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Preface

The sense of smell has an essential role in locating food, detecting predators, 
navigating, and communicating social information. Accordingly, the olfactory 
system has evolved complex repertoires of receptors to face these problems. 
Although the sense of taste has less far-reaching tasks, they are every bit as 
essential for the animals well-being, allowing it to reject toxic materials and to 
select nutritionally valuable food. The last decade has seen a massive advance 
in understanding the molecular logic of chemosensory information processing, 
beyond that already achieved in the fi rst few years following Linda Bucks 
discovery of odorant receptors. Shortly afterwards, the major principles of 
olfactory representation had been established in mammals as the one neuron/
one receptor rule and the convergence of neurons, which express the same 
receptor, onto individual modules in the olfactory bulb. In recent years, such 
studies have been extended to lower vertebrates, including fi shes and other 
phyla, i.e., arthropods, worms, and insects, showing both the general validity 
of these concepts and some exceptions to the rule. In parallel, hallmarks of the 
molecular logic of taste sensation have been deciphered and found to differ in 
interesting ways from those of smell sensation. In keeping with the emphasis 
of the taste system on decision making vs the strength of the olfactory system 
in complex distinction and recognition tasks, taste receptor cells are specifi c 
for taste qualities, not necessarily for single taste receptors, and are linked to 
stereotyped behavioral outputs. We consider it timely to present the current state 
of the art in gustatory and olfactory research, as seen by leading researchers in 
the fi eld. In total 12 contributions are presented, about half of them from each 
fi eld that cover our current knowledge in mammalian, fi sh and insect models.

Shi and Zhang start out by presenting an overview of olfactory and gustatory 
receptor gene families in vertebrates and discuss evolutionary rates, species-
specific gene expansions and pseudogenization as factors shaping receptor gene 
repertoires. Four olfactory receptor families, odorant receptors (ORs), vomero-
nasal receptors type I (V1Rs), vomeronasal receptors type II (V2Rs), and trace 
amine-associated receptors (TAARs), first described in mammals, have 
orthologs in teleost fish. All of them are G protein-coupled receptors (GPCRs). 
Shi and Zhang describe how ORs are both less numerous and more diverse in 
teleost fish compared to tetrapods. A loss of the entire V2R repertoire has 
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occurred at least three times during tetrapod evolution, leading to the complete 
absence of V2Rs in several species, whereas rodent V2R, as well as V2R-
related olfC genes of some fish species, show large scale gene amplification. 
Extreme variation of family size also characterizes the T2R taste receptor 
family in vertebrates. Some gene losses, but nearly no gene gains are observed 
in the small vertebrate T1R repertoire. The authors present the case for adaptive 
evolution of chemosensory receptor families to reflect changing requirements 
for chemical senses as species evolve to fill different ecological niches.

Zhang and Firestein discuss the genomics of olfactory receptors and the 
accuracy of genomic datamining. Through computational analysis of genomic 
databases, OR repertoires of multiple species were identified, revealing an 
exceedingly large OR gene family of over 1,000 genes in rodents, and a 
surprisingly large, unrelated family of about 800 chemosensory receptor genes 
in nematodes. Evolutionary fluctuation is prominent between different species. 
Pseudogenization is a leading cause for decreases in repertoire sizes, with pseu-
dogenes representing two-thirds of the OR repertoire in primates such as 
humans and chimpanzees, and six-sevenths of an avian species, chicken. The 
characteristics of OR genes were explored through computational and experi-
mental methods, showing a complicated gene structure and particular genomic 
distribution. Phylogenetically, OR genes may be divided into class I and class 
II ORs, the latter showing a massive gene expansion in tetrapods compared to 
teleosts. Class I genes form a single large cluster, but class II genes exist in 
several clusters, often of closely related OR genes, as well as isolated OR 
genes. Utilizing high-throughput OR microarrays, expression profiles of the 
mouse and human OR repertoires were examined, their olfactory functions 
verified, and their zonal, ectopic and developmental expression determined. 
Class I genes occupy a particular, and molecularly distinct zone within the 
olfactory epithelium (dorsalmost, zone 1), and a correspondingly segregated 
target region in the dorsal olfactory bulb. Variation in human smelling abilities 
results from different functional OR repertoires, variable expression levels and 
polymorphisms in the copy number of OR genes.

Korsching presents a comprehensive review of teleost olfactory receptor 
repertoires focusing on evolutionary history, phylogenomic properties and 
similarities as well as differences to the corresponding mammalian families. 
Representatives of all four families, the OR, vomeronasal V1R-related ORA, 
V2R-related OlfC, and TAAR receptors are found in cartilaginous fish and/or 
jawless fish, indicating an evolutionary origin before the segregation between 
cartilaginous and bony fish or cartilaginous and jawless fish, respectively. Gene 
repertoires of teleost olfactory receptors are smaller in size (OR, ORA), com-
parable (OlfC), or even larger (TAAR) than the corresponding mammalian gene 
repertoires, but all teleost families show much larger divergence than their 
mammalian counterparts. Evolutionary rates vary greatly between families, 
with evidence for positive selection in teleost OR genes, whereas the ora genes 
are unusually conserved among all teleost species. With one exception, ligands 
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are not known for any of the four teleost olfactory receptor gene families so far. 
ORs are expressed stochastically within expression domains, similar to the 
stochastic expression of mammalian ORs within expression zones. The range 
of odors relevant to fish is rather well known, and contains amino acids, bile 
acids, nucleotides, steroid and prostaglandin hormones and metabolites, with 
different groups of chemicals being processed in different subpopulations of 
olfactory receptor neurons.

Imai and Sakano describe odorant receptor gene choice and axonal projec-
tion in the mouse olfactory system. Each olfactory sensory neuron (OSN or 
ORN) expresses a single type of odorant receptor (OR) out of about 1,000 dif-
ferent genes. In fact, from the two alleles of an OR gene, only one is chosen for 
expression (monoallelic expression). Furthermore, the axons of olfactory 
receptor neurons expressing the same OR converge onto a specific pair of 
glomeruli in the olfactory bulb. For unknown reasons the mammalian (but not 
the fish) olfactory bulb contains a duplicated, mirror-symmetrical map of 
glomeruli, hence the pair of target glomeruli. These two basic principles are 
fundamental to the peripheral olfactory system, and are regulated by the 
expressed OR protein itself. Somatic recombination or gene conversion play no 
role in guiding OR expression, since mice cloned from single olfactory receptor 
neurons contain the full set of expressed OR genes. Singular OR gene choice is 
ensured by a two-step mechanism, the first being a stochastic enhancer-pro-
moter interaction with a single enhancer element neighboring a cluster of OR 
genes. In a second step, negative feedback regulation by OR proteins occurs, 
which blocks transcription from other clusters of OR genes. In the axonal pro-
jection, OR-derived cAMP signals and neuronal activity determine the expres-
sion levels of axon guidance/sorting molecules, and thereby direct glomerular 
positioning and axon sorting.

Rodriguez and Boehm discuss pheromone sensing in mice. Among other 
strategies mice employ urine investigation as a tool to discriminate between 
individuals. The authors summarize the available information about the chemi-
cal nature of rodent pheromones, their physiological sources, and biological 
function. Pheromones turn out to belong to structurally diverse classes of 
chemicals, including peptides secreted by some exocrine lacrimal glands, small 
volatile molecules and protein fragments present in urine. Most pheromones 
activate both vomeronasal and main olfactory sensory neurons, contrary to the 
initial hypothesis of a neat segregation of the main and the accessory or vome-
ronasal olfactory system. In fact, besides the VR genes, some OR genes are 
expressed in the vomeronasal organ, and even MHC molecules may play a role 
in odor detection here. Selective gene-targeting of the main and accessory 
olfactory systems in mice has shown that both systems can converge and syn-
ergize to express the complex array of stereotyped behaviors and hormonal 
changes triggered by pheromones. Moreover, rodent noses house at least two 
other distinct chemosensory epithelia: the Grüneberg ganglion and the septal 
organ; their functions are currently examined.



viii Preface

Yoshihara presents a molecular genetic dissection of the zebrafish olfactory 
system. His contribution details the advantages of zebrafish as a vertebrate 
model system, which includes external fertilization, large clutch sizes, rapid 
development, transparency of embryos, and the availability of various genetic 
engineering technologies such as transgenesis, mutagenesis, gene knockdown, 
and transposon-mediated gene transfer. Yoshihara shows that the ‘one neuron/
one receptor rule’ established in mammalian olfaction mostly holds true for 
zebrafish, and that ‘convergence of axons to target glomeruli’ is preserved as 
well. Using a transgenic approach the author showed the existence of two seg-
regated neural circuits, one originating from ciliated and the other from micro-
villous olfactory sensory neurons in the olfactory epithelium to distinct regions 
of the olfactory bulb. These two segregated pathways are likely to convey dif-
ferent types of olfactory information (e.g. pheromones and odorants) to the 
higher olfactory centers. The chemotopic odor map present in the olfactory 
bulb is partially retained in the forebrain, but an integration of different input 
channels begins to be visible as well. A discussion of the chemical nature of 
fish odor stimuli is included, together with an evaluation of three zebrafish 
mutants showing defects in olfactory axonal path-finding and smell-guided 
behavior.

Sato and Touhara present a review of the functional anatomy of the insect 
olfactory system and discuss some remarkable similarities to the vertebrate 
system despite the evolutionary independent origins. The authors describe the 
complete olfactory receptor gene repertoire in the fruitfly and compare it to that 
of several other insect species. As many as 62, 79, 131, 157, 48, and 265 ORs 
have been identified in Drosophila, Anopheles, Aedes, Apis, Bombyx, and 
Tribolium, respectively. In adult Drosophila about 1,300 olfactory receptor 
neurons are housed in about 500 sensilla of three different subtypes expressing 
40 different ORs, whereas larvae possess just 21 olfactory receptor neurons 
expressing 25 ORs. The majority of receptor neurons express a single OR 
(some do express up to three different ORs), together with the ubiquitous OR 
83b, which forms a heterodimer with many of the unique ORs and is involved 
in signal transduction. Even co-expression of OR and a taste receptor are 
observed for some olfactory sensory neurons. The tuning-curves of olfactory 
receptor neurons (ORN) are discussed, the most obvious difference to verte-
brate ORN being a notable spontaneous activity allowing for activation as well 
as inhibition as odor response. Unlike vertebrate OR, insect OR form directly 
gated ion channels for signal transduction. Olfactory-guided behavior is 
discussed and technical applications in pest control are represented with the 
example of the insect repellent N,N-diethyl-3-methylbenzamide (DEET) and its 
behavioral and molecular mechanism of action.

Gerber, Stocker, Tanimura and Thum use Drosophila to elucidate the gen-
eration of behavior from olfactory and gustatory sensation. The functional 
anatomy of Drosophila olfactory receptor neurons is described both for mature 
flies and larvae, which emerge as simpler model system with fewer olfactory 
receptors and with attraction and repulsion as easily testable, behavioral outcomes. 
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Although insect taste cells are neurons, unlike their vertebrate counterparts, 
their responses can be categorized in the same modalities vertebrates possess, 
plus an additional sensitivity to water. Gerber et al. give a detailed description 
of the regulation of distinct behaviors by multiple taste organs distributed over 
the fly’s body. The authors point out that the largest differences between olfac-
tion and gustation do not lie in the peripheral sensation but in the central 
processing leading to selection of appropriate motor behaviors. Central olfac-
tory pathways in mushroom body and lateral horn, i.e., beyond the antennal 
lobe, the insect equivalent of the olfactory bulb of vertebrates, are characterized 
by a certain segregation of pheromone processing vs normal food odors. The 
role of mushroom body Kenyon cells as coincidence detectors is explored. The 
existence of a discrete CNS pathway for encoding experience-dependent changes 
in olfactory behavior is shown. In contrast, gustatory information seems to 
bypass the brain proper, being received by the subesophageal ganglion, from 
which premotor commands likely can be triggered directly. A discussion of 
olfactory and gustatory learning includes conclusions from mutant studies and 
examines convergence of olfactory and gustatory information in the brain.

Vigues, Dotson and Munger discuss the molecular mechanism of sweet taste 
in mammals. Due to its distinct hedonic value, and the associated flip-side, over-
ingestion of sugars associated with obesity and obesity-related diseases, sweet 
taste is of large interest to neuroscientists, dieticians and others, including the 
general public. The sweet taste receptor, a heterodimer of two class C G protein-
coupled receptors, T1R2 and T1R3, responds to a vast array of chemically 
diverse natural and artificial sweeteners. Natural sweeteners come from several 
chemical classes, including sugars, sugar alcohols, proteins and amino acids, 
whereas synthetic sweeteners include sulfamates, dipeptides, halo genated sugars 
and sulfonyl amides. Mammalian species vary strongly in their sweetener pref-
erence, similarly, polymorphisms within species lead to large differences in 
sensitivity to sweeteners. Such polymorphisms in inbred mice strains have in 
fact led to the molecular identification of the sweet taste receptors. Receptor 
chimeras have identified the extracellular domain, the cysteine-rich domain and 
the transmembrane domain as sites of interaction with different sweeteners. 
Modeling the T1R heterodimer structure has provided evidence for allosteric 
interactions being involved in sweetener action and allowed further insights in 
the location of the ligand binding sites.

Behrens and Meyerhof discuss mammalian bitter taste perception and sum-
marize our current knowledge. The authors describe results of taste cell and 
taste fiber responses to tastants, and compare them to the large array of data 
obtained for heterologously expressed taste receptors. Multiple TAS2R (syno-
nym T2R) genes are coexpressed in individual bitter taste receptor cells, thus 
creating taste cells with broader agonist spectra than any given receptor 
responds to. The heterotrimeric G protein composition for bitter taste transduc-
tion is given as Gα-gustducin, Gβ3, and Gγ13, with the beta/gamma sub units 
activating phospholipase Cβ2. PLCβ2 is an essential molecule in taste signal 
transduction causing increases in IP

3
 levels, which in turn lead to rising 
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cytosolic calcium concentrations, and eventually to activation of the transient 
receptor potential channel M5. Structure-function investigations have shed 
some light on the tuning curves of several TAS2R, which range between highly 
promiscuous and specific for particular chemical substructures. The genetic 
variability of taste receptors is explored, which generates a hetero genous 
human population that contains tasters and non-tasters for several compounds, 
phenylthiocarbamide (PTC) being most famous among them.

Passilly-Degrace, Gaillard and Besnard expand the taste world beyond the 
established categories of sweet, sour, bitter, and salt perception to explore the 
sensation of lipids. Lipid-rich food is spontaneously preferred by both rodents 
and humans. Although a necessity in times of food deficiency as the optimal 
source of energy, lipid-rich food is also preferred in times of affluence, unfore-
seen as a stable state by Nature. Thus, overconsumption of energy-dense fats is 
a major cause of obesity in industrialized countries. Fats appear to be sensed as 
fatty acids that are liberated from triglycerides by lingual lipase. Among three 
candidates for a long chain fatty acid receptor, the authors make the case for 
the receptor-like glycoprotein CD36, whereas another candidate, the delayed-
rectifying potassium channel Kv1.5, appears less likely to be involved in lipid 
sensing. A third candidate, the G protein-coupled receptor, GPR120, which is 
a receptor for unsaturated fatty acids, requires further analysis to confirm its 
status as lipid sensor. The authors discuss the orosensory mechanisms of fat 
detection with emphasis on CD36 signal transduction.

In the last chapter, Yasuoka and Abe present a summary of the taste system 
in fish, which in some species have much higher sensitivity than that of mam-
mals. Taste buds are distributed over nearly the entire body of fish and are 
innervated by three cranial nerves. The authors discuss the evolution of V2R-
related taste receptors (T1Rs) in several fish species including a fish-specific 
expansion of subfamily T1R2, and the comparatively small fish T2R repertoire, 
together with molecules involved in signal transduction such as phospholipase 
Cβ2 and the transient receptor potential  channel TRPM5. Mutually exclusive 
expression of T1R and T2R receptors, as well as hetero dimer formation within 
families mimics the situation in mammals. The authors continue to describe the 
ligand spectra of fish taste receptors, and point out that the fish orthologs of 
mammalian sweet taste receptors (T1R) recognize amino acids. Despite the dif-
ferences in agonist spectra, T1R activation appears to be similarly linked to 
attractive behaviors in both mammals and fishes. Similarly, in both phyla activa-
tion of T2R bitter receptors lead to aversion, i.e., rejection of food.

The current knowledge of the genetics, molecular biology, and neurobiology 
of the several distinct chemosensory systems along with the insight into the 
molecular architecture of the various chemoreceptor molecules and the func-
tional connectivity of the cells processing chemosensory information summa-
rized in this edition has formed a solid basis for identifying challenging 
research topics for the period to come. Such challenges will include cracking 
the neural codes and understanding how chemosensory information triggers 
behavioral outputs. To this end, new experimental tools need to be developed 
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such as novel genetically engineered strains of mice, fish and insects, molecules 
for neuroanatomical tracing, in vivo imaging systems, genetic reporters of neu-
ronal activity, and in silico computation. In this sense, the editors wish that the 
present book serves researchers who are new in the field as a guide to our cur-
rent knowledge and inspire those already involved to design future research 
activities.

December 2008 Wolfgang Meyerhof 
Sigrun Korsching
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     Extraordinary Diversity of Chemosensory 
Receptor Gene Repertoires Among Vertebrates       

     P.   Shi    and    J.   Zhang      

  Abstract   Chemosensation (smell and taste) is important to the survival and repro-
duction of vertebrates and is mediated by specific bindings of odorants, pheromones, 
and tastants by chemoreceptors that are encoded by several large gene families. This 
review summarizes recent comparative genomic and evolutionary studies of verte-
brate chemoreceptor genes. It focuses on the remarkable diversity of chemoreceptor 
gene repertoires in terms of gene number and gene sequence across vertebrates and 
the evolutionary mechanisms that are responsible for generating this diversity. We 
argue that the great among-species variation of chemoreceptor gene repertoires is a 
result of adaptations of individual species to their environments and diets.    

  1 Introduction  

 Chemosensation is responsible for the detection of chemicals in the external envi-
ronment and is essential for an organism’s survival and reproduction (Prasad and 
Reed  1999) . Chemosensation originated very early in evolution, as even bacteria 
can respond to chemical changes in the environment. This type of chemoreception 
is known as the general chemical sense and is universal among organisms (Smith 
 2000) . In this review, however, we will not study this general chemical sense. 
Instead, we will focus on two types of chemoreception that are animal-specific: 
olfaction (detection of odorants and pheromones) and gustation (detection of 
tastants). Owing to space limitations, we will only discuss vertebrates. It is widely 
thought that chemoreception plays multiple important roles in a vertebrate’s daily 
life, including food detection and discrimination, toxin and predator avoidance, 
mating, and territoriality (Prasad and Reed  1999) . Vertebrate chemosensory 
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2 P. Shi and J. Zhang

systems include the olfactory system, which detects odorants and pheromones in 
the nasal cavity, and the gustatory system, which perceives different tastants with 
the tongue. Within the olfactory system there are two anatomically distinct organs: 
the main olfactory epithelium (MOE) and the vomeronasal organ (VNO) (Dulac 
and Torello  2003) . It was initially thought that the MOE and the VNO have dis-
tinct functions, as the MOE is largely responsible for the detection of ordinary 
odorants, while the VNO detects pheromones (Dulac  1997 ; Buck  2000) , although 
the current view is that the two systems can both detect odorants and pheromones. 
For the gustatory system, the tongue can perceive five basic tastes: sour, salty, bit-
ter, sweet, and umami (Kinnamon and Margolskee  1996 ; Lindemann  2001) . 
Among them, the sweet and umami tastes can influence appetitive reactions and 
generally reflect the identification of nutrients, whereas the bitter taste may result 
in aversion and therefore is a defensive mechanism against ingestion of toxins 
(Herness and Gilbertson  1999) . 

 The ability of the chemosensory system to detect a diverse array of chemi-
cals is mediated by the distinct chemoreceptors encoded by several gene fami-
lies. The characterization of chemoreceptor genes started in 1991 with the 
Nobel-prize-winning discovery of 18 rat odorant receptor (OR) genes (Buck 
and Axel  1991) . ORs have seven transmembrane domains and belong to the 
G-protein-coupled receptor (GPCR) family A. It has been proposed that the 
potential odorant-binding pocket is formed by the third, fifth, and sixth trans-
membrane domains (Emes et al.  2004) . OR genes have no introns and the cod-
ing region of each gene has about 1,000 nucleotides. They are mainly expressed 
in sensory neurons of MOEs. It is widely accepted that a single OR allele is 
expressed in each olfactory sensory neuron, known as the “one neuron—one 
gene” hypothesis (Mombaerts  2004) . Recently, trace amine-associated recep-
tors (TAARs) were demonstrated to be the second class of chemosensory 
receptors in the MOE (Liberles and Buck  2006) . TAARs and ORs share many 
features, including the gene structure and expression profile (Liberles and 
Buck  2006) , but TAARs and ORs are not coexpressed in any neurons (Liberles 
and Buck  2006) . 

 Two distinct superfamilies of GPCRs, V1Rs and V2Rs, have been identified as 
vomeronasal receptors (Dulac and Axel  1995 ; Herrada and Dulac  1997 ; Matsunami 
and Buck  1997 ; Ryba and Tirindelli  1997) . Like ORs and TAARs, V1R genes have 
intronless coding regions. They are coexpressed with the G-protein subunit Gα 

i2
  in 

sensory neurons whose cell bodies are located in the apical part of the vomeronasal 
epithelium (Dulac and Torello  2003 ; Mombaerts  2004) . In contrast, V2Rs are char-
acterized by the presence of a long, highly variable N-terminal domain. They are 
encoded by multiexon genes expressed in Gα0

  -positive neurons whose cell bodies 
are located basally in the vomeronasal epithelium (Dulac and Torello  2003 ; 
Mombaerts  2004) . Neurons expressing V1R and V2R receptors project to the ante-
rior and posterior accessory olfactory bulb, respectively, where they form multiple 
glomeruli in spatially conserved domains (Dulac and Torello  2003) . Interestingly, 
the four olfactory-system-related gene families (OR, TAAR, V1R, and V2R) are 
not evolutionarily related, although all of them belong to GPCRs. 
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 In mammals, T1Rs and T2Rs have been identified as sweet/umami and bitter 
taste receptors, respectively. In additional to the distinct physiological functions, 
T1Rs and T2Rs also differ in expression pattern and molecular structure. Multiple 
T2Rs are coexpressed in individual cells that also express α-gustducin, a G-protein 
subunit (Adler et al.  2000 ; Nelson et al.  2001 ; Behrens et al.  2007) . T1Rs, on the 
other hand, are not coexpressed with α-gustducin. T1R1 and T1R2 are expressed 
in distinct taste receptor cells, but they are always coexpressed with T1R3. 
Consistent with the expression feature, T1R3 forms a heteromeric receptor with 
T1R1 to detect  L -amino acids and monosodium  L -glutamate, which is the taste of 
umami, or combines with T1R2 to broadly respond to sweet tastants (Nelson et al. 
 2001 ; Li et al.  2002) . Different from T1R genes, which contain multiple introns, 
T2R genes are intronless in the coding region. T1R proteins are characterized by 
a long N-terminal extracellular domain, whereas T2Rs have a short N-terminal 
domain (Hoon et al.  1999 ; Adler et al.  2000 ; Meyerhof  2005) . 

 Chemoreception varies substantially among vertebrates, probably because of the 
tremendous diversity of chemical stimuli in the external environments of various 
species. We summarize in this review recent comparative genomic studies on the 
variation of gene number and gene sequence of chemoreceptor gene families 
among vertebrates. We also discuss the genetic mechanisms and evolutionary con-
sequences of these features with an emphasis on the adaptive diversification of 
chemosensory receptor genes.  

  2  Chemoreceptor Gene Families in the Main 
Olfactory System  

  2.1  The OR Gene Family – the Largest Gene Family 
in Mammals 

 The OR gene family is known to be the largest gene family in the vertebrate genome. 
Since the original discovery in 1991 (Buck and Axel  1991) , OR genes have been par-
tially cloned from many vertebrates (Mombaerts  1999) . The first near-complete OR 
gene repertoire was not unveiled until 2001, when the draft human genome sequence 
became available (Glusman et al.  2001 ; Zozulya et al.  2001) . Since then, the complete 
OR gene repertoires have been characterized in several major vertebrate lineages for 
which the genome sequences are available, including teleosts (pufferfish, fugu, and 
zebrafish), amphibians (frog), birds (chicken), and mammals (human, mouse, rat, dog, 
cow, opossum, and platypus) (Alioto and Ngai  2005 ; Niimura and Nei  2005 ,  2006 , 
 2007 ; Grus et al.  2007) . As shown in Table  1  , the number of functional OR genes var-
ies greatly among species, ranging from 44 genes in fugu to over 1,200 genes in rat 
(Alioto and Ngai  2005 ; Niimura and Nei  2005 ,  2007) . The gene number is substan-
tially smaller in fishes than in birds and mammals, while that of the amphibian frog 
appears to be in the middle. The largest known fish functional OR gene repertoire is 
in zebrafish, with at least 102 genes (Alioto and Ngai  2005 ; Niimura and Nei  2005) . 



4 P. Shi and J. Zhang

However, this number is still much lower than that in mammals, even when we con-
sider only human and platypus, two mammals that are believed to have reduced main 
olfactory sensitivity (Niimura and Nei  2006 ; Grus et al.  2007) . Variation in the number 
of functional OR genes also exists among species of the same class. In mammals, the 
smallest numbers are 387 and 262, found in human and platypus, respectively (Young 
and Trask  2002 ; Niimura and Nei  2003 ,  2007  Malnic et al.  2004 ; Grus et al.  2007) , 
while the largest numbers are 1,207 and 1,188, for rat and opossum, respectively 
(Niimura and Nei  2007) .      

 Phylogenetic analysis helps us understand the evolutionary history and mechanism 
of the extraordinary diversity of the vertebrate OR gene family. The phylogenetic tree 
shows that the OR gene family can be classified into two groups, type 1 and type 2 
(Fig.  1a  ). The divergence of these two types predated the split between jawed verte-
brates and jawless vertebrates (Fig.  1b ). The phylogenetic analysis revealed at least 

 Table 1    Sizes of chemosensory receptor gene repertoires in vertebrates  

 Species  OR  TAAR  V1R  V2R  T1R  T2R 

 Human  387(415) a   6(3) b   5(115) c   0(20) d,e   3 f   25(11) f  

 Mouse  1,035(356) g   15(1) b   191(117) h   121(158) d,e   3 f   35(6) f  

 Rat  1,207(560) g   17(2) b   117(72) h   79(142) d,e   3 f   37(5) f  

 Dog  811(289) g   2(2) b   8(33) c,i   0(9) d,e   3 f   15(5) f  

 Cow  970(1,159) g   17(9) b   40(45) c,i,d   0(16) d,e   3 f   12(15) f  

 Opossum  1,188(295) g   22(0) b   98(30) d,i   86(79) d,e   3 f   26(5) f  

 Platypus  262(315) g,i   4(1) b   270(579) b   15(112) b   ND  ND 

 Chicken  82(476) j,k   3(0) b   0(0) d   0(0) d   2 f   3(0) f  

 Frog  410(478) j,k   2(1) b   21(2) d   249(448) d   0 f   49(12) f  

 Fugu fish  44(13) l   13(6) m   5(0) n   18(29) d   4(1) f   4(0) f  

 Pufferfish  44(54) j,k   ND  5(0) n   4(21) d   5(1) f   6(0) f  

 Zebrafish  102(35) j,k   109(10) m   6(0) n   44(8) d   1 f   4(0) f  

 The number of nonintact genes, containing truncated genes and pseudogenes, is shown in 
 parentheses . 
  OR  odorant receptor,  TAAR  trace amine-associated receptor,  ND  not determined 
  a From Niimura and Nei  (2003)  
  b From Grus et al.  (2007)  
  c From Young et al.  (2005)  
  d From Shi and Zhang  (2007)  
  e From Young and Trask  (2007)  
  f From Shi and Zhang  (2006)  
  h From Zhang et al.  (2007)  
  i From Grus et al.  (2005)  
  j From Niimura and Nei  (2005)  
  k From Niimura and Nei  (2006)  
  l From Alioto and Ngai  (2005)  
  m From Hashiguchi and Nishida  (2007)  
  n From Saraiva and Korsching  (2007)  
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nine ancestral OR genes (or gene lineages) in the most recent common ancestor 
(MRCA) of fishes and tetrapods (Niimura and Nei  2005)  (Fig.  1b ). Eight of the nine 
ancestral gene lineages have been maintained in fishes (Fig.  1b ), probably because the 
extant teleosts share a similar environment with the MRCA of fishes and tetrapods. By 
contrast, only two ancestral gene lineages have been retained in mammals or birds, but 
these gene lineages have expanded extensively in mammals and birds, giving rise to 
the largest gene family in the mammalian genome. By contrast, these two gene line-
ages, although present in today’s fishes, have not expanded in evolution (Fig.  1b ). On 
the other hand, four gene lineages that are present in fishes have been lost completely 
in mammals and birds (Fig.  1a , b ). Taken together, these observations show that the 
long-term evolutionary dynamics of OR genes follows the “birth-and-death” process, 
characterized by frequent gene duplication and gene loss (Nei et al.  1997) . The large 
amount of turnover of OR genes in vertebrate evolution probably reflects the func-
tional requirement for different olfactory abilities in different evolutionary lineages. 
This view is further supported by the fact that frogs have both mammal-like and fish-
like OR genes (Niimura and Nei  2005) .  

 Many OR gene gains and losses have also been observed within mammals. 
Comparative genomic and phylogenetic analyses show that gene family expansions 
occurred independently in monotremes, marsupials, and placental mammals. 
Consequently, many lineage-specific genes are observed in today’s mammalian 
genomes (Fig.  1c ). The largest gene family expansion occurred in the marsupial 
lineage, with at least 750 gene gains. Similarly, more than 400 genes were gained 
in the cetartiodactyl and rodent lineages (Fig.  1c ). On the other hand, the number 
of gene losses in the primate lineage is much greater than that in other lineages 
(Niimura and Nei  2007) . As shown in Fig.  1c , since the human—mouse split, 385 
ancestral genes have been inactivated in the human lineage, while only 55 new OR 
genes have been acquired. In the mouse lineage, the two numbers are 277 and 623, 
respectively. These gene gains and losses explain the dramatic difference in OR 
gene family size between human and mouse. Furthermore, even when the gene 
number is similar between two species, the gene content may differ, owing to rapid 
gene gains and losses (Niimura and Nei  2007) . 

 OR gene number variation also exists among closely related species. Rouquier 
et al.  (2000)  found a higher fraction of OR pseudogenes in ten primates than in 
mice. A subsequent study by Gilad et al.  (2004) , based on an analysis of 100 
orthologous OR genes in 19 nonhuman primate species, found that the percentage 
of OR pseudogenes is significantly higher in humans, apes, and Old World mon-
keys than in most New World monkeys and mice (Gilad et al.  2004) . Interestingly, 
in the howler monkey, the only New World monkey with a full trichromatic vision 
as humans, apes, and Old World monkeys have, approximately 30% of the genes 
are pseudogenes, similar to the number in Old World monkeys. On the basis of this 
result, the authors suggested that the loss of OR genes in humans, apes, and Old 
World monkeys is a result of the acquisition of trichromatic vision. On the basis of 
the analysis of 50 orthologous OR genes, Gilad et al. (2003)  suggested that humans 
also have fewer functional genes and more pseudogenes than chimpanzees, which 
was later substantiated by a genome-wide comparison of human and chimpanzee 
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  Fig. 1    Evolution of vertebrate odorant receptors ( ORs ).  a  Condensed phylogenetic tree for 310 func-
tional OR genes from fishes, frogs, chickens, and humans at the 70% bootstrap level. The nine major 
clades are labeled  a ,  b ,  g ,  d ,  e ,  z ,  h ,  q , and  k . Human class I genes are within the α clade and human 
class II genes are within the γ clade.  Open circles  and  closed circles  at nodes represent branches with 
bootstrap values greater than 90% and greater than 80%, respectively.  b  Evolutionary dynamics of 
vertebrate OR genes. There are at least nine ancestral genes in the most recent common ancestor 
( MRCA ) of fishes and tetrapods. Fishes maintain eight of nine ancestral genes, whereas mammals 
contain only two of them.  c  OR gene gains and losses in mammals. The  numbers with plus and minus 
signs  for each branch indicate the numbers of gene gains and losses, respectively, and the  numbers in 
rectangular boxes  denote the functional OR genes for the extant or ancestral species.  MYA  million 
years ago. ( a ,  c  Modified from Niimura and Nei  2003 .  b  Modified from Niimura and Nei  2007)        
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OR repertoires (Gilad et al.  2005) . More recently, the variation of OR gene number 
was also identified among different human individuals, which is known as the copy 
number variation (Trask et al.  1998 ; Wong et al.  2007) . Interestingly, the level of 
interspecific divergence relative to that of intraspecific variation in OR gene copy 
number is not significantly different between functional genes and pseudogenes, 
suggesting that human intraspecific and human—chimpanzee interspecific OR 
gene number variations may not have any fitness consequence (Nozawa et al.  2007 ; 
Zhang  2007) . 

 In addition to the vast variation in gene family size among vertebrates, the 
remarkable diversity of ORs is also reflected in the high sequence (and potentially 
functional) variation among alleles found within species. For example, in humans, 
pygmy populations tend to have higher frequencies of intact alleles than Caucasians 
in 32 OR genes examined (Gilad and Lancet  2003) . A further study of 51 human 
OR loci in 189 ethnically diverse individuals reached the same conclusion and 
suggested that different evolutionary forces may have shaped the OR repertoire in 
different human populations (Menashe et al.  2003) . Similarly, great allelic diver-
sity was found in different mouse strains and dog breeds, respectively (Zhang 
et al.  2004 ; Tacher et al.  2005) . In mice, single nucleotide polymorphisms (SNPs) 
were counted by comparing two mouse genome sequences, which were derived 
from different strains (Zhang et al.  2004) . It was estimated that there are 2.68 
SNPs per OR gene coding region, about twice that in other mouse GPCR genes 
(Zhang et al.  2004) . In dogs, a high level of allelic variation among 20 different 
breeds was observed in a survey of 16 OR genes among 95 individuals. All genes 
were found to have SNPs and 50% of SNPs are nonsynonymous. More interest-
ingly, some SNPs are breed-specific and they may be the basis of breed-specific 
olfactory sensitivity (Tacher et al.  2005) .  

  2.2  The TAAR Gene Family – the Second Class of Olfactory 
Receptor Gene Family 

 TAAR genes were initially identified to respond to trace amines in rodents and were later 
shown to be chemosensory receptors in the MOE (Borowsky et al.  2001 ; Liberles and 
Buck  2006) . Gloriam et al.  (2005)  performed the first genome-wide investigation in 
zebrafish and identified 57 intact TAAR genes, which is almost 10 times the number in 
human. More recently, a comprehensive scan of ten vertebrate genomes found a large 
variation in the size of this gene family among vertebrates (Hashiguchi and Nishida 
 2007) . In sharp contrast to the OR gene family, which is larger in tetrapods than in fishes, 
the TAAR gene family is smaller in tetrapods than in some fishes such as zebrafish and 
stickleback (Table  1 ). The largest TAAR gene repertoire, found in zebrafish, has 102 
intact genes, whereas the smallest repertoire, in chicken, has only three intact genes 
(Hashiguchi and Nishida  2007) . The comparative genomic and phylogenetic analyses 
suggested that the large gene repertoires in some fishes are attributable to the genome 
duplication in teleosts followed by additional gene duplications (Hashiguchi and Nishida 
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 2007) . By contrast, in frog, chicken, and the majority of mammals, the TAAR family lost 
several ancestral genes but gained virtually no new members. Opossum, cow, mouse, and 
rat are exceptions, with some gene duplications (Fig.  2  ). These findings suggest that the 
TAAR gene family is also subject to the birth-and-death evolutionary process observed 
in the OR gene family and that biogenic amine odorants are more important for fish than 
for tetrapods (Hashiguchi and Nishida  2007) .    

  3 Vomeronasal Receptor Gene Families  

 The vomeronasal system is present in most tetrapods (amphibians, reptiles, and 
mammals), but is absent in fishes (Dulac and Torello  2003) . Thus, the nomenclature 
of the fish chemosensory receptors that are homologous to mammalian vomerona-
sal receptors has been confusing. On the basis of sequence homology, some authors 
termed them “V1R-like” and “V2R-like” genes (Hashiguchi and Nishida  2005 , 
 2006 ; Pfister and Rodriguez  2005 ; Pfister et al.  2007) , while some authors sepa-
rately designated them as “olfactory receptor A family GPCR” and “olfactory 
receptor C family GPCR” by considering their expression pattern and phylogenetic 
position in the GPCR family (Alioto and Ngai  2006 ; Saraiva and Korsching  2007) . 
Here we use the former terminology for three reasons. First, most, if not all, 
VR-like genes have been identified by sequence homology and their expression 
pattern and biological function are usually unknown. Second, although teleost 
fishes do not have a morphologically distinct vomeronasal organ, they may have a 
primordial vomeronasal system (Grus and Zhang  2006) . Third, the latter nomencla-
ture is also confusing and undistinguishable from that for other chemosensory 
receptors expressed in the MOE. 

  3.1  The V1R Gene Family – the Family with the Highest 
Among-Species Variation in Gene Family Size 

 In 1995, V1R genes were first identified in rats by comparative hybridization of 
complementary DNA libraries from individual VSNs (Dulac and Axel  1995) . The 
first complete V1R repertoire was described for mouse by Rodriguez et al.  (2002) . 
In this work, they identified 137 functional V1R genes from the mouse draft 
genome sequence and subsequently classified them into 12 subfamilies according 
to protein sequence identity (Rodriguez et al.  2002) . In human, the entire V1R 
repertoire, including functional genes and pseudogenes, has approximately 200 
members. However, the functional V1R repertoire is small, with only four open 
reading frames in most individuals (Rodriguez and Mombaerts  2002 ; Zhang and 
Webb  2003) . Grus et al.  (2005)  identified functional V1R genes from five orders 
of placental and marsupial mammals (Table  1 ). The intact V1R repertoire size 
varies by at least 23-fold among mammals with functional VNOs and this size 
ratio represents the greatest among-species variation in gene family size of all 
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  Fig. 2    Phylogenetic tree of 268 trace amine-associated receptor genes identified from ten verte-
brates. The tree was reconstructed by the maximum-likelihood method using nucleotide sequences. 
Bootstrap percentages greater than 50 are shown on interior branches.  White dots  on nodes indicate 
the MRCA of fishes and tetrapods. (Modified from Hashiguchi and Nishida  2007)        
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mammalian gene families (Grus et al.  2005) . Young et al.  (2005)  made similar 
findings. A more recent study found that the platypus, a semiaquatic monotreme, 
has the largest V1R repertoire characterized to date, with 270 potentially func-
tional genes and 579 pseudogenes. Thus, the functional V1R repertoire size varies 
by at least 34-fold among mammals with functional VNOs (Grus et al.  2007) . This 
large variation in V1R repertoire size is also observed between closely related spe-
cies. For example, mouse has 191 functional V1R genes, about 50% more than the 
number in rat (117) (Shi et al.  2005 ; Young et al.  2005 ; Zhang et al.  2007) . The 
number of V1R genes also varies tremendously among nonmammalian vertebrates 
(Shi and Zhang  2007) . No V1R genes were found in chicken, consistent with the 
fact that birds have neither VNO nor VNO-mediated olfaction (Keverne  1999) . A 
total of 21 functional genes and two pseudogenes was found in the western clawed 
frog (Shi and Zhang  2007) . In contrast to mammals, fishes have highly conserved 
V1R-like repertoires, containing four genes in two pufferfish species and five 
genes in zebrafishes, stickleback, and medaka, respectively (Hashiguchi and 
Nishida  2006 ; Saraiva and Korsching  2007 ; Shi and Zhang  2007) . Interestingly, 
the number of intact V1R genes is positively correlated with the morphological 
complexity of the VNO, suggesting that VNO morphology is a good indicator of 
vomeronasal sensitivity (Grus et al.  2005) . 

 A phylogenetic analysis of all vertebrate V1Rs suggests that V1R genes can be 
divided into at least three major clades that diverged from one another before the 
separation of tetrapods and teleosts (Shi and Zhang  2007)  (Fig.  3a  ). Clade 1 now 
contains genes from frog and mammals, but was lost in fishes. Clade 2 and clade 3 
include frog and fish genes, which are absent in mammals. Major expansions of the 
V1R gene repertoire occurred in some mammals (clade 1), whereas minor expan-
sions occurred in frog (clades 1 and 2) (Fig.  3a ) (Shi and Zhang  2007) . Very 
recently, two very divergent V1R-like genes were found in teleost fishes (Saraiva 
and Korsching  2007) . It appears that the evolutionary diversity of V1R genes in 
fishes is much larger than that in tetrapods, although the gene family size is smaller 
in fishes than in tetrapods.  

 In mammals, both gene duplicate and pseudogenization have played important 
roles in generating the remarkable among-species variation in V1R gene repertoire 
(Grus et al.  2005 ; Young et al.  2005) . On one hand, substantial numbers of gene 
duplication events occurred independently in monotremes, marsupials, and pla-
centals, giving rise to platypus-specific, opossum-specific, and placental-specific 
gene clusters (Grus et al.  2005 ,  2007)  (Fig.  3a ). Following the initial gene duplica-
tions in the MRCA of placental mammals, additional expansions occurred most 
prominently in rodents, in which the evolution of the V1R repertoire is character-
ized by rapid gene turnover and species-specific phylogenetic clustering (Grus and 
Zhang  2004 ; Lane et al.  2004 ; Grus et al.  2005 ; Shi et al.  2005 ; Young et al.  2005)  
(Fig.  3a ). Extreme examples include two subfamilies of V1R genes that appear in 
mouse but not in rat (Grus and Zhang  2004 ; Shi et al.  2005) . On the other hand, 
human, cow, and dog lost many ancestral V1R genes. In humans, only three of the 
12 ancestral family groups were observed. This is also the case in cow and dog, 
where at least four ancestral family groups are missing (Grus et al.  2005 ; Young 
et al.  2005) .  
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  Fig. 3    Neighbor-joining trees of intact vomeronasal receptors from vertebrates.  a  The V1R tree.  b  
The V2R tree. The trees were reconstructed with protein Poisson distances. Bootstrap percentages 
for some major groups are presented. Vomeronasal receptors from the mammals, frogs, and fishes 
are shown by  light grey background ,  dark grey background , and  black background , respectively. 
(Modified from Shi and Zhang  2007)        
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  3.2  The V2R Gene Family – Independent Origins of Two Types 
of V2Rs 

 The first extensive characterization of any V2R gene repertoire was conducted in 
2005 (Yang et al.  2005) , 8 years after the initial identification of the gene family 
(Dulac  1997 ; Herrada and Dulac  1997 ; Ryba and Tirindelli  1997 ; Yang et al.  2005) . 
Comparative genomic studies showed that the across-vertebrate variation in gene 
number for V2R genes is not lower than that for V1R genes. The largest V2R rep-
ertoire is unexpectedly found in frog, with 249 intact genes and 408 disrupted 
genes. By contrast, no intact V2R genes are found in chicken, cow, dog, and human. 
In addition, 4, 18, 44, 90, 120, and 70 intact V2R genes are present in the green 
spotted pufferfish, fugu, zebrafish, opossum, mouse, and rat, respectively (Shi and 
Zhang  2007 ; Young and Trask  2007)  (Table  1 ). 

 In comparison with the V1R gene repertoire, the V2R repertoire is frequently lost 
in terrestrial vertebrates. There are at least three independent losses of the entire V2R 
repertoire in chicken, human, and cow/dog, respectively, which is consistent with the 
loss of certain morphological features of the VNO (Shi and Zhang  2007) . By con-
trast, the V2R gene repertoire expanded in teleosts with prominent patterns of line-
age-specific gene amplifications (Alioto and Ngai  2006 ; Hashiguchi and Nishida 
 2006 ; Shi and Zhang  2007)  (Fig.  3b ). The V2R repertoire also expanded in rodents 
and opossums and exhibit the characteristics of rapid gene turnover and species-
specific gene clustering (Yang et al.  2005 ; Young and Trask  2007) , as seen in V1Rs. 
Interestingly, the V2R gene family tree has an unique branching pattern, where not 
all V2R genes cluster in one monogenetic clade. The phylogenetic analysis shows 
that V2Rs of family C (also termed V2R2 subfamily) are quite different from those 
of families A and B and are evolutionarily closer to Ca 2+ -sensing receptors than to 
V2Rs of families A and B. This observation suggests that family C and families A 
and B had independent origins (Yang et al.  2005)  (Fig.  3b ). This evolutionary history 
may explain the differences in expression pattern and transport mechanism between 
the two types of V2Rs and suggests that family C V2Rs may be functionally distinct 
from those of families A and B (Yang et al.  2005 ; Young and Trask  2007) .  

  3.3  Diversity of Protein Families Interacting with Vomeronasal 
Receptors 

 In mice, there are two gene families that are known to function in concert with V2Rs. 
One of them is the M10 family of major histocompatibility class Ib molecules, 
which appear to function as escort molecules in the transport of some V2Rs to the 
cell membrane of vomeronasal sensory neurons (Loconto et al.  2003) . The second 
is the exocrine gland peptide (ESP) family, which can activate the V2R-expressing 
vomeronasal sensory neurons and have been suggested to be ligands of some V2Rs 
(Kimoto et al.  2005) . A recent study compared these two gene families in 11 verte-
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brates and found them to have been coevolving with V2Rs (Shi and Zhang  2007) . 
Consistent with the absence of V2R genes in dog, cow, and human, neither M10 nor 
ESP genes are found in these species. Unexpectedly, however, M10 and ESP genes 
are not found in the opossum genome, despite the presence of numerous intact V2R 
genes, suggesting that the requirement of M10 molecules for the transport of some 
V2Rs to cell membranes is probably a rodent-specific phenomenon and the use of 
ESPs as potentially V2R-recognizing pheromones is also rodent-specific (Shi and 
Zhang  2007) . Interestingly, these two gene families share with the V2R family the 
rapid birth-and-death evolutionary pattern. Very recently, major urinary proteins 
were identified as V2R-recognizing pheromones in mice and the major urinary pro-
tein family size was found to covary with the V2R family size across vertebrates 
(Chamero et al.  2007) . 

 A similar story can be told for the transient receptor potential channel C2 
(TRPC2) gene, which encodes an ion channel indispensable for vomeronasal signal 
transduction. TRPC2 is absent in the catarrhine primates (humans, apes, and Old 
Word monkeys), which possess only vestigial VNOs and have no or significantly 
reduced ability of pheromone detection (Liman and Innan  2003 ; Zhang and Webb 
 2003) . Consistently, the majority of V1R genes and all V2R genes have disrupted 
open reading frames in catarrhine primates (Zhang and Webb  2003 ; Shi and Zhang 
 2007 ; Young and Trask  2007) . Similarly, the lack of the TRPC2 gene and V1R and 
V2R genes is observed in chicken, reflecting the ancient loss of the VNO in birds. 
Conversely, the TRPC2 open reading frame is maintained in all vertebrates known 
to have functional vomeronasal receptors (Grus and Zhang  2006) .   

  4 Taste Receptor Gene Families  

  4.1  T2R Gene Family – the More Variable Group of Taste 
Receptors 

 Taste receptor genes were the last chemoreceptor genes to be isolated. In 2000, the 
T2R gene family (also known as TRBs or Tas2Rs) was identified and two mouse 
T2R genes were shown to be bitter taste receptors (Adler et al.  2000 ; Chandrashekar 
et al.  2000 ; Matsunami et al.  2000) . To date, the complete T2R gene repertoires 
have been described in mammals, birds, amphibians, and some fishes (Conte et al. 
 2002 ,  2003 ; Go  2006 ; Shi and Zhang  2006) . In addition, a small number of T2R 
genes have also been described in several nonhuman primates (Parry et al.  2004 ; 
Wang et al.  2004 ; Fischer et al.  2005 ; Go et al.  2005) . As shown in Table  1 , the T2R 
gene repertoire varies extremely among vertebrates, ranging from three genes in 
chicken to 50 genes in amphibians (Go  2006 ; Shi and Zhang  2006) . This observa-
tion is consistent with the fact that bitter taste perception, as a mechanism of guard-
ing against the ingestion of toxins, varies enormously among vertebrates that have 
different diets and environments. Most interestingly, the comparative genomic 
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analysis shows that the size of the gene family appears to be positively correlated 
with the number of bitter toxins that an organism is likely to encounter (Shi and 
Zhang  2006) . Omnivorous mammals tend to have the largest T2R gene repertoires 
and the lowest fractions of T2R pseudogenes, probably because they consume both 
animal and plant tissues and consequently encounter more toxic compounds than 
herbivorous and carnivorous mammals do. By contrast, carnivores have a small 
number of functional T2R genes than herbivores, because animal tissues contain 
fewer toxins than plant tissues do (Shi and Zhang  2006) . Cow was found to have 
the highest proportion of T2R pseudogenes (44%), suggesting that detecting poi-
sons in the diet is not as important in ruminants as in other animals, probably owing 
to the detoxification role of cow’s rumen microbes (Shi and Zhang  2006) . These 
hypotheses need to be scrutinized in more mammalian species. 

 A phylogenetic analysis of all vertebrate T2R genes suggests that there were 
multiple T2R genes in the common ancestor of tetropods and teleosts, because 
T2R genes from teleost fishes do not cluster into one monophyletic clade (Fig.  4a  ). 
In addition, the overall evolutionary pattern of vertebrate T2R genes follows the 
birth-and-death process, similar to that observed in several other chemoreceptor 
gene families. Specifically, the T2R gene repertoire expanded considerably in the 
common ancestor of tetrapods, followed by additional independent expansions in 
frogs and mammals and contraction in chicken (Go  2006 ; Shi and Zhang  2006) . 
The comparative genomic analysis of human and mouse T2R genes shows that 
some T2R genes exhibit one-to-one orthologous pairing, whereas others form 
species (lineage) specific clusters, in which the genes from the same species 
cluster together in the phylogenetic tree. These species-specific genes are the 
results of tandem gene duplications and are probably used for detecting species-
specific bitter tastants (Shi et al.  2003) . One-to-one orthologous genes were 
found to be subject to stronger selective constraints than species-specific genes, 
suggesting that each of the one-to-one orthologous genes is possibly detecting 
one or several distinct bitter compounds that are encountered by a wide range of 
animals (Shi et al.  2003) . This still requires further verification by functional 
analysis of the receptors, although two recent evolutionary studies (Go  2006 ; Shi 
and Zhang  2006)  that extended the study of T2Rs to nine additional vertebrate 
species supported the hypothesis.  

 Comparative analysis of the T2R gene family between several species of pri-
mates and rodents revealed that the genes were under reduced selective constraints 
in primates compared with rodents (Parry et al.  2004 ; Wang et al.  2004 ; Fischer 
et al.  2005 ; Go et al.  2005) . The proportion of pseudogenes in the T2R repertoire 
is lower in mice (15%) than in apes (21–28%), which is in turn lower than that in 
humans (31%) (Fischer et al.  2005 ; Go et al.  2005) . The prevalence of lineage- or 
species-specific pseudogenes in primates further supports this conclusion (Go et al. 
 2005) . In addition, the ratio of nonsynonymous to synonymous substitution rates 
for T2R genes is lower in rodents than in primates (Wang et al.  2004 ; Fischer et al. 
 2005 ; Go et al.  2005) . The most likely explanation is that primates have reduced 
bitter taste needs owing to changes in the environment and diet (Go et al.  2005) . 
Actually, some ecological studies support this explanation. For instance, meat 
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accounts for 2–13% of diet in chimpanzees, whereas it has never been found in the 
diet of other apes (Wang et al.  2004) . Furthermore, there were significant changes 
in human diet, such as decreased intake of plant tissues and the controlled use of 
fire to detoxify food (Wang et al.  2004) . Both factors may have caused a reduction 
in the importance of bitter taste and consequently triggered a functional relaxation 
on T2Rs in humans, as has been observed (Wang et al.  2004) .  

(continued)
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  4.2  The T1R Gene Family – the More Conserved Group of Taste 
Receptors 

 In 1999, two GPCR genes that are now named T1R1 and T1R2 were described 
in subsets of taste receptor cells (Hoon et al.  1999) . The third T1R gene, T1R3, 
was identified almost simultaneously by six groups in 2001 (Kitagawa et al. 
 2001 ; Max et al.  2001 ; Montmayeur et al.  2001 ; Nelson et al.  2001 ; Sainz et al. 
 2001 ; Zhao et al.  2003) . In contrast to the T2R gene family, the T1R family is 
evolutionary conserved in both gene family size and gene sequence (Shi and 
Zhang  2006) . In terms of the family size, the number of T1R genes is virtually 
constant across mammals, which might reflect the necessity of both sweet and 
umami tastes among mammals (Shi and Zhang  2006) . But the number of T1R 
genes varies in some nonmammalian vertebrates, including gene duplications 
observed in pufferfish and stickleback and gene losses found in western clawed 
frog and chicken (Shi and Zhang  2006 ; Hashiguchi et al.  2007) . Interestingly, 

  Fig. 4    Phylogenetic relationships of vertebrate intact T1R and T2R genes.  a  The T1R tree.  b  The 
T2R tree. The tree was reconstructed by the neighbor-joining method with protein Poisson distances. 
Bootstrap percentages greater than 50 are shown on interior branches. Groups A, B, and C in the 
T2R tree were previously defined on the basis of the tree of human and mouse T2R genes (Shi et al. 
 2003) . The  arrow  indicates the root of the tree, which was determined by using vertebrate V1R genes 
as outgroups for T2R genes, and using V2R genes as outgroups in the T1R tree. (Reprinted from Shi 
and Zhang  2006 , copyright 2006, with permission from Oxford University Press)       
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the western clawed frog does not have any T1R genes, although it has many T2R 
genes. In chicken, the T1R2 gene is missing (Shi and Zhang  2006)  (Fig.  4b ). In 
addition, cats and closely related carnivores are also known to miss the T1R2 
genes, which is likely the cause of the insensitivity to sweet tastants in these 
species (Li et al.  2005) . Thus, pseudogenization of T1R2 happened multiple 
times in evolution. 

 At the protein sequence level, T1R genes evolve more slowly than T2R genes 
at both interspecific and intraspecific levels. For interspecific comparison, 
sequence divergence among orthologs is significantly lower for T1R genes than 
for T2R genes when human, mouse, rat, and opossum genes were compared (Shi 
and Zhang  2006) . Within human populations, the mean pairwise difference per 
nucleotide between sequences of T1Rs is also lower than that for T2Rs (Kim 
et al.  2005 ,  2006) . 

 In sum, the contrasting evolutionary modes between T1R and T2R gene families 
suggest the relative constancy in the number and type of sweet and umami tastants 
encountered by various vertebrates or low binding specificities of T1Rs but a large 
variation in the number and type of bitter compounds detected by different 
species.   

  5  Adaptive Diversification of Chemoreceptor 
Gene Repertoires  

 Why do the chemosensory receptor gene families vary so much among vertebrates? 
One potential answer is the variable functional requirements for different species to 
adapt to their specific environments. Here we summarize evidence for the adaptive 
hypothesis at three levels: (1) gene family, (2) newly duplicated paralogous genes, 
and (3) intraspecific variation. 

 Adaptive evolution at the gene family level may be detected by comparing 
the gene repertoires of nasal chemosensory receptors in terrestrial vertebrates 
with those in aquatic vertebrates because terrestrial vertebrates tend to encoun-
ter volatile chemicals, while aquatic vertebrates encounter water-soluble 
chemicals. A recent analysis of V1R, V2R, and OR gene families in several 
vertebrate genomes showed that the ratio of the number of intact V1R genes to 
that of intact V2R genes increased by approximately 50 fold in the evolutionary 
transition from water to land. Note that circumstantial evidence suggests that 
V1Rs tend to recognize airborne molecules, while V2Rs tend to recognize 
water-soluble ligands. The comparison of the number of class II ORs to that of 
class I ORs, which have been suggested to bind to volatile and water-solvable 
molecules, respectively, also shows a similar pattern of change during the evo-
lutionary transition of vertebrates from aquatic to terrestrial environments. By 
contrast, a comparison of pairs of randomly chosen gene families from the 
zebrafish and mouse genomes does not show such dramatic changes, indicating 
that the observation made in the nasal chemoreceptor genes is unlikely caused 
by random gene turnovers (Shi and Zhang  2007) . Rather, the two nasal chemo-
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sensory systems appear to show a consistent pattern of a shift from receptors 
for water-soluble molecules to those for volatiles in the vertebrate transition 
from water to land, reflecting a rare case of adaptation to terrestrial life at the 
gene family level. 

 Gene duplication is believed to be the primary source of new genes with novel 
functions (Zhang  2003) . In chemoreceptor gene families, gene duplication occurs 
frequently and the newly generated genes may acquire the ability to recognize 
new ligands, which could increase an organism’s fitness. As expected, analysis of 
ORs, V1Rs, V2Rs, T1Rs, and T2Rs revealed positive selection acting on newly 
duplicated genes in most vertebrate lineages (Hughes and Hughes  1993 ; Mundy 
and Cook  2003 ; Shi et al.  2003 ,  2005 ; Emes et al.  2004 ; Alioto and Ngai  2005 , 
 2006 ; Yang et al.  2005 ; Shi and Zhang  2006) . More interestingly, positive selec-
tion tends to happen in potential ligand-binding regions. For instance, the analy-
sis of eight closely related human T2R genes suggested positive selection in 
extracellular domains, while purifying selection in transmembrane and intracel-
lular domains (Shi et al.  2003) . Although no crystal structure of T2Rs has been 
solved, existing functional data suggest that extracellular domains of T2Rs are 
involved in binding to ligands (Soranzo et al.  2005) . Positive selection was also 
detected in extracellular domains in V1Rs, which are most closely related to 
T2Rs in sequence (Mundy and Cook  2003 ; Shi et al.  2005) . These results contrast 
the majority of positively selected sites in ORs, which are located in transmem-
brane domains that are thought to be the binding pocket in ORs (Emes et al. 
 2004) . For the V2R and T1R gene families, most positively selected sites are 
mapped to the long N-terminus, which is believed to be involved in heterodimeri-
zation or homodimerization and ligand binding (Yang et al.  2005 ; Shi and Zhang 
 2006) . Together, these positive selection analyses suggest that newly generated 
chemoreceptor genes tend to be subject to diversifying selection, probably 
because of the ability to recognize a diverse array of chemicals that the animals 
encounter in exploring new habitats and foods. 

 As described above, sequence variation of chemoreceptor genes is prevalent 
even within species. If these polymorphisms affect an individual’s fitness such 
as mate selection and sibling sustenance, some of them may be under positive 
selection. There is now evidence supporting this possibility. For example, Zhang 
et al.  (2004)  compared V1R gene sequences from two mouse draft sequences 
which were derived from different inbred mouse strains. They found a high ratio 
of nonsynonymous to synonymous substitutions, a possible result of positive 
selection on these genes. In humans, most chemoreceptor genes are under 
relaxed selective constraints. However, positive selection has been detected in 
the human T2R16 gene, which encodes a β-glucopyranoside receptor (Bufe 
et al.  2002) . By analyzing the sequences from different human populations, 
Soranzo et al.  (2005)  detected signatures of positive selection on a derived allele, 
which was found in all human populations except Africans. Compared with the 
ancestral allele, the derived allele exhibits increased sensitivity in detecting 
-glucopyranoside. It was suggested that the derived allele may provide better 

protection against harmful cyanogenic plant foods and natural toxins (Soranzo 
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et al.  2005) . Another interesting case is the T2R38 gene, which is largely respon-
sible for the human polymorphism in tasting phenylthiocarbamide (Kim et al. 
 2003) . Balancing selection was suggested to maintain both taster and nontaster 
T2R38 alleles in human populations (Wooding et al.  2004) , although a subse-
quent analysis found the evidence for balancing selection unconvincing (Wang 
et al.  2004) . Interestingly, chimpanzees are also known to have tasters and non-
tasters of phenylthiocarbamide, but the nontaster allele is apparently a null allele 
(Wooding et al.  2006) .  

  6 Conclusions  

 The hallmark of vertebrate chemoreceptor gene family evolution is the extremely 
high diversity of gene family size and gene sequence among species. The general 
genetic mechanisms involved in generating this pattern include frequent gene dupli-
cation and pseudogenization, conforming to the “birth-and-death” process (Nei 
et al.  1997) . Adaptation to changing environments and diets is likely the major 
selective force behind this evolutionary process, in addition to the random factor of 
genomic drift (Nei  2007) . Although evolutionary and genomic studies have resulted 
in enormous advances in this field in the last several years, many fundamental ques-
tions are yet to be answered (Mombaerts  2004 ; Meyerhof  2005) . It is expected that 
evolutionary analysis, coupled with functional assays of chemoreceptors, will yield 
useful information on the molecular mechanisms and selective forces behind verte-
brate chemoreceptor gene diversification.      
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       Genomics of Olfactory Receptors       

     Xiaohong   Zhang     and    Stuart   Firestein     

  Abstract   In many species, the sense of smell plays important roles in locating 
food, detecting predators, navigating, and communicating social information. 
The olfactory system has evolved complex repertoires of odor receptors (ORs) 
to fulfill these functions. Through computational data mining, OR repertoires of 
multiple species were identified, revealing a surprisingly large OR gene family in 
rodents and evolutionary fluctuation among different organisms. Characteristics 
of OR genes were explored through computational and experimental methods, 
showing a complicated gene structure and special genomic distribution. Utilizing 
high-throughput OR microarrays, expression profiles of the mouse and human OR 
repertoire were examined, their olfactory functions verified, and their zonal, ectopic 
and developmental expression determined. Variation in human smelling abilities 
results from different functional OR repertoires, variable expressional levels and 
polymorphisms in the copy number of the OR genes. These genomic approaches 
have both provided new data and generated new questions.    

  1 Introduction  

 The molecular era in olfaction began in 1991 with the landmark discovery of a large, 
multigene family of odor receptors in rat by Buck and Axel (Buck and Axel  1991) . 
The first few olfactory receptors were cloned based on the assumption that olfactory 
receptors would comprise a diverse repertoire of G-protein coupled receptors (GPCRs) 
with seven-transmembrane topology, and they would be expressed exclusively in the 
olfactory epithelium. Later combined with the availability of numerous completely 
sequenced genomes, this pioneering discovery opened the way for the characterization 
of the OR gene family through exhaustive computational data mining.  
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  2 Data Mining of OR Repertoire  

 The coding region of OR gene sequences is encoded by a single exon with conserved 
amino acid motifs that distinguish them from other non OR seven-transmembrane 
proteins (Glusman et al.  2001) . This feature facilitates genomic screening for puta-
tive OR genes in any species with known genome sequences. Different laboratories 
performed data mining for OR repertoires in multiple species using similar strate-
gies (Glusman et al.  2001 ; Young et al.  2002 ; Young and Trask  2002 ; Zhang and 
Firestein  2002) . 

 The general strategy comprises the following steps (see Fig.  1 ): First, known 
OR sequences which have been cloned and examined through classical molecu-
lar methods were compiled from gene databases, such as Genbank. Redundant 
sequences were removed to keep a representative group of known ORs. This 
group should be as diverse as possible to represent the width of the full reper-
toire. For example, 30 OR sequences from 30 different families will have better 
coverage than 30 sequences from a single family. Secondly, a well-assembled 
genome is searched with the representative sequences as query. The sequence 
quality of the genome would of course have an effect on the completeness of the 
OR sequences identified. For example, mistakenly assembled scaffolds will 
result in partial or pseudo genes if adjacent sites reside in OR genes. This 

  Fig. 1     Reiterative Genomic Data Mining Pipeline Optimized for Large Gene Families . To ensure 
the search is fast and exhaustive, a large number of BLAT searches or low stringent TBLASTN 
searches using representative genes was utilized in the first step. The output sequences from con-
ceptual translation were matched to pHMM model which was built with the HMMER package and 
known ORs to achieve high specificity. Sequences with low  p -values were selected as putative 
ORs. These low  p -value OR candidates, combined with the original known ORs, were used as 
queries for the second-round search. The reiteration is stopped after no new sequences with 
 p -values lower than the threshold are discovered       
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screening is a rough alignment between the known OR genes and the genome to 
identify the likely OR gene coordinates on the DNA. Thirdly, a conceptual trans-
lation is performed using a model of known ORs as the template and the DNA 
sequences obtained from the second step. This model is necessary in that it 
instructs the translation process by adding necessary frame-shifts within the cod-
ing region. Finally, we compare the similarity between the conceptually trans-
lated sequences and the model built with known ORs. Sequences that have high 
similarity with known ORs are selected and subject to additional filtering to 
avoid redundancy, followed by assigning them as “OR candidates”. These puta-
tive ORs share the conserved amino acid motifs that distinguish ORs from other 
non OR seven-transmembrane proteins. Receptors that also function in odor 
recognition but don’t share any sequence similarity with known ORs will not be 
identified in this searching. For example, the TAARs were missed in the data 
mining performed for ORs.  

  2.1 Olfactory Receptor Repertoire 

 The size of OR repertoire varies dramatically among different species, but the rea-
sons for this are unknown. While many primates have a reduced repertoire of func-
tional receptor genes, family size is not in general coordinated with the apparent 
dependence on olfaction in the species niche; for example dogs have many fewer 
than rats. Exhaustive data with updated genomes has revealed that humans have 
851 olfactory receptors genes, but only 384 among them are functionally intact 
(Glusman et al.  2001 ; Aloni et al.  2006)  (details in Table  1 ). Another primate, the 
chimpanzee, has a similar number of OR genes as humans. In rodents, the mouse 
has fewer OR genes than the rat, with a number of 1,375 versus 1,576 (Zhang et al. 
 2004a,   2007a) . The olfactory subgenomes of other mammals were also explored as 
their genome sequences became available. For example, dog, being well-known for 
its excellent smelling capability has 971 ORs (July 2004 assembly of the boxer 
breed) (Olender et al.  2004) . The chicken’s OR repertoire consists of 554 genes, 

  Table 1    A comprehensive collection of OR genes in complete mammalian genomes    

 Organism  Species name 
 Genome 
assembly 

 Number of 
OR genes 

 Number of 
Intact OR genes 

 Number of OR 
pseudogenes 

 Human   Homo sapiens   hg17  851  384  467 
 Chimp   Pan troglodytes   PCAP1O26  899  353  546 
 Dog   Canis familiaris   canFam1  971  713  258 
 Mouse   Mus musculus   mm5  1,375  1,194  181 
 Rat   Rattus norvegicus   rn3  1,576  1,284  292 
 Opossum   Monodelphis 

domestica  
 mon Dom1  1,516  899  617 

 Chicken   Gallus gallus   galGal2  554  78  476 
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while only 78 among them are intact (Aloni et al.  2006) . Lower organisms, such as 
fishes and insects, have dozens of OR genes and they are more distantly related 
with each other than those of mammals. The Pufferfish has 44 ORs while the 
Zebrafish has 98 (Niimura and Nei  2005) . Insects have similar sized OR gene fami-
lies. For example, the fruit fly and mosquito have 62 and 79 ORs respectively (Hill 
et al.  2002 ; Robertson et al.  2003) . Nematode worms have around 800 functional 
chemoreceptor genes, which are thought to have arisen independently compared to 
insects and vertebrates (Bargmann  1998) .  

 The size of the OR repertoire is not the only feature to vary across species, the 
proportion of intact and pseudo genes are also significantly different. A startlingly 
high fraction of the human OR (around 55%) repertoire has degenerated to pseudo-
genes. Other primates, such as the chimpanzee, also have a similar percentage 
(Gilad et al.  2005) . In contrast, the proportion is much lower in rodents. In the most 
current version of the rat genome, pseudogenes in the OR repertoire only constitute 
18.5% of the total and in mouse they account for only 13.1% (Zhang et al.  2007a).  
This has resulted in the moue effectively possessing over three times as many intact 
genes as humans. However, we do not know if this translates into a wider range of 
detectable odorants or a superior discriminatory ability in mouse over human. Intact 
human OR genes are found in most of mouse OR subfamilies through phylogenetic 
analysis (Zhang and Firestein  2002)  suggesting that human receptors are well rep-
resented within the mouse repertoire. Unexpectedly the decline of the OR gene 
family in some primates has been found to coincide with the acquisition of trichro-
matic vision, suggesting that better visual capability may make olfaction partially 
redundant (Gilad et al.  2004) . 

 Although it is often thought that a genomics is a relatively static inquiry, this is 
untrue and in fact this research is quite dynamic. Genome sequences are regularly 
updated and significant revisions occur. For example, mouse OR repertoire was 
reported to consist of 1,296 ORs and about 20% of them are pseudogenes by Zhang 
et al. in 2002 using the Celera first draft of mouse genome (Zhang and Firestein 
 2002) . Through the same computational methods and thresholds, 1,375 mouse ORs 
were identified in mouse genome version mm5 (  http://hgdownload.cse.ucsc.edu/    ), 
decreasing the fraction of pseudogenes to 13.1% and about 100 pseudogenes were 
corrected to be intact genes (Zhang et al.  2007a) . As the assembly has been opti-
mizing, we expected to see a few pseudogenes to be annotated as intact while the 
repertoire size are relatively similar. Results from different research groups also 
have small discrepancies because of using slightly variable filtering criteria or 
searching methods. 

 Additionally the curated database that includes functions likely for particular 
genes is occasionally discovered to be inaccurate. These errors can propagate 
through the database, as a gene incorrectly identified by its initial discoverer is used 
as a model in data mining, and all similar sequences are classified as having a simi-
lar function. If the initial identification is incorrect so will be the subsequent 
classifications. 

 Finally new bioinformatics tools are regularly introduced allowing new data to 
be derived from existing databases.  
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  2.2 OR Gene Sequences 

 Mammalian ORs can be separated into two broad classes by phylogenetic analysis. 
Class I receptors resemble the family that was first found in fish and frog, but had 
been considered an evolutionary relic in mammals (Fig.  2 ). As identified in the 
human genome, at first, 102 Class I ORs constitute about one-tenth of the human OR 
repertoire (Glusman et al.  2001) . In rodents, the mouse possesses 158 Class I ORs, 
and the rat has 153, also comprising about one-tenth of their repertoires respectively. 
In both human and rodents, the Class I ORs contain a lower fraction of pseudogenes 
than the Class II ORs. Class I ORs are also more conserved in terms of both genomic 
location and gene sequences. Class II ORs are dispersed on numerous chromosomes, 
while Class I ORs are tightly clustered on one chromosomal segment. For example, 
all human Class I ORs are located in one super cluster, 11p15; and the mouse Class 
I ORs are located in a single cluster on chromosome 7. Comparative genomic analy-
sis revealed that sequences of Class I ORs are even more conserved between mouse 
and rat than those of Class II ORs (Zhang et al.  2007a).   

 Gene expression data showed that Class I ORs are restricted to the dorsal zone of 
the mouse olfactory epithelium (Zhang et al.  2004b) . These unique features lead us 
to suspect that Class I ORs may have some special and important functions, driving 
positive evolutionary pressure on mammals to maintain a high level of conservation. 

  Fig. 2     Classification of Fish and Mammalian ORs.  OR genes can be separated into two classes 
based on their sequences. Mammals have both Class I and Class II ORs, whereas all fish ORs 
belong to Class I. Insect ORs are quite different from each other and also different from fish and 
mammal ORs. All Class I ORs are shaded in blue. Class I ORs from mammals are shaded in 
orange and fish ORs are shaded in green        
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 OR gene structures are complicated by their multiple splicing alternatives. 
Although the coding regions are encoded by a single exon about 1 kb long, the 
entire gene has multiple exons up and downstream of the coding region (Sosinsky 
et al.  2000) . It is the coding regions of OR sequences that have been identified 
through computational exploration, leaving the upstream exons and downstream 
UTRs of most ORs yet to be identified. Through cDNA library screening, Young et 
al. disclosed that many OR genes have several transcriptional isoforms showing 
alternative splicing of their 5 ¢  untranslated exons or utilizing more than one polya-
denylation site (Young et al.  2003) . The mechanisms of transcriptional control of 
OR genes are yet to be discovered. Whether OR transcriptional isoforms have func-
tional significance is also not determined. 

 OR proteins are composed of highly conserved and variable residues fulfilling 
corresponding functions. First of all, each OR has seven transmembrane helices 
(TM1–TM7) interconnected by extracellular (EC) and intracellular (IC) loops. 
Additionally there is an extracellular N-terminal chain and an intracellular 
C-terminal chain (Buck and Axel  1991 ; Pilpel and Lancet  1999) . In analogy to 
other Class A GPCRs, ligand-binding activities are thought to take place in a pocket 
formed by the TM helices. The helix bundles appear to form two pockets. One is 
formed by TM1, TM2, TM3, and TM7 and a second one is formed by TM3 through 
TM7 (Liu et al.  2003) . Secondly, OR proteins are characterized by conserved amino 
acid motifs that distinguish them from other seven-transmembrane proteins. ORs 
share some highly conserved motifs with other non OR GPCRs, however, they do 
have specific motifs that only occur in ORs. These OR signature sequences are 
likely to participate in critical OR-specific functional activities. For example, motif 
“KALSTCASHLLVV” positioned partly in IC3, is expected to bind with Golf upon 
activation. Furthermore, different positions of OR proteins have variable degrees of 
conservation. Computational analysis showed that TM4, TM5, the central region of 
TM3, and the last segments of the N- and C-terminals are highly variable. Since 
ORs can bind with a variety of ligands, those globally variable residues with high 
specificity are considered likely to participate in ligand-binding (Liu et al.  2003) .  

  2.3 Genomic Organization and Gene Regulation 

 OR genes appear haphazardly spread over dozens of loci in the genome, as single-
tons or in tight clusters. In mouse and rat, the isolated genes occur quite rarely, 
occupying only 1.5% of the OR repertoire. These isolated genes have higher frac-
tion of pseudogenes than genes in clusters. In the mouse genome version mm5 
(  http://hgdownload.cse.ucsc.edu/    ), OR genes are distributed in 43 clusters, with an 
intergenic distance within the clusters of 19–45 kb. These clusters are distributed 
on almost all chromosomes except chromosome 18 and the Y chromosome. The 
largest clusters are localized on chromosome 2 and 7, which harbor 344 and 267 
ORs respectively. The second large mouse cluster, which consists entirely of all the 
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Class I ORs, is one of the densest clusters with an average distance of 19.1 kb 
between neighboring genes (Zhang et al.  2007a).  

 The size of the repertoire and the peculiar genomic organization pose a formida-
ble challenge to OR gene regulation. Under the “one neuron, one receptor” hypoth-
esis, a single olfactory sensory neuron (OSN) expresses only one OR of the 
repertoire (Mombaerts  2004) . OR genes are expressed in a monoallelic fashion, 
with transcripts derived from either the paternal or maternal allele in different 
OSNs within an individual (Chess et al.  1994) . The physical proximity between 
clustered genes reflects a likely evolutionary proximity, whereas their global regu-
latory networks must still be verified by further experimental evidence. The “H 
region”, a 2 kb DNA element upstream of the mouse MOR28 OR cluster and con-
served between rodents and humans was identified bioinformatically by Sakano’s 
group as a possible regulatory element. Experimentally it has been shown that this 
region of DNA loops back and interacts with the downstream OR genes acting to 
promote gene choice. Negative feedback regulation has been proposed in this 
model to insure the one receptor-one olfactory neuron rule in mouse (Serizawa et 
al.  2003) . While positioning the H element in different positions relative to other 
genes can alter expression levels. The H element can also interact with active OR 
gene promoters from different clusters, indicating the non cluster specific ‘avidity’ 
of H elements (Lomvardas et al.  2006) . However, deletion of the H element does 
not effect the expression of homologous genes located in trans, nor other genes 
located on different chromosomes (Fuss et al.  2007) . These data indicate that the H 
element functions as an enhancer, perhaps interacting with a single promoter of OR 
genes to promote OR gene choice.  

  2.4 Expression of OR Genes 

 OR repertoires were initially identified through computational methods solely 
based on sequence similarity with known ORs. Using a high-throughput custom 
microarray, Zhang et al. showed that a majority of OR genes are specifically 
enriched in the olfactory epithelium, substantiating their function in olfaction 
(Zhang et al.  2004b , 2008 ) (see Fig.  3 ). Certain OR genes are exclusively or pre-
dominantly expressed in non olfactory tissues, such as testis (Spehr et al.  2004) , 
prostate (Yuan et al.  2001)  and heart (Drutel et al.  1995) . It may be that these were 
misidentified as ORs based on sequence similarity, but should be more properly 
considered as OR-like GPCRs of other functions. Since there are no ligands associ-
ated with these receptors they are effectively a group of new orphan GPCRs and 
therefore possible targets for therapeutic drugs. One of these receptors, hOR17-4, 
mediates directed chemotactic movement of human sperm in vitro (Spehr et al. 
 2003) , and also functions in olfactory sensory neurons to detect the odor bour-
geonal (Spehr et al.  2004) . Using the VNO or OE as the baseline for comparison, 
30–100 OR genes were found to be enriched in each of several different tissues, 
including heart, liver, lung, and kidney (Zhang et al.  2004b) . Ectopic expression of 
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olfactory receptor genes was also explored via EST and previously available micro-
array data in mouse and human (Feldmesser et al.  2006) . Each different tissue was 
found to have a specific relatively small subset of OR genes. Human–mouse 
orthologous pairs did not show any correlation in the expressional level. The func-
tion or functions of these ectopically expressed ORs remain to be discovered.  

 In the olfactory epithelium, a given OR gene is expressed in a very small subset 
of OSNs within one of four parallel stripes or ‘zones’ that run rostral to caudal 
across the turbinates within the olfactory epithelium (OE). This spatial expression 
pattern has been determined by in situ investigation and microarray analysis 
(Sullivan et al.  1995 ; Qasba and Reed  1998 ; Zhang et al.  2004b) . Notably, OR 
genes expressed in different zones often appear segregated on the chromosomes. 
Mouse class I ORs, which are located in one tight cluster on chromosome 7, are 
solely expressed in the most dorsal regions (zone 1) of the OE (Zhang et al.  2004b) . 

  Fig. 3     Expression profiles of OR genes across tissues . These data show OE-specific and ectopic 
expression of OR genes. All tissues are from 2-month-old adult mice. Five sample replicates were 
collected for OE and VNO, and three sample replicates for other tissues. The gene expression 
values are standardized such that the mean is 0 and standard deviation is 1 for each gene. The  color  
represents expression values as shown in the scale bar, with  red  corresponding to higher-than-mean 
expression values and  blue  corresponding to lower-than-mean values. The dendrogram on the  left  
shows the clustering of genes, and the  top  dendrogram shows clustering of the samples based on 
the expression data. All genes showing expression in any tissue are chosen for the clustering 
analysis and are shown in the figure. 1,383 probe sets representing 1,095 OR genes are shown       
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The biological importance of this compartmentalization remains unclear. 
Considering that zone 1 ORs cover more than one-third of the OR repertoire and 
the specific expression of class I ORs in zone 1, the separation between zone 1and 
other zones might be especially significant. 

 The developmental course of wide scale OR gene expression has remained 
largely undocumented until custom MOR arrays were utilized. At embryonic 
day 13 (E13), OR gene expression in the epithelium does not show a significant 
difference with non OE tissues, mostly because there are few OR-positive cells, 
making microarray detection difficult. OR expression in a relatively larger 
number of cells is thought to occur by about day E15-16 (Sullivan et al.  1995) . 
Nonetheless, a large number of OR genes appear to be detected only after birth. 
At around postnatal day 20 (P20), the number of detected OR genes reaches a 
peak and remains high. Some ORs are no longer expressed as mice age, for 
example, at age 18 months. Even more intriguingly, the expression level of ORs 
can be classified into different patterns. For example, some ORs reach a peak 
of expression between P10 and P20 and then reduce to a low level. Other ORs 
reach a peak at P10, then continue to express at this high level until sometime 
between 7 and 18 months. These patterns may correlate with their functions; for 
example, the first pattern may be related to nursing, the latter one to the repro-
ductive cycle (Zhang et al. 2008). One caveat that should be noted is that all 
these levels refer to mRNA, not protein, which cannot currently be measured 
directly.  

  2.5 Population Variation of Human ORs 

 There is an enormous diversity in the repertoire of functional OR genes among dif-
ferent people. Roughly 60% of human odorant receptor genes have mutated into 
nonfunctional pseudogenes in a relatively recent genomic process; thus a substan-
tial fraction of human odor receptors might be expected to segregate between an 
intact and a pseudogene form in different individuals. Menashe et al. genotyped 51 
odor receptor loci in 189 individuals of several ethnic origins to screen for SNPs 
that distinguish the intact and pseudogenic forms (Menashe et al.  2003) . 
Remarkably, of the 189 individuals, 178 functionally different genomes were 
found. Additional variation in the population many come from differences in gene 
expression. Experiments with custom microarrays specialized for detecting human 
odorant receptor genes have found that the expressed receptor repertoire of any pair 
of individuals differs by at least 14% (Zhang et al.  2007b)  (see Fig.  4 ), suggesting 
that polymorphisms exist not only in coding regions but also in promoter and other 
regulatory regions. Additionally, the copy number variation of human olfactory 
receptor genes also contributes significantly to individual differences in olfactory 
abilities (Young et al.  2008) .   
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  2.6 Summary and Perspective 

 With the cloning of the superfamily of odor receptors it became clear that one of the 
great challenges in olfaction would be handling the large numbers of receptor genes 
and potential ligands. Bioinformatics and microarray technologies are both well 
suited for managing large data sets with high throughput, their application here has 
advanced the understanding of the dynamics and organization of this largest of gene 
families in the nervous system, and has provided new insights into chemical sensing, 
sensory coding, gene regulation and nervous system development. It has also opened 
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  Fig. 4     Expression profile of human 
OR genes across tissues and 
variation in three human samples . 
The log transformed detection  P  
values for OR genes in all tissues 
were standardized to have a mean of 
0 and a standard deviation of 1 and 
are color coded ( red  and  blue  shades 
indicate values above and below the 
mean, respectively). The dendro-
grams on  top  of each panel illustrate 
the clustering of tissue samples based 
on the profile of OR gene expression. 
(a) All 578 predicted OR genes are 
included in a comparison between 
olfactory epithelium (OE) and non 
olfactory tissues. (b) Shown are the 
data for only the 147 OR genes with 
significantly elevated expression in 
non olfactory tissues. ( c ) The number 
of predicted human OR genes whose 
expression was detected (at  P  < 0.05) 
in one or more of the three olfactory 
epithelium (OE) samples. As can be 
seen, there is a substantial difference 
in the expressed OR gene repertoire 
of each of the three OE samples       
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up many new questions in evolution, individual variation, gene choice, and numerous 
questions about the entire gene locus beyond the coding region. Importantly, these 
analyses have brought the olfactory system to the attention of the wider community 
of neuroscientists and have demonstrated its value as a model system in which ques-
tions of general neurobiological significance can be profitably investigated.       
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       The Molecular Evolution of Teleost Olfactory 
Receptor Gene Families       
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  Abstract   Four olfactory receptor gene families, all of them G protein-coupled 
receptors, have been identified and characterized in mammals – the odorant 
(OR), vomeronasal (V1R and V2R) and trace amine-associated (TAARs) recep-
tors. Much less attention has been directed towards non-mammalian members 
of these families. Since a hallmark of mammalian olfactory receptors is their 
remarkable species specificity, an evaluation of the non-mammalian olfactory 
receptors is instructive both for comparative purposes and in its own right. In this 
review I have compiled the results currently available for all four olfactory gene 
families and discuss their phylogenomic properties in relation to their mammalian 
counterparts. Representatives of all four families are found in cartilaginous fish 
and/or jawless fish, allowing a minimal estimate for the evolutionary origin as 
preceding the segregation between cartilaginous and bony fish or cartilaginous 
and jawless fish, respectively. Gene repertoires of teleost olfactory receptors 
are smaller in size (OR, ORA), comparable (olfC), or even larger (TAAR) than 
the corresponding mammalian gene repertoires. Despite their smaller repertoire 
size, the  teleost OR and ORA families show much larger divergence than their 
mammalian counterparts. Evolutionary rates vary greatly between families, with 
evidence for positive selection in teleost OR genes, whereas the  ora  genes are 
subject to strong negative selection, and in fact are being conserved among all 
teleost  species investigated. With one exception, ligands are unknown for any of 
the four teleost olfactory receptor gene families, and so the considerable knowl-
edge about the odor responses of the olfactory epithelium and the olfactory bulb 
can only be linked indirectly to the receptor repertoires.    
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  1 Background  

 Information about the environment is to a large extent carried by the chemical 
senses, and in particular the olfactory sense. Thousands of structurally diverse odor 
molecules perceived and discriminated by vertebrates supply them with a wide 
range of essential information, ranging from prey localization, predator avoidance, 
social communication to mating behavior. The receptoire of olfactory receptor 
genes currently comprises four different gene families, the odorant receptors proper 
(ORs), vomeronasal receptor genes (V1Rs and V2Rs), and trace amine-associated 
receptor genes (TAARs), all of them G protein-coupled receptors (GPCRs) (Fig.   1 ). 
ORs and TAARs belong to the rhodopsin-like subclass of GPCRs, class A, with 
short N- and C-termini outside the seven-transmembrane domain, whereas V2Rs 
belong to class C, and are similar in structure to the metabotropic glutamate recep-
tor, with an additional large N-terminal, extracellular domain. V1Rs have not been 
formally classified, but are closest to class A receptors.  

 Olfactory receptor gene families in mammals can be rather large, around 1000 OR 
genes in rodents (Buck and Axel  1991 ; Mombaerts  2004) , and over 100 genes for 
rodent V1R and V2R genes (Dulac and Axel  1995 ; Matsunami and Buck  1997) . 
A hallmark of these families is their high species specificity and rapid evolution. 
Species-specific expansion and loss of genes and even whole subfamilies is a recurrent 
theme in the mammalian receptor families (Grus et al.  2005 ; Lane et al.  2004 ; Zhang 
et al.  2004) . It has been hypothesized that these features provide for efficient adap-
tation of the olfactory sense to changing environmental conditions. Several recent 
publications have established the respective properties of the corresponding fish 

  Fig. 1    The four olfactory receptor gene families. ORs, ORAs, and TAARs belong to the class A 
of GPCRs, with a short N-terminus and a ligand binding site within the TM domains, whereas 
OlfCs are class C GPCRs, similar to the metabotropic glutamate receptor, with the ligand binding 
pocket in the large N-terminal extracellular domain       
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receptor gene families. Here I delineate the four fish receptor gene repertoires and 
compare their evolutionary properties. Currently the genomes of five teleost species 
are available (zebrafish,  Danio rerio,    http://www.sanger.ac.uk    ; three-spined stickle-
back , Gasterosteus aculeatus,    http://www.broad.mit.edu    ; medaka,  Oryzias latipes,  
  http://medaka.utgenome.org/    ,   http://dolphin.lab.nig.ac.jp/medaka/    ; tetraodon, 
 Tetraodon nigroviridis,    http://www.broad.mit.edu/    ,   http://www.genoscope.cns.fr/
spip/     ;  fugu,  Takifugu rubripes ,   http://www.fugu-sg.org/project/info.html    ), as well 
as unfinished versions of shark and lamprey genomes (  http://esharkgenome.imcb.a-
star.edu.sg/    ,   http://genome.wustl.edu/    , respectively) (Fig.  2  ).  

 Zebrafish is the most popular aquatic model organism for molecular studies 
(Sprague et al.  2008)  because of its easy (and cost-efficient) handling, short 
reproductive cycle, small diploid genome (less than two billion base pairs) and 
established genetic and genomic methods (which include forward genetic screens, 
transgenesis, mutagenesis-based knock-out and transient knock-down techniques, 
but unfortunately no homologous recombination-based modification of endogenous 
genes). A fast ontogenesis (only five days from fertilization to onset of feeding 
behavior) has turned out to be a major advantage and not only for developmental 
studies. Medaka has most of these advantages as well, but is not as widely studied 
so far. Also, zebrafish does not belong to the neoteleosts like the other four spe-
cies and, as a more primitive fish, it may be considered a better model organism 
for tetrapods. The advantage of stickleback lies in a wealth of behavioral observa-
tions made in this species. The initial advantage of the two pufferfish species, a 
several-fold smaller genome, has lost its significance due to recent advances in 
sequencing techniques. 

 It will be seen that generally the divergence of the teleost receptor repertoires is 
larger than that of the corresponding tetrapod receptor repertoires. Repertoire size, 
however, can be both larger and smaller in teleost vs the corresponding tetrapod 
receptor families. With one exception, rapid evolution is seen in teleost receptor 
families, but again, the rate of evolution may be both larger and smaller in the 
 teleost gene families compared to the corresponding tetrapod families. 

  Fig. 2    Phylogenetic tree of the species discussed in this review. The five teleost species, for which 
completed genomes are available, are shown together with the nodes for divergence from tetrap-
ods, cartilaginous, and jawless fish (human, shark, and lamprey, respectively)       
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 The olfactory receptor genes can be considered the first layer of olfactory infor-
mation processing and in fact they define the nature of odorants, since any molecule 
becomes an odorant solely by virtue of its interaction with an olfactory receptor. 
However, not many olfactory receptor genes are currently deorphanized, due to the 
sheer complexity of the task, and because heterologous expression is inefficient for 
many olfactory receptors. Consequently, detailed ligand response spectra so far 
only exist for a handful of mammalian and a single fish olfactory receptor (Luu 
et al.  2004) . 

 Like the opsins, another sensory GPCR family, mammalian OR, TAAR, V1R, 
and V2R genes are expressed in a monogenic fashion, i.e., a particular receptor 
neuron expresses only a single gene from a single receptor family (Liberles and 
Buck  2006 ; Mombaerts  2004) . Initial data from the teleost olfactory system seem 
to indicate essentially the same, if somewhat relaxed, monogenic expression (Sato 
et al.  2007) . In mammals the neurons expressing the same receptor converge into a 
single glomerulus per hemisphere (main olfactory bulb, ORs, (Mombaerts  2004)  
expected for TAARs) or a handful of microglomeruli (accessory olfactory bulb, 
V1Rs, V2Rs (Mombaerts  2004) ). Thus, each receptor gene specifies a separate 
input channel of the olfactory system and the olfactory bulb constitutes a recepto-
topic map of odor sensitivities, an odor map (Fried et al.  2002) . Both genetic and 
imaging studies are consistent with such a receptotopic organization in the teleost 
olfactory bulb (Friedrich and Korsching  1998 ; Fuss and Korsching  2001 ; Sato et al. 
 2005  , 2007) ; for a more detailed discussion see Yoshihara, this volume. Individual 
odorants generally bind to several receptors with different affinities and individual 
receptors generally bind more than one odorant (Buck  2000 ; Kajiya et al.  2001)  – 
the result is a combinatorial representation by unique, albeit partly overlapping 
subsets of receptors, ensuring near limitless coding capability of the system. 
However, highly specific and possibly unique receptors may be expected for 
 pheromones (cf. Friedrich and Korsching  1998 ; Kajiya et al.  2001) .  

  2  Phylogenomic Properties of Four Olfactory Receptor 
Gene Families  

  2.1  Teleost OR Repertoires: Higher Divergence and Smaller 
Extent than in Mammals 

 In initial studies a much higher divergence of teleost OR genes as compared to their 
mammalian counterparts had already been noted, with homologies as low as 20% 
in pairwise comparisons (Ngai et al.  1993 ; Weth et al.  1996) . Since acceptable qual-
ity genomic databases have became available, two groups have made the effort to 
establish the complete OR repertoire in several fish species, among them zebrafish. 
Niimura and Nei  (2005)  have identified 102 intact zebrafish OR genes (plus 35 
pseudogenes), which they subdivided by phylogeny into nine groups (Fig.  3 ). 
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With respect to the relatively large number of pseudogenes it should be noted that 
the reported prevalence of pseudogenes depends very much on the quality of the 
databases, i.e. many ostensible pseudogenes are due to errors in the databases. 
Indeed, in the second large study by Alioto and Ngai only 4 pseudogenes were 
found, but 143 intact genes plus at least 7 additional OR genes, for which only 
partial sequence was available (Alioto and Ngai  2005) . In this publication, six of 
the groups from the first study were confirmed; one, not being monophyletic, was 

  Fig. 3    Phylogenetic tree of four olfactory receptor gene families in zebrafish and fugu. Sequences 
were retrieved from Niimura and Nei  (2005) , zebrafish and fugu ORs; Saraiva and Korsching 
 (2007) , zebrafish and fugu ORAs; Hashiguchi and Nishida  (2007) , zebrafish and fugu TAARs; 
Alioto and Ngai  (2006) , zebrafish OlfCs; Hashiguchi and Nishida  (2006) , fugu OlfCs, and aligned 
using MAFFT version 6 (Katoh and Toh  2008) . Outgroups used are metabotropic glutamate 
receptors, zebrafish opsins, calcium sensor, and T1R receptors. A handful of genes segregating 
with the outgroups were removed. The tree was constructed using the NJ algorithm (Thompson 
et al.  1997)  and displayed using Hypertree (Bingham and Sudarsanam  2000) .  Black lines , 
zebrafish genes;  light grey lines , fugu;  dark grey lines , outgroups       
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split into two groups, and two were considered as outside the scope of the OR family. 
Traditionally, OR genes have been subdivided into two classes, a so-called fish-
specific class I, for which some mammalian family members were also later 
identified, and a class II, which contains most of the mammalian OR genes. 
Mammals have lost all but two of the eight to nine groups present in teleost fish, 
but large gene expansions in these two groups generated OR repertoires an order of 
magnitude larger than those found in teleost fish.  

 The zebrafish OR repertoire turns out to be several-fold larger than that of two 
pufferfish species, which have less than 50 OR genes (Alioto and Ngai  2005 ; 
Niimura and Nei  2005) . Cloning efforts have been made for catfish, medaka, and 
loach OR genes (Irie-Kushiyama et al.  2004 ; Ngai et al.  1993 ; Yasuoka et al.  1999) , 
but no genome-wide search has been performed for OR genes from other fish spe-
cies and so it remains to be seen whether these differences in repertoire size reflect 
the difference between early and late diverging teleost fish, the genome compaction 
in the pufferfish genus, or, conceivably, the relative importance of the olfactory 
sense in these species. 

 The evolutionary origin of the OR gene family was elucidated by a comparison 
of teleost fish, amphibian, and mammalian OR repertoires. It appears that most, if 
not all, of the eight or nine teleost OR groups were already present in the common 
ancestor of teleosts and tetrapods (Alioto and Ngai  2005 ; Niimura and Nei  2005) , 
and some OR genes even go back to the common ancestor of jawed and jawless fish 
(Freitag et al.  1999) . The latter may be the ancestral genes of class I and II. 
However, a more thorough analysis of lamprey receptor genes will be necessary to 
obtain sustainable information about the evolutionary origin of ORs, considering 
that in a first attempt (Berghard and Dryer  1998)  aminergic receptor lamprey genes 
had been missassigned as ORs. 

 Despite a slower rate of evolution compared to tetrapod OR families, teleost OR 
genes do show signs of positive selection (Alioto and Ngai  2005 ; Ngai et al.  1993) . 
The selective pressure acting on a gene is quantifiable by the ratio of nonsynomous 
to synonomous base exchanges (dN/dS), which can be calculated for a group of 
related genes, either as a global value or for each sequence position individually. 
Positive selection refers to the feature that amino acid-changing mutations are 
retained to a larger extent than neutral mutations, which results in a dN/dS value 
larger than one. The frequency of positive selection in the genome is controversial 
(Studer et al.  2008) , but it is generally assumed to occur in transcription factors and 
some receptor families, including olfactory receptors (Bustamante et al.  2005) . In 
a comparison of the whole zebrafish OR family, four sites showing positive selec-
tion were found, two of them within the transmembrane regions expected to contain 
the ligand binding site (Alioto and Ngai  2005) . 

 The genomic location of teleost OR genes, like their mammalian counterparts, 
is characterized by the presence of several gene clusters, as well as some isolated 
genes (Alioto and Ngai  2005) . Within the gene clusters, subfamilies are largely 
contiguous and subfamily members usually exhibit the same transcriptional orien-
tation, suggesting tandem duplication as a mechanism of gene expansion. Teleost 
OR genes are generally expected to be monoexonic, at least for the coding region 
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(Alioto and Ngai  2005 ; Niimura and Nei  2005)  like their mammalian counterparts, 
although no dedicated analyses have been performed to substantiate this point.  

  2.2  The Teleost ORA Family: A Small, Invariant 
Gene Repertoire 

 The  ora  genes are the teleost homologs of the mammalian V1R genes. The  ora  
designation stands for olfactory receptor gene related to class A of G protein-
coupled receptors (the mammalian designation VR stands for vomeronasal recep-
tor, referring to the expression of VRs in a specialized olfactory organ of tetrapods 
not present in fish).  Ora  genes have been the latest of the four teleost olfactory 
receptor families to be found. The first member of this family was uncovered as late 
as 2005 (Pfister and Rodriguez  2005) , followed by the identification of a second 
gene (Shi and Zhang  2007)  and only in 2007 did the full extent of the family 
become known (Saraiva and Korsching  2007) . 

 With respect to other teleost chemosensory receptor gene families, all fish ORA 
genes  form a monophyletic clade, supporting their identification as a single family 
separate from the other chemosensory receptor families. The ORA clade includes 
all mammalian V1R receptors; thus the ORA family can be considered para-
phyletic, with the mammalian V1Rs originating as a single subclade within the 
ORA family. 

 The  ora  receptor gene family is very small (Fig.  3 ), with only 6 members 
compared to over 100 genes in the corresponding rodent V1R gene family. 
Compared to the other four families,  ora  genes exhibit several peculiar character-
istics, all of them unique for olfactory receptor gene families both in teleosts and 
tetrapods. Most strikingly,  ora  genes are highly conserved between all teleost 
species analyzed so far, such that individual orthologs for all six genes can be 
detected in all five teleost species analyzed so far (bar a single gene loss in the 
pufferfish genus) (Saraiva and Korsching  2007) . Ortholog  ora  genes (closest 
homologs  between  species) are without exception more closely related to each 
other than any paralog  ora  genes (closest homologs  within  species), indicating 
that all six family members are evolutionarily much older than the speciation 
events in the teleost lineage. In fact, some  ora  genes can even be found in lam-
prey, a jawless fish (Saraiva and Korsching  2007) . 

 Consistent with this very slow evolution,  ora  genes show no evidence for posi-
tive selection, in contrast to the other olfactory receptor families including the 
mammalian V1R family. The global dN/dS values for all six  ora  genes are very 
small, around 0.2, indicative of strong selective pressure on these genes. When 
dN/dS values are determined for each codon individually, no single instance of 
positive selection is found (Saraiva and Korsching  2007) . For one of the  ora  genes an 
analysis of sequence variation was performed in a group of closely related fish species 
within the  Danio  genus; of several algorithms used all but one did not find evidence 
of positive selection (Pfister et al.  2007) . 
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 An unexpected feature of  ora  genes concerns their genomic location. Olfactory 
receptor genes often occur in clusters presumably arising from repeated local gene 
duplication and are often arranged in head-to-tail fashion. In contrast, four of the 
six  ora  genes are arranged in closely linked gene pairs across all fish species studied. 
These gene pairs are asymmetrical, head-to-head for  ora1/ora2  and tail-to-tail for 
 ora3/ora4 . A pairwise configuration in the phylogenetic tree suggests the existence 
of three ancestral ORA subclades, all of which are present in lamprey (Saraiva and 
Korsching  2007) , one of which has been lost in amphibia, and a further one in 
mammals. Two subclades correspond to the above-mentioned gene pairs, the third 
one consisting of two isolated genes,  ora5  and  ora6 . 

 Another unexpected feature of the  ora  genes is the presence of introns in two of 
six genes. The ancestral genomic structure appears to be monoexonic for ORA1, 
ORA2, ORA5, and ORA6. This structure is maintained in the mammalian relatives 
of the ORA1–ORA2 clade (Dulac and Axel  1995 ; Grus et al.  2005) . In marked 
contrast, ORA4 possesses two exons, and ORA3 four approximately equal-sized 
exons. ORA3 and ORA4 intron/exon borders are exactly conserved between teleost 
species, and the sole intron/exon border in ORA4 does not correspond to any 
intron/exon border in ORA3. Thus, the corresponding intron gains must have 
occurred after the genesis of the three subclades and indeed after the genomic rear-
rangements giving rise to the gene pairs, i.e., after the complete  ora  gene family 
was established. 

 All six  ora  genes are expressed specifically in the olfactory organ of zebrafish, 
in sparse cells within the sensory surface (Saraiva and Korsching  2007) , consistent 
with the expectation for olfactory receptors and similar to the expression of the 
tetrapod subclade V1R. Taken together, the high conservation of the  ora  gene rep-
ertoire across teleosts, in striking contrast to the frequent species-specific expan-
sions observed in tetrapods, especially mammalian V1Rs, possibly reflects a major 
shift in gene regulation as well as gene function upon the transition to tetrapods.  

  2.3 The Teleost TAAR Family Evolves Rapidly 

 Trace amine-associated receptors (TAARs) are related to G protein-coupled aminergic 
neurotransmitter receptors such as dopamine and serotonine receptors and recognize 
derivatives of the classical monoamines such as ß-phenylethylamine, octopamine, 
tryptamine, and tyramine. Initially, TAARs had been considered neurotransmitter 
receptors (Borowsky et al.  2001) , but recently an expression in olfactory sensory neu-
rons was shown for several mammalian  taar   genes, with expression characteristics 
very similar to odorant receptors (Liberles and Buck  2006) . Thus the  taar  genes were 
recognized as a fourth GPCR family of olfactory receptors (Buck  2000) . 

 Following the cloning of the first TAAR receptors in mammals (Borowsky et al. 
 2001) , taar genes have been found in several genomes from lower vertebrates 
(Gloriam et al.  2005)  including lamprey (Hashiguchi and Nishida  2007) , but not in 
invertebrates. However, the delineation from classical aminergic neurotransmitter 



The Molecular Evolution of Teleost Olfactory Receptor Gene Families 45

receptors has not been investigated thoroughly so far, and indeed the lamprey genes 
appear to represent aminergic receptors, not TAARs (Korsching, unpublished 
observation). The first study evaluating teleost  taar  genes by Gloriam et al.  (2005)  
made use of very incomplete databases, and thus many of its conclusions, including 
the size of the family, the phylogenetic reconstruction, the genomic location, the 
frequency of pseudogenes, the absence of introns, and the suggested nomenclature 
are now outdated. Still valid are its observations that the TAAR gene family exhib-
its rapid evolution and correspondingly remarkably species-specific repertoires. 
A follow-up study confirmed these observations using a more complete data set 
(Hashiguchi and Nishida  2007) . Particularly remarkable is the large  taar  gene rep-
ertoire of zebrafish (Fig.  3 ); over 100 genes are found, about 5 times the number of 
genes in the largest mammalian family, and double the number of  taar  genes found 
in stickleback (Hashiguchi and Nishida  2007) . It will be interesting to study 
whether the selective pressure acting on teleost  taar  genes takes the form of posi-
tive selection, of which incidences have been observed in the OR, V1R, and V2R 
families. Currently,  taar  gene repertoires have been established for fugu, stickle-
back, medaka, and zebrafish. Fugu has the smallest repertoire, less than 20 genes, 
followed by medaka with 25 genes, stickleback with 49 genes, and zebrafish with 
109 genes (Hashiguchi and Nishida  2007) . Ligands for teleost TAARs have not 
been identified so far, but may include polyamines, which are specifically and 
 sensitively detected by teleost fish (Michel et al.  2003 ; Rolen et al.  2003) . 

  Taar  genes occur in a single cluster in tetrapods, evidence of a genesis from local 
gene duplications, possibly via illegitimate crossover during meiotic recombina-
tion. In teleosts,  taar  genes form two large clusters (Hashiguchi and Nishida  2007) , 
presumably resulting from the whole genome duplication occurring early in the 
teleost lineage (Nakatani et al.  2007) . Additionally, several isolated genes and small 
groups are found; however, due to the still unfinished genome build in zebrafish, 
this may not be the final distribution. The most recent common ancestor of tetrap-
ods and teleosts (of lobe-finned and ray-finned fishes) presumably already had a 
small cluster of  taar  genes. 

 Whereas all mammalian and all zebrafish  taar  genes are monoexonic, an 
intron was found in many medaka, fugu, and stickleback genes (Hashiguchi and 
Nishida  2007) , consistent with an intron gain early in the evolution of neoteleosts, 
i.e., relatively late in vertebrate evolution. This is rather remarkable since several 
whole genome scanning studies found very little evidence for any intron gains 
during all of vertebrate evolution (Coulombe-Huntington and Majewski  2007 ; 
Loh et al.  2008)  and may be related to the apparently low selective pressure in the 
 taar  gene family.  

  2.4 The Teleost OlfC Family is Paraphyletic 

 OLfC receptors belong to the class C of GPCRs like the mammalian V2Rs, 
which are their closest chemosensory relatives. Receptors of this class are char-
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acterized by their large N-terminal extracellular region, and their similarity to 
the metobotropic glutamate receptor. Unlike the other three olfactory receptor 
gene families they are not monophyletic, as three distinct clades have been 
lumped together under the olfC heading (cf. Fig.  3 ), following the lead of the 
mammalian nomenclature (Alioto and Ngai  2006) . However, by far the largest 
clade, group I (Alioto and Ngai  2006) , is monophyletic, and the closest phylo-
genetic neighbor of the largest mammalian V2R clade, albeit both clades are 
strictly segregated. Its repertoire size varies several-fold between teleost spe-
cies, but is well within the range of mammalian V2R repertoires – extreme 
species-specific specialization has led to the complete loss of this family in 
several mammalian species (Young and Trask  2007) . Again, zebrafish exhibits 
the largest of all teleost OlfC repertoires (Alioto and Ngai  2006 ; Hashiguchi 
and Nishida  2006) . Two small clades of one to two genes per species appear to 
be more closely related to the T1R taste receptors and the calcium sensor in 
some phylogenetic reconstructions (Alioto and Ngai  2006) . In contrast to genes 
from the large clade, genes from the small clades are expressed broadly in the 
olfactory epithelium (Sato et al.  2005 ; Speca et al.  1999) , conceivably suggesting 
a modulatory or chaperone function for these genes (cf. Larsson et al.  2004 ; 
Silvotti et al.  2005) . 

 OlfC genes exhibit five conserved intron/exon borders resulting in six exons in 
a characteristic short-short-long-short-short-long arrangement (Alioto and Ngai 
 2006) . None of these intron/exon borders occur in the metabotropic glutamate 
receptors, but all are shared with the mammalian V2Rs and the closest outgroups, 
the calcium sensor and the T1R receptors (Korsching, unpublished observation), 
confirming a common evolutionary origin. To pinpoint the evolutionary origin, data 
mining in cartilaginous and jawless fish genomes will be required. However, the 
high species specificity suggests that OlfC/V2R genes constitute an evolutionary 
recent family, and accordingly may not have been present in the common ancestor 
of jawed and jawless fish. 

 Whole subfamilies of OlfC genes are present in zebrafish, but not in neotele-
osts, and many instances of species-specific gene expansions are observed. The 
evolution of the OlfC family appears to be driven to a large extent by local gene 
duplication, as suggested by the arrangement of most OlfC genes in clusters of 
phylogenetically related genes (Alioto and Ngai  2006 ; Hashiguchi and Nishida 
 2006) . Nevertheless, albeit relaxed negative selection is observed at distal ligand 
binding sites, there is no evidence of positive selection, and in particular the core 
residues of the amino acid binding motif characteristic for this family are under 
negative selection (Alioto and Ngai  2006) . Although currently no ligands are 
known for any member of the largest group of OlfC genes (group 1), modelling 
suggests that many of them have amino acids as ligands like the one well-
investigated OlfC member from one of the small groups, OlfC a1 (Luu et al. 
 2004) . Thus, OlfC receptors may constitute the molecular basis to explain odor 
response studies, which predict many independent receptors for amino acids 
(Fuss and Korsching  2001) .   
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  3 A  Comparison of Teleost and Tetrapod Olfactory Receptor 
Repertoires  

  3.1  Evolutionary Origin of the Four Olfactory Receptor Gene 
Families 

 The estimates for the evolutionary origin of the four olfactory receptor gene families 
OR, ORA, OlfC, and TAAR have been discussed in the preceding paragraphs. 
Notably there is no evidence for any of them occurring outside the chordate phylum 
and, in fact, so far members have only been found in vertebrates. Thus the chemo-
sensory receptors of other phyla such as arthropods or nematodes should have an 
independent origin within or outside (cf. Sato et al.  2008)  the G protein-coupled 
heptahelical receptor family – which itself dates back to the earliest eucaryotes. 

 The  ora  gene family appears to be the oldest family, close to the final repertoire 
size in lamprey, while the OR family occurs in lamprey but apparently with a much 
smaller gene repertoire than either later diverging teleost or tetrapod species. Neither 
OlfC nor TAAR receptor families have been detected in lamprey. It should be noted 
that some publications concerning lamprey receptor gene assignment have been per-
formed without sufficient information about phylogenetically neighboring gene fami-
lies, which has led to the erroneous assignment of whole receptor gene families 
(Berghard and Dryer  1998 ; Hashiguchi and Nishida  2007) . Thus two of the four 
vertebrate-specific olfactory receptor gene families have their origin in jawless verte-
brates, while two families appear to have emerged later in cartilaginous vertebrates.  

  3.2  Repertoire Size Varies Considerably Within and Between 
Teleost Species 

 Between different teleost species, pufferfish generally have the smallest olfactory 
receptor gene family sizes, followed by medaka ( Oryzias latipes ), whereas stickle-
back ( Gasterosteus aculeatus ) and zebrafish ( Danio rerio ) have several-fold larger 
repertoires than the two pufferfish species analyzed ( Takifugu rubripes  and 
 Tetraodon nigroviridis ). Apart from zebrafish, all these fish species belong to the 
 neoteleostei , a modern group of teleosts, while zebrafish is a more primitive teleost, 
which belongs to the  ostariophysii . Interestingly, it is the zebrafish which always 
has the largest olfactory receptor gene repertoires. The minimal repertoire sizes 
found in the pufferfish (Fig.  3 ) may conceivably be caused by gene loss related to 
the extreme genome compaction characteristic for this genus (Elgar  1996) . 
Generally, lineage-specific gene gains as well as losses have shaped the teleost OR, 
TAAR, and V2R-related OlfC repertoires. On the other hand, the V1R-related  ora  
genes have remained a small, rigidly conserved family throughout teleost evolution. 
Apart from a single gene loss in the pufferfish genus, not a single gene loss or gain 
event appears to have occurred throughout teleost evolution (Fig.  3 ).  



48 S. Korsching

  3.3  Opposing Shifts in Family Characteristics upon 
Teleost/Tetrapod Transition in Two Olfactory Receptor 
Gene Families 

 Until a short time ago, conventional wisdom held that mammalian species pos-
sessed much larger olfactory receptor gene repertoires than those found in earlier 
diverged vertebrates such as fish. The recent assignment of TAARs as an olfactory 
receptor gene family (Liberles and Buck  2006)  changed this narrative. By far the 
largest gene family in mammals is constituted by the OR gene repertoire, followed 
by the V1R and V2R families, and finally the rather limited TAAR gene repertoire. 
The evolutionary path followed in bony fish development has been distinctly differ-
ent, with massive diversification in the TAAR family towards sizes close to those 
observed for teleost OR repertoires. As a result the teleost  taar  gene repertoires far 
surpass the mammalian repertoires. On the other hand, the lack of any expansion in 
the teleost ORA family results in the most extreme contrast in teleost vs tetrapod 
family size of all four olfactory receptor families.  

  3.4  Selective Pressure Among the Four Teleost Olfactory Gene 
Repertoires 

 A first indication of selective pressure or absence thereof is given by the species 
specificity of gene families, which is high for OR, OlfC, and TAARs. Quantitative 
determination of the selective pressure using dN/dS analysis has shown some inci-
dences of positive selection in OR genes, and relaxed negative selection in OlfC 
genes, while TAARs still need to be analyzed in that respect. In contrast, the ORA 
genes show the lowest dN/dS values and a complete absence of positively selected 
sites (but see Pfister et al.  2007) . A rapid evolution in chemosensory receptor gene 
families is consistent with either pheromonal functions which require species 
specificity or rapid adaptation to changing environmental specializations.   

  4  Beyond the Phylogenomic Analysis: Current Status 
of Expression Patterns, Connectivity, and Ligands  

 From an evolutionary point of view it is interesting to what extent the molecular 
and cellular logic of the mammalian system is similar to the corresponding teleost 
receptor gene families. For example, do the same cell types express the teleost 
receptors? Are the signal transduction pathways conserved? Is the logic of the 
axonal projection similar to the mammalian situation? With respect to the ligands, 
major differences between mammalian and teleost olfactory receptors might be 
expected due to the shift from aquatic to terrestrial life style and a corresponding 
shift in the biological relevance of many or most odors. 
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  4.1  Expression Frequency and Spatial Expression Patterns 
of Teleost Olfactory Receptor Genes 

 Limited data are available concerning the tissue specificity of olfactory receptor 
gene expression in teleosts. For mammalian OR an extra-olfactory expression of 
quite a few receptor genes is known, and for two receptors a function in sperm cell 
chemotaxis has been postulated (Fukuda et al.  2004 ; Spehr et al.  2003) . 

 Odorant receptor genes are expressed according to the one receptor neuron – one 
receptor gene rule, often referred to as monogenic expression. This has generally 
been true for the other three olfactory receptor families as well, with the exception 
of a few very broadly expressed receptor genes which may function as chaperones 
for other receptor genes. The statistics of teleost OR, ORA, and TAAR gene expres-
sion appears to conform  to the monogenic expression, as most receptor genes, for 
which reasonably specific probes can be obtained, are expressed in very sparse cell 
populations, e.g., Weth et al.  (1996) . Double-labeling studies mostly show exclu-
sive expression of different olfactory receptor gene combinations (Barth et al. 
 1997) , with the exception of a few very closely related receptor gene pairs (Sato 
et al.  2007) . 

 Within the main olfactory epithelium of mammals, receptor neurons expressing 
the same OR gene or the same TAAR gene are found at apparently random 
positions within medial-to-lateral subdivisions of the sensory surface, so-called 
expression zones (cf. Mombaerts  2004) . A small subgroup of genes is expressed in 
perpendicular expression domains (Hoppe et al.  2006) . Within the accessory or 
vomeronasal olfactory epithelium V1R and V2R-expressing receptor neurons 
segregate into an apical and a basal layer, respectively. Expression of individual VR 
genes appears to be restricted to apical-to-basal subdivisions within these layers 
(Ryba and Tirindelli  1997) , although no systematic study has been performed to 
analyze segregation in this dimension. 

 Fish OR genes are expressed in spatial expression domains that are broader and 
overlap more than the mammalian expression zones, but otherwise have the same 
characteristics of several receptors intermingling in one domain (Weth et al.  1996) .  

  4.2  Ligands for Teleost Olfactory Receptor Molecules 

 The olfactory receptor genes can be considered the first layer of olfactory informa-
tion processing and in fact they define the nature of odorants, since any molecule 
becomes an odorant solely by virtue of its interaction with an olfactory receptor. 
Indeed, the olfactory receptors can be thought of as the dimensions of the multidi-
mensional odor space, with each odorant or mixture of odorants defined by a 
unique set of coordinates in this odor space. Thus a thorough understanding of 
ligand/receptor interactions is an essential component to fully decipher the logic of 
olfactory coding. 
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 Not many olfactory receptor genes are currently deorphanized, first due to the 
sheer complexity of the task, and second because heterologous expression is 
 inefficient for many olfactory receptors. Consequently, detailed ligand response 
spectra so far only exist for a handful of mammalian olfactory receptors. The 
 general conclusion is that of a relaxed specificity, i.e., several mostly related com-
pounds can excite a particular receptor. With respect to the physicochemical nature 
of the ligands, one may expect drastic differences between teleost and tetrapod OR 
and TAAR receptors, since the latter ought to recognize hydrophobic, volatile sub-
stances. Teleost and tetrapod V1R and V2R could in principle have similar sets of 
ligands, because their ligands are transported in mucus towards the receptors, and 
thus are expected to be hydrophilic. However, the available data do not support this 
hypothesis. 

 The only fish olfactory receptor with identified ligands is a member of the OlfC 
family, OlfC a1 (Alioto and Ngai  2006) . It recognizes several amino acids with 
graded affinity in an heterologous expression system. Interestingly, the optimal lig-
ands for the goldfish receptor are basic amino acids, whereas the zebrafish receptor 
reacts most strongly to acidic amino acids. Mutation studies have identified the likely 
residues responsible for this shift in ligand binding characteristics (Luu et al.  2004) . 
It is possible that most OlfC receptors will turn out to bind amino acids, since they 
share a predicted amino acid-binding motif (Alioto and Ngai  2006) .  

  4.3  Odor Responses from the Cellular to the Behavioral Level 

 Known physiologically relevant odorants for teleost fish comprise amino acids, 
polyamines and nucleotides (food signals), bile acids, steroids and prostaglandins 
(pheromones) and alarm substances (of graded species-specificity, and so far uni-
dentified molecular nature). These odor signals are detected and processed with 
high resolution; for example, fish can be trained to distinguish nearly all amino 
acids from one another (Valentincic et al.  2000  , 2005) . Fish possess three types of 
olfactory receptor neurons – ciliated and microvillous receptor neurons, and 
 so-called crypt cells possessing both cilia and microvilli (Hansen and Zielinski 
 2005) , which so far have not been observed in mammalian olfactory epithelia. In 
contrast to mammals with at least four segregated olfactory organs (Ma  2007) , all 
fish olfactory neurons are intermingled in a single sensory surface (Hamdani and 
Doving  2007 ; Hansen et al.  2004) , the olfactory epithelium. The projection areas of 
ciliated and microvillous receptor neurons have been established by dye tracing and 
genetic studies to be segregated, if somewhat intertwined (Hamdani and Doving 
 2002 ; Hansen et al.  2003 ; Morita and Finger  1998 ; Sato et al.  2005) ; for a detailed 
discussion see Yoshihara, this volume). This segregation seems to be carried over 
to the functionally different medial and lateral tracts of projection neurons innervat-
ing ciliated and microvillous receptor neurons, respectively (Hamdani and Doving 
 2007) . Interestingly, in contrast to the mammalian system, ciliated neurons and 
microvillous receptor neurons terminate both in morphologically distinct glomeruli 
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about 50–100  μ m in diameter (cf. Baier and Korsching  1994 ; Sato et al.  2005) , and 
smaller microglomeruli, sometimes referred to as aglomerular plexus (e.g., Baier 
and Korsching  1994) . Anatomical studies have linked crypt cells to small groups of 
centrally lying ventral glomeruli (Hamdani and Doving  2006 ; Hansen et al.  2003) , 
which may be innervated by a lateral subdivision of the medial olfactory tract 
(Hamdani and Doving  2007) . 

 Electrophysiological studies of isolated receptor neurons (Nikonov and Caprio 
 2007 ; Restrepo et al.  1990)  and projection neurons in the olfactory bulb (Lastein 
et al.  2006) , as well as imaging of odor responses in the olfactory bulb (Friedrich 
and Korsching  1998)  in conjunction with anatomical studies (Baier and Korsching 
 1994 ; Sato et al.  2005)  have allowed some correlations of receptor neuron type with 
odor responses on the one hand and olfactory receptor classes on the other. The 
receptor families seem to be restricted to particular receptor neuron populations, 
ORs expressed in ciliated neurons, and OlfC in microvillous receptor neurons; see, 
e.g., Hansen et al.  (2004)  and Speca et al.  (1999) . It will be interesting to see 
whether ORAs are expressed in crypt cells, a sparse cell population, for which 
so far no receptors have been described (cf. Pfister and Rodriguez  2005 ; Saraiva 
and Korsching  2007) . The orthologous mammalian V1R genes are expressed in 
microvillous cells. TAARs may be expressed in ciliated neurons like their mam-
malian counterparts. Fish microvillous receptor neurons appear to react to amino 
acids and nucleotides, whereas ciliated neurons may carry the response to bile 
acids, steroids and polyamines via ORs and TAARs, respectively. Crypt cells of a 
mackerel species have been shown to respond to amino acids (Schmachtenberg 
 2006 ; Vielma et al.  2008) . However, this result appears to conflict with a combination 
of electrophysiological studies (Lastein et al.  2006)  and backtracing experiments 
(Hamdani and Doving  2006)  that show a response to steroids in the target region of 
crypt cells in the olfactory bulb of crucian carp. 

 Taken together, the fish olfactory bulb provides for the opportunity to study 
functionally segregated responses of all olfactory receptor neurons in a recepto-
topic map. Due to the small size and semi-transparent nature of the zebrafish 
olfactory bulb, it is to be expected that odor responses of all three receptor neuron 
populations could be measured simultaneously and possibly identified by spatial 
position. Indeed, in the zebrafish olfactory bulb it has been possible to measure 
odor responses in lateral, medial, and ventral glomeruli (Friedrich and Korsching 
 1997,   1998) .   

  5  Outlook  

 The recent discovery of yet another olfactory receptor gene family (the TAARs) 
invites the speculation that the current repertoire of four different teleost olfactory 
receptor gene families may still not be complete. Indeed, an olfactory function has 
been shown for a mammalian member of the membrane-bound guanylate cyclase 
family (Hu et al.  2007 ; Leinders-Zufall et al.  2007) . The corresponding gene family 



52 S. Korsching

in teleost fish is known to be larger than in mammals (Yamagami and Suzuki  2005) , 
but a systematic genome-wide study still needs to be done. For the four known 
families, the repertoires published for several teleost fish species appear reasonably 
complete. However, for none of these families is evolution in early vertebrates 
clearly understood. Future access to more and higher quality genome sequences of 
jawless and cartilaginous fish will enable such studies to be performed more 
 thoroughly than currently possible. 

 The evolutionary path followed in teleost fish development has been distinctly 
different from that pursued in tetrapods, with massive diversification in the TAAR 
family but with a total lack of any expansion in the ORA family. It is expected that 
the respective ligand repertoires and corresponding biological function will turn out 
to be distinctly different as well. However, extensive progress in deorphanizing 
teleost olfactory receptors will be necessary to understand the evolution of ligand 
repertoires for the olfactory receptor gene families.      

  Acknowledgement   I would like to thank Kim Robin Korsching for helping with the figures.  
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     Odorant Receptor Gene Choice and Axonal 
Projection in the Mouse Olfactory System       

     T.   Imai    and    H.   Sakano       

  Abstract   In the mouse olfactory system, each olfactory sensory neuron (OSN) 
expresses a single type of odorant receptor (OR) out of approximately 1,000 in a 
monoallelic manner. Furthermore, OSNs expressing the same OR converge their 
axons to a specific set of glomeruli on the olfactory bulb. These two basic princi-
ples are fundamental to the peripheral olfactory system, and are regulated by the 
expressed OR protein itself. Singular OR gene choice is ensured by the combina-
tion of stochastic enhancer–promoter interaction and negative-feedback regulation 
by OR proteins. In the axonal projection, OR-derived cyclic AMP signals and neu-
ronal activity determine the expression levels of axon guidance/sorting molecules, 
and thereby direct glomerular positioning and axon sorting.    

  1 Introduction  

 In the mouse, odorants are detected by approximately 1,000 odorant receptors (ORs) 
expressed by olfactory sensory neurons (OSNs) (Buck and Axel  1991 ; Zhang and 
Firestein  2002 ; Zhao et al.  1998) . ORs are G-protein-coupled receptors with seven-
transmembrane domains and transduce odorant binding signals to neuronal activity 
via cyclic AMP (cAMP). The depolarization signals are transmitted to glomeruli in 
the olfactory bulb (OB) of the brain. There are two basic principles for organizing 
the peripheral olfactory system. One is the one neuron–one receptor rule: each OSN 
expresses only one functional OR gene in a monoallelic manner, thereby establish-
ing the neuronal identity of OSNs (Chess et al.  1994 ; Malnic et al.  1999) . The other 
is the OR-instructed axonal projection: OSNs expressing the same OR converge 
their axons to a specific set of glomeruli in the OB (Vassar et al.  1994 ; Ressler et al. 
 1994 ; Mombaerts et al.  1996) . Thus, the odor information detected in the olfactory 
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epithelium (OE) by approximately 1,000 different ORs are topographically repre-
sented by approximately 1,000 pairs of glomeruli in each OB. This conversion of 
odor information to an odor map, consisting of a set of activated glomeruli that is 
specific for each odor, enables the mammalian brain to detect and discriminate vari-
ous odorants (for a review, see Mori et al.  2006) . Remarkably, both basic rules 
mentioned above are maintained and regulated by the expressed OR protein itself. 
In this chapter, we review recent studies that have focused on the mechanisms of OR 
gene choice and OR-instructed axonal projection in the mouse.  

  2 Axonal Projection  

  2.1 Organization and Structure of the OR Genes 

 The mammalian olfactory system is capable of detecting and discriminating a 
wide variety of airborne chemicals. To cover such a diverse array of odorants, 
more than 1,000 functional OR genes in the mouse, comprising approximately 
4% of all protein-coding genes in the genome, are dedicated to olfaction (Zhang 
and Firestein  2002) . The discovery of OR genes by Buck and Axel  (1991)  was 
recognized with the Nobel prize in physiology or medicine in 2004. The mouse 
genome contains 1,375 OR genes, among which 1,194 have intact open reading 
frames (Zhang et al.  2007) . Most OR genes are clustered at 43 different loci, 
spread out among nearly all chromosomes, while 21 OR genes are isolated. Each 
cluster can contain up to 262 different OR genes, with an average intergenic dis-
tance of approximately 25 kb. Most OR genes are composed of two to five exons, 
of which only one exon encodes the entire protein. Vertebrate OR genes are 
divided phylogenetically into two different classes, I and II. The class I genes 
resemble the fish OR genes, and are responsive to water-soluble odorants such as 
aliphatic acids, aldehydes, and alcohols (Malnic et al.  1999 ; Kobayakawa et al. 
 2007) , while the class II genes are unique to terrestrial vertebrates. In the mouse, 
there are 158 class I OR genes, clustered at a single locus on chromosome 7. Most 
class I OR genes are expressed in the dorsomedial zone of the OE (Zhang et al. 
 2004 ; Tsuboi et al.  2006) .  

  2.2  One Neuron–One Receptor Rule in the Mouse Olfactory 
System 

 To discriminate a variety of odorous information, the mammalian olfactory sys-
tem uses a remarkable decoding strategy: the OE contains approximately 1,000 
types of OSNs, each expressing only one type of OR. Earlier analyses of in situ 
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hybridization led to the conclusion that each OSN expresses a limited member 
of OR genes, possibly only one (Strotmann et al.  1992 ; Ngai et al.  1993 ; Ressler 
et al.  1993 ;  Vassar et al.1993) . Subsequent complementary DNA analyses of 
single OSNs revealed that only one OR gene is expressed in each cell (Malnic et 
al.  1999) . Furthermore, allelic exclusion was observed in the OR gene system 
when OR transcripts were assayed by PCR for polymorphisms that differ 
between parental alleles; the OR gene is expressed from either the maternal or 
the paternal allele (Chess et al.  1994) . Gene-targeted mice, in which both alleles 
were differentially tagged, demonstrated the monoallelic expression of the OR 
gene (Strotmann et al.  2000) : no OSN expressed both markers simultaneously. 
RNA fluorescence in situ hybridization (FISH) and DNA-FISH experiments also 
confirmed the monoallelic activation of OR genes within OSN nuclei (Ishii et al. 
 2001) . In this last experiment, DNA-FISH detected two genomic loci in the 
nuclei, one for each parental allele, while RNA-FISH detected the primary tran-
script at only one of the two genomic sites. The allelic exclusion provides even 
more diversity for odor recognition by allowing the distinction of polymorphic 
allele differences. 

 Exclusion has also been found between endogenous and transgenic OR gene 
alleles, and even among tandemly linked transgenic alleles with identical coding 
and promoter sequences (Serizawa et al.  2000) . These results demonstrate that 
under any circumstance, no more than one functional OR gene allele can be 
expressed in each neuron. The OR gene choice in mouse appears to be stochastic, 
in contrast to the genetically determined OR gene choice in the fly with only 
approximately 50 OR genes (Ray et al.  2007) . The monogenic and monoallelic 
mode of OR gene expression is known as the “one neuron–one receptor rule.” Such 
an unusual mode of gene expression has previously been known only for antigen 
receptor genes of the immune system.  

  2.3 cis-DNA Elements and Positive Regulation 

 How is it, then, that a single OR gene is chosen and activated from a repertoire 
of 2,000? On the basis of previous studies on other multigene families, three 
activation mechanisms have been considered for the choice and activation of 
OR genes (Kratz et al.  2002) : (1) DNA recombination, which brings a pro-
moter and an enhancer region into close proximity; (2) gene conversion, which 
transfers a copy of the gene into the expression cassette; and (3) locus control 
region (LCR), which physically interacts with only one particular OR gene 
promoter. Irreversible DNA changes, i.e., recombination and gene conversion, 
have been attractive explanations for ensuring single OR gene expression 
because of the many parallels between the immune and the olfactory system. 
However, two groups have independently cloned mice from postmitotic OSN 
nuclei, and found no irreversible DNA changes in the OR genes (Eggan et al. 2004; 
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Li et al. 2004 ). Furthermore, these mice did not exhibit monoclonal OR gene 
expression, suggesting that OR gene choice is regulated by epigenetic mechanisms. 

 The third possibility, the LCR model, was tested on the  MOR28  gene cluster. 
Sequence comparison of the mouse and human genomes revealed a 2-kb 
homology region (the H region) far upstream of the  MOR28  cluster (Nagawa 
et al. 2002 ). Deletion of H region abolished the expression of all OR gene members 
in the  MOR28  cluster on a yeast artificial chromosome transgenic construct 
(Serizawa et al.  2003) . Interestingly, when H region was relocated closer to the 
cluster, the number of OSNs expressing the proximal OR gene was greatly 
increased. These results indicate that H region is a  cis -acting LCR that activates 
the  MOR28  cluster (Fig.  1b  ). A recent biochemical study suggested that H 
region may even activate in  trans  other OR gene loci on different chromosomes 
(Lomvardas et al.  2006) . However, more recent, targeted deletions of H region 
in knockout mice contradict the  trans -acting enhancer model: H region acts 
locally only in  cis , but not in  trans  (Fuss et al.  2007 ; Nishizumi et al.  2007) . 
Indeed, multiple LCR-like elements are found for zebrafish OR genes 
(Nishizumi et al.  2007) .  

 Mutational analyses of H region and promoter regions both revealed the exist-
ence of at least two essential DNA elements: an O/E-like site and a homeodomain 
site (Vassalli et al.  2002 ; Rothman et al.  2005 ; Nishizumi et al.  2007) . Mutations of 
these elements abolish the expression of OR genes in the transgenic systems. O/E 
proteins that bind to O/E-like sites and Lhx2 that binds to a homeodomain site are 
both required for OSN development (Wang et al.  2004 ; Hirota and Mombaerts 
 2004 ; Kolterud et al.  2004 ; Hirota et al.  2007) .  

  2.4 Negative-Feedback Regulation by OR Proteins 

 It appears that the activation complex formed in the LCR interacts with only one 
promoter site in the OR gene cluster. However, this would not preclude the activation 
of a second OR from another OR gene cluster. To achieve mutually exclusive expres-
sion, negative-feedback regulation may be needed to prohibit the further activation 
of other OR genes or OR gene clusters. Possible involvement of negative-feedback 
regulation in the maintenance of the one neuron–one receptor rule was demonstrated 
by the null or frame-shift mutation of OR genes (Serizawa et al.  2003 ; Lewcock and 
Reed  2004) . When the coding region of an OR gene was deleted, OSNs expressing 
the deletion allele were found to coexpress other members of OR genes (Fig.  1a ). 
Similar results were obtained with naturally occurring frame-shift mutants of OR 
genes (Fig.  1a ). Forced expression of transgenic OR genes by artificial promoters 
also suppresses the expression of endogenous OR genes (Nguyen et al.  2007) . These 
observations suggest that the OR gene product – not messenger RNA but protein – 
has a regulatory role in preventing the secondary activation of other OR genes 
(Fig.  1b ). However, the exact nature of the  negative-feedback signal is still to be 
explored. Given that the genetic manipulation that uncouples ORs from 
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  Fig. 1    Odorant receptor ( OR ) gene choice.  a  Negative-feedback regulation by the OR proteins 
ensures the one neuron–one receptor rule (Serizawa et al.  2003 ; Lewcock and Reed  2004) . 
When the activated OR gene ( OR1 ) expresses functional OR proteins, activation of other OR 
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G-protein activation does not cause coexpression of multiple OR genes (Imai et 
al.  2006 ; Nguyen et al.  2007) , negative feedback may not require G-protein-
mediated signaling pathways. Targets of the feedback signals are also issues for 
future studies. Promoters of OR genes, enhancers of OR gene clusters, and/or 
protein factors binding them could be silenced by the OR-derived negative-
feedback signals.   

  3 Axonal Projection  

  3.1 Axonal Convergence 

 How is odor information represented in the OB? In situ hybridization studies indi-
cated that OSNs expressing the same OR converge their axons to specific sites on 
the OB; typically a pair of glomeruli per bulb (Vassar et al.  1994 ; Ressler et al. 
 1994) . These results were later confirmed with a genetic labeling method 
(Mombaerts et al.  1996) , which introduces an internal ribosome entry site and an 
axonal marker gene,  tau-lacZ , into the 3′ untranslated region of the  P2  OR gene. 
This technique has widely been used to visualize axonal projection for various OR 
genes (Fig.  2a  ).  

 Because OSNs expressing the same OR are scattered in the OE, topographic 
reorganization must occur during the process of axonal projection to the OB. 
This contrasts with the axonal projection seen in other sensory systems, e.g., 
visual, somatosensory, and auditory systems, where relative positional infor-
mation is preserved between the periphery and the brain (for a review, see 
Flanagan  2006) . Since such reorganization could be the basis for the complex 
informational processing in the brain, axonal projection of OSNs may serve as 
an excellent model system to study the molecular basis of neuronal wiring in 
the brain.  

Fig. 1 (continued) genes ( OR2 ) is inhibited ( left ). When the coding region is deleted, the activated 
mutant gene (OR1) cannot suppress the secondary activation of other OR genes (OR2) ( middle ). 
From the frame-shifted pseudogenes, the full-length messenger RNA is synthesized. However, 
such pseudogenes express only short abnormal peptides because of premature stop codons created 
by frame-shift mutations, and thus permit activation of other OR genes (OR2) ( right ).  b  A model 
for the OR gene expression. The activation complex formed in the locus control region (LCR) 
stochastically chooses one promoter ( P ) site by random collision, activating one particular OR 
gene member within the cluster (positive regulation). Once the activated gene has been expressed, 
the functional OR molecules transmit inhibitory signals to block further activation of additional 
OR genes or clusters (negative regulation). Stochastic activation of an OR gene and negative-
feedback regulation by the OR gene product, together, can ensure the maintenance of the one 
receptor–one neuron rule in the mammalian olfactory system       
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(continued)

  Fig. 2    Axonal projection in the mouse olfactory system.  a  The transgenic mouse,  MOR28-IRES-
tau-lacZ  (Serizawa et al.  2000) , stained with X-gal (lateral view). Olfactory sensory neurons 
(OSNs) expressing the  tau-lacZ -tagged  MOR28  gene project their axons to a specific site forming 
a glomerulus in the olfactory bulb ( OB ).  b  Spatial correlation between the olfactory epithelium 
( OE ) and the OB in the mouse olfactory system. OSNs in the dorsomedial zone ( D zone ) in the OE 
project their axons to the dorsal domain ( D domain ) of the OB. Class I ORs are mostly expressed 
by OSNs in the D zone in the OE, which target the anterodorsal cluster of the D domain in the OB. 
In the ventrolateral zone ( V zone ), each class II OR possesses its own unique expression 
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  3.2 Projection Along the Dorsal-Ventral Axis 

 What mechanisms could account for the striking axonal convergence of OSNs? 
One parameter used to define the axonal projection site is the spatial information in 
the OE. In situ hybridization demonstrated that each OR gene is expressed in a 
restricted area, or “zone,” in the OE (Ressler et al.  1993 ; Vassar et al.  1993) . Using 
zone-specific marker genes, one can divide the OE into the dorsomedial and vent-
rolateral zones. For example, the  O-MACS  and  NQO-1  genes are specifically 
expressed in the dorsomedial zone of the OE (Oka et al.  2003 ; Gussing and Bohm 
 2004) , whereas the  OCAM  gene is expressed in the ventrolateral zone (Yoshihara 
et al.  1997) . Interestingly, phylogenetically distinct class I ORs are mostly expressed 
within the dorsomedial zone (Zhang et al.  2004 ; Tsuboi et al.  2006) , although class 
II OR genes are expressed in both dorsomedial and ventrolateral zones (Zhang 
et al. 2004 ; Miyamichi et al.  2005) . Within the dorsomedial zone, class I and class 
II expressing cells are intermingled and there is no restricted distribution for both 
classes (Tsuboi et al. 2006 ). In the ventrolateral zone, however, each class II OR 
gene possesses its unique expression area, which is distributed in a continuous and 
overlapping manner along the dorsomedial–ventrolateral axis in the OE (Iwema 
et al.  2004 ; Miyamichi et al.  2005) . 

 It has been proposed that there is a spatial correlation between the OE and the 
OB in the OSN projection. Antibody staining of zone-specific molecules dem-
onstrated the “zone-to-zone” correlation: OCAM-positive axons project to the 
ventral part of the OB (ventral domain), whereas NQO-1-positive axons project 
to the dorsal part of the OB (dorsal domain) (Yoshihara et al.  1997 ; Gussing and 
Bohm  2004) . Systematic in situ hybridization and genetic labeling experiments 
indicated that OSNs expressing class I ORs target their axons to the most anterodorsal 
areas within the dorsal domain (Tsuboi et al. 2005; Kobayakawa et al.  2007) . 
Zone-to-zone projection along the dorsal–ventral axis in the OB was also con-
firmed by dye tracing experiments (Astic and Saucier  1986 ; Saucier and Astic 
 1986 ; Miyamichi et al.  2005) . Good correlation was demonstrated between 
dorsal–ventral positioning of glomeruli in the OB and dorsomedial–ventrolateral 
locations of OSNs in the OE, although no discernible correlation was found for 
anterior–posterior positioning. These observations suggest that spatial informa-
tion in the OE contributes to the dorsal–ventral glomerular positioning in the 
OB (Fig.  2b ). 

Fig. 2 (continued) area, which is distributed in a continuous and overlapping manner along the 
dorsomedial–ventrolateral axis in the OE. The dorsomedial–ventrolateral expression area in the 
OE corresponds to the glomerular positioning along the dorsal–ventral axis in the OB; thus, the 
dorsal–ventral arrangement of glomeruli is roughly determined by the locations of OSNs in the 
OE. This positional information may be represented by the expression levels of guidance mole-
cules, e.g., Robo2 and neuropilin-2, that form gradients along the dorsal–ventral axis.  V domain  
domain        ventral 
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 This notion was also supported by the analyses of some transgenic mice, in 
which the expression areas of particular ORs were genetically altered. When the 
expression areas of ORs were shifted or broadened, the projection sites were 
accordingly changed along the dorsal–ventral axis in the OB (Vassalli et al.  2002 ; 
Nakatani et al.  2003 ; Miyamichi et al.  2005) . Robo2/Slit1 and neuropilin-2 
(Nrp2) are good candidate guidance molecules along the dorsal–ventral axis, 
because they demonstrate gradients of expression in the OE and OSN axon termini 
(Norlin et al.  2001 ; Walz et al.  2002 ; Cho et al.  2007) ; Robo2 is expressed in a 
dorsomedial-high and ventrolateral-low gradient, and Nrp-2 demonstrates 
the opposite gradient in the OE. Some dorsomedial-zone OSN axons mistarget to the 
ventral domain of the OB in mice deficient for Robo2 or its ligand Slit1. However, 
the molecular logics that coordinate the zone-specific OR gene expression and 
axonal targeting are still unclear.  

  3.3 Projection Along the Anterior–Posterior Axis 

 In contrast to the dorsal–ventral arrangement of glomeruli, anterior–posterior posi-
tioning appears to be independent of the OE zone and to be more dependent on the 
expressed OR species. Possible involvement of OR protein in OSN projection was 
indicated by coding-swap experiments of OR genes (Mombaerts et al.  1996 ; Wang 
et al.  1998 ; Feinstein and Mombaerts  2004) . While it has been thought that OR 
molecules play an instructive role in forming the glomerular map, it has remained 
entirely unclear how this occurs at the molecular level (for reviews, see Mombaerts 
 2006 ; Imai and Sakano  2007) . It was also unclear if OR-derived signaling was 
involved during the process of OSN projection. In odor detection, binding of an 
odorant to an OR converts the olfactory-specific G protein, G 

olf
 , from a GDP-bound 

state to a GTP-bound state. G 
olf

  in turn activates adenylyl cyclase type III (ACIII), 
generating cAMP, which opens cyclic-nucleotide-gated (CNG) channels. The CNG 
channel, together with the chloride channels, induces the depolarization of mem-
brane potentials. Targeted deletions of the  G  

 olf 
  and  CNGA2  genes cause severe 

anosmia. However, these knockouts do not demonstrate major defects in the initial 
process of glomerular map formation (Belluscio et al.  1998 ; Lin et al.  2000 ; Zheng 
et al.  2000) . It was, therefore, assumed that OR-derived cAMP signals are not 
required for OSN projection. 

 Despite these observations, it was possible to assume that an alternative G protein 
mediates OR-instructed axonal projection. To examine this possibility, axonal 
projection was analysed for a mutant OR, whose conserved Asp-Arg-Tyr (DRY) 
motif, which is essential for G-protein coupling, was changed to RDY (Imai et al. 
 2006) . Although null OR gene alleles, e.g., the coding deletion, allow secondary 
activation of other OR genes, the RDY mutant did not permit coexpression of other OR 
genes. Interestingly, axons of OSNs expressing the RDY mutant stayed in the 
anterior region of the OB, did not converge to a specific site, and failed to penetrate 
the glomerular layer in the OB (Fig.  3a  ). However, coexpression of a constitutively 
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active G 
s
  rescued the defective wiring of the RDY mutant. Partial rescue of the RDY 

phenotype was also achieved either by the constitutively active protein kinase A 
(PKA) or cAMP response element binding protein mutant. Thus, cAMP-dependent 
transcriptional regulation appears to play major roles in establishing the OR-instructed 
axonal projection (Imai et al.  2006) . Although the functions of ORs at axon termini 
are yet to be clarified (Barnea et al.  2004 ; Strotmann et al.  2004) , it is possible that 
axonal cAMP/PKA may modulate growth cone navigation (for a review, see Song 
and Poo  1999) . Our results are consistent with the previous observation that G 

s
 -

coupled b2  adrenergic receptor can instruct OSN projection, whereas a G 
i2
 -coupled 

vomeronasal receptor V1rb2 cannot (Feinstein et al.  2004) .  
 The ability to rescue the RDY mutant by constitutively active G 

s
  indicates 

that the receptor function of the OR is not required for the wiring specificity of 
OSN axons. How is it, then, that OR-derived cAMP signaling defines the wir-
ing specificity? It was found that an increase in cAMP level by constitutively 
active G 

s
  causes a posterior shift of glomeruli, whereas suppression of cAMP 

signals by the dominant-negative PKA mutant  causes an anterior shift (Imai et al. 
 2006)  (Fig.  3b ). To screen for genes with expression levels correlated with 
cAMP signals, Imai et al. (2006) performed single-cell microarray analysis of 
different transgenic OSNs, and identified a gene coding for neuropilin-1 
(Nrp1). The  Nrp1  gene is expressed at elevated levels in the cAMP-high OSNs, 
and at low levels, if any, in the OSNs expressing the RDY mutant OR or  the 
dominant-negative PKA mutant. Furthermore, the level of Nrp1, as a readout of 
cAMP signals, demonstrated an anterior-low/posterior-high gradient in the 
glomerular layer of the OB (Imai et al.  2006) . Previous OR swapping experi-
ments indicated that OR proteins may determine the projection sites along the 
anterior–posterior axis in the OB (Mombaerts et al.  1996 ; Wang et al.  1998) . It 
was also found that expression levels of OR protein can affect OSN projection 
(Feinstein et al.  2004) . It is conceivable that different ORs generate different 
levels of cAMP, which in turn define the expression levels of axon guidance 
molecules (e.g., Nrp1), to determine the OR-specific projection sites (Fig.  3c ). 
Knockout of Sema3A, a repulsive ligand for Nrp1, alters the glomerular arrange-
ment along the anterior–posterior axis (Schwarting et al.  2000 ; Taniguchi et al. 
 2003) , suggesting that Nrp1 is involved in the establishment of the anterior–
posterior topography. Gain-of-function experiments with transgenic mice indi-
cated that changes in the level of Nrp1 indeed affect the axonal projection of 
OSNs along the anterior–posterior axis (our unpublished data). 

 Knockout studies of ACIII also support the involvement of cAMP signals in 
axonal projection of OSNs. A previous study demonstrated that the glomerular 
structure is severely disorganized in mice deficient for ACIII, a major adenylyl 
cyclase in OSNs (Trinh and Storm  2003) . Recent analyses of ACIII-deficient mice 
demonstrated that Nrp1 expression is abolished in OSNs by the ACIII knockout and 
OR-specific glomerular map formation is perturbed along the anterior–posterior 
axis (Chesler et al.  2007 ; Col et al.  2007 ; Zou et al.  2007) . Remarkably, two neigh-
boring glomeruli for M71 and M72 no longer segregate into distinct glomeruli in 
ACIII mutant mice (Chesler et al.  2007) .  
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  3.4 Axon Sorting To Form Discrete Glomeruli 

 It appears that a combination of dorsal–ventral patterning, based on anatomical 
locations of OSNs, and anterior–posterior patterning, based on OR-derived cAMP 
signals, establishes a rough OB topography. After OSN axons reach their approxi-
mate destinations in the OB, further refinement of the glomerular map may occur 
through fasciculation and segregation of axon termini in an activity-dependent 
manner. The CNGA2-null mouse, which almost entirely lacks odor-evoked 

  Fig. 3    OR-instructed glomerular positioning (Imai et al.  2006) .  a  OR-derived cyclic AMP 
( cAMP ) signals direct axonal targeting. A wild-type odorant receptor I7 navigated axons to a 
specific glomerulus in the OB. When the conserved Asp-Arg-Tyr ( DRY ) motif at the cytoplasmic 
end of transmembrane domain III was changed to RDY, G-protein coupling was disrupted, and 
accordingly OSN axons failed to innervate the glomerular layer. Coexpression of a constitutively 
active G 

s
  mutant ( caG  

 s 
 ) with the I7(RDY) mutant rescued the defective phenotype of I7(RDY) 

projection, although the glomerular position was not exactly the same as that for I7(WT). Axons 
were visualized with  ECFP or EYFP fluorescence by whole mount of medial OBs.  b  Changes in 
the cAMP signals affect glomerular positioning along the anterior–posterior (A–P) axis. 
Coexpression of caG 

s
  with I7(WT) caused a posterior shift of the target glomeruli. In contrast, 

coexpression of the dominant-negative mutant of protein kinase A ( dnPKA ), which blocks cAMP 
signals, caused an anterior shift of glomeruli.  c  A model for the OR/cAMP-directed glomerular 
positioning along the A–P axis. Each OR generates a unique level of cAMP signals, driven by its 
intrinsic activity at an earlier stage of OSN projection. The level of cAMP signals is converted to 
a relative expression level of axon guidance molecules (e.g., neuropilin-1) via cAMP-dependent 
protein kinase A ( PKA ) and cAMP response element binding protein ( CREB ). Neuropilin-1, 
together with other guidance molecules, navigates OSN axons along the A–P axis according to its 
expression level.  ACIII  adenylyl cyclase type III,  WT  wild type       

c

v

vvv

anterior posterior

γβ

OR ACIII

cAMP

Gs

αs

PKA
CREB

low high

Neuropilin-1

A-P positioning

b

I7(WT) I7(RDY) I7(RDY) + caGs

I7(WT) + dnPKA

I7(WT)

I7(WT) + Cre I7(WT) + caGs

x I7(WT) x I7(WT) x I7(WT)

no cAMP

less cAMP more cAMP

OSN
axon

glomeruli

A P

D

V

a



68 T. Imai and H. Sakano

neuronal activity, demonstrates defects in axonal convergence for some ORs 
(Zheng et al.  2000) . Segregation of glomeruli for the CNGA2-positive and CNGA2-
negative OSNs has been reported in mosaic knockout mice (Zheng et al.  2000) . 
Genetic block of neuronal activity by the overexpression of the inward rectifying 
potassium channel,  Kir2.1 , severely affects axonal convergence (Yu et al.  2004) . 
Developmental studies have shown that neighboring glomeruli are not well sepa-
rated before birth, and discrete glomeruli emerge only after the early neonatal 
period (Sengoku et al.  2001 ; Conzelmann et al.  2001 ; Potter et al.  2001) . 

 To study how OR-instructed axonal fasciculation is controlled, Serizawa et al. 
(2006) group searched for genes whose expression profiles are correlated with the 
expressed ORs. Using the transgenic mouse in which the majority of OSNs express 
a particular OR, such genes were identified. Examples include those that code for 
homophilic adhesive molecules Kirrel2/Kirrel3 and repulsive molecules ephrin-A5/
EphA5. In the  CNGA2  knockout mouse,  Kirrel2  and  EphA5  were downregulated, 
while  Kirrel3  and  ephrin-A5  were upregulated, indicating that these genes are tran-
scribed in an activity-dependent manner. Heterozygous females of X-linked 
 CNGA2  mutant mice generate separate CNGA2-positive and CNGA2-negative 
glomeruli for the same OR (Fig.  4a  ). Mosaic analysis demonstrated that gain of 
function of  Kirrel2/Kirrel3  genes also generates duplicated glomeruli (Fig.  4b ). 
It is possible that specific sets of adhesive/repulsive molecules, whose expression 
levels are determined by OR molecules, regulate the axonal fasciculation of OSNs 
during glomerular map formation (Fig.  4c ).  

 In  Caenorhabditis elegans , the Kirrel2/Kirrel3 homolog SYG-1 plays a role in 
determining the location of specific HSNL synapses (Shen and Bargmann  2003) . In 
our study, experiments using affinity probes in situ and on COS cells confirmed the 
homophilic, adhesive properties of Kirrel2 and Kirrel3 proteins (Serizawa et al. 
 2006) . Homophilic interactions of these molecules at axon termini were also con-
firmed with  H-Kirrel  transgenic mice, in which Kirrel2 or Kirrel3 was overexpressed 
in a mosaic manner. These observations indicate potential roles for Kirrel2 and 
Kirrel3 in segregating like axons via homophilic, adhesive interactions. In addition 
to  Kirrel2  and  Kirrel3  genes, several other genes are also transcribed in OSNs at 
various levels that correlate with the expressed OR species. Among them, the 
 ephrin-A/EphA  family genes are particularly interesting. In other tissues, ephrin-As 
and EphAs are known to interact with each other, causing repulsion of the interact-
ing cells (Flanagan  2006) . In the mouse olfactory system, expression of ephrin and 
Eph proteins has been analyzed with various antibodies (St John et al.  2002) . It has 
been reported that OSNs expressing different ORs express different levels of 
ephrin-A proteins on their axons (Cutforth et al.  2003) . EphAs are also differentially 
expressed in different subsets of OSNs (Serizawa et al.  2006) . Since ephrin-As and 
EphAs are expressed in a complementary manner in each subset of OSNs, the repul-
sive interaction between two different sets of axons, one that is ephrin-A high /EphA low  
and the other that is ephrin-A low /EphA high , may be important in the segregation of 
OSN axons (Serizawa et al.  2006) . 

 It was demonstrated that the expression levels of OR-correlated cell-recognition 
molecules are affected by the  CNGA2  mutation in OSNs. Since the CNG channel 
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converts OR activity to a change in membrane potential and calcium entry, an 
intriguing possibility is that the OR-mediated neuronal activity regulates the 
expression of cell-recognition molecules (Fig.  4c ). OSNs may set the rate of neu-
ronal activity, depending upon the expressed OR species. Neuronal activity and 
calcium influx can regulate the expression of a particular set of genes in other sys-
tems (West et al.  2002 ; Hanson and Landmesser  2004) . Similarly, in OSNs, neuro-
nal activity, most likely set by the particular OR expressed, may also determine the 
expression pattern of cell-recognition molecules.  

  Fig. 4    OR-specific and activity-dependent axon sorting (Serizawa et al.  2006) .  a  A mosaic 
analysis demonstrating the activity dependency of axon sorting. Heterozygous females of X-linked 
 CNGA2  mutant mice were used for the mosaic analysis, taking advantage of the random 
X chromosome inactivation. In these mice  CNGA2- positive and CNGA2-negative axons formed 
distinct, neighboring glomeruli even for the same OR (e.g., MOR28), suggesting that CNG chan-
nel mediated neuronal activity has an instructive role in sorting axons.  b  A mosaic analysis dem-
onstrating the Kirrel2-mediated axon sorting. With use of the H enhancer and negative feedback by 
OR molecules, a transgenic system was devised, which generates an additional 
repertoire of OSNs expressing a particular gene of interest. In Kirrel2 mosaic mice, a subset of 
MOR28-positive OSNs expressed Kirrel2 at an elevated level. In these mice, Kirrel2-low and 
Kirrel2-high MOR28 axons were segregated, forming separate glomeruli.  c  A model for the 
OR-specific and activity-dependent axon sorting to form a discrete map. Different ORs generate 
different neuronal activities through the CNG channel, at a later stage of OSN projection. 
It appears that CNG channel mediated neuronal activity upregulates  Kirrel2  and  EphA5  genes, and 
downregulates  Kirrel3  and  ephrin-A5 . Homophilic cell adhesion molecules, e.g., Kirrel2 and 
Kirrel3, induce homotypic axonal fasciculation, whereas ephrin-A5 and EphA5 may facilitate 
heterotypic axonal segregation through their contact-induced repulsive activities       
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  3.5 Refinement and Maintenance of the Map 

 Activity-dependent refinement, which follows the initial targeting processes, plays 
an important role in many sensory systems during development (Goodman and 
Shatz  1993) . Activity inputs are also essential to maintain the neuronal map. In the 
mouse olfactory system, satellite glomeruli are ectopically formed in young ani-
mals. Such minor glomeruli are gradually and eventually eliminated with age, 
refining the glomerular map. In mice deficient for  CNGA2  or whose naris is surgi-
cally occluded, ectopic glomeruli persist (Nakatani et al.  2003 ; Zheng et al.  2000 ; 
Zou et al.  2004) . 

 Taking advantage of the X-linked  CNGA2  mutant, Zhao and Reed  (2001)  dem-
onstrated that neuronal activity is required for the maintenance of the glomerular 
map. In mosaic female mice, CNGA2-negative cells are eliminated in a competitive 
condition with odor exposure, but survive in a noncompetitive condition without 
odors. The refinement and maintenance appears to be regulated at the level of cell 
survival, rather than axonal retraction/rewiring (Zhao and Reed  2001 ; Nakatani 
et al.  2003 ; Yu et al.  2004 ; Zou et al.  2004) . However, the exact molecular mecha-
nisms for the selective elimination remain elusive. 

 Although higher-order olfactory circuits are beginning to be elucidated by recent 
studies (Lodovichi et al. 2003; Yan et al. 2008; Zou and Buck  2006) , the progress 
in wiring mechanisms is hampered by the lack of powerful genetic labeling/manip-
ulation techniques. In  Drosophila , wiring patterns of projection neurons, as well as 
OSNs, are genetically determined (Komiyama and Luo  2006 ; Komiyama et al. 
 2007 ; Luo and Flanagan  2007) ; however, those of mice appear to be distinct and 
rely more on OR-derived inputs to instruct the OB circuitry (Belluscio et al.  2002) . 
Recently, it was reported that the odor-evoked neuronal activity is required for the 
maintenance of the precise intrabulber neuronal connections (Marks et al.  2006) . 
Unlike in the visual system (Hensch  2005) , no discernible critical period was found 
for plasticity. How the higher-order circuits are organized and how information is 
extracted from the bulbar map in the olfactory cortex are important issues for future 
studies.   

  4 Concluding Remarks  

 Since the discovery of OR genes, it has remained entirely elusive how each OSN 
expresses only one OR gene, and how OSNs expressing the same OR converge 
their axons to a specific set of glomeruli (Buck and Axel  1991) . In recent years, 
clear answers were provided to these problems. Singular OR gene choice appears 
to be ensured by the combination of a rate-limiting enhancer–promoter interaction 
and negative-feedback regulation by OR proteins. For the OR-instructed axonal 
projection, it was assumed that OR molecules at axon termini recognize guidance 
cues on the OB and also mediate the homophilic interactions of like axons. 
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However, recent studies demonstrated that OR-instructed axonal projection is 
established by OR-derived cAMP signals, and not by the direct action of OR mol-
ecules. The levels of cAMP establish the anterior–posterior topography of axonal 
projection via cAMP-dependent PKA at an early stage of development (Imai et al. 
 2006) . The neuronal activity generated by cAMP via CNG channels promotes the 
fasciculation of OSN axons at a later stage (Serizawa et al.  2006) . 

 For the dorsal–ventral arrangement of glomeruli, the locations of OSNs in the 
OE determine the target sites of OSN axons. This positional information may be 
represented by the expression levels of guidance molecules, e.g., Robo2 and Nrp2, 
forming gradients along the dorsal–ventral axis. Along the anterior–posterior axis, 
a different set of guidance molecules, e.g., Nrp1, is involved, whose expression 
levels are correlated with the OR species via cAMP. After axons have been guided 
to approximate destinations in the OB, axon termini are further sorted on the basis 
of the expressed OR species. It is conceivable that a unique combination of axon 
guidance/sorting molecules, whose expression levels are determined by OR mole-
cules and neuronal activity, constitutes the “neuronal identity code,” and contributes 
to the discrete glomerular map formation during the process of olfactory develop-
ment in the mouse. Although much remains to be investigated, the mammalian 
olfactory system will continue to provide insightful information to increase our 
understanding of the logics underlying the neuronal circuit formation in the brain.      
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     Pheromone Sensing in Mice       

     I.   Rodriguez     and    U.   Boehm       

  Abstract   Beginning with the neuroepithelium of the vomeronasal organ, the 
accessory olfactory system in rodents runs parallel to the main olfactory system and 
is specialized in the detection of pheromones. Only a small number of vomerona-
sal agonists carrying pheromonal information have been identified this far. These 
structurally diverse classes of chemicals include peptides secreted by exocrine 
glands and range from small volatile molecules to proteins and fragments thereof 
present in urine. Most pheromones activate both vomeronasal and main olfactory 
sensory neurons, making the identification of functionally relevant populations 
of sensory neurons difficult. Analyses of gene-targeted mice selectively affect-
ing either vomeronasal or main olfactory signaling have attempted to elucidate 
the functional contribution of the different chemosensory epithelia to pheromone 
sensing in mice. These mouse models suggest that both the main and the accessory 
olfactory systems can converge and synergize to express the complex array of stere-
otyped behaviors and hormonal changes triggered by pheromones.  

    1 Pheromone Detection in the Rodent Nose  

 Pheromones are chemical cues, which are released by animals and act on members 
of the same species to regulate their social interactions and the size of their popula-
tions (Halpern and Martinez-Marcos  2003 ; Brennan and Zufall  2006) . Pheromone 
effects in rodents range from intermale aggression to sexual behaviors and long-
term neuroendocrine alterations. Although the original description of a pheromone 
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is almost 50 years old (Karlson and Luscher  1959) , our list of chemical structures 
with pheromone-like effects is still quite short, in great contrast to a repertoire of 
more than 1,300 chemosensory receptors found in the rodent nose (Mombaerts 
 2004) . Chemicals carrying pheromonal information are structurally diverse and 
include small volatile molecules found in urine, proteins, and fragments thereof, 
and specific peptides secreted by exocrine glands. The rodent nose houses at least 
four distinct chemosensory epithelia, the main olfactory epithelium (MOE) lining 
the nasal cavity, the neuroepithelium of the vomeronasal organ (VNO), which is 
part of the accessory olfactory system, the Grüneberg ganglion, and the septal 
organ (reviewed in Breer et al.  2006) . Classical studies in which the VNO has been 
removed or its connection with the brain severed (VNX) have clearly established 
its pivotal role in pheromone perception. However vomeronasal signaling is not 
functionally equivalent to pheromone signaling and experiments encompassing 
several species have shown that pheromone signals are not exclusively perceived by 
the VNO, but can also be processed by the main olfactory system. New mouse 
models have started to address the functional contributions of the different olfac-
tory epithelia to pheromone responses in mice.  

  2 Vomeronasal Agonists  

 The nature of the pheromone cues regulating mouse behavior is largely unknown 
(this observation is in fact true for all mammals). A few compounds with pheromo-
nal effects have, however, been identified. Mice employ urine investigation as a 
tool to discriminate between individuals. Most research has thus naturally focused 
on components of this bodily fluid, which has in addition the useful characteristic 
of being available in relatively large quantities. Several small and volatile molecules 
present in urine were identified to be vomeronasal sensory neuron (VSN) agonists, 
including 2- sec -butyl-4,5-dihydrothiazole, 3,4-dehydro- exo -brevicomin, farnesene, 
 n -pentylacetate, 6-hydroxy-6-methyl-3-heptanone, isobutylamine, 2-heptanone, 
and 2,5-dimethylpyrazine (Fig.  1  ; Novotny  2003) . These molecules are detected by 
nonoverlapping small sets of sensory neurons located in the apical part of the 
vomeronasal neuroepithelium (Fig.  2 ) , suggesting narrow tuning properties in these 
neurons (Leinders-Zufall et al.  2000) . In addition, nonvolatile major histocompat-
ibility complex (MHC) class I peptides (Fig.  1 ) have been shown to selectively 
activate a limited number of VSNs located in the basal zone of the VNO (Fig.  2 ; 
Leinders-Zufall et al.  2004) . These observations, although limited, suggest that the 
VSN populations in the apical and basal zones of the vomeronasal neuroepithelium 
are specialized in detecting different types of chemosensory signals, possibly vola-
tile molecules and peptides, respectively. Neither the volatile urine compounds 
listed above nor the MHC peptides are exclusively detected by the VNO however; 
they are also detected by olfactory sensory neurons (OSNs) in the MOE (Spehr 
et al.  2006 ; Wang et al.  2006 ; reviewed in Wang et al.  2007 ; Zufall and Leinders-
Zufall  2007) .   
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  Fig. 1    Pheromones: from aggression to social recognition. Several classes of agonists activate 
vomeronasal sensory neurons (VSNs) and/or olfactory sensory neurons (OSNs). Fear response: 
trimethylthiazoline ( TMT ) secreted from the anal gland of fox (although  stricto senso  not a phe-
romone but a kairomone) triggers fear responses in mice via OSNs in the main olfactory epithe-
lium ( MOE ). Social recognition: amino acid sequence of two major histocompatibility complex 
( MHC ) class I presented peptides (specific to H-2b and H-2d haplotypes of C57BL/6 and BALB/C 
mice, respectively) that activate V1R VSNs and mediate pregnancy block. Extraorbital lacrimal 
gland specific peptides ( ESPs ) present in tear fluid activate VSNs located at the base of the vome-
ronasal neuroepithelium. Mouse urinary proteins ( MUPs ) activate V2R VSNs and trigger aggres-
sive behavior. Aggression and reproduction: small volatile molecules isolated from urine 
(structures of 2- sec -butyl-4,5-dihydrothiazole, 3,4-dehydro- exo -brevicomin, farnesene,  n -pentyla-
cetate, 6-hydroxy-6-methyl-3-heptanone, isobutylamine, 2-heptanone, and 2,5-dimethyl pyrazine 
are shown) activate V1R VSNs and OSNs. Odorants: structures for odorants that activate V1Rs 
(and OSNs) such as indole, 16-hexadecanolide, durene, ethyl propionate (acetate), and ethyl vanil-
lin are shown. The  orange area  and the  blue area  of the vomeronasal organ ( VNO ) correspond to 
basal (V2R-expressing) and apical (V1R-expressing) zones, respectively.  Yellow drops  indicate 
the presence of the compounds in urine.  NC          nasal cavity
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  Fig. 2    Vomeronasal receptors. Schematic coronal section through a mouse VNO. The apical 
sensory epithelium (containing V1R- and OR-expressing VSNs) is in  blue , while the basal (V2R-
expressing VSNs) zone is in  orange . All members of the V1R, V2R, and OR mouse repertoires 
expressed in the VNO are shown by unrooted phylogenetic trees.  Dotted lines  indicate the com-
binatorial expression of V2Rs and the monogenic expression of V1Rs in a given VSN. 
Nonclassical class I MHC receptors were not included in this scheme because evidence for a direct 
role in chemodetection is lacking.  OR  odorant receptor       
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 In addition to urine, mice also investigate other secretions, among which are 
those produced by glands on the face and perceived by physical contact with the 
head. Specific peptides, called extraorbital lacrimal gland specific peptides (ESPs), 
are secreted by the extraorbital lacrimal glands. In mice, there are 38 ESP genes and 
two of them, ESP1 and ESP36, are expressed in a sexually dimorphic fashion 
(Kimoto et al.  2005 ,  2007) . All ESPs elicit electrical responses in VSNs (ESP1 
activates VSNs in the basal zone) but do not trigger responses in OSNs (Kimoto 
et al.  2007) . The functional role played by these peptides is still unknown, but it 
appears that they are only found in rodents, suggesting that they may play a role 
specific to this phylogenetic group. 

 Multiple approaches have been taken to understand the nature of pheromones in 
rodents. Bottom-up approaches start with assessing the effect of candidate mole-
cules on physiological function. Top-down approaches start with a behavior and 
search for the chemical signals that trigger it. 

  2.1 From Molecules to Physiological Effects 

 Olfaction-mediated pregnancy block (or Bruce effect) takes place when a recently 
inseminated female is exposed to a strange male rather than to the stud male (Bruce 
 1960) . This striking effect is mediated by the vomeronasal system (reviewed in 
Halpern and Martinez-Marcos  2003 ; Boehm and Zufall  2006) . What chemical sig-
nals inform the female that the new individual’s olfactory imprint is not that of the 
stud male? The answer may lie in molecules involved in the immune response. 
Class I MHC molecules comprise a highly polymorphic family of proteins, which 
present small peptides on the surface of nucleated cells. These peptides can be shed 
from the cell surface and are therefore present in bodily fluids (Singh et al.  1987) . 
As the peptides vary between individuals depending on MHC haplotype, they gen-
erate a signature specific to each individual. The potential effect of MHC class I 
peptide ligands on VSNs was tested electrophysiologically (Leinders-Zufall et al. 
 2004) . Two prototypal representatives of two H-2 haplotypes (the H-2b and H-2d 
haplotypes of C57BL/6 and BALB/C mice, respectively) proved to be excellent 
agonists, at picomolar concentrations, for subsets of VSNs in the basal zone. The 
same peptides, used alone or in combination with urine as individuality signals after 
mating, were able to recapitulate pregnancy block, suggesting that they may repre-
sent, at least in part, the individuality signals underlying mate recognition 
(Leinders-Zufall et al.  2004 ; Thompson et al.  2007) .  

  2.2 From Behavior to Chemical 

 A few very robust and innate behaviors are triggered by pheromonal stimuli in 
mice. These include protection of pups by lactating mothers, mounting of females 
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in estrus by males, or intermale aggression (Halpern and Martinez-Marcos  2003 ; 
Novotny  2003) . Many, taking advantage of this lattermost behavior, have tried to 
identify the molecules triggering fight, by analyzing the composition of male urine. 
The olfactory perception of dehydro- exo -brevicomin,  sec -butyl dihydrothiazole, 
3-amino- s -triazole, 4-ethyl phenol, and 2,7-dimethyl octane were shown to facili-
tate aggression in male mice (Achiraman and Archunan  2002 ; Novotny  2003) . Very 
recently, Chamero et al.  (2007)  also identified molecules triggering intermale 
aggression. Fractionation, purification, and characterization of components of male 
urine allowed them to show that aggression-promoting activity was dependent on 
the presence of mouse urinary proteins. Only basal zone VSNs responded to the 
stimuli and the aggressive behavior induced was apparently exclusively mediated 
by the VNO (Chamero et al.  2007) .   

  3 Vomeronasal Receptors  

 After the discovery of odorant receptors (ORs) by Buck and Axel in 1991  the identi-
fication of the receptors responsible for vomeronasal chemodetection was thought to 
represent a relatively easy task (Buck and Axel 1991). This was not the case, however, 
as although vomeronasal receptors (VRs) (like ORs) are putative seven-transmembrane 
receptors, they do not share any sequence similarity with ORs. 

 Two types of VRs have been identified (reviewed in Mombaerts  2004 ; 
Rodriguez  2004) . Roughly half of the VSN population expresses members of the 
V1R superfamily (Dulac and Axel  1995) , while the remaining half expresses 
V2Rs (Fig.  2 ; Herrada and Dulac  1997 ; Matsunami and Buck  1997 ; Ryba and 
Tirindelli  1997) . This leads to two physically separated neuronal groups in the 
vomeronasal epithelium, the V1R-expressing neurons lying on top of the V2R-
transcribing ones, thus being closer to the outside world (Fig.  2 ). These vomero-
nasal subpopulations are not homogenous since each individual neuron transcribes 
a very limited number of VR genes, chosen from remarkably large gene reper-
toires (Dulac and Axel  1995 ; Herrada and Dulac  1997 ; Matsunami and Buck 
 1997 ; Ryba and Tirindelli  1997) . This results in a significant number of molecu-
larly and possibly functionally distinct sensory populations in the VNO, each 
composed of a few hundred neurons. 

  3.1 V1Rs 

 V1R genes are found in all vertebrate species, including humans (Rodriguez et al. 
 2000 ; Rodriguez and Mombaerts  2002) . The size of the V1R repertoire is highly 
variable among species: it ranges from a few genes in fish species (Pfister et al. 
 2007 ; Saraiva and Korsching  2007)  to 180 in mice (Fig.  2 , Rodriguez et al.  2002 ; 
Zhang et al.  2004) , and reaches over 300 in platypus (Grus et al.  2007) . The intraspecies 
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and interspecies content of these repertoires is also surprisingly variable, such that 
orthologous V1Rs are often difficult or impossible to identify even between closely 
related species such as rat and mouse. This diversity appears to be the result of rapid 
birth and death of V1R genes and of positive Darwinian selection, an evolutionary 
pace which likely reflects the production of molecular tools allowing the detection 
of species-specific chemicals (Mundy and Cook  2003 ; Grus and Zhang  2004 ; Lane 
et al.  2004 ; Grus et al.  2005 ; Shi et al.  2005) . 

 The molecular mechanisms resulting in the choice of a given VR gene, its 
maintenance, and the nontranscription of other VR genes is not understood, but 
monogenic and monoallelic V1R transcription appears to be the rule (reviewed in 
Rodriguez  2007) . This expression characteristic is dependent on the transcription 
of a functional V1R since the expression of a nonfunctional  V1rb2  allele in a given 
VSN leads to the coexpression of another, functional V1R gene (Roppolo et al. 
 2007) . This obviously suggests that the expressed receptor itself plays a role in the 
nonexpression of other V1R genes, through some kind of negative-feedback 
mechanism. A second level of regulation, termed “gene cluster lock,” appears to 
be at work. V1R genes are organized in clusters (Del Punta et al.   2000, 2002a ,  b  ; 
Lane et al.  2002) ; after the choice of a nonfunctional V1R gene, any member of 
the cluster, if located in  cis , becomes incompetent for coexpression, while other 
V1R genes, either located in  trans  and from the same cluster or belonging to other 
V1R families, are available for coexpression (Roppolo et al.  2007) . This observa-
tion strongly suggests that the organization of V1R genes in clusters does not 
simply reflect evolutionary proximity, but also underlies mechanisms that regulate 
V1R expression. 

 The striking size of the VR gene repertoire relative to the number of known 
mouse pheromones has been and still is difficult to explain if VR genes are to rep-
resent the molecular tools responsible for the recognition of these chemical signals. 
Does this reflect a terribly incomplete picture of the pheromones used by mice or 
is it that VRs play roles independent of their supposed chemosensory function? 
This latter suggestion is at least partly justified, as the first function experimentally 
shown for a V1R turned out to be a role in axon guidance: sensory neurons express-
ing null  V1rb2  or  V1ra1  alleles are unable to recapitulate the wild-type axonal 
projection patterns in the accessory olfactory bulb (AOB) (Belluscio et al.  1999 ; 
Rodriguez et al.  1999) . 

 Today V1R receptors are considered to be primarily pheromone detectors. The 
functional role played by these membrane proteins (or at least some of them) in 
chemodetection was shown by two independent genetic approaches. 

 First, the deletion via chromosome engineering of a V1R gene cluster containing 
all members of the V1Ra and V1Rb subfamilies V1Rab–/–mice, representing 10% 
of the mouse V1R gene repertoire, led to a drastic alteration of the electrophysio-
logical characteristics of VSNs, resulting in loss of their ability to respond to 
 n -pentylacetate, 6-hydroxy-6-methyl-3-heptanone, and isobutylamine (Del Punta 
et al.  2002a  ) . The most surprising result was not that V1Rs allowed pheromone detec-
tion, but rather that a very limited alteration of the V1R gene repertoire abolished 
responses to about one third of the pheromones tested, suggesting that VR agonist 
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specialization may not only functionally distinguish V1R- and V2R-expressing 
neurons, but that it also characterizes subfamilies of V1R receptors. 

 Second, a knock-in/knock-out approach allowing visualization of VSNs express-
ing the  V1rb2  gene showed that VSNs expressing a functional V1RB2 receptor did 
respond at picomolar concentrations to the pheromone 2-heptanone, a compound 
present in mouse urine and able to extend estrus in females (Boschat et al.  2002) . 
The functional correlation was confirmed by a loss-of-function experiment in 
which the expression of a null  V1rb2  allele under the same conditions resulted in a 
lack of response to 2-heptanone. To date, this represents the only identified rodent 
V1R-pheromone pair.  

  3.2 V2Rs 

 V2Rs are, like V1Rs, seven-transmembrane G-coupled receptors (Fig.  2 ). They, 
however, possess long N-termini, unlike V1Rs, and share significant sequence 
similarities with taste T1R, calcium-sensing, and metabotropic glutamate 
receptors. The origin of V2R genes is ancient, since genomic evidence of their 
presence is found in all vertebrate species analyzed so far; but the use of this 
receptor superfamily appears restricted to a few species. Opossums, rats, and 
mice possess respectively 86, 79, and 121 intact V2R genes, while cows, dogs, 
and humans only carry V2R pseudogenes (between nine and 20) (Fig.  2 ; Yang 
et al.  2005 ; Young and Trask  2007) . The V2R superfamily is divided into four 
families (A–D), with family C V2Rs being very divergent from the other three 
families (Yang et al.  2005 ; Shi and Zhang  2007 ; Young and Trask  2007) . Each 
basal VSN expresses a specific combination of V2Rs, consisting of a single 
member of the A, B, or D family, together with a member of the C family 
(Fig.  2 ; Silvotti et al.  2007) . 

 No ligand–V2R pair has been identified in mammals. However, the rapidly 
increasing number of identified molecules activating V2R-expressing VSNs 
(for example, mouse urinary proteins; Chamero et al.  2007) , together with the 
ability to express V2Rs in vitro will surely lead to the identification of V2R–
ligand pairs.  

  3.3 Odorant Receptors 

 Recently, members of another G-protein-coupled receptor superfamily were added 
to the vomeronasal chemosensory receptor repertoire. Levai et al.  (2006)  showed 
that a total of 44 different OR genes are expressed in the apical zone of the vomero-
nasal epithelium. On the basis of their morphology, axonal projections, and 
molecular profile, OR-expressing cells in the apical zone were similar to V1R-
expressing VSNs. It is, however, not known whether these apical zone OR VSNs 
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coexpress V1R receptors. Likewise it is unclear which transduction cascade is acti-
vated by these ORs, since most known OR-specific signaling elements are absent 
in VSNs (see Sect. 4).  

  3.4 Nonclassical Class I MHC Receptors 

 It is no longer blasphemy to discuss the potential role played by MHC molecules 
outside the immune system. In addition to presenting intracellular peptides to T 
cells, these molecules function in other systems, including neuronal networks, 
where they are involved in plasticity and development (Huh et al.  2000) . The unex-
pected finding of an association between nonclassical class I MHC molecules from 
the M10 family and V2Rs in VSNs (Ishii et al.  2003 ; Loconto et al.  2003)  led to 
the hypothesis that the MHC molecules themselves could participate in the recogni-
tion of pheromones. The crystallographic structure of one M10 member, M10.5, 
showed a groove potentially able to accommodate a peptide (Olson et al.  2005) , 
a feature usually lost in non-antigen-presenting MHC molecules. However, this 
peptide is unknown, and its existence is still putative. On the basis of our limited 
understanding of these nonclassical MHC molecules in the VNO we can only sug-
gest potential functions. These include a role as V2R molecular chaperones, in 
plasticity, in the modulation of V2R specificity, and, of course, as direct peptide 
receptors.   

  4 Vomeronasal Signal Transduction  

 Chemosensory signal transduction in VSNs is distinct from that in OSNs, but is 
poorly understood. Major components of the signal transduction cascade in OSNs 
(like the G-protein α subunit G αolf

  or one subunit of the olfactory cyclic-nucleotide-
gated, CNG, cation channel) are not expressed by VSNs (Berghard and Buck 
 1996) . Instead, V1R- and V2R-positive VSNs express different G-protein α subu-
nits, G αi2

  and G αo
 , respectively, although it still needs to be demonstrated whether 

these play any role in VSN sensory signal transduction. Signal transduction in 
VSNs involves diacylglycerol (Spehr et al.  2002)  and a diacylglycerol-activated 
cation channel (Lucas et al.  2003) , which partially depends on TRPC2, a VNO-
specific member of the transient receptor potential family of calcium channels 
(Zufall  2005) . Interestingly, studies performed in mice deficient for TRPC2 suggest 
differential signal transduction cascades in the apical and the basal zone of the 
epithelium, respectively. Whereas signal transduction in apical zone V1R VSNs is 
strongly reduced in TRPC2–/– mice (Leypold et al.  2002 ; Stowers et al.  2002) , 
MHC peptide sensing by basal zone V2R VSNs is unimpaired in this mouse model, 
implying an as yet undefined signal transduction mechanism in this VSN subpopu-
lation (Kelliher et al.  2006) .  
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  5 Vomeronasal Projections  

  5.1 From VNO to Accessory Olfactory Bulb 

 VSNs in the apical and basal zones of the VNO synapse in separate parts of the 
AOB (Jia and Halpern  1996 ; Yoshihara et al.  1997) , maintaining the strict zonal 
segregation observed in the VNO (Fig.  3 ) . V1R-expressing VSNs (as well as 
OR-expressing VSNs (Levai et al.  2006)  project to the anterior part of the AOB, 
whereas the V2R VSNs project to the posterior part (Fig.  3 ). Consistent with this 
segregation, the innervation of the numerous dendrites of a given mitral cell in the 
AOB is restricted to either anterior or posterior glomeruli (Jia and Halpern  1997 ; 
von Campenhausen et al.  1997) .  

 Each VSN projects a single axon to the AOB, and axons from about 500–1,000 
VSNs expressing a given V1R converge on ten to 20 glomeruli (Belluscio et al.  1999 ; 

  Fig. 3    Vomeronasal system. Schematic representation of a rodent nasal cavity and brain (lateral 
view). Accessory olfactory bulb ( AOB ) mitral cells project to vomeronasal and extended amygdala. 
 Inset : The VNO is a bilateral tubular structure located at the base of the nasal septum. VSNs that 
express the same V1R or V2R converge on a small number of glomeruli in the AOB. Sensory neu-
rons located in the apical layer of the epithelium project to the anterior part of the AOB, whereas 
those present in the basal layer project to the posterior part.  MOE  main olfactory epithelium,  MOB   
 main olfactory bulb, BSTMPM  posteromedial bed nucleus of the stria terminalis,  MEA  medial amy-
gdaloid nucleus,  BAOT  bed nucleus of the accessory olfactory tract,  PMCO  posteromedial cortical 
amygdaloid area       
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ant. AOB
post. AOB
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BAOT

MEA
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Rodriguez et al.  1999) , whereas axons from VSNs expressing the same V2R recep-
tor project six to ten glomeruli (Del Punta et al.  2002  b ; Fig.  3  inset). AOB mitral 
cells can have from one to six dendrites contacting multiple glomeruli (Takami and 
Graziadei  1990 ,  1991) . These dendrites may integrate signals from glomeruli inner-
vated by neurons expressing the same V1R or V2R (Del Punta et al.  2002  b) , but can 
also receive input from glomeruli associated with different although closely related 
V1Rs (i.e., members of the same V1R subfamily; Wagner et al.  2006) . This selective 
heterotypic connectivity suggests that the AOB may play a role not only in the sim-
ple convergence of information via dendritic convergence, but also in V1R informa-
tion integration processes (reviewed in Dulac and Wagner  2006) . Several studies of 
biochemical aspects of VNO activation or neural activation of the AOB raise the 
possibility that signals generated by the two receptor families are eventually targeted 
to brain regions that mediate different behavioral and physiological effects (Dudley 
and Moss  1999 ; Inamura et al.  1999 ; Krieger et al.  1999 ; Kumar et al.  1999 ; 
Matsuoka et al.  1999 ; Halem et al.  2001 ; Kimoto et al.  2005) .  

  5.2 Vomeronasal System Signaling Beyond the Bulb 

 Sensory signals generated in the VNO follow neural pathways separate from those 
carrying odor signals from the MOE (reviewed in Halpern and Martinez-Marcos 
 2003 ; Boehm  2006) . Whereas MOE signals are relayed through the primary olfac-
tory cortex to higher cortical areas as well as limbic areas controlling basic drives 
and emotions (Shipley et al.  2004) , signals initiating in the neuroepithelium of the 
VNO are – via relay through the amygdala – transmitted to the hypothalamus, 
which is implicated in mediating the behavioral effects and neuroendocrine altera-
tions triggered by pheromones. AOB mitral cells project to the vomeronasal amy-
gdala (consisting of the medial amygdaloid nucleus and the posteromedial cortical 
amygdaloid area), as well as to the bed nucleus of the accessory olfactory tract and 
the posteromedial bed nucleus of the stria terminalis (also called “extended amy-
gdala”) (Fig.  3 ) (Scalia and Winans  1975 ; Alheid et al.  1995 ; Newman  1999 ; 
Halpern and Martinez-Marcos  2003) . 

 Despite recent progress in identifying neurons relaying farnesene signals to 
hypothalamic centers controlling reproduction (Boehm et al.  2005 ; see Sect. 5.3), 
the individual neurons and the neural circuits representing a given vomeronasal 
agonist in the brain are by and large unknown. It is, for example, not known if 
signals representing two different VRs converge onto the same neuron(s) in the 
vomeronasal amygdala or in the hypothalamus. Likewise it is unclear whether the 
anatomical segregation of signals generated by V1R (and OR) or V2R VSNs is 
maintained beyond the bulb. Although segregated projections from the anterior 
and posterior AOB to the vomeronasal amygdala were observed in opposum 
(Martinez-Marcos and Halpern  1999)  and rat (Mohedano-Moriano et al.  2007) , 
complementary studies tracing the anterograde pathway from the different zones 
in the AOB or the retrograde pathway from the medial amygdaloid nucleus or the 
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posteromedial cortical amygdaloid area did not find evidence for segregation in 
the mouse (von Campenhausen and Mori  2000 ; Salazar and Brennan  2001) . 
However, the dorsal and ventral parts of the posterior medial amygdaloid nucleus 
are differentially activated by reproductive or defensive stimuli, respectively 
(Fernandez-Fewell and Meredith  1994 ; Bressler and Baum  1996 ; Heeb and Yahr 
 1996 ; Kollack-Walker and Newman  1997 ; Dielenberg et al.  2001 ; McGregor 
et al.  2004 ; Choi et al.  2005) , and projections from these two medial amygdala 
subnuclei to the hypothalamus are anatomically segregated (Choi et al.  2005 ; 
reviewed in Swanson  2000 ; Canteras  2002) .  

  5.3  Neural Circuits Linking Pheromone Sensing 
and Reproduction 

 Ultimately, vomeronasal signals are relayed to specific neurons in the hypothala-
mus, which initiate and control the behavioral and hormonal responses triggered 
by pheromones. At the center of hypothalamic control of reproduction are gona-
dotropin releasing hormone (GnRH) neurons, which regulate the reproductive 
endocrine status in mammals by secreting GnRH (Gore  2002) . In the mouse, 
approximately 800 GnRH neurons form a loose continuum extending through the 
basal forebrain, with the majority concentrated in the preoptic area of the hypoth-
alamus (reviewed in Herbison  2006) . GnRH triggers the release of gonadotropins 
from the pituitary, which regulate puberty onset, gametogenesis, and estrus 
cycling. Recent studies using transneuronal tracers have shown that GnRH neu-
rons appear to integrate both vomeronasal signals (Boehm et al.  2005)  and main 
olfactory signals (Boehm et al.  2005 ; Yoon et al.  2005) . These studies indicate 
direct synaptic connections between GnRH neurons and neurons relaying vome-
ronasal signals in both parts of the vomeronasal amygdala as well as the postero-
medial bed nucleus of the stria terminalis (Boehm et al.  2005) . Consistent with 
this, some neurons in the vomeronasal amygdala identified by the transneuronal 
tracer are activated in female mice exposed to α-farnesene (Boehm et al.  2005) , 
a pheromone present in male urine inducing estrus in group-housed females 
(Novotny  2003) . 

 Surprisingly, these studies also indicate direct synaptic connections between 
GnRH neurons and neurons relaying information from the main olfactory system 
such as the anterior cortical nucleus of the amygdala and the piriform cortex 
(Boehm et al.  2005 ; Yoon et al.  2005) , both of which receive their major input 
from the main olfactory bulb (MOB)  (Dulac and Wagner  2006) . Some neurons in 
the anterior cortical nucleus of the amygdala identified by the transneuronal tracer 
were activated by α-farnesene, suggesting an involvement of the main olfactory 
system in response to pheromones and raising the possibility that signals repre-
senting the same chemical, but originating in the main and accessory olfactory 
systems, respectively, may converge onto the same neuron(s) at a deeper level in 
the brain (Boehm et al.  2005 ; Boehm  2006) . 
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 In addition, these studies have revealed feedback loops between the neuroendo-
crine hypothalamus and both the main and the accessory olfactory systems (Boehm 
et al.  2005) , suggesting that the animal’s neuroendocrine status might modulate its 
susceptibility to chemosensory cues (Boehm  2006) .   

  6. Vomeronasal Effects  

  6.1  Mouse Models Addressing the Role of the VNO 
in Pheromone-Mediated Responses 

 Different knockout mouse models have addressed the functional role of the VNO 
in response to pheromones. Gene-targeted mice with functional ablations of the 
G-protein α subunits G αi2

  or G αo
  showed some behavioral and anatomical differ-

ences compared with wild-type mice (Table 1  ; Tanaka et al.  1999 ; Luo et al.  2002 ; 
Norlin et al.  2003) . However, there is no formal proof that these G-protein α 
subunits, which are also expressed in other parts of the central nervous system (as 
well as in the MOE), are indeed indispensable for the VR signal transduction 
cascades. Unfortunately these loci have not yet been targeted using tissue-specific 
knockout approaches, leaving the possibility that the observed phenotypes are the 
result of alteration of nonvomeronasal structures. Consistent with this, behavioral 
analysis of mice lacking the α subunit of G 

o
 , which is also expressed in all OSNs 

(Wekesa and Anholt  1999) , revealed impaired olfactory exploratory behavior 
(Luo et al.  2002) .      

 Particularly interesting is a mouse deficient for the transient receptor channel 
TRPC2 (TRPC2–/–). It was expected that the TRPC2–/– mice would essentially be 
VNO-deficient and thus would genetically replicate earlier studies with VNX mice. 
Surprisingly, TRPC2–/– mice exhibited behavioral abnormalities differing from 
those described in VNX mice (Leypold et al.  2002 ; Stowers et al.  2002 ; Pankevich 
et al.  2004 ; Keller et al.  2006) . Strikingly, male TRPC2–/– mice mount male and 
female mice indiscriminately (Leypold et al.  2002 ; Stowers et al.  2002) , while 
TRPC2–/– females mount both males and females (Kimchi et al.  2007) , suggesting 
a major role played by the VNO in gender discrimination. Although the findings 
were apparently difficult to reconcile with those of VNX studies, the authors 
showed that the VNX procedure often affects the MOE in a dramatic and random 
way, possibly explaining the nonconcordant observations (Kimchi et al.  2007) . 
Alternatively, the contradicting experimental observations might be explained by 
the fact that – owing to the conventional knockout strategy – the TRPC2–/– animals 
never possess a fully functional VNO, whereas the VNX animals are unimpaired 
until adulthood, suggesting an important VNO function during development. As 
mentioned, TRPC2–/– females show some characteristics of male reproductive 
behavior, raising the possibility that pheromone input via the VNO may repress 
male-specific behavioral circuits in the brain (Kimchi et al.  2007) . 



90 I. Rodriguez and U. Boehm

 Table 1  Genetic dissection of pheromone sensing     

 Aggressive behavior  Reproductive behavior 
 Neuroendocrine 
phenotype 

 Remarks  Male  Female  Male  Female  Male  Female 

 Affecting VNO 

 Both zones 

 TRPC2–/–  Elimi
nated a,b  

 Elimi
nated c  

 Altered: loss 
of gender 
preference a,b  

 Altered: 
absence of 
maternal 
aggres-
sion a ; 
display 
male-
specific 
behaviors c  

 Normal 
testoster-
one and 
estradiol 
levels b,c  

 Normal 
estradiol 
levels c ; 
Bruce 
effect 
unim-
paired d  

 Not confirmed 
by all VNX 
experiments e,f  

 Apical zone 

 V1Rab–/–  Normal g   Reduced g   Reduced g   Not 
reported 

 Not 
reported 

 Normal 
estrus 
cycling g  

 Normal 
maternal 
behavior g  

 Gαi2–/–  Reduced h   Elimi
nated h  

 Normal h   Not 
reported 

 Not 
reported 

 Not 
reported 

 Also expressed 
in MOE as 
well as CNS i  

 Basal zone 

 Gαo–/–  Not 
reported 

 Not 
reported 

 Not 
reported 

 Not 
reported 

 Not 
reported 

 Not 
reported 

 Also ex
pressed 
in MOE i ; 
impaired 
olfactory 
behavior j  

 β2m–/–  Reduced k   Not 
reported 

 Reduced k   Not 
reported 

 Not 
reported 

 Not 
reported 

 Affecting MOE 

 CNG2a–/–  Elimi
nated l  

 Not 
reported 

 Impaired l,m   Not 
reported 

 Not 
reported 

 Not 
reported 

 Confirmed by 
MOE 
ablation m  

 AC3–/–  Elimi
nated n  

 Not 
reported 

 Eliminated n  
or unaff
ected o  

 Not 
reported 

 Normal 
testo-
sterone 
levels n  

 Not 
reported 

 Confirmed by 
MOE 
ablation n  

 Gαolf–/–  Not 
reported 

 Not 
reported 

 Fertile p   Fertile, 
poor 
nursing p  

 Not 
reported 

 Not 
reported 

 Also ex
pressed in 
CNS p  

  VNO  vomeronasal organ,  VNX  connection of the vomeronasal organ with the brain has been sev-
ered,  MOE  main olfactory epithelium,  CNS  central nervous system.   aLeypold et al.  (2002).    bStowers 
et al.  (2002).    cKimchi et al.  (2007).    dKelliher et al.  (2006)   . ePankevich et al.  (2004).    fKeller et al. 
 (2006).    gDel Punta et al.  (2002a ,  b).    hNorlin et al.  (2003).    iWekesa and Anholt  (1999).    jLuo et al. 
 (2002).    kLoconto et al.  (2003).    lMandiyan et al.  (2005).    mYoon et al.  (2005).    nWang et al.  (2006). 
   oWong et al.  (2000).    pBelluscio et al.  (1998)  
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 Behavioral deficits of V1Rab–/– mice bearing a deletion of a gene cluster com-
prising 16 intact V1R genes include impaired male sexual behavior towards females 
and reduced maternal aggression to intruder males (Del Punta et al.  2002a  ) . As 
discussed above, this mouse model provided functional evidence that at least some 
V1Rs are pheromone receptors, and clearly demonstrates the pivotal role of the 
VNO in pheromone-triggered behaviors. 

 Although a complementary mouse model deleting parts of the V2R repertoire 
has not yet been reported, behavioral analysis of β2-microglobulin-deficient mice, 
which do not properly traffic some V2R receptors, revealed impaired male–male 
aggression in this mouse model (Loconto et al.  2003) .  

  6.2  Mouse Models Addressing the Contribution of the MOE 
to Pheromone-Mediated Responses 

 The contribution of both the main and the accessory olfactory systems to stereo-
typed behaviors and long-term neuroendocrine alterations triggered by chemosen-
sory cues is evident in experiments across rodent species. Whereas complete 
removal of the olfactory bulbs (bulbectomy) eliminates mating and aggression, 
VNX or ZnSO 

4
 -induced MOE ablation alone have subtler effects. To analyze the 

contribution of the main olfactory system to behaviors and hormonal changes 
thought to be triggered by pheromones, selective inactivation of MOE signaling 
(leaving VNO signaling unimpaired) has also been attempted genetically in mice. 
Deletion of a subunit of the CNG channel which is expressed in most OSNs but not 
of VSNs of CNG2a–/– mice leads to striking behavioral deficits. Male CNG2a–/– 
mice display impaired reproductive behaviors and have reduced but not completely 
abolished reproductive success (Mandiyan et al.  2005 ; Yoon et al.  2005) . In addi-
tion, male CNG2a–/– mice fail to display aggressive behavior to intruder males 
(Mandiyan et al.  2005) . Consistent with this, male mice lacking type III adenylyl 
cyclase (AC3–/–), which exhibit no sensory signaling through the MOE, display 
impaired sexual behaviors as well as aggressive behaviors towards intruders (Wang 
et al.  2006 ; however, also see Wong et al.  2000  and Table 1 ). These data demonstrate 
the contribution of the main olfactory system to both aggressive and reproductive 
behaviors. 

 In summary, data obtained from mouse models selectively affecting either MOE 
or VNO signaling strongly suggest that both the main and the accessory olfactory 
systems can converge and synergize to express stereotyped behaviors and hormonal 
changes triggered by chemosensory cues in rodents. 

 Most recently, Sakano’s group reported zone-specific as well as class-specific 
OSN ablation in transgenic mice with striking behavioral deficits (Kobayakawa 
et al.  2007) . Mice lacking OSNs expressing class II ORs fail to display freezing 
behavior in response to predator odorants such as trimethylthiazoline, which is 
secreted by the anal gland of fox (Fig.  1 ), suggesting hardwired neural circuits trig-
gering stereotyped behavioral responses initiating in the main olfactory system.       
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 Molecular Genetic Dissection of the Zebrafish 
Olfactory System       

     Y.   Yoshihara       

  Abstract   Zebrafish is now becoming one of the most useful model organisms in 
neurobiology. In addition to its general advantageous properties (external fertiliza-
tion, rapid development, transparency of embryos, etc.), the zebrafish is amenable 
to various genetic engineering technologies such as transgenesis, mutagenesis, 
gene knockdown, and transposon-mediated gene transfer. A transgenic approach 
unraveled two segregated neural circuits originating from ciliated and microvillous 
sensory neurons in the olfactory epithelium to distinct regions of the olfactory bulb, 
which likely convey different types of olfactory information (e.g., pheromones and 
odorants) to the higher olfactory centers. Furthermore, the two basic principles 
identified in mice, so-called one neuron–one receptor rule and convergence of like 
axons to target glomeruli, are basically preserved also in the zebrafish, rendering 
this organism a suitable model vertebrate for studies of the olfactory system. This 
review summarizes recent advances in our knowledge on genetic, molecular, and 
cellular mechanisms underlying the development and functional architecture of the 
olfactory neural circuitry in the zebrafish.    

  1 Introduction  

 Olfaction, the sense of smell, is an important neural system in various animal spe-
cies, including fish, for their life. Fish can detect a variety of odorants emitted from 
objects and dissolved in the water, such as amino acids, bile salts, nucleotides, 
polyamines, prostaglandins, and steroids. The fish olfactory system is extensively 
developed to receive and discriminate these odorant molecules, to transmit their 
signals to the brain, and to mediate fundamental behaviors such as food finding, 
alarm response, predator avoidance, social communication, reproductive activity, 
and spawning migration (Sorensen and Caprio  1998 ; Zielinski and Hara  2007) . 
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 Since the discovery of the odorant receptor (OR) multigene family in rodents by 
Buck and Axel (  1991) , a rapid and remarkable advance has been made in our under-
standing of how the olfactory information is received in the olfactory epithelium (OE) 
and coded in the olfactory bulb (OB). Molecular biological and modern genetic tech-
niques contributed a great deal to the elucidation of two basic principles underlying the 
establishment of functional architecture of the olfactory system. One is the “one neu-
ron–one receptor” rule. In mouse, for example, each olfactory sensory neuron (OSN) 
expresses only one type of OR gene out of a repertoire of up to 1,000 genes equipped 
in the genome (Chess et al.  1994 ; Malnic et al.  1999 ; Serizawa et al.  2003 ; Lewcock 
and Reed  2004 ; Shykind et al.  2004) . This principle enables individual OSNs to respond 
to a range of odorants that bind to the expressed ORs. In other words, OSNs expressing 
a given OR are tuned to a particular molecular receptive range. The other is the 
“convergence of like axons to target glomeruli.” The OSNs expressing a given OR 
project and converge their axons to a pair of topographically fixed glomeruli in the OB: 
one on the medial side and the other on the lateral side (Vassar et al.  1994 ; Ressler et al. 
 1994 ; Mombaerts et al.  1996 ; Wang et al.  1998) . Thus, the odor information received 
by a given OR is converged onto and represented by a particular pair of OB glomeruli. 
Through this elegantly wired neural circuit, an “OR map” or “odor map” is developed 
on the glomerular sheet of the OB (Mori et al.  1999 ; Mori et al.  2006) . 

 In addition to mouse ( Mus musculus ), various model organisms amenable to 
genetic engineering have been proved useful in studies of the olfactory system, 
including zebrafish ( Danio rerio ), fruit fly ( Drosophila melanogaster ), and nema-
tode worm ( Caenorhabditis elegans ). Among them, the zebrafish, phylogenetically 
situated between mammals and insects/worms, is becoming an attractive vertebrate 
model organism suitable for olfactory research. This review will highlight recent 
progress in neuroanatomical, developmental, and functional research on the zebrafish 
olfactory system with special reference to molecular biological and genetic correlates.  

  2 Zebrafish as an Excellent Vertebrate Model Organism  

  2.1 General Advantages 

 Zebrafish, a freshwater small teleost commonly available in pet shops, offers 
numerous advantages over other vertebrates for biological studies. Zebrafish are 
easy to grow and produce large clutches of eggs (100–200 per mating) through 
external fertilization (Westerfield  1995) . The embryos develop quickly, hatching at 
as early as 3 days after fertilization and starting to swim at 5 days after fertilization. 
The zebrafish embryos are optically transparent throughout early development, 
enabling us to observe organogenesis and morphogenesis in vivo. In particular, 
transgenic expression of green fluorescent protein (GFP) and its derivatives in 
selective cell types greatly facilitates the live imaging of various dynamic develop-
mental events such as cell division, cell migration, and neural circuit formation.  
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  2.2 Forward and Reverse Genetics 

 One major advantage of using the zebrafish in biological studies is its amenability 
of various genetic engineering techniques as follows:

  –   Mutagenesis : As has been proved in  Drosophila  and  C. elegans , forward genetics 
(from phenotypes to genes) is a powerful strategy of fishing out mutants with 
perturbation in various biological processes and subsequent identification of 
genes responsible for the mutant phenotypes. Zebrafish is the first vertebrate 
species on which large-scale mutant screens were carried out (Haffter et al.  1996 ; 
Driever et al.  1996) . The publication of a series of 37 articles on approximately 
2,000 mutations perturbing the zebrafish development in a special issue of the 
journal Development  in 1996 triggered the identification of a number of muta-
genized zebrafish which show defects in various aspects of development, mor-
phogenesis, neural functions, and behaviors. Among them, there are several 
mutants displaying abnormalities in development and behavior of the olfactory 
system (Miyasaka et al.  2005 ,  2007 ; Vitebsky et al.  2005)  (see  Sect. 5 ).  

 –   Transgenesis : Generation of transgenic animals is a fundamental technique for 
assessing gene function, identifying transcriptional promoter/enhancer elements, 
and labeling specific cell types with reporter molecules. The use of a heat-shock 
promoter enables us to switch on ubiquitous expression of transgenes at any 
developmental stage (Halloran et al.  2000 ; Miyasaka et al.  2005 ,  2007) . 
Conditional transgene expression can be performed with the aid of the Cre/loxP 
system and the Gal4/UAS system that have been successfully used in mice and  
Drosophila , respectively. Extremely long DNA fragments encompassing approx-
imately 100 kb can be stably introduced into the zebrafish genome by using 
bacterial artificial chromosome (BAC) transgenes (Yang et al.  2006 ; Sato et al. 
 2007b ; Nishizumi et al.  2007) . In addition, the method of making transgenic 
zebrafish has been greatly improved by the introduction of the Tol2 trans-
posable element (Kawakami and Shima  1999 ; Kawakami  2004 ; Kwan et al. 
 2007)  and  I-SceI  meganuclease (Thermes et al.  2002)  for efficient integration of 
transgenes.  

 –   Gene knockdown and knockout : Reverse genetics (from genes to phenotypes) is 
also applicable in zebrafish. Gene knockdown (reduced expression of gene prod-
ucts) is a very popular and powerful tool in studies of zebrafish development. It is 
easily achieved by the injection of morpholino antisense oligonucleotide into yolk 
of fertilized eggs (Nasevisius and Ekker  2000 ; Ekker  2000) . Furthermore, a 
recently established method, targeting induced local lesions in genomes (TILLING), 
has made it possible to obtain knockout zebrafish of any genes by PCR-based 
screening of heteroduplex formation and resequencing of a DNA library prepared 
from mutagenized fish (Wienholds et al.  2003 ; Sood et al.  2006) .    

 In addition to the abovementioned basic techniques, more-advanced genetic 
 methods have been developed in the zebrafish, including a Tol2 transposon-meditated 
gene trap approach combined with the Gal4/UAS system (Asakawa et al.  2008) , 
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 retrovirus-mediated large-scale enhancer detection (Ellingsen et al.  2005) , and Cre/
loxP/Gal4/UAS-mediated single-cell mosaic analysis (Sato et al.  2007a) . Thus, the 
zebrafish is a remarkably useful vertebrate species with which we can perform both 
forward and reverse genetic analyses, similar to  Drosophila  and  C. elegans .  

  2.3 Disadvantages 

 Despite numerous advantageous features over other model organisms, several dis-
advantages are apparent that should be taken into consideration when using 
zebrafish. First, the generation time of zebrafish is not so short (approximately 
3 months), which is comparable to that of mouse (2–3 months) but much longer than 
that of  Drosophila  (approximately 7 days) and  C. elegans  (approximately 3 days). 
Second, the duplication of the fish genome after the phylogenetic divergence of fish 
and mammals resulted in gene redundancy in the zebrafish genome. In some cases, 
this redundancy makes it difficult and complicated to analyze the functions 
of zebrafish orthologs of a particular mammalian gene. In other cases, however, complex 
localizations and functions of a given mammalian gene are separated and allocated 
to different paralogous genes in zebrafish, rendering the redundancy into an advantageous 
property. Third, the activity of an internal ribosome entry site (IRES) from enceph-
alomyocarditis virus for bicistronic expression of two transgene products is very 
low in zebrafish, although the IRES has been proved to be extremely useful in 
mouse for simultaneous expression of various transgenes (e.g., β-galactosidase, 
GFP derivatives, Cre recombinase, tetracycline transactivator, etc.) in OSNs 
together with a given OR (Mombaerts et al.  1996 ; Wang et al.  1998 ; Serizawa et al. 
 2003 ; Shykind et al.  2004 ; Yu et al.  2004) .   

  3  Molecular Neuroanatomy of the Zebrafish Olfactory 
Epithelium  

  3.1 Three Types of Olfactory Sensory Neurons 

 In most mammalian species, two functionally distinct classes of chemicals (odorants 
and pheromones) are detected and processed through anatomically segregated neural 
pathways: the main olfactory system and the vomeronasal (accessory olfactory) sys-
tem (Buck  2000 ; Mombaerts  2004) . Volatile odorants are received by a large reper-
toire of ORs expressed on ciliated OSNs in the OE and the information is transmitted 
to the main OB. By contrast, pheromones are mostly received by two families of 
vomeronasal receptors (V1Rs and V2Rs) expressed on microvillous sensory neurons 
in the vomeronasal organ that project their axons to the accessory OB. 

 On the other hand, the anatomical situation is completely different in the olfactory 
system of fish. In the fish nose, there is only a single type of olfactory organ 
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(olfactory rosette), containing three types of OSNs, ciliated, microvillous, and crypt 
cells, all of which innervate the same OB via a tightly fasciculated bundle of olfac-
tory nerves (Fig.  1a – c ). Two major types of OSNs are the ciliated and microvillous 
neurons that clearly differ from one another with respect to the morphology and 
relative positions in the OE. The ciliated OSNs are situated in the deep layer of the 
OE, project a long dendrite, and extend several long cilia into the lumen of the nasal 
cavity. The microvillous OSNs are located in the superficial layer, project a short 
dendrite, and emanate tens of short microvilli.  

 In fish, there is a third type of OSN called crypt cells that account for only a 
small population in the OE (Hansen and Zeiske  1998 ; Hansen and Finger  2000 ; 
Hansen et al.  2003 ,  2004 ; Hansen and Zielinski  2005) . The crypt cells are located 
in the most superficial layer of the OE and have unique ovoid-shaped cell bodies 
bearing microvilli as well as submerged short cilia. Although it was reported that 
the crypt cells show S100 calcium-binding protein-like and nerve growth factor 
receptor TrkA-like immunoreactivities (Catania et al.  2003 ; Germana et al.  2004 , 
 2007) , a detailed molecular expression profile has not been clarified for this unique 
cell type. In particular, there is little information on what type(s) of chemosensory 
receptors are expressed in the zebrafish crypt cells.  

  3.2 Zebrafish Olfactory Receptors 

 In addition to the abovementioned morphological differences, a discrimination 
between the ciliated and microvillous OSNs can be clearly made from their dis-
tinct molecular expression profiles. There are approximately 140 OR-type, six 
V1R-type, and approximately 50 V2R-type olfactory receptor genes in the 
zebrafish genome (Alioto and Ngai  2005 ,  2006 ; Hashiguchi and Nishida  2006 ; 
Ngai and Alioto  2007 ; Saraiva and Korsching  2007) . The expression of OR-type 
olfactory receptors is observed in the ciliated OSNs in teleost fishes, while V2R-
type olfactory receptors are found in the microvillous OSNs (Fig.  1d ) (Cao et al. 
 1998 ; Speca et al.  1999 ; Hansen et al.  2004 ; Sato et al.  2005) . Thus, the ciliated 
and microvillous OSNs likely detect distinct types of chemosensory signals 
through different families of olfactory receptors. This notion is supported by 
several lines of evidence obtained in molecular biological, electrophysiological, 
and activity-dependent labeling experiments (Michel and Derbidge  1997 ; Speca 
et al.  1999 ; Michel  1999 ; Lipschitz and Michel  2002 ; Nikonov and Caprio  2007) . 
By contrast, it has not been clearly demonstrated which type(s) of OSNs express 
V1R-type olfactory receptors, although the messenger RNA (mRNA) expression 
of a V1R-type receptor (zV1R1; ORA1) is observed in cells in the apical part of 
the OE (Pfister and Rodriguez  2005) . In addition, another multigene family of 
receptors, called “trace amine-associated receptors” (TAARs), has been discov-
ered as chemosensory receptors expressed in mouse OSNs (Liberles and Buch 
 2006) . In silico database searches revealed that there are 15 TAAR genes in mouse 
and 109 TAAR genes in zebrafish (Gloriam et al.  2005 ; Hashiguchi and Nishida 
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  Fig. 1    Molecular neuroanatomy of the zebrafish olfactory epithelium.  a  The zebrafish olfactory 
rosette.  b  A section of the olfactory rosette hybridized with an olfactory marker protein (OMP) 
complementary RNA probe.  Dark signals  represent ciliated olfactory sensory neurons (OSNs) in 
the olfactory epithelium (OE).  c  Three types of olfactory sensory neurons in fish.  d  Distinct loca-
tions and molecular signatures of ciliated and microvillous OSNs. The ciliated OSNs locate in a 
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 2007) . It has not been examined in detail whether the zebrafish TAARs are 
expressed in OSNs as chemosensory receptors. Nevertheless, TAARs are likely 
candidate receptors for polyamines that activate fish OSNs through a unique 
signaling pathway (Michel et al.  2003 ; Rolen et al.  2003) . 

 The ciliated OSNs express signal transduction machineries downstream of OR-
type olfactory receptors that are shared with mammals, such as olfactory-specific 
GTP-binding protein  subunit (Golf) and cyclic nucleotide-gated cation channel A2 
subunit (CNGA2) (Hansen et al.  2003 ; Sato et al.  2005) . Olfactory marker protein 
(OMP) is detected only in the ciliated OSNs, but not in the microvillous OSNs in 
zebrafish (Fig.  1d ) (Sato et al.  2005) . This situation is different from that in mam-
mals, where OMP is expressed in all the chemosensory neurons in both the OE and 
the vomeronasal organ (Monti Graziade et al.  1980) . The microvillous OSNs in 
zebrafish express transient receptor potential channel C2 (TRPC2) (Fig.  1d ) (Sato 
et al.  2005) , whose mouse ortholog plays a central role in the signal transduction 
cascade of vomeronasal sensory neurons for social and sexual behaviors (Stowers 
et al.  2002 ; Leypold et al.  2002 ; Kimchi et al.  2007) .  

  3.3 One Neuron – How Many Receptors? 

 Is the one neuron–one receptor rule applicable also to the zebrafish olfactory sys-
tem, as is the case in mice and  Drosophila ? Individual OR-type olfactory receptor 
genes are expressed in a small population of OSNs ranging from 0.5 to 2% (Barth 
et al.  1996) . Double-label in situ hybridization experiments revealed that most 
combinations of different OR-type olfactory receptor probes label nonoverlapping 
populations of OSNs (Fig.  1e ) (Barth et al.  1997 ; Sato et al.  2007b) . These results 
support the notion that the zebrafish OSNs obey the one neuron–one receptor rule 
fundamentally. However, two exceptional cases have been reported for particular 
olfactory receptors, in which “one neuron– multiple receptors ” is true. One is the 
case for a subpopulation of ciliated OSNs expressing the zOR103 family members. 
zOR103-1-positive OSNs simultaneously express zOR103-2 and/or zOR103-5 
(Fig.  1e ) (Sato et al.  2007b) . Coexpression of multiple chemoreceptors has 
been reported in several types of chemosensory cells, including C. elegans  OSNs, 
Drosophila  OSNs, and mammalian “bitter” taste receptor cells (Troemel et al. 
 1995 ; Goldman et al.  2005 ; Adler et al.  2000) . For instance, a single AWC neuron 
in  C. elegans  expresses multiple olfactory receptors, responds to various odor-
ants such as aldehydes, ketones, alcohols, and thiazoles without discrimination, 

Fig. 1 (continued) deep layer and express OMP and odorant receptor (OR) type olfactory receptors 
( left ), whereas the microvillous OSNs locate in a superficial layer and express transient receptor 
potential channel C2 ( TRPC2 ) and V2R-type olfactory receptors.  e  Double-label in situ hybridization 
analysis of OE sections with olfactory receptor probes. In most combinations ( upper-left ,  upper-right , 
and  lower-left panels ), two signals are nonoverlapping, supporting the one neuron–one receptor rule 
also in zebrafish. Exceptionally, OR103-1-expressing OSNs are always positive for OR103-2 and/
or OR103-3 ( lower-right panel ). (Adopted from Sato et al.  2005 ,  2007b)        
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and mediates attractive behavior to all these odorants (Bargmann et al.  1993 ; 
Troemel et al.  1995) . By analogy, it is likely that zebrafish do not need to discrimi-
nate a range of odorants received by the individual zOR103 subfamily members. 
These OSNs expressing multiple zOR103 members thus may integrate odor infor-
mation at the most peripheral level, leading to particular behavioral or hormonal 
responses. The other case is a broad expression of zV2R5.3 in almost all microvil-
lous OSNs. zV2R5.3 is detected ubiquitously throughout the superficial layer of the 
OE similar to TRPC2 (Sato et al.  2005) , as is reported for goldfish V2R-type recep-
tors 5.3 and 5.24 (Speca et al.  1999) . This situation is reminiscent of  Drosophila  
Or83b and mouse V2R2 olfactory receptors (Larsson et al.  2004 ; Neuhaus et al. 
 2005 ; Martini et al.  2001) .  Drosophila  Or83b is broadly expressed in almost all 
OSNs together with a selectively expressed OR and plays a general role as a het-
erodimerization partner for the selected regular OR. The coexpression increases the 
functional activity of the regular OR by improving the OR trafficking to plasma 
membrane, altering the binding sensitivity to odorants, or enhancing the signal 
transduction efficacy (Spehr and Leinders-Zufall  2005) . In conclusion, both “one 
neuron–one receptor” and “one neuron–multiple receptors” rules are observed in 
zebrafish, depending on the different families of olfactory receptors and the diver-
gence of relevant functions in distinct types of OSNs.   

  4 Olfactory Neural Circuitry in the Zebrafish  

  4.1  Segregated Neural Pathways from Distinct 
Types of Olfactory Sensory Neurons 

 A number of studies employed a classical neuroanatomical tracing method for 
analysis of neural circuits in the fish olfactory system. The lipophilic fluorescent 
tracer 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate  (DiI) was 
injected into a small area of the OB, taken up by olfactory axon terminals in 
glomeruli, and retrogradely transported to cell bodies of OSNs in the OE. 
Subsequently, the types of DiI-labeled OSNs were determined on the basis of cel-
lular morphology and location in the OE. In catfish, for example, the medial and 
ventral regions of the OB are innervated mostly by ciliated OSNs, whereas the dor-
sal region appears to be innervated by microvillous OSNs (Morita and Finger  1998 ; 
Hansen et al.  2003) . The crypt cells can be labeled only after DiI injection into two 
discrete areas in the ventral OB in catfish (Hansen et al.  2003) . In carp, the medial, 
lateral, and ventral regions of the OB are likely to be innervated by ciliated, micro-
villous, and crypt OSNs, respectively (Hamdani et al.  2001a , Hamdani and Doving 
 2002 ,  2006) . However, these results implied only a tendency of axonal segregation 
from the distinct types of OSNs to different regions of the OB. Thus, it was 
 impossible with this conventional method to elucidate detailed patterns of innerva-
tion from the distinct types of OSNs to individual glomeruli. 
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 Recently, the introduction of the transgenic technique opened a new window in 
zebrafish olfactory research and unambiguously solved the issue on axonal wiring 
from the OE to the OB (Sato et al.  2005 ,  2007b) . The ciliated and microvillous 
OSNs can be differentially labeled with spectrally distinct fluorescent proteins (red 
fluorescent protein and Venus) under the control of zebrafish OMP and TRPC2 
gene promoters, respectively (Fig.  2a ). The transparency of zebrafish embryos 
makes it possible to visualize developing olfactory axons from the two types of 
OSNs by an in vivo time-lapse imaging analysis in the same individual (Fig.  2b ). 
Fluorescence images of whole-mount OB in the adult transgenic zebrafish clearly 
show that the ciliated OSNs project axons mostly to the dorsal and medial regions 
of the OB, whereas the microvillous OSNs project axons to the lateral region of the 
OB (Fig.  2c ). A histological analysis of horizontal OB sections indicates that the 
two distinct types of OSNs innervate different glomeruli in a mutually exclusive 
manner (Fig.  2d ). According to the nomenclature of zebrafish OB glomeruli of 
Baier and Korsching (  1994) , the ciliated OSNs project their axons onto the dorsal 
cluster, dorsal-cluster-associated glomeruli, anterior plexus, medial glomeruli, 
medioventral posterior glomeruli, ventromedial glomeruli, and lateroposterior 
glomeruli, whereas the microvillous OSNs target the lateral chain and ventrolateral 
glomeruli. Importantly, there is no double-positive glomerulus that receives conver-
gent inputs from both types of OSNs. In contrast, several glomeruli such as the 
mediodorsal cluster and a few glomeruli in the lateral chain are double-negative, 
raising a possibility that they may be innervated by the third type of OSNs, crypt 
cells. Together with the morphological, physiological, and molecular differences 
between the ciliated and microvillous OSNs, the two segregated neural pathways 
are responsible for coding and processing of different types of olfactory information, 
at least at the level of the OB, in the zebrafish olfactory system.   

  4.2 Olfactory Axon Convergence to Target Glomeruli 

 In rodents, the olfactory axons originating from OSNs expressing a given OR 
converge onto a specific pair of glomeruli in the OB. This elegantly wired neural 
circuitry underlies the basis for the “one glomerulus–one receptor” principle, leading 
to the establishment of the odor map in the OB. The olfactory axon convergence to 
target glomeruli was clearly demonstrated in rodents with three different methods. 
First, in situ hybridization analysis with specific OR probes revealed that mRNAs 
for individual ORs are detectable not only in the cell bodies but also in the axons 
of OSNs projecting onto a few topographically fixed glomeruli (Vassar et al.  1994 ; 
Ressler et al.  1994) . Second, the generation of OR-IRES-reporter knock-in mice by 
gene targeting in embryonic stem cells succeeded in visualization of olfactory axon 
convergence to target glomeruli from OSNs expressing a particular OR gene 
together with chromogenic or fluorescent reporters (tau-LacZ or tau-GFP) 
(Mombaerts et al.  1996 ; Wang et al.  1998) . Third, the immunohistochemical 
demonstration for the presence of OR proteins in olfactory axon terminals in 
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specific glomeruli provided another line of direct evidence for the one glomerulus–one 
receptor rule (Barnea et al.  2004 ; Strotmann et al.  2004) . In  Drosophila , the availa-
bility of transcriptional promoters upstream of individual olfactory receptor genes 
made it easy to selectively label the receptor-defined OSNs for demonstration of the 
convergent axon projection into glomeruli in the antennal lobe (Vosshall et al.  2000 ; 
Gao et al.  2000) . 

  Fig. 2    Segregated neural pathways in the zebrafish olfactory system.  a  Transgene constructs for visu-
alization of distinct olfactory pathways. The OMP promoter drives the expression of 
membrane-targeted red fluorescent protein ( mRFP ) ( lyn-mRFP ) specifically in ciliated OSNs, while the 
TRPC2 promoter drives the expression of membrane-targeted Venus ( gap-Venus ) in the microvillous 
OSNs.  b  Time-lapse imaging of axon projection from ciliated ( magenta ) and microvillous ( green ) OSNs 
in the OE to presumptive olfactory bulb (OB) in the double-transgenic zebrafish at 2, 3, and 5 days after 
fertilization ( dpf ). Segregated innervation is observed from these very early stages of development.  
c  Whole-mount fluorescence images of the adult OB in the double-transgenic zebrafish viewed from 
lateral, dorsal, and ventral sides.  d  Horizontal sections of the adult OB of the double-transgenic zebrafish 
in dorsal, middle, and ventral planes. Two types of OSNs ( magenta  ciliated,  green  microvillous) inner-
vate OB glomeruli in a mutually exclusive manner. (Adopted from Sato et al.  2005)        
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 In zebrafish, by contrast, it was difficult to prove the olfactory axon convergence 
to target glomeruli because of the lower abundance of OR mRNA and protein in 
OSNs, the absence of embryonic stem cells for gene targeting, and the inefficiency 
of bicistronic IRES activity. However, the use of BAC transgenes made it possible 
to label a small population of zebrafish OSNs under the control of a OR gene pro-
moter/enhancer. Because BAC harbors a genomic DNA fragment as long as 100 kb, 
a tandem array of clustered olfactory receptor genes can be contained in a BAC 
transgene together with putative  cis -acting transcriptional regulatory elements. A 
stable line of BAC transgenic zebrafish was generated, which contains a transgene 
(95 kb) with 16 OR-type olfactory receptor genes on zebrafish chromosome 15 
(Sato et al.  2007b) . To visualize functional subsets of OSNs, the BAC transgene 
was modified so that two of the receptors (zOR103-1 and zOR111-7) were replaced 
with complementary DNAs encoding membrane-targeted, spectrally distinct fluo-
rescent proteins (yellow fluorescent protein and cyan fluorescent protein) (Fig.  3a ). 
As a result, the fluorescently labeled OSNs made the second choice for expression 
of olfactory receptor genes mostly within the same subfamily and their axons tar-
geted a topographically fixed cluster of glomeruli in the medial OB (Fig.  3b , c ). This 
finding, for the first time, provided suggestive evidence for the convergence of like 
axons to target glomeruli in zebrafish.   

  4.3 Odor Map in the Olfactory Bulb 

 The odor map is a central representation of various structural features in odorants 
that are systematically arranged on a glomerular sheet of the first relay station along 
the olfactory neural circuitry (Mori et al.  1999 ,  2006 ; Korsching  2002 ; Vosshall and 
Stocker  2007) . In other words, individual glomeruli represent a single olfactory 
receptor and are thus tuned to specific molecular features of odorants that can acti-
vate the receptor. The concept of an odor map was clearly demonstrated first in 
rabbits by electrophysiological single-unit recordings of spike discharges from 
mitral/tufted cells to odor stimuli (Mori et al.  1992 ; Imamura et al.  1992 ; Katoh 
et al.  1993)  and was subsequently confirmed in various mammalian and insect 
species after the emergence of neural activity imaging techniques (Rubin and Katz 
 1999 ; Uchida et al.  2000 ; Meister and Bonhoeffer  2001 ; Wang et al.  2003 ; 
Meijerink et al.  2003 ; Takahashi et al.  2004 ; Igarashi and Mori  2005) . 

 Similarly, the odor map in the OB was analyzed in zebrafish by neural activity 
imaging techniques (Friedrich and Korsching  1997 ,  1998 ; Fuss and Korsching  2001 ; 
Li et al.  2005a) , in channel catfish by electrophysiological recordings of mitral cell 
activities (Nikonov and Caprio  2001 ,  2004 ; Rolen and Caprio  2007) , and in salmo-
nid fishes by electroencephalogram recordings (Hara and Zhang  1998) . These 
experiments with distinct methods in different teleosts yielded essentially similar 
results on spatial representations of various odorant structures on the OB (Fig.  4 ):  

 Adult zebrafish generally exhibit a clear attractive response to amino acids, rec-
ognizing them as potential feeding cues (Steele et al.  1990 ,  1991) , although an 
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aversive response to particular amino acids is also reported (Vitebsky et al.  2005) . 
Teleost fishes can also discriminate between different amino acids in behavioral 
studies (Zippel et al.  1993 ; Valentincic et al.  2000) . Amino acids are detected 
mostly by microvillous OSNs through V2R-type olfactory receptors (Speca et al. 
 1999 ; Hansen et al.  2003 ; Luu et al.  2004)  and activate a chain of glomeruli located 
on the lateral side of the OB (Friedrich and Korsching  1997) . Defined structural 
features of amino acids (e.g., long or short side chains; hydrophilic or hydrophobic; 
acidic, neutral, or basic) are represented in a combinatorial fashion in spatially 
confined groups of the lateral chain glomeruli. These findings are corroborated by 

  Fig. 3    Olfactory axon convergence to target glomeruli in the zebrafish.  a  Organization of a clus-
ter of OR-type olfactory receptors located on zebrafish chromosome 15 ( top ), a bacterial artificial 
chromosome ( BAC ) clone containing 16 receptors ( middle ), and a BAC transgene construct for 
visualization of small populations of ciliated OSNs with membrane-targeted cyan fluorescent 
protein ( CFP ) and yellow fluorescent protein ( YFP ) ( bottom ).  b  Projection of CFP/YFP-expressing 
OSN axons to a small region in the medial OB of adult BAC transgenic fish ( right ), compared with 
OMP:YFP fish in which all axons from the ciliated OSNs are labeled ( left ). Whole-mount OBs 
together with the OE were stained with anti green fluorescent protein (anti-GFP) antibody.  
c  Targeting of YFP/CFP-expressing OSNs to specific glomeruli. A horizontal section of the OB 
from adult BAC:YFP/CFP and OMP:RFP double-transgenic fish was triple-labeled with anti-GFP, 
anti-RFP ( magenta  in the  middle panel ), and anti-SV2 (synaptic marker;  magenta  in the  right 
panel ) antibodies. (Adopted from Sato et al.  2007b)        
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the transgenic experiment visualizing the innervation of lateral chain glomeruli 
by microvillous OSNs (Sato et al.  2005) . 

 Bile acids are biliary steroids synthesized in the liver, stored in the gall blad-
der, secreted into the intestine, and reabsorbed by the enterohapatic system. 
In sea lamprey, some bile acids are released into environment that act as sex or 
migratory pheromones (Li et al.  2002 ; Sorensen et al.  2005) . Although it remains 
unclear what types of behavioral responses are elicited by bile acids in teleost 
fishes, they are potent odorants that activate ciliated OSNs possibly via the OR-type 
odorant receptors/Golf/cyclic AMP signaling cascade (Hansen et al.  2003) . In the 
zebrafish OB, bile acids elicit strong responses mainly in a cluster of glomeruli 
in the anteromedial part and a weaker response in the lateroposterior subregion 
(Friedrich and Korsching  1998)  in perfect accordance with the target glomeruli 
of ciliated OSNs visualized in the transgenic zebrafish (Sato et al.  2005) . 
The activity patterns induced by different bile acids show a similar but not identical 
distribution, indicating that distinct molecular features of bile acids are represented 
in a combinatorial manner. 

 Nucleotides such as ATP, IMP, and ITP induce excitatory responses in a sub-
population of fish OSNs and bulbar neurons (Kang and Caprio  1995 ; Nikonov and 
Caprio  2001) , possibly acting as feeding cues (Carr  1988) . They activate glomeruli 
located in the lateral portion of the OB that partly overlaps with the amino acid 

  Fig. 4    Odor map in the zebrafish olfactory bulb. Amino acids and nucleotides are received mostly 
by V2R-type olfactory receptors on microvillous OSNs and are represented in the lateral region 
of the OB. In contrast, bile acids are received by OR-type olfactory receptors on ciliated OSNs 
and are represented in the medial region of the OB.  LOT  lateral olfactory tract,  MOT  medial 
olfactory tract       
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sensitive region (Friedrich and Korsching  1998)  and possibly innervated by micro-
villous OSNs (Sato et al.  2005) . Again, different nucleotides are represented by 
combinatorial activity patterns within the responsive region. 

 In contrast to the three classes of the abovementioned ordinary odorants, unique 
single foci of glomerular activity are induced by two putative reproductive pherom-
ones: prostaglandin F 

2
α  (PGF) and 17α,20β-dihydroxy-4-pregnene-3-one-20-

sulfate (17,20P-S). PGF specifically activates a single large glomerulus in the 
ventromedial region of the OB, which shows no response to other related prostag-
landins (Friedrich and Korsching  1998) . An electrophysiological experiment sug-
gested a very restricted localization of PGF-responsive neurons in the ventromedial 
OB in lake whitefish (Laberge and Hara  2003) . The steroid 17,20P-S selectively 
activates a small focus in the medial region of zebrafish OB (Friedrich and 
Korsching  1998) . Both of these responsive glomerui are likely innervated by cili-
ated OSNs expressing OR-type odorant receptors (Sato et al.  2005) . Thus, the two 
pheromones are represented by noncombinatorial patterns of glomerular activity, 
indicating the existence of straightforward and simple neural pathways from phe-
romonal inputs to stereotyped behavioral and endocrine outputs. 

 In addition to the spatial representations of odorant structural features on the 
surface of the OB, several electrophysiological studies proposed the temporal cod-
ing of odor quality and intensity by neuronal populations in the fish OB (Kang and 
Caprio  1995 ; Friedrich and Laurent  2001) . For details, see the reviews by Laberge 
and Hara ( 2001)  and Friedrich ( 2002) .  

  4.4 Odor Coding in the Higher Olfactory Centers 

 The odor and pheromone information represented in the glomerular map of the OB 
is next transferred via mitral cell axons to several higher olfactory centers in the 
forebrain. In the higher olfactory centers, the information is decoded and processed 
to perceive, discriminate, and memorize odorants, to change hormonal secretion 
and reproductive activity, and to elicit various olfactory behaviors such as attraction 
to foods, aversion from predators, social communication with companies, and 
spawning migration to home rivers. Compared with the great progress in our knowl-
edge on functional correlates in the OE and OB, however, the higher olfactory 
centers still remain a mystery. Little has been elucidated on the molecular, cellular, 
and circuit mechanisms underlying odor information coding in the higher olfactory 
centers in fish, although there have been some physiological and behavioral studies; 
these are described next. 

 Different from mammals, in which the mitral cells send axons from the OB to 
the olfactory cortex through a single tract (the lateral olfactory tract, LOT), there 
are two major bundles in the secondary olfactory pathways of fish: the LOT and the 
medial olfactory tract (MOT). From the results of neuroanatomical, electrophysio-
logical, and behavioral experiments in cod, goldfish, and carp (Doving and Selset 
 1980 ; Stacey and Kyle  1983 ; Kyle et al.  1987 ; Sorensen et al.  1991 ; Hamdani et al. 
 2000 ,  2001a ,  b ,  2002 ; Hamdani and Doving  2003 ,  2006 ; Weltzien et al.  2003) , the 
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LOT and the MOT appear to mediate different types of olfactory behaviors that are 
induced by stimulation of distinct types of OSNs. Hamdani and Doving (  2007)  
proposed a simplified hypothesis of “three labeled lines” in the fish olfactory path-
ways: (1) microvillous OSNs – LOT – feeding behavior, (2) ciliated OSNs – a 
medial bundle of the MOT – alarm reaction, and (3) crypt OSNs – a lateral bundle 
of the MOT – reproductive behavior. This hypothesis will be verified in zebrafish 
with the aid of various advantageous techniques of genetic manipulations (cell 
ablation, silencing, activation, trans -synaptic tracing, activity imaging, etc.) on 
specific types of neurons at different peripheral–central levels along the individual 
olfactory pathways. 

 How is the odor information encoded in the higher olfactory centers? Nikonov 
et al. ( 2005)  reported electrophysiological evidence for the relative conservation of 
the OB odor map at the one-step-higher level in the catfish forebrain. As in the OB, 
amino acids and nucleotides are represented in a lateral portion of the forebrain, 
whereas bile acids are represented in a medial portion, supporting the “labeled line” 
hypothesis. However, the response properties of the forebrain neurons are not nec-
essarily the same as those of the mitral cells. For example, some neurons in the lat-
eral forebrain respond to several amino acids belonging to different categories and 
other neurons respond to both amino acids and nucleotides, showing complex tun-
ing profiles that are never observed in the mitral cells. Thus, the convergence of 
different types of odor information emerges at the level of the forebrain, as reported 
also in the mouse olfactory cortex (Zou and Buck  2006) .   

  5  Zebrafish Mutants with Abnormalities in the Olfactory 
System  

 Mutagenesis is a powerful technique of forward genetics successfully used in various 
animal species. In zebrafish, large-scale mutant screens were conducted originally 
focusing on embryogenesis and neural development (Haffter et al.  1996 ; Driever 
et al.  1996)  and afterwards on various biological aspects, including sensory-system-
mediated behaviors (Baier  2000 ; Neuhauss  2003 ; Vitebsky et al.  2005) . Several 
zebrafish mutants have been identified that affect development and function of the 
olfactory system (Miyasaka et al.  2005 ; Vitebsky et al.  2005) . 

  5.1 odysseus 

 Chemokines and their receptors were originally discovered as signaling partners regu-
lating leukocyte trafficking in the immune system (Rossi and Zlotnik  2000)  and also 
identified as molecules playing crucial roles in cell migration and axon projection in 
the developing nervous system (Tran and Miller  2003) .  odysseus  is a zebrafish mutant 
with a loss of function of chemokine receptor Cxcr4b, which displays abnormality in 
the germ cell migration (Knaut et al.  2003) , the lateral line primordia migration 
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(Gilmour et al.  2004) , the trigeminal sensory ganglia assembly (Knaut et al.  2005) , and 
the retinal axon projection (Li et al.  2005b) . Recently, a dual role of Cxcr4b-mediated 
signaling has been clarified in the zebrafish olfactory system (Miyasaka et al.  2007) . 
At an early stage of development, Cxcr4b and its cognate ligand Cxcl12a are expressed 
in the migrating olfactory placodal precursors and in the abutting anterior neural tube, 
respectively. The Cxcr4b expression persists in the immature OSNs at the initial phase 
of their axon pathfinding, while the Cxcl12a expression prefigures the route and target 
of OSN axons (Fig.  5a ). In  odysseu s mutant, many olfactory placodal precursors 
abnormally migrate ventromedially and fail to form a proper olfactory placode. 
In addition, OSN axons frequently stall at the OE–telencephalon border and fail to 
enter the OB in  odysseus  mutant (Fig.  5c ). Thus, Cxcl12a/Cxcr4b signaling is required 
for both the olfactory placode assembly and the OSN axon pathfinding in zebrafish. 
Interestingly, a unilateral, but not bilateral, defect of OSN axon projection is observed in 
approximately 30% of the  odysseus  mutant fish, thus serving as a good experimental 
model to study the influence of OSN innervation on the morphogenesis and functions 
of the OB and higher olfactory centers.   

  5.2 astray 

 Slits and Roundabouts (Robos) are chemorepellents and receptors, which play 
prominent roles in axon pathfinding in the nervous system (Nguyen-Ba-Charvet 
and Chedotal  2002 ; Dickson and Gilestro  2006) .  astray  is a loss-of-function mutant 
of Robo2, originally identified in a large-scale screen for mutations affecting devel-
opment of the visual system (Karlstrom et al.  1996 ; Fricke et al.  2001 ; Hutson and 
Chien  2002) . A Robo/Slit-mediated chemorepulsion is important also in the neural 
circuit formation in the olfactory system (Miyasaka et al.  2005) . Robo2 is only 
transiently expressed in the immature OSNs at an early stage of axon pathfinding, 
while four Slit homologs are present in regions adjacent to the olfactory axon tra-
jectory. In  astray  mutant embryos, some OSN axons misroute ventromedially to 
cross the midline and/or posteriorly to invade into the diencephalon without 

  Fig. 5     odysseus  and  astray : zebrafish mutants affecting the olfactory axon pathfinding.  a  The 
expression patterns of a chemokine Cxcl12a and its receptor Cxcr4b in the developing olfactory 
system of zebrafish. Cxcr4b is expressed in immature OSNs ( green ). Cxcl12a is expressed along the 
olfactory placode–telencephalon border and at the anterior tip of the telencephalon ( blue ), prefigur-
ing the route and target of olfactory axons.  b  The expression patterns of chemorepellents 
Slit1a/Slit1b/Slit2/Slit3 and their receptor Robo2 in the developing olfactory system of zebrafish 
Robo2 is expressed in immature OSNs ( green ). Four Slit homologs are expressed in regions adjacent 
to the olfactory axon trajectory ( red ), forming surround repulsive barriers against olfactory axons.  c  
Abnormal axon projection in odysseus  (Cxcr4b mutant,  middle panels ) and astray  (Robo2 mutant, 
 right panels ), compared with wild-type fish ( left panels ). In  odysseus  mutant, OSN axons stall at the 
OE–telencephalon border and fail to enter the OB. In  astray  mutant, some olfactory axons misroute 
ventromedially to cross the midline and posteriorly to invade into the diencephalon without reaching 
the OB.  Upper panels  frontal views,  lower panels  dorsal views       
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 reaching the OB. Thus, Robo2/Slit signaling is essential for proper navigation of 
the early growing olfactory axons toward the OB. In addition, the spatial arrange-
ment in OB glomeruli is perturbed in adult  astray  fish, suggesting that the precise 
formation of the initial axon scaffold mediated by Robo2 is crucial for establish-
ment of a sound glomerular map in the adult OB.  

  5.3 laure 

  laure  was isolated by a genetic screen for mutations affecting an olfactory behavior 
(Vitebsky et al.  2005) .  laure  mutant fish are defective in their responses to amino 
acids, but not to bile acids, and display impaired olfactory axon projection. 
Identification of a gene responsible for the  laure  mutant phenotypes is awaited.   

  6 Conclusions  

 Recent decades have witnessed significant progress in our understandings of the 
molecular and cellular mechanisms underlying the development and functional organi-
zation of the primary olfactory system. Multigene families encoding odorant and phe-
romone receptors have been cloned in various animal species. The modes of neural 
wiring from the peripheral olfactory organs (OE and antenna) to the first relay station 
in the brain (OB and antennal lobe) have been clarified by visualization of OSN axons 
in genetically engineered animals. The concept of “odor map” has been established as 
the internal representation of odorant molecular features in the OB of vertebrates and 
in the antennal lobe of insects, demonstrating the importance of glomerular modules 
as functional units for odor coding and processing. These splendid discoveries have 
been made mostly in mouse and  Drosophila , the two animal species amenable to the 
powerful technology of forward and reverse genetics. Towards understanding the ver-
tebrate olfactory system as a whole, the zebrafish will undoubtedly become an ideal 
model organism as a  Drosophila -like vertebrate in the next decade.      
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       Insect Olfaction: Receptors, Signal 
Transduction, and Behavior       

     K.   Sato  and      K.   Touhara       

  Abstract   The insect olfactory system is a suitable model for exploring molecular 
function of odorant receptors, axonal projection of olfactory receptor neurons onto 
secondary neurons, and the neural circuit for odor perception. Recent progress in 
the study of insect olfaction revealed that the heteromeric insect olfactory receptor 
complex forms a cation nonselective ion channel directly gated by odor or pheromone 
ligands independent of known G-protein signaling pathways. Despite fundamental 
differences in transduction machineries between insects and vertebrates, the 
anatomical and functional features of insect odor-coding strategy are similar and 
thus justify any consideration of mammalian olfaction in the study of insects. The 
understanding of the molecular mechanism of insect olfaction will help in the 
development of insect repellents for controlling insect pest and vector populations 
for a wide range of pathogens.    

  1 Introduction  

 Insects are the most diverse group animals on earth, with approximately five million 
species described to date (Novotny et al.  2002) . Amidst this great diversity are 
adaptations common to all insects that maximize inclusive fitness in their respective 
habitats. One such fundamental adaptation is the ability to respond to cues in 
the environment, in particular the ability to detect external biological compounds 
via a chemical sensor. The sophisticated olfactory system of insects is able to sense 
volatile odorants derived from prey, host plants, and conspecific individuals. These 
compounds are detected by olfactory receptor neurons (ORNs) housed in the antennae, 
and these ORNs relay information about food sources, oviposition sites, and mates 
that leads to behavior based on neural responses mediated by the ORNs. The binding 
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of a ligand to an odorant receptor (OR) is the initial event of olfactory transduction, 
the process that converts information from chemical signals into electrical events. 
Recent progress in the molecular analysis of ORs has revealed fundamental differ-
ences between insects and mammalians in the structures and functional properties of 
their ORs. Although there are mechanistic differences, the physiological properties of 
insect olfactory organs and those of mammals have similarities. Thus, the insect 
olfactory system is a suitable model for comparing regulation of OR gene expression, 
axonal projection of ORNs onto secondary neurons and odor perception, and 
exploring novel molecular mechanisms. It is clear that any improvements in our 
understanding of insect olfaction will likewise improve our knowledge of how 
insects behave as agricultural pests and as vectors for a wide range of pathogens.  

  2 Olfactory Organ and Sensory Neurons  

 An insect’s morphology and size change dramatically during development, a process 
called metamorphosis. For example, the morphology of the hatching larvae of Diptera 
and Lepidoptera is generally wormlike, but the larvae transform into sessile pupae 
before emerging as adult insects. Naturally the foods of adults and larvae differ, both 
in terms of the dietary source and also the distance the insect must travel to its food. 
The larvae of Diptera and Lepidoptera hatch and live directly on their food sources, 
which can be bits of refuse or the leaves of host plants, for example. In contrast, adults 
must forage for food as well as find suitable sites to lay eggs. Although both larval 
and adult olfactory organs respond to volatile chemicals from food sources, a subset 
of ORNs in the olfactory organ of adults is specialized to detect semiochemicals such 
as pheromones. Thus, the adult olfactory organ of any given insect is anatomically 
and physiologically much more complex than that of its larvae. 

  2.1 Adult Olfactory Organ 

 The diverse morphology of the olfactory organ among insect species provides a 
basis upon which classification has been based. Basically, the olfactory organ in the 
adult insect comprises two components on the head: the antenna and the maxillary 
palp (Fig.  1a ). Numerous sensilla cover the surface of the antennae and prevent 
direct contact of ORNs with the external environment. Each sensillum is filled with 
a potassium- and protein-rich fluid called sensillum lymph and houses one to four 
ORN dendrites. The small pits on the cuticle surfaces of sensilla allow contact of 
the ORN dendrite with volatile odorants that dissolve in the lymph. In  Drosophila , 
the third segment of the antenna and of the maxillary palp possess approximately 
1,200 and 120 ORNs, respectively.        

 The sensilla are divided into three groups on the basis of morphology. In 
 Drosophila , there are approximately 200 basiconic (long, conical, large or small 
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subtypes), 150 trichoid (largest, hairlike), and 60 coeloconic (smallest, tiny pointed 
pin) sensilla on the surface of antennae. Maxillary palps contain only basiconic 
sensilla. Individual sensilla on the antennae each house between one and four 
ORNs, whereas maxillary palps bear 60 basiconic sensilla, each housing two 
ORNs. All ORNs are typical bipolar neurons that project a single axon that forms 
a synapse with a projection neuron in a glomerulus in the antennal lobe. Projection 
neurons are second-order olfactory neurons that transmit the information of odor-
ants to the higher olfactory centers. The anatomy of neural termination of the ORNs 
is functionally homologous to that seen in vertebrate glomeruli, in which the ORN 
axon synapses with a mitral cell in a glomerulus of the olfactory bulb. A  Drosophila  
antennal lobe contains only approximately 50 glomeruli, almost 1/20 the number 
found in rodents. Thus, the relative simplicity of the insect model is well suited for 
the study of odor-information processing at a second-order-neuron level (Wilson 
et al.  2004 ; Olsen and Wilson  2008) .  

 Fig. 1    Olfactory organ of insects. Insects have two types of olfactory organ: antenna and maxillary 
palp. Antennae and maxillary palps both bear numerous sensilla. An individual sensillum houses 
between one and four dendrites of olfactory receptor neurons.  a  Morphology of the olfactory 
organ of the adult silkmoth.  b  Morphology of the olfactory organ of silkmoth larvae  
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  2.2 Larval Olfactory Organ 

 The morphology of the larval olfactory organ is much simpler than that of the adult. 
This simplicity is reflective of the larval stage that does not forage beyond its host 
plant. The Lepidoptera larval olfactory organ is also distributed to its antennae and 
maxillary palps (Fig.  1b ). Any morphological differences between larval and adult 
maxillary palps are not obvious. Both types of chemosensory organ possess stick-
like extensions on the head. As in adults, these larval sensors consist of multiple 
sensilla, each comprising one to several ORNs. The  Drosophila  olfactory organ is a 
dorsal organ that functions in both smell and taste and is composed of a central 
olfactory “dome” and six peripheral sensilla (Heimbeck et al.  1999 ; Python and 
Stocker  2002) . The colocalization of both olfactory and gustatory sensory neu-
rons in the same chemosensory organ is one of the larva-specific features of 
 Drosophila . The dome is innervated by seven triplet dendrites originating from 21 
ORNs, each expressing a different OR. Similar to adult ORNs, larval ORNs 
strongly respond to many volatile odorants derived from food sources (Fishilevich 
et al.  2005 ; Kreher et al.  2005) . The fundamental difference between the adult and 
larval olfactory organ is a dramatic difference in the number of ORNs: 21 ORNs in 
the larva vs. approximately 1,200 ORNs in the adult. The greater number of ORNs 
in adults highlights the importance of detection of diverse, long-range chemical 
signals in flying adults.  

  2.3 Odorant Response by Olfactory Neurons 

 The first step for any olfactory organ is reception of odor ligands by individual 
ORNs. Extracellular single-unit electrical activity of individual ORNs has been 
recorded in individual sensilla using fine glass, crystal, or tungsten electrodes 
inserted into the base. With use of this recording technique, odor coding of basiconic 
sensilla in antennae and maxillary palps has been examined (de Bruyne et al.  1999 , 
 2001) . Interestingly, ORNs in these sensilla exhibit a spontaneous action potential. 
Stimulation with particular odorants elicited either an increase or a decrease in the 
firing rates of individual ORNs, but ORNs also exhibit a marked desensitization to 
longer olfactory stimulation. An electrophysiological survey of particular odorants 
revealed that ORNs in both antennae and maxillary basiconic sensilla are strongly 
activated by food-related odors such as ester and acetate (de Bruyne et al.  1999 , 
 2001) . A subset of ORNs in the antenna basiconic sensilla also respond to carbon 
dioxide (de Bruyne et al.  2001) . ORNs in coeloconic sensilla respond to water 
vapor, ammonia, diaminobutane, and wide range of food sources (Yao et al.  2005) . 
However, none of the ORNs in trichoid sensilla respond to food-related odors, but 
they do respond to hexane extracts of fly bodies (van der Goes van Naters and 
Carlson  2007) . Moreover, some food odors strongly inhibit the electrical activity of 
ORNs in the trichoid sensilla. This olfactory specificity suggests that trichoid 
sensilla function as pheromone sensors. Indeed, a male-specific volatile compound, 
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11- cis -vaccenyl acetate, has been identified as the unisex pheromone detected by 
specific ORNs in the trichoid sensilla (Ha and Smith  2006) .   

  3 Odorant Receptors  

 Since the discovery of rodent OR genes (Buck and Axel  1991) , large OR gene 
families have been identified in both vertebrates and invertebrates. In vertebrates, 
it is thought that olfactory receptors comprise at least four types of G-protein-coupled 
receptors (GPCRs): ORs, type I vomeronasal receptors (Dulac and Axel  1995) , 
type II vomeronasal receptors (Matsunami and Buck  1997) , and the trace amine-
associated receptor family (Liberles and Buck  2006) . The total number of func-
tional ORs varies widely across species; fishes have about 100 ORs (Alioto and 
Ngai  2005) , whereas mice have about 900 and humans have about 350 (Niimura 
and Nei  2005) . The primitive lamprey,  Lamptera , also expresses seven-transmembrane 
receptors in the olfactory epithelium that share a low sequence identity with other 
vertebrate ORs (Freitag et al.  1999) . However, the OR gene family has not been 
found in  Ciona , a common ancestor of chordates and vertebrates (Dehal et al. 
 2002  ; Satoh  2005) . 

  3.1 OR Genes 

 To date, insect OR gene families have been identified in the fruit fly  Drosophila 
melanogaster  (Clyne et al.  1999 ; Gao and Chess  1999 ; Vosshall et al.  1999 ; Robertson 
et al.  2003) , the malaria vector mosquito  Anopheles gambiae  (Hill et al.  2002) , the 
yellow fever vector mosquito  Aedes aegypti  (Bohbot et al.  2007) , the honeybee 
 Apis mellifera  (Robertson and Wanner  2006) , the silkmoth  Bombyx mori  (Sakurai 
et al.  2004 ; Nakagawa et al. 2005 ; Wanner et al.  2007) , and the flour beetle 
 Tribolium castaneum  (Engsontia et al.  2008) . Because these OR genes exhibit no 
known homology to vertebrate ORs, the first identification of insect OR genes came 
much later than studies of nematode ORs and nearly a decade later than Buck and 
Axel’s report on rodents. Although bioinformatic analysis predicted that these 
insect ORs would have seven-transmembrane domains, the ORs exhibit a novel 
membrane topology in which the N-terminus is intracellular and the C-terminus is 
extracellular (Benton et al.  2006 ; Lundin et al.  2007) . Furthermore, insect ORs lack 
sequence homology to GPCRs in vertebrates (Wistrand et al.  2006) . Therefore, it 
remains questionable whether insect ORs belong to the GPCRs (see later). 

 The number of ORs greatly varies among insect species. So far, 62, 79, 131, 157, 48, 
and 265 ORs have been identified in  Drosophila ,  Anopheles ,  Aedes ,  Apis ,  Bombyx , 
and  Tribolium , respectively. Phylogenetic analysis has revealed several species-
specific OR clusters (Robertson and Wanner  2006 ; Bohbot et al.  2007 ; Engsontia 
et al.  2008)  and has shown that ORs are highly divergent (approximately 20% 
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amino acid homology), indicating that the insect OR genes are quite ancient. No 
information is yet available regarding the origin of the insect OR gene family, since 
only a few insect genome projects have been established. Although its arthropod 
ancestors are still unknown (Akam  2000)  and members of Insecta occupy a single 
branch within the arthropods (Dunn et al.  2008) , it is likely that insect OR genes 
developed during the evolution of Arthropoda (Fig. 2). It will be important to 
elucidate the molecular evolution of the insect OR genes to understand how the 
invertebrate chemosensory system developed over time.         

  3.2 OR Expression Patterns 

 Consistent with the drastic change in food preference after metamorphosis, the 
expression pattern of ORs in the adult insect olfactory organ differs from that in the 
larval olfactory organ and also shows sexual dimorphism. In  Drosophila , the adult 
expresses 40 ORs, 30 of which are expressed in antennae. Larvae express 25 ORs 
(Fishilevich et al.  2005 ; Kreher et al.  2005) , 14 of which are larva-specific. As 
described below, a subset of adult-specific ORs responds to food odors, whereas ten of 
the 30 adult-specific ORs are specifically expressed in trichoid sensilla and are strongly 
inhibited or only weakly activated by food-related odors, consistent with their 
purported role in pheromone rather than food detection. ORs expressed specifically at 
each developmental stage are likely to be essential for survival during the stage. 

 In vertebrates, each ORN expresses a single OR gene from a large gene family 
in a mutually exclusive manner (one neuron–one receptor rule; Mombaerts  2004) . 
In contrast, individual insect ORNs express one, two, or three different ligand-
binding ORs along with an Or83b family coreceptor (see Sect. 3.3) in a single ORN 

 Fig. 2    A phylogenetic tree of the animals, in which the evolution of odorant receptor ( OR ) genes 
were explored. In nematodes,  Ciona  and vertebrates, OR genes belong to the family of seven-
transmembrane G-coupled-protein receptors ( GPCR ). An ancestor of insects possessing a unique 
OR gene family appeared after branching from the arthropod ancestor. Thus, the origin of insect 
 OR   genes is likely to have arisen independently of the GPCR family  
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in fruit flies (Vosshall et al. 2000 ). Most antenna ORNs express one type of OR plus 
Or83b, although eight of the 40 adult ORs have been shown to be coexpressed, thus 
resulting in up to three ORs plus Or83b being expressed in a single neuron. In one 
such case, Or65a, Or65b, and Or65c were found to be colocalized in a single ORN 
in the trichoid sensilla. It has been shown that Or33c and Or85e are coexpressed in 
the maxillary palp (Couto et al. 2005 ; Fishilevich et al.  2005) . Sometimes an OR is 
coexpressed with a gustatory receptor: Or10a is coexpressed with the putative 
gustatory receptor Gr10a in the basiconic sensilla. Although a given combination 
of coexpressed, canonical OR genes is always the same in an ORN, there are notable 
exceptions to the one neuron–one receptor rule, and the molecular receptive range 
of an ORN will depend on the combination of ORs that are coexpressed. The control 
region for expression of some  Drosophila  OR genes resides within approximately 
0.5 kb upstream/downstream of the OR open reading frame and consists of multiple 
regulatory elements (Ray et al.  2007  ). The regulatory factors that determine which 
OR genes in a particular ORN will be expressed are likely to control the organ-
specific expression (either in antenna or in maxillary pads) as well, and the coex-
pression of specific combinations of ORs in a single ORN appears to be under 
positive/negative regulation, meaning that some genes are actively expressed while 
others are actively suppressed.  

  3.3 Or83b Family 

 One fundamental difference in how vertebrate and insect ORs function is the 
presence of the insect-specific Or83b receptor family. Unlike most other insect 
ORs that share low homology, the Or83b family is one insect-specific receptor 
family whose molecular structure and function are conserved across diverse 
insect species (Hill et al.  2002 ; Nakagawa et al. 2005; Robertson and Wanner 
 2006 ; Bohbot et al.  2007 ; Engsontia et al.  2008) . Or83b is coexpressed with 
conventional ORs in all ORNs (Vosshall et al.  1999 ; Larsson et al.  2004 ; Benton 
et al.  2006) . It is thought that Or83b does not function directly in odor recogni-
tion. In vivo, Or83b is located on the surface of the dendrite cell membrane and 
forms a heteromeric complex with conventional ORs (Neuhaus et al. 2005 ; 
Benton et al.  2006) . Or83b is necessary for electrical activity of ORNs and ciliary 
targeting of the other “ligand-binding” ORs to the membrane (Larsson et al. 
 2004 ; Benton et al.  2006) . Coexpression of Or83b is also essential for response 
of ligand-binding ORs to odorant in heterologous expression systems (Nakagawa 
et al. 2005; Wanner et al.  2007 ; Sato et al.  2008 ; Wicher et al.  2008) . In  Drosophila,  
some ORNs in basiconic and coeloconic sensilla do not express Or83b. Instead, 
these ORNs respond to carbon dioxide and express a pair of gustatory receptors, 
Gr21a and Gr63a (Jones et al.  2007 ; Kwon et al.  2007) . Coexpression of a pair 
of gustatory receptors is necessary and sufficient for olfactory carbon dioxide 
chemosensation.  
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  3.4 OR Function 

 The molecular receptive range of insect ORs has been well characterized by in vivo 
and in vitro experiments. The first functional identification of ligands for a candidate 
 Drosophila  OR was obtained by expression of the Or43a gene in  Xenopus  oocytes 
(Wetzel et al.  2001) . Complementary RNA of Or43a was injected into oocytes together 
with the Gα 

15
  subunit, which coupled with various GPCRs and thus activated the 

calcium pathway, leading to opening of endogenous calcium-activated chloride 
channels. Using the two-electrode voltage-clamp technique, Or43a-expressing 
oocytes exhibited electrical responses to cyclohexanol, cyclohexanone, benzalde-
hyde, and benzyl alcohol at nanomolar concentrations. This ligand repertoire was 
consistent with the result obtained from recording of Or43a-expressing ORNs in 
antennae in vivo (Störtkuhl and Kettler  2001) . 

 A similar approach was applied in the study of the silkmoth bombykol pherom-
one receptor (Sakurai et al.  2004 ; Nakagawa et al. 2005), a receptor for honeybee 
queen substance  p -oxo-2-decenoic acid (Wanner et al.  2007) , and a ligand reper-
toire for  Anopheles  ORs (Lu et al.  2007) . In these cases, however, coexpression of 
Gα 

15
  was not necessary, but expression of one member of the Or83b family was 

absolutely necessary. The molecular mechanisms for signal transduction are dis-
cussed in Sect. 4. 

 Much of the progress in in vivo pairing of a  Drosophila  OR with its ligand has 
been made using the  D halo  mutant fly lacking Or22a/b that is normally expressed 
in ab3A neurons (Dobritsa et al.  2003) . With use of the  Gal4 / UAS  expression sys-
tem, when the  Or22a/b  gene was expressed ectopically in ab3A neurons under the 
control of the Or22a promoter  Gal4  in the D  halo  mutant, the odorant response of 
ab3A neurons was rescued. The ectopic expression of Or47a normally expressed by 
the ab5B neurons into “empty” ab3A neurons resulted in a change in the olfactory 
responsiveness of ab3A to that similar to ab5B. Thus, ectopic expression of indi-
vidual OR genes in ab3A neurons of the DD  halo  mutant has been utilized as an in 
vivo expression system for the large-scale screening of molecular receptive range 
of insect ORs. With use of this approach, nearly all  Drosophila  ORs expressed in 
antennae have been characterized (Hallem et al.  2004b ; Hallem and Carlson  2006) . 
The odor responsiveness of an ectopically expressed OR was also compared with 
that of wild-type neurons from which the receptors were derived. With use of the 
D  halo  mutant system, certain aromatic and aliphatic food odors were identified as 
the ligands for larva-specific ORs (Kreher et al.  2005) . The system is also useful 
for analyzing ORs of other insects, such as disease vector mosquitoes (Hallem 
et al.  2004a ; Jones et al.  2007 ; Kwon et al.  2007) . These results provide direct 
functional evidence that an OR gene encodes a bona fide odorant-binding receptor 
and that functional or ectopic expression of OR genes turns out to be a powerful 
tool for identifying their ligands. 

 These studies revealed both similarities and fundamental differences in the odor-
coding mechanisms of insect and mammalian ORs. The striking parallel with mam-
malian ORs is that an individual insect OR can recognize multiple odors and that 
one odor can activate multiple ORs, although some of the ORs responded specifically 
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to only one of the compounds tested. The key difference in the physiological func-
tion of insect and mammalian ORs is that insect ORs possess spontaneous electrical 
activity that is either activated or inhibited by particular odorants (Hallem et al. 
 2004b ; Hallem and Carlson  2006) . Inhibition may narrow an otherwise wide spec-
trum response to a single odorant in multiple ORs by suppressing the activity of 
certain ORs. The molecular mechanism and its contribution to odor coding of this 
inhibitory response are discussed later.   

  4 Receptor Transduction Mechanism  

 During the 1980s and 1990s, physiological aspects of vertebrate olfactory transduction 
were characterized by electrophysiological recordings and biochemical approaches 
using intact ORNs isolated from main olfactory epithelia. In vertebrates, it is 
widely accepted that odor transduction in ORNs is mediated by a G-protein (Gα 

olf
 )-

mediated second messenger pathway. Odorant binding to G-protein-coupled ORs 
(Buck and Axel  1991)  is the initial event of olfactory transduction, and this in turn 
results in the activation of type III adenylate cyclase to produce the second mes-
senger cyclic AMP (Lowe et al.  1989) . The resulting activation of cyclic-nucleotide-
gated (CNG) channels in the ciliary membrane of ORNs subsequently generates a 
depolarizing receptor potential (Nakamura and Gold  1987) . Genetic disruption of 
Gα 

olf
 , adenylyl cyclase, or the CNG channel subunit causes anosmia detectable as 

both ORN electrical activity and odor-learning behavior , confirming that these compo-
nents are involved in peripheral vertebrate olfactory transduction (Brunet et al. 
1996; Belluscio et al. 1998; Wong et al. 2000 ). 

  4.1 G-Protein Cascade? 

 In contrast with vertebrates, insect olfactory transduction has been a longstanding 
mystery in the field of sensory physiology. Insect ORNs are bipolar neurons from 
which dendrites extend into cuticular structures. Studies of extracellular recordings 
in antennae and genetic approaches using a G-protein-signaling fly mutant have 
provided fragmented knowledge of the intracellular signaling mechanism involved 
in insect olfaction. It has been demonstrated that insect ORs are capable of activating 
Gα 

15
  and Gα 

q
  (Wetzel et al.  2001 ; Sakurai et al.  2004) . The maxillary palp of  norpA  

phospholipase C mutant flies turned out to be olfactory-defective (Riesgo-Escovar 
et al.  1995) . RNA interference knockdown of Gα 

q
  in antenna ORNs results in odor-

specific defects in olfactory behavior (Kalidas and Smith  2002) . These studies 
support the hypothesis that binding of odorants and insect ORs activates the Gα 

q
  

pathway. In contrast, the possibility of involvement of a cyclic-nucleotide pathway 
has also been suggested (Gomez-Diaz et al.  2004) . Lepidoptera antennae produce 
cyclic GMP (cGMP) upon stimulation by pheromones (Ziegelberger et al.  1990) ; 



130 K. Sato and K. Touhara

however, it is unclear whether cGMP is produced within the ORNs. It has been 
shown that insect ORNs express a subset of molecules involved in canonical 
G-protein signaling such as that via the Gα 

o
  subunit (Rützler et al.  2006)  and a 

CNG channel (Baumann et al.  1994) . The coupling of insect ORs with G-proteins 
and downstream effector enzymes has not yet been fully confirmed.  

  4.2 Ion Channel Hypothesis 

 Although bioinformatics suggest that insect OR gene families belong to the seven-
transmembrane receptor family, they lack homology to GPCRs in vertebrates 
(Wistrand et al.  2006)  and possess a distinct topology (Benton et al.  2006 ; Lundin 
et al.  2007) . Therefore, it seems unlikely that insect ORs in the cell membrane of 
an ORN dendrite transduce chemical signals into an electrical potential via 
G-proteins. Recently, an intriguing possibility that insect ORs are themselves 
heteromeric ligand-gated ion channels was tested (Sato et al.  2008) . A combination 
of canonical OR genes and Or83b families cloned from  Drosophila ,  Anopheles , and 
 Bombyx  was transfected into mammalian cell lines, and the resulting odorant 
responsiveness was characterized by various intracellular recording techniques 
such as patch-clamp and calcium imaging. The cells expressing insect ORs showed 
both electrical and calcium responses to a cognate ligand with sensitivity similar to 
that observed in in vivo antenna recordings. The analysis of waveforms revealed 
shorter response latency than that of vertebrate ORNs’ olfactory response via 
G-proteins. The sensitivity to ruthenium red, a known calcium and transient receptor 
potential channel blocker, depends on the combination of an OR and a member of 
the Or83b family. Swapping Or83b with an ortholog in silkmoth resulted in changes 
in potassium permeability. These results suggest that a combination of ORs regulates 
ion permeability independently of G-protein pathways. 

 More direct evidence that insect ORs are odor-gated ion channels was obtained 
from an outside-out single-channel recording of cell membrane excised from insect 
OR-expressing HEK293T cells (Sato et al.  2008) . The cell membrane expressing 
the  Anopheles  2-methylphenol receptor complex, GPROR2 + GPROR7 (Hallem 
et al.  2004a) , clearly showed a cluster of single channels opening upon stimulation 
with a cognate ligand, but not with nonagonist eugenol (Fig.  3 ). The estimated 
channel conductance at a holding potential of –60 mV was almost the same as that 
recorded in an independent experiment using a  Xenopus  oocyte recording system 
(Sato et al.  2008) . Interestingly, both HEK293T and oocyte cell membranes 
expressing insect ORs showed spontaneous channel opening. The spontaneous 
activity of ORs accounts for the spontaneous firing of ORNs that exhibit bipolar 
electrical activity (Hallem et al.  2004b ; Hallem and Carlson  2006)  and become 
electrically negative upon deletion of Or83b in vivo (Larsson et al.  2004) .        

 Consistent with the findings of Sato et al.  (2008) , Wicher et al.  (2008)  also 
reported ion-channel-like properties of insect ORs; however, they also reported 
Gα 

s
 -dependent cyclic-nucleotide activation of Or83b itself. Sato et al.  (2008)  also 

reported the cGMP sensitivity of silkmoth pheromone receptor BmOR-1 although 
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they failed to demonstrate the elevation of cyclic nucleotides in BmOR-1-
expressing cells. Ziegelberger et al.  (1990)  reported that bombykol stimulation 
resulted in increases in cGMP in antennae of male silkmoths and that cyclic AMP 
levels were unchanged upon bombykol stimulation; however, the electrical activity of 
pheromone-sensing ORNs was independent of the level of cGMP. Thus, the cyclic-
nucleotide-mediated pathway is not likely to be involved in the primary olfactory 
transduction process that generates the receptor potential, although some insect OR 
complexes do have cyclic-nucleotide sensitivity. 

 A new model has been proposed for olfactory signal transduction by a hetero-
meric insect OR complex (Sato et al.  2008 ; Fig.  4 ). In this model, a conventional 
insect OR and Or83b family coreceptor form a cation nonselective ion channel 

 Fig. 3    Single-channel conductance of the complex of  Anopheles  2-methylphenol receptor 
GPROR2 with the Or83b receptor GPROR7 in vitro. The pair of receptor genes was transfected 
into an HEK293T cell line using a pME18S expression vector together with green fluorescent 
protein or monomeric red fluorescent protein. Outside-out patch membranes were excised from 
cells expressing green fluorescent protein or monomeric red fluorescent protein. The ligands were 
applied focally to the excised patch membrane using a pressure ejection system. Although nonag-
onist eugenol had no effect on spontaneous channel opening, its cognate ligand 2-methylphenol 
evoked a cluster of channel openings. The single-channel conductance of 1.2 pS at –60 mV was 
obtained from the current-amplitude distribution  
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directly gated by odor or pheromone ligands. The G-protein pathway is negligible in 
producing the current elicited by odor activation of such insect OR heteromultimers. 
How odorants inhibit the OR complex ion channel to suppress electrical neural 
activity remains to be investigated.          

  5 Sending Peripheral Odor Information to the Brain  

 The receptor potential produced by the binding of a ligand to ORs is transduced 
into action potentials, which are propagated to the central nervous system 
through the axon. The axons of individual ORNs terminate in an olfactory 
glomerulus. In rodents, each glomerulus in the olfactory bulb receives the syn-
aptic input from ORNs expressing the same OR (Ressler et al.  1994 ; Vassar 
et al.  1994 ; Mombaerts et al.  1996 ; Fig.  5 ). Similarly, axons of  Drosophila  
ORNs that express the same combination of ORs converge upon a single 
glomerulus (Couto et al. 2005; Fishilevich et al.  2005) . Thus, single glomeruli 
receive input from the neurons that possess the same molecular receptive range, 
which is a common rule for odor recognition at second-order olfactory neuron 
levels in both vertebrates and insects.        

 The axon wiring in the insect antennal lobe is anatomically and physiologi-
cally similar to that in the mammalian olfactory bulb. Insect ORNs target and 
synapse with two neurons: projection neurons and GABA-mediated local 
interneurons. Projection neurons are second-order olfactory interneurons that 
transmit the information of odorants into the mushroom body calyx and lateral 
horn, which is the center for olfactory-related memory formation (Heisenberg 

Canonical OR

Or83b family

Odorants, Pheromones

Na+ , Ca2+

Neural excitability

K+

Intracellular

Extracellular

 Fig. 4    The mechanism of insect olfactory transduction. Odorants and pheromones regulate the 
channel opening probability of the insect OR–Or83b receptor complex. An influx of cations 
depolarizes the olfactory receptor neuron (ORN), resulting in an increase in the firing rate. 
Depression of channel activity suppresses neural electrical activity. See Sato et al.  (2008)  for 
more details  
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 2003) . Local interneurons make the lateral interglomerular excitatory and inhibitory 
connections (Wilson et al.  2004 ; Olsen and Wilson  2008) . An alternative model 
of odor coding at second-order neurons proposes that synaptic integration 
between local interneurons and the ORNs expressing the same ORs sharpens the 
tuning of projection neurons to particular odorants (Olsen and Wilson  2008) . 
Although the origin of insect OR genes is likely to be evolutionally distinct from 
that of mammalian ORs, the anatomical and functional features of insect glomer-
uli and the odor-coding strategy are similar and thus justify any consideration of 
mammalian olfaction in the study of insect.  

  6 Biologically Relevant ORs and Behavior  

 Since the discovery of the first pheromone in silkmoth,  Bombyx mori  (Butenandt et al. 
 1959) , knowledge of the structures of chemical signals that correspond to insect-specific 
reactions has accumulated. So far, chemical information regarding more than 3,900 

 Fig. 5    Synaptic convergence onto a single glomerulus of ORN axons expressing the same ORs. 
Insect ORNs generally express two ORs on the surface of dendrites, a single OR plus a receptor 
of the Or83b family. The axons of ORNs expressing the same receptor combination synapse with 
projection neurons in unique glomeruli in the antennal lobe  
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insect pheromones and semiochemicals in more than 7,000 species has been made 
available in The Pherobase (http://www.pherobase.net/). The compounds are cata-
logued into two groups: pheromones interacting within species, and allelochemicals 
mediating interspecific communication. Pheromones are further categorized on the 
basis of biological function, such as sex, aggregation, and trail and alarm pheromones. 
The best-studied insect pheromone is bombykol, which is released from sexually 
mature female silkmoths and activates male reproductive behavior. The presence of this 
pheromone was demonstrated by Fabre (1886)  and finally identified by Butenandt  
almost a half century later. Butenandt et al. (1959) documented that a few molecules of 
bombykol molecules are sufficient to activate male-specific behavior. 

 The antennae of male silkmoths possess bombykol-specific pheromone receptor 
neurons expressing the receptor for bombykol, BmOR-1. BmOR-1 shows sexual 
dimorphism in its expression pattern (Sakurai et al.  2004 ; Nakagawa et al. 2005). 
Bombykol released from the female activates male sexual behavior with high 
specificity and sensitivity via the male-specific BmOR-1. The axons of BmOR-1-
expressing neurons extend to the macroglomerular complex in males. Further 
searching in the silkmoth genome database for additional male-specific ORs 
revealed BmOR-3, a receptor for bombykal that acts as an inhibitory pheromone 
for wing vibration behavior (Nakagwa 2005). Female silkmoth antennae also show 
biased expression of BmOR-19 and BmOR-30, whose ligands are unknown 
(Wanner et al.  2007) . These aspects of OR expression and function suggest the 
fundamental role of ORs in recognizing biologically relevant odorants and pherom-
ones from the diverse chemical environment. 

 The molecular mechanism and neural circuit for the behavioral response in fruit 
flies to the male-specific volatile compound 11- cis -vaccenyl acetate have been well 
studied (Xu et al.  2005 ; Ha and Smith  2006 ; Kurtovic et al.  2007 ; Benton et al.  2007 ; 
Datta et al.  2008) . 11- cis -Vaccenyl acetate is released from the mature male body and 
acts as an aggregation pheromone in both males and females (Bartelt 
et al.  1985) . This pheromone detected by Or67d-expressing ORNs appears to regulate 
reproductive behavior in both sexes. At the periphery, activation of Or67d-expressing 
ORNs by 11- cis -vaccenyl acetate requires the expression of the family of sensory 
neuron membrane proteins (Xu et al.  2005 ; Benton et al.  2007) . In males, activation 
of Or67d by 11- cis -vaccenyl acetate inhibits male–male courtship behavior, whereas 
female Or67d promotes mating behavior (Kurtovic et al.  2007) . Or67d-expressing 
ORNs activate a sexually dimorphic third-order olfactory neuron, resulting in differ-
ent behaviors in males and females (Kurtovic et al.  2007 ; Datta et al.  2008) . 

 Carbon dioxide released as a result of animal respiration is the most widely 
utilized chemical signal for host- and prey-seeking behavior in insects, especially 
in blood-feeding insects. CO 

2
  also acts as a repellent in fruit flies to avoid stressful 

environments (Suh et al.  2004) . As a repellent, CO 
2
  is detected by antennal ORNs 

coexpressing both Gr21a and Gr63a (Jones et al.  2007 ; Kwon et al.  2007) . The 
axons of the CO 

2
 -sensing neurons converge upon the V glomerulus in the antennal 

lobe (Jones et al.  2007) . Mosquitoes also coexpress the homologs GPRGR22 and 
GPRGR24 in ORNs of the maxillary palp connecting to medial glomeruli (Anton 
et al.  2003) . These data suggest that the localization of CO 

2
 -sensing ORNs in either 

antennae or maxillary palps determines the neural circuit for species-specific 



Insect Olfaction: Receptors, Signal Transduction, and Behavior 135

behavioral response to CO 
2
 . Although  Drosophila -specific microRNAs downregulate 

the expression of CO 
2
  receptors in maxillary palps (Cayirlioglu et al.  2008) , the 

neural circuit and any additional molecular mechanism regulating species-specific 
behavior is unknown. At least four functionally distinct chemosensors, including 
Or35a, are present in coeloconic sensilla, and detect water vapor, ammonia, diami-
nobutane, and a wide range of food sources (Yao et al.  2005) .  

  7 OR-Based Design of Insect Regulators  

 Every year, more than one million people die from deadly tropical diseases trans-
mitted by blood-feeding insects. Insects also are the most serious agricultural pests. 
Thus, insect control is a worldwide health, agricultural, and therefore economic 
problem, and the use of odorants that target ORs could help control insects. The 
common prevention strategies for mosquitoes and flies are application of repellents 
and mass traps that emit attractants.  N , N -Diethyl-3-methylbenzamide (DEET) is a 
highly effective mosquito repellent and is the active ingredient in the most widely 
used insect repellents applied to the skin (Brown and Hebert  1997) . DEET works 
by selectively blocking the odor-evoked activation of insect OR–Or83b complexes, 
resulting in a reduced perception of the smell of attractants (Ditzen et al.  2008) . 
Other natural organic compounds such as eucalyptus and citronella that interact 
with ORs have traditionally been used as repellents. Methyl eugenol released from 
the flowers of papaya and mango is a highly potent male fly attractant (Metcalf 
et al.  1975)  and also acts as a pheromonal precursor (Nishida et al.  1988) . Since the 
first application of methyl eugenol in combination with insecticide in Hawaii in the 
1960s, box traps and methyl eugenol have been used worldwide and have helped to 
eradicate oriental fruit flies. The molecular mechanism for the sex-specific effect of 
methyl eugenol has not yet been fully elucidated.  

  8 Conclusion  

 Recent progress in the study of the molecular and neural basis of insect olfaction has 
revealed both similarities and fundamental differences between vertebrates and 
invertebrates. Although insect ORs were identified as seven-transmembrane 
receptors, they are distinct from vertebrate ORs in that they are part of heteromeric 
multimers that include one member of the Or83b receptor family and act as odor-
gated cation-nonselective channels. This molecular feature may represent the largest 
single family of ion-channel-like proteins in any organism. Despite fundamental 
functional differences between the ORs of insects and vertebrates, they share similar 
neural circuitry for odor coding at the secondary olfactory neuron level. The tight 
connection of interneurons and olfactory-driven behaviors in insects allows us to 
understand how stereotypic behavior is induced by stimulation of the olfactory organ 
with a single compound. Olfaction-based repellents should be useful for controlling 
insect pest populations. Further analysis of insect chemosensory systems will be 
important for the advancement of both sensory biology and health science.      
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  Abstract   Understanding brain function is to account for how the sensory system 
is integrated with the organism’s needs to organize behaviour. We review what is 
known about these processes with regard to chemosensation and chemosensory 
learning in  Drosophila . We stress that taste and olfaction are organized rather 
differently. Given that, e.g., sugars are nutrients and should be eaten (irrespective 
of the  kind  of sugar) and that toxic substances should be avoided (regardless of 
the  kind  of death they eventually cause), tastants are classified into relatively few 
behavioural matters of concern. In contrast, what needs to be done in response to 
odours is less evolutionarily determined. Thus, discrimination ability is warranted 
between different kinds of olfactory input, as any difference between odours may 
potentially be or become important. Therefore, the olfactory system has a higher 
dimensionality than gustation, and allows for more sensory–motor flexibility to 
attach acquired behavioural ‘meaning’ to odours. We argue that, by and large, larval 
and adult  Drosophila  are similar in these kinds of architecture, and that additionally 
there are a number of similarities to vertebrates, in particular regarding the cellular 
architecture of the olfactory pathway, the functional slant of the taste and smell 
systems towards classification versus discrimination, respectively, and the higher 
plasticity of the olfactory sensory–motor system. From our point of view, the greatest 
gap in understanding smell and taste systems to date is not on the sensory side, 
where indeed impressive advances have been achieved; also, a satisfying account 
of associative odour-taste memory trace formation seems within reach. Rather, 
we lack an understanding as to how sensory and motor formats of processing are 
centrally integrated, and how adaptive motor patterns actually are selected. Such an 
understanding, we believe, will allow the analysis to be extended to the motivating 
factors of behaviour, eventually leading to a comprehensive account of those systems 
which make  Drosophila  do what  Drosophila ’s got to do.    
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  1 Introduction 

 There are more things in the world than there are possible behaviours. Thus, in 
order to fulfil the needs of life, the things in the outside world need to be ‘fun-
nelled’ into far fewer behavioural matters of concern. Integrating the sensory 
system with the biological needs to come up with appropriate behaviour is what 
brains have evolved for. It is this triad of things, needs and actions that neurobiol-
ogy needs to understand. 

 Notably, it cannot be known in advance which sensory–motor match would be 
the most fitting one; thus, both during evolution and during learning, possible 
matches need to be tried out, by taking chances, and the ones with the relatively 
best fit are stabilized. As a study case, we focus on the functional architecture of 
the fruit fly chemosensory–motor system to see with which kind of circuitry these 
problems have evolutionarily been solved regarding smell and taste. We then move 
on to chemosensory associative learning, to see which degrees of freedom remain 
for the individual to seize upon the opportunities, and cope with the perils, of life. 

 Taste is more closely entangled with immediate behaviour control than olfaction. 
That is, the behavioural ‘meaning’ of tastants is evolutionarily obvious, in that, for 
example, energy-rich foods should be eaten and toxic substances should be avoided. 
Accordingly, tastants seem to be classified into relatively few behavioural matters 
of concern (edible/sweet, non-edible/bitter, to mention two of them), leaving largely 
superfluous discrimination between, e.g., different kinds of sweetness. In contrast, it 
seems much less obvious how to behave towards a given odour. This not only 
requires flexibility in the sensory–motor ‘switchboard’, but also requires the ability 
to discriminate between as many different odours as possible. This has two corol-
laries, namely that the olfactory system has a higher dimensionality on the sensory 
side, and that it possesses a dedicated subsystem which allows acquired behavioural 
‘meaning’ to be attached to them. Owing to its cellular simplicity and genetic 
accessibility, the fruit fly  Drosophila  is a suitable study case to understand how 
these processes come about.  

  2 Smelling 

 Olfactory systems help to track down matters of concern, such as food sources, 
shelters, oviposition sites or social interaction partners. How does this work in a 
fly? (For classical accounts see Rodrigues and Siddiqi  1978  and Rodrigues  1980 .) 
Are the mechanisms similar to those in mice or in humans? Indeed, there are sur-
prising parallels between these phylogenetically distant kinds of animal (Ache and 
Young  2005 ; Hildebrand and Shepherd  1997 ; Strausfeld and Hildebrand  1999) . 
These similarities do not necessarily postulate a common origin of olfactory sys-
tems, however; rather, to the extent that these systems are not of common origin, 
 similarities and discrepancies between them point to common versus specific func-
tional demands of olfactory systems in different animals. 
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 Common to both phyla is that odorants need to travel through an extracellular 
matrix (‘lymph’ in insects) to the olfactory receptor neurons (ORNs). Their dendritic 
membranes carry olfactory receptor proteins (ORs), which determine the spectrum 
of odours that can activate the cell. Similar is also that all and only those cells that 
express the same OR converge in one spherical ‘glomerulus’ structure in the primary 
olfactory centre (called ‘olfactory bulb’ in vertebrates and ‘antennal lobe’ in 
insects) (Fig.  1  ). Lateral connections between the glomeruli contribute to the estab-
lishment of specific patterns of activated glomeruli for each particular odour. For 
further processing, output neurons typically sample one glomerulus each and estab-
lish divergent, combinatorial connections to higher-order brain centres. Such archi-
tecture seems suitable to achieve both a good signal-to-noise ratio (convergence) 
and high discriminability (combinatorial divergence). Higher centres thus appear to 
increase the distinctiveness of ‘odour images’, and in addition act as a switchboard 
to refer different odours to distinct behavioural programmes. In other words, they 
act as a ‘watershed’ along the sensory–motor pathway, transforming olfactory 
information (‘Which odour?’) into motor commands (‘What should be done?’). 
However, this reformatting and in particular the premotor processes themselves are 
poorly understood. What seems plausible is that the pathways underlying innate 
behaviour are simpler, more direct and certainly more stereotypic than those which 
mediate learning-related changes.        

  2.1 Olfactory Organs of Adult  Drosophila  

 While mammalian ORNs are densely clustered in an epithelium deep inside the nose, 
in insects one to four ORNs are housed in hairlike structures on the body surface, 
called ‘sensilla’ (Fig.  2  ). The dendrites of the ORNs, expressing the ORs, extend into 
the lymph of the sensillum shaft. At least for certain pheromones, ORN activation 
requires the presence of an odorant-binding protein in the lymph (Ha and Smith 
 2006) . The stereotyped assembly of ORNs in sensilla has proven useful to record 
from identified neurons and to define the range of odours to which they respond.        

 Olfactory sensilla of  Drosophila  are located at two sites, the third antennal 
segment and the maxillary palp (Fig.   1 ). The palp carries approximately 60 
morphologically uniform basiconic sensilla, each housing two ORNs. These ORNs 
fall into six different functional classes with respect to their odour spectra (de 
Bruyne et al.  1999)  reflecting different combinations of expressed ORs (Couto et al. 
 2005 ; Goldman et al.  2005) . The third antennal segment is covered by three major 
morphological types of sensilla – basiconic, trichoid and coeloconic – each com-
prising several subtypes (Shanbhag et al.  1999)  (Fig.  2 ). Every subtype is found in 
a specific spatial arrangement on the antenna. Trichoid and basiconic sensilla are 
sexually dimorphic in number, with 30% more trichoids and 20% fewer basiconics 
in males than in females (Stocker  1994) . Antennal basiconic sensilla house two or 
four neurons, trichoid sensilla house one, two or three neurons and coeloconic 
sensilla house two or three neurons (Shanbhag et al.  1999) . For the majority of 
antennal ORNs from all of these sensilla types, ligand ranges have been determined 
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 Fig. 1    Overview of the  Drosophila  chemosensory system.  a  Overview of the adult chemosensory 
pathways. Olfactory pathways project to the brain proper, whereas gustatory afferents are collected 
in various regions of the suboesophageal and thoracic ganglion. The  chevrons  indicate the proposed 
pathway to short-circuit a taste-driven reward signal carried by octopaminergic neurons from the 
suboesophageal ganglion towards the brain.  b  Overview of the larval chemosensory pathways. As 
in adults, olfactory pathways project into the brain proper, whereas gustatory afferents are collected 
in various regions of the suboesophageal ganglion. The  chevrons  have the same meaning as in  a .  c  
Scanning electron microscopy (SEM) overview of the larval head. One can discern the dome-
shaped dorsal organ, and the wart-like terminal organ. The cirri surround the mouth opening ( trian-
gle ) and, in the third row of cirri, cover the tiny ventral organ.  d  SEM overview of the adult head 
and appendages in labellum-opened state. Medial from the large complex eyes, one can discern the 
arista and the third antennal segment, as well as the maxillary palps and the labellum.  e  Comparison 
of the approximate number of, from  left  to  right , olfactory receptor neurons, antennal lobe 
glomeruli, projection neurons, calycal glomeruli in the mushroom bodies and mushroom body 
Kenyon cells. Note that the local interneurons in the antennal lobe, which shape olfactory 
activity, are present in both larva and adult, but are omitted in this figure.  AIII  third antennal 
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Fig. 1 (continued) segment,  AR  arista,  AL  antennal lobe,  AN  antennal nerve,  APN  accessory 
pharyngeal nerve,  BR  brain,  BS  basiconic sensilla,  CS  coeloconic sensilla,  DO  dorsal organ,  DOG  
dorsal organ ganglion,  DPS  dorsal pharyngeal sense organ,  DCSO  dorsal cibarial sense organ, 
 GEN  genitalia,  GG  gustatory centre of genitalia,  GLB  gustatory centre of the labellum,  GLG  
gustatory centres of the leg,  GP  gustatory centre of the pharynx,  GW  gustatory centre of the wing, 
 iACT  inner antennocerebral tract,  KC  Kenyon cells,  LAL  larval antennal lobe,  LB  labellum (labial 
palps),  LBN  labial nerve,  LH  lateral horn,  LN  local interneurons,  LN  labral nerve,  LSO  labral 
sense organ,  MN  maxillary nerve,  MX  maxillary palp,  PD  pedunculus,  PN  projection neuron,  PPS  
posterior pharyngeal sense organ,  SOG  suboesophageal ganglion,  TO  terminal organ,  TOG  termi-
nal organ ganglion,  TB  taste bristle,  TG  thoracic ganglion,  TP  taste peg,  TS  trichoid sensilla, 
 VCSO  ventral cibarial sense organ,  VO  ventral organ,  VOG  ventral organ ganglion,  VPS  ventral 
pharyngeal sense organ,  WN  wing nerve. ( a  From Stocker  1994 , copyright Springer.  b  From 
Stocker 2006 , copyright Landes Bioscience.  c  Copyright K. Neuser, Universität Würzburg. 
 d   From “The Interactive Fly”, http://www.sdbonline.org/fly/aimain/1aahome.htm”, copyright F.R. 
Turner, Indiana University.  e  From Ramaekers et al.  2005 , copyright Elsevier)  
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 Fig. 2    Major features of the  Drosophila  olfactory system.  a  Scanning electron micrographs of 
trichoid, basiconic and coeloconic antennal sensilla.  b  Distribution of trichoid ( upper panel ) and 
basiconic ( lower panel ) sensilla on the anterior surface of the third antennal segment. The different 
symbols refer to morphological subtypes of these sensilla. The arista ( stippled ) is located on the 
lateral side of the antenna.  c  Response profiles of the four olfactory receptor neurons (ORNs) 
comprised within the basiconic sensillum type ab1 to a set of 11 volatile compounds and the 
solvent (paraffin oil,  po ). The data present the increase of spikes/s relative to the spontaneous 
 firing frequency.  d  Inventory of  Drosophila  olfactory receptor proteins (ORs) expressed in the 
different olfactory organs of the adult and the larva, subdivided by sensillum type and possible 
activating odours. OR83b is an obligate coreceptor for all ORNs except the CO 

2
 -sensitive neurons 

expressing the gustatory receptor genes  Gr21a  and  Gr63a . OR67d is strongly activated by the 
aggregation pheromone 11- cis -vaccenyl acetate.  e  Distribution of 31 classes of ORNs expressing
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Fig. 2 (continued) specific ORs (and  Gr21a ) in 14 subtypes of antennal basiconic and trichoid 
sensilla.  f  Terminals of selected  Or- green fluorescent protein (GFP) lines ( green ) in specific 
glomeruli of the adult antennal lobe, which is counterstained with the neuropile marker nc82 
( magenta ). The OR expressed in each type of ORN is indicated at the  bottom left of each panel , 
the glomerular terminology is indicated on the  right . Lateral is to the right.  g  Dorsal organ ( DO ) 
and terminal organ ( TO ) of a third instar larva labelled by the 4551- Gal4  driver line ( green ). 
Neuronal nuclei are tagged by α-Elav staining ( red ).  h  Terminals of selected  Or- Gal4 or  Or- GFP 
lines ( green ) in specific glomeruli of the larval antennal lobe, counterstained with the neuropile 
marker nc82 ( magenta ). Lateral is to the left. ( a ,  b  From Shanbhag et al.  (1999) , copyright 
Elsevier.  c  From de Bruyne et al.  (2001) , copyright Elsevier.  d  From Vosshall and Stocker  (2007) , 
copyright Annual Reviews.  e f  From Couto et al.  (2005) , copyright Elsevier.  g  From Grillenzoni 
et al.  (2007) , copyright Springer.  h  From Fishilevich et al.  (2005) , copyright Elsevier)  
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(de Bruyne et al.  2001 ; Goldman et al.  2005 ; Hallem and Carlson  2006 ; van der 
Goes van Naters and Carlson  2007) . While basiconic sensilla are activated by food 
odours (de Bruyne et al.  1999 ,  2001) , trichoid sensilla respond mainly to fly odours 
(van der Goes van Naters and Carlson  2007) . Coeloconic sensilla comprise ORNs, 
as well as neurons that respond to humidity changes (Yao et al.  2005) . About 50 
additional, ill-characterized sensilla are found in the sacculus, a pit on the posterior 
side of the antenna. 

 The afferent fibres of the 1,100–1,250 sensory neurons from the third antennal 
segment (Stocker  2001)  each project into single glomeruli of the antennal lobe 
(Stocker et al.  1983)  (Figs.  1 ,  2 ). Most of the projections are bilateral, extending 
into corresponding glomeruli in both ipsilateral and contralateral lobes. However, 
about 200 fibres that terminate in five specific glomeruli (see later) remain strictly 
ipsilateral (Stocker et al.  1983) . The antennal lobe also is the target of the 120 
maxillary ORNs; their projections are bilateral throughout.  

  2.2 Larval Olfactory Organs 

 Adults and larvae of insects that undergo full metamorphosis display very different 
ways of life. Adult flies roam over considerable distance to locate nutrients or 
mates, while larvae, which live on the food, stay within rather limited territories. 
Does this entail corresponding differences in complexity of the olfactory circuitry? 
(For a comprehensive summary of the earlier literature, also on non- Drosophila  
species, see Cobb  1999 .) Indeed, both olfactory organs and the central olfactory 
pathway are much simpler in larvae than in adults, at least in terms of cell number. 
The tiny larval antenna, the ‘dorsal organ’, and specifically its prominent ‘dome’ 
sensillum, is innervated by only 21 ORNs (Heimbeck et al.  1999 ; Kreher et al. 
 2005)  (Figs.  1 ,  2 ). Larvae in which these neurons were selectively silenced by 
transgenic toxin expression did not respond behaviourally to odours anymore, 
suggesting that these neurons are the exclusive larval ORNs (Fishilevich et al. 
 2005 ; Larsson et al.  2004) . They are arranged in seven triplets, corresponding to 
a developmental fusion of seven three-neuron-type sensilla (Grillenzoni et al.  2007) . 
Six other sensilla that surround the dome are thought to be gustatory, rendering the 
dorsal organ a mixed organ for smell and taste, a situation which is not paralleled 
in adults. 

 Both the dramatic reduction of ORNs from almost 1,300 in the adult to a mere 
21 in the larva and the mixed modality of the dorsal organ suggest that long-range 
chemosensory signals and the distinction between olfactory and gustatory cues may 
be less important for a substrate feeder than for a flying insect. As another discrepancy 
from the adult, all larval ORN projections remain exclusively ipsilateral in the 
brain. Interestingly, although larvae with a single functional ORN still are attracted 
by odorants, the accuracy of navigation is enhanced when the larva can use two 
identical ORNs, one on each side and both expressing the same OR (see later) 
(Louis et al.  2007) ; whether a similar improvement would be seen if two different 
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kinds of ORN are functional on the same body side, however, remains to be tested. 
Common to both adult and larval stages is that the central targets for smell and taste 
are well separated: Olfactory afferents project into a glomerulus-type antennal lobe 
(Python and Stocker  2002 ; Stocker et al.  1983) , whereas taste information bypasses 
the brain proper and rather is sent to various target regions in the suboesophageal 
ganglion (Colomb et al.  2007 ; see later) (Fig.  1 ).  

  2.3 Odorant Receptors 

 Homology-based screens for fly genes resembling vertebrate Or genes had failed 
for many years.  Drosophila  ORs were ultimately detected by searching for a family 
of seven-transmembrane-domain proteins that are selectively expressed in ORNs 
(Clyne et al.  1999 ; Gao and Chess  1999 ; Vosshall et al.  1999) . The  Drosophila  Or 
gene family thus identified comprises 60 genes which encode 62 ORs (Robertson 
et al.  2003)  (Fig.  2 ). Although fly ORs are characterized by seven-transmembrane 
domains like their mammalian counterparts (Buck and Axel  1991) , the two families 
are not homologous. Indeed, the membrane topology of fly ORs appears to be inverted 
relative to that of other ORs (Benton et al.  2006) , a feature whose functional impli-
cations will have to be elucidated (Sato et al. 2008; Wicher et al. 2008). 

 Fly ORs fall into two distinct classes: conventional, ligand-specifying ORs and 
the atypical OR83b, which is expressed in the large majority of adult ORNs and 
all 21 larval ORNs (Benton et al.  2006 ; Larsson et al.  2004 ; Vosshall et al.  1999)  
(Fig.  2 ). OR83b is an obligatory coreceptor that associates with the conventional 
ORs; the OR/OR83b complex is then targeted to the dendrite (Benton et al.  2006) . 
By contrast, the conventional, ligand-specifying ORs are expressed each in a specific 
subpopulation of ORNs in the antenna or palp and/or the larval dorsal organ (Clyne 
et al.  1999 ; Couto et al.  2005 ; Fishilevich et al.  2005 ; Gao and Chess  1999 ; 
Goldman et al.  2005 ; Kreher et al.  2005, 2008 ; Vosshall et al.  1999) . As shown by 
RNA in situ hybridization, 48 of these ORs are detected in adults and 25 in the 
larvae (Fig.  2 ). Twelve ORs are expressed in both larva and adult, while the rest 
are specific for their stage (Fishilevich et al.  2005) . Why a given ORs is expressed 
at a given stage or in a particular olfactory organ or sensillum type is not under-
stood. In general, each ORN expresses only one ligand-specifying OR, but there are 
at least seven documented cases of OR coexpression (Couto et al.  2005 ; Fishilevich 
and Vosshall  2005 ; Goldman et al.  2005)  (Fig.  2 ). 

 Imaging of ORNs expressing a given OR or recording from ‘empty’ adult ORNs 
in which single ORs were misexpressed allows the range of ligands that can act via 
each OR to be identified and ORs to be assigned to a specific class of ORN and 
sensillum type (Dobritsa et al.  2003 ; Goldman et al.  2005 ; Hallem and Carlson 
 2006 ; Hallem et al.  2004 ; Kreher et al.  2005, 2008 ; Pelz et al.  2006)  (Fig.  2 ). Thus, 
ORs expressed in antennal and palp basiconic ORNs tend to be strongly activated 
by general food odours (Goldman et al.  2005 ; Hallem and Carlson,  2006)  (Fig.  2 ). 
Larval ORs are tuned either to aromatic or aliphatic food components (Kreher et al. 
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 2005, 2008) . Distinct from these receptors, four ORs expressed in two subtypes of 
trichoid sensilla respond to pheromonal components, such as the aggregation pherom-
one 11- cis -vaccenyl acetate (Ha and Smith  2006 ; Kurtovic et al.  2007 ; van der Goes 
van Naters and Carlson  2007) . Recently, a CD36-related receptor has been identi-
fied as a putative cofactor of ORs for pheromone detection (Benton et al.  2007) . 
ORNs in coeloconic sensilla are mainly tuned to amines, ammonia and putrescine 
(Yao et al.  2005) , but the identity of most of their ORs remains to be discovered. 
A very distinct receptor arrangement is found in a subset of antennal basiconic 
ORNs that are specialized for the detection of CO 

2
 . Notably, detection of this 

particular substance requires neither OR83b nor any of the conventional ORs, but 
the coexpression of the gustatory receptor genes  Gr21a  and  Gr63a  (Benton et al. 
 2006 ; Jones et al.  2007 ; Kwon et al.  2007 ; Suh et al.  2004)  (Fig.  2 ).  

  2.4 Target Glomeruli of Odorant Receptors 

 The groundbreaking discovery in mice that ORNs expressing the same OR converge 
upon discrete glomeruli in the olfactory bulb (Mombaerts et al.  1996 ; Ressler et al. 
 1994 ; Vassar et al.  1994)  prompted researchers to ask whether the fly uses the same 
logic of connectivity. Given that the adult olfactory system does its job with about 50 
ORs and about 50 antennal lobe glomeruli (Couto et al.  2005 ; Laissue et al.  1999) , 
 Drosophila  is a particularly suitable model for studying the principles of ORN wiring 
at the cellular level. Indeed, fly ORNs expressing a given OR were shown to target 
one glomerulus or exceptionally two glomeruli (Gao et al.  2000 ; Vosshall et al.  2000) , 
which allowed the establishment of an almost complete OR-to-glomerulus map 
(Couto et al.  2005 ; Fishilevich and Vosshall  2005)  (Fig.  2 ). This map comprises 46 
different ORs; it assigns glomerular identity to every antennal basiconic and trichoid 
ORN, every palp ORN and provides indirect evidence on eight glomeruli that are 
targeted by ORNs from coeloconic sensilla. Six particular glomeruli deserve special 
attention. Three lateral, large glomeruli may be implicated in mating behaviour, 
because they are innervated by neurons that express  fruitless , a gene which is 
involved in shaping the circuitry of male courtship (Manoli et al.  2005 ; Stockinger et 
al.  2005) . Two of these glomeruli are good candidates for processing pheromonal 
cues, as they are targets of trichoid sensilla (see earlier) and are larger in males than 
in females (Kondoh et al.  2003 ; Stockinger et al.  2005) . Furthermore, the most ventral 
glomerulus in the antennal lobe comprises the terminals of the CO 

2
 -sensitive ORNs 

which coexpress  Gr21a  and  Gr63a  (see earlier). Interestingly, prolonged exposure to 
CO

2
 induces a reversible volume increase in this glomerulus (Sachse et al. 2007). 

Finally, as shown by previous studies, two other glomeruli are the targets of six puta-
tive thermosensory or hygrosensory neurons in the featherlike antennal ‘arista’ 
(Foelix et al.  1989 ; Lienhard and Stocker  1987) . In the present map, the identity of 
the innervating sensory neurons remains unknown for two glomeruli only. 
Interestingly, one of the target glomeruli of coeloconic ORNs (Vosshall and Stocker 
 2007) , as well as the target glomerulus of the CO 

2
 -sensitive neurons and the two 
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aristal target glomeruli receive innervation exclusively from the ipsilateral antenna; 
almost all other glomeruli are bilaterally innervated (Stocker  1994) . 

 A number of conclusions can be drawn from this sensory map (Couto et al. 
 2005 ; Fishilevich and Vosshall  2005 ; Hallem and Carlson  2006 ; Stocker  1994) :

    1.    The afferents from the antenna and the palp segregate into different glomeruli, 
suggesting an ability to distinguish between the two types of signals.  

    2.    The majority of glomeruli receive bilateral inputs; however, a group of five 
ventral glomeruli are exclusive targets of the ipsilateral antenna.  

    3.    Most of the glomeruli appear to be responsive to a variety of odorants, i.e. those 
recognized by their proper OR. These types of glomeruli are very likely involved 
in the processing of food odours.  

    4.    Other glomeruli may accomplish more specialized functions, as suggested by the 
putative pheromone glomeruli, the CO 

2
  glomerulus and the two aristal glomeruli.  

    5.    Target glomeruli of basiconic, trichoid and coeloconic sensilla tend to cluster in 
different areas of the antennal lobe.  

    6.    At least seven glomeruli are targeted by two types of OR, owing to coexpres-
sion in the corresponding ORNs. One particular OR is coexpressed with either 
of two different ORs in two types or ORNs; accordingly it has two target 
glomeruli.  

    7.    A possible chemotopic arrangement of glomeruli, i.e. a clustering of glomeruli 
that are activated by similar odours, remains controversial (Couto et al.  2005 ; 
Fishilevich and Vosshall  2005 ; Hallem and Carlson  2006) .     

 The functional significance of many of these observations will have to be shown.  

  2.5 Central Olfactory Pathway in Adult Flies 

 The odour information that each glomerulus receives from its corresponding ORNs 
is significantly processed in the antennal lobe, regarding both quantitative and 
qualitative parameters, such as detection threshold and odour discrimination, 
respectively. 

 The two major target neurons of the ORNs are local interneurons, which inter-
connect many or even all glomeruli, and projection neurons, which mostly link single 
glomeruli with higher olfactory centres, the mushroom bodies and the lateral horn 
(Stocker  1994)  (Figs.  1 ,  4 ). Many of the local interneurons are GABAergic (Wilson 
and Laurent  2005) . They receive excitatory input from ORNs and – via recurrent 
synapses – from projection neurons and establish inhibitory synapses with both 
ORNs and projection neurons. A possible role of this inhibitory network may be to 
synchronize projection neuron activity, within a given glomerulus and/or between 
projection neurons innervating different glomeruli (Ng et al.  2002) . Recently, a 
second class of cholinergic, excitatory local interneurons was identified (Olsen et al. 
 2007 ; Shang et al.  2007) . These neurons likely provide the substrate for another 
long-known property of projection neurons, their significantly broadened odour 
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 tuning compared with ORNs (Ng et al.  2002 ; Wilson et al.  2004) . Although projec-
tion neurons get their major input from ORNs that project to their “own” glomeru-
lus (Root et al.  2007) , excitatory local interneurons allow projection neurons to 
respond to signals from ORNs that target neighbouring glomeruli.        

 The ‘odour image’ (Laurent  1996)  represented by patterned temporal and com-
binatorial activity of an estimated 150 projection neurons (Stocker et al.  1997)  is 
then transferred onto third-order neurons in the mushroom bodies and the lateral 
horn (Figs.  1 ,  4 ). These two higher centres are thought to control distinct olfactory 
functions. The mushroom bodies represent key regions for olfactory learning (see 
later), whereas the lateral horn appears to be involved in innate odour recognition 
(de Belle and Heisenberg  1994 ; Heimbeck et al.  2001 ; Jefferis et al.  2007 ; Tanaka 
et al.  2004) . Uniglomerular projection neurons establish terminals in both of these 
centres. Their output synapses onto the about 2,500 intrinsic mushroom body 
neurons (the Kenyon cells) are located in the so-called calyx (Crittenden et al. 
 1998 ; Ito et al.  1997 ; Lee et al.  1999 ; Strausfeld et al.  2003 ; Yasuyama et al.  2002)  
(Fig.  1 ). Projection neurons deriving from specific glomeruli were shown to establish 
synaptic boutons preferentially in moderately specific, relatively broad zones of the 
calyx (Jefferis et al.  2007 ; Lin et al.  2007 ; Tanaka et al.  2004) . Consistent with this 
observation, odour stimulation evokes spatially distinct, stereotyped activity in the 
calyx (Fiala et al.  2002 ; Wang et al.  2004a) . Calycal zones were reported to corre-
spond to the clonally and developmentally segregated dendritic arborizations of five 
Kenyon cell subtypes (Lin et al.  2007) . Comparing the projection neuron-to-Kenyon 
cell map with electrophysiological data from ORNs (Hallem and Carlson  2006 ; 
Wilson et al.  2004)  reportedly suggests that Kenyon cell responses in the different 
zones may be correlated with chemical classes of odour (Lin et al.  2007)  (see, 
however, Murthy et al. 2008). 

 A prominent feature of calycal connectivity is that projection neurons synapse 
onto multiple Kenyon cells, and that Kenyon cells receive input from multiple 
projection neurons, generating an intricate local divergence–convergence network. 
Accordingly, Kenyon cells may act as coincidence detectors, which integrate the 

 Fig. 3    Two receptor genes,  Gr5a  and  Gr66a , are expressed in different subsets of gustatory receptor 
neurons of the labellar chemosensilla; their axons project to separate regions in the suboesopha-
geal ganglion; their activation induces attractive or aversive behaviour, respectively.  (a) Gr5a  
expression at the labellum as approximated by GFP expression from the promoter-Gal4 line 
 Gr5a -Gal4. GFP-expressing neurons are observed in all taste sensilla. While s-type sensilla have 
only one GFP-positive neuron, half of the l-type sensilla have more than one GFP-positive neuron. 
 (a’)  GFP expression from the  Gr66a -Gal4 strain. One GFP-positive neuron is observed per s- and 
l-type sensillum.  (b)  Projection patterns of  Gr5a -Gal4-positive and   of Gr66a -Gal4-positive neu-
rons (b’) in the suboesophageal ganglion.  (c)  When a capsaicin receptor (VR1) is transgenically 
expressed in either the  Gr5a- Gal4 or the  Gr66a -Gal4 pattern, application of capsaicin can drive 
the respective neurons; without the transgene, no such activation is found.  (c’)  If animals express-
ing VR1 in the  Gr5a -Gal4 expression pattern are presented with capsaicin, flies prefer capsaicin, 
whereas if VR1 is expressed in the  Gr66a -Gal4 expression pattern, flies avoid capsaicin; control 
genotypes are behaviourally indifferent towards capsaicin. ( a ,  a’ ,  b ,  b’  copyright T. Inoshita and 
T. Tanimura, Kyushu University.  c ,  c’  from Marella et al.  2006 , copyright Elsevier)  
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odour information carried by parallel channels of projection neurons (Heisenberg 
 2003 ; Perez-Orive et al.  2002 ; Wang et al.  2004a) . The activity patterns across the 
Kenyon cells are then read out by relatively few classes of mushroom body output 
neurons (Ito et al.  1998; Tanaka et al. 2008) , which ultimately activate specific motor 
channels. Yet, exactly how this odour-to-behaviour switchboard at the mushroom 
body output is organized remains a mystery. 

 Fig. 4    Olfactory learning in adult  Drosophila.   a  Learning experiments in adult  Drosophila  use a 
T-maze. Either electric shock as punishment ( upper part ) or sugar as reward ( lower part ) can be 
used as a reinforcer. In either version, about 100 flies are put in a training tube ( red ) where one 
odour ( A ) is paired with reinforcement. Then, a second odour ( B ) is applied alone ( green ) (a second 
group of flies is trained reciprocally, i.e. odour A is presented without reinforcement and odour B 
is presented with reinforcement). Finally, the flies are forced into an elevator and moved to 
a choice point where both odours are presented. Counting the number of flies on either side and 
comparing the distribution between reciprocally trained groups allows the learning index to be 
calculated.  b  The ‘revolver’ device for measuring learning with high throughput; the apparatus is 
partially disassembled to highlight the training tube ( top ) and the two testing tubes ( bottom ). 
 c  Expression pattern of the Gal4 line NP225 visualized by driving UAS-mCD8::GFP ( green ); 
anti-Synapsin staining as a neuropile marker ( magenta ). About 75 projection neurons innervating 
35 glomeruli in the antennal lobe ( AL ) and projecting to both the mushroom body calyx ( CX ) and 
the lateral horn ( LH ) are labelled.  d   rut  2080  mutants are impaired in appetitive olfactory learning. 
Both control genotypes (both in the mutant genetic background:  rut  2080 ; UAS- rut  and  rut  2080 ; 
NP225 Gal4) also show the memory impairment. If in the mutant genetic background the  ruta-
baga  cDNA is expressed in the NP225-Gal4 pattern, learning scores are restored to wild-type 
( WT ) level. ( a ,  c  Copyright A.S. Thum, University of Fribourg.  b  Copyright A. Yarali, Universität 
Würzburg.  d  Modified from Thum et al.  2007 , copyright Society for Neuroscience)  
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 Regarding the connectivity in the lateral horn, the most striking feature observed 
is a segregation of terminals between putative pheromone-representing projection 
neurons – which get their inputs from the two putative pheromone glomeruli (see 
earlier) – and ‘normal’ projection neurons (Jefferis et al.  2007; Schlief and Wilson 
2007) . Interestingly, the candidate pheromone region in the lateral horn receives both 
excitatory and inhibitory signals from the two glomeruli, the former via cholinergic 
projection neurons and the latter via GABA-positive projection neurons (Jefferis et al. 
 2007) . Balanced excitation and inhibition of these pathways may allow lateral horn 
neurons to mediate behavioural alternatives, depending on the attractive or repulsive 
nature of the pheromone. Not unexpectedly, sexually dimorphic connectivity has 
been observed in the pheromone region (Datta et al. 2008). Normal projection neu-
rons, which are mostly activated by food odours, establish stereotypic, largely over-
lapping patterns of terminals (Jefferis et al.  2007 ; Marin et al.  2002 ; Wong et al. 
 2002) . Thus, information about food appears to become intensely integrated across 
antennal input channels within the mushroom body and the lateral horn, whereas 
pheromones may be signalled via discrete channels all the way from the sensory 
periphery to the lateral horn. This may correspond to the evolutionarily fixed and 
discrete behavioural ‘meaning’ of different pheromones, as contrasted with a require-
ment for an integrated sensory–motor switchboard for general odours. 

 A number of putative third-order neurons have been identified in the lateral horn 
(Jefferis et al.  2007 ; Tanaka et al.  2004) ; however, their roles in mediating odour-
driven behaviours are hard to predict, because their dendritic fields overlap with 
many classes of projection neurons and because they target different brain areas. 
Establishing a complete neuronal circuit diagram of such behavioural programmes 
will require the identification of the as yet unknown downstream premotor and 
motor neurons as well as of biologically meaningful behavioural ‘modules’.  

  2.6 Larval Olfactory Pathway 

 The larval central olfactory pathway largely shares the layout and the types of neu-
rons of its adult counterpart, but is much simpler in terms of cell numbers (Python 
and Stocker  2002) . Similar to the situation in adults, the 21 larval ORNs target single 
glomeruli in the antennal lobe (Figs.  1 ,  2 ). However, larval glomeruli do not represent 
sites of ORN convergence. Rather, every ORN (each expressing its proper OR) has 
its own glomerulus among a total of 21 glomeruli (Fishilevich et al.  2005 ; Kreher 
et al.  2005 ; Ramaekers et al.  2005)  (Figs.  1 ,  2 ). Recently, Kreher et al. (2008) reported 
that the similarity in ORN activation pattern allows a partial prediction of behavioural 
odour similarity, based on masking experiments. In any event, as in the adult, local 
interneurons establish horizontal connections between glomeruli (Ramaekers et al. 
 2005)  and most of the larval projection neurons are of the uniglomerular type (Marin 
et al.  2005 ; Ramaekers et al.  2005) . Each glomerulus appears to be innervated only 
by one or a few projection neurons (Ramaekers et al.  2005) , suggesting that their total 
number may not be much higher than the number of glomeruli. 
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 Similar to the situation in the adult, projection neurons target both the mush-
room bodies and the lateral horn (Fig.  1 ). The lateral horn circuitry has not been 
addressed so far. Studying the output connectivity of larval projection neurons in 
the mushroom body was simplified by the fact that the larval calyx comprises 
about 30–40 relatively large, identifiable structures, called ‘calyx glomeruli’ 
(Marin et al.  2005 ; Masuda-Nakagawa et al.  2005 ; Ramaekers et al.  2005) . 
Projection neurons choose mostly single, exceptionally two calyx glomeruli as 
targets (Marin et al.  2005 ; Ramaekers et al.  2005) . Each of them is innervated by 
only one or a few projection neurons. Many of these neurons were shown to each 
stereotypically connect a specific antennal lobe glomerulus with a specific calyx 
glomerulus (Ramaekers et al.  2005) . 

 While some of the larval Kenyon cells innervate a single calyx glomerulus 
(Ramaekers et al.  2005) , many establish dendritic arbours in usually six, apparently 
randomly selected glomeruli (Masuda-Nakagawa et al.  2005; Murthy et al. 2008) . 
Thus, as in adults, projection neurons diverge onto multiple Kenyon cells, and most 
Kenyon cells receive input from multiple projection neurons, again providing a local 
divergence–convergence connectivity (Masuda-Nakagawa et al.  2005; Murthy et al. 
2008) . Finally, it should be noted that the two types of Kenyon cells, i.e. the ones 
receiving input in one or multiple calyx glomeruli, may allow different modes of 
signal transfer, acting either in elementary odour coding or as coincidence detectors 
for interpreting combined activity (Heisenberg  2003 ; Perez-Orive et al.  2002) . 

 In conclusion, the general organization of the central olfactory pathway in the 
larva is similar to that in the adult (Fig.  1 ) and still shares the essential layout of the 
vertebrate olfactory system. Yet, the larval circuit displays a number of specific 
properties. Firstly, every larval ORN and probably most of the larval projection 
neurons are unique (Ramaekers et al.  2005) . Any loss of these cells should theoreti-
cally affect olfactory function more severely than in the adult system. However, 
silencing of single or even multiple ORNs had surprisingly little effect on larval 
odour-driven behaviour, implying that the ligand receptive ranges of the different 
ORs must be largely overlapping (Fishilevich et al.  2005) . Secondly, the presence of 
only 21 antennal lobe glomeruli suggests that the number of primary olfactory 
dimensions is reduced in the larva compared with adult flies comprising about 50 
glomeruli. Thirdly, given that the numbers of ORNs, antennal lobe glomeruli, pro-
jection neurons and calyx glomeruli are almost the same, the larval olfactory path-
way lacks convergent and divergent connectivity up to the mushroom bodies 
(Ramaekers et al.  2005)  (Fig.  1 ). This contrasts with the adult olfactory circuit, in 
which 1,300 ORNs converge onto 50 glomeruli, which diverge again to an estimated 
150 projection neurons, each of which innervates a broad zone of the calyx. The lack 
of cellular redundancy, the reduced number of primary olfactory dimensions and the 
lack of convergent connectivity in the antennal lobe are likely to reduce the signal-
to-noise ratio. Hence, larvae can be expected to be relatively poorer in odour discrimi-
nation than adult flies. Yet, for the simple discrimination tasks of a substrate feeder 
this may not be a too serious drawback. Given its mere 21 primary olfactory dimen-
sions, the larva is an ideally suited comprehensive model for analyzing the translation 
of olfactory input into behavioral output (Kreher et al. 2008; Hoare et al. 2008).   
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  3 Tasting 

 After having been tracked down using visual and/or olfactory cues, contact chemo-
sensation serves to immediately handle things in physical contact with the animal. 
In insects it contributes to diverse behaviour functions: selection of oviposition sites 
in butterflies (Feeny et al.  1983) ; kin and/or nestmate recognition to support  nepotism 
in ants (Ozaki et al.  2005) ; and the pursuit of courtship (Ferveur  2005 ; Lacaille et 
al.  2007) . Most obviously, however, contact chemosensation organizes eating and 
drinking behaviour (the ‘taste’ system). Here, we chose not to mention much of the 
fascinating biology of contact chemosensation in insects and restrict ourselves 
largely to how taste function is organized in  Drosophila . 

 To start with the most striking difference to vertebrates, gustatory receptor 
neurons in  Drosophila , as in insects in general, are primary sensory neurons, in 
contrast to the situation in vertebrates where taste cells originate from the epidermis 
and only are innervated by neurons. Also, the gene family coding for sugar- and 
bitter-sensitive gustatory receptor proteins is not apparently homologous to the 
functionally corresponding gene family in vertebrates (Clyne et al.  2000 ; Robertson 
et al.  2003 ; Scott et al.  2001) ; this, as in the case for olfaction, argues for quite some 
degree of evolutionary divergence in the chemosensory systems of insects versus 
vertebrates. Still, if even under such conditions functional similarities are found, 
these may be particularly good hints towards common functional constraints on 
taste processing. 

 Indeed, there are a number of similarities. The taste system of  Drosophila  seems 
to categorize sensory inputs into relatively few modalities, including sweet, salt and 
bitter. Regarding sweet, this is achieved by coexpression of gustatory receptor 
proteins with distinct sugar-ligand profiles within the same gustatory sensory 
neuron; a similar architecture likely applies to bitter as well. Sour taste may be 
detected by a depression of the sugar response. In addition, water-sensitive neurons 
are included in many taste organs, which in vertebrates is not typically the case. 
Still, the relatively few dimensions of taste, in particular the lower dimensionality 
of taste compared with olfaction, and the logic of coexpression of multiple gustatory 
receptor genes in a given sensory neuron for either sweet or bitter taste seem to 
generally conform with the situation in vertebrates. 

 The taste sensilla of  Drosophila  are cuticular, hairlike structures with a single 
pore at the tip into which two or four gustatory receptor neurons send their den-
drites (Falk et al.  1976 ; Ishimoto and Tanimura  2004) . Taste sensilla typically 
include, in addition to three non-neuronal cells with homeostatic function, also one 
mechanosensory neuron, serving to integrate the ‘what’ with the ‘where’. Thus, 
taste is most closely entangled with touch, also in development (Awasaki and 
Kimura  1997) . Such organization is similarly found in mammals, as taste neurons 
are grouped into taste ‘buds’, as taste and touch sensory neurons are intermingled 
on the tongue, and as gustatory and somatosensory cortex are closely entangled 
functionally (Kaas  2005) . 

 Taste sensilla can be found both on multiple external sense organs, used to probe 
the environment before ingestion, and at internal sense organs, used to monitor the 
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quality of already ingested food (Fig.  1 ); such an architecture is also seen in mam-
mals. The projections from both kinds of organ typically bypass the brain proper, 
and rather send their axons to the suboesophageal ganglion; here, in concert with 
centrifugal interneurons, ingestion behaviour is thought to be organized. This triad 
of contact-chemosensory input, ingestion-related motor output and central motivating 
factors comprises the ‘taste system’ of  Drosophila . How does this system work? 

  3.1 Adult 

 Adult flies taste with their ‘feet’ (i.e. tarsi), with their ‘tongue’ (i.e. labellum), with 
taste neurons along their pharynx, and additionally have contact chemosensory 
neurons at their wing margin (Stocker  1994 ; Singh  1998)  (Fig.  1 ). The external 
taste organs of the adult comprise hair-shaped sensilla and conically shaped pegs. 

 After initial contact of a tastant via the tarsi, flies initiate extension of the 
proboscis (such proboscis extension can also happen by direct stimulation of labellar 
sensilla). This brings the tastant into contact with labellar sensilla and makes the 
flies open the labellar lobes. This exposes a set of taste pegs buried in the ridges of 
the opened labellum to the tastant (Fig.  1 ), to finally trigger ingestion. The quality 
of ingested food can then be monitored with three different taste organs along the 
pharynx (i.e. labral, ventral cibarial and dorsal cibarial sense organ). 

 Inputs from labellum, pharynx and the tarsi are collected in the suboesophageal 
ganglion, where taste information is integrated with centrifugal interneurons to 
organize ingestion behaviour. 

  3.1.1 Taste Neurons at Tarsi 

 On the fore-, mid-, and hindlegs, contact chemosensilla are located on the tarsal 
segments (Fig.  1 ). On the forelegs, the numbers of such electrophysiologically 
confirmed sensilla differ between sexes (females have 18 sensilla, males have 28) 
(Meunier et al.  2000 ; Meunier et al.  2003) , likely related to males using their 
forelegs to touch the female abdomen just before copulation. On the basis of their 
electrophysiological profiles, the tarsal sensilla are classified into A- B- and C-type 
sensilla (see later). 

 Different from the situation on the labellum (see later), not all tarsal sensilla 
contain a sugar-sensitive sensory neuron (Meunier et al.  2000) . Also, the response 
spectra of the tarsal sensory neurons differ from those of labellar sensilla. That is, 
labellar contact chemosensory neurons are classically called S, W, L1 or L2 neu-
rons (Ishimoto and Tanimura.  2004) , on the basis of their electrophysiological 
response spectra. The L neurons are activated by salt, in the case of L1 with a low 
threshold (typically no electrophysiological responses are seen for concentrations 
below 10 mM; Fujishiro et al.  1984)  and in the case of L2 neurons with a high 
threshold; L2 neurons can in some cases also be activated by bitter compounds. 
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W cells are activated by pure water, a response which typically can be inhibited by 
high osmolarity, i.e. higher than a few hundred millimolar sugars and salts. S cells 
are activated by sugars and can be inhibited by bitter substances. Are these kinds of 
cells also found on the tarsi? 

 For the tarsal A-type sensilla (Meunier et al.  2000) , spikes from S, W and L1 
cells can be discerned, and the water response can inhibited by high osmolarity. In 
B-type sensilla, responses to sugars are observed only phasically, during 100–200 
ms after stimulation, while otherwise such responses are more sustained. Also, in 
the B-type sensilla, the W cell is not inhibited by high osomolarity. In C-type sensilla, 
only a W cell has so far been identified electrophysiologically, which however is 
not inhibited by high osmolarity. As the neurons in a number of tarsal sensilla do 
not respond to any compound examined so far, they cannot be classified yet as A-, 
B- or C-type. Furthermore, there also are bitter-sensitive neurons on the tarsi, as the 
proboscis extension reflex to sugars can be suppressed by bitter compounds applied 
to the tarsi. Indeed, electrophysiological studies revealed that in specific tarsal 
sensilla there are L2 neurons which do respond to bitter compounds (Meunier et al. 
 2003) . Interestingly, the initiation of spikes in these bitter-sensitive neurons has a 
delay of up to 200 ms; this delay is shortened as the concentration of the bitter 
substance increases. Strikingly, the same long delay is seen for the inhibitory effect 
of bitter substances on the S and W cells, even in sensilla that do not contain an L2 
neuron. Similarly long delays likely are typical for electrophysiological bitter 
responses in labellar sensilla as well. One explanation for these long latencies may 
be that bitter compounds need to diffuse  into  the receptor cells to activate receptor 
sites; given that many bitter substances are hydrophobic, such a process may take 
some time. To summarize, tarsal chemosensilla are special in quite some respects.  

  3.1.2 Taste Neurons at Labellar Taste Pegs 

 The labellum of  Drosophila  is decorated on its bottom surface with numerous 
ridges called pseudotrachea (Shanbhag et al.  2001) . Along these pseudotrachea, 
multiple rows of a total of about 30–40 taste pegs are located (Fig.  1 ). When flies 
are sucking liquid food, the fluid passes this pseudotracheal ridge system, which 
eventually merges to the actual mouth opening. Thus, the taste pegs are guideposts 
for ingestion, triggering pumping behaviour. Taste pegs are distinct from regular 
taste sensilla in that each taste peg is innervated by only one gustatory sensory 
neuron together with one mechanosensory neuron. The number of taste pegs is variable 
among individuals and differs between sexes. Interestingly, in  poxn  mutants 
(CG8246,  poxn  70–23 ; Awasaki and Kimura  1997)  only the neurons in the external 
taste sensilla, but not in the internal taste sensilla and labellar pegs, are transformed 
into mechanosensory neurons (Awasaki and Kimura  1997) . In such mutants, sugar 
still can enhance and bitter substances can still reduce food uptake. This suggests 
that chemoreception via internal taste organs and/or taste pegs provides the necessary 
information for these kinds of behaviour effect. No electrophysiological studies 
have been performed on the respective taste sensory neurons, as it is difficult to 
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fixate the labellum such that the taste pegs in the pseudotracheal ridges, not to 
mention the internal sense organs, are accessible (but see Dethier and Hanson  1964  
for such recordings in the blowfly). 

 However, with transgenic techniques hints towards the function of the taste pegs 
could be obtained. With use of the enhancer trap line E409, which supports transgene 
expression in the taste pegs (and in the mushroom bodies), a novel functional class 
of gustatory sensory neurons, distinct from  Gr5a -Gal4- and  Gr66a -Gal4-positive 
neurons (see later) was identified (Fischler et al.  2007) . With use of Ca 2+  imaging 
at the target region of these neurons in the suboesophageal ganglion, it was found 
that they can be activated by carbonated water. Behaviourally, stimulation with 
 carbonated water elicits feeding. Silencing the E409-positive neurons abolishes 
these behavioural responses, whereas driving these cells (by means of ectopically 
expressing a capsaicin receptor and then stimulating with capsaicin) triggers 
proboscis extension (note, however, that airborne CO 

2
  is a repellent for  Drosophila ; 

Faucher et al.  2006 ; Suh et al.  2004) .  

  3.1.3 Taste Neurons at Labellar Sensilla 

 On the labellum, there are 31 contact chemosensilla, each containing two to four 
gustatory and one mechanosensory neuron. They are classified into three types 
(Shanbhag et al.  2001 ; Hiroi et al.  2002) . The s-type sensilla are short, house four 
gustatory sensory neurons and are located near the opening of the labellum. The 
i-type sensilla are intermediate in size and contain two gustatory sensory neurons; 
they are located mostly on the anterior and posterior part of the labellum. The l-type 
sensilla are long, possess four gustatory sensory neurons and are located such that 
they can contact the substrate even when the labellum is closed, suggesting a role in 
initiating labellar opening. Each individual labellar sensillum can be identified 
across subjects by its specific location. The axons from all labellar gustatory sensory 
neurons project towards the suboesophageal ganglion. 

  Drosophila  possesses nine l-type sensilla. They house the W, S, L1 and L2 neu-
rons, classified on the basis of their electrophysiological characteristics (Fujishiro 
et al.  1984) . Activation of W, S and L1 cells can trigger ingestion, while activity in 
L2 neurons inhibits it. Bitter substances, which – just as high NaCl concentrations 
– can activate L2 neurons in i- and s-type sensilla (see later), do not do so in L2 
neurons of l-type sensilla; whether and which non-NaCl compounds might stimu-
late these cells remains to be investigated. In all l-type sensilla, sugar responses can 
be inhibited by bitter compounds. 

 Neither of the two gustatory sensory neurons in the nine to ten i-type sensilla is 
water-sensitive (Hiroi et al.  2004) . One type of neuron responds to sugar as well as 
to NaCl with low threshold. Given that low NaCl concentrations are behaviourally 
attractive, these cells would seem to indiscriminatively report ‘edible’. The other 
neuron type responds to NaCl with high threshold, as well as to bitter compounds. As 
both kinds of substance are potentially toxic, these cells seem to indiscriminatively 
report ‘non-edible’. Interestingly, in the so far examined i-type sensilla on the 
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proboscis this type of neuron also responsd to the pheromone ( Z )-7-tricosene at 
subnanomolar concentration (Lacaille et al.  2007) . This compound from the male 
cuticle, just as the bitter substances which activate these cells, inhibits male–male 
courtship. Furthermore, if one leg is stimulated with sugar, both kinds of compound 
can inhibit proboscis extension when applied to the other leg. Finally, adaptation to 
( Z )-7-tricosene reduces subsequent electrophysiological responses also to bitter 
substances, collectively suggesting that both kinds of stimulus may use the same 
input channel. 

 Finally, regarding the 12–13 s-type sensilla, electrophysiological recordings are 
scarce. Hiroi et al.  (2002)  reported responses to sucrose and other sugars from a few 
sensilla, but obviously the range of activating compounds for the four gustatory 
sensory neurons in these sensilla still needs to be examined in more detail.  

  3.1.4 Taste Neurons at Pharyngeal Taste Organs 

 There are five internal sense organs along the pharynx: the labral sense organ, the 
ventral and dorsal cibarial sense organs, the ventral sense organ and one dorsal row 
of ‘fishtrap’ bristles (Fig.  1 ). Whereas most of the neurons in these organs may be 
gustatory, the monoinnervated fishtrap bristles and many of the neurons of the 
labral sense organ appear to be mechanosensory (Nayak and Singh  1983) . 
Interestingly, most of these sensory neurons have persisted from the larval period 
(Gendre et al.  2004) , suggesting some persistence of taste function between larva 
and adult. In any event, for all pharyngeal sensilla, the compounds to excite these 
neurons and the behaviours relying on their input are unknown.  

  3.1.5 Receptor Genes: Sweet and Bitter 

 At present, the functional architecture of gustatory receptor gene expression, in par-
ticular for sweet and bitter, is being unravelled; however, the functional configuration 
of these receptors as monomer, dimers or oligomers is not clear, and neither are their 
downstream intracellular signalling cascades, the transmitter used by their host sen-
sory neurons and the precise connectivity of these cells to second-order interneurons. 

 Recently, an about 60-member family of putative gustatory receptor genes was 
found (the  Gr  family; Clyne et al.  2000) . Promoter-Gal4 strains are widely used to 
approximate their expression patterns and ligand profiles. We largely restrict our 
discussion to the three best understood  Gr  genes, namely  Gr5a ,  Gr64a-f  and  Gr66a  
(Fig.  3  ). This ignores the richness of  Gr  processing, in particular with regard to the 
emerging understanding of pheromone function including the role of ligand-binding 
proteins in this respect (Shanbhag et al.  2001 ; Park et al.  2006 ; Matsuo et al.  2007) .        

  Gr5a  codes for the trehalose receptor identified earlier on the basis of classical 
genetics and electrophysiology (Tanimura et al.  1982 ,  1988 ; Dahanukar et al.  2001 ; 
Ueno et al.  2001) . As seen in Fig.  3 , it is expressed in all S cells of all three sensillar 
types on the labellum (Wang et al.  2004b) . Central projections of the  Gr5a -Gal4-
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positive neurons target the suboesophageal ganglion in a relatively lateral and 
anterior region (Wang et al.  2004b) . In addition, a subset of contact chemosensilla 
on the legs is included in the  Gr5a -Gal4 expression pattern, which send projections 
to their cognate thoracic ganglion (Wang et al.  2004b) . Notably, ectopic expression 
in cultured cells combined with Ca 2+  imaging reveals that this protein specifically 
binds to trehalose at micromolar ranges (Chyb et al.  2003) . In vivo,  Gr5a -Gal4-
positive neurons are activated by all sugars tested (arabinose, fructose, galactose, 
glucose, maltose, sucrose, trehalose) and reportedly also by NaCl with low 
(10 mM) threshold, but not by bitter compounds (caffeine, denantonium) (Marella 
et al.  2006) . Strikingly, in null mutants for  Gr5a , phenotypes are more specific: 
 electrophysiological responses are abolished for only four out of 14 sugars tested 
(trehalose, methyl-α-glucoside, glucose, melezitose) (Dahanukar et al.  2007) ; this 
defect can be restored by expression of the  Gr5a  protein from a  Gr5a -Gal4 driver. 
Preliminary data (Slone et al.  2007 ; Jiao et al.  2007)  may suggest that  Gr5a  and 
members of the  Gr64b-f  gene group produce dimers for trehalose detection; indeed, 
Dahanukar et al.  (2007)  propose concordant expression of  Gr64f  and  Gr5a . 

 As the  Gr5a  protein is dispensable for the electrophysiological responses to many 
sugars, but as  Gr5a -Gal4-positive neurons have a broader activation profile than the 
requirement of the  Gr5a  protein suggests, one wonders which other members of the 
 Gr  gene family, expressed in the same set of neurons, might be responsible for this 
discrepancy. Deleting the  Gr64a  gene abolishes (maltotriose, stachyose, raffinose, 
leucrose, fructose) or partially reduces (sucrose, maltose, turanose, maltitol, palati-
nose) the  Gr5a -independent effects (Dahanukar et al.  2007) . Rescue expression of 
 Gr64a  driven by    Gr5a-Gal4  notably  restores these deficits. All electrophysiological 
responses to all the sugars tested were fully abolished in  Gr5-Gr64a  double mutants. 
Most importantly, behavioural analyses using the proboscis extension response 
conform with the complementary requirement of  Gr5a  and  Gr64a  for detecting dif-
ferent kinds of sugars; if both genes are deleted, proboscis extension responses to all 
sugars tested (note that this analysis did not include trehalose), but not towards very 
low concentration NaCl (5 mM), are fully abolished (Dahanukar et al.  2007) . 
Consistently, if the  Gr5a -Gal4-positive neurons are disabled by transgenic toxin 
expression (Wang et al.  2004b) , proboscis extension to all sugars tested (trehalose, 
low [5 mM] concentration sucrose, glucose) as well as to very low NaCl concentra-
tions is abolished, but the suppression of high [100 mM] concentration sucrose  
responses by added high-concentration NaCl or bitter compounds remains intact; 
this is consistent with  Gr5a  and  Gr64a  being expressed in the same set of cells. 

 The complementary involvement of  Gr5a  and  Gr64a  for detecting different 
kinds of sugar, together with their proposed concordant expression (Dahanukar 
et al.  2007) , suggests they act as independent sensors within the same cell. Such an 
architecture is a good example for the functional logic of the taste system: it is as 
if differential behaviour to both classes of sugar were deliberately precluded. 

 In contrast,  Gr66a -Gal4-positive neurons seem to be devoted to processing 
‘bad’ (Moon et al.  2006) . The  Gr66a -Gal4 pattern covers one neuron each in the 
i- and s-type labellar sensilla (Fig.  3 ), and several sensilla on the legs; in all cases, 
these cells are non-overlapping with  Gr5a -Gal4 (Wang et al.  2004b ; Dahanukar 
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et al.  2007) . Different from  Gr5a -Gal4,  Gr66a -Gal4 also shows expression in the 
pharyngeal sense organs (Wang et al.  2004b) . The central projections of 
  Gr66a- Gal4-positive versus  Gr5a -Gal4-positive neurons also are non-overlapping, 
in that  Gr66a -Gal4-positive neurons from the labellum project to more posterior 
and medial portions of the suboesophageal ganglion. Finally, projections from the 
legs reportedly target the suboesophageal ganglion in the case of  Gr66a -Gal4, but 
the thoracic ganglia in the case of  Gr5a -Gal4 (Wang et al.  2004b) . Disabling 
 Gr66a -Gal4-positive neurons leaves proboscis extension to all sugars tested (treha-
lose, sucrose, glucose) as well as to very low (5 mM) NaCl intact; in contrast, these 
flies cannot suppress proboscis extension to sucrose when bitter compounds 
( berberine, caffeine, denantonium, quinine) are added to the sucrose solution, 
whereas such suppression by high concentrations (100–1,000 mM) of NaCl remains 
intact (Wang et al.  2004b) . As shown by in vivo imaging,  Gr66a -Gal4-positive 
neurons are activated by these and other bitter compounds (aristolochic acid, aza-
dirachtin, limonin, lobeline, papaverine, quassin), but not by any of the sugars 
tested (Marella et al.  2006) . Furthermore, flies transgenically expressing a capsai-
cin receptor in the  Gr66a -Gal4 pattern show avoidance of capsaicin, a substance to 
which normal flies reportedly are indifferent; in turn, such capsaicin expression in 
 Gr5a -Gal4 neurons induces attraction (Marella et al.  2006) . 

 Interestingly,  Gr66a -Gal4-positive neurons can also be activated by NaCl, with 
high threshold (above 10 mM) (Marella et al.  2006) . This suggests additional expres-
sion of a high-threshold NaCl sensor in these cells. As high concentrations of NaCl 
still are behaviourally active even when these cells are disabled (Wang et al.  2004b) , 
one such salt sensor may well be expressed outside the  Gr66a -Gal4 pattern. 
Furthermore, it seems as if genetically defined subsets of  Gr66a -Gal4-positive neu-
rons were all activated by the same kinds of bitter ligands (Marella et al.  2006) , lend-
ing at present no support for a functional heterogeneity within these neurons.  

  3.1.6 Sensor Genes: NaCl 

 Processing of low and high NaCl concentrations is distinct: (1) low salt concentra-
tions are attractive, but high salt concentrations suppress proboscis extension and 
lead to avoidance; (2) L1 cells respond best to low concentrations, whereas L2 
neurons respond to high concentrations only; (3)  Gr66a -Gal4 cells are activated 
only by high concentration. Thus, there must be two kinds of NaCl sensor, one with 
low threshold, expressed in L1 neurons, and one with high threshold, expressed in 
L2/ Gr66a -Gal4 neurons plus possibly in some additional as yet uncharacterized 
non- Gr66a /non-L2 cells. Both processes likely involve discrete molecular sensor 
mechanisms, as one member of the  pickpocket  ( ppk ) gene family ( ppk11 ) is neces-
sary for the behavioural responses to low salt, but is dispensable for the aversive 
responses to high salt; high NaCl responses may be mediated by another  ppk  gene, 
 ppk19  (Liu et al.  2003a) . The  ppk  gene family is homologous to the vertebrate 
 epithelial Na+ -channel/degenerin  gene family (ENaC), different members of which 
supposedly act as sensors for salt in vertebrates (Lindemann 2001 ).  
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  3.1.7 Interplay: Combinatorial Coding of Taste? 

 Strikingly, Marella et al.  (2006)  report that neurons covered by  Gr5a -Gal4 are 
activated not only by sugars, but also by both low (10 mM) and high (1 M) salt 
concentrations; correspondingly, Wang et al.  (2004b)  report that disabling  Gr5a -
Gal4-positive neurons abolishes behavioural responses not only to sugars but also to 
very low (5 mM) concentrations of salt. As it is possible that at least in some sensilla 
 Gr5a -Gal4 labels more than one neuron (Inoshita and Tanimura, unpublished 
results), these data speak to the set of  Gr5a -Gal4-positive neurons as a whole; that 
is, it remains unclear whether indeed one and the same cell can be activated by 
sugars and low and high salt concentrations. Actually, electrophysiological sensilla 
recordings do not support this notion. Still, if this were so (as is the case in i-type 
sensilla which house neurons activated by both high salt and bitter, and neurons 
which are activated by sugars and low salt; Hiroi et al.  2004) , a discrimination 
between these three kinds of tastant would need to rely on combinatorial coding 
downstream of the gustatory sensory neurons. Obviously, looking at the connectivity 
towards and the physiological function  of gustatory interneurons now is highly war-
ranted. Such studies are still in their infancy, and the few ones available (e.g. Bader 
et al.  2007 ; Hammer  1993 ; Melcher and Pankratz  2005)  have so far not addressed 
the issue of gustatory coding, but rather have focused on the ‘valuation’ of tastants. 

 Still, in a completely different sense, combinatorial activity patterns obviously 
are used by flies, e.g. when combining chemosensory information from various legs 
to locate a food source, or when monitoring the stage of ingestion by combining 
taste information from the sense organs located at the various stages of ingestion.  

  3.1.8 Watery 

 At present, nothing is known about the molecular mechanism of water sensation. 
However, the NP1017-Gal4 strain covers sensory neurons likely responsible for 
watery taste (Inoshita and Tanimura  2006) . This strain marks one sensory neuron 
per taste sensillum in s- and l-type sensilla on the labellum; it expresses Gal4 in 
taste pegs of the labellar pseudotrachea, as well as in taste sensilla on the tarsi, and 
in contact chemosensory neurons on the wing margin. If these neurons are disabled, 
proboscis extension towards water stimulation is severely reduced, but responses to 
glucose as well as the suppression of proboscis extension by adding high- concentration 
NaCl to the sugar stimulus remain intact. Ablating these cells abolishes the electro-
physiological responses of labellar l-type sensilla to water, but leaves sugar and salt 
responses in these sensilla intact. The projections of NP1017-Gal4-positive neurons 
from the labellum target the suboesophageal ganglion; however, the projections 
from the labellar sensilla and the pegs of the labellar pseudotracheae have distinct 
target sites in the central versus the lateral anterior region. The projection from 
labellar NP1017-Gal4-positive neurons overlaps with that from  Gr5a -Gal4-positive 
cells, indicating that inputs from water- and sugar-sensing cells may to some extent 
be funnelled into a common pathway.   
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  3.2 Larva 

 Larval behaviour towards tastants is very similar to what is observed in adults. 
Larvae show preference for sugars, avoidance of various bitter substances and 
dose-dependent responses to salt: at low concentrations, larvae are attracted and at 
high concentrations they are repelled by NaCl, the concentration of draw being 0.2 
M (Miyakawa  1982 ; Liu et al. 2003a ; Niewalda et al. 2008). Interestingly, 
Miyakawa  (1982)  reported preference for low-concentration (0.01 M) NaCl 
remaining intact even in situations where glucose is presented at saturated concen-
tration, suggesting at least some functional independence between glucose and 
low-salt processing. In contrast, low concentrations of sucrose or fructose report-
edly could not be detected by the larvae in the presence of high-concentration 
glucose (compare Dahanukar et al. 2008). 

 The chemosensory equipment of the larval head comprises three external sense 
organs – dorsal, terminal and ventral organs–and three pharyngeal organs (Gendre 
et al.  2004 ; Python and Stocker  2002 ; Singh and Singh  1984)  (Fig.  1 ). Each organ 
includes several multineuronal sensilla. The dorsal organ is composed of the olfac-
tory dome sensillum (see earlier) and six smaller sensilla. Five of them and most of 
the terminal, ventral and pharyngeal sensilla are characterized by a distal pore, sug-
gesting gustatory function (for  Musca , see Chu and Axtell  1971 ; Chu-Wang and 
Axtell  1972) . However, thermosensory (Liu et al.  2003b) , hygrosensory or mech-
anosensory neurons may also be present. The estimated 90 per body side taste 
neurons of the larva (Colomb et al.  2007)  outnumber the 21 ORNs (see earlier), 
consistent with an expected predominant short-range chemical orientation and pro-
verbial (Carle  1969)  feeding obsession of the larva. By contrast, in the flying adults, 
about 1,300 ORNs (Stocker  2001)  outnumber approximately 600 taste neurons 
(Stocker  1994) . 

 The patterns of expression of  Gr  genes in larval sensilla–studied using  promoter-Gal4 
strains–are only partially described (Colomb et al.  2007 ; Fishilevich et al.  2005 ; 
Scott et al.  2001) . Notably, none of the  Gr5a -Gal4 strains available show any 
expression in the larva (Colomb et al.  2007) .  Gr2a ,  Gr21a ,  Gr22e ,  Gr28be ,  Gr32a  
and  Gr66a , known to be expressed in the adult, are also expressed in the larva, that 
is in the terminal organ.   Gr2a - Gal4 labels in addition two neurons in the dorsal 
organ. In adults,  Gr22e ,  Gr28be ,  Gr32a  and  Gr66a  are suspected to encode bitter 
receptors, as they are coexpressed in many taste neurons (Thorne et al.  2004 ; 
Wang et al.  2004b) ; however, in the larva, no coexpression is observed for  Gr32a  
and  Gr66a  (Colomb et al.  2007 ; Scott et al.  2001) . Interestingly,  Gr21a , which 
mediates CO 

2
  responses in adults (see earlier), is expressed in neurons of the 

 terminal organ that are necessary for the behavioural response to CO 
2
  (Faucher 

et al.  2006) . Remarkably also, several  Or -Gal4 lines ( Or30a ,  Or42a ,  Or49a , 
 Or63a ) label neurons in both dorsal and terminal organs (Fishilevich et al.  2005 ; 
Kreher et al.  2005 ; Scott et al.  2001) . However, whether the Gal4 expression patterns 
in the terminal organ faithfully reflect gene expression has to be verified. 

 Regarding salt processing, one member of the  ppk  gene family ( ppk11 ) is exclu-
sively expressed in three pairs of neurons of the terminal organ and is necessary 
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for the appetitive behavioural responses to low salt, but is dispensable for the 
aversive responses to high salt (Liu et al.  2003a) . An involvement of  ppk  genes 
for aversive responses to high salt in the larva, as suggested by Liu et al.  (2003a)  
regarding   ppk19 ,  must remain tentative, however, as Colomb et al.  (2007)  did not 
find  ppk19  expression in the larva. 

 Similar to the situation in adult flies, taste information is sent to multiple areas 
in the suboesophageal ganglion (Fig.  1 ). Four major target subregions have been 
identified via single-cell labelling in various Gal4 driver lines (Colomb et al.  2007 ; 
Scott et al.  2001) . They seem to be correlated primarily with the nerve through 
which the afferents travel and less with the  Gr  gene expressed. Consequently, as in 
the adult, neurons in different sense organs but expressing the same gene, for example 
 Gr2a , may have different central targets (Colomb et al.  2007 ; Scott et al.  2001) . 
Gustatory afferents from external sense organs, such as those from the terminal 
organ labelled by  Gr66a -Gal4 (Scott et al.  2001) , generally establish ipsilateral 
projections, in contrast to the bilateral  Gr66a  projections in the adult. Afferents 
involved in attractive responses (Heimbeck et al.  1999)  were suggested to project 
to a region slightly different from the four subregions mentioned (Colomb et al. 
 2007) . Moreover, the neuron from the terminal organ expressing Gr21a (see earlier; 
Faucher et al.  2006)  appears to have its own, specific suboesophageal target region 
(Colomb et al.  2007) . Interestingly, the neurons of the terminal organ expressing 
 Or30a- Gal4,  Or42a- Gal4 and  Or49a- Gal4 project into the suboesophageal ganglion 
rather than the antennal lobe (Fishilevich et al.  2005 ; Kreher et al.  2005) . 

 Little information is available about potential target neurons of larval taste 
afferents. Intriguing candidates are a set of 20 neurons in the suboesophageal gan-
glion that express the  hugin  gene (Bader et al.  2007 ; Melcher and Pankratz  2005) . 
They establish dendritic arborizations that partially overlap with the terminals of 
taste receptor neurons (Bader et al.  2007 ; Colomb et al.  2007)  and send processes 
to the protocerebrum, the ventral nerve cord, the ring gland and the pharyngeal 
apparatus. In adults, blocking synaptic output from  hugin  neurons increases feeding. 
Hence, these interneurons may integrate taste processing, the endocrine system, 
higher-order brain centres and motor output in order to modify feeding. Also, 
octopaminergic interneurons receiving their input in the soboesopaheal ganglion 
are suspects for receiving appetitive gustatory input and then distributing an internal 
reward signal to the brain (see the discussion later).   

  4 Associating Smell and Taste 

 Why learn? Well, it does not hurt, and may even help. In other words, associative 
plasticity is a basic feature of nervous systems: Activity-dependent, associative 
mechanisms are engaged in developmental processes and thus are at disposal for 
behaviour control. Further, being able to use past experience to predict the future is 
an obvious advantage, for example when it comes to predicting food. 

 We discuss associative, Pavlovian learning between odours and food reward in 
 Drosophila . We argue that flies (just like insects in general) posses a discrete side 
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branch in their olfactory pathway to accommodate experience-dependent changes in 
olfactory behaviour. This side branch diverts from the antennal lobes and forms a 
loop via the so-called mushroom bodies towards premotor centres. These centres 
thus receive both direct and indirect olfactory input (from antennal lobes and 
mushroom bodies, respectively) to organize behaviour. We review what is known 
about this system in larval and adult  Drosophila . 

  4.1 Adult  Drosophila  

 In their seminal 1974 study, Quinn et al.  (1974)  showed that adult  Drosophila  can 
be differentially conditioned to odours. The initial version of the experiment was 
later (Tully and Quinn  1985)  simplified into a purely Pavlovian conditioning 
paradigm: flies receive electric shock in the presence of one odour, and subse-
quently are exposed to another odour without shock (to average-out non-associative 
as well as odour-specific effects, the chemical identity of the odours is reversed in 
a reciprocally trained set of flies). In a final choice test, flies avoid the previously 
punished over the previously non-punished odour (Fig.  4  ). This paradigm is used 
for integrative analyses of learning and memory (reviewed in Davis  2005 ; Gerber 
et al.  2004 ; Heisenberg  2003 ; Heisenberg and Gerber in press; Keene and Waddell 
 2007 ; Margulies et al.  2005 ; McGuire et al.  2005 ; Zars  2000) . In a pioneering study 
(Dudai et al.  1976) , ‘learning mutants’ were found with this kind of assay, including 
mutants in the  dunce  (CG 32498,  dnc  1 ) and  rutabaga  (CG 9533,  rut  1 ) genes, 
marking the discovery of the role of the cyclic AMP/protein kinase A (cAMP/PKA) 
cascade for associative learning, which was later confirmed in vertebrates as well. 
Subsequently, a plethora of further mutants were characterized as impaired in this 
kind of task (reviewed in Davis  2005 ; Keene and Waddell  2007 ; McGuire et al. 
 2005) , again providing educated guesses for research in vertebrates.        

 Importantly for the current purpose, Tempel and co-workers (1983)  showed that 
an appetitive version of the paradigm is possible as well, using sugar as a reward 
(Fig.  4 ); however, this appetitive version of olfactory learning had received consid-
erably less attention until recently (Keene et al.  2006 ; Kim et al.  2007 ; Krashes 
et al.  2007 ; Schwaerzel et al.  2003 ; Schwaerzel et al.  2007 ; Thum et al.  2007) , 
rendering the focus of the current review timely. In the following we want to ask 
how appetitive learning works in adult flies, comparing the underlying mechanisms 
with the ones known for aversive learning. 

  4.1.1 Bridging the Gap 

 As detailed already, the olfactory system conveys odour information initially to the 
antennal lobe and then further via the projection neurons to the lateral horn and the 
mushroom bodies. From both these centres, premotor commands are thought to 
originate. The gustatory system, in contrast, carries sugar information to the 
suboesophageal ganglion, from where premotor commands likely can be triggered 
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directly. Thus, gustatory information seems to bypass the brain proper and to not 
converge directly with the olfactory pathway. How, then, can an association of 
smell and taste ever come about? Does the insect brain contain neurons to 
short-circuit smell and taste? 

 Indeed, Hammer  (1993)  in the honeybee identified the so-called VUM 
mx1

  neuron; 
the cell body of this unpaired neuron is positioned in the maxillary segment of the 

 Fig. 5    Olfactory learning in larval  Drosophila.   a  Learning experiments in larval  Drosophila  use 
agarose-filled Petri dishes. The agarose can be torn to reward (by adding fructose) or punishment 
(by adding high-concentration sodium chloride or quinine). Odours are supplied by evaporation 
from small, perforated Teflon containers. A two-group, reciprocal training design is used (Scherer 
et al.  2003) . In one of the groups, isoamylacetate ( AM ) is presented with sugar reward (+) and 
alternately 1-octanol ( OCT ) is presented either without any reinforcer (as in this figure, AM+/
OCT) or with high-concentration salt or quinine as punishment. The other group receives recipro-
cal training (AM/OCT+). Subsequently, animals are tested for their choice between AM versus 
OCT. Relatively higher preferences for AM after AM+/OCT training than after AM/OCT+ training 
reflect associative learning and can be expressed as a learning index.  b  Antibody staining reveals 
localization of synapsin throughout the neuropile regions of the brain in the wild-type CS strain 
( green ), and total absence of synapsin in the deletion mutant  syn  97CS ; both strains were outcrossed 
for 13 generations to effectively adjust genetic background. The frontal two brain hemispheres are 
to the  top , the caudal ventral nerve cord is to the  bottom . In  magenta , F-actin is labelled by phal-
loidin to orient within the preparations; towards the  top  one can discern the F-actin-rich fibre 
bundles of the developing adult eyes.  c ,  d  In two independent experiments,  syn  97CS  show a reduction 
of appetitive learning scores by approximately 50%. In  c , larvae are tested individually, whereas 
in  d  larvae are tested in cohorts of 30; clearly, scores are not higher when testing cohortwise (arguing 
against a stamped effect), but scatter is much reduced. Control experiments testing for sensory or 
motor defects have revealed no difference between  syn  97CS  and the wild-type CS strain (see the text 
and Michels et al.  2005) .  Box plots  represent the median as the  middle line  and 25, 75 as well as 10, 
90% quantiles as  box boundaries and whiskers , respectively. ( a ,  b  Copyright B. Michels, Universität 
Würzburg.  c ,  d  From Michels et al.  2005 , copyright Cold Spring Harbor Laboratory Press)  
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suboesophageal ganglion, ventrally near the midline. It likely receives input in 
the suboesophageal ganglion and provides output to the antennal lobe, the mushroom 
body calyx and the lateral horn. Sucrose application to the antennae and proboscis, 
which elicits the proboscis-extension feeding reflex, drives this neuron; however, 
driving this neuron does not  elicit the feeding reflex. Strikingly, if an odour is pre-
sented together with an activation of VUM 

mx1
 , bees learn appetitively about that odour 

(Hammer  1993) . Thus, the VUM 
mx1

  neuron is not sufficient to substitute for sugar, as 
its activation does not trigger the feeding reflex; rather it is specifically sufficient to 
mediate  the rewarding function  of sugar, i.e. its role as something ‘good’. 

 In  Drosophila , both in the adult and in the larva, such a VUM 
mx1

  neuron is present 
as well (H. Tanimoto, Universität Würzburg, and A. Thum, Université Fribourg, 
respectively; personal communications). As in the honeybee, it is located medioven-
trally at the midline and innervates the suboesophageal ganglion, the antennal lobe, 
the mushroom body calyx and the lateral horn. It is part of a cluster of ventral unpaired 
median neurons, which also in the fly likely are octopaminergic (Sinakevitch and 
Strausfeld  2006) . Adult flies lacking octopamine (owing to a lack of the synthesizing 
enzyme tyramine β-hydroxylase, CG 1543, in the  TbH  M18  mutant) are impaired 
in odour–sugar learning, but not in odour–shock learning (Schwaerzel et al.  2003) . 
In the larva, driving octopaminergic/tyraminergic neurons as covered by the TDC-
Gal4 line (Cole et al.  2005)  can reportedly substitute for the sugar reward in olfac-
tory learning (Schroll et al.  2006) ; whether the VUM 

mx1
  neuron as an  individual  

neuron can also in  Drosophila  mediate this appetitively reinforcing function is as yet 
unknown. If this were so, the target areas of the VUM 

mx1
  neuron, namely the anten-

nal lobe, the mushroom bodies and the lateral horn, would be prime suspects for 
housing memory traces for odour–sugar learning in  Drosophila .  

  4.1.2 Interplay: Localizing Memory Traces? 

 Is it possible to localize memory? No. This is because having a memory is a psycho-
logical property of a person, or an animal, as a whole. In other words, as brains do 
not have memories, one cannot localize them in the brain. However, maybe one can 
localize those neuronal changes necessary and sufficient for a particular change in 
behaviour? Thus, the trick is to not try to localize a psychological process (‘memory’), 
but the substrate of its behaviour corollary (the ‘memory trace’). 

 In adult  Drosophila , the mushroom bodies arguably are the site of the short-term 
odour–shock associative memory trace (reviewed in Gerber et al.  2004 ; Heisenberg 
 2003 ;  Heisenberg and Gerber in press) . The working model is that whenever the 
activation of a Kenyon cell, as part of the pattern of Kenyon cells activated by a 
given odour, coincides with a shock-triggered, likely dopaminergic,  reinforcement 
signal impinging onto the Kenyon cells, future output from this Kenyon cell (and 
from its concomitantly activated fellow Kenyon cells) onto mushroom body output 
neurons is modulated. This modulated output then is thought to mediate future 
 conditioned avoidance in response to the odour. Which data are the bases for this 
working model? (for a detailed discussion of two recent functional imaging studies 
by Yu et al.  2004 ,  2005 , see Heisenberg and Gerber in press):
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   1.    Proteins required for synaptic plasticity, such as the type I adenylate cyclase coded 
for by the  rutabaga  gene (CG 9533,  rut ), are preferentially expressed in the mush-
room bodies (Crittenden et al.  1998) . This cyclase is required for cAMP produc-
tion in neurons and can be activated by both G-proteins and the Ca 2+ /calmodulin 
signalling cascade (Han et al.  1992 ; Levin et al.  1992) ; importantly, in vitro studies 
suggest that only a simultaneous activation by both these mechanisms leads to 
overadditive cAMP production (Abrams et al.  1998 ; Dudai et al.  1988) . Given that 
Kenyon cell activation by odours leads to Ca 2+  influx (Wang et al.  2004a) , and that 
shock application likely leads to the activation of G-protein-coupled dopamine 
receptors (Han et al.  1996 ; Kim et al.  2003 ; Schwaerzel et al. 2003; Riemensperger 
et al.  2005 ; Schroll et al.  2006 ; reviewed in Blenau and Baumann  2001) , this 
cyclase could act to molecularly detect the coincidence of odour and shock to then 
trigger the cAMP/PKA cascade. Consistent with such a role of the cyclase, muta-
tions in the  rutabaga  gene ( rut  1 ,  rut  2080 ,  rut  2769 ) entail learning defects in all associa-
tive learning tasks reported to date (Duerr and Quinn  1982 ; Liu et al.  2006 ; Perisse 
et al.  2007 ; Tempel et al.  1983 ; Wustmann et al.  1996) . Notably, restoring the 
cyclase in the mushroom bodies restores odour–shock learning (Mao et al.  2004 ; 
McGuire et al.  2003 ; Zars et al.  2000) , but does not restore learning in other tasks 
such as visual pattern learning (Liu et al.  2006) . Pattern learning, however, can be 
rescued by restoring the cyclase in the central complex (Liu et al.  2006) . Central 
complex expression, in turn, does not appear to rescue odour–shock learning (Zars 
et al.  2000) . Also, cyclase expression in the projection neurons does not rescue 
odour–shock learning (Thum et al.  2007) . Importantly, the cyclase seems to act 
acutely during the learning process, as acute expression is sufficient to rescue 
learning, arguing against a purely developmental role of the cyclase for establish-
ing a properly functioning mushroom body (McGuire et al.  2003) .  

   2.    Connolly et al.  (1996)  transgenically expressed a mutant G as
  protein (CG 2835, 

using the G as
 * mutant) in the mushroom bodies which constitutively activates the 

cyclase, hence presumably rendering any modulation of cyclase activity impaired. 
This leads to an abolishment of memory scores after odour–shock learning. 
Whether a knockdown of the  rut- cyclase by means of RNA interference would 
lead to a similar abolishment of short-term odour–shock memory is unknown.  

   3.    Three groups independently found that output from chemical synapses of the 
mushroom body is required at test, but is dispensable during training (Dubnau 
et al.  2001 ; McGuire et al.  2001 ; Schwaerzel et al.  2002) . If output from the 
projection neurons is blocked during training, however, flies cannot establish an 
odour–shock memory trace (Schwaerzel,  2003) .  

   4.    Dopaminergic neurons innervating the mushroom bodies are activated by shock 
(Riemensperger et al.  2005) , and blocking synaptic output from dopaminergic 
neurons as part of the TH-Gal4 pattern prevents acquisition but not retrieval of 
odour–shock memory (Friggi-Grelin et al.  2003 ; Schwaerzel et al.  2003) .     

 Thus, synaptic plasticity in the mushroom bodies is sufficient ( rut -rescue) and neces-
sary (Gas

*) to establish a short-term memory trace during odour–shock training. 
Furthermore, olfactory information needs to enter the mushroom bodies during 
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training but does not have to leave them; during test, in turn, both input to and output 
from the mushroom bodies is required to support normal memory scores. Reinforcement 
signalling through dopaminergic neurons, on the other hand, seems to be required 
only during training, but not at test. With due caveats in mind (Gerber et al.  2004 ; 
Heisenberg  2003 ;  Heisenberg and Gerber in press) , it therefore seems a reasonable 
working hypothesis that the short-term memory trace for odour–shock learning is 
located in the mushroom bodies. Does this also apply for odour–sugar learning?  

  4.1.3 Odour–Sugar Learning 

 A first hint towards a role of the mushroom bodies for appetitive learning was pro-
vided by the  mushroom body deranged  mutant ( mbd ; no CG number can as yet be 
assigned to the affected gene; Heisenberg et al.  1985) : olfactory learning is abolished 
in adult  mbd  mutants, regardless of whether shock or sugar reinforcement is used. 
Recently, analyses of memory trace localization for odour–sugar learning are being 
pursued more systematically (Schwaerzel et al.  2003 ; Thum et al.  2007) . Transgenic 
expression of the  rutabaga  adenylate cyclase in the mushroom bodies is sufficient to 
rescue the sugar-learning defect of the  rutabaga  mutant ( rut  2080 ; Schwaerzel et al. 
 2003) ; this is also the case for an acute expression in the mushroom body (Thum et al. 
 2007) . Furthermore, if output from the mushroom body is possible during training but 
blocked at test, flies show no appetitive olfactory memory score (Schwaerzel et al. 
 2003) . If, however, mushroom body output is blocked during training, but is possible 
at test, flies show normal learning scores (Schwaerzel et al.  2003) . Thus,  all  odour–
sugar memory trace(s) must be located upstream of mushroom body output and 
require processing through the mushroom body for retrieval;  one  such memory trace, 
as addressed by  rut  function, is located within the mushroom bodies themselves. This 
situation matches the findings for odour–shock learning. 

 However, research on honeybees suggests that the antennal lobes may house a 
memory trace for odour–sugar associations as well (Erber et al.  1980 ; Faber et al. 
 1999 ; Farooqui et al.  2003 ; Hammer and Menzel  1998 ; but see Peele et al.  2006) . 
This prompted the question of whether acute expression of the  rut -cyclase in the 
projection neurons of  rut  mutants ( rut  2080 ) would restore learning performance; this 
is indeed the case (Thum et al.  2007)  (Fig.  4 )! Does this prove that there are two 
fully redundant memory traces in projection neurons and mushroom bodies? 
Such a conclusion would require showing that expression of the constitutively 
active Gas

  * protein, or knockdown of the cyclase, in either the projection neurons 
or the mushroom bodies does not affect reward learning. Also, a block of input 
towards the mushroom bodies during training, e.g. by a temperature-sensitive, 
dominant-negative acetylcholine receptor, should leave appetitive memory scores 
unaffected but should abolish aversive learning. Finally, testing whether the projection-
neuron versus mushroom-body memory traces are different in terms of their spe-
cificity and/or their role during the various phases of memory (for the situation in 
honeybees, see Hammer and Menzel  1998)  now is warranted.  
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  4.1.4 Longer-Term Appetitive Memory 

 For sugar-reward learning, relatively little is known about the organization of longer-
term memory (for reviews concerning longer-term memory of aversive memories, 
see McGuire et al.  2005 ; Keene and Waddell  2007;  but see the recent account by 
Krashes and Waddell 2008). Mutants in the  amnesiac  gene (CG 11937,  amn  1  and 
 amn  X ) have no substantial defect in short-term memory after appetitive learning; a 
memory impairment, however, becomes particularly prominent for longer (more 
than 60 min) retention intervals (Keene et al.  2006 ; Waddell et al.  2000) . This defect 
can be rescued by transgenic expression of the  amnesiac -encoded protein in the 
dorsal paired median (DPM) neurons (Tamura et al.  2003 ; Waddell et al.  2000) . 
 Drosophila  posses one such neuron per hemisphere, large neurons innervating the 
mushroom body lobes in a mesh-like way (Waddell et al.  2000) . They receive input 
from, and provide output to, the mushroom bodies. If output from these neurons is 
blocked, appetitive short-term memory is unaffected, regardless of when the block 
is induced; this is consistent with the lack of phenotype of  amn  mutants ( amn  1 ; 
 amn  X8 ) in this regard. Strikingly, however, if output from the DPM neurons is tran-
siently blocked during the break between training and a longer-term (3-h) retention 
test, memory scores are reduced; this is true both for sugar learning and for shock 
learning (Keene et al.  2006) . Also, for retention 3 h after training, output from the 
DPM neurons at the moment of test is dispensable for both appetitive and aversive 
memory retrieval (Keene et al.  2006) . Thus, it seems that off-line processing along 
a mushroom body–DPM neuron–mushroom body loop is required to support 3-h 
memory. If this were so, then certainly one would predict that blocking output from 
the mushroom bodies towards the DPM neurons during the retention period should 
affect 3-h-memory – as is indeed the case for both appetitive and aversive longer-
term memory (for a more detailed account, see Keene and Waddell,  2007) . Thus, the 
situation regarding the role of  amn  in aversive learning is strikingly similar to what 
has been mentioned here for appetitive learning (Keene et al.  2004 ; Keene et al. 
 2006 ; Waddell et al.  2000) . 

 In summary, appetitive and aversive olfactory learning are similar in terms of the 
involvement of the PKA/cAMP cascade as addressed by adenylate cyclase function; 
also, for both kinds of paradigm, a short-term memory trace is localized in the mush-
room bodies. Finally, the similar role of the mushroom body–DPM neuron–mush-
room body loop for stabilizing both appetitive and aversive longer-term memories is 
particularly noteworthy. However, as the mushroom body houses both an appetitive 
and the aversive memory trace for short-term retention, how can similar molecular 
mechanisms (the PKA/cAMP cascade) in the same set of neurons establish different 
memories (appetitive versus aversive)? Interestingly, Schwaerzel et al.  2007  showed 
that a specific pool of PKA-RII (CG 15862, defining the A kinase-anchoring protein 
anchored pool of PKA) is required for aversive learning, but is dispensable for appeti-
tive learning. This suggests that different memory traces within the same cell may use 
the same molecular pathway, but at different subcellular compartments. 

 In any event, also at other levels there are major dissociations between appetitive 
and aversive olfactory learning. Before discussing these dissociations, however, one 
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should mention that for appetitive learning flies have to be starved before the 
experiment, whereas such starvation is neither necessary nor is usually performed 
for aversive learning; thus, discrepancies between appetitive and aversive learning 
may in part result from differences in motivational state. With this caveat in mind, 
the major discrepancies between both kinds of learning appear to be 

●  Appetitive but not aversive training establishes an additional short-term memory 
trace in the projection neurons. 

●  Regarding the short-term memory domain, either dopamine or octopamine is 
necessary and sufficient for reinforcement in aversive and appetitive learning, 
respectively [Schroll et al.  2007 ; Schwaerzel et al.  2003 ; but see Kim et al.  2007  
regarding a common role of the  D1-like dopamine receptor  gene (CG 9652 cod-
ing for  dumb1  and  dumb2 )]. 

●  Memory scores for odour–shock learning decay characteristically faster than for 
odour–sugar learning (Tempel et al.  1983)  and 

● initial retention (less than 5 min) of aversive but not of appetitive memory 
reportedly is impaired in the  dunce  mutant (CG 32498, using the  dnc  1  allel) 
(Tempel et al.  1983) .   

  4.2 Larval  Drosophila  

 The taste and smell systems of larvae are much reduced in terms of cell number as 
compared with adults, but by and large follow the same functional architecture 
(Fig.  1 ). But do larvae also show the same potency for learning as adults do, and if 
so, are the same molecular processes and the same sets of cells involved? As will 
be argued below, the shared characters to us appear to outweigh the discrepancies. 

 Learning experiments are performed with larvae crawling on an agarose surface 
in standard Petri dishes. In the pioneering studies of Aceves-Pina and Quinn  (1979) , 
Tully et al.  (1994)  and Heisenberg et al.  (1985) , electric shock was used as an aver-
sive reinforcer (but see Forbes  1993  for a failure to replicate these results). Here, we 
review the more recent literature using gustatory reinforcement. That is, the agarose 
can be torn to reward (by adding sugar) or punishment (by adding  high-concentration 
salt or bitter) for association with odours (isoamylacetate, AM; or 1-octanol, OCT) 
evaporating from custom-made odorant containers (Fig.  5  ). As in adult flies, a  two-group, 
reciprocal experimental design is used (Scherer et al.  2003) ; experimental designs 
which do not use reciprocal training (Honjo and Furukubo-Tokunaga  2005)   confound 
associative and non-associative effects and therefore are not reviewed here (for a 
detailed discussion, see Gerber and Stocker  2007) . 

  4.2.1 Appetitive Learning 

 Employing a reward-only paradigm (AM+/OCT and AM/OCT+), Neuser et al. 
 (2005)  showed that learning success increases with the number of learning trials 
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and reaches an asymptote after three trials each with the rewarded and the unre-
warded odour . Learning scores increase with reward strength, 2 M fructose supporting 
asymptotic levels of learning (see also Schipanski et al. 2008). The ensuing memory 
is stable for at least 30 min; after 90 min, there is no measurable learning effect left. 
In addition, there does not appear to be any effect of larval gender or age, although 
regarding age one may notice a trend for best scores at an intermediate larval age 
(5 days after egg laying, as compared with 4 and 6 days). 

 In the tradition of the olfactory learning experiments in adult flies, larval learning 
experiments had initially been performed in darkness (i.e. using red light, which 
does not allow for vision in  Drosophila ), but as Yarali et al.  (2007)  reported, these 
experiments work just as well under normal illumination conditions; even changes 
of visual context between training and test leave olfactory memory scores unaf-
fected. Finally, an en mass version of the assay is possible, such that animals are 
trained and tested in groups of 30; under such conditions, learning scores are not 
higher than in the individual-animal version (arguing against a stampede effect), but 
the scatter of the data is reduced (Neuser et al.  2005) . 

 What is known about the genetic and cellular bases of appetitive learning in the 
larva? Four recent studies offer the first hints, but before going into detail, we would 
like to briefly discuss the kinds of behavioural control procedures for ‘learning 
mutants’ (for a more detailed discussion, see Gerber and Stocker  2007) . That is, one 
may wonder whether the mutant is able to taste, to smell, and whether it can crawl 
fast enough during the test to move among the sources of the different odours in the 
allotted time (typically 3 min). For odour–sugar learning, one therefore often com-
pares naïve animals from the different genotypes in terms of (1) their preference 
between the fructose reward and plain agarose, (2) their preference between an 
AM-scented and an unscented control side as well as (3) their preference between 
an OCT and a control side. However, a learning defect, logically, can only be 
detected after training, i.e. after animals had undergone extensive handling, exposure 
to reinforcers and exposure to odours. Thus, one may in addition want to test for 
those olfactory and motor abilities that the mutants need  at the very moment of test . 
In other words, can the larvae still respond to odour after ‘sham training’ that 
involves the same handling and general procedure as for training, but (1) omits the 
reinforcer, exposing the larvae to only the odours, and (2) omits the odours, expos-
ing the larvae to only the reinforcer? Finally, in some cases, the mutation in question 
may entail a developmental delay; to the extent to which developmental stage matters 
for learning, one may therefore want to allow the mutant more time for development 
so that it can mature to the same stage as the wild type. 

 Michels et al.  (2005)  investigated the role of the  synapsin  gene (CG 3985,  syn ), the 
single fly homolog of the vertebrate synapsin genes. Synapsin is a brain-wide-expressed, 
evolutionarily conserved presynaptic phosphoprotein (Godenschwege et al.  2004 ; 
Hilfiker et al.  1999 ; Klagges et al.  1996) . It is associated with the  cytoskeleton 
and the cytoplasmic side of synaptic vesicles and regulates the balance between the 
readily releasable versus the reserve pool of vesicles in a phosphorylation- 
dependent way, thus contributing to the regulation of synaptic output. Mutations 
in the human  synapsin 1  gene can cause seizures and, in a subset of patients, learning 
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defects (Garcia et al.  2004 ; see also Gitler et al.  2004  for similar phenotypes in 
mice), and psychotic symptoms (Chen et al.  2004) . In  Drosophila , the  syn  97CS  deletion 
mutant (Godenschwege et al.  2004)  lacks the synapsin protein and shows a reduc-
tion in learning ability by about 50% as compared with an effectively isogenized 
(13 generations) wild-type control strain (Fig.  5 ) (Michels et al.  2005) . This pheno-
type is not due to an impairment of those sensory and motor skills required in the 
learning paradigm, as both naïve responses towards the odours and to the reward as 
well as odour responses after ‘sham training’ are indistinguishable between  syn  97CS  
and wild-type control (Michels et al.  2005) . 

 A second paper focused on the  foraging  gene (CG 10033,  for ) (Kaun et al. 
 2007) . This gene shows a polymorphism which seems to underlie a behavioural 
polymorphism: while in the absence of food locomotion is the same for both 
kinds of genotype, in the presence of food larvae carrying the so-called sitter ( for -s) 
allele forage largely within their food patch, whereas larvae with the rover 
( for -r) allele move between patches. Arguably, either of these strategies may be 
beneficial, depending on the spatial and temporal distribution of food sources. 
The  for  gene codes for a protein kinase G, and sitters and rovers indeed differ in 
protein kinase G activity (low for sitter and high for rover; Osborne et al.  1997) . 
Kaun et al.  (2007)  reported that larvae carrying either allele do not differ in visual 
learning (Gerber et al.  2004) , but do differ in olfactory learning, such that 
rover larvae show higher initial, but lower later retention. It thus seems as if rov-
ers learn and forget faster than sitters; naïve responsiveness to odours as well as 
to the reward, however, do not differ between them. Notably, the reduced initial 
learning scores in sitters can be increased to rover levels by boosting expression 
of the protein kinase G in the mushroom bodies (driver strains 201Y-Gal4, H24-
Gal4, and c739-Gal4); whether this would also lead to rover-like small learning 
scores at later retention intervals is not known. 

 Thirdly, two papers focused on the function of the  neurexin  gene. In vertebrates 
(Dean and Dresbach  2006) , neurexins are found to be presynaptic transmembrane 
proteins. Together with their postsynaptic binding partners of the neurolignin protein 
family, they act to induce and maintain synaptic contacts, and to organize the 
molecular machinery at active zone and postsynaptic density, respectively. Zeng et al. 
 (2007)  and Li et al.  (2007)  now report that in  Drosophila  there is but one homolog 
to the vertebrate  neurexin  genes (CG 7050,  dnrx ), which is expressed throughout 
the neuropile regions of the larval and adult brains. Specifically, some overlap of 
immunostaining for the neurexin protein with the active zone protein bruchpilot 
(CG 34146,  brp ; Kittel et al.  2006 ; Wagh et al.  2006)  but not with a marker of the 
postsynaptic density ( Drosophila  p21-activated kinase, encoded by CG 10295, 
 dpak ; Sone et al.  2000)  may suggest a presynaptic localization at the neuromuscular 
junction (Li et al.  2007) . Regarding learning, Zeng et al.  (2007)  reported that while 
learning was intact in their genetic control strain ( white  1118 , which also had been 
used for five generations of outcrossing with the mutant), a lack of the neurexin 
protein in the deletion mutant nrx-1 D   83   entails a complete abolishment of learning. 
This phenotype is not due to an impairment of those sensory and motor skills 
required in the learning paradigm, as responses to the odours and the reward in 
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naïve animals, as well as odour responses after ‘sham training’, are normal. 
Furthermore, the learning defect can at least partially be rescued by spatially 
extended transgenic expression of neurexin (elav-Gal4 driver strain). 

 Fourthly, Knight et al.  (2007)  investigated the effect of deleting the  presenilin  
gene (CG 18803,  psn ; Boulianne et al.  1997)  on both visual and olfactory learning, 
using the individual-animal version of the assay and employing differential condi-
tioning with appetitive–aversive reinforcement. In the deletion mutant  psn  W6 , the 
presenilin protein is absent, and in a study nicely controlled for developmental 
delay, the authors found that both olfactory and visual learning are completely 
abolished. The  white  1118  strain, which serves as genetic control (and which had been 
used for five generations of outcrossing), performs fine in both tasks. Responsiveness 
of naïve animals towards the reinforcers and towards the odours is the same 
between both genotypes; in the case of olfactory learning, performance can at least 
partially be restored by using spatially extensive transgenic expression of presenilin 
(elav-Gal4 driver strain). These findings may contribute to an understanding of 
Alzheimer disease, provided the relation between presenilin function and familial 
Alzheimer disease is resolved (see the discussion in De Strooper  2007 ; Wolfe 
 2007) ; such analyses may profit from the fact that there is but one presenilin gene 
in flies, and that the amyloid β peptide, to the best of current knowledge, is absent in 
the fly. Notably, Knight et al.  (2007)  discussed that, different from the situation in 
vertebrates, the site of action for presenilin in the fly may be presynaptic. Indeed, 
it seems noteworthy that three of these four reviewed studies suggest presynaptic 
mechanisms of plasticity (synapsin, neurexin, presenilin). This is in accordance 
with a working model proposed for aversive learning in the adult by Heisenberg 
 (2003)  which suggests a presynaptic modification of the mushroom body output 
synapses to underlie short-term associative changes in olfactory behaviour. In the 
larva, the critical experiments to identify the cells and subcellular site(s) of action 
for all these three genes remain to be done.  

  4.2.2 Aversive Learning 

 Initially, Hendel et al.  (2005)  suggested that memory was exclusively due to 
reward, because reward-only but not punishment-only training – using either high-
concentration salt or quinine – yields learning effects. Moreover, learning indices 
after reward-only training are as high as after reward–punishment training. However, 
larvae do show aversion to high-concentration salt and quinine, and both suppress 
feeding. Thus, high-concentration salt and quinine, although aversive, did not seem 
to have any effect as reinforcers. Educatively, this turned out to be wrong: 

 Both salt and quinine actually are effective as reinforcers, but the respective 
memories are not automatically expressed in behaviour (Gerber and Hendel  2006) . 
That is, behaviours are expressed if their outcomes offer a benefit (Dickinson  2001 ; 
Elsner and Hommel  2001 ; Hoffmann  2003) . Consider that after training with sugar, 
the test offers the larvae a choice with one odour suggesting ‘over there you will find 
sugar’ and the other suggesting ‘over there you will not find sugar’. In the absence 
of sugar, larvae should thus search for the predicted reward. If sugar already  is 
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present , however, such a search does not offer any improvement and would not seem 
warranted. In contrast, after aversive training, one odour may suggest ‘over there you 
will suffer from quinine’ whereas the alternative suggests ‘over there you will not 
suffer from quinine’. In the presence of quinine, therefore, the no-quinine-associated 
odour can give direction to the escape from the aversive reinforcer, while if quinine 
actually  is absent , such a flight response is not warranted to begin with. And this is 
indeed what is found (Gerber and Hendel  2006) . In other words, the behavioural 
expression of memory is not an automated, but is a regulated process. First,  irrespective 
of the test situation, the odour activates its memory trace. In a second, previously 
unrecognized evaluative step a comparison is made between the value of this memory 
trace and the value of the test situation. Only if the value of the memory trace is 
higher than that of the test situation, tracking down the odour can be expected to 
improve the situation. It is this expectation of outcome, rather than the activated 
memory trace per se, which drives conditioned behaviour.  

  4.2.3 ‘Remote Control’ of Reinforcement 

 As discussed earlier, olfactory projections target the brain before projecting to 
motor centres, whereas taste information remains suboesophageal and bypasses the 
central brain, being transmitted more directly to motor systems. Given that there does 
not seem to be any convergence between olfactory and taste processing, one may 
ask how odours can be associated with gustatory reinforcement. 

 As in adult flies, the solution likely is provided by aminergic interneurons which 
receive input in the suboesophageal ganglion and provide output to the brain, estab-
lishing a short circuit between olfactory and gustatory processing. Specifically, the 
function of dopaminergic and octopamineric/tyraminergic neurons in the  Drosophila  
larva has lately been addressed by remote-controlling neurons (Schroll et al.  2006) . 
With the Gal4/UAS system, the blue-light-gated ion channel channelrhodopsin-2 is 
expressed in octopaminergic/tyraminergic cells (as covered by TDC-Gal4). Owing 
to the transparency of the larval cuticle, these cells can then non-invasively be 
driven by switching on the blue light. If light stimulation is paired with one odour, 
and another odour is presented in darkness, the larvae will subsequently prefer the 
former, ‘virtually’ rewarded odour. Thus, light-induced activation of octopaminergic/
tyraminergic neurons is sufficient to substitute for appetitive reinforcement (but see 
Schipanski,  2007  for a failure to replicate these results). In turn, associatively 
driving dopaminergic neurons (as covered by TH-Gal4) reportedly induces aversive 
learning. The necessity of these neurons for appetitive and aversive learning, 
respectively, is at present unclear.    

  5 Outlook 

 It seems that chemosensation and chemosensory learning in  Drosophila  are 
beginning to be understood fairly well, in particular in the genuinely sensory 
aspects, and in terms of odour-taste memory trace formation. The remaining terra 
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incognita, we believe, is how sensory and motor processing formats are integrated, 
and how adaptive motor patterns are being selected. Only with such an understanding 
will it be possible to search for the motivating factors of behaviour, the systems 
which make a  Drosophila  do what    Drosophila’s  got to do.      
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     The Receptor Basis of Sweet Taste in Mammals       

     S.   Vigues,        C.D.   Dotson, and        S.D.   Munger       

  Abstract   The taste of sweeteners is hedonically pleasing, suggests high caloric 
value in food, and contributes to increased intake. In recent years, many of the 
molecular mechanisms underlying the detection of sweeteners have been elucidated. 
Of particular note is the identification of the sweet taste receptor, the heteromeric 
G-protein-coupled receptor T1R2:T1R3, which responds to a vast array of chemi-
cally diverse natural and artificial sweeteners. In this chapter, we discuss some of the 
mechanisms underlying the detection of sweeteners by mammals, with a particular 
focus on the function and role of the T1R2:T1R3 receptor in these processes.    

  1 Introduction  

 Sweet taste opens a particular window to our sensory world. It can indicate the 
presence of key nutrients, can enhance the taste and hedonic properties of food, and 
can influence our choices of what to ingest. Thus, sweet taste is of immense interest 
to sensory scientists and neuroscientists, food scientists, dieticians, and others, not 
to mention the general public. While carbohydrate sweeteners – that is, sugars – are 
appreciated for their pleasing taste and high caloric content, overingestion of sugars 
is associated with obesity and obesity-related disease. To meet the ever-growing 
demand for low-calorie sweeteners with pleasing sensory properties and versatile uses 
in foods and beverages, many are seeking to illuminate the molecular mechanisms of 
sweet taste. 

 Many excellent reviews have been published in the last few years covering dif-
ferent aspects of sweet taste function (Bachmanov and Beauchamp  2007 ; Boughter 
and Bachmanov  2007 ; Chandrashekar et al.  2006 ; Lemon and Katz  2007 ; Roper 
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 2006 ; Scott  2005) . Here, we will focus on the detection of sweeteners, with a 
special emphasis on interactions between sweeteners and the sweet taste receptor.  

  2 What Is Sweet?  

 Sweetness, like other taste qualities (e.g., bitter, salty, sour), is a human percept. At 
levels normally found in foods and beverages, compounds that elicit a sweet taste 
(i.e., sweeteners) are hedonically pleasing to humans and are preferred by most 
mammals (Breslin and Spector  2008) . Sugars such as sucrose, glucose, and fructose 
are prototypical sweet-tasting compounds. However, humans perceive a diverse 
array of natural and synthetic compounds as having a sweet taste. Natural sweeteners 
come from several chemical classes, including sugars, sugar alcohols (e.g., mannitol, 
xylitol), proteins (e.g., thaumatin, monellin), and amino acids. Synthetic sweeteners 
are equivalently diverse: commonly available ones include sulfamates (e.g., sodium 
cyclamate), dipeptides (e.g., aspartame, neotame), halogenated sugars (e.g., sucralose), 
and sulfonyl amides (e.g., sodium saccharin, acesulfame potassium). Mammals exhibit 
strong preferences for stimuli from most of these chemical classes, emphasizing the 
importance of sweetener detection across species. 

 Do these diverse compounds give rise to a common perception of sweetness or 
to qualitatively different sensations? Sweetness does indeed appear to be a unitary 
percept (Breslin et al.  1994 ,  1996) . However, some sweeteners may be discriminable 
on the basis of their activation of other sensory transduction mechanisms or differ-
ences in the temporal properties of their sensory action. For example, the sweetener 
sodium saccharin activates bitter receptors in some people (Kuhn et al.  2004 ; 
Pronin et al.  2007) , and also inhibits sweet taste at high concentrations (Galindo-
Cuspinera et al.  2006) . Sweet proteins such as thaumatin and monellin can have a 
slow onset or evoke a prolonged sweetness compared with sugars (Faus  2000) , 
likely owing to a relatively high affinity for the sweet taste receptor.  

  3 Species Differences in Response to Sweeteners  

 While most mammals can detect and do prefer a wide variety of sweeteners, species 
vary considerably in their sweetener preference. Many of the compounds that 
taste sweet to humans are favored by a variety of mammalian species, including 
mice (Bachmanov et al.  2001a ; Fuller  1974 ; Kasahara et al.  1987 ; Lush  1989) , ham-
sters (MacKinnon et al.  1999) , rats (Nowlis et al.  1980) , rabbits (Carpenter  1956) , pigs 
(Nofre et al.  2002 ; Tinti et al.  2000) , opossums (Pressman and Doolittle  1966) , and 
primates (Fisher et al.  1965 ; Glaser et al.  1995 ,  1998 ; Haefeli et al.  1998 ; Nofre 
et al.  1996) . However, species differences do exist. Rodents are indifferent to 
several artificial sweeteners (e.g., cyclamate, alitame, aspartame) (Hellekant and 
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Danilova  1996 ; Nowlis et al.  1980) , though mice do prefer saccharin, acesulfame 
K, sucralose, and dulcin (Bachmanov et al.  2001a) . Interestingly, rats show little or 
no preference for either sucralose or dulcin (Bello and Hajnal  2005 ; Fisher et al. 
 1965 ; Sclafani and Clare  2004)  even though the rat sweet taste receptor responds 
robustly to sucralose (Li et al.  2002) , thus highlighting the important contributions 
of nontaste factors to sweetener preference and acceptance. Interestingly, cats appear 
not to prefer sweeteners of any type (Beauchamp et al.  1977 ; Carpenter  1956 ; 
Pfaffmann  1955) . Differences exist between primate species, as well. For example, 
New World monkeys are indifferent to the artificial sweetener aspartame, whereas 
Catarrhini strongly prefer its taste (Glaser et al.  1995) . These species differences 
could be a consequence of evolutionary pressures that select for the detection of 
food compounds prevalent in local, species-specific, environments. In any case, 
researchers have taken advantage of these differences to explore the biological basis 
of sweet taste perception, especially as it relates to stimulus detection.  

  4 Interindividual Differences in Sweet Taste  

 In humans, data supporting the existence of individual differences in the ability to 
detect sweet-tasting compounds are relatively sparse and unpersuasive (Blakeslee 
and Salmon  1935 ; Kahn  1951) . However, some differences in peripheral anatomy , 
such as the density of fungiform papillae on the tongue (and presumably the 
number of functioning taste receptors), have been shown to influence sensitivity to 
stimuli of multiple taste qualities (e.g., sweet, bitter) (Duffy  2007 ; Miller and 
Reedy  1990 ; Stein et al.  1994) . In contrast, humans can differ strongly in the degree 
to which they prefer sweeteners (Reed and McDaniel  2006) . As preference for 
sweeteners can be influenced by multiple factors, including age, sex, culture, 
mood, appetite, digestive ability, and intake experience (Reed and McDaniel  2006 ; 
Stevens  1996) , these preference differences are likely unrelated to differences in 
sensitivity to sweeteners. 

 In contrast, inbred mouse strains differ strongly in their responsiveness to sweet-
eners. In general, “taster” mice have lower preference thresholds and higher afferent 
nerve responsiveness for sweeteners than do “nontaster” mice (Bachmanov et al. 
 1996 ; Capeless and Whitney  1995 ; Capretta  1970 ; Frank and Blizard  1999 ; Fuller 
 1974 ; Inoue et al.  2001 ; Lush  1989 ; Ninomiya et al.  1984 ; Pelz et al.  1973 ; Zhao 
et al.  2003) . Genetic linkage analyses identified two chromosomal loci,  Sac  
(saccharin preference) (Capeless and Whitney  1995 ; Fuller  1974 ; Lush  1989 ; Lush 
et al.  1995 ; Ramirez and Fuller  1976)  and  dpa  (d-phenylalanine preference) 
(Capeless and Whitney  1995 ; Ninomiya et al.  1991) , that influence sweet taste 
preference in mice. Both loci map near the distal end of mouse chromosome 4. 
These mapping studies, combined with in silico analyses of human and mouse 
genome sequences and sophisticated molecular biological approaches, were the 
keys to the identification of the sweet taste receptor.  
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  5 T1R2 and T1R3 Are Subunits of a Sweet Taste Receptor  

 Through a combination of physical mapping and genome database mining, several 
groups identified a gene encoding a putative G-protein-coupled receptor (GPCR) as 
a candidate for  Sac  (Bachmanov et al.  2001b ; Kitagawa et al.  2001 ; Max et al. 
 2001 ; Montmayeur et al.  2001 ; Nelson et al.  2001 ; Sainz et al.  2001) . This gene, 
named  Tas1r3 , was a paralogue of two others ( Tas1r1  and  Tas1r2)  that encoded 
orphan GPCRs expressed in subsets of taste cells (Hoon et al.  1999) , thus suggesting 
a role in taste function. The protein encoded by the  Tas1r3  gene, T1R3, was also 
highly enriched in subsets of taste cells and coexpressed with either T1R1 or T1R2 
(though a small number of taste cells may express T1R3 alone).  Tas1r3  haplotypes 
corresponded well with the relative sensitivity of various inbred mouse strains to 
prototypical sweeteners (Reed et al.  2004) , while transgenic complementation of a 
“nontaster” strain with a “taster” variant of T1R3 conferred increased sweetener 
sensitivity (Nelson et al.  2001) . Together, these findings provided compelling func-
tional evidence that  Tas1r3  is equivalent to  Sac . 

 T1R3 was clearly a strong candidate sweet taste receptor, but in vitro studies 
showed that the story was not so simple. Through use of in vitro receptor activation 
assays in heterologous cells, it was found that T1R3 requires coexpression with 
T1R2 to form a fully functional receptor responsive to a wide range of sweeteners 
(Li et al.  2002 ; Nelson et al.  2001) . Comparisons of the human and rodent 
T1R2:T1R3 receptors revealed stimulus tuning consistent with known species 
differences (Li et al.  2002) . For example, both the human and the rodent receptors 
responded to several sugars and to the artificial sweeteners saccharin and sucralose, 
while only the human receptor was sensitive to aspartame and cyclamate. Somewhat 
surprisingly, T1R3 also pairs with T1R1 to form a receptor sensitive to l-amino acids 
— and is thus an umami (“savory”) receptor (Li et al.  2002 ; Nelson et al.  2002) . 
T1R3 may also function as a homomeric receptor in some cells, where it may act as 
a low-efficacy receptor for sugars (Nelson et al.  2001 ; Zhao et al.  2003) . 

 Deletion of the  Tas1r2  and  Tas1r3  genes through gene targeting allowed in vivo 
confirmation of the primary role of the T1R2:T1R3 receptor in the detection of 
sweeteners (Damak et al.  2003 ; Zhao et al.  2003) .  Tas1r2  and  Tas1r3  null mice each 
exhibit a dramatic reduction in behavioral and nerve responses to a variety of 
sweeteners, while  Tas1r2/Tas1r3  double-knockout mice appear completely ageusic 
for sweeteners. The discovery that cats, which are indifferent to sugars, carry a 
pseudogenized  Tas1r2  gene (Li et al.  2005)  offered additional support for the 
requirement of the T1R2:T1R3 receptor in sweetener detection.  

  6 Cellular Distribution of the Sweet Taste Receptor  

 The two subunits of the sweet taste receptor are differentially distributed in the 
gustatory epithelium. T1R2 is expressed most frequently in taste buds of the cir-
cumvallate and foliate papillae (Hoon et al.  1999) , less so in palatal taste buds 
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(Hoon et al.  1999) , and rarely in taste buds of the fungiform papillae (Hoon et al. 
 1999) . In contrast, T1R3 is expressed in approximately 30% of taste cells within all 
three taste-bud-containing papillae (Nelson et al.  2001) . This apparent discrepancy 
is at least partially explained by the coexpression of T1R3 with T1R1 in many taste 
cells of the fungiform papillae and palate, though some studies suggest a more 
complex pattern of coexpression (Kim et al.  2003 ; Stone et al.  2007) . Additionally, 
the response properties of mouse chorda tympani and glossopharyngeal nerves 
(which innervate the fungiform and circumvallate taste buds, respectively, with 
some overlap in foliate papillae) do not correspond to these predicted patterns 
(Danilova and Hellekant  2003 ; Ninomiya and Funakoshi  1989 ; Ninomiya et al. 
 1993 ,  2000) . Further work is needed to resolve inconsistencies between these 
molecular and electrophysiological studies. It is also clear that the sweet taste 
receptor is not restricted to the gustatory epithelium: T1R2 and T1R3 are expressed 
in nutrient sensing cells of the gastrointestinal tract, where they play important roles 
in nutrient detection, response, and assimilation (Sternini et al. 2008 ).  

  7 The T1R2:T1R3 Receptor Is a Class C GPCR  

 The T1Rs most closely resemble GPCRs of class C, which also include metabo-
tropic glutamate receptors (mGluRs),  g  -aminobutyric acid type B receptors 
(GABA 

B
 Rs), calcium-sensing receptors, and V2R vomeronasal receptors (Pin 

et al.  2003) . Like all GPCRs, those of class C share a membrane-spanning 
domain comprising seven helices, three extracellular loops, three intracellular 
loops, and an intracellular carboxy tail. Class C GPCRs are distinguished from 
other GPCRs by a large extracellular amino-terminal domain. This extracellular 
domain contains a Venus-flytrap domain (VFD), which includes the orthosteric 
binding site and which shares some homology with bacterial amino acid binding 
proteins (Pin et al.  2003) . The VFD is linked to the seven-transmembrane 
domain (7TMD) by a cysteine-rich domain (CRD). The T1Rs share this basic 
topology (Fig.  1  ). Class C GPCRs function as dimers: mGluRs and calcium-
sensing receptors as homodimers, and GABA 

B
 Rs and T1Rs as heterodimers 

(though, as discussed already, T1R3 homodimers may function as low-efficacy 
sweet receptors in some cells).        

 The crystal structure of the mGluR1 VFD domain has been solved in the pres-
ence and absence of the ligand (Kunishima et al.  2000) . This seminal paper 
revealed that the glutamate ligand binds within each VFD cleft, stabilizing a 
closed conformation of the VFD and contributing to receptor activation. The ability 
of each mGluR1 subunit to bind ligand at physiological concentrations contrasts 
with the heterodimeric GABA 

B
 R, where ligand binding to just one of the subunits 

promotes activation (Kaupmann et al.  1998 ; Pin et al.  2003) . These distinct 
models for class C GPCR activation beg the question as to what contributions 
each subunit of the T1R2:T1R3 receptor makes to the detection of and response 
to sweeteners.  
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  8 Structure–Function Studies of the T1R2:T1R3 Receptor  

  8.1 Using Receptor Chimeras To Map Functional Domains 

 As described already, humans and rodents differ in their sensitivity to certain arti-
ficial and natural sweeteners. For example, while humans find aspartame, neotame, 
cyclamate, neohesperidin dihydrochalcone, and the sweet proteins (e.g., monellin, 
brazzein, thaumatin) to be sweet tasting, rodents are indifferent to all of them. 
Several laboratories took advantage of these species differences to design an 
elegant series of experiments using human/rodent chimeric receptors to map 
regions of the T1R2:T1R3 dimer that are required for responsiveness to some of 
these sweeteners. These experiments, largely performed using heterologous cells, 
revealed that the extracellular domain of human T1R2 is required for receptor 
responses to aspartame and neotame (Xu et al.  2004)  (Fig.  2a  ), the CRD of human 
T1R3 is required for responses to the protein brazzein (Jiang et al.  2004) , and the 
transmembrane domain (TMD) of human T1R3 is necessary for responses to cycla-
mate (Jiang et al.  2005b ; Xu et al.  2004)  (Fig.  2b ) and neohesperidin dihydrochalcone 
(Winnig et al.  2007) . A creative in vivo experiment in which a mouse was “humanized” 
with the transgenic expression of the human T1R2 subunit showed that this protein 

 Fig. 1    Topography of the sweet taste receptor. The sweet taste receptor is an integral membrane 
protein complex composed of two subunits, T1R2 ( red ) and T1R3 ( blue ). Each subunit has three 
main domains: a large, extracellular Venus-flytrap domain (VFD) at the amino end of the protein; a 
seven-transmembrane helical domain typical of G-protein-coupled receptors on the carboxyl end; and 
a cysteine-rich linker domain that connects the other two domains  
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 Fig. 2    Use of chimeric T1R2:T1R3 receptors to determine regions critical for sweetener response. 
Responses to human ( H ,  blue ), rat ( R ,  red ) or human–rat chimeric T1R2:T1R3 receptors to  a  
sucrose, aspartame, or neotame,  b  sucrose or cyclamate, and  c  sucrose ( Suc ) or acesulfame potas-
sium ( AceK ) in the absence or presence of lactisole ( Lac ). Equivalent numbers of cells were 
imaged for each receptor–ligand pair. (Adapted from Xu et al.  2004 , with permission. Copyright 
2004 National Academy of Sciences, USA)  
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confers human-like taste sensitivity to aspartame, monellin, and other sweeteners 
(Zhao et al.  2003)  (though not neohesperidin dihydrochalcone, an observation 
explained by its interaction with the T1R3 subunit).        

 A similar strategy revealed the basis for sweet taste inhibition by lactisole, which 
also requires the TMD of human T1R3 (Winnig et al.  2005 ; Xu et al.  2004)  (Fig.  2c ). 
Interestingly, this inhibitor as well as high concentrations of the sweeteners saccharin 
and acesulfame K act as inverse agonists for the human T1R2:T1R3 (Galindo-
Cuspinera et al.  2006) . Release from this allosteric inhibition, such as by rinsing 
away the inhibitors with water, underlies the curious phenomenon of “sweet water 
taste” (Bartoshuk et al.  1972) .  

  8.2 Homology Modeling 

 The conserved primary structure between T1Rs and mGluRs suggested that these 
glutamate receptors could serve as an appropriate basis for homology modeling of 
the sweet receptor. The crystal structure of the mGluR1 VFD with and without 
bound ligand (Kunishima et al.  2000)  proved to be a reasonable template for 
modeling this domain of the T1Rs (Cui et al.  2006 ; Max et al.  2001 ; Morini et al.  2005) , 
while the crystal structure of the class A GPCR rhodopsin (Palczewski et al.  2000)  
served a similar role for modeling the T1R 7TMD (Winnig et al.  2007) . Systematic 
mutagenesis based on these models revealed an even greater diversity of sweetener 
binding sites than was previously thought. For example, mutations of two residues 
in the VFD of human T1R2, the mGluR homologues of which play key roles in 
glutamate binding, abolishes responses to dipeptide sweeteners but only partially 
affects responses to sucrose (Xu et al.  2004) . These findings suggest that these two 
classes of small-molecule sweeteners bind to somewhat different sites in the VFD 
of T1R2. Extensive mutagenesis of the 7TMD of human T1R3 has revealed that 
two sweeteners, cyclamate and neohesperidin dihydrochalcone, as well as the sweet 
taste inhibitor lactisole, bind to overlapping sites that include contributions from the 
third, fifth, and sixth transmembrane helices (Jiang et al.  2005a ,  b ; Winnig et al. 
 2005 ; Xu et al.  2004) .  

  8.3 Spectroscopic Measurements of Sweetener Binding 

 While experiments that focus on compounds that are sweet to humans but not 
preferred by lower mammals have proven quite informative, they cannot examine 
the molecular basis for T1R2:T1R3 recognition of a class of sweeteners preferred 
by all sweetener-sensitive mammals: sugars. To address this issue, our laboratory 
devised a novel spectroscopic approach to measure ligand interactions with 
purified T1R2 and T1R3 VFD proteins (Nie et al.  2005 ,  2006) . We expressed the 
VFDs as fusion proteins in bacteria, and purified them by affinity and ion-exchange 
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chromatography. Binding of sugars (glucose, sucrose, and sucralose) to each 
domain was quantified by measuring changes in the peak intrinsic tryptophan fluo-
rescence upon titration of ligand. Surprisingly, both subunits bound all three sugars, 
though with distinct affinities for each subunit. The affinities for sucrose and 
glucose ranged from approximately 2.5 to 15mM. These values are slightly lower 
than behavioral EC 

50
  values for these sugars in mice (Bachmanov et al.  2001a) , and 

may reflect the absence of the 7TMDs in these purified VFDs or the loss of coop-
erative interactions between the T1R2 and T1R3 subunits. However, mutation of a 
single residue in the T1R3 VFD associated with reduced sweet taste sensitivity in 
 Sac  “nontaster” mice (Reed et al.  2004)  (Fig.  3a  ) decreased the affinity of this pro-
tein for all three ligands tested (Nie et al.  2005)  (Fig.  3 d), validating the approach 
and indicating that the mechanistic basis for the nontaster phenotype is at least 
partially dependent on a T1R3 subunit with reduced affinity for sweeteners.         

  8.4  Structure–Activity Relationships for Sweeteners: Coming 
Full Circle? 

 Prior to the identification of the sweet taste receptor, many groups tried to under-
stand the molecular basis of sweetness by examining structure–activity relationships 
for different classes of sweeteners. Through a comparison the chemical structures 
of known sweet-tasting compounds, it was hoped that a common “sweet” motif – a 
so-called glucophore – could be identified and used to predict new sweeteners. While 
several models were developed on the basis of these approaches, all fell short of the 
goal of predicting sweetness (DuBois  2004) . In light of the recent studies on the 
T1R2:T1R3 receptor, one reason for this failure is clear: none sufficiently accounted 
for allosteric binding sites that are selective for particular chemical classes of 
sweeteners but which all contribute to activation of the receptor. However, it would 
now seem that the time is ripe to revisit the structure–activity analysis of sweeteners 
in the context of receptor binding and activation. Extensive libraries of sweeteners 
(e.g., Spillane et al.  2006)  could now be examined for their ability to bind and acti-
vate human or cross-species chimeric receptors, elucidating key determinants for 
sweetener–receptor interactions. The relatively straightforward structural analysis of 
sweet protein mutants (Assadi-Porter et al.  2003 ; De Simone et al.  2006 ; Esposito 
et al.  2006 ; Hobbs et al.  2008 ; Spadaccini et al.  2003)  suggests that they may be 
particularly informative for understanding how changes in sweetener structure 
impact sweetener efficacy.   

  9 Future Directions  

 Though great strides have been made in the last 10 years towards understanding the 
molecular basis of sweet taste, much remains unknown. Our knowledge of the 
sweet receptor is a prime example. The absence of T1R2:T1R3 crystal structures 
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(preferably in the presence and absence of different classes of ligands) is perhaps 
the biggest impediment to systematic studies of how sweeteners bind to and activate 
the T1R2:T1R3 heterodimer. Such knowledge would permit the precise localization 
of the molecular determinants critical for ligand binding and ligand-dependent 
receptor activation, and would facilitate the rational design of sweeteners. As 
informative as mutagenesis studies based on homology modeling have been, they are 
inadequate to resolve the specific contributions of individual residues to particular 
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 Fig. 3    Effect of a single amino acid change in T1R3 on taste behavior and taste receptor–ligand 
interactions.  a  Preferences for 1.6 mM saccharin in 30 inbred mouse strains that vary in their 
genotype at base pair 179 of the  Tas1r3  coding sequence. This is a nonsynonymous polymor-
phism that results in a change from isoleucine (179T) to threonine (179C) at amino acid position 
60 of T1R3. Mice with the T allele at this position exhibit a significantly greater preference for 
saccharin.  b – d  Changes in peak intrinsic tryptophan fluorescence of the T1R3 isoleucine (I60) 
and threonine (T60) variants (VFD protein only) upon titration of three saccharide sweeteners. 
The T1R3 T60 variant showed reduced affinity for each sweetener (sucrose,  K  

d
  = 2.9 ± 0.4 mM; 

glucose,  K  
d
  = 7.3 ± 0.7 mM; sucralose,  K  

d
  = 6.9 ± 0.9 mM) compared with the I60 variant 

(sucrose,  K  
d
  = 20 ± 3 mM; glucose,  K  

d
  = 32 ± 5 mM; sucralose,  K  

d
  = 0.91 ± 0.015 mM). ( a  

Adapted from Boughter and Bachmanov  2007 , with permission.  b – d  Adapted from Nie et al. 
 2005 , with permission)  
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receptor functions (e.g., ligand binding, G-protein coupling) because they cannot 
clearly distinguish local effects from more global changes to the proteins. 
Unfortunately, methods for the efficient heterologous expression and purification of 
T1Rs (or any other mammalian chemosensory receptors) at levels suitable for crys-
tallographic studies are still lacking, and may await a better understanding of the 
factors that contribute to efficient taste receptor expression, folding, and trafficking 
in native cells. Encouragingly, the advent of high-throughput screening approaches 
and recent successes in obtaining high-quality crystals of GPCRs (Cherezov et al.  2007 ; 
Palczewski et al.  2000)  and receptor extracellular domains (Dellisanti et al.  2007 ; 
Kunishima et al.  2000)  suggests that taste receptor crystal structures may not be far 
off once the critical barrier of protein production is breached. 

 Our understanding of the separate contributions of the T1R2 and T1R3 subunits 
to the function of the intact sweet taste receptor remains superficial. Chimeric and 
fluorescence spectroscopy studies of these proteins suggest that individual sweeteners 
can bind to one subunit (e.g., cyclamate) or both subunits (e.g., sugars). Using cir-
cular dichroism spectroscopy, we also showed that the VFDs of both T1R2 and 
T1R3 undergo distinct ligand-dependent conformational changes (Nie et al.  2005) , 
suggesting that each subunit makes a unique contribution to overall ligand response 
and receptor activation. Thus, it may not be surprising that dissociated VFDs or 
homomeric T1R3 receptors display affinities and efficacies that differ somewhat 
from those of the T1R2:T1R3 heterodimer (Nie et al.  2005 ; Zhao et al.  2003) . Class 
C GPCRs display intersubunit cooperativity. For example, the two subunits of 
mGluR1 display negative cooperativity in the presence of bound ligand (Suzuki 
et al.  2004) . The GABA 

B
 R2 subunit, which has a low affinity for  g -aminobutyric 

acid, nevertheless modifies the ligand sensitivity of the GABA 
B
 R1 subunit (Kaupmann 

et al.  1998) . Similar mechanisms may be at play in the T1R2:T1R3 receptor. 
 The conformational changes and intramolecular and intermolecular interactions 

that couple sweetener binding to receptor activation are also unclear. For example, 
how can the binding of sugars to the VFD (Nie et al.  2005 ,  2006) , of sweet proteins 
to the VFD and/or the CRD (Jiang et al.  2004 ; Temussi  2002) , and of cyclamate to 
the TMD (Jiang et al.  2005b ; Xu et al.  2004)  effectively elicit the same receptor 
activation? Again, crystal structures of sweet receptors bound to various sweetener 
ligands could offer invaluable insights into these questions. And what of the spe-
cific contributions of the T1R3 subunit to the sweet receptor, in contrast to its 
common roles in both the sweet (T1R2:T1R3) and the umami (T1R1:T1R3) receptor? 
Sweeteners such as sucrose, aspartame, and saccharin that are thought to bind the 
VFDs have no impact on the umami receptor (Xu et al.  2004) . In contrast, cycla-
mate and lactisole, which both bind the TMD of T1R3, enhance or inhibit the 
umami receptor’s response to glutamate, respectively (Xu et al.  2004) . The divergent 
efficacies of VFD- and TMD-interacting sweeteners on umami receptor function 
could indicate that the functions of these two T1R3 domains generalize to different 
extents between the sweet and the umami taste receptor. 

 Other genes, as yet unidentified, have been implicated in sweet taste sensation 
though their specific roles are unknown. For example, the  dpa  quantitative trait 
locus, which appears to specifically influence sensitivity to the sweet-tasting amino 
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acid d-phenylalanine is distinct from  Sac  (and independent of both  Tas1r2  and 
 Tas1r3 ). Indeed, nontaster  dpa  mice generalize the taste of d-phenylalanine to bitter-
tasting substances, not to other sweeteners (Shigemura et al.  2005) . Receptor-activation 
assays and studies with  Tas1r3  null mice indicate that taste responses to d- phenylalanine 
are mediated by the T1R2:T1R3 receptor (Nelson et al.  2002 ; Zhao et al.  2003) . 
Thus, the  dpa  locus may influence the transduction of a specific sweetener down-
stream of the T1R2:T1R3 receptor; however, the mechanism by which this could 
occur is not clear. 

 Even with the implication of T1R2, T1R3, the effector enzyme phospholipase C 
β2, and the ion channel TRPM5 in the transduction of sweeteners (Chandrashekar 
et al.  2006) , the details of these mechanisms remain remarkably unclear. For example, 
though the G proteins α-gustducin, Gβ3, and Gγ13 are all implicated in the trans-
duction of sweeteners by some T1R2:T1R3-expressing cells, other G proteins must 
be involved in sweet taste (Margolskee  2002) . How sweet taste information is proc-
essed between cells within the taste bud is an area of intensive investigation, as are 
the synaptic mechanisms used for signaling of this information to afferent nerves 
(Roper  2006) . Sweet taste information may also be modulated at the level of the 
taste bud by hormones, e.g., leptin (Kawai et al.  2000) , glucagon-like peptide-1 
(Shin et al.  2008) , and neuropeptide Y (Kawai et al.  2000 ; Shigemura et al.  2003 , 
 2004 ; Zhao et al.  2005) , which may afford the opportunity to regulate sweet taste 
function in the context of an animal’s metabolic or developmental state. Clearly, 
there is a great deal more to know about sweet taste, as well as much more to learn 
about the physiological properties of the sweet taste receptor.      
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     Mammalian Bitter Taste Perception       

     M.   Behrens     and    W.   Meyerhof     

  Abstract   Bitter taste in mammals is achieved by a family of approximately 30 
bitter taste receptor genes. The main function of bitter taste is to protect the organ-
ism against the ingestion of, frequently bitter, toxic food metabolites. The field of 
taste research has advanced rapidly during the last several years. This is especially 
true for the G-protein-coupled-receptor-mediated taste qualities, sweet, umami, 
and bitter. This review summarizes current knowledge of bitter taste receptor gene 
expression, signal transduction, the structure—activity relationship of bitter taste 
receptor proteins, as well as their variability leading to a high degree of individu-
alization of this taste quality in mammals.    

  1 Introduction 

 Mammals distinguish the five basic taste qualities, sweet, sour, umami, salty, and 
bitter, to assess the quality of consumed food. The sensory cells that allow taste 
perception, the taste receptor cells, are distributed in the oral cavity, with the 
tongue being the main taste organ. On the tongue, taste receptor cells are found 
in specialized structures, the gustatory papillae, where they occur in groups of 
60–100 cells called taste buds. Each taste bud exhibits a single apical porus 
exposed to tastants present in the oral cavity that contains the microvilli of the 
taste receptor cells. Although the ability to detect the five basic taste qualities is 
in general invariant, some exceptions related to nutritional habits are possible 
(e.g. the lack of a functional sweet taste receptor in the domestic cat and related 
species; Li et al.  2005) . Whereas the complete absence of a taste quality is excep-
tional, the ability of mammalian species to detect particular substances varies 
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considerably. Some examples for observed taste differences among mammals are 
the inability of rodents to taste artificial sweeteners and sweet plant proteins 
(Brouwer et al.  1973 ; Jiang et al.  2004 ; Li et al.  2002 ; Sclafani and Abrams  1986 ; 
Xu et al.  2004 ; Zhao et al.  2003) , the relative insensitivity of cats and dogs to 
sodium chloride, as well as selective amino acid taste (Boudreau et al.  1985) . The 
relative low level of amino acid sequence homology of bitter taste receptors of 
different species, e.g. of human and mice (Shi et al.  2003) , implies already that 
bitter taste differences among species should be the rule rather than the exception. 
The observed differences in bitter tastes of mammals likely reflect the very dif-
ferent nutritional habits of mammalian species and their evolutionary histories, 
leading them to encounter different bitter plant toxins. The contact with similar 
as well as with completely different poisonous bitter substances shaped a bitter 
taste receptor repertoire unique to each species to serve as warning sensors 
against the ingestion of toxic food compounds (for more details see the chapter 
by Shi and Zhang in this volume). Moreover, the approximately 30 bitter taste 
receptor genes of mammals not only lead to variability of bitter taste perception 
across species, but also show a considerable degree of intraspecies variability 
observed in mouse strains (Boughter et al.  2005)  and humans (Bartoshuk  2000 ; 
Bufe et al.  2005 ; Kim et al.  2003 ,  2005 , Pronin et al.  2007 ; Soranzo et al.  2005 ; 
Wooding et al.  2004) . 

 After a brief introduction to the anatomy of the gustatory system this review will 
discuss recent findings concerning bitter taste receptor gene expression and its 
implications for the recognition of bitter substances. Further, the components 
involved in the signal transduction of bitter taste will be summarized. A large part 
of this review is devoted to the molecular characterization of bitter taste receptor 
proteins and the conclusions for structure and function that can be drawn by the 
continuously advancing deorphanization process of these receptors. Finally, the 
enormous variability of bitter taste receptor genes and its consequences for the 
individuality of bitter taste is summarized in the last part of this review.  

  2 Anatomy/Morphology 

 The morphological structures underlying taste perception in mammals are located 
in the oral cavity (Miller  1995) . Taste receptor cells are, in general, organized in 
groups of 60–100 cells, called taste buds, and are found throughout the oral cavity, 
including tongue, soft palate, epiglottis, larynx, and pharynx, where they might 
occur concentrated in specialized organs, the taste papillae. The three types of taste 
papillae are non-uniformly distributed over the tongue surface. On the frontal part 
of the tongue the morphologically simplest taste papillae carrying only one to three 
taste buds, the fungiform papillae, are located, whereas the posterior part of the 
tongue contains foliate and circumvallate papillae. Unlike the fungiform papillae, 
which are rather simple epithelial protrusions, the foliate and circumvallate papillae 
are more complex invaginations into the tongue surface forming a trench filled with 
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saliva secreted from minor salivary glands located at the bottom of the papillae. A 
large number of taste buds are positioned in the epithelial walls of the trenches facing 
the oral cavity. Whereas foliate papillae are found symmetrically arranged on both 
sides of the posterior tongue, the circumvallate papillae that occur in variable num-
bers are localized centrally and further backwards. In contrast to the tongue surface, 
the other taste sensitive areas within the oral cavity contain isolated taste buds, 
which differ considerably in size, ranging from taste buds resembling those found 
on the tongue surface, e.g. on the soft palate, to smaller laryngeal taste buds con-
taining fewer cells (Sbarbati et al.  2004) . Each taste bud is exposed to tastants 
present in the oral cavity by a single porus where the apical microvilli of taste 
receptor cells are localized. Taste receptor cells are secondary sensory cells of epi-
dermal origin with an average life span of approximately 10 days in rats (Beidler 
and Smallman  1965 ; Farbman  1980) . In order to transmit taste information from 
the oral cavity to the brain, taste receptor cells receive afferent input by different 
cranial nerves. Whereas the fungiform papillae of the anterior tongue are innervated 
by fibres of the chorda tympani, the glossopharyngeal nerve makes contacts to taste 
buds of foliate and circumvallate papillae. Palatal gustatory information is transmit-
ted via cranial nerve VII and taste buds of the epiglottis and larynx receive nerve 
contacts by cranial nerve X. Peripheral taste information converges on the gustatory 
division of the nucleus tractus solitarius (NTS), the first relay-station for taste infor-
mation in the brain (Smith and Scott  2003) . Whereas in rodents ascending fibres 
first target the medial parabrachial nucleus before taste information is then trans-
mitted into the thalamus, in humans the NTS neurons directly project into the tha-
lamic region (Rolls  1995) . In both cases the final destination of gustatory 
information is the orbitofrontal cortex (secondary gustatory cortex), which is 
reached after passage of the insular-opercular cortex (primary gustatory cortex) 
(Scott and Verhagen  2000) .  

  3 Gene Expression 

 A number of studies have been devoted to the analyses of TAS2R gene expression 
in gustatory and, more recently, in extragustatory tissues of rodents and humans. 
The first reports on TAS2R gene expression showed that the expression is 
restricted to taste receptor cells of taste buds in the oral cavity (Adler et al.  2000 ; 
Matsunami et al.  2000) . Although both studies indicated already limited expres-
sion in non-gustatory tissues, a predominant function as taste receptors was con-
cluded and demonstrated by Chandrashekar et al.  (2000) , who identified the first 
TAS2Rs as bitter taste receptors. It was also shown that only subsets of taste 
receptor cells within each taste bud hybridize to TAS2R probes in in situ hybridi-
zation experiments (Fig.  1 ) . Compared with the number of α-gustducin-expressing 
taste receptor cells, which account for approximately 30–40% of all intragemmal 
cells (McLaughlin et al.  1992 ; Wong et al.  1999) , clearly fewer taste receptor 
cells contain TAS2R messenger RNAs (mRNAs) (Adler et al.  2000 ; Matsunami 
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et al.  2000) . Double-staining analyses using TAS2R and α-gustducin probes 
demonstrated that TAS2R-expressing taste receptor cells represent a subset of 
α-gustducin-positive cells (Adler et al.  2000) , which is in marked contrast to the 
observation that TAS1Rs rarely colocalize with α-gustducin (Hoon et al.  1999) . 
Careful quantification of TAS2R-positive cells in rodent lingual and palatal taste 
buds revealed that approximately 15% of all cells within a taste bud express 
TAS2R genes (Adler et al.  2000) . In taste buds of human circumvallate papillae, 
the fraction of TAS2R-expressing cells is somewhat smaller, ranging from 
approximately 1% to approximately 10%, depending on the receptor (Behrens 
et al.  2007) . Interestingly, the distribution of bitter taste receptor cells is not uni-
form, but rather inhomogeneous among the taste buds of the three types of taste 
papillae. Whereas all taste buds of rodent circumvallate and foliate papillae seem 
to express bitter taste receptor genes (Adler et al.  2000 ; Matsunami et al.  2000) , 
only approximately 10% of fungiform taste buds contain TAS2R mRNAs (Adler 
et al.  2000) . Although only circumstantial evidence was provided, the presence 
of bitter-taste-receptor-negative fungiform taste buds seems to apply also to 
humans (Behrens et al.  2007) . Since the detection of bitter tastants at the tip of 
the tongue, where exclusively fungiform papillae are located, is firmly estab-
lished (Collings  1974) , a reduced number of TAS2R-expressing taste buds appear 
to be sufficient for bitter compound recognition.  

 The bulk of electrophysiological studies done in mammals demonstrated that 
afferent fibres transmit information on more than one taste quality, although usu-
ally one modality predominates (Smith et al.  2000) . Such fibres are termed, S-best 
(sucrose, i.e. sweet), H-best (HCl, i.e. sour), N-best (NaCl, i.e. salty), or Q-best 
(quinine, i.e. bitter) according to the taste stimulus evoking the most robust activa-
tion. On the basis of these findings, the formulation of the “across-fibre pattern 
theory” for taste transduction from the periphery into the brain was developed, 
which was seemingly incompatible with the “labelled-line theory” of strictly linear 
and separate information coding favoured by other researchers (for a review, see 
Smith et al.  2000) . After the revolutionary finding of broadly tuned presynaptic 
cells that govern collection and transmission of diverse taste stimuli within taste 
buds, a more unifying mechanistic explanation of taste information processing 
appears to be coming in reach. On the level of single taste receptor cells, the obser-
vations leading to the across-fibre pattern theory might result from the expression 
of taste receptor genes specific for multiple taste qualities. A large number of stud-
ies demonstrated convincingly, however, that each taste receptor cell is devoted to 
detection of only a single taste quality. It was shown that TAS2Rs are not coex-
pressed with TAS1Rs (Adler et al.  2000) , that the TAS1R subunits specifying the 
sweet and umami taste receptor heteromers TAS1R2 and TAS1R1 are coexpressed 
with the common subunit TAS1R3 but not with each other (Nelson et al.  2001) , and 
also the sour taste receptor candidate molecule PKD2L1 is present in a population of 
cells distinct from bitter, sweet, and umami taste receptor cells (Huang et al.  2006) . 

 A central question in bitter taste research is if bitter taste receptor cells are broadly 
tuned sensors for most, if not all, bitter tastants, or if bitter taste receptor cells are 
rather heterogeneous, thus providing a potential cellular basis for a discrimination 
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  Fig. 1    Human bitter taste receptor cells express subsets of TAS2R genes. Dual labelling in situ 
hybridization of one taste bud in human circumvallate papillae reveals that cells  a  and  b  express 
hTAS2R1 ( upper panel ). Of the two cells, cell  a  contains also hTAS2R10 messenger RNA 
(mRNA), whereas cell  b  tests negative for hTAS2R10 mRNA       
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of bitter compounds. Whereas the majority of functional data clearly argue for a 
heterogeneous population of bitter taste receptor cells as shown by calcium imag-
ing of single rodent taste receptor cells (Caicedo and Roper  2001) , nerve fibre 
recordings (Dahl et al.  1997) , and recordings of NTS neurons (Geran and Travers 
 2006) , the findings of gene expression studies are less unanimous. Undoubtedly, 
all studies attempting to clarify this question utilizing in situ hybridizations of 
TAS2R mRNAs demonstrate that multiple TAS2R genes are coexpressed in indi-
vidual bitter taste receptor cells, thus creating taste receptor cells with broader 
agonist spectra than any given TAS2R might respond to. However, the extent of 
the observed coexpression differs considerably between almost complete (Adler 
et al.  2000)  and a limited number of receptors per bitter taste receptor cells 
(Behrens et al.  2007) . The ultimate answer to the question of whether mammals 
can discriminate between bitter stimuli has to come from sensoric analyses, 
which, so far, have resulted in somewhat controversial findings (Brasser 
et al.  2005 ; Delwiche et al.  2001 ; Keast et al.  2003 ; Spector and Kopka  2002 ; 
Yokomukai et al.  1993) , since even individual responses of bitter taste receptor 
cells may eventually converge upon transmission of information into higher-order 
brain areas. 

 The number of reports on the extragustatory expression of taste-signalling 
molecules and taste receptors itself is increasing steadily. Expression of such 
molecules is usually associated with one of two morphologically different cell 
types, solitary chemosensory cells and brush cells, respectively (for a review 
on brush cells, see Sbarbati and Osculati  2005) . On one hand, cells that express 
signalling components related to the taste system have been found in nasal 
respiratory epithelium (Finger et al.  2003) , the vomeronasal organ (Zancanaro 
et al.  1999) , and airways (Merigo et al.  2005 ,  2007) ; on the other hand, such 
cells extend into the gastrointestinal tract (Sternini et al. 2008) . Despite the fact 
that taste-related signalling compounds have been identified in the organ sys-
tems specified above as well as in additional organs, like testis (Fehr et al.  2007) , 
suggesting that also taste receptor molecules should be found in those organs, 
direct evidence for bitter taste receptor gene expression in these organs is scarce. 
However, within the nasal respiratory system of the mouse two bitter taste recep-
tors, mT2R8 and mT2R19, have been localized to solitary chemosensory cells 
by in situ hybridization, whereas a third bitter taste receptor, mT2R5, could not 
be detected. Intranasal irrigation with different bitter substances, including 
denatonium, the known agonist for mT2R8 (Chandrashekar et al.  2000) , resulted 
in clear respiratory responses, indicating that bitter taste receptors in the respira-
tory system might serve a function in protecting the organism from noxious 
substances (Finger et al.  2003) . Within the gastrointestinal tract bitter taste 
receptor gene expression was detected by reverse transcriptase PCR of several 
tissues; the cellular origin of T2R mRNAs, however, remains to be determined. 
As the cell line STC-1 was shown to express T2R genes and even responded to 
stimulation with bitter compounds, T2R mRNAs detected by reverse tran-
scriptase PCR of gastrointestinal tissue likely originate from enteroendocrine 
cells (Wu et al.  2002) .  
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  4 Signal Transduction 

 It is assumed that bitter taste receptors accumulate on the cell surface of bitter taste 
receptor cell microvilli. Here, the TAS2R proteins come into contact with their 
agonists present in the oral cavity, resulting in the activation of receptors. As for the 
other G-protein-coupled-receptor-mediated taste qualities sweet and umami, acti-
vated bitter taste receptors utilize the G-protein α-subunit α-gustducin for signal 
transduction (McLaughlin et al.  1992) . The crucial role of α-gustducin for bitter 
taste transduction was demonstrated by the generation of knockout mice, which 
exhibit dramatic reduction of their bitter tasting abilities (Wong et al.  1996) . The 
bitter taste phenotype of α-gustducin knockout mice was rescued by the reintroduc-
tion of rat α-gustducin, further confirming its importance (Wong et al.  1999) . The 
direct activation of α-gustducin by the heterologously expressed mouse cyclohex-
imide receptor, mT2R5, was shown by GTP-γ-S assay after stimulation of mT2R5-
expressing cells with cycloheximide (Chandrashekar et al.  2000) . Mapping analyses 
of the carboxy terminus of α-gustducin revealed that the last 37 amino acids of 
α-gustducin are crucial for its recruitment by activated recombinantly expressed 
bitter taste receptors (Ueda et al.  2003) . Although definitely a key element in bitter 
taste signal transduction, the role of α-gustducin is supplemented by other G-protein 
α-subunits present in taste receptor cells. Evidence for this comes from the observa-
tion that responses to bitter stimulation in α-gustducin knockout mice are severely 
reduced but not completely abolished, indicating the presence of additional Gα 
proteins in taste receptor cells (Wong et al.  1999) . Consequently, rod transducin, a 
Gα protein closely related to α-gustducin, was detected in taste receptor cells and 
subsequently used to rescue, at least partially, the bitter taste ability of α-gustducin 
knockout mice (Ruiz-Avila et al.  1995) . As bitter taste receptors can also couple in 
vitro to other Gi/Go proteins, the signal transduction cascade might be even more 
complex (Ozeck et al.  2004 ; Sainz et al.  2007) . It remains to be determined if Gα 
protein recruitment by activated bitter taste receptor proteins is simply directed by 
availability/relative abundance, if different TAS2Rs exhibit variable selectivity in 
their G-protein coupling, or if other factors such as cellular or spatiotemporal seg-
regation may play a role as well. 

 Also the β- and γ-subunits necessary to form the functional heterotrimeric 
G-protein complex were identified from taste cells. The differential screening of 
complementary DNA of α-gustducin-positive single taste cells resulted in the iden-
tification β1, β3, and γ13 subunits (Huang et al.  1999) . The involvement of these 
G-proteins was demonstrated by functional experiments. Antibodies raised against 
Gβ1, Gβ3, and Gγ13 were able to reduce the responses of mouse taste tissue to 
stimulation with denatonium benzoate, a substance classically used as a bitter test 
substance (Huang et al.  1999 ; Rossler et al.  2000) . As the blocking effect of the 
anti-Gβ3 antibody was more pronounced compared with that of the anti-Gβ1 anti-
body (Rossler et al.  2000) , it seems that the composition of the heterotrimeric 
G-protein used in bitter taste transduction is Gα-gustducin, Gβ3, Gγ13, perhaps 
with a minor fraction of Gβ1-containing complexes (Fig.  2 ).  
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 After activation of the heterotrimeric G-protein, the βγ-subunits are able to 
induce PLCβ2 activation. The central role of PLCβ2 was established in func-
tional experiments as well as by the generation of knockout models. The use of 
PLCβ2-specific antibodies and inhibitors blocked the denatonium-induced 
increase in intracellular inositol 1,4,5-trisphosphate (IP 

3
 ) (Rossler et al.  1998)  

and calcium (Ogura et al.  1997) . Consequently, genetic ablation of the PLCβ2 
gene in mice led to a complete (Zhang et al.  2003)  or at least a substantial loss of 
their bitter responsiveness (Dotson et al.  2005) . Immunohistochemical analyses 
revealed that taste receptor cells positive for α-gustducin, Gy13, and PLCβ2,express 
the type-III IP 

3
  receptor, filling the gap between IP 

3
  increases and an elevation of 

intracellular calcium levels (Clapp et al.  2001) . The most recently identified com-
ponent involved in bitter taste transduction is the transient receptor potential 
channel M5 (TRPM5). TRPM5 is expressed in a subset of taste receptor cells also 
expressing all components of the heterotrimeric G-protein (α-gustducin, Gβ3, 
Gγ13) as well as PLCβ2 (Perez et al.  2002) . The activation of this channel is trig-
gered by rapid changes in intracellular calcium levels (Hofmann et al.  2003 ; Liu 
and Liman  2003 ; Perez et al.  2003 ; Prawitt et al.  2003) . Although independently 
generated TRPM5 knockout models differ in the extent of their taste phenotype, 
ranging from a complete loss of responsiveness upon stimulation with various 
bitter compounds (Zhang et al.  2003)  to residual responses for bitter, sweet, and 
umami stimuli (Damak et al.  2006 ; Talavera et al.  2005) , the importance of this 
channel for taste signal transduction is undisputed. 

 Since α-gustducin belongs to the Gαi protein subfamily of Gα proteins, its acti-
vation should lead to a reduction of cyclic nucleotide levels via the stimulation of 
phosphodiesterases. Indeed, two phosphodiesterases were identified in gustatory 
tissue (McLaughlin et al.  1994)  and a rapid decrease in cyclic AMP after stimulation 
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  Fig. 2    The bitter taste signal transduction cascade. Bitter taste receptors are G-protein-coupled 
receptors. Activation of TAS2Rs results in the activation of the heterotrimeric G-protein complex 
α-gustducin ( a-gust ), 3 or β1, and γ13. The βγ-subunits activate phospholipase C β2, ( PLCb2 ) 
resulting in the production of inositol 1,4,5-trisphosphate ( IP  

3
 ). The IP 

3
 -mediated increase of 

intracellular calcium activates transient receptor potential channel 5 ( TRPM5 )       
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with bitter substances was observed (Yan et al.  2001) . Despite the fact that even a 
cyclic-nucleotide-gated channel has been reported in taste receptor cells (Misaka 
et al.  1997) , the exact role of cyclic-nucleotide signalling in taste transduction 
remains elusive.  

  5 Structure/Function 

 Approximately similar numbers, ranging from 12 in dog to 37 in rat (Shi and 
Zhang  2006) , of bitter taste receptor genes were identified in a variety of mam-
malian species. Therefore, the intriguing question of how a comparably low 
number of approximately 25 human (Behrens and Meyerhof  2006)  or approxi-
mately 37 rodent (Shi and Zhang  2006 ; Wu et al.  2005)  bitter taste receptor 
genes might suffice for the detection of thousands of structurally diverse bitter 
compounds present in nature applies to all mammalian species. Most TAS2R 
genes exhibit high sequence diversity among each other and across species (Shi 
et al.  2003) . Obviously, the need for the detection of so many bitter compounds 
without increasing the number of receptors has forced nature to create a very 
distinct group of receptor proteins. Although considerable energy has been 
directed towards the identification of agonists of bitter taste receptor genes, the 
majority of TAS2Rs still await deorphanization, which is required for detailed 
structure—function analyses. To date, almost half of the 25 human TAS2Rs have 
been deorphanized, whereas only three rodent T2R genes have had some of their 
ligands identified. At this point it is important to note that no laboratory is able 
to test all bitter compounds for their activation of the corresponding receptor 
genes; therefore, the identification of agonist spectra for bitter taste receptors is, 
and perhaps will remain for a long time, preliminary. However, on the basis of 
current literature several conclusions about the agonist specificity of human bit-
ter taste receptors can be drawn:

   1.    Several bitter taste receptors are broadly tuned to detect bitter compounds 
belonging to different chemical classes (Fig.  3 ). This applies to the receptors 
hTAS2R7 (Sainz et al.  2007) , hTAS2R14 (Behrens et al.  2004 ; Sainz et al. 
 2007) , and hTAS2R46 (Brockhoff et al.  2007) , indicating the need for rather 
non-selective hTAS2Rs during human evolution.   

   2.    Some receptors seem to recognize complex structures present in chemically 
related families of bitter compounds. For the two hTAS2Rs belonging to this 
group, hTAS2R16 (Bufe et al.  2002)  and hTAS2R38 (Bufe et al.  2005 ; Kim 
et al.  2003) , β- d -glucopyranoside and N—C=S moieties, respectively, have been 
characterized as agonistic features each present in a number of bitter substances. 
These two receptors therefore appear to be tuned to detect entire families of bit-
ter compounds. Interestingly, also hTAS2R46 recognizes chemically distinct 
families of bitter terpenoids, but its specificity is not restricted to these substance 
classes.  
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   3.    At present, the largest group of hTAS2Rs recognize only a few bitter agonists. 
This group includes hTAS2R4, which detects denatonium benzoate and high 
concentrations of 6- n -propylthiouracil (PROP) (Chandrashekar et al.  2000) , 
hTAS2R10, responding to strychnine (Bufe et al.  2002) , as well as hTAS2R43 
and hTAS2R44 (Kuhn et al.  2004 ; Pronin et al.  2007) , which are activated by 
saccharin, acesulfame K, and aristolochic acid, and the denatonium and 6-nitro-
saccharin receptor hTAS2R47 (Pronin et al.  2004) . Recently, hTAS2R8 was 
shown to respond to saccharin, although its sensitivity for this substance is much 
lower than that observed for the other known saccharin receptors, hTAS2R43 
and hTAS2R44 (Pronin et al.  2007) . If the apparently higher selectivity observed 
for this receptor group persists, or if future agonist screening projects will 
expand the agonist spectra further remains to be seen.     

 Until now, only few non-human TAS2Rs have been deorphanized. The mouse 
receptors mT2R5 and mT2R8 recognize cycloheximide and denatonium ben-
zoate, respectively (Chandrashekar et al.  2000) , whereas rT2R9 is activated by 
strychnine (Bufe et al.  2002) . The fact that only single agonists were identified 
for each rodent bitter taste receptor might indicate a higher selectivity of rodent 
TAS2Rs in general. However, only detailed agonist screening studies utilizing 
large panels of bitter compounds could substantiate this, otherwise surprising, 
observation. 

 Despite considerable screening successes the question of how so few receptors 
are able to detect so many bitter compounds remains unanswered. In order to elu-

  Fig. 3    Structural diversity of bitter compounds. The chemical structures of absinthin, aristolochic 
acid, denatonium, strychnine,  d -(-)-salicin, and phenylthiocarbamate ( PTC ) are depicted. Note the 
different sizes, charges, and three-dimensional architectures of these compounds that all activate 
at least one of the human bitter taste receptors       
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cidate this phenomenon in more detail, it is necessary to study the chemical deter-
minants of compounds resulting in the activation of bitter taste receptors, as well 
as the underlying receptor structure facilitating specific agonist interaction exten-
sively. The best studied agonist group for a bitter taste receptor are N—C=S-
containing substances activating hTAS2R38. Although the receptor underlying the 
bitter taste of compounds including the N—C=S moiety was not identified until 
recently (Kim et al.  2003) , chemical characterization of such substances dates 
back decades (Barnicot et al.  1951 ; Fox  1932)  because a non-taster allele for the 
prototypical N—C=S group containing bitter agonists, PROP and phenylthiocar-
bamate (PTC), of hTAS2R38 is frequently found in the human population. More 
recently, it was reported that the hTAS2R38 haplotype predicts the perceived bit-
terness of PTC better than for PROP (Bufe et al.  2005) , perhaps indicating addi-
tional bitter epitopes present in PROP leading to the activation of an additional 
receptor by this compound. Another well- characterized bitter epitope is the β- d -
glycopyranose moiety activating the receptor hTAS2R16. It was shown that the 
steric orientations of the C1 and C4 positions of the pyranose ring are of equal 
importance for the activation of this receptor. The impact of substitutions at other 
carbon atoms of the pyranose ring differed, indicating that interactions between 
bitter taste receptors and agonists are complex (Bufe et al.  2002) . The mixture of 
pronounced selectivity for certain chemical features within agonists and the vari-
ability for other residues of a chemical core structure allow the two receptors 
hTAS2R16 and hTAS2R38 to recognize chemically related families of bitter com-
pounds. A variation of this theme was reported just recently for the receptor 
hTAS2R46. This receptor is activated by numerous naturally occurring bitter ses-
quiterpene lactones and diterpenoids. Careful analyses of agonistic and non-ago-
nistic sesquiterpene lactones and diterpenoids indicated that agonists are required 
to contain γ-lactone or δ-lactone groups, but the exact chemical composition of the 
terpenoid skeleton is crucial for the agonistic properties of such compounds. 
Surprisingly, a number of chemically unrelated agonists, including the alkaloid 
strychnine, the antibiotic chloramphenicol, and the two synthetic bitter compounds 
denatonium and sucrose octaacetate, activated hTAS2R46 as well (Brockhoff et al. 
 2007) . These observations place hTAS2R46 between the receptors recognizing 
particular chemical families of bitter compounds, prototypically represented by 
hTAS2R16 and hTAS2R38, and receptors such as hTAS2R14 (Behrens et al.  2004 ; 
Sainz et al.  2007) , which detects a large number of structurally diverse bitter com-
pounds. In the case of hTAS2R14, even the identification of many agonists did not 
allow the definition of a chemical core structure common to all agonists (Behrens 
et al.  2004) . The recently deorphanized receptor hTAS2R7 might be even more 
broadly tuned than hTAS2R14 as membrane preparations of hTAS2R7 producing 
insect cells respond to most bitter substances tested (Sainz et al.  2007) . A com-
pletely different group of bitter compounds are peptides that are generated by 
hydrolyses of proteins, e.g. during cheese production. Recently, it was shown that 
products of casein hydrolyses as well as synthetic dipeptides activate an array of 
human bitter taste receptors, including hTAS2R1, hTAS2R4, hTAS2R14, and 
hTAS2R16 (Maehashi et al.  2007) . 
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 To date, only a single study has investigated structural requirements of receptors 
necessary for agonist activation. Using the closely related receptors hTAS2R43, 
hTAS2R44, and hTAS2R47 as templates for domain swapping and mutagenesis 
analyses, Pronin et al.  (2004)  identified extracellular loops 1 and 2 as being 
involved in agonist activation. Further, it was noticed that transmembrane segments 
of TAS2Rs contribute to agonist—receptor interactions.  

  6 Variability of Bitter Taste Receptor Genes 

 Evolutionary forces shaped the mammalian bitter taste receptor gene repertoire, 
resulting in a variable number of functional TAS2R genes and pseudogenes. 
A detailed review on the evolution of taste receptor genes can be found in Shi 
and Zhang (2008). The fact that bitter taste receptor genes are very heterogeneous 
among each other, within species, and between species, as well as the large 
number of observed TAS2R polymorphisms reflects their evolutionary history. 
An important question is how much of the large variability in taste responsiveness 
between human individuals (Bartoshuk  2000)  and also interstrain differences in 
mice is caused by TAS2R gene polymorphisms (Boughter et al.  2005 ; Chandrashekar 
et al.  2000)  or other factors such as anatomical differences (Miller and Reedy 
 1990) . The first and thus far only functional polymorphism identified in a rodent 
TAS2R gene was found in the mouse T2R5 gene, which codes for a cycloheximide 
responsive bitter taste receptor. It was shown that heterologously expressed 
mT2R5 from cycloheximide-sensitive mouse (taster) strains (DBA/2J, CBA/ca, 
BALB/c, C3H/He) responded to much lower concentrations of cycloheximide 
than mT2R5 variants from cycloheximide-insensitive (non-taster) strains 
(C57BL/6J, 129/Sv) (Chandrashekar et al.  2000) . Whereas all complementary 
DNAs of taster strains corresponded to the cycloheximide-sensitive allele of the 
mT2R5 gene, the less-sensitive mT2R5 allele differing in several amino acid 
positions was found in all non-taster strains. Strikingly, experimentally determined 
pharmacological properties of mT2R5 receptor variants correlated closely with 
behavioural data, suggesting that the receptor proteins themselves determine the 
taste physiological properties  of an organism and that heterologous expression 
of bitter taste receptors is a useful tool to study bitter taste physiological properties. 
Although numerous additional interstrain differences for the detection of bitter 
compounds have been reported (Boughter and Bachmanov  2007 ; Boughter et al. 
 2005) , suggesting a number of additional functionally polymorphic bitter taste 
receptor genes in mice, no additional mT2R gene variants have been identified 
to date. The lack of additional functional polymorphisms in mouse bitter taste 
receptors is most likely caused by the small number of deorphanized mT2Rs, 
although genetic mapping studies, which have already identified some loci 
corresponding to the observed phenotypical differences, should help to isolate 
variant receptor genes more rapidly. In humans, where 11 hTAS2Rs have been 
deorphanized to date, a considerably higher number of functionally relevant bitter 
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taste receptor gene polymorphisms have been identified. The first and so far the 
most pronounced polymorphism affects the PROP/PTC receptor, hTAS2R38. 
Although differences in the perception of PROP and PTC, separating the human 
population into PROP/PTC-taster and non-taster, were reported more than 70 
years ago, polymorphisms in the hTAS2R38 gene underlying the observed phe-
notype were identified only recently by a positional cloning approach (Kim et 
al.  2003) . Three common non-synonymous polymorphisms are found within 
hTAS2R38. The two predominant haplotypes found in the human population 
code for either the amino acids PAV (P 49 , A 262 , I 296 ) constituting the taster variant 
of hTAS2R38 or AVI in the corresponding positions for the non-taster variant. 
Later it was shown by recombinant expression studies that P49A and A262V are 
most important for receptor function, while V296I had little effect (Bufe et al. 
 2005) , confirming the strong association of these two positions with the PROP/
PTC-taster status observed earlier (Kim et al.  2003) . Moreover, pharmacological 
features observed for hTAS2R38 expressed in HEK 293 cells correlated well 
with human psychophysical studies (Bufe et al.  2005) , suggesting that, as 
already observed for mT2R5 (Chandrashekar et al.  2000) , the receptor itself 
predominantly determines human taste perception for these bitter compounds. 
Another functional polymorphic hTAS2R gene is the β- d -glucopyranoside 
receptor, hTAS2R16 (Bufe et al.  2002) . In the case of hTAS2R16 a single amino 
acid substitution at position 172, located in extracellular loop 2, is responsible 
for the observed functional differences of the two resulting receptor variants. 
Unlike hTAS2R38 variants, the changes in receptor sensitivity are more subtle, 
with the N172 variant being more sensitive than the K172 allele. Although the 
observed difference between both hTAS2R16 variants is only twofold, it affected 
human evolution profoundly. The ancient allele N172 is found with high fre-
quencies in only restricted populations of the African continent, whereas the 
more sensitive derived allele K172 has spread throughout the world. It is 
believed that positive selection for the more sensitive hTAS2R16 variant 
occurred because it protects its carriers better than the less sensitive allele 
against intoxication by a number of poisonous cyanogenic bitter β- d -
glucopyranosides frequently found in nature,. On the other hand, limited 
cyanoses caused by chronic ingestion of small quantities of such compounds 
may protect against malaria infection, which is likely the reason for the persist-
ence of the less sensitive N172 allele in high-risk malaria areas within Africa 
(Soranzo et al.  2005) . Recently, the different sensitivity to the bitter off-taste of 
an artificial sweetener, saccharin, and another bitter compound, aloin, has been 
connected with frequently occurring polymorphisms in the two closely related 
bitter taste receptors hTAS2R43 and hTAS2R44 (Pronin et al.  2007) . In a previ-
ous report this pair of receptors was demonstrated to be activated by the purely 
bitter substance aristolochic acid, but also by the two artificial sweeteners sac-
charin and acesulfame K (Kuhn et al.  2004) . Since both sweeteners exhibit in 
higher concentrations a bitter off-taste and are widely used as calorie-free sup-
plements in the food and beverage industry, the now reported functional poly-
morphisms are likely to affect food choice and nutritional behaviour in a part of 
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the population. The study by Pronin et al. showed that the critical amino acid for 
the sensitive variant of hTAS2R43 is located in intracellular loop 1 at position 
35. It was reported that a tryptophan residue at this position is conserved in the 
majority of human bitter taste receptors, among them hTAS2R44. Direct com-
parison between the nucleic acid sequences of hTAS2R43 and hTAS2R44 
revealed, however, that the nucleotide position leading to an exchange of tryp-
tophan is different between both receptors, pointing to an independent evolution-
ary origin of this polymorphism, thus paralleling observations of hTAS2R38 
mutations in human and chimpanzee, which led independently to the develop-
ment of a non-taster allele for PROP/PTC tasting (Wooding et al.  2006) . Since 
both receptors, hTAS2R43 and hTAS2R44, exhibit similar EC 

50
  values in the 

low millimolar range for their responsiveness to saccharin, the taster status of 
individuals depends on the presence of either one or both of the sensitive alleles 
of hTAS2R43 or hTAS2R44. Consequently, only those individuals carrying the 
less sensitive alleles of both receptors exhibited a significantly reduced percep-
tion of the bitter taste of saccharin (Pronin et al.  2007) . This is in contrast to the 
tasting ability for the substances aloin and aristolochic acid, for which the recep-
tor hTAS2R43 is much more sensitive than hTAS2R44. In this case, the less 
sensitive allele of hTAS2R43 directly affects the taster status for these sub-
stances. The complex taste behaviour for this receptor pair is further exemplified 
by the fact that in the absence of the sensitive hTAS2R43 allele the hTAS2R44 
genotype becomes visible, resulting again in a dichotomy of the observed taste 
phenotypes (Pronin et al.  2007) . 

 These, at present, few examples of functional polymorphic bitter taste receptor 
genes indicate already that if only some of the haplotypes reported so far for 
hTAS2R genes (Kim et al.  2005 ; Wooding et al.  2004)  exhibit similar functional 
differences, human bitter taste is highly individual. An even higher level of variabil-
ity for bitter taste perception may arise from the fact that in some individuals entire 
hTAS2R genes or at least parts of the coding regions are deleted from the genome. 
Until now, this new observation has been restricted to only two receptors, hTAS2R43 
and hTAS2R45 (Pronin et al.  2007) , but careful genomic analyses might reveal 
additional receptors affected by this phenomenon, which is not necessarily restricted 
to humans.  

  7 Outlook 

 The past few years have been an exciting time for bitter taste research and the 
coming years will most likely remain exciting. While in the past progress was 
evident in signal transduction, receptor deorphanization, and a number of addi-
tional physiological processes, in the future we might start to understand 
the structure—function relationship of bitter taste receptors and their agonists, 
the bitter signal integration in the taste buds, and information transmission 
towards the brain.      
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     Orosensory Perception of Dietary Lipids 
in Mammals       

     P.   Passilly-Degrace   ,    D.   Gaillard,    and    P.   Besnard       

  Abstract   Obesity constitutes a major public health problem for the twenty-first 
century, with its epidemic spread worldwide, particularly in children. The overcon-
sumption of fatty foods greatly contributes to this phenomenon. Rodents and humans 
display a spontaneous preference for lipid-rich foods. However, the molecular mecha-
nisms underlying this pattern of eating behaviour in mammals remain unclear. The 
orosensory perception of dietary lipids was long thought to involve only textural and 
olfactory cues. Recent findings challenge this limited viewpoint, strongly suggest-
ing that the sense of taste also plays a significant role in dietary lipid perception and 
might therefore be involved in the preference for fatty foods and obesity. This mini-
review analyses recent data related to the molecular mechanisms and physiological 
consequences of this means of orosensory lipid perception.  

  Abbreviations     CT ,   Chorda tympani   ;   CTX ,   Bilateral transection of the chorda 
tympani nerve   ;   DRK ,   Delayed-rectifying potassium   ;   FFA ,   Free fatty acid   ;   GL , 
  Glossopharyngeal   ;   GLX ,   Bilateral transection of the glossopharyngeal nerve   ; 
  GPCR ,   G-protein-coupled receptor   ;   LCFA ,   Long-chain fatty acid   ;   PROP ,   6- n -
Propylthiouracil   ;   PTK ,   Protein tyrosine kinase   ;   PUFA ,    Polyunsaturated fatty acid   ; 
  NST ,   Nucleus of the solitary tract   ;   TG ,   Triglyceride   ;   TRC ,   Taste receptor cells   ; 
  TRPM5 ,   Transient receptor potential protein 5     

    1 Introduction  

 Eating is a complex form of behaviour governed by a combination of physiological, 
hedonic, cultural and even philosophical factors. The profound technical and eco-
nomic changes of the twentieth century had a profound effect on our way of life 
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and, consequently, on our eating behaviour. For the first time in its history, much of 
the world’s population no longer has to “run after calories”. One direct conse-
quence of this fundamental change has been the emergence of plethora diseases 
which raise major public health problems. One of the most patent examples is obes-
ity, which has reached epidemic proportions worldwide and is a major contributor 
to the global burden of chronic diseases. This phenomenon affects both adults and 
children (Malecka-Tendera and Mazur  2006) . Recent data even suggest that the 
increase in prevalence of obesity is associated with a decrease in life expectancy in 
children (Olshansky et al.  2005) . 

 An abundance of food has obvious consequences: it promotes our specific 
appetites. Lipids account for about 40% of the calories ingested in Western 
countries, whereas nutritional recommendations are 5–10% lower. This exces-
sive lipid intake, associated with a qualitative imbalance (excess of saturated 
fatty acids and cholesterol, too high ω6/ω3 ratio) strongly favours the develop-
ment of obesity and associated diseases (atherosclerosis, non insulin-dependent 
diabetes, hypertension, cancer) .  This attraction to fatty foods is not specific to 
humans. Rats and mice spontaneously prefer lipid-rich foods if provided with a 
free choice (Tsuruta et al.  1999 ; Takeda et al.  2000) . This attraction to lipids is 
so strong that mice given free access to an oil as an optional diet rapidly 
become obese (Takeda et al.  2001a) . The origin of this preference for lipids 
remains unclear. 

 Perception of the chemical composition of foods requires the integration of 
early olfactory, somesthesic and gustatory cues and delayed neuroendocrine and 
metabolic signals induced after ingestion. All these signals converge on specific 
areas of the central nervous system, in which they are integrated to induce stere-
otyped physiological effects (food preference or aversion, digestive anticipa-
tion). Thus, when possible, mammals preferentially select foods on the basis of 
their physicochemical and nutritional properties (digestibility, nutrient composi-
tion, metabolic effectiveness, lack of toxicity). This complexity accounts for the 
concept of taste itself varying widely according to the individual concerned. In 
general terms, gustation is a global feeling induced by the release during chew-
ing of various dietary molecules acting on multiple sensors (olfactory and taste 
receptors, mechanoreceptors, thermoreceptors, nociceptors). For the specialist, 
the sense of taste is reduced to the interaction between a tastant with a specific 
recognition structure in the taste buds, the resulting sensory signal being con-
veyed to the brain via the gustatory nerves. According to this definition, four 
primary tastes (sweet, salty, bitter and sour) were initially described, to which 
umami has recently been added (Gilbertson and Boughter  2003 ; Sugita  2006) . 
Until recently, it was thought that oral lipid detection involved only somesthesic 
and olfactory cues. This restrictive view has been challenged by recent observa-
tions suggesting that gustation is also involved in spontaneous fat preference, 
underlying that the fatty taste might constitute a sixth gustatory modality. This 
review highlights recent findings in this new field of investigations in both 
rodents and humans.  
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  2 Fat Perception in Rodents  

 Taste perception is ensured by taste receptor cells (TRC), which are clustered in 
specialized onion-shaped structures, the taste buds, found at high density on the 
tongue and at low density in the soft palate, larynx, pharynx and upper part of the 
oesophagus. Taste buds consist of 50–150 TRC, as a function of species. In the lin-
gual epithelium, taste buds are located in three types of gustatory papillae with different 
spatial distributions. Most are the fungiform papillae, which cover the front two thirds 
of the tongue. These papillae are mushroom-shaped and have a small number (one to 
three) of taste buds on their apical surface. The circumvallate and foliate papillae are 
located on the central and lateral regions, respectively, of the posterior third of the 
tongue. The circumvallate papillae consist of a circular depression, the walls of which 
contain several hundred taste buds in humans (Mela and Mattes  1988)  and in rodents 
(Oakley  1993) . Humans have about ten circumvallate papillae, whereas rodents have 
only one, in a central position. Foliate papillae are located at the posterior lateral edge 
of the tongue and contain hundreds of taste buds. 

  2.1 Rats and Mice Display a Spontaneous Lipid Preference 

 There is compelling evidence to suggest that laboratory rodents have an orosensory 
system devoted to lipid detection. The two-bottle preference test is a classic method 
for studying the feeding behaviour of animals in a free-choice situation. This simple 
paradigm clearly shows that rats (Tsuruta et al.  1999)  and mice (Takeda et al.  2000)  
display a strong preference for lipid-rich solutions. However, this observation is dif-
ficult to interpret, because food preference results from the integration of olfactory, 
somesthesic, gustatory and postingestive signals. Thus, the relative importance of 
each of these parameters for the spontaneous fat attraction has been systematically 
explored. First, spontaneous fat attraction is maintained in anosmic rats and mice, in 
which olfaction is blocked by chemical means, demonstrating that smell does not 
play a significant role in this behaviour (Takeda et al.  2001b ; Fukuwatari et al.  2003) . 
Second, the two-bottle preference test clearly reveals that mice prefer vegetable oils 
to texturing agents, such as xanthan gum, suggesting that texture is not a major cue 
in orosensory fat perception (Takeda et al.  2000) . This observation is supported by 
findings for conditioned taste aversion, in which a naive animal learns to avoid a 
newly encountered tastant after suffering adverse postingestive effects triggered by 
an intraperitoneal injection of LiCl. Indeed, aversion to a sucrose/corn oil mixture 
cannot be induced in rats by replacing the corn oil with an indigestible oil of similar 
texture (mineral oil), suggesting that the chemical composition of the oil, rather than 
its textural characteristics, plays a key role in the perception of this mixture (Smith 
et al.  2000) . Interestingly, rats previously conditioned with corn oil display a stronger 
aversion to the sucrose/corn oil mixture than animals conditioned with sucrose 
alone, indicating that corn oil is the salient feature of the mixture (Smith et al.  2000) . 
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Third, fat preference is not abolished in very short term experiments (0.5–5 min) 
designed to minimize postingestive effects (Tsuruta et al.  1999 ; Smith et al.  2000 ; 
McCormack et al.  2006) . The persistence of an attraction to lipids in rats and mice 
in which textural, olfactory and postingestive cues have been simultaneously mini-
mized strongly suggests that taste influences this feeding behaviour in rodents 
(Takeda et al.  2001b ; Fukuwatari et al.  2003) .  

  2.2 Which Lipids Are Detected? 

 Although dietary lipids are mainly constituted of triglycerides (TG), long-chain 
fatty acids (LCFA; more than 16 carbons) seem to be responsible for oral lipid 
perception. In a free-choice situation, rats have a weaker preference for TG and 
medium-chain fatty acids (8 to 14 carbons) than for LCFA (Tsuruta et al.  1999 ; 
Fukuwatari et al.  2003) . This chemical selectivity is very tight, as LCFA deriva-
tives, such as methyl LCFA, are not recognized (Tsuruta et al.  1999) . The ability of 
rodents to detect LCFA specifically has also been confirmed with the conditioned 
taste aversion paradigm. It is noteworthy that both rats and mice can be conditioned 
to avoid specific LCFA (McCormack et al.  2006 ; Gaillard et al.  2008) , with a sub-
micromolar detection threshold (McCormack et al.  2006 ; Yoneda et al.  2007) . 

 Lingual lipase, which is responsible for an efficient release of LCFA from TG in 
rodents, seems to play a significant role in oral fat perception. Indeed, its pharmaco-
logical inhibition leads to a dramatic decrease in lipid preference in the mouse (Kawai 
and Fushiki  2003) . This may explain why mineral oil, which is not digestible, is not as 
attractive as vegetable oil in a free-choice situation (Yoneda et al.  2007) . Interestingly, 
lingual lipase is known to be released directly into the clefts of foliate and circumvallate 
papillae by the von Ebner glands in rodents (Kawai and Fushiki  2003) . This anatomi-
cal feature appears to be ideal for the efficient hydrolysis of TG and generates high 
LCFA levels close to the taste buds, facilitating their subsequent detection by TRC.  

  2.3 How Are LCFA Detected? 

 Chemosensitive proteins (ion channels, metabotropic and ionotropic receptors) 
located on the apical side of the TRC are responsible for taste reception. Interactions 
between a tastant and its specific detection system lead to changes in membrane 
potential and/or intracellular free calcium concentration, triggering neurotransmit-
ter release and generating, in turn, the firing of gustatory afferent nerve fibres 
(Gilbertson and Boughter  2003 ; Sugita  2006) . The gustatory perception of lipids 
must therefore require the existence of receptors displaying a high affinity for 
LCFA in the TRC. Three plausible candidates for this function have recently been 
identified: the delayed-rectifying potassium (DRK) channel Kv1.5, a G-protein-
coupled receptor (GPCR), GPR120, and the receptor-like glycoprotein CD36. 
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  2.3.1 DRK Channels 

 In TRC, various voltage-activated ion channels (K + , Na + , Ca 2+ ) contribute to the 
release of neurotransmitters after chemical stimulation (Gilbertson and Boughter 
 2003 ; Sugita  2006) . LCFA are known to regulate ion channels in various cell types. 
Gilbertson et al.  (1997)  from the University of Utah (USA) used patch-clamp record-
ing to explore the putative effect of free fatty acids (FFA) on membrane potential in 
TRC isolated from rat fungiform papillae. They reported that FFA are able to inhibit 
the DRK channels, which are known to be involved in the transduction pathways for 
various taste stimuli. This action is direct and strictly mediated by polyunsaturated 
fatty acids (PUFA). PUFA inhibition is effective only if these molecules are applied 
extracellularly, as in the physiological context. This suggests that the responsiveness 
to PUFA of taste cells may contribute to fat preference, thereby indirectly affecting 
body mass. To explore this hypothesis, the effect of PUFA on DRK currents was 
explored by patch-clamp recording in isolated fungiform TRC from obesity-resistant 
(S5B/P1) and obesity-prone (Osborne–Mendel) rats. Unexpectedly, PUFA-mediated 
depolarization was greater in TRC from obesity-resistant rats, which are known to 
prefer carbohydrates, than in those from obesity-prone animals, which prefer fats 
(Gilbertson et al.  2005) . This strain-specific response was attributed to a difference in 
the pattern of expression of DRK channel isotypes in TRC, with obesity-resistant rats 
having more K +  channels responsive to PUFA than obesity-prone animals (Gilbertson 
et al.  2005) . Various DRK channels are found in rat fungiform papillae (Liu et al. 
 2005) , but the  shaker  Kv1.5 channel, specifically inhibited by PUFA in cardiac cells 
(Honore et al.  1994) , has been shown to be strongly expressed in TRC from obesity-
resistant S5B/P1 rats (Gilbertson et al.  2005) . The mechanism by which PUFA inhibit 
Kv1.5 channels in taste bud cells remains unknown. However, a direct effect is likely, 
since a physical interaction between PUFA and the extracellular domain of the Kv1.5 
protein has already been reported in cardiomyocytes (Honore et al.  1994) . The Kv1.5 
channel may therefore be considered as an ionotropic receptor in TRC. All together, 
these data suggest that the control of Kv1.5 channels in TRC by PUFA does not 
explain the spontaneous fat preference observed in rodents.  

  2.3.2 GPCRs: GPR120 

 GPR120 belongs to the GPCR family (Fredriksson et al.  2003 ; Rayasam et al. 
 2007) . It is abundantly expressed in enteroendocrine cells, particularly in the distal 
part of the small intestine (ileum) and the colon, in both mice and humans. In these 
cells, GPR120 functions as a receptor for unsaturated LCFA, leading to the secre-
tion of incretins such as glucagon-like peptide-1 (Hirasawa et al.  2005)  and chole-
cystokinin (Tanaka et al.  2007) . Preliminary studies have shown that GPR120 is 
also expressed in circumvallate and fungiform TRC in rats (Matsumura et al.  2007) . 
The physiological role of this receptor in the taste buds remains unknown. 

 GPR120 is also found in the mouse enteroendocrine STC-1 cell line. Interestingly, 
STC-1 cells have several genotypic and phenotypic features in common with TRC. 
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For instance, they also express the genes encoding receptors for sweet taste, T1R2 
and T1R3 (Dyer et al.  2005) , and for bitter taste, T2R (Wu et al.  2002) , and the five 
basic taste stimuli induce an increase in intracellular free calcium concentration 
(Saitoh et al.  2007) . In vitro studies in STC-1 cells have shown that unsaturated 
LCFA/GPR120 interaction also leads to an increase in intracellular free calcium 
concentration (Hirasawa et al.  2005) . This result is reminiscent of the tastant-
mediated increase in intracellular free calcium concentration in TRC. GPR120 is a 
receptor for unsaturated fatty acids (Hirasawa et al.  2005)  and its involvement in 
the orosensory perception of dietary lipids is thus plausible. However, further stud-
ies including the effect of GPR120 gene manipulation (invalidation or overexpres-
sion) on fat preference are required to validate this hypothesis.  

  2.3.3 CD36 as a Lipid Sensor 

 CD36 is a receptor-like protein that binds saturated and unsaturated LCFA with an 
affinity in the nanomolar range (Baillie et al.  1996) . It has the structural and functional 
features required of a taste-based lipid receptor. First, CD36 appears to be restricted to 
the gustatory epithelium in rodent tongues (Fukuwatari et al.  1997 ; Laugerette et al. 
 2005) . In mice, CD36 is expressed particularly strongly in circumvallate papillae, to a 
lesser extent in foliate papillae and only very weakly in fungiform papillae (Laugerette 
et al.  2005) . Immunohistochemical staining has shown the CD36 protein to be present 
mostly on the apical side of some of the TRC lining the taste pores (Laugerette et al. 
 2005) . This distribution of a protein with a very high affinity for LCFA is particularly 
suitable for the generation of a lipid signal by taste buds. Indeed, CD36-positive TRC are 
directly exposed to a microclimate potentially rich in LCFA, owing to the local release 
of lingual lipase in the clefts of circumvallate papillae (Kawai and Fushiki  2003) . 
Second, a role of CD36 as a lipid sensor is also supported by the predicted structure of 
this protein. This plasma membrane protein has a hairpin structure, with a large extracel-
lular hydrophobic pocket located between two short cytoplasmic tails (Rac et al.  2007) . 
Existence of a physical interaction between the intracellular C-terminal tail of CD36 and 
Src protein tyrosine kinase (PTK) (Huang et al.  1991)  results in the formation of a func-
tional complex, allowing the transfer of an exogenous lipid signal into the TRC. Third, 
CD36 gene invalidation abolishes both fat preference (Laugerette et al.  2005 ; Sclafani 
et al.  2007a)  and the cephalic phase of digestion triggered by oral LCFA deposition 
(Laugerette et al.  2005) . Altogether, these findings strongly suggest that CD36 is a lipid 
receptor involved in the orosensory perception of dietary lipids in rodents.   

  2.4  Does the Gustatory Pathway Play a Role in CD36-Mediated 
Fat Perception? 

 The key question at this stage concerned the possible mediation of oral lipid detec-
tion by the gustatory pathway. Studies of the lipid transduction signal in TRC and 
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of the afferent nerve route used to transfer the fat signal to the central nervous system 
were required to address this question. 

  2.4.1 Mechanisms of Fat Signal Transduction 

 The tastant-induced release of neurotransmitters towards afferent nerve fibres leads 
to the orosensory perception of sapid molecules. As already mentioned, this event 
is known to be mediated by changes in intracellular free calcium concentration in 
TRC (Gilbertson and Boughter  2003) . If lingual CD36 acts as a lipid receptor, 
LCFA binding to CD36 may also affect intracellular free calcium concentration. 
We tested this hypothesis, by determining the intracellular free calcium concentration 
in CD36-positive TRC isolated from mouse circumvallate papillae by affinity puri-
fication with magnetic beads (Gaillard et al.  2008) . Saturated and unsaturated 
LCFA triggered a rapid and robust increase in intracellular free calcium concentra-
tion in CD36-positive cells. This effect was strictly CD36-dependent, as it was not 
observed in CD36-negative cells. Moreover, addition of the specific CD36 binding 
inhibitor, sulfo- N -succinimidyl oleic acid ester (Harmon et al.  1991)  to the culture 
medium completely abolished the linoleic acid mediated rise in intracellular free 
calcium concentration in CD36-positive cells. These data provided the first demon-
stration that LCFA increases intracellular free calcium concentration in the taste 
bud cells, and that this event is CD36-dependent (Gaillard et al.  2008) . 

 The reception of tastes other than salty and sour requires the heterotrimeric 
gustducin complex (Wong et al.  1996)  (Fig.  1a ). CD36-expressing TRC also con-
tain the α-subunit of gustducin (Laugerette et al.  2005 ; Gaillard et al.  2008) , but this 
G-protein complex is not involved in fat preference. Indeed, attraction for LCFA-
enriched solutions is maintained in α-gustducin-null mice (Sclafani et al.  2007b) . 
This result was expected, because CD36 does not belong to the GPCR family, 
unlike the T1R and T2R receptors responsible for sweet, bitter and umami taste 
detection. An alternative mechanism has recently been described for transduction 
of the lipid signal (El-Yassimi et al.  2008) . It has been shown that LCFA binding to 
CD36 leads to the recruitment and activation of the Src-PTK Fyn and Yes, inducing 
an increase in intracellular free calcium concentration in purified mouse CD36-
positive TRC (Fig.  1b ). This increase results from the opening of store-operated 
calcium channels (El-Yassimi et al.  2008) . The involvement of Src-PTK in this 
signalling cascade is not entirely surprising, because interactions between CD36 
and Src-PTK Fyn, Lyn and Yes have been reported in other cell types (Huang et al. 
 1991) . LCFA also seems to increase inositol triphosphate (IP3) concentration in 
CD36-positive TRC (El-Yassimi et al.  2008)  (Fig.  1b ). This CD36-dependent 
regulation may increase intracellular free calcium concentration still further, by 
mobilizing the Ca 2+  stored in endoplasmic reticulum cisternae, as reported, for 
instance, for sweet taste (Bernhardt et al.  1996) . The mechanism underlying this 
CD36-dependent pathway remains unknown. Concomitant exogenous and endog-
enous Ca 2+  fluxes seem therefore to account for the increase in intracellular free 
calcium concentration mediated by LCFA in CD36-positive TRC. Transient receptor 
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potential protein 5 (TRPM5) is known to play an important role in taste transduc-
tion (Fig.  1 ). This Na + /K +  channel responds to rapid changes in intracellular free 
calcium concentration by inducing transient membrane depolarization (Prawitt et 
al.  2003) , leading to neuromediator release. The much weaker attraction to LCFA 
observed in TRPM5 −/−  mice than in controls demonstrates the involvement of this 
ion channel in the fat signalling cascade found in the TRC (Sclafani et al.  2007b)  
(Fig.  1b ).  

  Fig. 1    Signal transduction in taste receptor cells.  a  Sweet taste transduction pathway. Binding of 
sweet molecules to the G-protein-coupled receptor T1R2 and T1R3 heteromers induces the dis-
sociation of the G-protein. G-protein subunits then activate phospholipase C β2 ( PLCβ2 ), which 
cleaves phosphatidyl inositol diphosphate ( PIP2 ) in diacyglycerol ( DAG ) and inositol triphosphate 
( IP3 ). IP3 binds to isoform 3 of the IP3 receptor ( IP3R3 ) located at the surface of the smooth 
endoplasmic reticulum, inducing in turn Ca 2+  release into the cytoplasm. This increase in intracel-
lular free calcium concentration opens transient receptor potential protein 5 ( TRPM5 ) channels, 
allowing influx of Na +  ions and subsequent depolarization of the cell, leading to the release of 
neurotransmitters.  b  CD36-mediated fat taste transduction pathway. In CD36-positive cells immu-
nomagnetically isolated from mouse circumvallate papillae, Src protein tyrosine kinase Yes and 
Fyn are activated when long-chain fatty acids ( LCFA ) bind to CD36, leading to a rise in intracel-
lular free calcium concentration secondary to the opening of store-operated calcium ( SOC ) chan-
nels. LCFA/CD36 interaction also seem to increase IP3 concentration, suggesting that mobilization 
of endoplasmic reticulum Ca 2+  could also contribute to the increase in intracellular free calcium 
concentration. Like sweet taste transduction, intracellular free calcium concentration rise can 
activate the TRPM5 channels, leading to release of neurotransmitters       
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 Taken together, these findings provide the first evidence that LCFA have a 
profound effect on the function of mouse TRC, via the activation of a signalling 
cascade dependent on CD36.  

  2.4.2 The Gustatory Nerves Convey the Fat Signal 

 TRC from fungiform papillae and some of the anterior foliate papillae establish 
synaptic contacts with the chorda tympani (CT) nerve, whereas the posterior parts 
of the foliate and circumvallate papillae are innervated by the glossopharyngeal 
(GL) nerve. The possible involvement of gustatory nerves in the LCFA-mediated 
fat preference has recently been explored in rodents, by studying the impact of 
bilateral transection of the CT nerve (CTX) and/or bilateral transection of the GL 
nerve (GLX). 

 In rats, CTX decreases fat preference in a free-choice situation (Stratford et al. 
 2006 ; Pittman et al.  2007) . Consistent with these data, CTX rats display much 
weaker conditioned aversion to linoleic acid than sham-operated control rats 
(Stratford et al.  2006 ; Pittman et al.  2007) . Paradoxically, the impact of total den-
ervation of the peripheral gustatory nerves (CTX + GLX) was not investigated in 
these rat studies, although such an exploration would be required for a full demon-
stration. In mice, the lack of functional peripheral gustatory nerves (CTX + GLX 
animals) fully abolishes both spontaneous linoleic acid preference and conditioned 
aversion (Gaillard et al.  2008) . These findings demonstrate that afferent gustatory 
nerve fibres play a crucial role in the orosensory perception of LCFA in rodents. 
Although CD36 in the TRC probably acts as a lipid receptor in these mammals 
(Laugerette et al.  2005) , its involvement in the fat signal conveyed by peripheral 
gustatory nerves remains to be demonstrated. However, the much lower levels of 
pancreatic and biliary secretions observed after oral linoleic acid deposition in 
CTX/GLX mice than in sham-operated control mice (Gaillard et al.  2008)  provides 
indirect support for this hypothesis. Indeed, the cephalic phase of digestion trig-
gered by the presence of LCFA in the oral cavity is highly CD36 dependent 
(Laugerette et al.  2005) . A direct demonstration would require analysis of electro-
physiological recordings of CT and GL nerves in CD36 +/+  and CD36 −/−  mice sub-
jected to oral fatty acid stimulation.  

  2.4.3 Lipid-Induced Neuronal Activity in the Nucleus of the Solitary Tract 

 Lipid signals therefore appear to be transmitted by a peripheral nerve route known 
to be involved in the transfer of gustatory information to the brain. The nucleus of 
the solitary tract (NST) in the brainstem is the first synaptic relay in the nervous 
gustatory cascade. Immunohistochemical detection of Fos, the protein encoded by 
the immediate early gene c-fos, has been successfully used to identify populations 
of neurons activated by LCFA in the NST (Gaillard et al.  2008) . In mice, oral lino-
leic acid deposition triggers the activation of NST areas known to receive CT and 
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GL afferent fibres. This activation appears to be CD36-dependent, as it is not 
observed in CD36-null mice subjected to oral stimulation with linoleic acid 
(Gaillard et al.  2008) . Axons from the mandibulary branch of the trigeminal nerve 
innervating the anterior tongue project into taste areas of the NST (Hamilton and 
Norgren  1984) , but mechanical or textural stimulation is unlikely. Indeed, water 
alone or mixed with xanthan gum to mimic the texture of lipids does not affect 
neuronal activity in the NST (Gaillard et al.  2008) . Thus, the fat signal triggered by 
the interaction of LCFA with CD36 in the oral cavity is transmitted through the 
NST. The known involvement of the lateral hypothalamus and nucleus accumbens 
in food intake and reward, respectively, and in the reception of synaptic inputs from 
the NST (Berthoud  2002)  may account for the spontaneous preference for LCFA-
rich food observed in mice. The digestive projections of the NST (Berthoud  2002)  
may also contribute to a lipid-mediated reflex, controlling pancreatobiliary secre-
tions directly and/or indirectly, through the production of intestinal hormones.   

  2.5 Main Questions Posed 

 This brief literature review provides compelling evidence in favour of a significant 
role for the sense of taste in fat preference in rodents. However, the presence of 
several putative lipid receptors (CD36, Kv1.5 channels, GPR120) in taste buds was 
not expected and raises questions about the physiological roles of these receptors. 
Furthermore, the taste-mediated perception of LCFA by CD36 would be unusual 
owing to the multifunctional nature of this protein. 

  2.5.1 How Can DRK and CD36 Data Be Reconciled? 

 While lipid detection by lingual CD36 contributes to promote fat feeding 
(Laugerette et al.  2005) , the lipid-mediated inhibition of DRK Kv1.5 channels in 
the TRC seems to be more efficient in rats, which prefer carbohydrates, than in 
animals with a marked natural preference for fats (Gilbertson et al.  1998 ,  2005) . 
This apparent paradox may be accounted for by differences in the binding and 
structural features of these two lipid receptors. Consistent with the binding affinity 
of CD36 (Baillie et al.  1996) , the behavioural and digestive effects of lingual CD36 
are triggered by both saturated and unsaturated LCFA (Laugerette et al.  2005) , 
whereas DRK inhibition is strictly PUFA-dependent (Gilbertson et al.  1997) . 
Furthermore, given its receptor-like structure and its association with Src kinases, 
CD36 probably acts as a metabotropic receptor in the tongue, whereas Kv1.5 
appears to be an ionotropic receptor. These two lipid-mediated sensory systems 
therefore probably coexist in the rodent tongue. Lingual CD36 may be a lipid sen-
sor involved in fat preference, encouraging the selection of lipid-rich foods and 
facilitating their subsequent use by the body. By depolarizing TRC via Kv1.5 chan-
nel inhibition, PUFA may act as a taste modulator, increasing the palatability of 
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other tastants. The preference for a subthreshold concentration of saccharin 
observed in the presence of linoleic acid (Gilbertson et al.  2005)  is consistent with 
this hypothesis. Interestingly, similar results have been obtained with other sapid 
substances in behavioural assays, with PUFA reinforcing the attractive or aversive 
effects of sweet and bitter tastes, respectively (Pittman et al.  2006) . Further experi-
ments are required to validate this working hypothesis.  

  2.5.2 How Can We Account for the Multifunctionality of CD36? 

 CD36 is a plasma-membrane glycoprotein expressed in a wide variety of tissues. 
It is a multifunctional protein belonging to the family of class-B scavenger recep-
tors. It increases the uptake of LCFA by cardiomyocytes and adipocytes (Coburn 
et al.  2000 ; Hajri et al.  2001)  and that of oxidized low-density lipoproteins by 
macrophages (Febbraio et al.  2001) , modifies platelet aggregation by binding to 
thrombospondin and collagen (Chen et al.  2000) , facilitates the phagocytosis of 
apoptotic cells by macrophages (Ren et al.  1995)  and increases the cytoadhesion of 
erythrocytes infected with  Plasmodium falciparum  (Oquendo et al.  1989) . In addition, 
CD36 has also recently been shown to play a role in the taste reception of dietary 
lipids on the tongue (Laugerette et al.  2005 ; Gaillard et al.  2008) . This new function 
may seem paradoxical, given the high tissue and binding specificities generally 
displayed by other taste receptors, such as T1R and T2R (Sugita  2006) . 

 Despite its multifunctionality, CD36 generally plays a specific role in a given 
cell type. For example, it is involved in collagen-mediated cytoadhesion in plate-
lets, whereas it mediates LCFA uptake in myocytes. This cell specificity of function 
probably results from both cellular context (genotype and microenvironment) and 
aspects of CD36 itself, as regulation of the gene encoding this receptor is unusually 
complex (Andersen et al.  2006)  and this protein is subject to posttranslational 
modifications (Rac et al.  2007) . The functional diversity of CD36 results partly 
from alternative splicing of the precursor messenger RNA molecule. Indeed, the 
human, rat and mouse CD36 genes contain several alternative and independent 
promoters and first exons (Cheung et al.  2007 ; Rac et al.  2007 ; Sato et al.  2007) . 
The expression profiles of these alternative transcripts differ considerably between 
tissues (Andersen et al.  2006) , resulting in the tissue-specific regulation of CD36 
gene expression. For instance, differences in the CD36 promoters expressed in the 
liver and small intestine account for the differential regulation of the CD36 gene by 
peroxisome proliferator-activated receptor agonists observed in these tissues (Sato 
et al.  2007) . The diversity of posttranslational modifications of CD36 (glycosyla-
tion, phosphorylation, acylation, palmitoylation) also contributes to the cell-type 
specificity of its functions. For example, the degree of glycosylation of the CD36 
extracellular domain varies considerably among tissues (Greenwalt et al.  1992) . 
This phenomenon may result in specific physiological effects due to the selection 
of a specific ligand in a specific cell. Thus, a role for CD36 in the chemoreception 
of dietary lipids by TRC remains plausible despite the multifunctional nature of this 
protein. The recent identification of a CD36-related receptor responsible for the 
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olfactory detection of a fatty acid derived pheromone in  Drosophila  (Benton et al. 
 2007)  suggests that the chemosensory function of CD36 previously reported in 
rodents may be widespread throughout the animal kingdom. 

 Thus, there is compelling evidence for the existence of a gustatory system 
devoted to LCFA detection in rodents. Does such a system exist in humans?    

  3 Fat Perception in Humans  

 Far fewer studies have been carried out on humans, but psychophysical studies car-
ried out by Richard Mattes and co-workers strongly suggest that taste also plays a role 
in fat perception in humans (Mattes  2005) . Sham-feeding experiments in healthy 
subjects have shown that oral exposure to fat is sufficient to increase postprandial 
plasma TG levels significantly (Mattes  1996) . Interestingly, this effect, which is inde-
pendent of food ingestion, is maintained even if textural (Mattes  2001a)  and olfactory 
(Mattes  2001b)  cues are minimized. It is thought that this effect results from the 
release from enterocytes of residual lipids from the previous meal (Mattes  2002) . This 
event is probably dependent on the cephalic phase of digestion induced by the pres-
ence of lipids in the oral cavity. Consistent with this hypothesis, oral lipid stimulation 
has also been shown to increase plasma pancreatic peptide concentration in healthy 
subjects (Crystal and Teff  2006) . This endocrine effect is very rapid, peaking only 4 
min after oral exposure to fat. This finding is similar to those reported for rodents, in 
which the orosensory perception of dietary lipids also affects pancreatic function 
(Hiraoka et al.  2003 ; Laugerette et al.  2005) . Recent studies have shown that FFA are 
responsible for these physiological effects (Chale-Rush et al.  2007) . 

  3.1 Evidence for the Orosensory Detection of LCFA 

 Healthy adult subjects can detect saturated and unsaturated LCFA specifically. As 
this has been observed in experiments in which olfactory and somatosensory cues 
were minimized, this perception has been attributed to the sense of taste (Chale-
Rush et al.  2007) . The detection threshold for LCFA is much lower (0.028% w/v, 
on average) (Chale-Rush et al.  2007)  than that for TG (5.6 and 17.3% w/v, on aver-
age, in young and old subjects, respectively) (Schiffman et al.  1998) . Lipid-rich 
foods may contain up to 0.5% FFA (Mattes  2005) , so TG hydrolysis by lingual 
lipase does not seem to be required for orosensory fat detection. This point is 
important, given continuing debate concerning whether humans have an efficient 
lingual lipase (Moreau et al.  1988 ; Hamosh  1990) . LCFA may be responsible for 
the taste perception of dietary lipids in humans, as reported in rodents, but is there 
a functional basis for this assumption? Electrophysiological recordings of individ-
ual neurons in rhesus macaques and functional magnetic resonance imaging in 
humans can be used to address this question.  
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  3.2 Fat-Mediated Sensory Processing in the Brain 

 In primates, some of the orosensory inputs of olfactory, somesthesic and gustatory 
origin triggered by the presence of food in the oral cavity converge on the orbitofrontal 
cortex (i.e. the secondary taste cortex) and amygdala (Rolls  2007) . This multimodal 
convergence complicates evaluations of the respective roles played by the various 
orosensory signals in the perception of dietary lipids. However, electrophysiological 
recordings in macaques (Verhagen et al.  2003)  and functional magnetic resonance 
imaging in humans (De Araujo and Rolls  2004)  have shown that some of the neurons 
located in the orbitofrontal cortex are activated by oral fat load independently of its 
viscosity, suggesting that the detection of dietary lipids is not solely dependent on their 
textural properties. Consistently with this assumption, FFA-sensitive neurons have 
been found in the primary taste cortex (insula), secondary taste cortex (orbitofrontal 
cortex) and amygdala in macaques (Kadohisa et al.  2005) . As local pH remains stable 
in the presence of FFA, neuronal activation due to an increase in buccal acidity is 
unlikely. Besides, there is only a limited functional overlap between neurons activated 
by oral oil deposition and neurons activated by FFA (Kadohisa et al.  2005) . It therefore 
seems that a system devoted to an orosensory (taste?) perception of FFA exists, in 
addition to the textural perception of fats in primates. However, in contrast to rodents, 
in which only LCFA are perceived in the oral cavity, medium-chain fatty acids (e.g. 
lauric acid, C12:0) seem to be able to activate the neuronal pathway known to convey 
taste signals in macaques (Kadohisa et al.  2005) . The reasons for this difference 
between species remain unclear. The molecular mechanism responsible for the orosen-
sory perception of FFA in humans is currently unknown, and it remains to be demon-
strated whether CD36 or other putative lipid receptors are expressed in primate TRC.  

  3.3  Is Fat Perception Related to 6-n-Propylthiouracil 
Taster Status? 

 Sapid molecules are not perceived similarly by all humans. For example, the avoid-
ance of bitterness is a trait of the human species, but the extent to which a given 
food is perceived as bitter differs considerably among subjects. Some subjects in 
the general population can detect bitterness due to very low concentrations of 
6- n -propylthiouracil (PROP) (Bartoshuk et al.  1994) . These subjects are described 
as PROP-tasters. The strong response to bitter tastes of PROP-tasters is thought to 
result from the presence of a larger number of fungiform papillae (Bartoshuk et al. 
 1994) . Sensitivity to PROP is also thought to be associated with a preference for 
sweet and fatty foods (Looy and Weingarten  1992 ; Tepper and Nurse  1998 ; Duffy 
et al.  1999) ; however, this relationship remains a matter of debate, as it has not been 
systematically reproduced (Drewnowski et al.  1997 ,  2007 ; Kirkmeyer and Tepper 
 2003) . Whatever the origin of these discrepancies, it seems unlikely that sensitivity 
to bitter tastes, the number of fungiform papillae and fat preference are related.   
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  4 Conclusions and Future Directions  

 Dietary lipid perception clearly depends on multiple factors. It has been shown that 
a gustatory cue devoted to fat perception operates in mice and humans, in parallel 
with texture and olfaction. LCFA provide the stimulus for fat perception. In mice, 
CD36 acts as a gustatory lipid receptor, enabling the organism to obtain sufficient 
energy by selecting and promoting the digestion of lipids (Fig.  2 ). This system, 
which might be considered as a sixth taste modality, would clearly be advantages 
in times of food scarcity. Indeed, fat-rich foods are an important source of energy, 
contain essential fatty acids and carry lipid-soluble vitamins (A, D, E, K) with 
many important, fundamental biological functions. Conversely, this “fatty” taste 
might contribute to increase the prevalence of obesity during periods of food abun-
dance. Further experiments are required to explore these assumptions.  

  Fig. 2    Gustatory lipid perception in mice. LCFA released from triglycerides ( TG ) by lingual 
lipase bind to CD36, which acts as a gustatory lipid receptor in taste receptor cells ( TRC ) ( 1 ). The 
recognition of LCFA by CD36 induces an increase in intracellular free calcium concentration 
 ([Ca   2+   ]  

 i 
 ) ( 2 ), an event known to generate the release of neurotransmitters by TRC. Lipid taste 

signal is then transmitted by the gustatory nerves (chorda tympani, nerve VII and glossopharyn-
geal, nerve IX) ( 3 ) to the gustatory area in the nucleus of the solitary tract ( NST ) in the brainstem 
( 4 ). The projections of the NST to central nuclei involved in eating behaviour and to peripheral 
tissues, including the digestive tract, could account for the CD36-mediated attraction to lipids ( 5 ) 
and the cephalic phase of digestion ( 6 ) reported in mice subjected to an oral lipid stimulation.  HT  
hypothalamus,  N.Ac.  nucleus accumbens       
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 It remains unclear whether there is a similar system in humans. For example, the 
molecular mechanisms responsible for the chemodetection of LCFA in the oral 
cavity are unknown. The identification of relevant, non-invasive biological markers 
may make it possible to answer this question in the future. Further data concerning 
gustatory fat perception in mammals may lead to the development of new therapeu-
tic approaches (nutritional and pharmacological) to decrease the risk of obesity.      
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     Gustation in Fish: Search for Prototype 
of Taste Perception       

     A.   Yasuoka      and    K.   Abe          

  Abstract   Fish perceive water-soluble chemicals at the taste buds that are distrib-
uted on oropharyngeal and trunk epithelia. Recent progress in molecular analyses 
has revealed that teleosts and mammals share pivotal signaling components to 
transduce taste stimuli. The fish orthologs of taste receptors, fT1R and fT2R, show 
mutually exclusive expression in taste buds, and both are coexpressed with phos-
pholipase C-β2 and the transient receptor potential M5 channel as common down-
stream components of taste receptor signals. Interestingly, fT1R heteromers are 
activated by various  l -amino acids but not by sugars. This may reflects that in fish 
the energy metabolism depends primarily on gluconeogenesis from amino acids. 
fT2Rs are activated by denatonium benzoate, which is a bitter substance for mam-
mals. It is thus likely that the preferable and aversive tastes for vertebrates, though 
their taste modalities somewhat vary, are transduced by the conserved sensory 
pathways. The comparative molecular biology of the fish taste system would lead 
to understanding a general logic of encoding taste modalities in vertebrates.    

  1 Introduction 

 Fish covers a wide variety of vertebrate species. These include  Teleostei , 
 Acipenseriformes  (stargeon),  Lepisosteiformes  (gar),  Chondrichthyes  (shark),  Agnatha  
(hagfish), etc. The model fish species  Oryzias latipes  (medaka),  Danio rerio  (zebrafish), 
and  Tetraodon nigroviridis  (pufferfish) belong to  Teleostei , the most prevailing class in 
the modern world. Taste buds are observed in these fish species, except in  Agnatha , 
whose phylogenic root is close to that of vertebrates. Instead, they possess solitary 
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chemosensory cells (SCCs) distributed solely in epithelia and synapsed by sensory 
nerves. SCCs are also observed in other fish species, including  Teleostei , as well as in 
mammals (Northcutt  2004 ; Finger  1997) . SCCs have been found to share some signal-
ing components with taste bud cells (Höfer et al.  1996 ; Finger et al.  2003) , but in this 
article we will focus on the chemoreception process that starts at the taste bud cells. 
Fish have frequently been used for taste research, because they show higher sensitivity 
to tastants than mammals, and because specialized taste organs have been observed in 
some species. For example, catfish possess many taste buds on the barbel on which the 
facial nerve projects, and have served as an ideal material for analysis of taste nerve 
responses to amino acids or other tastants (Marui and Caprio  1982 ; Ogawa and Caprio 
 1999 a). Also, fluorescent dye tracing experiments have revealed the projection of taste 
nerves in the hindbrain area (Finger  1976 ,  1978 ; Finger and Morita  1985) . However, 
these studies have basically been restricted to the comparative morphology or physi-
ological properties  specific to fish. It is necessary to discover a molecular basis appli-
cable to vertebrates in general. Recent progress in molecular biology of model fish has 
made an impact on taste research. During the period from 1996 to 2007, large-scale 
mutant screenings were performed in zebrafish and medaka, resulting in the identifica-
tion of a number of mutations that affect the development of the central nervous system 
and sensory organs (Schier et al.  1996 ; Haffter and Nüsslein-Volhard  1996 ; Loosli 
et al.  2000 ; Naruse et al.  2004 ; Tanaka et al.  2007) . One of the consequences of the 
screenings is that model fish utilize molecular mechanisms to specify brain and other 
sensory structures basically in the same way as mammals do, still exhibiting simplicity 
in cellular compositions. Especially in the case of medaka, several mutants showing 
abnormal trajectory of cranial nerves were isolated by staining nerve bundles in 
embryos (Yasuoka et al.  2004  b  ). The results show the possibility that mechanisms 
underlying the formation of cranial nerves can be dissected by forward genetics. In 
addition, significant contributions have been made by genome sequencing projects on 
model fish species. The genomes of zebrafish (1,500 Mbp,   http://zfin.org/cgi-bin/
webdriver?MIval=aa-ZDB_home.apg    ), medaka (700 Mbp,   http://www.shigen.nig.
ac.jp/medaka/indexEn.html    ), and pufferfish (340 Mbp, Brenner et al.  1993)  have been 
sequenced and annotated in comparison with vertebrate genomes (  http://www.
ensembl.org/index.html    ). These projects revealed the presence of multiple syntenic 
regions scattered over chromosomes and the occurrence of two major genome duplica-
tion events during the evolution of vertebrates (Nakatani et al.  2007) . On the basis of 
these achievements, researchers began to utilize model fish as a tool to dissect the taste 
system from a molecular aspect. This article reviews the molecular mechanisms of the 
taste signal transduction in fish to figure out a general logic of taste perception in 
vertebrates.  

  2 Fish Taste Buds and Cranial Sensory Nerves 

 Fish taste buds, with morphological variations depending on the species (Northcutt 
 2004) , can be observed in trunk, face, lip, oral, and pharyngeal (gill) epithelia, where 
sensory components of cranial nerves, facial (VII), glossopharyngeal (IX), and 
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vagus (X) nerves project, while the distribution of mammalian taste buds is restricted 
to the oropharyngeal region. Figure  2  shows transgenetically labeled taste bud cells 
in two model fish species by green fluorescent protein expression under the control 
of medaka phospholipase C-β2 (mfPLC-β2) promoter (Aihara et al.  2006) . Signals 
due to green fluorescent protein expression are observed in lip and oropharyngeal 
epithelia (Fig.  2a ,  b ). The dissected tissue of transgenic medaka allows detailed 
observation of taste bud cells in gill rakers and pharyngeal teeth (Fig.  2c – f ). In the 
development process, these epithelia are under the governance of segmental cell 
flow from neural crest and placodal lineages (Baker and Bronner-Fraser  2001) . The 
taste buds themselves are derived from neither of these lineages, but develop autono-
mously from pharyngeal endoderm before the cranial sensory nerves attach their 
peripheral ends (Stone et al.  1995 ; Barlow and Northcutt  1997) . However, the rela-
tionships between taste bud location and each cranial sensory nerve basically follow 
the anterior–posterior order, i.e., taste buds on lip and mandibular arch innervated by 
the facial nerve, those on pharyngeal arches by the glossopharyngeal nerve, and 
those on the brachial arches by the vagus nerve. In considering the phylogenic origin 
of tongue and the other cervical structures of mammals, it is reasonable to mention 
that the segmental organization of the taste system is basically conserved among 
teleosts and mammals. These cranial nerves are called epibranchial nerves, which 
consist of both neural crest and placodal lineages. Fine cell fate mapping analyses in 
amphibians showed that taste buds are innervated by those of placodal origin 
(Harlow and Barlow  2007) . These taste nerves form ganglia located distal to those 
of crest origin, and project their afferents into rhombomeric segments in the manner 
facial to fourth segment, glossopharyngeal to seventh segment, and vagus to eighth 
segment, where secondary neurons receive sensory input. In some fish species, the 
hindbrain region containing these areas forms bulges called the facial lobe and the 
vagal lobe (Finger and Morita  1985 ; Kotrschal and Finger  1996) . These areas are 
considered to correspond to the solitary nucleus in the brain stem of mammals. Part 
of the gustatory information is transmitted through a reticular formation to motor 
nuclei to regulate jaw and gill reflection (Finger and Morita  1985 ; Goehler and 
Finger  1992 ; Kotrschal and Finger  1996 ; Kanwal and Finger  1997) . A similar path-
way was reported in mammals (Travers and Karimnamazi  1997 ; Travers et al.  2000) , 
but the pathway passing through the midbrain–hindbrain boundary is thought to be 
more dominant in mammals (Travers and Karimnamazi  1997 ; Reilly  1999 ; Faurion 
 2006) . Limited information is available about the latter gustatory pathway in fish 
(Lamb and Finger  1996) .  

  3  Fish Orthologs for Taste Receptors and Downstream 
Components 

 Given the organization of the fish taste system, which is comparable with that of 
mammals, it is natural to assume a parallelism among them in terms of signal trans-
duction mechanisms. Conventional molecular cloning approaches were followed 
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by gene mining in silico that benefited from the genome sequencing projects in the 
model fish species. The orthologs of fish phosoholipase C-β2 (fPLC-β2) were ini-
tially cloned as common effecter enzymes expressed by fish taste bud cells 
(Yasuoka et al.  2004  a) . The finding provides not only a molecular basis for fish 
taste signal transduction, but also a genetical tool to manipulate taste bud cells 
(mfPLC-β2 promoter; Fig.  1      ). Then the multiple sequences encoding fish T1Rs 
(fT1Rs) and fish T2Rs (fT2Rs) were identified in the model fish genome databases 
(Ishimaru et al.  2005) .   

 The fT1Rs as well as mammalian T1Rs (Hoon et al.  1999)  belong to an inde-
pendent branch in the phylogenetic tree of family C G-protein-coupled receptor 
(GPCR), which also includes the vomeronasal receptor (V2R; Fig.  2a ). One of the 
characteristics of fT1R is the existence of multiple T1R2 members that cannot be 
assigned to mammalian T1R2 group, while fT1R1 and fT1R3 are encoded by 
single-copy genes showing highest similarity to the mammalian counterparts. 
Also, the number of fT1R2 members varies depending on the fish species, indi-
cating that vertebrate T1R2 genes experienced several gene duplication–deletion 
events. The gene redundancy of this kind can result in the loss of a gene as 
adduced by the fact that avians have no gene encoding the T1R2 member (Table 
1; Lagerström et al.  2006) . 

 Compared with fT1Rs, fT2Rs show ambiguous attributes, because the amino 
acid identity values between fT2Rs and mammalian T2Rs (Adler et al.  2000)  
(13–22%) are close to those between fT2Rs and vomeronasal receptors (13–22%; 
Fig.  2b ). Also, it appears that the number of fT2R members in each fish (one to 
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  Fig. 1    Fish taste bud cells visualized by medaka  plc-b2  promoter.  a ,  b  Lateral views of trans-
genic medaka (10 days after fertilization) and transgenic zebrafish (5 days after fertilization) 
expressing green fluorescent protein (GFP) under the control of medaka plc-b2   promoter. 
 Scale bars  200 µm.  c  The pharyngeal region, with its dorsal side exposed.  d  Fluorescence 
image of the same region dissected from transgenic medaka (2 months old).  Scale bar  1 mm. 
 e  Magnified image of GFP-positive cells in gill rakers in the region represented in the left open 
box in  d .  f  Magnified image of GFP-positive cells along pharyngeal teeth in the region repre-
sented in the right open box in  d .  Scale bar  100 µm for  e ,  f . Fluorescence images are overlaid 
on bright field images. ( a ,  b ,  d – f  Modified from Aihara et al. 2007 with permission.  c  Modified 
from Iwamatsu  1997)        



  Fig. 2    Phylogenic relationships of fish and mammalian taste receptors.  a  Phylogenic tree show-
ing fish and mammalian T1Rs. The tree was constructed by the neighbor-joining method. Fish 
T1Rs were categorized into the three groups: a group including mammalian T1R1 ( blue oval ), a 
group including mammalian T1R3 ( green oval ), and a group independent of any vertebrate T1R 
( red oval ). zf5.24 and ff5.24 genes were orthologs of goldfish olfactory receptor 5.24 gene, and 
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Fig. 2 (continued) zfCaSR and ffCaSR genes were orthologs of human calcium sensing receptor 
(hCaSR) genes. ffCa02.1 is a fugu receptor distantly related to the mouse vomeronasal receptors 
mV2R2 and mV2R4 (Naito et al.  1998) . The numbers at nodes are bootstrap values in percentages 
of 1,000 replicates. The value at the node where fish T1R2s, mammalian T1R2s, and the other 
receptors branch cannot be calculated because of its trichotomy. The value (25) indicated near the 
trichotomous node is for the node where T1R1s and other receptors, including vertebrate T1R3s, 
branch. The  scale bar  indicates 10% amino acid difference.  b  Phylogenic tree showing fish and 
mammalian T2Rs. The tree was constructed as in  a . Fish T2Rs are labeled by  red ovals . Mouse- or 
human-specific groups are labeled by  blue circles  and  blue oval . Some of the mammalian T2Rs 
showed orthologous relationships between human and mouse ( green ovals ). The bootstrap value 
at the node where an orthologous group of mammalian T2R (hT2R4 and mT2R8, denatonium 
benzoate receptors), other mammalian T2Rs, and the other receptors branch cannot be calculated 
because of its trichotomy. The  scale bar  represents 10% amino acid difference. (Modified from 
Ishimaru et al.  2005  with permission)       

seven) is smaller than that in the other vertebrates, except for avians (Fig.  3  ). One 
explanation is that there are unknown fT2Rs which cannot be identified because of 
their low amino acid similarities to known T2Rs. It is also possible that the fish 
genome has fewer T2R genes (Shi and Zhang  2007) .  

 Besides the molecules that directly interact with G-proteins, the transient recep-
tor potential (TRP) channel family has been of special interest in the study of sen-
sory signal transduction, since each member of this family shows a unique 
expression pattern and a specialized function in certain sensory cells, for example, 
TRPV1 as the sensor for noxious heat and TRPC1 as the cold receptor 
(Venkatachalam and Montell  2007) . As one of the members of this family, TRPM5 
was found to be expressed by taste bud cells in mammals. Actually, the destruction 
of the mouse TRPM5 gene causes loss of taste responses to sweet, umami, and bit-
ter substances (Zhang et al.  2003) . The recent finding that the fish genome contains 
a TRPM5 ortholog which is expressed in taste bud cells (Yoshida et al.  2007)  sup-
ports the idea that G-protein-coupled taste signaling pathways are conserved in 
higher vertebrates (Fig.  3d , left). Fish orthologs for the other components, Gα 

gust
 , 

Gα 
i
 , and inositol 1,4,5-triphosphate receptor 3, have not been reported yet.  

  4 Expression of Taste Signaling Molecules in Fish Taste Buds 

 The expression pattern of fish taste receptors provides primary information to predict 
their functional mode in taste bud cells. As to fT1R members, there are two types of 
fT1R-positive cells: the cells expressing both fT1R1 and fT1R3, and those expressing 
both fT1R2 members and fT1R3 (Fig.  3a ,  b ). These cell types are conserved among 
teleosts and mammals. In addition, the partially overlapping expression of fT1R2 
members may provide multimodal properties to fish taste receptor cells as proposed 
in the next section. In contrast to fT1Rs, fT2Rs consist of fewer members than 
mammalian T2Rs, but the partially overlapping expression is also observed as in the 



  Fig. 3    Expression of fish taste receptors and signaling molecules in taste buds.  a  Coexpression 
of medaka mfT1R1 and mfT1R3.  b  Coexpression of medaka mfT1R1 and mfT1R2a.  c  Segregation 
of zebrafish zfT1R- and zfT2R-expressing cells. All taste receptors were coexpressed with fish 
phospholipase C-β2 ( PLCb2 ) ( merged  panels).  Scale bars  20 µm.  d  Transduction pathway of 



Gustation in Fish: Search for Prototype of Taste Perception 247

case of mammals. As far as the two closely related zebrafish T2Rs (zfT2R1a and 
zfT2R1b; Fig.  2b ) are concerned, about 80% of the cells that test positive to one of 
the receptors may express the other (Okada, personal communication). 

 The most notable finding was the segregation of fT1R-positive cells and fT2R-
positive cells (Fig.  3c ). In mammals, peripheral segregation of these cell types was 
found to be responsible for transducing the two opposing taste modalities—preferable 
and aversive taste (Zhang et al.  2003 ; Mueller et al.  2005) . Therefore, it is highly 
possible that fish also utilize these cell types to discriminate tastants. Finally, the 
expression of fPLC-β2 together with both of the fT1Rs and fT2Rs (Fig.  3a “ c , merged 
panels) suggests that this enzyme is located at the critical step in the signaling path-
ways of both fish taste receptors (Fig.  3d ). It was shown that in mammals the destruc-
tion of the phospholipase C-β2 (PLC-β2) gene abolishes their taste responses to both 
T1R and T2R ligands (Zhang et al.  2003) . Knocking down of fPLC-β2 activity in 
vivo, for example, by means of mfPLC-β2 promoter driving inhibitor of G-protein 
signal can clarify this point (Aihara et al. 2008).  

  5 Ligands for Fish Taste Receptors 

 Fish taste nerves respond to various compounds, including  l -amino acids, nucleic acids, 
fatty acids, alkaloids, organic and inorganic acids, and salts, with different sensitivities 
depending on the fish species (Yoshii and Kurihara  1983 ; Marui and Kiyohara  1987 ; 
Kiyohara and Hidaka  1991 ; Ogawa and Caprio  1999 a, b). In the case of zebrafish, their 
facial nerve responds to the amino acids that exhibit sweet or umami taste to mammals, 
and to denatonium benzoate and quinine chloride, which taste bitter to mammals 
(Fig.  4a  ). While inosine monophosphate, when applied together with amino acids, elicits 
synergistic nerve responses in mammals (Yoshii et al.  1986 ; Hellekant and Ninomiya 
 1991) , no such synergism was observed in zebrafish (Fig.  4b ,  c ). Indeed these tastants 
were found to be received by taste buds, but their transduction mechanisms were unclear 
until ligands for fish taste receptors were characterized by Oike et al.  (2007) . In general, 
chemosensory GPCRs show a higher degree of interspecies diversity in terms of amino 
acid similarity than GPCRs receiving endogenous ligands, e.g., adrenergic receptors 
(Yasuoka et al.  1996) , making it difficult to define their ligand reactivities on the basis of 
amino acid similarity. Accordingly, comprehensive screening of ligands is necessary to 
elucidate fish taste receptor function. Especially in the case of fT1Rs, multiple members 
of fT1R2 increase the possible combination of the receptor heteromers.  

Fig. 3 (continued) G-protein-coupled taste receptor ( GPCR ) signal ( left ) and Venn diagrams 
representing the expression of signaling components ( right ).  Ga ,  Gai ,  b ,  g  G-protein subunits, 
 PIP  

 2 
  phosphatidylinositol 4,5-bisphosphate,  DG  diacylglycerol,  IP  

 3 
  inositol 1,4,5-triphosphate, 

 IP  
 3 
  R  IP 

3
  receptor,  TRP  transient receptor potential. ( a – c  Modified from Oike et al.  2007  with 

permission.  d  Modified from Yasuoka et al.  2006  with permission)       



  Fig. 4    Response of zebrafish facial nerve to tastants.  a  Normalized facial nerve response to 
tastants. The integrated neural responses were normalized to the response to 1 mM  l -Ala. Each 
column represents the mean ± the standard error of at least three independent assays. Tastants 1 
mM amino acids, 300 mM sucrose ( Sucr ), 300 mM glucose ( Gluc ), 1 mM betaine ( Beta ), 1 mM 
inosine monophosphate ( IMP ), 10 mM denatonium ( Den ), and 1 mM quinine HCl ( QHCl ). 
 b  Dose-dependent response of facial nerves to  l -Ala in the absence ( squares ;  n  = 3) or presence 
of either 1 mM IMP ( triangles ;  n  = 2) or 1 mM betaine ( circles ;  n  = 2). Responses were normal-
ized to the response to 1 mM  l -Ala. Each point shows the mean ± the standard error ( triangles  
and  circles ).  c  Quantification of the responses to the chemicals. Each amino acid was used at 0.1 
mM in the absence ( black bars ) or presence of either 1 mM IMP ( white bars ) or 1 mM betaine 
( hatched bars ). Responses were normalized to the mean response at 1 mM  l -Ala. (Modified from 
Oike et al.  2007  with permission)       

  Fig. 5    Ligand response profiles of fish taste receptors.  a  Response of the medaka mfT1R1/
mfT1R3 heteromer to amino acids.  b – d  Responses of mfT1R2 members/mfT1R3 heteromers to 
amino acids. Each column represents the mean ± the standard error of at least three independent 
measurements.  e  Response of HEK293T cells expressing zebrafish zfT2R5. All stimuli were 
applied for 12 s, and the starting points are indicated by  arrows . The trace was derived from 13 
responding cells.  f  Dose-dependent responses of zfT2R5 ( squares ) and mfT2R1 ( circles ) to dena-
tonium benzoate. Responses were normalized to the mean response at the highest concentration. 
Each point represents the mean ± the standard error of at least three independent assays. Ligands 
were used at appropriated concentrations. Amino acids were used at 50 mM except for  l -Tyr and 
 l -Trp at 5 mM, sucrose ( Sucr ) and glucose ( Gluc ) at 150 mM, saccharin ( Sac ), trisodium citrate 
( Cit ) and NaCl at 50 mM, inosine monophosphate ( IMP ) and denatonium benzoate ( Den ,  den ) at 
10 mM, cycloheximide ( cyx ), 6- n -propylthiouracil ( PROP ), and phenylthiocarbamide ( PTC ) at 1 
mM. (Modified from Oike et al.  2007  with permission)       
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 Through the extensive ligand screening using promiscuous G-protein chimera 
and the HEK293T expression system (Chandrashekar et al.  2000 ; Ueda et al. 
 2003) , the ligand response profiles of fT1R heteromers emerged (Fig.  5a  “ d ). In the 
case of medaka T1Rs (mfT1Rs), significant responses were obtained just in the 
combinations indicated in the Fig.  5 : medaka T1R1 (mfT1R1)/medaka T1R3 
(mfT1R3) and medaka T1R2 (mfT1R2) members/mfT1R3, which correlate well 
with the combinations deduced from the expression pattern in fish taste buds (Fig. 
 4d , Venn diagrams). The mfT1R1/mfT1R3 heteromer has a narrower response 
spectrum to amino acids ( l -Arg and  l -Ser) than that of the mouse T1R1/T1R3 
heteromer ( l -Ala,  l -Ser,  l -Cys,  l -Gln,  l -Met,  l -Asn, and Gly almost equally; 
Nelson et al.  2002) . No response was observed with betaine, which is known to 
elicit taste responses in several fish species (Marui and Kiyohara  1987 ; Kiyohara 
and Hidaka  1991 ; Valentincic and Caprio  1997) . Also, the mfT1R1/mfT1R3 heter-
omer shows no synergism with inosine monophosphate. This suggests that fish 
and mammals perceive nucleotides in different ways (Nelson et al.  2002) . An 
unexpected result was that mfT1R2/mfT1R3 heteromers did not respond to sugars 
and other mammalian sweeteners. Instead, these heteromers are activated by Gly 
and  l -amino acids with different spectra depending on each mfT1R2 member (Fig. 
 5b “ d ). This is quite different from the case of the mammalian T1R2/T1R3 heter-
omer as the sweet taste receptor (Nelson et al.  2001) . This insensitivity of mfT1R2/
mfT1R3 to sugars and its widely tuned responsiveness to these amino acids were 
observed in the case of zebrafish T1R2/T1R3 heteromers as well (Oike et al. 
 2007) . The results suggest that the responsiveness to sugars is lacking in teleosts 
and might have been acquired in mammals. The idea can be interpreted from the 
aspect of energy metabolism. Generally, fish living in warm water are known to 
have low ability to utilize carbohydrate, and their energy metabolism depends on 
gluconeogenesis from amino acids (Wilson  1994) . Since T1Rs are located at the 
interface between the environment and the organism for selecting the compounds 
that are beneficial for survival, they should have been subjected to evolutionary 
pressures from both sides. It is thus likely that fT1R2/fT1R3 heteromers, as the 
prototype of the vertebrate taste receptor, may have evolved to sense a wide variety 
of  l -amino acids in the environment, without gaining sensitivity to sugars that are 
not available for fish.  

 There are several T2R genes in fish genomes: at least one in medaka, six in 
pufferfish, and seven in zebrafish (Fig.  3 ). All of them are expressed in fish taste 
bud cells, but little information is available regarding their ligands. Among them, 
mfT2R1 and zfT2R5 showed relatively high amino acid identity to each other 
(44%), and they were supposed to receive some common ligand. We subjected 
them to ligand screening, and found that they were activated by denatonium ben-
zoate as a bitter substance for mammals but not by 6- n -propylthiouracil, 
cycloheximide, or phenylthiocarbamide (Fig.  5e ,  f ). These fT2Rs show low 
amino acid identities (less than 15%) to mT2R8 and hT2R4, both of which can 
be activated by denatonium benzoate and 6- n -propylthiouracil (Chandrashekar 
et al.  2000) . Since the ligands examined were limited in number, it is possible that 
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mfT2R1 and zfT2R5 can probably be activated by other naturally occurring lig-
ands which are harmful to fish metabolism. However, what is important is that 
fish strongly avoid denatonium benzoate (Oike et al.  2007 ; Aihara et al. 2008), 
leading to the conclusion that fT2Rs are located at the initial step of aversive taste 
transduction in fish species.  

  6 Common Taste Modalities of Vertebrates 

 To analyze the taste discrimination process in fish, it is indispensable to quantitatively 
evaluate their feeding behavior towards foods. There is a contrast between taste recep-
tor ligands; fT1R ligands as the source of energy and protein materials, and fT2R 
ligands as the harmful compounds. This provides a good case study. Semiquantitative 
analyses of the preference towards an amino acid mixture and aversion against dena-
tonium benzoate were performed with zebrafish by observing their consumption of 
fluorescently labeled food containing these tastants (Oike et al.  2007) . In medaka 
larvae as well, their uptake of the foods was quantified by analyzing fluorescence 
images of the gastrointestinal tract. Significant differences were observed between 
the food containing  l -amino acids and that containing no tastant, and also between the 
food containing denatonium benzoate and that containing no tastant (Aihara et al. 
2008). Through consideration of the ligand response profiles of fish taste receptors 
obtained in a cell-based assay system, it is concluded that the recognition of umami 
and bitter tastes is governed, respectively, by a T1R- and a T2R-mediated mechanism 
conserved commonly among teleosts and mammals. Also, the fact that fT1R is acti-
vated only by amino acid raises an interesting question: “Is umami taste recognized 
by fish as sweet taste is by mammals?” A recently reported technique using the gene 
for plant lectin, e.g., wheat germ agglutinin, enables us to trace this kind of sensory 
pathway (Ohmoto et al. 2008; Yoshihara  2002) , and to solve this question. Actually, 
a project using mfPLC-β2 promoter and the wheat germ agglutinin gene is in motion 
(Aihara, personal communication). In Japan, the word “umami” is thought of as a 
cognate of the word “amami,” which means sweetness. It is interesting whether our 
ancestors were primitive enough to mix up these taste modalities or had intuitive 
insight into the root  of taste reception. 

 There are two basic taste modalities remaining to be elucidated, sourness and 
saltiness, and studies on their transduction mechanisms have had humble begin-
nings. Recently, two members of the polycystic kidney disease (PKD) channel, 
PKD1L2 and PKD2L1, were found to be expressed in the subset of taste bud cells 
that do not express PLC-β2; these may thus be responsible for sour taste response 
(Ishimaru et al.  2006 ; Huang et al.  2006) . The PKD channels are also expressed by 
the neurons that may sense carbonic acid in cerebrospinal fluid. While fish 
orthologs for these channels have not been reported yet, their function to detect 
carbonic ion can be elucidated in the sensory system of fish, which possess a 
chemosensory organ on every gill arch to detect external and internal carbonic ion 
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(Perry and Gilmour  2002 ; David et al.  2005) . It is interesting to examine the expression 
of fish PKD2 orthologs in this chemosensory organ rather than taste bud cells. Fish 
can also be a useful model animal for studying salty taste. It is predicted that there 
might be ion receptors in gill epithelia of euryhaline fish for rapid adaptation to the 
change in external osmolality (Inoue and Takei  2002 ; David et al.  2005) . Elucidation 
of the molecular property of ion-sensing cells may provide a clue to understanding 
the whole of salt perception in vertebrate.  

  7 Conclusion 

 Amongst the five basic taste modalities, umami, sweetness, bitterness, sourness, and 
saltiness, the first three are now able to be interpreted in a general context among mam-
mals and teleosts. Umami and sweetness, which inform on the presence of energy and 
protein sources, are not differentiated in teleosts owing to their prototypical T1Rs, and 
can be redefined as preferable taste. Bitter taste, as an alert for harmful compounds, is 
transduced by a T2R-based mechanism that is conserved among these animals. The 
combination of molecular genetics and behavioral biology in model fish species facili-
tates understanding of the molecular logic to encode the five taste modalities.      
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