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ABSTRACT

In taste buds, glutamate plays a double role as a gustatory stimulus and neuromodulator. The detection of glutamate as a tastant involves several G

protein–coupled receptors, including the heterodimer taste receptor type 1, member 1 and 3 as well as metabotropic glutamate receptors (mGluR1

and mGluR4). Both receptor types participate in the detection of glutamate as shown with knockout animals and selective antagonists. At the basal

part of taste buds, ionotropic glutamate receptors [N-methyl-D-aspartate (NMDA) and non-NMDA] are expressed and participate in the modulation

of the taste signal before its transmission to the brain. Evidence suggests that glutamate has an efferent function on taste cells and modulates

the release of other neurotransmitters such as serotonin and ATP. This short article reviews the recent developments in the field with regard to

glutamate receptors involved in both functions as well as the influence of glutamate on the taste signal. Adv Nutr 2016;7(Suppl):823S–7S.
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Introduction
L-Glutamate plays a particular role among the various L-
amino acids because it elicits a taste distinct from sweet,
salty, sour, and bitter. This fifth taste is called “umami”
(1), which means savory or delicious in Japanese. Glutamate
occurs naturally in many foods and is often present at high
concentrations, as in aged cheeses, seafood, and some vege-
tables. Although umami does not have a pleasant taste by it-
self (2), it increases the palatability and acceptance of many
foods and hence increases food intake (3, 4). For instance,

human subjects prefer soups or new food when they contain
monosodium glutamate (4, 5). By increasing the palatability
of food, researchers have predicted numerous applications
for glutamate, such as the reduction in sodium (6) or fat
(7) in meals.

The mechanism of glutamate detection involves multiple
G protein–coupled receptors, although some of them are
not yet completely characterized. In addition to playing a
role as a taste stimulus, glutamate may also be a neuromo-
dulator in taste buds. This assumption relies on work
from our laboratory and others that showed that glutamate
can depolarize taste cells at concentrations below those that
are required for its detection as a taste stimulus, and these
effects can be mimicked by ionotropic glutamate receptor
agonists (8–11). Moreover, different populations of taste
cells respond to the different concentrations of glutamate:
type II cells express the metabotropic umami taste receptors,
whereas the type III cells express a variety of ionotropic glu-
tamate receptors that appear to be activated not by the glu-
tamate in foods but by release of glutamate as a transmitter
due to modulatory nerve fiber activity (12–14). This review
will focus on these different but important roles of gluta-
mate in taste function.

Current Status of Knowledge
Anatomy and physiology of taste buds. Taste buds are on-
ion-shaped aggregates of 50–100 elongated taste cells that
extend from the basal lamina to the surface of the tongue,
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where their apical microvilli containing taste receptor pro-
teins protrude through an opening in the epithelium to
contact sapid stimuli in the oral cavity. The basolateral
membrane forms contacts with afferent nerve fibers, which
signal taste-evoked activity to the brain. Taste buds are scat-
tered across the anterior tongue in fungiform papillae inner-
vated by the chorda tympani nerve. Circumvallate and
foliate papillae house taste buds on the posterior tongue,
which are innervated by the glossopharyngeal nerve. Re-
gardless of location, there are 3 types of taste cells, distin-
guished by morphologic, molecular, and functional criteria
[for review (15)]. Type I cells are generally considered to
be support cells, which have a function similar to that of glial
cells in the nervous system. These cells have membranes that
wrap around the other cell types and contain enzymes for
the uptake and degradation of neurotransmitters, including
ATP and glutamate. Type II cells contain the taste receptors
and signaling effectors for umami, sweet, and bitter com-
pounds. These cells release ATP as a transmitter via a non-
vesicular mechanism (16–18) to activate purinergic receptors
on afferent nerve fibers. Type III cells are responsive to
sour (acidic) and salty stimuli, but the receptors that medi-
ate these responses have not been molecularly identified.
Type III cells release a variety of transmitters via vesicular
exocytosis (19) to activate afferent fibers, but the receptors
involved are still not clear. In addition to the activation of
afferent fibers, neurotransmitters released from type II and
type III cells can modulate the activity of adjacent taste cells
in a paracrine and autocrine fashion to modulate the out-
put of the taste bud (20).

Glutamate as a tastant. The identity of the glutamate re-
ceptors involved in the detection of umami compounds in
taste buds has been controversial for many years. However,
it is now clear that it is a complex mechanism that involves
>1 receptor. The heterodimer taste receptor type 1, member
1 (T1R1) and 3 (T1R3) is the best understood of the gluta-
mate taste receptors. T1R1-T1R3 is broadly tuned and binds
all L-amino acids in mice (21), but in humans is narrowly
tuned to L-glutamate (22). The receptor also allosterically
binds 59-ribonucleotides, such as inosine 59-monophos-
phate (IMP)4 and GMP, which, when present, strongly
potentiate the umami taste, particularly in the anterior
tongue. Interestingly, in humans, the synergy only occurs
between IMP and glutamate, whereas in mice the synergy
occurs between IMP and glutamate as well as many other
amino acids (21, 22). Binding of both glutamate and nucle-
otides occurs in the large N-terminal binding domain of the
T1R1 monomer (23), which exhibits a venus flytrap binding
module similar to other “C type” receptors, such as the
metabotropic glutamate receptors. Knockout of either T1R1
or T1R3 decreases taste nerve responses to glutamate and

nucleotides as expected, but the results differ according to
which laboratory generated the knockout. Zhao et al. (24)
showed a complete elimination of all responses to umami
compounds for either T1R1 or T1R3 knockout mice. In
other studies, knockout of either T1R3 (25) or T1R1 (26)
eliminated all or most of the nucleotide potentiation, but
considerable responses to glutamate remained, suggesting
that additional receptors contribute to umami taste (25,
27). A recent study that used calcium imaging of isolated
taste cells in these receptor knockouts confirmed the exis-
tence of multiple glutamate receptors and also suggested
that some taste cells can even respond to nucleotides in
the absence of glutamate (28). However, in isolated taste
cells, the stimuli are not restricted to the apical membrane
as they are in vivo, and this may account for some of the dif-
ferences observed.

As originally suggested by Faurion (29), these additional
glutamate receptors are likely to be closely related to gluta-
mate receptors found in the brain. Indeed, a metabotropic
glutamate receptor (mGluR), mGluR4, and its truncated
form called taste-mGluR4 have been identified in taste
buds and their expression is restricted to the taste buds
(30–32). The use of a behavioral approach, L-2-amino-4-
phosphonobutyric acid, a group III mGluR4 agonist,
showed responses similar to monosodium glutamate (33,
34). However, the truncated form of mGluR4 requires
higher concentrations of glutamate (1–3 mmol/L in adult
rats) for activation compared with the brain form of
mGluR4 (a few micromolar). This difference may be ex-
plained by the 50% truncated N-terminal binding domain
in taste-mGluR4, which makes the receptor less sensitive
to glutamate (30). The involvement of mGluR4 was con-
firmed pharmacologically by specific mGluR4 antagonists
(26) and was recently validated in vivo by an mGluR4
knockout mouse that showed smaller nerve responses to
umami compounds (35). These data confirm that mGluR4
plays a small but relevant role in glutamate taste detection.

mGluR1, a group I metabotropic glutamate receptor, also
has an N-terminal truncated form called taste-mGluR1.
Both mGluR1 and its truncated form are reported to be ex-
pressed in taste buds with the use of RT-PCR and immuno-
histochemistry (36–38). Although a knockout of mGluR1
has not been tested in taste experiments, a selective antago-
nist, 1-aminoindan-1,5-dicarboxylic acid, reduces responses
to glutamate in chorda tympani and glossopharyngeal nerve
recordings (35). Selective agonists for mGluRs from group
III (including mGluR4) and group I (including mGluR1)
also have been tested in conditioned taste aversion assays,
and both groups of agonists caused a conditioned aversion
to glutamate at very low concentrations, lower than what
would be expected for the truncated versions of the 2 recep-
tors (39). These data suggest that the brain (untruncated)
form of the receptors may also be involved in the taste detec-
tion of glutamate in mice.

Although the knockout of T1R1 and T1R3 appears to
eliminate potentiation with nucleotides in whole-nerve re-
cordings, single-fiber recordings from glutamate-sensitive

4 Abbreviations used: GLAST, glutamate-aspartate transporter; IMP, inosine
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chorda tympani fibers suggest that at least mGluR1 can
show nucleotide potentiation (40). The nucleotide binding
sites have not been identified. Interestingly, single-fiber re-
cordings also showed that some fibers with a best sensitivity
to sucrose (sweet-best fibers) also respond to glutamate and
that the glutamate response is potentiated by nucleotides
(40). This may explain why rodents have difficulty distin-
guishing sweet- and umami-tasting compounds in behav-
ioral studies (41, 42).

In summary, multiple receptors appear to be involved in
the detection of glutamate as a taste stimulus. These include
the heterodimer T1R1-T1R3, as well as both truncated and
brain forms of mGluR4 and mGluR1. The different recep-
tors seem to have different functions in the detection of
umami compounds. On one hand, mGluRs are primarily
activated by glutamate and not by nucleotides such as IMP
or GMP. On the other hand, T1R1-T1R3 receptors are acti-
vated by many L-amino acids and by nucleotides. Moreover,
each receptor activates a different population of nerve fibers
(40) that may be conducting different information to the
brain.

Glutamate as a neuromodulator. Several neurotransmit-
ters have been proposed to play a role in the transmission
of the taste signal from taste buds to the brain, including
ATP, serotonin, noradrenaline, acetylcholine, or g-amino-
butyric acid [for review (43)]. It is now evident that ATP
is necessary for the transmission of the signal (44, 45),
whereas the other candidates have a modulatory role. In
contrast, glutamate is not likely to be involved in transmit-
ting the taste signal to the nerve fibers, because vesicular
transporters for glutamate (VGLUTs) are not expressed in
taste cells (12, 46). Instead, the afferent nerve fibers express
both VGLUT1 and 2, suggesting that glutamate may be re-
leased from the afferent nerve fibers to modulate the taste
cells (12, 14, 46). However, to date, glutamate itself has
been identified only in the nerve fibers innervating taste
buds in the mudpuppy (47, 48); its presence still needs to
be shown in the fibers innervating mammalian taste buds.

Physiologic and molecular evidence for a role of gluta-
mate as an “efferent” transmitter is the expression of both
N-methyl-D-aspartate (NMDA) and non-NMDA ionotropic
glutamate receptors in taste cells (49–51) as well as the kai-
nate receptors GluR6 and KA1 (52) and GluR7 (12). More-
over, glutamate applied at low concentrations, typical of
neurotransmitters in the brain, evokes increases in intracel-
lular calcium in taste cells that occur in the cell bodies and
basal processes of the taste buds, where the synapses between
taste cells and nerve fibers occur. Furthermore, the basolat-
eral application of glutamate, where topical glutamate can-
not reach due to the tight junctions, increases the action
potential firing rate in some taste cells (13). Finally, a mech-
anism for glutamate reuptake, a requirement of all neuro-
transmitter systems, was shown by identifying a glutamate
transporter [glutamate-aspartate transporter (GLAST)] in
type I cells (53). Taken together, these findings provide
strong evidence for a role of glutamate in modulating the

taste signal before transmission to the brain. The glutamate
receptors identified on taste cells could serve as postsynaptic
targets for a potential efferent mechanism or as an axon re-
flex in response to taste activation of the afferent fibers. In-
deed, Huang et al. (14) showed that glutamate at low
concentrations elicits release of serotonin from type III cells
and consequently causes a decrease in the ATP released from
type II cells.

Conclusions
In conclusion, glutamate appears to play a role as both an
important taste stimulus and a neuromodulator of taste
function, as shown in Figure 1. As a taste stimulus, it acti-
vates metabotropic receptors on the apical membrane of
type II cells and only at concentrations commonly found
in foods that elicit the umami taste quality. In contrast, glu-
tamate functions as a neuromodulator by acting on several

FIGURE 1 Simplified model representing the action of
glutamate in taste buds. Type II cells express the apical
heterodimer T1R1-T1R3, involved in the detection of glutamate
as a gustatory stimulus. Although no clear evidence has been
shown, mGluR4 and mGluR1 are also most likely to be expressed
in the same cell type. The VGLUTs are expressed in fibers
innervating the taste cells, suggesting that glutamate is released
from those fibers. When released, glutamate activates ionotropic
glutamate receptors (NMDA and KA) localized on the basolateral
membrane of type III cells, which elicit the release of serotonin
(5-HT) and a decrease in the release of ATP from type II cells.
Glutamate is then taken up by another transporter, GLAST,
expressed on the membrane of type I cells. GLAST, glutamate-
aspartate transporter; KA, kainate; mGluR, metabotropic glutamate
receptor; NMDA, N-methyl-D-aspartate; T1R1-T1R3, taste receptor
type 1, member 1 and 3; VGLUT, vesicular glutamate transporter;
5-HT, serotonin. Figure courtesy of C Wilson.
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ionotropic glutamate receptors located on the basolateral
membrane, likely on the type III cells. Several unanswered
questions remain for the dual role of glutamate receptors
in taste buds. First, are the mGluRs found in the same taste
cells as the heterodimer T1R3-T1R1 and do they utilize the
same signaling mechanisms? Are there additional, as yet un-
identified, umami taste receptors? Concerning the role of
glutamate as a taste modulator, what triggers its release
from the taste nerve fibers and what is its role in the elabo-
ration of the taste signal to the brain? Additional work in the
field will be required to solve these questions.
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