats were split into 2 groups and given experi-
ence with different odor—taste mixtures for 4 consecutive days.
Consecutive days of experience with odor—taste mixtures establish
long-term odor-taste associations in rats (Sakai and Yamamoto
2001). Rats in Group 1 (n = 4) received 1 h of home cage access
to odor—taste pairings of 0.01% isoamyl acetate-0.1 M sucrose
and 0.01% benzaldehyde-0.2 M citric acid. Rats in Group 2
(n = 4) received the opposite odor-taste pairings of 0.01% isoamyl
acetate-0.2 M citric acid and 0.01% benzaldehyde-0.1 M sucrose.
Following the first day of home cage odor-taste mixture experi-
ence, rats were habituated to the 2-bottle brief-access apparatus. For
3 days, rats were placed in the 2-bottle brief-access apparatus and
allowed 15 min to drink distilled water from either port. After ha-
bituation to the 2-bottle brief-access apparatus, rats were placed on
a water regulation schedule in which access to distilled water was al-
lowed for 4 h per day in the home cage after each behavioral session.
Over the next 2 training days, rats were allowed to sample odor—
taste mixtures and odors dissolved in water (i.e., odorized water) in
the 2-bottle brief-access apparatus. During testing, consummatory
choice between odor—taste mixtures and odorized water was meas-
ured in the 2-bottle brief-access task. Data are presented as mean (=
standard error of the mean [SEM]) number of licks for each bottle
per 15-s trial, mean (+ SEM) total number of licks per 15-s trial,
mean (+ SEM) number of engaged trials, and preference ratio (=
SEM). A positive preference ratio indicates a preference for stimuli

containing isoamyl acetate, whereas a negative preference ratio indi-
cates a preference for stimuli containing benzaldehyde.

Experiment 2A

The training paradigm in Experiment 2 differed from Experiment
1. A new group of rats (n = 8) were placed on a water regulation
schedule prior to experience with odor-taste mixtures and training
in the 2-bottle brief-access apparatus. The day after the removal
of water, rats were habituated to the 2-bottle brief-access appar-
atus and allowed to drink distilled water from either port (15 min)
over 3 consecutive days. After each of the 3 training sessions, rats
were given experience overnight with 10 mL of 0.01% isoamyl
acetate-0.2 M sucrose and 10 mL of 0.01% benzaldehyde-0.3 M
citric acid. Following the 3 training sessions and overnight experience
with mixtures, rats were placed on a water regulation schedule al-
lowing access to distilled water for 4 h per day in the home cage after
each 2-bottle session. After training, preference and consummatory
behaviors were measured over 8 experimental days. Day 1 tested
consummatory choice between the experienced odor-taste mixtures
(isoamyl acetate—sucrose and benzaldehyde—citric acid). Day 2 tested
the consummatory choice between the experienced odors (isoamyl
acetate and benzaldehyde). This was the first-day rats were given a
choice between bottles containing only odorized water. Day 3 tested
consummatory choice between the experienced odor—taste mixtures,
reinforcing mixture experience. On Day 4 (sucrose congruence), rats
chose between a congruent mixture of isoamyl acetate—sucrose and
an incongruent mixture of benzaldehyde-sucrose. Day 5 tested the
consummatory choice between the experienced odors after the su-
crose congruence test. Day 6 tested consummatory choice between
the experienced odor-taste mixtures, reinforcing mixture experience.
On Day 7 (citric acid congruence), rats chose between a congruent
mixture of benzaldehyde—citric acid and an incongruent mixture of
isoamyl acetate—citric acid. Day 8 tested the consummatory choice
between the experienced odors after the citric acid congruence test.
This design ensured that days featuring incongruent mixtures (Day
4 and Day 7) followed days featuring experienced congruent mix-
tures and preceded days featuring experienced odors. Bottles were
counterbalanced such that chemosensory stimuli were presented 10
times at each port (20 trials total). Rats were placed back on water
ad libitum after the final experimental session. Data were collected
and analyzed as above.

Experiment 2B

The same group of rats (n = 8) from Experiment 2A were used in
Experiment 2B. After 1 week of water ad libitum, rats were placed
back on the same water regulation schedule as above and retrained
to drink water in the 2-bottle brief-access apparatus for 3 days.
Preference and consummatory behaviors were measured over 5 ex-
perimental days. Day 1 tested consummatory choice between the
experienced odor—taste mixtures (isoamyl acetate-sucrose and ben-
zaldehyde—citric acid). Day 2 tested the consummatory choice be-
tween the experienced odors (isoamyl acetate and benzaldehyde).
Day 3 tested consummatory choice between the experienced odor—
taste mixtures, reinforcing mixture experience. On Day 4, rats chose
between the odor previously paired with citric acid (benzaldehyde)
and a novel unpaired odor (0.01% methyl valerate). On Day 3, rats
chose between the odor previously paired with sucrose (isoamyl
acetate) and methyl valerate. Bottles were counterbalanced so that
each pairing was presented 10 times at each port (20 trials total).
Data were collected and analyzed as above.
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Statistical analysis

All statistical analyses were performed using GraphPad Prism
(GraphPad Software, San Diego, CA). Two-way repeated-measures
analysis of variance (ANOVA) was used to test whether the number
of licks for odor-taste mixtures or odors differed across days.
Differences in number of licks between pairs of chemosensory stimuli
were tested using 2-tailed paired #-tests. Differences in total number
of licks across days were tested using a 1-way repeated-measures
ANOVA. Differences between preference ratios across days were
tested using one-way repeated-measures ANOVA. In Experiment 2B,
one rat’s lick data (Day 2) were lost due to a computer malfunction.
Therefore, repeated-measures comparisons were performed using
a mixed-effects model analysis. Post hoc analyses were performed
using Holm-Sidak tests to correct for familywise errors. y? tests were
used to test whether the proportion of trials in which both bottles
were contacted differed across days. Post hoc comparisons between
specific days were performed using Fisher’s exact tests with Dunn—
Sidak correction for familywise errors.

Results

Experiment 1: odor-taste mixture experience, not

odor identity, informs consummatory choice

To demonstrate that experience with odor—taste mixtures, not the
odor’s chemical identity, is a key factor informing consummatory
choice (Schul et al. 1996; Slotnick et al. 1997; Gautam and Verhagen
2010), 2 groups of rats were given experience with different pairings
of the same odor and taste components (Figure 1). Rats in Group 1
had experience with mixtures of 0.01% isoamyl acetate—0.1 M su-
crose and 0.01% benzaldehyde—0.2 M citric acid. Rats in Group 2
had experience with mixtures of 0.01% isoamyl acetate-0.2 M citric
acid and 0.01% benzaldehyde-0.1 M sucrose. During the 1 h ac-
cess to odor—taste mixtures, rats consumed significantly more of

Mixture . Two-bottle
experience brief-access choice
Training Experimental Experimental
Days 1-4 Day 1 Day 2
Home cage Mixture Odor
access: 1 hour preference preference

Isoamyl acetate-
Isoamyl meeee
Benzaldehyde-

citric acid

Isoamyl acetate-
Isoamyl acetate

Figure 1. Schematic outline of Experiment 1. Rats in Group 1 (n = 4) re-
ceived 1 h of home cage access to odor-taste pairings of 0.01% isoamyl
acetate-0.1 M sucrose and 0.01% benzaldehyde-0.2 M citric acid for 4 con-
secutive days. Rats in Group 2 (n = 4) received 1 h of home cage access
to the opposite odor-taste pairings, 0.01% isoamyl acetate-0.2 M citric acid
and 0.01% benzaldehyde-0.1 M sucrose, for 4 consecutive days. Following
training, consummatory choice between odor-taste mixtures (Experimental
Day 1) and odorized water (Experimental Day 2) was measured in the 2-bottle
brief-access task for both groups.
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the odor-taste mixture containing sucrose (8.28 = 0.76 mL) than
the odor—taste mixture containing citric acid (0.28 = 0.09 mL;
Loy = 10.54, P < 0.001). After training, we used a 2-bottle brief-
access task to determine how experience affects consummatory
choice between odor—taste mixtures and odors dissolved in water.
Rats in Group 1 sampled significantly more isoamyl acetate—
sucrose than benzaldehyde—citric acid (¢, = 10.32, P = 0.002)
(Figure 2A). Rats in Group 2 sampled significantly more benzalde-
hyde-sucrose than isoamyl acetate—citric acid (s =8.87,P=0.003)
(Figure 2B). The preference ratio indicates which of the 2 odorized
stimuli were sampled more during each 2-bottle choice; a positive
preference ratio indicates a preference for stimuli containing isoamyl
acetate, and a negative ratio indicates a preference for stimuli
containing benzaldehyde (Figure 2C). Preference ratios for odor—
o = 37.55,
P < 0.001). Both groups of rats preferred to consume the odor-taste

taste mixtures significantly differed between groups (¢

mixture containing sucrose.

Next, we tested consummatory choice between odorized water
containing isoamyl acetate or benzaldehyde. Rats in Group 1
sampled significantly more isoamyl acetate than benzaldehyde
(¢, = 22.68, P < 0.001) (Figure 3A). Rats in Group 2 sampled sig-
4 = 8.50,
P = 0.003) (Figure 3B). Similar to odor—taste mixtures, preference
ratios for odorized water significantly differed between groups
(ts = 775.30, P < 0.001) (Figure 3C). These results are consistent
with previous findings that the association between the odor and

nificantly more benzaldehyde than isoamyl acetate (¢

taste after odor—taste mixture experience, not the identity of the
odor, informs consummatory choice (Schul et al. 1996; Slotnick et al.
1997; Gautam and Verhagen 2010).

Experiment 2A: odor-taste mixture experience, not
congruence, informs consummatory choice

Although rats in Experiment 1 sampled both odor-taste mixtures
during the 1-h training sessions, they consumed little of the mix-
tures containing citric acid (see above). To ensure that rats consumed
both odor-taste mixtures, training was modified for Experiment
2. Water-restricted rats were given overnight access to 10 mL of
0.01% isoamyl acetate—0.2 M sucrose and 10 mL of 0.01% ben-
zaldehyde—0.3 M citric acid. By limiting the volume of each mix-
ture to 10 mL, thirsty rats had the option to consume the less
preferred mixture if they consumed all of the preferred mixture.
During these overnight sessions, rats consumed significantly more
isoamyl acetate-sucrose (8.54 = 0.23 mL) than benzaldehyde—citric
acid (5.67 = 0.31 mL; ¢, = 10.54, P < 0.001). After training, we
used a 2-bottle brief-access task to determine how experience with
odor-taste mixtures informs consummatory choice for experienced
mixtures, experienced odors, as well as congruent and incongruent
mixtures (Figure 4).

Just as in Experiment 1 when rats were trained with isoamyl
acetate-sucrose (Figure 2A), the rats in this experiment sampled sig-
nificantly more isoamyl acetate—sucrose than benzaldehyde—citric
acid (F (1, 14) = 416.9, P < 0.001). There was no significant differ-
ence across days (F (2, 28) = 1.115, P = 0.342) and no significant
interaction between stimulus and day (F (2, 28) = 2.02, P = 0.152)
(Figure SA). Post hoc analyses of the number of licks on each day
showed that rats sampled significantly more isoamyl acetate-sucrose
than benzaldehyde~citric acid (Day 1: ¢, = 12.36, P < 0.001; Day
3:1,, = 11.73,P <0.001; Day 6: 1,,, = 14.33, P < 0.001). Preference
ratios did not differ across days (F (2, 14) = 1.020, P = 0.386)
(Figure 5B). Rats also sampled significantly more isoamyl acetate
than benzaldehyde (F (1, 14) = 210.2, P < 0.001). There was no
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Figure 2. Rats prefer to consume odor-taste mixtures containing sucrose. Rats in Group 1 were given experience with mixtures of isoamyl acetate-sucrose and
benzaldehyde-—citric acid. Rats in Group 2 received the opposite pairings, isoamyl acetate—citric acid and benzaldehyde-sucrose. (A) Mean number of licks per
engaged trial (+ SEM) during the odor-taste mixture 2-bottle brief-access task. Rats in Group 1 sampled significantly more isoamyl acetate-sucrose than ben-
zaldehyde—citric acid. (B) Rats in Group 2 sampled significantly more benzaldehyde—sucrose than isoamyl acetate—citric acid. (C) Preference ratios (+ SEM) for
each 2-bottle choice between mixtures. Rats in both groups preferred to consume mixtures containing sucrose. **P < 0.01. These data are from Experiment 1.
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Figure 3. Experience with odor-taste mixtures informs consummatory choice for odorized water. Rats in Group 1 were given experience with mixtures of
isoamyl acetate-sucrose and benzaldehyde-citric acid. Rats in Group 2 received the opposite pairings, isoamyl acetate—citric acid and benzaldehyde-sucrose.
(A) Mean number of licks per engaged trial (+ SEM) during the odorized water 2-bottle brief-access task. Rats in Group 1 sampled significantly more isoamyl
acetate than benzaldehyde. (B) Rats in Group 2 sampled significantly more benzaldehyde than isoamyl acetate. (C) Preference ratios (+ SEM) for each 2-bottle
choice. Rats in both groups preferred to consume odorized water containing an odor previously paired with sucrose. *P < 0.001; **P < 0.01. These data are from
Experiment 1.

significant difference across days (F (2, 28) = 3.126, P = 0.060), but
there was a significant interaction between stimulus and day (F (2,
28)=8.954,P =0.001) (Figure 5C). Post hoc analyses of the number
of licks on each day showed that rats sampled significantly more
isoamyl acetate than benzaldehyde (Day 2: z,, = 5.890, P < 0.001;
Day 5: ¢, = 9.805, P < 0.001; Day 8: ¢, = 11.46, P < 0.001).
Preference ratios did not differ across days (F (2, 14) = 3.546,
P =0.067) (Figure 5D).

Next, we tested how experience impacts consummatory choice
between congruent and incongruent odor—taste mixtures. First, we
investigated which odor—taste mixture rats preferred to consume, a

congruent mixture containing sucrose (isoamyl acetate—sucrose) or
an incongruent mixture containing sucrose (benzaldehyde-sucrose).
Rats sampled significantly more isoamyl acetate-sucrose than ben-
7y = 8.211, P < 0.001) (Figure 6A). Second, we
investigated which odor—taste mixture rats preferred to consume, a
congruent mixture containing citric acid (benzaldehyde—citric acid)
or an incongruent mixture containing citric acid (isoamyl acetate—
citric acid). Rats sampled significantly more isoamyl acetate—
citric acid than benzaldehyde—citric acid (t, = 5.991, P < 0.001)
(Figure 6B). Next, we examined whether preference ratios for an
odor previously paired with sucrose differed across the four 2-bottle

zaldehyde—sucrose (¢
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Figure 4. Schematic outline of Experiment 2A. A new group of rats (n = 8)
was water regulated and given overnight access to odor-taste pairings of
0.01% isoamyl acetate-0.2 M sucrose and 0.01% benzaldehyde-0.3 M citric
acid for 3 consecutive days. Following training, rats consummatory choice
was measured across 8 experimental days. Rats chose between experienced
odor-taste mixtures on Days 1, 3, and 6; between experienced odors on Days
2, 5, and 8; between a congruent mixture of isoamyl acetate-sucrose and
an incongruent mixture of benzaldehyde-sucrose on Day 4 (sucrose con-
gruence); and between a congruent mixture of benzaldehyde—citric acid and
an incongruent mixture of isoamyl acetate—citric acid on Day 7 (citric acid
congruence).

brief-access choices. As there was no significant difference across
days, preference ratios were averaged for isoamyl acetate—sucrose/
benzaldehyde—citric acid on Days 1, 3, and 6 (Figure 5B) and for
isoamyl acetate/benzaldehyde on Days 2, 5, and 8 (Figure 5SD).
There was no significant difference in preference ratios among the
four 2-bottle brief-access choices (F (3, 21) = 1.192, P = 0.337)
(Figure 6C). These findings show that regardless of the mixture taste
component or the congruence of the odor—taste mixture, rats pre-
ferred to consume stimuli containing an odor previously paired with
sucrose.

However, preference is only one measure of consummatory be-
havior. The number of trials that the rats chose to engage signifi-
cantly differed across days (F (7,49) = 16.92, P < 0.001) (Figure 7A)
with significantly fewer trials on Day 7 than on all other days
(Day 1: ¢, = 11.63, P < 0.001; Day 2: #, = 10.75, P < 0.001;
Day 3: 1, = 12.25, P < 0.001; Day 4: t, = 14.13, P < 0.001; Day
5: 1, = 13.50, P < 0.001; Day 6: 7, = 12.88, P < 0.001; Day 8:
t, = 11.63, P < 0.001). In addition, the total licks to both bottles
significantly differed across days (F (7, 49) = 39.11, P < 0.001)
(Figure 7B). Post hoc analyses revealed that rats sampled from bot-
tles significantly less on Day 7, when bottles contained congruent

and incongruent odor—citric acid mixtures, compared with all other
days (Day 1: Lo = 10.81, P < 0.001; Day 2: i) = 8.575, P < 0.001;
Day 3: lo = 11.46, P < 0.001; Day 4: lo = 13.44, P < 0.001; Day
S: 1, = 11.97, P < 0.001; Day 6: £, = 12.95, P < 0.001; Day 8:
t, = 12.86, P < 0.001). These results show that although rats pre-
ferred to consume an incongruent isoamyl acetate—citric acid mixture
to a congruent benzaldehyde—citric acid mixture, consummatory be-
havior was reduced when both mixtures contained an unpalatable
concentration of citric acid.

Although consummatory choice between experienced odors did
not significantly differ across days (Figure 5C,D), the results sug-
gest a modulation in behavior. Interestingly, post hoc analyses of the
total licks to both bottles revealed that rats sampled significantly
less on Day 2, which was the first-day rats were given a choice be-
tween bottles containing only odorized water, compared with Day
4 (1, = 4.863, P < 0.001), Day $ (1, = 3.396, P < 0.05), Day 6
(t,, = 4.379, P < 0.01),and Day 8 (1., = 4.286, P < 0.01) (Figure 7B).
However, rats engaged in a similar number of trials across days
(Figure 7A). These results indicate a perturbation of consummatory
behavior; rats decreased their sampling overall, but engaged in
a similar number of trials. Although the 2-bottle brief-access task
requires rats to decide between 2 simultaneously presented bottles
within a set amount of time, the 15-s presentation window allows
rats to switch between bottles. To investigate whether the reduction
in the total number of licks to both bottles on Day 2 was related
to rats trying to sample from both bottles within the same trial, we
quantified the percentage of engaged trials in which both bottles
were sampled (Figure 7C). We found that the proportion of trials
in which both bottles were sampled significantly differed across
days (x> (7, N = 1038) = 121.3, P < 0.001). The greatest proportion
of engaged trials in which rats sampled from both bottles was on
Day 2 (24.03%, 31/129), the first-day rats chose between bottles
containing only odorized water. Post hoc analyses revealed that the
proportion of trials in which rats sampled from both bottles was
significantly higher on Day 2 than on all other days (Day 1: 2.94%,
4/136, P < 0.001; Day 3: 8.51%, 12/141, P < 0.001; Day 4: 0%,
0/156, P < 0.001; Day 5: 0.66%, 1/151, P < 0.001; Day 6: 1.37%,
2/146, P < 0.001; Day 8: 0.74%, 1/136, P < 0.001), except when rats
were presented with bottles containing congruent and incongruent
odor—citric acid mixtures (Day 7: 9.30%, 4/43, P > 0.05). These re-
sults show that when rats were first given a choice between bottles
containing only odorized water, they spent a greater proportion of
trials switching between bottles.

Experiment 2B: odor-taste mixture experience, not
neophobia, informs consummatory choice

The findings above show that rats avoided consuming stimuli con-
taining an odor previously paired with an unpalatable concentra-
tion of citric acid. Rats are also neophobic and avoid novel odorized
stimuli (Miller et al. 1986; Lin et al. 2009; Fredericksen et al. 2019).
Using the same group of rats from Experiment 2A, we first con-
firmed that consummatory choice between experienced chemosen-
sory stimuli remained unchanged. Next, we tested consummatory
choice between a novel unpaired odor (methyl valerate) and an odor
previously paired with an unpalatable concentration of citric acid
(benzaldehyde) (Figure 8).

Just as in Experiments 1 and 2A, rats sampled significantly
more isoamyl acetate-sucrose than benzaldehyde—citric acid (F (1,
14) = 4307, P < 0.001). There was no difference between Day 1
and Day 3 (F (1, 14) = 0.4805, P = 0.4995) and no significant inter-
action between stimulus and day (F (1, 14) = 4805, P = 0.4995)
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Figure 5. Experience informs consistent consummatory choice. (A) Mean number of licks per engaged trial (+ SEM) across 3 odor-taste mixture 2-bottle brief-
access task sessions. During each session, rats sampled significantly more isoamyl acetate-sucrose than benzaldehyde—citric acid. (B) Preference ratios (+ SEM)
did not significantly differ across sessions. (C) Mean number of licks per engaged trial (+ SEM) across 3 odorized water 2-bottle brief-access task sessions. During
each session, rats sampled significantly more isoamyl acetate than benzaldehyde. (D) Preference ratios (+ SEM) did not significantly differ across sessions (P =

0.067). *P < 0.001. These data are from Experiment 2A.

(Figure 9A). Post hoc analyses of the number of licks on each day
showed that rats sampled significantly more isoamyl acetate—sucrose
than benzaldehyde—citric acid (Day 1: ¢, = 48.76, P < 0.001; Day 3:
1,5 = 49.67, P < 0.001). In addition, rats sampled significantly more
isoamyl acetate than benzaldehyde (Day 2: te =7.125, P < 0.001).
Preference ratios did not significantly differ across Days 1-3 (F (2,
13) = 1.154, P = 0.346) (Figure 9B). Furthermore, preference ratios
for the choice between isoamyl acetate—sucrose/benzaldehyde—citric
acid (F (4,28) = 1.088, P = 0.3816) and between isoamyl acetate/
benzaldehyde (F (3, 20) = 2.672, P = 0.0751) were not significantly
different from those in Experiment 2A.

Next, we investigated whether rats would choose to consume
odorized water containing a novel unpaired odor (methyl valerate)
or odorized water containing an odor previously paired with an un-
palatable concentration of citric acid (benzaldehyde) (Figure 9C).
Rats sampled significantly more methyl valerate than benzaldehyde
(t, =7.177, P < 0.001). One possible explanation for this result is
that rats confused methyl valerate with the odor previously paired
with sucrose (isoamyl acetate). To test this, we performed a 2-bottle
brief-access task in which one bottle contained methyl valerate and

the other contained isoamyl acetate (Figure 9D). Rats sampled sig-
nificantly more isoamyl acetate than methyl valerate (¢, = 30.14,
P < 0.001). Importantly, there were no significant differences in the
number of licks (¢, = 0.1.166, P = 0.2819), number of engaged trials
(t, =0.6519,P = 0.5352), or proportion of trials in which both bot-
tles were sampled (Day 4: 1.74%, 2/115 vs. Day 5: 4.65%, 6/129;
P = 0.288). These results indicate that rats preferred to consume a
stimulus containing a novel odor to a stimulus containing an odor
previously paired with an unpalatable concentration of citric acid;
however, they preferred a stimulus containing an odor previously
experienced with a palatable concentration of sucrose.

Discussion

In this study, we investigated how experience with hedonically
dissimilar odor—taste mixtures informs consummatory choice be-
tween congruent and incongruent odor—taste mixtures as well as fa-
miliar and novel odors. A 2-bottle brief-access task employs a fixed
number of trials and a limited sampling period to measure instant-
aneous consummatory choice between 2 simultaneously presented



378 Chemical Senses, 2020, Vol. 45, No. 5

A Day 4 B Day 7 C

Sucrose congruence Citric acid congruence M#xture
Congruent Incongruent Incongruent Congruent pre erence
mixture mixture mixture mixture
© 100 = * = 100 = 1
E = - @ ®
B 80 S o ] L 4
=) o 9
© ®© = 5F
2 60 2 60 | ©
o o g 0 Isoamyl acetate
g 40 g 20 F g Benzaldehyde
2 Y ‘©
S k) * 0T
Z 20 = 20
@© ®
o} 3] “1F
= 0 = 0 j
Isoamyl acetate- Benzaldehyde- Isoamyl acetate- Benzaldehyde- Mixture  Odor

Day4 Day7

sucrose sucrose citric acid citric acid average average

Figure 6. After mixture experience, rats prefer to consume mixtures containing an odor previously paired with sucrose, regardless of odor-taste congruence.
(A) Mean number of licks per engaged trial (+ SEM) during the sucrose congruence 2-bottle brief-access task (Day 4). Rats sampled significantly more isoamyl
acetate-sucrose than benzaldehyde-sucrose. (B) Mean number of licks per engaged trial (+ SEM) during the citric acid congruence 2-bottle brief-access task
(Day 7). Rats sampled significantly more isoamyl acetate—citric acid than benzaldehyde—citric acid. (C) Preference ratios (+ SEM) were averaged for isoamyl
acetate-sucrose/benzaldehyde—citric acid sessions (mixture average: Days 1, 3, and 6) and isoamy| acetate/benzaldehyde sessions (odor average: Days 2, 5,
and 8). Preference ratios (+ SEM) did not significantly differ across sessions. Rats preferred to consume stimuli containing an odor (isoamyl acetate) previously
paired with sucrose. *P < 0.001. These data are from Experiment 2A.

A Il Experienced mixtures B C

25 = [ Experienced odors —120p X% - 40
© A Sucrose congruence 3 3 D *
8 HCitric acid congruence = LLE] a *
= D100k * I *
ho] 20F g @ *
o © ? 30F
[o)) o 7] *
S {' c 80 Q< *

[0} = —

c 15 C o —
2 @ )
o % 60 s 20F
—
S 10 + -f_) 3
1S % 40 =
2 5 2 10k n.s.
c 5 = 20 i)
© c 8
o) g =
=, g s ,lm

b o6 A »

N DS X o o v D
PP P PP P o P

A N DO X b oA D
O@O®O&O®O&O®O@O®

PP PP P P PP

Figure 7. Consummatory behavior is perturbed when both the congruent and incongruent mixtures contain citric acid. (A) Rats engaged in significantly fewer
trials when the bottles contained congruent and incongruent odor—citric acid mixtures (Day 7) compared with all other days. *P < 0.001 (B) Mean total licks
per engaged trial (+ SEM) during each 2-bottle session. The total number of licks to both bottles per trial was significantly lower when the bottles contained
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chemosensory stimuli. Using this task, our results demonstrate that
the association between an odor and a taste after odor—taste mix-
ture experience is a principal factor guiding consummatory choices.
These findings are consistent with human studies demonstrating that
experience-dependent odor-taste associations inform perceptual
judgments of chemosensory stimuli (Stevenson et al. 1995; White
and Prescott 2007; Green et al. 2012).

Previous experiments show that rats do not exhibit pref-
erences between 2 orthonasally presented odors paired with
water (Torquet et al. 2014). Although we did not test whether
rats preferred isoamyl acetate or benzaldehyde prior to mixture

experience, the results of Experiment 1 demonstrate that experi-
ence with odor—taste mixtures guides preferences for experienced
odors. Rats that experienced mixtures of isoamyl acetate—su-
crose and benzaldehyde—citric acid preferred to consume isoamyl
acetate odorized water, whereas rats that experienced mixtures of
isoamyl acetate—citric acid and benzaldehyde—sucrose preferred
to consume benzaldehyde. These results are consistent with clas-
sical conditioning studies showing that consummatory choice de-
pends on the association between an odor and a taste, not the
odor’s identity (Schul et al. 1996; Slotnick et al. 1997; Gautam and
Verhagen 2010; Slotnick and Coppola 2015).
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Figure 8. Schematic outline of Experiment 2B. The same group of rats from
Experiment 2A was place back on water restriction and retrained in the
2-bottle brief-access apparatus. Following training, consummatory choice
was measured across 5 experimental days. Rats chose between experienced
congruent odor-taste mixtures on Days 1 and 3, between experienced odors
on Day 2, between the odor previously paired with citric acid (benzalde-
hyde) and a novel unpaired odor (0.01% methyl valerate) on Day 4, and be-
tween methyl valerate and the odor previously paired with sucrose (isoamyl
acetate) on Day 5.

The variability of people’s food histories makes controlling for
mixture experience difficult. Therefore, most studies of odor—taste
congruence in humans utilize chemosensory stimuli representing fa-
miliar and pleasant foods with characteristic olfactory and gustatory
components (De Araujo et al. 2003; Small et al. 2004; Amsellem
and Ohla 2016; Fondberg et al. 2018). Studies examining the rela-
tionship between odor-taste congruence and perceptual judgments
demonstrate that the most and least congruent odor—taste pairings
are judged to have similar intensities, whereas both familiarity and
pleasantness ratings increase with perceived congruence (Amsellem
and Ohla 2016; Fondberg et al. 2018). Although the relationship
between perceptual judgments and consummatory choice was not
directly tested, these findings suggest that congruent mixtures are
preferable to incongruent mixtures. It is important to reiterate that
these studies used chemosensory stimuli from familiar and pleasant
foods; begging the question, would a congruent mixture be preferred
if one of the experienced odor-taste mixtures was unpleasant?

To determine how experience with hedonically dissimilar odor—
taste mixtures informs consummatory choice for congruent and in-
congruent mixtures, rats were given experience with 2 odor-taste
mixtures: one palatable (isoamyl acetate-sucrose) and one unpal-
atable (benzaldehyde—citric acid). We found that when both mix-
tures contained a palatable taste (sucrose), rats preferred to consume
the congruent odor—taste mixture. When both mixtures contained
an unpalatable taste (citric acid), rats preferred to consume the in-
congruent odor—taste mixture but exhibited reduced consummatory
behaviors, engaging in fewer trials and decreasing their overall
sampling. These findings indicate that odor—taste congruence has
different effects on consummatory behavior depending on the palat-
ability of the mixture. Previous studies in humans show that an odor
judged to be sweet decreases the perceptual sourness of citric acid
(Stevenson et al. 1999). The preferred consumption of the incon-
gruent isoamyl acetate—citric acid mixture (Figure 6B) could be due
to a shift in the intensity/pleasantness of the incongruent mixture, a

change in its incentive value (Berridge 2004), or due to avoidance
of the congruent benzaldehyde—citric acid mixture. Future studies
examining taste reactivity (Myers and Sclafani 2003) and lick pattern
analyses (Dwyer 2012) are necessary to determine whether mixture
experience shifts the hedonic value of odorized stimuli. Regardless,
our results show that an incongruent mixture, one that is comprised
of an unpalatable taste coupled with an odor previously paired with
a palatable taste, is preferred to an unpalatable congruent mixture.
A second experiential factor informing consummatory choice
is lack of experience. Both humans and rodents tend to avoid
novel foods, a behavior known as neophobia (Barnett 1958; Corey
1978; Dematte et al. 2014). Rats are particularly hesitant to con-
sume novel odorized stimuli (Miller et al. 1986; Lin et al. 2009;
Fredericksen et al. 2019). Although we did not test preferences for
experienced odors compared with water in this study, in a previous
2-bottle brief-access experiment, we found that rats preferred to
consume water to novel odorized water. However, a single session
of mixture experience, where the odor was paired with sucrose,
changed the consummatory choice, eliminating the preference
for water (Fredericksen et al. 2019). A limitation of investigating
consummatory choice related to neophobia is the requirement that
rats had no experience with one of the odors. Since a stimulus is
only novel once, we could not test whether an individual subject
had an “original bias” for one odor over another and still assume
the odors to be novel. However, even if an original bias was pre-
sent, the results of Experiment 1 demonstrate that experience with
odor—taste mixtures guides preferences for experienced odors.
Because consummatory behaviors are perturbed by both a novel
odor or an odor previously paired with an unpalatable taste, we
sought to determine how experience with hedonically dissimilar
odor-taste mixtures informs consummatory choice between orally
consumed familiar and novel odors. Our findings demonstrate that
rats preferred to consume a novel unpaired odor (methyl valerate)
to an odor previously paired with citric acid. One possible explan-
ation for this outcome is that rats confused methyl valerate with
the odor previously paired with sucrose. This was not the case, as
rats preferred the odor previously paired with sucrose to methyl
valerate. Furthermore, consummatory behavior did not differ be-
tween the other 2-bottle choices. Together, these results show that
the experience-dependent association between an odor and an un-
palatable taste is less preferred than a novel unpaired odor.
Although rats had no prior experience with methyl valerate, they
had much experience sampling odorized stimuli in the context of the
2-bottle brief-access task. Studies show that stimulus neophobia is
less pronounced in familiar contexts (Mitchell 1976). Therefore, it
is possible that rats’ experience with the 2-bottle brief-access task
reduced the negative aspects of the novel odor. During training, rats
only had experience with odor—taste mixtures. On the first day that
rats experienced odorized water alone (Experiment 2A, Day 2),
they preferred to sample the odor previously paired with sucrose,
but switched between bottles in a significant proportion of trials
(Figure 7C). Rats did not switch between bottles during subsequent
sessions. The switching behavior most likely explains the lower sam-
pling on the first day that rats experienced odorized water alone,
suggesting that the unfamiliar context influenced consummatory be-
havior. Combining an unfamiliar context with the choice between
familiar and novel odors may result in different consummatory
choices. Another means of challenging context familiarity would
be to incorporate a taste-potentiated odor aversion experience (Lin
et al. 2009). Pairing a novel-odor taste mixture with gastrointestinal
malaise within the context of the 2-bottle brief-access task may cause
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avoidance of other novel odors. Further studies are needed to investi-
gate how manipulating context familiarity influences consummatory
choice.

It is important to recognize that experience-dependent odor—
taste associations are only one of a complex range of properties
underlying consummatory choice. Consummatory behaviors are in-
fluenced by psychological factors, such as cue-potentiated feeding
(Reppucci and Petrovich 2012) and physiological factors, such as
hunger (Hoefling and Strack 2010), salt depletion (Lundy et al.
2003), and postingestive effects (Bonacchi et al. 2008). In the present
study, rats were on a fixed water regulation schedule where access
to water was limited to 4 h after each 2-bottle session. It is possible
that different water access protocols could alter how experience-
dependent odor—taste associations inform consummatory choice.
For instance, rats with free access to water may choose to engage
in fewer trials and sample less frequently, whereas a strict water

regulation paradigm may lead to a sampling rate ceiling effect or
drive indiscriminate sampling. Future studies are needed to further
investigate how interactions between psychological and physio-
logical factors affect consummatory choice. Furthermore, we spe-
cifically limited experience to 2 odor—taste mixtures with opposite
hedonic values. However, experience with only 2 odor—taste mix-
tures comprises an artificially small stimulus space. Future studies
that increase stimulus space complexity by adding concentration
ranges, mixtures with similar qualities and hedonic values, and foods
will provide a more complete understanding of how experience and
odor-taste congruence interact to guide consummatory choice.

In conclusion, our findings indicate that the taste associated with
an odor after odor—taste mixture experience is a fundamental factor
guiding consummatory choice. Our results show that rats prefer to
consume a congruent mixture when both mixtures contain a palat-
able taste but prefer to consume an incongruent mixture when both
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mixtures contain an unpalatable taste. Furthermore, an unpaired
novel odor is preferred to an odor previously paired with an unpal-
atable taste, but it is not preferred to an odor previously paired with
a palatable taste. Future research will investigate how the specific
neural mechanisms underlying odor-taste integration affects deci-
sions driving consummatory behavior.
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