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Abstract

The peripheral sensory organ of the gustatory system, the taste bud, contains a heterogeneous
collection of sensory cells. These taste cells can differ in the stimuli to which they respond and the
receptors and other signaling molecules they employ to transduce and encode gustatory stimuli.
This molecular diversity extends to the expression of a varied repertoire of bioactive peptides that
appear to play important functional roles in signaling taste information between the taste cells and
afferent sensory nerves and/or in processing sensory signals within the taste bud itself. Here, we
review studies that examine the expression of bioactive peptides in the taste bud and the impact of
those peptides on taste functions. Many of these peptides produced in taste buds are known to
affect appetite, satiety or metabolism through their actions in the brain, pancreas and other organs,
suggesting a functional link between the gustatory system and the neural and endocrine systems
that regulate feeding and nutrient utilization.

Keywords
gustatory; sweet; neuropeptide; glucagon; glucagon-like peptide-1; cholecystokinin

1. Introduction

Sensory perceptions are not exact representations of the environment. Rather, these
perceptions result from several layers of neural processing that occur after a stimulus is
detected by sensory receptors. In this way, the recognition of specific sensory stimuli can be
understood in the context of other sensory information as well as the animal’s experience,
motivation, and physiological state. While the central nervous system plays a fundamental
role in sensory processing, the peripheral sensory organ can also critically shape the neural
signals that are sent to the brain. The visual [1-3], olfactory [4-6], nociceptive [7], auditory
[8, 9], vestibular [10] and somatosensory [11] systems all process sensory information to
varying degrees at the level of the sensory organ. There is also growing evidence indicating
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that taste information undergoes significant processing within the gustatory sensory organ,
the taste bud, as well as between the taste bud and the cranial nerves that carry gustatory
information to the central nervous system. Recent reviews have done an excellent job of
describing the roles of classical and non-classical small molecule neurotransmitters such as
serotonin and adenosine triphosphate (ATP) in shaping peripheral taste responses [12, 13].
Here, we will focus on the emerging understanding of the role that peptide-mediated
signaling may play in shaping gustatory responses in the taste bud.

Cells of the mammalian taste bud express a number of diverse peptide receptors and often
their cognate ligands. All of these peptides have important roles outside the gustatory
system, where they often act on nervous or endocrine tissues to regulate physiological
responses. However, there is now an emerging view that these peptides, whether produced
in the taste bud or in distant tissues, are impacting peripheral taste responsiveness through
autocrine, paracrine and even endocrine signaling. Below, we discuss several peptides that
are produced by taste bud cells as well as the evidence supporting roles for these peptides in
regulating peripheral gustatory function.

2. The taste bud

Taste buds are collections of gustatory sensory cells, supporting cells and progenitor cells,
and can be found on the dorsal surface of the tongue (on fungiform, foliate or circumvallate
papillae) or on the soft palate [12, 13]. Taste cells are also found in the oropharynx. Taste
cells can be differentiated based on morphology and ultrastructure, the expression of specific
molecules, or their responses to taste stimuli that elicit distinct perceptual qualities (i.e.,
sweet, umami, bitter, sour or salty). Although these various criteria correspond imperfectly
and may vary somewhat between species, certain useful generalizations for categorizing
taste bud cells can still be made.

Taste cells fall into four morphological subtypes: Types I, 11, 11l and IV [13]. Type I cells
are thought to play a supporting, glial-like role. For example, they express proteins involved
in the clearance or degradation of neurotransmitters, such as the ecto-nucleoside
triphosphate diphosphohydrolase NTPDase2 [14]. However, the Type | cells may also
include cells that mediate the salty taste of sodium chloride [15-17]. Non-overlapping
subsets of Type Il cells express receptors for sweet, bitter and umami taste and mediate the
detection of those stimuli [18, 19]. All Type II cells appear to express the signaling
molecules phospholipase Cp 2 (PLCP 2) and transient receptor potential channel M5
(TRPM5); only a subset express the G protein subunit a-gustducin [12]. Type Il taste cells
do not form traditional synapses with afferent nerve fibers. Type 111 cells, by contrast, do
exhibit stereotypical presynaptic features including synaptic vesicles and vesicle fusion
machinery such as SNAP-25 (e.g., [20, 21]). At least some Type 111 cells are sensors for sour
stimuli (e.g., [22, 23]). Type 1V cells are basal cells and are thought to contain precursor
populations that can differentiate into other taste bud cell types [24].

Taste buds use both classical and non-classical small molecule transmitters to signal
between taste cells and/or between taste cells and intragemmal nerve fibers. These
molecules and their roles in taste have been reviewed in detail elsewhere [13], but a brief
discussion is warranted here. As mentioned above, Type Il cells do not exhibit typical
synapses. In response to taste stimulation, these cells release ATP through hemichannels
[25-28] that can then activate purinergic receptors (P2X2 and P2X3) present on the cranial
nerve fibers innervating each taste bud [29, 30]. These cells also release acetylcholine [31,
32]. By contrast, type 11 taste cells release serotonin, norepinephrine and -y-aminobutyric
acid (GABA) in response to gustatory stimulation [33—39]. While ATP appears to be the
principal neurotransmitter linking taste cells to afferent nerves [25], these other transmitters
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likely play important roles in modulating taste cell functions through autocrine and paracrine
signaling and thus may help to shape the output of the taste bud [13].

In addition to these “classic” neurotransmitters, taste cells also express a large number of
peptides that could act as neurotransmitters and/or neurohormones. The growing list
includes glucagon [40, 41], glucagon-like peptide-1 (GLP-1) [40, 42], cholecystokinin
(CCK) [43, 44], neuropeptide Y (NPY) [45], peptide tyrosine tyrosine (PYY) [46],
vasoactive intestinal peptide (VIP) [43, 47, 48], ghrelin [49], and galanin [50]. In addition,
cognate receptors for these peptides are expressed either in taste cells or on the intragemmal
fibers of afferent taste nerves.

The presence of several neuropeptides and their receptors in taste buds suggest a role in the
processing of taste information at the level of the taste bud. As with many of the classic
neurotransmitters detailed above, it has been suggested that peptide-mediated autocrine and
paracrine signaling may mediate cell-to-cell communication within the taste bud [51]. Some
peptides may also act as endocrine signals to the brain or peripheral organs, just as peptide
receptors in taste buds may respond to circulating peptides produced in the gut or other
tissues. Such endocrine functions could allow for modulation of taste responses in the
context of an animal’s metabolic state [52—61] or could prime the organism for the
processing or disposal of ingested nutrients or toxins.

3. Peptides expressed in the taste bud

3.1 Glucagon-like peptide 1

Glucagon-like peptide 1 (GLP-1) is a 30-amino acid peptide hormone produced upon the
cleavage of the prohormone proglucagon by the proprotein convertase PC1/3 (other
peptides, including GLP-2 and glucagon, are also processed from proglucagon) [62]. GLP-1
is secreted from intestinal enteroendocrine L cells after meal ingestion [62]. Fats and sugars
are both potent stimulators of GLP-1 secretion from the gut [63]. A major role of GLP-1 in
the body is to regulate glucose homeostasis by stimulating insulin secretion (i.e., to act as an
incretin hormone) and by inhibiting glucagon secretion from the endocrine pancreas [64].
GLP-1 also inhibits gastrointestinal motility and secretion as well as regulating appetite and
food intake via actions in the hypothalamus. Thus, GLP-1 acts as part of the “ileal brake” to
slow digestion and reduce ingestion [65]. Decreased secretion of GLP-1 may contribute to
the development of obesity, and exaggerated secretion may be responsible for postprandial
reactive hypoglycemia [62]. GLP-1 is rapidly inactivated in the bloodstream by the enzyme
dipeptidyl peptidase 1V (DPP-4) [62], raising the possibility that the actions of GLP-1 are
mediated, at least in part, by the stimulation of nearby sensory neurons in the intestine and
the liver that express the GLP-1 receptor (GLP-1R) [66].

GLP-1 is expressed by a subset of taste cells in mouse [40], rat [40, 42] and macaque [40].
The GLP-1-expressing taste cell population in the mouse circumvallate taste buds is
heterogeneous: approximately half of all the GLP-1-expressing cells are also a-gustducin
and T1R3 immunopositive, while the rest are serotonergic [40]. Thus, GLP-1 is found in
both Type Il and Type 111 taste cells. GLP-1 is co-expressed with PC1/3 [40], indicating that
taste cells produce GLP-1 autonomously rather than accumulating GLP-1 from the
bloodstream or adjacent tissues. These taste cells produce an active form of GLP-1, as
extracts of lingual epithelium can stimulate heterologous cells expressing the GLP-1R [40].

GLP-1Rs are not found on taste cells, but rather are located on PGP 9.5-positive
intragemmal nerve fibers innervating the taste bud [40]. The proximity of GLP-1 and its
cognate receptor suggests that taste cell-derived GLP-1 is primarily a paracrine factor,
although the peptide could also enter the circulation. In blood and intestine, GLP-1 is
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quickly inactivated by DPP-1V, but both immunohistochemical and RT-PCR analysis of
circumvallate taste buds shows that they contain little to no DPP-IV [40]. Thus, the half-life
of GLP-1 in taste buds should be high, ensuring sufficient concentrations within the taste
bud to stimulate the nearby GLP-1R.

The presence of GLP-1 and its receptor in taste buds suggests a role in shaping taste
responses. This appears to be the case. GLP-1R knockout mice [67] display a significantly
reduced responsiveness in brief access behavioral taste tests to both natural (sucrose) and
artificial (sucralose) sweeteners as compared to wildtype controls [40]. No significant
differences in taste responses were seen for bitter, salt, or sour stimuli [40], but the knockout
mice do show a surprising increase in taste responsiveness to the umami stimulus
monosodium glutamate [68]. A similar decrement in taste behavioral responses to sucrose
was seen using the same mouse line and a different short term lick assay [69] (although rats
receiving systemic injections of the GLP-1R antagonist exendin-3(9-39) do not exhibit a
decrease in sucrose consummatory behavior [70]). Together, these behavioral data support a
role for GLP-1 in the modulation of peripheral responses to appetitive taste stimuli. Such a
role is further supported by recent experiments showing that stimulation of circumvallate
taste buds with sweet or umami stimuli (Geraedts and Munger, unpublished observations) or
with long chain fatty acids [69] can elicit the secretion of GLP-1. Additional experiments,
such as ones examining the physiological responses of taste cells or taste nerve afferents to
alterations in GLP-1 signaling, could help refine the function of GLP-1 and its receptor in
the peripheral gustatory system.

3.2 Glucagon

Glucagon is a 29 amino acid peptide that is proteolytically cleaved from proglucagon by the
proprotein convertase PC2. It is primarily produced in pancreatic p cells and acts to increase
blood glucose concentration by stimulating glycogen breakdown and activating
gluconeogenesis within the liver [71]. In addition, glucagon stimulates insulin secretion
from pancreatic p cells [72] and inhibits further glucagon secretion from a cells[73, 74],
thus helping the organism to avoid hyperglycemia. Glucagon signals through a G protein-
coupled glucagon receptor (GlucR), which is found in liver, kidney and several other tissues
[75].

Glucagon is produced in subsets mouse taste cells in the circumvallate, foliate, and
fungiform papillae, where it is co-expressed with the GlucR [40, 41]. Glucagon/GluR-
positive cells also express PC2 and its obligatory co-factor 7B2, indicating that glucagon is
produced in taste cells [40, 41]. These signaling components are almost wholly restricted to
Type I taste cells, with 95% of the immunopositive cells expressing the enzyme PLCP 2
and 93% expressing the sweet and umami taste receptor subunit T1R3 [41]. However, only
about half of the cells expressing glucagon and the GlucR also express a-gustducin.
Together with glucagon’s almost complete exclusion from serotonergic Type 11 cells, it is
clear that glucagon and its fellow proglucagon product GLP-1 are found in partially
overlapping cell populations within the taste bud. However, systematic expression analyses
of these two peptides are required to establish the extent of overlap.

Disruption of glucagon signaling by either genetic or pharmacological manipulations results
in decreased sweet taste responsiveness in behavioral tests [41]. Mice that lack the PC2
chaperone 7B2 (i.e., Scg5~~ mice), and thus cannot process glucagon from its precursor, are
less responsive to sucrose in brief access taste tests than are their littermate controls. These
mice show no decrements in their responses to salty, sour or bitter stimuli. The contribution
of glucagon signaling to taste function appears to be at the level of the taste bud, as wildtype
mice receiving a potent, membrane-permeable GlucR antagonist in the taste solution
exhibited a similar taste behavior phenotype. These results indicate that glucagon signaling
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in the taste bud, like GLP-1 signaling, acts to enhance or maintain sweet taste
responsiveness. However, in contrast to GLP-1, which targets GLP-1 receptors on closely
apposed afferent nerve fibers [40], glucagon appears to function as an autocrine signal for
taste cells. Furthermore, basal glucagon secretion from circumvallate papillae is inhibited by
appetitive stimuli (Geraedts and Munger, unpublished observations).

3.3 Cholecystokinin

Cholecystokinin (CCK) is cleaved from the proprotein, preprocholecystokinin. It is closely
related to another peptide hormone, gastrin. The length of CCK can vary depending on
posttranslational processing, but all variants contain the same eight residues at the carboxy
end. In the Gl tract, CCK is produced by enteroendocrine I cells, a cell population that is
largely restricted to the duodenum [76]. CCK promotes digestion by regulating the
production of bile and pancreatic enzymes, and satiety through actions in the hypothalamus.
The two CCK receptor subtypes, CCK and CCKg, vary in sequence, anatomical
distribution and ligand selectivity (CCKg, but not CCK, responds to gastrin as well as
CCK) [77].

In the gustatory system, CCK expression was first described in rat taste buds [44].
Immunoreactivity for the sulfated CCK octapeptide was found in taste buds of foliate and
circumvallate papillae, palate, and the nasoincisor ducts, while expression was confirmed by
RT-PCR[44]. Like GLP-1 and glucagon, CCK is confined to subpopulations of taste cells.
In taste buds of the foliate and circumvallate papillae approximately half of CCK-expressing
taste cells are immunopositive for a-gustducin, but only 15% coexpress the sweet taste
receptor subunit T1R2 [43]. These findings suggested that CCK impacts bitter and/or sweet
taste responses.

The physiological roles of CCK in taste have been assessed in both isolated taste cells and in
behaving animals. Colocalization of CCK and the CCK 4 receptor suggests that the peptide
acts largely as an autocrine signal within the taste bud [44]. Patch clamp
electrophysiological recordings from acutely isolated circumvallate and foliate taste cells
showed that focal application of exogenous CCK inhibits both delayed rectifier and inward
rectifier potassium currents in a subset of cells [44]. These observations suggest that one role
of CCK signaling could be to modulate the excitability of taste cells or to prolong their
depolarization after stimulation. CCK also increases intracellular calcium levels in isolated
taste cells [44], likely through the CCK o-mediated activation of a phosphoinositide
signaling pathway.

The consequences of CCK signaling on taste coding and taste behavior remain unclear.
Because of the significant overlap of CCK and a-gustducin in the taste bud, it was
hypothesized that CCK signaling plays a key role in bitter taste signaling [44, 51]. However,
behavioral experiments suggest a role in responses to appetitive taste stimuli. Otsuka Long-
Evans Tokushima fatty (OLETF) rats, which lack a functional CCK receptor, exhibit
enhanced behavioral (i.e., lick) responses to sweet substances and MSG as compared to lean
Long-Evans Tokushima Otsuka (LETO) controls [78]. Of course, the disruption of CCK
signaling is not restricted to gustatory tissues in these rats. Elucidation of the role of CCK
signaling in the taste bud awaits physiological and behavioral studies that can resolve the
local global contributions of CCK to taste responsiveness.

3.4 Vasoactive intestinal peptide (VIP)

Vasoactive intestinal peptide (VIP) is a 28-amino acid peptide originally isolated from
porcine ileum [79]. VIP is cleaved from preprovasoactive intestinal polypeptide. Although
its functions were at first thought to be restricted to the gut, VIP is now well established as a
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neurochormone with actions in both the central and peripheral nervous system [80]. As a
transmitter in autonomic nerves, VIP plays important roles in the control of smooth muscle
tone, blood flow, and secretion in the digestive, respiratory and urogenital tracts. For
example, in the digestive system VIP can induce smooth muscle relaxation in the lower
esophageal sphincter, stomach and gallbladder; stimulate water secretion into pancreatic
juice and bile; and cause inhibition of gastric acid secretion and absorption from the
intestinal lumen [81]. The biological effects of VIP are mediated by either of two G protein-
coupled receptors: VIP/PACAP (pituitary adenylate cyclase activating peptide) receptor type
1 (VPACL1) and VIP/PACAP receptor type 2 (VPAC2) [82].

Rat foliate and circumvallate taste buds contain large numbers of VIP-immunoreactive cells
[47]. VIP immunoreactivity has also been reported in a subset of human circumvallate taste
cells [83]. In the rat, approximately 60% of VIP-immunoreactive taste cells express a-
gustducin, while only 19% express the sweet taste receptor subunit TLIR2 [43]. The
localization of both VPAC1 and VPAC?2 receptors to a subset of PLCP 2-immunopositive
taste cells [48] suggests that VIP signaling is local to the taste bud, but it is unknown
whether VIP acts as an autocrine or paracrine factor. The VIP- and CCK-positive cell
subpopulations are largely overlapping, with three-fourths of VVIP-expressing cells also
expressing the other peptide [45].

There has only been a single study addressing VIP’s role in taste responses. In that study,
VIP knockout mice exhibited subtle changes in brief access taste responses to sucrose
(increased ECsgq), denatonium benzoate (decreased ECsp) and citric acid (increased ECsgg)
[48]. It is unclear why sweet and bitter responses were differentially altered, or why sour
responses would be expected to change when VPACL and VPAC?2 are excluded from sour-
sensing (Type 1) cells. Furthermore, the taste buds of VIP knockout mice show alterations
in the expression other molecules (GLP-1, leptin receptors) that could impact these taste
responses. At any rate, a full understanding of the mechanisms by which VIP signaling in
the taste bud impacts gustatory function awaits further study.

2.5 Neuropeptide Y (NPY) and Peptide YY (PYY)

The neuropeptide Y (NPY) family of peptides and their cognate receptors has been strongly
implicated in the regulation of energy homeostasis [84-86]. The NPY family consists of
three 36-amino acid peptides: NPY, peptide tyrosine tyrosine (PYY), and pancreatic
polypeptide (PP), all of which influence energy balance via their unique interactions with G-
protein-coupled Y receptors (Y1, Y2, Y4, Y5 and y6, the last of which is expressed in mice
but not in humans [86]).

2.5.1 NPY—NPY is a 36 amino acid peptide [87] and is one of the earliest-recognized and
most potent orexigenic neuropeptides acting in the hypothalamus. NPY has been implicated
in the stimulation of food intake as well as locomotion, learning and memory, anxiety,
epilepsy, circadian rhythm, and cardiovascular function. These differences in NPY actions
result from the activation of several receptor isoforms that vary in their distribution and
ligand selectivity. For example, Y1 and Y5 receptors have known roles in the stimulation of
feeding while Y2 and Y4 are important in appetite inhibition [88—90].

NPY -positive taste cells are found in the nasoincisor ducts, and in the foliate, circumvallate,
and fungiform papillae [45]. NPY co-localizes almost completely with both CCK and VIP,
indicating that the gustatory epithelium contains a subpopulation of taste cells that express
all three peptides. The expression of Y receptors in taste tissue has been assessed by
immunohistochemistry, /n situ hybridization and RT-PCR. Y1, Y2, Y4 and Y5 receptors
have all been found in subpopulations of mouse taste cells [91]; Y1 expression has also been
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reported in rat taste cells [51]. In the mouse CV, the Y4 receptor is also expressed in
NCAM-positive nerve fibers innervating taste cells [91].

Little is known about the function of NPY in taste buds. Exogenous NPY does enhance
inwardly rectifying potassium currents in isolated taste cells, suggesting a role in modulating
taste cell excitability [45]. Pharmacological manipulations indicate that this effect is largely
dependent on the Y1 receptor [45]. Based on its role in other tissues, including the olfactory
system [92], NPY may also serve as a proliferative factor in the taste bud. The existence of
gene-targeted lines carrying disruption of NPY or the Y receptors will be invaluable tools
for dissecting the role of NPY in peripheral taste function.

2.5.2 PYY—The function of PYY remains unclear [84]. However, its distribution suggests
a role in central regulation of energy metabolism. PYYY is primarily secreted from endocrine
cells of the pancreas, small intestine and colon. The peptide is found in two forms: the full
length PY'Y1_36 and the truncated form PYY3_3g. Cleavage of PYY_3g by DPP-IV yields
the long C-terminal fragment [93] that is the most common form found in circulation.

PYY 1_3g is relatively non-selective for all Y receptor subtypes whereas PY'Y'3_zg is highly
selective for the Y2 receptor [86]. Both peptide forms suppress appetite and food intake and
delay gastric emptying [84-86].

As described above, taste cells express four different Y receptor isoforms, while the Y4
variant is also expressed on afferent nerve fibers innervating the taste buds [91]. PYY
immunoreactivity has also been found in a subpopulation of mouse taste cells (Dotson,
unpublished data) as well as in mouse and human saliva [46]. As DPP-1V is not expressed in
taste buds [40, 94], it is likely that PY'Y1_sg is the primary form found in this tissue.

PYY 1_3¢ is relatively non-selective for different Y receptors; thus, it is reasonable to expect
that PY'Y peptide produced in the taste bud could exert effects on both taste cells and
afferent nerves. By contrast, saliva contains PY'Y3_zg [46], which preferentially acts via Y2
receptors and may have more targeted effects on subsets of taste cells.

Ghrelin is produced primarily by endocrine cells in the stomach [95, 96]. It is the only
potent orexigenic peptide found in circulation. Ghrelin has many known functions including
a role in metabolic, behavioral, cardiovascular, reproductive and immunologic processes
[97]. However, ghrelin is associated mostly with its stimulation of appetite and growth
hormone production. Ghrelin signals through the G protein-coupled growth hormone
secretagogue receptor (GHSR). The active variant of this receptor, known as GHSR1a, is
expressed in numerous tissues including the hypothalamus, pituitary gland and several
peripheral organs (e.g., heart, lung, liver, pancreas, and kidney) [97]. This broad expression
suggests multiple functions for ghrelin both within and outside the nervous system.

Taste buds express several components of a ghrelin signaling mechanism, as assessed by a
combination of immunohistochemistry and quantitative real-time PCR [49]. Ghrelin, its
precursor preproghrelin and the processing enzyme PC1/3 are coexpressed in a
subpopulation (~13%) of circumvallate taste bud cells [49]. Ghrelin immunoreactivity is not
restricted to a single cell type in mouse taste tissue, but is found in Type I, II, 11l and IV
cells. However, the acetylating enzyme ghrelin-O-acyltransferase (GOAT), which is
required for ghrelin activation, is restricted to a subset of ghrelin-expressing cells [49]. Thus,
it appears that activated ghrelin is produced in only those taste cells that express GOAT,
although it is unclear which types of taste cells express this enzyme. By contrast, GHSR is
more broadly expressed, with GHSR-immunoreactivity largely coincident with that for
ghrelin itself [49].
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There has only been a single behavioral study examining the role of ghrelin signaling in
taste responsiveness. In this brief-access study, GHSR null mice exhibit slightly elevated
ECsps for NaCl and citric acid (but not sweet or bitter stimuli) in brief access taste tests as
compared to wildtype controls [49]. However, it is important to know whether mice lacking
other components of ghrelin signaling, such as GOAT or ghrelin itself, exhibit an equivalent
phenotype.

Galanin is located predominantly in the central nervous system and gastrointestinal tract
[98-100]. Within the central nervous system, galanin is most heavily expressed in the
hypothalamus; within the gastrointestinal tract it is most abundant in the duodenum [101].
The physiological roles of galanin remain poorly characterized, but the peptide has been
linked to such diverse functions as the modulation of food intake, gut secretion and gut
motility and to diseases such as Alzheimer’s and epilepsy [102, 103]. Galanin may also have
neurotrophic effects. There are three G protein-coupled galanin receptors, GALR1, GALR2
and GALR3 [100, 104, 105]. These receptors are differentially distributed in the central
nervous system and are also found in the pancreas.

Galanin is expressed in taste cells of the circumvallate papillae [50], as assessed by RT-
PCR, immunohistochemistry and /n situ hybridization. Galanin-immunoreactive cells also
express either NCAM, PLCB2 and/or a-gustducin. Most, if not all, PLCB2- and a-
gustducin-immunopositive taste cells were found to express galanin. GalR2 receptor
message, but not that of GalR1 or GalR3, was detected by RT-PCR in cDNA isolated from
CV papillae and by /n situhybridization in CV taste buds, suggesting that this receptor
isoform is the primary target of galanin in taste tissue. No studies have been reported that
assess the role of galanin in taste. However, one possibility is that galanin serves a
developmental role in taste buds analogous to the neurotrophic role it plays for some sensory
neurons [50, 106].

3. Summary

It is now clear that taste cells express a number of bioactive peptides. Furthermore, there is
growing evidence that these peptides can impact taste function at the level of the gustatory
periphery. However, we only have a cursory understanding of the conditions under which
these peptides are released, the contributions they make to sensory coding, and the
mechanisms by which they exert their effects. For example, is peptide signaling in taste cells
linked to activation of the cells by tastants, by endocrine signals, or by other factors? How
do taste cells transduce peptide signals and how does this transduction influence tastant
transduction and/or taste cell excitability? What aspects of taste functioning (e.g., sensory/
discriminative, affective/motivational) are influenced by individual peptides? How do the
various peptides and small molecule autocrine/paracrine signals present in the taste bud
work together to influence the output of individual taste cells and of the taste bud as a
whole? All of these questions have important implications for taste coding.

It has long been hypothesized that peripheral taste functions are modulated in the context of
an animal’s metabolic state [40, 41, 52-61]. In such a model, circulating gastrointestinal
peptides could impact taste bud physiology through actions on locally expressed receptors.
Indeed, it has been postulated that alterations in the levels of circulating hormones mediate
the changes in taste perception observed after gastric bypass surgery [55, 107, 108].
Additionally, the adipose tissue-derived hormone leptin has been shown in behavioral and
physiological assays to impact sweet taste responses through the activation of functional
leptin receptors present in the taste bud [59-61]. Taste buds (specifically, Type I cells) also
express the oxytocin receptor but not oxytocin [109]; the effects of oxytocin on taste
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functions are unclear. Because endocrine signaling in the oral cavity is likely to influence
food intake and satiety, it is critical to understand how major hormones influence taste
perception and food intake. This fact has raised a fundamental challenge to the field to
understand how these peripheral hormones affect taste function and ingestive behavior.
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Given the worldwide rising incidence of diabetes, obesity and related metabolic disorders,
addressing our dearth of knowledge regarding the hormonal modulation of chemosensory
perception and how disruption of hormonal signaling in the taste system can impact upon
food intake and energy homeostasis seems warranted.
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DPP-4 dipeptidyl peptidase 4

CCK cholecystokinin

PYY peptide YY

NPY neuropeptide Y

VIP vasoactive intestinal peptide

PACAP pituitary adenylyl cyclase-activating peptide
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Table 1
Cellular localization of peptides in taste buds
Peptide  TasteCell Type  Coexpressed Markers®? ~ References
GLP-1 Type Il a-gustducin 40
T1R3
Type Il 5-HT
Glucagon Type Il a-gustducin 40, 41
T1R3
CCK Type Il a-gustducin 43, 44, 45
T1R2
VIP
NPY
VIP Type Il a-gustducin 43, 45, 47, 83
T1R2
CCK
NPY
NPY Type Il CCK 45
VIP
PYY ? ?
Ghrelin Type | NTPDase 49
Type Il PLCPB 2
Type Il a-gustducin
NCAM
Type IV PGP9.5
shh?
Galanin Type Il PLCB 2 50
Type I a-gustducin
NCAM

a . .
all or a subset of peptide-expressing cells

bShh, Sonic hedgehog

Semin Cell Dev Biol. Author manuscript; available in PMC 2014 March 01.

Page 17



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Dotson et al.

Table 2

Cellular localization of peptide receptors in taste buds
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Peptide  pytativeReceptor? ~ Receptor Location  Coexpressed Markers?  References
GLP-1 Glplr Intragemmal nerve fibers PGP9.5 40
Glucagon Gegr Type Il cells Glucagon 41
B2
PLCB 2
a-gustducin
CCK Cckar CCK+ taste cells CCK 44
VIP Vpacl Type Il cells PLCB 2 48
Vpac2 Type Il cells PLCB 2
NPY Npylr Type Il cells 51,91
Npy2r Taste cells
Ppyrl (a.k.a. Npy4r)  Taste cells, nerve fibers NCAM
Npysr Taste cells
PYY Npylr Taste cells 51,91
Npy2r Taste cells
Ppyrl (a.k.a Npy4r)  Taste cells, nerve fibers NCAM
Npybr Taste cells
Ghrelin Ghsr Type | NTPDase 49
Type Il PLCB2
Type 11 a-gustducin
NCAM
Type IV PGP9.5
Shh¢
Galanin Galr2 Taste buds 50

a
gene nomenclature, Mus musculus

b .
all or a subset of receptor-expressing cells

cShh, Sonic hedgehog
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Table 3

Suggested functional roles of peptides produced in taste buds
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Peptide  gignaling M ode? Cellular Effects Behavioral Effectsd References
GLP-1 paracrine unknown Maintain/enhance sweet responses; reduce umami 40, 68, 69
responses
Glucagon autocrine unknown Maintain/enhance sweet responses 41
CCK autocrine Decrease K* conductances; elevate Decrease sweet, umami responses 44,78
[Ca®);
VIP paracrine unknown Maintain/enhance sweet, sour responses Decrease 48
bitter responses
NPY paracrine Enhance K* conductances unknown 45
PYY paracrine unknown unknown 46
Ghrelin autocrine unknown Decrease salty, sour responses 49
Galanin unknown unknown unknown

a .. . .
within taste buds; these receptors may also be targets of endocrine factors

bprimarily inferred from genetic or pharmacological disruption of peptide production or receptor-dependent signaling
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