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The integration of gustatory and olfactory information is essential to the perception of flavor. Human neuroimaging experiments have
pointed to the gustatory cortex (GC) as one of the areas involved in mediating flavor perception. Although GC’s involvement in encoding
the chemical identity and hedonic value of taste stimuli is well studied, it is unknown how single GC neurons process olfactory stimuli
emanating from the mouth. In this study, we relied on multielectrode recordings to investigate how single GC neurons respond to
intraorally delivered tastants and tasteless odorants dissolved in water and whether/how these two modalities converge in the same
neurons. We found that GC neurons could either be unimodal, responding exclusively to taste (taste-only) or odor (odor-only), or
bimodal, responding to both gustatory and olfactory stimuli. Odor responses were confirmed to result from retronasal olfaction: moni-
toring respiration revealed that exhalation preceded odor-evoked activity and reversible inactivation of olfactory receptors in the nasal
epithelium significantly reduced responses to intraoral odorants but not to tastants. Analysis of bimodal neurons revealed that they
encode palatability significantly better than the unimodal taste-only group. Bimodal neurons exhibited similar responses to palatable
tastants and odorants dissolved in water. This result suggested that odorized water could be palatable. This interpretation was further
supported with a brief access task, where rats avoided consuming aversive taste stimuli and consumed the palatable tastants and
dissolved odorants. These results demonstrate the convergence of the chemosensory components of flavor onto single GC neurons and
provide evidence for the integration of flavor with palatability coding.
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Introduction
The ability to savor food and beverages depends on the interac-
tion between gustatory and olfactory systems. Once in the mouth,

nonvolatile chemicals from food dissolve in the saliva to activate
taste receptors in the oral cavity, whereas volatile chemicals travel
retronasally to activate olfactory receptors in the nasal epithe-
lium. The concurrent activation of these anatomically separate
chemosensory systems is crucial in giving food its flavor (Rozin,
1982; Verhagen and Engelen, 2006; Small, 2012). Although a vast
body of work has explored the effects of odor and taste integra-
tion on chemosensory perception and preference, the conver-
gence of these separate systems in the brain is a matter of debate.
Traditional theories propose that the orbitofrontal cortex (OFC)
is the first area capable of responding to both olfactory and gus-
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Significance Statement

Food perception and choice depend upon the concurrent processing of olfactory and gustatory signals from the mouth. The
primary gustatory cortex has been proposed to integrate chemosensory stimuli; however, no study has examined the single-unit
responses to intraoral odorant presentation. Here we found that neurons in gustatory cortex can respond either exclusively to
tastants, exclusively to odorants, or to both (bimodal). Several differences exist between these groups’ responses; notably, bimodal
neurons code palatability significantly better than unimodal neurons. This group of neurons might represent a substrate for how
odorants gain the quality of tastants.
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tatory stimuli (Rolls and Baylis, 1994; de Araujo et al., 2003; Rolls,
2005). However, recent evidence has challenged this view (Small
et al., 2004, 2008; Veldhuizen et al., 2010; Maier et al., 2012,
2015), suggesting that both the primary olfactory and gustatory
cortices themselves participate in the complex processing of mul-
timodal chemosensory information (Small and Green, 2012).

Experiments examining concurrent processing of gustatory
and olfactory stimuli have consistently found that gustatory cor-
tex (GC) responds to both chemosensory stimuli. Human neu-
roimaging studies have shown that overlapping areas of GC
respond to individual presentations of odorants (Savic et al.,
2000; Cerf-Ducastel and Murphy, 2001; Poellinger et al., 2001) or
tastants (Kobayakawa et al., 1999; Small et al., 1999, 2003; Cerf-
Ducastel et al., 2001; O’Doherty et al., 2001). Additionally, gus-
tatory and olfactory sensory deficits have been observed in
patients with GC lesions (Mak et al., 2005). However, no exper-
iment has examined how intraoral gustatory and olfactory signals
converge onto GC single units in behaving animals. The first step
to understand the neural basis for this convergence in GC is to
investigate how GC neurons represent individual gustatory and
olfactory stimuli.

In the present study, all chemosensory stimuli were delivered
directly into the oral cavity, via intraoral cannulae, to ensure that
the odorants were detected by retronasal olfaction. Neurons in
GC were divided into groups depending upon their responses to
chemosensory stimuli. Unimodal neurons responded either ex-
clusively to tastants (taste-only) or to odorants (odor-only),
whereas bimodal neurons responded to both gustatory and olfac-
tory stimuli. Reversible disruption of the olfactory epithelium
confirmed that responses to intraoral delivery of odorants were
the result of retronasal olfaction. Analysis of bimodal neurons
revealed that they encoded palatable stimuli and predicted that
odorized water could be palatable in our experimental condi-
tions. This prediction was confirmed by a brief access behavioral
task.

Together, these results provide novel evidence for GC single
neuron processing of the chemosensory components responsible
for the percept of flavor. Our results suggest that the coding of
multimodal chemosensory information related to chemical iden-
tity and palatability is an integrative process.

Materials and Methods
Experimental subjects. All procedures were performed in accordance with
university, state, and federal regulations regarding research animals and
were approved by the Institutional Animal Care and Use Committee at
Stony Brook University. Female Long–Evans rats (�250 –350 g) were
maintained on a 12 h light/dark cycle with ad libitum food and water
unless otherwise noted.

Surgery. Rats were anesthetized with an intraperitoneal injection of a
ketamine/xylazine/acepromazine mixture (KXA; 100, 5.2, and 1 mg/kg).
Surgical levels of anesthesia were maintained with supplemental doses
(30% of the induction dose) when required. Once secured in a stereotaxic
device, the animal’s head was shaved, the scalp sterilized with an iodine
mixture and excised to reveal the skull. Holes were drilled for the
placement of anchoring screws and electrode bundles. Sixteen 25 �m
formvar-coated nichrome wire microdrivable electrode bundles were
bilaterally implanted 0.5 mm dorsal to GC [anteroposterior 1.4 mm,
mediolateral �5 mm from bregma, dorsoventral 4 mm from dura]. To
monitor respiration transients with an intranasal thermocouple, a subset
of animals had a small hole made into the dorsal nasal recess (from
frontal-nasal fissure: anteroposterior 0 mm, mediolateral 0.9 mm) (Wes-
son, 2013; Cazakoff et al., 2014) and a 17 g stainless steel guide cannulae
with 21 g stainless-steel wire stylet was lowered �2 mm and fixed. All
implants were cemented to the skull with dental acrylic. A head restraint
bolt was cemented to the rear of the dental acrylic head cap and intraoral

cannulae (IOCs) were bilaterally inserted to allow for the delivery of taste
and odor stimuli. Rats were allowed to recover for 7–10 d before begin-
ning behavioral training. Electrode placements were histologically veri-
fied using standard procedures (see Fig. 1A).

Recording procedure. Following recovery from implantation surgery,
rats were placed on a water restriction regime (1 h access to water per day)
and trained to sit calmly in restraint while receiving intraoral deliveries of
tastants, odorants, or water. Stimuli were delivered via manifolds of poly-
imide tubes placed in the IOCs. Tastants consisted of sucrose (0.1 M),
NaCl (0.1 M), citric acid (0.2 M), and quinine (0.001 M). Odorants con-
sisted of isoamyl acetate dissolved in water (0.01%) and benzaldehyde in
water (0.01%). These two stimuli were chosen for their lack of gustatory
component at the concentrations used here (Slotnick et al., 1997; Aimé et
al., 2007; Julliard et al., 2007; Gautam and Verhagen, 2010, 2012; Tong et
al., 2011; Rebello et al., 2015). Each trial began with a variable intertrial
interval (30 � 5 s) at the end of which an �40 �l aliquot of tastant,
odorant, or water was delivered pseudo-randomly (pulse duration: �60
ms). An �50 �l water rinse followed 5 s after each stimulus delivery. Each
stimulus was delivered for 12 trials. A total of 84 trials (i.e., 7 stimuli � 12
trials) were performed per session. After each session, animals were al-
lowed 30 min free access to water in their home cage.

Electrophysiological and behavioral data recordings. Signals were re-
corded using standard multielectrode techniques (Samuelsen et al., 2012,
2013; Jezzini et al., 2013; Gardner and Fontanini, 2014). Briefly, 32
single-unit channels were simultaneously amplified, bandpass filtered
(300 – 8 kHz for single units), fed to a multichannel acquisition processor
(Plexon; RRID:SCR_003170), and digitally acquired. Single units were
isolated using a template algorithm, cluster-cutting, and examination of
interspike interval plots (Plexon; Offline Sorter; RRID:SCR_000012).
Data analysis was performed using Offline Sorter (Plexon; RRID:
SCR_000012), Neuroexplorer (Nex Technologies; RRID:SCR_001818),
and custom written scripts in MATLAB (The MathWorks, RRID:
SCR_001622).

Analysis of single units. For each neuron, single trial activity and nor-
malized peristimulus time histograms (PSTHs) were computed for all
stimulus presentations. Neural activity was related to stimulus presenta-
tion by aligning action potential timestamps either to the stimulus deliv-
ery in the IOC or to the beginning of exhalation (see below). All responses
were normalized using the area under the receiver-operating character-
istic (auROC) (Cohen et al., 2012; Jezzini et al., 2013; Gardner and Fon-
tanini, 2014). This method normalizes the stimulus-related activity to the
baseline on a 0 –1 scale, where 0.5 represents the median of equivalence of
the baseline activity. A score �0.5 is an inhibitory response, and �0.5 is
excitatory. auROC values are derived from the probability that values in
a given bin are higher or lower than the baseline activity. A score of 1
indicates that all values in the tested bin are greater than baseline, whereas
a score of 0 indicates that all values are less than baseline. Population
responses were obtained by averaging the auROC of each neuron in the
observed population. A bin size of 100 ms was used for all analyses, unless
otherwise specified.

Taste and odor responsiveness. Neurons were defined as taste-selective
when two criteria were satisfied: (1) activity significantly differed from
baseline; and (2) there was a significantly different response between the
four tastants. Significance changes from baseline were established using a
Wilcoxon rank-sum comparison between baseline bin and evoked bins
with correction for family-wise error (FWE; Sidak correction or two
consecutive significant bins, p � 0.01). Significant difference evoked by
the four tastants was determined relying on two-way ANOVA with Sidak
correction for FWE ([taste � time], main effect for taste, p � 0.05) for
100 ms bins over a 2.5 s window. Neurons were defined as odor-
responsive when two criteria were satisfied: (1) activity significantly dif-
fered from baseline; and (2) responses to odorant and water were
significantly different. Significance changes from baseline were estab-
lished using a Wilcoxon rank-sum comparison between baseline bin and
evoked bins with correction for FWE (Sidak correction or two consecu-
tive significant bins, p � 0.01). Significant difference between odorant
and water was determined using a two-way ANOVA with Sidak correc-
tion or two consecutive significant bins for FWE ([odor � time], main
effect for odor, p � 0.05). Neurons that were inhibited by chemosensory
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stimuli were low in number and hard to evaluate due to the low spike
count; therefore, our analysis focused on neurons that were excited by at
least one of the chemosensory stimuli. Neurons that responded selec-
tively to tastants, but not odorants, were designated “taste-only.” Neu-
rons that responded significantly to odorants, but not tastants, were
designated as “odor-only.” Finally, neurons that exhibited significant
responses to tastants and odorants were classified as “bimodal.” The
proportion of neurons that responded only to a single tastant (or odor-
ant) was compared with the proportion of neurons that responded to
multiple tastants (or odorants) using a � 2 test ( p � 0.05). For each
taste-selective population, the proportions of taste-selective neurons that
responded to each taste stimulus were compared using a � 2 test with the
Tukey’s honest significance test to correct for FWE. Stimulus onset la-
tency was determined by averaging the time of the first bin that was
significantly different from baseline for all neurons responsive to a given
stimulus. Odor-onset latency was determined by averaging the time of
the first bin that was significantly different from water for neurons re-
sponsive to odor stimuli. Stimulus peak latency was determined by aver-
aging, for all neurons responsive to a given stimulus, the bin time that had
the largest auROC score over a 2.5 s poststimulus analysis window. The
onset and peak response latencies of the auROC-normalized population
activity were compared between odor-responsive (odor-only vs bi-
modal) or taste-selective (taste-only vs bimodal) populations using a
Wilcoxon rank-sum test ( p � 0.05). The time course of taste selectivity
was calculated by determining the number of taste-selective neurons per
100 ms bin. When a bin showed a significant difference across tastants
(one-way ANOVA, p � 0.05), that neuron was counted as taste-selective
for that bin. A neuron could be counted as taste-selective for multiple
bins. The time course of taste selectivity between the two taste-selective
populations was compared with a � 2 test (correction of two consecutive
significant bins, p � 0.05). The time course for the breadth of tuning of
the taste-selective neurons was calculated as follows. For each of the four
taste stimuli, significant change from baseline was calculated for each 100
ms bin (Wilcoxon rank-sum, p � 0.05). In each bin, a neuron was clas-
sified a responding to a single taste when there was significant change
from baseline to only a single taste stimulus. A neuron was classified as
responding to multiple tastants when it showed significant difference
from baseline for two, three, or all four taste stimuli. For each taste-
selective group, the tuning differences over time were compared with a
� 2 test (correction of two consecutive significant bins, p � 0.05). Com-
parisons in auROC-normalized taste-evoked activity between the taste-
selective groups (taste-only vs bimodal) were performed using a
Wilcoxon rank-sum test (correction of two consecutive significant bins,
p � 0.05). A Wilcoxon sign-rank test with correction for FWE (Sidak
correction, p � 0.05) was used to compare the auROC-normalized ac-
tivity in the bimodal population’s taste-, odor-, and water-evoked activ-
ity averaged across the period of palatability processing (0 –2 s, see
Palatability index). A further bin-by-bin analysis (250 ms bins) of the
auROC-normalized response to sucrose, NaCl, or odorants was com-
pared with the activity evoked by water alone using a Wilcoxon sign-rank
test (correction of two consecutive significant bins, p � 0.05).

Palatability index. As measure of the palatability-related activity, we
computed a palatability index (Fontanini et al., 2009; Piette et al., 2012;
Sadacca et al., 2012; Jezzini et al., 2013; Li et al., 2013; Liu and Fontanini,
2015). This method considers the differences in evoked activity between
taste stimuli with similar (sucrose/NaCl, citric acid/quinine) and oppo-
site palatability (sucrose/quinine, NaCl/quinine, sucrose/citric acid,
NaCl/citric acid). The auROC normalization method (see above) was
used to estimate the differences between taste pairs. For each neuron, the
absolute difference of the normalized taste-evoked activity between two
pairs was calculated in 250 ms bins for every taste pair. The palatability
index is defined as follows:

PI � �D�opposite � �D�same;

where �D�opposite �
1

4
(auROC_DSQ � auROC_DSC � auROC_DNQ �

auROC_DNC),

and �D�same �
1

2
(auROC_DSN � auROC_DCQ), subscripts represent

taste pairs (e.g., SN indicates the taste pair of S and N). Significant change
from baseline was established using the Wilcoxon rank-sum test ( p �
0.05). Comparison between taste-only and bimodal palatable indices was
calculated with the Wilcoxon rank-sum test ( p � 0.05). To investigate
palatability-related activity of odor-evoked responses in the bimodal
group, the palatability index was modified. To quantify the similarity of
odorants to palatable/aversive pairs of taste stimuli, odor-evoked activity
was compared with taste-evoked activity. The dissimilarity between re-
sponses to odorants and aversive tastants (“odor vs aversive”) was com-
puted by substituting isoamyl acetate and benzaldehyde for sucrose and
NaCl in the palatability index formula. The dissimilarity between re-
sponses to odorants and palatable tastants (“odor vs palatable”) was
computed by substituting isoamyl acetate and benzaldehyde for citric
acid and quinine in the palatability index formula. Significant change
from baseline was established using the Wilcoxon rank-sum test ( p �
0.05). Difference between “odor vs aversive” and “odor vs palatable”
palatability indices was ascertained with the Wilcoxon signed-rank test
( p � 0.05).

Nasal inactivation with Triton X-100 (deciliation). To reversibly elim-
inate olfactory receptors, we followed the procedures outlined by Fortis-
Santiago et al. (2010). Each rat was anesthetized with a mixture of KXA
and placed on its side. A pliable 20 �l plastic pipette tip was inserted 15
mm into one nostril, and �50 �l solution of 0.125% Triton X-100 in
saline was infused into the naris. The detergent (or saline control) solu-
tion was left in place for 5 min before being withdrawn back into the
pipette tip. This procedure was repeated for the other nostril. After both
nostrils underwent the procedure, the rat was placed in a prone position
to allow drainage of any residual detergent. Rats were returned to their
home cage to recover from anesthesia. Rats were allowed to recover
overnight before undergoing recordings (see above). In a subset of ses-
sions, single-unit responses to the chemosensory stimuli were recorded
in the morning. Rats then underwent the nasal infusion, allowed at least
5 h to recover from anesthesia, and were then retested for chemosensory
responses. Because of the indefinite period of time Triton X-100 appli-
cation disrupts olfactory function (3–5 d or longer), within-neuron re-
cordings before and after nasal inactivation were limited to one session
per animal (n � 3). Neurons were defined as taste-selective or odor-
responsive as above. Comparisons between the proportion of taste-
selective and odor-responsive neurons in the normal condition versus
saline application and the proportion of neurons after saline and after
Triton X-100 were made using a � 2 test ( p � 0.05).

Respiration monitoring and analysis. In a subset of animals (n � 4),
recordings of respiration were performed with a Teflon-insulated ther-
mocouple (0.13 mm OMEGA, part 5TC-TT-K-36 –36). Only respiration
transients that were stable throughout the entire recording session (n �
13) were acquired for data analysis. Differential electric potentials were
amplified (gain, 10,000 Hz; AM Systems, model 1700), bandpass filtered
(0.1–500 Hz), and digitally acquired with a sampling rate of 1 kHz (Mul-
tichannel Acquisition Processor; Plexon; RRID:SCR_003170). Acquisi-
tion of respiration traces was synchronized with video and neural activity
recordings. Using custom MATLAB scripts, respiration data were nor-
malized for peak amplitude and each respiratory peak time was detected.
Each stimulus’s average respiration latency was determined by averaging
the timestamp of the first respiratory peak for each trial (the end of
inhalation and the beginning of exhalation). The Kruskal–Wallis one-
way ANOVA ( p � 0.05) was used to determine whether stimulus type
affected respiration latency. Frequency of respiration was calculated by
averaging the number of respiratory peaks per second 2 s before and 5 s
after each intraoral stimulus delivery. Respiration rate differences caused
by stimulus delivery were determined with a Wilcoxon rank-sum test
( p � 0.05). To determine the relationship between respiration and ac-
tivity onset in the chemosensory responsive neuronal groups (odor-only,
n � 5; bimodal, n � 9), onset latency of the average odor-evoked or
taste-evoked response was compared with the corresponding respiration
latency using the Wilcoxon rank-sum test ( p � 0.05).

Brief access task. After completing the recording experiments, a subset
of rats (n � 3) were tested for gustatory and olfactory preference with a
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brief access task (Smith et al., 1992; Sadacca et al., 2012). Rats were
maintained on the same water restriction schedule as during the record-
ing procedure. To habituate rats to the Davis MS-160 “brief access”
Lickometer rig (DiLog Instruments), rats were allowed to drink water
from a single tube continuously for 60 min during the first 2 d. Next, rats
were trained to lick during periodic brief access (15 s) to one of seven
water-filled lick tubes on a sliding tray for 60 min or 70 trials, whichever
was completed first. The test sessions (n � 5 for each rat) consisted of
each rat receiving periodic brief access to tastants (0.1 M sucrose, 0.1 M

NaCl, 0.2 M citric acid, and 0.001 M quinine), odorized-water (0.01%
isoamyl acetate and 0.01% benzaldehyde), and water. Presentations be-
gan with the raising of a steel shutter, exposing the lick spout. If in 60 s no
lick was registered, the shutter would close and a different tube was
moved into place, these “miss” trials were removed from analysis (Sa-
dacca et al., 2012). Once a lick was detected (via a low-current circuit),
access was granted for 15 s. After 15 s, the shutter closed, another tube was
moved into place and a 10 s intertrial interval began. Comparison of the
mean number of licks between chemosensory stimuli was calculated us-
ing a one-way ANOVA and corrected for FWE with the Tukey’s honest
significance test ( p � 0.05). Comparisons between the mean number of
licks to water and the chemosensory stimuli were tested using a t test ( p �
0.05). Stimuli with significantly lower mean numbers of licks than water
were categorized as aversive and stimuli to which rats licked equally or
greater than water were characterized as palatable.

Histology. At the end of experimental sessions, rats were terminally
anesthetized with KXA and DC current (7 �A for 7 s) was applied to
selected wires to mark electrode locations. Subjects were then transcar-
dially perfused with saline followed by 10% formalin. The 80 �m coronal
sections were sliced with a cryostat. Using standard histological proce-
dures, sections were stained with cresyl violet to track electrode locations
(see Fig. 1A). One animal’s electrode placement was unable to be recon-
structed but was still included as the neural responses matched those of
the other animals in the study.

Results
Ensembles of single neurons were recorded with chronic movable
16-wire electrode bundles bilaterally implanted in the GC of 11

rats. Figure 1A shows the reconstructed position and the dorsal-
ventral range of the recording electrodes. Once rats had recovered
from surgery, they were habituated to restraint and trained to
wait for the intraoral delivery of chemosensory stimuli. Each ex-
perimental session consisted of rats receiving pseudorandom in-
traoral deliveries of water, four gustatory stimuli (0.1 M sucrose,
0.1 M NaCl, 0.2 M citric acid, 0.001 M quinine), and two tasteless
olfactory stimuli dissolved in water (0.01% isoamyl acetate,
0.01% benzaldehyde) (Slotnick et al., 1997; Aimé et al., 2007;
Julliard et al., 2007; Gautam and Verhagen, 2010, 2012; Tong et
al., 2011; Rebello et al., 2015). To investigate the effects of olfac-
tory disruption on chemosensory responses in GC, subsets of
sessions were performed after nasal inactivation, via olfactory
receptor deciliation by the detergent Triton X-100 (Friedrich and
Korsching, 1997). For the general experiment, 319 single units
were recorded (44 sessions [7.25 units per session]). The nasal
inactivation sessions consisted of a total of 98 single units re-
corded (saline condition: 7 sessions/59 neurons [8.4 units per
session]; Triton X-100 condition: 7 sessions/39 neurons [5.6
units per session]).

Unimodal and bimodal representations of gustatory and
olfactory stimuli
To determine the responsiveness of GC neurons to gustatory and
olfactory stimuli, chemosensory-evoked activity was recorded after
the intraoral delivery of individual tastants and odorants dissolved in
water. Taste and odor responses were defined as follows (for details,
see Materials and Methods). Taste-selective neurons must have: (1)
exhibited a significant firing rate change from baseline and (2)
shown significantly different responses to the four tastants. This cri-
terion was chosen for consistency with prior work from our labora-
tory (Samuelsen et al., 2013; Gardner and Fontanini, 2014; Liu and
Fontanini, 2015). Odor-responsive neurons must have: (1) exhib-
ited a significant firing rate change from baseline and (2) shown

Figure 1. GC exhibits unimodal and bimodal responses to gustatory and olfactory stimuli. A, Schematic representation of the reconstructed path of the recording electrode positions in GC. Each
line corresponds to the dorsoventral range of every movable electrode bundle. Filled circles represent the starting point of recordings. X indicates the final recording position in the right. Squares
represent the left hemisphere. S1, Somatosensory cortex; GI, granular insular cortex; DI, disgranular insular cortex; AID, dorsal agranular insular cortex; AIV, ventral agranular insular cortex. B, Pie
chart showing the distribution of chemoresponsive neurons in GC. The majority of neurons respond only to taste stimuli (102 of 319; taste-only, orange). The smallest group responds only to odor
stimuli (16 of 319; odor-only, gray). Neurons that responded to both taste and odor stimuli were designated as bimodal (33 of 319; brown). C, Representative raster plots and PSTHs of a unimodal
taste-only (top), unimodal odor-only (middle), and bimodal neuron (bottom). Each plot represents a single unit’s response to the four tastants (sucrose [blue], NaCl [magenta], citric acid [yellow],
and quinine [green]), two odorants (isoamyl acetate [red] and benzaldehyde [cyan]), and water (gray). Black vertical line indicates stimulus delivery (time � 0).
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significantly different responses from water. This double criterion
for odor-responsive was purposefully stringent because the intraoral
delivery of odorized-water solutions introduces the potential con-
found of somatosensory responsiveness to water. Neurons that met
the above criteria for taste selectivity, but were not responsive to
odorants, were classified as taste-only, the opposite criteria match
were classified as odor-only, and those neurons that responded to
both chemosensory stimuli were defined as bimodal. These three
categories of chemoresponsive neurons exhibited different response
distributions in GC (Fig. 1B). The majority of chemoresponsive neu-
rons in GC showed unimodal responses to gustatory stimuli (32.0%,
102 of 319) (Fig. 1C, representative example, top). The smallest
group of chemoresponsive neurons exhibited unimodal olfactory
responses (5.0%, 16 of 319) (Fig. 1C, representative example, mid-
dle). The remaining group showed significant bimodal activity, re-
sponding to both gustatory and olfactory stimuli (10.4%, 33 of 319)
(Fig. 1C, representative example, bottom).

Responses to intraorally delivered odorants
The odorants used in this study were specifically chosen because
they had previously been shown to be tasteless at these concen-
trations (Slotnick et al., 1997; Aimé et al., 2007; Julliard et al.,
2007; Gautam and Verhagen, 2010, 2012; Tong et al., 2011; Re-
bello et al., 2015). However, GC responses to the intraoral deliv-
ery of odor stimuli may have resulted from residual taste receptor
activation and not via retronasal olfaction. To determine whether
odor responses in GC were the product of olfactory receptor
activation, a subset of recording sessions were performed the day
after the intranasal infusion of the mild detergent Triton X-100
(0.125% in saline). This manipulation renders animals behavior-

ally anosmic for short periods by eliminating the cilia of olfactory
receptor neurons (Wachowiak and Cohen, 2001; Fortis-Santiago
et al., 2010; Maier et al., 2012). Saline infusion did not signifi-
cantly alter the proportion of neurons that responded to either
taste stimuli (regular session: 42.3%, 135 of 319; saline-control
session: 40.6%, 24 of 59, � 2, p � 0.1) or odor stimuli (regular
session: 15.4%, 49 of 319; saline session: 20.3%, 12 of 59, � 2, p �
0.1) compared with the untreated population. Triton X-100 ap-
plication significantly reduced the number of odor-responsive
neurons in GC compared with saline application (saline session:
20.3%, 12 of 59; Triton X-100 session: 5.1%, 2 of 39, � 2, p � 0.05
(Fig. 2A, left). Importantly, Triton X-100 application did not
affect the proportion of neurons that responded to taste stimuli
(saline session: 40.6%, 24 of 59; Triton X-100 session: 46.0%, 18
of 39, � 2, p � 0.1) (Fig. 2A, right). Given the indefinite period of
time Triton X-100 application disrupts olfactory function (3–5 d
or longer), the ability to perform within-neuron recordings be-
fore and after inactivation was constrained. Even though re-
stricted to a subset of sessions (n � 3), we recorded responses to
chemosensory stimuli the morning before and the evening after
nasal infusion in a representative group of neurons. Figure 2B
shows an example of an isoamyl acetate responsive neuron before
(top left) and following treatment with Triton X-100 (middle
left). Nasal infusion of Triton X-100 eliminated responsiveness to
intraoral isoamyl acetate (bottom left) (before Triton: 8.37 �
0.83 Hz; after Triton: 4.14 � 0.33 Hz, Wilcoxon rank-sum, p �
0.01). Control infusion of saline did not significantly reduce re-
sponsiveness to odorant. Figure 2C shows a representative neu-
ron that remained responsive to benzaldehyde after saline
infusion (before saline: 4.13 � 0.45 Hz; after saline: 3.53 � 0.38

Figure 2. Olfactory receptor deciliation via nasal infusion of Triton X-100 disrupts responses to odorants in GC. A, Histogram represents the proportion of odor-responsive (left) and taste-selective
(right) neurons recorded from control saline and Triton X-100 sessions. Relative to control saline infusion, the proportion of neurons that were responsive to intraoral odorant delivery was
significantly reduced after Triton X-100 treatment. *p � 0.05. However, the proportion of taste-selective neurons was not different. Control infusion of saline did not alter the proportion of
taste-selective or odor-responsive neurons relative to untreated animals. Left pair, Odor-responsive. Right pair, Taste-selective. Light gray represents saline session. Dark gray represents Triton X-100
session. B, Raster plots, PSTHs, spike waveforms, and average poststimulus firing rate (0 –2.5 s) of an odor-responsive neuron the morning before (top panels) and afternoon (middle panels) after
Triton X-100 infusion. Triton X-100 treatment eliminated isoamyl acetate-evoked activity, significantly reducing the evoked firing rate (bottom left panel). �p � 0.01. The infusion protocol did not
alter baseline responses or response to water delivery (gray, middle panels). Black vertical line indicates stimulus delivery (time � 0). C, Representative raster plots, PSTHs, spike waveforms, and
average poststimulus firing rate of a benzaldehyde-responsive neuron the morning before (top panels) and afternoon after (middle panels) control saline infusion. The neuron remains responsive
to benzaldehyde after saline (cyan, left panels). The infusion protocol did not alter either baseline responses or response to water delivery (gray, middle panels). Black vertical line indicates stimulus
delivery (time � 0).
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Hz, Wilcoxon rank-sum, p � 0.1). Although some change in
responsiveness may have been dependent upon time of day, the
response to water delivery in both conditions did not differ
between the morning and evening sessions (before Triton:
4.83 � 0.54 Hz; after Triton: 4.183 � 0.45 Hz, Wilcoxon rank-
sum, p � 0.1; before saline: 1.97 � 0.19 Hz; after saline: 2.33 �
0.26 Hz, Wilcoxon rank-sum, p � 0.1; Fig. 2 B, C, bottom
right). By disrupting olfactory function with infusion of Tri-
ton X-100, these results show that the odor responses in GC,
which are elicited by intraoral odorant delivery, are dependent
upon retronasal olfaction.

In a subset of sessions (n � 13), respiration was recorded
during the intraoral delivery of chemosensory stimuli (Fig. 3A).
Respiration rate did not significantly change from prestimulus
delivery to poststimulus delivery for any of the stimuli (sucrose:
Pre 2.12 � 0.13 Hz, Post 2.30 � 0.16 Hz; NaCl: Pre 2.15 � 0.14
Hz, Post 2.23 � 0.14 Hz; citric acid: Pre 2.08 � 0.13 Hz, Post
2.09 � 0.12 Hz; quinine: Pre 2.11 � 0.13 Hz, Post 2.32 � 0.14 Hz;
isoamyl acetate: Pre 2.20 � 0.15 Hz, Post 2.29 � 0.16 Hz; benz-
aldehyde: Pre 2.09 � 0.13 Hz, Post 2.25 � 0.14 Hz; water: Pre
2.04 � 0.13 Hz, Post 2.09 � 0.12 Hz, Wilcoxon rank-sum, p �
0.1). Furthermore, the latency to the first inhalation after stimu-
lus delivery did not differ among stimuli (sucrose: 238 � 29 ms;
NaCl: 279 � 31 ms; citric acid: 246 � 14 ms; quinine: 230 � 21

ms; isoamyl acetate: 258 � 18 ms; benzaldehyde: 286 � 35 ms;
water: 241 � 22 ms, Kruskal–Wallis one-way ANOVA, p � 0.1)
with the average latency occurring 254 � 9 ms after stimulus
delivery.

Next, we investigated the relationship between respiration
and neural responses to intraoral odorant deliveries. The timing
of the peak of the first inhalation after stimulus delivery was used
to determine the onset of exhalation (i.e., the onset of retronasal
smelling). The latency of odor-evoked activity was defined as the
time in which the difference in firing rates evoked by odorized
water and water was first significant. For unimodal odor-only
neurons, in which we had consistent respiratory recordings
(n � 5), we found that significant odor-evoked activity occurred
only after the beginning of the first exhalation (Fig. 3B, left; rep-
resentative example, Fig. 3C). Odor-evoked activity in unimodal
odor-only neurons had a significantly slower latency compared
with the first exhalation (first exhalation onset: 272 � 19 ms;
response latency: 663 � 127 ms, Wilcoxon rank-sum, p � 0.01).
This delay indicated that the bulk of odor-specific neural activity
was not triggered by the intraoral delivery of fluid, but rather by
the exhalation of odorants. Bimodal neurons for which we had
consistent respiratory record (n � 9) also exhibited a significantly
slower onset of odor-evoked activity compared with the onset of
exhalation (Fig. 3B, right; representative example, Fig. 3D) (first

Figure 3. Response to intraoral odorants is linked to respiration. A, Representative normalized respiration traces around the intraoral delivery (time� 0, dashed line) of sucrose (left) and isoamyl
acetate (right). Upward trajectory indicates inhalation; downward trajectory indicates exhalation. Each magenta triangle represents the time when inhalation ceases and exhalation begins.
B, Normalized population PSTHs (auROC) of odor-evoked responses recorded with respiration. Average odor-evoked activity onset (green dotted vertical line) occurred significantly after respiration
onset (magenta triangle vertical line) in odor-only neurons (n � 5, left) and bimodal neurons (n � 9) (right). �p � 0.01. C, Representative raster plots and PSTHs of an odor-only neuron aligned
to intraoral odorant delivery and the first exhalation after stimulus delivery. Green dot represents stimulus delivery. Magenta triangle represents respiration onset. Benzaldehyde-evoked activity
(cyan) aligned to intraoral delivery (left) and exhalation (right). Significant activity follows exhalation. D, Representative raster plots and PSTHs of a bimodal neuron aligned to intraoral odorant
delivery and the first exhalation after stimulus delivery. Isoamyl acetate-evoked activity (red) aligned to intraoral delivery (left) and exhalation (right). Significant activity occurs before exhalation.
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exhalation onset: 272 � 19 ms; response latency: 670 � 108 ms,
Wilcoxon rank-sum, p � 0.01). Furthermore, latencies of odor-
evoked activity did not differ between unimodal odor-only and
bimodal neurons (unimodal latency: 663 � 127 ms, bimodal
latency: 670 � 108 ms, Wilcoxon rank-sum, p � 0.1). We found
no relationship between odor-evoked activity and a specific
phase of exhalation in GC neurons; however, this may be an effect
of the small sample size. Future experiments will address in depth
this important issue.

Visual inspection of the population response of bimodal neu-
rons suggested that intraoral delivery of odorized water evokes a
rapid increase in firing rates that may precede the onset of odor-
specific activity (Fig. 3B, right). We defined the onset of this
response as the first time bin in which stimulus-evoked activity
differed from baseline. Bimodal neurons showed a significantly
faster onset of stimulus-evoked activity compared with odor-
evoked activity (stimulus-evoked: 222 � 57 ms; odor-evoked:
670 � 107 ms, Wilcoxon sign-rank, p � 0.01). Delivery of odors
dissolved in water resulted in an evoked response significantly
faster in bimodal neurons than unimodal neurons (unimodal:
500 � 55 ms, bimodal: 222 � 57 ms, Wilcoxon sign-rank, p �
0.01). The representative examples featured in Figure 3C, D fur-
ther confirmed that the activity evoked by intraoral delivery of an
odorized solution followed the onset of exhalation in unimodal
odor-only neurons, and preceded it in bimodal neurons. The fast
activation of bimodal neurons by the intraoral delivery of fluid
may reflect a response to oral stimulation.

Together, these data demonstrate that odor-evoked responses
in GC to intraorally delivered odorants are the result of retronasal
activation of olfactory receptors.

Representation of gustatory stimuli in two populations of
taste-selective GC neurons
Next, we analyzed gustatory processing in the two groups of taste-
selective neurons in GC: unimodal taste-only and bimodal. Fig-
ure 4A shows the population responses and representative
examples for each category. There was no significant difference
between the two taste-selective groups in either taste-evoked re-
sponse latency (sucrose: taste-only: 528 � 64 ms; bimodal 603 �
98 ms, Wilcoxon rank-sum, p � 0.1; NaCl: taste-only 462 � 69
ms; bimodal 342 � 61 ms, Wilcoxon rank-sum, p � 0.1; citric
acid: taste-only 459 � 62 ms; bimodal 423 � 71 ms, Wilcoxon
rank-sum, p � 0.1; quinine: taste-only 461 � 59 ms; bimodal
648 � 160 ms, Wilcoxon rank-sum, p � 0.1) or taste-evoked peak
activity (sucrose: taste-only 819 � 85 ms; bimodal 979 � 136 ms,
Wilcoxon rank-sum, p � 0.1; NaCl: taste-only 863 � 94 ms;
bimodal 777 � 125 ms, Wilcoxon rank-sum, p � 0.1; citric acid:
taste-only 848 � 89 ms; bimodal 841 � 156 ms, Wilcoxon rank-
sum, p � 0.1; quinine: taste-only 994 � 89 ms; bimodal 952 �
186 ms, Wilcoxon rank-sum, p � 0.1). We did not find a rela-
tionship between 7–10 Hz rhythmicity and chemosensory-
evoked responses in GC.

To identify potential group differences in the processing of
gustatory information, we analyzed taste selectivity by calculating
the proportion of neurons that responded to single or multiple
tastants. A significantly greater proportion of unimodal taste-
only neurons responded to only single tastants (taste-only: 26%,
26 of 102, vs bimodal: 9%, 3 of 33; � 2, p � 0.05), whereas bimodal
neurons responded with a greater proportion to multiple tastants
(taste-only: 74%, 76 of 102, vs bimodal: 91%, 30 of 33; � 2, p �
0.05). Regardless of the population difference in the proportion
of sparse responding neurons, both groups responded signifi-
cantly more to multiple tastants than to a single taste stimulus

(taste-only single taste: 26%, 26 of 102, vs taste-only multiple
tastes: 74%, 76 of 102, � 2, p � 0.01; bimodal single taste: 9%, 3 of
33, vs bimodal multiple tastes: 91%, 30 of 33, � 2, p � 0.01). We
then calculated the prevalence of neurons that responded to
each taste quality in both populations. Although neither group
showed a significant difference in the proportion of neurons that
responded across the four taste stimuli (� 2, p � 0.05), we did find
a difference in responses between groups. Compared with taste-
only, bimodal neurons showed a significantly greater proportion
of neurons responsive to sucrose (taste-only: 70.6%, 72 of 102, vs
bimodal: 87.9%, 29 of 33, � 2, p � 0.05) and NaCl (taste-only:
56.7%, 58 of 102, vs bimodal: 78.8%, 26 of 33, � 2, p � 0.05),
whereas no difference was found for citric acid (taste-only:
62.7%, 64 of 102, vs bimodal: 66.7%, 22 of 33, � 2, p � 0.1) or
quinine (taste-only: 64.7%, 66 of 102, vs bimodal 69.7%, 23 of 33,
� 2, p � 0.1). These analyses revealed that unimodal taste-only
and bimodal neurons exhibit population differences in taste
selectivity.

Next, we analyzed the temporal evolution of taste responses
by calculating the time course of taste selectivity. The proportion
of neurons that exhibited selective responses to taste stimuli was
calculated for each 100 ms bin. Over a 2.5 s poststimulus time-
frame, both populations responded selectively to tastants with a
similar proportion and time course (Fig. 4B). The group of uni-
modal taste-only neurons exhibited a peak percentage of taste-
selective neurons (50.0%, 51 of 102) at 800 ms poststimulus
onset. The group of bimodal neurons showed a similar peak per-
centage of taste-selective neurons (48.5%, 16 of 33) shortly after,
1 s following stimulus delivery. The two groups did not signifi-
cantly differ in their taste selectivity over time (� 2, p � 0.05). A
similar temporal analysis was performed for taste tuning. For
each 100 ms time bin, the proportion of neurons that responded
to either a single taste or multiple tastants was calculated. The
tuning time course for the unimodal taste-only group (Fig. 4C,
left) showed that the response to multiple tastants peaked early
(800 ms; 40.2%, 41 of 102) and then steadily declined, whereas
the response to single tastants steadily rose and reached a plateau
after 1.5 s (45.1%, 46 of 102) (Fig. 4C, left, black bars, � 2, p �
0.05). The same analysis on bimodal neurons (Fig. 4C, right) also
revealed a peak in the response to multiple tastants at 800 ms
(54.6%, 18 of 33), but the peak response to single tastants oc-
curred faster, at 600 ms (42.4%, 14 of 33). Furthermore, at no
point during the analyzed 2.5 s period did the proportions differ
between dense and sparse tuning neurons (Fig. 4C, right � 2, p �
0.05). Together, these findings indicate that, although the two
taste-selective populations exhibit similar temporal profiles of
taste selectivity, they have different tuning responses over time.

Next, we compared the activity evoked by each tastant for the
two populations of neurons (Fig. 5A). The normalized popula-
tion responses to sucrose or NaCl did not exhibit a significant
difference between unimodal taste-only and bimodal groups at
any time point during a 2.5 s analysis window (Fig. 5A, top).
However, the activity evoked by citric acid and quinine showed
significant differences between the unimodal taste-only and bi-
modal groups. Specifically, the bimodal group featured quinine
and citric acid-evoked responses that were smaller and shorter
compared with those observed in the unimodal taste-only group
(Fig. 5A, bottom, black bars, Wilcoxon rank-sum, p � 0.05).
Visual inspection of these plots suggested that responses for bi-
modal neurons might group by palatability category with re-
sponses to palatable tastants being sustained longer than
unpalatable ones. To test this possibility, we computed the palat-
ability index (Fontanini et al., 2009; Piette et al., 2012; Sadacca et
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Figure 4. Unimodal and bimodal taste populations exhibit different taste-selective properties. A, Normalized population PSTHs (auROC) and representative examples for taste-only
(n � 102, top) and bimodal (n � 33, bottom) neurons in response to the intraoral delivery of taste stimuli (time � 0). Stimulus type: sucrose (blue), NaCl (magenta), citric acid (yellow),
and quinine (green). B, Proportion of taste-selective neurons during each successive 100 ms bin following intraoral taste delivery (time � 0). The time course of taste selectivity did not
differ between the taste-only (orange) and bimodal (brown) populations. C, Time course of tuning for taste-selective populations: taste-only (orange, left panel) and bimodal (brown,
right panel), as measured by the proportion of taste-selective neurons responsive to single tastants (solid line) or multiple tastants (dashed line) within each 100 ms bin. Taste-only
neurons are significantly more broadly tuned early and become significantly more sparsely tuned (responding to single tastants) over time (black bars, p � 0.05). Bimodal neurons do
not exhibit significant differences in tuning over time. Neurons responding selectively to one taste within a bin could respond to another or multiple tastants in a different bin.
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al., 2012; Jezzini et al., 2013; Li et al., 2013; Liu and Fontanini,
2015) for neurons in the two groups. Briefly, this analysis com-
pares the activity evoked by tastants with similar palatability (i.e.,
sucrose/NaCl and citric acid/quinine) with activity evoked by
hedonically dissimilar tastants (i.e., sucrose/citric acid and su-
crose/quinine, etc.; for details, see Materials and Methods).
Figure 5B shows that, on average, the population of bimodal
neurons significantly encodes palatability following intraoral
stimulus delivery (brown line, black bars, Wilcoxon rank-sum,
p � 0.05), whereas on average the population of unimodal taste-
only does not represent palatability at any point during the 5 s
analysis timeframe (orange line, Wilcoxon rank-sum, p � 0.05).
This difference in palatability coding between the two taste-
selective groups was significant (Wilcoxon rank-sum, p � 0.01).

Next, we determined the number of palatability coding neu-
rons in the two taste-selective populations. A significantly greater
proportion of bimodal neurons (16 of 33, 48%) encoded palat-
ability compared with unimodal taste-only neurons (23 of 102,
23%; � 2, p � 0.01). Although not sufficient to drive a significant
change in the population palatability index (Fig. 5B), unimodal
taste-only palatability encoding neurons made up 15 of the 20
largest palatability scores. We next assessed whether the different
palatability coding populations showed a response bias to palat-
able or aversive taste stimuli. Both bimodal and unimodal taste-
only palatability coding neurons showed a bias toward palatable
tastants; however, the two populations did significantly differ. All
of the bimodal neurons showed the greatest response to palatable

tastants, whereas a significantly smaller proportion of unimodal
taste-only neurons showed the greatest response to palatable tas-
tants (bimodal: 16 of 16, 100% strongest response to S/N; uni-
modal: 17 of 23, 74% strongest response to S/N; � 2, p � 0.05).
These results indicate that bimodal neurons are particularly ef-
fective in coding palatability and are biased to palatable tastants
but are not the sole source of palatability encoding neurons in
GC.

Palatability of odorized water solutions
The results presented above show that bimodal neurons encode
palatability and have a bias for palatable tastants. Because water is
palatable to thirsty rats, odors dissolved in water may be palatable
as well and evoke activity similar to that of sucrose and NaCl in
bimodal neurons. To address this point, we compared responses
to tastants and odorized water in bimodal neurons. Figure 6A
shows the population activity (and representative example)
evoked by odorants (dotted traces) overlaid on the responses to
taste stimuli and water for the bimodal population. Population
responses to solutions of isoamyl acetate or benzaldehyde over-
lapped with responses to sucrose and NaCl. Specifically, re-
sponses to odorants, like those to sucrose and NaCl, appeared to
last longer than responses to aversive tastants. The similarity sug-
gests that the solutions of water and odorants used in this study
could be perceived as palatable. Next, we performed analyses to
compare the activity evoked by odorants, tastants, and water.
Normalized activity of the bimodal population was averaged

Figure 5. Bimodal neurons represent palatability. A, Normalized population PSTHs (auROC) for taste-only (n � 102, solid lines) and bimodal (n � 33, dashed lines) neurons in response to
intraoral delivery of either palatable tastants [sucrose (top left panel, blue) and NaCl (top right panel, magenta)] or aversive tastants [citric acid (bottom left panel, yellow) and quinine (bottom right
panel, green)]. Taste-evoked activity does not differ between the taste-selective groups for palatable tastants (sucrose and NaCl) but is significantly different for aversive tastants (citric acid and
quinine). Black bars represent bins with significant differences ( p � 0.05) between unimodal taste-only and bimodal neurons. Shaded area represents SEM. B, Comparison of the time course of
palatability coding between taste-only (n � 103) and bimodal (n � 33) populations. Each solid line indicates the palatability index (see Materials and Methods) computed for taste-only (orange)
and bimodal (brown) neurons. Black dashed line indicates baseline. Shaded area represents SEM. The bimodal group codes palatability significantly better than the taste-only population ( p�0.01).
The bimodal population exhibits multiple time points (black bars, p � 0.05) when palatability coding is significantly higher than baseline. At no time point did the taste-only population show
significant difference from baseline.
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across neurons for the period of palatability processing (0 –2 s,
Fig. 5B). Activity evoked by odorized water (isoamyl acetate and
benzaldehyde) was not different from the activity evoked by su-
crose (Wilcoxon sign-rank, p � 0.05) or NaCl (Wilcoxon sign-
rank, p � 0.05) but was significantly different from citric acid
(Wilcoxon sign-rank, p � 0.001) and quinine (Wilcoxon sign-

rank, p � 0.001). Interestingly, odor-evoked activity, just as su-
crose (Wilcoxon sign-rank, p � 0.001) and NaCl (Wilcoxon
sign-rank, p � 0.001), was significantly greater than the response
to water alone (Wilcoxon sign-rank, p � 0.001). A bin � bin
comparison (250 ms bins) of the time course of palatable tastant-,
odorant-, and water-evoked activity in the population of bimodal

Figure 6. Delivery of odorants and palatable tastants evokes similar responses. A, Normalized population PSTHs for bimodal neurons (left) and representative example (right) featuring responses
to the intraoral delivery of chemosensory stimuli (time � 0). Stimulus type: sucrose (blue), NaCl (magenta), citric acid (yellow), quinine (green), isoamyl acetate (red), benzaldehyde (cyan), and
water (black). B, Comparison of the bimodal groups’ (n � 33) odor-evoked activity to palatable/aversive tastant-activity using a modified palatability index. Odorants were significantly different
from aversive taste stimuli relative to baseline (purple solid line, black bars, p � 0.05). No difference was observed between responses to odors and to palatable taste stimuli (purple dashed line).
The modified palatability indices were significantly different from each other ( p � 0.01). The black dashed line indicates baseline. Shaded area represents SEM. C, Histogram of the mean number
of licks during a brief access task. As predicted by the neural activity of GC bimodal neurons, rats exhibited significantly fewer licks to the aversive tastants (citric acid and quinine) compared with
water. �p � 0.01. Rats did not exhibit a significant difference in the number of licks to NaCl, isoamyl acetate or benzaldehyde but did lick significantly more to sucrose. �p � 0.01. The black dashed
line indicates average number of licks to water. Rats show similar consummatory behaviors to experienced odorants and palatable tastants while avoiding aversive taste stimuli.
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neurons found that sucrose (Wilcoxon sign-rank, p � 0.05),
NaCl (Wilcoxon sign-rank, p � 0.05), or odorized water (Wil-
coxon sign-rank, p � 0.05) becomes significantly different from
water alone after the first 500 ms, and continued (except for a
short 1–1.25 s interval) for the rest of the 2 s palatability process-
ing period. These results suggest that the similarity between ac-
tivity evoked by odorants and the activity evoked by palatable
tastants was not exclusively explained by the presence of water in
the odorized solutions.

To further investigate the relationship between activity
evoked by odorized water and activity evoked by pairs of palat-
able or aversive tastants, we modified the palatability index for-
mula (for details, see Materials and Methods), by substituting the
odorants (isoamyl acetate and benzaldehyde) for either sucrose
and NaCl or citric acid and quinine (Fig. 6B). This procedure
allowed us to quantify the pairwise difference in activity evoked
by odorants and tastants. Comparing odorants to aversive tas-
tants led to a modified palatability index that was significantly
above baseline (Fig. 6B, purple solid line, black bars, Wilcoxon
rank-sum, p � 0.05), indicating that the activity evoked by odor-
ants was different from that evoked by aversive tastants. On the
contrary, comparing odorants to palatable tastants revealed no
significant difference (i.e., the modified palatability index was not
significantly different from baseline-purple dotted line, Wil-
coxon rank-sum, p � 0.05), showing that odorants and palatable
tastants evoked similar activity. The two modified palatability
indices were significantly different (Wilcoxon sign-rank, p �
0.01). Together, these results show that solutions of odorants in
water can be processed similarly to pleasant tastants by a
palatability-coding group of neurons in GC.

We next sought to behaviorally determine whether rats found
the solutions of water and odorants palatable or aversive in our
experimental conditions. We used a brief access task, which mea-
sures licking activity evoked by the brief presentation of different
solutions and is considered a standard test to assess preference
across multiple stimuli (Smith, 2001). Freely moving rats (n � 3),
which had previous experience with all of the chemosensory
stimuli, were trained to wait for pseudo-randomized presenta-
tions of the four tastants, the two odorants in water, and water.
Each trial consisted of a 15 s window to lick the spout. The mean
number of licks per 15 s presentation was used as a measure of
stimulus preference (Sadacca et al., 2012). Rats licked signifi-
cantly less to the aversive tastants of citric acid and quinine than
to any of the other chemosensory stimuli (one-way ANOVA, p �
0.01). Figure 6C shows that rats exhibited significantly fewer licks
to citric acid (3.88 � 0.81, t test, p � 0.01) and quinine (5.00 �
1.32, t test, p � 0.01) compared with water (62.00 � 5.59). All the
other solutions evoked either the same amount of licking (NaCl:
60.45 � 6.59, t test, p � 0.05; isoamyl acetate: 64.12 � 4.48, t test,
p � 0.05; benzaldehyde: 65.56 � 5.00, t test, p � 0.05) or a larger
amount of licking (sucrose 70.68 � 3.56, t test, p � 0.01) than
water. These behavioral findings confirmed the results from the
neural activity of the bimodal neurons (i.e., odorants dissolved in
water are preferred over aversive tastants).

Discussion
Our findings reveal how neurons in GC represent gustatory and
olfactory signals originating from the mouth. Intraoral delivery
of gustatory and olfactory stimuli unveiled three populations of
chemoresponsive neurons in GC: unimodal gustatory (taste-
only), unimodal olfactory (odor-only), and a bimodal group that
responded to both stimuli. Analyses of respiration and disruption
of olfactory function with a nasal inactivation protocol con-

firmed that GC responses to intraoral odorants were due to
retronasal olfaction. Unimodal and bimodal taste-selective pop-
ulations exhibited different taste coding properties, including
taste selectivity, tuning, and palatability. Unlike unimodal taste-
only neurons, bimodal neurons encoded taste palatability. Bi-
modal neurons exhibited odor-evoked activity similar to that
evoked by palatable tastants, suggesting that the odorants dis-
solved into water were palatable. This finding was behaviorally
validated with a brief access task. These results provide novel
evidence of how GC neurons encode the chemosensory compo-
nents of flavor and identify a bimodal, palatability-coding popu-
lation of neurons that may participate in linking odorants with
taste qualities.

A subset of neurons in GC encode intraoral odorants
We observed that 15% of neurons in GC could respond to the
intraoral delivery of odorants. This number should not be con-
sidered absolute, as a wider array of olfactory stimuli would likely
have unveiled additional odor-responsive neurons. However,
our choice of stimuli was limited by the number of odorants
known to be tasteless (Slotnick et al., 1997; Gautam and Verha-
gen, 2012) to avoid experimental confounds.

Retronasal olfaction is a necessary component of flavor percep-
tion (Verhagen and Engelen, 2006; Prescott, 2012). In this study, we
ensured that odorants were sampled retronasally, as all chemosen-
sory stimuli were delivered directly into the mouth. Using a nasal
inactivation technique, we confirmed that GC responses to intraoral
odorants depended on olfaction. This manipulation significantly re-
duced the proportion of odor-responsive neurons without affecting
the proportion of taste responses.

Retronasal olfaction is also dependent upon respiration
(Masaoka et al., 2010; Gautam and Verhagen, 2012). The physical
action required for retronasal olfaction predicted that odor-
evoked responses would occur after exhalation. In a subset of
sessions, we recorded respiration and GC single-unit activity dur-
ing the intraoral delivery of chemosensory stimuli. We found that
both unimodal odor-only and bimodal neurons in GC exhibited
odor-evoked activity significantly after the first exhalation after
stimulus delivery. However, bimodal neurons also showed an
initial significant response to intraoral stimulus delivery that oc-
curred before the significant odor-evoked activity (Fig. 3B). Neu-
rons in GC are known to respond to tactile stimulation of the
mouth and tongue (Yamamoto et al., 1981; Wang and Ogawa,
2002), and previous experiments using uncued intraoral tastant
deliveries showed that early taste-evoked activity (�0 –200 ms) in
GC reflects a somatosensory component (Katz et al., 2001; Samu-
elsen et al., 2013). Therefore, the early sharp activity evoked by
intraoral odorant delivery in bimodal neurons may, in part, be
due to physical stimulation of the oral cavity. This early somato-
sensory component was not represented in the unimodal odor-
only population. Together, our data show that odor-evoked
activity in GC depends on olfaction and suggests that bimodal GC
neurons, which are responsive to both retronasally sampled
odorants and tastes, may play an important role in the perception
of flavor.

Chemosensory multimodality in GC
Electrophysiological recordings have shown that neurons in GC
not only encode gustatory stimuli but also process thermal
(Kadohisa et al., 2005), visceral (Hanamori et al., 1998), visual
(Ifuku et al., 2006; Vincis and Fontanini, 2016), somatosensory
(Verhagen et al., 2005; Vincis and Fontanini, 2016), auditory
signals (Samuelsen et al., 2012; Gardner and Fontanini, 2014;
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Kusumoto-Yoshida et al., 2015), and orthonasally delivered
odors (Vincis and Fontanini, 2016). These multimodal responses
are thought to result from anatomical connections between GC
and other cortical, thalamic, and limbic areas (Allen et al., 1991;
Shi and Cassell, 1998; Haley et al., 2016). Particularly relevant to
our findings of intraoral odorant responses is the interconnectiv-
ity between GC and regions of the olfactory sensory pathway: the
main olfactory bulb (Shipley and Geinisman, 1984) and piriform
cortex (PIR) (Saper, 1982; Johnson et al., 2000). The fast latency
of GC odor-evoked responses following exhalation in unimodal
odor-only neurons suggests that responses to intraoral odorants
may result from direct sensory input. Although electrical stimu-
lation of the main olfactory bulb activates neurons in GC (Cinelli
et al., 1987), little is understood about this bulbar projection.
Another likely source of olfactory sensory input to GC is via PIR,
an area with strong reciprocal connections to main olfactory bulb
and GC (Haberly and Price, 1978). Recently, studies have found
that PIR neurons encode gustatory signals (Maier et al., 2012)
and optogenetic suppression of GC modulates PIR odor-evoked
responses while disrupting olfactory-dependent behavior (Maier
et al., 2015). These findings suggest that sensory encoding of the
components of flavor may result from a coordinated relationship
between primary chemosensory cortical areas.

Higher-order cortical, thalamic, or limbic areas may also con-
tribute to GC multimodal responses to odorants. The basolateral
amygdala, OFC, and mediodorsal thalamus have been proposed
to be involved in integrating gustatory and olfactory signals to
form the percept of flavor (Small, 2012). The basolateral
amygdala, reciprocally connected to both GC and PIR (Allen et
al., 1991; Johnson et al., 2000), processes the psychological as-
pects of taste (Piette et al., 2012; Samuelsen et al., 2012) and has
been proposed as the likely driver of gustatory activity in PIR
(Maier et al., 2012). Human neuroimaging (De Araujo et al.,
2003; Small et al., 2004) and single-unit recordings in nonhuman
primates (Rolls and Baylis, 1994) have shown gustatory and ol-
factory interactions in OFC. The mediodorsal thalamus receives
olfactory information from PIR (Plailly et al., 2008), is recipro-
cally connected to GC, basolateral amygdale, and OFC (Krettek
and Price, 1977; Ray and Price, 1992), and humans with medi-
odorsal thalamus lesions report lower hedonic ratings for expe-
rienced odorants and flavors (Rousseaux et al., 1996; Asai et al.,
2008; Sela et al., 2009; Tham et al., 2011). The interaction between
these higher-order areas and primary sensory cortices could
modulate the response to odorants in GC, particularly in the case
of palatability coding, bimodal neurons identified in this study.

Modality-dependent differences in taste processing
A comparison of taste coding between taste-only and bimodal
neurons revealed several differences. In both groups, the majority
of neurons encoded more than one taste quality. However, sig-
nificantly more unimodal taste-only neurons (�25%) encoded a
single taste quality compared with bimodal neurons (�9%).
Analysis of the time course of tuning found that, 1 s after taste
delivery, more unimodal neurons encoded single tastants than
multiple tastants, a behavior consistent with previous reports
(Samuelsen et al., 2013). This progressive narrowing of tuning
poststimulus delivery was not observed for bimodal neurons. An
even more striking difference was observed with palatability cod-
ing, where bimodal neurons encoded palatability significantly
better than unimodal neurons. Bimodal neurons were not the
only ones capable of encoding palatability; however, a signifi-
cantly larger proportion of bimodal neurons coded for palatabil-

ity relative to taste-only neurons. Bimodal neurons also showed a
bias toward palatable tastants, with prolonged responses to su-
crose and NaCl and comparatively shorter responses to citric acid
and quinine. Odorants dissolved in water evoked patterns of ac-
tivity more similar to palatable tastants than aversive tastants in
the population of bimodal neurons. This result led to the predic-
tion that rats would perceive the water solutions of isoamyl
acetate and benzaldehyde as palatable or at least not aversive, in
our experimental conditions. Indeed, this prediction was con-
firmed by a brief access task that found rats lick for these odorants
as much as they lick for water or palatable tastants, and signifi-
cantly more than they lick for aversive tastants. Our results sug-
gest that the two groups of taste-selective neurons participate in
different facets of taste processing. Where unimodal taste-only
neurons may primarily encode taste quality, bimodal neurons
may engage in coding palatability, playing a role in the “flavor
network” (Small and Green, 2012) by linking odorants to taste
qualities.

Why is odorized water palatable? A parsimonious explanation
might attribute palatability exclusively to the presence of water.
The palatability of water to thirsty rats may be enough to make
odorized water palatable and drive its consumption. This consid-
eration implies that the odors themselves, isoamyl acetate and
benzaldehyde, are not inherently aversive. It is also possible that
the palatability-related activity observed for isoamyl acetate and
benzaldehyde may be the result of experience and derive from
pairing the odors with water for multiple days (Gautam and Ver-
hagen, 2010). According to this model, water-odor pairings in
thirsty rats could lead odors to acquire the palatability of water. In
this regard, odors could become palatable themselves and syner-
gize with water in promoting consumption. Our data showing
that odorants dissolved in water evoke activity similar to sucrose
and NaCl, but different from water alone, is consistent with this
possibility. However, these results do not rule out the importance
of water in driving palatability. Of course, more experiments will
be necessary to ultimately address this important point.

Whether responses to odorants and tastant are hard wired or
the result of learning remains an open question. Given the evi-
dence of cross-modal plasticity in GC (Gardner and Fontanini,
2014; Vincis and Fontanini, 2016), it is highly likely that pairing
odorants with tastants may increase the pool of neurons respond-
ing to both modalities. Hence, learning is likely to play a central
role in shaping taste-odor convergence, as well as palatability
coding.

To investigate the basic chemosensory properties of GC neu-
rons, we intentionally presented tastants and odorants separately;
we did not present taste-odor mixtures. Human neuroimaging
and psychophysical experiments have found both superadditive
(Small et al., 2004; Burseg et al., 2010) and mixture suppression
effects (Stevenson et al., 1999) to taste-odor mixtures. Although
we identified taste processing differences in unimodal and bi-
modal neurons in GC, it remains to be determined how chemo-
responsive neurons in GC represent taste-odor mixtures.

In conclusion, our findings demonstrate that neurons in GC
integrate gustatory and olfactory sensory signals from the mouth
and identify different neuronal subgroups that may perform dis-
tinct functions in the flavor network. These findings represent the
foundation for a variety of new research directions aimed at in-
vestigating multisensory processing, particularly exploring the
role of GC multimodality in processing flavor.
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