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Abstract

This study investigated the effects of temperature on bitter taste in humans. The experiments were 
conducted within the context of current understanding of the neurobiology of bitter taste and recent 
evidence of stimulus-dependent effects of temperature on sweet taste. In the first experiment, 
the bitterness of caffeine and quinine sampled with the tongue tip was assessed at 4 different 
temperatures (10°, 21°, 30°, and 37  °C) following pre-exposure to the same solution or to water 
for 0, 3, or 10 s. The results showed that initial bitterness (0-s pre-exposure) followed an inverted 
U-shaped function of temperature for both stimuli, but the differences across temperature were 
statistically significant only for quinine. Conversely, temperature significantly affected adaptation 
to the bitterness of quinine but not caffeine. A second experiment used the same procedure to 
test 2 additional stimuli, naringin and denatonium benzoate. Temperature significantly affected the 
initial bitterness of both stimuli but had no effect on adaptation to either stimulus. These results 
confirm that like sweet taste, temperature affects bitter taste sensitivity and adaptation in stimulus-
dependent ways. However, the thermal effect on quinine adaptation, which increased with warming, 
was opposite to what had been found previously for adaptation to sweetness. The implications of 
these results are discussed in relation to findings from prior studies of temperature and bitter taste 
in humans and the possible neurobiological mechanisms of gustatory thermal sensitivity.
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Introduction

Multiple lines of evidence indicate that the effects of temperature on 
taste arise primarily from the thermal sensitivity of peripheral neural 
mechanisms: psychophysical studies have revealed differential effects 
of temperature within and between taste modalities (Frankmann 
and Green 1987; Green and Frankmann 1987, 1988; Bajec et  al. 
2012; Green and Nachtigal 2012; Green and Nachtigal 2015); 
electrophysiological studies have shown that the response of the 
chorda tympani nerve can be modulated by temperature (Sato and 
Yamashita 1965; Yamashita et  al. 1970; Nakamura and Kurihara 
1987; Nakamura and Kurihara 1991; Lundy and Contreras 1997; 
Lu et al. 2016); and cellular studies have shown both that the cation 

channel ENaC, which is involved in salt taste transduction, is sensi-
tive to cold (Askwith et al. 2001), and that the nonselective sodium 
channel TRPM5, which is a critical step in the transduction path-
way of G-protein coupled taste receptors (Pérez et al. 2003; Liman 
2007; Zhang et  al. 2007; Huang and Roper 2010), is sensitive to 
heat (Talavera et al. 2005).

The latter study, which found the response of TRPM5 as 
expressed in HEK293 cells varies directly with temperature, is 
germane to the neurobiology of thermal sensitivity in bitter taste. 
Because bitter-tasting compounds activate the T2R family of type C 
G-protein coupled receptors (C-GPCRs) (Chandrashekar et al. 2000; 
Pérez et al. 2003; Behrens and Meyerhof 2006; Meyerhof et al. 2010; 
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Roura et  al. 2015), bitterness would be expected to vary directly 
with temperature and independently of stimulus. Prior psychophysi-
cal and electrophysiological data have not always shown this rela-
tionship. Whereas most human psychophysical studies have found 
that bitter taste is attenuated by colder temperatures (Paulus and 
Reisch 1980; Green and Frankmann 1987; Haraguchi et al. 2011), 
McBurney (1973) found that the detection threshold for quinine fol-
lowed a u-shaped function of temperature with a minimum between 
20° and 30°C, which is in good agreement with the reported effect 
of temperature on the response to quinine of the chorda tympani 
nerve in rodents and cats (Nagaki et al. 1964; Yamashita et al. 1964; 
Yamashita and Sato 1965). However, Moskowitz (1973) found no 
effect of temperature on the psychophysical function for the bitter-
ness of quinine, and most recently, Bajec et al. (2012) reported that 
a cold solution led to slightly but significantly higher peak ratings of 
the bitterness propylthiouracil (PROP).

A primary aim of the present study was to revisit the effect of 
temperature on bitter taste in humans in the context of the TRPM5 
hypothesis and current understanding of hT2R bitter taste receptors 
and their ligands (Kuhn et al. 2004; Pronin et al. 2004; Meyerhof 
et al. 2010). Another aim was to investigate the effect of temperature 
on bitter taste adaptation. Recent studies from this laboratory have 
shown that temperature can affect both the initial taste intensity 
and the rate of taste adaptation in sweet taste (Green and Nachtigal 
2015), whereas it affects only the initial intensity of umami taste 
(Green et al. 2016). Because both sweet and umami taste are medi-
ated by C-GPCRs, these results imply that whereas the TRPM5 
hypothesis of thermal sensitivity of taste may be adequate to explain 
the effect of temperature on umami taste, it cannot explain the dual 
thermal effects on sweet taste. Bitter taste offered another test of the 
hypothesis in human taste and the opportunity to establish whether 
inconsistencies among previous psychophysical studies might depend 
in part on the stimuli that were chosen for testing, and whether tem-
perature effects depend on which hT2R receptors are stimulated.

The study comprised 2 experiments: In experiment 1, we meas-
ured the effects of temperature on initial sensitivity and adaptation 
to the bitterness of caffeine and quinine. These 2 stimuli were chosen 
because a much earlier study from this laboratory found an effect 
of temperature on the bitterness of caffeine (Green and Frankmann 
1987), whereas a more recent study indicated that adaptation to 
the bitterness of quinine was not temperature-sensitive (Green and 
Nachtigal 2012). After these stimuli yielded somewhat different 
results, 2 additional bitter stimuli were tested in experiment 2: dena-
tonium benzoate, which is an agonist of some of the same hT2R 
receptors as caffeine and quinine, and naringin, for which no hT2R 
receptor has so far been identified.

Methods

Experiment 1
Subjects
A total of 43 individuals (24 F and 19 M, 18–45 years of age) were 
recruited using flyers posted around the Yale University campus. 
Thirty-three subjects (18F, 15M) qualified for and completed the 
study. Of the 10 subjects who did not complete the study, 2 failed 
to understand the scale in the training session and did not return, 
7 did not perceive either bitter stimulus in the sensitivity screening 
task (see below), and 1 did not return for the second of 2 testing ses-
sions. The study protocol complies with the Declaration of Helsinki 
for Medical Research involving Human Subjects and was approved 
by the Human Investigations Committee of the Yale University IRB. 

Each subject provided informed consent and was compensated for 
their participation. All subjects were fluent English-speakers, self-
reported healthy nonsmokers who had no known taste or smell 
disorders or deficiencies, were not pregnant, and had no lip, cheek, 
or tongue piercings. Subjects were asked to refrain from eating or 
drinking foods or beverages for at least 1 h prior to their scheduled 
session and to avoid hot/spicy food for 24 h before their session.

Stimuli
The test stimuli were quinine (QHCl) (Acros Organics) and caffeine 
(Sigma-Aldrich), each delivered in 5 concentrations in 1/4 log steps: 
0.01, 0.018, 0.032, 0.056, and 0.10 mM QHCl, and 5.6, 10, 18, 32, 
and 56 mM caffeine. All solutions were prepared weekly in 250 mL 
aliquots with deionized water (dH2O) and stored in airtight 250 mL 
flasks.

Session 1: training, screening, and practice
All recruited subjects attended a practice session to learn to use the 
general version of the Labeled Magnitude Scale (gLMS; Green et al. 
1993; Green et  al. 1996; Bartoshuk et  al. 2003)  to rate sensation 
intensity and to be screened for sensitivity to the test stimuli. A ses-
sion began with the experimenter reading instructions about how to 
use the gLMS, after which subjects were asked to rate the intensities 
of 15 imagined sensations (e.g. the sweetness of milk, pain of biting 
your tongue, weight of a feather in your hand) that were also read to 
them by the experimenter. This procedure enabled the experimenter 
to determine if subjects grasped the concept of the gLMS and were 
using it as instructed (i.e., making their ratings in the context of the 
strongest imaginable sensation of any kind). Subjects were then given 
practice rating actual sensations of various kinds (e.g. the coolness of 
a penny placed in the hand, the touch sensation from a cotton swab, 
the brightness of the ceiling light) before rating several taste stimuli 
(0.56 M sucrose, 18 mM citric acid, 0.32 M NaCl, 0.18 mM QHCl, 
100 mM MPG, and 5 binary mixtures). Subjects sipped and expecto-
rated each taste stimulus sample before rating the intensity of sweet-
ness, saltiness, sourness, bitterness, and umami on the gLMS.

Following successful completion of the training and practice por-
tion of the session, subjects were screened to confirm that they could 
perceive at least 1 of the 5 concentrations of the 2 test stimuli. This 
was important because of the large individual differences in sensitiv-
ity to bitter taste (Yokomukai et al. 1993; Roura et al. 2015). The 
stimuli had concentrations that ranged from 0.01 to 0.10 mM for 
quinine and 5.6–56 mM for caffeine in 1/4 log steps. The samples 
were presented in weigh boats (≈7.5  mL volumes) at room tem-
perature (21 °C) and were arranged in a line on the countertop in 
an ascending concentration series, beginning with a dH2O blank. 
Subjects dipped the tongue tip into the samples sequentially for 3 s 
each (timed by the experimenter) until they perceived a “clearly 
identifiable bitter taste” in one of the samples. Only subjects who 
perceived bitterness from at least one of the stimuli qualified for the 
study, and the stimuli used had concentrations 1/4 log step higher 
than the sample in which the subject first tasted bitterness. A total 
of 25 subjects qualified for testing with caffeine and 25 qualified for 
testing with QHCl (17 subjects were sensitive to both stimuli).

Test session procedure
There were 2 testing sessions, 1 for caffeine and 1 for quinine, the 
order of which was counterbalanced across subjects. Each test session 
comprised 20 trials, and subjects sampled solutions at 4 tempera-
tures (10°, 21°, 30°, and 37 °C) in 3 different conditions: 1) exposure 
to the test stimulus only for 3-s; 2) 3- or 10-s pre-exposures to the 
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test stimulus followed by the 3-s test stimulus; and 3) 3- or 10-s pre-
exposures to dH2O followed by the 3-s test stimulus. Condition 1 
quantified the initial effect of temperature on bitterness; Condition 2 
measured bitter taste adaptation across temperatures; and Condition 
3 controlled for the effects of temperature alone, independent of 
stimulus adaptation. Testing conditions and stimuli were presented 
in 4 different pseudorandom orders that were also counterbalanced 
across subjects.

As in the practice session, stimuli were sampled by dipping the 
tongue tip into weigh boats containing 7.5  mL of solution. The 
experimenter timed the duration of exposure and verbally signaled 
the subject when it was time to remove the tongue from the solution 
and either dip it immediately into the second weigh boat (Conditions 
2 and 3) or to begin making her/his rating. Bitterness ratings were 
made as quickly as possible with the tongue still extended outside the 
mouth. In making their ratings, subjects were instructed to ignore as 
best they could sensations of temperature, and they were told that 
they might not perceive bitterness on every trial. There was a 1-min 
inter-trial interval during which subjects rinsed with dH2O at least 3 
times to remove any lingering bitter taste.

Experiment 2
Subjects
A total of 67 subjects (40 F, 27 M) were recruited using postings around 
the Yale campus and online websites (Facebook and Craigslist), and 38 
subjects (25F, 13M) completed the experiment. Of those who did not 
complete the experiment, 10 subjects failed to use the scale correctly in 
the training session and were not invited to return for the test sessions, 
14 did not perceive either bitter stimulus in the sensitivity screening 
task, and 5 did not return for the second test session. The criteria to 
participate were the same as experiment 1. The study protocol com-
plies with the Declaration of Helsinki for Medical Research involv-
ing Human Subjects and was approved by the Human Investigations 
Committee of the Yale University IRB. Each subject provided informed 
consent and was compensated for their participation. 

Stimuli
The test stimuli were naringin (Sigma-Aldrich) and denatonium ben-
zoate (Fluka BioChemika). As in experiment 1, there were 5 concen-
trations of each stimulus in 1/4 log steps: 0.056, 0.10, 0.18, 0.32, 
and 0.56 mM naringin, and 0.018, 0.032, 0.056, 0.10, and 0.18 µM 
denatonium benzoate. The same practice stimuli were used as in 
experiment 1, and all solutions were prepared weekly in 250  mL 
volumes with dH2O and stored in airtight flasks.

Practice session and testing procedure
Subjects completed the same training, practice, and bitter taste sen-
sitivity screening as in experiment 1.  Screening concentrations used 
ranged from 0.018 to 0.18 µM for denatonium benzoate and 0.056 
to 0.56 mM for naringin. A total of 25 subjects qualified for testing 
with naringin and 30 with denatonium (17 subjects were sensitive to 
both stimuli). The experimental conditions and psychophysical proce-
dures were the same as before, with the exception that replicate ratings 
were collected for each stimulus and condition, resulting in 4 testing 
sessions.

Results

Experiment 1
The initial bitter taste intensities of caffeine and QHCl are 
shown in Figure  1 as a function of solution temperature.  

Both stimuli exhibited trends toward lower bitterness at the coolest 
and warmest temperatures; however, repeated-measures analyses of 
variance indicated the effect was statistically significant for quinine 
(F3,72 = 4.38, P < 0.01) but fell just short of significance for caffeine 
(F3,72  =  2.33, P  =  0.08). The bitterness of QHCl was significantly 
higher at 30° than at 10 °C (Tukey HSD, P < 0.005), where it was 
2.34 times stronger than at 10° (∆log10 = +0.34).

Figure 2 shows that the effects of temperature on the rate and amount 
of adaptation to bitterness differed greatly for the 2 stimuli: above 10 °C 
adaptation to caffeine was rapid and independent of temperature, 
whereas adaption to QHCl was directly related to temperature between 
21° and 37°. Repeated-measures ANOVAs on the data over this tempera-
ture range indicated that for caffeine there were main effects of Condition 
(F1,24 = 42.29, P < 0.00001) and Time (F2,48 = 19.42, P < 0.00001), and a 
significant Condition × Time interaction (F2,48 = 21.06, P < 0.000001), but 
no significant effect of temperature. The same analysis for QHCl showed 
that in addition to main effects of Condition (F1,24 = 19.19, P < 0.0005) 
and Time (F2,48 = 8.75, P < 0.001) and a Condition × Time interaction 
(F2,48 = 12.9, P < 0.00005), there was also a main effect of Temperature 
(F2,48 = 18.55, P < 0.00001) and Condition × Temperature (F2,48 = 6.30, 
P < 0.005) and Condition × Temperature × Time (F4,94 = 2.76, P < 0.05) 
interactions, confirming that adaptation to QHCl was temperature 
dependent. At 37  °C, adaptation was similar for QHCl and caffeine 
(Figure 2d and h), with reductions in bitterness after the 10-s pre-expo-
sure of 71% (∆log10 = −0.54) and 80% (∆log10 = −0.70), respectively. The 
somewhat smaller difference for QHCl appears attributable to a floor 
effect, as bitterness ratings had already fallen to near “barely detectable” 
after the 3-s pre-exposure.

Separate analyses of the data for the 10 °C solutions confirmed 
there were main effects of Time for both caffeine (F2,48  =  5.32, 
P < 0.01) and QHCl (F2,48 = 5.56, P < 0.01), but no main effect of 
Condition. There was also no Condition x Time interaction, the lat-
ter falling just short of statistical significance (F2,48 = 2.97, P = 0.06). 
These results indicate the sensitivity to caffeine and QHCl decreased 
as exposure to cold dH2O continued, resulting in no difference 
between the control and adaptation conditions.

Figure  1.  Shown are log10 mean ratings of bitterness intensity for 3-s 
exposures to caffeine or quinine as a function of solution temperature. Letters 
on the right y-axis represent semantic labels on the gLMS: BD  =  barely 
detectable, W = weak, M = moderate, S = strong. Vertical bars indicate the 
standard error of the means (SEMs).
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Experiment 2
Temperature significantly affected the initial bitter taste of both 
stimuli (main effects of Temperature: denatonium, F3,87  =  8.66, 
P  <  0.00005; naringin, F3,72  =  3.1, P  <  0.05). As is apparent in 
Figure 3, the effect of temperature for denatonium was driven by 
a reduction in bitterness for the 10 °C solution compared to the 3 
warmer temperatures (Tukey HSD, P’s < 0.005), where bitterness 
varied little between 21° and 37°. In contrast, the bitterness of nar-
ingin followed an inverted-U shaped function of temperature that 
was similar to the effects on the bitterness of caffeine and QHCl, 
although Tukey HSD tests found no significant difference between 
specific pairs of temperatures.

Figure  4 contains the data on adaptation to the bitterness of 
naringin and denatonium. As was true for caffeine and QHCl, 
exposure to 10 °C dH2O alone reduced bitter taste over time inde-
pendent of stimulus adaptation. Separate analyses of the data for 
the 10 °C solutions showed significant main effects of Time for both 
naringin (F2,58  =  8.11, P  <  0.005) and denatonium (F2,58  =  20.91, 
P  < 0.000001) and a significant Condition × Time interaction for 
denatonium (F2,58 = 6.58, P < 0.005), which was driven by a faster 
decline in bitterness in the dH2O control condition compared to the 
adaptation condition.

ANOVAs on the data for the 3 highest temperatures revealed 
the same statistically significant effects for both stimuli: Condition 
(naringin, F1,24  =  19.35, P  <  0.0005; denatonium, F1,29  =  9.66, 
P  <  0.005), Temperature (naringin, F2,48  =  9.35, P  <  0.0005; 

Figure  3.  Log10 mean ratings of bitterness intensity for 3-s exposures to 
naringin or denatonium benzoate as a function of solution temperature. 
Letters on the right y-axis represent semantic labels on the gLMS: BD = barely 
detectable, W = weak, M = moderate, S = strong. Vertical bars indicate the 
standard error of the means (SEMs).

Figure 2.  Log10 mean ratings of bitterness intensity perceived for 3-s post-exposures to caffeine (a–d) or quinine (e–h) at temperatures of 10°–37 °C following 
0-, 3-, or 10-s pre-exposures to caffeine or H2O (only) at the same temperatures. The data points at 0-s for each temperature are the same as those in Figure 1. 
Letters on the right y-axis represent semantic labels on the gLMS: BD = barely detectable, W = weak, M = moderate, S = strong. Vertical bars indicate SEMs.
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denatonium, F2,58 = 3.22, P < 0.05), and Time (naringin, F2,48 = 9.90, 
P < 0.0005; denatonium, F2,48 = 16.67, P < 0.00005), as well as 
a Condition × Temperature interaction (naringin, F2,48  =  14.51, 
P < 0.00005; denatonium, F2,58 = 7.72, P < 0.005). Like caffeine 
in experiment 1, adaptation was statistically independent of tem-
perature above 10 °C, i.e., there was no Condition × Temperature 
× Time interaction for either stimulus (naringin, F4,96  =  1.15, 
P  =  0.34; denatonium F4,116  =  0.59, P  =  0.67). Adaptation to 
denatonium tended to be less than adaptation to naringin, par-
ticularly at 37  °C (Tukey HSD, P  <  0.05), where after the 10-s 
pre-exposure, bitterness declined by 38% (∆log10  =  −0.21) for 
denatonium (Figure  4h) compared to 68% (∆log10  =  −0.49) for 
naringin (Figure 4d), which reduced the bitterness of naringin to 
“barely detectable”. However, in an ANOVA conducted on the 
subset of data from the 17 subjects who were tested with both nar-
ingin and denatonium, the difference in adaptation between condi-
tions at 37 °C fell just short of statistical significance (Condition × 
Stimulus, F1,32 = 3.49, P = 0.07).

Discussion

Effects of temperature on initial bitter taste intensity
For the 4 stimuli tested, bitterness followed an inverted u-shaped 
function of temperature. This result is consistent with McBurney’s 
(1973) data on the effect of solution temperature on the detection 
threshold for quinine, which showed that the highest sensitivity 

was between 20° and 30 °C. However, the downturn in bitterness 
at 37 °C was smallest for denatonium, where bitterness remained 
significantly higher than at 10°. A recent study in this laboratory 
also found that the effects of temperature on sweet taste inten-
sity (Green and Nachtigal 2015) were stimulus dependent. In 
that study cooling also reduced the sweetness of all stimuli, albeit 
to varying degrees, while the sweetness of some stimuli did not 
decline at warmer temperatures. It was speculated that the dif-
ferences across sweet stimuli might result from differential effects 
of temperature on the ability of some agonists to bind to and 
excite hT1R2-hT1R3, or possibly to a second sweet taste trans-
duction pathway (Ohkuri et  al. 2009; Glendinning et  al. 2015) 
that is less sensitive to temperature. Both possibilities must also 
be considered for bitter taste. No published data are available 
that directly address whether moderate temperatures can affect 
agonist binding or receptor conformation in C-GCPR taste recep-
tors. However, such effects are plausible based on evidence that 
greater structural flexibility in CGRP proteins, which is required 
for ligand binding and allostery, is associated with greater ther-
mal instability (Vihinen 1987; Yuan et al. 2005). It is also not yet 
certain that hT2R receptors are the sole transduction pathway for 
bitter taste in humans (Zubare-Samuelov et  al. 2003; Oliveira-
Maia et al. 2009). This remains an open question in part because 
cognate hT2R receptors have not been identified for several bitter 
substances that have been tested, including naringin (Meyerhof 
et al. 2010).

Figure  4.  Log10 mean ratings of bitterness intensity perceived for 3-s post-exposures to naringin (a–d) or denatonium benzoate (e–h) for temperatures of 
10°–37 °C following 0-, 3-, or 10-s pre-exposures to denatonium, narigin, or H2O (only) at the same temperatures. The data points at 0-s are the same as those in 
Figure 3. Letters on the right y-axis represent semantic labels on the gLMS: BD = barely detectable, W = weak, M = moderate, S = strong. Vertical bars indicate 
SEMs. 
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It is noteworthy in this regard that the bitterness of naringin fol-
lowed an inverted u-shaped function very similar to QHCl and caf-
feine, which have been demonstrated in vitro to be agonists of 9 and 
5 hT2R receptors, respectively (Meyerhof et al. 2010). A markedly 
different result for naringin would have supported the possibility that 
its bitterness is not mediated exclusively by hT2Rs. Instead denato-
nium, which activates at least 8 hT2Rs, produced results for initial 
bitterness that were the least similar to the other stimuli. A possible 
explanation for this result is denatonium’s extremely high affinity. 
Denatonium was perceived as bitter at concentrations approxi-
mately 1 × 10–3 lower than QHCl and 1 × 10–5 lower than caffeine. 
High affinities might render agonists less vulnerable to possible ther-
mal effects on the rate of receptor binding and/or dissociation.

Regarding the source of the inverted u-shaped function of tem-
perature, the thermal sensitivity of TRPM5 as measured in vitro is not 
consistent with lower bitterness intensity at warm temperatures. As 
noted earlier, when expressed in HEK293 cells, activation of TRPM5 
is a monotonically increasing function of temperature between 15° 
and 35 °C (Talavera et al. 2005). Together with the evidence that 
some sweet taste stimuli are also perceived as less sweet at warmer 
temperatures (Green and Nachtigal 2015), the present results sug-
gest the thermal sensitivity of TRPM5 may contribute to the lower 
sensitivity of human sweet taste and bitter taste at cold tempera-
tures, but it is unlikely to be the only temperature-sensitive step in 
the transduction cascade of gustatory C-GPCRs. The tendency for 
bitterness and sweetness to decrease in sensitivity at temperatures 
above 30  °C must result from a disruptive effect of heat at a dif-
ferent stage of taste processing. Recent studies in mice have found 
that the effect of temperature on the response of the chorda tympani 
nerve (Breza et al. 2006; Lu et al. 2016) and NTS units (Wilson and 
Lemon 2013) follows a monotonic rather inverted u-shape function 
up to 37 °C. Those data introduce the possibility that temperature 
has a different effect on the peripheral gustatory systems of mice and 
humans, or that the downturn in sensitivity we observed is caused 
by an adaptation mechanism located more central in the taste path-
way than the NTS. However, a central neural mechanism would 
be expected to produce more consistent results across stimuli than 
those found in both the present study and the recent study of thermal 
effects on sweet taste (Green and Nachtigal 2015).

It is interesting to consider whether an inverted u-shaped func-
tion of temperature has adaptive value, given that it tends to reduce 
the bitter and sweet signals of potentially dangerous and nutritive 
ingesta. However, prior to the advent of cooking, foods and liquids 
at body temperature (37 °C) or above were rarely if ever encountered 
in the natural environment. When cooking first began remains con-
troversial (Wrangham 2009), but even if it arose sufficiently early in 
human history to potentially influence the evolution of taste, its effect 
would likely have been small because consumption of hot food was 
under voluntary control and therefore imposed no environmental 
threat. Also, recent evidence from this laboratory showed that sensi-
tivity to a cool sucrose solution can be rescued by brief (3-s) exposure 
to a 37 °C solution (Green and Nachtigal 2012). This finding implies 
the blunting effect of cooling on taste is at least partially counteracted 
as solutions are warmed by the mouth during ingestion.

Effects of temperature over time
The present data show that temperature can affect bitter taste over 
time in at least 2 ways: 1) via a direct, progressive effect of cold on 
sensitivity below 21 °C, and 2) by modulating adaptation at tem-
peratures ≥21°. Significant direct effects of cold were observed for 
all stimuli at 10 °C, where with the exception of caffeine, ratings of 

bitterness fell to “barely detectable” after only a 10-s exposure to cold 
dH2O. Reducing bitterness to such low levels precluded measure-
ment of bitter taste adaptation. A similar progressive effect of cool-
ing at 10° and below was obtained in 2 recent studies of sweet and 
umami taste (Green and Nachtigal 2015; Green et al. 2016). Because 
bitterness, sweetness and umami are all mediated by C-GPCRs, the 
thermal sensitivity of TRPM5 (Talavera et al. 2005; Talavera et al. 
2007) must again be considered the possible source of these direct 
thermal effects. However, the monotonic effect of temperature on 
the activation of TRPM5 (Talavera et al. 2005) suggests that smaller 
progressive effects of cooling should also occur at 21° and 30°, but 
no trace of this can be seen at either temperature (Figures 2 and 4).

The clearest effect of temperature over time above 10 °C occurred 
for QHCl, for which bitterness did not adapt at 21° but adapted in 
increasing amounts at 30° and 37°. In contrast, caffeine adapted rap-
idly and significantly at all 3 temperatures, with bitterness at 21 °C 
reduced by 75.5% (∆log10 = −0.61) after only a 3-s pre-exposure to 
the stimulus. Lesser amounts of adaptation were found for naringin 
and denatonium, particularly at 21 °C, where it was minimal after a 
3-s pre-exposure, and there was no effect of solution temperature on 
adaptation overall. Because the mechanism of receptor adaptation 
for T2Rs has not yet been determined, it is difficult to speculate why 
exposure to a 21 °C solution retarded adaptation to QHCl and not 
caffeine, or why the amount of adaptation tended to differ across 
stimuli even at warm temperatures. However, a possible explana-
tion for the absence of adaptation to QHCl at 21 °C comes from 
the fact that quinine activates 2 hT2Rs (hT2R40, hT2R44) in vitro 
that none of the other 3 stimuli activate (Meyerhof et al. 2010). If 
adaptation of one or both of these 2 receptors is slower at 21 °C, the 
sensitivity to quinine could be sustained over time. Alternatively, it 
has been proposed that as an ionic molecule, quinine may activate 
an additional transduction pathway (Frank et al. 1983; Frank et al. 
2004), which may be resistant to adaptation at 21°. This explanation 
is complicated by the fact that the bitterness of denatonium, which 
is also an ionic stimulus, adapted at 21 °C, though less so than caf-
feine. The very high affinity of denatonium to hT2Rs must also be 
considered again here, as it is conceivable adaptation is forestalled 
as denatonium remains bound to receptors longer than lower affin-
ity agonists. This speculation is consistent with the finding that after 
10-s pre-exposures to the stimulus at 37  °C, bitterness fell nearly 
to “barely detectable” for all stimuli except denatonium. However, 
data from prior studies of adaptation to sweeteners have not shown 
a consistent relationship between affinity and rate of adaptation 
(Bornstein et al. 1993; Schiffman et al. 1994).

The increase in adaptation for QHCl with temperature points to 
a fundamental difference in the effect of temperature on adaptation 
to bitter and sweet stimuli: whereas sweet taste adaptation tends to 
increase at cooler temperatures (Green and Nachtigal 2015), bitter 
taste adaptation is unchanged at cool temperatures, or in the case 
of QHCl, increases at warm temperatures. This difference suggests 
the mechanisms of adaptation in hT2Rs and the hT1R2-hT1R3 
sweet taste receptor may not be exactly the same. Unfortunately, 
speculation about the source of this difference is hampered by a lack 
of understanding of the mechanism of gustatory adaptation. The 
present results suggest that studies of how temperature affects the 
phasic response of the chorda tympani (CT) nerve to bitter stimuli 
would be particularly useful for investigating the peripheral effects 
of temperature on both initial sensitivity and adaptation. For exam-
ple, although a study by Danilova and Hellekant (2003) did not 
investigate temperature as a factor in the response of the CT in mice 
to bitter stimuli, their data shows the phasic response to quinine at 
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33 °C has a time course similar to adaptation to bitterness in the 
present study.

Relation to previous psychophysical studies
The absence of adaptation to QHCl at 21 °C and the rapid adapta-
tion of QHCl at 37° may explain some of the discrepancies among 
prior studies of the effect of temperature on bitter taste. The finding 
that no adaptation occurred at 21 °C replicates an earlier result from 
our laboratory in which QSO4 bitterness also failed to adapt signifi-
cantly on the tongue tip (Green and Nachtigal 2012). In that study, 
the effect of temperature on adaptation was compared for quinine 
and sucrose at 21 °C only, and the result was taken as evidence that 
adaptation to bitterness is less temperature-dependent than adap-
tation to sweetness. The present finding that QHCl adapts signifi-
cantly at temperatures above 30 °C shows that this assumption was 
incorrect. To determine whether quinine is unique in this regard will 
require a larger scale survey of bitter stimuli.

The use of different psychophysical methods must of course be 
considered when comparing results across studies. Tongue-tip stimu-
lation in the present study was intended to provide better control of 
stimulus duration and solution temperature than is achievable with 
sip-and-spit procedures, in which exposure to different gustatory 
areas varies over time as solutions undergo warming (or cooling) in 
the mouth (Green 1986). Warming or cooling of residual stimulus 
after expectoration can also confuse judgments of taste intensity. 
In addition, use of a separate, 3-s post-exposure stimulus after the 
adapting stimulus enabled subjects to rate the bitterness of a tempo-
rally discrete, and thus more perceptually independent taste sensa-
tion. This is opposite to what occurs in whole-mouth, time-intensity 
(TI) procedures. Although the TI method more closely mimics normal 
tasting, it is less able to provide data on how sensory and physical 
factors such as adaptation and temperature interact. For example, a 
recent study (Bajec et al. 2012) used a TI procedure to track the bit-
terness of warm and cold solutions both before and after expectora-
tion over a total of 112 s. The results showed that for quinine, a cold 
(5 °C) solution produced slightly higher peak bitterness ratings than 
did a warm (37 °C) solution. However, the data did not reveal that 
cool and cold temperatures can suppress quinine’s initial bitterness 
and retard its adaptation, with the result that warm solutions may be 
perceived at first to taste more bitter than cold solutions before begin-
ning to adapt after as little as 3 s. In contrast, cold quinine solutions 
might initially be perceived as less bitter but also adapt less rapidly, 
resulting in little or no effect of solution temperature over time.

At first glance the results for caffeine appear to disagree with a 
much earlier study by Green and Frankmann (1987) that measured 
the contributions of solution temperature and tongue temperature 
to thermal effects on taste intensity. The results of that study, which 
used whole-mouth stimulation, indicated that cooling the tongue to 
28° or 20 °C significantly reduced the bitterness of caffeine, whereas 
the present data (Figure 2b and c) show no difference in bitterness 
between 30° and 21 °C. However, Green and Frankmann also found 
that unless the tongue was first cooled to 20 °C, a 20° caffeine solu-
tion was no less bitter than a 36° solution. This outcome led to the 
conclusion that for bitter (and sweet) taste, tongue temperature is 
more important than solution temperature. This is consistent with 
the present finding that initial bitterness was significantly reduced 
for the 10  °C solution, which would more effectively lower the 
surface temperature of the tongue than would temperatures ≥21°. 
Complicating this interpretation somewhat is the evidence that 
unlike the other 3 stimuli, caffeine bitterness did not decline fur-
ther after 10-s compared to 3-s exposures to 10 °C water. However, 

because this inconsistency is based on just a single data point, further 
study will be necessary to determine whether caffeine bitterness is in 
fact less sensitive to tongue cooling.

The present results are also in accord with the absence of an 
effect of temperature on quinine (QSO4) bitterness reported by 
Moskowitz (1973). The lowest temperature tested in that study was 
25 °C, which falls between temperatures (21° and 30°) which in the 
present study yielded the highest bitterness ratings for QHCl.

Despite the general concordance between the present findings 
and those from studies that used whole-mouth procedures, limiting 
stimulation to the tongue tip leaves open the possibility that tem-
perature has different effects in the posterior oral cavity. However, 
we could find no published evidence that expression of T2Rs varies 
across gustatory regions, and human psychophysical studies have 
found the suprathreshold perception of quinine in humans differs 
little (Green and Schullery 2003; Green and George 2004) if at all 
(Green and Hayes 2003) between the front and back of the tongue.

Summary and conclusions
The data presented here show that similar to sweet taste, temperature 
can affect the perception of bitter taste in at least 2 stimulus-depend-
ent ways: by modulating initial sensitivity and/or bitterness adapta-
tion. The initial and progressive suppression of bitterness at 10  °C 
might be accounted for by the thermal sensitivity of TRPM5, but the 
monotonic property of the TRPM5 response to heat in vitro is incon-
sistent with the inverted u-shaped functions of temperature found here 
and in other studies. The effect of temperature on adaptation was lim-
ited to the bitterness of quinine, for which adaptation varied directly 
with temperature between 21° and 37 °C. This result is opposite to a 
recent finding for sweet taste adaptation and suggests the mechanisms 
of adaptation in hT2R bitter taste receptors and hT1R2-hT1R3 sweet 
taste receptors are not identical. Overall, these new findings help to 
explain inconsistencies in the literature on the effects of temperature 
on bitter taste and offer new information germane to the thermal sen-
sitivity of bitter taste transduction and adaptation in humans.
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