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 There are five basic taste modalities in mammals: bitter, sweet, sour, salty, and 

Umami (taste of MSG and L-amino acids). Receptors for bitter, sweet, and Umami were 

previously discovered. Identities of receptors for salty and sour taste modalities 

remained elusive. In this dissertation, I will present: 1) development of a novel 

bioinformatics screen to discover candidate receptors; 2) discovery of a novel gene, 

PKD2L1, in taste receptor cells; 3) evidence demonstrating PKD2L1-expressing taste 

receptor cells mediate sour taste in mice; 4) evidence that PKD2L1-expressing cells in 

the spinal cord also mediate acid/pH sensing; and 5) evidence that representation of 

sour taste in the mammalian taste bud is independent of bitter, sweet, Umami, and salt. 
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1.1   Introduction 

Nearly at an instant –a ray of light hits the retina, a sound wave 

sweeps into the eardrums, an odorant sneaks up the nostrils, a thin needle 

penetrates the skin, sugary syrup trickles down the tongue –our brain 

receives critical information from the sensory receptor cells. Ever since 

humans have wondered about where our thoughts came from, we have 

wanted to understand our senses. Centuries ago, philosophers and artists 

alike began to explore how humans perceived their surrounding external 

world. They wondered how man understands his environment using his 

five basic senses –vision, hearing, touch, smell, and taste. They hoped, by 

understanding these innate abilities, they could gain insights into the 

physical reality of what it means to be human.  

Studies in vision paved the way for investigations about other 

sensory systems. Groundbreaking discoveries made by David Hubel and 

Torsten Wiesel described neuroanatomical and physiological properties of 

neurons in the visual system. Henceforth, work from their laboratories 

structured conceptual framework for the vision field, as well as other 

sensory systems. Their work framed concepts such as cellular specificity,  
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receptive field, connectivity and circuitry, and signal processing 

(Livingstone and Hubel, 1988; Hubel, DH., 1995).   

In the past decades, scientists exploring to understand sensory 

systems in addition to vision focused on the following questions: 1) 

specific receptors for sensory modalities; 2) cellular signal transduction 

mechanisms; 3) connectivity and projection patterns; 4) information 

processing at the periphery and central levels; and 5) representation of 

information at peripheral and central levels –the question of “coding”. 

 

 

1.2  Overview of Chemical Senses 

Abilities of animals to sense the chemical environment around them 

provide critical information for their survival. Olfaction and taste, two 

independent sensory systems, sample a vastly chemically, as well as 

structurally, diverse world of compounds sensing cues for an organism to 

evoke proper behavioral responses. These chemicals trigger responses 

ranging from attractive to avoidance behaviors. It is important to 

understand how the brain represents these chemical stimuli internally to 

probe the question:  “how does the brain ‘see’ and ‘interpret’ external 

information?” 
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Specialized cells receive information from the surrounding chemical 

world and translate such information into signals to transmit to the brain, 

from reception to perception. Mammals are equipped with specialized 

chemosensory cells to sample a vast universe of natural and synthetic 

compounds. Tongue, in mammals, is the primary chemical sensing organ 

for edible compounds. The main olfactory epithelium (MOE), embedded in 

the nose, richly displays sensory neurons tuned to sample both volatile and 

non-volatile compounds. How do these cells receive and transduce 

information? Curiosities aside, why study chemosensory at the cellular and 

molecular level? These investigations will answer how cells receive 

chemical stimuli and turn them into information for the brain to interpret 

such external information.  

 In order to understand how chemicals are represented by neurons in 

the brain, molecular mechanisms of how neurons receive these chemical 

stimuli are of foremost importance. From peripheral neurons to cortical 

neurons, mechanisms responsible for representation at each relay station 

range from molecular receptors and signal transduction molecules to genes 

governing neuronal connectivity. Without question, it is first crucial to 



    5                                                           

 

discover genes specifically involved in transducing signals at each relay 

station. 

 

1.2.1 Mammalian Olfaction (Sense of Smell): 

Olfactory system receives odorant information from the external 

world. The goal is for the brain to interpret and to form a representation of 

such world, to detect predators, food, and mates. Neuroscientists ventured 

to understand olfactory impressions via understandings of how the brain 

represents information for odorants. They believed that the brain was 

tuned, genetically, to respond to odor information. Thus, they ventured to 

identify genes involved in “constructing smells” in the mammalian brain.   

Initial events in olfactory sensing begins with odorant molecules 

coming into contact with specialized epithelial cells in the back of the nasal 

cavity (Buck, LB., 2000).  These bipolar olfactory sensory neurons are 

distinctive and short-lived, with an average life-span of 30-60 days, 

replaced by the basal stem cell population (Buck LB.,  2000). External 

stimuli interact with specific receptors, which in turn excite cellular 

cascades that lead to action potentials, relaying electrical signals to higher 

centers of the brain. 
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In order to study the mammalian olfactory system, molecular 

neurobiologists asked several critical questions to begin to understand how 

chemical odorants are encoded, represented, and “interpreted” by the brain: 

1) How is specificity of odor detection and recognition accomplished? 

2) How does the brain determine which olfactory sensory neurons are 

activated? 

3) What does it mean for the brain to have an internal representation of 

the external olfactory world? 

To understand olfactory perception conceptually, one must first 

delve into several basic features shared with other sensory systems, such as 

vision (Mombaerts et al., 1996). In vision, neurons analyze a visual image 

by breaking the image down into smaller, dissectible pieces –location, 

movement, and color –before reconstructing all the information into an 

interpretable piece, forming a “perceived” image (Livingstone and Hubel 

1987; Zeki and Shipp 1988; Mombaerts et al., 1996). A similar logic could 

be applied to the understanding of olfaction.  

Years of experimentation led to the prize-winning discovery of 

~1,000 olfactory receptor genes in mammals (Buck, LB., and Axel, R. 

1991). This large family of genes, encoding seven transmembrane G-
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protein coupled receptors (GPCRs) expressed in the olfactory sensory 

neurons, exhibited key features which rendered them candidates for the 

array of odorant receptors: 1) originally, odorant receptors were proposed 

to be G-protein coupled receptor (GPCR) molecules, because of a shared 

olfactory GTP-dependent signal transduction pathway and an olfaction-

specific G-protein, Golf (Pace et al., 1985; Sklar et al., 1986; Jones and 

Reed, 1989).  Thus, odorant receptors were hypothesized to participate in 

the signal transduction pathway involving Golf to transduce signals, which 

led to a change in membrane potential (Reed 1992); 2) Discovered 

receptors were expressed in subpopulations of olfactory sensory neurons in 

the Main Olfactory Epithelium (MOE); 3) Family was large enough to 

theoretically accommodate a vast world of chemical odorants (Mombaerts 

et al., 1996).   

 The olfactory receptor gene family is large and extremely diverse in 

sequence. Receptors share general structural features and amino acid 

sequence motifs, but each sequence is unique (Buck and Axel, 1991; Buck, 

LB., 2000). It was hypothesized that the large number of olfactory receptor 

genes could explain the vast number of odorants in the environment, both 

volatile and non-volatile. 
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Thousands of odorant molecules interact with receptors expressed in 

the nose. Molecules bind specifically to their receptors, which is the first 

line to “dissect” a vast universe of information. Following these initial 

events between odorant chemicals and their receptors, olfactory sensory 

neurons, which express the correct receptor, activate a unique subset of 

glomeruli to transmit odorant information to the next level in the brain. 

How does the brain discriminate amongst odorants? Lines of 

evidence presented strong evidence that each OSN expressed only one of 

1,000 receptors. Using RNA in situ hybridization experiments, a given 

receptor identified ~0.1% of the sensory neurons. Number of cells detected 

by a mixture of probes is the sum of each probe (Ressler et al., 1993; Ngai 

et al., 1993a; Vassar et al., 1993). If only one receptor is activated by an 

odorant, it is relatively simple to identify which OSN neuron is activated. 

However, if multiple receptors are activated, how does the brain represent 

the quality of these odorants? In other words, is there spatial segregation of 

sensory input to decode odorant quality? 

In situ hybridization experiments showed that OSNs expressing a 

given receptor are restricted to one of four “zones”, but within a zone there 

is random distribution of receptor-neurons (Vassar et al., 1993; Ressler et 
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al., 1993). However, in the olfactory bulb, the first relay station for OSNs, 

OSNs expressing the same receptor converged into the same glomeruli 

(Kauer et al., 1991; Shepherd 1991; Ngai et al.1993). Thus, this level of 

“de-coding” breaks down a highly complex signal pattern of ~1,000 OSN 

neurons into simpler representations amongst glomeruli. Using a set of 

genetically engineered mice with altered receptor expression (substitution 

of P2 receptor for M12 receptor coding sequence), olfactory sensory 

neurons, expressing a given receptor, projected to one of the glomeruli in a 

refined and precise map, while a similar topographic arrangement was 

found on the symmetrical side implying a mirror-image (Mombaert et al., 

1996).  

Many questions remain in the field of olfaction: 

1) what are the mechanisms governing stable single-receptor choice?  

2) Does the anatomical map translate into a functional map? 

3) Do specific spatial patterns translate to function and behavior?  

4) what does the “map” mean to the brain? 

 Several recent studies tried to unveil answers to the question of 

single receptor choice. Hypotheses proposed models where a unique 

combination of cis-regulatory elements existed to sustain receptor-choice, 
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or, stochastically a receptor gene was selected where one cis-element 

controlled all receptors expressed in a particular “zone” (Shykind et al., 

2004; Serizawa et al., 2003; Lewcock, JW., and Reed RR., 2004). 

Beautifully shown, an upstream enhancer element, the H region, controlled 

expression of a tandem array of receptor genes, but an endogenous receptor 

coding transcript served as a negative feedback loop to suppress expression 

of all other odorant receptor expressions (Serizawa et al., 2003). In another 

study, done more recently, a trans-element enhancer was shown to be 

important for receptor gene choice (Lomvardas et al., 2006). Regardless of 

the specific mechanism for single-OR-receptor-choice, one challenge 

remained to be solved –if a receptor switch had to stay permanent during 

the life-span of the OSN, what secures such permanency?  

  

Concluding Remarks:  

 Using molecular genetic tools, studies in mammalian olfaction 

furthered our understanding of how each individual olfactory sensory 

neuron functioned to receive odorant information and represented the 

information. However, human’s sense of smell, evocative and enduring, 

urges a new set of questions for inquiry:  
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1) what defines a “percept”?  

2) how does olfactory perception vary between individuals?  

3) how does experience shape our individual olfactory world? 

4) how does our sense of smell bind to our memories and emotions? 

 

1.2.2 Studies of Olfaction in Invertebrates: 

Numerous studies using invertebrate model organisms continuously 

contribute to and enrich our understanding of olfaction and gustation. 

These model organisms offer beautiful examples of how chemical 

compounds are perceived by simple organisms, yielding an underlying 

logic that runs in parallel with studies from mammals.  

In the nematode worm, Caenorhabditis elegans, there are more than 

1500 predicted GPCRs belonging to the rhodopsin-related GPCR 

superfamily (Bargmann 2006; Robertson and Thomas, 2006). 80% of these 

GPCRs are expressed in chemosensory tissues (Troemel et al., 1995; 

Colosimo et al., 2004; McCarroll et al., 2005; Chen et al., 2005). Each 

sensory neuron expresses multiple receptors: hundreds of receptors 

distributed in 32 neurons (Troemel et al., 1995; L’Etoile and Bargmann 

2000; Wes and Bargmann 2001). For example, there are nine ODR 
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receptors strongly expressed in ADL neurons (McCarroll et al., 1997; 

Bargmann 2006). But each receptor functions independently in the neuron 

to elicit attractive or aversive behavior (Troemel et al., 1997). Due to 

technical challenges in expressing C.elegans odorant receptors 

heterologously, very few ODR genes have been de-orphaned thus far. In 

one set of heterologous calcium imaging experiments, ODR-10 was shown 

to be specifically tuned to volatile odorant diacetyl, where mutants showed 

100X reduction to diacetyl specifically (Zhang et al., 1997). These results 

suggested that at least some of the receptors in C.elegans are narrowly 

tuned.  

Olfactory studies using C.elegans as a model system have illustrated 

succinctly the concept of neurons being hard-wired to evoke innate 

behaviors, thus activation of specific neurons dictate behavioral responses. 

Certain neurons recognize attractive tastants or odors, while others 

recognize repulsive molecules (Bargmann and Mori, 1997; Bargmann 

2006). To prove that sensory neurons are specifically tuned to stereotypic 

behaviors and that receptors are independent from mediating behavioral 

outputs, the following experiment was performed: mis-targeting ODR-10 

receptor into AWB neurons forced animals to avoid diacetyl which is 
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normally an attractive compound for C.elegans (Troemel et al., 1997). 

Thus, conceivably hundreds of odorants are categorized by sensory neurons 

into cells which mediate attractive or aversive behaviors (Bargmann and 

Mori, 1997; Bargmann 2006).  

Genomic sequences of the fruitfly, Drosophila melanogaster, 

revealed that there are 62 odorant receptor genes and 69 gustatory receptor 

genes (Clyne et al., 1999; Vosshall 1999; Bargmann 2006). In Drosophila, 

~31 classes of olfactory neurons have been recorded using 

electrophysiology (Hallem and Carlson, 2006). At the periphery where 

sensory neurons are distributed within sensory hairs (third antennal 

segment and the maxillary palp), receptors fall into three “types”: broadly-

tuned, specifically-tuned and intermediately-tuned (Dahanukar et al., 2005; 

Hallem and Carlson, 2006; Hallem et al., 2006; van der Goes van Naters 

and Carlson., 2007).  Most of the ~2600 olfactory sensory neurons also 

expresses Or83b –a co-receptor molecule required for odor-evoked 

behavior (Larsson et al., 2004).  

Processing from olfactory sensory neurons to higher brain stations in 

Drosophila has been studied and has revealed a common feature between 

flies and mammals: to illustrate, axons of neurons expressing the same type 
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of odorant receptors converge onto the same glomeruli in the antennal lobe. 

Each projection neuron in the antennal lobe sends its axon to a single 

glomerulus, passing on information from a single type of sensory neuron 

(Bargmann 2006; Vosshall et al., 1999; Vosshall and Stocker., 2007). In 

Drosophila,  a chemotopic map is not clear as it is in mammals, where 

olfactory sensory neurons (OSNs) expressing different receptors converge 

onto the same glomerulus and many receptors are broadly-tuned to odorant 

molecules (Hallem and Carlson., 2006; Fishilevich and Vosshall., 2005). 

 In flies, each projection neuron (PN) receives input from a particular 

glomerulus. Recent papers highlighted roles of PNs as amplifiers of OSN 

signals, as PNs improved signal-to-noise ratios, and as “calculators and 

transformers” of responses assisted by local GABAergic interneurons 

(Wilson et al., 2004; Wilson and Laurent., 2005). How PNs calculate and 

what kind of detailed processing do PNs undergo are not yet known. 

 

1.3  Taste Modalities: Of Flies and Man 

1.3.1 Mammalian Taste: 

Mammals sample the world of edible chemicals via their taste 

sensory system. Taste receptor cells (TRCs) are specialized epithelial cells 
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found clustered in onion-shaped structures called taste buds (Lindemann, 

2001). TRCs are para-neuronal epithelial cells. In general, tastants come in 

contact with specific receptors located at the apical pore region of each 

taste bud. These interactions, directly or indirectly, trigger signal 

transduction cascades to induce action potentials. Action potentials in 

TRCs are thought to be mediated by voltage-gated Na
+
, K

+
, and Ca

2+
 

channels (Lindemann, 2001). Similar to neurons, TRCs establish chemical 

synapses with afferent nerves fibers and express various neuronal marker 

genes (Ewald and Roper 1994; Roper, 1994; Gilbertson, 2000). 

Taste buds are distributed in three regions of the mammalian tongue: 

front, side, and rear. They are contained in clusters called Fungiform, 

Foliate, and Circumvallate papillae, respectively. Taste buds are also found 

in the soft palate and geschmakstrifen, a region in the hard palate on the 

roof of the mouth. Within each taste bud, there are approximately 50-150 

TRCs clustered in onion-shaped structures.  
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Figure 1.1 Mammalian Taste System at the Periphery 

a) Cartoon drawing of an onion-shaped taste bud, comprised of taste receptor cells. 

Taste pore is found at the apical region of the taste bud. Nerve fibers innervate 

taste buds to relay signals to the brain. Taste buds are found in the front, sides, 

and back of the mammalian tongue. 

b) There are five basic taste modalities in mammals: sweet, bitter, sour, salt, and 

Umami (taste of MSG and L-amino acids). 

 

Taste cells are connected to higher centers in the brain via nerve 

fibers, though it is not yet known how many fiber-endings contact 

individual TRCs. Depending on where taste buds are located on the tongue, 

they are innervated by one of the lingual nerve fibers.  The facial Chorda 

Tympani and Greater Superficial Petrosal Nerve innervate the anterior 2/3 

of the tongue and palate, respectively. The Glossopharyngeal innervates the 

taste buds in the posterior regions of the tongue, where Circumvallate and 
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Foliate are found. Superior Laryngeal Nerve (Vagus) innervates the 

epiglottal taste buds. 

Taste fibers carry information to the Nucleus of Solitary Tract 

(NST). From there, information enters the parvocellular region of the 

thalamus, where neurons relaying information from other sensory 

modalities of the tongue are found. Thalamic taste neurons then send relay 

signals to the cerebral cortex via the parabrachial nucleus (PbN). 

 Though mammals sample thousands of tastants, distinct taste 

modalities are separated into five basic categories: sweet, bitter, salty, sour, 

and Umami (savory taste of Mono-Sodium Glutamate). How tastant 

information is represented by TRCs has been one of the fundamental 

questions in the taste field.  

 

 Sweet and Umami (Amino Acid) Taste: 

 Mammals enjoy eating sweet and savory food items. Behavioral, and 

electrophysiological studies have brought up the possibility that sweet and 

umami taste modalities are separately detected (Ninomiya et al.,1997; 

Ninomiya et al., 1984). 
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Receptors for sweet and umami taste modalities were identified 

using a variety of approaches, such as single-cell subtractive cDNA 

libraries, human taste genetics, mouse genetics, and bioinformatics (Hoon, 

et al., 1999). In addition, previous genetic studies have shown that sweet 

taste has been linked to a locus on the distal end region of chromosome 4, 

which regulates taste threshold to the sweet tastant, Saccharin, in mice 

(Fuller, 1974; Lush, 1989). Using a combination of molecular cloning and 

genetic linkage analysis using various mouse strains,  a third gene was 

mapped and identified (Nelson et al., 2001; Montmayeur et al., 2001).  

The receptor genes fall into a small sub-family of three genes, 

namely, T1R1, T1R2, and T1R3. They encode seven transmembrane G-

protein coupled receptors, with large N-terminal domains, which are 

thought to be responsible for ligand interactions (Montmayeur et al., 2001; 

Nelson et al., 2001). Structurally, they are related to metabotropic 

glutamate receptors, V2R pheromone receptors, and extracellular calcium 

sensing receptors (Hoon et al., 1999; Max et al., 2001; Nelson et al., 2001). 

Functionally, using calcium imaging in heterologous cell assays the 

T1Rs combined to generate two heteromeric receptors: T1R1/T1R3, and 

T1R2/T1R3 (Nelson et al., 2001; Nelson et al., 2002). T1R1 and T1R3 
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respond to L-amino acids; T1R2 and T1R3 form broadly tuned sweet 

receptor (Nelson et al., 2001; Nelson et al., 2002; Li et al., 2002). 

Furthermore, as shown previously using nerve recording physiology 

experiments, inosine monophosphate (IMP) elicited potentiation of 

response in T1R1+T1R3 cells; likewise, L-AP4 also activated the 

T1R1/T1R3 heteromer (Nelson et al., 2002; Kawai et al., 2002).  

Functional experiments revealed striking differences in receptor-

ligand selectivity and specificities between human and mouse receptors, 

due to differences in coding sequences. Human T1R1, when co-expressed 

with mouse T1R3 in heterologous cells, was ten fold more sensitive to L-

glutamate than the mouse T1R1+T1R3 combination (Nelson et al., 2002). 

Intriguingly for sweet taste, T1R2 was found to confer specificity to sweet-

tasting compounds.  When mouse T1R2 gene was replaced by the human 

T1R2 gene, the hT1R2/mT1R3 heteromer “humanized” mouse taste for 

compounds such as Aspartame and monellin (Nelson et al., 2001; Zhao et 

al., 2003). Another interesting finding showed that domestic cats, animals 

who have an intact taste system but cannot detect sweet tastants, have 

mutations in the cat T1R2 gene rendering it a pseudogene, added a new 

dimension to experiments done with human T1R2 in mice and human 
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T1R2/T1R3 in human culture cell lines (Zhao et al., 2003; Li et al., 2005). 

These evidence demonstrated that species specific receptor sequences 

conferred their selectivity to tastant compounds. 

 To validate functional roles of T1R1/T1R3 and T1R2/T1R3, 

knockout mice were generated, where each gene was deleted in the genome 

and double knockouts were bred (Zhao et al., 2003). Behavioral and 

physiological characterizations were performed. Sweet and Umami taste 

depend, entirely, on the T1R receptors (Zhao et al., 2003).  

 To explain how sweet and umami are “coded” in the taste bud, there 

are several experiments that offer substantial evidence for the argument 

that taste modalities are encoded at the periphery in a modality-specific 

manner. First line of evidence is that expression of sweet (T1R2+T1R3) 

receptors do not overlap with expression of Umami receptors (T1R1+ 

T1R3) in sub-populations of taste receptor cells in any taste bud  (Nelson et 

al., 2001; Nelson et al., 2002; Zhao et al., 2003). Second line of evidence is 

that knockout mice with deleted sweet receptors do not have deficits in 

Umami taste and that knockout mice with deleted Umami receptors are not 

devoid of sweet taste (Zhao et al., 2003). Thirdly, mice with sweet receptor 

cells ablations (T1R2-ires-Cre x. Rosa-loxp-lacZ-loxp-DiptheriaToxin 
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Fragment A) showed defects in sweet tasting only, using standard 

Gustometer taste preference behavior paradigm (Ryba and Zuker labs 

unpublished data). These experiments unifyingly demonstrated that sweet 

and Umami taste modalities are represented by independent non-

overlapping taste receptor cells in mammalian taste buds. While receptor 

genes confer specificities to tastant ligands, activation of taste receptor 

cells is sufficient to trigger innate behavioral responses. 

 

Bitter Taste: 

 Taste of bitter evokes unpleasant, if not noxious, behavioral 

responses in mammals. Rodents display avoidance behavior towards bitter 

compounds. Bitter taste, thus, warns animals from potential toxin 

ingestions.  

Bitter receptors (the T2Rs) were discovered using a combination of 

human genetics and bioinformatics. Early studies in mouse taste found that 

inbred strains differed in taste sensitivity to the bitter compound, sucrose-

octaacetate (Warren and Lewis 1970; Le Roy et al., 1999). Other loci, 

affecting bitter taste, were identified through similar experiments 

examining allelic variation (Lush 1984, 1986; Capeless, et al., 1992). To 
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identify the bitter taste receptors in mice,  previous studies relied on a locus 

responsible to human “PROP”  (6-n-propyl-2-thiouracil) taste (Reed et al., 

1999), henceforth named human T2R1 (Adler et al., 2000). Subsequently, 

using iterative BLAST (tBLASTx) and a low-stringency hybridization 

strategy, an entire family of ~25-35 bitter receptors was identified in both 

mice and human (Adler et al., 2000).  

All bitter receptors are G-protein coupled receptors, with homology 

to the V1R family of vomeronasal receptors (Adler et al., 2000). This is 

consistent with the finding that a taste-specific G-protein, Gustducin, 

affects bitter taste in mice (Wang et al., 1996). 

 Bitter receptors are expressed in a distinct and non-overlapping 

subset of taste receptor cells in the circumvallate, foliate, and palate; no 

detectable expression was found in the fungiform papillae (Adler et al., 

2000). Their expressions do not overlap with sweet and umami receptors 

(Adler et al., 2000; Matsunami et al., 2000; Nelson et al., 2001; Nelson et 

al., 2002). However, all T2Rs are co-expressed (Adler et al., 2000). Thus, 

any particular bitter cell senses most, if not all, of the world of bitter 

compounds.  
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Several lines of evidence proved T2R receptors are the receptors for 

bitter compounds. First, heterologous expression studies showed that 

several T2Rs, human and rodent receptors, selectively respond to bitter 

compounds. For example, mouse T2R5 responded to cycloheximide 

(Chandrashekar et al., 2000); human T2R16 responded to β-

glucopyranosides and related compounds (Bufe et al., 2002). Second, 

sequence polymorphisms from various mouse strains conferred bitter taste 

sensitivity in mice (Chandrashekar et al., 2000; Kim et al., 2003; Kim and 

Drayna 2005). 

To demonstrate that T2Rs are necessary and sufficient for bitter 

taste, a series of genetic and behavioral experiments were carried out to 

address them. First, two human T2R genes (human T2R16 and T2R38) 

were engineered into mice, which conferred taste of β-glucopyranosides  

and phenylthiocarbamide (PTC), respectively and thus “humanized” mouse 

bitter taste with additional bitter compounds (Mueller et al., 2005). These 

transgenic studies illustrated that selectivity differences in bitter taste were 

due to genomic differences. Second, knockout mice without mouse T2R5 

were deficient in cycloheximide taste only, while taste for other bitter 

compounds remained same as wildtype (Mueller et al., 2005). These 
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experiments proved that the T2Rs are the receptors for mammalian bitter 

taste. 

Are T2R-expressing taste receptor cells dedicated sensors that 

mediate aversive behavior? To answer if the aversive behavior attributed to 

bitter taste is a result of activating T2R-receptors or T2R-expressing cells, 

an exogenous ligand-receptor system was introduced into bitter taste 

receptor cells (Mueller et al., 2005). Enlightened with an approach from a 

study in C.elegans, where an exogenous receptor was expressed in specific 

neurons to address if they were turned to attractive or aversive innate 

behaviors, transgenic mice were engineered using an inducible system 

(rTTA; TetO) to express a synthetic receptor, RASSL k-opioid receptor, in 

which the ligand, Spiradoline, is tasteless to mammals (Troemel et al., 

1997; Refern et al., 1999; Zhao et al., 2003; Mueller et al., 2005). Studies 

in sweet taste used the sweet receptor T1R2 promoter, to drive the 

expression of RASSL receptor under the TetO system (Zhao et al., 2003). 

In studying bitter taste, a bitter receptor promoter, mouse T2R19, was 

chosen to express the inducible cassette (Mueller et al., 2005). Results from 

these studies complemented each other. Mice engineered with their sweet 

receptor cells expressing with the RASSL receptor showed attractive 
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behavior to the artificial compound, Spiradoline, whereas mice expressing 

the RASSL receptor in bitter cells showed aversive responses toward 

Spiradoline (Zhao et al., 2003; Mueller et al., 2005). 

To answer the question of what gives a “taste percept” in mice and to 

further substantiate the conceptual understanding that taste receptor cells 

are hard-wired for behavioral responses, human bitter receptor –hT2R16 –

was  introduced into mouse bitter and sweet receptor cells (Mueller et al., 

2005; Bufe et al., 2002). Results from behavioral experiments showed that 

animals were averse to phenyl-β-D-glucopyranoside (ligand for hT2R16 

receptor), when hT2R16 was expressed in bitter cells. But when hT2R16 

was expressed in sweet cells using T1R2 promoter, mice were attracted to 

the same compound (Mueller et al., 2005). Therefore, taste receptor cells 

are finely-tuned to innate behaviors, cells are sufficient to mediate 

behavioral outputs, and responsibility of receptors is to confer specificities 

between receptors and their ligands. Intriguingly, one can ask if the 

expression of taste receptors determine identities of cells and their innate 

behavioral circuit, or, do taste receptor cells dictate receptor expression? 
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Sour Taste:  

 Sour taste is elicited by the ingestion of acids and food items with 

relatively low pH values. The behavioral response in mammals is an innate 

aversion to sour food items. From an evolutionary standpoint, mammals 

developed sour food sensing due to an intrinsic need to detect spoiled food. 

 Many laboratories have ventured after the nature of sour taste in 

mammals. Many receptors and mechanisms have been proposed to mediate 

acid sensing in taste receptor cells (Lindemann 1996; Kinnamon and 

Margolskee, 1996; DeSimone et al., 2001; Lyall et al., 2001). Several 

proposed mechanisms involved proton influx via amiloride-sensitive 

sodium channels, acid-sensing ion channels (ASICs), potassium channels, 

H+-gated calcium channels, Na-H exchangers, proton-gated channels 

(HCN1 and HCN4) and two-pore-domain K+ channels (Koyama and 

Kurihara 1972; Kinnamon et al., 1988; Ugawa 2003; Richter et al., 2004; 

Vinnikova et al., 2004). Although some of these channels have been shown 

to be expressed in taste,  they are widely expressed in many other tissues 

and have been previously shown to be involved in a variety of cellular 

processes. A candidate sour taste receptor should be a channel molecule, 

with restricted expression, located at the apical side of the taste receptor 
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cell, sensitive to or gated by protons. Such candidate has not yet been 

discovered. 

 

Salt Taste: 

 Sodium ions are critical for an organism’s survival. Numerous 

cellular processes depend on Na+ ions, such as neuronal excitability. 

Sodium isn’t specifically produced as a cellular byproduct in an organism; 

therefore, it must be ingested, maintained, and balanced physiologically. 

Two mechanisms help in maintaining sodium homeostasis: 1) hormonally 

controlled intake of salt; 2) regulation and uptake of sodium. In mammals, 

the taste of salt is supposedly divided into two mechanistic pathways, 

amiloride-sensitive and amiloride-insensitive (Spector et al., 1996; Lyall et 

al., 2005; Eylam and Spector, 2002). 

 The amiloride-sensitive salt receptor has been proposed to be  a 

member of the ENaC/DEG family of sodium ion channels. ENaC channels 

are hetero-oligomeric channels composed of three subunits: α, β, and γ.  

Previously shown using RT-PCR and immunohistochemistry techniques, 

they are expressed in high proportions of taste receptor cells in the 

circumvallate, foliate, and fungiform (Lin et al., 1999). Furthermore, 
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increases in hormone dosage for aldostrone enhanced expression for β, and 

γ subunits (Lin et al., 1999). 

The first mention of amiloride-sensitivity in salt taste was through 

experiments in lingual Chorda Tympani nerve recordings in rats, where 

upon applications of amiloride response to sodium chloride was reduced 

(Heck et al., 1984). However, it has since been debated in the field, 

whether amiloride has an effect on salt taste (Tonosaki and Funakosh, 

1989). Recordings from rat Glossopharyngeal lingual taste nerves showed 

amiloride insensitive responses but showed immunoreactivity against 

ENaCs (Kretz et al., 1999; Lin et al., 1999).  

 In the taste field, there is an amiloride-insensitive salt sensing 

pathway, which does not discriminate among Na
+
, K

+
, and NH

4+
 ions 

(Lindemann 1996). Recently, a variant of the capsacin receptor, VR-1var, 

was reported to be involved in the amiloride-insensitive pathway (Lyall et 

al., 2004). However, VR1 knockout mice (TRPV1 KO) showed no deficits 

in salt taste using standard behavioral paradigms (Ruiz et al., 2006). Thus, 

identity of a candidate receptor remains to be discovered. 
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Signal Transduction in Mammalian Taste: 

 Signal transduction pathways in mammalian taste have been 

explored to great extent by numerous labs. Key players involved in signal 

transduction pathways of sweet, bitter, and Umami tastes have been 

discovered, and their functional roles in taste are discussed and highlighted 

below: 

The first signal transduction component identified in taste was a G 

alpha protein, named Gustducin. Highly selective in its expression in taste 

receptor cells (TRCs), Gustducin is expressed in ~ 25-30% of TRCs 

(McLaughlin et al., 1992). Gustducin is a member of the Gi family of G 

proteins, and it shares ~80% amino acid sequence identity with Transducin 

in the visual system (McLaughlin et al., 1994; Hoon et al., 1995). Using a 

combination of genetically engineered mice and behavioral tests, 

Gustducin knockout mice showed deficits in sweet and bitter taste and 

minor deficits in Umami taste (Wong et al., 1996; Glendinning et al., 

2005). More recently, another G alpha protein, Gαi2, was identified to be 

expressed in subsets of taste receptor cells, suggesting functional 

redundancy with Gustducin (Kusakabe et al., 2000).  
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Several second messenger systems have been proposed to play roles 

in taste, and many players have been suggested to be important for taste 

transduction. It is clear now: for bitter, sweet, and Umami taste signaling 

pathways, activation of GPCR taste receptors (T1Rs or T2Rs) activates a 

G-protein coupled cascade which stimulates phospholipase C- β2, leading 

to the breakdown of phosphatidylinositol bisphosphate (PIP2) into 

diacylglycerol (DAG) and inositol trisphosphate (IP3) and release of Ca
2+

 

from intracellular stores, which leads to the activation of an ion channel, 

transient receptor potential M 5 (Liman, 2006).  In this pathway, the most 

salient contributors are phospholipase C- β2 (PLCβ2) transient receptor 

potential M 5 (TRPm5).  

TRPm5 encodes a member of the transient receptor potential 

superfamily (melastatin subfamily), many of which have been implicated in 

sensory transduction processes (see Chapter 3 for more detailed discussion 

on the family of TRP channels). TRPm5 is composed of a short N 

terminus, six transmembrane-spanning domains, and a long C terminus 

suggested as an interaction domain with other proteins (Hofmann et al., 

2003). Conductance of TRPm5 has been a rather controversial topic, 

though more recent evidence points to the gating mechanism where 
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TRPm5 was shown to be gated by intracellular calcium and can be 

activated by calcium release from intracellular stores (Zhang et al., 2003; 

Liman 2006). 

Evidence demonstrating that PLCβ2 and TRPm5 play critical roles 

came from experiments using knockout animals for both PLCβ2 and 

TRPm5, where taste responses for sweet, bitter, and Umami/MSG are 

completely abolished (Zhang et al., 2003). These findings demonstrated 

that receptor signaling pathways for sweet, bitter, and umami share the 

same molecular components in signal transduction processes, even though 

receptors are expressed in non-overlapping populations of taste receptor 

cells (Chandrashekar et al., 2006). 

 

   

Figure 1.2 Taste Representation in the Mammalian Taste Bud 

Schematic illustration of “labeled-line” and “cross-fiber” models. 
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Concluding Remarks: 

Conclusively, experiments mentioned above established some of the 

fundamental concepts underlying how mammals taste sweet, bitter, and 

umami compounds: 1) each taste modality is separately and independently 

represented in the taste bud, with specific subsets of cells dedicated to each 

modality, 2) sub-population of cells representing each modality is sufficient 

to mediate attractive or aversive behaviors in mice, 3) using knockout 

models, mice lacking receptors to sweet, bitter, or umami are blind to these 

tastants; therefore, receptors are proven to be necessary for distinguishing 

tastants, and 4) taste receptor cells are finely-tuned to attractive or aversive 

behaviors, which are independent of the receptor molecules they express. 

 

1.3.2  Drosophila Taste: 

 Drosophila melanogaster (commonly known as “fruit flies”), shares 

similar taste modalities with mammals, such as sugars, salts, noxious 

chemicals ( Dethier, 1976; Singh 1997). Genetic tools developed for 

Drosophila are advanced and powerful, making flies a desirable model 

organism to study taste receptors, neural circuits, and behavior. Taste in 

Drosophila is mediated by neurons on the legs, wings, ovipositor, 
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proboscis, and internal mouthpart organs (Stocker, 1994; Scott et al., 

2001).  Structures, where taste neurons are found, are termed 

chemosensory bristles, composed of two to four gustatory neurons and one 

mechanosensory neuron (Falk et al., 1976; Scott et al., 2001; Clyne et al., 

2000).  Peripheral taste sensory neurons project directly to the fly brain; for 

example, proboscis and mouthpart project to the subesophageal ganglion 

(SOG)  (Rajashekhar and Singh, 1994; Scott et al., 2001; Hallem et al., 

2006)  Behavioral outputs from Drosophila upon contact with tastants are 

prominent features and has clear phenotype –flies recognize sweet 

compounds and extend the proboscis, for example (Scott et al., 2001; 

Dethier, 1976).   

 Using advanced bioinformatics tools, developing new algorithms for 

seven transmembrane prediction combined with reinterative BLAST and 

Hidden Markov Model searches, a family of ~56 genes (GRs=Gustatory 

Receptor)  were discovered (Clyne et al., 2000; Scott et al., 2001). They are 

seven transmembrane G-protein coupled receptors, with sequence 

similarities in the range of 7-50%, but share sequence similarities in the C-

terminus (Scott K., 2005; Scott et al., 2001). Expression studies showed 

they are expressed in the antennae, proboscis, pharynx, leg, and larval 
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chemosensory organs, with a subset found in Drosophila olfactory 

chemosensory neurons (Scott et al., 2001). 

 For Drosophila taste, sweet and bitter modalities share a similar logic 

as mammalian bitter and sweet taste: taste chemosensory cells are 

separately represented in the periphery, bitter-responding cells do not 

overlap in expression or response profile with sweet-responding cells. 

However, experiments demonstrating projection patterns of taste neurons 

in Drosophila argued that, in addition, neuronal representation of taste 

qualities included information about location of tastants (Wang et al., 

2004). 

 Using a P-element insertion line and a targeted genetic strategy, 

promoter-driven tetanus toxin-mediated inactivation or Diptheria-mediated 

cellular ablation, two populations of sensory neurons were marked by Gr5 

and Gr66 to respond to sugars and bitter compounds respectively, and Gr5 

was discovered as the receptor for trehalose (Dahanukar et al., 2001; 

Thorne et al., 2004; Wang et al., 2004). Using an advanced imaging 

technique, genetically encoded calcium indicator G-Camp, Gr5-expressing 

and Gr66-expressing cells selectively responded to sweets and bitter 

tastants, respectively (Marella et al., 2006). These results supported a 
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previous observation (Scott et al., 2001) that Gr5 and Gr66 separately 

grouped expression of some of the GRs into sweet- and bitter- responding 

chemosensory neurons (Marella et al., 2006). 

 

Concluding Remarks: 

In Drosophila, as it is in mammals, taste receptor cells responsible to 

sweet and bitter compounds are dedicated, non-overlapping, and narrowly 

tuned receptor cells. Representation of gustatory information in 

Drosophila, as a “map”, shares the same basic elements of a visual map or 

olfactory map.
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2.1 Idea behind the screen 

Following fundamental discoveries of olfactory receptors in 

mammals (Buck and Axel., 1991) and C.elegans (Troemel et al, 1995), many 

laboratories sought after olfactory receptors in insects, and chased after taste 

receptors in invertebrates and mammals. Numerous labs used a variety of 

methods which relied on genetic linkage evidence and genetic screens, 

subtractive cDNA libraries, single-cell PCR libraries, degenerate PCR 

screens, and tissue-specific cDNA libraries (Dulac and Axel., 1995) to clone 

novel receptor molecules. Selected laboratories succeeded in cloning novel 

receptors (Dulac and Axel., 1995; Hoon et al., 1999). Nonetheless, receptor 

identities for several sensory modalities remained elusive, such as mechano-

sensory receptor and receptors for ionic taste modalities in mammals 

(Lindemann 1996). Mysteries surrounding soon-to-be-discovered receptors 

brought  attention to re-examine conventional methods themselves, which 

led to the present study and the development of a new method.  

Previously established conventional techniques rested on several 

important assumptions: 1) receptor genes share enough sequence similarities 

with each other that henceforth serve related yet diverse functions; 2) 

sequences dictate structural features, but not vice versa; 3) receptor 
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sequences expressed at low levels can be easily recovered in cloning and 

tissue cDNA libraries. 

But one might raise the following considerations, when challenged 

with the task of identifying novel receptors. What happens when sequences 

of receptors are completely unrelated to ones found previously? Could 

structural features of genes and gene-families provide basic framework for 

preferred “sequence selections” during evolutionary processes? What are the 

genes which have divergent sequences but share similar structural features? 

Furthermore, sensory receptor gene transcripts show selective expression in 

specialized subsets of cells and they are not found, in general, to be the most 

abundantly transcribed mRNA messages in a given sensory cell type, on the 

order of 1 in 10
-5

 or less (Zuker lab, unpublished data). Similarly, abundance 

of receptor transcripts in the Main Olfactory Epithelium (MOE) and the 

Vomeronasal Organ (VNO) is also scarce: in the MOE, ~1% of the mRNA 

in a given sensory cell corresponds to a receptor (Vassar et al., 1994; Dulac 

and Axel, 1995).     

Therefore, in order to find such “rare” receptor transcripts without a 

priori knowledge or prediction of genes or gene-families, a novel tool needs 

to be developed and implemented. Such a tool should rely on both sensitivity 
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of detection and comprehensive coverage of predicted genes in the annotated 

mouse genome. To develop such a tool, a set of simple assumptions must 

precede, in order to develop a generalized strategy which is not biased 

against any specific family of genes and is detectably sensitive to transcripts 

expressed at relatively low cellular levels.  

 Recent advances in bioinformatics have led to discoveries of novel 

genes using newly developed structural prediction algorithms, with 

significant improvements in reliabilities and statistical confidence (Kim et 

al., 2000; Warr et al., 2001; Li et al., 2003). Using these algorithms, novel 

genes and gene families emerged with newly constructed annotations 

(Clyne et al., 2000; Kim et al., 2002).  In addition, with advances in 

database organization and developments in public annotation databases, 

such as the Protein Database Bank (PDB), National Center for 

Biotechnology Information (NCBI), and the Drosophila Genome Project, 

sequenced gene fragments accumulating in the public domain emerged as 

an excellent tool to assess and evaluate gene expression. 

 One might ask what would happen if these new advances were 

combined? Could they become useful tools to search for sensory receptors? 
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If so, how could one place restrictions and criteria appropriately to find 

receptor transcripts in the entire genome?  

 To develop the screen, three simple assumptions were made: 1) 

sensory receptors, are transmembrane-containing proteins expressed on the 

plasma membrane. 2) Sensory receptors are restricted in their tissue 

expression profile; they are selectively expressed. 3) Taste receptors for 

salty and sour should be selectively expressed in subsets of taste receptor 

cells, similar to receptors for bitter, sweet, and umami (Hoon et al., 1999; 

Nelson et al., 2001; Nelson et al., 2002). 

 In order to screen candidates from the bioinformatics steps 

efficiently, a high through-put Reverse-Transcriptase PCR (RT-PCR) 

screen was adopted to find transcripts enriched in taste receptor cell cDNA 

collections, compared to tongue epithelial cDNA collections. Each gene 

was tested against multiple cDNA collections for taste and non-taste 

(epithelial tissue). Candidates were chosen for RNA in situ hybridization 

(using Circumvallate taste buds) if they were expressed positively in at 

least one of the taste receptor cell cDNA collections. 
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Figure 2.1: High-throughput Screening Step for Genes Enriched in Taste Receptor Cells 

To find which genes with restrictive tissue distribution patterns in mice showed 

selective expression in taste, each gene was assayed using RT-PCR using cDNA 

collections from taste and non-taste (epithelial tissue in the tongue). Any gene showing 

expression in at least one CV/Foliate cDNA collections and none of the Epithelium 

cDNA collections became a positive candidate for RNA In Situ Hybridization in taste. 

 

 

 

 

2.2 Basic layout for the screen  

The multi-step screening strategy is composed of the following steps:  

1) Retrieve all predicted open reading frame (ORF) or genes in the    

mouse genome. 

2) Select ORFs with transmembrane domains, based on the Hidden 

Markov Model and Structural Prediction Algorithm (123D) 

Lanes: 

 

#1 CV/Foliate cDNA -1 

#2 CV/Foliate cDNA -2 

#3 CV/Foliate cDNA -3 

#4 Epithelium cDNA -1 

#5 Epithelium cDNA -2 

#6 Neg. control 

1  2  3  4  5  6 
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3) Retrieval of transcript or mRNA sequence for each gene 

4) BLAST against NCBI databases to collect valid mouse EST hits 

5) Identify tissue/organ hits for each gene/ORF 

6) Reorganize tissue/organ data; define what is a “valid hit” 

7) Design primers for each gene 

8) Collect taste bud tissue: circumvallate and foliate 

9) Extract mRNA and make cDNA collection pools 

10) PCR each gene using taste cDNA pools and epithelial control 

cDNA pools. Repeat for multiple pools. 

11) Choose genes selectively expressed in taste 

12) Perform RNA in situ hybridization experiments using taste 

Circumvallate tissue 

 

2.3   Method Section 

 Every one of the three assumptions was specifically addressed in 

individual step of the screening strategy.  First, to find transmembrane-

containing proteins, approximately 30,000 mouse predicted and annotated 

open reading frames (ORFs) were scanned for the presence of at least one 

putative transmembrane domain, using TMHMM version 2.0 
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(http://www.cbs.dtu.dk/services/TMHMM-2.0/ ) and f_TMHMM (Bourne 

Lab, http://www.sdsc.edu/pb/Group.html; 123D algorithm). Second, to find 

tissue expression profiles for each gene in a high-throughput manner, I 

utilized available mouse EST databases in NCBI. The transcript/cDNA 

information for each predicted gene was extracted from the Ensembl 

Mm30 Release 13 database (www.ensembl.org: Mm30 Release 13: Oct-

Dec, 2003), and was used to screen mouse EST databases in NCBI using 

 ( http://www.ncbi.nlm.nih.gov/dbEST/index.html, organized by the 

UNIGENE databases ) to search for tissue expression in the mouse 

genome. EST hits with e-values of less than or equal to e
-100

 were selected 

as valid hits in the analysis. The restrictive criteria for e-values were set to 

only select query-to-database matches of 300bp or more, as valid hits for 

the analyses.  Third, to find if each selected hit is selectively expressed in 

taste receptor cells, each gene was subjected to RT-PCR using both taste 

cDNA (extracted from CV and foliate taste tissue) and on non-taste 

epithelium tissue as a control. To ensure specificity of the PCR reactions, 

all primer sets included last exon and/or unique 3’UTR sequences  
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 ( http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi ).   Genes 

selectively expressed in taste was analyzed further using RNA In Situ 

Hybridization.  

 

2.4 Data Section 

Summary Of the Screen:  

1) ~30,000 (predicted ORFs) 

2) 13,742 TM-containing genes 

3) 884 (< 3 tissues/organs) chosen for RT-PCR  

4)  98 genes are RT-PCR positive   

5)  26 genes examined using RNA in situ hybridization 

6)  5 genes specifically expressed in Taste Receptor Cells 

 

 

Table 2.1: Genes examined using RNA in situ hybridization 

Using RT-PCR as a screen for genes selectively enriched in taste tissue, 98 

genes were shown to be in taste. Using RNA in situ, genes were checked 

for expression in subsets of taste receptor cells. 

Screen # Ensembl ID  Description In Situ  

529-30 

ENSMUSG00

000037578  

ion transport protein; polycystic 

protein in kidney; PKD2L1 in situ positive 

224-5 

ENSMUSG00

000057182 

voltage-gated Na channel alpha 

subunit; NAV1.3 in situ positive 

841-2 

ENSMUSG00

000046923  oGPCR; GPCR113 in situ positive 
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Table 2.1: continued 

Screen #     Ensembl ID  Description   In Situ 
 

 

 

845-6 

ENSMUSG00

000051596;  otopetrin 1  in situ positive 

 

 

1180-1 

ENSMUSG00

000023473  Cadherin EGF Lag GPCR in situ positive 

459-60 

ENSMUSG00

000005952  TRP family channel; TRPV1 

no taste in situ 

signal 

445-6 
ENSMUSG000
00038768  ortholog: fatty acid desaturase; no in situ signal 

535-6 
ENSMUSG000
00029847  solute transporter taste and epithelial 

651-2 
ENSMUSG000
00032776  unknown; chrm7; Gm489 taste and epithelial 

704-5 
ENSMUSG000
00047161  

carbohydrate (N-

acetylgalactosamine 4-0) 

sulfotransferase 9  

strong taste and 

some epithelial 

773-4 
ENSMUSG000
00020420  phospholipid ATPase taste and epithelial 

785-6 
ENSMUSG000
00037636  mitochondria solute carrier;  taste and epithelial 

793-4 
ENSMUSG000
00033979  solute carrier family 35, member F3.  

weak signal: taste 

and epithelial 

931-2 
ENSMUSG000
00049619  oGPCR; GPCR17 taste and epithelial 

829-30 
ENSMUSG000
00020447 patched family protein ortholog taste and epithelial 

1435-6 
ENSMUSG000
00020286  

MUS MUSCULUS ADULT MALE 
TESTIS CDNA PRODUCT no in situ signal 

1439-40 
ENSMUSG000
00020890  

GUANYLYL CYCLASE GC-E 
PRECURSOR ; unknown epithelial signal 

1449-50 
ENSMUSG000
00022085  Unknown no in situ signal 
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Table 2.1: continued 

Screen# Ensembl ID  Description   In Situ 

 

1451-2 
ENSMUSG0000
0022494  

11 DAYS EMBRYO WHOLE 
BODY CDNA PRODUCT  TRC and epithelial 

1495-6 
ENSMUSG0000
0029256  unknown 

very weak taste 

signal 

1523-4 
ENSMUSG0000
0032134  unknown no in situ signal 

1539-40 
ENSMUSG0000
0033063  Contactin associated protein-like 3  no in situ signal 

1577-8 
ENSMUSG0000
0041200  unknown no in situ signal 

1569-70 
ENSMUSG0000
0024773  

unknown; Riken cDNA clone: 
chrom 19 taste and epithelial 

1729-30 
ENSMUSG0000
0032595  

MUS MUSCULUS ADULT MALE 
TESTIS CDNA PRODUCT  no in situ signal 

1705-6 
ENSMUSG0000
0022269  

membrane-associated ring-finger 
membrane; unknown no in situ signal 

1709-10 
ENSMUSG0000
0026609  LAMININ CHAIN PRECURSOR  no in situ signal 

232-3 
ENSMUSG0000
0000197 

ortholog: voltage-gated cation 
channel  (sodium or Ca++ ) (4TM); 
human, rat, and fly-narrow 
abdomen (novel); Vgcnl1 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

264-5 
ENSMUSG0000
0015376 

PANNEXIN 2 (GAP JXN 
PROTEINS) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

268-9 
ENSMUSG0000
0019935  

SODIUM DEPENDENT 
PHOSPHATE TRANSPORT 
SODIUM/PHOSPHATE 
COTRANSPORTER NA + /PI 
COTRANSPORTER  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

316-7 
ENSMUSG0000
0030737  

ortholog: human prostatin 
precursor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

 

322-3 
ENSMUSG0000
0031258  

family with Mcleod syndrome gene  
homolog (membrane transport 
protein);X Kell blood group 
precursor related X linked  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

332-3 
ENSMUSG0000
0042661 ortholog: 6TM human protein 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Table 2.1: continued 

Screen# Ensembl ID  Description   In Situ 

 

340-1 
ENSMUSG000000
36676 

no orthologs; novel (EOL) 
transferase; TRP-like domains; 
transmembrane and 
tetratricopeptide repeat containing 
3  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

354-5 
ENSMUSG000000
25938  

solute carrier organic anion 
transporter family, member 5A1  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

344-5 
ENSMUSG000000
23843 

oGPCR (putative pheromone 
receptor) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

318-9 
ENSMUSG000000
30737 

ortholog: (ORGANIC ANION 
TRANSPORTER B) (OATP- B)  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

409-410 
ENSMUSG000000
37490  

ortholog: glucose/solute carrier 
transporter;  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

411-12 
ENSMUSG000000
37490 

ortholog: glcose/sugar carrier 
transporter/ 12TM 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

380-1 
ENSMUSG000000
49318 

oGPCR novel: MAS-related 
GPCR,                                   later 
verified to be a pseudogene 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

270-1 
ENSMUSG000000
00197  voltage-gated channel predicted 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

451-2 
ENSMUSG000000
24763  

TRP family channel; TRP M family 
member 1 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

463-4 
ENSMUSG000000
32738  

voltage-gated potassium channel 
(predicted) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

470-69 
ENSMUSG000000
37451  

lipocalin-related protein; solute 
carrier transporter family 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Table 2.1: continued 

Screen# Ensembl ID  Description   In Situ 

 

523-4 
ENSMUSG000000
32738  

ortholog: olfactory CNG channel; 
CNG channel alpha 4  Same as above 

525-6 
ENSMUSG000000
39528   oGPCR; hGPCR135 relaxin 3  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

527-8 
ENSMUSG000000
04113  

voltage-dependent N-type calcium 
channel alpha-1B subunit 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

531-2 
ENSMUSG000000
40836  oGPCR; human oGPCR161 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

537-8 
ENSMUSG000000
29847  solute transporter 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

553-4 
ENSMUSG000000
41835  oGPCR 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

441-2 
ENSMUSG000000
00197  

voltage-gated channel; human 
VGCNL1; 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

545-6 
ENSMUSG000000
39809  GPCR; hGPR51;  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

611-2 
ENSMUSG000000
31425  proteolipid protein  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

613-4 
ENSMUSG000000
56247 unknown 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

617-8 
ENSMUSG000000
16283  

MHC; histocompatibility 2, M 
region locus 2  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Table 2.1: continued 

Screen# Ensembl ID  Description   In Situ 

 

637-8 
ENSMUSG000000
28938  

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase-
like 5  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

641-2 
ENSMUSG000000
30858  

RIKEN cDNA 1700007K09 gene; 
testis cDNA product 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

643-4 
ENSMUSG000000
31470  Beta-defensin 4 precursor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

659-60 
ENSMUSG000000
34239  novel; unknown; chrm11 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

521-2 
ENSMUSG000000
30406  

ortholog: Gastric inhibitory 
polypeptide receptor (hGIPR)/ 
EOL: GPCR (secretin family) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

692-3 
ENSMUSG000000
49092  unknown; chrm 14; Gm908 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

698-9 
ENSMUSG000000
49689  cDNA fragment; incomplete; 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

801-2 
ENSMUSG000000
37636  mitochondrial solute carrier protein 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

787-8 
ENSMUSG000000
26992  sodium channel; isoform 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

791-2 
ENSMUSG000000
26993  

voltage-gated Na channel; SCN 
2A/3A family isoform of Nav1.2 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

765-6 
ENSMUSG000000
04561  

ZINC TRANSPORTER ZIP2 ETI 1 
6A1 HZIP2  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Table 2.1: continued 

Screen# Ensembl ID  Description   In Situ 

 

777-8 
ENSMUSG000000
04113  

voltage-gated N-type Ca channel 
alpha subunit 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

825-6 
ENMUSG0000003
4863 unknown 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1156-7 
ENSMUSG000000
20906  

oGPCR; glucagon-like peptide 2 
receptor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1220-1 
ENSMUSG000000
30205  

G PROTEIN-COUPLED 
RECEPTOR, FAMILY C, GROUP 
5, MEMBER D.  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1232-33 
ENSMUSG000000
31070  

 
MAS-RELATED G PROTEIN-
COUPLED RECEPTOR MRGF  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1258-9 
ENSMUSG000000
35148  GPR33  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1272-3 
ENSMUSG000000
35773  GPCR54 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1290-1 
ENSMUSG000000
42190  

CHEMOKINE RECEPTOR-LIKE 1 
(GPCR RECEPTOR DEZ).  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1300-1 
ENSMUSG000000
47875  oGPCR; hGPR157 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1318-9 
ENSMUSG000000
47678  GPCR82 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1322-23 
ENSMUSG000000
44014  NPY-Y5 RECEPTOR  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Table 2.1: continued 

Screen# Ensembl ID  Description   In Situ 

 

1138-9 
ENSMUSG000000
11171  vasoactive receptor 2 precursor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1168-9 
ENSMUSG000000
22456  neuronal-spec septin3 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1178-79 
ENSMUSG000000
23011  lifegard  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1184-5 
ENSMUSG000000
24553  glanin receptor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1186-7 
ENSMUSG000000
24731  membrane-spanning 4-domain 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1222-3 
ENSMUSG000000
30206  GERM CELL-SPECIFIC GENE 1  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1314-5 
ENSMUSG000000
49112  OXYTOCIN RECEPTOR (OT-R).  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1354-5 
ENSMUSG000000
48582  CONNEXIN 46  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1358-9 
ENSMUSG000000
44052  GPCR2; chemokine receptor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1437-8 
ENSMUSG000000
20701  

unknown; Adrenergic receptor, 
alpha-A domain 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1491-2 
ENSMUSG000000
26963  

MUS MUSCULUS ADULT MALE 
TESTIS CDNA PRODUCT:  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Table 2.1: continued 

Screen# Ensembl ID        Description   In Situ 

 

1501-2 
ENSMUSG000000
29829  

US MUSCULUS 0 DAY NEONATE 
KIDNEY CDNA PRODUCT:  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1521-2 
ENSMUSG000000
31512  unknown 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1621-2 
ENSMUSG000000
42916  

MUS MUSCULUS ADULT MALE 
TESTIS CDNA PRODUCT  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1575-6 
ENSMUSG000000
41165  novel; chrm11 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1693-4 
ENSMUSG000000
10583  

unknown Chromosome11; smilar 
to VN and T2R 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1697-8 
ENSMUSG000000
13091  testis cDNA library 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

935-6 
ENSMUSG000000
48003  

ortholog: CaSper; sperm 
associated 4 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

823-4 
ENSMUSG000000
42965  K+ channel 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1643-4 

ENSMUSG000000
63172  
; 
ENSMUSG000000
34794  Placenta Protein 25 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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Figure 2.2: Identification of 5 candidates specifically expressed in TRCs 

Top Panels (left-middle-right): In Situ controls: T1R2, T2R5, T1R2+T2R5 

Bottom: 5 candidates from the screen: 1-5 (left to right), Circumvallate tissue sections 

(16-20µm). 

 

 

5 Candidates discovered 

1. GPR113 (orphan GPCR) 

2. Nav1.3 (voltage-gated sodium channel) 

3. PKD2L1 

4. Otopectrin 1 (novel transmembrane protein) 

5. EGF Lag GPCR I (orphan GPCR) 
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2.5 Discussion 

 The multi-step bioinformatics and differential screening strategy 

described in this chapter shows a different way to approach gene discovery, 

using a set of simple biologically-relevant assumptions to design the screen 

in order to narrow down genome-wide predictions. All of the specific 

filtering criteria can be altered, if not modified, to tailor to specific goals. 

 Data shown in the chapter described results from a rather crude 

preliminary run of the mouse genome, using specific filter steps. More 

sophisticated organizations can be developed to make better use of the 

genome data. The quality of the screen depends, almost entirely, on the 

quality of genome databases and prediction algorithms. Developing 

algorithms more precisely suited for the goals will greatly enhance the 

success rate. 

 Notably, there were some obvious short-comings for the screen: 

Firstly, preliminary version of the annotated mouse genome database, 

which led to many un-accountable EST sequences and incorrectly 

predicted ORFs when verified by individual BLAST search. Secondly, 

tissue type outputs could be better organized and formatted to save 

processing time and clarity. Thirdly, elimination of pseudogenes would 
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greatly enhance quality of the screen; however, such improvements can be 

made only on account of better genomic prediction algorithms. Fourthly, 

while performing RNA in situ hybridization experiments, a tissue panel 

should be screened using the same probe/primer set to double-check the 

quality of in situ probes.  Conceptually, the screen could gain much more 

utility, if its parameters could be easily altered, to suit different screening 

restrictions and various purposes. 
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3.1 A Summary: PKD2L1, a candidate taste receptor 

 PKD2L1, polycystic kidney disease 2 like 1, was found to be 

expressed in an unique subset of taste receptor cells, using methods 

described in detail in Chapter 2. The most salient features of PKD2L1 –

making it an outstanding taste receptor candidate –are: 1) six-

transmembrane signature domain region conferred PKD2L1 to be a 

member of the TRP family of channels. 2) PKD2L1 is expressed in a novel 

population of taste receptor cells, distinct from cells that mediate sweet, 

bitter, and umami tastes. 3) Genetically targeting Diptheria Toxin to 

PKD2L1-expressing taste receptor cells resulted in specific and selective 

abolishment of sour taste in mice. (Discussed in detail in Chapter 4). 

Conceptually, a new population of taste receptor cells expanded our 

knowledge on previously established repertoires of receptor cells for taste 

modalities, and substantiated the proposed model, labeled-line, that each 

taste modality is encoded by an independent non-overlapping and 

dedicated population of cells in mammalian taste buds. 

 

3.2 PKD2L1 –Expression in Taste Receptor Cells 
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Results from the multi-step Bioinformatics and Differential Expression 

Screening Strategy (discussed in Chapter 2) showed that PKD2L1 is a 

selectively expressed in the mouse genome –found in fewer than 3 

tissues/organs using EST_database searches. Using RT-PCR to assay 

whether it is enriched in taste buds, PKD2L1’s expression was restricted to 

circumvallate/foliate cDNA collections and not found in surrounding 

epithelium. Figure 3.1 below showed actual RT-PCR results for PKD2L1: 

clone # 529-30.

 

 

  

Figure 3.1: Discovery of PKD2L1 (clone # 529-30) in taste cDNA 

Clone # 529-30 is expressed specifically in taste cDNA collections. 

 

 

 1  2  3  4  5  6 

Lanes: 

 

#1 CV/Foliate cDNA -1 

#2 CV/Foliate cDNA -2 

#3 CV/Foliate cDNA -3 

#4 Epithelium cDNA -1 

#5 Epithelium cDNA -2 

#6 Neg. control 
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If PKD2L1 encodes a taste receptor, its expression should be restricted 

to only a subset of taste receptor cells in the taste papillae –Circumvallate, 

Foliate, Fungiform, and Soft Palate, much like expressions for bitter, sweet, 

and Umami receptors (Hoon et al., 1999; Nelson et al., 2001). Two cDNA 

fragments of PKD2L1 were cloned as probes for RNA in situ hybridization 

studies: one fragment corresponded to the cDNA sequence spanning exon2 

to exon5; another set was cloned corresponding to a region from the last 

exon (exon 15) to the 3’ Untranslanted Region (UTR).  

Both sets of probes yielded the same RNA In Situ Hybridization 

results. PKD2L1 was found to be expressed in subsets of taste receptor 

cells in the Circumvallate, Foliate, Fungiform, and Palate. (Please see 

probe sequences in the Method Section.) Shown below, PKD2L1 labels a 

small subset of taste receptor cells in the Circumvallate, Foliate, 

Fungiform, and Palate (pictures shown from left to right). 
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Figure 3.2: PKD2L1 Expression in Taste Receptor Cells 

RNA In Situ Hybridization using PKD2L1 exon2-5 probe. 

Circumvallate, Foliate, Fungiform, Palate (left to right). PKD2L1 is expressed in 

subsets of taste receptor cells. 

 

This was an exciting finding (!). The expression profiles of PKD2L1 

resembled that of T1Rs and T2Rs, receptors for bitter, sweet, and Umami 

(Hoon et al., 1999; Nelson et al., 2001; Montaymer et al., 2001). 

Expression in subsets of cells implied the possibility of distinguishing a 

specific taste modality, which is indicated by a small population of cells in 

a given taste bud.  

 Localization of receptor molecules are enriched to the taste pore 

region (apical side) of taste receptor cells (Hoon et al., 1999). A peptide 

sequence from the N-terminus of PKD2L1 was used to raise polyclonal 

antibodies from rabbits. (Sequence: KLKMLERKGELAPSPGMGE (C-

terminal peptide). Using immunohistochemistry techniques, localization of 

PKD2L1 was found to be enriched at the taste pore region. 
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Figure 3.3: Localization of PKD2L1 

Immunohistochemistry experiment showing PKD2L1 expression is 

enriched at the taste pore (see arrows). Peptide  sequence falls in the C-

terminus. 

 

 Isolation of full-length cDNA transcripts of PKD2L1 in taste 

receptor cells revealed: 1) there is only one mRNA transcript found in 

taste, with no isoforms or spliced variants. 2) Protein sequence of Full-

length PKD2L1 shares ~86% identity to Rat PKD2L1 sequence and ~80% 

identity to Human PKD2L1. 3) PKD2L1 is a member of the Transient 

Receptor Potential (TRP) family, TRPP subfamily, of ion channels. 

 

Figure 3.4: Identification of potential PKD2L1 isoforms expressed in TRCs. 

Using primers indicated above, a series of PCR was performed using cDNA collections 

from Circumvallate and Foliate. Only one full-length transcript was cloned (~2.2kb). 

No splice variants were found. 

 

3’UTR 2 3 4 5 6 7 8 9 10 11 12 13 14 5’UT

R 
1 

 

15 



    62                                                           

 

3.3  PKD2L1 Identifies a Novel Population of Taste Receptor Cells 

Evidence demonstrating PKD2L1 marks a novel population of cells 

came from a series of double-labeling experiments against signaling 

molecules or receptors for bitter, sweet, and Umami taste receptor cells.  

 Using antibodies against TRPm5 –a shared signaling component for 

bitter, sweet, and Umami taste modalities –in a RNA-Protein double 

labeling experiment, PKD2L1 was initially shown to be expressed in a 

distinct and non-overlapping population of taste receptor cells (Data not 

shown). In addition, using probes against receptors for bitter receptor 

(mouse T2Rs) and sweet/umami receptors (mouse T1Rs), PKD2L1 labels a 

non-overlapping set of taste receptor cells. Thus, PKD2L1 is expressed in a 

novel population of taste receptor cells –a new population of yet unknown 

function.  
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Figure 3.5: PKD2L1 does not co-express with Sweet, Bitter, or Umami Receptors 

Using RNA-RNA double labeling technique, probes against PKD2L1 was labeled (in 

green) and Sweet/Umami/Bitter receptors were labeled (in red). Data showed no 

overlap in expression, thus PKD2L1 defines a new population of taste receptor cells. 

 

 

3.4 Transient Receptor Potential (TRP) Family – An Overview 

Many members of the Transient Receptor Potential (TRP) family of 

ion channels have been shown to play critical roles in sensory transduction 

and neural signaling processes. There are 33 TRP channel genes in 

mammals, ~60 in zebrafish, 30 in sea squirts, 24 in nematodes, 16 in fruit 

flies and 1 in yeast, specific members have been found to be critical for 

fruitfly hearing, nematode touch, temperature, mechanical sensation in 

rodents (Montell 2005; Christensen and Corey, 2007).  

Sweet/Umami 

PKD2L1 
Bitter 

PKD2L1 
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The TRP channel superfamily of channels are composed of units 

with six transmembrane domains (S1-S6), with the early findings that some 

of the TRP channels are not refined in their selectivity for cations, and the 

channels act to depolarize the cells by shifting the membrane potential 

towards 0 mV (Clapham et al., 2001). 

In the superfamily of TRP channels, there are two “TRP box” 

sequences which are identified signature motifs: 

WKFAR(S)T(A)KLWL(M)SYFE(D)E(D)GG(X)TLPPPFN  

TRP box 1. TRP box 2. 

Despite the seemingly conserved signature sequences found in many 

TRP channels discovered to-date, functional roles of TRP channels are 

divergent and the family members are further divided into six subfamilies: 

TRPC, TRPV, TRPM, TRPN, TRPA and TRPP, each of which has its own 

set of assigned signature features and members from each subfamily are 

found to be conserved in worms, flies and mammals (Montell 2005).  

Members of the TRPC subfamily have repeated functional ankyrin 

domain repeats and share conserved amino acid sequences to the 

Drosophila TRP. Many TRPC channels are phospholipase C-dependent 

nonselective cation channels; others have been shown to be activated by 
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DAG in vitro (Okada et al., 1999). Mutations in Drosophila trp causes 

transient responses to light and resulted in ~10 fold decrease in light-

induced Ca2+ influx  (Cozens and Manning, 1969; Niemeyer et al., 1996). 

Flies lacking both TRP and TRPL are completely non-responsive to light 

(Niemeyer et al., 1996). 

Members of the TRPV subfamily owe their names to the C.elegans 

OSM-9 and the mammalian protein, TRPV1 (Caterina et al., 1997; Colbert 

et al., 1997). Members of the TRPV family contain 3-5 ankyrin repeats and 

share some amino acid similarities with TRPC family members.  

OSM-9 was shown to encode a protein with ankyrin repeats and 

shared similarities to Drosophila TRP and TRP-like proteins. Mutants 

showed that it is required for the function of odorant receptor, ODR-10 and 

is expressed in chemosensory neurons, suggesting that it serves as a critical 

downstream player in sensory transduction (Colbert et al., 1997).  

TRPV1 was discovered in an expression cloning screen from rat 

dorsal-root-ganglion cDNA library for selective activation by a vanilloid 

compound, capsaicin (found in chili peppers) (Caterina et al., 1997). To 

date, TRPV1 is the best understood member of the TRPV subfamily. Its 

activation in heterologous cell systems resembles properties of capsaicin-
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sensing sensory neurons; the channel is ligand specificity, Ca2
+
 permeable, 

but non-selective (Caterina et al., 1997). Although the precise mechanism 

of channel activation isn’t understood, TRPV1 is sensitive to heat (>43 

degree Celsius) and its current is modulated by low acidic pH. And TRPV1 

knockout mice confirm its roles immoderate heat, pH, and capsaicin 

(Caterina et al., 2000; Caterina and Julius., 2001). 

The TRPM subfamily is composed of eight members. They share 

~20% amino acid identity to TRPCs near the C-terminal regions, and their 

N-terminal region is devoid of ankyrin repeats and is considerably longer 

(Montell 2005). Besides TRPm5 (and its roles in taste transduction), 

another member of the M subfamily has been shown to play key roles in 

sensory neurons –TRPM8. As a “thermoTRP”, TRPM8 is activated by 

“cool” temperature and by chemicals such as menthol and icilin (Peier et 

al., 2002; McKerny et al., 2002; Voets et al., 2004). 

TRPA proteins have multiple signature ankyrin repeats in the N-

terminal domain (Montell 2005). Several TRPA proteins have been shown 

to be important for temperature-sensing, such as the mammalian TRPA1 

(Story et al., 2003). Compounds in mustard oil activates TRPA1 (Jordt et 

al., 2004). Drosophila homolog of TRPA1, referred to as Painless, is also 



    67                                                           

 

thermally activated by warm (>38 Celsius) but not cold temperature 

(Tracey et al., 2003; Bandell et al., 2004). 

TRPN in Drosophila was first discovered as NOMPC (no mechano-

receptor potential C), shown previously as required for touch bristle 

sensitivity (Walker et al., 2000). NOMPC is the only member in the TRPN 

subfamily, where it shares homologs in C.elegans, Drosophila, and 

zebrafish (Walker et al., 2000; Sidi et al., 2003). TRPN proteins include 29 

ankyrin repeats on the N-terminus upstream to six transmembrane 

segments (Walker et al., 2000; Sidi et al., 2003). TRPN proteins share 

~20% amino acid identity to TRPC proteins over a ~400-amino acid 

segment over six transmembrane domains. However TRPN proteins don’t 

share the conserved TRP domains (Montell 2005). 

 

3.5 Family of Polycystic Kidney Disease (PKD) Genes 

 Transient receptor potential (TRP) channel proteins are divided into 

seven subgroups which include TRPC, TRPV, TRPM, TRPN, and TRPP, 

where TRPP belongs to a divergent branch of the family (Delmas 2005). 

TRPP subfamily was named after the discovery of PKD2, dominant 

polycystic kidney disease (ADPKD) 2 gene. PKD2 gene transcript encodes 
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a product mutated in cases of autosomally dominant polycystic kidney 

diseases (ADPKD). ADPKD is a major inherited nephropathy, affecting 

over 1:1,000 of the worldwide population. Patients develop fluid-filled 

cysts, which eventually leads to renal failures (Delmas 2005; Sutters and 

Germino 2003). Mutations in PKD2 or PKD1 –another member of the 

PKD family—give rise to ADPKD (Wu et al., 1998). Although mutations 

in PKD1 result in more several clinical manifestations for renal failure, 

phenotypes for PKD2 mutations are nearly indistinguishable from those of 

PKD1, suggesting that these two genes function together in the same 

pathway (Wu et al., 1998). Evidence suggests that PKD1 interacts with 

PKD2: using electrophysiology and protein-protein interaction assays, 

PKD1 was shown to be important for the induction of PKD2 channel 

activity (Delmas 2004; Delmas et al., 2004).  

Various labs examined functional roles of PKD1 and PKD2 using 

calcium imaging technology in heterologous cells (Praetorius and Spring. 

2001; Pazour et al., 2002). They argued that PKD1 and PKD2 function 

together as flow sensors, or more generally, as mechano-sensors 

(Praetorius and Spring., 2001; Nauli et al., 2003).  However, evidence 

suggesting “mechanical flow” as a stimulus for PKD1 in primary kidney 



    69                                                           

 

cells did not prove adequately or convincingly (Nauli et al., 2003). 

Temporal measurements in the calcium imaging experiment and mutant 

phenotypes did not support that “mechanical flow” activated PKD1 

specifically; from the data, one could equally hypothesize that PKD1 is 

critical for mediating intracellular calcium induced responses (Nauli et al., 

2003: Figure 2).  

Though convincing data supporting the activation of PKD1 as part of 

the PKD1/PKD2 complex hasn’t yet been shown, evidence suggesting 

PKD2 functions as a channel has been well established using numerous cell 

lines, with or without PKD1 being co-expressed, (Hanaoka et al., 2000; 

Nauli et al., 2003; Ikeda and Guggino. 2002; Gonzalez-Perrett et al., 2002; 

Gonzalez-Perrett et al., 2001). Hanaoka et al demonstrated that PKD2 

functions as a non-selective cation channel (Na+ and Ca2+), when co-

transfected with PKD1 (Hanaoka et al., 2000). 

To further investigate the pathophysiology of polycystic kidney 

diseases and to discover additional genetic players involved, PKD1-like 

and PKD2-like genes were identified using bioinformatics and genomic 

analysis approaches against the mouse and human genomic databases 

(Nomura et al., 1998; Hughes et al., 1999; Yuasa et al., 2002; Li et al., 
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2003; Yuasa et al., 2004). For the family members falling under the “PKD1 

–like” genes and the “PKD2 –like” genes (Delmas 2005; Corey 2007),  

they have gene structures resembling architectures of PKD1 and PKD2: 1) 

“PKD1 –like” genes are large proteins comprised of  10 or 11 

transmembrane domains proceeded by a long N-terminus and show limited 

sequence similarities with other TRP channels.  2) “PKD2 –like” genes 

have 6 transmembrane domains –signature motif belonging to the TRP 

family of channels. These additional family members include: PKD1L1, 

PKD1L2, PKD1L3, PKDrej, PKD2L1, and PKD2L2.  Although sequences 

of these family members have been known, functional roles remain yet to 

be discovered. 

 

3.6  PKD1L3 – Discovery of a Potential Partner-in-Crime? 

In the PKD gene family, PKD1 and PKD2 were implicated to 

function in heteromeric complex (see previous discussions on PKD 

proteins). I looked for expression of all PKD1-like proteins in taste receptor 

cells, using RT-PCR  and RNA in situ hybridization. PKD1L3 was the only 

other PKD protein expressed in a subset of taste receptor cells, but it was 
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only found to be expressed in the Circumvallate and Foliate. See Figure 

below.  

To verify expression of PKD1L3 and identify its localization in taste 

receptor cells, a N-terminus peptide (DFQEADNYCHAQRGRLAHT) was 

chemically coupled to make polyclonal antibodies. Experiments showed 

that localization of PKD1L3 is enriched at the taste pore, just like PKD2L1.  

 

 

    

 

 

 

 

Figure 3.6: PKD1L3 is expressed in subsets of Taste Receptor Cells 

Shown using RNA In Situ Hybridization, PKD1L3 is expressed in subsets of taste 

receptor cells in the Circumvallate (left) and Foliate (right) 
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:  

Figure 3.7: Localization of PKD1L3 in taste pore 

Using a N-terminal peptide, PKD1L3 is enriched at the taste pore region (see arrows) 

 

To find out if PKD2L1 and PKD1L3 define the same novel 

population of taste receptor cells, we used RNA probes against PKD2L1 

and PKD1L3 to perform RNA-RNA double labeling in situ hybridization 

experiments.  PKD1L3 was shown to be co-expressed with PKD2L1 in the 

Circumvallate and Foliate taste receptor cells. See Figure 3.8 below.  

Perhaps, similar to the heteromeric PKD1/PKD2 complex, PKD1L3 

might play a critical role for PKD2L1 to function –a partner in crime. To 

investigate these set of questions, full-length cDNA transcript (~6.5kb) for 

PKD1L3 was cloned from Circumvallate and Foliate cDNA collections.  
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Efforts to study PKD1L3 function, as well as PKD2L1 and PKD1L3 

function, using heterologous expression systems are further discussed in 

the Appendix section.  

 

Summary: Expression of PKD2L1 and PKD1L3 in taste receptor cells 

 

 

Figure 3.8: Summary of PKD2L1 and PKD1L3 expressions in taste receptor cells 

Top panel: PKD2L1 is expressed in subsets of TRCs 

Middle panel: PKD1L3 is expressed in subsets of TRCs but only in CV and Foliate 

Bottom panel: PKD2L1 defines a novel population of TRCs. PKD1L3 and PKD2L1 co-

express (bottom right) 
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3.7 Experimental Procedures 

Molecular cloning of PKD2L1 

Mouse genomic sequence information was obtained from Ensembl 

Mm.30 (http://www.ensembl.org). Approximately 30,000 predicted protein 

sequences were screened for the presence of at least one putative 

transmembrane segment, using both TMHMM server version 2.0 

(http://www.cbs.dtu.dk/services/TMHMM/) and f_TMHMM (San Diego 

Supercomputer centre, http://www.sdsc.edu/pb/Group.html). The cDNA 

sequence for each candidate membrane protein was then extracted from 

Ensembl (http://www.ensembl.org/Mus_musculus/index.html) and used to 

screen EST databases (http://www.ncbi.nlm.nih.gov/dbEST/index.html). 

Only EST hits with e-values of less than or equal to e
−100

 were considered 

in our analysis. A total of 884 genes expressed in three tissues or less were 

chosen for PCR reactions with cDNA prepared from taste papillae mRNA 

(circumvallate and foliate) and from surrounding non-taste epithelial tissue 

(non-taste control). To ensure specificity of the PCR reactions, all primer 

sets included last exon and/or  unique 3’ Untranslated region (UTR) 

sequences (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). A 

total of 98 genes showed selective enrichment in taste versus non-taste 
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tissue, and of these five were robustly expressed in subsets of TRCs. Full-

length clones were isolated from mouse taste cDNA collections (These are 

from Circumvallate and Foliate RT reactions). 

 

Circumvallate and Foliate cDNA Extractions: 

 Inject Enzyme Mix (135mM NaCl, 5mM KCl, 8mM CaCl2, 1mM 

MgCl2, 10mM HEPES, 10mM glucose, 10mM Na-Pyruvate, 5mM 

NaHCO3-pH7.4, 0.4mg/ml Dipase, 0.4mg/ml CollagenaseA, 0.1mg/ml 

Elastase, 1.0mg/ml Trypsin-Inhibitor ) under epithelial layer of the tongue. 

Wait at room temperature for ~15 minutes. Peel Epithelial gently in ice-

cold Tyrode’s Solution. Taste buds will still be attached to the epithelial 

layer. Under a dissecting scope, pick-up taste buds using extra-fine forceps. 

Immediately drop sample into RNAlater (Qiagen). mRNA extractions were 

done for every ~20 mice using Micro-RNA Kit (Invitrogen). cDNA 

synthesis was performed using SSII Reverse Transcriptase (Invitrogen). 

 

In situ hybridization and immunostaining 

 Fresh frozen sections (16 µm/section) were attached to silanized 

slides and prepared for immunohistochemistry or in situ hybridization as 
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described previously
23

. In situ hybridizations were carried out using 

digoxigenin or fluorescein labeled probes at high stringency (hybridization, 

5 x SSC, 50% formamide, 65 - 72°C; washing, 0.2 x SSC, 72°C). For 

single-label detection, signals were developed using alkaline phosphatase-

conjugated antibodies to digoxigenin and standard chromogenic substrates. 

Double-label fluorescent detection utilized an alkaline phosphatase-

conjugated anti-fluorescein antibody and a horseradish peroxidase-

conjugated anti-digoxigenin antibody in combination with fast red and 

tyramide fluorogenic substrates.  

 

PKD2L1 cDNA fragment cloned from Circumvallate/Foliate: 

>exons 2-5 fragment 

ACAGCCGAGAACAGGGAGCTTTATGTCAAGACCACCCTGAGGG

AGCTTGTGGTATACATAGTGTTCCTCGTGGACGTCTGTCTGTTGA

CCTACGGAATGACAAGTTCTAGTGCCTATTACTACACCAAAGTG

ATGTCTGAGTTGTTCCTACACACCCCATCCGACTCTGGAGTCTCC

TTCCAGACCATCAGCAGCATGTCAGACTTCTGGGATTTTGCTCA

GGGCCCACTCCTGGACAGTTTGTACTGGACAAAGTGGTACAACA

ACCAGAGCCTGGGGCGTGGCTCCCACTCCTTCATCTACTATGAG

AACCTGCTCCTGGGAGCCCCAAGGTTGCGGCAGCTGCGCGTGCG

CAATGACTCCTGTGTGGTTCATGAAGACTTCCGGGAGGACATTT

TGAACTGTTATGATGTGTACTCGCCGGACAAAGAAGATCAGCTC

CCCTTTGGACCTCTGAACGGCACAGCGTGGACATACCATTCCCA

GAATGAGCTGGGTGGCTCCTCCCACTGGGGCAGGCTCACAAGCT

ACAGCGGGGGTGGCTACTACTTGGATCTTCCAGGATCCCGACAA

GCCAGTGCAGAGGCCCTCCAAGGACTCCAGGAGGGACTG 
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> Protein sequence translated from exons 2-5 fragment 

TAENRELYVKTTLRELVVYIVFLVDVCLLTYGMTSSSAYYYTKVM

SELFLHTPSDSGVSFQTISSMSDFWDFAQGPLLDSLYWTKWYNNQS

LGRGSHSFIYYENLLLGAPRLRQLRVRNDSCVVHEDFREDILNCYD

VYSPDKEDQLPFGPLNGTAWTYHSQNELGGSSHWGRLTSYSGGGY

YLDLPGSRQASAEALQGLQEGL 
 

 

Immunohistochemistry/Immunostaining: 

  Anti-peptide antibodies to PKD2L1 

(KLKMLERKGELAPSPGMGE), PKD1L3 

(DFQEADNYCHAQRGRLAHT), and TRPM5 were generated in rabbits 

and purified as described previously.  Images were obtained using either a 

Leica SP2 TSC or a Zeiss 510 Meta confocal microscope; 1-2 µm optical 

sections were recorded to ensure that any overlapping signal originated 

from single cells. For double label experiments, in situ hybridization was 

carried out before immunohistochemical detection. 

 

 

RNA-Protein Double In Situ Hybridization: 

 Perform RNA in situ hybridization using the same protocol as above, 

except the following changes: 1) substitute with anti-Dig-POD (HRP) 

antibodies (from Roche)  2)  use tyramide-conjugated-Cy3 (from 
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PerkinElmer) at 1:50 dilution to detect the RNA (Red), 10-30min 

incubation at RT, then go to the next step immediately. 4) block sections 

for 1hr at RT, using the following buffer: 1% BSA, 0.3% Triton-X 100 

in PBS (1X). 5) perform Immunostaining protocol with  anti-TRPm5 

antibody, 1:100 dilution using the buffer above, 4hrs-->o/n , at RT. 6) wash 

3X using 1X PBS. 7) add anti-rabbit-FITC at 1:200 dilution (using buffer 

above) and incubate at RT for 1-2 hours. 8) wash with 1X PBS, 30min at 

RT. 9) use Gel Mount to seal. 
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Chapter 4: Genes, Cells and Their Implications in Taste Coding 

  

4.1 PKD2L1-Expressing Taste Receptor Mediate Sour Taste 

4.2 PKD2L1-Labeled Spinal Cord Neurons Respond to pH 
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4.1  PKD2L1 Taste Receptor Cells Mediate Sour Taste 

 

Representations of three of the five basic taste modalities have 

previously shown that each modality –sweet, bitter, or umami –is 

specifically mediated by a distinct non-overlapping subpopulation of taste 

receptor cells (Zhao et al., 2003; Mueller et al., 2005). Therefore, along the 

same logic, a novel population of taste receptor cells –distinct from cells 

mediating sweet, bitter, and umami –should encode a different modality, 

either salty or sour. 

To uncover if PKD2L1-expressing taste receptor cells are critical for 

mediating sour or salty taste, a genetic ablation experiment was devised to 

target the expression of Diptheria Toxin Fragment A into PKD2L1-

expressing cells, thereby killing the cells specifically (Collier, RJ. 1975; 

Brockschnieder et al., 2004). Then, we asked which taste modality was 
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affected, using electrophysiological nerve recording technique to assay 

taste receptor cell activity directly. 

Diagram (Figure 4.1) below illustrates the BAC transgenic construct 

and experimental strategy to obtain “PKD2L1-IRES-Cre; Rosa-loxp-lacZ-

loxp-DTA” double positive transgenic mice. Using a PKD2L1-containing 

Bacterial Artificial Chromosome (RP23-297K23; Invitrogen, Inc), a cloned 

fragment (IRES-Cre recombinase-polyA) with attached homologous 

recombination sequences on both 5’ and 3’ sites was introduced to bacteria 

carrying the PKD2L1 BAC. Recombination protocol was carried out as 

described in the Experimental Procedures section. Mice carrying PKD2L1-

IRES-Cre BAC were confirmed using double-labeling RNA In Situ 

Hybridization to verify faithful expression of Cre recombinase in native 

PKD2L1-expressing cells. To further verify that PKD2L1 protein 

expression is abolished, immunohistochemistry staining experiments were 

performed using the polyclonal antibodies against PKD2L1, as well as 

RNA In Situ Hybridization (methods described in Chapter 3). 

Using wildtype mice and “Sweet taste abolished mice” (T1R2-IRES-

Cre; Rosa26-loxp-lacZ-loxp-DTA double transgenic mice) as controls, we 

showed that targeted expression of Diptheria Toxin Fragment A 
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specifically and selectively kills T1R2-expressing taste receptor cells. (See 

Figure 4.2 and 4.3 below). 

 

 

 

Figure 4.1: Schematic illustration of PKD2L1-ablation double transgenic mice 

Using the PKD2L1 BAC, a cassette IRES-Cre (generous gift from Dr. Kevin Jones) 

was recombined intso the 3’UTR region. Various transgenic mouse lines were screened 

for the correct expression of Cre recombinase under native PKD2L1 promoter, using 

double RNA in situ hybridizations. We obtained the “Rosa26-loxp-lacZ-loxp-Diptheria 

Toxin Fragment A” line, as a generous gift from Dr. Riethmacher. 

Rosa26 promoter 
loxp loxp DTA lacZ pp

IRES CRE p
PKD2L1 promoter + genomic 

>50k
b 

>50k
b 

cre 

DTA Diptheria Toxin Fragment A 

Rosa26 promoter 
loxp DTA p
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Figure 4.2: PKD2L1-ablation occurs specifically in PKD2L1 TRCs  

Using polyclonal antibodies against TRPm5 (control) and PKD2L1 to verify that only 

PKD2L1-expressing taste receptor cells were ablated. 

Top Panels: TRPm5-positive taste receptor cells remained intact 

Bottom Panels: only PKD2L1-expressing TRCs were killed in PKD2L1/DTA mice. 

 

 

   

Figure 4.3: Loss of Selective Taste Receptor Cells  

RNA In Situ Hybridization Experiments using receptor and PKD2L1 probes 

Top: Wildtype control  

Middle: Toxin killed T1R2 TRCs specifically (T1R2-IRES-Cre/Rosa-flox-DTA)  

PKD2L1-Cre; 
Rosa-flox-Diptheria 
xin 

Wildtype                 

Anti-TRPm5                 

Anti-PKD2L1                 
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Bottom: Toxin killed PKD2L1 TRCs specifically (PKD2L1-IRES-Cre/Rosa-flox-DTA) 

To measure taste receptor cell activity in the living mouse and ask 

which modality is affected in the “PKD2L1-IRES-Cre; Rosa26-flox-DTA” 

mice, we performed Chorda Tympani Lingual Nerve Recording 

Experiments. Panels of taste solutions were tested using controls, T1R2-

ablated (T1R2-IRES-Cre; Rosa26-loxp-lacZ-loxp-DTA), and PKD2L1-

ablated (PKD2L1-IRES-Cre; Rosa26-flox-DTA) mice.  Control wildtype 

mice showed normal responses to all tastants, as expected. T1R2-ablated 

mice showed deficit taste response for sweet tastants only (Figure 4.4 

traces highlighted in grey), which validates all previous evidence 

demonstrating that “sweet cells” represent sweet only.  Most excitingly (!), 

we found all of sour taste responses were abolished in the PKD2L1-ablated 

mice (Figure 4.4; traces highlighted in red). To verify sour taste is indeed 

mediated by protons, pH values were changed in a dose-dependent manner: 

pH6, pH4, and pH2. (Shown in Figure 4.5: right panel), while wildtype 

mice responded to increases in H+ concentrations by increasing their 

frequencies of action potentials, PKD2L1-ablated mice showed complete 

abolishment in all responses to Citric Acid (pH6, pH4, and pH2). 

Perhaps more importantly in terms of conceptual understanding, 

sweet, bitter, Umami, and Salt responses remained normal in the PKD2L1-
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ablated mice, same as wildtype littermates. This set of experiments proved 

that sour taste is represented by a distinct population of taste receptor cells 

in the taste bud. Unlike what is controversial about the “ionic tastes”, H
+
 

(sour) and Na
+
 (salt), these taste modalities in the mammalian taste bud are 

separately and distinctly represented. 

 

Figure 4.4: Ablation of sour taste responses in PKD2L1-DTA mice 

Using Chorda Tympani Nerve Recording, wildtype, T1R2-ablated, and PKD2L1-

ablated mice were subjected to panels of tastants for all five modalities. Wildtype 

littermate controls showed normal responses. T1R2-ablated mice showed abolishment 

of specific nerve responses to sweet tastants (in gray) . PKD2L1-ablated mice showed 

abolishment of nerve responses to dozens of sour tastants (in red). 

 

Traces from the Nerve- Recording experiments recorded frequencies 

in action potential from lingual taste nerve bundles in the Chorda Tympani. 

Experiments performed on living anesthetized mice utilized a simple 

stimulation protocol: 1-minute pre-wash with artificial saliva, 20-second 

tastant stimulation, and 1-minute after-wash. Post-recording, responses 



    86                                                           

 

were integrated using a mathematical algorithm (MatLab), based on 25-

second intervals over the entire testing period. Normalization of responses 

were performed using sweet taste responses. To analyze the nerve-

recording data further, normalized responses were quantified.  (see Figure 

4.5 below ) . 

 

Figure 4.5: Average Nerve-Recording Responses 

Left and Center: Wildtype, black bars; PKD2L1-DTA, red bars; values are means with 

s.e.m (n=5). Compared to wildtype, PKD2L1-DTA animals showed normal responses 

to sweet, umami, bitter, and salty tastants, but showed abolished responses to sour 

tastants.  

Right: Quantification of responses to acids. Differences in acid responses are significant 

(P < 10
-5

) 

 

  

4.2  PKD2L1-labeled spinal cord neurons respond to pH 

Acid/pH sensing, balance, and maintenance is a critical part of 

mammalian physiology, including monitoring CO2 levels and internal state 

of the cerebrospinal fluid (CSF) and brain (Lahiri and Forster., 2003; Vigh 

et al., 2004; Richerson et al., 2005). Functions of CO2 and H
+
 are 
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intimately linked, striking to maintain a chemical equilibrium, both 

peripherally and centrally (Lahari and Forster., 2003). 

CSF-contacting neurons send their dendritic processes to the internal 

CSF of brain’s ventricles or central canal of the spinal cord, where some of 

the neurons resemble known chemoreceptor-types (Vigh et al., 2004). The 

medullo-spinal CSF-contacting neurons send their dendrites into the fourth 

ventricle and central canal, where nerve endings of these neurons terminate 

at the external CSF-space of the medulla oblangata (Vigh et al., 2004). The 

medullo-spinal component of the CSF-contacting neurons extend to the 

central canal. Observations of these neurons are conserved from 

cyclostomes to mammals, which undoubtedly infer their important roles in 

organismal physiology (Vigh et al., 2004). 

To investigate if PKD2L1, a candidate receptor for sour taste, is also 

found in cells hypothesized for CO2/H
+
 homeostasis, several approaches 

were pursued: 1) EST database searches for tissue distribution; 2) RNA In 

Situ Hybridization; 3) Immunohistochemistry staining to confirm the 

expression of PKD2L1 in specific neurons implicated in acid sensing; 4) 

electrophysiological recording experiments directly measuring responses to 

pH changes. 
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 Cloned transcript sequence of PKD2L1 from taste receptor cell 

cDNA collections was used to BLAST against est_mouse databases. Tissue 

hits with reliable e-values assigned uncovered EST fragments deposited 

into the “Bran: Medulla” cDNA libraries: 1) dbj|BB332752.2| BB332752 

RIKEN full-length enriched, 10 days neonate medulla oblongata Mus 

musculus cDNA clone B830002B15 3', mRNA sequence. Length=727 

2) dbj|BB594469.2| BB594469 RIKEN full-length enriched, 10 days 

neonate medulla oblongata Mus musculus cDNA clone B830002B15 5', 

mRNA sequence. Length=676  

Strikingly, shown using RNA in situ hybridization and 

Immunohistochemistry (see Figures below), cells which express PKD2L1 

line up the entire spinal cord, surrounding the central canal, traveling all the 

way to the IV Ventricle in the brain stem. 
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Figure 4.6: Expression of PKD2L1 in the Spinal Cord and IV Ventricle 

Left: Expression of PKD2L1 around the central canal (RNA In Situ) 

Top Right: Schematic showing expressions of PKD2L1 (yyeellllooww  ddoottss) 

Bottom Right: Expression extending through the brain stem and into the IV   

ventricle. Few cells in the hypothalamus also showed expression (not shown). 

 

 

 

Figure 4.7: Immunostaining with anti-PKD2L1 antibodies 

Left: schematic illustration highlighting the central canal (cc) 

Center: PKD2L1-expressing neurons send processes to the central canal (adult) 

Right: PKD2L1-expressing neurons send processes to the central canal (newborn) 

 

In Immunohistochemistry experiments, antibodies against PKD2L1 

beautifully labeled the neurons and their processes which extended to the 

cc 

cc 
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central canal. See Figure 4.7 above. Neurons were labeled in newborns, as 

well as adult animals. Discovery of these cells, identified by the sole 

expression of PKD2L1, labeled and uncovered these cells as possible pH 

sensors of the cerebrospinal fluid. 

To demonstrate that the PKD2L1-expressing cells are neurons 

responsible to pH changes, we recorded frequencies of action potential 

from newborn mice with targeted expression of GFP in PKD2L1 cells. 

PKD2L1-IRES-Cre single transgenic mice were crossed to (chicken)-

βactin-loxp-lacZ-loxp-GFP mice (Jackson lab; Bar Harbor, Maine; Novak 

et al., 2000).  Figure below illustrates the transgenic mice generation.  
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Figure 4.8: Schematic illustration of targeted expression of GFP in PKD2L1 cells 

Using the PKD2L1-IRES-Cre line correctly expressing Cre in native PKD2L1 cells, 

targeted expression of GFP was generated using a conditional cassette and ubiquitous 

promoter, chicken β acting promoter. 

 

 

To discover if PKD2L1-expressing cells around the central canal are 

responsive to pH changes in the spinal cord, we recorded from PKD2L1-

expressing spinal cord neurons in newborn mice, Postnatal 1 –Postnatal 5. 

We measured frequencies in action potentials by using current-clamp loose 

patch techniques (Gosgnach et al., 2006). Recordings from GFP-labeled 

PKD2L1 neurons fired, in response to incremental decreases in pH values 

(increase in H
+
 concentration), from pH7.4 to pH6.9 and from pH7.4 to 

IRES CRE p
PKD2L1 promoter + genomic 

>50k
b 

>50k
b 

cre 

Chicken β β β β actin promoter 
loxp loxp GFP lacZ pp

GFP 
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pH6.5 (see figure below). GFP labeled PKD2L1 neurons fired in a dose-

dependent and reversible manner (n=8). See Figure 4.9 below.  Control 

cells did not respond to pH changes applied. They were identified as non-

GFP-labeled cells surrounding the central canal and positioned next to the 

PKD2L1-GFP  neurons. 

 

    

Figure 4.9: PKD2L1-expressing neurons in the central canal responded to pH changes 

a) schematic of the central canal in the mammalian spinal cord 

b) PKD2L1-GFP neurons responded to pH changes; control cells (non-GFP) 

showed no difference in frequencies of firing. Trains of 25s windows 

c) Quantified data of ~4min at each pH. PKD2L1-GFP (black bars); Control cells 

(gray bars). Basal activity ranged between 1-5 Hz. pH-evoked increase in firing 

frequency in PKD2L1-GFP, compared to controls (P < 10
-3

). Values are 

normalized to basal activity at pH7.4 (as 100%) 

 

Experiments performed in the spinal cord suggested a simple 

hypothesis: a single genetic component can be shared between 

physiological systems which perform identical roles –sensing pH.  
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4.3 Experimental Procedures 

 

BAC Recombination Procedure: 

 PKD2L1-IRES-Cre construct was generated in RP23-297K23 

(Invitrogen, Inc) using a 4kb IRES-Cre cassette (generous gift from Dr. 

Kevin Jones). Homologous recombination was targeted to the 3’ 

Untranslated Region of PKD2L1. All detailed procedures are described in 

Lee et al., 2001 titled “ A highly efficient Escherichia coli-based 

chromosome engineering system adapted for recombinogenic targeting and 

subcloning into BAC DNA.”  

 Control experiment with T1R2-IRES-CRE was done exactly the 

same way as PKD2L1-IRES-CRE, targeting IRES-CRE to the 

3’Untranslated Region of T1R2. T1R2 BAC RP23-348G10 

(http://bacpac.chori.org/) 

 All products were characterized by restriction analysis and direct 

sequencing to ensure fidelity of recombination event and junction 

sequences. 

Transgenic Animals: 

Transgenic lines were produced by pronuclear injection of zygotes 

from FVB/N or CB6 (BALB/c x C57BL/6 hybrids) mice.  Founder animals 
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were first crossed to wildtype C57 animals to obtain F1 progenies. F1 

litters were genotyped for the presence of Cre recombinase. Mice positive 

for Cre recombinase were bred to reporter lines and/or checked for correct 

expression of Cre in native PKD2L1 or T1R2 taste receptor cells. Z/EG 

reporter lines were obtained from Jackson Laboratories (Bar Harbor, 

Maine; Novak et al., 2000), and Rosa26-flox-lacZ-flox-DTA animals were 

a generous gift of Dr. Dieter Riethmacher. 

 

Nerve Recordings Experiments: 

Lingual stimulation and recording procedures were performed as 

previously described (Zhang et al., 2003). Neural signals were amplified 

(10,000x) with a Grass P511 AC amplifier (Astro-Med), digitized with a 

Digidata 1200B A/D converter (Axon Instruments), and integrated (r.m.s. 

voltage) with a time constant of 0.5 s. Taste stimuli were presented at a 

constant flow rate of 4 ml min
-1

 for 20 s intervals interspersed by 2 min 

rinses with artificial saliva between presentations. All data analyses used 

the integrated response over a 25 s period immediately after the application 

of the stimulus. The mean response to 60mM AceK was used to normalize 

responses to each experimental series.  Tastants used for nerve recordings  

were: 10mM, 60mM acesulfameK (AceK); 10mM, 60mM sodium 
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saccharin (saccharin); 300mM sucrose; 30mM mono potassium glutamate 

+ 1mM inosine mono phosphate (Glu); 30mM L alanine + 1mM inosine 

mono phosphate (Ala); 10mM quinine hydrochloride (Qui); 100µM 

cycloheximide (Cyx); 10mM 6-n-propyl 2-thiouracil (PROP); 50mM, 

100mM sodium chloride (NaCl); 10mM, 50mM citric acid; 10mM, 50mM 

tartaric acid; 50mM, 500mM acetic acid; pH 2 hydrochloric acid (HCl); 

10mM citric acid pH 2, 4 and 6. 

Spinal cord slice recordings: 

Electrophysiological experiments were performed on P1–P4 mice as 

previously described. All incubations included 10 µM CNQX (6-cyano-7-

nitroquinoxaline-2,3-dione) and 50 µM AP5 (d(-)-2-amino-5-

phosphonovaleric acid). Spinal cord slices 250–300- µM thick were 

generated using a Vibratome 3000 Plus at 0–4 °C in a modified Ringers' 

solution (0.5 mM CaCl2, 3.7 mM MgSO4). After at least a 1-h recovery 

period, slices were transferred to a recording chamber and perfused with 

oxygenated Ringers' solution (pH 7.4) at room temperature. Cell-attached 

patch-clamp recordings from GFP-labelled and unlabelled cells were 

performed using an EPC-10/2 amplifier and Patchmaster software (HEKA 
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Electronik). Slices were stimulated with a solution containing 140 mM 

NaCl, 3 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 10 mM glucose, 10 mM 

HEPES at various pH values (7.4, 6.9, 6.5). Eight out of eight GFP-labeled 

cells showed pH-dependent increases in action potential frequency. 
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Chapter 5: Concluding Remarks  

 

 5.1 Why is PKD2L1 a good candidate? 

5.2 Final Remarks 
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5.1 Why is PKD2L1 a good candidate? 

 In this dissertation, I have shown experiments and data in the 

previous chapters providing evidence arguing for PKD2L1 as a candidate 

sour receptor in mammalian taste receptor cells. To highlight:  1) PKD2L1 

is expressed in subsets of taste receptor cells, same as receptors for sweet, 

bitter, and umami; 2) localization of PKD2L1 is enriched at the taste pore, 

where receptors are expected to be; 3) targeted ablation of PKD2L1-

expressing cells showed abolishment of sour taste; 4) spinal cord neurons 

expressing PKD2L1 also respond to pH changes, thereby suggesting a 

common mechanism of pH sensing, in the tongue and in the spinal cord. 

 Currently, three sets of experiments focus on addressing the proofs 

for PKD2L1 as the sour receptor. Firstly, PKD2L1 knockout animals are 

being generated. Mouse embryonic stem cells are screened for homologous 

recombination. The knockout experiment will show if PKD2L1 is required 

and necessary for sour taste. Secondly, using BAC transgenic technology, 

PKD2L1 is singly mis-targeted to T1R3-expressing sweet and umami taste 

receptor cells by constructing T1R3-IRES-PKD2L1 mice. If the mis-

expression experiment succeeds, the T1R3-IRES-PKD2L1 mice will be 

crossed to the PKD2L1-ablation mice. Nerve-recording experiments can 
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then assay whether PKD2L1 alone is sufficient for sour taste. Thirdly, 

biophysical properties of PKD2L1 are being characterized in heterologous 

cell systems, using calcium imaging and patch-clamp techniques. 

Characterization of the channel will demonstrate how the channel is 

regulate and gating mechanisms, which will add to the current knowledge 

of the PKD family of ion channels. 

 

5.2 Final Remarks 

What kind of information about taste quality is being sieved through 

at various relay stations in the brain? Why does taste information need to 

go through multiple relay stations in the brain? What kind of information is 

gained or lost? Is there more to “ taste information coding” than a pure 

neuronal representational map?  

Beauty of sensory systems lies in their deceiving simplicity: initial 

stimuli, neuronal-relay, and final behavioral output. A set of perplexities 

can be reduced to a few basic, fundamental and addressable questions to 

initiate investigations on how each sensory system works. However, 

reducing sensory systems to a set of solvable parts cannot fully satisfy 
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every question about human sensory perception.  Human experience is, 

without a doubt, a sum of all parts and possibly so much more.
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E. Summary of Taste Specific Genes 

 

F. Functional Expression of PKD2L1 and PKD1L3 

 

G. Transgenic mouse rescue experiment: design and screening 

 

H. Knockout mouse constructs: design and screening 
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A. Summary of Taste Specific Genes 

 
Table Appx.1: RNA In Situ Results of Taste-Enriched Genes 

screen # ensembl ID  description In Situ  

529-30 ENSMUSG00000037578  

ion transport 

protein; polycystic 

protein in kidney; 

PKD2L1 in situ positive 

224-5 ENSMUSG00000057182 

voltage-gated Na 

channel alpha 

subunit; NAV1.3 in situ positive 

841-2 ENSMUSG00000046923  oGPCR; GPCR113 in situ positive 

845-6 ENSMUSG00000051596;  otopetrin 1  in situ positive 

1180-1 ENSMUSG00000023473  

Cadherin EGF Lag 

GPCR in situ positive 

459-60 ENSMUSG00000005952  

TRP family 

channel; TRPV1 

no taste in situ 

signal 

543-44 
ENSMUSG00000041631;    
ENSMUSG00000060304  

mysterious protein; 
human ortholog 16C; 
similar to 
transmembrane 16D 

in situ positive; but 

the predicted gene 

has been removed 

from current 

Ensembl database 

445-6 ENSMUSG00000038768  
ortholog: fatty acid 
desaturase; no in situ signal 

535-6 ENSMUSG00000029847  solute transporter taste and epithelial 

651-2 ENSMUSG00000032776  

unknown; chrm7; 

Gm489 taste and epithelial 

704-5 ENSMUSG00000047161  

carbohydrate (N-

acetylgalactosami

ne 4-0) 

sulfotransferase 9  

strong taste and 

some epithelial 

773-4 ENSMUSG00000020420  
phospholipid 
ATPase taste and epithelial 

785-6 ENSMUSG00000037636  
mitochondria solute 
carrier;  taste and epithelial 

793-4 ENSMUSG00000033979  
solute carrier family 
35, member F3.  

weak signal: taste 

and epithelial 

931-2 ENSMUSG00000049619  oGPCR; GPCR17 taste and epithelial 

829-30 ENSMUSG00000020447 
patched family 
protein ortholog taste and epithelial 

1435-6 ENSMUSG00000020286  

MUS MUSCULUS 
ADULT MALE 
TESTIS CDNA no in situ signal 
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PRODUCT 

1439-40 ENSMUSG00000020890  

GUANYLYL 
CYCLASE GC-E 
PRECURSOR ; 
unknown epithelial signal 

1449-50 ENSMUSG00000022085  unknown no in situ signal 

1451-2 ENSMUSG00000022494  

MUS MUSCULUS 
11 DAYS EMBRYO 
WHOLE BODY 
CDNA PRODUCT  TRC and epithelial 

1495-6 ENSMUSG00000029256  unknown 

very weak taste 

signal 

1523-4 ENSMUSG00000032134  unknown no in situ signal 

1539-40 ENSMUSG00000033063  
Contactin associated 
protein-like 3  no in situ signal 

1577-8 ENSMUSG00000041200  unknown no in situ signal 

1569-70 ENSMUSG00000024773  

unknown; Riken 
cDNA clone: chrom 
19 taste and epithelial 

1729-30 ENSMUSG00000032595  

MUS MUSCULUS 
ADULT MALE 
TESTIS CDNA 
PRODUCT  no in situ signal 

1705-6 ENSMUSG00000022269  

membrane-
associated ring-
finger membrane; 
unknown no in situ signal 

1709-10 ENSMUSG00000026609  
LAMININ CHAIN 
PRECURSOR  no in situ signal 

232-3 ENSMUSG00000000197 

ortholog: voltage-

gated cation 

channel  (sodium 

or Ca++ ) (4TM); 

human, rat, and 

fly-narrow 

abdomen (novel); 

Vgcnl1 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

264-5 ENSMUSG00000015376 

PANNEXIN 2 (GAP 

JXN PROTEINS) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

268-9 ENSMUSG00000019935  

SODIUM 

DEPENDENT 

PHOSPHATE 

TRANSPORT 

SODIUM/PHOSPH

ATE 

COTRANSPORTER 

NA + /PI 

COTRANSPORTER  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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316-7 ENSMUSG00000030737  

ortholog: human 

prostatin 

precursor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

322-3 ENSMUSG00000031258  

family with Mcleod 

syndrome gene  

homolog 

(membrane 

transport 

protein);X Kell 

blood group 

precursor related 

X linked  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

332-3 ENSMUSG00000042661 

ortholog: 6TM 

human protein 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

340-1 ENSMUSG00000036676 

no orthologs; 

novel (EOL) 

transferase; TRP-

like domains; 

transmembrane 

and 

tetratricopeptide 

repeat containing 

3  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

354-5 ENSMUSG00000025938  

solute carrier 

organic anion 

transporter family, 

member 5A1  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

344-5 ENSMUSG00000023843 

oGPCR (putative 

pheromone 

receptor) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

318-9 ENSMUSG00000030737 

ortholog: 

(ORGANIC ANION 

TRANSPORTER B) 

(OATP- B)  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

409-410 ENSMUSG00000037490  

ortholog: 

glucose/solute 

carrier 

transporter;  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

411-12 ENSMUSG00000037490 

ortholog: 

glcose/sugar 

carrier 

transporter/ 12TM 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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380-1 ENSMUSG00000049318 

oGPCR novel: MAS-
related GPCR,                                   
later verified to be a 
pseudogene 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

270-1 ENSMUSG00000000197  

voltage-gated 

channel predicted 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

451-2 ENSMUSG00000024763  

TRP family 

channel; TRP M 

family member 1 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

463-4 ENSMUSG00000032738  

voltage-gated 

potassium channel 

(predicted) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

470-69 ENSMUSG00000037451  

lipocalin-related 
protein; solute carrier 
transporter family 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

523-4 

ENSMUST00000033187; 

ENSMUSG00000032738  

ortholog: olfactory 
CNG channel; CNG 
channel alpha 4 
(fragment cloned?) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

525-6 ENSMUSG00000039528  
 oGPCR; hGPCR135 
relaxin 3  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

527-8 ENSMUSG00000004113  

voltage-dependent 
N-type calcium 
channel alpha-1B 
subunit 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

531-2 ENSMUSG00000040836  
oGPCR; human 
oGPCR161 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

537-8 ENSMUSG00000029847  solute transporter 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

553-4 ENSMUSG00000041835  oGPCR 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

441-2 ENSMUSG00000000197  

voltage-gated 
channel; human 
VGCNL1; 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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545-6 ENSMUSG00000039809  GPCR; hGPR51;  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

611-2 ENSMUSG00000031425  proteolipid protein  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

613-4 ENSMUSG00000056247 unknown 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

617-8 ENSMUSG00000016283  

MHC; 

histocompatibility 

2, M region locus 

2  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

637-8 ENSMUSG00000028938  

UDP-N-acetyl-

alpha-D-

galactosamine:pol

ypeptide N-

acetylgalactosami

nyltransferase-like 

5  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

641-2 ENSMUSG00000030858  

RIKEN cDNA 

1700007K09 

gene; testis cDNA 

product 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

643-4 ENSMUSG00000031470  

Beta-defensin 4 

precursor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

659-60 ENSMUSG00000034239  

novel; unknown; 

chrm11 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

521-2 ENSMUSG00000030406  

ortholog: Gastric 
inhibitory polypeptide 
receptor (hGIPR)/ 
EOL: GPCR 
(secretin family) 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

692-3 ENSMUSG00000049092  

unknown; chrm 

14; Gm908 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

698-9 ENSMUSG00000049689  

cDNA fragment; 

incomplete; 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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801-2 ENSMUSG00000037636  
mitochondrial solute 
carrier protein 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

787-8 ENSMUSG00000026992  
sodium channel; 
isoform 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

791-2 ENSMUSG00000026993  

voltage-gated Na 
channel; SCN 2A/3A 
family isoform of 
Nav1.2 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

765-6 ENSMUSG00000004561  

ZINC 
TRANSPORTER 
ZIP2 ETI 1 6A1 
HZIP2  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

777-8 ENSMUSG00000004113  

voltage-gated N-type 
Ca channel alpha 
subunit 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

825-6 ENMUSG00000034863 unknown 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1156-7 ENSMUSG00000020906  

oGPCR; glucagon-
like peptide 2 
receptor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1220-1 ENSMUSG00000030205  

G PROTEIN-
COUPLED 
RECEPTOR, 
FAMILY C, GROUP 
5, MEMBER D.  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1232-33 ENSMUSG00000031070  

 
MAS-RELATED G 
PROTEIN-
COUPLED 
RECEPTOR MRGF  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1258-9 ENSMUSG00000035148  GPR33  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1272-3 ENSMUSG00000035773  GPCR54 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1290-1 ENSMUSG00000042190  

CHEMOKINE 
RECEPTOR-LIKE 1 
(GPCR RECEPTOR 
DEZ).  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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1300-1 ENSMUSG00000047875  oGPCR; hGPR157 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1318-9 ENSMUSG00000047678  GPCR82 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1322-23 ENSMUSG00000044014  
NPY-Y5 
RECEPTOR  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1138-9 ENSMUSG00000011171  
vasoactive receptor 
2 precursor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1168-9 ENSMUSG00000022456  
neuronal-spec 
septin3 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1178-79 ENSMUSG00000023011  lifegard  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1184-5 ENSMUSG00000024553  glanin receptor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1186-7 ENSMUSG00000024731  
membrane-spanning 
4-domain 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1222-3 ENSMUSG00000030206  
GERM CELL-
SPECIFIC GENE 1  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1314-5 ENSMUSG00000049112  
OXYTOCIN 
RECEPTOR (OT-R).  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1354-5 ENSMUSG00000048582  CONNEXIN 46  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1358-9 ENSMUSG00000044052  
GPCR2; chemokine 
receptor 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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1437-8 ENSMUSG00000020701  

unknown; Adrenergic 
receptor, alpha-A 
domain 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1491-2 ENSMUSG00000026963  

MUS MUSCULUS 
ADULT MALE 
TESTIS CDNA 
PRODUCT:  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1501-2 ENSMUSG00000029829  

US MUSCULUS 0 
DAY NEONATE 
KIDNEY CDNA 
PRODUCT:  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1521-2 ENSMUSG00000031512  unknown 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1621-2 ENSMUSG00000042916  

MUS MUSCULUS 
ADULT MALE 
TESTIS CDNA 
PRODUCT  

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1575-6 ENSMUSG00000041165  novel; chrm11 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1693-4 ENSMUSG00000010583  

unknown 
Chromosome11; 
smilar to VN and 
T2R 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1697-8 ENSMUSG00000013091  testis cDNA library 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

935-6 ENSMUSG00000048003  
ortholog: CaSper; 
sperm associated 4 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

823-4 ENSMUSG00000042965  K+ channel 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 

1643-4 
ENSMUSG00000063172  
; ENSMUSG00000034794  Placenta Protein 25 

Initial In Situ 

Experiments 

yielded no taste 

specific signal 
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B. Heterologous Expression of PKD2L1 and PKD1L3 

 

 

 
Figure Appx.1: Expression Constructs 

PKD2L1 cDNA was cloned ATG-TGA from taste receptor cell cDNA collections. 

mRNAs were extracted from circumvallate and foliate taste papillae and cloned with 

restriction enzyme sites (AscI/NotI) attached. IRES-mRFP and IRES-GFP constructs 

were cloned separately (Gift from Dr. Nicholas Ryba) and ligated to fuse with 

PKD2L1 and PKD1L3 transcripts directly. PEAK vector was used for mammalian cell 

lines. pCDNA3 vector was used for non-mammalian, insect cell lines.  

 

**Patch-clamp experiments were performed by Dimitri Trankner 

**Immunostaining experiments were performed jointly by Dimitri Trankner and 

myself (A.L.H) 

 

 

AscI 

Mouse PKD2L1 cDNA ~2.2kb 
PEAK vector 

Mouse PKD2L1 cDNA ~2.2kb 

PEAK vector 

IRES-mRFP 

Mouse PKD1L3 cDNA ~6.5kb 
PEAK vector 

Mouse PKD1L3 cDNA ~6.5kb 
pCDNA3 vector 

IRES-GFP 

NotI 

AscI 

AscI NotI 

Experiment Tried: Functional Expression of PKD2L1/PKD1L3 

Full-length cDNAs from CV/foliate cDNA collections 

AscI 

Sequenced and cloned into vectors; 

Transfected into HEK293 cells for patch-clamp experiments 
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 Figure Appx.2: Expression of mouse PKD2L1 in HEK293 cells 

 Expression of PKD2L1 and Rho-tagged mT2R5 (control) in HEK293 cells. 

 Shown above, mPKD2L1 was observed to cluster in vesicle-like structures. 

Whether mPKD2L1 was expressed on the plasma membrane could not be 

determined.    
 

                       `       

 
 Figure Appx.3: Co-expression of mouse PKD2L1 & PKD1L3 in HEK293 

Immunostaining of PKD2L1 was performed using its C-terminus antibodies. 

cDNA transcript of mouse PKD1L3 was tagged with 1D4 sequence and 

stained with 1D4 polyclonal antibodies (1D4 is the C-terminal 8aa 

(ETSQVAPA*) of Rhodopsin which is a great antigen for an antibody in the 

Zuker lab).  

 

 

Heterologous expression of mPKD2L1 and 
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*Mutations in the ER retention signal were inspired by Murakami et al., 2005 

 J Biol Chem. 2005 Feb 18; 280(7): 5626-35. 

 

            

 Figure Appx.4: Expression of Mutant mPKD2L1 in HEK293 cells 

Inspired by Murakami et al., 2005, mutated mouse PKD2L1 (K569A/D575A) 

was made using PCR mutagenesis methods. cDNA transcript was cloned into 

mammalian expression vectors and transfected into HEK293. Shown above, 

mutant mPKD2L1 showed no difference in subcellular localization as 

hypothesized and shown by Murakami et al.  

Heterologous expression of 

mPKD2L1(K569A/D575A) in HEK293 cells 
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mPKD2L1 +  

mPKD1L3-ID4 

20 µm 

DNA mPKD2L1 
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mPKD2L1 

(K569A/D575A) 

mPKD2L1 

(K569A/D575A) 

mouse GPVYFVTYVFFVFFVLLNMFLAIINDTYSEVKEELAGQKDQLLQLSD 583 

rat GPVYFVTYVFFVFFVLLNMFLAIINDTYSEVKEELAGQKDQLLQLSD 790 

human GPVYFVTYVFFVFFVLLNMFLAIINDTYSEVKEELAGQKDQLLQLSD 583 

          S6 

 

K569A 

D575A 
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B.1 Functional Expression Studies --Calcium Imaging and 

Electrophysiology (performed and summarized by Dimitri Trankner) 

Positive control experiments for functional expression were done 

by co-transfecting CNGA3 channel and GFP, which showed 8-Br-cGMP 

dependent increase in whole cell currents. The activated currents show the 

calcium blockage of CNGA3. 3 out of 3 fluorescent cells showed increase 

in whole cell currents, expected for CNGA3 channel which is blocked by 

calcium. 

 Control cells with GFP were tested for pH sensitivity and gating 

conductance, as well as cells co-transfected with mouse PKD2L1 and 

mouse PKD1L3. In control cells, two different currents were potentiated 

by acidity (pH value drops): 1) a fast inactivating, non-rectifying and non-

selective current activated immediately upon perfusion with pH6; 2) a 

slowly inactivating outward-rectifying and non-selective current after 

changing pH values to pH5 or lower.  

Results with PKD2L1- and PKD1L3- expressing cells showed no 

new currents occurrences, using the following constructs: 1) PKD2L1-

IRES-RFP (N=11); 2) mutant PKD2L1-IRES-RFP (N=2); 3) PKD1L3-
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IRES-GFP (N=8); 4) PKD2L1-IRES-RFP + PKD1L3-IRES-GFP (N=21); 

and 5) mutant PKD2L1-IRES-RFP + PKD1L3-IRES-GFP (N=3). 

 Using the same protocol, other mammalian and insect cells 

transfected with the same constructs were tested. No additional pH-

mediated (or sour) responses were found. 

1) mouse embryonic stem cells co-expressing PKD2L1-IRES-RFP 

and PKD1L3-IRES-GFP (N=4). 

2) MDCK cells co-expressing PKD2L1-IRES-RFP and PKD1L3-

IRES-GFP (N=9), or co-expressing mutant PKD2L1-IRES-RFP and 

PKD1L3-IRES-GFP (N=3). 

3) Using CHO cells (in calcium imaging technology: Fura-2 

indicator), control cells showed robust signals responding to pH drops. 

Amplitude and kinetics of the response did not change when CHO cells 

were expressed with constructs mentioned above. 

4) Using insects Sf9 cells, 

To investigate whether various signaling components were 

involved in inducing novel “sour currents”, Dimitri experimented with 

several conditions: 1) intracellular conditions (both low and high ATP and 

GTP) were varied; 2) roles of phosphorylation status or PIP2 were 
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previously suggested to modulate channel functions, but it would be 

unlikely that these played roles in abolishing currents. To test if 

intracellular calcium levels were somehow required for channel function, 

Dimitri tested both low (<100nM) and high (~1-2µM) intracellular 

calcium; 3) to monitor changes in intracellular pH and test if 

PKD2L1/PKD1L3 responded to intracellular acidification, the following 

control experiment was performed. Measurements using pH-sensitive 

YFP indicated that an intracellular pH-drop to pH6.6 within 1 minute and 

pH6.4 within 2 minutes of perfusion (data not shown). Thus, under 

experimental conditions previously described, intracellular pH were 

acidified properly. However, no new acid responses were observed. 

Two additional heterologous cell assay systems were attempted: 1) 

oocyte, and 2) insects Sf9 cells. Dimitri recorded from oocytes expressing 

Control (water injected) oocytes, Control positive (rat TRPV1 injected) 

oocytes, and from oocytes injected with mouse PKD2L1 and mouse 

mutant-PKD2L1 transcripts. Data showed proton-activated in oocytes 

injected with Rat TRPV1 (control positive, from the lab of Dr. David 

Julius, UCSF). No new proton-activated currents were found in oocytes 

injected with PKD2L1 and mutant-PKD2L1 constructs. To verify 
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PKD2L1 protein products were expressed, Western-blot was performed 

using TRPV1 as a positive control. Results were inconclusive, as anti-

PKD2L1 (polyclonal antibodies) did not work well enough on Western-

blots to produce strong bands. (data not shown).  
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Figure Appx.5: Recordings from controls and PKD2L1/PKD1L3 cells 

The following conditions were tested: 150mM NMDG, pH7.4 (gray), 150mM 

KCl,  pH7.4 (black), 150mM KCl, 3mM CaCl2, pH7.4 (blue), 150mM NaCl, 

3mM CaCl2, pH7.4 (green), 150mMKCl, pH3.5 (red), 150mM KCl, 3mM CaCl2, 

pH3.5 (pink), 100mM KCl, pH7.4 (turquoise). No additional acid-induced 

responses were observed in cells co-expressing mPKD2L1 and mPKD1L3 (n=8). 

   

                     Cells expressing GFP only 

            Cells expressing mPKD2L1 + mPKD1L3 (N=8) 
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Figure Appx.6: Recordings from Control HEK293 and mutant mPKD2L1 

Mutant mPKD2L1 (K569A/D575A) was constructed to push PKD2L1 

expression to the plasma membrane and to enhance its function. No differences 

were observed between control and mutant PKD2L1 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell expressing mPKD2L1(K569A/D575A) 

Control cell # 10 
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Sf9 cells 

 

 

 
Figure Appx. 7: Recordings from Controls Sf9 cells 

The following conditions were tested: 150mM NMDG, pH7.4 (gray), 150mM 

KCl,  pH7.4 (black), 150mM KCl, 3mM CaCl2, pH7.4 (blue), 150mM NaCl, 

3mM CaCl2, pH7.4 (green), 150mMKCl, pH3.5 (red), 150mM KCl, 3mM CaCl2, 

pH3.5 (pink), 100mM KCl, pH7.4 (turquoise). Control cells showed acid 

responses. 
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Figure Appx.8: Recordings from Control CHO cells 

Control CHO cells responded robustly to pH changes. 
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Figure Appx.9: Recordings from CHO cells co-expressing PKD2L1/PKD1L3 

No additional acid-mediated responses were observed. 
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Figure Appx.10: Recordings from Control (water-injected) oocytes. 

 

 

 

 

 

 
Figure Appx.11: Recordings from mouse PKD2L1-injected oocytes. 
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Figure Appx.12: Recordings from mutant-PKD2L1-injected oocytes 

 

 

 

 

 

 
Figure Appx.13 : Recordings from Rat TRPV1-injected oocytes 
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C. Transgenic mouse rescue experiment: design and screening 

 

 

 

                       
  

 

                  
 
Figure Appx.14: Transgenic mis-targeting of PKD2L1 in T1R3 cells 

To test for sufficiency, PKD2L1 cDNA was fused to the ~600-bp IRES sequence. 

Subsequently, IRES-PKD2L1 was recombined into the 3’UTR region of T1R3 BAC. 

Proper mis-targeted transgenic line will be bred to already-existing PKD2L1-IRES-

Cre; Rosa26-flox-DTA to engineer mis-expressed PKD2L1 in the PKD2L1-ablation 

background. 

 

Purpose of the experiment was to test whether PKD2L1 – alone – could be necessary 

and sufficient for sour taste, using both lingual nerve-recording and taste behavioral 

assays (aversive behavior). Success of the experiment rests on the fact that PKD2L1 

(if it is the receptor) can function alone in sweet and Umami taste receptor cells to 

induce action potential. 

 

Screening strategy for the triple transgenic mouse was designed as follows: 

a. PKD2L1-IRES-CRE is genotyped using primers for Cre 

recombinase 

b. Rosa26-loxp-lacZ-loxp-DTA is genotyped using primers for DTA 

or lacZ. 

c. T1R3-IRES-PKD2L1(cDNA) is genotyped using primers 

specifically targeting IRES-PKD2L1(cDNA) 

       

 

 

 

 

 

 

 

 

IRES PKD2L1 p
A 

T1R3  promoter + genomic 
>50k >50k

Rosa26 
promoter  loxp   loxp DTA lacZ pp 

IRES CRE p
PKD2L1 promoter + 
genomic >50k

b 
>50k
b 
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D. Knockout mouse constructs: design and screening 

 

 

    

 
        

 
Figure Appx.15: PKD2L1 conditional knockout strategy 

Schematic illustration demonstrates targeted elimination of exons 7 through 9 of 

PKD2L1. Genomic deletion of exons 7, 8, and 9 targets the predicted “pore” region of 

the channel (between transmembrane 5 and 6), thus preventing gene expression. 

 

 

 

 

 

PKD2L1 Conditional Knockout Strategy 

neo exon9 exon7 exon8 

FRT/lox

 
Cre/lox

 

2.6kb 5.5kb 

 

Ion transport 
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Figure Appx.16: Test for homologous recombination 

Before injection of ES cell, confirmation of 5’ and 3’ homologous recombination 

using PCR (primers span from outside the homologous recombination region to 

neomycin in both cases). From examining PCR products and digestion patterns, the 

ES cell looked possibly correct. Injection proceeded. However, Southern-blot showed 

only a faint band around the correct size (~5kb), which indicated an incorrect 

recombination event in both the ES cell and mice. 

 

 

Lane2 Clone 780: check  

3’arm recombination: 

restriction digest  of 

~6.1kb product  

 

Clone 780:  

check 5’arm recombination 
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>5’arm probe to confirm homologous recombination using Southernblot 
GCCCTTCAGTGCAGACATTTTTGAGCTCTAGCACGGAAGAATTAGACAGTTAAGTTGAGTTTAGGGAG

AAAAGTGAGATTTCAGAATGACGATGTCAATTGAATTACCAAGTGGGGCGAAGCTACTCTTGCTGCC

ACACCTTTCCCTAAAACATCTCCTGGAACCCCTAGTGGTACCATCACCTTCCCCAGACCTCTGGGAGA

AGTCTGATGGGCTCCTCCTATTCCACCTGATCCCAGGGCAGTGGGCTTTCCTGACTCTTCTGGGGAGG

TGGACCTTGAGGACATGCCCCTTGGGTTGTGTTCTAGTGACCTACGGAATGACAAGTTCTAGTGCCTA

TTACTACACCAAAGTGATGTCTGAATTGTTCCTACACACCCCATCCGACTCTGGAGTCTCCTTCCAAA

CCATCAGCAGCATGTCAGACTTCTGGGATGTGAGTACGGATGGCGCTGCTTTCACCCCACCCCCACCC

TCGCCCCTAGGCTCTCCTTCTTAATGGTCTGAGACACAAGGCAGAGGGTCAGTCTGGAACCAGGGCA

AATGAAAGGATAAAGCCGAATTAACAGATTGGGCTAGGGTGAAGGTGGAGGCTGGAGAGAGGTGAG

GGTATCCATCTGGGGGTTGACCAGCAGGAAACAGAGTTAGCGCAAAGGGC 

 

 

 

 
 

 
Figure Appx.17: PKD1L3  knockout strategy and future modifications 

Schematic illustration demonstrates targeted elimination of exons 17 through 21 of 

PKD1L3. Genomic deletion of exons 17, 18, 19, and 20 targets the first three 

transmembrane domains of PKD1L3. 
 

    

 

PKD1L3 Knockout Strategy  

exon19 exon17 exon18 exon20 exon21 

Pgk(promoter) - neo 

loxp sites 

Ion transport domain 
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GPR113 Knockout Strategy  

 

 
 

 
Figure Appx.18: GPR113  knockout strategy  

Schematic illustration demonstrates targeted elimination of exon 11 of GPR113. 

Genomic deletion of exon11 targets most of the seven-transmembrane domains. 
 

    
 
Figure Appx.19: GPR113 is expressed in a subset of Taste Receptor Cells 

Shown here, using RNA in situ hybridization. Tissue used: Circumvallate.  

 

>GPR113 RNA in situ probe sequence (Cloned from TRCs and sequenced): 
GATTTCCTGAAGGCTGTGGAGACCTTGGTTCACAGCTTAAGACCACAACAGCATCCTTTTTCCTTCAG

CTCAGCTAATGTGCTACTGCAGAGCCAGCTCCTCAGACACTCCTCTCCTCCTGGCTACCAAATGTCCTT

CTCCACCTGGCCCCTGCTGCAGGCACGGATTCCATGGCATTCACTGGCCCCACTGGTCCATAGTGGAA

CTAACGTCAGTATTACTAGCCTAGTACTGCAAAAGCTGGACTACCGGCTGCCCTCAAACTACACACAA

GGGCTGTGGAACACCCCATACACCACCCCTGGGCTGATCCTTGTGGTCTCCATAACAGCAGACGGCC

AGGCCTTCACGCAGGCAGAAGTTATCATGGACTATGAAGACATGAATGGAACCCTTCACTGTGTGTTC

TGGGACCACAGGGTCTTCCAGGGTCAGGGAGGTTGGTCAGATGAAGGGTGTGAGGTACATGCAGCCA

ATGCCAGCATCACTCAGTGCATTTGCCAGCATCTCACAGCCTTTTCCATCCTCATGTCCCAACACACTG

TCCCAGAAAATCCCACCCTGGACCTGCTGAGCCAGGTGGGTACGGGGGCTTCCGTCCTGGCTTTGCTC

GTCTGCCTGGCTATTTACGGGCTGGTGTGGAGAGTGGTGGTCCGGAACAAAGTCGCCTTCTTCCGCCA

TACCACCCTGTTTAACATGGTGATCTGCTTGCTGGTCGCAGACACATGCTTCTTGGGAAGCCCCTTCCT

TCCTTCAGGCTACCACAGCCTGATCTGCCTAGTCACTGCTTTCCTGTGTCACTTTTTCTACCTGGCCAC

CTTTTTCTGGATGCTGGCACAGGCCCTGGTGCTGGCCCACCAGCTGCTTTTTGTCTTCCACCAGCTGTC

CAAGCACGTAGTCCTCTCACTGATGGTGATGCTGGGCTACCTGTGCCCACTGGGGTTTGCGGGTGTCA

CCCTGGGCCTCTACTTGCCTCAAAGGAAATACCTGTGGGAGGGGAAATGCTTTCTGAACGGAGGTGG

CGTCATGCTGTACAGCTTCAGTGAGCCAGTGCTGGCCATCGTCGGTGTCAACGGGCTGGTCCTTGTCA

 neomycin 

exon11 exon12 

loxp loxp 

102 

bp 

5’arm 

~6kb:~5.1Kb 
3’arm 

~1.9kb 

exon10 

6.75 

TM 
0.25 

TM 

~1.2k

b 

pgk 
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TCGCTGTGCTGAAGCTGCTGCGACCTTCACTGTCAGAGGGGCCCACAGTGGAGAAGCGCCAAGCTCT

TGTGGGGGTGCTTAAA 



 

 130 

 

 

Bibliography 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    131                                                           

 

 

Adler E, Hoon MA, Mueller KL, Chandrashekar J, Ryba NJ, Zuker CS. 

Cell. 2000 Mar 17;100(6):693-702.  

 

Amrein H, Thorne N. Curr Biol. 2005 Sep 6;15(17):R673-84. Review 

 

Axel R. (Nobel lecture) Angew Chem Int Ed Engl. 2005 Sep 

26;44(38):6110-27. 

 

Bargmann CI. Comparative chemosensation from receptors to ecology. 

Nature. 2006 Nov 16;444(7117):295-301. Review. 

 

Behrens M, Brockhoff A, Kuhn C, Bufe B, Winnig M, Meyerhof W. 

Biochem Biophys Res Commun. 2004 Jun 25;319(2):479-85.  

 

Bernhardt SJ, Naim M, Zehavi U, Lindemann B. J Physiol. 1996 Jan 

15;490 ( Pt 2):325-36.  

 

Brockschnieder D, Lappe-Siefke C, Goebbels S, Boesl MR, Nave KA, 

Riethmacher D. Mol Cell Biol. 2004 Sep;24(17):7636-42. 

 

Capeless CG, Whitney G, Azen EA. Behav Genet. 1992 Nov;22(6):655-63.  

 

Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen-

Zeitz KR, Koltzenburg M, Basbaum AI, Julius D. Science. 2000 Apr 

14;288(5464):306-13. 

 

Clyne PJ, Warr CG, Carlson JR. Science. 2000 Mar 10;287(5459):1830-4.  

 

Clyne PJ, Warr CG, Freeman MR, Lessing D, Kim J, Carlson JR. 

Neuron. 1999 Feb;22(2):327-38.  

 

Chen XZ, Vassilev PM, Basora N, Peng JB, Nomura H, Segal Y, Brown 

EM, Reeders ST, Hediger MA, Zhou J. Nature. 1999 Sep 

23;401(6751):383-6. 

 



    132                                                           

 

Chen XZ, Vassilev PM, Basora N, Peng JB, Nomura H, Segal Y, Brown 

EM, Reeders ST, Hediger MA, Zhou J. Nature. 1999 Sep 

23;401(6751):383-6. 

 

Chou JH, Troemel ER, Sengupta P, Colbert HA, Tong L, Tobin DM, 

Roayaie K, Crump JG, Dwyer ND, Bargmann CI. Cold Spring Harb   

Symp Quant Biol. 1996;61:157-64. Review. 

 

Dai XQ, Karpinski E, Chen XZ. Biochim Biophys Acta. 2006 

Feb;1758(2):197-205.  

 

Dahanukar A, Hallem EA, Carlson JR. Curr Opin Neurobiol. 2005 

Aug;15(4):423-30. Review.  

 

Dahanukar A, Foster K, van der Goes van Naters WM, Carlson JR. 

Nat Neurosci. 2001 Dec;4(12):1182-6.  

 

Delmas P, Nauli SM, Li X, Coste B, Osorio N, Crest M, Brown DA, Zhou 

J (2004) FASEB J 18:740–742. 

 

Delmas P, Nomura H, Li X, Lakkis M, Luo Y, Segal Y, Fernandez-

Fernandez JM, Harris P, Frischauf AM, Brown DA, Zhou J. J Biol Chem. 

2002 Mar 29;277(13):11276-83.  

 

DeSimone JA, Lyall V, Heck GL, Feldman GM. Respir Physiol. 2001 

Dec;129(1-2):231-45. 

 

Dethier VG. Science. 1978 Jul 21;201(4352):224-8.  

 

Dwyer ND, Troemel ER, Sengupta P, Bargmann CI. Cell. 1998 May 

1;93(3):455-66.  

 

Eylam S, Spector AC. Am J Physiol Regul Integr Comp Physiol. 2005 

May;288(5):R1361-8.  

 

Falk R, Atidia J. Nature. 1975 Mar 27;254(5498):325-6. 

 

Fishilevich E, Vosshall LB. Curr Biol. 2005 Sep 6;15(17):1548-53.  



    133                                                           

 

 

Giamarchi A, Padilla F, Coste B, Raoux M, Crest M, Honore E, Delmas P. 

EMBO Rep. 2006 Aug;7(8):787-93. Review. 

 

Glendinning JI, Bloom LD, Onishi M, Zheng KH, Damak S, Margolskee 

RF, Spector AC. Chem Senses. 2005 May;30(4):299-316.  

 

Gonzalez-Perrett S, Batelli M, Kim K, Essafi M, Timpanaro G, Moltabetti 

N, Reisin IL, Arnaout MA, Cantiello HF. J Biol Chem. 2002 Jul 

12;277(28):24959-66.  

 

Gonzalez-Perrett S, Kim K, Ibarra C, Damiano AE, Zotta E, Batelli M, 

Harris PC, Reisin IL, Arnaout MA, Cantiello HF. Proc Natl Acad Sci U S 

A. 2001 Jan 30;98(3):1182-7. 

 

Gosgnach S, Lanuza GM, Butt SJ, Saueressig H, Zhang Y, Velasquez T, 

Riethmacher D, Callaway EM, Kiehn O, Goulding M. Nature. 2006 Mar 

9;440(7081):215-9.  

 

Guo L, Chen M, Basora N, Zhou J. Mamm Genome. 2000 Jan;11(1):46-50. 

 

van der Goes van Naters W, Carlson JR. Curr Biol. 2007 Apr 3;17(7):606-

12.  

 

Hallem EA, Carlson JR. Cell. 2006 Apr 7;125(1):143-60.  

 

Hallem EA, Dahanukar A, Carlson JR. Annu Rev Entomol. 2006;51:113-

35. Review.  

 

Hanaoka K, Qian F, Boletta A, Bhunia AK, Piontek K, Tsiokas L, 

Sukhatme VP, Guggino WB, Germino GG. Nature. 2000 Dec 21-

28;408(6815):990-4. 

 

Heck GL, Mierson S, DeSimone JA. Science. 1984 Jan 27;223 (4634): 

403-5.  

 

Hofmann T, Chubanov V, Gudermann T, Montell C. Curr Biol. 2003 Jul 

1;13(13):1153-8.  



    134                                                           

 

 

Hoon MA, Northup JK, Margolskee RF, Ryba NJ. Biochem J. 1995 Jul 

15;309 ( Pt 2):629-36. 

 

Hwang PM, Verma A, Bredt DS, Snyder SH.  

Proc Natl Acad Sci U S A. 1990 Oct;87(19):7395-9. 

 

Ikeda M, Guggino WB. Curr Opin Nephrol Hypertens. 2002 

Sep;11(5):539-45. Review. 

 

J. Hughes, C.J. Ward, R. Aspinwall, R. Butler and P.C. Harris. Hum. Mol. 

Genet. 8 (1999), pp. 543–549. 

 

Jones DT, Reed RR. Science. 1989 May 19;244(4906): 790-5.  

 

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM, 

Hogestatt ED, Meng ID, Julius D. Nature. 2004 Jan 15;427(6971):260-5.  

 

Kawai M, Okiyama A, Ueda Y. Chem Senses. 2002 Oct;27(8):739-45.  

 

Kauer JS. Trends Neurosci. 1991 Feb;14(2):79-85. 

 

Kim J, Moriyama EN, Warr CG, Clyne PJ, Carlson JR. Bioinformatics. 

2000 Sep;16(9):767-75. 

 

Kim J, Carlson JR. J Cell Sci. 2002 Mar 15;115(Pt 6):1107-12.  

 

Kim UK, Jorgenson E, Coon H, Leppert M, Risch N, Drayna D. 

Science. 2003 Feb 21;299(5610):1221-5.  

 

Kinnamon SC, Margolskee RF. Curr Opin Neurobiol. 1996 Aug 6 (4):  

506-13. 

 

Kreher SA, Kwon JY, Carlson JR. Neuron. 2005 May 5;46(3):445-56.  

 

Kretz O, Barbry P, Bock R, Lindemann B. J Histochem Cytochem. 1999 

Jan;47(1):51-64.  

 



    135                                                           

 

Koyama N, Kurihara K. Nature. 1972 Oct 20;239(5373):459-60.  

 

Kusakabe Y, Yasuoka A, Asano-Miyoshi M, Iwabuchi K, Matsumoto I, 

Arai S, Emori Y, Abe K. Chem Senses. 2000 Oct;25(5):525-31.  

 

Kwon JY, Dahanukar A, Weiss LA, Carlson JR. Proc Natl Acad Sci U S A. 

2007 Feb 27;104(9):3574-8.  

 

Larsson MC, Domingos AI, Jones WD, Chiappe ME, Amrein H, Vosshall 

LB. Neuron. 2004 Sep 2;43(5):703-14. 

 

Lee EC, Yu D, Martinez de Velasco J, Tessarollo L, Swing DA, Court DL, 

Jenkins NA, Copeland NG. Genomics. 2001 Apr 1;73(1):56-65.  

 

Le Roy I, Pager J, Roubertoux PL. C R Acad Sci III. 1999 Oct; 322 (10): 

831-6.  

 

L'Etoile ND, Bargmann CI. Neuron. 2000 Mar;25(3):575-86.  

 

Lewcock JW, Reed RR. Proc Natl Acad Sci U S A. 2004 Jan 

27;101(4):1069-74.  

 

Li A, Tian X, Sung SW, Somlo S. Genomics. 2003 Jun;81(6):596-608.  

 

Li WW, Quinn GB, Alexandrov NN, Bourne PE, Shindyalov IN. 

Genome Biol. 2003;4(8):R51.  

 

Li X, Li W, Wang H, Cao J, Maehashi K, Huang L, Bachmanov AA, Reed 

DR, Legrand-Defretin V, Beauchamp GK, Brand JG. PLoS Genet. 2005 

Jul;1(1):27-35.  

 

Li X, Li W, Wang H, Bayley DL, Cao J, Reed DR, Bachmanov AA, Huang 

L, Legrand-Defretin V, Beauchamp GK, Brand JG. J Nutr. 2006 Jul;136(7 

Suppl):1932S-1934S.  

 

Lindemann B. Nature. 2001 Sep 13;413(6852):219-25. Review.  

 

Lindemann B. Curr Biol. 1996 Oct 1;6(10):1234-7. Review.  



    136                                                           

 

 

Liman ER. Handb Exp Pharmacol. 2007;(179):287-98.  

 

Lin W, Finger TE, Rossier BC, Kinnamon SC. J Comp Neurol. 1999 Mar 

15;405(3):406-20.  

 

Liu Y, Li Q, Tan M, Zhang YY, Karpinski E, Zhou J, Chen XZ. FEBS 

Lett. 2002 Aug 14;525(1-3):71-6. 

 

Livingstone MS, Hubel DH. J Neurosci. 1988 Nov;8(11):4334-9 

 

Livingstone MS, Hubel DH. J Neurosci. 1987 Nov;7(11):3416-68.  

 

Livingstone M, Hubel D. Science. 1988 May 6;240(4853):740-9.  

McCarroll SA, Li H, Bargmann CI. Curr Biol. 2005 Feb 22;15(4):347-52.  

 

Lomvardas S, Barnea G, Pisapia DJ, Mendelsohn M, Kirkland J, Axel R. 

Cell. 2006 Jul 28;126(2):403-13.  

 

Lush IE. Genet Res. 1984 Oct;44(2):151-60.  

 

Lush IE. Genet Res. 1986 Apr;47(2):117-23.  

 

Lyall V, Heck GL, Vinnikova AK, Ghosh S, Phan TH, Alam RI, Russell 

OF, Malik SA, Bigbee JW, DeSimone JA. J Physiol. 2004 Jul 1;558(Pt 

1):147-59. 

 

Lyall V, Alam RI, Phan DQ, Ereso GL, Phan TH, Malik SA, Montrose 

MH, Chu S, Heck GL, Feldman GM, DeSimone JA. Am J Physiol Cell 

Physiol. 2001 Sep;281(3):C1005-13. 

 

McLaughlin SK, McKinnon PJ, Spickofsky N, Danho W, Margolskee RF.  

Physiol Behav. 1994 Dec;56(6):1157-64. 

 

Marella S, Fischler W, Kong P, Asgarian S, Rueckert E, Scott K. 

Neuron. 2006 Jan 19;49(2):285-95. 

 



    137                                                           

 

Mombaerts P, Wang F, Dulac C, Vassar R, Chao SK, Nemes A, 

Mendelsohn M, Edmondson J, Axel R. Cold Spring Harb Symp Quant 

Biol. 1996;61:135-45.  

 

Murakami M, Ohba T, Xu F, Shida S, Satoh E, Ono K, Miyoshi I, 

Watanabe H, Ito H, Iijima T.  J Biol Chem. 2005 Feb 18;280(7):5626-35.  

 

Nauli SM, Zhou J. Bioessays. 2004 Aug;26(8):844-56.  

 

Nauli SM, Alenghat FJ, Luo Y, Williams E, Vassilev P, Li X, Elia AE, Lu 

W, Brown EM, Quinn SJ, Ingber DE, Zhou J.  Nat Genet. 2003 

Feb;33(2):129-37.  

 

Ngai J, Dowling MM, Buck L, Axel R, Chess A. Cell. 1993 Mar 

12;72(5):657-66. 

 

Ninomiya Y, Inoue M, Imoto T, Nakashima K. Am J Physiol. 1997 

Mar;272(3 Pt 2):R1002-6. 

 

Nomura H, Turco AE, Pei Y, Kalaydjieva L, Schiavello T, Weremowicz S, 

Ji W, Morton CC, Meisler M, Reeders ST, Zhou J. J Biol Chem. 1998 Oct 

2;273(40):25967-73. 

 

Pace U, Hanski E, Salomon Y, Lancet D. Nature. 1985 Jul 18-24; 316 

(6025): 255-8.  

 

Pazour GJ, San Agustin JT, Follit JA, Rosenbaum JL, Witman GB. Curr 

Biol. 2002 Jun 4;12(11):R378-80. 

 

Pelucchi B, Aguiari G, Pignatelli A, Manzati E, Witzgall R, Del Senno L, 

Belluzzi O. J Am Soc Nephrol. 2006 Feb;17(2):388-97.  

 

Perez CA, Huang L, Rong M, Kozak JA, Preuss AK, Zhang H, Max M, 

Margolskee RF.  Nat Neurosci. 2002 Nov;5(11):1169-76. 

 

Praetorius HA, Spring KR. J Membr Biol. 2001 Nov 1;184(1):71-9.  

 



    138                                                           

 

Pronin, A. N., Tang, H., Connor, J. & Keung, W. 2004. Chem. Senses 29, 

583−593. 

 

Rajashekhar KP, Singh RN. J Comp Neurol. 1994 Nov 22;349(4):633-45.  

 

Reed RR. Cold Spring Harb Symp Quant Biol. 1992;57:501-4. 

 

Reed DR, Nanthakumar E, North M, Bell C, Bartoshuk LM, Price RA. 

Am J Hum Genet. 1999 May;64(5):1478-80. 

 

Redfern CH, Coward P, Degtyarev MY, Lee EK, Kwa AT, Hennighausen 

L, Bujard H, Fishman GI, Conklin BR. Nat Biotechnol. 1999 

Feb;17(2):165-9.  

 

Ressler KJ, Sullivan SL, Buck LB. Curr Opin Neurobiol. 1994 

Aug;4(4):588-96. 

 

Richerson GB, Wang W, Hodges MR, Dohle CI, Diez-Sampedro A. 

Exp Physiol. 2005 May;90(3):259-66. 

 

Ruiz C, Gutknecht S, Delay E, Kinnamon S. Chem Senses. 2006 

Nov;31(9):813-20. 

 

Scott K, Brady R Jr, Cravchik A, Morozov P, Rzhetsky A, Zuker C, Axel 

R. Cell. 2001 Mar 9;104(5):661-73.  

 

Scott K. Neuron. 2005 Nov 3;48(3):455-64.  

 

Serizawa S, Miyamichi K, Nakatani H, Suzuki M, Saito M, Yoshihara Y, 

Sakano H. Science. 2003 Dec 19;302(5653):2088-94. 

 

Shykind BM, Rohani SC, O'Donnell S, Nemes A, Mendelsohn M, Sun Y, 

Axel R, Barnea G. Cell. 2004 Jun 11;117(6):801-15.  

 

Singh RN. Microsc Res Tech. 1997 Dec 15;39(6):547-63.  

 

Sidi S, Friedrich RW, Nicolson T. Science. 2003 Jul 4;301(5629):96-9.  

 



    139                                                           

 

Sklar, PB., Anholt, RRH., Snyder, SH. J. Biol.Chem. 1986, 261, 15536 – 

15543. 

 

Spector AC, Guagliardo NA, St John SJ.  J Neurosci. 1996 Dec 

15;16(24):8115-22.  

 

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, Earley 

TJ, Hergarden AC, Andersson DA, Hwang SW, McIntyre P, Jegla T, 

Bevan S, Patapoutian A. Cell. 2003 Mar 21;112(6):819-29.  

 

Sutters M, Germino GG. J Lab Clin Med. 2003 141:91–101. 

 

Thorne N, Bray S, Amrein H. Chem Senses. 2005 Jan;30(suppl_1):i270-

i272.  

 

Thorne N, Chromey C, Bray S, Amrein H. Curr Biol. 2004 Jun 

22;14(12):1065-79. 

 

Tracey WD Jr, Wilson RI, Laurent G, Benzer S. Cell. 2003 Apr 

18;113(2):261-73.  

 

Troemel ER, Sagasti A, Bargmann CI. Cell. 1999 Nov 12;99(4):387-98.  

 

Troemel ER, Kimmel BE, Bargmann CI. Cell. 1997 Oct 17;91(2):161-9.  

 

Troemel ER, Chou JH, Dwyer ND, Colbert HA, Bargmann CI. Cell. 1995 

Oct 20;83(2):207-18.  

 

Tonosaki K, Funakoshi M. Comp Biochem Physiol A. 1989;94(4):659-61.  

 

Ugawa S. Anat Sci Int. 2003 Dec;78(4):205-10.  

 

Vassar R, Chao SK, Sitcheran R, Nuñez JM, Vosshall LB, Axel R. Cell. 

1994 Dec 16;79(6):981-91.  

 

Vassar R, Ngai J, Axel R. Cell. 1993 Jul 30;74(2):309-18. 

 



    140                                                           

 

Vinnikova AK, Alam RI, Malik SA, Ereso GL, Feldman GM, McCarty 

JM, Knepper MA, Heck GL, DeSimone JA, Lyall V. J Neurophysiol. 2004 

Mar;91(3):1297-313. 

 

Vosshall LB, Amrein H, Morozov PS, Rzhetsky A, Axel R. Cell. 1999 Mar 

5;96(5):725-36.  

 

Wang Z, Singhvi A, Kong P, Scott K. Cell. 2004 Jun 25;117(7):981-91.  

 

Walker RG, Willingham AT, Zuker CS. Science. 2000 Mar 

24;287(5461):2229-34.  

 

Warren RP, Lewis RC. Nature. 1970 Jul 4;227(5253):77-8.  

 

Warr C, Clyne P, de Bruyne M, Kim J, Carlson JR. Chem Senses. 2001 

Feb;26(2):201-6.  

 

Warren RP, Lewis RC. Nature. 1970 Jul 4;227(5253):77-8. 

 

Wes PD, Bargmann CI. Nature. 2001 Apr 5;410(6829):698-701.  

 

Wu G, D'Agati V, Cai Y, Markowitz G, Park JH, Reynolds DM, Maeda Y, 

Le TC, Hou H Jr, Kucherlapati R, Edelmann W, Somlo S. Cell. 1998 Apr 

17;93(2):177-88.  

 

Yuasa T, Venugopal B, Weremowicz S, Morton CC, Guo L, Zhou J. 

Genomics. 2002 Mar;79(3):376-86. 

 

Yuasa T, Takakura A, Denker BM, Venugopal B, Zhou J. Genomics. 2004 

Jul;84(1):126-38. 

 

Zhang Y, Chou JH, Bradley J, Bargmann CI, Zinn K. Proc Natl Acad Sci U 

S A. 1997 Oct 28;94(22):12162-7.  

 

Zeki S, Shipp S.  Nature. 1988 Sep 22;335(6188):311-7.  
 

 




