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Umami taste in mice uses multiple receptors and
transduction pathways
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Non-technical summary The distinctive umami taste elicited by L-glutamate and some other
amino acids is thought to be initiated by G-protein-coupled receptors, such as heteromers
of taste receptor type 1, members 1 and 3, and metabotropic glutamate receptors 1 and 4.
We demonstrate the existence of multiple types of glutamate-sensitive gustatory nerve fibres and
the contribution of multiple receptors and transduction pathways to umami taste. Such multiple
systems for umami taste may differentially contribute to the behavioural preference for glutamate
and discriminability of glutamate taste.

Abstract The distinctive umami taste elicited by L-glutamate and some other amino acids is
thought to be initiated by G-protein-coupled receptors. Proposed umami receptors include
heteromers of taste receptor type 1, members 1 and 3 (T1R1+T1R3), and metabotropic glutamate
receptors 1 and 4 (mGluR1 and mGluR4). Multiple lines of evidence support the involvement of
T1R1+T1R3 in umami responses of mice. Although several studies suggest the involvement of
receptors other than T1R1+T1R3 in umami, the identity of those receptors remains unclear. Here,
we examined taste responsiveness of umami-sensitive chorda tympani nerve fibres from wild-type
mice and mice genetically lacking T1R3 or its downstream transduction molecule, the ion channel
TRPM5. Our results indicate that single umami-sensitive fibres in wild-type mice fall into two
major groups: sucrose-best (S-type) and monopotassium glutamate (MPG)-best (M-type). Each
fibre type has two subtypes; one shows synergism between MPG and inosine monophosphate
(S1, M1) and the other shows no synergism (S2, M2). In both T1R3 and TRPM5 null mice,
S1-type fibres were absent, whereas S2-, M1- and M2-types remained. Lingual application of
mGluR antagonists selectively suppressed MPG responses of M1- and M2-type fibres. These data
suggest the existence of multiple receptors and transduction pathways for umami responses in
mice. Information initiated from T1R3-containing receptors may be mediated by a transduction
pathway including TRPM5 and conveyed by sweet-best fibres, whereas umami information from
mGluRs may be mediated by TRPM5-independent pathway(s) and conveyed by glutamate-best
fibres.
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Introduction

Umami taste is elicited by L-glutamate and a few
other amino acids (e.g. L-aspartate), some peptides
and certain ribonucleotides. Psychophysical studies in
humans (Yamaguchi, 1970) and behavioural and/or
electrophysiological studies in mice (Ninomiya et al.
1989a,b, 2000; Nakashima et al. 2001), rats (Stapleton
et al. 2002) and rhesus monkeys (Hellekant et al.
1997) indicate that responses to umami tastants are
distinct from those of sweet, salty, sour and bitter
tastants. A characteristic feature of umami taste is the
synergistic enhancement of potency when glutamate is
mixed with the ribonucleotides inosine monophosphate
(IMP) or guanine monophosphate (GMP; Yamaguchi,
1970). Recent studies demonstrated that Maillard reacted
peptides and N-geranyl cyclopropylcarboxamide also
enhanced chorda tympani (CT) nerve responses to
glutamate in rats (Dewis et al. 2006; Katsumata et al. 2008).

Molecular studies have identified multiple potential
umami receptors. The first candidate reported was
a taste-specific variant of brain-type metabotropic
glutamate receptor, type 4 (taste-mGluR4), missing most
of the N-terminal extracellular domain (Chaudhari et al.
1996). This variant was identified in circumvallate and
foliate taste buds in the posterior taste fields of rats;
when expressed in Chinese hamster ovary cells, this
receptor responded to glutamate and the group III mGluR
agonist L-(+)-2-amino-4-phosphonobutyrate (L-AP4),
although the affinity of taste-mGluR4 to glutamate
(EC50 = 280 μM) and L-AP4 (EC50 = 0.1–1 mM) is more
than 100 times lower than that of brain-type receptors
(EC50 = 2 and 1 μM, respectively; Chaudhari et al. 1996,
2000; Yang et al. 1999). The next potential umami receptor
to be discovered was a heteromer of T1R1 and T1R3 (taste
receptor type 1, members 1 and 3; Nelson et al. 2001). In
mice, T1R1 expression is prevalent in the fungiform taste
buds of the anterior tongue, innervated by the chorda
tympani nerve, but rare in the posterior circumvallate
taste buds. Mouse T1R1+T1R3 heterologously expressed
in human embryonic kidney (HEK) cells responds to
a variety of L-amino acids, some of which elicit taste
qualities other than umami (e.g. bitterness, sourness
and sweetness), whereas the human-type heteromer
preferentially responds to glutamate (Li et al. 2002;
Nelson et al. 2002). Apparently, mouse T1R1+T1R3
acts as a broadly sensitive amino acid receptor,
while human T1R1+T1R3 is a more narrowly tuned
receptor. T1R1+T1R3 from either species exhibits great
enhancement of responses to glutamate and/or certain
other amino acids by the addition of IMP. Additional
candidate umami receptors include full-length mGluR1
and mGluR4 (Toyono et al. 2002) and a variant of mGluR1
(taste-mGluR1; San Gabriel et al. 2005). Full-length
mGluR1 and mGluR4 are expressed in a subset of taste

cells in fungiform, foliate and circumvallate papillae in
rats. Taste-mGluR1 (San Gabriel et al. 2005, 2009) is
expressed in the rat foliate and circumvallate papillae
and, like taste-mGluR4, lacks much of the N-terminal
extracellular domain and has more than 100-fold lower
affinity for glutamate than does the brain-type receptor.

To date, the physiological roles in umami taste
perception of each of these receptors and their down-
stream signalling molecules are unclear. Studies in
T1R3-knockout (KO) mice showed that behavioural pre-
ference for and CT whole-nerve responses to glutamate
and/or glutamate with IMP were reduced (Damak et al.
2003) or abolished (Zhao et al. 2003). In addition to
T1R3-KO mouse studies, studies of KO mice lacking
downstream signalling components have shed light on the
intracellular signal transduction pathway(s) underlying
umami taste. Mice genetically lacking α-gustducin and/or
α-transducin, inositol 1,4,5-trisphosphate receptor 3
(IP3R3) or TRPM5 lacked synergistic responses to
glutamate and IMP in the CT nerve, and displayed sub-
stantial, albeit reduced, responses to glutamate in both
CT and glossopharyngeal (GL) nerves (He et al. 2004;
Damak et al. 2006; Hisatsune et al. 2007). These KO
mice showed diminished preference for glutamate, but
displayed avoidance in response to high concentrations
of glutamate comparable to those of wild-type (WT)
mice (He et al. 2004; Damak et al. 2006; Hisatsune et al.
2007). These data imply that the remaining responses to
glutamate in these mice use other transduction pathways.

Recently, we investigated taste responses of individual
mouse fungiform taste bud cells that express α-gustducin
or glutamate decarboxylase 67 (GAD67), and found
that the following three distinguishable types of taste
cells responded to monosodium glutamate (MSG):
sweet-best (S-type) and MSG-best (M-type) cells that
express gustducin, and electrolyte-responsive (E-type)
cells that express GAD67 (Yoshida et al. 2009).
Monosodium glutamate contains sodium ions, which
may activate sodium-sensing ion channels, such as
amiloride-sensitive epithelial sodium channels (ENacs;
Ninomiya & Funakoshi, 1988; Chandrashekar et al. 2010),
which may mediate amiloride-sensitive sodium-specific
responses (N-type), and transient receptor potential V1
variant (TRPV1t; Lyall et al. 2004), which may mediate
amiloride-insensitive sodium non-specific responses
(E-type). However, amiloride-sensitive sodium responses
(N-type) were found in taste cells that do not express
gustducin or GAD67 (Yoshida et al. 2009; Yoshida
& Ninomiya, 2010). As with the classification of the
responsiveness of taste cells, mouse single taste nerve fibres
sensitive to MSG have been classified into S-type, M-type,
E-type and N-type (Ninomiya et al. 1989b, 2000). It seems
likely that MSG responses in E-type and N-type fibres may
be due mainly to the ionic component of MSG (sodium
ion), whereas S-type and M-type fibre responses to MSG
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may be mediated by activation of receptors by glutamate.
At present, which candidate receptor(s) and transduction
component(s) underlie glutamate responses of S-type and
M-type cells and fibres is largely unknown.

To address these issues, we recorded single
CT nerve fibre responses of WT, T1R3-KO and
TRPM5-KO mice to various taste stimuli, including
glutamate with and without IMP, L-amino acids
and other basic taste compounds. Based on their
response profiles, we assessed fibre types among these
three mouse strains. We also examined effects of
mGluR antagonists on the glutamate responses in
each fibre type. Our results suggest that multiple
receptors and transduction pathways underlie glutamate
taste responses in mice. We find T1R3-dependent
components, mGluR components, TRPM5-dependent
and TRPM5-independent components. Taste information
derived from each receptor and transduction pathway may
be conveyed by different fibre types of the CT nerve.

Methods

All experimental procedures were approved by the
committee for Laboratory Animal Care and Use at Kyushu
University (Fukuoka Japan). The animals used were
adult male and female C57BL/6JCrj (WT) mice (Charles
River Japan, Tokyo, Japan), T1R3- and TRPM5-KO mice,
originally developed at Mount Sinai Medical School
(Damak et al. 2003, 2006) from the C57BL/6J strain,
8–20 weeks of age, ranging in weight from 20 to 35 g.

Recordings of single-fibre responses from CT nerves

Mice were anaesthetized with an injection of sodium
pentobarbital (40–50 mg kg−1 I.P.) and maintained at a
surgical level of anaesthesia with supplemental injections
of sodium pentobarbital (8–10 mg kg−1 I.P. approximately
every hour). The anaesthetic level was evaluated by testing
the withdrawal reflex to a paw pinch. The procedures
for dissection and recording of responses were as used
previously (Ninomiya, 1998; Yasumatsu et al. 2003).
Under pentobarbital anaesthesia, the trachea of each
mouse was cannulated, and the mouse was then fixed
in the supine position with a head holder to allow
dissection of the CT nerve. The right CT nerve was
dissected free from surrounding tissues after removal of
the pterygoid muscle and cut at the point of its entry
to the tympanic bulla. A single fibre or a few fibres
of the nerve were teased apart with a pair of needles
and lifted onto an Ag–AgCl electrode. An indifferent
electrode was placed in nearby tissue. Impulse discharges
resulting from chemical stimulations of the tongue were
fed into an amplifier (K-1; Iyodenshikogaku, Nagoya,
Japan), monitored on an oscilloscope and audiomonitor,

and recorded on a computer for later analysis using a
PowerLab system (PowerLab/sp4; ADInstruments, Bella
Vista, NSW, Australia). At the end of the experiment,
animals were killed by the administration of an overdose
of the anaesthetic agent.

Chemical stimulation of the tongue

The anterior half of the tongue was enclosed in a
flow chamber made of silicone rubber (Ninomiya &
Funakoshi, 1981). Solutions were delivered into the
chamber by gravity flow and flowed over the tongue
for a controlled period. Solutions used were as follows:
0.1 M NaCl with and without 30 μM amiloride (Ami;
Sigma-Aldrich, St Louis, MO, USA), 10 mM and 0.1 M

KCl, 0.01 M HCl, 0.02 M quinine hydrochloride (QHCl),
0.5 M sucrose (Suc), 0.1 M L-alanine (L-Ala), 0.1 M

L-cysteine (L-Cys), 0.1 M L-arginine hydrochloride
(L-Arg; Wako Pure Chemicals, Osaka, Japan), 0.1 M

monopotassium glutamate (MPG; Sigma), 0.1 M L-lysine
hydrochloride (L-Lys) and 0.5 mM IMP (Ajinomoto,
Tokyo, Japan). These chemicals were dissolved in
distilled water. Agonists and antagonists for glutamate
receptors used were as follows: 10 mM quisqualic acid
(Quis), 10 mM L(+)-2-amino 4-phosphonobutyric acid
(L-AP4), 10 mM N-methyl-D-aspartic acid (NMDA),
0.03–10 mM (RS)-1-aminoindan-1,5-dicarboxylic
acid (AIDA) and 0.03–10 mM (RS)-α-cyclopropyl-4-
phosphonophenylglycine (CPPG; Tocris, Bristol, UK).
Quisqualic acid is an agonist of group I mGluRs (mGluR1
and 5) and AMPA receptors, L-AP4 is an agonist of
group III mGluRs (mGluR4, 6–8), NMDA is an agonist
of NMDA receptors, AIDA is an antagonist of group I
mGluRs, and CPPG is an antagonist of group III mGluRs.
These agonists and antagonists were dissolved in distilled
water with KOH to adjust their pH to 7.0. As previous
studies have demonstrated that taste mGluRs have lower
affinities than the corresponding brain-type receptors
(Chaudhari et al. 2000; San Gabriel et al. 2005) and
behavioural taste responses to glutamate were inhibited
by high concentrations of CPPG (1 mM; Nakashima et al.
2001; Eschle et al. 2009), we used high concentrations
of agonists and antagonists. To test potential effects
of K+ from KOH in these solutions, KCl at the same
final concentration as the added KOH was added to
the array of stimulus solutions. We did not find any
significant response to KCl in any tested fibres except
E-type (electrolyte-best and amiloride-insensitive) fibres.

All chemicals were used at ∼24◦C. During chemical
stimulation of the tongue, the test solution flowed for
∼10 s at the same flow rate as the distilled water used for
rinsing the tongue (∼0.1 ml s−1). The tongue was rinsed
with distilled water for an interval of ∼1 min between
successive stimulations. The order of chemical stimulation
for the initial survey to identify a specific taste-responsive
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fibre was 0.5 M Suc, 0.1 M NaCl, 0.1 M MPG without and
with 0.5 mM IMP, 0.01 M HCl and 0.02 M QHCl. If the
fibre responded to any of the stimuli, then stimulation
continued with taste compounds in the following order:
0.1 M KCl, 0.5 mM IMP, 0.1 M NaCl with 30 μM Ami, 0.1 M

L-Ala, 0.1 M L-Cys, 0.1 M L-Lys, 0.1 M L-Arg, and each of
these four amino acids with 0.5 mM IMP, and 10 mM

L-AP4, 10 mM Quis, 10 mM NMDA, and each of these
three agonists with 0.5 mM IMP, and 15 mM KCl (vehicle
for agonists). In some fibres, responses were also examined
to 0.1 M MPG with 0.03–10 mM AIDA or with 0.03–10 mM

CPPG, and each of these solutions with 0.5 mM IMP.

Data analysis

In the analysis of single-fibre responses, single fibres
were identified with the help of spike waveform analysis
(PowerLab/sp4; ADInstruments). We used waveform
shape parameters (width, height, peak amplitude, anti-
peak amplitude and interspike interval) to segregate each
single unit (Ninomiya, 1998; Kawai et al. 2000; Yasumatsu
et al. 2003). Frequency–time histograms of impulse
discharges before, during and after chemical stimulation
of the tongue were calculated by means of spike-analysis
programs (SAS-1; Iyodensikogaku; and Spike histogram;
ADInstruments). For data analysis, we used the net average
frequency for the first 10 s after the stimulus onset, which
was obtained by subtracting the spontaneous frequency
for the 10 s period before stimulation. The final criteria

for the occurrence of a response were as follows: the
number of spikes was larger than the mean plus two
standard deviations of the spontaneous discharge for
three 10 s periods before stimulation, and at least three
spikes were evoked by taste stimulation. Thus, for fibres
without any spontaneous discharge or with very low rates
of spontaneous discharge, three spikes were considered a
response.

For classification of fibre types, we defined the
occurrence of synergistic responses between MPG and
IMP as the response magnitude of the fibre to the mixture
of MPG and IMP as being 110% or larger than the sum of
responses to each component.

Hierarchical cluster analysis was used to determine the
extent to which the various response profiles fell into
meaningful clusters (Ninomiya et al. 1982). The clustering
program (Excel ad-in software for statistical analysis; SSRI,
Tokyo, Japan) processed the fibre profiles based on a matrix
of the Pearson correlation coefficients between all possible
pairs of profiles and amalgamated the fibre sequentially
into the cluster solution using the Ward method.

The χ2 test was used to test whether the frequency of
each type of fibre differed statistically between two strains
of mice. Repeated-measures ANOVA and Fisher’s post
hoc test or Student’s paired t test were used to evaluate
statistically the effects of the addition of IMP on CT
fibre responses to amino acids and the effect of mGluR
antagonists on CT fibre responses to MPG. Multivariate
ANOVA (MANOVA) and Tukey’s post hoc HSD test were

Figure 1. Sample recordings of S1-, S2-, M1- and M2-type single fibres from the chorda tympani (CT)
nerves of wild-type (WT) mice
Stimuli were 0.5 M sucrose (Suc), 0.1 M NaCl, 0.01 M HCl, 0.02 M quinine hydrochloride (QHCl), 0.1 M mono-
potassium glutamate (MPG), 0.1 M MPG + 0.5 mM inosine monophosphate (IMP) and 0.5 mM IMP. Bars indicate
application of stimuli.
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used to assess response profiles of each type of fibre among
three strains of mice. Calculations were performed using
the statistical software package IBM SPSS Statistics (IBM,
New York, NY, USA).

Results

Classification of single chorda tympani nerve fibres in
wild-type mice

In an initial survey of 86 single fibres in WT mice
that responded to MPG and/or NaCl, we determined
spike activities in response to various taste stimuli.
Among the MPG- and/or NaCl-responsive fibres we first
segregated S-type and M-type fibres that, respectively,
evoked the maximal net response (i.e. the best stimulus
for the response) to sucrose or MPG among five taste
stimuli (NaCl, Suc, HCl, QHCl and MPG; Fig. 1). Next
we segregated N-type and E-type fibres according to
their response characteristics to electrolytes and the
susceptibility of their NaCl responses to Ami (Fig. 2), as
reported previously (Ninomiya, 1998). That is, N-type
fibres are selectively responsive to NaCl and their
responses to NaCl were largely inhibited by Ami, whereas
E-type fibres are broadly sensitive to various electro-
lytes, including acids and salts (best responsive to HCl

Figure 2. Sample recordings of N- and E-type single fibres
from the CT nerves of WT mice
Stimuli were 0.5 M Suc, 0.1 M NaCl, 0.01 M HCl, 0.02 M QHCl, 0.1 M

MPG, 0.1 M MPG + 0.5 mM IMP (MSG + IMP), 0.5 mM IMP, 0.1 M

NaCl + 30 μM amiloride (Ami). Bars indicate application of stimuli.

Figure 3. Cluster dendrogram showing the relationships
among response profiles of MPG-sensitive chorda tympani
(CT) fibres in WT mice
S1, S2, M1, M2, N and E indicate classification of fibre types
according to the stimulus producing the maximal response,
synergism by IMP and susceptibility to amiloride.

2012 The Authors. Journal compilation C© 2012 The Physiological Society



1160 K. Yasumatsu and others J Physiol 590.5

or NaCl among the above-mentioned five stimuli) and
their responses to NaCl were not inhibited by Ami (Fig. 2).
We could not find any QHCl-best fibres among the
MPG and/or NaCl-responsive fibres, although we found
QHCl-responsive fibres that were not sensitive to either
NaCl or MPG. We further classified S- and M-type fibres
into subgroups according to whether or not fibres showed
synergistic responses to MPG plus IMP (see Methods); two

fibre subtypes showed synergistic effects between MPG
and IMP (S1 and M1; Fig. 1), while the other two sub-
types exhibited no synergism (S2 and M2; Fig. 1). The
number of fibres of S1-, S2-, M1-, M2-, E- and N-type
was 18, 13, 8, 12, 19 and 16, respectively (Table 1). In
addition to the above-mentioned classification, we also
classified these fibres by using the hierarchical cluster
analysis according to responses to five basic tastes and

Figure 4. Response profiles of S1-, S2-, M1-, M2-, E-
and N-type single fibres from the CT nerves of WT
mice
Stimuli were 0.5 M Suc, 0.1 M NaCl, 0.01 M HCl, 0.02 M

QHCl, 0.1 M MPG, 0.1 M L-Cys, 0.1 M L-Ala, 0.1 M

L-arginine hydrochloride (L-Arg), 0.1 M L-lysine
hydrochloride (L-Lys), 10 mM

L-(+)-2-amino-4-phosphonobutyrate (L-AP4), 10 mM

quisqualic acid (Quis), 10 mM NMDA, 0.5 mM IMP,
10 mM (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA)
and 10 mM (RS)-α-cyclopropyl-4-phosphonophenylgly-
cine (CPPG). L-Amino acids and agonists were applied
with and without 0.5 mM IMP. Asterisks indicate that
sum of responses to the stimulus, and 0.5 mM IMP is
significantly different from the response to the mixture.
Values indicated are means ± SEM. Student’s paired
t test; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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Table 1. Number of S1-, S2-, M1-, M2-, E- and N-type fibres in the chorda tympani of wild-type (WT), T1R3-knockout (KO) and
TRPM5-KO mice

Strain S1 S2 M1 M2 E N Total

WT 18 (20.9%) 13 (15.1%) 8 (9.3%) 12 (14%) 19 (22.1%) 16 (18.6%) 86
T1R3-KO 0∗∗∗ (0%) 10 (12.8%) 6 (7.7%) 17 (21.8%) 26 (33.3%) 19 (24.4%) 78
TRPM5-KO 0∗∗∗ (0%) 11 (18%) 8 (13.1%) 16 (26.2%) 17 (27.9%) 9 (14.8%) 61

Each value in parentheses indicates the percentage of total fibres in each mouse. ∗∗∗P < 0.001, χ2 test (vs. WT).

Table 2. ANOVA results for the effect of addition of inosine monophosphate (IMP) on chorda tympani (CT) fibre responses to amino
acids in WT, T1R3-KO and TRPM5-KO mice

Fibre type
Strain S1 S2 M1 M2

WT F(1,106) = 106.6∗∗∗ F(1,94) = 1.76 F(1,72) = 4.84∗ F(1,85) = 0.39
T1R3-KO Not found F(1,68) = 3.08 F(1,56) = 4.76 F(1,118) = 0.09
TRPM5-KO Not found F(1,70) = 0.08 F(1,71) = 7.36∗∗ F(1,124) = 0.08

Differences between CT fibre responses to amino acids (0.1 M MPG, 0.1 M Cys, 0.1 M L-Ala, 0.1 M L-ArgHCl, 0.1 M L-LysHCl, 10 mM L-AP4,
10 mM Quis and 10 mM NMDA) with 0.5 mM IMP and the sum of each component were assessed by two-way ANOVA. ‘Not found’, no
such fibre was identified. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

MPG + IMP (Fig. 3). In this analysis, fibres were roughly
classified into four groups: S-, M-, N- and E-type. The
S- and M-type fibres were further divided into two sub-
groups: S1, S2, M1 and M2. Although some fibres were
placed into another group by the hierarchical cluster
analysis, in most cases the fibres were classified in a
similar manner by these two approaches. In this study, we
focused on umami-sensitive fibres, and synergism between
glutamate and IMP is a characteristic of umami taste.
Therefore, we used the former classification rather than
the classification by cluster analysis, which depends upon
the overall similarity of response profiles to five basic taste
stimuli and MPG + IMP.

Response properties of each fibre type in wild-type
mice

Figure 4 shows response profiles of six types of fibres
(S1-, S2-, M1-, M2-, E- and N-type) from the CT
nerves of WT mice. Each column indicates the mean
number of net impulses per 10 s (mean response) of
each fibre type responding to basic taste stimuli, L-amino
acids or glutamate agonists with or without 0.5 mM IMP.
In descending order, the mean response to MPG was:
E-type (20.5 ± 2.5, mean ± SEM) > M1-type (17.4 ± 1.7)
≈ M2-type (17.0 ± 3.3) > S1-type (11.3 ± 3.0) ≈ S2-type
(13.0 ± 2.5) > N-type (1.0 ± 0.5). The S1-type fibres
responded robustly to 0.5 M Suc, with a mean response
of 99 ± 11.3 (SEM), and to the mixture of MPG plus IMP,
with a mean response of 80 ± 11.4. Mean responses to the
mixture of MPG with IMP were about 4.4 times larger than
the sum of responses to each component, suggesting a large

synergistic effect in S1-type fibres. The addition of IMP
showed synergism for S1 fibre L-Cys, L-Ala, L-Arg, L-Lys,
L-AP4, Quis and NMDA, despite the very small responses
to each L-amino acid and agonist alone (ANOVA; Table 2).
Responses of S1 fibres to mixtures of IMP with each
L-amino acid, L-AP4, Quis and NMDA were significantly
larger than the sum of responses to each component
(Fig. 4; Student’s paired t test; P < 0.001 for MPG, L-Cys,
L-Arg and L-AP4; P < 0.01 for L-Ala; P < 0.05 for L-Lys,
NMDA and Quis).

The mean response to 0.5 M Suc (42.9 ± 11.2) of S2-type
sucrose-best fibres was about half that of S1-type. In
S2-type fibres, the addition of IMP did not significantly
potentiate responses to MPG or L-amino acids (ANOVA;
Table 2). The M-type fibres were MPG-best fibres, with
mean responses to 0.1 M MPG of 17.4 ± 1.7 for M1-type
and 17.0 ± 3.3 for M2-type. Responses to L-amino acids
were significantly enhanced by the addition of IMP in
M1-type fibres but not in M2-type fibres (ANOVA;
Table 2). As shown in Fig. 4, post hoc tests indicated that the
addition of IMP significantly enhanced responses to MPG
(Student’s paired t test; P < 0.001) and Quis (P < 0.05) in
M1-type fibres. The magnitude of potentiation of MPG
responses by IMP in M1-type fibres was about 1.6 times
(mean response, 35.5 ± 4.0), which is much smaller than
that of S1-type fibres (4.4 times). The total number of
impulses to MPG potentiated by IMP over the sum of
responses to each component in eight M1 fibres was
121 impulses, which is about one-ninth of that (1114
impulses) in 18 S1 fibres. In M2-type fibres, L-AP4 was
the most potent stimulus among various agonists for
glutamate receptors tested. The E-type fibres responded to
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Figure 5. Cluster dendrogram showing the relationships among response profiles of MPG-sensitive CT
fibres in T1R3-knockout (KO) mice (A) and TRPM5-KO mice (B)
S2, M1, M2, N and E indicate classification of fibre types according to the stimulus producing the maximal response,
synergism by IMP and susceptibility to amiloride.
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various electrolytes, such as 0.01 M HCl, 0.1 M NaCl, 0.02 M

QHCl, 0.1 M KCl, 0.1 M MPG, 0.1 M L-Arg hydrochloride
and 0.1 M L-Lys hydrochloride (Figs 2 and 4). Responses
of E-type fibres to 0.1 M L-Arg hydrochloride and 0.1 M

L-Lys hydrochloride may be due to acidic components,
because the pH of these solutions was 5.3–5.4. The N-type
fibres responded to NaCl specifically, and the response was
greatly inhibited by Ami (Figs 2 and 4).

Response properties of each fibre type in T1R3- and
TRPM5-KO mice

It is noteworthy that in T1R3- and TRPM5-KO mice,
no S1-type fibres were found (Table 1). Also in the
hierarchical cluster analysis, the S1-type group was
not observed in T1R3- and TRPM5-KO mice (Fig. 5).
Figure 6 shows response profiles of the S2-, M1-, M2-,
E- and N-type fibres from the CT nerves in T1R3- and

Figure 6. Response profiles of S2-, M1-, M2-, E- and N-type single fibres from the CT nerves of T1R3-
and TRPM5-KO mice
Stimuli were 0.5 M Suc, 0.1 M NaCl, 0.01 M HCl, 0.02 M QHCl, 0.1 M MPG, 0.1 M L-Cys, 0.1 M L-Ala, 0.1 M L-Arg,
0.1 M L-Lys, 10 mM L-AP4, 10 mM Quis, 10 mM NMDA and 0.5 mM IMP. L-Amino acids and agonists are applied
with and without 0.5 mM IMP. Asterisks indicate that the sum of responses to the stimulus and 0.5 mM IMP is
significantly different from response to the mixture. Values indicated are means ± SEM. Student’s paired t test;
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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Table 3. MANOVA results for comparisons of the response
profiles of S2-, M1-, M2-, E- and N-type fibres in the CT nerves of
WT, T1R3-KO and TRPM5-KO mice

Fibre type

MANOVA result S2 M1 M2 E N

Degree of freedom 10, 56 10, 32 10, 78 10, 112 10, 76
F value 2.020 0.714 1.735 1.004 1.240
P value 0.048 0.705 0.088 0.444 0.280

The effects of the strain (WT, T1R3-KO and TRPM5-KO) on the
response profiles of each fibre type (0.5 M Suc, 0.1 M NaCl, 0.01 M

HCl, 0.02 M QHCl and 0.1 M MPG) were tested with a MANOVA
using Pillai’s trace statistic.

TRPM5-KO mice. Response profiles of M1-, M2-, E-
and N-type fibres did not differ significantly among WT,
T1R3- and TRPM5-KO mice, suggesting that glutamate
responses of these fibre types are independent of T1R3 and
TRPM5 (MANOVA; Table 3). In contrast, the response
profiles of S2-type fibres in T1R3- and TRPM5-KO mice
differed from those of WT mice (MANOVA; Table 3),
where mean responses to 0.5 M sucrose were much smaller
in T1R3-KO mice (13.4 ± 1.3) and TRPM5-KO mice
(16.3 ± 3.0) than in WT mice (42.9 ± 11.2, Tukey’s post
hoc HSD test; Table 4). Thus, the overall responses to
sucrose were very small in the two KO strains, as pre-
viously reported (Damak et al. 2003, 2006). As with WT
mice, M1-type, but not S2- and M2-type fibres, in both
T1R3- and TRPM5-KO mice showed IMP potentiation of
responses to MPG or L-amino acids (ANOVA; Table 2).
In M1-type fibres, responses to MPG and Quis were
significantly enhanced by the addition of IMP (Fig. 6;

Table 4. Results of Tukey’s post hoc HSD test for comparisons
of response profiles of S2-type fibres between WT, T1R3-KO and
TRPM5-KO mice

Strains compared Suc NaCl HCl QHCl MPG

WT vs. T1R3-KO 0.001∗∗ 0.945 1.000 0.957 0.064
WT vs. TRPM5-KO 0.001∗∗ 0.826 0.339 0.987 0.084
T1R3-KO vs. TRPM5-KO 0.997 0.967 0.371 0.896 0.982

The values are P values. ∗∗P < 0.01.

Student’s paired t test; P < 0.01 for T1R3-KO; P < 0.05
for TRPM5-KO).

Inhibition of M-type fibre responses by mGluR1 and
mGluR4 antagonists

We next tested potential effects of antagonists of mGluR1
(AIDA; group I mGluR antagonist) and mGluR4 (CPPG;
group III mGluR antagonist) on MPG responses of five
types of CT fibres in WT mice. In M1-type fibres,
0.1–10 mM AIDA significantly inhibited responses to
0.1 M MPG (repeated-measures ANOVA; F(1,40) = 11.40,
P < 0.01; Fisher’s post hoc test; P < 0.05 for 0.1–10 mM)
and MPG with IMP (F(1,40) = 18.31, P < 0.01; post hoc
P < 0.05 for 0.1–10 mM), while CPPG had no significant
effect on M1-fibre responses to MPG with or without
IMP (P > 0.05; Fig. 7). In contrast, in M2-type fibres,
0.1–10 mM CPPG significantly inhibited responses to
MPG (F(1,50) = 23.72, P < 0.001; post hoc P < 0.05 for
0.1 and 1 mM; P < 0.01 for 0.3, 3 and 10 mM) and

Figure 7. Dose-dependent effect of AIDA
and CPPG on responses to 0.1 M MPG (open
circles) or 0.1 M MPG + 0.5 mM IMP (filled
circles) in M1-type (n = 5) and M2-type
fibres (n = 6)
Top panels show the effect of AIDA and
bottom panels show the effect of CPPG. Values
indicated are means ± SEM. Fisher’s post hoc
test; ∗P < 0.05; ∗∗P < 0.01.
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MPG with IMP (F(1,40) = 60.96, P < 0.001; post hoc
P < 0.05 for 0.1 mM, P < 0.01 for 0.3, 3 and 10 mM),
while AIDA did not influence M2 fibre responses to
umami compounds (P > 0.05; Fig. 7). These two mGluR
antagonists specifically affected either M1- or M2-type
fibres (but not both) and did not influence responses to
umami compounds of any other fibre types (P > 0.05;
Fig. 8), indicating a differential and selective contribution
of mGluR1 and mGluR4 to umami responses in M1
and M2 fibres, respectively. We also tested antagonists
for glutamate receptors, AIDA and CPPG, at the highest
concentration we used, and there were no significant
responses in all types of fibres.

Discussion

The following five potential umami receptors have been
identified in taste cells: T1R1+T1R3, taste-mGluR1,
taste-mGluR4, full-length mGluR1 and full-length
mGluR4. We used single-fibre nerve recording to
investigate the potential roles of these candidate umami
receptors and their associated transduction mechanisms
in vivo. We first examined single CT nerve fibres in
WT, T1R3- and TRPM5-KO mice that responded to
glutamate according to their best responding stimulus
among five basic taste compounds, and the occurrence
of potentiation of glutamate responses by IMP. In WT
mice glutamate-responding nerve fibres could be classified

Figure 8. The effect of metabotropic glutamate receptor (mGluR) antagonists on taste responses of
gustatory fibres
A, the effect of mGluR antagonists on responses to 0.1 M MPG or 0.1 M MPG + 0.5 mM IMP in S1- (n = 7), S2-
(n = 5) and E-type fibres (n = 6). Columns indicate sum of responses to antagonist and 0.1 M MPG or 0.1 M MPG
+ 0.5 mM IMP with (filled) or without (open) 10 mM AIDA or 10 mM CPPG. Values indicated are means + SEM.
There are no significant differences (Student’s paired t test; P > 0.05). B, sample recordings showing the effect
of mGluR antagonists on responses to 0.5 M Suc, 0.1 M NaCl, 0.01 M HCl and 0.1 M MPG in S-, N-, E-, M1 and
M2-type fibres, respectively.
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into the following four types: Suc-best S1 and S2,
and MPG-best M1 and M2. Potentiation of glutamate
responses by IMP was seen in S1- and M1-type fibres, but
not in S2- and M2-type fibres. In T1R3- and TRPM5-KO
mice, only S1-type fibres were absent; S2-, M1- and
M2-type fibres were still present.

Among the four types of fibres, S1 is characterized
by robust responses to sweet compounds and a large
potentiation of glutamate responses by IMP. In addition,
S1 fibres also exhibited substantial responses to L-amino
acids, such as L-Cys, L-Ala, L-Arg and L-Lys, and to L-AP4
and Quis; these responses were enhanced by the addition
of IMP. Such response characteristics are comparable with
those found when mouse T1R1+T1R3 is expressed in
HEK 293 cells (Fig. 1 in Nelson et al. 2002), suggesting
that T1R1+T1R3 plays a crucial role in the amino acid
responses potentiated by IMP in S1-type fibres. The loss
of S1-type fibres by genetic deletion of T1R3 further
supports the involvement of T1R1+T1R3 in amino acid
responses. Mice genetically lacking T1R3 selectively lose
their S1-type fibres, show greatly reduced responses to
sweet compounds, and mostly lose the synergism of
IMP with MPG. These observations are consistent with
previous results of whole-CT response recordings in
T1R3-KO mice (Damak et al. 2003). Expression studies
in mice reported that some T1R1-positive cells coexpress
T1R2 (and T1R3) in taste buds (58%, Kim et al. 2003;
10–17%, Stone et al. 2007), and studies of single taste cell
responses in mice showed that some glutamate-responsive
taste cells also respond to sweet compounds in the
fungiform (60%, Yoshida et al. 2009) and circumvallate
papillae (30%, Tomchik et al. 2007). Furthermore, our
recent study showed that glutamate-sensitive Suc-best
taste cells, analogous to S1- and S2-types, exist in mouse
fungiform taste buds (Niki et al. 2011). Such consistent
findings from taste cell to single fibre suggest strongly
that glutamate-responsive S1-type fibres may receive taste
information from taste cells that express all three T1Rs
and thus possess both sweet (T1R2+T1R3) and umami
(T1R1+T1R3) taste receptors.

The S2-type fibres remain in T1R3-KO mice, although
the responses of these fibres to sucrose were largely reduced
(Fig. 6). Therefore, responses of S2-type fibres to sucrose
may be derived from two pathways, both T1R3-dependent
and independent pathways. This remaining component of
sucrose responses may be comparable to those observed in
previous studies with whole-CT nerve response recordings
(Damak et al. 2003; Ohkuri et al. 2009) and behavioural
experiments in T1R3-KO mice (Damak et al. 2003; Zhao
et al. 2003). It has been reported in T1R3-KO mice that
complete loss of sweet responses is only observed for
non-caloric sweetener, such as SC45647 (Damak et al.
2003; Ohkuri et al. 2009), indicating that such sweetener
requires the presence of T1R3. Other sweet compounds,
such as sugars, may bind to T1R2 (Nie et al. 2005) or

utilize proposed T1R-independent sugar sensors, such
as glucose transportes (GLUTs), sodium-glucose trans-
porter 1 (SGLT1) and ATP-gated K+ channel (KATP) (Yee
et al. 2011). The remaining weak responses of S2-type
fibres to sucrose in T1R3-KO mice found in this study
may originate from taste cells expressing T1R-independent
sugar sensors.

Our results showed that two different mGluR
antagonists, AIDA for group I mGluRs and CPPG for
group III mGluRs, separately affected MPG responses
in either M1- or M2-type fibres and did not influence
responses to umami compounds in any other types of
fibres (S1-, S2- and E-type). In addition, M1- and M2-type
fibres remained in T1R3-KO mice, and their response
profiles were not significantly different from those in
WT mice. Several reports demonstrated the expression
of brain- and taste-mGluR1 and mGluR4 receptors in
taste buds and the lower affinity of taste-mGluR1 and
mGluR4 to glutamate than that of the brain-type receptors
(Chaudhari et al. 2000, 2009; Toyono et al. 2002, 2003;
San Gabriel et al. 2005, 2009). Both mGluR1 and mGluR4
may function as umami taste receptors in taste bud cells
independent of T1R1 or T1R3. Previous studies reported
that CPPG inhibited responses to glutamate and L-AP4 in
isolated rat taste cells (100 μM, Lin & Kinnamon, 1999),
as well as behavioural responses to these compounds
in rats (1 mM, Eschle et al. 2009) and mice (1 mM,
Nakashima et al. 2001). We found that M2-type fibres
transmit the CPPG-sensitive components of glutamate
responses in mice. Furthermore, we found the existence of
AIDA-sensitive components of glutamate responses that
were transmitted via M1-type fibres. We do not know why
M1-type fibres showed responses to the mGluR4 agonist
10 mM L-AP4, but this may be due to non-specific effects of
using high concentrations of L-AP4 on glutamate receptors
in M1-type taste cells. These other glutamate receptor
systems present in WT and T1R3-KO mice, perhaps
together with NMDA receptors (Hayashi et al. 1996; Lin
and Kinnamon, 1999), may underlie the persistence of
behavioural discrimination between umami and other
basic tastes (Delay et al. 2006) and umami-evoked Ca2+

responses of rare T1R1-expressing circumvallate taste bud
cells (Maruyama et al. 2006) even in the absence of T1R3.

Responses of MPG-best M1 fibres to L-amino acids
were significantly enhanced by IMP (Table 2). As noted
above, a substantial portion of glutamate responses of M1
fibres may be derived from taste cells expressing mGluR1.
The T1Rs and all mGluRs are group C G-protein-coupled
receptors, and it is well known that mGluR1 forms a
homodimer (Okamoto et al. 1998; Robbins et al. 1999).
A recent molecular study proposed that the extracellular
Venus flytrap domain of T1R1 is the key site responsible
for the large synergism of umami responses, where
glutamate binds close to the hinge region, and IMP
binds to an adjacent site close to the opening of the
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flytrap to increase the stability of the closed formation
(Zhang et al. 2008). Several positive and selective allosteric
potentiators of mGluR1 (e.g. Ro 01-6128 and Ro 67-4853)
have been reported (Hemstapat et al. 2006); however,
these potentiators are thought to bind to the trans-
membrane domain of mGluR1. To our knowledge,
it is unknown whether IMP could act as a positive
potentiator for mGluR1. It is most likely that T1R1 under-
lies the synergism of glutamate and IMP observed in
M1 cells.

Our results provide new insights into umami taste
transduction. The finding that both T1R3-KO and
TRPM5-KO mice lacked S1-type fibres suggests that
TRPM5 acts as a downstream signalling molecule in
those taste cells that express T1R3. The potentiation of
glutamate by IMP is greatly reduced in T1R3-KO mice
(Damak et al. 2003) and TRPM5-KO mice (Zhang et al.
2003; Damak et al. 2006), as well as in mice lacking
other transduction components, such as α-gustducin,
α-transducin (He et al. 2004), phospholipase C β2 and
IP3R3 (Hisatsune et al. 2007). Some double-labelling
studies reported coexpression of T1Rs and α-gustducin
in mouse fungiform papillae (Kim et al. 2003), T1Rs
and TRPM5 in the mouse circumvallate papilla (Zhang
et al. 2003), and IP3R3 and phospholipase C β2 in the rat
circumvallate papilla (Asano-Miyoshi et al. 2001). These
reports, together with the present data, indicate that these
proteins function downstream of T1R1+T1R3 to mediate
umami responses. In contrast, S2-, M1-, M2-, E- and
N-type fibres remain in the absence of TRPM5, suggesting
that taste cells connecting with those fibres can respond
to taste stimuli via transduction pathways other than
the above-mentioned TRPM5 pathway. Several reports
have shown that mGluR1a activation increases cAMP
accumulation in oocytes and transfected Chinese hamster
ovary cells (Aramori & Nakanishi, 1992), baby hamster
kidney cells (Thomsen 1996; Hermans et al. 2000) or
HEK 293 cells (Francesconi & Duvoisin, 1998; Parmentier
et al. 1998). It is generally accepted that mGluR4 is linked
to inhibition of adenyl cyclase to decrease cAMP (Pin &
Duvoisin, 1995). Thus, cAMP may play a role in trans-
duction of M1- and M2-type taste cells.

In this study, we demonstrated the existence of multiple
receptors and transduction pathways for umami taste.
What, then, are the roles of signals mediated by the
transduction pathways involving T1R3 vs. taste mGluRs?
Zhao et al. (2003) demonstrated that the behavioural
preference for glutamate and other amino acids in the
short-term lick test was absent in their T1R3-KO mice.
However, Damak et al. (2003) demonstrated that pre-
ference for glutamate in 24 h two-bottle preference tests
was reduced but not abolished in another T1R3-KO mouse
model. Thus, both T1R3-KO models showed significantly
reduced preference for glutamate, indicating that the
T1R3-dependent signal may play a major role in preference

behaviour of mice. Consistent with this, T1R3-dependent
and TRPM5-dependent S1-type fibres convey not only
glutamate signals but also sweet signals that induce strong
preference behaviour. In addition, Delay et al. (2006)
demonstrated that detection thresholds of T1R3-KO mice
and wild-type mice were nearly identical for sucrose and
MSG, and T1R3-KO mice were still able to discriminate
between the tastes of sucrose and MSG even when the
cue function of the sodium component of MSG was
reduced or neutralized. This indicates that T1R3-KO mice
still have the ability to encode information about the
qualitative features of sweet and umami taste substances.
Thus, T1R3-independent mGluR pathways for glutamate
taste may contribute to transmission of qualitative features
of umami taste and discrimination between umami and
other taste compounds. However, further studies are
required to reveal the behavioural significance of each
component of glutamate signals in the gustatory nerve.

Concerning the KO mice, somewhat different data were
obtained from two independently generated T1R3-KO
mouse models. In one T1R3-KO model, Zhao et al. (2003)
showed that a behavioural (lickometer) preference for
glutamate and CT nerve responses to glutamate were
totally absent, suggesting that T1R1+T1R3 is essential for
glutamate detection and perception in mice. In contrast,
using a different T1R3-KO model, Damak et al. (2003)
found that preference for glutamate in 24 h two-bottle pre-
ference tests was reduced but not abolished. Furthermore,
their T1R3-KO mice exhibited a severe loss of synergistic
responses of the CT nerve to glutamate and IMP, but no
large reduction was observed in response to glutamate
alone in both CT and GL nerves, although the sodium
component of MSG was not controlled by amiloride.
It should be noted that the CT nerve contains the
amiloride-sensitive Na+-responsive fibres, whereas the
GL nerve lacks those fibres (Ninomiya, 1998), suggesting
that GL nerve responses were not inhibited by amiloride.
Furthermore, Yasuo et al. (2008) demonstrated that the
same line of T1R3-KO mice showed a severe loss of
synergistic responses of the CT nerve to MPG and IMP
and no large reduction of CT and GL nerve responses
to MPG, which do not contain the sodium component.
These data indicate that T1R3 is crucial for the synergistic
response to glutamate and ribonucleotides, but receptors
other than T1R1+T1R3 may also be involved in taste
responses to glutamate in mice. Significant differences
between the two different T1R3-KO models and how they
were analysed may contribute to some of these differences
in nerve responses to umami stimuli. The T1R3-KO model
of Damak et al. (2003) lacks the entire T1R3 coding
region and the gene promoter and expresses no T1R3
protein. This mouse was generated in C57BL/6J embryonic
stem cells, maintained in that background and compared
with littermates of the same C57BL/6J background. The
T1R3-KO model of Zhao et al. (2003) deleted the amino
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terminal extracellular domain but not the seven trans-
membrane helices of T1R3. This mouse was generated in
129 embryonic stem cells, backcrossed for two generations
with C57BL/6 mice and compared with 129X1/SvJ and
C57BL/6 mice. In behavioural analysis, 24 h two-bottle
preference tests may retain the variable of postingestive
cues that may affect the animal’s preference behaviour,
whereas the effect of postinjestive cues may be little in
lickometer preference tests. As same as T1R3-KO models,
somewhat contradictory results were obtained from the
TRPM5-KO models generated by Damak et al. (2006) and
Zhang et al. (2003). The TRPM5-KO model of Damak et al.
(2006) lacks the promoter and exons 1–4 and expresses no
TRPM5 protein. This mouse was generated in C57BL/6J
embryonic stem cells, maintained in that background
and compared with littermates of the same C57BL/6J
background. In the TRPM5-KO model of Zhang et al.
(2003), five of the six transmembrane helices of TRPM5
were deleted, but upstream promoter region of the gene
was retained, along with exons 1–14 encoding most of
the amino-terminal portion of the gene. This mouse
was generated in 129 embryonic stem cells, backcrossed
for two generations with C57BL/6 mice and compared
with 129X1/SvJ and C57BL/6 mice. Even if there are
some differences in methods, we think it is necessary
to investigate umami reception and transduction
pathways by using many kinds of approaches in future
study.

In conclusion, the data from the present study provide
the first physiological evidence for the existence of
three distinct umami taste information pathways in the
mouse CT nerve, comprised of different receptors,
transduction pathways and nerve fibres. Information
for L-amino acids, including glutamate, initiated from
the T1R1+T1R3 heterodimer may be mediated by
phospholipase C β2, IP3 and TRPM5, and conveyed
by S1 sweet-best fibres. In addition, glutamate-selective
taste information initiated by AIDA-sensitive (mGluR1)
or CPPG-sensitive (mGluR4) receptors may be trans-
duced by a pathway(s) that does not require TRPM5,
and conveyed by M1 and M2 glutamate-best fibres,
respectively. The existence of multiple glutamate taste
pathways may account for the persistence of behavioural
discrimination between glutamate and other basic taste
compounds in the absence of T1R3 or TRPM5.
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