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a  b  s  t  r  a  c  t

Taste  buds  are peripheral  chemosensory  organs  situated  in  the oral cavity.  Each  taste  bud  consists  of  a
community  of 50–100  cells  that  interact  synaptically  during  gustatory  stimulation.  At least  three  distinct
cell types  are  found  in mammalian  taste  buds  – Type  I  cells,  Receptor  (Type  II)  cells,  and  Presynaptic  (Type
III) cells.  Type  I cells  appear  to  be glial-like  cells.  Receptor  cells  express  G protein-coupled  taste  recep-
tors  for  sweet,  bitter,  or umami  compounds.  Presynaptic  cells  transduce  acid  stimuli  (sour  taste).  Cells
resynaptic (Type III) cell
TP
utocrine/paracrine/efferent transmitters
annexin-1

that sense  salt (NaCl)  taste  have  not  yet  been  confidently  identified  in  terms  of  these  cell  types.  During
gustatory  stimulation,  taste  bud  cells  secrete  synaptic,  autocrine,  and  paracrine  transmitters.  These  trans-
mitters  include  ATP,  acetylcholine  (ACh),  serotonin  (5-HT),  norepinephrine  (NE),  and  GABA.  Glutamate
is  an  efferent  transmitter  that  stimulates  Presynaptic  cells  to  release  5-HT.  This  chapter  discusses  these
transmitters,  which  cells  release  them,  the  postsynaptic  targets  for  the  transmitters,  and  how  cell–cell

communication  shapes  taste  bud  signaling  via  these  transmitters.

© 2012 Elsevier Ltd. All rights reserved.
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. Introduction

As few as three decades ago, taste buds were merely considered
nactive interfaces between flavorsome chemicals in the oral cav-
ty and interpretive centers in the nervous system. These peripheral
ensory organs were believed to passively convert gustatory stimuli
nto signals that sensory afferent fibers could propagate to the
rain. The cytology of taste buds indicated that their constituent
ell population was not homogeneous, but it was  not known

afferent fibers. The intervening years have clarified many of these
issues, principally through the efforts of researchers who  have
applied modern techniques to record functional activity in individ-
ual taste cells and who  have used molecular biological methodology
to identify the proteins found in specific taste bud cells. As a result
of these efforts, we  now have a tremendously expanded view of the
distinct types of cells present in taste buds, how some of these cells
contribute to taste reception, what proteins transduce different
taste stimuli, and what neurotransmitters are released during taste
hether different cells responded to different tastants (e.g., sweet,
itter, etc.  compounds), whether there were supporting versus sen-
ory cells, or what transmitter(s) was/were released onto sensory

∗ Tel.: +1 305 243 2857.
E-mail address: sroper@med.miami.edu

084-9521/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.semcdb.2012.12.002
stimulation. Most importantly, we  now understand that the taste
bud is a community of interacting cells with significant cell–cell
communication taking place during gustatory excitation. Taste
buds are no longer thought of as passive sensory structures.
This review tackles the following questions: what interactions
take place within the taste bud during taste reception, what are
the transmitters involved in these interactions, and how do these

dx.doi.org/10.1016/j.semcdb.2012.12.002
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
mailto:sroper@med.miami.edu
dx.doi.org/10.1016/j.semcdb.2012.12.002
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nteractions shape the signal output from taste buds? I will review
he evidence that taste bud cells release ATP, serotonin, norepi-
ephrine, acetylcholine, and GABA to mediate feed-forward and

eedback signaling, including excitation and inhibition. Presently,
he functional consequences of the cell–cell interactions for taste
etection and discrimination are not yet known, but I will hazard
ome predictions that might be the subject of future studies.

. Anatomy of taste buds

There are between 2000 and 5000 taste buds in the human oral
avity, distributed on the tongue, the palate, and to a lesser extent
he epiglottis, pharynx, and larynx [1–3]. There may be impor-
ant differences between taste buds in different regions on the
ongue and elsewhere, although histologically they appear quite
imilar. Taste buds on the anterior tongue are embedded in fungi-
orm papilla. These taste buds are innervated by the chorda tympani
erve, a branch of the large facial nerve (N VII). Taste buds in
he posterior tongue are located in circumvallate papillae. These
aste buds are innervated by the glossopharyngeal nerve (N IX).
here are also taste buds buried in folds in the lateral sides of the
ongue, in the foliate papillae. These taste buds receive innervation
rom branches of the chorda tympani and glossopharyngeal nerves.
astly, taste buds in the palate are innervated by the greater super-
cial petrosal nerve, another branch of the facial nerve. Although
aste buds in all four regions (palate; fungiform, circumvallate, and
oliate papillae) respond to sweet, salty, sour, bitter (and perhaps
mami, though this has not been studied as thoroughly), there
re differences in their sensitivities to these tastes [4].  Presumably
his reflects differences in the taste cell populations from region to
egion.

Every taste bud in the above four regions is a community of
pproximately 100 cells. These cells fall into three major categories
Fig. 1), originally defined by their morphological appearances and

ore recently distinguished by their expression of specific proteins
nd responses to gustatory stimulation (reviewed in Chaudhari and
oper [5]).

Type I cells: Type I cells, originally defined ultrastructurally
s having electron-dense cytoplasm and elongate, pleomorphic
uclei, are believed to have glial-like functions [6].  These cells syn-
hesize and deposit a powerful ecto-ATPase on their surfaces that
egrades the transmitter released by other taste cells [7].  Type I
ells also are characterized by extensive lamellar processes that
nwrap other taste cells like blankets [8],  perhaps to further limit
he spread of transmitter(s) and prevent local changes in ion con-
entrations from reaching other regions of the taste bud during
aste reception.

Type II (Receptor) cells: Type II cells feature large ovoid nuclei
nd electron-lucent cytoplasm [8].  At the molecular level, Type II
ells have been identified as cells that express G protein-coupled
eceptors (GPCRs) for sweet, bitter, and umami  taste compounds.
ype II cells also express downstream effectors that couple to the
aste GPCRs [5].  Consequently, these cells have been renamed taste
eceptor cells [9].  Each Receptor cell responds mainly to a single
aste quality, such as sweet, bitter, or umami  [10,11].  Thus, Receptor
ells are relatively well “tuned” to specific taste stimuli. Curiously,
hese cells do not possess structurally identifiable synapses [12]
nd thus for many years it was unclear how Receptor cells com-
unicated with sensory afferent fibers. Now, however, we know

hat Receptor cells secrete ATP as a neurotransmitter onto sensory

fferent fibers, probably via pannexin1 hemichannels in their sur-
ace membrane [13–15, but see 16]. Thus, synaptic release of ATP
rom Receptor taste cells does not involve vesicular exocytosis or
ell-defined synapses.
mental Biology 24 (2013) 71– 79

Type III (Presynaptic) cells: Type III cells have ultrastructural fea-
tures somewhat intermediate between Type I cells and Receptor
(Type II) cells. Most importantly, though, Type III cells possess
synapses [17–19].  The specific postsynaptic targets at these
synapses have not been confidently identified. They may  be sen-
sory afferent fibers, but if so, they do not use ATP as a transmitter;
Type III cells do not secrete ATP. They release serotonin, norepi-
nephrine, and GABA [13,20–22].  Consistent with the identification
of synapses, Type III cells express proteins associated with synap-
tic transmission, including SNAP 25, voltage-gated Ca2+ channels,
biosynthetic enzymes for serotonin and GABA, and uptake trans-
porters for biogenic amines [9,21,23]. Accordingly, Type III cells
have been renamed Presynaptic cells [9].  When isolated as sin-
gle cells, Presynaptic cells respond to acid (sour) stimuli [24]. Mice
lacking Presynaptic taste cells do not respond to sour taste [25].
However, when studied in intact taste buds, Presynaptic cells also
are excited by sweet, bitter, and umami  stimuli even though they
do not possess receptors for those compounds [11]. The explana-
tion is cell–cell communication from Receptor to Presynaptic cells
in situ. ATP secreted by Receptor cells during taste activation stimu-
lates Presynaptic cells in addition to exciting sensory afferent fibers
[5,13]. As a result, Presynaptic cells are indirectly excited by sweet,
bitter, and umami  compounds and appear to be some form of inte-
grating element in taste bud signaling. This cell–cell interaction is
discussed in greater detail below.

To summarize, Type I cells appear to be glial-like supporting cells
in the taste bud. Receptor (Type II) cells are sensory cells for sweet,
bitter, or umami  tastes, all of which appear to be transduced by
G protein coupled taste receptors. These stimuli trigger Receptor
cells to secrete ATP which in turn excites sensory afferent fibers
and adjacent Presynaptic taste cells. Presynaptic (Type III) taste cells
are directly stimulated by sour taste and indirectly by sweet, bitter,
and umami  taste. Thus, these cells seem to integrate multiple gus-
tatory stimuli in the taste bud. Presynaptic cells release serotonin,
norepinephrine and GABA.

3. Physiology of taste buds

Many of the details of taste transduction have been illuminated
in the past two decades, in large part through the use of genetically
engineered mice, molecular biological studies, patch-clamp recor-
dings, and functional imaging studies. G protein-coupled receptors
for sweet, bitter and umami  tastants have been identified. Sweet
and umami  tastants are detected by GPCRs from the small fam-
ily of Tas1R genes (T1R proteins), and likely other genes as well
[26–29]. Specifically, sugars and other sweet tastants (e.g., artificial
sweeteners, and sweet proteins) bind to GPCR dimers comprised of
T1R2 plus T1R3 [30–32].  There may  be additional, yet-undiscovered
sweet receptors [30–32].  Monosodium glutamate, the prototypic
umami  tastant, binds to the GPCR dimer T1R1 plus T1R3, as well as
to other receptors, possibly mGluR4, mGluR1, and others [33–37].
Bitter taste stimuli bind to a large family of about 2 dozen Tas2R
genes (T2R proteins) [38]. The number of Tas2R genes varies from
species to species (and not all species have all three Tas1R genes
[39]). Presently, it is not known whether T2R receptors form mul-
timers [40].

T1R and T2R taste GPCRs are expressed in the Type II (Receptor
cell) class of taste bud cells. Each Receptor (Type II) cell mainly
responds to a single taste quality (sweet, or bitter, or umami)
[10,11], presumably because a single Receptor cell expresses GPCRs
for that quality. However, there is not a strict one-cell-one taste

receptor expression rule as appears the case in olfaction [41,42].
That is, some Type II taste receptor cells respond to two or more
different tastes and express multiple taste GPCRs [11]; see Fig. 6 in
[43].
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Fig. 1. Cell types and synapses in the taste bud. (A) Electron micrograph of a rabbit taste bud showing cells with dark or light cytoplasm, and nerve profiles (arrows).
Asterisks mark Type II (Receptor) cells. (B), A taste bud from a mouse, illustrating separate classes of taste cells – Receptor (Type II) and Presynaptic (Type III) cells. The
tissue  is from a transgenic mouse expressing GFP only in Receptor (Type II) cells (green). Presynaptic cells are immunostained (red) for aromatic amino acid decarboxylase
(a  neurotransmitter-synthesizing enzyme that is a marker for these cells). (C) Taste buds immunostained for NTPDase2 (an ectonucleotidase associated with the plasma
membrane of Type I cells) reveal the thin lamellae (red) of Type I cells. These cytoplasmic extensions wrap around other cells in the taste bud. GFP (green) indicates Receptor
cells  as in B. Bar, 10 �m.

(A) Reprinted with permission from the Journal of Comparative Neurology (Royer and Kinnamon, 1991). (B) Reprinted with permission from the Journal of Neuroscience [9].
(C)  Image courtesy of M. Sinclair and N. Chaudhari. Modified and reprinted from [5].
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Activation of taste GPCRs stimulates downstream enzymes and
ffectors in Receptor (Type II) cells. Specifically, when a tastant
inds to a taste GPCR, this releases the G protein subunits G�3
nd G�13 that activate a membrane-bound enzyme, phospholi-
ase C�2 (PLC�2) specifically expressed in Receptor cells. When
ctivated, PLC�2 digests plasma membrane phospholipids into
iacylglycerol (DAG) and inositol trisphosphate (IP3). IP3 diffuses
o nearby (intracellular) stores of calcium, binds to IP3 receptors
IP3R3 specifically) on those stores, and releases Ca2+ into the cyto-
ol. This is the canonical PLC/IP3 Ca2+ release signaling pathway
http://stke.sciencemag.org/cgi/cm/stkecm;CMP 6680).

Over the years, all the elements of this pathway have been iden-
ified and localized to Receptor (Type II) taste cells (reviewed in [5]).
hus, the net effect of sweet, bitter, or umami  tastant stimulation
s to mobilize intracellular Ca2+. Intracellular mobilization of Ca2+

as been used to great advantage to record taste cell stimulation
y using functional (Ca2+) imaging at the tissue and cellular levels.

The elevation of intracellular Ca2+ has at least two conse-
uences for taste bud signaling. First, Ca2+ binds to and opens
RPM5 ion channels in Receptor cells, allowing Na+ ions to enter
nd depolarize the membrane (i.e., produce a receptor, or genera-
or potential) [44,45]. Concurrently, Ca2+ binds to and is believed
o open pannexin 1 (Panx1) gap junction hemichannels in the
lasma membrane [13,46].  Membrane depolarization assists in this
ction and further promotes Panx1 channels to open [47]. Opening
anx1 channels allows the escape of ATP (and possibly Mg2+·ATP)
rom the cytosol into the extracellular spaces [13–16,48].  The
otal concentration of cytosolic ATP (free and Mg2+·ATP) can reach
–5 mM but varies markedly from cell to cell and tissue to tis-
ue [49]. Thus, there is a powerful concentration gradient driving
fflux of this nucleotide, given that extracellular ATP is normally
icromolar. ATP is believed to be the excitatory neurotrans-
itter released by Receptor taste cells to activate postsynaptic

rimary sensory afferent fibers [13,50]. ATP released during
aste stimulation also excites adjacent taste cells, as discussed
elow.

Stimulating taste GPCRs on Receptor cells also activates a taste-
pecific G� protein subunit, gustducin. Gustducin is a G�i protein
elated to transducin in photoreceptors [51]. The gustducin path-
ay, similar to the transducin pathway in photoreceptors, is linked

o a phosphodiesterase present in taste Receptor cells, specifically
DE-3 [52–54].  In taste cells, PDE-3 degrades cAMP. Although the
etails are still murky, the general concept is that cytosolic cAMP
xerts a tonic, low-level depression of Receptor cells by virtue of
he ability of the cyclic nucleotide to inhibit the PLC�2/IP3 path-
ay, above [55]. Concurrent activation of the PLC�2/IP3 pathway

y G�/G� subunits and reduction of cAMP by G� (gustducin) boosts
ignaling along the aforementioned (parallel) PLC/IP3 pathway and
ssures reliable taste transduction for sweet, bitter, and umami
astes.

Sour taste stimuli (acids) activate the Type III category of taste
ud cells, the so-called Presynaptic cells [24,25]. The specific trans-
uction channels or receptors underlying sour taste remain an
nsolved question. It is likely that cytosolic acidification of the Pre-
ynaptic cell by diffusion of the protonated acid (RCOOH) across
he plasma membrane, followed by intracellular dissociation into
he anion (RCOO−) and proton (H+) in the cytosol, is the proxi-

ate stimulus that opens ion channels and allows cation influx
nd thus membrane depolarization [24,56]. Intracellular acidifica-
ion may, for example, close proton-sensitive potassium channels
nd thereby depolarize these cells [57]. Chang et al. [58] present
vidence for a possible additional pathway involving direct H+
nflux through proton channels. Presynaptic cells express voltage-
ated Ca2+ channels, and thus membrane depolarization leads to
a2+ influx. Sour taste stimulation of Presynaptic cells triggers
hese cells to release, serotonin (5-HT), GABA [22], and possibly
Fig. 2. The cells that respond to taste stimuli and release transmitters in taste buds.
Little is known about which cells respond to salt stimulation and which, if any,
transmitters these cells secrete, as indicated by the question marks.

norepinephrine [20]. Most likely, these transmitters are secreted
via vesicular exocytosis initiated by Ca2+ influx [59].

Salt (specifically, Na+) taste remains an enigma. It is not yet
known which cells in the taste bud are the targets for Na+ stimula-
tion. There is evidence that epithelial Na channels (ENaC) underlie
salt transduction in rodents [60,61] and that Type I taste cells may
express ENaC [62]. This would lead to the conclusion that Type I
cells are responsible for Na+ taste, but there is no definitive evidence
for this to date.

A major conclusion is that different tastes initially activate dif-
ferent sets of taste bud cells and release different transmitters
(Fig. 2). For instance, sugars stimulate sweet-sensitive Receptor
(Type II) cells. Bitter and umami compounds excite other Recep-
tor (Type II) cells. Acids stimulate Presynaptic (Type III) taste bud
cells to elicit sour taste. Salt taste may  activate Type I cells, but this
is speculation. The different taste bud cells secrete different neuro-
transmitters. Receptor cells secrete ATP (and as will be described
later, acetylcholine, ACh). Presynaptic cells secrete 5-HT, NE, and
GABA. Little is known about which transmitters, if any, Type I cells
secrete.

Key to appreciating how tastants activate taste buds is that the
above taste transmitters, secreted during gustatory stimulation,
act on other cells within the taste bud. That is, there is significant
cell–cell communication within taste buds during chemosensory
stimulation (Fig. 3). First, activation of Receptor cells triggers ATP
release which excites adjacent Presynaptic taste cells. Second,
when Presynaptic cells are stimulated, either by sour taste or by
ATP during sweet, bitter and umami  taste reception, they secrete
transmitters that inhibit Receptor cells. These inhibitory transmit-
ters include 5-HT and GABA. The function of a third Presynaptic
cell transmitter, NE, is not yet understood. To add to this complex-
ity, ATP itself exerts autocrine feedback onto Receptor cells (vide
infra). This positive feedback apparently is critical for successful
taste-evoked transmitter release. For instance, in the absence of
certain purinoceptors in Receptor (Type II) cells (P2X2/P2X3 knock-
out mice), taste-evoked ATP secretion is greatly reduced and taste
buds cease normal function. These transmitters and their functions
in taste buds are explored in greater detail, next.

4. Cell–cell communication and taste reception

The thesis of this review is that taste stimulation activates a

series of highly orchestrated cell–cell interactions in the taste bud
that modulate and shape the signal output from taste buds. The
precise significance of the signal modulation is still under inves-
tigation and how these cell–cell interactions contribute to taste

http://stke.sciencemag.org/cgi/cm/stkecm;CMP_6680
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Fig. 3. Summary of taste transmitters and synaptic interactions between Receptor
(Type II) and Presynaptic (Type III) cells in taste buds. This diagram outlines synap-
tic, paracrine, autocrine, and efferent transmitters and their receptors identified in
taste buds to date. Not shown are peptidergic transmitter interactions that are also
likely to take place [88] but about which fewer details are known. Receptor (Type
II)  cells (left) respond to and transduce stimuli mediated by taste GPCRs (sweet,
bitter, or umami) and secrete ATP to excite primary sensory afferent fibers (thick
black lines, large solid gray arrows). ATP also excites neighboring Presynaptic (Type
III)  cells (right). ATP is degraded within the taste bud to ADP and these purines act
as  autocrine transmitters to boost further ATP release from Receptor cells via P2Y1
and P2X2 receptors. ADP is further degraded to adenosine (Ado) which excites A2B
receptors expressed selectively on sweet-responsive Receptor cells. Lastly, Receptor
cells also release acetylcholine (ACh) which stimulates muscarinic (M3) receptors
on  Type II cells. Presynaptic (Type III) cells respond directly to acid (sour) taste
stimuli and indirectly, via ATP, to sweet, umami, and bitter stimuli. Presynaptic taste
cells secrete serotonin (5-HT), norepinenephrine (NE) and GABA. 5-HT and GABA
are inhibitory paracrine transmitters, acting on postsynaptic 5-HT1A and GABAA,B

receptors on Type II cells, as shown. 5-HT is also believed to be the neurotransmitter
at  the synapses Type III cells form with axon terminals (solid gray line). The full iden-
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Fig. 4. ATP exerts positive feedback via presynaptic autocrine receptors to boost
its  secretion during taste stimulation. This diagram shows a Receptor (Type II) cell
releasing ATP next to a sensory afferent fiber. Receptor (Type II) taste cells secrete
ATP  likely via pannexin 1 gap junction hemichannels in the plasma membrane
(Panx1). ATP excites postsynaptic targets as well as autocrine P2X2 and P2Y1 recep-
tors on the Type II cell itself. Stimulation of P2X2 and P2Y1 receptors initiates Ca2+

influx and Ca2+ release from intracellular stores, respectively. Both these actions
increase intracellular [Ca2+] which further enhances Panx1 activity and boosts ATP
ification of these putative serotonergic axon terminals remains to be established.
ctions of NE have been investigated [90] but the cellular targets and functions for

his transmitter are not well established.

etection and taste discrimination is yet unknown. Nonetheless,
here is no doubt that a certain degree of signal processing takes
lace in the peripheral sensory organs of taste and that the final
utput from taste buds is shaped by these cell–cell interactions.
his unquestionably affects how taste signals are transmitted from
he periphery to the brain and seriously challenges any notion that
here is a simple labeled-line code for taste. Transmitters secreted
n taste buds during gustatory stimulation are summarized in Fig. 3
nd documented below.

.1. ATP and the cycle of purinergic signaling during gustatory
eception in taste buds

ATP is a major player in the family of taste bud neurotransmit-
ers. Initially, ATP was intimated as a candidate transmitter because

ustatory sensory afferents were immunopositive for receptors for
his purine, specifically P2X2 and P2X3 [63,64]. Subsequently, lin-
ual epithelial sheets containing taste buds were shown to secrete
TP when stimulated [50], and specific taste cells, namely Receptor
release. Genetic elimination of P2X2 (P2X2 knockout) greatly reduces taste-evoked
ATP  secretion from Receptor and taste reception [50,66].

(Type II) cells were identified as the source of taste-evoked ATP
secretion [13,65]. Moreover, taste-evoked transmitter release was
shown to be mediated by an unusual pathway – secretion through
gap junction hemichannels likely comprised of pannexin 1 [13,14,
but see 16]. Transmitter release via pannexin 1 channels is consis-
tent with the microanatomy of taste buds. Ultrastructural evidence
for conventional synapses (e.g., clusters of vesicles, pre- and post-
synaptic thickenings) is not found in electron micrographs of
Receptor cells [12]. Finally, genetic deletion of P2X2 and P2X3 leads
to the disruption taste (with the exception of sour taste) in knock-
out mice [50]. Deleting P2X2/P2X3 was  interpreted as removing the
postsynaptic targets for the taste bud transmitter (ATP receptors on
afferent fibers), hence supporting the notion that ATP was released
by taste buds during gustatory stimulation.

However, the evidence that ATP is the only or even the primary
excitatory taste bud transmitter acting on sensory afferent fibers is
not watertight. Subsequent studies showed that P2X2 is expressed
presynaptically in Receptor cells and that knocking out P2X2/P2X3
prevents normal taste-evoked transmitter secretion [66]. These
studies indicated that P2X purinoceptors, and particularly P2X2,

are required for taste transmitter release. P2X2 receptors exert
positive autocrine feedback to boost and/or maintain taste-evoked
ATP secretion (Fig. 4). Interestingly, such autocrine positive feed-
back has also been described for synaptic ATP release in the carotid
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ody [67] and at terminals of neurosecretory cells in the posterior
ituitary [68]. Thus, what was initially interpreted as being strictly

 postsynaptic deficit of sensory fibers (absence of postsynaptic
eceptors in the P2X2/P2X3 knockout mice), is now understood
o include a profound deficit in presynaptic release mechanisms
n taste bud cells. Given this understanding, there may  be other
ransmitters released from Receptor cells during taste transmis-
ion that contribute equally importantly as ATP. This remains to be
nvestigated.

Another important target for ATP released from Receptor cells is
djacent Presynaptic cells. Presynaptic cells express P2 purinocep-
ors, likely P2Y4 [69]. Thus, sweet (or bitter, umami) stimulation
f taste buds directly excites Receptor (Type II) cells and indi-
ectly activates Presynaptic (Type III) cells via purinergic cell–cell
nteractions. As a consequence, in intact taste buds Presynaptic
ells are activated during sweet, bitter, umami  or sour stimula-
ion, even though in isolation Presynaptic cells are sensitive only to
our stimulation. In intact taste buds, Presynatic cells are also acti-
ated during salt (Na+) stimulation [11]. However, the proximate
arget for Na+ stimulation and how this excitation gets transferred
o Presyaptic cells remains unsolved.

ATP follows an intriguing pathway of degradation after it is
eleased from Receptor cells during taste stimulation. Taste bud
ells, including Receptor cells, are enwrapped with lamellar pro-
esses of Type I taste cells [8].  Presumably, these lamellae restrict
he diffusion of ATP within the taste bud and keep the transmit-
er confined to intercellular spaces immediately surrounding the
ctive Receptor cell. Further, Type I cells express a powerful ecto-
TPase on their surface, NTPDase2 [7].  This ecto-ATPase quickly
egrades ATP to ADP and AMP, further restricting diffusion of the
ecreted transmitter. Even as it is degraded, however, ATP contin-
es to exert important actions. As described above, P2X2 receptors
n Receptor taste cells are stimulated by the initial taste-evoked
elease of ATP, representing autocrine excitatory feedback. Addi-
ionally, ADP generated by degradation of ATP stimulates P2Y1
eceptors that are also expressed on Receptor cells [69]. Finally,
MP  generated by catabolism of ADP is degraded by other ecto-
ucleotidases, specifically prostatic acid phosphatase (PAPP) and
TE5 expressed on Presynaptic (Type III) cells [43]. The endprod-
ct of this degradation, adenosine, is also a neuromodulatory signal,
cting on excitatory adenosine A2B receptors expressed selec-
ively on sweet-sensitive Receptor cells [43,70]. The production of
denosine completes the autocrine neuromodulation of ATP and its
yproducts.

Purines have been described up to this point as taste trans-
itters onto afferent fibers (ATP) and as autocrine excitatory

ompounds (ATP, ADP, and adenosine). Yet, it is equally plausible
hat they are paracrine excitatory modulators acting on surround-
ng Receptor taste cells. Thus, in principle, one Receptor cell could
nfluence the activity of nearby Receptor cells by virtue of the
pread, limited as it may  be, of ATP, ADP, and adenosine. This
ay  explain why individual Receptor cells have been observed to

espond to more than a single taste [11]. Although the vast majority
f Receptor cells is “tuned” to respond specifically only to sweet,
itter, or umami  tastants, a small proportion respond to multiple
aste qualities. This could be due to direct stimulation by one tas-
ant followed by indirect activation by another tastant through ATP,
DP, and/or adenosine from an adjacent Receptor cell.

.2. Acetylcholine signaling during gustatory reception in taste
uds
Receptor (Type II) taste cells also secrete acetylcholine (ACh), a
ell-established transmitter at synapses throughout the nervous

ystem. Taste-evoked ACh release from isolated mouse Recep-
or cells has been detected with highly sensitive biosensor cells
mental Biology 24 (2013) 71– 79

[71]. ACh appears to stimulate muscarinic receptors, specifically
M3,  on the same (autocrine) or neighboring (paracrine) Receptor
cells [72,73,74].  This muscarinic feedback augments taste-evoked
release of ATP [71]. Muscarinic antagonists such as atropine blocks
this positive feedback, and genetically mutant mice that lack M3
receptors (knockout mice) lack a taste-evoked muscarinic response
[71].

4.3. Serotonin signaling during gustatory reception in taste buds

Transmitters other than ATP and ACh also contribute in a major
fashion to cell–cell interactions and signal processing in taste buds.
Serotonin (5-hydroxytryptamine, 5-HT) is one such transmitter,
released by Presynaptic (Type III) cells in response to (a) sour (acid)
taste stimulation; or (b) KCl depolarization [24,75];  or (c) puriner-
gic (ATP) stimulation from nearby taste Receptor (Type II) cells
(above) [13,69]. A prominent action of 5-HT is inhibition of Recep-
tor cells via 5HT-1A receptors expressed by those cells [23,69,76].
Drugs such as paroxetine that interfere with the re-uptake of 5-HT
greatly enhance inhibitory serotonergic feedback in the taste bud
[69]. Conversely, drugs that block 5HT-1A receptors such as methy-
sergide or WAY100635 reduce the inhibitory serotonergic feedback
and augment Receptor cell function, especially ATP secretion
[69].

When human subjects were treated with selective serotonin
reuptake blockers (e.g., the antidepressant paroxetine), they mani-
fest reduced taste thresholds for bitter and sweet compounds (i.e.,
the subjects became more sensitive to the taste of these com-
pounds) [77]. The results were interpreted as the consequence of
increased levels of 5-HT in the bloodstream reaching taste buds. At
face value, this would seem to be counter to how serotonin inhibits
Receptor cells in isolated mouse taste buds (above). Further, taste
behavior tests on experimental animals (rats) failed to replicate the
paroxetine data from humans [78]. However, in these experiments,
there was no indication of how much circulating 5-HT had been
altered by the antidepressant treatments. In short, psychophys-
ical tests of how serotonin affects taste in vivo are incomplete
and do not yet match with the physiological data from isolated
mouse taste buds. There has been no resolution of this dilemma to
date.

Because sour taste itself stimulates Presynaptic cells and trigg-
ers 5-HT release, one might anticipate that acid stimulation of
taste buds might depress Receptor cell responses to sweet, bit-
ter, or umami  compounds. This has indeed been demonstrated
in isolated mouse taste buds. Curiously, however, there are few
reports that sour tastants interfere with sweet, bitter, or umami
taste thresholds or taste perception in humans or animals. This
remains an unresolved dilemma. A recent abstract from G. Delay’s
laboratory indicates that the presence of lactic acid, for one, appears
to change the taste sensation for amino acids in behavioral tests
on mice [79]. Whether this is a manifestation of sour-evoked
serotonergic interactions within the taste bud remains to be
determined.

Another, unexplored possibility is that 5-HT functions as a trans-
mitter between Presynaptic cells and the nerve fibers with which
Presynaptic cells form synaptic contacts. Synapses between Pre-
synaptic cells and postsynaptic axons may  be serotonergic [80,81].
There is speculation that postsynaptic axons which innervate Pre-
synaptic (Type III) cells represent a distinct population of sensory
afferent fibers that carry information to the hindbrain in a sep-
arate pathway, i.e.,  that Presynaptic cells are part of a second

pathway that is parallel to the presumed purinergic fibers inner-
vating Receptor cells [82]. The speculation is that Presynaptic
cells transmit information pertinent to physiological reflexes such
as cephalic phase insulin secretion; In contrast, Receptor cells
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ransmit information about taste quality recognition and discrimi-
ation – particularly sweet, bitter, umami, and salty.

.4. GABA signaling during gustatory reception in taste buds

Presynaptic cells also synthesize and secrete GABA, another
nhibitory transmitter in taste buds [21]. Sour taste stimulation and
Cl depolarization trigger GABA release from Presynaptic cells [22].
uriously, however, stimulating Presynaptic cells with ATP does not
licit GABA release. Why  acid (sour) and KCl stimuli, but not ATP
ause Presynaptic cells to secrete GABA is unknown. Presumably,
he release mechanisms for GABA distinguish between Ca2+ arising
rom influx through voltage-gated divalent cation channels in the
lasma membrane (opened by acid- or KCl-evoked depolarization)
ersus Ca2+ released from intracellular stores (resulting from ATP
ctivation of Presynaptic cell P2Y4 receptors).

Targets for GABA include Receptor (Type II) and possibly Pre-
ynaptic (Type III) cells, themselves. The latter would represent
utocrine feedback from GABA release. The best evidence is that
ABA inhibits Receptor cells, and specifically, taste-evoked trans-
itter release (ATP release) from these cells. Receptor cells express
ABAA and GABAB receptor subunits and both of these receptor
ubtypes appear to contribute to the GABAergic inhibition. Apply-
ng GABA to Type III cells evoked no obvious synaptic responses,
nhibitory or otherwise. The GABA receptors on those cells may

ediate long-term trophic responses, but this remains speculation
o date.

.5. Glutamate signaling during gustatory reception in taste buds

l-Glutamate is the primary neurotransmitter in auditory hair
ells and retinal photoreceptors. Thus, it might be reasoned that
his excitatory amino acid would figure prominently in chemosen-
ory receptor cells. Glutamate is an established taste stimulus
umami) and this has complicated studies of this amino acid.
pplying glutamate to isolated tissues and cells stimulates taste
eceptors as well as any presumptive synaptic glutamate recep-
ors. Indeed, studies on isolated tissues have revealed that taste
uds express receptors for glutamate taste (T1R1, T1R3, taste-
GluR4, taste-mGluR1) as well as ionotropic and metabotropic

ynaptic receptors for glutamate [33,35,83,84].  Caicedo et al. [85]
sed a novel approach to separate taste from synaptic receptors
y recording responses of taste bud cells embedded in lingual slice
reparations where glutamate could be differentially applied either
o the apical chemosensory (taste) tips of cells, or to the baso-
ateral (synaptic) regions. Those studies showed that ionotropic
lutamate with properties consistent for synapses receptors (i.e.,
MPA/Kaintate, NMDA receptors) are present on the basolateral
urfaces of taste bud cells. Thus, taste buds represent a target for,
ot a source of glutamate release. More recent findings are consis-
ent with those results. Namely, vesicular transporter for glutamate
ypes I and 2 (VGLUT1,2) are present in afferent fibers that inner-
ate taste buds [86]. The presence of VGLUTs typifies glutamate
elease sites elsewhere in the nervous system. Further, taste bud
ells express specific subtypes of glutamate receptors, such as the
onotropic kainate receptor GluR7. Type III cells were identified as
he likely targets of glutamate and glutamate was speculated to be
n efferent transmitter in taste [86].

Most recently, Huang et al. [87] applied glutamate to isolated
aste buds at concentrations appropriate for synaptic activation
micromolar) as opposed to concentrations that would stimulate
aste receptors (mM).  They found that when applied at synaptic

oncentrations, glutamate stimulates Type III (presynaptic) cells
o secrete serotonin, an inhibitory paracrine taste transmitter.
lthough they did not test it, glutamate would also be expected

o stimulate Type III cells to secrete GABA, another inhibitory
mental Biology 24 (2013) 71– 79 77

transmitter. Huang et al. [87] concluded that glutamate was indeed
an efferent transmitter, released from gustatory sensory afferents
during taste stimulation via the mechanism of axon reflex. The net
effect of efferent feedback from such release would be to inhibit
further activation of taste cells (negative feedback) or to sup-
press neighboring taste buds via axon reflex activation of afferent
branches, or both.

5. Summary and conclusions

This review has focused on the events that occur after taste
stimuli have excited taste bud sensory cells, namely the release
of taste transmitters. Sweet, bitter, and umami  stimulation elic-
its release of ATP, perhaps as the primary, fast-acting excitatory
synaptic transmitter. Knockout studies using mice lacking certain
P2X purinoreceptors do not unambiguously identify ATP as the
transmitter because synaptic release as a whole is defective in the
taste buds of these mice. Instead, the knockout studies reveal that
there are multiple positive feedback mechanisms (autocrine P2X
and P2Y receptors) governing ATP release. Sour stimulation trigg-
ers serotonin release. Salt stimulation is not as well characterized
regarding released transmitters. Taste stimulation also initiates
negative feedback mechanisms, including release of serotonin and
GABA. Negative feedback via efferent glutamatergic fibers further
limits taste bud excitation. These interactions are summarized in
Fig. 3.

What remains now is (1) to determine if there are additional
neurotransmitters in taste buds (e.g., [88]) and (2) to unravel the
existing tangle of taste transmitters–ATP, ADP, adenosine, ACh,
serotonin, GABA, and glutamate. The individual actions of these
transmitters has largely been revealed, but how they function dur-
ing taste stimulation and how their actions are orchestrated to
shape the final output from taste buds is largely unknown. Genetic
manipulation via knockout mice and taste behavior studies may
be helpful, but eliminating any given transmitter receptor in taste
buds is also likely to affect synapses in the central nervous sys-
tem. Thus, simple behavioral analyses will not be straightforward.
Gustatory behavior is governed by sensory signals from peripheral
sensory organs – taste buds – as well as by CNS circuitry.

Nonetheless, one important conclusion is that taste is highly
unlikely to be coded by a simple “labeled line” mechanism. Such
a mechanism postulates that there are dedicated sensory cells for
a specific stimulus, such as sweet taste, that synapse with equally
dedicated afferent fibers (“lines”). Moreover, the dedicated lines,
in turn, ascend the gustatory pathway into the brain and to the
primary sensory cortices, terminating in clusters of neurons that
are dedicated solely to that initial stimulus such as sweet taste.
To be sure, there are reports claiming taste is coded by labeled
lines [89], but there is not consensus in the field of chemosen-
sory sciences. To the contrary, the presence of so many interacting
synaptic mechanisms at the initial point of sensation, peripheral
taste buds, indicates that information processing and cellular inter-
actions shape gustatory signals very early in taste reception. This is
incompatible with labeled line coding. Instead, evidence suggests
that taste is coded in a more elaborate mechanism such as combi-
natorial or temporal manner, or both (reviewed in Chaudhari and
Roper [5].
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