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ARTICLE INFO ABSTRACT
Keywords: G protein-coupled receptors (GPCRs) represent the largest family of transmembrane receptors and are prime
Taste receptor therapeutic targets. The odorant and taste receptors account for over half of the GPCR repertoire, yet they are gen-
Odorant receptor erally excluded from large-scale, drug candidate analyses. Accumulating molecular evidence indicates that
Polymorphism the odorant and taste receptors are widely expressed throughout the body and functional beyond the oronasal

G protein-coupled receptor cavity — with roles including nutrient sensing, autophagy, muscle regeneration, regulation of gut motility, protec-

tive airway reflexes, bronchodilation, and respiratory disease. Given this expanding array of actions, the restricted
perception of these GPCRs as mere mediators of smell and taste is outdated. Moreover, delineation of the precise
actions of odorant and taste GPCRs continues to be hampered by the relative paucity of selective and specific
experimental tools, as well as the lack of defined receptor pharmacology. In this review, we summarize the evidence
for expression and function of odorant and taste receptors in tissues beyond the nose and mouth, and we highlight
their broad potential in physiology and pathophysiology.
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1. Introduction

G protein-coupled receptors (GPCRs) are seven transmembrane-
spanning proteins that represent the largest receptor superfamily in
the human genome (Lagerstrom & Schioth, 2008). GPCRs recognize
and bind an array of sensory inputs and ligands, including photons,
ions, bioamines, lipids, carbohydrates, peptides and proteins, as well
as a diverse range of volatile compounds. Ligand-induced activation of
GPCRs converts extracellular stimuli into intracellular signals, mediating
diverse cellular and physiological responses, including the senses of
smell, taste, and vision. Not surprisingly, mutations and modifications
of GPCRs, G proteins and their regulatory partners are linked to dysfunc-
tion and disease (Drews, 2000; Hopkins & Groom, 2002; Wettschureck
& Offermanns, 2005; Overington et al., 2006), and the importance of
these receptors is reflected in the fact that 40% of drugs on the market
target GPCRs.

The pioneering work of Buck and Axel identified that the sense of
smell was mediated by a large family of GPCRs located in the olfactory
epithelium (Buck & Axel, 1991). Indeed, with the sequencing of mam-
malian genomes, it is now clear that there are around 900 odorant
GPCRs in humans (including pseudogenes) and ~1500 in rodents —
these are by far the most prevalent subgroup of GPCRs in the vertebrate
genomes (representing 3-5% of all encoded genes). In humans, there
are 390 bona fide protein-coding odorant receptor genes (Olender
et al., 2008), comprising the majority of the Rhodopsin/family A GPCRs.
The dramatic expansion of the olfactory receptor gene family since the
mammalian radiation, resulting from multiple gene duplications from
a common primordial ancestor gene, points to the importance of odor
discrimination in evolution and survival (Dryer, 2000).

The mammalian gustatory system is generally categorized into
five basic taste qualities: sweet, umami, bitter, salty and sour, which to-
gether enable the assessment of nutritional value of food constituents.
In the past two decades, the molecular mediators of sweet, umami
and bitter tastes have been identified as families of GPCRs (referred to
collectively as taste receptor type 1, TIR and taste receptor type 2,
T2R)." The T1R family has 3 members within the Glutamate/family C
GPCR group that form sweet and umami receptors, whereas the T2R
family consists of 25 highly divergent GPCRs that mediate bitter taste.
In addition, there is evidence that another taste quality related to lipid
sensing is mediated via the free fatty acid (FFA) GPCR family.

Contemporaneously with the initial discovery of the GPCR mediators
of olfaction and gustation, reports began to appear in the literature of
odorant and taste receptor expression in tissues beyond the nose and
mouth. These have predominantly been descriptive studies, for the
most part relying on RT-PCR and microarray data without demonstrat-
ing either protein expression or function. However, they raised the
intriguing possibility that these so-called ‘chemosensory’ GPCRs may
subsume additional functions in multiple tissues. More recently, the
field has advanced at pace with publications appearing on the function
of odorant and taste receptors in the brain, skeletal muscle, the gastro-
intestinal tract and in the airways. These studies reinforce the idea that
there remains novel and important biology to be discovered for these
receptor families, with broader potential ramifications beyond the fra-
grance and food industries (Huang, 2005; Lagerstrom & Schioth, 2008).

In this review, we summarize the prevailing evidence for the expres-
sion of odorant and taste GPCRs in cells and tissues beyond the nose and
mouth. We then highlight the putative function for these receptors in
diverse physiological settings, ranging from nutrient sensing, autopha-
gy, muscle regeneration, and regulation of gut motility to protective air-
way reflexes, bronchodilation and respiratory dysfunction and disease.
We identify limitations in the field and discuss the currently available

1 The receptor and gene nomenclature in this review where possible follows the guide-
lines set out by BPS/NC-IUPHAR (Alexander et al., 2011), except for the odorant GPCRs,
which follow the HUGO and Mouse Genome Database (MGD) gene nomenclature (Eppig
et al,, 2012; HUGO Gene Nomenclature Committee (HGNC), 2013).

molecular and pharmacological toolkit for further investigation of
these GPCRs in the nonchemosensory settings. Finally, we speculate
on the widespread nature of the phenomenon and offer insights/
predictions into the potential therapeutic utility for these GPCRs.

2. Odorant and taste GPCRs
2.1. The ‘chemosensory’ receptors comprise the largest GPCR families

The capacity to sense and respond to chemicals and factors in the sur-
rounding environment is essential for life — for example, chemotaxis in
simple organisms, such as the slime mold Dictyostelium; chemosensation
in the worm Caenorhabditis elegans; and complex olfaction and taste in
insects, fish, amphibians, reptiles, birds and mammals. These complex
chemosensory systems enable the detection and discrimination of mole-
cules of immense diversity, and provide the fundamental means to locate
nutritious food and suitable mating partners and to avoid predators or
ingesting toxic substances. In vertebrates, it is the olfactory and gustatory
systems that facilitate the sensing of chemicals in the extracellular
environment via large families of seven-transmembrane receptors.

There are six multigene families that are generally considered
as ‘chemosensory’ GPCRs in the vertebrate genome: odorant receptor
(OR), taste receptor types 1 and 2 (T1R and T2R), trace amine-
associated receptor (TAAR) and vomeronasal receptor types 1 and 2
(V1R and V2R). The TAAR, VIR and V1R families encode pheromone
GPCRs and are beyond the scope of this review (see Dulac & Axel,
1995; Herrada & Dulac, 1997; Liberles & Buck, 2006). However, the
umbrella term ‘chemosensory’ can be misleading (and we will avoid
using it) as the fundamental role of any GPCR/receptor is to sense
chemicals in the extracellular environment. The term also evokes the
narrow connotation for the function of the odorant/taste receptor
families purely in the sensation of taste and smell, which is increasingly
unlikely. In this review, we provide a more expansive conceptualization
of the odorant and taste receptor genes, consistent with their broader
functions in mammalian biology.

Accounting for more than half of the vertebrate GPCR repertoire,
odorant and taste GPCRs represent two of the most heterogeneous
and diverse of receptor families. These highly variable families arose
from repeated random gene duplications of an ancestral gene or gene
cluster, followed by adaptive and neutral mutations (Lancet & Ben-
Arie, 1993; Dryer, 2000). This expansion explains the large differences
in odorant and taste receptor repertoire between species, as well as
the copy-number variation in these receptor genes within species (Nei
et al., 2008). The genetic variation in these receptors also correlates
with differences in human odor and taste perception/discrimination
(Sandell & Breslin, 2006; Keller et al., 2007). In fact, odorant and taste re-
ceptor genes are among the most rapidly evolving and positively select-
ed genes that are identified in comparative genomic analyses (Clark
et al., 2003; Nielsen et al., 2005; Kosiol et al., 2008). This is undoubtedly
areflection on the need for organisms to respond and adapt to a variable
chemical environment, but it provides an additional layer of intrigue
when one considers the expression and function of these odorant and
taste GPCRs beyond the classical cephalic sensory systems.

Although a comprehensive review of olfaction and taste is beyond the
scope of this work, many excellent reviews can be found elsewhere (for
olfaction/odorant receptors see (Mombaerts, 2004a; Nei et al., 2008;
Spehr & Munger, 2009; Su et al., 2009; Touhara & Vosshall, 2009)
and for taste (Chandrashekar et al., 2006; Bachmanov & Beauchamp,
2007; Yarmolinsky et al., 2009; Behrens & Meyerhof, 2011; Finger &
Kinnamon, 2011)).

2.2. Odorant receptors and signaling
2.2.1. Odorant receptor genes

The OR family was originally identified based on sequence homology
and the presence of conserved motifs within 7TM-spanning domains



S.R. Foster et al. / Pharmacology & Therapeutics 142 (2014) 41-61 43

(Buck & Axel, 1991). ORs are single intron genes of around 1 kb in
length and characteristically possess a hypervariable sequence region
in the transmembrane segments, which constitutes the putative odor-
ant binding pocket (Lagerstrom & Schioth, 2008). There are 390 func-
tional ORs in humans (Olender et al., 2008) and ~1500 in rodents,
with hundreds of additional putatively non-functional pseudogenes
(Quignon et al., 2005; Nei et al., 2008).

The OR genes are distributed throughout the genome, residing in
clusters of various sizes on nearly all chromosomes (except 20 and Y).
ORs are highly variable at a sequence level, and are further grouped
into 18 families and hundreds of subfamilies defined by their amino-
acid identity (Lancet & Ben-Arie, 1993; Olender et al., 2008). While
forming the largest group of GPCRs, the OR repertoire is still small in
comparison to the number of potential odorants. To some extent, this
is explained by the capacity of ORs to detect odorants in a ‘combinatorial’
manner, whereby one OR recognizes multiple odorants and one odorant
is detected by multiple ORs (Malnic et al., 1999). Nevertheless, the vast
majority of ORs are orphans, as the ligand(s) that bind and activate the
receptor are not known. In fact, despite an enormous amount of research
aimed at establishing ligand-OR pairs, only around 100 vertebrate ORs
have been effectively deorphanized (Saito et al., 2009) (also reviewed
in Mombaerts, 2004a). Beyond the obvious difficulties that this creates
for the pharmacological description of these receptors in the non-
olfactory setting, it may indicate that potential endogenously produced
ligands exist (see Section 5 for further discussion).

2.2.2. Olfactory signal transduction

The identification of a multigene family of odorant GPCRs (Buck &
Axel, 1991) unified the concept of a highly specialized olfactory signal
transduction pathway (Fig. 1). This canonical pathway involves the cou-
pling of odorant-bound receptor to a single type of G protein termed
Gotor (GNAL) (Jones & Reed, 1989) and activation of an olfactory isoform
of adenylyl cyclase (AC3 or ADCY3) to generate the second messenger
cyclic adenosine monophosphate (cAMP) (Sklar et al., 1986; Bakalyar
& Reed, 1990). Elevated levels of cellular cAMP in turn activate cation-
selective cyclic nucleotide-gated channels (CNG) that lead to increased
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Fig. 1. The GPCR-mediated olfactory signaling cascade is highly specialized in the olfactory
epithelium. A. The olfactory signaling pathway involves the coupling of ligand bound re-
ceptors to the olfactory isoform of the heterotrimeric G protein Goyr and the activation
of adenylyl cyclase (AC3) to generate cAMP as a second messenger. This leads to influx
of Ca®* via cyclic-nucleotide gated channels (CNG), membrane depolarization and the
generation of action potentials in neurons. B. Knockout studies support the necessity of
G, AC3 and CNG in olfactory signaling, as seen in odorant-induced electroolfactogram
responses.

Adapted with permission from Brunet et al. (1996), Wong et al. (1996), and Belluscio et al.
(1998). GPCR ribbon structure modified from Pin et al. (2009).

permeability to Ca®™ ions (Dhallan et al., 1990), membrane depolariza-
tion and the generation of action potentials in olfactory neurons. Knock-
out studies later provided elegant genetic corroboration of the
components of the olfactory pathway, as mice lacking each of Goye
(Belluscio et al., 1998), AC3 (Wong et al., 2000) and CNG (Brunet
et al,, 1996) displayed profound anosmic phenotypes. More recently, a
potassium-dependent Na™/Ca?* exchanger (NCKX4) has been impli-
cated in shaping olfactory responses (Stephan et al., 2012), whereas
the role and molecular identity of an olfactory Ca®*-activated Cl—
channel have remained controversial (Billig et al., 2011).

2.3. Taste receptors and signaling

The sense of taste provides the ability to appraise potential food
sources prior to ingestion. Aversive bitter and sour tastes can indicate
the presence of toxins, strong acids and spoiled food; salty tastes usually
imply the presence of sodium ions and ensure proper dietary electrolyte
balance, whereas the appetitive tastes of sweet and umami (savory) sig-
nify energy-rich nutrients, including carbohydrates and amino acids
(Bachmanov & Beauchamp, 2007). The presence of dietary lipids and
free fatty acids is also perceived as fat taste, a perennially controversial
research area that has only recently become accepted as an additional
taste quality (Mattes, 2011). Although this repertoire of taste sensations
seems modest, especially in contrast to the complexity of the olfactory
system, it has satisfactorily accommodated the need to identify and
distinguish key dietary components (Chandrashekar et al., 2006).

2.3.1. Taste receptor genes

In research conducted in the past two decades, the molecular candi-
dates for the six (including fat taste) basic taste modalities and their
associated signaling partners have been identified, with sweet,
umami, bitter and fat taste mediated by GPCRs (Sawzdargo et al.,
1997; Adler et al.,, 2000; Chandrashekar et al., 2000; Nelson et al.,
2001, 2002). Comprising three members from within the Glutamate/
family C group, the taste receptor type 1 (T1R; genes are designated
TAS1 in humans and Tas1 in rodents) family forms heteromeric com-
plexes to mediate sweet (TIR2-T1R3) and umami (T1R1-T1R3) tastes.
The T1Rs are highly conserved and bind a range of sugars, artificial
sweeteners and amino acids. Other amino acid sensing receptors have
been identified in lingual tissue, including the metabotropic glutamate
receptors (mGlu; and mGluy) (Chaudhari et al., 2000; Kusuhara et al.,
2013), the calcium-sensing receptor (CaS) and GPRC6EA, although their
precise role in taste perception remains unclear (Wellendorph et al.,
2009; Bystrova et al.,, 2010).

In contrast, the taste receptor type 2 (TAS2) gene family encodes a
group of ~25 highly divergent GPCRs (designated T2Rs) that detect
and respond to an incredibly broad range of structurally diverse aver-
sive and toxic compounds (Meyerhof et al., 2010). These receptors are
single exon genes that characteristically possess very short N-terminal
extracellular domains. However, the TAS2 receptors have been some-
what elusive in their classification, given that they lack most of the con-
served features of other Rhodopsin/family A receptors, and have been
designated as a distinct cluster of the Frizzled/Taste 2 GPCR superfamily
(Lagerstrom & Schioth, 2008).

The genes encoding free fatty acid receptors (FFA;_4), originally
termed GPR40, GPR43, GPR41 and GPR120, respond variously to short,
medium and long-chain fatty acids. Within the taste research communi-
ty, several recent publications have reinforced long standing anecdotal
evidence that FFAs are the principal mediators of fat taste (Cartoni
et al., 2010; Galindo et al., 2012). In recent years, there has also been
considerable interest in FFA pharmacology and function due to the
wide range of normal physiological processes and disease states in
which fatty acids have been implicated. More detailed discussion of
these GPCRs can be found in recent review articles (Stoddart et al.,
2008; Talukdar et al., 2011; Smith, 2012). Similarly, the molecular can-
didates for sour, and the attractive low salt and aversive high salt tastes
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Fig. 2. The canonical T1R and T2R signal transduction cascades share common signaling molecules. Upon receptor activation, the 3y subunits activate PLC32, increasing [Ca? " ]i from
intracellular stores and resulting in ion flux through TRPM5 channels. Gustducin (Goys) is generally considered to couple to T2Rs, although the evidence is less convincing for the T1Rs.
Other proposed candidate o-subunits for sweet and umami tastes include Gos, Gatip, Go, and Gaty4. B. This model of taste signaling has been supported by knockout studies for PLC32
or TRPM5. These mice displayed impaired responses to sweet, umami and bitter stimuli, without altered salty and sour taste responses.

Reproduced with permission from Chandrashekar et al. (2006). GPCR ribbon structure modified from Pin et al. (2009).

have been recently identified as ion channels, as detailed elsewhere
(Huang et al.,, 2006; Chandrashekar et al., 2010; Oka et al., 2013).

2.3.2. Taste signal transduction

Despite the structural and functional differences between the T1R
and T2R GPCRs, the canonical taste transduction cascade downstream
of receptor activation shares common elements (Fig. 2). These include:
the heterotrimeric G protein subunits, Gous (also known as gustducin or
GNAT3), GPR3 and Gy13, a phospholipase C, PLC32, and a transient
receptor potential ion channel, TRPMS5 (Perez et al., 2002). The classical
taste signaling paradigm holds that, following receptor activation, the
[y subunits dissociate from the a-subunit and activate PLC32, resulting
in an inositol 1,4,5-trisphosphate receptor, type 3 (IP3R3)-mediated
increase in intracellular Ca?>* and the opening of TRPMS5 channels to
depolarize receptor cells (Huang et al., 1999; Yan et al., 2001; Huang &
Roper, 2010). This model of taste signaling has been supported by
knockout studies, with mice that lack either PLCB2 or TRPM5 displaying
impaired responses to sweet, umami and bitter stimuli (Zhang et al.,
2003). However, the role of the G subunit in taste signaling has been
more controversial. Gustducin/Go,s was first identified as a taste-cell
specific inhibitory G protein related to visual transducin (McLaughlin
etal, 1992), and has been implicated in the transduction of sweet and
bitter taste. Mice lacking gustducin display profoundly diminished, al-
though not abolished, behavioral and electrophysiological responses
to bitter, sweet and umami stimuli (Wong et al., 1996; Tomonari et al.,
2012), raising the possibility of additional taste-associated G proteins.
Indeed, other G subunits have been implicated in taste transduction
(Kusakabe et al., 2000; He et al., 2002; Tizzano et al., 2008), albeit not
as consistently as gustducin. In addition, although generally considered
less important in taste signaling, gustducin can also activate a taste
specific phosphodiesterase that decreases CAMP (Yan et al., 2001), in a
manner functionally analogous to other Go;-subunits. Thus, by main-
taining low levels of cyclic nucleotides, and consequently preventing

the cAMP-dependent protein kinase A (PKA)-mediated dampening
of the Ca®™ response, gustducin may help regulate taste cell responses
(Clapp et al., 2008). Despite this controversy, it is important to note
that gustducin is often used as a genetic marker to identify taste
receptor-like cells and signaling in nongustatory tissues (see Section 3.1).

2.3.3. Taste receptor variants

Taste receptors are among the most rapidly evolving and highly
polymorphic of GPCRs. In humans, this can account for the large differ-
ences in taste sensation that is observed across the population. For
example, 47 unique single nucleotide polymorphisms (SNPs) have
been identified in human T1Rs (Drayna, 2005), while mutations in the
TAS1R3 promoter (Fushan et al., 2009) and in the taste-specific G pro-
tein signaling components have been correlated to differences in
sweet taste sensitivity (Fushan et al., 2010).

The TAS2 family of receptors provides an extreme example of natural
genetic diversity, displaying significantly more variation across human
populations than in other gene families (Kim et al., 2005). TAS2 genes
contain on average 4.2 coding SNPs, the vast majority of which are
nonsynonymous and encode amino acid substitutions (Drayna, 2005).
In some cases, these TAS2 receptor polymorphisms can have direct con-
sequences for the functionality of the taste receptor itself, as determined
by a combination of molecular, genetic and psychophysical approaches.
The best characterized example is the T2R38 receptor, for which poly-
morphisms correlate with markedly different taste sensitivities to the
bitter substance phenylthiocarbamide (Kim et al., 2003; Bufe et al.,
2005). In brief, three commonly occurring amino acid polymorphisms
(positions 49, 262 and 296) give rise to two frequent haplotypes: a tast-
er (proline, alanine, and valine or PAV) and a non-taster (alanine, valine,
and isoleucine or AVI). People who are homozygous for the taste allele
perceive phenylthiocarbamide as intensely bitter, whereas the same
concentration will be imperceptible to those with the non-functional
allele. Based on molecular modeling and mutagenesis studies, it seems
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that the valine at position 296 is important for the stabilization of the re-
ceptor, and plays a key role in receptor activation in tasters (Biarnés
et al,, 2010). More recently, the naturally occurring polymorphisms in
TAS2R38 (more specifically the non-taster haplotype) have been impli-
cated in influencing food choice (Sandell & Breslin, 2006) and have been
associated with increased alcohol intake (Duffy et al.,, 2004), adiposity
(Tepper et al., 2008) and most recently with an increased susceptibility
to respiratory tract infection (Lee et al., 2012). Similarly, other TAS2
genes have been associated with increased susceptibility to colorectal
cancer (Campa et al., 2010) and cardiovascular disease (Shiffman
et al., 2008; Akao et al., 2012). Although the mechanisms by which
these TAS2 gene polymorphisms influence the pathophysiology of
disease are mostly unknown, future assessments of the functionality
of these receptor variants in tissues outside the sensory setting may
have therapeutic implications.

3. Odorant and taste receptors beyond the nose and mouth

Undoubtedly, the common conception of these receptors has been
shaped by their nomenclature, which inadvertently serves to reinforce
the idea that odorant and taste GPCRs are only expressed in the tissues
where they were first identified and after which they were named.
Indeed, it was soon after their initial discovery that reports surfaced of
so-called ‘ectopic’ expression of odorant or ‘olfactory-like’ receptors
outside of the olfactory epithelium. Ectopic expression, which by
definition occurs in ‘an abnormal location or position within the body’
is a universal phenomenon that extends beyond the OR and taste
GPCR gene families, also extending to enzymes and neurotransmitters
(Feldmesser et al., 2006). Even their designation as ‘ectopic’ seems im-
prudent, it is now evident that these odorant/taste GPCRs are found in
diverse cells and tissues, where they are involved in additional process-
es beyond mediating the chemical senses of ‘smell’ and ‘taste’.
Moreover, despite the label ‘odorant receptor’ only a subset (~75%) of
the odorant receptor repertoire is actually expressed in the olfactory
epithelium, emphasizing the potentially misleading nature of the
nomenclature (Zhang et al.,, 2007). As such, given that the odorant and
taste receptors comprise over half of the entire human GPCR repertoire,
we feel that it is more appropriate to simply consider them as GPCRs. In
doing so, we evade constraining the nomenclature and limiting the
connotations associated with these receptors, their putative endoge-
nous ligands and their potential functions in mammalian biology.

3.1. Identification and characterization of odorant and taste GPCRs

Developing the necessary tools (i.e., antibodies) for the detection,
and therefore characterization of the taste and odorant receptor pro-
teins has been proven challenging, as it has for many GPCRs (Jensen
et al.,, 2009; Herrera et al., 2013). Although there is an increasing
number of commercially available antibodies, there are still very few
selective and specific antibodies that have been reliably used for the
odorant GPCRs, T1Rs receptors and even less for the T2Rs (Strotmann
et al., 2004; Behrens et al., 2012; Meyer et al., 2012). Consequently,
the evidence for expression of odorant and taste receptors in non-
chemosensory tissues has almost exclusively relied on techniques
aimed at detecting the messenger RNA for these proteins.

3.1.1. Reverse transcription polymerase chain reaction (RT-PCR)

Odorant receptors were initially identified on the basis of three
assumptions: that they were a family of GPCRs; should be diverse in
structure; and should be restricted in expression to the olfactory epithe-
lium (Buck & Axel, 1991). The approach used degenerate primers for
conserved regions within the GPCR transmembrane domains to clone
numerous putative ORs from the rat olfactory epithelium. Analogous
RT-PCR based cloning strategies were utilized to identify novel GPCRs,
and soon after their description in the olfactory epithelium, OR tran-
scripts were identified in many rodent and human tissues, including

sperm (Parmentier et al., 1992; Vanderhaeghen et al., 1997a), heart
(Drutel et al., 1995), spleen (Blache et al., 1998), erythroid cells
(Feingold et al., 1999) and placenta (Itakura et al., 2006) (see Table 1).
A pattern was likewise emerging for the other components of the olfac-
tory signal transduction pathway. Gor Was identified as an olfactory-
specific G protein (Jones & Reed, 1989), yet transcripts have also been
detected the heart and pancreas (Ferrand et al., 1999; Frayon et al.,
1999). Moreover, G has also been reported to be critical in dopamine
D, receptor and adenosine A, receptor signaling in the basal ganglia
and striatum (Herve et al., 1993; Zhuang et al., 2000; Corvol et al.,
2001). Similarly, AC3 is not specific to OSNs as originally reported, but
is also expressed in the central nervous system, in the cardiovascular
system, respiratory system and in the retina (Bakalyar & Reed, 1990;
Xia et al,, 1992; Jourdan et al.,, 2001). In many cases, these early reports
seemed incidental, with many never followed up, and the authors
demonstrated neither OR protein expression, nor a function outside of
the olfactory setting. Yet almost universally, these studies speculated
on the possibility that some predicted OR genes may not be odorant
receptors per se, but may subsume other functions.

In a similar fashion, the T1R and T2R GPCRs have been identified in
many tissues beyond the lingual palette in the decade since their discov-
ery (Adler et al., 2000; Chandrashekar et al., 2000; Nelson et al., 2001,
2002) (see Table 2). Inevitably, given the general lack of good quality
antibodies for detecting these receptors, these studies have also primar-
ily relied on RT-PCR based techniques. The specific taste GPCRs identified
and their corresponding cells and tissue types are detailed in Table 2.
Nevertheless, the sheer number of studies identifying the expression of
taste GPCRs outside of the mouth, particularly in tissues exposed to the
external environment, such as the airways and gastrointestinal tract,
has compelled their functional characterization.

3.1.2. Microarray

The advent of microarray technology was a boon for GPCR and olfac-
tory research, allowing the analysis of OR gene expression across the
entire family of receptors in a high-throughput manner not possible
with a conventional candidate approach. Capitalizing on the wealth of
computational data available following the sequencing of a number of
mammalian genomes, custom-designed arrays were utilized to charac-
terize the human and rodent OR expression profiles (Hakak et al., 2003;
Zhang et al., 2004; Feldmesser et al., 2006; Zhang et al., 2007; De la Cruz
etal, 2009) (see Table 1). These new arrays provided a significant ad-
vance over standard commercial arrays that only detected a small frac-
tion of the OR repertoire, and were subject to cross-hybridization
between OR genes. Importantly, these microarray expression profiling
studies should be carefully interpreted, as the arrays are designed to
compare levels of expression between samples or treatments (and not
absolute gene expression) (Zhang et al., 2007). Nevertheless, the major-
ity of OR genes were identified as specifically enriched in the olfactory
epithelium, corroborating their function in olfaction.

However, a small subset of OR genes were detected in other tissues,
with some of these expressed exclusively in non-olfactory tissues, con-
sistent with previous reports using RT-PCR. In the human OR repertoire,
32 OR genes were enriched in tissues other than the olfactory epitheli-
um, including 10 each in the lung and heart (Zhang et al., 2007).
Given that this subset of OR genes were not detected in the olfactory
epithelium, the authors questioned the functional annotations and no-
menclature of these predicted human OR genes. Indeed, they suggested
elsewhere that these may have been misclassified as ORs based on se-
quence similarity, but should be more properly considered as OR-like
GPCRs with other putative functions (Zhang & Firestein, 2009). An alter-
native hypothesis was proposed by Feldmesser et al. (2006), whereby
the extensive and heterogeneous expression of ORs outside of OSNs is
a consequence of ‘leaky’ transcriptional regulation. This seems less
likely, given the number of specific ORs that now have functions in
non-olfactory tissues. Indeed, more recently, a subset of orthologous
OR genes with conserved patterns of expression beyond the nose
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Table 1
Evidence that odorant GPCRs and their associated signaling components are expressed and functional beyond the nose.
System Tissue/s Species OR/s and signaling components identified” Putative function Technique/s utilized Reference
Alimentary/ Tongue Rat OIr1867 - RT-PCR, ISH Abe et al., 1993
gastrointestinal Pancreas (3-cells) Rat Gogy, AC3 - RT-PCR Frayon et al., 1999
Tongue Human OR1E1, OR8BS8, OR5P3, - RT-PCR Gaudin et al., 2001
OR8D1, OR8D2, OR10A5
Colon, liver Mouse, rat 0OIfr78, Olr59 - NB Yuan et al., 2001
Tongue Human OR6Q1, OR10A4, OR7A5, - RT-PCR Durzynski et al., 2005
OR2K2, OR5P2
Tongue Mouse 0Ifr20 - RT-PCR Gaudin et al., 2006
Gut Human OR1A1, OR1G1, OR1E3, OR5D18 Odorant-mediated serotonin RT-PCR, Ca®* imaging, serotonin ELISA  Braun et al., 2007
release
Kidney Mouse OIfr78, Olfr90, Olfr1373, Olfr1392, Olfr1393, Modulation of renin release and Microarray, RT-PCR, IHC (Gotoyi, AC3) Pluznick et al., 2009
Gagyp, AC3 glomerular filtration rate Tg mice (AC3), renal function and blood
pressure telemetry
HelLa cells; HCT116 cells Human OR1A2, OR2A4 Cytokinesis RT-PCR, WB/IHC (OR2A4), siRNA screen X. Zhang et al., 2012
Kidney Mouse 0Ifr78 Short chain fatty acids-induced RT-PCR, luciferase-based cAMP reporter Pluznick et al., 2013
renin release and blood pressure assay, Tg mice (Olfr78, GPR41), plasma
regulation rennin and blood pressure measure-
ments
Cardiovascular/  Heart Rat OIr1654 - RT-PCR, ISH Drutel et al., 1995
pulmonary/ Erythroid cells Human OR52A1 - RT-PCR, RNase protection assay Feingold et al., 1999
muscle Heart Rat 0Ir1654, Gogy, AC3 - RT-PCR Ferrand et al., 1999
PASMC Rat AC3 - [HC, WB (AC3) Jourdan et al., 2001
Skeletal muscle Mouse Olfr16 and 12 others, Gy, AC3 Muscle regeneration; cell Microarray, RT-PCR, WB/IHC Griffin et al., 2009
adhesion and migration (OIfr16, Gotorr, AC3)
Brain and Basal ganglia, striatum Mouse GOt - WB Herve et al,, 1993; Corvol
nervous et al., 2001
system Brain Rat OIr59 - RT-PCR, ISH Raming et al., 1998
Brain Mouse Olfr78 RT-PCR, ISH, X-gal staining, Conzelmann et al., 2000
Tg mice (Olfr78)
Brain Mouse; rat 0Ifr78, Olr59 - NB Yuan et al., 2001
Autonomic ganglia Mouse Olfr78 - ISH, X-gal staining, Tg mice (OIfr78) Weber et al., 2002
Cerebral cortex Mouse Olfr151, Olfr49, Olfr15 - RT-PCR, ISH, X-gal staining, Tg mice Otaki et al., 2004
(0Ifr151)
Frontal cortex Human OR2L13, OR1E1, OR2J3, - Microarray, RT-qPCR, [HC (OR6K3) Garcia-Esparcia et al.,

OR52L1, OR11H, Gator, AC3 2013
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Immune
Reproductive

Various

Spleen
Testis
Testis

Testis
Testis
Embryo
Testis

Testis
Prostate
Germ cells
Prostate
Testis
Testis

Testis
Placenta

Prostate
Placenta

Testis

Various

Various

Various (testis, heart, lung)
Various

Various (testis, lung, kidney, heart,

liver)
Various (liver, lung, heart, testis)

Rat
Dog
Dog

Rat

Mouse

Chicken

Human, dog, rat,
mouse

Rat
Human
Human
Human
Human
Mouse

Mouse
Rat

Human
Mouse

Human

Cow

Human

Mouse

Human, mouse
Human

Human, chimp

Olr857
OR1E2
OR1E2

0OD1, 0D2
Olfr16
OR45
Various ORs

0Olr825, 0Ir1696
OR51E2
OR7E24
OR51E2

OR1D2, OR1E1
Olfr16

OIfr16 and others

0Ir1513, 0Ir1571, OIr1687,
0Ir1767, Gy

OR51E2

0Olfr154, OIfr433, Olfr520,
0Olfr1381

OR1D2, OR4D1, OR7A5

AC3

Many

Many

Many

32 ORs expressed exclusively
in non-olfactory tissues
Many

Chemotaxis
Chemosensing, sperm motility

Inhibition of prostate cancer cell
proliferation

Chemotaxis, Chemokinesis

RT-PCR
RT-PCR, NB
RNase protection assay, WB, IHC

RT-PCR, WB, IHC

RT-PCR, RNase protection assay
ISH

RT-PCR, RNase protection assay

RNase protection assay, ISH
RT-PCR, NB, ISH

RT-PCR

NB

RT-PCR, Ca®* imaging
RT-PCR, ISH, Ca?* imaging,
Tg mice (Olfr16)

RT-PCR, ISH

RT-PCR

RT-PCR, WB, Ca®* imaging
Microarray

RT-PCR, Ca®* imaging
NB

Microarray
Microarray
Microarray, EST
Microarray, RT-PCR

Microarray

Blache et al., 1998
Parmentier et al., 1992
Vanderhaeghen et al.,
1993

Walensky et al., 1995
Asai et al., 1996

Nef & Nef, 1997
Vanderhaeghen et al.,
1997a;
Vanderhaeghen et al.,
1997b

Walensky et al., 1998
Xu et al., 2000

Goto et al., 2001
Yuan et al., 2001
Spehr et al.,, 2003
Fukuda et al., 2004

Fukuda & Touhara, 2006
Itakura et al., 2006

Neuhaus et al., 2009
Mao et al., 2010

Veitinger et al., 2011
Xia et al., 1992

Hakak et al., 2003
Zhang et al., 2004
Feldmesser et al., 2006
Zhang et al., 2007

De la Cruz et al., 2009

2 Gene nomenclature follows the BPS/NC-IUPHAR and HUGO gene nomenclature. For rodent GPCRs, MGD nomenclature is used.
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Table 2
Evidence that taste GPCRs and their associated signaling components are expressed and functional beyond the mouth.
System Tissue/s Species TR/s and signaling components Putative function Technique/s utilized Reference
identified *
Alimentary/ Stomach, duodenum Rat Goys - RT-PCR, IHC Hofer et al.,
gastrointestinal 1996
Stomach, duodenum, Rat, mouse T2Rs, Goys, Goe - RT-PCR Wu et al,, 2002
STC-1 cells
Pancreas, liver Human T1R3 - IHC Taniguchi, 2004
Duodenum, jejunum, Mouse T1R2, T1R3, Goys - RT-qPCR, WB (T1R2, T1R3, Gous) Dyer et al.,
ileum 2005
STC-1 cells
Stomach, Duodenum, Mouse, rat Mouse T2Rs (Tas2r105, 134 and 138), rat T2Rs - RT-PCR Wu et al,, 2005
STC-1 cells (Tas2r108, 134 and 138), Gous
STC-1 cells Mouse T2Rs (Tas2r108, 135, 137, 138, 144), Gays, GP3,  CCK release RT-PCR, Ca®" imaging Chen et al.,
Gv13, PLCR2, TRPM5 2006
Colon, Gut Hu-Tu 80 cells, Human T1R3, T2Rs (T2R3, 4, 5, 10, 13, 38, 39, 40, 42,43, - RT-PCR, IHC (Goys), Ca®* imaging Rozengurt
NCI-H716 cells 44, 45, 46, 47, 49, 50 and 60), Gous et al,, 2006

Stomach, small intestine,
colon

Duodenum, NCI-H716 cells

Gut

Liver, HuCCT1 cells

Cecum, NCI-H716 cells

STC-1 cells, small intestine

Duodenum

Colon

Small intestine
Pancreatic islets, MING

cells
Duodenum, jejunum

Stomach

Small intestine

Caco-2 cells, intestine
Duodenal muscle strips,
stomach

Duodenum, jejunum
Stomach

Stomach

Stomach, jejunum, colon

Human, mouse

Human, mouse

Mouse
Human
Human
Mouse

Rat
Human, rat

Rat

Mouse

Human, mouse
Mouse

Pig

Human, mouse
Mouse

Mouse

Human

Pig

Pig

T1Rs (T1R1, 2, 3), Gous, Gy13, PLCB2, TRPM5

TIR2, TIR3, Gous, GB3, Gy13, PLCA2, TRPM5

T1R2, T1R3, Goys

T1R1, T1R2, TIR3

T1R3, T2R7

Tas2r138

T1Rs (T1R1, 2, 3), mGlu,, mGluy, CaS
T2Rs (T2R1, 4 and 38), rat T2Rs
(Tas2r119, 125, 138)

T1Rs (T1R1, 2, 3), Gous, Goy, PLCB2
T1R2, T1IR3

T1R2, T1R3, T1R2, T1R3, Goys, TRPM5
TIR3

T1R2, T1R3, Goys

Goys, PLCR2, TRPM5

Goys, Gay, no evidence of TR

TIR3

No evidence of TR

T1R3, Govgs, PLCPR2, TRPMS

Regulation of GLP-1 secretion
in gut

Regulation of Na*-glucose
cotransporter 1 (SGLT1)

SREBP-mediated regulation
of gut peptide secretion
Mucosal defense

Anion secretion

Reciprocal regulation of PepT1
and

apical GLUT2 via PKC beta I
Insulin secretion

Regulated by blood glucose
in diabetes patients and in
glucose-infused mice
Artificial sweetener-
mediated upregulation of
SGLT1

ABCB1-induced efflux via CCK
release

Food intake and emptying

RT-PCR, IHC (T1R1, T1R3, Goys, Gy13, PLCB2,),

Tg mice (TRPM5)

RT-PCR, WB/IHC (T1R2, T1R3, Goys, GB3, Gy13, PLCR2,
TRPMS5), siRNA (G, Ca%* imaging, Tg mice (Gas),

glucose gavage, hormone measurements

RT-PCR, ISH, IHC/WB (T1R2, T1R3, Goys), Ca®* imaging, glucose
transport assay, Tg mice (Goys, TIR3)

RT-PCR, IHC (T1R2, T1R3)

RT-PCR, GLP-1 measurements, Ca>* imaging, siRNA (Gos)
RT-qPCR, ChIP-chip analysis, luciferase reporter assays, siRNA
(Tas2r138), IHC/WB (Tas2r138), CCK ELISA, oral gavage

RT-PCR, L-glutamate infusion, pH measurements, anion secretion

RT-PCR, Ussing chamber experiments

WB (T1R1, T1R2, T1R3, Goys, Goy, PLCB2),
glucose absorption assay, amino acid transport

RT-PCR, IHC (T1R2, T1R3), insulin secretion assay, Ca%*

imaging, CAMP assay
RT-PCR, IHC (Gays), glucose perfusion

RT-PCR, ISH, IHC (T1R3)

IHC (T1R2, T1R3, Goys), feed supplementation

RT-PCR, siRNA (T2R38), oral gavage

Bitter agonist gavage, ghrelin measurements, Tg mice (Gots)
RT-qPCR, WB (T1R3, Goys), germ-free mice

Infusion of T1R3 antagonist, hormone measurements
RT-PCR, IHC (T1R3, Gos, PLCB2, TRPM5)

RT-qPCR

Bezencon et al.,
2007
Jang et al., 2007

Margolskee

et al., 2007
Toyono et al.,
2007

Dotson et al.,
2008

Jeon et al.,, 2008

Akiba et al.,
2009
Kaji et al., 2009

Mace et al.,
2009

Nakagawa
et al., 2009
Young et al.,
2009

Hassetal,, 2010
Moran et al.,
2010

Jeon et al,, 2011

Janssen et al.,
2011

Swartz et al.,
2011

Gerspach et al,,
2011
Widmayer
etal., 2011

87
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Cardiovascular/
pulmonary/
muscle

CNS

Adipose tissue, stomach,
small intestine, colon
(and lung)

Pancreatic MING cells;
HIC2 cells, HeLa cells

Hela cells; DU145 cells
3T3-L1 cells

Heart

Kidney

Lung
Nasal cavity

Airways

Airway smooth muscle,
trachea

Nasal cavity

Trachea

Airway smooth muscle
cells

Airways

16HBE cells

Upper respiratory
epithelium

Respiratory epithelium
BMSCs, VSMCs

Airway smooth muscle

Brain

Human, Mouse

Mouse (tissue
profile), rat, human

Human
Mouse

Human, rat, mouse

Pig

Mouse
Mouse

Human

Human, mouse

Mouse

Mouse

Human, monkey

Rat

Human

Human

Mouse
Human, rat

Mouse

Mouse

T2Rs (T2R1, 3,7, 9, 10, 16 and 38)
FFA;, FFA; and FFA,
FFA,

T1R1, T1IR3, T1R1, T1R3

T1R2; T2R13

TIR3

Human T1R3, T2Rs (T2R3, 4, 5, 9, 10,
13, 14, 19, 20, 30, 31, 43, 45, 46, 50)

Rodent T1R1, T1R3, T2Rs (Tas2r108,
120, 121, 126, 135, 137, 143)

T1R3

TIR3
Tas2r108, Tas2r119, Goys, PLCB2

T2Rs (T2R1, 3,4,7,8,9,10, 13, 14)

T2Rs (T2R1,3,4,5,8,9,10, 13, 14,
19, 20, 30, 31, 42, 45, 46, 50), Goys

No evidence of TR

Tas2r105, Tas2r108

No evidence of TR

T1Rs (T1R1, 2, 3) T2Rs (Tas2r13, 105,
107,119, 121, 123, 126, 134), Goys,
PLCPR2, TRPM5

T2R38, T2R46

T2R38

Tas2r131
T2R46, Tas2r116, Tas2r143

Tas2r107, Tas2r108

TIR3

Dietary fat sensing and
control of energy

balance in humans and
rodents

Direct sensing of amino acids
and regulation of mTORC1
and autophagy

Cytokinesis

Negative regulatory role in
adipogenesis
Nutrient-sensing

Bitter-ligand induced
trigeminal nerve

response and respiratory
depression

Motile cilia mediate
cell-autonomous clearance
of inhaled pathogens
Relaxation of isolated ASM
and dilation of airways; de
creased airway obstruction
in a mouse model

of asthma

Bacterial detection by ‘taste
signaling’ in nasal
chemosensory cells
Bitter-ligand induced
regulation of breathing
Agonist-promoted
homologous desensitization
of TR

NO-mediated increase in
ciliary beat frequency/
mucous clearance and
antibacterial effects in
respiratory infection

Bitter tastant-induced
bronchodilation

RT-qPCR, WB (FFA,4), GLP-1 secretion assay,
Tg mice (FFA,), high fat diet, in vivo metabolic
studies

RT-qPCR, Ca®* assays, WB (T1R3) siRNA

(T1R1, T1R3), Tg mice (T1R3), amino acid analysis,
autophagy assays

siRNA screen, RT-qPCR

RT-qPCR, IHC (T1R3), siRNA (T1R3, Go),
cAMP assays
RT-qPCR, ISH, Tg mice (T1R1)

RT-PCR

NB
IHC (Goys, PLCP2), ISH, Tg mice (Goys), nerve
recordings, respiratory recordings

Microarray, RT-PCR, IHC (T2R4, T2R43, T2R46, Gos,
PLCB2), Ca®* imaging, ciliary beat frequency assay

RT-qPCR, Ca®* imaging, isolated trachea, single cell
mechanics/membrane potentials, in vivo
bronchoconstriction/airways

resistance assay

Tg mice (TRPMS5, Goys), Ca®* imaging, nerve
recordings, respiratory recordings

[HC (Goys, PLCR2), flow cytometry, RT-PCR,
respiratory recordings

Ca®* assays, agonist-promoted desensitization
assays, intact airway desensitization

RT-PCR, IHC (Govs, PLCP2), ISH, Tg mice
(TIR3, TRPMS5)

RT-PCR, Ca®" mobilization, cAMP accumulation

IHC (T2R38), Ca®>* imaging, NO production,

ciliary beat frequency assay, mucous clearance
assay, bactericidal assay

Tg mice (Tas2r131)

Flow cytometry, IHC (T2R46), RT-PCR, Ca®* imaging
RT-PCR, [HC (Tas2r107), muscle contraction

assay, Ca>* imaging, patch-clamp recording,

wire myography
NB

Colombo et al.,
2012
Ichimura et al,,
2012

Wauson et al.,
2012

X. Zhang et al.,
2012
Masubuchi
etal, 2013
Foster et al.,
2013

Kiuchi et al,,
2006

Max et al., 2001
Finger et al.,
2003

Shah et al,,
2009

Deshpande
etal, 2010

Tizzano et al,,
2010

Krasteva et al.,
2011
Robinett et al.,
2011

Tizzano et al,,
2011

Cohen et al.,
2012
Lee et al,, 2012

Voigt et al.,
2012

Lund et al.,
2013

Zhang et al.,
2013

Max et al., 2001

(continued on next page)
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Table 2 (continued)

System Tissue/s Species TR/s and signaling components Putative function Technique/s utilized Reference
identified #
Brain (numerous regions), Mouse T1R1, TIR2 and T1R3, Gays, Gy13 Hypothalamic glucose sensing RT-PCR, ISH, IHC (T1R2 and T1R3, Goys), in vivo starvation and Ren et al., 2009
N38 cells in vitro glucose deprivation
Hippocampus Rat T1R2, T1R3, Goys - WB, [HC (T1R2, T1R3, Goys) Shin et al., 2010
Brain, C6 glial cells, Rat Tas2r108, Tas2r110 and Tas2r138 - RT-PCR, IHC (Tas2r108), Ca>* mobilization Singh et al.,
primary neuronal cells 2011
Brainstem, cerebellum Rat Tas2r119, Goys, PLCR2, TRPMS5 - RT-PCR, WB, IHC (Goys, PLC32) Dehkordi et al.,
2012
Vomeronasal organ Mouse Tas2r131 - Tg mice (Tas2r131) Voigt et al.,
2012
Frontal cortex Human T2R5, T2R50, T2R10 and T2R13 - Microarray, RT-qPCR Garcia-Esparcia
etal, 2013
Reproductive Testis Mouse Tas2r103, Tas2r140 - RT-PCR Matsunami
et al., 2000
Testis Mouse TIR3 - RT-PCR Kitagawa et al.,
2001
Testis Mouse TI1R3 - NB Max et al., 2001
Testis Pig TIR3 - RT-PCR, ISH Kiuchi et al.,
2006
Testis Human, Mouse Human T1R1, mouse T1R1 and T1R3 Regulation of basal Ca?" and ~ RT-PCR, IHC (T1R3), Tg mice (T1R1), TUNEL assay, Meyer et al.,
cAMP levels in spermatozoa  sperm motility, Ca>* imaging, cAMP accumulation 2012
Testis Mouse T1R1, Tas2r131 - Tg mice (T1R1, Tas2r131) Voigt et al.,
2012
Testis Mouse Tas2r105, T1R3, Gays, Gy13, PLCB2 Spermatogenesis Tg mice (Tas2r105), IHC (PLCP2), X-gal staining Li & Zhou, 2012
Testis Mouse T2Rs (Tas2r105, 106, 107, 108, 113, - RT-PCR, ISH, Ca?* imaging, Tg mice (Gas) Xuetal, 2013
117,119, 125, 126)
Immune Thymus Mouse TI1R3 - NB Max et al., 2001
Lymphocytes Pig TIR3 - RT-PCR, ISH Kiuchi et al.,
2006
Macrophages Mouse FFA4 Insulin sensitizing and RT-PCR, WB (FFA4), siRNA (FFA4), cytokine ELISA, internalization Oh et al, 2010
Mature adipocytes antidiabetic effects via assays, Tg mice (FFA,), high fat diet, omega 3 supplementation,
repression of macrophage- in vivo metabolic studies
induced tissue inflammation
Leukocytes Human T2Rs (T2R4, 5, 10, 13, 14, 19, Anti-inflammatory role in Microarray, RT-qPCR, cytokine ELISA Orsmark-Pietras
20, 31, 45, 46 and 50) asthma etal, 2013
Thymus Mouse Tas2r131 - Tg mice (Tas2r131) Voigt et al,,
2012

2 Gene nomenclature follows the BPS/NC-IUPHAR and HUGO gene nomenclature. For rodent GPCRs, MGD nomenclature is used.
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were shown to evolve under stronger evolutionary constraint than OR
genes expressed exclusively in the olfactory epithelium (De la Cruz
et al., 2009), again consistent with the notion that these receptors
have additional functions.

Given that there are only ~30 taste GPCRs, microarrays have been
less essential in gustatory research (Kusakabe et al., 2005; Bezencon
et al., 2008; Shah et al., 2009). Taste GPCRs are often low abundance
genes and appear below the limits of detection of arrays, compounded
by the fact that arrays often are not optimized to detect taste GPCRs (in
one case containing only 3 TAS2 probes (Bezencon et al., 2008)). In any
case, small scale RT-PCR screens have provided ample transcript data to
lay the foundations for investigation of taste receptors beyond the mouth.

However, while it may be tempting to speculate on novel functions
for these GPCRs based on the expression of transcripts alone (as many
researchers have), these data are infinitely more compelling when com-
bined with other approaches and the demonstration of a functional
correlate.

3.1.3. Localization of odorant and taste GPCRs

The detection and localization of odorant and taste receptors,
especially in cells and tissues outside of the oronasal milieu, have
been proven difficult. Of course, there have been some success stories,
where antibodies have been generated to detect specific ORs in testis
and prostate (Vanderhaeghen et al., 1993; Neuhaus et al., 2009), skele-
tal muscle (Griffin et al., 2009) and in human cell lines (X. Zhang et al.,
2012), yet these remain the minority. Likewise, several studies investi-
gating taste GPCR function have used in-house antibodies for immuno-
histochemistry, most notably for TIR3 (Damak et al., 2003), though
many of the commercially available antibodies do not appear specific
(Meyer et al., 2012). Numerous commercial antibodies have also re-
cently become available for the T2Rs that have been used to investigate
their expression outside the gustatory system (Jeon et al., 2008; Shah
et al., 2009; Deshpande et al., 2010). These data should be treated
with a great deal of caution, especially as the antibodies have not been
rigorously validated using taste tissue (discussed in Behrens et al.,
2012). To date, only one specific human T2R antiserum has been iden-
tified (Behrens et al., 2012). Nonetheless, with careful validation,
these antibodies may provide valuable information about the localiza-
tion of odorant and taste GPCRs beyond the nose and mouth.

The chemosensory field has focused on in situ hybridization for the
detection and localization of OR and taste receptor mRNA transcripts
in the sensory setting (Vassar et al., 1993; Adler et al., 2000; Behrens
et al,, 2007) and in other tissues (e.g. Drutel et al., 1995; Nef & Nef,
1997; Finger et al., 2003; Fukuda et al., 2004; Hass et al., 2010)
(Tables 1 and 2). The low abundance taste receptor transcripts are
often pushing the limits of detection of in situ hybridization, so signal
amplification techniques are frequently employed (Yang et al., 1999).

The coexpression of the olfactory and gustatory signal transduction
molecules has been offered as evidence of a functional receptor cascade
outside the sensory setting. A case-in point is the ‘olfactory-specific’
adenylyl cyclase (AC3), which has been localized to numerous additional
tissues (Pluznick et al., 2009) (Table 1). Equally, gustducin has been
considered as a genetic marker of taste receptor expressing cells
(McLaughlin et al., 1992), yet it was already detected in stomach
(Hofer et al., 1996) before the discovery of taste GPCRs in the gustatory
papillae. The literature describing olfactory and taste signaling compo-
nents in other tissues has expanded dramatically in subsequent
years, in contrast to the receptors, aided by the availability of selective
antibodies. Similarly, the generation of numerous transgenic mice has
been incredibly useful, whereby the promoter of a gene of interest (for
example gustducin or TRPM5) drives the expression of a reporter, such
as a fluorescent protein or lacZ (Wong et al., 1999; Bozza et al., 2002;
Clapp et al., 2006). These reporter mice have accelerated research into
taste receptors beyond the oral cavity, especially their delineation in
the gastrointestinal tract, and in the respiratory and reproductive tissues
(see Section 4 and Table 2).

3.1.4. Novel approaches to investigate odorant and taste GPCRs

It is no surprise that the most compelling evidence for the novel
functions of odorant and taste GPCRs results from a combination
of in vitro and in vivo approaches. By necessity, these have included
the standard techniques detailed above, often complemented with
informative transgenic mouse models (see Section 4). Meanwhile, the
development and application of cutting-edge technologies, such as
high-throughput quantitative expression profiling using RT-qPCR ar-
rays and next generation sequencing, will further aid the investigation
of odorant and taste GPCRs in non-sensory tissues (Khan et al., 2011;
Snead & Insel, 2012). A case-in point is the recent open-access publica-
tion of the [llumina Human BodyMap 2.0 project. This enormously use-
ful data set contains transcriptome data from 16 human tissue types
(adrenal, adipose, brain, breast, colon, heart, kidney, liver, lung, lymph,
ovary, prostate, skeletal muscle, testes, thyroid, and white blood cells),
providing a resource for interrogating the expression of any annotated
transcript. The data set has recently been curated by Flegel et al.
(2013), and it beautifully demonstrates in an unbiased and comparable
manner that different subsets of odorant and taste GPCRs are found in
all of the human tissues sequenced. The field now must use these
resources/technologies as a platform for accelerating the novel biology
related to odorant and taste GPCRs.

3.2. Odorant and taste GPCR regulation

The regulation of expression and tissue distribution of odorant and
taste GPCRs is of obvious importance to their potential functionality, yet
there remain many gaps in our understanding. Here, we outline what is
known about the transcriptional regulation and modulation of these re-
ceptors in the sensory tissues, and appraise the evidence that they are
regulated at the transcript and functional level in other cells and tissues.

3.2.1. Transcriptional regulation

In the decades since their discovery, the transcriptional regulation of
the large odorant receptor family has attracted much interest, especially
as an olfactory sensory neuron has the unique ability to selectively
express only one type of OR (Mombaerts, 2004b). Neurons expressing
the same OR then converge to the same glomerulus in the olfactory
bulb to convey odorant information to the brain. Thus, the monogenic
and monoallelic OR expression pattern helps to imbue the odorant
selectivity on the neuron, as well as establishing its identity within
the olfactory system (Nguyen et al., 2007). Despite its fundamental
importance to olfactory function, the mechanisms controlling the expres-
sion and regulation of ORs remain unclear. Numerous studies have
highlighted the potential role of feedback mechanisms (Serizawa et al.,
2003) and allelic exclusion (Chess et al., 1994), of putative OR-specific
transcription factors and regulatory motifs (Hirota & Mombaerts, 2004;
Michaloski et al., 2006; McIntyre et al., 2008), and of the probability of
OR gene choice for a given OSN (Khan et al., 2011). More recently, next-
generation sequencing approaches have enabled more comprehensive
OR promoter analyses (Clowney et al., 2011), as well as investigation
of the heterochromatin methylation profile leading to OR silencing
(Magklara et al., 2011).

The processes underlying taste GPCR regulation are also poorly un-
derstood. Taste coding appears simple, with the receptors for bitter,
sweet, umami, and sour expressed in different subsets of cells in the
taste buds, implying the tuning of these cells to a single taste modality
(Yarmolinsky et al., 2009). Less is known about the precise promoters
and transcription factors involved in the regulation of taste GPCRs,
although several groups have created transgenic mice incorporating
the putative promoter/enhancer region (an ~10 kb fragment upstream
of the taste receptor) to demonstrate transgene expression specifically
in taste receptor-expressing cells (Mueller et al., 2005; Damak et al.,
2008; Ohmoto et al., 2008, 2010).

Nonetheless, beyond passing reference, it is worth emphasizing that
there has been little examination of the genetic elements and tissue-
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specific factors regulating odorant/taste receptor expression beyond the
nose and mouth. This will be of significant interest for future studies,
given the widespread expression of different subsets of these receptors
in human tissues.

3.2.2. Modulation of olfactory and gustatory response

There is extensive anecdotal and experimental evidence that
suggests that the olfactory and gustatory response can be modulated
by the endocrine system (Martin et al., 2009). The olfactory signaling re-
sponse is subject to modulation by circulating hormones, such as adren-
aline (Kawai et al., 1999) and also those involved in energy homeostasis,
including the orexigenic peptides, ghrelin and neuropeptide Y (Martin
et al., 2009; Tong et al.,, 2011; Trellakis et al., 2011). This implies that
the olfactory epithelium is not simply transducing extracellular signals,
but is intimately tied to the central nervous system and to the endocrine
system (Firestein & Menini, 1999).

Similarly, there is emergent evidence that the taste response can be
modulated by numerous hormones, including cannabinoids (Yoshida
et al,, 2010), adenosine (Dando et al., 2012; Kataoka et al., 2012) and
most recently angiotensin Il (Shigemura et al., 2013). These studies
have understandably focused on the modulation of the olfactory and
gustatory response in the naso-oropharynx, but may take on more sig-
nificance when viewed in the context of odorant and taste GPCR expres-
sion throughout the body. This is clearly reflected in the putative roles
for taste receptors throughout the gastrointestinal tract (Section 4.2).

3.2.3. Perturbations of odorant/taste GPCRs in physiology and disease

Numerous recent studies have reported the regulation of odorant
and taste GPCRs in diverse physiological and pathological settings. For
example, a number of specific ORs were differentially regulated during
myogenesis and in muscle regeneration (Griffin et al., 2009), whereas
odorant receptors may be developmentally regulated during spermato-
genesis (Fukuda & Touhara, 2006). Meanwhile, TIR3 is upregulated at
the transcript and protein level in skeletal muscle upon starvation
(Wauson et al,, 2012), as well as in mice lacking gut microflora
(Swartz et al., 2011) and in a rat model of cerebral ischemia (Shin
et al.,, 2010). These data should be cautiously interpreted, as there re-
main concerns over the specificity of the antibodies (discussed above).
Another study showed that T2R stimulation promoted the secretion of
both cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1), and
that TAS2 gene expression can be regulated by dietary sterols (Jeon
et al., 2008). In addition, we have recently shown that a subset of
cardiac-expressed Tas2 genes are developmentally down-regulated in
adult rodents but are upregulated upon starvation, suggesting a poten-
tial novel role in cardiac nutrient sensing (Foster et al., 2013).

3.2.4. Odorant and taste GPCR regulation and internalization

In addition to the transcriptional regulation, GPCR function is
dynamically regulated at the post-translational level. The classical para-
digm of GPCR signaling holds that following ligand activation, the initial
receptor signaling is rapidly desensitized by a series of events including
receptor phosphorylation, arrestin recruitment and internalization
(Pierce et al., 2002; Shukla et al., 2011). These processes enable the
exquisite temporal regulation of the GPCR-mediated signal. With regard
to the odorant receptors, this process shares much in common with
other Rhodopsin/family A GPCRs. After prolonged odorant exposure,
odorant receptor desensitization occurs via G protein-coupled receptor
kinase (GRK)-dependent phosphorylation (Dawson et al., 1993; Peppel
et al., 1997), followed by B-arrestin2-mediated clathrin-dependent
internalization (Mashukova et al., 2006).

In contrast, until recently, there has been negligible interest in the
delineation of taste GPCR pharmacology and receptor regulation. To
date, there have been preliminary reports implicating N-glycosylation
(Reichling et al., 2008), GRK-mediated desensitization (Robinett et al.,
2011) and regulators of G protein signaling (RGS) proteins in T2R
function (Cohen et al., 2012). We would argue that the field needs to

focus considerable effort on these downstream regulatory processes,
as a means to a more complete understanding of taste receptor pharma-
cology and physiology.

4. Novel functions for odorant and taste GPCRs

Although there is an ever-increasing literature describing extensive
odorant and taste GPCR expression outside the classical sensory organs,
a functional role in these tissues is often lacking and/or remains contro-
versial. Here, we highlight the best characterized, novel functions for
these receptors in diverse physiological settings, most notably in the
reproductive, gastrointestinal, and respiratory systems.

4.1. Reproductive system

A number of early studies identified a novel role for specific ORs
expressed in testis and sperm, in both humans and mice (Spehr et al.,
2003; Fukuda et al., 2004). These ORs couple to distinct signal transduc-
tion pathways, resulting in specialized flagellar motion patterns and
sperm chemotaxis. Indeed, in a follow-up work, the authors propose
that the OR may play essentially the same role in both sperm and the
nose, given that in psychophysical and physiological experiments,
humans displayed attraction to the OR agonist ligand bourgeonal, con-
sistent with in vitro chemotaxis assays (Spehr et al., 2004; Vosshall,
2004). An additional study elucidated a potential role for a specific
OR (OR51E2) in the inhibition of prostate cancer cell proliferation
(Neuhaus et al., 2009).

Similarly, there have been several preliminary reports of taste recep-
tor expression and function in sperm, where they have been implicated
in regulating Ca?>™ and cAMP levels and potentially in spermatogenesis
(Li & Zhou, 2012; Meyer et al., 2012).

4.2. Gastrointestinal system

Some compounds that are detected by the gustatory system as taste
stimuli also need to be detected inside the body for homeostatic regula-
tion. It is essential that numerous tissues including the kidney, pancreas,
gut and brain, can detect and regulate nutrients, such as sodium, pH,
amino acids and glucose. In gut, somewhat intuitively, the taste GPCRs
have been proposed as organic nutrient sensors that can also regulate
hormone release and gut function (Wellendorph et al., 2009).

The GPCRs for sweet, umami and bitter stimuli have roles through-
out various parts of the alimentary canal, as reviewed by Behrens and
Meyerhof (2011). Briefly, TIRs regulate the secretion of GLP-1 from
enteroendocrine cells, as well as incretin secretion and the modulation
of glucose homeostasis via regulation of a sodium-dependent glucose
transporter (Jang et al., 2007; Margolskee et al., 2007). L.-Glutamate
may also influence mucosal defense processes, purportedly via the
umami taste receptor (Akiba et al., 2009). It has since been shown
that L-glutamate and glucose activate T1Rs to reciprocally modulate
the apical glucose transporter (GLUT2) and the oligopeptide transporter
(PepT1). These findings suggest that there may be a wider taste
receptor-regulated transport network to control energy homeostasis
(Mace et al., 2009). Indeed, sweet and umami taste receptors are pres-
ent in the hypothalamus, which is the main organ in the control of
food intake, and are upregulated in mice as a result of feed deprivation
(Ren et al.,, 2009). Consequently, T1Rs have been proposed as potential
therapeutic targets for the treatment of metabolic disease and type 2
diabetes (Dotson et al., 2010). However, the widespread expression
and the apparent complexity of the in vivo signaling pathways in the
gastrointestinal tract are both important considerations in determining
the suitability of T1Rs as pharmacological candidates.

The T2Rs have also been implicated in gastrointestinal modulation of
hormone secretion, albeit often in cultured cell systems where their
physiological relevance remains uncertain (Table 2). In many cases,
direct evidence for the T2R-dependent effects is lacking. For example,
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bitter tastants have been shown to increase intracellular Ca* in both
human and mouse enteroendocrine cells leading to the secretion of
gut hormones, including CCK and GLP-1 (Chen et al., 2006; Dotson
et al,, 2008; Jeon et al., 2008). In addition, a putative T2R ligand evokes
prostaglandin-regulated anion secretion in the large intestine and
modulates gastric emptying (Kaji et al., 2009; Janssen et al., 2011).
Food-derived odorants present in the gut lumen may also stimulate
serotonin release via olfactory receptors present in human enterochro-
maffin cells (Braun et al., 2007), although this awaits further validation.
These studies collectively raise the possibility of targeting the previously
unappreciated odorant/taste GPCRs in the gastrointestinal tract, poten-
tially for development of novel therapeutics for obesity, diabetes, and
malabsorption syndromes (Dotson et al., 2010).

4.3. Respiratory system

In the respiratory system, T2Rs have been implicated in distinct roles
associated with several different cell types. In a population of solitary
chemosensory cells in the nasal respiratory epithelium, T2Rs are acti-
vated by irritants, such as bitter substances and xenobiotics, to activate
trigeminal nerve fibers and regulate protective airway reflexes (Finger
et al.,, 2003; Tizzano et al., 2010). Similarly, in the trachea TAS2 recep-
tor-expressing cells respond to the bitter compound cycloheximide,
resulting in a decrease in respiratory rate (Krasteva et al., 2011).
Human respiratory epithelial cells are activated in response to bitter
tasting compounds to increase the beat frequency in motile cilia, pro-
viding a mechanism both to sense noxious substances and initiate a
cell-autonomous clearance of inhaled pathogens (Shah et al., 2009).
Most recently, Lee and colleagues linked a well-studied polymorphism
in the TAS2R38 gene (encoding the ‘non-taster’ or AVI phenotype, see
Section 2.3) to an increased susceptibility to respiratory infection. In
this setting, T2R38 is activated by quorum-sensing molecules secreted
from bacteria, contributing to a nitric oxide-mediated endogenous
defense response (Lee et al., 2012).

In addition, T2Rs have been identified in human and mouse airway
smooth muscle, where they have been proposed as potential novel ther-
apeutic targets for the treatment of asthma (Deshpande et al., 2010).
Administration of bitter ligands elicited an increase in intracellular cal-
cium, but paradoxically produced smooth muscle relaxation in mouse
trachea (with greater efficacy than the 3-adrenergic receptor agonist
isoproterenol) and reduced airway obstruction in a mouse model of
asthma. This striking demonstration of a possible pathophysiological
function for T2R activation in a non-taste tissue has nevertheless pro-
voked controversy within the field (Sanderson & Madison, 2010;
Belvisi et al., 2011; Morice et al., 2011; An et al., 2012; C.H. Zhang
et al., 2012). Importantly, the very high concentrations of bitter ligands
used to elicit the bronchodilation raise the ever-present possibility of
non-specific drug actions, nor were the responses directly attributed
to the T2Rs using knockdown or knockout studies. Additionally, the
proposed mechanism for airway relaxation, via intracellular calcium-
dependent activation of large-conductance Ca®"-activated K+ (BKCa)
channels, has been questioned, with Zhang et al. (2013) recently
proposing an alternative bitter tastant-dependent Gy effect on the
voltage-dependent Ca®* channels.

Undoubtedly, T2Rs offer potentially attractive targets for the treat-
ment of asthma and chronic obstructive pulmonary disease. The ongo-
ing controversy suggests that there is still much mechanistic work to
be done and serves to emphasize the confounding differences in the
genetics and pharmacology of human and rodent GPCRs.

4.4. Kidney

Odorant receptors may play an important role in regulating
fundamental aspects of renal function (Pluznick et al., 2009). Six
odorant receptors (as well as Gy and AC3) were initially identified
in extracts of whole kidney. Goy,r and AC3 were co-localized by

immunocytochemistry in the distal nephron/macula densa and
AC3~/~ mice showed defects in renin secretion and glomerular filtra-
tion rate. In a recent follow-up study, an OR knockout (Olfr78), along
with another GPCR (Gpr41) responded to gut microbiota-derived
short chain fatty acids to regulate renin secretion and blood pressure
(Pluznick et al., 2013).

4.5. Skeletal and cardiac muscle

Microarray approaches revealed the presence and induction of spe-
cific odorant receptors during myogenesis of proliferating myoblasts
in vitro and muscle regeneration and repair in vivo (Griffin et al.,
2009). In this study, the researchers successfully employed a soluble
synthetic ligand (lyral), previously identified as a selective agonist for
the same OR implicated in sperm chemotaxis (Olfr16, also designated
MOR23). This study highlights the utility of a pharmacological approach
to functionally characterize odorant/taste GPCRs to expose the underly-
ing biology.

Similarly, we have recently described the presence of taste receptors
in rodent and human heart (Foster et al., 2013). We originally per-
formed a microarray to identify genes modulated during angiotensin
[l-induced cardiac hypertrophy and observed the expression/regulation
of several odorant receptors (unpublished observations) as well as taste
receptors that we subsequently confirmed using a combination of
RT-qPCR and histological approaches (Foster et al.,, 2013). We identified
that a subset of taste receptors are present in rodent heart and are
regulated upon nutrient deprivation. Moreover, our novel descrip-
tion of a number of TAS2 GPCRs in failing human heart, notably at
comparable abundance to the classically-targeted angiotensin (AT;)
and 3-adrenergic receptors, foreshadows a previously unappreciated
role in heart.

4.6. Additional functions for odorant/taste GPCRs

The free fatty acid receptor FFA,4 (previously GPR120) provides an
example of a GPCR that subsumes several important physiological func-
tions, in addition to a role in tasting lipids/fats. In response to omega-3
fatty acid stimulation, FFA, reduces macrophage-induced tissue inflam-
mation, thereby mediating potent anti-diabetic effects in vivo (Oh et al.,
2010). FFA4 expression in adipose tissue is significantly higher in obese
individuals and plays a key role in dietary fat sensing and control of
energy balance in rodents and humans (Ichimura et al., 2012). Mean-
while, the TIR1/T1R3 is a direct sensor of amino acid availability,
which regulates the autophagic pathway via the mammalian target of
rapamycin complex 1 (mTORC1) (Wauson et al., 2012). Finally, the
potential role for an OR (OR2A4) and TRs (T1R2 and T2R13) in cytokinesis
was recently reported (X. Zhang et al., 2012).

Under this apparent weight of evidence, the initial narrow concep-
tion of odorant/taste GPCRs as solely mediators of olfaction and gusta-
tion has been strongly challenged. Indeed, in addition to the functions
described above, the widely expressed T2Rs may mediate off-target
effects associated with numerous bitter-tasting pharmaceuticals (Clark
et al,, 2012). The array of functions beyond the nose and mouth will
undoubtedly grow over time, necessitating a change in our view of the
potential utility of odorant and taste GPCRs in physiology and disease.

5. Limitations of the field

The recent description of novel odorant/taste receptor functions in
skeletal muscle, brain, the respiratory tract and the gastrointestinal
system should compel the field to further investigate the biology of
these GPCRs in diverse tissues. It is apparent, especially in comparison
to other therapeutically-targeted GPCRs and receptor systems, that the
detailed characterization and receptor pharmacology of these GPCRs
are significantly less mature. Of course, this is understandable given
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that odorant and taste receptors have only relatively recently been con-
sidered in tissues beyond the classical sensory setting.

5.1. Identification of ligands

The elucidation of novel functions for these receptors beyond the
nose and mouth has been complicated by several factors. The large
and diverse odorant/taste GPCR families have posed practical problems
in terms of a candidate approach, as have the difficulties of unequivocally
detecting the receptors in their endogenous settings. However, most
importantly from the pharmacological standpoint, the identification of
potent and selective ligands for ORs or T2Rs has been challenging
(reviewed in Kato & Touhara, 2009; Behrens & Meyerhof, 2013). In
both receptor families, individual receptors can bind multiple ligands,
and a given ligand may bind multiple receptors and other intracellular
targets. There is also pronounced variation in the apparent ligand speci-
ficity, where some ORs and T2Rs are activated by a single compound and
others seem to be broadly tuned to a spectrum of ligands.

In addition, studies aimed at deorphanizing the odorant and taste
receptors have used libraries of diverse compounds with known odor-
ant or taste qualities (Saito et al., 2009; Meyerhof et al., 2010), thereby
inadvertently biasing towards receptor-dependent effects (i.e. trying
to identify the receptor that detects a given odorant/tastant).
That many of these compounds have other known molecular targets
(e.g., channels, transporters) and, in some cases, current clinical
applications, is often overlooked. This is an important consideration,
which may influence or confound the interpretation of some of the
experimentally-derived data, especially beyond the oronasal cavity.
For example, in human psychophysical tests, chloroquine and cyclohex-
imide taste bitter — yet chloroquine is a known lysosomal inhibitor that
is used as an antimalarial drug, with reported anti-inflammatory and
possible immunosuppressive effects, whereas cycloheximide is a com-
monly used protein synthesis inhibitor. Similarly, one of the most bitter
substances known, denatonium benzoate, also acts on an ATP-sensitive
potassium channel (Straub et al., 2003).

Another confounding issue when examining the putative T2R-
dependent functions of bitter ligands is that very high concentrations
(sometimes in the millimolar range) are often used. This might be ap-
propriate when interrogating T1Rs (as has been argued for the fatty
acid receptors), because the physiological levels of these ligands are
usually in that range. In contrast, the ligands for the T2Rs often have
low micromolar ECsq values (Meyerhof et al., 2010) and some have
known cytotoxicity, increasing the likelihood of non-specific effects
with such high concentrations. In framing the physiological relevance
of putative T2R-ligand pairings, these discrepancies need to be closely
considered.

We also do not know the source of potential, activating ligands for
these odorant and taste GPCRs in tissues outside of the nose and
mouth. Intuitively, the gut-expressed odorant/taste GPCRs could be
activated by compounds in food, and this idea has been extended to
apply to the T2Rs (Kaji et al., 2009). At this juncture, the best candidates
for activating T2Rs outside the gustatory system are inhaled irritants
and toxins in the airways (Tizzano et al., 2011; Lee et al., 2012).
Although, we might argue that ingested molecules, be they toxins or
food components, via absorption in the gut, could enter the bloodstream
at sufficient concentrations to target peripheral odorant/taste receptors.

5.2. Endogenous odorant and taste receptor agonists

The known repertoire of odorant/taste receptor ligands is predomi-
nantly a synthetic and/or xenobiotic compound. Given that the recep-
tors are broadly expressed throughout the body, an alternative
hypothesis posits that there may be endogenously produced activating
ligand(s) for these GPCRs. The identification of such putative endoge-
nous agonists (e.g. circulating or tissue specific locally-produced
factors) may provide clues to delineate the scope of additional odorant

and taste receptor functions. In this regard, Kazushige Touhara and col-
leagues have demonstrated that exocrine glands release peptides that
serve as sex-specific reproductive cues through their action on phero-
mone receptors (Kimoto et al.,, 2005; Haga et al., 2010). More recently,
they have used fractionation approaches to screen various crude tissue
extracts for naturally-occurring OR ligands, whereby a fatty acid metab-
olite was identified that functions as a physiological ligand for an odor-
ant receptor (Yoshikawa et al., 2013). Moreover, this metabolite had not
been included in any previous collection of synthetic odorants used in
OR ligand screens. Indeed, it is possible that the effectively ‘orphan’
odorant receptors and T2Rs may be activated by endogenous metabo-
lites (recently reviewed in Blad et al.,, 2012). In this regard, metabolite
ligands have been associated with multiple, other receptor systems
and may have potential therapeutic applications for the treatment of
pain and a variety of metabolic diseases (Sotnikova et al., 2009;
Patwardhan et al., 2010; Waku et al., 2010; Deng et al., 2012; Wootten
etal, 2012).

It is worth reiterating that the ligand profiles for the T1R family of
taste receptors have been better characterized. T1Rs are members of
the Glutamate/family C GPCR family, which includes receptors activated
broadly by nutrients including amino acids, proteolytic degradation
products, ions, carbohydrates, or free fatty acids (Wellendorph et al.,
2009). A combination of heterologous expression and in vivo ap-
proaches has demonstrated that the TIR2/T1R3 ‘sweet receptor’ is acti-
vated by a range of sweet tasting (or attractive to rodents) including
sugars, artificial sweeteners, b-amino acids and glycine, and sweet
proteins (Behrens & Meyerhof, 2011). Importantly, pronounced species
differences have been revealed by these studies, primarily that some of
the artificial sweeteners and sweet proteins fail to elicit a response from
the rodent sweet receptor. Similarly, the TIR1/T1R3 ‘umami receptor’
preferentially binds L-glutamate (supported by human psychophysical
studies on umami taste), whereas the rodent receptor responds to
most L-amino acids (Nelson et al., 2002). In addition to their apparent
promiscuity with respect to ligands, a potential problem for the devel-
opment of therapeutics to target these GPCRs, especially for the treat-
ment of metabolic disorders and diabetes, remains their widespread
tissue expression (Wauson et al., 2012).

5.3. Odorant/taste receptor antagonists

There are various taste/odorant GPCR-modifying compounds that
are of keen interest as tools for the further functional characterization
of these receptors outside the nose and mouth (Table 3). Over the
years, a number of putative antagonists have been reported for T1Rs,
the best characterized of which is the small molecule allosteric com-
pound lactisole (reviewed in Sigoillot et al., 2012). Used extensively as
a research tool to investigate sweet taste mechanisms and approved
for use in the United States as a food additive, lactisole and other
sweet taste inhibitors have recently been reconceived as potential ther-
apeutics for metabolic diseases. In addition, the development of novel
allosteric modulators has been driven by research programs from with-
in the food and beverage industries (Servant et al., 2010), and may be of
further use in the unraveling and understanding of the full biological
roles for these GPCRs.

With the growing evidence that T2Rs are expressed in tissues
throughout the body, the few reports of T2R antagonism may take on in-
creased significance beyond their impacts on bitter taste (Slack et al.,
2010; Brockhoff et al., 2011). Similarly, as the odorant receptors com-
prise by far the largest subset of Rhodopsin/family A GPCRs, traditionally
the most successfully-targeted receptors, earlier reports of putative OR
antagonists are of considerable interest (Spehr et al., 2003; Oka et al.,
2004b). Ultimately, the utility of these antagonists in the elucidation
of odorant/taste receptor function outside of the oronasal setting may
be limited by their receptor-specificity, and will require further experi-
mental validation in these tissues.



Table 3

Putative odorant/taste GPCR modulators and antagonists.

Targeted GPCR(s)

Compound name

Description/source

Mechanism of action

Reference

Sweet taste®

Sweet taste®

Sweet taste®

Sweet taste, bitter taste®
Sweet taste, bitter taste®
TIR3

T1R2/T1R3"
TIR2/TIR3"

T1R2/T1R3
T1R3

Bitter taste®
Multiple T2Rs
(T2R4, 7, 31, 40, 43, 49)
T2R46 (also 30, 40)
T2R46 (also 30, 31, 43)
T2R31
T2R10
0lr226
OR1D2
Olfr16
Olfr16

OR1G1
0Olfr544, Olfr586
0Olfr544, Olfr545
Olr226

Gymnemic acid

Ziziphin

Gurmarin

Zinc sulfate

Riboflavin-binding protein

Lactisole (+2-(4-methoxyphenoxy) propanoic acid)

Acesulfame K
Saccharin

Amiloride

Organoauxins (e.g. 2-(2,4-dichlorophenoxy) propanoic acid)
Fibrates (clofibric acid, gemfibrozil, bezafibric acid)

Various

GIV3727 (4-(2,2,3-trimethylcyclopentyl) butanoic acid)

3B-Hydroxydihydrocostunolide
3B-Hydroxypelenolide

Flavonoids (e.g. sakuranetin, 6-methoxysakuranetin, jaceosidin)
Enterodiol

Citral (3,7-dimethyl-2,6-octadienal)
Undecanal

Oxidatively-dimerized isoeugenol
Methyl isoeugenol

Isosaftol

1-Hexanol, hexanal, cyclohexanone
Octanoic acid

C12 dicarboxylic acid

Octanal analogs

Plant derived (Gymnema sylvestre)
Plant derived (Ziziphus jujube)
Plant derived (Gymnema sylvestre)
Chicken egg white

Coffee beans

Artificial sweetener
Artificial sweetener

ENaC inhibitor
Herbicides
Lipid-lowering drugs
Various

Small synthetic molecule screen

Plant-derived

(Artemisia absinthium/Artemisia arborescens)
Plant-derived (Eriodictyon californicum)
Mammalian lignan (plant metabolite)

Plant derived odorant
Synthetic aliphatic aldehyde

Isoeugenol derivative (oxidized breakdown product)

Odorant compounds

Odorant compounds
Odorant compound
Odorant compound
Synthetic compounds

Unknown

Unknown

Unknown

Unknown

Unknown

Binds allosteric site of
T1R3 TM domains
Unknown

Binds allosteric site of
T1R3 TM domains
Binds allosteric site of
T1R3 TM domains
Binds allosteric site of
T1R3 TM domains
Unknown

Competitive orthosteric
antagonist
Competitive orthosteric
antagonist

Unknown

Unknown

Partial antagonist
Unknown

Competitive antagonist
Unknown

Competitive antagonist
Competitive antagonist
Unknown
Unknown

Kurihara, 1969; Liu et al., 1992
Meiselman et al., 1976

Ninomiya & Imoto, 1995; Margolskee et al., 2007

Keast, 2003; Keast et al., 2004

Maehashi et al., 2007; Maehashi et al., 2008

Schiffman et al,, 1999; Xu et al., 2004

Galindo-Cuspinera et al., 2006
Galindo-Cuspinera et al., 2006

Imada et al., 2010
Maillet et al., 2009

Ley, 2008
Slack et al., 2010

Brockhoff et al., 2011

Fletcher et al., 2011
Ley et al., 2012
Araneda et al., 2000
Spehr et al., 2003
Oka et al., 2004a
Oka et al., 2004b

Sanz et al., 2005
Shirokova et al., 2005
Abaffy et al., 2007
Peterlin et al., 2008

@ No specific GPCR target identified.
b Inhibits sweet taste at high concentrations.
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5.4. Heterologous expression systems in odorant and taste research

The enormous research effort to deorphanize and interrogate the
ligand-binding properties of odorant and taste GPCRs has been also
hampered by their poor cell-surface expression in heterologous expres-
sion systems. Several approaches have been utilized to circumvent this
problem, including the use of several different model systems and the
coexpression of putative accessory proteins (Krautwurst et al., 1998;
Zhao et al., 1998; Saito et al., 2004; Shirokova et al., 2005; Von
Dannecker et al., 2006; Zhuang & Matsunami, 2008). In the case of the
taste GPCRs (most notably the T2Rs), where the G protein-coupling
properties have been more controversial, the majority of receptor-
ligand pairing data have come from approaches where promiscuous
and chimeric G proteins have been employed (Chandrashekar et al.,
2000; Ueda et al., 2003; Meyerhof et al., 2010). Although not represen-
tative of the endogenous TR-mediated signaling pathway, these assays
have led to the identification of many potential agonist-ligands by
coupling the ligand-mediated receptor activation to a robust readout
(intracellular Ca?™ mobilization). Nevertheless, in other cells and tissues,
where the protein complement and therefore signal-transduction path-
ways may differ, it is possible that odorant and taste GPCRs could couple
to other G protein-dependent and independent pathways. In this regard,
the investigation of central concepts in GPCR signaling, such as biased
agonism, receptor crosstalk and desensitization, offers new opportuni-
ties for researchers in the field. At present, with the exception of OR
internalization (see Section 3.2), only passing interest has been shown
in these facets of odorant and taste GPCR pharmacology (Wu et al.,
2005; Robinett et al., 2011; Cohen et al., 2012).

Thus, the elucidation of novel functions for odorant and taste GPCRs
beyond the classical sensory milieu provides many challenges. There are
still gaps in our understanding of the complex ligand binding properties
of these GPCRs, which may have implications for their study in other
tissues. This is especially true for odorant and taste receptors, where
one receptor may bind multiple ligands, and one ligand may bind to
multiple receptors. As there is apparent functional redundancy imbued
in odorant and taste receptor signaling, the use of traditional genetic
approaches, such as knockout mice, to delineate function is fraught. In
any case, there are important and, in some cases, pronounced species
differences in sequence and functional GPCR properties. Accordingly,
it is possible/probable that basic discoveries in model systems, particu-
larly in rodents, may not be directly transferrable to the human setting.
These GPCRs are also highly polymorphic in human populations, which
may have ramifications for determining disease prevalence and suscep-
tibility. However, thanks to continuous technological advances and a
great deal of persistence from the field, the lists of novel functions for
odorant and taste GPCRs continue to grow.

6. Concluding remarks and future opportunities

The simple fact that there are so many odorant and taste GPCR
genes, and that these are expressed in unique subsets in a multitude
of tissues suggests that researchers are just scratching the surface of a
new field of biology. The rapid advances in genomics and next genera-
tion sequencing approaches now mean that the unambiguous annota-
tion of members of these gene families for all tissues is within reach
(for example, see Flegel et al., 2013). We will soon be able to garner a
wealth of information across populations of individuals to establish
the breadth of haplotype variation and establish full tissue distribution
(and copy number) data for all receptors in with perturbations (aging,
stress, food) and in disease states.

There is little doubt that heterologous cell-based expression systems
will continue to aid in identification/deorphanization of novel agonist
and antagonist ligands for odorant and taste GPCRs. It is likely that
further endogenous ligands will be identified, that will in turn facilitate
the uncovering of information on the regulation of receptor function
and physiology. As mentioned earlier, the use of standard genetic

approaches such as knockout mice to study OR and TR function may
not be as informative as in other systems, due to the overlapping
ligand-binding profiles and potential functional redundancy of the re-
ceptors. However, the genomic organization and clustering of odorant
and taste GPCRs may prove beneficial in enabling the simultaneous
ablation of multiple receptors. Regardless, there are marked species
differences between rodents and humans, in terms of their sequence
homology, ligand-binding profiles and receptor functionality that
must be considered (Mueller et al., 2005; Fushan et al., 2009). Hence,
in order to avoid focusing on rodent specific phenomenology, studying
the human receptors and tissues would be ideal. For most researchers,
the difficulty in attaining human tissues has made this impractical.
However, the rapid progress in tissue engineering technologies may
provide one viable opportunity, especially for studies on the gastroin-
testinal tract and heart (Eschenhagen et al., 2012; Li & Clevers, 2012).

Given that odorant and taste GPCRs are among the most polymor-
phic gene families, obtaining receptor genotype information will also
be a necessary component of further research. Where polymorphisms
result in non-functional receptor variants, as has been described in a
number of recent studies on T2Rs (Soranzo et al., 2005; Pronin et al.,
2007; Lee et al., 2012), there is even the exciting possibility to investi-
gate odorant/taste GPCR function in what is effectively a human knock-
out individual.

The future study of odorant and taste GPCRs in cells and tissues
outside of the nose and mouth will undoubtedly benefit from a rigorous
interdisciplinary pharmacological approach, using tools that have been
applied to numerous other well characterized Rhodopsin/family A and
Glutamate/family C GPCRs. That specific odorant and taste GPCR have
already been implicated in processes as diverse as muscle regeneration,
blood pressure maintenance, gastrointestinal nutrient regulation,
bronchodilation and in cytokinesis, suggests that other odorant and
taste GPCRs will have further profound physiological/pathophysiological
roles. The description of these receptors in therapeutically important
organs, such as the lung and heart, emphasizes the great potential for
the delineation of hitherto undiscovered biology.
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