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Touch and temperature are recognized as important factors in food perception, but much remains to be
learned about how they contribute to the perception of flavor. The present paper describes human psycho-
physical studies that investigated two recently discovered effects of temperature and mechanical stimulation
on taste: (1) enhancement of the savory taste of MSG by active tongue and mouth movements, and (2) modu-
lation of the rate of adaptation to sucrose sweetness by temperature. The first study provides evidence that for
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Taste kinesthesis. The second study shows that the rate of adaptation to sucrose sweetness (but not quinine bitterness)

Temperature on the tongue tip is strongly influenced by temperature. It is hypothesized that warming slows adaptation to
Touch sucrose by increasing the sensitivity of an early stage of taste transduction. Together these results demonstrate
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that models of flavor perception must include somatosensory stimuli both as components of flavor perception

and as modulators of taste.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Flavors are most often described in terms of the qualities of taste
and smell that uniquely define specific foods. But flavor also comprises
the chemesthetic, thermal, and tactile qualities that impart the feel of
foods and beverages, which can be equally important determinants of
their identity, liking, and consumption. For example, cooling mints, car-
bonated beverages, and hot peppers are all defined by their chemesthetic
qualities, and the temperature and texture of foods like ice cream and
peanut butter are essential to their flavor identities.

In addition, somatosensory stimuli have the potential to influence
taste and modify flavor by direct effects on the gustatory system. Elec-
trophysiological evidence that temperature and mechanical stimulation
can modulate activity in the taste pathway has been available for de-
cades. Early studies of the effect of temperature on the sensitivity of
the chorda tympani nerve in rats and cats showed that the response to
most taste stimuli is higher at moderate temperatures (between 20
and 35 °C) than at colder or warmer temperatures [1,2], and later stud-
ies supported these findings but also showed that the effect of tempera-
ture varies depending upon neuron type and adapting temperature
[3,4]. Studies of individual gustatory nerve fibers and central neurons
have also demonstrated a high degree of mechanical as well as thermal
sensitivity. In at least one species (cat), 82% of gustatory units have been
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reported to respond to mechanical stimulation and 36% to temperature
[5]. In addition, an early study of the whole-nerve response of the
human chorda tympani demonstrated a high sensitivity to both thermal
and tactile stimuli [6].

But how these basic neural effects influence human gustatory per-
ception has rarely been studied. A few investigations of the effect of
temperature on taste thresholds confirmed that temperature matters,
but they did not consistently find the u-shaped function evident in the
early animal data [7,8]. Suprathreshold studies of taste perception have
shown some reductions in taste intensity at cold temperatures, but
only for relatively weak stimuli, and consistently only for sucrose sweet-
ness [9-12]. Although a perceptual correlate of the excitatory effects of
temperature on the human chorda tympani nerve has been reported in
psychophysical studies (Thermal Taste) [13-15], evidence of an excitato-
ry effect of mechanical stimulation is less clear [13]. Specifically, Cruz and
Green [15] discovered that dynamic local heating of the cooled tongue can
stimulate sweetness, whereas cooling the tongue to ~15 °Cor ~10 °C can
evoke sourness or saltiness. However, for reasons that are still unclear
[13-15], thermal tastes are not perceived by everyone. The evidence
that touch can stimulate sensations of taste is essentially anecdotal: 2
of 4 subjects in a preliminary study of electrical stimulation of taste pa-
pillae reported experiencing tastes when papillae were touched by
plastic or wire probes when no current was applied [ 16]. A much clearer
and potentially functionally important interaction between taste and
touch—but one that does not appear to arise from mechanical stimula-
tion of the taste nerves—is the ability of touch to “capture” taste and
cause it to be “referred” to the location of tactile stimulation [17-19].
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It has been proposed that together with referral of retronasal odors to the
mouth by taste [20], referral of taste to touch helps to fuse chemosensory
and somatosensory stimuli into coherent perceptions of flavor
[17,18,21].

The present paper reports two newly discovered effects of somato-
sensory stimulation on taste that also have the potential to affect flavor
perception. The first, an enhancement of the taste of MSG (umami, or
savory taste) produced by active tongue movements, suggests that
there is a selective effect of mechanical and/or kinesthetic stimulation
on the savory component of flavor. The second, a difference in amount
of measured adaptation across stimulus temperatures, implies that the
primary effect of temperature on the ability to taste sucrose (and perhaps
other taste stimuli) is to modulate the rate of adaptation—and even coun-
teract its affects—rather than to alter sweet taste sensitivity per se.

2. Study 1: active vs. passive tasting

The perception of foods in the mouth is an active process in which
stimuli are acquired rather than passively received, and it has been
proposed by Gibson [22] that the act of tasting is essential for normal
taste perception. While this view can be appreciated in general terms
as recognizing the role of voluntary motor actions in sensory percep-
tion, no clear experimental evidence has been presented that demon-
strates a perceptual advantage for “active tasting” over passive
receipt of taste stimulation. We therefore set out to conduct a simple
experiment in which stimuli that evoke sweet, salty or savory tastes
would be either passively received or actively tasted. After a signifi-
cant advantage of active tasting was found for the savory taste of
MSG, a second experiment was run to rule out the possibility that
the advantage was due to spread of MSG to more sensitive taste
areas in the back of the mouth.

2.1. Experiment 1: the effect of tongue-palate contact on taste intensity

During normal eating and drinking the tongue is constantly in mo-
tion, creating opportunities during chewing and swallowing for taste
buds to come in contact with the chemical stimulus. In addition to
spreading the stimulus throughout the mouth and increasing sensation
via spatial summation, this active process may also optimize delivery of
taste stimuli into taste pores. Tasting, chewing and swallowing also gen-
erate efferent motor signals and correlated tactile feedback from the
touched oral surface (reafference). While the former effects may lead
to greater chemical stimulation of taste receptors, the latter might help
differentiate chemical from mechanical stimulation of the gustatory
nerves by inhibiting the tactile input and improving the signal-to-noise
ratio [23-25]. With the exception of a study on the effect of mouth move-
ments on taste adaptation [26], we could find no studies that investigated
a possible advantage of active over passive tasting. We therefore designed
an experiment to compare these two modes of tasting for different
stimuli perceived on different gustatory fields of the tongue and palate.

2.2. Method

2.2.1. Subjects

24 adults (18 females, 6 males) under the age of 45 were recruited
by fliers posted on the Yale University Medical School and College
campuses. All were self-reported to be in good health, to have no taste
or smell disorders, and had no oral or lingual body piercings. Each per-
son gave informed consent and was paid for their participation in the
experiment.

2.2.2. Stimuli

The stimuli were aqueous solutions of 0.32 M sucrose, 0.32 M
Nacl, and 180 mM MSG. The stimuli were prepared weekly and kept re-
frigerated between testing sessions. Stimulus application of the room-
temperature solutions was via saturated Q-tip swabs.

2.2.3. Procedure

Before data collection began, all subjects were given instruction
and practice in the use of the general version [27] of the Labeled Mag-
nitude Scale (gLMS) [28,29], which was used to quantify taste sensa-
tions. To become comfortable with the concept and use of the scale
subjects first rated the intensity of 15 common sensations (e.g., the
sweetness of cotton candy; the tingling from a carbonated beverage)
which they were asked to imagine. Subjects were then given practice
rating the intensity of a variety of taste stimuli applied to the tongue
tip. Finally, experience was given with the taste of monosodium glu-
tamate (MSG), which most subjects had never tasted by themselves.
Samples of 180 mM MSG were applied to the front and back of the
tongue, with the resulting sensation described to subjects as “savory”.

The test stimuli were applied to four oral surfaces: the tongue tip
(TT), the hard palate (HP; the alveolar ridge), the circumvallate region
(CV), and the soft palate (SP). On some trials stimulus was applied to
only one of these surfaces and on others it was applied to two opposing
surfaces: the tongue tip and hard palate (TT 4+ HP), or the circumvallate
region and soft palate (CV 4+ SP). When applied to opposing surfaces,
the stimuli were swabbed onto opposite sides of the midline to allow
the stimulus to contact unstimulated areas of the opposing surfaces
during active tasting, thus providing an opportunity for spatial summa-
tion to occur. When the stimulus was applied to opposing surfaces the
experimenter swabbed one site immediately after the other with a
second fresh swab. Subjects were instructed to rate the intensity of
sweet, sour, salty, bitter and savory tastes either (1) immediately after
stimulus application with the tongue immobile (Passive Tasting), or
(2) after touching the tongue to the roof of the mouth and swallowing
once (Active Tasting). Subjects rinsed at least twice between each stimu-
lus with 37 °C deionized water. Six pseudorandom orders of stimulus ap-
plications were created in which the Active and Passive Tasting conditions
were intermixed across trials. The order of testing was counterbalanced
across subjects, and replicate ratings for each condition and stimulus
were collected over 3 sessions.

2.3. Results and discussion

Fig. 1 summarizes the main results of the first experiment: the log-
mean intensity ratings of the primary taste quality for each of the 3 stim-
uli under conditions of passive (gray bars) and active (black bars) tasting.
The data for stimulus application to the HP alone were omitted from the
analysis because taste responses there were nil, which skewed statistical
calculations that included application site as a factor. It can be seen at a
glance that mode of tasting had the greatest effect on the savory taste
of MSG (middle graph). For every oral site and combination of sites the
mean savory rating was higher for active tasting than for passive tasting
[repeated-measures ANOVA, main effect of condition; F(1,23) =36.96,
p<0.0001]. However, this effect was not consistent across sites; there
was a significant site x condition interaction [F(4,92) =2.85, p<0.028],
and Tukey HSD tests showed that the differences reached statistical sig-
nificance (p<0.05) only for the TT + HP, the SP, and the CV + SP. The dif-
ference between modes of tasting was most striking for the TT + HP,
where the difference in mean ratings reached 0.58 log;o, meaning that
on those test sites savory taste was rated 3.8 times stronger during active
tasting than during passive tasting. This magnitude of increase is more
than would be predicted by merely adding the same amount of MSG to
the contralateral side of the tongue (i.e., doubling stimulus area), which
is what occurred when the tongue was touched against the hard palate.
Spatial summation would maximally predict a doubling of perceived in-
tensity (0.3 logo), not the near quadrupling of intensity observed. Such
a large increase in perceived intensity suggests that active tasting may
have enhanced the perception of MSG by a second mechanism in addi-
tion to spatial summation.

Surprisingly, mode of tasting had no effect on ratings of sucrose
sweetness [F(1,23) =1.63, p=0.22], and although there was a main ef-
fect of condition for NaCl saltiness [F(1,23) =12.66, p<0.005], ratings
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Fig. 1. Log-mean intensity ratings for the dominant taste quality of each of the three
stimuli tested in Experiment 1 in the passive tasting (gray bars) and active tasting
(black bars) conditions. Application sites: TT = tongue tip; HP = hard palate; CV = cir-
cumvallate papillae; SP = soft palate. Letters on the right Y-axis refer to intensity
descriptors on the gLMS: BD = barely detectable; W = weak; M = moderate; S = strong.
Vertical bars = SEMs (* denotes a significant difference).

were not significantly higher during active tasting on any of the individ-
ual test sites. These results imply that spatial summation was weak or
absent for both of these tastes. Also supporting this conclusion is the
fact that perceived intensity was not significantly higher in either con-
dition when the stimulus was applied to 2 sites rather than 1. When 2
sites were stimulated, sweetness and saltiness were not significantly
higher than for the more sensitive of the 2 sites (Tukey HSD, p>0.05).
In contrast, when MSG was the stimulus, in both instances stimulating
2 sites together produced significantly higher savory ratings than did
stimulating the most sensitive of the 2 sites alone (Tukey HSD, p<0.05).

The absent or meager spatial summation for NaCl and sucrose con-
flicts with prior evidence of spatial summation of suprathreshold taste
[30,31]. However, in the present study spatial summation would have

to occur between gustatory nerves (TT = chorda tympani; CV =
glossopharyngeal; SP = greater superficial petrosal) and across the
midline of the tongue within gustatory nerves. Previous studies that
measured suprathreshold spatial summation of taste did so by increas-
ing stimulus area across the midline of the tongue [30,31], which creat-
ed the opportunity for spatial summation to occur ipsilaterally. Spatial
summation produced by adding a contralateral stimulus appears to
have been measured only at threshold, where a small advantage for
bilateral stimulation was attributed to probability summation rather
than to spatial summation per se [32]. The present study appears to
be the first to measure suprathreshold spatial summation across the
midline and across gustatory nerves, and the results suggest that sum-
mation is far more robust for savory taste than for sweetness or saltiness.

Also noteworthy is the front-to-back gradient in responsiveness to
MSG, with perception being stronger in the back of the mouth [33], par-
ticularly when the stimulus is passively received. The sucrose and NaCl
stimuli produced similar taste intensity ratings on the tongue tip while
MSG evoked ratings that were at least half a log-unit lower. In contrast,
aided by the enhancement produced by actively tasting, MSG produced
taste intensities on the CV and SP that were comparable to those pro-
duced by sucrose but stronger than those produced by NaCl. Indeed,
one of the striking impressions of Fig. 1 is the lesser responses to NaCl
on the posterior test sites compared to sucrose and MSG.

2.4. Experiment 2: spatial summation and stimulus spread as factors in
active tasting

Because in Experiment 1 the back of the mouth was so much more
sensitive to MSG than the front of the mouth, it was possible that the
enhancement of savory taste during active tasting resulted in part from
MSG spreading rearward to more sensitive sites as subjects swallowed.
While this explanation seems less likely to account for the significant ef-
fect of active tasting in the CV and SP regions, it was possible that it
could account for some of the dramatic enhancement produced by ac-
tive tasting when the stimulus was applied to the TT + HP. In the pre-
sent experiment this potential confound was eliminated by instructing
subjects to make a mouth movement that would tend to push the
taste stimulus forward rather than backward. In addition, we explored
whether the larger effect of active tasting on MSG taste at the tongue
tip might have been partially due to its very weak perception there.
Testing was also extended to sour and bitter stimuli to determine to
what extent active tasting might enhance the sensitivity to those tastes
as well.

2.5. Method

2.5.1. Subjects

A total of 27 subjects (20 females and 7 males) were recruited for
this experiment in the same manner and with the same restrictions as
Experiment 1. Two subjects were omitted from the final analysis after
it was determined they had not reported savory taste from the lowest
concentration of MSG under either mode of tasting. Each person gave
informed consent and was paid for their participation.

2.5.2. Stimuli

Five taste stimuli were tested in 2 aqueous concentrations each:
sucrose (0.56 M and 0.18 M), MSG (250 mM and 80 mM), NaCl (0.56 M
and 0.18 M), citric acid (56 mM and 18 mM), and QSO4 (0.32 mM and
0.1 mM). Application was again via cotton swab.

2.5.3. Procedure

Subjects again used the gLMS to make intensity ratings, this time of
sweetness, sourness, saltiness, bitterness, savory, and burning/stinging.
Burning/stinging was added because for some subjects the higher con-
centration of citric acid was perceived to produce one or more of these
sensations in addition to sourness. Subjects were instructed to base
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their ratings on sensations experienced (1) as the stimulus was being
applied to the tongue tip via the cotton swab (Stimulus Application);
(2) 3 s after the stimulus had been applied and the tongue was retracted
into the mouth without touching the palate (Passive Tasting), and
(3) during articulation of the words “taste-taste-taste” (Active Tast-
ing). Of primary interest was the difference between ratings made
under conditions (2) and (3), which tested the hypothesis that motor
movements of the tongue against the hard palate would significantly
enhance the savory taste of MSG but not other tastes. This mode of
motor movement was chosen because articulation of the plosive conso-
nant “t” and the fricative consonant “s” requires the tongue tip to touch
the hard palate just behind the front teeth (the alveolar ridge) while air
is being expelled from the mouth, thus working against any tendency
for the stimulus to spread toward the back of the mouth. Condition
(1) was included as a control for the effect of passive mechanical stim-
ulation versus voluntary movement of the tongue tip against another
oral surface. Subjects were instructed not to swallow in any of the rating
conditions. An experimental session comprised 30 stimuli partitioned
into blocks of 10 with 5-min rest periods in between. Subjects again
rinsed at least twice between trials with 37 °C deionized water.

2.6. Results and discussion

Fig. 2 compares the results for active and passive tasting for the high
and low concentrations of each of the 5 stimuli. Consistent with the re-
sults of Experiment 1, active tongue and mouth movements significant-
ly enhanced the savory taste of MSG but no other stimulus, including
citric acid and QSO,. These data confirm that the advantage gained by
touching the tongue to the hard palate was not an artifact of stimulus
movement to more sensitive gustatory surfaces. Moreover, because
the solutions were applied only to the tongue tip and not to the hard
palate, the enhancement cannot be attributed solely to spatial summa-
tion. The data also show that the large effect on MSG's savory taste on
the tongue tip in Experiment 1 was not due to its relatively weak inten-
sity; there was a trend toward enhancement at the lower concentration
(80 mM) which only became significant (Tukey HSD, p<0.05) at the
higher concentration (250 mM). Finally, the same pattern of results
held for ratings of savory taste experienced at the time of stimulus ap-
plication (with the cotton swab) versus during active tasting, with savo-
ry ratings being significantly higher during active tasting, but again only

[ Passive Tasting
Il Active Tasting (Articulation)

for the higher of the two concentrations (Tukey HSD, p >0.05; data not
shown). The latter finding indicates that mere mechanical stimulation
cannot account for the enhancement of MSG taste during articulation.
The same “control” condition was present throughout Experiment 1
as well, since mechanical stimulation was always produced as the stim-
uli were swabbed onto the gustatory areas.

Together these two experiments point to a unique effect of
voluntarily-produced tongue movements on the perception of savory
taste. The mechanisms responsible for the effect are unclear. In Experi-
ment 1 it is possible that some of the advantage came from pressing
the tongue against the palate, which may have heightened spatial sum-
mation by helping to integrate or fuse the taste stimulation on the two
surfaces into a single sensation. That is, when the tongue is pressed
against the palate the taste sensations evoked from the opposing sur-
faces are no longer perceived as spatially separate, but instead appear
to arise from a common stimulus. Alternatively, the advantage may de-
rive from a central interaction between the tactile/kinesthetic system
and mechanical stimulation produced in the afferent pathway sensitive
to MSG (i.e., a form of reafference may occur). Studies of the mechanical
sensitivity of the TASTR1-TAS1R3 heterodimer that mediates glutamate
taste [34,35] and its associated transduction cascade could establish
whether the tactile information comes at least in part from the mechan-
ical sensitivity of the gustatory system or only from mechanoreceptors in
the trigeminal system. In addition, studies that search for convergence of
stimulation from MSG and mechanical stimulation on central “gustatory”
neurons [36-38] might reveal the nature of any interactions between
tactile stimulation and savory taste.

With respect to Gibson's overarching concept of tasting as an active
process, the present results do demonstrate that taste perception cannot
be fully understood by studying chemosensitivity alone. On the other
hand, the absence of a consistent effect of tongue and mouth movements
on all tastes indicates that the most significant effects of active tasting are
likely to be related to the temporal and spatial unfolding of flavor as
foods are taken into the mouth, chewed, and swallowed [e.g. 39,40]. It
is interesting to consider whether the selective effect of mouth move-
ments on savory taste and the greater sensitivity to MSG toward the
back of the mouth may be linked to mastication. The release of both un-
bound and bound glutamates from solid foods such as meats and vegeta-
bles is undoubtedly greatest as the foods are crushed and ground by the
molar teeth.
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Fig. 2. Log-mean intensity ratings for the dominant taste quality produced by 2 different concentrations of each of the 5 taste stimuli of Experiment 2 when the taste was passively
received (gray bars) or actively perceived by articulating “taste-taste-taste” (black bars). Letters on the right Y-axis refer to intensity descriptors on the gLMS: BD = barely detectable;

W = weak; M = moderate. Vertical bars = SEMs (* denotes a significant difference).
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3. Study 2: the effect of solution temperature on taste adaptation
to sucrose

The motivation for this study grew out of a phenomenon that we
first interpreted as possible evidence of another effect of mechanical
stimulation on taste. During preliminary investigations of a potential
role of tactile stimulation in the referral of retronasal olfaction to the
mouth, we noticed that licking hard candy (a lollipop) outside the
mouth failed to evoke a distinct sweet taste, whereas sweetness rapidly
bloomed when the tongue was retracted back into the mouth. Prelimi-
nary testing with aqueous sucrose indicated that the difficulty in per-
ceiving sweetness with only the tongue tip was not unique to licking
hard candy: dipping the tongue into a room-temperature sucrose solu-
tion also gave only a weak and fleeting sweetness. This observation led
us to conduct a formal test to quantify the phenomenon and test the
hypothesis that differences in temperature between the two sampling
conditions resulted in different rates of sweetness adaptation.

3.1. Experiment 1: adaptation to sucrose outside vs. inside the mouth

The objective of this experiment was to measure sweetness intensi-
ty and adaptation when the tongue tip is immersed and kept motionless
in a sucrose solution compared to when a small volume of the solution
is sipped and held in the front of the mouth. After pilot tests indicated
that the bitterness of QSO,4 did not adapt as much outside the mouth
as did the sweetness of sucrose, it was also included as a test stimulus
to determine whether adaptation to bitterness and sweetness differs
when sampled by the tongue tip outside versus inside the mouth.

3.2. Method

3.2.1. Subjects

A total of 35 subjects (18 females and 17 males) were recruited for
this experiment in the same manner and with the same restrictions as
in Study 1.

3.2.2. Stimuli

Three different adapting stimuli were used: 0.42 M sucrose, 0.18 mM
QS04 and deionized H,0 as a control. The test stimuli were 2 concentra-
tions each of sucrose (042 M and 0.75 M) and QSO4 (0.18 mM and
0.32 mM). The higher concentration of each stimulus was included to
provide subjects with a wider range of taste sensations than the adapting
stimuli alone, and to present stimuli that would be unlikely to adapt sig-
nificantly after exposure to the weaker solutions. This strategy prevented
subjects from anticipating the same or similar taste intensity on every
trial. Because adaptation is significant only when the adapting stimulus
is equal to or stronger than the post-test stimulus, the data for the higher
concentrations of sucrose and QSO4 were not included in the analysis.
The solutions were kept at room temperature (~21 °C) prior to delivery.

3.2.3. Practice session

Prior to data collection all subjects attended a practice session in
which they were instructed in how to use the general version of the
Labeled Magnitude Scale [27, gLMS; 28,29]. The session had 3 parts,
each designed to give subjects experience rating the intensity of dif-
ferent types of sensations. After being introduced to the important fea-
tures of the scale, subjects rated a list of 15 remembered or imagined
sensations (e.g., the sweetness of cotton candy, the burn of cinnamon
gum) then practiced rating the intensity of actual stimuli of various
kinds (e.g., “The cold sensation from a penny placed on the wrist”).
Next, subjects practiced rating the individual taste qualities by sampling
10 stimuli: 0.42 M sucrose, 0.32 M NaCl, 18 mM citric acid, 29 mM MSG,
and 0.18 mM QSO4, and 4 binary mixtures of these stimuli (sucrose +
QS0y, citric acid + NaCl, NaCl 4+ QSQ4, and NaCl + MSG). For each stimu-
lus subjects rated sweetness, saltiness, sourness, bitterness and savori-
ness on the gLMS.

3.2.4. Experimental procedure

Subjects again used the gLMS to make intensity ratings, this time of
sweetness or bitterness only. Omission of the other taste qualities simpli-
fied the rating task with the objective of speeding the subjects’ response,
which if too slow could influence measured amounts of adaptation.

Subjects experienced the stimuli in two ways: by dipping the tongue
tip into approximately 6 mL of solution pipetted into a 41 mm x 41 mm x
8 mm polystyrene weigh boat (Fisher Scientific, Pittsburgh, PA) (Tongue
Dip condition) or by sipping 5 mL of the solution into the mouth (Sip &
Spit condition). The adaptation procedure required the subject to keep
her or his tongue tip dipped into a solution or held in the mouth for 3,
10 or 20 s before sampling a post-test solution. In the Tongue Dip condi-
tion the stimuli were presented on a wire rack in 2 adjacent weigh boats.
The left weigh boat served as the adapting solution (0.42 M sucrose,
0.18 mM QSO,, or dH,0) and the right weigh boat contained the post-
test sucrose or QSO,4 solution. The post-test solution was sampled by
lifting the tongue tip from the left weigh boat and immediately dipping
the tongue into the right weigh boat. In the Sip & Spit condition the
adapting stimulus was expectorated and the post-test stimulus was im-
mediately sipped. In both conditions the post-test stimulus was sampled
for 3 s, after which the experimenter instructed the subjects to either lift
the tongue from the solution or expectorate the solution, then immedi-
ately rate the intensity of sweetness or bitterness experienced just prior
to expectorating or lifting the tongue. As subjects made their ratings the
tongue was kept outside the mouth in the Tongue Dip condition or im-
mobile inside the mouth in the Sip & Spit condition. No ratings of the
adapting stimulus were obtained. This procedure therefore provided an
independent measure of the taste intensity of a “fresh” stimulus sample
after exposure to an adapting stimulus for a controlled period of time. A
deionized H,0 control was used to obtain ratings of the perceived inten-
sities of the test stimuli without prior exposure to an adapting taste stim-
ulus. This was done by either sipping or dipping the tongue into the
deionized H,O for 3 s before sampling the post-test solution. The
adapting and test stimuli were presented in 4 different pseudorandom
sequences (21 stimuli each) with sucrose and QSO, trials intermixed.
Subjects rinsed at least 3 times with 37 °C deionized water between trials.
Each subject served in both conditions in separate testing sessions. The
order in which the conditions were tested was counterbalanced across
subjects.

3.3. Results and discussion

Fig. 3 contains log-mean sweetness and bitterness ratings for su-
crose and QSO,4 over time for the 2 conditions of the experiment. To
highlight the similarities and differences in adaptation for the two stim-
uli, a constant was added to the data from the Tongue Dip condition to
equalize the means in the unadapted state (i.e., H,O only; duration of ex-
posure =0). The most striking finding was that sucrose sweetness
adapted to a much greater degree in the Tongue Dip condition than in
the Sip & Spit condition (conditionx time interaction; F5 0, =5.90,
p<0.001). There was no interaction between condition and time for
QS0 bitterness (Fs 10, =0.28, p=0.84), which adapted at nearly iden-
tical rates in both conditions. The rate and degree of adaptation of su-
crose sweetness when the stimulus was sipped and expectorated were
very similar to the amount of adaptation found for QSOy, regardless of
condition.

The first explanation we considered for the greater adaptation to
sweetness in the Tongue Dip condition was that spreading sucrose over
larger areas of the tongue may have counteracted adaptation in the Sip
& Spit condition. However, it was difficult to explain why restricting the
stimulus to the tongue tip would increase adaptation for sweetness
but not for bitterness. Another difference between conditions is that
outside the mouth the tongue tip cools as it is immersed in a room-
temperature solution whereas in the Sip & Spit condition the solution
begins to warm-up quickly once inside the mouth. This suggested that
adaptation to sucrose sweetness might be modulated by temperature.
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A quick test with room temperature vs. 37 °C aqueous solutions
supported this possibility: Sucrose sweetness was fleeting when the
tongue was dipped into the 21 °C solution but persisted when dipped
into the 37 °C solution.

3.4. Experiment 2: adaptation to sucrose sweetness at 21 versus 37 °C

We therefore set out to measure sweetness intensity over time in
the Tongue Dip condition for room-temperature and mouth tempera-
ture solutions. However, as we began testing we realized that simply
comparing sweetness adaptation at room and mouth temperature
does not mimic the pattern of temperature change that occurs when
the tongue is removed from the cool adapting solution and retracted
back into the mouth. Under those circumstances the tongue begins to
re-warm as exposure to the sucrose that is still coating the tongue con-
tinues. Thus we hypothesized that warming the tongue counteracts or
reverses sweetness adaptation that occurs in a cool solution. To test
this hypothesis we designed an experiment in which subjects dipped
the tongue tip into either room-temperature or warm sucrose solutions
for varying durations and then immediately dipped the tongue into an-
other sucrose solution having either the same or different temperature.

3.5. Method

3.5.1. Subjects

A total of 26 subjects (18 females and 8 males) between 18 and
45 years of age were recruited from public postings on the Yale University
Medical School and Yale College campuses as for the prior experiments.
Each person gave informed consent and was paid for their participation.

3.5.2. Stimuli

The adapting and test stimuli were aqueous solutions of 0.42 M su-
crose prepared with deionized water. Deionized H,0 was again used
as a control condition to measure the sweetness of the sucrose solution
prior to exposure to the adapting solution. During testing the solutions
were kept in glass jars in circulated constant temperature baths that
were set to room temperature (~21 °C) or 37 °C. The stimuli were sam-
pled in the same square weigh boats that were used in The Tongue Dip
condition of Experiment 1. The stimulus was prepared daily in 250-mL
aliquots and stored in airtight flasks.

3.5.3. Practice session
Subjects who were new to the study participated in the practice
session described above.

3.5.4. Experimental sessions

Tasting was conducted using only the Tongue Dip procedure. Dur-
ing the test session subjects sampled a total of 20 pairs of stimuli in a
pseudorandom order and rated their perceived sweetness using the
gLMS. Subjects were informed to attend carefully to the sweetness of
the solutions and that on some trials there might be no taste at all. The
stimuli were presented on a wire rack in 2 adjacent weigh boats. As in
Experiment 1, the left weigh boat contained the adapting solution
(0.42 M sucrose) or dH,0 at one of 2 temperatures: 21 or 37 °C. The
weigh boat on the right contained the post-test solution, which was
0.42 M sucrose at either 21 or 37 °C. The adapting and post-test solutions
were not always the same temperature. Subjects were instructed to seal
off the tongue with the lips and to stick the tongue tip into the liquid in
the left weigh boat (adapting solution) for intervals of 3, 7, or 155
timed by the experimenter. At the end of the interval the subject was
instructed to lift the tongue tip from the adapting solution and immedi-
ately dip it into the post-test solution. After 3 s the experimenter signaled
the subject to lift the tongue from the post-test solution and to rate its
sweetness. Importantly, the sweetness rating was made with the
tongue tip still outside the mouth. The difference in perceived sweet-
ness between the pre- and post-test conditions provided the measure
of adaptation. During a 60-s inter-trial interval subjects rinsed with de-
ionized water heated in a circulated water bath to 37 °C to render the
rinses thermally neutral to the mouth.

3.6. Results and discussion

The main results of Experiment 2 are displayed in Fig. 4. In the left
graph are the log-means of the sweetness ratings of the 21 or 37 °C post-
test stimulus after exposure to either H,O for 3 s or to sucrose for 3, 7 or
155, all at 37 °C. The right graph shows the results when the H,0 and
adapting solutions were 21 °C. It is clear that the amount of adaptation
measured depended more strongly on the post-test temperature than
on the adapting temperature: more adaptation was found when the
post-test was 21 °C than when it was 37 °C, regardless of the temperature
of the adapting stimulus. Specifically, after 15 s of exposure sweetness
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was rated to be less than “barely detectable” (dashed line) only when the
post-test stimulus was 21 °C. This effect was confirmed statistically by a
repeated measures ANOVA of the ratings at 15 s, which indicated that
there was a significant main effect of post-test temperature [F(1,25)=
26.8, p<0.0001] but not adapting temperature [F(1,25)=0.87, p=
0.36]. Nor was there an interaction between post-test and adapting
temperature [F(1,25) =3.35, p=0.08].

Separate ANOVAs on the data for the two post-test temperatures
provided additional evidence of the importance of the temperature
of the post-test solution. Although there was a main effect of temper-
ature in the 21 °C post-test condition [F(1,25)=13.2, p<0.005], the
effect was due to overall higher ratings in the 21 °C adapting condition
rather than to a difference in the rate or degree of measured adaptation,
i.e., there was no significant interaction between adapting temperature
and sweetness intensity over time [F(3,75) =1.54, p=0.21]. The re-
verse statistical results were found for the 37 °C post-test condition,
but they also illustrate the importance of the post-test temperature:
There was no main effect of adapting solution temperature [F(1,25) =
0.10, p=0.75], confirming that there was no consistent difference in
sweetness across adapting temperatures. There was, however, a signif-
icant interaction between adapting temperature and time [F(3,75) =
2.80, p<0.05], which was attributable to a trend for sweetness to be
higher for sucrose at 37 °C after 15 s of adaptation to the 21 °C solution
compared to the 37 °C solution. In other words, brief exposure to a
warm post-exposure solution more than offsets the greater adaptation
produced by a 21 °C solution after 15 s (Fig. 4, right). This implies that
warming increases the sensitivity of one or more steps in the transduc-
tion cascade which significantly counteracts adaptation that is ongoing
during exposure to a cool solution.

Another important finding was that solution temperature alone did
not significantly affect initial sucrose sweetness. This is shown by the
fact that for both post-test temperatures, the sweetness of the sucrose
solution did not differ after a 3-s exposure to H,O at either adapting
temperature (Fig. 4, H>O only; Tukey HSD tests, p>0.05). In contrast,
adaptation was already significant for both temperatures after 3-s
exposures to sucrose. This result raises the possibility that the effect of
cold on the sweetness of low concentrations of sucrose reported in
prior studies that used a sip-and-spit procedure [9-11] may have been
due to more rapid and pronounced adaptation to a cool solution rather

than to a reduction in baseline sensitivity to sucrose. The evidence that
re-warming the solution (as normally happens when a cool solution is
sipped) blunts or even reverses the effects of adaptation may also ex-
plain why the effects in previous sip-and-spit experiments were limited
to low concentrations and were greatest when the mouth and tongue
were cooled before the stimulus was sipped [9-11].

4. Summary and conclusions

The experiments described here provide new evidence of additional
ways in which somatosensory stimulation can influence the perception
of taste and flavor. Study 1 revealed a specific enhancing effect of volun-
tary mouth and tongue movements on the savory taste of MSG. The fact
that enhancement was limited to MSG rules out the possibility that the
mechanical sensitivity of the gustatory nerves results in a general am-
plification of taste. In addition, enhancement appeared to result from
two different mechanisms: an increase in spatial summation between
opposing gustatory surfaces and an interaction among gustatory, tactile,
and possibly centrifugal neural signals that amplifies the central neural
response to glutamates. Study 2 uncovered a previously unknown effect
of temperature on adaptation to sucrose sweetness. However, the failure
to find a similar effect for QSO, indicates that temperature does not influ-
ence adaptation to all tastes. In fact, preliminary data recently collected in
our laboratory indicate that adaptation to the artificial sweetener saccha-
rin is as rapid and pronounced at 37 °C as it is at 21 °C. This implies that
temperature alters adaptation to sucrose via a peripheral mechanism
that is not common to all sweet tasting stimuli. Specifically, we hypothe-
size that warming slows adaptation to sucrose sweetness by increasing
the sensitivity of one or more stages of the transduction cascade that
may be unique to sucrose and other sugars. We plan to test this hypoth-
esis by measuring the effect of temperature on adaptation to several
sugars and artificial sweeteners known or believed to bind to the sweet
taste receptor TIR2-T1R3 [41,42]. Of interest will be whether adaptation
is differentially affected by temperature in a way that is broadly consis-
tent with the molecular structures of the stimuli that may determine
how they bind to the TIR2-T1R3 heterodimer [43], or possibly to other
sweet taste transduction pathways [44-46]. Similarly, experiments are
planned with other bitter compounds, including caffeine, whose bitter-
ness was previously shown to be altered by temperature [10]. The effect
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of temperature on taste adaptation may therefore reveal new insights
into the ways molecules interact with taste receptors, or in the case of bit-
ter taste, the temperature sensitivity of different TAS2R receptors.
Taken together these psychophysical results raise new questions
about the neural and molecular mechanisms that underlie interactions
among thermal, mechanical, and gustatory stimuli at both the earliest
stages of sensory transduction and in brain regions where the afferent
pathways that encode these stimuli converge. Such knowledge will be
essential for developing a comprehensive theory of flavor perception
that not only includes somatosensory stimuli as factors, but also de-
scribes and explains how they interact with the chemical senses.
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