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Abstract

Transient receptor potential cation channel subfamily M member 5 (TRPM5) is a Ca
2+

-activated nonselective cation channel 
involved in the transduction of sweet, bitter, and umami tastes.  We previously showed that TRPM5 is a locus for the modula-
tion of taste perception by temperature changes, and by quinine and quinidine, 2 bitter compounds that suppress gustatory 
responses. Here, we determined whether other bitter compounds known to modulate taste perception also affect TRPM5. 
We found that nicotine inhibits TRPM5 currents with an effective inhibitory concentration of ~1.3 mM at −50 mV. This effect 
may contribute to the inhibitory effect of nicotine on gustatory responses in therapeutic and experimental settings, where 
nicotine is often employed at millimolar concentrations. In addition, it implies the existence of a TRPM5-independent path-
way for the detection of nicotine bitterness. Nicotine seems to act from the extracellular side of the channel, reducing the 
maximal whole-cell conductance and inducing an acceleration of channel closure that leads to a negative shift of the activa-
tion curve. TRPM5 currents were unaffected by nicotine’s metabolite cotinine, the intensive sweetener saccharin or by the 
bitter xanthines caffeine, theobromine, and theophylline. We also tested the effects of bitter compounds on another essential 
element of the sweet taste transduction pathway, the type 3 IP3 receptor (IP3R3). We found that IP3R3-mediated Ca

2+
 flux is 

slightly enhanced by nicotine, not affected by saccharin, modestly inhibited by caffeine, theobromine, and theophylline, and 
strongly inhibited by quinine. Our results demonstrate that bitter compounds have differential effects on key elements of the 
sweet taste transduction pathway, suggesting for heterogeneous mechanisms of bitter–sweet taste interactions.
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Introduction

Mammalian gustatory perception involves the detection 

of  individual taste qualities (sweet, bitter, salty, sour, and 

umami) in complex mixtures. This is possible because, by 

expressing singly tuned molecular receptors, individual 

taste receptor cells recognize tastants of  a single quality 

(Chandrashekar et  al. 2006; Sugita 2006; Chaudhari and 

Roper 2010). However, it is well known that many tastants 

“interact” with each other, producing either perceptual 

potentiation or inhibition (Keast and Breslin 2002). The 

elucidation of  the mechanisms underlying these interac-

tions is, therefore, critical for a comprehensive understand-

ing of  taste processing. Mixture interactions may arise 

at different levels, such as the conscious experience, the 

central nervous system, the afferent �bers and the gusta-

tory periphery (Lawless 1977; Formaker and Frank 1996; 

Formaker et al. 1997; Schifferstein 2003; Vandenbeuch et al. 

2004; Frank et al. 2005). The peripheral interactions have 

drawn considerable attention and may arise from various 

mechanisms. These include chemical interactions between 

tastant molecules, competition between tastants for a spe-

ci�c receptor, cross-talk between transduction cascades in a 

single taste receptor cell, lateral cell–cell interactions within 

the taste buds, and interactions between gustatory signals 

at the level of  the papillae and/or the afferent nerve �b-

ers (Formaker and Frank 1996; Vandenbeuch et al. 2004; 

Frank et al. 2005).
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The recent elucidation of the molecular pathways under-

lying taste perception allows a more direct identi�cation of 

molecular loci where taste interactions may take place at the 

level of taste receptor cells. According to the current model, 

the transduction of sweet, bitter, and umami taste is initiated 

upon activation of G-protein-coupled taste receptors, which 

triggers Ca
2+

 release from the endoplasmic reticulum by type 

3 IP3 receptors (IP3R3) and the subsequent activation of the 

Ca
2+

-activated nonselective cation channel transient receptor 

potential cation channel subfamily M member 5 (TRPM5) 

(Liu and Liman 2003; Zhang et al. 2003; Hisatsune et al. 2007; 

Liman 2007; Zhang et al. 2007). Opening of TRPM5 channels 

leads to cation in�ux and depolarization of the taste recep-

tor cell, which is necessary for the communication with affer-

ent gustatory �bers (Huang et al. 2007; Romanov et al. 2007; 

Zhang et al. 2007). In principle, physical and chemical factors 

modulating the function of any of these molecular players 

are expected to alter taste perception. For instance, we have 

previously shown that heat-induced stimulation of TRPM5 

explains the thermal modulation of sweet taste perception 

(Talavera et al. 2005). In addition, TRPM5 is also modulated 

by chemical factors, such as phosphatidylinositol 4,5-bispho-

sphate (Liu and Liman 2003), acidi�cation (Liu et al. 2005), 

and arachidonic acid (Oike et  al. 2006). Furthermore, we 

have shown in the mouse that the model bitter compounds 

quinine and quinidine inhibit TRPM5 currents and TRPM5-

dependent gustatory nerve responses to sweeteners (Talavera 

et al. 2008). Hence, this channel constitutes a locus for the 

peripheral modulation of taste perception.

Interestingly, other bitter compounds of extensive popu-

lar use also produce gustatory suppression. Such is the case 

of nicotine, whose effects on gustatory transduction have 

drawn signi�cant attention (Simons et al. 2006; Lyall et al. 

2007; Tomassini et  al. 2007). These studies are in general 

motivated by the well-known deleterious effects of smoking 

and tobacco use on taste perception (Grunberg 1982, 1985). 

It has been shown that oral application of nicotine depresses 

gustatory neurons in the nucleus of the solitary tract (Simons 

et  al. 2006). Nicotine-induced depression of responses to 

NaCl and citric acid was proposed to depend on activation 

of trigeminal nociceptors. On the other hand, nicotine was 

proposed to modulate chorda tympani responses to salts by 

interacting directly with the vanilloid receptor TRPV1 and 

by stimulating the epithelial sodium channel in taste recep-

tor cells (Lyall et al. 2007).

It is notable, however, that the acute effects of nicotine on 

elements of the sweet transduction cascade(s) have not been 

tested. Taking into account the role of TRPM5 as a locus for 

sweet taste modulation (Talavera et al. 2005, 2007, 2008), we 

here determined whether this channel is targeted by nicotine. 

We also tested the effects of nicotine’s metabolite cotinine, the 

bitter xanthines caffeine, theobromine and theophylline, and 

saccharin, an intensive synthetic sweetener that also induces 

bitter taste. We found that, of all compounds tested, nico-

tine is the only one able to affect TRPM5, producing current 

inhibition by decreasing the maximal whole-cell conduct-

ance and increasing the rate of channel closure. In addition, 

we determined whether these bitter compounds affect IP3R3, 

which is another essential element of the sweet taste transduc-

tion pathway (Hisatsune et al. 2007). We found that this intra-

cellular Ca
2+

-release channel is slightly stimulated by nicotine, 

strongly inhibited by quinine, modestly inhibited by caffeine, 

theobromine and theophylline, and not affected by saccharin.

Taken together, our results demonstrate that bitter com-

pounds have differential effects on key elements of the sweet 

taste transduction pathway, which suggests heterogeneous 

mechanisms of bitter–sweet taste interactions. Furthermore, 

they constitute independent evidence for the existence of 

TRPM5- and IP3R-independent pathways for the detection 

of nicotine and quinine bitterness.

Materials and methods

Transfection and culture of HEK-293 cells

Murine TRPM5 in the pAGGS-IRES-GFP vector was tran-

siently transfected in human embryonic kidney cells (HEK-

293) using Trans-IT-293 reagents (Mirus). Cells were seeded 

in 18-mm glass coverslips coated with poly-L-lysine (0.1 mg/

mL) and grown in Dulbecco’s modi�ed Eagle’s medium con-

taining 10% (v/v) fetal calf  serum, 2 mM l-glutamine, 2 U/

mL penicillin, and 2 mg/mL streptomycin at 37 °C in humid-

ity-controlled incubator with 10% CO2.

Patch-clamp experiments

For current recordings, coverslips with cells were placed in the 

stage of an inverted microscope (Olympus IX70) and rinsed 

for a few minutes with Krebs (stabilization) solution, con-

taining (in millimolar [mM]): 150 NaCl, 6 KCl, 1 MgCl2, 1.5 

CaCl2, 10 glucose, and 10 HEPES and titrated to pH 7.4 with 1 

N NaOH. Currents were recorded using the whole-cell patch-

clamp technique using an EPC-7 (LIST Electronics) ampli�er 

and �ltered with an 8-pole Bessel-�lter (Kemo). For control 

of voltage-clamp protocols and data acquisition, we used 

an IBM-compatible PC with a TL-1 DMA interface (Axon 

Instruments) and the software pCLAMP (version 9.0; Axon 

Instruments). Bath solutions were perfused by gravity via a 

multibarrelled pipette. Patch pipettes were pulled from Vitrex 

capillary tubes (Modulohm) using a DMZ-Universal puller 

(Zeitz-Instruments). An Ag–AgCl wire was used as reference 

electrode. Adequate voltage control was achieved by using low 

pipette resistances (1–2.5 MΩ) and series resistance compen-

sation to the maximum extent possible (40–50%). Membrane 

capacitive transients were electronically compensated. Current 

traces were �ltered at 2.5–5 kHz and digitized at 5–10 kHz.

TRPM5 currents were recorded in the whole-cell patch-

clamp con�guration, using an extracellular solution con-

taining (in millimolar [mM]): 150 NaCl, 5 CaCl2, 1 MgCl2, 

and 10 HEPES and was titrated to pH 7.4 with NaOH. 
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The intracellular (pipette) solution contained (in millimo-

lar [mM]): 50 NaCl, 100 NMDG
+
, and 10 HEPES and was 

titrated to pH 7.2 with NaOH. To ensure basal TRPM5 acti-

vation, the intracellular solution also contained 500 nM free 

Ca
2+

 (2 mM EGTA and 1.55 mM CaCl2) (Hofmann et  al. 

2003; Liu and Liman 2003; Prawitt et al. 2003; Talavera et al. 

2005; Ullrich et al. 2005).

Currents were routinely recorded during the application of 

300 ms-lasting voltage steps 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-permeant ion in the solutions. As a result, no steady 

TRPM5 current occurred between test pulses, allowing detec-

tion of leak currents and avoiding ionic depletion and accumu-

lation in the intracellular milieu (Talavera et al. 2008; Meseguer 

et al. 2011). All experiments were performed at 25–26 °C.

Patch-clamp data were analyzed using WinASCD (G. 

Droogmans, KU Leuven) and Origin 7.0 (OriginLab 

Corporation). Whenever needed, the linear leak compo-

nent of the current traces was digitally subtracted before 

data analysis. Time constants of current relaxation (τ) were 

obtained from the �t of current traces with a single exponen-

tial function. For current amplitudes, dose-response curves 

were �t by a Hill function of the form:

  Inhibition =
+ ( )

100

1 IC D
50

H

/ [ ]  

where an effective inhibitory concentration (IC50) is the effec-

tive concentration, [D] is the drug concentration, and H is 

the Hill coef�cient. Current–voltage relationships were �t by 

a linear × Boltzmann-type function:

  

I

act act

( )
( /

max
V

G V V

V V s

r
=

−( )

+ − −( )1 exp  

where Gmax is the maximal TRPM5 whole-cell conductance, 

Vr the reversal potential, Vact is the potential of half-maximal 

activation, and sact is the slope factor. 

Estimation of the concentration of nicotine remaining in 

cells after brief washout

HEK-293 cells were seeded directly on the surface of a 

12-well plate (Greiner) without any coating and grown in 

a monolayer up to 100% con�uence. Cells were incubated 

with phosphate-buffered saline (PBS) solution containing 

10 mM nicotine, then this solution was removed, and cells 

were washed with fresh PBS for 2 s. Subsequently, cells were 

incubated twice for 30 min in 500 µL of fresh PBS to allow 

nicotine to leak out of the cells. The same protocol was per-

formed with nicotine in the absence of cells to determine 

how much nicotine remains in the cell container after wash-

out, and in the presence of cells without nicotine to deter-

mine the possible contribution of cellular components (such 

as free DNA released from damaged cells) to the absorbance 

measured at 260 nm. The concentration of nicotine present 

in the solutions was determined by measuring absorbance 

at 260 nm in a conventional spectrophotometer (DU640B; 

Beckman Coulter), as previously described (Clayton et  al. 

2013). Absolute absorbance values were converted into nico-

tine concentrations by means of a calibration curve obtained 

from measurements of absorbance in several samples of 

known nicotine concentrations (range from 0.01 to 3 mM).

Expression of IP3R isoforms

The expression levels of IP3R isoforms were analyzed and 

quanti�ed exactly as published previously (Missiaen et  al. 

2004; Thebault et al. 2005). In short, microsomes isolated from 

Lvec cells were subjected to sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis and western blotting, and the 3 

IP3R isoforms were assayed using isoform-speci�c antibodies. 

We used polyclonal antibodies Rbt03 and Rbt02 against IP3R1 

and IP3R2, respectively (Parys et al. 1995) and the monoclonal 

MMAtype3 (#610313; BD Transduction Laboratories) against 

IP3R3. Control samples were microsomes from RINm5F 

insulinoma and RBL-2H3 mucosal mast cells. Detection was 

performed by �uorimaging using Vistra-ECF (Amersham 

Biosciences) as substrate (Vanlingen et al. 1997).

Unidirectional 
45

Ca
2+

-flux assay

Unidirectional 
45

Ca
2+

-�ux experiments were performed 

as described elsewhere in full detail (Luyten et  al. 2014). 

Brie�y, Lvec cells (Miyawaki et  al. 1990) were seeded in 

12-well clusters (Greiner) at a density of 6 × 10
4
 cells per well. 

Experiments were carried out on con�uent cell monolayers 

on the seventh day after seeding. Permeabilization of the 

plasma membrane was achieved by incubating the cells for 

10 min with a solution containing (in millimolar [mM]) 120 

KCl, 30 imidazole–HCl (pH 6.8), 2 MgCl2, 1 ATP, 1 EGTA, 

and 40 µg/mL saponin at 30 °C. The nonmitochondrial Ca
2+

 

stores were loaded for 45 min at 30 °C in 120 KCl, 30 imida-

zole–HCl (pH 6.8), 5 MgCl2, 5 ATP, 0.44 EGTA, 10 NaN3 

to prevent mitochondrial Ca
2+

 uptake and 150 nM of total 

free Ca
2+

 (including 
45

Ca
2+

 whose concentration is chosen to 

have a �nal speci�c activity of 0.3 MBq/mL). The cells were 

then washed twice with 1 mL of ef�ux medium containing 

(in millimolar [mM]) 120 KCl, 30 imidazole–HCl (pH 6.8), 

1 EGTA, and 4 µM thapsigargin to block the sarco/endo-

plasmic reticulum Ca
2+

-ATPase (SERCA) Ca
2+

 pumps. The 

ef�ux medium was replaced every 2 min during 18 min. After 

10 min, cells were challenged with IP3 (3  µM). At the end 

of each experiment, the 
45

Ca
2+

 remaining in the stores was 

released by incubation with 1 mL of a 2% sodium dodecyl 

sulfate solution for 30 min. The time course of the 
45

Ca
2+

 

release was calculated by summing in retrograde order the 

amount of radioactivity in the cells at the end of the experi-

ment and the radioactivity collected during the successive 

time intervals.
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Drugs

All chemicals were purchased from Sigma-Aldrich. Nicotine 

was kept in a nitrogen atmosphere to prevent oxidation, 

and solutions were freshly prepared before the experiments. 

Cotinine, saccharin, caffeine, theobromine, theophyl-

line, and quinine were weighed and directly added to the 

solutions.

Statistical analysis

Statistical analyses were performed with Origin 7.0. Data 

presented as mean ± standard error of the mean. ANOVA 

and t-tests were performed whenever appropriate. P < 0.05 

was considered as statistical signi�cance.

Results

Nicotine inhibits TRPM5

Extracellular application of nicotine inhibited whole-cell 

TRPM5 currents in a dose dependent and reversible man-

ner (Figure 1A and B). The inhibition was more pronounced 

at negative potentials, with IC50 values of 1.34 ± 0.10 mM at 

−50 mV and 3.42 ± 0.09 mM at +100 mV (n = 5; Figure 1C). 

The Hill coef�cient was 1.08 ± 0.08 and 0.96 ± 0.03 at −50 

mV and +100 mV, respectively.

Notably, both the installation and the reversion of  nicotine 

effects on the TRPM5 current were very quick (Figure 1B). 

For instance, the potent inhibitory effect of  10 mM nicotine 

was reversed within 4 s. Considering that the time needed 

for the exchange of  the extracellular solution in our record-

ing conditions is ~2 s, we estimate that the inhibition of 

TRPM5 is relieved within 1–2 s upon washout. This suggests 

that nicotine inhibits TRPM5 by acting from the extracel-

lular side of  the channel. However, it could be also possible 

that nicotine acts from the intracellular side, and that it dif-

fuses quickly from the action site(s) upon washout. To dis-

tinguish between these possibilities, we set out to estimate 

the nicotine concentration remaining in the cells after the 

period of  washout that is suf�cient for the reversal of  the 

effects on TRPM5 currents. For this, HEK-293 cells were 

incubated with PBS containing 10 mM of nicotine for 30 s.  

This solution was removed (Figure  2A; Step 1)  and cells 

were rinsed for 2 s using 500 µL of fresh PBS to simulate 

the effect of  the washout with the perfusion system used in 

the patch-clamp recordings (Figure 2A; Step 2). Then, cells 

were incubated twice for 30 min in renewed PBS (Figure 2A; 

Steps 3 and 4). Samples collected in the 2 last rinsing steps 

were used to measure absorbance at 260 nm. The concentra-

tion of  nicotine contained in these samples was determined 

using a calibration curve obtained from measurements of 

absorbance in samples of  known nicotine concentrations 

(Figure 2C). As controls, the same protocol was performed 

with nicotine in the absence of  cells and in the presence of 

cells without nicotine. The results (shown in Figure  2D) 

clearly demonstrate that 1) in the absence of  cells, nicotine 

is effectively washed out from the container after the �rst 

(2 s) rinsing step, 2) cellular components do not contribute 

signi�cantly to the absorbance, and 3) there is a signi�cant 

amount of  nicotine remaining in the cells after the �rst (2 

s) rinsing step.

We then estimated the concentration of nicotine remaining 

in the cells after the 2 s period of washout, assuming that 

nicotine distributes homogeneously. We used the equation: 

C n V
Cells Nic Cells

= , where nNic is the sum of the number of moles 

of nicotine collected in the rinsing Steps 3 and 4. This was deter-

mined from the data shown in Figure 2D with the equation: 

n V
SNic 1st

Cells

1st30

No cells

2nd30

CellNic Nic Nic= − +′ ′ ′[ ] [ ] [ ]
30

ss

2nd 30

No cellsNic−( )′[ ] ,

where VS (=500 µL) is the volume of the rinsing solutions in 

Steps 3 (subscript 1st 30ʹ) and 4 (subscript 2nd 30ʹ), and the 

superscripts “Cells” and “No cells” denote the nicotine con-

centrations determined in the presence and in the absence of 

cells, respectively. VCells is the volume occupied by the cells 

and was calculated as the product of the area of the wells 

(=3.8 cm
2
) and the height of the cell monolayer (~25  µm). 

The calculations gave an estimate CCells ~10 mM, which indi-

cates that a considerable amount of nicotine accumulates 

in the cells and remains in them after the period of wash-

out needed for the reversal of the inhibitory effects on the 

TRPM5 currents. This strongly suggests that nicotine inhib-

its TRPM5 by acting from the extracellular side.

Effects of nicotine on the gating properties of TRPM5

We further analyzed the effects of nicotine on TRPM5 by 

determining the voltage dependence of the steady state and 

kinetic properties of TRPM5 currents in the control and in 

the presence of 3 mM extracellular nicotine. For this, cur-

rents were recorded during the application of a voltage step 

lasting 300 ms to potentials from −125 to +175 mV followed 

by a step to −50 mV (Figure  3A). Current–voltage (I/V) 

relationships determined from the amplitude of steady-

state currents at the end of the pre-pulses indicate that 

nicotine inhibits TRPM5 at all membrane potentials tested 

(Figure 3B), and that the inhibition was stronger at negative 

voltages (Figure 3C), consistent with the data in Figure 1. To 

test whether the voltage dependence of nicotine effects arises 

from changes in the recti�cation pattern of open channels, 

we determined the voltage dependence of instantaneous 

current amplitudes in control and in the presence of nico-

tine (Figure 4A and B). The data clearly indicate that this is 

not the case, as they were well-�tted by a linear function in 

both cases. In addition, the reversal potential was not signi�-

cantly different between control (24.4 ± 0.3 mV; n = 5) and 

in the presence of nicotine (24.7 ± 0.5 mV). Thus, the volt-

age dependence of nicotine-induced inhibition should arise 

from effects on gating properties. Indeed, although applica-

tion of 3 mM nicotine had no signi�cant effect on the voltage 
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sensitivity of channel activation (sact = 58 ± 4 mV in control 

compared with sact = 57 ± 3 mV in the presence of nicotine; 

n = 5), it did induce a signi�cant shift of the activation curve 

to more positive potentials (Vact = 60 ± 9 mV in the control 

conditions compared with Vact  =  116 ± 12 mV, P  <  0.05; 

n = 5). Furthermore, nicotine reduced the time constant of 

current relaxation at negative potentials (Figure 4D), which 

indicates that it induces an increase of the rate of channel 

closure.

In addition to the voltage-dependent effect of nicotine on 

gating kinetics, there was a voltage-independent inhibitory 

component that was evidenced by a signi�cant decrease of 

the maximal whole-cell conductance, Gmax, to 24.2 ± 6.5% of 

control values (Figure 3C; P < 0.05; n = 5).

Figure 1 Nicotine inhibits TRPM5 currents in HEK-293 cells. (A) TRPM5 currents recorded in the control condition and in the presence of extracellular 

nicotine (0.3–10 mM). Currents were elicited by applying depolarizing pulses to +100 mV followed by a step to −50 mV (holding potential of +28 mV). The 

traces correspond 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 nicotine at different concentrations is denoted by the horizontal bars. (C) Concentration-dependent inhibition of TRPM5 currents 

at +100 and −50 mV (mean ± standard error of the mean, n = 5). This figure is reproduced in color in the online version of the issue. 
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Nicotine’s metabolite cotinine does not inhibit TRPM5

In the body, nicotine is quickly metabolized to cotinine, a 

bitter alkaloid that is also present in tobacco and that is used 

as a biomarker for smoking in humans (Haufroid and Lison 

1998). It is therefore possible that some of the effects of 

nicotine on taste perception are actually produced by coti-

nine. Thus, we determined the effect of cotinine on TRPM5 

currents. In contrast to nicotine, cotinine did not induce sig-

ni�cant effects in TRPM5 currents even at the high concen-

tration of 10 mM (Figure 5).

Saccharin and xanthines have no effect on TRPM5

Next, we tested whether other membrane-permeable bitter 

compounds known to interact with sweet taste transduc-

tion may affect TRPM5. Saccharin is an intensive arti�cial 

sweetener that produces bitter taste and that has been shown 

to suppress sweetness intensity ratings in humans (Schiffman 

et al. 1995). We found that extracellular application of 1 mM 

saccharin induced no signi�cant change in the amplitude of 

TRPM5 currents (−0.3 ± 1.5%; Figure  6A). Similarly, nei-

ther caffeine, a prominent inhibitor of sweet taste perception 

(Calviño et al. 1990; Mojet et al. 2004), nor the chemically 

related xanthines theophylline and theobromine induced 

changes on the TRPM5 currents (0.1 ± 1.8%, −0.4 ± 3.7%, 

and 0.5 ± 3.3%; Figure 6B).

Differential effects of bitter compounds on IP3R-mediated 

Ca
2+

 release

It has been shown that the IP3R3 channels are key media-

tors of the perception of sweet, bitter, and umami 

Figure 2 Estimation of the intracellular nicotine concentration remaining in cells after extracellular washout. (A) Schematic representation of the experi-

mental procedure used to determine the concentration of nicotine that remains in cells after a period of washout that is sufficient for the reversal of 

inhibition of TRPM5 currents. Step 1: incubation of nicotine; Step 2: 2 s washout with PBS, Steps 3 and 4: 30 min washes with PBS. (B) Absolute values of 

spectrophotometric ultraviolet absorbance detected in the PBS solutions collected in successive rinsing steps (panel A: Steps 3 and 4). The bars represent 

mean ± standard error of the mean (n = 4). (C) Standard curve for the absorbance detected at 260 nm in solutions containing nicotine. The line represents 

the fitting with a Hill function characterized by a maximal absorbance of 2.46 ± 0.05, a nicotine concentration for half-maximal absorbance of 184 ± 12 µM 

and a Hill coefficient of 1.8 ± 0.2. (D) Nicotine concentration in the PBS solutions collected in successive rinsing steps (panel A: Steps 3 and 4). The bars 

indicate mean ± standard error of the mean (n = 4). This figure is reproduced in color in the online version of the issue.
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stimuli (Hisatsune et al. 2007) and are proposed to provide 

the increase in intracellular Ca
2+

 concentration needed for 

the activation of TRPM5 (Liu and Liman 2003; Zhang et al. 

2003;Hisatsune et al. 2007; Liman 2007; Zhang et al. 2007).  

Thus, it is conceivable that bitter compounds modulate 

the perception of taste by modulating IP3R3. To test this 

possibility, we determined the effects of nicotine, caffeine, 

theobromine, theophylline, saccharin, and quinine on the 

Figure 3 Voltage dependency of TRPM5 current inhibition by nicotine. (A) Left panel: voltage protocol used to determine the activation and kinetic properties of TRPM5. 

Middle and right panels: current traces recorded during the application of this protocol in the control conditions and in the presence of 3 mM extracellular nicotine. (B) 

Average current–voltage relationship of TRPM5 in the control and 3 mM nicotine conditions (n = 5). 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 function (see Materials and methods). (C) Voltage dependency  

of current inhibition during the application of 3 mM nicotine. The line was obtained by calculating the voltage dependence of current inhibition from the fit function shown 

in B (the discontinuity around +25 mV is caused by the slight difference in reversal potential). This figure is reproduced in color in the online version of the issue.
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302 M. Gees et al.

Figure 4 Effect of nicotine on the gating properties of TRPM5. (A) The relaxation time course of currents (elicited by the protocol shown in Figure 2A) was 

fit for each test potential with a single exponential function. The arrows indicate the time point at which instantaneous current amplitudes were determined 

(see B). (B) Instantaneous current amplitudes as a function of the test potential in the control conditions and in the presence of 3 mM nicotine (n = 5). 

These values were obtained by extrapolating the fit of the current traces to the beginning of the pulse (see arrow in A) 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 

3 mM nicotine amounts to 53% of that of control. (C) Effects of 3 mM extracellular nicotine on the voltage dependence of activation (normalized whole-cell 

TRPM5 conductance). Data were obtained by fitting the tail currents with a single exponential and normalizing to the maximal conductance (Gmax) obtained 

in control. Continuous lines are the Boltzmann function calculated with the values of voltage half-maximal activation (Vact) and slope factor (sact) determined 

in each condition. The dashed line represents the rescaled Boltzmann function obtained in nicotine, illustrating that nicotine shifted the activation curve to 

more positive potentials while not affecting its slope. (D) Voltage dependence of the average time constant of current relaxation in the control condition 

and in the presence of 3 mM nicotine (n = 5). The horizontal bar and * mark the voltages at which nicotine had a significant effect (P < 0.05). This figure 

is reproduced in color in the online version of the issue.
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properties of the IP3R using a unidirectional 
45

Ca
2+

-�ux 

assay in saponin-treated plasma membrane-permeabilized 

Lvec cells. We used these cells because they show a high 

expression level of IP3R3 compared with that of the other 

IP3R isoforms. Indeed, by using isoform-speci�c antibodies, 

we demonstrate that Lvec cells only express IP3R1 and IP3R3 

(Figure 7). Moreover, quanti�cation of their relative levels 

was performed by comparison with RBL-2H3 mucosal mast 

cells, which were previously shown to express all 3 IP3R iso-

forms in a proportion IP3R1:IP3R2:IP3R3 10%:70%:20% 

Figure 5 Cotinine has no effect on TRPM5 currents. (A) TRPM5 currents recorded in control conditions and in the presence of extracellular cotinine 

(10 mM) or nicotine (1 mM). Currents were elicited by applying depolarizing pulses to +100 mV followed by a step to −50 mV (holding potential +28 mV).

(B) Time course of the amplitude of steady-state currents at +100 and −50 mV. Extracellular application of cotinine (10 mM) and nicotine (1 mM) is denoted 

by the horizontal bars. (C) Effect of cotinine (10 mM) and nicotine (10 mM) on TRPM5 currents (mean ± standard error of the mean, n = 6). This figure is 

reproduced in color in the online version of the issue. 
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(Wilson et  al. 1998). Calculations demonstrated that Lvec 

cells displayed an IP3R1:IP3R3 ratio of 24%:76%, indicat-

ing a 3-fold higher level of IP3R3 compared with IP3R1. The 

absence of detectable IP3R2 is not related to the high expres-

sion levels of IP3R3, as in RINm5F cells, which also express 

a high level of IP3R3, the 3 IP3R isoforms could be detected 

in a ratio 4%:8%:87%.

In these experiments, the nonmitochondrial Ca
2+

 stores 

were loaded to steady state with 
45

Ca
2+

. After incubation 

with 4 µM of thapsigargin, the ef�ux of 
45

Ca
2+

 was followed 

Figure 6 TRPM5 is not affected by saccharin or by bitter xanthines. TRPM5 currents recorded in control conditions and during extracellular application of 

1 mM saccharin (A), and 1 mM of the xanthines theophylline, caffeine, and theobromine (B). Currents were elicited by applying depolarizing pulses to +100 

mV followed by a step to −50 mV (holding potential +28 mV). Quinine (1 mM) was used as a positive control. The upper traces correspond to the current 

amplitudes marked with filled symbols in the lower graph and extracellular application of the chemicals is denoted by the horizontal bars. This figure is 

reproduced in color in the online version of the issue.
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in the presence of  1 mM EGTA. The data were plotted as 

the Ca
2+

 content as a function of  time (Figure 8A) and as 

the fractional loss (the amount of  Ca
2+

 leaving the store in 

a 2-min time period divided by the total store Ca
2+

 content 

at that time) as a function of  time (Figure  8B). The Ca
2+

 

content of  the stores gradually decreased over time, whereas 

adding IP3 (3 µM) strongly accelerated this decrease in Ca
2+

 

content by activating IP3-induced Ca
2+

 release (Figure 8A). 

This is observed as a steep increase in the fractional loss 

(Figure  8B). Importantly, incubation with different nico-

tine concentrations (ranging from 0.03 to 1 mM) did not 

suppress IP3R-mediated Ca
2+

 release, but rather slightly 

increased it.

Similar results were obtained with saccharin (1 mM), in the 

presence of which the IP3R-mediated Ca
2+

 release was not 

different than in control condition (Figure 9A). Caffeine, the-

obromine, and theophylline (1 mM) induced a modest reduc-

tion of the Ca
2+

 release induced by IP3 (18 ± 1%, 26 ± 1%, 

and 34 ± 4%, respectively). In contrast, quinine produced a 

dramatic decrease in IP3-induced Ca
2+

 release at this concen-

tration (Figure 9B). More detailed analysis of quinine effects 

on IP3Rs revealed a concentration-dependent response, with 

an IC50 of  150 ± 20 µM and a corresponding Hill coef�cient 

of 1.4 ± 0.2 (Figure 9B inset).

Discussion

TRPM5 and IP3R3 are crucial elements of  the signal-

ing pathways leading to the perception of  sweet, bitter, 

and umami tastes (Zhang et al. 2003; Damak et al. 2006; 

Hisatsune et  al. 2007; Romanov et  al. 2007). Considering 

that TRPM5 channel was shown to be a site of  action of 

quinine and quinidine leading to the inhibition of  sweet 

taste, we here tested whether other bitter compounds known 

to inhibit sweet taste perception affect TRPM5 and/or the 

IP3R3.

Given the long-standing interest on the effects of nicotine 

on gustatory transduction (Grunberg 1982, 1985; Simons 

et al. 2006; Lyall et al. 2007; Tomassini et al. 2007), we used 

this compound as starting point of this study. Although the 

most powerful effects of nicotine take place at the central 

nervous system, it has been shown that the peripheral sen-

sory stimulation of nicotine is also important for the regula-

tion of smoke intake and the modulation of craving, thus 

showing the importance of these peripheral pathways (Rose 

et al. 1993; Pritchard et al. 1996). However, research on this 

subject remains scarce, and the mechanisms underlying the 

in�uences of nicotine on taste perception seem to be quite 

complex and still not well understood. Indeed, in addition to 

inducing bitter taste, nicotine is also known to in�uence the 

perception of other tastants. This was �rst reported for sweet 

taste as a reduced preference for sweeteners was shown both 

in smokers and in rats pretreated with nicotine (Grunberg 

1982). Furthermore, this was accompanied by a reduced 

uptake of (high-caloric) sweet foods (Grunberg 1985). Later, 

it was shown that smoking increased the taste threshold for 

the other basic tastes salty, sour, and bitter (Sato et al. 2002). 

The exact way nicotine acts on the perception of these tastes 

is still not well understood, but very likely multiple different 

mechanisms are involved. These mechanisms can be situated 

both at a peripheral level and at an upstream, central level. At 

the peripheral level, it has been shown that prolonged nico-

tine treatment reduces the size of fungiform papillae and the 

number of taste cells (Tomassini et al. 2007). Furthermore, 

at concentrations larger than 15 mM, nicotine inhibits 

chorda tympani responses of the taste receptor cells to KCl 

and NaCl. This was explained by a direct effect of nicotine 

on TRPV1t, a constitutively active nonselective cation chan-

nel derived from the TRPV1 gene, present in the apical mem-

brane of fungiform taste receptor cells (Lyall et al. 2007). In 

addition to the effects mediated by the gustatory nerves, also 

trigeminal nociception can play a role in nicotine–taste inter-

actions. Indeed, it has been shown that nicotine suppresses 

gustatory responses of neurons in the nucleus of the solitary 

tract and that this effect is strongly reduced after trigeminal 

ganglionectomy, indicating a central mechanism (Simons 

et  al. 2006). In addition, nicotine can inhibit voltage-

dependent sodium channels, and it can sensitize TRPV1 for 

activation by capsaicin in trigeminal ganglion neurons (Liu 

et al. 2004). Furthermore, more recently, it was shown that 

Figure 7 IP3R isoform expression levels. IP3R analysis was performed with 

isoform-specific antibodies against IP3R1 (A. Rbt03 1/1000), IP3R2 (B. Rbt02 

1/200), or IP3R3 (C. MMAtype3 1/1000). Lanes were loaded as indicated 

with microsomes from Lvec cells (A and C: 50 μg/lane; B: 75 μg/lane), RIN5F 

cells (A and B: 100 μg/lane; C: 50 μg/lane), or RBL-2H3 mucosal mast cells 

(A: 75 μg/lane; B: 50 μg/lane; C: 100 μg/lane). Only the relevant parts of 

the gels are shown. Arrows indicate the position of the various IP3R iso-

forms. Result typical for 3 independent experiments.
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nicotine can directly activate TRPA1 (Talavera et al. 2009), a 

broadly tuned chemo-nocisensor in trigeminal ganglia.

Our present results suggest for another peripheral mecha-

nism of inhibition of gustatory perception, whereby nicotine 

directly inhibits TRPM5, a key signal transduction chan-

nel in the detection of sweet, bitter, and umami tastes. We 

found this inhibition to be reversible and dose dependent, 

with an IC50 of  1.3 mM at −50 mV. It is important to notice 

that nicotine concentrations in the millimolar range are not 

reached during normal smoking, but they may be attained 

locally during tobacco chewing, the use of the Scandinavian 

snuss, and in nicotine-replacement therapies (nicotine chew-

ing gum and lozenges). Moreover, our results are especially 

relevant for the interpretation of experimental studies that 

have employed nicotine concentrations of up to 600 mM 

(Carstens et al. 1998; Boucher et al. 2003; Simons et al. 2006).

Interestingly, both the installation and reversion of 

the inhibitory effect of nicotine on the TRPM5 currents 

occurred within ~2 s, whereas a considerable amount of nic-

otine remains in the cells after this washout period. The lat-

ter �nding is in agreement with the high partition of nicotine 

in hydrophobic phases (Banyasz 1999). Thus, we propose 

that nicotine inhibits TRPM5 by acting from the extracel-

lular side of the channel. For the same reasons, we propose 

that the inhibitory effects are caused directly by nicotine and 

not via secondary effects caused by the drug, which would 

not revert within seconds.

The fast effect of nicotine on TRPM5 contrasts sharply 

with the actions of quinine (Talavera et  al. 2008 and pre-

sent results) and quinidine (Talavera et  al. 2008). Indeed, 

these drugs induce strong inhibitory effects, but the instal-

lation and reversal are much slower than for nicotine (~30 s) 

Figure 8 Nicotine does not inhibit IP3R-mediated Ca
2+

 release. Ca
2+

-release properties of IP3R assessed during unidirectional 
45

Ca
2+

-efflux conditions in 

plasma membrane-permeabilized fibroblasts in which the nonmitochondrial Ca
2+

 stores were loaded with 
45

Ca
2+

 to steady state. At the beginning of the 

experiment, thapsigargin was added to block SERCA Ca
2+

-uptake activity. (A) Unidirectional 
45

Ca
2+

 fluxes plotted as normalized 
45

Ca
2+

 content (content at 

time 0 min was set as 100%) as a function of time (min). Ca
2+

 release was activated by 3 µM IP3 in the absence or presence of different nicotine concentra-

tions added 2 min before IP3, during IP3 challenge, and 2 min after IP3. The values were obtained from 2 replicates. (B) Same experiment as in panel A, but 

Ca
2+

 release was plotted as fractional loss (%/2 min) as a function of time. Nicotine did not inhibit the IP3R-mediated Ca
2+

 flux. This figure is reproduced in 

color in the online version of the issue.
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(Talavera et al. 2008, Figure 5B). Considering that quinine 

and quinidine are membrane permeable, it seems likely that 

they inhibit TRPM5 by acting at the intracellular side of 

the channel (or membrane). Alternatively, these compounds 

could act at the extracellular side, with very low on and off  

rates. At present, we do not have direct evidence that could 

help excluding any of these possibilities. Nevertheless, the 

facts that quinine and quinidine have very similar effects 

on the TRPM5 homolog TRPM4, and that they act quite 

quickly when applied to the intracellular side of inside-out 

patches (Talavera et al. 2008) seem to point to an intracel-

lular site of action.

We further investigated the effects of nicotine on TRPM5 

and found that the inhibition has 2 components: a voltage-

independent component that is characterized by a decrease 

of the maximal whole-cell conductance and a voltage-

dependent component that entails a negative shift of the 

voltage dependence of activation. An analysis of the whole-

cell current kinetics yielded that nicotine induces speci�cally 

an increase of the rate of channel closing but does not affect 

the rate of channel opening. These effects are very similar to 

those induced by quinine (Talavera et al. 2008) and indicate 

that these compounds destabilize the open conformation of 

TRPM5, while leaving the stability of the closed conforma-

tion largely unaffected.

Interestingly, application of  a high concentration of 

cotinine, a compound to which nicotine is quickly metab-

olized in vivo, had no signi�cant effect on TRPM5 cur-

rents. This suggests that a nicotine-induced inhibition of 

TRPM5-mediated gustatory responses in the periphery 

would result from the action of  this compound and not 

through its main oxidation product. In addition, the inef-

�cacy of  cotinine also suggests that disruption of  nico-

tine’s methyl-pyrrolidine moiety by oxidation abrogates 

the ability of  the molecule to inhibit TRPM5 channels. 

In future studies, it would be interesting to determine 

whether methyl-pyrrolidine alone has an inhibitory effect 

on TRPM5.

Figure 9 Effects of several bitter compounds on IP3R-mediated Ca
2+

 release. (A) IP3 (3 µM)-induced Ca
2+

 release measured in the presence of 1 mM sac-

charin, caffeine, theobromine, and theophylline (plotted as fractional loss, %/2 min). (B) Concentration-dependent effect of quinine on the Ca
2+

 release 

induced by IP3 (3 µM). The inset shows the quantification of the inhibitory action. The solid line represents the fit of the experimental data by a Hill function. 

This figure is reproduced in color in the online version of the issue.
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Besides shedding light on the mechanisms underlying 

bitter–sweet taste interactions, the effects of  nicotine on 

TRPM5 have important implications for our understand-

ing of  the mechanisms of  bitter taste transduction. Our 

data demonstrate that nicotine inhibits TRPM5 currents 

and therefore indicate that the perception of  the bitter 

taste of  this compound cannot be mediated solely by the 

TRPM5 pathway. At least one alternative pathway must 

come into play to trigger the aversive behavior toward 

nicotine at high concentrations. Accordingly, it has been 

recently shown that in addition to the TRPM5-dependent 

pathway, which is common to other bitter compounds such 

as quinine, nicotine also activates a nAChR-dependent 

and TRPM5-independent gustatory pathway (Oliveira-

Maia et al. 2009).

We tested whether TRPM5 is modulated by other bitter 

compounds known to have an in�uence in sweet taste per-

ception. For instance, saccharin is well known to elicit sweet 

taste, with a threshold concentration of 0.01 mM for activa-

tion of T1R2/T1R3 receptors (Li et al. 2002), and to pro-

duce bitter and “metallic” tastes (Helgren et al. 1955; Horne 

et  al. 2002). The bitter taste of saccharin can be detected 

by humans at concentrations as low as 0.4 mM (Horne et al. 

2002). This has been attributed to activation of the bitter 

receptors hTAS2R43 and hTAS2R44, which occur with 

threshold concentrations of 0.17 and 0.08 mM, respectively 

(Kuhn et al. 2004). The “metallic” taste sensation has been 

attributed to TRPV1 activation, which occurs at concentra-

tions above 0.1 mM (Riera et al. 2007). Interestingly, accord-

ing to Riera et al. (2008), T1R3 knockout mice show aversion 

to saccharin above 1 mM, and actually a close inspection of 

their data suggests that aversion is also observed at 0.1 mM. 

It has been suggested that arti�cial sweeteners alter intracel-

lular signaling pathways after diffusion into taste receptor 

cells (Peri et al. 2000; Riera et al. 2007). Our results show 

that, even at the high concentration of 1 mM, saccharin does 

not affect TRPM5 current, which indicates that the complex 

taste properties of this compound are not due to a direct 

interaction with TRPM5.

Another bitter compound known to inhibit sweet taste 

perception (Calviño et  al. 1990; Mojet et  al. 2004) and to 

interact with several chemosensory mechanisms is caffeine. It 

has been shown that, in taste receptor cells, caffeine inhibits 

outwardly and inwardly rectifying K
+
 currents and increases 

intracellular Ca
2+

 in an intracellular store-dependent man-

ner (Zhao et al. 2002). Furthermore, it has been shown that 

caffeine activates mouse TRPA1, which raises the possibil-

ity that this compound may also modulate taste through a 

trigeminal-dependent pathway. Notably, this mechanism 

may be only active in mice, as caffeine did not activate 

human TRPA1 or Drosophila TRPA1 (Nagatomo and Kubo 

2008; Kim et al. 2010). Here, we tested whether the inhibi-

tory effect of caffeine on sweet taste could be attributed to 

TRPM5. In contrast to quinine (Talavera et  al. 2008) and 

nicotine (present results), caffeine and the related xanthines 

theophylline and theobromine had no effect on TRPM5 

currents.

Finally, we tested whether bitter compounds are able to 

interact with other essential element of the sweet gustatory 

pathway, the IP3R type 3 (Hisatsune et  al. 2007). For this 

we used Lvec cells, which we here demonstrate to display a 

high relative expression of IP3R3 compared with IP3R1 and 

IP3R2 (Figure 7). We found that at concentrations as high as 

1 mM, nicotine and saccharin do not compromise the ability 

of IP3R3 to mediate Ca
2+

 release upon stimulation with IP3. 

At the same concentration, caffeine, theophylline, and theo-

bromine induced a modest reduction of the function of these 

channels (18–34%). Caffeine and theophylline are well-doc-

umented low-af�nity (IC50 ~20 mM) inhibitor of IP3R chan-

nels (Brown et al. 1992; Bezprozvanny et al. 1994; Missiaen 

et al. 1994), primarily by acting at the level of the adenine-

nucleotide-binding sites of the IP3R channels, including the 

IP3R3 (Bultynck et al. 2003).

On the other hand, quinine induced a very strong inhibi-

tion, characterized by an IC50 of  ~50  µM. The inhibitory 

effects of quinine on IP3-induced Ca
2+

 release has been pre-

viously reported in murine peritoneal macrophages (Misra 

et al. 1997) and in dog brain microsomes (Palade et al. 1989). 

The relative expression of IP3R3 in those preparations was 

not reported, but from previous work, it is known that mac-

rophages predominantly express IP3R2, whereas brain pre-

dominantly expresses IP3R1. Nevertheless, the latter study 

reported an IC50 value (110 µM) that is in the same order of 

magnitude of the one found here, suggesting that the various 

IP3R isoforms are about equally sensitive to quinine. It is also 

interesting to note that the IC50 reported for the inhibition of 

TRPM5 currents recorded at −50 mV (50 µM; Talavera et al. 

2008) is lower than those for IP3R3 (150 µM; present results) 

and for the voltage-gated Na
+
 channels in rat taste receptor 

cells (64 µM; Chen and Herness 1997). This suggests that, 

within the TRPM5 signaling pathway, this is the excitatory 

channel that is most sensitive to quinine.

Taken together, our results demonstrate that bitter com-

pounds known to inhibit sweet taste perception have differ-

ential effects on key elements of the sweet taste transduction 

pathway, supporting the hypothesis of multiple mechanisms 

of bitter–sweet taste interactions. Furthermore, our results 

suggest that nicotine, quinine, and quinidine may also inter-

fere with the perception of bitter and umami, but in as much 

as the perception of these qualities depends on TRPM5 and 

IP3R3 for each particular compound (see Talavera et  al. 

2008). In fact, our data constitute independent evidence for 

the existence of TRPM5- and IP3R3-independent pathway(s) 

for the detection of quinine and nicotine bitterness. We note 

that our �ndings were obtained using heterologous systems 

and/or cell lines, and thus need to be con�rmed in intact taste 

cells and tissues. Nonetheless, we underscore the importance 

of the detailed study of the pharmacological properties of 

individual compounds for the comprehensive understanding 

of their speci�c chemosensory properties.
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