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ABSTRACT Ordinary gustatory experiences, which
are usually evoked by taste mixtures, are determined by
multiple interactions between different taste stimuli.
The most studied model for these gustatory interac-
tions is the suppression of the responses to sweeteners
by the prototype bitter compound quinine. Here we
report that TRPM5, a cation channel involved in sweet
taste transduction, is inhibited by quinine (EC50�50
�M at �50 mV) owing to a decrease in the maximal
whole-cell TRPM5 conductance and an acceleration of
channel closure. Notably, quinine inhibits the gustatory
responses of sweet-sensitive gustatory nerves in wild-
type (EC50��1.6 mM) but not in Trpm5 knockout
mice. Quinine induces a dose- and time-dependent
inhibition of TRPM5-dependent responses of single
sweet-sensitive fibers to sucrose, according to the re-
stricted diffusion of the drug into the taste tissue.
Quinidine, the stereoisomer of quinine, has similar
effects on TRPM5 currents and on sweet-induced gus-
tatory responses. In contrast, the chemically unrelated
bitter compound denatonium benzoate has an �100-
fold weaker effect on TRPM5 currents and, accord-
ingly, at 10 mM it does not alter gustatory responses to
sucrose. The inhibition of TRPM5 by bitter compounds
constitutes the molecular basis of a novel mechanism of
taste interactions, whereby the bitter tastant inhibits
directly the sweet transduction pathway.—Talavera, K.,
Yasumatsu, K., Yoshida, R., Margolskee, R. F., Voets,
T., Ninomiya, Y., Nilius, B. The taste transduction
channel TRPM5 is a locus for bitter-sweet taste inter-
actions. FASEB J. 22, 000–000 (2008)
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More than 100 years ago, Öhrwall (1) demonstrated
that quinine, a prototype bitter compound, inhibits
human perception of sweet taste. This phenomenon,
known as bitter-sweet taste interaction, is still one of the
most intriguing and relevant models of gustatory sen-
sory integration and has a strong physiological rele-
vance. Bitter-tasting signals for poisonous compounds
such as plant alkaloids and triggers aversive behavior,
whereas sweet-tasting allows the identification of energy-

enriched food sources. For bitter-sweet mixtures, the
decrease in the resulting rewarding value due to the
suppression of sweet perception by bitter tastants may
represent a complementary, although important, pro-
tective mechanism (2, 3). In addition, bitter-sweet
mixture interactions may determine the preference
toward the consumption of vegetables (4) and sugar-
sweetened beverages (5) and therefore have a signifi-
cant effect on health.

Bitter-sweet mixture interactions have been studied
almost exclusively with quinine, which elicits bitter taste
perception in humans at micromolar concentrations
(see, for example, refs. 6, 7). Although with quantita-
tive differences, these interactions have been observed
in several preparations exploring the various levels of
taste perception and transduction (Table 1). Psycho-
physical experiments have shown that increasing con-
centrations of quinine above the micromolar range
augment the sucrose concentration threshold for the
detection of sweetness (8). On the other hand, concen-
trations at hundreds of micromolar levels are needed to
inhibit the magnitude of the response elicited by
suprathreshold stimulation with sweeteners (9, 10, 12–
14). Electrophysiological experiments in hamsters have
demonstrated that the inhibition of sweet-induced gus-
tatory responses by quinine is also present at the levels
of the brainstem nucleus and the gustatory periphery
[chorda tympani (CT) nerve] (Table 1).

It has been proposed that gustatory mixture interac-
tions may occur through multiple mechanisms: chem-
ical reaction between tastants, competition of the tas-
tants for the receptors, cross-talk between transduction
cascades in the taste receptor cells, lateral cell-cell
interactions within the taste buds, and interaction
between gustatory signals at the levels of the papillae,
afferent nerve fibers, central nervous system, and con-
scious experience (2, 3, 11, 19–21). However, electro-
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physiological studies have narrowed the main locus for
the suppression of the responses to sweeteners by
quinine to the gustatory periphery and, in particular, to
the level of taste receptor cells (2, 3, 19).

TRPM5 is a Ca2�- and voltage-activated nonselective
cation channel and member of the transient receptor
potential (TRP) superfamily (22–27) with a critical role in
the transduction of sweet, bitter, and umami tastes (27–
29) and other chemosensory stimuli (30, 31). This chan-
nel is proposed to be activated downstream of the activa-
tion of G-protein-coupled taste receptors (24, 28, 32) and
to generate the depolarizing receptor potential needed
for taste receptor cell communication with afferent taste
fibers (33–35). Thus, factors that modulate TRPM5 func-
tion are expected to have an influence on taste percep-
tion. For instance, recent data strongly indicate that heat

activation of TRPM5 underlies the thermal modulation of
sweet taste perception (27).

Interestingly, it has been shown that quinine inhibits
TRPM5-like, nonselective cation channels in native
cells (36–38). Thus, we hypothesized that the quinine-
induced suppression of peripheral gustatory responses
to sweet stimuli could be due to an inhibition of
TRPM5 currents. To test this hypothesis, we studied the
effects of quinine, quinidine, the stereoisomer of qui-
nine, and the strongly bitter compound denatonium
benzoate on TRPM5 currents and on TRPM5-depen-
dent gustatory nerve responses in situ. In this work, we
mainly analyzed the effects of quinine on the gustatory
responses to sweeteners, as the effects on the response
to other taste qualities are not as clear at the peripheral
level of taste processing.

TABLE 1. Inhibitory potency of quinine on different levels of the transduction and perception of sweet taste

Preparation Observation Quinine potency Ref.

Human psychophysics
Near-threshold interactions Increase of the threshold for the detection

of sucrose sweetness
Effects observed with �Q�

� �10 �M
8

Supra-threshold interactions Suppression of the sweetness of sucrose
(0.12 and 1.2 M)

Qualitative effect with �Q�
� 55 mM

1

Inhibition of the sweetness of glucose (1
M) and fructose (1 M)

�25%; �Q� � 125 �M 9

Inhibition of the sweetness of sucrose
(0.32 M)

�30%; �Q� � 1 mM 10

Inhibition of the sweetness of sucrose (0.3
M)

�20–30%; �Q� � 100 �M 11

Inhibition of the sweetness of sucrose
(0.32 M)

�50–60%; �Q� � 320 �M 12,13

Inhibition of the sweetness of sucrose (0.5
M) in super and medium tasters (no
effect in nontasters)

�40%; �Q� � 360 �M 14

Animal behavior Detection of sucrose (0.1 M) in hamsters No effect; �Q� � 1 mM 15
Brainstem Decrease of the frequency of the

responses of hamster parabrachial
nucleus neurons to sucrose (0.1 M)

�10%; �Q� � 1 mM 16

Decrease of the frequency of the
responses of hamster parabrachial
nucleus neurons to sucrose (0.01–1 M)

Significant effects
observed with �Q� �
100 mM

17

Decrease of the frequency of the
responses of hamster parabrachial
nucleus neurons to sucrose (0.1 M)

�40%; �Q� � 100 mM 18

Whole chorda tympani nerve Inhibition of hamster steady-state response
to sucrose (0.05–0.5 M)

EC50 � � 3 mM 19

Inhibition of the hamster integrated
response to sucrose (0.5 M)

EC50 � � 3 mM 2

Inhibition of the mouse integrated
response to sucrose (0.3 M)

EC50 � 1.6 mM Present results

Single sweet-sensitive fibers Inhibition of the hamster firing rate
evoked by sucrose (0.1 M)

�80%; �Q� � 30 mM 3

Inhibition of the hamster transient
response (0–2.5 s) to sucrose (0.1 M)

EC50 � �3 mM 2

Inhibition of the hamster steady-state
response (2.6–10 s) to sucrose (0.1 M)

1 mM � EC50 � 3 mM 2

Inhibition of the mouse transient response
(0–5 s) to sucrose (0.3 M)

EC50 � 2.0 mM Present results

Inhibition of the mouse steady-state
response (5–10 s) to sucrose (0.3 M)

EC50 � 1.2 mM Present results

TRPM5 channels in HEK-293 cells Inhibition of current amplitude at 	50
mV

EC50 � 50 �M Present results
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MATERIALS AND METHODS

Patch-clamp experiments

Murine TRPM5 and human TRPM4 were cloned in the
pAGGS-IRES-GFP vector and transiently transfected in HEK-
293 cells using Trans-IT-293 reagents (Mirus, Madison, WI,
USA). Cell culture and patch-clamp recordings were per-
formed as described previously (27). TRPM5 currents were
recorded in the whole-cell patch-clamp configuration, using
an extracellular solution containing 150 mM NaCl, 5 mM
CaCl2, 1 mM MgCl2, and 10 mM HEPES and was titrated to
7.4 with NaOH. The intracellular (pipette) solution con-
tained 50 mM NaCl, 100 mM N-methyl-D-glucamine, and 10
mM HEPES and was titrated to pH 7.2 with NaOH. Intracel-
lular Ca2� was buffered to 500 nM free Ca2� by adding 2 mM
EGTA and 1.55 mM CaCl2 as determined with the software
Cabuf (G. Droogmans; ftp://ftp.cc.kuleuven.ac.be/pub/
droogmans/cabuf.zip). Given that TRPM4 currents undergo
a fast and irreversible desensitization in the whole-cell patch-
clamp configuration (26, 39, 40), TRPM4 currents were
recorded in the inside-out patch-clamp configuration. The
extra- and intracellular solutions were the same as for TRPM5
with the only variation that the intracellular Ca2� concentra-
tion was set at 1 mM, as described previously (27).

Currents were routinely recorded during the application of
voltage steps lasting 300 ms to �100 mV followed by a step to
	50 mV. The holding potential was set to �28 mV, which
equals the theoretical equilibrium potential for Na�, the sole
TRPM5/TRPM4-permeant ion in the solutions. As a result,
no steady TRPM5/TRPM4 current occurred between test
pulses, allowing detection of leak currents and avoiding ionic
depletion and accumulation in the intracellular milieu. All
experiments were performed at 25–26°C.

Patch-clamp data were analyzed using WinASCD (G.
Droogmans; ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/
winascd.zip) and Origin 7.0 (OriginLab Corporation,
Northampton, MA, USA). Whenever necessary, the linear
leak component of the current traces was digitally subtracted
before data analysis. Time constants of current relaxation (
)
were obtained from the fit of current traces with a single
exponential function. For current amplitudes dose-response
curves were fit by a Hill function of the form

Inhibition �
100

1 � �EC50 /�D��H

where EC50 is the effective concentration, [D] is the drug
concentration, and H is the Hill coefficient.

Gustatory nerve recordings

Whole-nerve and single-fiber responses of the CT nerve to
lingual application of tastants were recorded as described
previously (41). In whole CT nerve experiments tastants were
applied for 30 s and integrated whole-nerve response magni-
tudes (time constant�1 s) were measured 5, 10, 15, 20, and
25 s after stimulus onset, averaged and normalized to the
responses to NH4Cl at 25°C. For routine data analysis of
single-fiber responses to a particular stimulus, we used the net
average frequency for the first 10 s after the stimulus onset,
which was calculated by subtracting the spontaneous fre-
quency for the 10-s period before stimulation. The statistical
significance of the effects of quinine on the responses to each
compound was tested with ANOVA. For whole CT nerve and
single sweet-sensitive fiber responses dose-response curves
were fit by a function of the form

Inhibition � A0 �
�A0 � As�

1 � �EC50 /�D��H

where A0 is the amplitude of the response in the absence of
the drug, As is the amplitude of the response at saturating
drug concentrations, EC50 is the effective concentration, [D]
is the drug concentration, and H is the Hill coefficient.

For all cases experimental data are presented as mean 
se. All chemicals were purchased from Sigma-Aldrich
(Bornem, Belgium).

RESULTS

Quinine inhibits TRPM5 and TRPM4 currents

We used the whole-cell patch-clamp technique to inves-
tigate the effects of quinine on TRPM5 channels het-
erologously expressed in HEK-293 cells. As previously
reported (27), no sizeable background currents were
detected in nontransfected HEK-293 cells nor when
cells transfected with TRPM5 were dialyzed intracellu-
larly with a Ca2�-free (10 mM 1,2-bis(2-aminophen-
oxy)ethane-N,N,N �,N �-tetraacetic acid) solution (data
not shown). To record TRPM5 currents, TRPM5-trans-
fected cells were dialyzed intracellularly with 500 nM
Ca2� (23–27). Figure 1 shows that extracellular appli-
cation of quinine inhibited TRPM5 currents in a dose-
dependent and reversible manner. The inhibition was
more pronounced at negative potentials, with EC50
values of 50  5 and 148  14 �M at 	50 and �100
mV, respectively. H was 0.84  0.07 at 	50 mV and
0.84  0.06 mV at �100 mV.

We further analyzed the effects of quinine on TRPM5
channels by determining the voltage dependence of
the steady-state and kinetic properties of TRPM5 cur-
rents in the control and in the presence of 100 �M
extracellular quinine. Currents were recorded during
the application of voltage steps lasting 300 ms to
potentials from 	125 to �175 mV followed by a step to
	50 mV (holding potential of �28 mV) (Fig. 2A, left).
Current-voltage relationships were determined from
the amplitude of steady-state currents. Figure 2B shows
that quinine inhibits TRPM5 currents at all membrane
potentials. However, consistent with the results shown
above, the inhibition was stronger at negative potentials
(Fig. 2C). Next, we determined the voltage dependence
of instantaneous current amplitudes in the control and
in the presence of quinine (n�4) (Fig. 2D–E). For both
cases the data were well fit by linear functions, indicat-
ing that quinine does not affect the open pore rectifi-
cation pattern. Current-voltage relationships were fit by
a function of the form

I�V� �
Gmax�V � Vr�

1 � exp�	�V � Vact�/sact�

where Gmax is the maximal TRPM5 whole-cell conduc-
tance, Vr is the reversal potential, Vact is the potential of
half-maximal activation, and sact is the slope factor
(n�4) (Fig. 2B). Application of 100 �M quinine de-
creased Gmax to 63  5% of the control value. Quinine
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shifted the activation curve to more positive potentials
and increased the voltage sensitivity of channel activa-
tion (Vact�233 mV and sact�533 mV in the control
vs. Vact�359 mV and sact�423 mV in the presence
of quinine; n�4, P�0.05) (Fig. 2F). The reversal poten-
tial was not significantly different between the control
(28.00.2 mV) and the value in the presence of
quinine (28.20.6 mV). In addition, quinine reduced
the time constant of current relaxation at negative
potentials (Fig. 2G), which indicates that the voltage
dependence of current inhibition (Fig. 2C) is due to an
increase in the rate of channel closing.

TRPM4 is the closest homolog of TRPM5 in the
whole TRP channel superfamily. These channels share
some key functional characteristics such as voltage-

dependent gating, activation by intracellular Ca2�, and
impermeability to Ca2� (26) and show more than 50%
similarity in the amino acid sequence. Because both
channels are coexpressed in some cell types (25, 26), it
could be speculated that they provide for some level of
redundancy in certain cellular processes. Moreover, it
has been shown that taste cells of Trpm5 knockout (KO)
mice express a channel with characteristics similar to
those of TRPM4 (35), raising the possibility that this
channel has a role in taste transduction. Thus, we tested
whether quinine affects the function of human TRPM4
channels overexpressed in HEK-293 cells. Figure 3
shows that quinine inhibits TRPM4 currents in a revers-
ible manner. Notably, in contrast with what was ob-
served for TRPM5, the inhibition was more potent at
positive potentials, with EC50 values of 450  50 and
113  9 �M at 	50 and �100 mV, respectively. H was
1.1  0.1 at 	50 mV and 0.97  0.07 at �100 mV.

Quinine inhibits TRPM5-dependent gustatory
responses to sweet stimuli

Next, we determined whether quinine influences
TRPM5-dependent taste perception in situ, by record-
ing the electrical responses of whole bundles and single
fibers of the chorda tympani nerve from wild-type and
Trpm5 knockout mice (27, 29). The CT nerve inner-
vates the anterior taste field of the tongue, which is
preferentially responsive to sweet over other taste stim-
uli. With use of a Trpm5 knockout mouse model
different from our own it was shown that taste re-
sponses to sweet, bitter, and umami stimuli are com-
pletely impaired (28). However, it is important to note
that our Trpm5 knockout mouse model is quantitatively
different, as it shows decreased, but not totally abol-
ished, behavioral and gustatory nerve responses to
these stimuli (27, 29). This characteristic allows us to
determine whether quinine affects the TRPM5-depen-
dent pathway exclusively for perception of sweet taste
stimuli.

First, we tested the effects of quinine on responses of
the whole CT nerve to sucrose (0.3 M). For this
experiment, CT nerves were stimulated with sucrose
alone, with sucrose-quinine mixtures, and with quinine
alone (Fig. 4A). The neural component corresponding
to sucrose in the presence of quinine was determined
by subtracting CT responses to quinine at different
concentrations from the responses to the correspond-
ing sucrose-quinine mixtures (2). This method is sup-
ported by the facts that sucrose and quinine responses
are generated by different subsets of CT fibers and that
sucrose does not affect CT responses to quinine (3, 19).
As shown in Fig. 4B, quinine induced a dose-dependent
inhibition of the responses to sucrose in wild-type mice
with an EC50 of 1.6  0.2 mM. In contrast, residual
responses to sucrose in Trpm5-null mice were not
affected by the drug. Notably, with increasing quinine
concentrations, the amplitude of the sucrose compo-
nent in wild-type mice falls to the level of the response
of the knockout mice. Likewise, quinine inhibited the

Figure 1. Inhibition of TRPM5 currents by quinine. A)
TRPM5 currents recorded in the control condition and in the
presence of extracellular quinine (10–1000 �M). Currents
were elicited by applying depolarizing pulses to �100 mV
followed by a step to 	50 mV (holding potential of �28 mV).
Labels indicate the traces corresponding to the current
amplitudes marked with filled symbols in B. B) Time course of
the amplitude of steady-state currents at �100 and 	50 mV.
Extracellular application of quinine at different concentra-
tions is denoted by the horizontal bars. C) Concentration-
dependent inhibition of TRPM5 currents at �100 and 	50
mV (n�5–10).
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responses to three other sweeteners (fructose, saccha-
rin, and SC45647) in wild-type but not in Trpm5-null
mice (Fig. 4C). On the other hand, quinine application
had no statistically significant effect on the responses to
umami [monosodium glutamate (MSG) in the pres-
ence of 10 �M amiloride to inhibit the response to
Na�] or salty (NaCl) stimuli in wild-type mice.

To obtain unequivocal evidence of the effects of
quinine on the TRPM5-dependent responses to sweet-
eners we tested single sweet-sensitive fibers dissected
from the CT nerve. These fibers were identified by their
significantly stronger response to sucrose compared
with other stimuli (Fig. 5A, B). Consistent with the
results obtained in whole CT nerves, single fibers of
Trpm5-null mice were responsive to sucrose in a dose-
dependent fashion, although to a much lower extent
than fibers of wild-type mice (Fig. 5C, D). To quantify
the effects of quinine on sweet-elicited activity we
compared the number of nerve impulses evoked dur-
ing a 10-s period of stimulation with sucrose with the
number of nerve impulses elicited by mixtures of
sucrose and quinine during the same period. In accord

with the results obtained from the above-mentioned
whole CT nerve experiments, quinine induced a dose-
dependent inhibition of single sweet-labeled fiber re-
sponses to sucrose in wild-type but not in Trpm5 knock-
out mice (Fig. 5B–D).

Notably, quinine was more effective in reducing
TRPM5 currents in whole-cell patch-clamp experiments
than in inhibiting the responses of CT and single
sweet-sensitive fibers. From Fig. 5C it is possible to
estimate that the quinine concentration needed to
reduce the responses of single fibers to sucrose to 50%
was �20- to 40-fold larger than the EC50 for inhibition
of inward currents (50 �M at 	50 mV). This result is
expected, as in whole-cell experiments the drug was
applied directly on the cell membrane expressing the
TRPM5 channels, whereas in the in situ experiments
quinine was applied to the apical side of the taste
receptor cells and needed to diffuse to the basolateral
membrane where TRPM5 channels are expressed.

If indeed limited diffusion was the cause of the
relatively low effectiveness of quinine in situ, one
should expect that the inhibition of nerve responses to

Figure 2. Effect of quinine on the gating properties of TRPM5. A) Left panel: voltage protocol used to determine the activation
and kinetic properties of TRPM5. Currents were evoked by voltage steps lasting 200 ms to potentials from 	125 to �175 mV
from a holding potential of �25 mV. Middle and right panels: current traces recorded during the application of this protocol
in the control condition and in the presence of 100 �M extracellular quinine. B) Average current-voltage relationship of TRPM5
in the control and 100-�M quinine conditions (n�4). For each cell, data were normalized to the current value obtained in the
control condition at �175 mV. Lines represent the fit of the data with a linear � Boltzmann type of function (see text). C)
Voltage dependence of current inhibition during the application of 100 �M quinine. The continuous line was obtained by
calculating the voltage dependence of current inhibition from the fit functions shown in B. D) The relaxation of currents
(elicited by the protocol shown in A) was fit for each test potential with a single exponential function (thick line). The arrows
indicate the time point at which instantaneous current amplitudes were determined (see E). E) Instantaneous current
amplitudes as a function of the test potential in the control condition and in the presence of 100 �M quinine (n�4). These
values were obtained by extrapolating the fit of the current traces to the beginning of the pulses (see arrows in F) and were
normalized to the value at �175 mV in the control for each cell. Both voltage dependencies were well fit by linear functions.
The slope of the linear dependence in the presence of quinine is 46% smaller than in the control. F) Effects of 100 �M
extracellular quinine on the voltage dependence of activation (normalized whole-cell TRPM5 conductance). Data were
obtained by normalizing the current-voltage relationships to the driving force (V	Vr) and the maximal conductance (Gmax)
obtained in the control. Continuous lines are the Boltzmann functions calculated with the values of voltage for half-maximal
activation (Vact) and slope factor (sact) determined in each condition. The dashed line represents the rescaled Boltzmann
function obtained in quinine and shows that the drug shifted Vact to more positive potentials and increased sact with respect to
the control condition. G) Voltage dependence of the average time constant of current relaxation in the control condition and
in the presence of 100 �M quinine (n�4). The horizontal bar marks the voltage range in which quinine had statistically
significant effects (*P�0.05).
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sucrose increases with the time of exposure to quinine.
To test this possibility, we determined the dose depen-
dence of the effect of quinine on the firing of single
sweet-sensitive fibers in the first and second halves of
the 10-s period of stimulation with 0.3 M sucrose. As
shown in Fig. 6A, quinine was more potent in decreas-
ing the number of nerve impulses in the second half
than in the first half of the stimulation period. In the 0-
to 5-s interval, the estimated EC50 was 2.05  0.08 mM
and the Hill coefficient was 1.5  0.1, whereas in the 5-
to 10-s interval these magnitudes were 1.17  0.01 mM
and 2.5  0.1, respectively. Consistent with this result,
the inhibition of the responses to sucrose by quinine
showed a marked increase with the time of quinine
application, with a relaxation time constant of 2.0 
0.3 s (Fig. 6B).

Effects of quinidine and denatonium benzoate on
TRPM5 currents and sweet-induced gustatory
responses

To test the specificity of quinine inhibition of TRPM5
and sweet responses we tested the effects of two other
bitter compounds: quinidine, a quinine stereoisomer,
and denatonium benzoate, which is chemically unre-
lated. Figure 7A, B shows that quinidine induces a
reversible and dose-dependent inhibition of TRPM5
currents. Notably, quinidine dose-response curves at
	50 and �100 mV were very similar to those of
quinine, with an EC50 of 42  3 �M and H of 0.93 
0.06 at 	50 mV and an EC50 of 120  6 �M and H of
0.82  0.03 at �100 mV (Fig. 7C). Next, we tested the
effects of quinidine on responses of the whole CT nerve
to sucrose (0.3 M). As for quinine, CT nerves were
stimulated with sucrose alone, with sucrose-quinidine
mixtures, and with quinidine alone (Fig. 7D). In wild-

type mice, the sucrose component in the CT responses
to sucrose-quinidine mixtures was reduced by in-
creasing concentrations of quinidine with an EC50 of
1.22  0.14 mM (Fig. 7E). This inhibition was, however,
not observed in Trpm5 knockout mice. Again, these
results are very similar to those obtained with quinine
(Fig. 4B).

Denatonium benzoate had no significant effect on
TRPM5 currents at concentrations up to 300 �M (Fig.
8A, B) but induced a significant decrease of the current
amplitude at 1 and 3 mM (Fig. 8C, D). Application of
higher concentrations of denatonium benzoate com-
promised the stability of the recordings, and no useful
data were acquired in those conditions. To compare
the effects of denatonium benzoate with those of
quinine (Fig. 1C) and quinidine (Fig. 7C), we fitted the
available data with a Hill function assuming a maximal
inhibitory effect of 100% and a Hill coefficient of 1.
This allowed us to estimate the EC50 values for
denatonium benzoate to be 4.1  0.5 and 9.4  1.1
mM at 	50 and �100 mV, respectively (Fig. 8E). In
line with these observations, whole CT nerve record-
ings revealed that denatonium benzoate (10 mM)
had no statistically significant effect on the amplitude
of the sucrose component of the wild-type and Trpm5
KO responses to sucrose-denatonium benzoate mix-
tures (Fig. 8F).

DISCUSSION

We have found that quinine and its stereoisomer quin-
idine induce a dose-dependent inhibition of TRPM5
currents in HEK-293 cells and that both drugs inhibit
TRPM5-dependent peripheral gustatory responses. The
inhibition of TRPM5 currents by quinine is due to a

Figure 3. Effect of quinine on TRPM4 currents. A) TRPM4
currents recorded in the inside-out patch-clamp configura-
tion in the control condition, in the presence of quinine
(QMN) (30–1000 �M), and after washout of the drug.
Currents were elicited by applying depolarizing pulses to
�100 mV followed by a step to 	50 mV (holding potential
of �28 mV). B) Time course of the amplitude of steady-
state currents at �100 and 	50 mV. The arrow indicates
the moment from which the Ca2� concentration of bath

(intracellular) solution was raised from 0 (2 mM N-hydroxy-EDTA) to 1 mM. Application of quinine at different concentrations
is denoted by the horizontal bars. C) Concentration-dependent inhibition of TRPM4 currents at �100 and 	50 mV (n�4). The
dotted and dashed lines correspond to the effects of quinine on TRPM5 currents at 	50 and �100 mV, respectively (Fig. 1C).
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decrease in the whole-cell conductance and a voltage-
dependent inhibition that can be explained by an
increase in the rate of channel closing at negative
potentials. Notably, the potency of the inhibitory effect
is similar to that observed in TRPM4/TRPM5-like non-
selective cation channels in a rat insulinoma cell line
(36), a cell line derived from neonatal mouse mandib-
ular glands (37), and human T-lymphocytes (38). Like-
wise, we have found that quinine effects on the CT
nerve responses of wild-type mice to sucrose are com-
parable to those reported previously in golden ham-
sters (Table 1). Notably, the stereoisomer quinidine,
but not the chemically unrelated bitter compound
denatonium benzoate, is as effective as quinine in
inhibiting TRPM5 currents and gustatory nerve re-
sponses to sucrose.

TRPM5 as a locus for modulating taste perception

We have previously shown that the modulation of
TRPM5 gating by temperature underlies the thermal

sensitivity of sweet taste perception (27). In addition, it
has been proposed that chemical modulators of
TRPM5, such as phosphatidylinositol-4,5-biphosphate
(24), extracellular protons (42), and arachidonic acid
(43), may alter TRPM5-mediated gustatory responses,
but these hypotheses have not been tested. Our present
data demonstrate that not only physical but also phar-
macological interventions on TRPM5 channels can
modulate sweet taste perception in situ.

We have found that quinine inhibits inward TRPM5
currents in isolated cells with an EC50 of 50 �M.
However, although it is well known that quinine is able
to rapidly diffuse into cells of isolated taste buds (44,
45) and reach the basolateral membrane where TRPM5
is expressed (22), effective inhibitory concentrations in
vivo may be significantly higher than those in isolated
cells because of restricted diffusion in the interstitial
space of the taste buds. Our experiments on single
sweet-sensitive fibers indeed show that the inhibitory
effect of quinine is weaker than that for TRPM5 cur-
rents in isolated cells, but it increases with the time of

Figure 4. Quinine inhibits TRPM5-dependent responses of mouse chorda tympani nerve to sweet stimuli. A) Responses of whole
chorda tympani nerve of wild-type (WT) (n�6) and Trpm5 knockout (n�6) mice to mixtures of sucrose (0.3 M) and quinine
at various concentrations (Mixture) and to quinine presented alone. Nerve responses were normalized to the response to 0.1
M NH4Cl. B) Effects of quinine on the amplitude of the whole CT responses to sucrose in wild-type (n�6) and Trpm5 knockout
(n�6) mice. These amplitudes were determined as the amplitude of the response to sucrose-quinine mixtures minus the
amplitude of the response to quinine alone (A). C) Effects of quinine on the integrated whole-nerve responses from chorda
tympani nerve of wild-type and Trpm5 knockout mice to different taste stimuli: sweet (0.5 M sucrose, 0.5 M fructose, 20 mM
saccharin, and 0.3 mM SC-45647), umami (0.1 M MSG plus 10 �M amiloride), and salty (0.1 M NaCl) (n�6 in all cases). The
amplitude of the response component corresponding to each tastant in the tastant-quinine mixtures was determined by
subtracting the response to quinine alone (10 mM, horizontally dashed bar) from the response to the corresponding
tastant-quinine mixture. Wild-type responses to all sweeteners were significantly smaller in the presence of quinine than the
responses to the sweeteners presented alone. *P � 0.05; **P � 0.01.
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application (Fig. 6; see also refs. 2, 15). This finding is
in accordance with restricted diffusion of the drug in
the living tissue and explains the difference in potency
between the whole-cell patch-clamp and the in situ
experiments.

According to one previous report, quinine concentra-
tions just greater than �10 �M are high enough to
increase the threshold for the human detection of the
sweetness of sucrose (8). Our results indicate that this
effect might not be mediated by the inhibition of TRPM5.
Alternatively, it could be due to peripheral interactions
between TRPM5-dependent bitter and sweet gustatory
pathways and/or bitter-sweet interactions at high levels of
gustatory integration (see below). In humans, quinine-
induced inhibition of TRPM5 may be relevant to more
common situations, in which high concentrations of
sweeteners are used. Indeed, it has been shown that the
suppression of suprathreshold sweet sensations requires
hundreds of micromolar concentrations of quinine
(Table 1). Of note, quinine is well-known for its
commercial use in the composition of tonic water in
concentrations up to 220 �M (Code of Federal

Regulations, U.S. Food and Drug Administration;
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfcfr/CFRSearch.cfm?fr�172.575). Thus, it is expected
that significant masking of the sweet taste occurs in
these beverages owing to quinine suppression of sweet
taste perception, which implies that these drinks may
contain higher sugar concentrations than humans can
actually detect.

It has been shown that TRPM5 is involved in the
transduction of umami taste perception (28, 29). How-
ever, quinine application had no statistically significant
effect on the CT response to MSG. To explain this
result, it must be taken into account that, in contrast to
the results reported for another Trpm5 knockout
mouse model (28), we observed that in our Trpm5
knockout mice the CT nerve responses to MSG are
reduced only by 33% with respect to the response in
wild-type mice (Fig. 4C; see also refs. 27, 29). Therefore,
the inhibitory effect of quinine on TRPM5 is expected
to have a limited effect on the total wild-type CT
response to MSG. These results are in agreement with
previous data showing that the murine CT nerve re-

Figure 5. Quinine inhibits TRPM5-dependent responses of single sweet-sensitive fibers to sucrose. A) Responsive profile of single
sweet-sensitive fibers in wild-type (n�7–16) and Trpm5 knockout (n�5–11) mice. The number of nerve impulses was determined
during 10 s-long stimulation with sucrose (0.5 M), quinine (10 mM), NaCl (0.1 M), HCl (0.01 mM) and MSG (0.1 M) plus
amiloride (10 �M). Note that single sweet-sensitive fibers from knockout mice were responsive to sucrose, although to a much
lower extent than for wild-type mice. B) Typical responses of single sweet-sensitive fibers from wild-type and knockout mice to
sucrose (0.5 M), quinine (10 mM), and the mixture of sucrose and quinine. C, D) Dose-dependent effects of quinine on the
number of nerve impulses of single-sweet sensitive fibers from wild-type (C) (n�7–10) and Trpm5 knockout mice (D) (n�7–8)
elicited by the stimulation with sucrose at different concentrations.
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sponse to MSG (unlike the responses to sweeteners)
has a weak temperature dependence (27).

Interestingly, using single facial fibers of the chan-
nel catfish, Ogawa et al. (46) did show clear inhibitory
effects of quinine (1–10 mM) on the gustatory re-
sponses to several amino acids. Moreover, single
amino acid-sensitive fibers in this preparation could
be classified in two groups according to the sensitivity
to quinine. Future experiments may address the
possibility that single umami-sensitive CT fibers of
the mouse can be divided into quinine-sensitive
(TRPM5-dependent)andquinine-insensitive(TRPM5-
independent) groups. Such a result could explain
why we did not observe a statistically significant effect
of quinine on the whole CT nerve responses to MSG.
Further experiments may also test whether quinine
inhibits TRPM5-dependent responses to other bitter
compounds, as it was reported that this drug inhibits
the responses of single facial fibers of the channel
catfish to caffeine and denatonium benzoate,

whereas the latter compounds did not affect the
responses to amino acids (46).

The inhibition of TRPM5 by quinine predicts that
the more a gustatory response depends on TRPM5, the
more susceptible it will be to inhibition by quinine. Our
CT data (Fig. 4C) indicate that, indeed, the magnitude
of the quinine-induced inhibition of wild-type re-
sponses to different tastants strongly correlates
(r�0.93) with the extent to which wild-type responses
to these tastants depend on TRPM5 (Fig. 9). Note that,
according to what is argued above, the point corre-
sponding to MSG fits very well within this correlation.

TRPM4 is the closest homolog to TRPM5 within the
TRP channel superfamily, showing multiple similarities
in some key functional properties, such as voltage- and
Ca2�-dependent gating and impermeability to Ca2�.
Thus, the detection of native single channels in taste
cells of Trpm5 KO mice with characteristics similar to
those of TRPM4 (35) raises the possibility that this
channel is involved in the transduction of taste stimuli.
In this case, TRPM4 could be a good candidate to
sustain the taste responses to sweet, bitter, and umami
stimulus observed in Trpm5 KO mice (refs. 27, 29 and
present results). We found that quinine inhibits
TRPM4 channels overexpressed in HEK-293 cells. How-
ever, the EC50 for quinine at the physiologically rele-
vant potential of 	50 mV was �9-fold larger than that
for TRPM5 channels (Fig. 3C). Notably, quinine did
not alter the amplitude of the gustatory responses of
Trpm5 KO mice, which can be explained by either the
lack of a role of TRPM4 in taste perception or, in the
light of our results, its weak sensitivity to quinine at
physiological potentials.

The inhibition of TRPM4 currents was stronger at
�100 mV than at 	50 mV, reflecting a voltage sensitiv-
ity that is opposite to that observed in TRPM5. At this
point, it is difficult to speculate about the mecha-
nism(s) underlying these differences, but it is interest-
ing to note that the voltage dependence of the inhibi-
tion of HERG channels by quinine and quinidine can
be reversed by mutations in the S6 segment (47).
Future structure-function studies in TRPM4/TRPM5
channels may elucidate which structures underlie the
opposite voltage dependence of the quinine-induced
inhibition.

The results obtained with quinine indicate that other
bitter compounds may affect the perception of sweet
taste by altering TRPM5 function. Therefore, we tested
the effects of quinidine, the stereoisomer of quinine,
and denatonium benzoate, a chemically unrelated com-
pound with marked bitter character. Interestingly,
quinidine was nearly as effective as quinine in inhibit-
ing whole-cell TRPM5 currents in HEK-293 cells and
TRPM5-dependent responses to sucrose. However, de-
natonium benzoate showed a 100-fold weaker inhibi-
tory potency on TRPM5 currents, with significant ef-
fects being observed only at concentrations of 1 mM
and above. In accordance with this observation and the
expected limited diffusion of denatonium benzoate in
intact gustatory tissue, application of a 10 mM concen-

Figure 6. Time-dependent effects of quinine on the responses
of single sweet-sensitive fibers to sucrose. A) Dose depen-
dence of quinine effects on the number of nerve impulses
elicited by 0.3 M sucrose in the first (interval 0–5 s) and
second (interval 5–10 s) halves of a 10-s stimulation period
(n�8). B) Number of nerve impulses recorded during con-
secutive 2-s-long time intervals in the presence of 0.3 M
sucrose and in the presence of the mixture of 0.3 M sucrose
and 3 mM quinine (n�8). The data corresponding to the
taste mixture were fit with a monoexponential function.
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tration of this compound did not affect the wild-type
(and Trpm5 KO) CT responses to sucrose.

A molecular mechanism for bitter-sweet mixture
suppression

Our results strongly indicate that TRPM5, the activation
of which is essential for sweet taste perception (27–29),
is a locus for taste modulation and, in particular, allow
postulation that bitter compounds that have strong
inhibitory effects on TRPM5 are expected to induce
bitter-sweet mixture suppression in the gustatory pe-
riphery. Notably, this result is in full agreement with
previous studies indicating that part of the interaction
between quinine and the sweet transduction pathway
occurs at the gustatory periphery, and, in particular, at
the level of taste receptor cells (2, 3, 19). The inhibition
of TRPM5 by quinine constitutes a novel mechanism of
the so-called bitter-sweet taste interactions for two rea-

sons. First, it provides for a molecular basis of the
phenomenon and, second, it implies that the bitter
tastant inhibits the sweet transduction pathway directly.
This mechanism challenges the fundamental concept
of bitter-sweet taste interaction, as it dissociates the
quinine-induced inhibition of the sweet pathway from
the detection and processing of the bitter signal. Fur-
thermore, this mechanism reconciles the effects of
quinine on sweet responses and the principle of segre-
gated peripheral labeled lines for the perception and
processing of bitter and sweet stimuli (28, 48–50).

It must be noted that our in situ experiments do
not disprove the existence of bitter-sweet interactions
at high levels of gustatory integration (18) nor the
interactions between TRPM5-dependent sweet and
bitter transduction pathways. However, they do dem-
onstrate that the TRPM5-independent sweet and
bitter taste pathways do not interact at the neural
periphery (10, 12, 20, 21) nor via lateral inhibition

Figure 7. Effects of quinidine on TRPM5 currents and CT nerve responses to sucrose. A) TRPM5 currents recorded during the
application of depolarizing pulses to �100 mV followed by a step to 	50 mV (holding potential of�28 mV) in the control
condition, in the presence of 100 or 1000 �M quinidine, and during the washout of the drug. B) Time course of steady-state
TRPM5 current amplitudes at �100 and 	50 mV. Extracellular application of quinidine at different concentrations is denoted
by the horizontal bars. C) Average concentration-dependent inhibition of TRPM5 currents by quinidine at �100 and 	50 mV
(n�6–8). The dotted and dashed lines represent the corresponding dose-dependent effects of quinine at 	50 and �100 mV,
respectively (Fig. 1C). D) Responses of whole chorda tympani nerve of wild-type (WT) (n�6) and Trpm5 knockout (n�6) mice
to mixtures of sucrose (0.3 M) and quinidine at various concentrations (Mixture) and to quinine presented alone. Nerve
responses were normalized to the response to 0.1 M NH4Cl. E) Effects of quinidine on the amplitude of the whole CT responses
to sucrose in wild-type (n�6) and Trpm5 knockout (n�6) mice. These amplitudes were determined as the amplitude of the
response to sucrose-quinidine mixtures minus the amplitude of the response to quinidine alone (D).
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between sweet- and bitter-labeled taste receptor cells
(2, 19). Indeed, we observed that in contrast with
wild-type mice, whereas whole CT responses of Trpm5
knockout mice to quinine were preserved in �60%
with respect to those of wild type (Fig. 4C), the nerve
responses of knockout mice to sweeteners were to-
tally insensitive to quinine.

Sweet and bitter compounds induce a reciprocal
suppression of their gustatory responses (12, 16–18, 51,
52). However, at least for quinine-sucrose mixtures,
there is a functional asymmetry in the underlying
peripheral mechanisms of inhibition, as quinine sup-
presses peripheral sucrose responses but not vice versa
(2, 19). Our results provide a straightforward explana-
tion for these observations, i.e., a direct inhibitory effect
of quinine on the TRPM5-dependent sweet transduc-
tion pathway.

From the biological point of view, the elucidation of
the mechanisms for suppression of sweet responses by
bitter compounds remains a central question. As men-
tioned above, this phenomenon may constitute a mech-
anism of protection against the consumption of nox-
ious components in calorie-enriched foods. In this
context, a defensive mechanism based on the inhibi-
tion of a specific element of the transduction cascade
(e.g., quinine on TRPM5) seems to be a very effective
complement to neural-based mechanisms of negative
feedback located either at the gustatory periphery or at
higher integration levels. In any case, our results teach
us that quinine, although useful to study peripheral

Figure 8. Effects of denatonium benzoate on TRPM5 currents and CT nerve responses to sucrose. A) Examples of TRPM5
currents recorded during the application of depolarizing pulses to �100 mV followed by a step to 	50 mV (holding potential
of�28 mV) in the control condition, in the presence of 10, 300, 100, or 30 �M denatonium benzoate (DB), and during the
washout of this compound. B) Time course of steady-state TRPM5 current amplitudes at �100 and 	50 mV. Extracellular application
of denatonium benzoate is denoted by the horizontal bars. C) Examples of TRPM5 currents in the control, in the presence of 1 or
3 mM denatonium benzoate, and during the washout of this compound. D) Time course of steady-state TRPM5 current amplitudes
at �100 and 	50 mV. Extracellular application of denatonium benzoate is denoted by the horizontal bars. E) Average
concentration-dependent inhibition of TRPM5 currents by denatonium benzoate at �100 and 	50 mV (n�9–16). The dotted and
dashed lines represent the corresponding dose-dependent effects of quinine at 	50 and �100 mV, respectively (Fig. 1C). F)
Comparison of the amplitude of whole chorda tympani nerve responses to sucrose in the absence and in the presence of denatonium
benzoate for wild-type (WT) and Trpm5 knockout mice (n�6 each). The amplitude of the sucrose component in the response to the
sucrose-denatonium benzoate mixtures was determined by subtracting the amplitude of the response to denatonium benzoate alone
from the response to the corresponding mixture. Nerve responses were normalized to the response to 0.1 M NH4Cl.

Figure 9. The effect of quinine on CT nerve responses
correlates with the degree to which these responses depend
on TRPM5. The inhibitory effect of quinine on CT nerve
responses to different taste stimuli was determined with the
formula: inhibition � 100 � (1	(RM	RQ)/RT), where RM,
RQ, and RT are the magnitude of response to the mixture of
the tastant and quinine (10 �M), to quinine alone (10 �M),
and to the tastant alone, respectively (Fig. 3C). For each
tastant, the degree of dependence of the wild-type CT nerve
response on TRPM5 was estimated as 1 	 RKO/RWT, where RKO
and RWT are the average response of Trpm5 knockout and
wild-type mice, respectively.
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processes, is not the best choice to learn about the
mechanisms of interaction between the sensory path-
ways for sweet and bitter tastes at high levels of gusta-
tory signal integration.

Relevance to the mechanisms of bitter taste
transduction

The effects of quinine on TRPM5 have strong implica-
tions for our understanding of the mechanisms of
bitter taste transduction, as the role of TRPM5 in this
process is still a matter of debate. On one hand, it has
been proposed that the transduction of bitter taste
(including that of quinine) is entirely mediated by the
activation of TRPM5 (28). On the other hand, previous
data suggested multiple pathways (45, 53, 54) and,
more recently, Trpm5-null mice have been found to be
responsive to quinine (refs. 27, 29; see also Fig. 3).

Our data demonstrate that quinine inhibits TRPM5
currents and therefore indicate that the perception of
the bitter taste of this compound cannot be mediated
solely by the activation of TRPM5 channels. At least one
alternative pathway must come into play to trigger the
aversive behavior toward quinine at high concentra-
tions. The dose dependence of the suppression of
TRPM5-dependent sweet responses by quinine may
give an estimate of the concentrations at which the
bitter taste of quinine may not be mediated by TRPM5
(i.e., the concentrations at which quinine inhibits
TRPM5 in situ). We have found that 1 mM quinine
inhibits �60% of the neural responses to 0.1 M sucrose
(Fig. 5C). Assuming similar accessibility of quinine to
the basolateral membrane of best sweet- and best
bitter-labeled taste receptor cells, we estimate that
TRPM5-dependent gustatory responses to quinine may
be significantly reduced at concentrations �1 mM.
Accordingly, Trpm5-null mice are endowed with a
TRPM5-independent gustatory pathway, which sup-
ports neural and behavioral taste responses to quinine
at concentrations higher than 1 mM (29).

In conclusion, we have identified the TRPM5 cation
channel as a quinine-sensitive element in the sweet taste
transduction pathway and provide the molecular basis of
a novel mechanism of peripheral gustatory processing
underlying bitter-sweet taste interactions. In addition, our
data constitute additional independent evidence for the
existence of at least one TRPM5-independent pathway for
the transduction of bitter taste and demonstrate that
TRPM5 can be used as a pharmacological target for the
modulation of taste perception.
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37. Cook, D. I., Poronnik, P., and Young, J. A. (1990) Characteriza-
tion of a 25-pS nonselective cation channel in a cultured
secretory epithelial cell line. J. Membr. Biol. 114, 37–52

38. Schlichter, L. C. (1992) Nonselective cation channels in intact
human T lymphocytes. Can. J. Physiol. Pharmacol. 70, 247–258

39. Nilius, B., Prenen, J., Janssens, A., Voets, T., and Droogmans, G.
(2004) Decavanadate modulates gating of TRPM4 cation chan-
nels. J. Physiol. 560, 753–765

40. Nilius, B., Mahieu, F., Prenen, J., Janssens, A., Owsianik, G.,
Vennekens, R., and Voets, T. (2006) The Ca2�-activated cation
channel TRPM4 is regulated by phosphatidylinositol 4,5-biphos-
phate. EMBO J. 25, 467–478

41. Kawai, K., Sugimoto, K., Nakashima, K., Miura, H., and Ni-
nomiya, Y. (2000) Leptin as a modulator of sweet taste sensitiv-
ities in mice. Proc. Natl. Acad. Sci. U. S. A. 97, 11044–11049

42. Liu, D., Zhang, Z., and Liman, E. R. (2005) Extracellular acid
block and acid-enhanced inactivation of the Ca2�-activated
cation channel TRPM5 involve residues in the S3–S4 and S5–S6
extracellular domains. J. Biol. Chem. 280, 20691–20699

43. Oike, H., Wakamori, M., Mori, Y., Nakanishi, H., Taguchi, R.,
Misaka, T., Matsumoto, I., and Abe, K. (2006) Arachidonic acid
can function as a signaling modulator by activating the TRPM5
cation channel in taste receptor cells. Biochim. Biophys. Acta
1761, 1078–1084

44. Peri, I., Mamrud-Brains, H., Rodin, S., Krizhanovsky, V., Shai, Y.,
Nir, S., and Naim, M. (2000) Rapid entry of bitter and sweet
tastants into liposomes and taste cells: implications for signal
transduction. Am. J. Physiol. 278, C17–C25

45. DeSimone, J. A. (2000) Focus on “rapid entry of bitter and sweet
tastants into liposomes and taste cells: implications for signal
transduction”. Am. J. Physiol. 278, C13–C16

46. Ogawa, K., Marui, T., and Caprio, J. (1997) Quinine suppression
of single facial taste fiber responses in the channel catfish. Brain.
Res. 769, 263–272

47. Sanchez-Chapula, J. A., Ferrer, T., Navarro-Polanco, R. A., and
Sanguinetti, M. C. (2003) Voltage-dependent profile of human
ether-a-go-go-related gene channel block is influenced by a single
residue in the S6 transmembrane domain. Mol. Pharmacol. 63,
1051–1058

48. Lindemann, B. (2001) Receptors and transduction in taste.
Nature 413, 219–225

49. Sugita, M. (2006) Taste perception and coding in the periphery.
Cell. Mol. Life Sci. 63, 2000–2015

50. Simon, S. A., de Araujo, I. E., Gutierrez, R., and Nicolelis, M. A.
(2006) The neural mechanisms of gustation: a distributed
processing code. Nat. Rev. Neurosci. 7, 890–901

51. Calviño, A. M. (1986) Perception of sweetness: the effects of
concentration and temperature. Physiol. Behav. 36, 1021–1028

52. Calviño, A. M., and Garrido, D. (1991) Spatial and temporal
suppressive behavior of bitter-sweet mixtures. Percept. Mot. Skills.
73, 1216

53. Spielman, A. I., Huque, T., Whitney, G., and Brand, J. G. (1992)
The diversity of bitter taste signal transduction mechanisms. Soc.
Gen. Physiol. Ser. 47, 307–324

54. Margolskee, R. F. (2002) Molecular mechanisms of bitter and
sweet taste transduction. J. Biol. Chem. 277, 1–4

Received for publication August 30, 2005.
Accepted for publication November 8, 2007.

13ROLE OF TRPM5 IN BITTER-SWEET INTERACTIONS


