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The sense of taste is a common ability shared by all organisms and is used to detect nutrients aswell as potentially
harmful compounds. Thus taste is critical to survival. Despite its importance, surprisingly little is knownabout the
mechanisms generating and regulating responses to taste stimuli. All taste responses depend on calcium signals
to generate appropriate responses which are relayed to the brain. Some taste cells have conventional synapses
and rely on calcium influx through voltage-gated calcium channels. Other taste cells lack these synapses and
depend on calcium release to formulate an output signal through a hemichannel. Beyond establishing these
characteristics, few studies have focused on understanding how these calcium signals are formed. We identified
multiple calcium clearance mechanisms that regulate calcium levels in taste cells as well as a calcium influx that
contributes to maintaining appropriate calcium homeostasis in these cells. Multiple factors regulate the evoked
taste signals with varying roles in different cell populations. Clearly, calcium signaling is a dynamic process in
taste cells and is more complex than has previously been appreciated. This article is part of a Special Issue enti-
tled: 13th European Symposium on Calcium.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

There are multiple sensory systems to detect environmental stimuli.
These sensory systems provide our brains with information about our
surroundings that is critical for our survival. Sensory systems vary
with the needs of the organism, some organisms do not detect light or
sound waves while others detect electrical signals and magnetic fields.
All organisms, however, possess the ability to detect chemicals in their
environment. Chemosensation is used to find nutrients and conspecifics
as well as to identify predators and avoid potentially harmful com-
pounds or environmental conditions. Some organisms, including
single-celled organisms have a single chemosensory system; other
groups, including vertebrates, have evolved two separate systems
which are comprised of olfaction and taste. Olfaction and taste function
independently and jointly to inform thebrain about chemicals in the en-
vironment. The olfactory systemdetects odorants and is used to identify
potential dangers in the environment aswell as being involved inmany
behavioral interactions, including kin recognition and mate selection.
Taste is used to detect nutrients for consumption as well as potentially
toxic compounds that should be avoided. The taste system is required
for survival and its impairment often causes malnutrition which can
lead to death [1].

The cells that detect the chemicals for taste are called taste receptor
cells (TRCs) and these cells are grouped together in taste buds found in
the oral cavity. Taste buds consist of 50–150 TRCs; in some organisms,
taste buds are scattered across the tongue. In the channel catfish,

additional taste buds are located on the outer epithelium across their
entire body, essentially making the catfish a “giant tongue” [2]. This is
quite unusual and for most vertebrates, taste buds are contained within
the oral cavity. Inmammals, taste buds are housed in specialized bumps
and grooves called papillae. There are three types of papillae: circumval-
late (CV), foliate (Fol) and fungiform (Fun). The CVpapillae are found on
the back of the tongue and are comprised of crypts that are lined with
hundreds of taste buds. The Fol papillae also house hundreds of taste
buds and are found on the both sides of the tongue. The Fun papillae
are small protrusions that house 1–2 taste buds each and are scattered
across the anterior two thirds of the tongue. Additional taste buds are
located on the palate and throat, including a row of taste buds found
between the hard and soft palate called the geschmacksstreifen
[1,3–12].

TRCs are unique in that they have properties of both neurons and
epithelial cells. Like epithelial cells, TRCs express certain keratinocyte
markers and are routinely replaced throughout an organism's life,
having a limited lifespan between two weeks and two months [4,13].
Like neurons, TRCs are excitable cells, fire action potentials and form
synapses with gustatory neurons. TRCs extend microvilli into the oral
cavity where receptors on these microvilli detect chemicals that are
being released during mastication. TRCs convert this chemical stimulus
into an output signal that is sent to the brain for processing via the affer-
ent gustatory neurons. Depending on this message, the food item will
either be ingested or ejected. Compared to other sensory systems, the
taste system is able to detect a large number of chemically diverse
stimuli that vary in size, charge, pH, and lipophilicity. In order to detect
all of these different types of stimuli, the TRCs use a variety of receptors
and signaling pathways. A particular TRC does not express all of these
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signalingmechanisms and is sensitive to a subset of different taste stim-
uli [1,3–12]. This review is focused on the role that calcium plays in the
signaling pathways that are used by taste cells to formulate a signal that
is sent to the brain for processing.

2. Taste transduction

The sense of taste is comprised of five basic taste qualities that in-
clude bitter, sour, salty, sweet and umami. Bitter detects potentially
toxic compounds that usually should be avoided; sour detects protons
which indicate spoiled food; salty is used to identify ions that are need-
ed to maintain ionic balance; sweet is used to detect energy rich carbo-
hydrates and umami detects glutamate and other amino acids. Based on
the general chemical nature of the different taste stimuli, we can divide
them into two broad groups, ionic and chemically complex. Salty and
sour is the detection of different ions and are called ionic stimuli while
the other taste qualities, bitter, sweet and umami are more chemically
complex. Due to their simple ionic nature and charge, salty and sour
activate ionotropic receptors to cause a cell depolarization. This
activates a voltage-gated calcium influx which generates an increase
in intracellular calcium that subsequently initiates neurotransmitter
release from a conventional chemical synapse [1,4,9,10].

Bitter, sweet and umami stimuli activate G-protein coupled receptors
(GPCRs) that initiate a common signaling pathway. Upon activation,
these GPCRs activate a phospholipase C (PLC) signaling pathway which
causes calcium release from stores via activation of inositol triphosphate
receptors (IP3Rs). These cells do not have conventional synapses but still
communicate to gustatory nerves using neurotransmitters. The calcium
release from ER stores activates a TRP channel, TRPM5. TRPM5 is a sodi-
um selective TRP channel which causes a membrane depolarization
through a sodium influx. This depolarization activates a hemichannel
which opens and releases ATP onto the gustatory nerve. The identity of
this hemichannel is still being debated with several candidate proteins
including connexins, pannexins, and the calciumhomeostasismodulator
1 (CALHM1). Regardless of its identity, the neurotransmitter ATP is re-
leasedwhich causes a signal to be sent to the brain. Thus, calcium release
from stores is sufficient for neurotransmitter release to occur in these
cells [3,11,12,14–28]. For all taste stimuli, a calcium signal is required
for normal taste transduction to occur.

3. Calcium signaling in taste cells

Beyond this calcium signal requirement in taste transduction, very
little is known about these signals. Analyses of the calcium release and
calcium influx signals found, as expected, that these signals are signifi-
cantly different from each other both in their timing as well as their
magnitude. An additional PLC signaling pathway was also identified in
some of the taste cells that have conventional synapses and express
voltage-gated calcium channels (VGCCs). These TRCs can respond to
multiple taste stimuli. The taste-evoked calcium signals in these cells
are still different from each other in both their kinetics and their magni-
tude, further supporting the conclusion that unique calcium signals are
generated for different taste stimuli [29].

Further studies have demonstrated that ryanodine receptors are
expressed in a sub-population of taste cells and that these receptors
are contributing to the calcium release signal in about 30% of the taste
cells expressing the PLC signaling pathway and hemichannels for ATP
neurotransmitter release. When ryanodine receptors are present, the
taste-evoked calcium signal is significantly larger, which is predicted
to increase the amount of neurotransmitter that is released. Interesting-
ly, ryanodine receptors were also expressed in some TRCs with voltage-
gated channels. In this population of taste cells, the ryanodine receptors
were contributing to the calcium influx signal generated by VGCCs.
Further analysis found that in the TRCswith both VGCCs and thePLC sig-
naling pathway, the ryanodine receptors were exclusively contributing
to the calcium influx signal generated by VGCCs and no longer

contributed to the calcium release signal generated by activating the
PLC signaling pathway [30]. Data indicated that the ryanodine receptors
were associating with L-type VGCCs in these cells and that there is a
functional, but not physical interaction, between these proteins [31].
Themechanism underlying this selective interaction has not been iden-
tified in taste cells but this specificity may be due to the localization of
these different signaling components on the endoplasmic reticulum.
Further work is needed to determine the mechanism that is directing
the selectivity of the ryanodine receptor function in the different taste
cell populations.

4. Calcium regulation in taste cells

Since TRCs are detecting chemicals from the environment, theymust
be in contact with the environment, which dictates their position in the
oral cavity. These cells extend microvilli into the oral cavity which
makes them susceptible to damage and for this reason, TRCs are
routinely replaced. In addition to their exposure to potential dangers
such as bacteria, viruses, or significant temperature changes, TRCs
must also be capable of dealing with a variable external environment.
The environment in the oral cavity changes every time potential nutri-
ents are being consumed. But within this context, TRCs must accurately
respond to the chemicals that are introduced during consumption so it
is absolutely critical that these cells maintain an appropriate intracellu-
lar ionic balance during feeding. As a result, TRCs are very actively
regulating cytosolic calcium levels, even in the absence of any stimula-
tion. TRCs can undergo a constitutive calcium influx even in the absence
of stimulation but this influx is buffered by multiple mechanisms to
maintain appropriate resting cytosolic calcium levels and thus allow
the cell to respond appropriately when taste stimuli are presented.

5. Calcium clearance mechanisms in basal calcium regulation

While the evoked calcium signals are not particularlywell-described
in taste cells, even less is understood about how TRCs regulate their
calcium levels. While TRCs maintain resting calcium levels around
100 nM, there is evidence that these cells can have a constitutive calci-
um influx in the absence of cell stimulationwhich they actively regulate.
In the absence of external calcium, the resting calcium levels in TRCs
often decrease to a resting value between 30 nM and 50 nM which
suggests that TRCs may also depend on this constitutive calcium influx
to maintain their normal resting calcium levels. When the external
calcium concentration is increased around TRCs, their baseline calcium
levels also increase [32], further supporting an active relationship
between the cytosolic calcium and the external calcium environment
in these cells. This constitutive calcium influx is regulated by multiple
calcium clearance mechanisms, including both the mitochondria and
the sodium/calcium exchanger (NCX) [32,33]. Inhibiting the
mitochondria's ability to take up calcium using the protonophore, car-
bonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) in
unstimulated TRCs caused an increase in cytosolic calcium that
remained elevated until the mitochondria were once again able to buff-
er calcium [32] (Fig. 1A).When FCCP is applied to TRCs, its acts as an un-
coupler of the proton gradient in the mitochondria and disrupts ATP
synthesis. In addition, it dispels the large negative potential inside the
mitochondrial matrix which normally creates a strong driving force
for calcium to leave the cytosol and enter the inner mitochondrial ma-
trix. In the presence of FCCP, there is no longer a driving force on calcium
to enter the mitochondria.

One of the primary functions of mitochondria is to produce ATP and
support the metabolic needs of the taste cell, so it was possible that
inhibiting the mitochondria's ability to make ATP was causing the ob-
served changes in the cytosolic calcium. Since both PMCAs and SERCA
pumps require ATP to function, it was possible that the mitochondria
were not directly buffering cytosolic calcium but were indirectly
inhibiting the calciumATPases throughATP depletion.However, control
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