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Abstract——Trace amines are endogenous com-
pounds classically regarded as comprising b-phenyl-
ethyalmine, p-tyramine, tryptamine, p-octopamine,
and some of their metabolites. They are also abundant
in common foodstuffs and can be produced and de-
graded by the constitutive microbiota. The ability to
use trace amines has arisen at least twice during
evolution, with distinct receptor families present in
invertebrates and vertebrates. The term “trace amine”
was coined to reflect the low tissue levels in mammals;
however, invertebrates have relatively high levels where
they function like mammalian adrenergic systems, in-
volved in “fight-or-flight” responses. Vertebrates express
a family of receptors termed trace amine–associated
receptors (TAARs). Humans possess six functional
isoforms (TAAR1, TAAR2, TAAR5, TAAR6, TAAR8, and
TAAR9), whereas some fish species express over 100.
With the exception of TAAR1, TAARs are expressed in

olfactory epithelium neurons, where they detect diverse
ethological signals including predators, spoiled food,
migratory cues, and pheromones. Outside the olfactory
system, TAAR1 is the most thoroughly studied and has
both central and peripheral roles. In the brain, TAAR1
acts as a rheostat of dopaminergic, glutamatergic, and
serotonergic neurotransmission andhas been identified
as a novel therapeutic target for schizophrenia, depression,
and addiction. In the periphery, TAAR1 regulates
nutrient-induced hormone secretion, suggesting its
potential as a novel therapeutic target for diabetes
and obesity. TAAR1 may also regulate immune
responses by regulating leukocyte differentiation and
activation. This article provides a comprehensive
review of the current state of knowledge of the evolution,
physiologic functions, pharmacology, molecular
mechanisms, and therapeutic potential of trace amines
and their receptors in vertebrates and invertebrates.

I. Introduction

Although vertebrate receptors showing a high selec-
tivity for trace amines have been known for approxi-
mately 15 years (Borowsky et al., 2001; Bunzow et al.,
2001), research and interest in the endogenous com-
pounds now known as trace amines dates back almost
150 years. The term “trace amine” itself appears to have
been coined in the early 1970s by Alan Boulton and his
colleagues (Boulton, 1974) as a way to distinguish a
group of endogenous vertebrate monoamines from their
more abundant close structural relatives, the catechol-
amine and indoleamine neurotransmitters (Fig. 1). The
original intent of the term “trace” was to emphasize
the low endogenous tissue concentrations present
(,10 ng/g; 100 nM), at levels that are at least 100-fold

below those of the corresponding neurotransmitters
(Berry, 2004). With the close structural similarity to
the monoamine neurotransmitters a central driving
force behind much of the prereceptor research, the term
trace amine subsequently became synonymous with just
a small group of endogenousmonoamines—in particular,
b-phenylethylamine (PEA), p-tyramine (TYR), trypt-
amine (TRP), and p-octopamine (OCT), the compounds
that have the most obvious similarity to the well
established monoamine neurotransmitters (Fig. 1).

The earliest known reports of the presence of a
compound with a chemical composition consistent with
one of the trace amines (PEA) is from work in the
laboratory of Marceli Nencki during the late 1870s (see
Grandy, 2007), aimed at better understanding the
bacterial processes of putrefaction and fermentation.
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During these studies, PEA was shown to be a product of
bacterial decomposition of both gelatin and egg white,
due to the anaerobic decarboxylation of L-phenylala-
nine. PEA was subsequently found to be produced as
part of the decomposition processes of various other
animal-derived proteins, along with the first reports of
its presence in fermented foodstuffs. This ready pro-
duction of trace amines by microbiota has often been
overlooked in more recent years; as described in sub-
sequent sections, however, recent increased interest in
the role of host-microbiome interactions and dietary
components in health and disease suggests that such
production is likely to gather renewed interest.
The initial demonstrations of biologic effects of PEA

and TYR are intricately linked to the very origins of the
field of pharmacology. The isolation of both PEA and
TYR from biologic sources such as rotting horsemeat
and ergot-contaminated grains (the original use of the
term ergotamine was to describe TYR) led to the
pioneering studies of George Barger, George S.Walpole,
Sir Henry Hallett Dale, and Alfred J. Clark (Barger and
Walpole, 1909; Barger and Dale, 1910; Clark, 1911),
demonstrating pronounced blood pressure–elevating
effects of the purified extracts. Although interest in
the compounds continued and their presence was
confirmed in every species in which they were examined
(see Berry, 2004), research into the trace amines
gradually faded away as interest in the more abundant
monoamine species norepinephrine, epinephrine, dopa-
mine and serotonin surged. As the new discipline of
pharmacology developed and the chemical basis of
neurotransmission became accepted, the following cri-
teria for endogenous compounds to be considered
neurotransmitters were developed: 1) the presence of
the compound and its biosynthetic enzymes limited to
the sites at which application of the exogenous chemical
(at physiologic concentrations) elicits responses; 2)
release of the compound occurs on nerve stimulation
with no (or minimal) release in the absence of nerve
stimulation; 3) exogenous application of physiologic
concentrations mimics the effects of nerve stimulation;
and 4) responses to nerve stimulation and exogenous
chemical application are affected in the same manner
by pharmacological agents. Unfortunately, at least in
vertebrate systems, none of the trace amines met most,
if any, of these criteria, and the compounds became
increasingly viewed as little more than metabolic
by-products.
With the growing use of psychotropic drugs in the

1960s, and amphetamine-based compounds in particu-
lar, a resurgence of interest in the trace amines was
seen. Although researchers had struggled to demon-
strate responses to PEA or TYR at endogenous tissue
concentrations, both were well established to have
indirect sympathomimetic properties at supraphysio-
logic concentrations (Fuxe et al., 1967), effects that were
shared with the new amphetamine-based drugs of

abuse. Furthermore, amphetamine (and its derivatives)
has a strong structural similarity to the trace amines,
particularly PEA (Fig. 2). As such, PEA and TYR, to a
lesser extent, became of interest as potential “endoge-
nous amphetamines” (Borison et al., 1975; Janssen
et al., 1999). This also powered an interest in the trace
amines as possible biomarkers and etiologic factors for
psychiatric disorders, and extensive tabulations of
changes in the levels of endogenous trace amines and
their metabolites in various body fluids were compiled
(Davis, 1989). Although most groups were content to
rely on the amphetamine-like, indirect sympathomi-
metic effects of trace amines as a mechanistic explana-
tion for observed effects, a small number of researchers
began a careful examination of the neuropharmacology
of more physiologically relevant concentrations. Most
notable among this latter group were those affiliated
with the Neuropsychiatry Research Unit in Saskatoon,
Canada, under the directorship of Alan A. Boulton, and
a number of their studies are described in later sections.
Although a number of effects were observed, this second
phase of studies in vertebrates stalled due to the lack of
a selective receptor target through which the observed
effects could be mediated. In contrast, TYR and OCT
were established as bona fide invertebrate neurotrans-
mitters during the same time period, with selective
receptors identified (Morton and Evans, 1984; Roeder
and Gewecke, 1989; Han et al., 1998; Consoulas et al.,
1999). Thus, by the early 1990s, trace amine research
was essentially restricted to invertebrate systems.

The picture changed again in 2001 when a family of
vertebrate G protein–coupled receptors (GPCRs) was
identified, a subset of which showed high selectivity for
PEA, TYR, and OCT (Borowsky et al., 2001; Bunzow
et al., 2001). Interestingly, the receptors were found to
be evolutionarily distinct from the invertebrate TYR
and OCT receptors (Lindemann et al., 2005), indicating
that the ability to detect trace amines has arisen at least
twice during evolution. This resurrected interest in the
vertebrate trace amine system. As detailed elsewhere
(Berry et al., 2017), however, the new family of receptors
has posed a number of unique challenges that have
slowed progress and dissuaded many from establishing
(and funding) dedicated trace amine research programs.
A brief history of the discovery of this family of
receptors, and their subsequent naming as trace
amine–associated receptors (TAARs), is provided in
IV. Trace Amine–Associated Receptors. Notwithstanding
the difficulties, the last 15 years have seen a number of
advances that have identified trace amines and their
receptors as novel targets for the pharmacotherapy of
various disorders, as well as being novel sites for environ-
mental chemical interactions leading to behavioral ecology
effects. Althoughanumber of excellent reviews focusing on
individual subareas of trace amine pharmacology, partic-
ularly in relation to TAAR1, have been published (Grandy,
2007; Sotnikova et al., 2008; Jing and Li, 2015; Lam et al.,
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2015; Liberles, 2015; Pei et al., 2016; Berry et al., 2017), a
comprehensive review of all aspects of trace amine
pharmacology is lacking. This article aims to provide such

a comprehensive overview of the current state of the
knowledge of trace amine systems throughout the body,
in both vertebrates and invertebrates.

Fig. 1. Relationship of archetypal trace amines to the monoamine neurotransmitters.
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Before we begin, however, it is worthwhile to discuss
the definition of the term “trace amine.” As described
above, this term is generally accepted to comprise the
group of compounds formed when the tyrosine hydrox-
ylase or tryptophan hydroxylase step of catecholamine
and indoleamine neurotransmitter synthesis is omit-
ted. The pharmacological probing of the TAAR family in
various species, however, indicates that this is far too
narrow a definition. A variety of other endogenous
amines that function as selective agonists at one or
more TAAR family members are present in body fluids
at low levels (Fig. 3) and these compounds are often
associated with metabolic routes that are distinct from
those of the compounds traditionally called trace
amines. Such compounds include the endogenous thy-
roid hormone metabolite 3-iodothyronamine (3IT)
(Scanlan et al., 2004; Dinter et al., 2015c), the catechol-
amine neurotransmitter metabolites 3-methoxytyramine
(3-MT) and normetanephrine (Bunzow et al., 2001;
Sotnikova et al., 2010), trimethylamine (Ferrero et al.,
2012; Wallrabenstein et al., 2013; Li et al., 2015),
isoamylamine (Liberles and Buck, 2006; Ferrero et al.,
2012), the polyamines putrescine and cadaverine
(Hussain et al., 2013), and possibly agmatine, spermine,

and spermidine (Saraiva et al., 2016). In addition, the
N-methylated metabolites of both PEA and TYR, N-
methylphenylethylamine and N-methyltyramine, are
also TAAR agonists (Lindemann and Hoener, 2005), as
is the N-methyl metabolite of TRP N,N-dimethyltryp-
tamine (DMT); although in this latter instance, this
shows a strong species dependence (Simmler et al.,
2016). With a receptor family bearing the name trace
amine now present, we propose that a formalized
working definition of the trace amine term be adopted.
The rather broad substrate tuning that the TAAR
family exhibits (described in detail in subsequent
sections) complicates the development of a clear defini-
tion. For example, both dopamine and serotonin show
partial agonistic activity at TAAR1 at physiologically
relevant concentrations (Lindemann et al., 2005) but
would not be regarded as trace amines per se. The
situation is further complicated by TAARs only being
present in vertebrate systems, whereas invertebrates
have receptors that are selectively activated by TYR
and OCT but are distinct from TAARs and are much
more closely related to vertebrate adrenergic receptors
(Roeder, 2005; Lange, 2009). Indeed, as will be dis-
cussed below, TYR and OCT are thought to fulfill the

Fig. 2. Structures of synthetic TAAR1 ligands.
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role of adrenergic neurotransmission in invertebrates, a
situation that is distinctly different from their roles in
vertebrate species. Correspondingly, invertebrate en-
dogenous levels of TYR and OCT are thought to be far
greater than is the case for vertebrates (Roeder, 2016).
Furthermore, as will be discussed in subsequent sec-
tions, some “endogenous” ligands for TAARs may be
reliant on the constitutive microbiota for their pro-
duction. We therefore propose that a working definition
of the term trace amine should recognize the evolution-
ary separation of identical signaling molecules between
vertebrates and invertebrates, and it should take
account of both the generally low vertebrate tissue
levels as well as a selective interaction with one or
more TAARs. This is an area in which engagement
between the International Union of Basic and Clinical
Pharmacology (IUPHAR) nomenclature committee and
those active in the trace amine field would be advanta-
geous. For the purposes of this article, and as a starting
point for future discussions, we suggest that trace
amines be defined as follows: a trace amine is an amine
that is endogenously present in vertebrate tissues and/
or bodily fluids at concentrations ,50 ng/g tissue (≲500
nM) and selectively binds to one ormore TAARs at these
concentrations.

II. Vertebrate Trace Amines

A. b-Phenylethylamine, p-Tyramine, and
Related Compounds

1. Synthesis. The archetypal trace amines are syn-
thesized after initial decarboxylation of precursor
amino acids (Fig. 4). This pathway is directly analogous
to the synthesis of the monoamine neurotransmitters,
with the trace amines being the end product if the
tyrosine hydroxylase (EC 1.14.16.2) or tryptophan
hydroxylase (EC 1.14.16.4) steps of neurotransmitter
synthesis are omitted. As such, PEA, TYR, and TRP can
be formed directly by the action of aromatic L-amino
acid decarboxylase (AADC; EC 4.1.1.28) on L-phenylal-
anine, L-tyrosine, and L-tryptophan, respectively
(Boulton and Wu, 1972, 1973; Saavedra, 1974;
Snodgrass and Iversen, 1974; Silkaitis and Mosnaim,
1976; Dyck et al., 1983). Both m- and o-isoforms of
tyramine have also been identified but have rarely been
studied, and they are present in even smaller quantities
than the p-isoforms (Boulton, 1976; Davis, 1989). OCT
and p-synephrine can subsequently be formed by the
sequential action of dopamine-b-hydroxylase (EC
1.14.17.1) (Boulton and Wu, 1972, 1973) and phenyl-
ethanolamine-N-methyl transferase (PNMT; EC
2.1.1.28). The trace amines can also undergo N-meth-
ylation by action of the enzymes PNMT or indolethyl-
amine N-methyltransferase (EC 2.1.1.49) to generate
additional TAAR ligands, N-methylphenylethylamine,
N-methyltyramine, N-methyltryptamine, and, at least
in some species, DMT (Fig. 4).

The similarity to monoamine neurotransmitter syn-
thesis has often led to the synthesis of trace amines being
reported as neuronal. However, it should be borne in
mind that AADC expression is not restricted to neuronal
cells. AADC is present in a number of other cell types,
including glia (Li et al., 1992b; Juorio et al., 1993), blood
vessels (Li et al., 2014), and cells of the gastrointestinal
tract (Lauweryns and Van Ranst, 1988; Vieira-Coelho
and Soares-da-Silva, 1993), kidney (Christenson et al.,
1970; Lancaster and Sourkes, 1972; Aperia et al., 1990;
Hayashi et al., 1990), liver (Bouchard and Roberge, 1979;
Ando-Yamamoto et al., 1987;Dominici et al., 1987), lungs
(Lauweryns and Van Ranst, 1988; Linnoila et al., 1993),
pancreas (Lindström and Sehlin, 1983; Furuzawa et al.,
1994; Rorsman et al., 1995), and stomach (Lichtenberger
et al., 1982). In such cells, it can reasonably be expected
that AADC will convert any precursor amino acids
present into the corresponding trace amine(s). The
physiologic function of AADC in non-neuronal tissue is
generally poorly understood but it does provide a
mechanism for the local production of ligands for TAARs
that are localized to non-neuronal tissue, and investiga-
tion of possible colocalization of AADC with TAARs is an
area for future studies. Furthermore, a distinct group of
neurons that contain AADC, but not tyrosine hydroxy-
lase or serotonin, are present in the mammalian central
nervous system (Jaeger et al., 1983, 1984; Fetissov et al.,
2009; Kitahama et al., 2009). These D-neurons offer a
potential trace aminergic neuronal system.

Although AADC is widely accepted as the vertebrate
synthetic enzyme for PEA, TYR, and TRP, the precursor
amino acids are in fact rather poor substrates for AADC.
Indeed, the Km values for decarboxylation of L-phenylal-
anine, L-tyrosine, and L-tryptophan approach the limits
of solubility of each in aqueous media (Christenson
et al., 1970; Juorio and Yu, 1985a). Although this is
markedly, and selectively, improved both in vitro and
in vivo by the presence of organic solvents (Lovenberg
et al., 1962; Juorio and Yu, 1985a,b), this does raise
questions about how PEA, TYR, and TRP are being
synthesized in vivo. Substrate-selective regulation of
AADC has been reported (Bender and Coulson, 1972;
Sims and Bloom, 1973; Sims et al., 1973; Rahman et al.,
1981; Siow and Dakshinamurti, 1985), along with a
number of splice variants of the enzyme (O’Malley et
al., 1995; Rorsman et al., 1995; Chang et al., 1996;
Vassilacopoulou et al., 2004). Whether one or more of
these exhibits enhanced selectivity for the production of
PEA, TYR, and/or TRP requires systematic investiga-
tion. Furthermore, L-phenylalanine, L-tyrosine, and L-
tryptophan are all also substrates for additional amino
acid decarboxylase enzymes (Table 1), although the role
of these putative additional sources of PEA, TYR, and
TRP synthesis has not yet been investigated.

a. Regulation of Aromatic L-Amino Acid Decarboxylase.
As described above, AADC is found in both neuronal and
non-neuronal cells and alternative splicing of exons
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Fig. 3. Structures of new members of the trace amine family. Based on demonstrated high-affinity binding to individual TAARs and low endogenous
concentrations, the compounds shown are proposed as new members for inclusion in the trace amine family.
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Fig. 4. Endogenous synthetic and metabolic routes for trace amines. DBH, dopamine-b-hydroxylase; INMT, indolethylamine N-methyltransferase;
PAH, phenylalanine hydroxylase; TH, tyrosine hydroxylase.
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1 and 2 within the 59-untranslated region has been
established as allowing for distinct control of neuronal
and non-neuronal expression (Albert et al., 1992; Ichinose
et al., 1992; Hahn et al., 1993; Sumi-Ichinose et al., 1995).
A variety of transcription factor binding sites have been
identified within both the neuronal (Chireux et al., 1994;
Aguanno et al., 1995) and non-neuronal (Aguanno et al.,
1996) promoter regions through which tissue-selective
expression could occur. A variant on this alternative
splicing, inwhich the non-neuronal variantwas spliced to
the neuronal acceptor site, has also been suggested in G
cells of the rat stomach antrum (Djali et al., 1998), which
may indicate cell type–selective plasticity in the control of
AADC expression. Recently, a number of cis-acting
polymorphisms of AADC have been identified with
putative clinical relevance (Li and Meltzer, 2014;
Eisenberg et al., 2016), and disease-associated AADC
coding variants are also known (Graziano et al., 2015;
Kojima et al., 2016; Montioli et al., 2016).
The functional significance of alternative splicing

within the coding region of AADC is poorly defined. A
splice variant lacking exon 3 has been reported to be
widely expressed in both neuronal and non-neuronal
tissue (O’Malley et al., 1995; Chang et al., 1996), with
this shorter variant suggested to be devoid of both
L-DOPA and L-5-hydroxytryptophan decarboxylating
activities (O’Malley et al., 1995). An even shorter variant,
lacking exons 11–15, has also been reported to be
expressed in non-neuronal tissues (Vassilacopoulou
et al., 2004), although enzyme activity of this variant
was not examined. Additional coding splice variants
were also reported to be present in pancreatic b cells
(Rorsman et al., 1995), although again the functionality
of these putative alternative forms does not appear to
have been further investigated. Whether activity toward
substrates other than L-DOPA and L-5-hydroxytrypto-
phan is lost, or even enhanced, is unknown, but the
apparent widespread expression of an ostensibly non-
functional variant seems unlikely, and a role of one or
more splice variants in selective trace amine synthesis
could provide an answer to this paradox.
Although it is not a rate-limiting step in the synthesis

of catecholamine and indoleamine neurotransmit-
ters under physiologic conditions, AADC activity is
regulated in a biphasic manner. Both early changes,
consistent with alterations in phosphorylation status,
and delayed, longer-lasting changes in enzyme expres-
sion have been reported (Buckland et al., 1992,
1996, 1997; Hadjiconstantinou et al., 1993; Berry
et al., 1996). Multiple consensus phosphorylation sites
for protein kinase A (PKA) (Young et al., 1993;
Duchemin et al., 2000), protein kinase C (PKC)
(Young et al., 1994; Zhu et al., 1994), protein kinase G
(Duchemin et al., 2010), calmodulin-dependent kinase
II (Hadjiconstantinou et al., 2010), and proline-directed
kinase (Hadjiconstantinou et al., 2010) are present,
and both site-directed mutagenesis of individual

phosphorylation sites (Hadjiconstantinou et al., 2010)
or selective activation/inhibition of individual protein
kinases (Young et al., 1993, 1994; Zhu et al., 1994;
Duchemin et al., 2000, 2010) alters AADC activity.
Direct evidence for phosphorylation of AADC by PKA
(Duchemin et al., 2000) and protein kinase G
(Duchemin et al., 2010) has been provided, although
PKC does not appear to directly increase phosphoryla-
tion despite the presence of consensus recognition sites
(Duchemin et al., 2000).

In the retina, AADCactivity is increased in response to
light (Hadjiconstantinou et al., 1988) or selective antag-
onism of a2-adrenergic receptors (Rossetti et al., 1989) or
D1-like dopamine receptors (D1Rs) (Rossetti et al., 1990).
Consistentwith this, light stresswas recently reported to
increase retinal PEA levels (de la Barca et al., 2017). In
contrast, D1R agonists decrease both basal and light-
induced AADC activity (Rossetti et al., 1990). Similar
responses to dopamine receptor ligands have also been
observed in various rodent brain regions (Zhu et al.,
1992, 1993, 1994; Hadjiconstantinou et al., 1993; Cho
et al., 1997, 1999; Neff et al., 2006). Regulation of AADC
by serotonergic receptors (Neff et al., 2006) and N-
methyl-D-aspartate (NMDA) glutamatergic receptors
(Hadjiconstantinou et al., 1995; Fisher et al., 1998) has
also been reported. There is also some evidence for AADC
regulation associated with systemic lupus erythemato-
sus (Bengtsson et al., 2016), Parkinson’ disease (Gjedde
et al., 1993), and schizophrenia (Reith et al., 1994). In
experimental animals, regulation of AADC after spinal
cord injury has also been reported (Li et al., 2014;
Wienecke et al., 2014; Azam et al., 2015).

In each of the above cases, the reported changes in
AADC activity are normally rather modest (approxi-
mately 30%) and insufficient to change endogenous
dopamine levels (Berry et al., 1994; Cho et al., 1999).
Such treatments have, however, been shown to change
both PEA and TYR levels (Juorio, 1979; Juorio et al.,
1991; Berry, 2004) and can generally be summarized as
follows: treatments that increase monoamine neuro-
transmitter receptor activation decrease PEA/TYR syn-
thesis, whereas treatments that decrease receptor
activation increase PEA/TYR synthesis. In this respect,
it is important to note that reports of changes in AADC
activity have almost exclusively used only L-DOPA as a
substrate. Whether greater changes in the activity of
AADC toward other substrates (particularly L-phenyl-
alanine, L-tyrosine, and/or L-tryptophan) occurs is un-
known, although as described above there is evidence
that substrate-dependent regulation of AADC is possi-
ble (Rahman et al., 1981; Juorio and Yu, 1985a,b; Siow
and Dakshinamurti, 1985). Kinetic studies have report-
ed alterations in AADC Vmax in response to pharmaco-
logical agents (Zhu et al., 1992; Young et al., 1994;
Duchemin et al., 2010) and both Vmax and Km in
response to site-directed mutagenesis of consensus
phosphorylation sites (Hadjiconstantinou et al., 2010).

558 Gainetdinov et al.

at A
SPE

T
 Journals on A

pril 9, 2024
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


TABLE 1
Decarboxylated products of common amino acids, their known TAAR ligand status, and putative physiologic effects

Putative enzymes were obtained from the Brenda-enzymes.org database. Only those known or predicted to be present in eukaryotes are shown. See the text for citations,
with the exception of entries with footnotes.

Amino Acid Decarboxylated Amine Known Putative
Enzyme TAAR Ligand Physiologic Functions

Alanine Ethylamine Valine
decarboxylase
(EC 4.1.1.14)

Arginine Agmatine Arginine
decarboxylase
(EC 4.1.1.19)

TAAR13d, TAAR13e, and
TAAR14d agonist

Putative neurotransmitter.
Regulates various
neurotransmitter receptors,
regulates ion channels, inhibits
nitric oxide synthase, downregulates
matrix metalloproteases, prevents
advanced glycation end product
formation, and activates NADPH
oxidase

Ornithine
decarboxylase
(EC 4.1.1.17)

Asparagine 3-aminopropanamide No
Aspartic acid 3-amino propanoic acid (b-alanine) Aspartate

1-decarboxylase
(EC 4.1.1.11)

Precursor for carnosine. Possible
precursor for pantothenic acid
(vitamin B5). Agonist at glycine
receptorsArginine

decarboxylase
(EC 4.1.1.19)

Glutamate
decarboxylase
(EC 4.1.1.15)

Tyrosine
decarboxylase
(EC 4.1.1.25)

Cysteine Cysteamine Valine
decarboxylase
(EC 4.1.1.14)

Precursor of homotaurine.
Treatment of cystinosis

Glutamic acid GABA Glutamate
decarboxylase
(EC 4.1.1.15)

No Neurotransmitter

Arginine
decarboxylase
(EC 4.1.1.19)

Tyrosine
decarboxylase
(EC 4.1.1.25)

Glutamine 4-aminobutanamide (GABamide) No GABA uptake inhibitor. Putative
epidermal growth factor receptor
antagonist

Glycine Methylamine No Implicated in cardiovascular
complications of diabetes

Histidine Histamine Histidine
decarboxylase
(EC 4.1.1.22)

TAAR13a and TAAR13d agonist Neurotransmitter. Paracrine
hormone

AADC (EC 4.1.1.28)
Phenylalanine

decarboxylase
(EC 4.1.1.53)

Isoleucine 2-methyl-1-butylamine Methionine
decarboxylase
(EC 4.1.1.57)

Putative ligand at TAAR1 and
TAAR3a

Food additive

Valine
decarboxylase
(EC 4.1.1.14)

Leucine Isoamylamine (3-methyl-1-
butylamine; isopentylamine)

Methionine
decarboxylase
(EC 4.1.1.57)

TAAR3, TAAR12h, and TAAR16f
agonist

See text for details

Valine
decarboxylase
(EC 4.1.1.14)

Lysine Cadaverine Lysine
decarboxylase
(EC 4.1.1.18)

TAAR13c and 13d agonist. Agonist
at unidentified rat TAARs

See text for details

Arginine
decarboxylase
(EC 4.1.1.19)

Ornithine
decarboxylase
(EC 4.1.1.17)

(continued)
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b. Other Sources of b-Phenylethylamine, p-Tyramine,
and Related Compounds.
i. Microbiota-Derived Trace Amines. There is a

growing recognition of the role of the commensal micro-
biota in health and disease, including neurologic and
psychiatric disorders (Dinan and Cryan, 2015; Fung
et al., 2017), cancer and its chemotherapy (Alexander
et al., 2017; Roy and Trinchieri, 2017), metabolic disor-
ders (Sonnenburg and Bäckhed, 2016; Brunkwall and
Orho-Melander, 2017), and immune disorders (Honda
and Littman, 2016; Thaiss et al., 2016; Fung et al., 2017;
Luo et al., 2017). Prokaryotes contain a large array of

decarboxylase enzymes, many of which include L-amino
acids in their substrate profile (Zheng et al., 2011;Nelson
et al., 2015). Indeed, the production of PEA, TYR, and
TRP by commensal prokaryotes has been established
(Marcobal et al., 2006; Irsfeld et al., 2013;Williams et al.,
2014; Yang et al., 2015a), and bacterial production of
these compounds was the original basis of Nencki’s
studies on putrefaction and fermentation (see Grandy,
2007). With TAARs established to be present throughout
the body, it is expected that the role of trace amines and
their receptors inmediating host-microbiota interactions
will become a growing area of interest.

TABLE 1—Continued

Amino Acid Decarboxylated Amine Known Putative
Enzyme TAAR Ligand Physiologic Functions

Methionine 3-methylthiopropylamine Methionine
decarboxylase
(EC 4.1.1.57)

Interacts with enzymes in
polyamine metabolism

Valine
decarboxylase
(EC 4.1.1.14)

Ornithine Putrescine Ornithine
decarboxylase
(EC 4.1.1.17)

TAAR13d agonist Spermine/spermidine precursor

Lysine
decarboxylase
(EC 4.1.1.18)

Arginine
decarboxylase
(EC 4.1.1.19)

Phenylalanine PEA AADC
(EC 4.1.1.28)

TAAR1, TAAR4, and TAAR12h
agonist

See text for details

Phenylalanine
decarboxylase
(EC 4.1.1.53)

Tyrosine
decarboxylase
(EC 4.1.1.25)

Valine
decarboxylase
(EC 4.1.1.14)

Arginine
decarboxylase
(EC 4.1.1.19)

Proline Pyrrolidine Arginine
decarboxylase
(EC 4.1.1.19)

Fish attractantb

Serine Ethanolamine Arginine
decarboxylase
(EC 4.1.1.19)

Membrane phospholipid head
group. Sclerosing agent

Threonine 1-aminopropan-2-ol
(isopropanolamine)

No Present in salivac

Tryptophan TRP AADC (EC 4.1.1.28) TAAR1 and TAAR10b agonist See text for details
Phenylalanine

decarboxylase
(EC 4.1.1.53)

Tyrosine TYR AADC (EC 4.1.1.28) TAAR1 and TAAR4 agonist See text for details
Tyrosine

decarboxylase
(EC 4.1.1.25)

Phenylalanine
decarboxylase
(EC 4.1.1.53)

Valine Isobutylamine
(2-methyl-1-propylamine)

Valine
decarboxylase
(EC 4.1.1.14)

Found in various foodstuffs.
Activates olfactory/vomeronasal
organ. Putative puberty-
accelerating pheromoneMethionine

decarboxylase
(EC 4.1.1.57)

aLindemann and Hoener (2008).
bHarada (1985).
cSugimoto et al. (2013).
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ii. Food-Derived Trace Amines. PEA, TYR, and
TRP, as well as other endogenous trace amines, have
long been recognized as being abundant in commonly
ingested foods (Coutts et al., 1986). Although this
presence is often viewed from the perspective of
bacterial-induced food spoilage (Naila et al., 2010),
foods in which anaerobic fermentation is part of their
production are enriched in trace amines (Toro-Funes
et al., 2015; Gardini et al., 2016; Pessione and Cirrin-
cione, 2016). Aged cheeses, fermented meats, red wine,
soy products, and chocolate are well established as
being enriched in one or more of PEA, TYR, and TRP
(Coutts et al., 1986).
Another rich source of food-derived trace amines is

seafood, from molluscs and crustaceans to fish, where
high concentrations of agmatine, cadaverine, OCT,
PEA, putrescine, spermidine, spermine, TRP, and
TYR are found (An et al., 2015; Biji et al., 2016). In
fact, the name octopamine originates from octopus from
where it was first isolated (Erspamer, 1952). Although
under normal conditions the concentrations of food-
derived trace amines in the body are unlikely to reach
sufficient levels to activate TAARs other than those
expressed in the stomach (e.g., TAAR1 and TAAR9;
Ohta et al., 2017) and certainly do not exert indirect
sympathomimetic actions, there are conditions in which
this may occur. Individuals who adversely react to trace
amine–rich nutrients such as seafood, cheese, and wine
are known (Finberg andGillman, 2011; Biji et al., 2016),
although the molecular basis of the sensitivities are not
established in all cases. Genetic deficiency in mono-
amine oxidases (MAO)-A/B, which are key trace amine–
metabolizing enzymes, are known to significantly in-
crease urinary trace amine concentrations and pressor
responses to TYR (Lenders et al., 1996). Furthermore,
the well known “cheese effect” in patients treated with
MAO-A inhibitors is explained by pronounced accumu-
lation of TYR, sufficient to indirectly elevate blood
norepinephrine concentrations to the point of inducing
hypertensive crisis, severe migraine, and even death
(Finberg and Gillman, 2011). With the growing accep-
tance of TAARs by the wider scientific community, the
role of nutrient-derived TAAR ligands in health and
disease is likely to become a growing area of nutritional
biochemistry and food science interest and to overlap
with studies of the molecular basis of host-microbiota
interactions. Indeed, the possibility that food-derived
trace amines can activate host TAARs has now begun to
be recognized (Ohta et al., 2017).
A variety of herbal extracts and brews that are (or

have been) used in various cultures as medicines, for
religious ceremonies, or for their psychotropic effects
are also reported to either contain high levels of trace
amines or to alter their concentrations within the body,
with such changes implicated in the subsequent phys-
iologic responses. For example, N-methyltyramine has
been identified in Ginkgo biloba preparations (Könczöl

et al., 2016). Various trace amine compounds have also
been suggested to be present in Chinese herbal medi-
cines (Zhang et al., 2016) and in a variety of religious
herbal brews (Leonti and Casu, 2014), including aya-
huasca where DMT is thought to be one of the major
active constituents (Riba et al., 2003).

2. Degradation. Catabolism occurs primarily via
MAO (EC 1.4.3.4), with PEA being a highly selective
substrate for MAO-B (Yang and Neff, 1973). Little
selectivity is shown toward either MAO-A or MAO-B by
other compounds (Philips and Boulton, 1979; Durden
and Philips, 1980). All compounds have also been
reported to be substrates for the enzyme variously known
as semicarbazide-sensitive amine oxidase (SSAO; EC
1.4.3.21, formerly EC 1.4.3.6), vascular adhesion
protein-1 (VAP-1), or amine oxidase, copper containing
3 (AOC3) (Elliott et al., 1989). Catabolism via cyto-
chromeP450 isozymes has also been reported (Niwa et al.,
2011), but this is thought to be a very minor route under
physiologic conditions (Yu et al., 2003). Interconversion
of the trace amines readily occurs (Fig. 4), includ-
ing via methylation of the primary amine (Lindemann
and Hoener, 2005) generating both N-methyl and N,N-
dimethyl derivatives, presumably via indolethylamine
N-methyltransferase for TRP and via PNMT for PEA,
TYR, and OCT (Fig. 4). Some of these metabolites act on
one or more TAARs in their own right, although this is
species dependent with some such as DMT (Simmler
et al., 2016). PEA can also be acted on directly by
dopamine-b-hydroxylase generating phenylethanol-
amine (Saavedra and Axelrod, 1973; Danielson et al.,
1977), which also has been reported to be a full, albeit
weak, agonist at human TAAR1 (Wainscott et al., 2007).
Interconversion with the catecholamine and indole-
amine neurotransmitters (e.g., TYR conversion to dopa-
mine) was originally not thought to occur (Dyck et al.,
1983), although this may be an outcome of the limited
cytochrome P450–mediated metabolism at least in some
species (Hiroi, 1998; Bromek, 2010).

3. Storage and Passage across Membranes. Unlike
their neurotransmitter structural analogs, PEA, TYR,
and TRP do not appear to be stored. All three readily
diffuse across synthetic lipid bilayers in the absence of
transporters, with diffusion half-lives of 15 seconds or less
(Berry et al., 2013). Consistent with this, PEA passage
across the blood-brain barrier occurs by a mechanism
consistent with passive diffusion (Mosnaim et al., 2013),
whereas TYR passage across intestinal epithelial cells also
appears to be diffusionmediated (Tchercansky et al., 1994).
Release of PEA from the whole brain (Henry et al., 1988),
striatal slices (Dyck, 1989), or synaptosomes (Berry et al.,
2013) is not increased by K+-induced depolarization.
Similar results were also obtained with TYR (Henry
et al., 1988; Berry et al., 2013), with only a small increase
in release in response to K+-induced depolarization ob-
served in brain slices (Dyck, 1989). Likewise, no effect
of depolarization on TRP release from striatal slices was
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present (Dyck, 1989). The lack of effect of K+-induced
depolarization strongly suggests that these compounds
are neither stored in synaptic vesicles nor released by
exocytosis, presumably indicating “release” by simple
diffusion across the membrane, consistent with previous
reports of a lack of reserpine-sensitive vesicular storage
(Juorio et al., 1988). In contrast, veratridine-induced de-
polarization does increase the release of TYR from striatal
slices (Dyck, 1989), although whether similar effects occur
with PEA and/or TRP was not studied. Whether this
represents a subset of synaptic vesicles that TYR (and
possibly other trace amines) can access requires further
investigation. Consistent with a lack of vesicular storage,
however, the half-life of the endogenous pool of PEA and
TRPhas beenestimated to be less than30 seconds (Durden
and Philips, 1980). OCT has also been reported to have a
markedly higher turnover rate than either norepinephrine
or dopamine (Molinoff and Axelrod, 1972).
As recently discussed, the above-noted lack of effect of

depolarization on PEA, TRP, and, to a less clear extent,
TYR release from neuronal preparations is difficult to
explain thermodynamically (Berry et al., 2016). Even if
“release” is by diffusion, membrane depolarization
should increase this due to the subsequent increase in
the electrochemical gradient. The lack of such an effect
may indicate the presence of a membrane transporter
regulating the synaptic levels of PEA, TYR, and TRP.
Consistent with such a conclusion, PEA transport into
rabbit erythrocytes was previously reported to involve
an unknown transporter (Blakeley and Nicol, 1978), as
was transport across Caco-2 cells (Fischer et al., 2010).
Through the use of pharmacological probes, organic
cation transporter 2 (OCT2; Slc22A2) was recently
identified as a likely transporter of TYR in rat brain
synaptosomes, exhibiting a Kt approximately equal to
100 nM (Berry et al., 2016), in reasonable agreement
with estimates of endogenous TYR concentrations
(Berry, 2004). OCT2 is widely regarded as a polyspecific
transporter (Couroussé and Gautron, 2015) that inter-
acts with a wide variety of therapeutics (Kido et al.,
2011; Hacker et al., 2015), not dissimilar to the broad
substrate tuning reported for TAAR1 (see IV.B.1.c.
Trace Amine–Associated Receptor 1 Ligands). Should a
role for OCT2 in regulating trace amine membrane
passage at physiologically relevant concentrations be
validated, this would implicate the trace amine/TAAR
system as a new molecular target to be considered with
respect to adverse drug interactions for therapeutics
that interact with the OCT2 transporter.
In combination, the above studies suggest that the

archetypal trace amines readily cross cell membranes
by diffusion but that their levels are further regulated
by one ormore transporters. The current understanding
of the synthesis, metabolism, and transport of PEA and
TYR in neurons is summarized in Fig. 5.
4. Cellular Effects. Effects that are clearly demon-

strated to be due to interaction with one or more TAARs

are described in detail in subsequent sections dedicated
to the individual TAAR subtypes. A number of cellular
responses were described prior to the identification of
TAARs, however, and these are summarized in the
following paragraphs. Whether these effects are due to
an interaction with TAARs is often unknown, although
in many cases responses are strikingly similar to
current thoughts on the physiologic function of TAARs.

a. Indirect Sympathomimetic Responses. The TAAR1
ligandsPEAandTYR inparticular have long been known
to possess indirect sympathomimetic, amphetamine-like
effects (Fuxe et al., 1967; Baker et al., 1976; Raiteri et al.,
1977; Parker and Cubeddu, 1988). Such effects, which
involve inhibition of reuptake processes and the displace-
ment of monoamine neurotransmitters from their stores,
generally require PEA/TYR concentrations of at least
10 mM (Baker et al., 1976; Raiteri et al., 1977), which is
thought to be at least 100-fold in excess of physiologic
concentrations (see Berry, 2004). Amphetamine-like be-
havioral stereotypy is also induced by high-dose (.25mg/
kg) PEA/TYR administration (Dourish, 1982; Stoff et al.,
1984). Although they are less studied, similar indirect
sympathomimetic responses to OCT have also been
reported (Raiteri et al., 1977; Parker and Cubeddu,
1988). As previously described, such results led to
suggestions that trace amines, and PEA in particular,
serve the role of an endogenous amphetamine (Borison
et al., 1975; Janssen et al., 1999). The initial pharmaco-
logical characterization of TAARs provided a further
twist to this hypothesis, with various amphetamine-
derived compounds (Fig. 2) showing agonist activity at
TAAR1 (Bunzow et al., 2001). Focusing exclusively on the
so-called amphetaminergic-like effects does a consider-
able disservice to trace aminergic physiology, however,
and subsequent pharmacological profiling of TAAR1
(described in detail in IV.B. Trace Amine–Associated
Receptor 1) indicates that this is an oversimplification.
Amphetamine-type drugs are rather promiscuous in
their actions, and it is far more accurate to describe
amphetamines as including trace amine–like effects as
part of their spectrum of activity than to describe trace
amines as being endogenous amphetamines. Consistent
with this, differences in the aversive stimulus proper-
ties elicited by PEA and amphetamine were described
as far back as the 1980s, such that unlike amphetamine
(and other drugs of abuse), PEA does not induce a
conditioned taste aversion response (Greenshaw, 1984;
Greenshaw et al., 2002).

b. b-Phenylethylamine. Either iontophoretic or
intra-arterial administration of low doses of PEA has
been reported to cause changes in neuronal activity.
Although the doses employed were insufficient to alter
baseline neuronal activity, responses to norepineph-
rine (Paterson, 1988, 1993; Paterson and Boulton, 1988),
electrical stimulation of the locus coeruleus (Paterson,
1993), dopamine (Jones and Boulton, 1980b), or syn-
thetic dopamine agonists (Paterson et al., 1991) are all
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modulated by PEA. Such effects do not require the
presence of endogenous norepinephrine or dopamine
(Paterson, 1988, 1993), nor are they mimicked by the
exogenous application of dopamine (Jones and Boul-
ton, 1980b). Furthermore, selective elevation of endog-
enous PEA levels through inhibition of MAO-B gives
the same responses as exogenous PEA administration
(Paterson et al., 1991; Berry et al., 1994) and effects are
reversed by the subsequent selective reduction of PEA
levels through partial inhibition of AADC. These
modulatory responses show selectivity, with neuronal
responses to serotonin (Paterson and Boulton, 1988),
acetylcholine (Paterson and Boulton, 1988; Paterson,

1993), glutamate (Paterson and Boulton, 1988; Berry
et al., 1994), and GABA (Paterson, 1988; Paterson
and Boulton, 1988; Berry et al., 1994) remaining
unaffected.

Similarly, dopamine-mediated effects on membrane
fluidity are potentiated by the presence of low concen-
trations of PEA (Harris et al., 1988), although PEA
alone shows no effect on membrane fluidity (Harris
et al., 1988; Knight and Harris, 1993). These responses
were suggested to represent a PEA-mediated change in
both microtubule protein conformation and polymeri-
zation (Knight andHarris, 1993), although this does not
appear to have been further studied.

Fig. 5. Current understanding of the interplay between the TAAR1 and dopamine systems. b-PEA and TYR are synthesized in dopaminergic
terminals. Unlike dopamine, they are not stored within synaptic vesicles and readily diffuse across plasma membranes. Reuptake into presynaptic
terminals appears to be aided by OCT2. TAAR1 has a predominantly intracellular location, in which both pre- and postsynaptic effects are possible.
Whether a transporter contributes to postsynaptic uptake of trace amines is as yet unknown. TAAR1 may translocate to the cell surface after
heterodimerization with D2R, an effect that promotes preferential D2R signaling through the Gi signal transduction cascade rather than b-arrestin
2 pathway. TAAR1 interactions with D1R do not occur. A complex system of crosstalk between the dopamine and TAAR1 system is present.
Presynaptic activation of D2R, via the Gi signal transduction cascade, results in inhibition of PEA/TYR synthesis. Extracellular metabolism of
dopamine by COMT generates 3-MT, an agonist at TAAR1 that like extracellular PEA and TYR can activate the TAAR1/D2R heteromer complex both
at pre- and postsynaptic membranes. Dotted blue arrows indicate molecular movement, solid green arrows indicate receptor-mediated stimulation, and
solid red lines indicate receptor-mediated inhibition. DOPAC, 3,4-dihydroxyphenylacetic acid; L-Phe, L-phenylalanine; L-Tyr, L-tyrosine; PAA,
phenylacetic acid/4-hydroxyphenylacetic acid; TH, tyrosine hydroxylase; VMAT2, vesicular monoamine transporter 2.
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Chronic elevation of PEA has been reported to induce
a downregulation of D1R but not D2-like dopamine
receptors (D2Rs), as well as both b1- and b2-adrenergic
receptors (Paetsch and Greenshaw, 1993; Paetsch et al.,
1993). The mechanism by which such regulation occurs
is unknown. Acutely, PEA only interacts with D1R once
concentrations approach millimolar levels (Berry,
2011). Since brain levels of PEA were only reported to
be increased 10-fold (Paetsch et al., 1993), a direct
interaction with D1R is somewhat unlikely. Further-
more, the effect on b-adrenergic receptors was not seen
in all brain regions, arguing against a response second-
ary to direct interaction of PEAwith b-adrenoceptors. It
is possible that these effects of chronic PEA elevations
are secondary to increased synaptic monoamine con-
centrations after indirect sympathomimetic-like effects
of PEA increasing transporter-mediated outflow
(Sotnikova et al., 2004). Indeed, Sotnikova et al. ob-
served that rapid, short-acting effects of PEA on
extracellular dopamine levels were absent, and corre-
sponding locomotor activation and stereotypies were
not observed, if the dopamine transporter (DAT) was
knocked out. Rather, spontaneous activity manifested
by the DAT knockout (KO) mice during exposure to a
novel environment was significantly inhibited for an
extended period of time by PEA (Sotnikova et al., 2004).
This indicates that, similar to previously observed
responses with amphetamine (Gainetdinov et al.,
1999), PEA can exert a paradoxical calming action on
dopamine-mediated hyperactivity via mechanisms me-
diated by other monoamines, possibly also involving
interaction with TAAR1 (Sotnikova et al., 2009).
Aside from a regulation of neurotransmitter recep-

tors, PEA has been reported to stimulate gastrin
secretion from G cells of the antrum of rat stomach
(Dial et al., 1991), an effect shared with other endoge-
nous TAAR1 ligands TYR and TRP. This is particularly
interesting, given subsequent studies showing TAAR1-
mediated effects on nutrient-induced hormone secretion
from the gastrointestinal tract (see IV.B.3. Effects in the
Periphery). Production of PEA (as well as TYR and TRP)
has also been reported to enhance the ability of
Staphylococcus (Luqman et al., 2018) and Enterococcus
(Fernández de Palencia et al., 2011) species to adhere to
epithelial cells, promoting subsequent internalization
and enterocyte cytokine secretion. Finally, PEA has
been proposed to be a tiger pheromone (Brahmachary
and Dutta, 1979).
c. p-Tyramine. TYR has in general been reported to

have similar effects to PEA. Potentiation of neuronal
responses to both dopamine and norepinephrine has
been seen after low-level iontophoretic administration
of eitherm-tyramine (Jones and Boulton, 1980b) or TYR
(Jones and Boulton, 1980b; Jones, 1983). As seen with
PEA, selectivity of responses is present with no effect of
TYR on responses to GABA (Jones and Boulton, 1980b),
glutamate, or serotonin (Jones, 1982b, 1983). As before,

the low-level supplemental iontophoretic application of
dopamine (Jones and Boulton, 1980b) was unable to
recapitulate the responses observed to TYR.

Both PEA and TYR have been reported to be released
from activated platelets (D’Andrea et al., 2003), an
observation that takes on added interest in light of
TAAR-mediated chemotactic responses of leukocytes
(see IV.B.3.b. Immunomodulatory Effects). Interest-
ingly, species-dependent effects of TYR on leukocyte
and erythrocyte chemotaxis and aggregation were de-
scribed as far back as the early 1920s (Wolf, 1921, 1923).
In this regard, it is interesting to note that TYR
production by Enterococcus species found in cheese is
enhanced by conditions that simulate passage through
the gastrointestinal tract (Fernández de Palencia et al.,
2011). As described above, such production promotes
adherence of microbes to enterocytes (Fernández de
Palencia et al., 2011; Luqman et al., 2018) and may
modulate subsequent cytokine signaling by the entero-
cytes (Fernández de Palencia et al., 2011). TYR, along
with TRP, has also recently been reported to regulate
individual isoforms of neuronal acid-sensing ion chan-
nels (ASICs) (Barygin et al., 2017), an effect seen as a
voltage-dependent inhibition of opening and a voltage-
independent potentiation of closing of the ASIC1a
isoform.

d. Tryptamine. Compared with PEA and TYR,
electrophysiological responses to TRP are somewhat
more complicated. Although TRP potentiates inhibitory
serotonin responses, excitatory serotonin responses are
either unaffected or converted to inhibitory responses in
the presence of low-level TRP application (Jones and
Boulton, 1980a; Jones, 1982b). Similar effects of TRP
are seen on cortical neuron responses to electrical
stimulation of the raphe nuclei. Here, the excitatory
component of biphasic responses was markedly reduced
by the presence of TRP, whereas the inhibitory compo-
nent remained unaffected (Jones, 1982b). Cortical
neuron excitation in response to raphe stimulation is
normally followed by a long-lasting decrease in basal
firing, and this secondary decrease was potentiated by
the presence of TRP (Jones, 1982b). Such effects of TRP
on electrical stimulation were not mimicked by the low-
level iontophoretic application of serotonin itself (Jones,
1982b). In contrast, TRP application is without effect on
acetylcholine-induced responses (Jones and Boulton,
1980a). Similarly, serotonin-induced contraction of
smooth muscle is decreased in the presence of TRP at
concentrations below those that mimic the effect of
serotonin (Frenken and Kaumann, 1988), an effect
suggested to be due to an increase in the proportion of
5-hydroxytryptamine 2a (5-HT2a) receptors that are in
the agonist high-affinity state (Frenken and Kaumann,
1988). Such an effect suggests a TRP-mediated regula-
tion of receptor–G protein coupling mechanisms. As
indicated above, TRP has also been reported to regulate
ASIC1a ion channels (Barygin et al., 2017) and to
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promote the adherence of staphylococci species to
gastrointestinal epithelial cells (Luqman et al., 2018).
e. Octopamine. Although OCT was first synthesized

in 1910 (Barger and Dale, 1910), it was not identified in
tissue extracts until 1952 (Erspamer, 1952), when it
was found to be a component of the salivary gland of
Octopus vulgaris. OCT was suggested to be a cotrans-
mitter of norepinephrine over 40 years ago (Axelrod and
Saavedra, 1977) and to possibly modify noradrenergic
activity through an interaction with sites distinct from
norepinephrine and dopamine receptors (Hicks and
McLennan, 1978). Iontophoretic application of OCT in
amounts insufficient to affect basal neuronal activity
potentiates both inhibitory and excitatory responses to
norepinephrine (Jones, 1982a). Unlike TYR and PEA,
however, no effect was observed on responses to dopa-
mine or serotonin (Jones, 1982a). As observed with
other trace amines, low-dose norepinephrine applica-
tion was unable to elicit a similar modification of
responses (Jones, 1982a).
5. b-Phenylethylamine, p-Tyramine, and Tryptamine

in Human Disorders. Historically, trace amines have
been implicated in a diverse array of human disorders
(Berry, 2007). Although there is a large body of litera-
ture describing altered levels of PEA, TYR, TRP, and
their derivatives in various pathologies, and extensive
tabulations of such have previously been published
(Davis, 1989), many of these studies were performed
in small cohorts and findingswere not always confirmed
in subsequent studies. Probably, the most convincing
findings are observed in diseases involving altered
biogenic amine synthesis or metabolism such as phe-
nylketonuria, in which PEA levels are increased due to
elevated L-phenylalanine concentrations caused by
phenylalanine hydroxylase (EC 1.14.16.1) deficiency
(Reynolds et al., 1978). In patients with MAO-A/B
deficiencies, a dramatic increase of PEA, TYR, and
TRP is also found (Lenders et al., 1996). The contribu-
tion of increased trace amine levels to the complex set of
neurologic, cognitive, and psychiatric manifestations of
these disorders remains to be determined and is an area
for re-examination in light of the discovery of TAARs.
There are several lines of evidence supporting a role

of trace amines in schizophrenia. The finding that the
levels of “an endogenous amphetamine” (PEA) is in-
creased in the urine of some patientswith schizophrenia
led to a general hypothesis that PEA plays a critical role
in schizophrenia pathogenesis (Janssen et al., 1999).
Increased levels of DMT, a potent hallucinogen that is
produced endogenously in humans, have also been
reported (Jacob and Presti, 2005). It should be noted
in this respect, however, that althoughDMT is a TAAR1
agonist in common laboratory rodent species, this does
not appear to be the case in humans (Simmler et al.,
2016). This is perhaps not surprising, given that the
current evidence indicates that TAAR1 is primarily
tuned toward primary amines (Ferrero et al., 2012).

Whether one of the tertiary amine-tuned TAAR5–
TAAR9 receptors is capable of binding DMT is an area
for future studies.

Multiple studies have shown an association of schizo-
phrenia with key enzymes involved in the synthesis and
degradation of trace amines, particularly AADC and
catechol-O-methyl transferase (COMT; EC 2.1.1.6)
(Børglum et al., 2001; Shifman et al., 2006). Finally, a
decrease in the number of brain D-neurons, groups of
neurons that contain AADC but do not express tyrosine
hydroxylase or tryptophan hydroxylase and thus repre-
sent potential trace aminergic neurons, has been re-
ported in postmortem schizophrenia brains (Ikemoto
et al., 2003).

Similarly, links between trace amines and drug
abuse/dependence have long been noted, again based
largely on the “PEA as an endogenous amphetamine”
hypothesis. The discovery of TAARs, and in particular
TAAR1, has considerably strengthened these links, and
the role of TAAR1 in various drug abuse paradigms is
described in detail in IV.B.2.b.v. Addiction and Com-
pulsive Behaviors. Prior to the establishment of the role
of TAAR1, PEA was proposed to be involved in the
neural mechanisms of reward and reinforcement
(Greenshaw, 1984; Shannon and Thompson, 1984), as
well as increases in brain PEA levels reported in
response to D9-tetrahydrocannabinol (Sabelli et al.,
1974). Alterations in the activity of the trace amine
synthetic enzyme AADC have also been reported in
alcohol-dependent patients (Tiihonen et al., 1998),
along with single nucleotide polymorphisms of AADC
(Ma et al., 2005) and the chromosomal region containing
the AADC gene (Wang et al., 2005) being linked to
nicotine dependence. The dopaminergic system, and in
particular D2Rs, is well established to be important in
reward circuitry and addiction. The A1 allele of the
D2R, which has been linked with alcohol (Blum et al.,
1990; Noble, 2003), nicotine (Spitz et al., 1998; Bierut
et al., 2000), opioid (Lawford et al., 2000), psychostimu-
lant (Persico et al., 1996; Noble, 2003), and polysub-
stance (Comings et al., 1991, 1994; O’Hara et al., 1993)
abuse as well as pathologic gambling (Comings et al.,
1996), has also been reported to be associated with an
increase in AADC activity (Laakso et al., 2005).

A cohesive theory has also been put forth for a role of
PEA in affective disorders, whereby deficits in PEA are
associated with depression, whereas elevated PEA is
associated with mania symptoms (Karoum et al., 1982;
Davis, 1989; Sabelli and Javaid, 1995). Decreased levels
of PEA are observed in patients with depression (Wolf
and Mosnaim, 1983), whereas clinically effective MAO
inhibitors are known to elevate trace amine levels
(Sabelli and Mosnaim, 1974; Sabelli et al., 1996), and
elevated PEA levels have been suggested to underlie the
antidepressant effects of exercise (Szabo et al., 2001).
An association of unipolar and bipolar depression with
COMT and AADC genes has also been reported
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(Børglum et al., 2001; Shifman et al., 2006). Changes in
PEA levels have also been found in patients with
attention deficit hyperactivity disorder, for which am-
phetamine (a TAAR1 agonist) remains one of the most
effective treatments (Baker et al., 1991).
A role for trace amines in Parkinson disease has also

been suggested, with both COMT and MAO inhibitors
being used in clinical practice (Espinoza et al., 2012).
Intriguingly, levels of the extracellular dopamine me-
tabolite and TAAR1 agonist 3-MT are significantly
increased after chronic L-DOPA treatment (Rajput
et al., 2004) and may contribute to L-DOPA–induced
dyskinesia (Sotnikova et al., 2010). 3-MT levels are also
markedly increased in patients with pheochromocy-
toma and are the most sensitive biomarker for
this catecholamine-related disorder (Lenders and
Eisenhofer, 2017). A role for trace amines in migraine
and cluster headaches (D’Andrea et al., 2004) and food-
related headache attacks (Smith et al., 1970) has been
speculated, although certainly with respect to food-
induced migraines there is sparse supportive evidence
(Berry, 2007).
Recent unbiased metabolomics studies indicated that

elevated fecal PEA levels are present in patients with
Crohn disease (Jacobs et al., 2016; Santoru et al., 2017),
an effect that was suggested to contribute to the ability
to discriminate these patients from healthy controls
(Santoru et al., 2017). Similarly elevated TYR levels
were reported in ulcerative colitis fecal samples
(Santoru et al., 2017). Such studies are generally
consistent with previous links between inflammatory
bowel disorder pathology and altered L-phenylalanine
and L-tyrosine metabolism (Burczynski et al., 2006;
Jansson et al., 2009). Potential roles of trace amines in
anxiety disorders, eating disorders, epilepsy, and Reye
syndrome have been also been sporadically suggested
(see Berry, 2007). Elevated urinary PEA levels are
associated with general stress responses in both hu-
mans and rodents (Paulos and Tessel, 1982; Snoddy
et al., 1985; Grimsby et al., 1997) and this could
certainly be a confound in interpreting elevations of
PEA in disease conditions.

B. Isoamylamine

Although isoamylamine was identified as a biologi-
cally active component of both decayingmeat and tissue
samples at the same time as PEA, TYR, and TRP
(Barger and Dale, 1910), it has been far less studied in
subsequent years, presumably due to less structural
similarity to subsequently established neurotransmit-
ters (c.f. Figs. 1 and 3). Isoamylamine can be produced
by the decarboxylation of leucine (Table 1) and is a
component of commonly consumed fermented foodstuffs
(Cunha et al., 2011; Bach et al., 2012; Coton et al., 2012).
Although a variety of leucine decarboxylase activities
have been described in prokaryotes (Coton et al., 2012),
including some commensal gut microbiota (Haughton

and King, 1961), there is no known leucine decarbox-
ylase enzyme in vertebrates (Table 1). Isoamylamine
production could occur, however, via methionine decar-
boxylase (EC 4.1.1.57) or valine decarboxylase (EC
4.1.1.14), both of which include L-leucine in their sub-
strate profile (Table 1).

The initial descriptions of MAO activity identified
isoamylamine as a substrate (Blaschko et al., 1937;
Pugh and Quastel, 1937) and further characterization
has suggested that isoamylamine exhibits selectivity
toward MAO-B, similar to that of PEA (Peers et al.,
1980). In addition, isoamylamine is also a substrate for
SSAO/VAP-1/AOC3 (Elliott et al., 1989). Isoamylamine
is an agonist at TAAR3 (Liberles and Buck, 2006), and
TAAR3 and its responses are described in section IV.E.2
Trace Amine–Associated Receptor 3. Isoamylamine is
excreted in male mouse urine (Nishimura et al., 1989)
and may induce puberty in female mice (Nishimura
et al., 1989), suggesting a possible role as a pheromone,
which would most likely require that a nonmicrobial
synthetic pathway is present. Others, however, have
failed to replicate the puberty-accelerating effect of
isoamylamine (Price and Vandenbergh, 1992).

Previously, isoamylamine was reported to share a
gastrin secretion-stimulating effect with PEA and TYR
(Dial et al., 1991) and it has recently been reported to
regulate gastrointestinal motility in a tetrodotoxin-
sensitive manner (Sánchez et al., 2017), possibly in-
dicating a neuron-mediated mechanism. In this regard,
it is interesting to note that isoamylamine was sug-
gested to be an endogenous neurally active compound at
least 40 years ago (Tashiro et al., 1974). More recently,
cardiac levels of isoamylamine were reported to nega-
tively correlate with septal wall thickness and to be
increased in patients suffering cardiac arrest (Meana
et al., 2016). Isoamylamine was also suggested to be
beneficial in an animal model of endotoxemia (Yen
et al., 2016). The mechanism and importance of these
putative effects requires further study.

C. Trimethylamine

Although repeatedly identified as a component of
various human bodily fluids between themid-1850s and
early 1910s (see Mitchell and Smith, 2016), a physio-
logic relevance of trimethylamine was not suggested
until the 1930s when an increase in its excretion was
reported to occur during menstruation (Ashley-
Montagu, 1938), an effect that has subsequently been
confirmed (Shimizu et al., 2007). Although trimethyl-
amine levels have been associated with various disease
conditions (Chhibber-Goel et al., 2016), are sexually
dimorphic (Gavaghan McKee et al., 2006), and a pro-
posed male pheromone in mice (males having a genetic
deficiency in trimethylamine metabolism) (Li et al.,
2013), there is no known endogenous synthetic path-
way. Rather, trimethylamine production is thought to
occur as a by-product of prokaryotic degradation of
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dietary choline, betaine, phosphatidylcholine, and L-
carnitine (Zhang et al., 1999; Craciun and Balskus,
2012; Zhu et al., 2014; Kalnins et al., 2015; Fennema
et al., 2016). Such well documented production by the
commensal microbiota, along with an established host
receptor (TAAR5, see subsequent sections), makes
trimethylamine an attractive candidate molecule for
investigating the growing appreciation of the role of the
microbiota in health and disease. The apparent lack of
nonmicrobial production of trimethylamine raises ques-
tions as to whether it is the true endogenous ligand for
TAAR5 and offers an interesting parallel to the arche-
typal trace amines TYR, PEA, and TRP, which were
previously often consigned to the role of metabolic
by-products (Berry, 2004). With a receptor that is
selectively activated by trimethylamine now identified,
a re-examination of whether trimethylamine produc-
tion is solely dependent on the commensal microbiota is
warranted.
Trimethylamine has been confirmed to be a high-

affinity agonist at TAAR5 from multiple species
(Liberles and Buck, 2006; Ferrero et al., 2012; Li
et al., 2013; Wallrabenstein et al., 2013; Zhang et al.,
2013). Effects clearly demonstrated to be TAAR5 medi-
ated are described in sections IV.C.4 Trace Amine-
Associated Receptor 5 and IV.E.4 Trace Amine–
Associated Receptor 5, although these are rather few
in number at present. The main interest in trimethyl-
amine thus far has been with respect to its degradation.
This primarily occurs via the enzyme flavin monoox-
ygenase 3 (FMO3; EC 1.14.13.8), which is prevalent in
hepatic tissue, including in humans (Fennema et al.,
2016). This generates trimethylamine-N-oxide (TMAO),
a compound that has been increasingly implicated as
playing a role in both cardiovascular and metabolic
disorders (Fennema et al., 2016; Zhang and Davies,
2016). Interestingly, the Km for trimethylamine metab-
olism by FMO3 is rather high (28 mM; Lang et al., 1998)
and is approximately 100-fold in excess of the EC50

values of trimethylamine at TAAR5 from various
species (Berry et al., 2017). This raises the possibility
of previously unsuspected physiologic effects of nano-
molar trimethylamine levels and that TAAR5 may be
under tonic activation. As described in later sections, at
least two receptor targets for trimethylamine are likely
to be present, since TAAR5 KO prevents low-dose but
not high-dose trimethylamine effects (Li et al., 2013).
An evolutionary deletion of FMO3 in male mice

underlies their markedly increased urinary trimethyl-
amine levels (Li et al., 2013). In humans, a genetic
deficiency in FMO3 leads to the condition of trimethy-
laminuria (Humbert et al., 1970), in which large
quantities of trimethylamine are excreted in sweat,
urine, and exhaled air (Fennema et al., 2016). Kidney
damage (Bain et al., 2006; Chhibber-Goel et al., 2016)
and gut dysbiosis (Fennema et al., 2016) can also lead to
trimethylaminuria, as can invasion by pathologic

microflora associated with bacterial vaginosis or infec-
tions of the oral cavity (Fennema et al., 2016; Zhang and
Davies, 2016). The increased trimethylamine urinary
excretion associated with menstruation (Mitchell and
Smith, 2010) may reflect regulation of FMO3 by female
sex hormones (Coecke et al., 1998; Shimizu et al., 2007).
Consistent with this, FMO3 activity is altered during
pregnancy (Hukkanen et al., 2005). Interestingly, tri-
methylamine urinary levels were found to be very stable
in a recent study in children, showing the least intra-
individual variability during repeated sampling,
whereas those of its metabolite TMAO were highly
variable (Maitre et al., 2017), suggesting that trimethyl-
amine levels aremore tightly controlled than those of its
primary metabolite. This could indicate a physiologic
relevance of the parent compound. Trimethylamine has
also been detected in the feces of at least one avian
species (the black-bellied whistling duck) (Robacker
et al., 2000), where it may play a role in either
conspecific (Mueller et al., 2008) or heterospecific
(Robacker et al., 2000) communication.

Trimethylaminuria is generally classified as a rather
benign condition, except for the socially stigmatizing
strong fish odor associated with afflicted individuals,
and this is the basis of the more common name for the
disorder—fish malodor syndrome. The pronounced
malodor associated with trimethylaminuria does, how-
ever, result in a severe loss of quality of life for affected
persons (Fennema et al., 2016).

TMAO can also be produced by bacterial action on
trimethylamine through various oxygenase enzymes or
by the nonenzymatic action of reactive oxygen species
(Brown and Hazen, 2017). In addition, prokaryotes can
convert TMAO back to trimethylamine (Zhang et al.,
1999). Alternatively, dehydrogenase enzymes from at
least some bacteria can convert trimethylamine into
dimethylamine (Kim et al., 2001; Shi et al., 2005) with
subsequent conversions to methylamine and ammonia
(Kim et al., 2001), although whether this ability is
shared by commensal bacteria is unknown.

At high concentrations trimethylamine has been
reported to inhibit macromolecule synthesis, leading
to teratogenesis in mouse embryos due to inhibition of
receptor-mediated precursor uptake (Guest and Varma,
1992; Guest et al., 1994). This effect has been suggested
to be more pronounced in male offspring due to
trimethylamine-mediated inhibition of testosterone
synthesis (Guest and Varma, 1993). FMO3 expression
is regulated by both glucagon and insulin, with insulin
decreasing FMO3 levels in a sexually dimorphic man-
ner (Miao et al., 2015), and dysregulated trimethyl-
amine metabolism has been implicated in the pathology
of both obesity and diabetes (Dumas et al., 2006; Toye
et al., 2007), including in humans (Elliott et al., 2015).
Trimethylamine levels have also been correlated to the
onset of symptoms in the interleukin-10 KO mouse
model of inflammatory bowel disease (Murdoch et al.,
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2008), although the basis of this relationship is unclear.
As previously indicated, there is a growing body of work
that implicates the trimethylamine metabolite TMAO
in cardiovascular disease (Koeth et al., 2013;Miao et al.,
2015). Although few studies have examined for a role of
the parent compound, one study has linked trimethyl-
amine to atherosclerosis in patients with human im-
munodeficiency virus infection (Srinivasa et al., 2015).
Elevated trimethylamine levels have also been sug-
gested in patients with a malignant peripheral nerve
sheath tumor (Fayad et al., 2014) and glomeruloscle-
rosis (Hao et al., 2013), although the relevance of these
observations to disease processes has not been deter-
mined. High-altitude pulmonary edema has also been
reported to be associated with a decrease in plasma
trimethylamine levels (Luo et al., 2012), although the
relevance of this beyond serving as a potential bio-
marker is unknown.
Trimethylaminuria has sporadically been reported to

be associated with epilepsy (McConnell et al., 1997;
Pellicciari et al., 2011), and a lowering of the epilepto-
genic threshold has been reported in experimental
animals in response to trimethylamine (Gajda et al.,
2003; Leniger et al., 2004; Sayyah et al., 2007; Nassiri-
Asl et al., 2008), possibly as a consequence of the
opening of gap junctions (Gajda et al., 2003; Bocian
et al., 2011; Chang et al., 2013). That epileptic activity
could be controlled by a diet restricted in trimethyl-
amine precursors (McConnell et al., 1997; Pellicciari
et al., 2011) raises the possibility of a direct causal link
between elevated trimethylamine and a lowered epi-
leptogenic threshold. Possibly related to this, trimethyl-
amine has also been reported to increase the amplitude
of theta wave oscillations (Bocian et al., 2011). A variety
of psychiatric and behavioral disorders have been
suggested to coexist with trimethylaminuria, although
how many of these are either simply coincidental
(McConnell et al., 1997) or secondary to the social
stigma associated with the pronounced halitosis and
body odor (Todd, 1979; Mitchell and Smith, 2001) is
unclear. Some behavioral abnormalities have, however,
been reported to be ameliorated with diets low in
trimethylamine precursors (McConnell et al., 1997),
indicating a possible link between trimethylamine me-
tabolism and central neuronal function.
Lower maternal urinary trimethylamine levels have

been reported to be associated with fetal growth re-
tardation (Maitre et al., 2014), whereas maternal
plasma trimethylamine levels may be a marker for
discrimination of trisomy 18 from trisomy 21 (Bahado-
Singh et al., 2013). Interestingly, FMO3 expression is
not turned on until after birth in humans and continues
to increase until adulthood (Fennema et al., 2016),
suggesting a developmental component to the
trimethylamine/TMAO axis. Trimethylamine is present
in breast milk and its concentration in amniotic fluid
increases markedly during gestation (Lichtenberger

et al., 1991). Together, these studies raise the possibility
of an involvement of trimethylamine in programming
fetal and neonatal metabolism.

D. O-Methyl and N-Methyl Derivatives

The O-methyl metabolites of the catecholamine
neurotransmitters (3-MT, 4-methoxytyramine,
metanephrine, and normetanephrine) were identified
as agonists at TAAR1 during the initial characteriza-
tion of the receptor family (Bunzow et al., 2001), with
the effect of 3-MT being subsequently confirmed by
others (Sotnikova et al., 2010). Although very few
studies have examined the physiologic effects of these
compounds, a complex spectrum of locomotor behaviors
and the corresponding striatal intracellular signaling
events are induced by intracerebroventricular 3-MT
administration, and these are partially ameliorated in
TAAR1-KO animals (Sotnikova et al., 2010). 3-MT
levels are increased in brains with Parkinson disease
during the development of dyskinesias after chronic L-
DOPA administration (Rajput et al., 2004). As such,
TAAR1 may be a target for improving the on-off
phenomenon associated with long-term L-DOPA ther-
apy. Such effects certainly point to at least 3-MT having
physiologic roles beyond being a mere marker of
extracellular dopamine levels, and it is expected that
the identification of TAAR1 as a receptor target for the
O-methyl neurotransmitter metabolites will lead to
further studies in these areas.

N-methyl metabolites of trace amines have also been
shown to be ligands for TAARs (Lindemann and
Hoener, 2005); however, with at least some of these
compounds, this is species dependent (Simmler et al.,
2016; Berry et al., 2017). N-methyltyramine is widely
distributed in plant species (Smith, 1977; Stohs and
Hartman, 2015), where its presence has been known
since 1950 (Kirkwood andMarion, 1950). In addition,N-
methylphenylethylamine has been identified in human
urine (Reynolds and Gray, 1978). Like the parent
compounds, at high concentrations, N-methyl trace
amines have long been known to cause pronounced
pressor effects (Hjort, 1934), most likely due to either
direct or indirect sympathomimetic effects (Stohs and
Hartman, 2015). In addition, and at much lower
concentrations, N-methyltyramine has been reported
to stimulate gastric (Yokoo et al., 1999) and pancreatic
(Tsutsumi et al., 2010) secretions. DMT is perhaps the
most widely studied of the N-methyl derivatives due to
its potent hallucinogenic properties, which likely have a
polypharmacological basis (Carbonaro and Gatch,
2016). In addition to neural effects, DMT also appears
to possess immunomodulatory properties (Szabo, 2015).

E. 3-Iodothyronamine

Like the archetypal trace amines, 3IT is an endoge-
nous compound found at nanomolar levels throughout
the body in both rodents and humans (Scanlan et al.,
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2004; Zucchi et al., 2014). Although it is often reported
as a derivative/metabolite of thyroid hormones (Hoefig
et al., 2016), whether 3IT is indeed derived from either
3,39,5-triiodothyronine or thyroxine after decarboxyl-
ation and deiodination is a matter of some conjecture
(Ackermans et al., 2010; Hoefig et al., 2011, 2015;
Hackenmueller et al., 2012). The available evidence
indicates that 3IT is not formed by the action of AADC
(Hackenmueller et al., 2012; Hoefig et al., 2012) butmay
be formed by ornithine decarboxylase (EC 4.1.1.17)
(Hoefig et al., 2015). Once formed, 3IT is a substrate
for MAOs, SSAO/VAP-1/AOC3, and deiodinases, result-
ing in the production of 3-iodothyroacetic acid and
thyronamine (Piehl et al., 2008; Wood et al., 2009;
Saba et al., 2010; Hackenmueller and Scanlan, 2012;
Laurino et al., 2015). In addition,N-acetyl,O-sulfonate,
and glucuronide conjugates of 3IT have been reported to
be widely distributed throughout the body (Pietsch
et al., 2007; Hackenmueller and Scanlan, 2012).
In 2004, 3IT was identified as a high-affinity agonist

at TAAR1 (Scanlan et al., 2004). This has subsequently
been verified by numerous laboratories (Mühlhaus
et al., 2014; Cöster et al., 2015; Chiellini et al., 2017),
with 3IT also shown to act as an agonist at TAAR2
(Babusyte et al., 2013; Cichero and Tonelli, 2017) and as
an inverse agonist at TAAR5 (Dinter et al., 2015c). 3IT
is promiscuous, however, and also interacts with high
affinity at a2-adrenoceptors (Regard et al., 2007; Dinter
et al., 2015b), b-adrenergic receptors (Meyer andHesch,
1983; Kleinau et al., 2011; Dinter et al., 2015a),
muscarinic acetylcholine receptors (Laurino et al.,
2016), transient receptor potential cation channel sub-
family M member 8 ion channels (Khajavi et al., 2015;
Lucius et al., 2016), various monoamine and organic
anion transporters (Snead et al., 2007; Panas et al.,
2010), and molecular target(s) within mitochondria,
including the F1-F0ATP synthase (Cumero et al.,
2012) and possibly complex III (Venditti et al., 2011).
3IT also tightly binds to the plasma protein apolipopro-
tein B-100 (Roy et al., 2012).
The physiologic effects of 3IT are often, although not

exclusively, opposite to those of the thyroid hormones. A
variety of physiologic effects of 3IT have been reported
and a number of reviews of such effects have previously
been published to which the reader is referred for
further details (Ianculescu and Scanlan, 2010; Zucchi
et al., 2010, 2014; Piehl et al., 2011; Hoefig et al., 2016).
Here, we will provide a brief overview of such effects
with the following caveat: the promiscuous nature of
3IT makes it highly unlikely that all, or even most, of
the physiologic effects described aremediated via one or
more TAARs. Where there is unequivocal evidence of
TAAR-mediated 3IT responses, these are discussed in
the subsequent sections focused on those individual
receptor subtypes. Furthermore, it was recently sug-
gested that at least some of the effects previously
ascribed to 3IT may in fact be a function of one or more

of its metabolites (Hoefig et al., 2016; Laurino and
Raimondi, 2017), adding a further level of complexity to
the elucidation of the physiologic relevance and phar-
macological effects of 3IT.

1. Cardiovascular Effects. Negative inotropic and
chronotropic effects are observed both in vivo and in
isolated heart preparations after 3IT administration
(Scanlan et al., 2004; Chiellini et al., 2007), possibly due
to an interference with release of Ca2+ from intracellu-
lar stores (Ghelardoni et al., 2009). At higher concen-
trations, a decrease in aortic flow and cardiac output is
also observed (Frascarelli et al., 2011).

2. Metabolic Effects. Effects on energy metabolism
have been seen after both intraperitoneal and intra-
cerebroventricular administration of 3IT. Effects in-
clude hyperglycemia (Regard et al., 2007; Klieverik
et al., 2009; Manni et al., 2012), reduced insulin and
increased glucagon secretion (Regard et al., 2007;
Manni et al., 2012), and ketonuria associated with a
loss of body fat due to a switch from glucose to lipid
metabolism (Braulke et al., 2008). Changes in gene
expression consistent with increased lipolysis have also
been reported to occur in response to 3IT (Mariotti et al.,
2014). Some of these responses were suggested to be
secondary to altered neuropeptide Y secretion (Dhillo
et al., 2009). Interestingly, TAAR1 activation has
separately been reported to regulate secretion of the
closely related peptide YY (PYY) (Raab et al., 2015).
Both increases (Dhillo et al., 2009) and decreases
(Manni et al., 2012) in food intake have been observed
in response to 3IT, effects that are dependent on the
dose administered. Effects on in vivo energymetabolism
and food consumption appear to have both central and
peripheral components (Klieverik et al., 2009; Manni
et al., 2012) and are almost certainly reflective of the
promiscuity of 3IT’s molecular targets (Regard et al.,
2007).

3. Thermoregulation. Administration of 3IT induces
a rapid, long-lasting hypothermia, with no compensa-
tory induction of shivering or piloerection (Scanlan
et al., 2004; Doyle et al., 2007; Braulke et al., 2008).
These effects are maintained in TAAR1-KO animals
(Panas et al., 2010) and are proposed to be due to a
decrease in basal metabolic rate (Braulke et al., 2008).
Indeed, 3IT has been reported to induce a hibernation-
like torpidity in lizards (Ha et al., 2017) and mice (Ju
et al., 2011). On the basis of the hypothermic effect, it
was hypothesized that 3IT may reduce infarct size after
ischemic injury, an effect that was subsequently seen in
the middle cerebral artery occlusion model of stroke
(Doyle et al., 2007). That effects were indeed due to
hypothermia was suggested by the lack of a neuro-
protective effect of 3IT in primary neuronal culture
models and by a loss of in vivo protection when body
temperature was maintained by use of a heating pad
(Doyle et al., 2007). In contrast, in an isolated heart
preparation, protection against ischemia was still seen
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(Frascarelli et al., 2011), an effect that occurred at
concentrations below those that induced changes in
cardiac output or aortic flow. This cardioprotective
effect appeared to be due to an activation of PKC and
subsequent opening of KATP channels.
4. Other Effects. A modulation of pain pathways,

seen as an antinociceptive effect, has been reported
after 3IT administration (Manni et al., 2013), an effect
suggested to be mediated after metabolism to
3-iodothyroacetic acid, and subsequent modulation of
histaminergic signaling (Laurino et al., 2015). Manni
et al. (2013) have also reported procognitive effects of
3IT. Regulation of sleep, and in particular a decrease in
nonrapid eye movement (NREM) sleep, has also been
reported after 3IT dosing (James et al., 2013). Whether
this relates to the NREM-suppressing, wakefulness-
promoting effects of TAAR1 activation (Black et al.,
2017; Schwartz et al., 2017) is an open question.

F. Polyamines

Like the archetypal trace amines, polyamines are
found in all species (Miller-Fleming et al., 2015). They
are traditionally viewed as consisting of cadaverine,
putrescine, spermidine, and spermine. Polyamine me-
tabolism is complex, not least because of their ability to
interconvert, and this has been detailed fully in numer-
ous review articles (Miller-Fleming et al., 2015; Pegg,
2016). Putrescine is primarily derived from L-ornithine
by the action of ornithine decarboxylase (EC 4.1.1.17;
Table 1). Putrescine itself can be converted to spermi-
dine by spermidine synthase (EC 2.5.1.16), which in
turn can be converted to spermine by spermine syn-
thase (EC 2.5.1.22). Both spermidine synthase and
spermine synthase are dependent on the action of S-
adenosylmethionine decarboxylase (EC 4.1.1.50) to
generate decarboxylated S-adenosylmethionine as a
donor of aminopropyl groups. Back conversion of sper-
mine to spermidine, and spermidine to putrescine can
occur after N1-acetylation by spermidine/spermine N1-
acetyltransferase, and subsequent oxidation by poly-
amine oxidase (EC 1.5.3.11). A distinct spermine/
spermidine N8-acetylation pathway is also present,
which may generate substrates of MAO (Youdim
et al., 1991). Cadaverine is produced by direct decar-
boxylation of lysine through the action of lysine decar-
boxylase (EC 4.1.1.18; Table 1).
Although polyamines are usually considered distinct

from monoaminergic signaling systems, a putative
diamine binding site was reported to be present in both
human TAAR6 and TAAR8 (Li et al., 2015). Further-
more, at least in fish, olfactory detection of cadaverine
was shown to be dependent on TAAR13c (Hussain et al.,
2013), with other teleost-specific TAAR isoforms also
recognizing diamines (Table 2). Although these TAAR
isoforms are not found in terrestrial vertebrates, pan-
TAAR-KO prevents the innate avoidance behavior
shown by mice in response to the presence of both

putrescine and cadaverine (Dewan et al., 2013). Which
mouse TAAR isoform(s) is responsible, however, re-
mains unknown. Furthermore, whether polyamines
other than putrescine and cadaverine also act as ligands
at tetrapod TAARs is an area for systematic study, but it
is perhaps quite likely that spermine and/or spermidine
will also interact with one or more TAARs, given their
close structural homology to putrescine and cadaverine
and similar ecological context to other TAAR ligands
such as trimethylamine and isoamylamine.

The physiology of cadaverine and putrescine remains
largely a mystery, beyond their association with decay-
ing carcasses due to bacterial degradation of proteina-
ceous material and innate repulsive properties in
most species. The classic polyamines as a whole have
been implicated in a variety of mammalian cellular
processes, most notably in the regulation of cell
growth and proliferation, cellular stress responses,
ion channel function, and as allosteric regulators of
glutamatergic NMDA and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors
(Miller-Fleming et al., 2015; Pegg, 2016). One other
polyamine perhaps deserves mention in these regards.
Agmatine is formed by decarboxylation of arginine
(Table 1), primarily via arginine decarboxylase (EC
4.1.1.19), and can itself be subsequently converted into
putrescine after elimination of urea by the enzyme
agmatinase (EC 3.5.3.11). A variety of physiologic and
pathologic functions have been ascribed to agmatine
(Table 1) (Piletz et al., 2013), many of which bear a
striking overlap with the reported effects of TAARs and/
or trace amines. For example, agmatine has been shown
to interact either directly or indirectly with the function
of a variety of neurotransmitter receptors, including
imidazoline receptors (Li et al., 1994; Raasch et al.,
2001), NMDA receptors (Yang and Reis, 1999), and
serotonin 5-HT2a receptors (Taksande et al., 2009).
Agmatine also modulates the functions of KATP chan-
nels (Shepherd et al., 1996) and ASICs (Li et al., 2010)
and interacts with a variety of transporter proteins,
including OCT2 (Gründemann et al., 2003), OCT3
(Gründemann et al., 2003), andmitochondrial transport
systems (Grillo et al., 2007). Like the known TAAR
ligands PEA, TYR, and isoamylamine, regulation of
gastrin secretion by agmatine has also been reported
(Dial et al., 1991). This is far from an exhaustive list;
agmatine has been reported to have a wide variety of
molecular targets and physiologic effects (Molderings
and Haenisch, 2012; Piletz et al., 2013; Laube and
Bernstein, 2017), and binding to one ormore TAARmay
just be one of many mechanisms by which agmatine can
exert its effects.

Although the molecular basis of its effects remains
largely unknown, agmatine dysregulation has been
implicated in affective disorders, cognition, drug
abuse/addiction, and metabolic disorders (Piletz et al.,
2013). Although agmatine is known not to interact with
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TAAR1 (Hu et al., 2009), it does interact with multiple
zebrafish TAARs, including TAAR13c (Table 2)
(Hussain et al., 2013). Putative interaction at mamma-
lian TAAR subtypes is an area for future study,
particularly in light of the presence of a diamine binding
pocket in TAAR6 and TAAR8 that is conserved with
that present in TAAR13c (Li et al., 2015).

G. Putative Other Trace Amines

The majority of TAARs remain orphan receptors with
no known cognate ligand. Indeed, as described in sub-
sequent sections, this is problematic with respect to
following current IUPHAR conventions for naming the
receptor family. From the preceding sections, however,
it is readily apparent that a large number of TAAR
ligands are the direct products of amino acid decarbox-
ylation (Table 1), and this is perhaps a good place to
start the search for endogenous ligands of currently
orphaned TAARs. With this in mind, Table 1 provides,
for reference, the decarboxylated products of common
amino acids and, where known, their physiologic effects
and TAAR binding activity.

III. Invertebrate Trace Amines

TYR and OCT are now well established signaling
molecules in invertebrates (Downer et al., 1993;
Kutsukake et al., 2000; Anton et al., 2006; Farooqui,
2007; Kononenko et al., 2009). Unlike in vertebrate
species, however, they appear to serve the role of bona
fide neurotransmitters in invertebrates, functioning as
invertebrate versions of vertebrate adrenergic systems
(Roeder, 2005; Lange, 2009; Homberg et al., 2013).
Indeed, in invertebrate nervous systems, TYR and
OCT are present at high concentrations, raising the
question as to whether they should continue to be
referred to as “trace” amines in these species (Roeder,
2016). Consistent with the divergence of physiologic
roles of the ligands, invertebrates possess dedicated
TYR and OCT receptors that are evolutionarily distinct
from TAARs (see subsequent sections for further de-
tails). As such, current evidence indicates that the
ability to use TYR and OCT has arisen at least twice

during evolution. This also necessitates that caution be
exercised, because it makes a number of common model
systems (particularly Caenorhabditis elegans and
Drosophila) not suitable for translational research with
trace amines due to the independence of functions
and divergence of receptors. The evolutionary dis-
tance between invertebrate OCT/TYR receptors and
mammalian TAARs has made the invertebrate recep-
tors an attractive target for the development of selec-
tively acting insecticides, and some progress has been
made in this area in recent years (Roeder et al., 1995,
2003). Although it is far less studied, isoamylamine has
also been suggested to be an endogenous neuronally
active compound in invertebrates (Tashiro et al., 1974),
whereas trimethylamine-induced release of intracellu-
lar calcium stores has been reported in gastropod
neurons (Willoughby et al., 2001).

A. Synthesis and Degradation

Although invertebrate synthesis and degradation of
TYR and OCT occurs by analogous pathways to those of
vertebrates, distinct enzymes are present (Blenau and
Baumann, 2001; Roeder, 2005; Verlinden et al., 2010a).
Dedicated tyrosine decarboxylase enzymes are found in
various invertebrate species (Livingstone and Tempel,
1983; Ishida and Ozaki, 2012; McCoole et al., 2012;
Christie et al., 2014) and, at least inDrosophila, distinct
neuronal and non-neuronal isozymes exist (Cole et al.,
2005). Although an AADC-like, DOPA decarboxylase
enzyme may also be present, this does not appear to act
on L-tyrosine (Han et al., 2010). In addition to being
active in its own right, TYR can be further acted upon by
tyramine-b-hydroxylase enzymes to generate OCT
(Monastirioti et al., 1996; Alkema et al., 2005;
Nishimura et al., 2008; Châtel et al., 2013). Again,
multiple isozymic forms are present in some species
(Châtel et al., 2013). Formation of TYR from dopamine
via a dopamine dehydroxylase pathway is also possible
in some species (Walker and Kerkut, 1978; Roeder,
2005).

Whereas vertebrate degradation of TYR and OCT
occurs primarily by MAOs, the primary invertebrate
degradative route is thought to be viaN-acetylation and
N-methylation (Dewhurst et al., 1972; Roeder, 2005;
Verlinden et al., 2010a), with sulfate, b-alanyl, glycosyl,
and ɣ-glutamyl conjugations also possible (Maxwell
et al., 1980; Wright, 1987; Sloley, 2004; Roeder, 2005).

B. Storage and Release

OCT release has been demonstrated to occur from
insect neuronal preparations in response to both elec-
trical- and K+-induced depolarization (Morton and
Evans, 1984; Orchard and Lange, 1987; Verlinden
et al., 2010a), with typical neurotransmitter-like exo-
cytotic release from synaptic vesicles (Consoulas et al.,
1999). Released TYR and OCT are primarily removed
from the synaptic cleft by dedicated transporter systems

TABLE 2
Identified ligands at teleost TAARs

TAAR Ligand

TAAR10a Serotonin
TAAR10b TRP
TAAR12h PEA, isoamylamine
TAAR12i 3-MT
TAAR13a Histamine
TAAR13c Cadaverine
TAAR13d Putrescine, histamine, cadaverine, agmatine
TAAR13e Agmatine
TAAR14d Agmatine
TAAR16c N-methylpiperidine, N-methylpyrrolidine
TAAR16e N,N-dimethylcyclohexylamine
TAAR16f Isoamylamine
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(Roeder and Gewecke, 1989; McClung and Hirsh, 1998;
Gallant et al., 2003; Donly and Caveney, 2005), with
some evidence for species specificity in the transporters
present (Roeder, 2005).

C. Octopamine Receptors

The first invertebrate OCT receptor to be identified
was found in the mushroom bodies of the D. mela-
nogaster brain andwas namedOAMB (Han et al., 1998).
More recently, it has been suggested that this receptor
be renamed OctaR, reflective of its homology to verte-
brate a-adrenergic receptors (Evans and Maqueira,
2005; Bayliss et al., 2013). The OAMB receptor is
coupled to Ca2+ accumulation (Zeng et al., 1996; Han
et al., 1998; Grohmann et al., 2003; Balfanz et al., 2005;
Evans and Maqueira, 2005). Orthologs of OAMB have
subsequently been identified in Apis (Blenau and
Baumann, 2001; Grohmann et al., 2003; Balfanz et al.,
2014), Anopheles (Kastner et al., 2014), Schistocerca
(Verlinden et al., 2010b), and Locusta (Hiripi et al.,
1994; Ma et al., 2015), among other invertebrate
species. Whether the OAMB receptor is a true OCT
receptor or a mixed OCT/TYR receptor has been a
matter of some recent conjecture (El-Kholy et al.,
2015). Very recently, a putative novel receptor with
homology to a2-adrenoceptors was reported inDrosoph-
ila, coupled to Gi-mediated inhibition of adenylyl cy-
clase, and activated by both OCT and TYR (Qi et al.,
2017).
Subsequent to the OAMB receptor discovery, three

further invertebrate OCT receptors were identified
(Oct1bR, Oct2bR, and Oct3bR; Evans and Maqueira,
2005; El-Kholy et al., 2015), with strong homology to the
vertebrate b1–3 adrenergic receptors, respectively
(Maqueira et al., 2005). Like their vertebrate counter-
parts, all three b-receptors are coupled to the cAMP
signal transduction cascade through activation of
adenylyl cyclase (Chang et al., 2000; Maqueira et al.,
2005; Balfanz et al., 2014). A fourth b-like receptor has
also been suggested to be present in honeybees (Hauser
et al., 2006; Balfanz et al., 2014). For a more detailed
review of species-specific expression of the various
isoforms, the reader is referred to a number of excellent
dedicated reviews on invertebrate OCT/TYR receptors
(Hauser et al., 2006; Verlinden et al., 2010a).

D. Tyramine Receptors

Dedicated invertebrate TYR receptors were first
suggested in 1990 (Arakawa et al., 1990; Saudou
et al., 1990), with three GPCRs (TyrRI, TyrRII, and
TyrRIII) subsequently identified. TyrRI is the least
selective of the three, recognizing both OCT and TYR
(Robb et al., 1994; Reale et al., 1997), although in most
species there is a higher affinity for TYR (Vanden
Broeck et al., 1995; Evans and Maqueira, 2005;
Bayliss et al., 2013). TyrRI is homologous to vertebrate
a2-adrenoceptors (Evans and Maqueira, 2005) and may

exhibit agonist-dependent coupling, since TYR was
reported to induce adenylyl cyclase inhibition (Vanden
Broeck et al., 1995; Blenau and Baumann, 2001),
whereas OCT induces an increase in cytosolic Ca2+

(Robb et al., 1994; Evans and Maqueira, 2005; Beggs
et al., 2011). A second TyrRI isoform was very recently
reported in the cockroach (Blenau et al., 2017).

TyrRII and TyrRIII show much greater selectivity
toward TYR over OCT (Cazzamali et al., 2005; Bayliss
et al., 2013), although TyrRIII also responds to a variety
of other amines (Bayliss et al., 2013). Orthologs of
TyrRII have been identified in multiple species
(Cazzamali et al., 2005; Hauser et al., 2006; Huang
et al., 2009; Bayliss et al., 2013; Wu et al., 2015),
although TyrRIII has thus far only been identified in
Drosophila. TyrRII activation is associated with a
release of Ca2+ from intracellular stores (Cazzamali
et al., 2005; Huang et al., 2009), whereas TyrRIII is
coupled to an inhibition of adenylyl cyclase (Bayliss
et al., 2013).

In addition to GPCRs, one ionotropic TYR receptor
has been reported in C. elegans (Pirri et al., 2009;
Ringstad et al., 2009). The ligand-gated ion channel
LGC-55 receptor is a TYR-gated Cl2 channel that can
also be activated by PEA (Safratowich et al., 2014) and
is involved in the control of locomotor activity. Ortho-
logs of LGC-55 have also been identified in other
nematode species (Pirri et al., 2009).

E. Physiologic Responses

TYR and more particularly OCT have been impli-
cated in a variety of physiologic responses in inverte-
brates. Their receptors are not restricted to the nervous
system but rather are distributed throughout the body
(Saraswati et al., 2004; Roeder, 2005; Vierk et al., 2009;
Ma et al., 2015). Although responses to TYR have
generally received less attention, when both have been
studied, TYR generally induces responses opposite to
those of OCT (Saraswati et al., 2004; Ma et al., 2015).
Although some of the responses (in particular those
toward OCT) are similar to those that have been
proposed to be mediated by TAARs in vertebrates, it is
important to emphasize again that vertebrate TAARs
and the invertebrate OCT/TYR receptors are evolution-
arily very distant from each other (Gloriam et al., 2005;
Lindemann et al., 2005; Hashiguchi andNishida, 2007).

1. Octopamine. Consistent with serving the role of
an invertebrate adrenergic system, OCT has been
shown to modulate both peripheral and central re-
sponses in a manner consistent with a “fight-or-flight”
response (Sotnikova and Gainetdinov, 2009). Among
these effects are enhanced locomotion and flight muscle
performance (Pribbenow and Erber, 1996; Saraswati
et al., 2004; Fussnecker et al., 2006; Bloch and Meshi,
2007; Vierk et al., 2009), both direct and indirect
mobilization of fat stores (Roeder, 2005), as well as
increases in cardiac and respiratory rates (Zornik et al.,
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1999). OCT-mediated regulation of immune responses
(Huang et al., 2012) and a role in reproductive behav-
ior have also been reported (Lee et al., 2003; Lim
et al., 2014). In the firefly, OCT is well established to
underlie the neural basis of light emission (Copeland
and Robertson, 1982; Christensen et al., 1983;
Hashemzadeh et al., 1985) and also regulates biolumi-
nescent emissions in glow worms (Rigby and Merritt,
2011). Modulation of sensory inputs by OCT is also well
established (Farooqui, 2007), with effects seen in re-
lation to vision (Bacon et al., 1995; Scheiner et al., 2014),
olfaction (Barron et al., 2002; Anton et al., 2006;
Farooqui, 2007; Flecke and Stengl, 2009; Cassenaer
and Laurent, 2012; Ma et al., 2015), hearing (Andrés
et al., 2016), taste (Scheiner et al., 2002; Pankiw and
Page, 2003), and touch and proprioception (Büschges
et al., 1993; Skorupski, 1996).
Within the central nervous system, OCT has been

established to play a role in sensitization responses
(Sombati and Hoyle, 1984; Stelinski et al., 2003), as well
as learning and memory (Hammer, 1997; Farooqui
et al., 2003; Evans and Maqueira, 2005), reward
circuitry (Unoki et al., 2005), and feeding behavior
(Yang et al., 2015b). A role for OCT in kin recognition
and other complex conspecific social behaviors within
colonies has also been shown (Schulz and Robinson,
2001; Spivak et al., 2003; Lehman et al., 2006; Ma et al.,
2015). Finally, OCT has been reported to play a role in
mediating aggressive behaviors (Stevenson et al., 2005;
Hoyer et al., 2008; Rillich et al., 2011).
2. Tyramine. As previously described, although less

well studied, TYR effects generally appear to function-
ally oppose those of OCT. As such, TYR-mediated
decreases in locomotion (Nagaya et al., 2002;
Saraswati et al., 2004), flying behavior (Fussnecker
et al., 2006; Vierk et al., 2009), and foraging (Barron
et al., 2002; Schulz et al., 2003) have been seen. Roles in
sensory perception, particularly taste (Scheiner et al.,
2002; Pankiw and Page, 2003) and olfaction (Kutsukake
et al., 2000; Anton et al., 2006; Kononenko et al., 2009;
Ma et al., 2015), have also been ascribed to TYR. TYR-
induced increases in the rate of habituation (Braun and
Bicker, 1992) and modification of complex group dy-
namics (Ma et al., 2015) are reported to occur indepen-
dently of the conversion of TYR to OCT.

IV. Trace Amine–Associated Receptors

High-affinity mammalian receptors for the arche-
typal trace amines were long suspected. A saturable,
high-affinity binding site for PEA was reported in
1982 (Hauger et al., 1982), although this was sub-
sequently suggested to in fact represent binding to
MAO-B (Li et al., 1992a). Similarly saturable, high-
affinity binding sites for TYR (Ungar et al., 1977;
Vaccari, 1986) and TRP (Kellar and Cascio, 1982;
Altar et al., 1986; McCormack et al., 1986; Perry,

1986; van Nguyen et al., 1989) were sporadically
reported but were rarely verified or characterized
beyond the initial reports. Even the identification of
invertebrate high-affinity receptors for TYR and OCT
did little to help, with vertebrate homologs not present.

The receptor family now known as TAARs was
initially discovered in 2001 by two separate groups
(Borowsky et al., 2001; Bunzow et al., 2001). Borowsky
et al. (2001) had been searching for novel 5-HT1–like
receptors, screening genomic DNA with primers
designed to conserved regions of the sixth and seventh
transmembrane regions of known 5-HT receptors. The
novel family of GPCRs they identified was initially
termed trace amine receptors on the basis of the high
affinity for PEA and TYR of two of the family members
identified. The authors proposed the new receptor
family be abbreviated as TAx, with x being a numeral
to designate individual isoforms (Table 3), although the
individual isoform identifiers were rarely subscripted in
subsequent use. Bunzow et al. (2001), as part of their
search for novel catecholamine receptors, screened
cDNA obtained from rat pancreatic tumor cell lines
using degenerate primers designed against the con-
served third and sixth transmembrane regions of
known catecholamine GPCRs. The novel GPCR they
identified was termed trace amine receptor 1 or TAR1,
based on their pharmacological profiling. In retrospect,
the choice of pancreatic cell lines was remarkably
prescient and was a factor that has subsequently been
largely overlooked. Although many have struggled with
the low expression levels of TAARs in most tissues, the
pancreas and particularly b cells have been shown to be
uniquely abundant in their TAAR1 expression (Regard
et al., 2007; Raab et al., 2015).

The identification of a family of trace amine receptors
generated considerable interest in large part because the
initial pharmacological profiling indicated that a number
of psychotropic agents exhibited high affinity for one of
the family members (TAAR1) (Bunzow et al., 2001).
Furthermore, both original reports localized the new
trace amine receptor family to human chromosome
6q23.2 (Borowsky et al., 2001; Bunzow et al., 2001), a
replicated putative susceptibility locus for schizophrenia
(Cao et al., 1997; Kaufmann et al., 1998; Levinson et al.,
2000) and mood disorders (Venken et al., 2005). As such,
it is not too surprising that the greater abundance of at
least some of the receptor family in the pancreas became
overlooked, and the field became devoted almost entirely
to the central nervous system effects of TAAR1, the only
functional family member in humans with a clearly
demonstrated endogenous ligand. Unfortunately, there
was little consistency in nomenclature in these early
days (see Table 3), with some researchers using the
nomenclature of Bunzow, others that of Borowsky, and
some a third nomenclature system designated as TRAR
(Duan et al., 2004). Not only were different nomencla-
tures used, but isoform identification was not consistent,
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TABLE 3
Relationship of different nomenclature systems to TAAR families

TAAR
Nomenclature

Previous
Nomenclatures

Maximum
Functional
Isoforms

Possible Pseudogenes Ligand Tuning Notes

TAAR1 TRAR1, TA1,
TAR1, TA1

1 2 Primary amines Two pseudogenes only reported in the
bottlenose dolphin

The elephant shark is the only other
species with multiple isoforms
reported (one functional, one
pseudogene)

TAAR2 GPR58 2 2 (lesser hedgehog tennec),
1 (multiple species)

Primary amines TAAR2 is the only tetrapod TAAR gene
to contain multiple (2) exons

The chicken is the only species reported
to have two functional TAAR2 genes

TAAR3 GPR57P 1 1 Primary amines
TAAR4 TA2P, 5-HT4P,

TA2

5 2 Primary amines

TAAR5 PNR 2 1 Tertiary amines The horse is the only species reported to
have multiple functional isoforms

TAAR6 TRAR4, TA4 5 6 Tertiary amines
Diamine binding pocket

TAAR7 TA12 (TAAR7a) 16 4 Tertiary amines
TA15 (TAAR7d)
TA14 (TAAR7e)
TA13P (TAAR7f)
TA9 (TAAR 7g)
TA6 (TAAR7h)

TAAR8 TRAR5, TA5,
TAR5, GPR102

3 3 Tertiary amines

TA11 (TAAR8a)
Diamine binding pocket

TA7 (TAAR8b)
TA10 (TAAR8c)

TAAR9 TRAR3, TA3,
TAR3

7 1 Tertiary amines

TAAR E1 2 2 Novel family recently proposed
TAAR M1 1 1 Novel family recently proposed. Only

present in marsupials
TAAR M2 9 2 Novel family recently proposed. Only

present in marsupials
TAAR M3 5 1 Novel family recently proposed. Only

present in marsupials
Teleost-

specific
isoforms

Up to 24 species-specific pseudogenes
are present but individual
pseudogene isoforms have
rarely been reported

TAAR10 5
TAAR11 zTA1a 1
TAAR12 zTA69

(TAAR12b)
13

zTA71
(TAAR12d)

zTA72
(TAAR12f)
zTA73

(TAAR12k)
TAAR13 zTA64

(TAAR13b)
5 Diamines (TAAR13c)

zTA65
(TAAR13c)

zTA66
(TAAR13e)

TAAR14 zTA70
(TAAR14d)

12 Diamine binding pocket
in some isoforms

zTA68
(TAAR14i)
zTA67

(TAAR14k)
TAAR15 2
TAAR16 zTA63

(TAAR16c)
7

zTA62
(TAAR16e)

zTA36
(TAAR16f)
zTA35

(TAAR16g)

(continued)
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TABLE 3—Continued

TAAR
Nomenclature

Previous
Nomenclatures

Maximum
Functional
Isoforms

Possible Pseudogenes Ligand Tuning Notes

TAAR17 zTA48
(TAAR17a)

3

zTA47
(TAAR17b)

zTA49
(TAAR17c)

TAAR18 zTA28
(TAAR18d)

11

zTA61
(TAAR18f)
zTA27

(TAAR18g)
zTA18

(TAAR18h)
zTA19

(TAAR18i)
zTA20

(TAAR18j)
TAAR19 zTA54

(TAAR19c)
22

zTA34
(TAAR19d)

zTA59
(TAAR19f)
zTA33

(TAAR19g)
zTA50

(TAAR19h)
zTA31

(TAAR19i)
zTA32

(TAAR19l)
zTA51

(TAAR19o)
zTA29

(TAAR19q)
zTA30

(TAAR19s)
zTA16

(TAAR19u)
TAAR20 zTA44

(TAAR20a)
30

zTA23
(TAAR20a1)

zTA39
(TAAR20b)

zTA21
(TAAR20b1)

zTA45
(TAAR20c)

zTA40
(TAAR20d)

zTA38
(TAAR20e)

zTA41
(TAAR20f)
zTA43

(TAAR20i)
zTA53

(TAAR20j)
zTA25

(TAAR20k)
zTA57

(TAAR20l)
zTA24

(TAAR20m)
zTA42

(TAAR20o)
zTA90+

(TAAR20p)
zTA91+

(TAAR20q)

(continued)
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resulting in the same receptor sometimes being given
different numerical designations in each system
(Table 3). A standardized nomenclature system (TAAR)
was proposed in 2005 based on a thorough examination
of gene sequences, phylogenetic relationships, and chro-
mosomal organization (Lindemann et al., 2005). This
classification system has stood the test of time and been
independently validated on numerous occasions
(Hashiguchi and Nishida, 2007; Hussain et al., 2009;
Libants et al., 2009; Vallender et al., 2010; Tessarolo
et al., 2014; Azzouzi et al., 2015; Eyun et al., 2016; Gao
et al., 2017). Indeed, the TAAR nomenclature system
(Table 3) is now used exclusively by those active in the
field. Despite this, controversy remains. The only family
member to be deorphanized by IUPHAR has been
designated TA1 (Maguire et al., 2009; Alexander et al.,
2015), presenting an uncomfortable situation in which
those working in the field and the official nomenclature
committee are using different naming systems. The
IUPHAR recommendation is based on the convention
that receptors be named for their endogenous ligand.
There is, however, no consensus ligand for the TAAR
family as awhole (Lindemann et al., 2005; Ferrero et al.,
2012), with some members (TAAR1–TAAR4) being
tuned to primary amines, whereas other family mem-
bers (TAAR5–TAAR9) are tuned toward tertiary
amines (Ferrero et al., 2012). Some (TAAR6 and 8)
may even be activated by diamines (Li et al., 2015)
(Table 3). Furthermore, as discussed earlier, there is no
standard, accepted definition of what comprises a “trace
amine.” With the IUPHAR TA designation prone to
confusion with the earlier nomenclature systems that
were based on an incomplete phylogeny, we strongly

advocate for a renewed, open dialog between IUPHAR
and leading trace amine researchers to resolve this
situation.

In 2006, a new and surprising arm to trace amine
research was identified when Stephen Liberles and
Linda Buck showed that the TAAR family also acted
as a new class of receptors for olfaction (Liberles and
Buck, 2006). This attracted a whole new cadre of
researchers who have contributed to significant ad-
vancements of the TAAR field, in particular, with
respect to the identification of putative endogenous
ligands for family members other than TAAR1. As
discussed fully in subsequent sections, the one notable
exception is TAAR1, which is evolutionarily the oldest
member of the family but the only family member with
no role to play in the detection of olfactory cues (Liberles
and Buck, 2006). The identification of the role of TAARs
in the detection of olfactory cues was not without
controversy, however, as it was also reported that no
familymember (other than TAAR1) was present outside
of the olfactory epithelium (Liberles and Buck, 2006;
Carnicelli et al., 2010). This now appears to not be the
case (Table 4) and likely was due to the low expression
levels of TAARs generally present, along with a lack of
suitably sensitive and selective reagents at that time.
This lack of research tools has been a recurring problem
for the TAAR field (Berry et al., 2017), although it is
slowly beginning to be addressed.

The identification of putative endogenous ligands for
TAARs other than TAAR1 has provided an added
impetus to the elucidation of TAAR pharmacology. That
many of these ligands originate from ecologically sig-
nificant sources, such as predators, spoiled food, and

TABLE 3—Continued

TAAR
Nomenclature

Previous
Nomenclatures

Maximum
Functional
Isoforms

Possible Pseudogenes Ligand Tuning Notes

zTA37
(TAAR20r)

zTA56
(TAAR20t)
zTA55

(TAAR20u)
zTA46

(TAAR20w)
zTA26

(TAAR20x)
zTA22

(TAAR20y)
zTA52

(TAAR20z)
TAAR21 6
TAAR22 6
TAAR23 15
TAAR24 3
TAAR25 12
TAAR26 28
TAAR27 6
TAAR28 8

Lamprey
outgroups
TAAR-like 25 17

GPR57, G protein–coupled receptor 57; GPR58, G protein–coupled receptor 58; PNR, putative neurotransmitter receptor.
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even putative pheromones, has further spurred re-
search efforts to understand the evolution of TAARs.
Although there are still many open questions, through
these research efforts a picture has emerged of TAARs
being intricately linked to the detection of olfactory cues
associated with species-specific survival mechanisms.
That TAARs are also distributed throughout the body
(Table 4) and at least some of their endogenous ligands
readily cross cell membranes (Berry et al., 2013)
provides an interesting perspective, which potentially
allows the same molecule that provides the environ-
mental cue to directly affect various physiologic process-
es that could conceivably further aid in adaptation
responses. Rather than existing as distinct fields, it is
expected that in the upcoming years much closer links
will be forged between the olfactory and nonolfactory
TAAR communities, which will further speed the filling
of current knowledge gaps with respect to the basic
underlying physiology of TAAR systems.

A. Evolution of Trace Amine–Associated Receptors

At present, the majority of evidence suggests that an
ancestral TAAR-like protein first emerged in lamprey
(Gloriam et al., 2005; Hashiguchi and Nishida, 2007;
Libants et al., 2009; Eyun et al., 2016), with a conserved
TAAR signature motif appearing later, after the di-
vergence of jawed vertebrates from jawless fish (Fig. 6).
Others have, however, suggested that TAAR ancestral
emergence only occurred after the divergence from
lamprey (Hussain et al., 2009; Tessarolo et al., 2014)
largely because of the absence of the conserved TAAR
motif from the lamprey receptors. Lamprey do innately
avoid PEA sources (Imre et al., 2014), a response known
to be TAAR mediated in jawed vertebrates; although
the molecular basis of this lamprey avoidance behavior
is unknown, it is potentially consistent with ancestral
TAARs being present.
Among mammals, the highest number of TAARs

identified thus far is in the flying fox, with 26 functional
genes, whereas the bottlenose dolphin is the only
vertebrate species known to contain no functional TAAR
genes (Eyun et al., 2016). Like in other tetrapods,
mammalian TAARs generally belong to nine subfamilies
(TAAR1–TAAR9). Within these, repeated species-
specific expansion, duplication, and pseudogenization
events have occurred. This has resulted in great vari-
ability in the total number of functional TAARs present
between species (Table 5), including the appearance of
species-specific isoforms (Lindemann et al., 2005;
Vallender et al., 2010; Eyun et al., 2016). For example,
four putative new subgroups of TAARs were recently
described: TAAR E1, which is present in the common
shrew, hedgehog, lesser hedgehog tenrec, and African
elephant; and TAARs M1–M3 found in two marsupial
species, tammar wallaby and opossum (Eyun et al.,
2016), consistent with previous suggestions of
marsupial-specific TAARs (Vallender et al., 2010). These

new families appear to belong to the clade II, tertiary
amine-recognizing group of TAARs, and as such aremost
closely related to TAAR5–TAAR9 (Eyun et al., 2016). Of
these putative new TAARs, species-specific variants of
TAAR E1, M2, and M3 were reported.

Two species appear rather unique (Table 5); the
bottlenose dolphin, as previously described, has no
functional TAAR genes, only possessing three pseudo-
genes (Eyun et al., 2016). Meanwhile, the dog is the only
known species to express functional TAARs but no
TAAR1, and its genome being represented with func-
tional TAAR4 and TAAR5 plus a further two pseudo-
genes (Vallender et al., 2010).

Interestingly, the number of TAARs appears to be
correlated with the number of olfactory receptors in
most species, with the exception of Canis, which has
more than 800 olfactory receptors but only two func-
tional TAARs, with the olfactory receptors likely
compensating for the majority of functions served by
TAARs in other species (Eyun et al., 2016). There are up
to seven functional genes in Xenopus (Mueller et al.,
2008; Eyun et al., 2016), although the TAAR comple-
ment of the true frogs (Rana sp.) has not been de-
termined. This is a notable knowledge gap for the
determination of the evolutionary relationships of
olfactory functions, with the amphibian olfactory sys-
tem regarded as an evolutionary midpoint between
teleosts and tetrapods (Duchamp-Viret and Duchamp,
1997; Gliem et al., 2013).

The mammalian TAAR1–TAAR9 family seems to
have two distinct evolutionary patterns. Primary
amine-detecting clade I TAARs (TAAR1–TAAR4)
(Ferrero et al., 2012) appear to be evolving under strong
negative (purifying) selection criteria, whereas the
tertiary amine-detecting clade II TAARs (TAAR5–
TAAR9) (Ferrero et al., 2012) show significant varia-
tions in gene numbers and appear to evolve under the
influence of positive selection pressures (Eyun et al.,
2016). Similarly, clade III zebrafish TAARs have un-
dergone strong positive selection (Hussain et al., 2009).
Thus, the profiles of TAAR expression appear to be
evolutionarily determined by adaptive responses; in-
deed, there is now evidence that TAAR expression can
either be influenced by habitat changes or determine
habitat choice (Churcher et al., 2015; Fatsini et al.,
2016), consistent with a role in the detection and
response to migratory cues.

As expected from the above, the primary amine-
detecting TAAR1–TAAR4 appear to be evolutionarily
older, more conserved, and are generally represented by
a single isoform in the majority of genomes, with the
exception of TAAR4 (in which a low level of species-
specific expansion has occurred) (Hussain et al., 2009;
Eyun et al., 2016). In contrast, the tertiary amine-
detecting mammalian TAARs (TAAR5–TAAR9) have
arisen more recently with multiple species-specific iso-
forms of each subtype present, with the exception of
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TAAR5 (the oldest of the clade II genes) (Eyun et al.,
2016). The only TAAR that is not expressed in the
olfactory system (TAAR1) is the oldest member of the
family, with TAAR4 the second oldest, and these two
family members share considerable overlap in their
ligand selectivity (Lindemann et al., 2005). Other
evolutionarily ancient members of the family (TAAR2,
TAAR3, and TAAR5) are also thought to predate the
origin of amniotes (Eyun et al., 2016). All other mam-
malian TAAR subfamilies are currently thought to
derive from a single copy of one of these ancestral
TAARs via gene duplication (Eyun et al., 2016). The
teleost-specific clade III TAARs are thought to be the
most recent family members to have emerged (Hussain
et al., 2009).

B. Trace Amine–Associated Receptor 1

TAAR1 is the best characterized of the TAAR family
and is currently regarded as the main target for PEA
and TYR, although in this respect it should be noted
that TAAR4, a pseudogene in humans, is also a target
but has rarely been studied. TAAR1 is expressed in
brain structures associated with psychiatric disorders,
in particular in key areas where modulation of dopa-
mine [ventral tegmental area (VTA)] and serotonin
[dorsal raphe nuclei (DRN)] occurs (Table 4), and the
presence of TAAR1 variants was recently reported to be
associated with schizophrenia (John et al., 2017). In the
periphery, TAAR1 expression suggests putative roles in
regulating immune system responses and controlling
energy metabolism. The current understanding of the

TABLE 4
Cellular and tissue expression profile of TAARs

Mammalian TAAR Species Expression Method

TAAR1 Human,a–d mouse,b,e–l

ratj,m–p
VTA,e,k substantia nigra,k DRN,e,k amygdala,e,t

rhinal cortices,e subiculum,e prefrontal cortex,n–p

nucleus accumbens,o hypothalamus,e,t preoptic
area,e spinal trigeminal nucleus,e medullary
reticular nucleus,e nucleus of the solitary tract,e

area postrema,e pancreatic b cells,a,f,g,l stomach
(D cellsi),a,f,i–k intestines (neuroendocrine cells,a,f

enterochromaffin mucosal cellsd,s),a,d,f,j,k,s white
adipose tissue,l spinal cord,m testes,j

leukocytesb,c,h

TAAR1-KO/lacZ KI mouse,e,f

immunohistochemistry,a,c,o,p RT-PCR,b,g–j,l,m,s

RNA sequencing,i,k in situ hybridizationk,m

TAAR2 Human,b,q,r mouse,b,h,q,s

ratj
Olfactory epithelium,q,r intestines,s testes,j

leukocytesb,h
RT-PCRb,h–j,q–s

TAAR3 Mouse,q ratj Olfactory epithelium,q testesj RT-PCRq,j

TAAR4 Mouse,l,q ratj,m Olfactory epithelium,l,q trachea,l spinal cord,m

spleen,j testes,j musclej
RT-PCR,j,l,m,q in situ hybridizationm

TAAR5 Human,q,r mouse,b,h,q,t

ratj,m,u
Olfactory epithelium,q,r amygdala,t arcuate

nucleus,t ventromedial hypothalamus,t spinal
cord,m intestines,u testes,j leukocytesb,h

RT-PCR,b,h,j,m,q,r,u in situ hybridizationt

TAAR6 Human,k,q,r,v mouse,h–j,l

ratj,m
Olfactory epithelium,l,q,r amygdala,k,v

hippocampus,k,v basal ganglia,v frontal cortex,v

substantia nigra,v spinal cord,m intestines,s

testes,j kidney,k leukocytesh

RT-PCRh–l,q–s,v

TAAR7 Mousel,q Olfactory epitheliuml,q RT-PCRl,q

TAAR8 Human,k,q,r mouse,c,h,j,l

ratj,m
Olfactory epithelium,q,r,t amygdala,k cerebellum,j

cortex,j spinal cord,m islets of Langerhans,l

intestines,j,l spleen,j,l testes,j heart,j lungs,j

kidney,j,k leukocytesh

RT-PCRc,h,j–m,q,r

TAAR9 Human,k,q,r,w mouse,h,i,l,s

ratm
Olfactory epithelium,q,r,t pituitary gland,w skeletal

muscle,w spinal cord,m intestines,l,s spleen,l

kidney,k leukocytesh

RT-PCR,h,k–m,q–s Northern blotw

KI, knock-in; RT-PCR, reverse transcription polymerase chain reaction.
aRaab et al. (2015).
bNelson et al. (2007).
cWasik et al. (2012).
dKidd et al. (2008).
eLindemann et al. (2008).
fRevel et al. (2013).
gRegard et al. (2007).
hBabusyte et al. (2013).
iAdriaenssens et al. (2015).
jChiellini et al. (2012).
kBorowsky et al. (2001).
lRegard et al. (2008).
mGozal et al. (2014).
nEspinoza et al. (2015b).
oLiu et al. (2018).
pFerragud et al. (2017).
qLiberles and Buck (2006).
rCarnicelli et al. (2010).
sIto et al. (2009).
tDinter et al. (2015c).
uKubo et al. (2015).
vDuan et al. (2004).
wVanti et al. (2003).
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Fig. 6. Phylogenetic tree of TAARs. Sequences from the publications by Azzouzi et al. (2015), Gao et al. (2017), Eyun et al. (2016), Tessarolo et al. (2014), and
Vallender et al. (2010) were used. Using the jackhmmer program from the hmmer-3.1b1 software package (http://hmmer.org, Howard Hughes Medical Institute)
and chimpanzee TAAR1 as a seed, we iteratively built a hidden Markov model (HMM) representing TAARs. All of the sequences were scored and aligned against
this HMM (which has 339 match positions). Next, all sequences between 250 and 450 amino acids long, with at least 280 match positions to the HMM, and with a
starting methionine were selected. We made the selection nonredundant, correcting apparent sequencing errors in a few cases where the different sources above
disagreed. Based on the alignment of the selected sequences to the TAAR-HMM, protein distances were calculated using the protdist program from the phylip
software package version 3.69 (with default parameters, http://evolution.genetics.washington.edu/phylip.html, University of Washington). A tree was then
generated using the neighbor program from the same package, with default parameters, and using human histamine receptor H2 as an outgroup.
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TABLE 5
Species variation in TAAR isoforms

Some of the studies used incompletely characterized or draft genomes resulting in markedly lower TAAR numbers identified than in studies using more rigorous protocols.

Species Functional
TAAR Pseudogenes Incompletely

Characterized Chromosomal/Scaffold Location References

Euarchontoglires
Human 6 3 Chromosome 6q23.1 Lindemann et al. (2005), Hashiguchi

and Nishida (2007), Hussain et al.
(2009), Vallender et al. (2010),
Tessarolo et al. (2014), Eyun et al.
(2016), Gao et al. (2017)

6 2
5 3
7 Not

reported
5 Not

reported
Chimpanzee 3 6 1 (TAAR7 not

reported)
Chromosome 5 Lindemann et al. (2005), Vallender

et al. (2010)3 5
Orangutan 3 5 1 (TAAR7 not

reported)
Vallender et al. (2010)

Rhesus macaque 6 2 1 (TAAR7 not
reported)

Vallender et al. (2010)

Squirrel monkey 4 1 1 (TAAR7 not
reported)

Vallender et al. (2010)

Common marmoset 3 5 1 (TAAR7 not
reported)

Vallender et al. (2010)
2 5

Cottontop tamarin 3 0 1 (TAAR7 not
reported)

Vallender et al. (2010)

House mouse 15 1 Chromosome 10A4 Lindemann et al. (2005), Hashiguchi
and Nishida (2007), Hussain et al.
(2009), Vallender et al. (2010),
Tessarolo et al. (2014), Eyun et al.
(2016), Gao et al. (2017)

15 Not
reported

Norway rat 17 2 Chromosome 1p12 Lindemann et al. (2005), Hussain
et al. (2009), Vallender et al.
(2010), Eyun et al. (2016)

17 1

Laurasiatheria
Bottlenose dolphin 0 3 Scaffold_23789.1-1595,

scaffold_105514.1-521399
Eyun et al. (2016)

Common shrew 9 3 1 Scaffold_152798.1-16186,
scaffold_230199.1-67322,
scaffold_230199.1-67323,
scaffold_230199.1-67324,
scaffold_234999.1-41078,
scaffold_227500.1-50167,
scaffold_227500.1-50168,
scaffold_231179.1-93586,
scaffold_231179.1-93587,
scaffold_231179.1-93588,
scaffold_167158.1-10409,
scaffold_161956.1-9068,
scaffold_193904.1-13319

Eyun et al. (2016)

Cow 21 8 Chromosome 9 Hussain et al. (2009), Vallender et al.
(2010), Eyun et al. (2016), Gao
et al. (2017)

19 0 ChrUn004.451
13 0 ChrUn004.351
4 Not

reported
Horse 11 0 Scaffold_12.50000001-55000000 to

scaffold_12.50000001-55000014
Vallender et al. (2010), Eyun

et al. (2016)11 4

Pig 9 0 Vallender et al. (2010)
Dog 2 2 Chromosome 1 and chromosome Un Vallender et al. (2010), Eyun et al.

(2016)
Hedgehog 6 4 2 Scaffold_315330.1-30722,

scaffold_322681.1-22522,
scaffold_287976.1-9947,
scaffold_332111.1-9337,
scaffold_325288.1-13778,
scaffold_364605.1-21850,
scaffold_321546.1-13098,
scaffold_184140.1-8575,
scaffold_302268.1-8721,
scaffold_183615.1-1222

Eyun et al. (2016)

Little brown bat 6 1 Scaffold_130715.1-10777,
scaffold_130715.1-10778,
scaffold_140852.1-155364,
scaffold_140852.1-155365,
scaffold_140852.1-155366,
scaffold_140852.1-155367,
scaffold_220.1-46453

Eyun et al. (2016)
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TABLE 5—Continued

Species Functional
TAAR Pseudogenes Incompletely

Characterized Chromosomal/Scaffold Location References

Malayan flying fox 26 10 Scaffold_12831.1-39811,
scaffold_12831.1-39812,
scaffold_12831.1-39813,
scaffold_12831.1-39814,
scaffold_17466.1-19369,
scaffold_17466.1-19370,
scaffold_18837.1-16342,
scaffold_18837.1-16343,
scaffold_18973.1-15890,
scaffold_19339.1-14625,
scaffold_19339.1-14626,
scaffold19375.1-14563,
scaffold_19997.1-13482,
scaffold_19997.1-13483,
scaffold_20227.1-12945,
scaffold_20465.1-15670,
scaffold_20465.1-15671,
scaffold_22299.1-9969,
scaffold_24703.1-7136,
scaffold_25351.1-11297,
scaffold_25351.1-11298,
scaffold_26592.1-7418,
scaffold_29671.1-4951,
scaffold_34747.1-4153,
scaffold_35764.1-2782,
scaffold_36915.1-2635,
scaffold_38546.1-2466,
scaffold_44184.1-2021,
scaffold_8480.1-69282,
scaffold_8480.1-69283,
scaffold_8480.1-69284,
scaffold_8949.1-64714,
scaffold_8949.1-64715,
scaffold_8949.1-64716,
scaffold_8949.1-64717,
scaffold_8949.1-64718

Eyun et al. (2016)

Afrotheria
African elephant 9 3 3 Scaffold_7842.1-91204,

scaffold_7842.1-91205,
scaffold_7842.1-91206,
scaffold_7842.1-91207,
scaffold_0.25000001-30000000,
scaffold_7842.1-91209,
scaffold_23946.1-26436,
scaffold_23946.1-26437,
scaffold_23946.1-26438,
scaffold_3583.1-140411,
scaffold_3583.1-140412,
scaffold_3583.1-140413,
scaffold_19337.1-58480,
scaffold_19337.1-58481,
scaffold_79621.1-6335

Eyun et al. (2016)

Lesser hedgehog
tenec

9 7 1 Scaffold_96430.1-8246,
scaffold_161156.1-8572,
scaffold_231756.1-18732,
scaffold_198886.1-11295,
scaffold_167756.1-3881,
scaffold_167122.1-3947,
scaffold_256442.1-4595,
scaffold_262922.1-7019,
scaffold_229023.1-10280,
scaffold_228176.1-10370,
scaffold_10127.1-6004,
scaffold_232273.1-5125,
scaffold_47746.1-4410,
scaffold_250749.1-11800,
scaffold_234201.1-11315,
scaffold_173561.1-5671,
scaffold_187047.1-4403

Eyun et al. (2016)

Xenarthra
Nine-banded

armadillo
5 4 Scaffold_13715, scaffold_68458,

scaffold_106240, scaffold_58549,
scaffold_181544, scaffold_31645,
scaffold_31595

Eyun et al. (2016)
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TABLE 5—Continued

Species Functional
TAAR Pseudogenes Incompletely

Characterized Chromosomal/Scaffold Location References

Marsupialia
Opossum 22 4 2.405000001-410000000,

chromosome 2
Hashiguchi and Nishida (2007),

Hussain et al. (2009), Vallender
et al. (2010), Eyun et al. (2016)

22 3
22 0
19 0

Tammar wallaby 18 3 1 224424132,
2070LUS300020N02.g,
189272895, 2070LUS280371J18.b,
142869977, 222941615,
2070LUS280640F03.b,
2070LUS330332G15.g,
scaffold386681:211:1254,
scaffold101726:3050:4087,
scaffold5372:18568:19389,
scaffold5372:31430:32469,
scaffold23666:6728:7759,
scaffold25613:18010:19041,
scaffold369370:5:625,
scaffold361402:565:1491,
scaffold64233:11843:12526,
scaffold328269:964:1878,
scaffold11217:21401:22444

Eyun et al. (2016)

Prototheria
Platypus 4 0 Nw_001794460.1 Vallender et al. (2010),

Eyun et al. (2016)4 1
Sauropsida

American alligator 8 Not
reported

Tessarolo et al. (2014)

Carolina anole 3 0 Contig_5904 Tessarolo et al. (2014), Eyun et al.
(2016), Gao et al. (2017)3 Not

reported
3 Not

reported
Chicken 4 1 Chromosome 3 Hashiguchi and Nishida (2007),

Mueller et al. (2008), Hussain et al.
(2009), Tessarolo et al. (2014),
Eyun et al. (2016), Gao et al. (2017)

3 2
3 0
3 Not

reported
Zebra finch 1 0 Chromosome 3 Eyun et al. (2016)

Amphibia
Western clawed frog 7 0 Scaffold_200, scaffold_172,

scaffold_153, scaffold_62
Hashiguchi and Nishida (2007),

Hussain et al. (2009), Tessarolo
et al. (2014), Syed et al. (2015),
Eyun et al. (2016)

6 1
3 0
5 Not

reported6
Not

reported
African clawed frog 3 Not

reported
Syed et al. (2015)

Teleostei
Atlantic salmon 27 25 Ssa21, Ssa13, Ssa06, Ssa02,

Ssa15, Ssa14, Ssa04, Ssa01
Tessarolo et al. (2014)

Amazon molly 2 Not
reported

Gao et al. (2017)

Burton’s
mouthbrooder

23 3 Scaffold_612, scaffold_128,
scaffold_24, scaffold_2074,
scaffold_2674, scaffold_1343,
scaffold_2473, scaffold_1542,
scaffold_802, scaffold_2902,
scaffold_2545, scaffold_2406,
scaffold_1575, scaffold_1303,
scaffold_1185, scaffold_802,
scaffold_479, scaffold_337,
scaffold_2104, scaffold_4685

Azzouzi et al. (2015)

Cave fish 6 Not
reported

Gao et al. (2017)

Channel catfish 28 8 Chromosome 2, chromosome 16 Gao et al. (2017)
Cod 3 Not

reported
Gao et al. (2017)

European eel 13 Not
reported

Churcher et al. (2015)

Japanese grenadier
anchovy

32 Not
reported

Zhu et al. (2017)
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TABLE 5—Continued

Species Functional
TAAR Pseudogenes Incompletely

Characterized Chromosomal/Scaffold Location References

Japanese pufferfish
(fugu)

18 1 Scaffold_144, scaffold_2286,
scaffold_682, scaffold_2971,
scaffold_347, scaffold_36,
scaffold_3984, scaffold_5473,
scaffold_55, scaffold_62,
scaffold_7591, scaffold_3049,
scaffold_510, scaffold_2618,
scaffold_375

Hashiguchi and Nishida (2007),
Hashiguchi et al. (2008), Hussain
et al. (2009), Tessarolo et al. (2014),
Eyun et al. (2016), Gao et al. (2017)

13 6
18 0
6 Not

reported
2 Not

reported

Japanese rice fish
(medaka)

27 7 Chromosome 2, chromosome 21,
chromosome 24, scaffold_2442,
scaffold_2165, scaffold_2246,
scaffold_3620, scaffold_4535,
scaffold_691

Hashiguchi and Nishida (2007),
Hashiguchi et al. (2008), Hussain
et al. (2009), Tessarolo et al. (2014),
Gao et al. (2017)

25 7
25 1
6 Not

reported
2 Not

reported
Makobe Island

cichlid
18 3 Scaffold_133, scaffold_193,

scaffold_490, scaffold_295,
scaffold_238, scaffold_947,
scaffold_857, scaffold_159,
scaffold_1502, scaffold_2325,
scaffold_1573, scaffold_698

Azzouzi et al. (2015)

Maylandia zebra 20 5 Scaffold00183, scaffold00006,
scaffold00127, scaffold00676,
scaffold00347, scaffold00068,
scaffold02965, scaffold00108,
scaffold02487, scaffold02369,
scaffold02115, scaffold01981,
scaffold00834, scaffold00561,
scaffold00347, scaffold02144

Azzouzi et al. (2015)

Nile tilapia 44 8 Scaffold_195, scaffold_84,
scaffold_005, scaffold_374,
scaffold_16, scaffold_242,
scaffold_183, scaffold_78

Azzouzi et al. (2015),
Gao et al. (2017)2 Not

reported

Platyfish 2 Not
reported

Gao et al. (2017)

Princess cichlid 12 2 Scaffold_18, scaffold_25, scaffold_31,
scaffold_166, scaffold_1763,
scaffold_26, scaffold_160

Azzouzi et al. (2015)

Spotted gar 3 Not
reported

Gao et al. (2017)

Spotted green
pufferfish

34 3 Chromosomes 3–7, chromosomes
14–21, chrUN_random

Hashiguchi et al. (2008), Hussain
et al. (2009), Tessarolo et al. (2014),
Eyun et al. (2016), Gao et al. (2017)

12 4
18 0
17 Not

reported
11 Not

reported
2 Not

reported
Three-spined

stickleback
50 15 LG 9, LG 16, LG 18, scaffold_37,

scaffold_160, scaffold_56
Hashiguchi and Nishida (2007),

Hashiguchi et al. (2008), Tessarolo
et al. (2014), Gao et al. (2017)

49 15
48 0
5 Not

reported
2 Not

reported
West Indian ocean

coelacanth
18 Not

reported
Tessarolo et al. (2014)

Zebrafish 110 10 Chromosome 1, chromosome 7,
chromosome 10, chromosome 12,
chromosome 13, chromosome 15,
chromosome 20, Zv6_NA2102

Hashiguchi and Nishida (2007),
Hashiguchi et al. (2008), Hussain
et al. (2009), Tessarolo et al. (2014),
Eyun et al. (2016), Gao et al. (2017)

109 10
112 4
102 Not

reported
94 Not

reported
Chondrichthyes

Elephant shark 2 3 AAVX01005735.1,
AAVX01475249.1,
AAVX01045569.1,
AAVX01508596.1,
AAVX01365441.1

Hussain et al. (2009), Tessarolo et al.
(2014), Eyun et al. (2016), Gao
et al. (2017)

2 0
2 Not

reported
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cellular distribution and pharmacological profile of
TAAR1 in validated disease models is summarized in
Tables 4 and 6 and described in detail in the following
sections.
Characterization of TAAR1-KO and TAAR1-

overexpressing (OE) mouse and rat lines has greatly
contributed to a better understanding of TAAR1 function
(Wolinsky et al., 2007; Lindemann et al., 2008; Di Cara
et al., 2011; Revel et al., 2011, 2012a; Espinoza et al.,
2015a; Harmeier et al., 2015; Black et al., 2017; Schwartz
et al., 2017). TAAR1-KO mice exhibit an enhanced
response to amphetamine, resulting in an increased
hyperlocomotion that is correlated with more pronounced
increases of dopamine, norepinephrine, and serotonin
(Wolinsky et al., 2007; Lindemann et al., 2008).
TAAR1-OE mice show phenotypically opposite effects
with lowered sensitivity to amphetamine, whereas their
wild-type littermatesmaintain a normal hyperlocomotion
response (Revel et al., 2012a). Furthermore, the sponta-
neous firing rate of dopaminergic neurons in the VTA and
serotonergic neurons in the DRN is increased in
TAAR1-KO mice (Bradaia et al., 2009; Revel et al.,
2011). Thus, TAAR1 plays an active role in the expression
of behaviors traditionally associated with classic neuro-
transmitters, supporting its potentially important role in
the modulation of neurotransmitter functions and, hence,
in mental illness.
1. Pharmacology of Trace Amine–Associated Receptor 1.
a. Trace Amine–Associated Receptor 1 Gene

Conservation. The intronless TAAR1 gene is conserved
across mammals, avians, and amphibians and, based on
the rates of amino acid fixation compared with neutral
mutations, is under strong purifying selection (Hussain
et al., 2009). TAAR1 gene homology between humans and
cynomolgus monkeys and between rats and mice is 97%
and 77%, respectively. Interestingly, in dogs (Vallender
et al., 2010) and dolphins (Eyun et al., 2016), TAAR1 has
become a pseudogene, resulting in an uncompensated loss
of function. Comparative genetics analysis in dogs revealed
that this pseudogenization event predated the emergence
of the Canini tribe and is not coincident with canine
domestication (Vallender et al., 2010). All other vertebrates
have maintained a functional TAAR1.
b. Expression of Trace Amine–Associated Receptor 1.

Compared with most other GPCRs, one of the defining
features of TAAR1 is its generally low expression levels,

and this has contributed to a number of initial reports of
TAAR1 expression failing to be validated with more
robust reagents. Overall advancements in the field have
been further hampered by a slowdevelopment of suitably
selective pharmacological tools for the systematic prob-
ing of tissue and cellular expression profiles (Berry et al.,
2017). Inmice, replacement of theTaar1 coding sequence
with a LacZ reporter construct under the control of
the endogenous Taar1 promoter has allowed demonstra-
tion of a heterogenous distribution of TAAR1 within
the central nervous system (Lindemann et al., 2008;
Table 4). This distribution generally mirrors that of the
known dopaminergic, glutamatergic, and serotonergic
systems, with both mRNA and protein confirmed in the
amygdala, basal ganglia, limbic areas, prefrontal cortex,
raphe nuclei, substantia nigra pars compacta, and VTA
(Borowsky et al., 2001; Lindemann et al., 2008). Such a
distribution is generally seen in both rodents and
primates and is consistent with the effects of TAAR1-
directed ligands described in other sections. At least in
humans, expression may not be limited to neurons with
one report of astrocytic TAAR1 (Cisneros and Ghorpade,
2014). Spinal cord expression may also occur, at least in
rats (Gozal et al., 2014).

One of the other defining features of TAAR1 expres-
sion is its absence from the olfactory epithelium, in
stark contrast to all other TAAR family members
(Liberles and Buck, 2006; Carnicelli et al., 2010). In
the periphery, TAAR1 is prominently located through-
out the gastrointestinal system in cells involved in
hormone secretion in response to the presence of
nutrients (Table 4). This includes the D cells of the
stomach (Chiellini et al., 2012; Revel et al., 2013;
Adriaenssens et al., 2015; Raab et al., 2015), pancreatic
b cells (Regard et al., 2007; Revel et al., 2013; Raab
et al., 2015), and intestinal enterochromaffin mucosal
cells (Kidd et al., 2008; Ito et al., 2009; Revel et al., 2013;
Raab et al., 2015) of both rodents and humans. Multiple
groups have also reported the presence of TAAR1
mRNA and protein in various populations of mouse
and human leukocytes (D’Andrea et al., 2003; Nelson
et al., 2007; Wasik et al., 2012; Babusyte et al., 2013),
and the presence of TAAR1 protein in breast tissue was
suggested very recently (Vattai et al., 2017), although in
this latter instance no details on the cell type(s) in which
staining was observed were provided. Furthermore,

TABLE 5—Continued

Species Functional
TAAR Pseudogenes Incompletely

Characterized Chromosomal/Scaffold Location References

Agnatha
Sea lampreya 25 3 GL477485, GL477912, GL478144,

GL478886, GL478986, GL478891,
GL479321, GL479771, GL480074,
GL480910, GL483319, GL483927,
GL484453, GL486051, GL486090,
GL490750

Hashiguchi and Nishida (2007),
Libants et al. (2009), Eyun
et al. (2016)

21 17
28 17
27 Not

reported

aThere is still some debate about whether lamprey contain TAAR, TAAR-like, or a completely separate family of receptors.
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TABLE 6
In vivo pharmacological effects of TAAR1-selective agonists

Study Type Species/Test System Pretreatment/
Duration

Animals per
Group (M/F)

RO5166017 Dose/
Concentration Key Results

min n mg/kg
Cocaine-induced

hyperlocomotiona
C57Bl6 mice 30/30 8 M 0.03–3 p.o. Attenuation at 0.3, 1, and

3 mg/kg p.o.
Cocaine-induced

hyperlocomotiona
C57Bl6 TAAR1-KO and WT

littermate mice
30/30 10 M 0.3–1 p.o. Attenuation at 0.3 and 1 mg/kg p.o.

in WT mice, no effect in
TAAR1-KO mice

Spontaneous
hyperlocomotion in
DAT-KO micea

C57Bl6 DAT-KO and WT
littermate mice

None/90 8 M 0.2–1 p.o. Attenuation at 0.5 and 1 mg/kg p.o.

L-687,414–induced
hyperlocomotiona

NMRI mice 30/30 8 M 0.01–0.1 p.o. Attenuation at 0.1 mg/kg p.o.

L-687,414–induced
hyperlocomotiona

C57Bl6 TAAR1-KO and WT
littermate mice

60/30 8 M 1 p.o. Attenuation at 1 mg/kg p.o. in WT
mice, no effect in TAAR1-KO
mice

SIHa NMRI mice 45/15 8–16 M 0.01–1 p.o. Reversal of SIH (dT) at doses
0.1 and 0.3 mg/kg without
affecting Tb

SIHa C57Bl6 TAAR1-KO and WT
littermate mice

45/15 8–10 M 0.1 p.o. Reversal of SIH (dT) at
0.1 mg/kg in WT mice, no effect
in TAAR1-KO mice

Cocaine-induced CPPb Sprague-Dawley rats 10 9 to 10 M 10 i.p. Inhibition of expression, but not
retention of cocaine reward
memory at 10 mg/kg i.p.

Abuse-related effects of
nicotinec

Sprague-Dawley rats 10 6–9 M 3.2–10 i.p. Reduction of nicotine self-
administration (at 5.6 and
10 mg/kg i.p.) and attenuation of
cue- and drug-induced
reinstatement of nicotine-
seeking (at 10 mg/kg i.p.)

oGTTd C57Bl6 TAAR1-KO and WT
littermate mice

45/120 5–8 M 0.3 mg/kg p.o. Glucose-lowering effect at
0.3 mg/kg p.o. in WT mice and
increased PYY and GLP-1
levels, no effect in TAAR1-KO
mice

oGTTd Diabetic db/db C57Bl6 mice,
DIO mice, DIO Glp1R-KO
mice

45/120 8 M 0.3 mg/kg p.o. Glucose-lowering effect at
0.3 mg/kg p.o. in diabetic
db/db mice

ivGTTd C57Bl6 mice 30/10 10 M 3 mg/kg s.c. Lower amount of meal emptied at
0.3 mg/kg p.o.

Gastric emptyingd C57Bl6 mice 45/30 8 M 0.3 mg/kg p.o. Lower amount of meal emptied at
0.3 mg/kg p.o.

Food intake and body
weightd

C57Bl6 mice, DIO mice, 45/60 6 M 0.3 mg/kg s.c. Reduction in food intake and body
weight, reduced triglyceride
levels, increased insulin
sensitivity at
0.3 mg/kg p.o.

Study Type Species/Test System Pretreatment/
Duration

Animals per
Group (M/F)

RO5203648 Dose/
Concentration Key Results

min n mg/kg
Cocaine-induced

hyperlocomotione
C57Bl6 mice 30/30 8–16 M 0.3–10 p.o. Attenuation at 1 and 3 mg/kg p.o.

Cocaine-induced
hyperlocomotione

Wistar rats 60/30 7 to 8 M 1–10 p.o. Attenuation at 10 mg/kg p.o.

Spontaneous
hyperlocomotion in
DAT-KO micee

C57Bl6 DAT-KO and WT
littermate mice

None/60 5–9 M 1 p.o. Attenuation at 1 mg/kg p.o. in
DAT-KO mice, but no effect in
DAT-KO/TAAR1-KO mice

Spontaneous
hyperlocomotion in
DAT-KO micee

C57Bl6 DAT-KO, TAAR1-KO,
and WT littermate mice

None/60 8–11 M 0.1–1 p.o. Attenuation at 0.1, 0.3, and
1 mg/kg p.o.

L-687,414–induced
hyperlocomotione

NMRI mice 15/30 8 M 0.01–0.1 p.o. Attenuation at 0.1 mg/kg p.o.

Spontaneous
hyperlocomotion in NR1
KD micee

C57Bl6 NR1 KD and WT
littermate mice

None/60 6 to 7 M 0.3–1 p.o. Attenuation at 0.3 and 1 mg/kg p.o.
in WT mice, no effect in NR1-KD
mice

SIHe NMRI mice 45/15 6–8 M 0.1–1 p.o. Reversal of SIH (dT) at
0.3 mg/kg without affecting Tb

Forced swim stresse Wistar rats 24 h, 18 h,
1 h/60

8 F 3–30 p.o. Significant decrease in immobility
time at 10 and 30 mg/kg p.o.

Cocaine self-
administratione

Long-Evans rats 60/60 7 to 8 M 3–10 i.p. Reduction of cocaine intake in rats
with a stable history of
intravenous cocaine self-
administration at 3 and
10 mg/kg i.p.
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TABLE 6—Continued

Study Type Species/Test System Pretreatment/
Duration

Animals per
Group (M/F)

RO5203648 Dose/
Concentration Key Results

min n mg/kg
Context-induced cocaine

relapsef
Long-Evans rats 15/90 6–8 M 3–10 i.p. Suppression of cocaine seeking

after a 2-wk period of
withdrawal from chronic cocaine
self-administration at 3 and
10 mg/kg i.p.

Methamphetamine self-
administrationg

Long-Evans rats 10/60 6–10 M 3–10 i.p. Reduction of methamphetamine
intake in rats with a stable
history of intravenous
methamphetamine self-
administration at 3 and
10 mg/kg i.p.

Methamphetamine-
stimulated
hyperactivityg

Long-Evans rats 70/60 5 to 6 M 1.67–5 i.p. Attenuation of methamphetamine-
induced hyperactivity and
prevention of development of
methamphetamine sensitization
at 1.67 and 5 mg/kg i.p.

Differential reinforcement
of low-rate behaviore

Cynomolgus macaques 4-h injection
test interval

5 to 6 M 1–30 p.o. Reduced response rate at 10 and
30 mg/kg p.o. and increased
inter-response time at
30 mg/kg p.o.

Object retrievale Cynomolgus macaques 90/90 12 M 1–10 p.o. Procognitive effect at 10 mg/kg p.o.
Haloperidol-induced

catalepsye
Wistar rats 60/10 12 M 0.3–10 p.o. Reduction of catalepsy at 0.3, 3,

and 10 mg/kg p.o.
Sleep/wake parameterse Sprague-Dawley rats 6 h 8 M 1–10 p.o. Wake-promoting activity at

10 mg/kg p.o.

Study Type Species/Test System Pretreatment/
Duration

Animals per
Group (M/F)

RO5263397 Dose/
Concentration Key Results

min n mg/kg
Cocaine-induced

hyperlocomotionh
C57Bl6 mice 60/30 6–8 M 0.3–3 p.o. Attenuation at 1 and 3 mg/kg p.o.

PCP-induced
hyperlocomotionh

C57Bl6 mice 30/60 7–16 M 0.003–1 p.o. Attenuation at 0.01, 0.03, 0.1, and
0.3 mg/kg p.o.

L-687,414–induced
hyperlocomotionh

NMRI mice 15/30 8–24 M 0.0003–1 p.o. Attenuation at 0.003, 0.01, 0.03,
0.1, 0.3, and 1 mg/kg p.o.

Olanzapine-induced weight
gainh

Sprague-Dawley rats None/14 d 8 M 1 p.o. Reduction of fat mass change
induced by olanzapine at 1 mg/
kg p.o.

ICSSi Wistar rats 60/20 8 M 1–10 i.p. Reversal of cocaine (1 mg/kg i.p.)–
induced facilitation of changes
in ICSS threshold at 1, 3, and
10 mg/kg i.p.; no significant
change by RO5263397 alone and
therefore no reinforcing effects
and no abuse potential
anticipated

Abuse-related effects of
cocainej

Sprague-Dawley rats 10/15 6–18 M 1–10 i.p. Reduction of expression of cocaine
behavioral sensitization (at
3.2 mg/kg i.p.), cue- and cocaine
prime-induced reinstatement of
cocaine seeking (at 3.2 and
5.6 mg/kg i.p.), and expression
but not development of cocaine-
induced place preference (at
10 mg/kg i.p.)

Abuse-related effects of
methamphetaminek

Sprague-Dawley rats 10/15 7 to 8 M 3.2–10 i.p. Reduction of expression of
behavioral sensitization (at
10 mg/kg i.p.),
methamphetamine self-
administration (at 3.2 mg/kg
i.p.), and both cue- and a
priming dose of
methamphetamine-induced
reinstatement of drug-seeking
behaviors (at 3.2 and
10 mg/kg i.p.)

Chronic methamphetamine-
treatment 5-CSRTTl

Sprague-Dawley rats 3 d/60 8 M 5.6 i.p. Attenuation of forced abstinence-
induced impulsivity
(at 5.6 mg/kg)

(continued)
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TABLE 6—Continued

Study Type Species/Test System Pretreatment/
Duration

Animals per
Group (M/F)

RO5263397 Dose/
Concentration Key Results

min n mg/kg
Abuse-related effects of

nicotinec
Sprague-Dawley rats 10–20 8–10 M 3.2–17.8 i.p Reduction of expression and

development of behavioral
sensitization (at 10 mg/kg i.p.),
nicotine self-administration (at
3.2 and 5.6 mg/kg i.p.) and
discriminative stimulus effect of
nicotine (at 10 mg/kg i.p.),
attenuation of the subjective
effects of nicotine
(at 10 mg/kg i.p.)

Abuse-related effects of
morphinem

Sprague-Dawley rats 10 3.2–5.6 i.p Reduction of morphine self-
administration (at 3.2 and 5.6mg/kg
i.p.) and attenuation of cue- and
drug-induced reinstatement of
morphine-seeking) at 5.6 mg/kg i.p.);
no effect on the expression of
morphine-induced CPP, naltrexone
precipitated withdrawal-induced
jumping of CPA, or antinociceptive
effect of morphine

phMRIh Sprague-Dawley rats 90/12 9 M 1–30 p.o. Activity profile comparable to
marketed antipsychotics in a
dose-dependent manner.

Forced swim stressh Wistar rats 24 h, 16 h,
2 h/60

8 F 3–30 p.o. Significant decrease in immobility
time at 10 and 30 mg/kg p.o.

Differential reinforcement of
low-rate behaviorh

Cynomolgus macaques 90/90 10 M 1–10 p.o. Number of reinforcers increased at
10 mg/kg p.o.

Object retrievalh Cynomolgus macaques 90/90 11 M 0.3–10 p.o Procognitive effect at 1, 3, and
10 mg/kg p.o.

Haloperidol-induced
catalepsyh

Wistar rats 60/10 6–12 M 0.3–10 p.o Reduction of catalepsy at 0.3, 1, 3,
and 10 mg/kg p.o.

Sleep/wake parametersn C57Bl6 TAAR1-KO, OE, and
WT littermate mice

6 h 8 M 0.1–1 p.o. Wake-promoting activity and
decreased REM and NREM in WT
mice at 0.3 and 1 mg/kg p.o., no
effect in TAAR1-KO and potentiated
effect in TAAR1-OE mice

Sleep/wake parametersh Sprague-Dawley rats 6 h 8 M 0.3–30 p.o. Wake-promoting activity and
decreased REM at 3, 10, and
30 mg/kg p.o.

Study Type Species/Test
System

Pretreatment/
Duration

Animals per
Group (M/F)

RO5256390 Dose/
Concentration Key Results

min n mg/kg
Cocaine-induced hyperlocomotionh C57Bl6 mice 30/60 6–8 M 0.3–3 p.o. Attenuation at 0.3, 1, and

3 mg/kg p.o.
PCP-induced hyperlocomotionh C57Bl6 mice 30/60 7–16 M 0.03–3 p.o. Attenuation at 0.03, 0.1, 0.3, 1,

and 3 mg/kg p.o.
L-687,414–induced

hyperlocomotionh
NMRI mice 15/30 8–24 M 0.01–1 p.o. Attenuation at 0.01, 0.03, 0.1, 0.3,

and 1 mg/kg p.o.
ICSSi Wistar rats 60/20 8 M 0.3–3 i.p. Reversal of the cocaine (1 mg/kg

i.p.)–induced facilitation of
changes in ICSS threshold at
0.3, 1, and 3 mg/kg i.p.; no
significant change by
RO5256390 alone and therefore
no reinforcing effects and no
abuse potential anticipated

phMRIh Sprague-Dawley
rats

90/12 9 M 1–30 p.o. Activity profile comparable to
marketed antipsychotics in a
dose-dependent manner

Attentional set-shiftingh Long-Evans rats 60/30 52 M 1–10 p.o. Procognitive effect: improvement
of set-shifting performance at
1 and 3 mg/kg p.o.

Object retrievalh Cynomolgus
macaques

60/5 11 M 0.3–3 i.m. Procognitive effect: improvement
of performance during difficult
trials at 3 mg/kg i.m.

Differential reinforcement of low-
rate behaviorh

Cynomolgus
macaques

60/90 10 M 0.3–3 i.m. Increased number of reinforcers at
1 mg/kg i.m.

Context-induced cocaine relapsef Long-Evans rats 15/90 6–8 M 310 i.p. Suppression of cocaine seeking
after a 2-wk period of
withdrawal from chronic cocaine
self-administration at 3 and
10 mg/kg i.p.
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details of the antibody used were not provided, and this
putative localization in one or more populations of cells
in breast tissue should be regarded with caution until
validation with well defined reagents has been pro-
vided. TAAR1 presence in thyroid gland epithelial cells
has also been suggested (Szumska et al., 2015), al-
though, again, validation of these findings is required.
In contrast to earlier reports of TAAR1 presence in
adipose tissue, blood vessels, heart, kidney, liver, lung,
and testes (Borowsky et al., 2001; Chiellini et al., 2007,
2012; Regard et al., 2008; Fehler et al., 2010), more
recent studies with more robust protocols and reagents
have failed to provide replication of the presence of
TAAR1 (Revel et al., 2013; Raab et al., 2015).
Somewhat surprisingly for a GPCR, when TAAR1

protein has been identified, it has almost always been
reported to exhibit a predominantly intracellular local-
ization (Bunzow et al., 2001; Lindemann and Hoener,
2005; Miller et al., 2005; Revel et al., 2013; Raab et al.,
2015; Pei et al., 2016), possibly due to the absence of one
or more N-terminal glycosylation sites (Barak et al.,
2008). Intracellular TAAR1 may be associated with
membrane structures (Xie et al., 2008a; Szumska
et al., 2015), although the identity of these is unknown.
Although reagents appropriate for ultrastructural stud-
ies await development, there is good evidence that
TAAR1 is present both pre- (Bradaia et al., 2009;
Revel et al., 2011; Leo et al., 2014) and postsynaptically
within neurons (Espinoza et al., 2015a).
c. Trace Amine–Associated Receptor 1 Ligands.

The archetypal trace amines PEA, TYR, TRP, and OCT,
as well as the dopamine metabolite 3-MT and the
thyroid hormone metabolite 3IT, are high-affinity en-
dogenous agonists at TAAR1 (see Table 7 and references
therein). In addition, dopamine and serotonin show
partial agonismat physiologically relevant concentrations

(Lindemann et al., 2005). Studies with synthetic com-
pounds have revealed a quite remarkably broad ligand
tuning of the receptor (Fig. 2; Table 7), with a number of
psychotropic agents also showing high-affinity agonism at
TAAR1 (Simmler et al., 2016). It should be stressed,
however, that such effects often show pronounced species
dependence, and this is perhaps most notable with
the endogenous hallucinogen DMT and lysergic acid
diethylamide, both of which show limited, if any, activity
at the human isoform (Table 7). In addition to psychotropic
agents, a variety of other synthetic compounds have been
reported to exhibit agonistic activity at TAAR1, including
apomorphine (Sukhanov et al., 2014), ractopamine (Liu
et al., 2014), and the imidazoline ligands clonidine,
guanabenz, and idazoxan (Hu et al., 2009) (Fig. 2;
Table 7). Given this broad substrate tuning of TAAR1, it
is interesting to note that OCT2, often described as a
polyspecific (i.e., broad substrate tuning) transporter,
carries TYR across biologic membranes with a nanomolar
affinity (Berry et al., 2016).

All of the above-mentioned compounds are agonists at
TAAR1, and only a single antagonist has been described
(which is discussed in detail in section IV.B.1.c.ii). The
apparent resistance of TAAR1 to standard medicinal
chemistry approaches toward the development of an-
tagonist compounds is one of the unique aspects of the
receptor. Recently, two in silico quantitative structure-
activity relationship models were developed to further
probe the basis of the broad substrate tuning, species
specificity, and lack of antagonist binding (Guariento
et al., 2018). On the basis of the two quantitative
structure-activity relationship models developed,
biguanides were identified as a useful chemical skeleton
from which novel TAAR1 ligands could be developed. It is
expected that further development of suchmodels will aid
in the development of much needed TAAR1 antagonists.

TABLE 6—Continued

Study Type Species/Test
System

Pretreatment/
Duration

Animals per
Group (M/F)

RO5256390 Dose/
Concentration Key Results

min n mg/kg
Compulsive binge-like eatingo Wistar rats 30/60 12 M 1–10 i.p. Inhibition of binge-like eating

behavior at 3 and 10 mg/kg i.p.
Haloperidol-induced catalepsyh Wistar rats 60/10 6–12 M 0.3–3 p.o Reduction of catalepsy at

0.3 mg/kg p.o.
Sleep/wake parametersh Sprague-Dawley

rats
6 h 8 M 1–10 p.o. No significant effect at 1, 3, and

10 mg/kg p.o. on sleep/wake
cycle and core body temperature

5-CSRTT, five-choice serial reaction time task; F, female; ICSS, intracranial self-stimulation; ivGTT, intravenous glucose tolerance test; KD, knockdown; M, male; NMRI,
Naval Medical Research Institute; oGTT, oral glucose tolerance test; REM, rapid eye movement; SIH, stress-induced hyperthermia; Tb, basal temperature; WT, wild type.

aRevel et al. (2011).
bLiu et al. (2016).
cLiu et al. (2018).
dRaab et al. (2015).
eRevel et al. (2012b).
fPei et al. (2014).
gCotter et al. (2015).
hRevel et al. (2013).
iPei et al. (2015).
jThorn et al. (2014b).
kJing and Li (2015).
lXue et al. (2018).
mLiu et al. (2017a).
nSchwartz et al. (2017).
oFerragud et al. (2017).
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i. Development of Selective Agonists and Partial
Agonists. TAAR1 functionally couples to Gs proteins,
and activation of the receptor by trace amines results in
an intracellular increase in cAMP (Grandy, 2007). Since
TAAR1-independent effects of endogenous trace amines
are possible through other targets, including monoam-
inergic transporters and receptors, as well as the s
receptor (Revel et al., 2011), the development of selec-
tive TAAR1 ligands was important for the identification
of specific TAAR1-mediated biologic functions.
Starting from the known adrenergic ligand S18616

[(S)-spiro[(1-oxa-2-amino-3azacyclopent-2-ene)-4,29-(89-
chloro-19,29,39,49-tetrahydronaphthalene)]], modifying
the linker region and exploring additional structure-
activity relationships, 2-aminooxazolines were discov-
ered as a chemical series of novel, highly potent,
selective, and orally active TAAR1 full and partial
agonists (Galley et al., 2015). Besides functional activity
at human TAAR1 and selectivity versus the adrener-
gic a2A receptor, metabolic stability as measured in
hepatocytes was used as a key parameter to select the
fourmolecules that have been extensively characterized
in the literature: RO5166017 [(S)-4-((ethyl(phenyl)-
amino)methyl)-4,5-dihydrooxazol-2-amine)], RO5203648
[(S)-4-(3,4-dichlorophenyl)-4,5-dihydrooxazol-2-amine],
RO5263397 [(S)-4-(3-fluoro-2-methylphenyl)-4,5-
dihydrooxazol-2-amine], and RO5256390 [(S)-4-((S)-2-
phenylbutyl)-4,5-dihydrooxazol-2-ylamine] (Fig. 2)
(Galley et al., 2015). The safety, tolerability, pharmacoki-
netics, and pharmacodynamics after oral administration
of one of these molecules, RO5263397, a TAAR1 partial
agonist that is well tolerated in rat and cynomolgus
monkey toxicity studies, was determined in a single-
ascending dose, randomized, double-blind, placebo-
controlled study in healthy male volunteers. Although
the compound was found to be generally safe, a 136-fold
above-average systemic exposure to the parent compound
was found in one participant (Fowler et al., 2015). An
additional two poor metabolizers were subsequently
identified, and all three were of African origin. Additional
in vitro studies with recombinant uridine diphosphate
glucuronosyltransferases (UGTs) showed that the contri-
bution of UGT2B10 to RO5263397 glucuronidation was
much higher at clinically relevant concentrations than the
UGT1A4 that had beenpredicted to be themainmetabolic
enzyme in preclinical enzyme studies. DNA sequencing
identified a previously uncharacterized splice site muta-
tion that prevented assembly of full-length UGT2B10
mRNA and thus functional UGT2B10 protein expression
in all of the poor metabolizers (Fowler et al., 2015).
Subsequent DNA database analyses revealed the
UGT2B10 splice site mutation was highly frequent in
individuals of African origin (45%), compared with only
moderate frequency in Asians (8%) and an almost com-
plete absence in Caucasians (,1%). A prospective study
using hepatocytes from 20 individual African donors
demonstrated a greater than 100-fold lower intrinsic

clearance of RO5263397 in cells homozygous for the splice
site variant allele (Fowler et al., 2015). Based on this
unexpected finding in the phase I study, a novel chemical
series of potent and selective TAAR1 agonists with
improved pharmacokinetic properties will be required to
allow further clinical development. Notwithstanding this
setback, the four compounds that are extensively used in
the literature remain excellent tools for the characteriza-
tion ofTAAR1-mediated effects in animals andnonhuman
primates.

These TAAR1 partial and full agonists have been
extensively profiled preclinically. A summary of the
preclinical efficacy of the individual compounds in
behavioral in vivo animal models is shown in Tables 6
and 8. Notably, the compounds show activity in five
distinct paradigms based on the modulation of dopami-
nergic and/or glutamatergic pathways that are sugges-
tive of antipsychotic activity. Furthermore, TAAR1
agonists also show antidepressant/stress-reducing ac-
tivity; procognitive, wake-promoting, antinarcolepsy,
and anticataleptic effects; glucose and weight gain–
controlling responses; as well as antiaddiction effects in
a wide-range of rodent and nonhuman primate para-
digms (see Tables 6 and 8 and references therein). Thus,
TAAR1 agonists may constitute a completely new drug
class with a fundamentally new mechanism of action
based on themodulation of dopaminergic, glutamatergic,
and serotonergic neurotransmission for the treatment of
schizophrenia, mood disorders, narcolepsy, addiction, or
diabetes. Importantly, these compounds appear to target
symptoms in these diseases that currently are not treat-
able, including cognitive and negative symptoms in
schizophrenia and substance abuse with no concomitant
inherent abuse potential. Full details of these effects of
TAAR1 agonists in preclinical models are provided in
sections IV.B.2 and IV.B.3.

ii. Development of N-(3-Ethoxyphenyl)-4-(1-
Pyrrolidinyl)-3-(Trifluoromethyl)Benzamide, the First
Selective Antagonist. Unlike for most GPCRs, it
has been particularly challenging for standard me-
dicinal chemistry approaches to identify selective
TAAR1 antagonists. Thus far, only one such com-
pound, EPPTB [N-(3-ethoxyphenyl)-4-(1-pyrrolidinyl)-
3-(trifluoromethyl)benzamide (RO5212773)] (Fig. 2),
has been identified and characterized (Bradaia et al.,
2009; Stalder et al., 2011). EPPTB is a highly potent
mouse TAAR1-selective antagonist that is largely inac-
tive at the rat and human isoforms (Berry et al., 2017);
unfortunately, even in mice, the pharmacokinetic prop-
erties prevent the in vivo use of EPPTB (Bradaia et al.,
2009). This limitation on the use of EPPTB for research
and drug discovery has considerably slowed progress in
elucidating TAAR1-dependent mechanisms. Ex vivo it
has been shown that EPPTB prevents the reduction of
the firing frequency of dopaminergic neurons induced
by TYR (Bradaia et al., 2009). When applied alone,
EPPTB increases the firing frequency of dopaminergic
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neurons, suggesting that TAAR1 either exhibits con-
stitutive activity or is tonically activated by ambient
levels of an endogenous agonist(s). Clear differentia-
tion between these two possible scenarios has not been
possible. Further confusing the situation are sugges-
tions that EPPTB may in fact be an inverse agonist
(Bradaia et al., 2009; Stalder et al., 2011). EPPTB also
blocks the TAAR1-mediated activation of an inwardly
rectifying K+ current in VTA slices (Bradaia et al.,
2009). When applied alone, EPPTB induced an appar-
ent inward current, suggesting the closure of tonically
activated K+ channels. Importantly, all of these
EPPTB effects were absent in TAAR1-KO mice, ruling
out off-target effects. Together, the above studies
suggest that tonic activation of inwardly rectify-
ing K+-channels by TAAR1 leads to a reduction in
the basal firing frequency of dopaminergic neurons in
the VTA.
d. Signal Transduction and Molecular Interactions.
i. Adenylyl Cyclase. As a Gs-coupled receptor,

TAAR1 promotes cAMP production via stimulation of
adenylyl cyclase (Borowsky et al., 2001; Bunzow et al.,
2001; Lindemann and Hoener, 2005). This has been
confirmed after expression of TAAR1 in a variety of cell
types and with various approaches to analyze cAMP
concentrations used (Reese et al., 2007; Wainscott et al.,
2007; Barak et al., 2008; Hu et al., 2009; Espinoza et al.,
2011; Revel et al., 2011; Liu et al., 2014). In fact, cAMP
assays are now a central component of TAAR1 ligand
screening programs (Bradaia et al., 2009; Revel et al.,
2011, 2012a, 2013; Stalder et al., 2011; Galley et al.,
2012, 2015).
ii. G Protein–Coupled Inwardly Rectifying Potassium

Channels. TAAR1-mediated reduction in the firing
rate of VTA dopaminergic neurons appears to occur
subsequent to activation of G protein–coupled inwardly
rectifying potassium channels (Bradaia et al., 2009).
TYR activation of TAAR1 in VTA slices induces a G
protein–dependent, inwardly rectifying K+ current,
consistent with an activation of G protein–coupled
inwardly rectifying potassium channels. Furthermore,
in TAAR1 transfected Xenopus oocytes, TAAR1 directly
activated Kir3 channels via pertussis toxin–insensitive
G proteins in Xenopus oocytes (Bradaia et al., 2009),
most likely the aforementioned Gs proteins. As de-
scribed above (section IV.B.1.c.ii) inwardly rectifying
K+ currents are also modified by the TAAR1-selective
antagonist EPPTB.
In the samemanner as TYR, the synthetic full TAAR1

agonist RO5166017 also inhibited neuron firing fre-
quency by activating a K+-mediated outward current in
both VTA and DRN slices. Such effects are seen at
comparable agonist potencies to those obtained for
TAAR1 activation in cAMP assays (Revel et al., 2011).
These effects of RO5166017 and TYR on the firing rate
of dopamine and serotonin neurons were absent in
TAAR1-KO mice and were completely prevented by

EPPTB in wild-type animals (Revel et al., 2011). In-
deed, EPPTB reduced the current beyond the pretreat-
ment baseline values, providing further evidence for
TAAR1 being either constitutively active or under tonic
stimulation from an endogenous agonist.

iii. Heterodimerization with the D2-Like Dopamine
Receptor. A functional physical interaction between
D2R and TAAR1 has been shown in a number of studies
both in vitro and in vivo. Cellular studies have revealed
that TAAR1 forms heteromers with the postsynaptic
D2R-long isoform when coexpressed in human embry-
onic kidney 293 (HEK-293) cells, and that the applica-
tion of D2R antagonists enhances TAAR1 signaling in
these cells (Espinoza et al., 2011). Although normally
TAAR1 is mainly located intracellularly, coexpression
with D2R causes TAAR1 appearance at the plasma
membrane (Espinoza et al., 2011; Harmeier et al.,
2015). Furthermore, coimmunoprecipitation of TAAR1
and D2R, directly reflecting heterodimerization, was
convincingly demonstrated not only in vitro in HEK-293
cells (Espinoza et al., 2011) but also in vivo in midbrain
and cortex membrane preparations from TAAR1-OE
rats (Harmeier et al., 2015).

Such heterodimerization provides an attractive mo-
lecular basis for TAAR1-mediated regulation of D2R
functioning. In the striatum of TAAR1-KO mice, an
increased expression of D2Rs, but not D1Rs, has been
observed at both the mRNA and protein levels
(Espinoza et al., 2015a). This is in addition to previous
observations of an increased proportion of striatal D2Rs
in the high-affinity state after TAAR1-KO (Wolinsky
et al., 2007). Furthermore, the locomotor activation
induced by high doses of the D2R agonist quinpirole,
but not by the D1R agonist SKF-82958 (6-chloro-7,8-
dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine), are significantly increased in TAAR1-KO
mice (Espinoza et al., 2015a). Recently, quinpirole-
induced yawning, a behavioral response thought to
reflect the D3 isoform of D2Rs, was reported to be
decreased in the presence of selective TAAR1 agonists
(Siemian et al., 2017). In contrast, the purportedly D2

isoform–mediated hypothermic effect of quinpirole was
not affected by TAAR1 activation (Siemian et al., 2017),
raising the possibility that TAAR1 may differentiate
between D2R isoforms. The effects of D2R antagonists
are also modified by TAAR1, with haloperidol treat-
ment causing significantly less catalepsy and striatal
c-fos expression in TAAR1-KO animals (Espinoza
et al., 2011). An altered function of presynaptic D2

autoreceptors has also been observed in TAAR1-KO
mice, as reflected by an increase in the firing rate of
VTA neurons (Bradaia et al., 2009) and deficits in
autoinhibitory control of dopamine release (Leo et al.,
2014). Taken together, these data clearly demonstrate
that the close interaction of TAAR1 and D2R has
significant functional consequences at both the pre-
and postsynaptic levels.
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TABLE 7
Functional activity (EC50) and binding potency (Ki) of endogenous, selected psychoactive, nonselective, and selective TAAR1 agonists in rats, mice,

and humans
Values for EC50 and Ki are given in micromolar, whereas values for efficacy are given in percentages and indicate maximal cAMP levels reached compared with 10 mM

2-phenylethylamine.

TAAR1 Agonist
Rat TAAR1 Mouse TAAR1 Human TAAR1

EC50 Efficacy Ki EC50 Efficacy Ki EC50 Efficacy Ki

Endogenous ligands
PEAa 0.11 100 0.24 0.20 102 0.31 0.26 104
TYRa 0.030 94 0.059 0.28 88 0.38 0.99 91
TRPa 0.41 91 0.13 2.7 117 1.4 21 73
Octopamineb 2.1 100 20 100 10 100
Dopamineb 5.1 50 12 50 16 50
Serotoninb 5.2 50 .50 .50 100
3-MTc 0.70

Amphetamine likea

Amphetamine 0.66 91 0.23 0.53 90 0.089 2.8 91
4-fluoroamphetamine 0.069 78 0.081 0.13 77 0.32 3.5 67
4-methylamphetamine 0.11 93 0.10 0.071 94 0.15 .30
Methamphetamine 0.85 73 0.35 0.73 78 0.55 5.3 70
4-fluoromethamphetamine 0.16 76 0.24 0.46 69 1.7 6.2 44
MDMA 1.0 56 0.37 4.0 71 2.4 35 26
MDA 0.74 86 0.25 0.58 102 0.16 3.6 11
Cathinone 1.2 28 2.2 1.2 66 2.1 6.9 53
Methcathinone 8.2 41 4.1 6.8 64 .10 .30

Benzofuransa

4-(2-aminopropyl)benzofuran (4-APB) 0.16 75 0.11 0.85 72 2.1 4.1 50
5-(2-aminopropyl)benzofuran (5-APB) 0.067 88 0.042 0.13 67 0.11 6.1 43
6-(2-aminopropyl)benzofuran (6-APB) 0.042 90 0.052 0.067 93 0.056 7.2 47
7-(2-aminopropyl)benzofuran (7-APB) 0.058 109 0.066 0.11 95 0.13 0.63 89
6-aminopropyl-2,3-dihydrobenzofuran

(6-APDB)
1.0 83 1.0 0.51 95 0.21 .10

Phenethylaminesa

2,5-dimethoxy-4-bromo-phenethylamine
(2C-B)

0.24 57 0.079 2.3 69 2.2 3.3 10

8-bromo-2,3,6,7-benzodihydro-difuran-
ethylamine (2C-B-Fly)

0.27 48 0.029 1.8 49 0.71 .30

4-ethyl-2,5-dimethoxyphenethylamine
(2C-E)

0.18 72 0.066 1.1 64 1.2 .10

2,5-dimethoxyphenethylamine
(2C-H)

1.5 80 0.90 7.5 56 11 6.5 53

2,5-dimethoxy-4-propyl-phenethylamine
(2C-P)

0.030 84 0.020 0.56 91 0.28 4.2 72

Mescaline 3.7 37 3.3 4.8 25 11 .10
(2)-Ephedrine 2.5 42 3.7 14 31 .15 .10

4-thio-substituted phenethylaminesd

2C-T-3 0.0080 0.47 .30
2C-T-7 (“blue mystic”) 0.010 0.31 .30
2C-T-19 0.0048 0.096 .30
2C-T-31 0.0052 0.055 .30

TRPsa

Psilocin 0.92 85 1.4 2.7 80 17 .30
DMT 1.5 81 2.2 1.2 73 3.3 .10

Ergolines
Lysergic acid diethylamide (LSD)a 1.4 29 0.45 9.7 13 10 .20

Piperazinesa

m-Chlorophenylpiperazine (m-CPP) 0.15 60 0.054 3.2 40 6.6 .30
Trifluoromethylphenylpiperazine (TFMPP) 0.75 59 0.38 3.8 44 2.3 .30

Aminoindanesa

2-aminoindane (2-AI) 0.11 90 0.31 0.33 54 2.1 1.5 110
N-methyl-2-AI 0.37 63 0.53 0.94 108 2.6 3.3 54
5-iodo-2-aminoindane (5-IAI) 0.033 96 0.030 0.41 36 1.1 3.2 33
5,6-methylenedioxy-2-aminoindane (MDAI) 0.22 95 0.57 0.52 99 1.8 4.1 30

Miscellaneous nonselective compounds
Apomorphinee 0.99 79 0.37 2.5 59 0.37 .20 0.70
Ractopaminef 0.016 100
3ITg,h 0.014 0.090 61 1.7 56
Clonidinei 0.21 0.97
Guanabenzi 0.007 0.025
Idazoxani 0.11 6.7

Selective compounds
RO5073012j 0.025 24 0.0011 0.023 26 0.0032 0.025 34 0.0058
RO5166017k 0.014 90 0.0027 0.0033 65 0.0019 0.055 95 0.031
RO5203648l 0.0068 59 0.0010 0.0040 48 0.0005 0.030 73 0.0068

(continued)
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iv. b-Arrestin 2 and Biased Signaling. In addition
to the well established cAMP cascade, TAAR1 is also
able to signal via b-arrestin 2 (Harmeier et al., 2015), a
multifunctional scaffolding protein classically associ-
ated with GPCR desensitization (Gainetdinov et al.,
2004). It is well established that D2R signals through Gi

proteins to reduce cAMP levels. At the same time,
however, D2R can also recruit b-arrestin 2 in a G
protein–independent manner, a pathway that leads to
the dephosphorylation of protein kinase B (AKT)
and the subsequent activation of glycogen synthase
kinase 3b (GSK3b) (Beaulieu et al., 2009). Both of
these pathways have been shown to be important for
dopamine-mediated behaviors (Beaulieu and Gainetdi-
nov, 2011). By using specific b-arrestin 2 complementa-
tion assays, it has been demonstrated that whereas
TAAR1 normally interacts poorly with b-arrestin 2, the
heterodimerization of TAAR1 with D2R significantly
enhances the TAAR1–b-arrestin 2 interaction that
results in reduced GSK3b activation (Harmeier et al.,
2015). Furthermore, both TAAR1-induced cAMP accu-
mulation and b-arrestin 2 recruitment to D2R were
reduced in the presence of the TAAR1-D2R complex.
Further confirmation of heterodimerization of

TAAR1 and D2Rmodulating the AKT/GSK3b pathway
was obtained in striatal tissues from TAAR1-KO mice
(Espinoza et al., 2015a). As measured by Western blot,
a basal decrease in the phosphorylation of AKT and
GSK3b was found in the striatum of TAAR1-KO mice.
Furthermore, the levels of b-catenin, a target of GSK3b
that is degraded in response to increased GSK3b
activity, were also decreased in mutant mice. In
contrast, no alterations were observed in the phos-
phorylated forms of extracellular signal–regulated
kinase 1/2, cAMP response element binding protein,
or dopamine and cAMP-regulated phosphoprotein
(32 kDa) (DARPP32), all of which are regulated by both
D1R and D2R in a G protein–dependent manner
(Espinoza et al., 2015a).

Taken together, these results demonstrate that
the activation of the TAAR1-D2R complex negatively
modulates GSK3b signaling, a situation with impor-
tant clinical and pharmacological implications. The
AKT/GSK3b pathway is increasingly implicated in
the pathology of schizophrenia, bipolar disorder, and
depression, with growing evidence that antipsychotics
and antidepressants influence this pathway (Beaulieu
et al., 2009). An opportunity to affect D2R signaling
mediated by the b-arrestin 2–dependent AKT/GSK3b
cascade via targeting the endogenous TAAR1 pathway
provides an exciting new avenue in the pharmacology of
these disorders, which is expected to garner consider-
able interest over the next few years.

v. Other Signaling Cascades. Different downstream
targets of TAAR1 signaling were described in activated
rhesus monkey lymphocytes, in which activation of the
transcription factors, cAMP response element binding
protein and nuclear factor of activated T cells (both of
which are associated with immune activation), was
observed (Panas et al., 2012). TAAR1-dependent phos-
phorylation of PKA and PKC after treatment with
methamphetamine has been reported in transfected
HEK-293 cells, immortalized rhesus monkey B cells,
and activated rhesus monkey lymphocytes, suggesting
that the high levels of inducible TAAR1 observed in
activated lymphocytes are functionally active (Panas
et al., 2012). Whether the PKC activation was down-
stream of PKA activation due to TAAR1 coupling to the
Gs protein was not determined, although this is perhaps
the most likely scenario.

2. Central Nervous System Effects

a. Cellular Effects.
i. Dopaminergic Systems. From the first studies on

TAAR1-KO mice, it was clear that TAAR1 is a potent
modulator of dopaminergic neurotransmission
(Wolinsky et al., 2007; Lindemann et al., 2008), consis-
tent with its expression in the major dopaminergic cell

TABLE 7—Continued

TAAR1 Agonist
Rat TAAR1 Mouse TAAR1 Human TAAR1

EC50 Efficacy Ki EC50 Efficacy Ki EC50 Efficacy Ki

RO5256390m 0.0051 107 0.0029 0.0020 79 0.0044 0.016 98 0.024
RO5263397m 0.047 76 0.0091 0.0013 59 0.0009 0.017 81 0.0041

Selective inverse agonist
RO5212773 (EPPTB)n 4.5 0 0.94 0.028 212 0.0009 7.5 0 .5.0

aSimmler et al. (2016).
bLindemann et al. (2005).
cSotnikova et al. (2010).
dLuethi et al. (2017).
eSukhanov et al. (2014).
fLiu et al. (2014).
gScanlan et al. (2004).
hCoster et al. (2015).
iHu et al. (2009).
jRevel et al. (2012a).
kRevel et al. (2011).
lRevel et al. (2012b).
mRevel et al. (2013).
nStalder et al. (2011). IC50 values are presented in lieu of EC50 values.
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groups of the VTA and to lesser extent the substantia
nigra (Lindemann et al., 2008; Di Cara et al., 2011;
Berry et al., 2017). An enhanced stimulation of locomo-
tor activity with concomitant increased dopamine efflux
after amphetamine administration was observed after
TAAR1-KO (Wolinsky et al., 2007; Lindemann et al.,
2008). Electrophysiological investigations on brain slice
preparations revealed that the lack of TAAR1 causes an
increase in the firing rate of dopaminergic neurons
of the VTA while simultaneously increasing D2R

agonist potency (Bradaia et al., 2009). Consistent with
this, the firing rate of these neurons in wild-type but
not TAAR1-KO mice is potently enhanced by the
TAAR1 antagonist EPPTB and decreased by a variety
of agonists (Bradaia et al., 2009). In vivo microdialysis
coupled with fast-scan cyclic voltammetry revealed
that these changes in TAAR1-KO mice were associated
with an elevated extracellular level of dopamine in
the nucleus accumbens, whereas synthetic TAAR1
ligands (both antagonist and agonists) produced the

TABLE 8
Summary of in vivo pharmacological effects of TAAR1-selective agonists

Model/Paradigm Mouse Rat Cynomolgus Monkey

Schizophrenia positive symptoms
Cocaine-induced LMAa–c RO6017, RO3648, RO6390,

RO3397
RO3648

L-687,414–induced LMAa–c RO6017, RO3648, RO6390,
RO3397

PCP-induced LMAc RO6390, RO3397
DAT-KO (reduction of LMA)a,b RO6017, RO3648
NR1-KD (reduction of LMA)a,b RO3648

Schizophrenia cognitive symptoms
Object retrievalb,c RO3648, RO6390,

RO3397
Attentional set-shiftingc RO6390

Antidepression/stress-reducing
Forced swim testb RO3648, RO3397
Differential reinforcement of low-rate behaviorb,c RO3648, RO6390,

RO3397
Stress-induced hyperthermiaa,b RO6017, RO3648

Wake-promotingc,d RO3397 RO3680, RO3397
Antiaddiction

Cocaine self-administrationb,e RO3648, RO6390
Cocaine-ICSSe RO6390, RO3397
Context-induced cocaine relapsef RO3648, RO6390
Cocaine reward memoryg RO6017
Abuse-related effects of cocaineh RO3397
Abuse-related effects of methamphetaminei RO3397
Methamphetamine self-administrationj RO3648
Methamphetamine-induced impulsivityk RO3397
Nicotine self-administration, nicotine-induced
sensitization, reinstatement of nicotine seekingl

RO6017, RO3397

Morphine-induced sensitization, morphine self-
administrationm

RO3397

Compulsive binge-like eatingn RO6390
Antidiabetic

oGTTo RO6017
oGTT in diabetic db/db mice, DIO mice, and diet-
induced obese Glp1R-KO miceo

RO6017

Gastric emptyingo RO6017 RO3397
Reduction of weight gain and body weightc,o RO6017 RO3397
Reduction of weight gain induced by antipsychotic
olanzapinec

RO3397

No EPS liability (no effect on catalepsy)b,c RO3648, RO6390,
RO3397

Reduction of haloperidol-induced catalepsyb,c RO3648, RO6390,
RO3397

DIO, diet-induced obese; EPS, extrapyramidal side-effects; ICSS, intracranial self-stimulation; LMA, locomotor activity; oGTT, oral glucose tolerance test; RO3397,
RO5263397; RO3648, RO5203648; RO6017, RO5166017; RO6390, RO5256390;.

aRevel et al. (2011).
bRevel et al. (2012b).
cRevel et al. (2013).
dSchwartz et al. (2017).
ePei et al. (2015).
fPei et al. (2014).
gLiu et al. (2016).
hThorn et al. (2014a).
iJing and Li (2015).
jCotter et al. (2015).
kXue et al. (2018).
lLiu et al. (2018).
mLiu et al. (2017a).
nFerragud et al. (2017).
oRaab et al. (2015).

Trace Amines and Their Receptors 593

at A
SPE

T
 Journals on A

pril 9, 2024
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


corresponding changes in evoked dopamine release
from slices of both the nucleus accumbens and striatum
of wild-type but not TAAR1-KO animals (Leo et al.,
2014). Direct evidence for decreased D2/D3 autoreceptor
functionality was also demonstrated using paired-pulse
fast-scan cyclic voltammetry (Leo et al., 2014).
In transfected cells and brain synaptosome prepara-

tions, evidence for PEA (Xie and Miller, 2008) and
dopamine (Xie et al., 2008b) modulation of DAT
(Slc6A3) function via both TAAR1 and D2 autoreceptors
has been presented. With respect to potential TAAR1-
mediated regulation of DAT, it should be noted that
in other studies, no difference in dopamine uptake
rate was observed in either the nucleus accumbens or
striatum of TAAR1-KO mice or after TAAR1 agonist/
antagonist treatment of wild-type animals (Leo et al.,
2014). Furthermore, the partial TAAR1 agonist
RO5203648 prevents cocaine-induced dopamine over-
flow in the nucleus accumbens without altering dopa-
mine uptake (Pei et al., 2014), and TAAR1 agonists are
effective in inhibiting dopamine-dependent hyperac-
tivity in DAT-KO mice (Revel et al., 2011, 2012b; Leo
et al., 2018) and when DAT has been inhibited by
administration of cocaine (Revel et al., 2013). As such,
it now appears unlikely that TAAR1-mediated effects
occur after a regulation of DAT function. Indeed,
rather than modulation of DAT, the full TAAR1
agonist RO5256390 blocks cocaine-induced inhibition
of dopamine clearance in nucleus accumbens slices via
a mechanism that requires simultaneous D2R activa-
tion and GSK3b signaling, likely originating from
TAAR1-D2R heterodimerization (Asif-Malik et al.,
2017), as observed in other systems (see sections IV.
B.1.d.iii and IV.B.1.d.iv).
When functionality of postsynaptic striatal dopamine

receptors was assessed in TAAR1-KO animals, an
increased expression and pronounced supersensitivity
of D2Rs was observed (Wolinsky et al., 2007; Espinoza
et al., 2015a), indicating that TAAR1 modulation of
dopaminergic systems also occurs postsynaptically.
Furthermore, this postsynaptic supersensitivity was
mediated via the G protein–independent, b-arrestin
2–dependent, AKT/GSK3b pathway, and not cAMP/
PKA/DARPP32 signaling (Espinoza et al., 2015a). That
TAAR1-mediated effects can be directed at both pre-
and postsynaptic D2R considerably complicates the
interpretation of in vivo findings.
ii. Serotonergic Systems. TAAR1 is expressed

within the DRN, the key area where cell bodies of
serotonin neurons are located (Lindemann et al., 2008),
suggesting that TAAR1 may modulate brain sero-
toninergic activity. Indeed, the full TAAR1 agonist
RO5166017 inhibits the firing rate of DRN serotonergic
neurons while modulation of TAAR1 activity alters
the desensitization rate and agonist potency at 5-HT1A

receptors (Revel et al., 2011). In brain slices of TAAR1-KO
mice, the spontaneous firing frequency of serotonin

neurons was markedly increased compared with wild-
type controls, and this increased firing rate was not
affected by RO5166017 (Revel et al., 2011). In wild-type
animals, however, the TAAR1 partial agonist RO5203648
increases the firing frequency of serotonergic neurons in
the DRN (Revel et al., 2012b). Furthermore, in a trans-
genic TAAR1-OEmouse line, an augmented extracellular
level of serotonin in the medial prefrontal cortex was
found along with an elevated spontaneous firing rate of
DRN neurons (Revel et al., 2012a). Themolecular basis of
these effects has not been studied in the same detail as
those mediated at dopaminergic systems, and further
detailed investigations of the mechanisms of influence of
TAAR1 on brain serotonin functions arewarranted.Using
transfected cells and brain synaptosome preparations,
evidence was presented that PEA (Xie and Miller, 2008)
and serotonin can modulate serotonin transporter func-
tion via both TAAR1 and 5-HT1A/5-HT1B autoreceptors
(Xie et al., 2008b). Notwithstanding the lack of a molec-
ularmechanism, the evidence suggests that TAAR1 likely
functions as an endogenous mechanism to maintain a
balance in serotonergic neuronal activity, similar to its
effects in gating dopaminergic systems.

iii. Glutamatergic Systems. As previously described,
TAAR1 agonists can overcome both the hyperlocomotion
and cognitive impairments induced by administration of
NMDA receptor antagonists (Revel et al., 2011, 2013).
That TAAR1 can regulate glutamatergic transmission is
further suggested by the significant alterations in gluta-
mate transmission found in the prefrontal cortex of
TAAR1-KO mice (Espinoza et al., 2015b), a location
where TAAR1 mRNA is found in wild-type mice. Appli-
cation of a patch-clamp electrophysiological approach to
cortical slices revealed deficient glutamate NMDA re-
ceptor function in prefrontal cortex layer V pyramidal
neurons of TAAR1-KOmice (Espinoza et al., 2015b). This
was associated with a decrease in the expression of the
GluN1 andGluN2B subunits, aswell as a decrease in the
phosphorylation of the Ser896 residue of GluN1. In
contrast, the levels of GluN2A, the AMPA receptor
subunit GluA1, and the phosphorylation status of post-
synaptic density 95 (a postsynaptic protein critical to the
proper organization and integrity of postsynaptic struc-
tures) were not altered in TAAR1-KO animals. That
TAAR1 activation acutely regulates the glutamatergic
system was supported by the observation that cultured
cortical neurons treated with the TAAR1 agonist
RO5166017 showed a modest increase in GluN1 expres-
sion and a significant increase in the phosphorylation of
the Ser896 residue (Espinoza et al., 2015b). Furthermore,
TAAR1 expression was mapped to layer V cortical
neurons in TAAR1-KO/dsRed knock-in rats, a recently
developed transgenic rat model in which the fluorescent
marker dsRed is expressed under the control of the
TAAR1 promoter (Espinoza et al., 2015b). Since many
cortical neurons in layer V project to the striatum, these
data suggest that TAAR1 may modulate corticostriatal
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glutamatergic transmission. Consistent with this hy-
pothesis, significant alterations in the total levels and
phosphorylation of GluN1 were found in the striatum of
TAAR1-KO mice (Sukhanov et al., 2016). Together, the
above-described studies provide amolecular basis for the
ability of TAAR1 to prevent hypoglutamatergic states as
well as the pronounced increase in prefrontal cortex
activity seen in pharmacological magnetic resonance
imaging (phMRI) studies with selective TAAR1 agonists
(Revel et al., 2013).
The TAAR1 agonist RO5166017 has also been report-

ed to counteract L-DOPA–induced phosphorylation of
AMPA receptors resulting in an inhibition of evoked
corticostriatal glutamate release in animals with nigro-
striatal lesions (Alvarsson et al., 2015), effects that were
reversed by the TAAR1 antagonist EPPTB. Such an
effect has potentially significant functional conse-
quences for Parkinson disease–related abnormalities.
Interestingly, methamphetamine-induced activation of
TAAR1 leads to intracellular cAMP accumulation in
human astrocytes, an effect that decreased glutamate
clearance abilities due to a downregulation of excit-
atory amino acid transporter 2 (EAAT-2) (Cisneros
and Ghorpade, 2014). Although methamphetamine
has a promiscuous pharmacology, molecular alter-
ations in astrocyte TAAR1 levels also induced changes
in EAAT-2 levels and function, consistent with the
methamphetamine response being TAAR1 mediated
(Cisneros and Ghorpade, 2014). More recently, it has
been shown that high concentrations of dopamine
upregulate TAAR1, consistent with TAAR1 acting to
prevent dopamine hyperactivity, and this also leads to
reduced EAAT-2 expression and glutamate clearance in
primary cortical astrocytes (Ding et al., 2017). In total,
the above studies indicate that TAAR1 activity can
modulate glutamatergic responses by selective regula-
tion of both receptors and transporter-mediated clear-
ance mechanisms.

b. Behavior.
i. Schizophrenia and Bipolar Disorder. TAAR1

agonists have the potential to be effective in the
treatment of psychiatric disorders, both directly, as well
as indirectly, through acting as a cellular rheostat of
neurotransmitter pathways. Activation of TAAR1 has
been shown to downregulate dopaminergic neurotrans-
mission, whereas inhibition of TAAR1 enhances it
(Lindemann et al., 2008). Data from studies in several
rodent models—including cocaine-, phencyclidine
(PCP)-, and L-687,414 [(3S,4S)-3-amino-1-hydroxy-4-
methylpyrrolidin-2-one]–induced hyperlocomotor activ-
ity tests; cocaine-induced facilitation of intracranial
self-stimulation, and phMRI—indicate that TAAR1
agonists exhibit antipsychotic-like activity (Revel et al.,
2013; Table 8). At doses that only causedmodest effects on
baseline locomotor activity, TAAR1 agonists significantly
antagonized cocaine-induced hyperlocomotor activity in
mice as well as in rats (Revel et al., 2011, 2012b, 2013;

Table 6). In addition, partially active doses of TAAR1
agonists and olanzapine, when combined, fully reversed
the hyperlocomotion induced by cocaine (Revel et al.,
2013), indicating that TAAR1 agonists can also have an
additive effect on those of the marketed antipsychotic
olanzapine. In mice, TAAR1 agonists also inhibited
hyperactivity induced by the noncompetitive NMDA re-
ceptor antagonist PCP, as well as that induced by
L-687,414, an NMDA glycine-site inhibitor (Revel et al.,
2013; Table 6). These are both mechanistic assays that
mimic the NMDA hypofunction seen in schizophrenic
patients. Moreover, modulation of VTA activity in the
intracranial self-stimulation test was observed in rats
after TAAR1 agonist administration (Table 6), further
demonstrating regulation of key circuitry known to be
associated with the negative symptoms of schizophrenia
(Revel et al., 2013). A series of mixed 5-HT1a/TAAR1
agonists fromSunovionPharmaceutical Inc. (Marlborough,
MA) (Nazimek et al., 2016) (see Fig. 2 for a representative
example) have also been shown to be beneficial in prepulse
inhibition andPCP-induced hyperactivitymodels of schizo-
phrenia (Shao et al., 2011).

In summary, preclinical testing indicates that TAAR1
agonists have the potential to treat patients with schizo-
phrenia with better efficacy and improved tolerability,
due to their lack of polypharmacology and unique ability
to normalize both dopamine hyper-reactive and gluta-
mate hyporesponsive circuitry. Furthermore, given the
beneficial metabolic and antidiabetic effects (see section
IV.B.3.a), they may also provide an additional benefit by
not increasing themetabolic syndrome, amajor side effect
of current antipsychotic drugs.

ii. Cognitive Effects. Cognitive deficits are one of the
core symptoms of schizophrenia, symptoms that are only
poorly controlled by current treatment approaches
(Miyamoto et al., 2012; Citrome, 2014). In the primate
object retrieval test, TAAR1 agonists improved the accu-
racy of object retrieval in difficult trials, such as those
when the object to be retrieved was placed at a distance
from the test subject (Revel et al., 2013), indicative of
enhanced cognition (Tables 6 and 8). Similar effects were
also observed in a rat attentional set-shifting paradigm.
Here, deficits induced by 7 days of PCP treatment in the
ability to discriminate between a variety of tactile and
olfactory cues were reversed by TAAR1 agonists (Revel
et al., 2013), indicating a normalization of cognitive
deficits caused by hypoglutamatergic signaling. Such
effects are consistent with the enhanced prefrontal corti-
cal activity seen in phMRI studies after TAAR1 agonist
treatment (Revel et al., 2013).

iii. Depression. TAAR1 agonists have been assessed
for antidepressant-like activity in two validated para-
digms: the forced swim stress test in rats and the
differential reinforcement of low response rate (DRL)
behavior schedule in cynomolgus monkeys (Tables 6 and
8). The forced swim stress test relies on the principle that
when rodents are placed in water in an inescapable
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environment, they adopt a characteristic immobile pos-
ture after an initial period of vigorous activity and make
only the minimal movements necessary to stay afloat. A
reduction in the time of immobility is considered indicative
of potential antidepressant-like properties, and such an
effect was seen in a dose-dependent manner after admin-
istration of TAAR1 partial agonists (Revel et al., 2012b,
2013). DRL is a schedule-controlled behavioral test that
involves prefrontal cortex and hippocampus activity, in
which subjects are reinforced to withhold a response over a
specified unsignaled delay interval. Antidepressants from
a number of different pharmacological classes, including
selective serotonin reuptake inhibitors, tricyclic antide-
pressants, and MAO inhibitors, are active in the DRL
schedule by increasing the number of reinforcers obtained
and decreasing intertrial response rates (McGuire and
Seiden, 1980; O’Donnell and Seiden, 1983). Consistent
with potential antidepressant activity, TAAR1 agonists
significantly increased the number of reinforcers obtained
(Revel et al., 2012b, 2013). Together, the above studies
suggest that TAAR1 agonists warrant further investiga-
tion of their putative antidepressant-like properties. In
combination with the antipsychotic activity profile,
these results suggest TAAR1 agonists may also be
useful in bipolar disorder, being able to address both
manic phases and acute depressive episodes.
iv. Sleep, Wake, and Narcolepsy. Although the above

studies have indicated the potential utility of TAAR1
agonists and partial agonists, a different spectrum is seen
when examining sleep. Here, only partial agonists show
effects (Revel et al., 2012b, 2013; Table 6), which is
thought to possibly reflect antagonism of endogenous
TAAR1 tone. Unfortunately, the lack of suitable TAAR1
antagonists prevents the most direct testing of this
hypothesis, and the putative benefit of antagonists has
to be inferred from the combinatorial effects of agonists in
the presence of partial agonists or from the effects of
TAAR1-KO where secondary compensatory effects could
also be involved. TAAR1partial agonists have been shown
to cause a generalized increase in wakefulness, decreased
latency to sleep, and both decreased and lighter NREM
sleep in both rats and mice (Revel et al., 2012b, 2013;
Black et al., 2017; Schwartz et al., 2017; Table 6).
Furthermore, manipulation of TAAR1 levels through
either OE or KO also alters sleep architecture and
electroencephalogram spectral activity, consistent with
putative TAAR1-mediated changes in cortical neuron
activity (Schwartz et al., 2017). Such effects were not,
however, associated with the hyperactive phenotype
seen with general central nervous system stimulants
(Schwartz et al., 2017). In fact, lack of TAAR1 attenuates
the locomotor activation and electroencephalogram spec-
tral changes induced by two unrelated central nervous
systemstimulants, caffeine andmodafinil, neither ofwhich
is a TAAR1 ligand (Schwartz et al., 2018). TAAR1-OE
meanwhile produced opposite effects, exacerbating the
induced hyperactivity.

That TAAR1-mediated changes in sleep architecture
have clinical relevance is strengthened by the subse-
quent demonstration that TAAR1 partial and full
agonists are effective in two mouse models of narco-
lepsy, both involving hypocretin neuronal degeneration
(Black et al., 2017). Again, effects appeared to be
dependent on the strength of agonism, suggesting that
a centrally active, TAAR1 antagonist with appropriate
pharmacokinetic properties might be the optimal treat-
ment. In the two models used (Atax and DTA mice),
beneficial effects of a TAAR1 partial agonist were
observed in decreasing the cataplexy that is the central
characteristic symptom seen in narcolepsy. In total,
there is now good evidence for a role of TAAR1 in
regulating sleep architecture, and a putative therapeu-
tic utility for partial TAAR1 agonists and TAAR1
antagonists in sleep-related disorders such as narco-
lepsy. It is expected that this will reinvigorate the
search for TAAR1 antagonists that show suitable
pharmacokinetic properties for use in vivo, the identi-
fication of which would also be of considerable benefit to
the further pharmacological probing of TAAR1.

v. Addiction and Compulsive Behaviors. There is
now considerable evidence that TAAR1 is a new target
for the pharmacotherapy of addiction disorders (Tables
6 and 8). Intriguingly, this does not appear to be limited
to drugs of abuse that directly interact with TAAR1;
rather, this is a general phenomenon for any agent that
mediates its effects through the dopaminergic reward
system, and it likely has its cellular andmolecular basis
in the prevention of dopaminergic hyperactivity de-
scribed elsewhere (see sections IV.B.1.d.iii, IV.B.1.d.iv,
and IV.B.2.a.i). Indeed, TAAR1 regulation of cocaine-
mediated effects was very recently shown to be a
function of the ability of TAAR1 to form heterodimers
with D2R, and of those heterodimers to recruit the
b-arrestin 2 pathway (Asif-Malik et al., 2017). In
general, TAAR1 agonism appears to prevent the re-
warding, pleasurable effects of compounds thatmediate
these responses via stimulation of the dopaminergic
system; as such, TAAR1 agonists themselves do not
appear to support self-administration (Cotter et al.,
2015; Jing and Li, 2015; Pei et al., 2016; Table 6). The
dopamine reward system has been reported to be a
target of SEP-363856 (a mixed 5-HT1a/TAAR1 agonist)
in healthy human volunteers (Nazimek et al., 2016).

Given their demonstrated efficacy at TAAR1, much of
the initial work focused on amphetamine-type drugs of
abuse. In animals with decreased TAAR1 levels either
due to KO (Di Cara et al., 2011; Achat-Mendes et al.,
2012; Sukhanov et al., 2016) or an endogenous defunc-
tionalizing mutation (Harkness et al., 2015; Reed et al.,
2018), increases in acquisition and retention of condi-
tioned place preference (CPP) (Achat-Mendes et al.,
2012), hyperlocomotion (Achat-Mendes et al., 2012;
Sukhanov et al., 2016), reinstatement (Sukhanov
et al., 2016), self-administration (Harkness et al.,
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2015; Reed et al., 2018), and toxicity (Miner et al., 2017),
along with decreased autoinhibitory effects (Di Cara
et al., 2011), were seen in response to either amphet-
amine, methamphetamine, or 3,4-methylenedioxyme-
thamphetamine (MDMA). Such effects suggested
that TAAR1 agonists may be beneficial in reducing
the abuse potential of amphetamines and TAAR1
agonists have now been confirmed to decrease the
behavioral sensitization, self-administration, rein-
statement, drug-seeking behavior, and withdrawal-
induced impulsivity observed in response to meth-
amphetamine administration (Jing et al., 2014; Cotter
et al., 2015; Pei et al., 2017; Xue et al., 2018). Consistent
with the TAAR1-mediated effects being due to an
interaction with D2R, the above-described effects are
associated with a decrease in nucleus accumbens
dopamine overflow (Cotter et al., 2015; Pei et al., 2017).
In addition to amphetamines, a number of other

addictive/abused agents are known to involve the
dopaminergic reward systems, including cocaine, etha-
nol, food, and nicotine. Intriguingly, TAAR1 agonists
appear to have a similar beneficial anticraving effect in
all such instances (Tables 6 and 8). Responses to cocaine
(which itself is not a ligand for TAAR1), as well as drug-
taking behaviors induced by its administration, are
modified by TAAR1 agonists such that agonist-induced
decreases in cocaine CPP (Thorn et al., 2014a), both cue-
and drug-primed reinstatement (Pei et al., 2014; Thorn
et al., 2014a), hyperactivity (Revel et al., 2011, 2013),
reward memory (Liu et al., 2016), self-administration
(Pei et al., 2015), sensitization (Thorn et al., 2014a,b),
and withdrawal-induced drug seeking (Pei et al., 2014)
have all been reported. Furthermore, TAAR1 activation
causes a downward shift in dose-response curves for
cocaine reward efficacy, confirming lesser rewarding
properties. Again, effects appear to be focused on
TAAR1 activation within the nucleus accumbens as
well as the VTA and prelimbic cortex (Liu et al., 2017b).
A similar spectrum of beneficial effects after TAAR1

agonism has recently been reported for a second
addictive compound that is not a TAAR1 ligand,
nicotine (Tables 6 and 8). Administration of TAAR1
agonists was able to decrease nicotine-induced hyper-
activity (Liu et al., 2018; Sukhanov et al., 2018),
sensitization (Liu et al., 2018; Sukhanov et al., 2018),
self-administration (Liu et al., 2018), cue- and drug-
primed reinstatement (Liu et al., 2018), and discrimi-
native stimulus effects (Liu et al., 2018), while simul-
taneously increasing the elasticity of the nicotine
demand curve (Liu et al., 2018). These beneficial effects
of TAAR1 activation were associated with a decrease in
the nicotine-induced dopamine release and c-fos expres-
sion in the nucleus accumbens, confirming prevention
of hyperactivity of the dopamine reward centers (Liu
et al., 2018). Furthermore, direct infusion of a TAAR1
agonist into the nucleus accumbens also prevented
drug-seeking behaviors, whereas TAAR1-KO enhanced

nicotine-seeking behaviors. Intriguingly, chronic nico-
tine administration selectively decreased nucleus
accumbens TAAR1 expression (Liu et al., 2018). In this
way, chronic nicotine administrationmay be removing a
cellular brake on dopaminergic activity in the central
reward centers, thereby promoting its rewarding and
addicting properties.

With respect to other addictive agents, TAAR1 ago-
nists also decrease compulsive binge eating of highly
palatable diets (Ferragud et al., 2017), whereas in-
creased ethanol consumption and reward responses
are seen after TAAR1-KO (Lynch et al., 2013) or in
animals now known to contain a defunctionalizing
TAAR1 mutation (Fish et al., 2010). Although there is
a lack of effect of TAAR1-KO (Achat-Mendes et al., 2012)
and TAAR1 agonists (Liu et al., 2017a) on morphine-
induced CPP, morphine self-administration and cue-
and drug-induced reinstatement are decreased by
TAAR1 agonism (Liu et al., 2017a). Importantly, these
beneficial effects of decreasing the reinforcing prop-
erties of morphine are obtained without any change
in morphine-induced analgesia (Liu et al., 2017a).
In contrast, addictive agents that do not strongly
invoke the dopamine reward pathways are not affected
by manipulation of TAAR1 activity. TAAR1 agonists do
not affect the propensity of rodents to self-administer
sucrose (Revel et al., 2012b; Jing et al., 2014; Pei et al.,
2014, 2017; Cotter et al., 2015). Likewise, TAAR1-KO
also does not affect sucrose self-administration (Lynch
et al., 2013).

vi. Feeding Behavior. As described above, within
the central nervous system TAAR1 is found in brain
areas known to be associated with the regulation of
feeding behavior, including the area postrema, cortex,
hypothalamus, limbic system, and nucleus tractus
solitarii (Table 4). This distribution, along with the ease
with which TAAR1 ligands are produced from dietary
amino acids, makes TAAR1 an attractive putative
molecular target for involvement in the control of energy
metabolism and nutrient intake. Furthermore, the well
documented beneficial effects of TAAR1 agonism in reduc-
ing addiction-associated compulsive behaviors mediated
by the dopaminergic reward system raise the possibility
that TAAR1 agonists may also be beneficial in control-
ling compulsive overeating, since food rewards are well
established to be dopaminergic and/or glutamatergic in
origin (Michaelides et al., 2012;Moore et al., 2018). Indeed,
TAAR1 agonists have been reported to decrease food
intake in diet-induced obese mice (Raab et al., 2015),
resulting in weight loss and improved insulin sensitivity
(Table 6). Furthermore, aTAAR1agonist has recently been
shown to prevent rodent binge eating of highly palatable
food by preventing the conditioned rewarding properties of
the food, preventing compulsive consumption behavior,
and decreasing food-seeking behavior during a reinforce-
ment paradigm (Ferragud et al., 2017; Table 6). Simi-
lar to the situation seen with nicotine exposure, chronic
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availability of palatable food resulted in a decrease in
TAAR1 expression (Ferragud et al., 2017), again providing
a link between the development of an addiction phenotype
and TAAR1. In contrast, standard chow overeating after
food restriction was not affected. Together, the results
suggest that TAAR1may uniquely act to normalize central
drives underlying overeating of palatable food while also
normalizing hormonal disruptions in the periphery associ-
ated with metabolic disorders (see section IV.B.3.a).

3. Effects in the Periphery

a. Diabetes and Obesity. TAAR1 is expressed in the
main tissues of the gut-brain axis in addition to specific
areas of the brain involved in the control of energy
metabolism (Lindemann et al., 2008; Table 4). In both
rodents and humans, the highest peripheral expression
of TAAR1 is seen in the stomach, neuroendocrine cells of
the intestine, and b cells of the pancreas (Regard et al.,
2007; Revel et al., 2013; Raab et al., 2015). In contrast to
earlier studies (Borowsky et al., 2001; Fehler et al.,
2010; Chiellini et al., 2012; Gozal et al., 2014), no
expression of TAAR1 was observed in the liver, kidney,
or skeletal muscle when higher-quality, fully validated
reagents were used (Raab et al., 2015). This expression
pattern of TAAR1 is quite specific and partially overlaps
with that of the glucagon-like peptide 1 (GLP-1) recep-
tor, consistent with the colocalization of TAAR1 with
GLP-1 and PYY in the intestines (Raab et al., 2015).
GLP-1 analogs represent a recently developed class of

novel type 2 diabetes mellitus drugs, which improve
glucose homeostasis by stimulating insulin secretion
from pancreatic b cells and inhibiting gastrointestinal
motility and secretion (Baggio and Drucker, 2007).
Combined with the at least partially overlapping ex-
pression pattern of TAAR1 and GLP-1, this prompted
investigation into the role of TAAR1 as a potential novel
therapeutic target for type 2 diabetes mellitus. Using
selective small-molecule TAAR1 agonists, in vitro stud-
ies demonstrated that activation of TAAR1 results in
increases in glucose-stimulated insulin secretion from
pancreatic b-cell lines and isolated human islets (Raab
et al., 2015). Importantly, the effect on insulin secretion
was only seen at elevated glucose concentrations,
thereby reducing the risk for induction of hypoglycemia.
Very recently, signal transduction–altering single nu-
cleotide polymorphisms of TAAR1 were reported in
some patients with impaired insulin secretion and were
suggested to be a possible predisposing factor for
dysfunctional glucose homeostasis (Mühlhaus et al.,
2017). The potential utility of TAAR1 agonists was
further supported by studies in rodent models of type
2 diabetes mellitus (Table 6). Here, TAAR1 agonists
were shown to reduce fasting blood glucose levels and
improve glucose tolerance acutely after either oral or
intraperitoneal glucose challenge (Raab et al., 2015). No
effect of TAAR1 agonists on glucose control was

observed in TAAR1-KOmice, verifying that effects were
indeed TAAR1-mediated.

TAAR1 agonism may also be useful in promoting
weight loss in obese individuals. Not only do agonists
prevent the pronounced weight gain associated with
olanzapine treatment (Revel et al., 2013), but they also
bring about a significant loss of excess body weight in
diet-induced obese mice (Raab et al., 2015). Mechanis-
tically, this likely relates to the demonstration that
TAAR1 activation induces a delay in gastric emptying
and decreased food intake (Raab et al., 2015). Further-
more, TAAR1 regulates nutrient-induced hormone se-
cretion seen as increases in plasma levels of GLP-1 and
PYY (Raab et al., 2015) and somatostatin release from
stomach D cells (Adriaenssens et al., 2015).

b. Immunomodulatory Effects. Not only is TAAR1
differentially expressed between leukocyte populations
(Babusyte et al., 2013), but its expression, along with
that of TAAR2, is increased at both mRNA and protein
levels after leukocyte activation (Nelson et al., 2007;
Wasik et al., 2012; Table 4). As previously noted, PEA
and TYR may be released from activated platelets
(D’Andrea et al., 2003) and have been reported to be
positive chemotactic agents for leukocytes (Babusyte
et al., 2013). The joint regulation of TAAR1 and TAAR2
is important from this aspect, as the chemoattractant
response of leukocytes toward TAAR1-selective agonists
appears to be dependent on the presence of both TAAR1
and TAAR2, possibly due to the need for heterodimeriza-
tion of the two (Babusyte et al., 2013). From this perspec-
tive, the TAAR1/TAAR2 axis may provide a molecular
explanation for the well known immune dysfunction that
is associated with amphetamine-like drugs of abuse
(Boyle and Connor, 2010; Sriram et al., 2015), many of
which are TAAR1 agonists. Indeed, methamphetamine
has been reported to increaseT-cell TAAR1 expression, an
effect that resulted in a decrease in T-cell interleukin
2 levels (Sriram et al., 2016). In addition to these
decreases, TAAR1 agonists have also been reported to
affect T helper cell differentiation, decreasing the levels of
secreted phosphoprotein 1 while simultaneously increas-
ing interleukin 4 secretion (Babusyte et al., 2013). To-
gether, the effects on these cytokines suggest that TAAR1
activation may preferentially promote differentiation into
the T helper 2 phenotype, an effect that would be expected
to lead to B-cell activation. Consistent with this, PEA and
TYR have been shown to increase immunoglobulin E
secretion from B cells (Babusyte et al., 2013).

Although many of the above effects require indepen-
dent verification, in combination with TAAR1 ligand
ready availability from various environmental sources,
they raise the possibility of TAAR1, or indeed other
TAARs, being novel therapeutic targets for environ-
mental hyper-reactivity disorders of the immune sys-
tem. Consistent with this, TAAR1 has been proposed to
play a role in the susceptibility to fibromyalgia (Smith
et al., 2012), TAAR6 implicated in treatment outcomes
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in asthma (Chang et al., 2015), and TAAR2, TAAR5, and
TAAR9 among the most highly upregulated genes in the
inflamed zones of patients with Crohn disease (Taquet
et al., 2012), an effect that allowed discrimination of these
patients from those with irritable bowel syndrome. As
previously indicated, two recent unbiased metabolomic
studies have also identified elevated endogenous TAAR1
ligands inCrohndisease fecal samples (Jacobs et al., 2016;
Santoru et al., 2017). Together, these studies indicate that
a careful, systematic investigation of the ability of TAAR
isoforms to regulate the immune system is warranted.
c. Cancer. A recent study reported that an increase in

TAAR1 expression in breast cancer cells is associatedwith
longer survival times for patients (Vattai et al., 2017).
TAAR1 expression was further suggested to correlate
with that of the human epidermal growth factor receptor
Her2 and to be related to tumor cell differentiation.
Unfortunately, no details were provided on the TAAR1
antibody used; given the generally poor quality and
selectivity of commercial anti-TAAR1 antibodies (Berry
et al., 2017), although this study is of interest it should be
regarded with considerable caution until such time that
replication has occurred with fully validated reagents.
d. Pregnancy. Very recently, TAAR1 has been

suggested as a novel target for the treatment of miscar-
riages. An increased expression of TAAR1 was seen in
syncytiotrophoblasts, cytotrophoblasts, decidua, and glands
of placentas obtained from patients suffering spontaneous
or recurrent miscarriages (Stavrou et al., 2018). Further-
more, this increased expression was associated with
elevated levels of phosphorylated GSK3b, suggesting
elevated b-arrestin 2 signaling. Whether this requires
heterodimerization of TAAR1, and if so with what, is an
area for further investigation. The authors also provided
evidence of TAAR1 agonist-induced increased expression
of TAAR1 (Stavrou et al., 2018) suggestive of a positive
feedback loop. This is not too dissimilar to the reported
elevations of TAAR1 expression in T leukocytes after
treatment with methamphetamine (Sriram et al., 2016),
itself a TAAR1 agonist. Agonist-induced expressionwould
add a new level of complexity to TAAR1 pharmacology
and may be an area for future systematic study.
Although the antibodies used to identify TAAR1 have

previously been reported to be problematic with respect to
their selectivity (Berry et al., 2017), these studies do suggest
a newarea for future studies. Intriguingly, the placenta and
umbilical cord are well known to be abundant sources of
SSAO/VAP-1/AOC3 (Sikkema et al., 2002), an enzyme that
includes TAAR1 ligands in its substrate profile, which in
light of these new studies may be indicative of a need to
tightly control the endogenous TAAR1 agonist levels.

C. Other Tetrapod Trace Amine–
Associated Receptors

TAARs are found in all vertebrate species examined:
mammalia (including marsupiala), aves, amphibia, reptilia,

osteichthyes (bony fish; teleost), and chondrichthyes (carti-
laginous fish) (Fig. 6; Table 5) (Gloriam et al., 2005;
Lindemann et al., 2005; Hashiguchi and Nishida, 2007;
Grus and Zhang, 2008; Mueller et al., 2008; Eyun et al.,
2016). TAAR (or TAAR-like) family members are also
reported to be present in petromyzontida (jawless fish;
lamprey) (Hashiguchi and Nishida, 2007; Eyun et al.,
2016), and they likely represent the evolutionary origin of
the family, although this has been debated (Hussain et al.,
2009; Tessarolo et al., 2014). At least in mammals and
chickens, TAAR genes are clustered on a single chromo-
some, whereas teleost and amphibian TAARs are spread
across multiple chromosomes/scaffolds (Lindemann
et al., 2005; Hashiguchi and Nishida, 2007; Eyun et al.,
2016).

In addition to TAAR1, five other functional TAAR
isoforms are expressed in humans, with single variants
of TAAR2, TAAR5, TAAR6, TAAR8, and TAAR9 pre-
sent, all of which contain seven putative transmem-
brane domains, as expected for GPCRs (Lee et al., 2000).
The individual genes for TAAR3, TAAR4, and TAAR7
have undergone defunctionalizing, pseudogenization
events (Lindemann et al., 2005). Comparison of the
human TAAR complement to those of non–human
primates suggests that the pseudogenization of TAAR3
likely occurred before the divergence of humans and
orangutans, with TAAR4 pseudogenization occurring
between humans and gorillas (Stäubert et al., 2010). By
comparison, the marmoset genome was reported to
contain only two functional TAAR genes (TAAR1 and
TAAR5) (Eyun et al., 2016), although a functional
marmoset TAAR2 gene has been reported elsewhere
(Vallender et al., 2010), whereas the chimpanzee ge-
nome contains three functional genes (TAAR1, TAAR5,
and TAAR6) and six pseudogenes (Lindemann and
Hoener, 2005; Eyun et al., 2016).

1. Trace Amine–Associated Receptor 2

Whereas all other TAAR genes have a single exon,
TAAR2 (previously known as GPR58 or G protein–
coupled receptor 58; Table 3) contains two exons,
encoding a functional protein of 351 amino acids in
humans (Lindemann et al., 2005). TAAR2 shares closest
homology with TAAR5 (previously known as the puta-
tive neurotransmitter receptor, PNR; Table 3) at 42%
identity, and with the 5-HT4 serotonin receptor at 34%
identity (Lindemann et al., 2005). Ligands for TAAR2
have not been identified thus far, either among known
endogenous trace amines or other volatile amines.
Evolutionary mapping, however, suggests that the re-
ceptor will be tuned toward activation by primary
amines (Ferrero et al., 2012). Like all TAARs, with the
exception of TAAR1, TAAR2 is found within the olfac-
tory epitheliumwhere it is coupled to Golf stimulation of
cAMP accumulation (Liberles and Buck, 2006). The role
of TAAR2 and other TAARs in olfactory sensory func-
tion is discussed in detail in section IV.E.
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Beyond the olfactory system, TAAR2 mRNA is found
in various leukocyte populations in humans and mice,
including B cells, granulocytes, monocytes, natural
killer cells, and T cells, a pattern that mirrors the
expression of TAAR1 (Nelson et al., 2007; Babusyte
et al., 2013; Table 4). The presence of TAAR2 at the
protein level has been confirmed in granulocytes
(Babusyte et al., 2013), although it should be noted that
validation of the selectivity of the antibody used was not
provided. It has been noted previously that leukocyte
stimulation results in an increase in both TAAR1 and
TAAR2 mRNA levels (Nelson et al., 2007). Further-
more, it has been shown that PEA and TYR can be
released from activated platelets (D’Andrea et al., 2003).
Babusyte et al. (2013) also showed that these TAAR1
ligands, as well as 3IT, can act as chemoattractants for
neutrophils, with subnanomolar EC50 values. Such a
chemoattractant action requires the presence of both
TAAR1 and TAAR2, as evidenced by the selective small
interfering RNA knockdown of individual receptors elim-
inating the chemotactic responses (Babusyte et al., 2013).
Since neither PEA nor TYR is an agonist at TAAR2, a
heterodimerization betweenTAAR1andTAAR2 to initiate
neutrophil migration has been hypothesized (Babusyte
et al., 2013). Indeed, direct coimmunoprecipitation exper-
iments indicated that such a heterodimerization is in-
volved in the regulation of chemotactic responses to PEA
(Babusyte et al., 2013). Taken together, the above studies
suggest that TAAR2 is required for the expression of
TAAR1-mediated recruitment of leukocytes to the sites of
injury, and that this involves heterodimerization with
TAAR1.
TAAR2 mRNA transcripts have also been reported in

nonsensory cells in other mammalian species, in duode-
nal mucosal cells of the gastrointestinal system in mice
(Ito et al., 2009), and in the rat heart and testis (Chiellini
et al., 2012). Whether a similar pattern of expression is
observed in human tissues requires further study. In a
study with a small sample size, defunctionalizing single
nucleotide polymorphisms of TAAR2 were reported in
up to 10% of humans, with a further minor increase in
patients with schizophrenia (Bly, 2005). These studies
have not been replicated thus far and their clinical
relevance remains unclear, especially given the lack of
reports of TAAR2 presence in the brain.
Recent attempts have been made to apply structure-

based in silico computational protocols to the development
of TAAR2 homology models for the prediction of TAAR2
ligands (Cichero and Tonelli, 2017). With a consensus
TAAR defining motif now identified, further development
of such models is expected to provide new leads and the
identification of TAAR2-selective ligands, which will be a
major boost to elucidating its physiologic roles.

2. Trace Amine–Associated Receptor 3

TAAR3 (previously known as GPR57 or G protein–
coupled receptor 57; Table 3) is a pseudogene in humans

(Lindemann et al., 2005), although a functional protein
with defined physiologic roles in olfaction is encoded in
other species (discussed in detail in section IV.E.2).

3. Trace Amine–Associated Receptor 4

TAAR4 (previously known as trace amine receptor
2 or TA2, 5-HT4P; Table 3) is also a pseudogene in
humans (Lindemann et al., 2005) but encodes a func-
tional protein in other species, where an overlapping
ligand selectivity with TAAR1 is present (discussed in
section IV.E.3).

4. Trace Amine–Associated Receptor 5

The TAAR5 gene encodes a functional protein of
337 amino acids in humans. The most prominent
expression of TAAR5 is in the olfactory epithelium,
where it plays a role in the detection of socially relevant
odor cues (Li et al., 2013; Wallrabenstein et al., 2013;
Zhang et al., 2013) (discussed in detail in section IV.
E.4). In the olfactory system, TAAR5 appears to be
coexpressed with Golf and stimulates cAMP accumula-
tion (Liberles and Buck, 2006). It has also been shown
that human TAAR5 can couple to the Gs cascade
(Wallrabenstein et al., 2013), the Gq/11 cascade (Dinter
et al., 2015c), and G12/13-dependent mitogen-activated
protein kinase pathways (Dinter et al., 2015c), suggesting
that in different cell groups TAAR5 might demonstrate
functional selectivity by coupling to different signaling
modalities. Whether such an effect is due to receptor
heterodimerization, as seen with other TAAR isoforms,
with different partners present in different cell types, or
due to ligand bias, requires systematic study.

Beyond the olfactory system, low levels ofTAAR5mRNA
have been reported in various leukocyte populations, with
the greatest expression seen in B cells (Babusyte et al.,
2013). Others, however, have reported that TAAR5 is only
found in mouse, and not in human, leukocytes (Nelson
et al., 2007). Expression of TAAR5 mRNA has also been
reported in several mouse brain regions such as the
amygdala, arcuate nucleus, and ventromedial hypothala-
mus, with an overlapping localization of TAAR1 and
TAAR5 in the amygdala and ventromedial hypothalamus
(Dinter et al., 2015c; Table 4). Spinal cord (Gozal et al.,
2014), testis (Chiellini et al., 2012), and intestinal (Kubo
et al., 2015) expression has also been reported in rats,
although it should benoted that, at leastwithTAAR1, such
expression patterns could not be validated with higher-
quality reagents. Whether similar patterns of TAAR5
expression occur in humans requires further detailed
studies.

As previously described, TAAR5 is predicted to be
tuned to activation by tertiary amines (Ferrero et al.,
2012), and trimethylamine has consistently been found
to be the most active and selective agonist at human
TAAR5, with dimethylethylamine a less potent partial
agonist (Liberles and Buck, 2006; Wallrabenstein et al.,
2013; Zhang et al., 2013). One group, however, found
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activity of trimethylamine only at rodent, and not
human, TAAR5 (Stäubert et al., 2010). Several syn-
thetic ligands and one additional natural ligand for
TAAR5 have also been identified. Interestingly, the
putative thyroid hormone metabolite and TAAR1 ago-
nist 3IT has been reported to be a TAAR5 inverse
agonist (Dinter et al., 2015c). The activity of 3IT,
trimethylamine, and dimethylethylamine at TAAR5
has been confirmed by recent docking studies using
homology models (Cichero et al., 2016). Furthermore,
these studies identified two TAAR5 antagonists (Fig. 7),
each of which was active at micromolar concentrations.
The synthetic chemical 1-(2,2,6-trimethylcyclohexyl)-
hexan-3-ol (Timberol; Symrise AG, Holzminden,
Germany) (Fig. 7) has also been identified as an
antagonist of TAAR5 (Wallrabenstein et al., 2015).
Although none of these antagonists have to date been
tested in animals to better evaluate TAAR5 functional-
ity, this is a considerable advance given the lack of good-
quality antagonists at all other TAAR isoforms, making
this is an exciting area for future development. A
synthetic TAAR5-selective agonist, 2-(a-naphthoyl)-
ethyltrimethylammonium iodide (alpha-NETA) (Fig. 7),
has also recently been described (Aleksandrov et al.,
2018a; Aleksandrov et al., 2018b). Using the brain
event-related potentials in the paired-click paradigm,
a model that directly recapitulates sensory gating
deficits seen in schizophrenia, alpha-NETA was shown
to decrease sensory gating in rats (Aleksandrov et al.,
2018a), suggesting that TAAR5 may be a novel molec-
ular locus for sensory gating deficits seen in schizophre-
nia. Furthermore, alpha-NETA affected mismatch
negativity-like response in rats, a cognitive paradigm
known to be reflective of schizophrenia-related cognitive
deficits described in experimental animal models and
humans (Aleksandrov et al., 2018b). It is alsoworthnoting
that a protocol for the generation of large (milligram)
quantities of human TAAR5 has been described (Wang
et al., 2011), providing an additional approach to further
understanding TAAR5 structure and functions.

5. Trace Amine–Associated Receptor 6

The TAAR6 gene (previously known as TRAR4, TA4, or
trace amine receptor 4; Table 3) encodes a functional
human protein of 345 amino acids. Similar to TAAR2, no
ligands for TAAR6have been found thus far, although it is
predicted to be activated by tertiary amines (Ferrero et al.,
2012) and/or diamines (Li et al., 2015). The signal trans-
duction events occurring at TAAR6 have also not been
investigated but it is expected that like other olfactory
TAARs, TAAR6 will be coupled to Golf and subsequent
cAMPaccumulation.Beyond the olfactory system,TAAR6
mRNA has been found in mouse duodenal mucosal cells
(Ito et al., 2009), in the rat spinal cord (Gozal et al., 2014)
but not in the human spinal cord (Duan et al., 2004), and
in the rat testis (Chiellini et al., 2012) (Table 4). TAAR6
transcripts have been reported in several human brain

regions, including the amygdala and hippocampus
(Borowsky et al., 2001; Duan et al., 2004), basal ganglia,
and frontal cortex and substantia nigra (Duan et al.,
2004), and these levels may exceed those of the most
thoroughly investigated member of the TAAR family,
TAAR1 (Duan et al., 2004). In the periphery, TAAR6
mRNA has been reported to be present in the human
kidney (Borowsky et al., 2001) and in various human
leukocyte populations (D’Andrea et al., 2003; Babusyte
et al., 2013). In all cases, the functional consequences of
TAAR6 activation are unknown. The flying fox TAAR
gene family expansion (26 genes and 10 pseudogenes) is in
part due to an expansion of its TAAR6 (four functional, six
pseudogenes) complement (Eyun et al., 2016).

Despite minimal knowledge on the biology and physio-
logic role(s) of TAAR6, several studies have identified
single nucleotide polymorphisms (Duan et al., 2004;
Chang et al., 2015) and other genetic variants (Pae et al.,
2010) in patients with schizophrenia (Duan et al., 2004;
Pae et al., 2008a) and affective disorders (Abou Jamra
et al., 2005; Pae et al., 2008b, 2010). Particularly interest-
ing are the investigations of the potential role of TAAR6
single nucleotide polymorphisms in schizophrenia etiology
and treatment, even though results of these studies
are somewhat conflicting. Although several studies in-
dicated a link in patients of Korean, European, and Afro-
American origin (Duan et al., 2004; Vladimirov et al., 2007;
Pae et al., 2008a,b), later studies failed to confirm associ-
ations in Japanese, Chinese, and European populations
(Ikeda et al., 2005; Duan et al., 2006; Ludewick et al.,
2008; Sanders et al., 2008; Vladimirov et al., 2009).
TAAR6 polymorphisms have also been reported to be
connected with therapeutic responses to the antipsychotic
aripiprazole (Serretti et al., 2009), whereas amore complex
epistatic relationship between TAAR6 and heat shock
protein 70 polymorphisms has been associated with both
the development of schizophrenia and treatment outcomes
(Pae et al., 2009). TAAR6 variants have also been
suggested to influence asthma patient responsivity to
corticosterone (Chang et al., 2015).

6. Trace Amine–Associated Receptor 7

TAAR7 is a pseudogene in humans (Lindemann et al.,
2005) but isamajor site ofmammalian species variation in
other species. The increased TAAR repertoire in standard
laboratory rodents—the mouse genome contains 15 func-
tional receptors and one pseudogene, whereas the rat
genome contains 17 functional TAAR genes and two
pseudogenes (Borowsky et al., 2001; Lindemann et al.,
2005; Lindemann and Hoener, 2005; Eyun et al., 2016)—
is primarily due to an expansion of the TAAR7 subfamily.
Likewise, the flying fox possesses a pronounced TAAR7
expansion with 16 functional variants (Eyun et al., 2016).

7. Trace Amine–Associated Receptor 8

The TAAR8 gene (previously known as GPR102,
TRAR5, TAR5, TA5, or trace amine receptor 5; Table 3)
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encodes a functional protein of 342 amino acids in
humans. At present, only tertiary volatile amine ligands,
N-methylpiperidine and N,N-dimethylcyclohexylamine,
for nonhuman TAAR8 isoforms have been identified
(Ferrero et al., 2012; Li et al., 2015). TAAR8, including
the human isoform, does contain a putative diamine
binding domain (Li et al., 2015), suggesting the existence
of diamine ligands as well and this is described in more
detail in IV.E. Trace Amine–Associated Receptors in
Olfaction.
Like other olfactory TAARs, TAAR8 is coupled to Golf,

stimulating cAMP accumulation (Li et al., 2015), but
has also been reported to be coupled to Gi (Mühlhaus
et al., 2014). Beyond the olfactory system, TAAR8
mRNA has been reported in the human amygdala
(Borowsky et al., 2001) and leukocytes (D’Andrea

et al., 2003; Babusyte et al., 2013; Table 4). Multiple
isoforms of TAAR8 were found in various tissues from
other species, including the rat cortex and cerebellum
(Chiellini et al., 2012) and spinal cord (Gozal et al.,
2014). In astroglia, expression was increased by lipo-
polysaccharide activation (D’Andrea et al., 2012). Low-
level expression of the TAAR8b isoform was reported in
various mouse brain regions (Mühlhaus et al., 2014),
leukocytes (Nelson et al., 2007), kidney (Borowsky et al.,
2001; Chiellini et al., 2012), heart, intestines, lung,
skeletal muscle, spleen, stomach, and testis (Chiellini
et al., 2012).

8. Trace Amine–Associated Receptor 9

The TAAR9 gene (previously known as TRAR3, TAR3,
or trace amine receptor 3; Table 3) encodes a functional
humanprotein of 348 amino acids. TAAR9 is thought to be
tuned toward activation by tertiary amines, and like the
case of TAAR8c, rat TAAR9 can be activated by N-
methylpiperidine and N,N-dimethylcyclohexylamine, al-
though only at micromolar concentrations (Liberles and
Buck, 2006; Ferrero et al., 2012). It is notable that rat
TAAR9 can also be activated by a currently unknown
component(s) of both carnivore and noncarnivore urine
(Ferrero et al., 2011), and this provides a good starting
point for identifying putative endogenous ligands. Aswith
other olfactory TAARs, TAAR9 is coupled toGolf-mediated
cAMP accumulation (Ferrero et al., 2011). Beyond its role
in the mammalian olfactory system, TAAR9 mRNA has
been found in the full range of human leukocytes
(D’Andrea et al., 2003; Babusyte et al., 2013), in addition
to the pituitary gland and skeletal muscle (Vanti et al.,
2003) (Table 4). TAAR9 mRNA has also been reported to
be present in the mouse gastrointestinal tract, where it is
preferentially localized to duodenal mucosal cells (Ito
et al., 2009), as well as the spleen (Regard et al., 2008)
and spinal cord (Gozal et al., 2014). A loss-of-function
mutation in the TAAR9 gene with unknown clinical
relevance has been reported to be present in up to 20%
of the human population (Vanti et al., 2003; Müller et al.,
2010).

D. Trace Amine–Associated Receptors in Teleost
and Other Fish

Like in mammals, the number of functional TAAR
genes varies significantly among teleost fish but is
generally higher than in tetrapod genomes, ranging
from approximately 18 in fugu to 112 in zebrafish
(Hussain et al., 2009), with only minor differences
generally observed between independent studies of
individual species (Fig. 6; Table 5). Although some
zebrafish TAARs (27 of 112), like all human TAARs
(six of six) and most mouse TAARs (13 of 15), share the
ability with other biogenic amine receptors to recognize
monoamines via a specific, conserved binding site, the
majority of zebrafish TAARs (85 of 112) evolved to a newFig. 7. Recently described synthetic TAAR5 ligands.
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way to recognize amines, losing the classic monoamine
binding pocket and acquiring an inverted binding
pocket, thus giving a rise to a distinct, third clade of
TAARs that is unique to teleosts and Xenopus (Hussain
et al., 2009, 2013; Li et al., 2015). In total, teleost TAARs
span at least three separate phylogenetic groups, two of
which have not been fully characterized (Hashiguchi
and Nishida, 2007; Eyun et al., 2016). By comparison,
cartilaginous fish (e.g., elephant shark) are evolution-
arily the earliest representatives of jawed vertebrates
and have two TAAR genes, both of which maintain the
TAAR signature motif (Eyun et al., 2016). Sea lamprey
may be the evolutionary origin of TAARs and have been
reported to contain 25 TAAR-like proteins that form a
separate family (Hashiguchi and Nishida, 2007; Eyun
et al., 2016). Whether these lamprey receptors are
indeed true TAAR family members has been debated
(Hussain et al., 2009; Tessarolo et al., 2014) largely due
to the TAAR signature motif that is well represented in
the TAAR1–TAAR9 family being only weakly conserved
in the sea lamprey TAAR-like genes.
Ligands for 12 teleost TAARs have been identified

(Table 2), including members of the classic amine-sensing
clade I receptors (TAAR10a, TAAR10b, TAAR12h, and
TAAR12i) and the clade III representatives TAAR16c,
TAAR16e, and TAAR16f, as well as TAAR13a, TAAR13c,
TAAR13d, TAAR13e, and TAAR14d, which contain both
classic and inverted binding pockets that combine to create
a potential diamine binding site (Hussain et al., 2013; Li
et al., 2015; Gao et al., 2017).

E. Trace Amine–Associated Receptors
in Olfaction

Although TAARs are only distantly related to biogenic
amine receptors and they also have no phylogenetic
relationship with classic chemosensory receptors, it ap-
pears that all subfamilies of TAARs, with the exception of
TAAR1, serve chemosensory functions in detecting socially
or ecologically relevant olfactory cues (Liberles and Buck,
2006; Hussain et al., 2009; Horowitz et al., 2014; Liberles,
2015). Indeed, mammalian TAAR2–TAAR9 subfamilies,
as well as teleost-specific TAARs, have distinct expression
patterns in the olfactory system, being present in the
olfactory epithelium, and neonatal Grueneberg ganglion
but not in the vomeronasal organ (Liberles andBuck, 2006;
Fleischer et al., 2007; Hussain et al., 2009). Like olfactory
receptors, each TAAR is expressed in sparsely distrib-
uted sensory neurons (,0.1% of the total), with a
specific spatial distribution (Liberles and Buck, 2006).
Neurons expressing a functional TAAR do not express
other TAARs or olfactory receptors, whereas neurons
expressing a TAAR pseudogene may express a second
TAAR (Liberles and Buck, 2006; Johnson et al., 2012;
Pacifico et al., 2012). Expressed TAAR proteins are
found in the olfactory cilia, the site of odor detection, and
axons project to distinct glomeruli within the dorsomedial

domain of the olfactory bulb (Pacifico et al., 2012; Dieris
et al., 2017), although this may be developmentally
regulated in some species (Gliem et al., 2009; Shao
et al., 2017). Like classic olfactory receptor neurons, TAAR
neurons express Golf and related signaling proteins, and
inhibition of adenylyl cyclase blocks the odor-related
responses of TAAR neurons (Liberles and Buck, 2006;
Ferrero et al., 2012; Zhang et al., 2013). It has, however,
been reported that innate behavioral responses to the
TAAR4 ligand PEA are not attenuated after conditional
Golf knockdown (Pérez-Gómez et al., 2015), raising the
possibility of currently unknown coupling mechanisms
in vivo.

In vitro screening for odorant TAAR ligands using cAMP
reporter assays in HEK-293 cells transfected with individ-
ual TAARs has identified a number of small, volatile
molecules that activate individual TAARs in several
species, with affinities comparable to those of known
ligands for olfactory receptors (EC50 , 10 mM). Thus far,
such agonists have been identified for one human, one
macaque, six mouse, three rat, and 12 zebrafish TAARs
(Table 2 and Table 9) (Liberles and Buck, 2006; Ferrero
et al., 2012; Wallrabenstein et al., 2013; Horowitz et al.,
2014; Liberles, 2015; Saraiva et al., 2016). Inmany of these
cases, however, further investigation of receptor and
species specificity, as well as the physiologic functions
mediated by receptor activation, is required to fully
validate the identified chemical cues as the true ligands
of individual TAAR (Liberles, 2015).

Notwithstanding the need for further validation, an
emerging picture is developing of TAARs playing a role in
detecting socially relevant odors from diverse ecological
sources, in particular those originating from urine or the
microbial metabolism of decomposing flesh, resulting in
the induction of innate behavioral responses (Liberles,
2015). As such, individual TAARs have been implicated in
the detection and avoidance of predators, avoidance (or
more rarely attraction) to rotting food sources, and even
the detection of putative pheromones. For example, urine
has been shown to activate mouse TAAR4, TAAR5,
TAAR7f, TAAR8c, and TAAR9 (Liberles and Buck, 2006;
Ferrero et al., 2011; Li et al., 2013), although the specific
component responsible has not always been identified.
Recent comprehensive screening for olfactory TAAR
ligands and analysis of their attractive and avoidance
properties in mice has revealed a complex organization of
TAAR-mediated innate behavioral effects. These innate
behavioral responses are not only both context and
concentration dependent, but they are also subject to
modification by other odorants (Saraiva et al., 2016).
Thus, it is likely that TAAR-mediated hard-wired behav-
ioral responses to socially relevant odorant cues are
further modulated in brain circuitry due to interactions
with signals derived from other odorant receptors or
environmental cues.

Two notes of caution are necessary, however, with
respect to the interpretation of olfaction-mediated
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behaviors. First, in particular with respect to dose
dependence, none of the studies in terrestrial verte-
brates have measured the ligand concentration present
in the vapor phase, a major confound with respect to
trying to compare the potency of effects across indepen-
dent studies. Even with a defined liquid concentration
used, the vapor phase concentration can vary markedly
as a result of variations in the surface area of the liquid
phase, temperature of the testing environment, and
volume of the testing chamber, as well as the nature of
any device used to prevent physical contact of experi-
mental animals with the liquid phase. Although this
does not diminish the importance of the observed
behavioral changes, it does necessitate that caution be
used in making dose-dependent comparisons across
studies. Second, studies have so far assumed that all
responses are downstream of olfactory epithelium
TAAR activation. At least some of the ligands (e.g.,
PEA) have been shown to readily cross lipid bilayers
(Berry et al., 2013), and individual TAARs are present
in peripheral cell populations (see previous sections). As
such, it is possible that the physiologic responses to
some olfactory delivered trace amines may occur due to
a combination of downstream central nervous system
signaling after olfactory epithelium TAAR activation,
and systemic responses after ligand entry in to the
bloodstream after passage across pulmonary
membranes.
The current state of knowledge of olfaction-mediated

responses of individual TAARs is presented in the
following sections.

1. Trace Amine–Associated Receptor 2

Potent ligands for TAAR2 are yet to be identified,
although several compounds that can activate this
receptor at high concentrations were recently reported
(Saraiva et al., 2016).

2. Trace Amine–Associated Receptor 3

Isoamylamine, a biogenic amine produced by leucine
decarboxylation and known to be innately aversive to
mice, was identified as an agonist of mouse TAAR3
(Liberles and Buck, 2006; Liberles, 2015), a receptor
that is a pseudogene in humans (Lindemann and
Hoener, 2005). Isoamylamine has been proposed to act
as a pheromone in mice, inducing puberty in females
(Nishimura et al., 1989), although this has also been
questioned (Price and Vandenbergh, 1992). Intrigu-
ingly, strong class I major histocompatibility complex
(MHC)–dependent female choice for genetically diverse
and dissimilar males in the greater sac-winged bat
(Saccopteryx bilineata) was recently correlated with the
female TAAR3 genotype (Santos et al., 2016), indicating
that TAARs and olfactory cues may be key mediators in
mammalian MHC and immune system-based mate
choice. The MHC-based ligand responsible for this
response is currently unknown.

3. Trace Amine–Associated Receptor 4

TAAR4, which is a functional protein in many mam-
malian species but not in humans, has an overlapping
pharmacological profile with TAAR1, being potently
activated by the archetypal trace amine PEA (Liberles
and Buck, 2006; Dewan et al., 2013). PEA is a component
of urine, and analysis of 38 mammalian species indicated
significantly higher PEA concentrations in carnivore
urine, with some producing in excess of 1000-fold more
than herbivores (Dewan et al., 2013).Mice, as well as rats,
are known to innately avoid a PEA odor source (Ferrero
et al., 2011) and enzymatic depletion of PEA from
carnivore urine reduced the repellant properties of the
urine (Dewan et al., 2013). Furthermore, TAAR4-KOmice
show no avoidance response to either PEA or carnivore
urine (Dewan et al., 2013). Thus, at least in mice, PEA
activation of TAAR4 underlies innate avoidance re-
sponses to predator urine. Consistent with this, PEA
olfactory exposure sufficient to induce an innate avoid-
ance response has been reported to result in activation
(as measured by increased c-fos expression) of the
posteroventral region of the medial amygdala and the
dorsomedial region of the ventromedial hypothalamus
(Pérez-Gómez et al., 2015), brain areas implicated in fear,
anxiety, panic, and defensive behaviors in rodents. Inter-
estingly, PEA urinary levels have also been reported to be
increased in response to stress (Grimsby et al., 1997;
Paulos and Tessel, 1982); as such, PEA may serve as
both a conspecific and heterospecific urinary warning
cue. In tigers, PEA has also been proposed to serve a
pheromone function (Brahmachary and Dutta, 1979),
although the TAAR4 expression profile of tigers is
currently unknown.

4. Trace Amine–Associated Receptor 5

Human, macaque, rat, and mouse TAAR5 are po-
tently activated by trimethylamine (Liberles and Buck,
2006; Horowitz et al., 2014), which is most often
regarded as a product of choline and/or L-carnitine
metabolism in the body by the microflora of the
gastrointestinal tract, oral cavity, and vagina, as de-
scribed above (Fennema et al., 2016; Zhang and Davies,
2016). TAAR5 is also activated by spoiled fish, likely due
to the presence of trimethylamine (Horowitz et al.,
2014), and might serve as a mechanism for the innate
avoidance of foods that could harbor pathogenic micro-
organisms and thus pose a danger to health.

In mice, trimethylamine is a sexually dimorphic odor
that can evoke sex-specific, concentration-dependent be-
haviors (Liberles and Buck, 2006; Li et al., 2013), and this
has led to suggestions that trimethylamine is a murine
pheromone (Liberles, 2014). Trimethylamine is present in
male mouse urine from where it is detected by TAAR5
(Liberles and Buck, 2006); enzymatic elimination of uri-
nary trimethylamine disrupts behavioral responses to
male mouse urine (Li et al., 2013). Male mice have
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particularlyhigh concentrations of trimethylamine inurine
(up to 5mM;.1000-fold higher than in femalemice or rats)
due to a genetic deficiency in FMO3 (Li et al., 2013;
Liberles, 2015) preventing its metabolism. Whereas rats
(like humans) find trimethylamine innately aversive, mice
demonstrate attraction to lower (urinary) concentrations,
with aversion occurring to higher levels (Li et al., 2013;
Liberles, 2015). Mice lacking TAAR5 demonstrate no
attraction to trimethylamine but still avoid high concen-
trations (Li et al., 2013), suggesting that TAAR5 mediates
the attractive responses due to high-affinity detection of
trimethylamine, whereas a second, low-affinity, unknown
receptor is responsible for the aversive behavior. Interest-
ingly, specific anosmia for trimethylamine in humans was

reported to be unrelated to polymorphisms in the coding
sequence of the TAAR5 gene (Wallrabenstein et al., 2013).

5. Trace Amine–Associated Receptors 7, 8, and 9

It has been shown that unknown components of carni-
vore and noncarnivore urine can activate rat TAAR7f,
TAAR8c, and TAAR9 (Ferrero et al., 2011). TAAR8c and
TAAR9 canalso be activated byN-methylpiperidine andN,
N-dimethylcyclohexylamine, respectively (Liberles and
Buck, 2006; Ferrero et al., 2012).

6. Teleost Olfactory Responses

The archetypal diamine cadaverine is a major compo-
nent of rotting flesh that potently activates zebrafish
TAAR13c present in olfactory sensory neurons that

TABLE 9
Functional activity (EC50) of endogenous and synthetic agonists of rat, mouse, human, and zebrafish olfactory TAARs

Mammalian TAAR Species Ligand EC50

mM
TAAR3 Rat, mouse Cyclohexylamine 7 (mouse),b 20 (mouse)c

Isoamylamine 10 (mouse)b,c

Octylamine 50 (mouse)b

PEA 40 (mouse)b

TAAR4 Rat, mouse PEA 0.7 (mouse),b 1 (mouse)c

TAAR5 Human, rat, mouse Trimethylamine 0.7 (mouse),b 0.3 (mouse),d

1 (rat),d 0.12 (human)e

N,N-dimethylethylamine 1 (mouse),b 0.17 (human)e

N,N-dimethyloctylamine 1 (mouse)b

N-methylpiperidine 3 (mouse),b 20 (mouse),c

.10 (human)e

Pyrrolidine 17 (mouse)b

Triethylamine 22 (mouse)b

3-pyrroline 42 (mouse)b

2-methy-1-pyrroline 46 (mouse)b

3ITa 4.4 (human)f

TAAR7b Rat, mouse N,N-dimethyloctylamine 3 (mouse)b

N,N-dimethylbutylamine 30 (mouse)b

TAAR7e Rat, mouse Octylamine 28 (mouse)b

Heptylamine 34 (mouse)b

2-methy-1-pyrroline 48 (mouse)b

TAAR7d Rat, mouse N,N-dimethylcyclohexylamine 0.5 (mouse)b

N-methylpiperidine 16 (mouse)b

N,N-dimethylbutylamine 30 (mouse)b

1-(2-aminoethyl)piperidine 30 (mouse)b

Heptylamine 33 (mouse)b

2-methy-1-pyrroline 50 (mouse)b

TAAR8c Human, rat, mouse N-methylpiperidine 0.5 (rat)g

N,N-dimethylcyclohexylamine 13 (rat)g

TAAR9 Human, rat, mouse N-methylpiperidine 18 (rat)g

N,N-dimethylcyclohexylamine 27 (rat)g

Zebrafish TAARs
TAAR10a Zebrafish Serotonin 0.5h

5-methoxytryptamine 20h

TAAR10b Zebrafish TRP 50h

TAAR12h Zebrafish b-phenyethylamine 0.3h

TAAR13a Zebrafish Histamine 20h

TAAR13c Zebrafish Cadaverine 20,i 10h

TAAR13d Zebrafish Putrescine 1h

TAAR16c Zebrafish N-methylpiperidine 10h

TAAR16e Zebrafish N,N-dimethylcyclohexylamine 30h

Only compounds with ,50 mM activity are listed.
aInverse agonist.
bSaraiva et al. (2016).
cLiberles and Buck (2006).
dLi et al. (2015).
eWallrabenstein et al. (2013).
fDinter et al. (2015c).
gFerrero et al. (2012).
hLi et al. (2015).
iHussain et al. (2013).
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project to dorsolateral glomeruli of the olfactory bulb,
evoking innate avoidance behavior (Hussain et al., 2013;
Dieris et al., 2017). Structure-activity analysis indicated
that TAAR13c has a preference for medium-sized di-
amines containing an odd number of carbons and contains
a nonclassic monoamine recognition pocket with two
distinct cation recognition sites (Hussain et al., 2013).
Intriguingly, cadaverine also induces avoidance responses
in mice, and this behavior is lost in mice with a cluster
TAAR2-TAAR9-KO, suggesting that at least one of these
receptors is responsible for the detection (Dewan et al.,
2013). Interestingly, human TAAR6 and TAAR8, mouse
TAAR6 and TAAR8b, and rat TAAR6 and TAAR8a also
have TAAR13c-like diamine binding pockets and thus are
likely candidates for cadaverine-detectingTAARs (Li et al.,
2015). Ecologically relevant ligands for a number of other
teleost TAARs have been identified (Table 2), although the
physiologic responses to these ligands of other teleost
TAARs have not yet been investigated (Li et al., 2015). As
previously described, lamprey have also been reported to
innately avoid a PEA source (Imre et al., 2014), although
whether this is TAAR mediated is unknown.

V. Future Directions

A. Better Understanding of the Physiologic Role(s) of
Trace Amine–Associated Receptors and Their
Endogenous Ligands

1. Trace Amine–Associated Receptor 1. Although
great advances have occurred in understanding the
physiologic roles of TAAR1 in the central nervous system,
its functions in peripheral tissues remain largely un-
known. Advances in these areas have begun, in particular
in establishing TAAR1 as playing a role in the control of
nutrient-induced hormone secretion throughout the gas-
trointestinal system, with particularly robust effects
demonstrated in the pancreas. Unfortunately, further
progress has been hindered by a lack of suitable pharma-
cological tools (particularly useable receptor antagonists).
In addition, it is only in the last 2 years thatwell validated
antibodies have been described, one suitable for immuno-
histochemistry of human tissue and one for Western blot
of rat tissues. Although progress has been made through
the use of transgenic and gene silencing technologies,
again the development of missing high-quality pharma-
cological tools such as receptor antagonists and validated
selective antibodies will be crucial to furthering these
endeavors and this was discussed more fully recently
(Berry et al., 2017). Application ofmodern optogenetic and
DREADD (designer receptors exclusively activated by
designer drugs) technologies will also be of considerable
benefit to further understanding the homeostatic physio-
logic properties of TAAR1 aswell as other TAAR isoforms.
Outside of the central nervous system and tissues

controlling energy metabolism, the role of TAAR1 in
modulating the immune system is a notable area for
future study. Although this area is currently not as well

developed as others, there is slowly accumulating
evidence that TAAR1 and its ligands exert immuno-
modulatory effects. With endogenous TAAR1 ligands
appearing to readily cross cell membranes and TAAR1
seemingly present in a variety of leukocyte populations
where it may regulate cytokine and immunoglobulin
secretion, a particularly intriguing possibility is that
TAAR1 activation may play a role in environmental
hypersensitivity reactions, particularly in the pulmo-
nary and gastrointestinal systems.

There also remains a surprising sparsity of knowl-
edge about the basic homeostatic mechanisms that
control trace aminergic functioning. Although endoge-
nous ligands for TAAR1 are now well established,
questions remain about their synthesis and how cellular
levels and access to receptors are controlled. The
possibility that the TAAR1 system serves as an endog-
enous mechanism for promoting biased agonism at one
or more neurotransmitter receptors is intriguing and
something that, should it be firmly established, is
expected to generate considerable interest within the
pharmaceutical industry.

2. Other Trace Amine–Associated Receptors. The
establishment of TAARs as a new class of receptor for
olfaction has allowed the first steps to be taken in
determining the function of the wider TAAR family,
with the identification of ligands for several TAARs,
including putative endogenous ligands for TAAR3,
TAAR4, and TAAR5. As progress continues to be made
in establishing physiologic roles for olfactory TAARs in
detecting environmental cues that induce innate be-
havioral responses related to survival and species
propagation, it will be important not to lose sight of
the presence of these receptors in other tissues as well.
Furthermore, identification of the neural pathways
activated downstream of individual olfactory TAAR
isoforms will allow a greater understanding of conspe-
cific and heterospecific signaling mechanisms.

Clarifying the cellulardistributionof eachTAARthrough-
out the body will be an important early step in future
studies, alongwithdevelopmentofhigh-selectivity synthetic
ligands. In this latter aspect, the identification of a consen-
sus TAAR binding pocket and development of in silico
molecular docking programs, allowing for high-throughput
virtual screening of vast chemical libraries, is expected to be
of considerable utility. As endogenous ligands for individual
TAARs are identified, the identification of synthetic and
degradative routes will be required. A number of pharma-
cological tools have been developed for the study of olfactory
TAARs, and application of these tools to nonolfactory
systemswill beuseful inallowingamore rapid identification
of physiologic responses than was possible with TAAR1.

B. Development of Selective Trace Amine–Associated
Receptor 1 Ligands as Therapeutics

1. Schizophrenia and Bipolar Disorder. Schizophre-
nia and bipolar disorders are world-leading causes of
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disability, with a combined lifetime prevalence of approx-
imately 3% in the general population (Perälä et al., 2007).
Symptoms and signs of schizophrenia are clustered into
three major domains: positive (e.g., delusions or halluci-
nations), negative (e.g., blunted affect, amotivation), and
cognitive (e.g., executive dysfunction, poor verbal mem-
ory), with frequent occurrences of comorbid depressive
symptoms. The primary symptom domain of bipolar
disorder is the presence of a sustained abnormality of
mood state, including abnormal mood elevation, depres-
sion, irritability ofmood, and so-called “mixed states” of all
three symptom clusters. In cases of psychotic bipolar
disorder, co-occurring psychotic symptoms also appear
during severe phases.
Antipsychotic treatment of schizophrenia and bipolar

disorders mainly targets the symptoms found during
acute exacerbations, in particular acute positive symp-
toms and mania. These drugs act as antagonists at
D2Rs, and they act on serotonergic (e.g., 5-HT2A),
cholinergic (e.g., muscarinic M1), and histaminergic
(e.g., H1) receptors as well (Kim et al., 2009). These
include first-generation drugs such as the phenothia-
zines and butyrophenones, which are associated with
frequent and severe extrapyramidal symptoms such as
drug-induced parkinsonism and the neuroleptic malig-
nant syndrome despite having great potency as
antipsychotics. Second-generation (atypical) antipsy-
chotics are currently the mainstay of therapy for both
disorders and include compounds such as clozapine,
olanzapine, quetiapine, risperidone, and aripiprazole.
These second-generation compounds are associated
with less severe extrapyramidal symptoms but are
associated with a metabolic syndrome (dyslipidemia,
insulin resistance, pronounced weight gain, and eleva-
tions in blood pressure), which can unfavorably alter the
benefit-risk ratio (Gründer et al., 2009; Kim et al., 2009;
Meyer and Stahl, 2009; Thomas et al., 2009). The
metabolic syndrome and obesity are estimated to occur
in 33% of patients with schizophrenia and bipolar
disorders. In particular, patients who require treatment
with olanzapine, clozapine, risperidone, or quetiapine
have high rates of these conditions. Even before the
advent of modern pharmacotherapy, however, patients
with schizophrenia and related-disorders were known
to suffer disproportionately from chronic disorders such
as cardiovascular disease and diabetes (Reynolds and
Kirk, 2010), suggesting a potential molecular common-
ality. Until recently, the excess dopamine hypothesis
was the major pathophysiological theory of psychosis,
based largely on the effectiveness of D2R antagonists.
More recently, dysfunctions in other neurotransmitters,
in particular glutamate, have been identified and are
being explored as new therapeutic targets (Moghaddam
and Javitt, 2012).
As described in previous sections, abnormalities in

trace amine physiology have long been associated with
schizophrenia and bipolar disorders. In schizophrenia,

increased urinary levels of PEA and alterations in the
metabolism of TRP and TYR have been proposed, includ-
ing enzymes involved in the synthetic and catabolic
pathways of these molecules. TAAR1 is expressed in brain
structures associated with psychiatric disorders, in partic-
ular inkeyareaswheremodulation of dopamine (VTA) and
serotonin (DRN) occurs, but also in the amygdala, hypo-
thalamus, rhinal cortices, and subiculum (Lindemann
et al., 2008) where it modulates dopaminergic, serotoner-
gic, and glutamatergic neurotransmission. As such, TAAR1
may be a novel target for development of novel antipsy-
chotic, potentially mood-stabilizing, and antidepressant
drugs with high potential for differentiation, by exploiting
the fundamentally new mechanism and target of action.
Furthermore, given their positive energy metabolism pro-
file, TAAR1 agonists may provide additional benefit for
patients with schizophrenia or bipolar disorder and the
comorbidities of associated metabolic syndrome. Indeed,
the first TAAR1-directed agent (SEP-363856) is currently
in clinical trials for schizophrenia (Berry et al., 2017).

Given that TAAR1 is the only validated receptor target
of the amphetamines and there is an abundant literature
linking amphetamine-like effects to schizophrenia, it may
appear counterintuitive that TAAR1 agonists exert anti-
psychotic actions. As described, however, TAAR1 agonism
only recapitulates a small portion of the physiologic
responses to amphetamine and none of the pleasurable,
reinforcing properties. Indeed, TAAR1 agonism counter-
acts these reinforcing properties. As such, it is incorrect to
regard TAAR1 agonists as amphetamine like. Rather,
TAAR1 agonism is just one of the many molecular
mechanisms by which the promiscuous amphetamines
exert their effects.

2. Addiction and Compulsive Behaviors. Since the
identification that a number of psychotropic drugs of
abuse were agonists at TAAR1, there has been consid-
erable interest in determining the role(s) that TAAR1
might play in drug abuse and compulsive behaviors in
general. These studies have firmly established TAAR1
as a novel target for the treatment of addiction, an effect
that relates to TAAR1 localization in the central
dopamine reward centers and regulation of D2R signal-
ing. Not only does this realize control of cravings and
relapse toward psychotropic agents that are agonists at
TAAR1 (amphetamine, methamphetamine, MDMA),
but also to other addictive agents (cocaine, morphine,
nicotine, and ethanol) and behaviors (binge eating)
where TAAR1 is not a direct target of the addictive
agent. Importantly, the effects of TAAR1 agonists do not
merely substitute for the agent of abuse, with TAAR1
agonists alone not supporting self-administration;
rather, they address the underlying overactivity of
dopaminergic neural drives of drug-seeking behavior.
Although no known clinical trials have yet occurred,
dopamine reward pathways were identified as a TAAR1
target in healthy human volunteers and it is anticipated
that TAAR1 agonists will be the subject of future
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development activities for the control of drug-taking
behavior. Such development activities may also include
environmental stress disorders such as post-traumatic
stress disorder, in which an increased susceptibility to
drug abuse is prevalent. In this regard, it is interesting
to note that the possible beneficial effects of the
psychotropic TAAR1 ligand MDMA in post-traumatic
stress disorder are being actively investigated (Amoroso
and Workman, 2016; Sessa, 2017).
3. Metabolic Syndromes. Diabetes is one of the

fastest growing health concerns worldwide. The total
number of people with all types of diabetes is projected
to rise from approximately 285 million in 2010 to
439million in 2030, primarily due to population growth,
aging, urbanization, and an increasing prevalence of
obesity and physical inactivity (Shaw et al., 2010). Type
2 diabetes mellitus accounts for 90%–95% of all cases of
diabetes in patients older than 20 years of age. It occurs
more frequently in adults but is also being increasingly
diagnosed in adolescents (Aye and Levitsky, 2003).
Type 2 diabetes mellitus is a chronic metabolic disease
characterized by hyperglycemia resulting from pancre-
atic b-cell dysfunction, deficiency in insulin secretion,
insulin resistance, and/or increased hepatic glucose
production. Current antidiabetic medications are often
inefficient at achieving glycemic control because they
predominantly address only a single underlying defect
(namely, the insulin secretion deficits). In addition, they
tend to be associated with undesirable side effects such
as weight gain and episodes of hypoglycemia, conges-
tive heart failure, and impaired renal function. New
and more effective drugs for the prevention and treat-
ment of type 2 diabetes mellitus are therefore urgently
required. The emerging profile of TAAR1 agonists
possessing incretin-like effects, increasing insulin se-
cretion at elevated, but not basal, glucose levels, makes
them an attractive prospect for further development.
Furthermore, the unique ability of TAAR1 agonists to
also regulate hormone secretion from the stomach and
gastrointestinal tract in response to nutrients, decrease
diabetes-associated obesity, as well as decrease the
propensity for binge eating and addictive behaviors in
general suggests that TAAR1 agonists may be uniquely
able to address both central and peripheral aspects of
metabolic disorders.

C. Trace Amine–Associated Receptors in Ecology

The demonstration that olfactory TAARs are in-
volved in the initiation of innate behavioral responses
to diverse environmental cues has generated interest
in TAARs within the olfaction research community.
Interest is also beginning to be shown by those
studying ecology and there have been the first sugges-
tions that TAARs may be involved in migration and
mate choice of individual species. It is expected that
these initial results will generate further interest that
will allow further advances to be made in identifying

innate behaviors that are controlled by olfactory
TAARs. Such advances will almost certainly also lead
to the identification of new TAAR ligands, which it is
hoped will allow for the deorphaning of additional
TAAR family members. With a select number of
compounds that are associated with diverse ecological
contexts and selective toward individual TAARs al-
ready identified, the olfactory TAARs offer an amena-
ble system to probing the neural basis of survival
behaviors associated with different ecological contexts.
Currently, only one neural pathway involved in the
innate behaviors initiated in response to olfactory
TAAR activation has begun to be mapped. It is
expected that this will be resolved in the coming years,
providing a major breakthrough in understanding the
cellular basis of the drives for various vertebrate
behaviors.

With large variations in the complement of TAARs
between species and activation of individual TAARs
demonstrated in response to both conspecific and
heterospecific urines, it seems clear that TAARs are
involved in species-specific adaptation responses. As
such, the evolution of TAARs appears to be a good
option for studying the evolution of olfactory systems,
at least with respect to innate survival mechanisms.
From this perspective, amphibians are of particular
interest because their olfactory systems have been
suggested to represent an evolutionary midpoint be-
tween teleosts and mammals. There are few complete
genome sequences available for amphibia and the
TAAR complement of two Xenopus species are the only
ones to have been reported. Unfortunately, Xenopus
are evolutionarily rather distant from the true frogs
(Ranitidae sp.). Determining the TAAR complement of
representative true frog species would be advanta-
geous and provide a starting point for addressing
evolutionary questions about the origins of vertebrate
olfactory systems.

One interesting aspect that the TAAR systemmay offer
is the ability of a single cue to directly activate both
centrally and peripherallymediated responses. Certainly,
centrally mediated behaviors are induced by activation of
TAARs in the olfactory passages. In addition, however, at
least some TAAR ligands can readily cross cell mem-
branes; with TAARs present throughout the body, direct
activation of systemic responses may also be possible. In
this regard, it is particularly interesting that the strongest
evidence for peripheral TAAR responses so far is in cells
controlling energy metabolism and those of the immune
system. These are two systems that depending on the
precise context would, on the surface, appear to be
advantageous to activate in response to the possible
presence of predators, pathogenic microbes (spoiled food),
or in preparation for mating. Such a situation could
provide an explanation for why the evolutionary origin
of the entire family (TAAR1) is not involved in the
detection of olfactory cues.

608 Gainetdinov et al.

at A
SPE

T
 Journals on A

pril 9, 2024
pharm

rev.aspetjournals.org 
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


D. Trace Amine–Associated Receptors, Nutrition, the
Microbiome, and Health

The roles of nutrition and the constitutive microbiota
in health and disease are a growing area of research.
The presence within various foodstuffs of compounds
that are now known to be selective ligands for individual
TAARs has long been known. Within the food science
community, the presence of these compounds has been
almost exclusively studied from the point of view of food
spoilage and microbial contamination. With the grow-
ing recognition and acceptance of TAAR functions
throughout the body, but particularly in the gastroin-
testinal tract and immune system, it is expected
that over the next few years there will be a growing
interest in whether there is a role to play for TAARs in
both the beneficial and adverse effects of food in some
individuals.
The search for metabolites that can link the consti-

tutive microbiota to health outcomes has become an
active area considerably aided by the development of
powerful metabolomic techniques. With the levels of
knownTAAR ligands readilymodified by themicrobiota
and a defined family of receptors present, it is expected
that the trace amine system will develop into a locus for
such studies. Besides the potential of the trace amine
system providing a molecular pathway for the putative
link between the microbiota, gastrointestinal tract, and
central nervous system disorders, particularly intrigu-
ing is the molecular link that the trace amine system
could provide between nutrient intake, the microbiota,
and the immune system.

VI. Conclusion

The identification of the TAAR family has resurrected
interest in a series of compounds that had originally
been identified as a topic for study at the advent of the
20th century by some of the founding fathers of the
fields of biochemistry, cellular physiology, and pharma-
cology. Some basic knowledge gaps remain; for example,
many TAARs remain orphan receptors with no known
defining ligand, there is sparse information on cellular
and tissue distribution of receptors, even the term
“trace amine” has become nebulous and poorly defined,
and suitably selective pharmacological reagents remain
at a premium. Yet an exciting field with broad multi-
disciplinary implications has begun to emerge. Al-
though the 1960s and 1970s focus of trace amines (and
thereby the subsequently identified TAARs) as putative
etiologic factors in drug abuse and psychiatric disorders
continues to be a driving force, hitherto unsuspected
roles have emerged. Prominent among those are roles in
the peripheral control of energy metabolism as well as a
growing recognition of a putative role in the control of
cellular immune responses. Even with respect to psy-
chiatric disorders, the journey of the last few years has

taken a number of unexpected twists and turns. Whereas
TAAR1 is a direct target of a number of psychotropic drugs
of abuse, activation of TAAR1 unexpectedly shows con-
siderable promise as a novel therapeutic target for the
pharmacotherapy of schizophrenia and drug abuse, with
available evidence indicating no abuse potential of
TAAR1-directed agents. This likely reflects the promiscu-
ity of molecular action of many of the drugs of abuse, in
particular those that are amphetamine like. Although
TAAR1 agonism is one of those sites of action, this is not
related to their reinforcing properties and, hence, abuse
potential. As such, TAAR1 agonists should not be viewed
as amphetamine like. Rather, amphetaminergic com-
pounds include TAAR1 agonism as one of their many
molecular sites of action.

After the identification of TAARs, the unexpected
demonstration that they also serve a role as a new class
of receptors for olfaction has opened up new vistas.
Diverse environmental sources of ligands for individual
TAARs have been identified, making the TAAR family
of interest for investigating ecological questions around
predator-prey interactions, mate selection, nutrient,
and habitat choices. Furthermore, with TAARs being
unique to vertebrates and showing a high degree of
interspecies variability, the ability to detect trace
amines having arisen independently in invertebrates
and vertebrates, and different TAAR isoforms under
either positive or negative selection pressures, TAARs
have emerged as an excellent system for addressing
questions of the evolutionary origin of vertebrate olfac-
tory systems. The independence of evolution between
invertebrate and vertebrate trace amine systems has
also seen the invertebrate trace amine systems
emerge as potential targets for development of novel
pest control agents that may have a better safety
profile with respect to vertebrate exposure.

TAAR ligands are readily produced andmetabolized by
microbes, and as TAARs become more widely recognized
and their cellular effects more fully established, they are
likely to attract the interest of microbiologists studying
host-microbe interactions, food scientists studying fer-
mentation processes in food production and quality
control, and nutritional biochemists interested in the role
of nutrients in health and disease. Although the journey
fromNencki’s products of putrid flesh is far fromcomplete,
the last decade has seen considerable advances and new
avenues discovered. With a critical mass of trace amine
researchers originating from diverse scientific back-
grounds now emerging, it is expected that an accelerated
phase of advancement of the field will occur over the next
few years, including an increased understanding of the
evolution of environmental adaptation strategies and the
clinical testing of the first pharmacotherapies directed
toward individual TAARs.
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