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1. INTRODUCTION

Gustatory system plays important roles in maintaining
homeostasis in animals. If animals lack essential nutrients for
their survival such as sugars, minerals, and essential amino
acids, they find out these insufficient nutrients by using gus-
tatory clues. In contrast, spoiled foods and poisonous items
that are deleterious to animal health have an unpleasant taste
sensation. In general, sweet, salty, umami, sour, and bitter are
considered to be basic taste qualities. Recent molecular bio-
logical studies have proposed candidate receptors for these
five basic tastes.1,2) These receptors are divided into two
groups: G-protein coupled receptors (GPCRs) and channel
type receptors. The expression patterns of these receptors
suggest that each taste quality may be encoded by a separate
population of taste bud cells. Many taste cells respond to one
of five basic taste stimuli and may be responsible for detec-
tion and transmission of each taste quality.3)

Activation of taste cells lead to transmitter release, then
activation of gustatory nerve fibers. Processing of taste infor-
mation may occur during this transmission. If the gustatory
fiber receives inputs from taste cells that have different re-
sponse properties, the fiber would respond to multiple taste
qualities. However, this may not be the case because re-
sponse characteristics of taste cells and gustatory nerve fibers
are very similar and many gustatory nerve fibers may selec-
tively innervate their corresponding types of taste cells.4)

Recent studies have shown that sensitivities of taste cells
can be modulated by hormones and other endogenous fac-
tors.5) For example, leptin, an anorexigenic mediator that re-
duces food intake by acting on hypothalamic receptors, se-
lectively suppresses sweet taste sensitivity of taste cells via

leptin receptor (Ob-Rb). In contrast, endocannabinoids, orex-
igenic mediators that induce appetite and stimulate food in-
take via cannabinoid receptors (CB1) mainly in the hypothal-
amus, enhance sweet taste sensitivity of taste cells via CB1

receptor. Such reciprocal regulation of sweet taste by leptin
and endocannabinoids may have important roles in maintain-
ing energy homeostasis in animals.

In this paper, we summarize recent progress of studies on
the molecular mechanisms for detection and transduction of
taste in taste bud cells, connections between taste cells and
gustatory fibers, and regulatory mechanisms of taste infor-
mation at the periphery.

2. TASTE RECEPTORS AND TRANSDUCTION IN
TASTE BUD CELLS

Sweet, and umami taste are mediated by T1R family
(T1R1, T1R2, T1R3) that belongs to family C of GPCRs in-
cluding metabotropic glutamate receptors (mGluRs), calcium
sensing receptors, and V2r pheromone receptors6—15) (Fig. 1).
T1Rs assemble into heterodimeric receptor complexes to
function as sweet (T1R2�T1R3) or umami (T1R1�T1R3)
taste receptors.11,12) In heterologous expression system,
T1R2�T1R3 heterodimer is activated by various sweeteners,
such as sugars, artificial sweeteners, sweet amino acids, and
sweet proteins, whereas T1R1�T1R3 heterodimer is acti-
vated by glutamate (human) and amino acids (mouse).12,14)

The characteristic feature of umami is a synergism, in which
the taste intensity of monosodium glutamate (MSG) is en-
hanced by 5�-ribonucleotide monophosphates such as ino-
sine-5�-monophosphate (IMP) and guanosine-5�-monophos-
phate (GMP).16,17) Umami synergism is observed in re-
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sponses of human embryo kidney (HEK) cells expressing
both T1R1 and T1R314,18,19) and is shown to occur through
activation of venus-fly trap extracellular domain of T1R1 to
which both MSG and 5�-ribonucleotide can bind coopera-
tively.18) Although T1R3 contributes to both sweet and
umami tastes, mice genetically lacking T1R3 showed dimin-
ished but not abolished behavioral and nerve responses to
sugars and umami compounds.20) The existence of the resid-
ual responses to the stimuli indicates that T1R3-independent
sweet- and umami-responsive receptors and/or pathways may
exist in taste cells. Potential candidates for umami taste re-
ceptors other than T1R1�T1R3 are mGluR variants such as
taste mGluR1 and 4, which have been shown to be expressed
in taste cells.21,22) It has also been reported that antagonists
for mGluR1 [1-aminoindan-1,5-dicarboxylic acid (AIDA)]
and mGluR4 [(RS)-alpha-cyclopropyl-4-phosphonophenyl-
glycine (CPPG)] reduced taste cell, gustatory nerve and be-
havioral responses to umami substances in mice.23)

Bitter taste is mediated by the T2R family that belongs to
family A of GPCRs including V1r pheromone receptors and
opsin receptors (Fig. 1).24—26) In humans, 25 members of the
T2R family may function as bitter taste receptors although
bitter ligands for five of the 25 T2R members (T2R41,
T2R42, T2R45, T2R48, T2R60) are still unknown.27) T2Rs
are coexpressed in a subpopulation of taste receptor
cells,24,28) raising a possibility that T2Rs form hetero-
oligomers like T1Rs for sweet and umami taste. One study
demonstrated that the vast majority of T2R pairs form oligo-
mers, but functional significance of oligomerization has not
been elucidated.29) In humans, individual variation in sensi-
tivity to the bitter compound phenylthiocarbamide (PTC) is
well known.30) This variation is correlated with a genetic
variation in T2R38, which is a receptor for PTC and 6-n-
propylthiouracil (PROP).31)

Sweet, umami, and bitter tastes are mediated by different
GPCRs but use a common signaling pathway after activation
of these receptors. Tastant binding to sweet, umami, and bit-
ter receptors activates heteromeric G-protein, a-gustducin,32)

and subsequent stimulation of phospholipase Cb2
(PLCb2).33) Activation of PLCb2 produces inositol-1,4,5-
triophosphate, a ligand for inositol-1,4,5-triophosphate re-

ceptor type 3 (IP3R3)34) in the Ca2� stores. Then Ca2� is re-
leased from these stores and stimulates transient receptor po-
tential channel M5 (TRPM5)33,35) to depolarize the taste
cells. Such depolarization leads to the generation of action
potentials in taste cells (Fig. 1).

Sour and salty taste may be mediated by channel type re-
ceptors (Fig. 1). In the case of sour taste, many candidate 
receptors have been implicated in detection such as acid-
sensing ion channels (ASICs),36) hyperpolarization-acti-
vated cyclic nucleotide-gated potassium channels (HCNs),37)

potassium channels,38,39) 5-nitro-2-(3-phenylpropylamino)-
benzoic acid (NPPB)-sensitive Cl� channels,40) and poly-
cystic kidney disease 1L3 and 2L1 heterodimer (PKD1L3�
PKD2L1).41,42) Genetic elimination of cells expressing
PKD2L1 substantially reduces gustatory nerve responses 
to sour taste stimuli, suggesting that PKD2L1 expressing
cells are sour sensitive taste receptor cells.41) Patients with
sour ageusia (taste blind), but not sour normal individuals,
lack the expression of mRNAs for PKD1L3, PKD2L1, and
ASIC subunits in the anterior part of the tongue,43)

suggesting that the PKDs and ASICs may have a role in 
sour taste sensation in humans. However, the in vivo func-
tion of these candidates for the sour sensation must be eluci-
dated in future studies. In the case of salt taste, epithelial
sodium ion channel (ENaC) is believed to be a receptor be-
cause amiloride, an epithelial sodium channel blocker, 
reduces taste cell, neural, and behavioral responses to
NaCl.44—47) A recent study has demonstrated that mice lack-
ing ENaC a-subunit in taste cells showed total loss of
amiloride-sensitive NaCl responses, indicating that ENaC
mediates amiloride-sensitive NaCl responses in mice.48)

Amiloride-insensitive components of NaCl responses are
suggested to be mediated by a transient receptor potential
channel V1 (TRPV1) variant.49) However, TRPV1-knockout
mice are able to detect NaCl with or without amiloride, sug-
gesting that additional mechanisms must contribute to the
amiloride-insensitive NaCl response.50) When channel type
receptors are activated by taste compounds, taste cells are de-
polarized and elicit action potentials (Fig. 1).
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Fig. 1. Receptors and Transduction Mechanisms for Each Basic Taste

Details are described in the main text. VGSC: voltage gated sodium channel. 5-HT: serotonin.



3. TASTE CODING AND TRANSMISSION OF TASTE 
INFORMATION AT THE PERIPHERY

Expression patterns of taste receptors in taste buds imply
that different taste bud cells define the different taste modali-
ties. For example, T1R3 and T2Rs are not coexpressed in
taste bud cells.11) PKD2L1 is not coexpressed with T1R3 and
T2Rs.41) In addition, ENaC a subunit is expressed in a
unique subset of “ENaC alone” taste bud cells, although
some cells expressing Car 4, a sour cell marker, coexpress
ENaC a subunit.48) Physiological studies in mouse taste cells
demonstrated that the majority (60—70%) of taste cells re-
spond to one of basic taste qualities.51,52) In mouse fungiform
taste buds on the anterior part of the tongue, identified taste
cells respond more specifically to basic taste compounds; the
majority of gustducin-expressing cells respond to sweet, bit-
ter, or umami compounds and many GAD67-expressing cells
that may also express sour taste receptor candidates specifi-
cally respond to sour taste stimuli.53) Thus, taste qualities
may be discriminated at the taste receptor cell level. How-
ever, a significant portion of taste cells respond to multiple
taste qualities. These cells may contribute to the discrimina-
tion of more slight differences between taste compounds.

Taste information discriminated by taste receptor cells
would be straightforwardly relayed to the gustatory nerve
fibers because response profiles of taste cells are well con-
served among gustatory nerve fibers.3,52) To do this, the se-
lective connection must be formed between them. There is
no direct evidence showing the selective or specific connec-
tion between taste cells and gustatory fibers, but several
nerve regeneration studies may provide insights into this
problem. As noted above, taste responses to NaCl are divided
into two components, amiloride-sensitive (AS) and -insensi-
tive (AI) components. In general, amiloride primarily inhibits
NaCl (and LiCl) responses of gustatory fibers that selectively
respond to sodium and lithium salts (labeled N-type),
whereas it hardly affects NaCl responses of fibers that show
broad sensitivity to electrolytes (labeled E- or H-type). The
chorda tympani (CT) nerve innervating the anterior part of
the tongue contains both types of fibers almost equally. In
contrast, the glossopharyngeal (GL) nerve innervating the
posterior part of the tongue contains primarily E-type fibers
but only a very few if at all N-type fibers.54) This relative
abundance of the E- and N-type fibers was not altered by
cross-regeneration of the two gustatory nerves into the re-
verse tongue regions,55) suggesting that regenerated taste
axons selectively recoupled with the appropriate type of re-
ceptor cells. In the nerve regeneration study for salt taste,56)

NaCl responses of the CT nerve started to recover from ca. 3
weeks after the nerve crush, whereas amiloride inhibition of
NaCl responses clearly reappeared from ca. 4 weeks onward.
N- and E-type fibers were clearly distinguishable during the
process of reformation of the AS and AI neural systems, sug-
gesting that the AS and AI systems are independently re-
formed after the nerve crush. A similar result was obtained in
the nerve regeneration study for sweet taste using gurmarin,
a sweet-suppressing peptide in rodents.57) In mice, there are
two types of sweet-responsive CT fibers, gurmarin-sensitive
(GS) and gurmarin-insensitive (GI) fibers.58) After the CT
nerve crush, recovery of GI responses preceded recovery of
GS responses by ca. 1 week, and the GS and GI fibers could

be distinguished during the course of CT regeneration. Thus,
the two sweet-reception systems may be reconstituted inde-
pendently during regeneration of the CT nerve. These data
suggest that the selective connection may be formed between
corresponding classes of taste cells and gustatory axons.

In taste buds, only a few taste bud cells have synaptic con-
tact with nerve fibers.59) Taste bud cells expressing receptors
and transduction components for sweet, bitter and umami
taste do not possess conventional synaptic structures, but
they have close contact with sensory nerve fibers such as
subsurface cisternae.60) How do these cells transmit their sig-
nals to gustatory nerves? Regarding the signal transmission
from taste cells to gustatory nerve fibers, ATP is the most
likely candidate transmitter. Gustatory nerve fibers express
ionotropic purinergic receptors, P2X2 and P2X3.

61) Mice
lacking both P2X2 and P2X3 showed abolished gustatory
nerve responses to taste stimuli and reduced behavioral re-
sponses to sweet, umami, and bitter substances.62) Taste cells
release ATP in response to serial depolarization63) or sweet,
bitter, and umami taste stimuli.64,65) ATP release from taste
cells was blocked by a hemichannel blocker, carbenox-
olone.64,65) Therefore the signal transmission from taste cells
to gustatory nerve fibers for sweet, bitter, and umami taste
may be following: 1) taste cells activated by sweet, bitter, or
umami substances increase in [Ca2�]i and generate action po-
tentials; 2) Ca2� and depolarization stimulate hemichannels
(possibly the pannexin-1 hemichannel) to open and release
ATP; and 3) released ATP activates P2X2/P2X3 receptors on
the adjacent gustatory nerve fibers (Fig. 1). Taste bud cells
expressing PKD2L1, which may be sour taste receptor cells,
possess synaptic structures.66) These cells also have sero-
tonin,66) and serotonin is released from taste cells in response
to sour taste stimuli.67) The role of serotonin in signal trans-
mission is unclear, although sour-sensitive cells may use con-
ventional synaptic transmission (Fig. 1). The mechanism for
the signal transmission from salt-sensitive taste cells to gus-
tatory nerve fibers is unknown. Further studies are required
to elucidate the signal transmission from taste cells to gusta-
tory nerve fibers.

4. MODULATION OF TASTE INFORMATION AT THE 
PERIPHERY

Sensory information on taste has a great impact on the
feeding behavior of animals. There is growing evidence that
taste information is modulated by internal and external fac-
tors at the peripheral taste organs to help maintain homeosta-
sis. Sweet taste may have a role in detecting energy sources
and is very attractive to animals. Recent studies have re-
vealed that sweet taste sensitivity is modulated by orexigenic
and anorexigenic mediators in the peripheral taste organs.

Leptin is an anorexigenic mediator that reduces food in-
take by acting on hypothalamic receptors.68) There are five
isoforms of leptin receptors (Ob-Ra—Ob-Re). Among them,
Ob-Rb is a functional leptin receptor.69) The db/db mice that
have defects in the leptin receptor are hyperphagic, massively
obese, and diabetic.69) These mice showed greater gustatory
nerve responses and behavioral responses to various sweet
substances but not to salty, bitter, and sour substances than
lean control mice.70,71) Streptozotocin-induced diabetic mice
did not exhibit greater sugar responses,70) indicating that
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greater sensitivity to sweet substances was not induced by the
diabetic state itself. A subsequent study72) demonstrated that
the administration of leptin into lean control mice suppressed
CT nerve responses to sweet substances without affecting re-
sponses to sour, salty, and bitter substances. In addition, CT
nerve responses to sucrose in lean control mice were nega-
tively correlated with their plasma leptin levels. Thus, leptin
selectively suppresses sweet taste sensitivity in mice. This ef-
fect may be mediated by leptin receptors, because suppres-
sion of sweet taste responses by leptin was not observed in
db/db mice. Taste bud cells express Ob-Rb,72—74) and taste
cell responses to sweeteners were suppressed by the adminis-
tration of leptin in about half of sweet-sensitive cells (Fig. 2;
Yoshida et al., unpublished data). Thus leptin reduces sweet
taste information by acting on leptin receptors in sweet-sensi-
tive taste cells.

There is a diurnal pattern in circulating leptin levels.75,76)

In humans, plasma leptin levels start rising before noon and
peak between 23:00 and 01:00, after which the levels decline
until morning.77) To examine the relationship between plasma

leptin levels and taste sensitivity in humans, the diurnal pat-
tern of plasma leptin levels and taste recognition threshold
were measured in healthy adult.78) The recognition threshold
for sweet compounds exhibited a diurnal variation that paral-
leled the variation in plasma leptin levels. Such diurnal varia-
tion is not observed for other tastes (salty, bitter, sour, and
umami taste). The diurnal pattern of plasma leptin levels
shows meal-related shifts.79) When leptin levels were phase-
shifted following imposition of one or two meals par day, the
diurnal variation in the recognition threshold for sweet taste
shifted in parallel. These synchronizations of diurnal varia-
tion in plasma leptin levels and recognition threshold for
sweet taste strongly suggest a mechanistic connection be-
tween these two variables in humans.

Leptin selectively suppresses sweet taste responses in
wild-type mice but not in leptin receptor-deficient db/db
mice. This may be one major reason for greater responses to
sweeteners in db/db mice. However, it is possible that another
factor may also be involved in greater sweet responses in
db/db mice. We hypothesized that bioactive substances that
have an inverse effect of leptin might enhance sweet taste
sensitivity. Endocannabinoids such as anandamide [N-arachi-
donoylethanolamine (AEA)] and 2-arachidonoyl glycerol (2-
AG) are known as orexigenic mediators that act via cannabi-
noid receptors (CB1) in the hypothalamus and limbic fore-
brain to induce appetite80,81) and stimulate food intake.82) Cir-
culating endocannabinoid levels inversely correlate with
plasma levels of leptin.83) Therefore endocannabinoids are
potential candidates to enhance sweet taste sensitivity.84) The
administration of AEA or 2-AG into wild-type mice in-
creases gustatory nerve responses and behavioral responses
to sweeteners without affecting responses to salty, sour, bit-
ter, and umami substances. Sweet enhancing effects of endo-
cannabinoids were not observed in CB1 knockout mice, sug-
gesting that administration of endocannabinoids selectively
enhances sweet taste responses and the endocannabinoid ef-
fect is mediated by their receptor, CB1. In taste cells, about
60% of T1R3-expressing cells coexpressed with CB1 and re-
sponses of sweet sensitive cells were enhanced by the admin-
istration of AEA or 2-AG. Effects of endocannabinoids are
diminished by the administration of AM251, a CB1 receptor
antagonist. Thus endocannabinoids enhance sweet taste in-
formation by acting on CB1 receptors in sweet-sensitive taste
cells.

Leptin and endocannabinoids are well known to regulate
food intake reciprocally via central mechanisms. In addition,
peripheral taste organs are another important target of these
orexigenic and anorexigenic mediators. Leptin reduces the
palatability of sweet foods, whereas endocannabinoids en-
hance the palatability of sweet foods. Such reciprocal regula-
tion of peripheral sweet taste reception by leptin and endo-
cannabinoids may contribute to their opposing actions on
food intake and play an important role in regulating energy
homeostasis.

5. CONCLUSION

We summarized data on molecular mechanisms for detec-
tion and transduction of taste in taste bud cells, connections
between taste cells and gustatory fibers, and regulatory
mechanisms of taste information at peripheral taste organs.
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Fig. 2. Modulation of Sweet Taste Sensitivity by Leptin and Endocannabi-
noids

(A) Sample recordings demonstrating the effect of bath application of leptin on sweet
responses of a taste cell. Bath application of 20 ng/ml leptin suppressed the response of
the cell to 10 mM saccharin. After washout of leptin, the saccharin response was recov-
ered to the control level. (B) Sample recordings demonstrating the effect of 2-AG on
sweet responses of a taste cell. Bath application of 1 mg/ml 2-AG enhanced the re-
sponse of the cell to 3 mM saccharin. After washout of 2-AG, saccharin response was
returned to the control level. Dotted lines indicates the onset of taste stimuli. Record-
ings in A and B were obtained from different taste cells. (C) A schematic drawing
showing the effects of leptin and endocannabinoids. In high-leptin tune (shown in yel-
low), responses of sweet-sensitive cells were suppressed via the leptin receptor Ob-Rb.
In high-cannabinoid (CB) tune (shown in green), responses of sweet-sensitive cells
were enhanced via the CB1 receptor. These reciprocal regulations of peripheral sweet
taste reception by leptin and endocannabinoids may play an important role in regulating
energy homeostasis.



Our understanding is that taste information discriminated
among taste bud cells is straightforwardly relayed onto gusta-
tory nerve fibers and then the central nervous system. Not
only these straight lines but also processing of taste informa-
tion among the taste bud exist and may be important for the
coding of taste information. Modulation of taste information
at the peripheral taste organs is evident for sweet taste but not
for other tastes. We believe that similar modulatory systems
may also function in other tastes to help maintain homeosta-
sis.
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