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The loss of a sense is not life threatening, yet it can severely affect one's quality of life. The first and crucial step in sensory processing — the transduction of stimuli, such as odour, light and sound, into a cellular response — takes place in specialized cells that form an interface between our environments and our nervous systems. Each sense has evolved a transduction mechanism so finely tuned that it is able to discriminate between different stimuli with both speed and sensitivity.

The past few years have seen an explosion in the identification of molecules involved in the different transduction mechanisms. Indeed, this year heralds the tenth anniversary of the discovery of the first odour receptors. These receptors belong to a large family of G-protein-coupled receptors, which amplify signals via intracellular signalling cascades — a mechanism shared by several other senses including vision and taste.

The diversity of signals that our senses must encode is vast. It is remarkable therefore that evolution has repeatedly called upon two ion-channel families to impart such functional diversity. TRP channels were discovered in the fruitfly, where they are involved in the transduction of both light and touch. Another family member, VR1, has a direct role in mammalian detection of noxious heat. Similarly, DEG/ENaC family members are involved in senses ranging from touch in nematodes to mineral taste in mammals. Small wonder, then, that such molecular switches are being engineered for use in commercial biosensor devices.

We are pleased to acknowledge the financial support of NIH Institutes in producing this Insight. As always, Nature carries sole responsibility for all editorial content and peer review.
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The loss of a sense is not life threatening, yet it can severely affect one's quality of life. The first and crucial step in sensory processing — the transduction of stimuli, such as odour, light and sound, into a cellular response — takes place in specialized cells that form an interface between our environments and our nervous systems. Each sense has evolved a transduction mechanism so finely tuned that it is able to discriminate between different stimuli with both speed and sensitivity.

The past few years have seen an explosion in the identification of molecules involved in the different transduction mechanisms. Indeed, this year heralds the tenth anniversary of the discovery of the first odour receptors. These receptors belong to a large family of G-protein-coupled receptors, which amplify signals via intracellular signalling cascades — a mechanism shared by several other senses including vision and taste.

The diversity of signals that our senses must encode is vast. It is remarkable therefore that evolution has repeatedly called upon two ion-channel families to impart such functional diversity. TRP channels were discovered in the fruitfly, where they are involved in the transduction of both light and touch. Another family member, VR1, has a direct role in mammalian detection of noxious heat. Similarly, DEG/ENaC family members are involved in senses ranging from touch in nematodes to mineral taste in mammals. Small wonder, then, that such molecular switches are being engineered for use in commercial biosensor devices.
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Visual transduction in Drosophila 

ROGER C. HARDIE AND PADINJAT RAGHU 

Department of Anatomy, University of Cambridge, Downing Street, Cambridge CB2 3DY, UK
(e-mail: rch14@hermes.cam.ac.uk)
The brain's capacity to analyse and interpret information is limited ultimately by the input it receives. This sets a premium on information capacity of sensory receptors, which can be maximized by optimizing sensitivity, speed and reliability of response. Nowhere is selection pressure for information capacity stronger than in the visual system, where speed and sensitivity can mean the difference between life and death. Phototransduction in flies represents the fastest G-protein-signalling cascade known. Analysis in Drosophila has revealed many of the underlying molecular strategies, leading to the discovery and characterization of signalling molecules of widespread importance.

Phototransduction, the process by which light energy is converted into a photoreceptor's electrical response, has long been at the forefront of studies, not only of sensory transduction, but also cell signalling more generally. Pioneering studies in the 1970s and 80s unravelled the biochemical steps of excitation in vertebrate rods and, together with seminal studies of hormone-stimulated adenylate cyclase, led to the discovery and characterization of G-protein signalling1. These cascades, whereby heptahelical transmembrane receptors such as rhodopsin catalytically activate heterotrimeric G proteins, are widely found not only in many sensory receptors (see review in this issue by Firestein, pages 211–218), but also throughout the body, where they respond to all manner of chemical messengers, such as hormones, neurotransmitters, odorants and tastants.

Photoreceptor performance
One hallmark of such cascades is their capacity for amplification. Early psychophysical experiments indicating that photoreceptors were capable of responding to single photons2 were confirmed, first in invertebrates, and later in vertebrate rods, by electrophysiological recordings showing that quantized events (quantum bumps) could be recorded in response to absorption of single photons of light3, 4 (Fig. 1). Other functional attributes shared by vertebrate and invertebrate photoreceptors include low 'dark noise' (spontaneous thermal isomerizations of rhodopsin, which sets the ultimate limit on absolute sensitivity5); efficient mechanisms for response termination; the coding of intensity by graded potentials; and the ability to light adapt — that is, to reduce amplification as background intensity increases. But there are also differences that hint at a dichotomy in the underlying molecular machinery. First, vertebrate photoreceptors hyperpolarize, because the transduction channels close in response to light, whereas in most invertebrates the channels open, leading to depolarization. Second, in rods, the trade-off between amplification and response speed limits human temporal resolution to [image: image86.png]


10 Hz under dim conditions. But fly photoreceptors possess the fastest known G-protein-signalling pathways, responding around 10 times more quickly than mammalian rods and [image: image87.png]


100 times faster than toad rods recorded at similar temperatures (Fig. 1). Third, rods have only a limited ability to adapt, rapidly saturating as intensity increases; only the less sensitive cones can respond under daylight intensities. By contrast, despite their exquisite sensitivity to single photons, fly photoreceptors successfully light adapt over the entire environmental range, up to [image: image88.png]


106 effectively absorbed photons per second (Fig. 1)6-8.
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	Figure 1 Photoreceptor responses.   Full legend
 
High resolution image and legend (42k)


The phototransduction cascade in vertebrate rods is understood in unparalleled detail9, 10, and widely cited as the textbook example of G-protein signalling, but the molecular strategies underlying invertebrate phototransduction are still being deduced. We focus here on recent studies in the fruitfly Drosophila, highlighting the similarities and differences with the well-established scheme in vertebrates. Key to our understanding is Drosophila's unique genetic potential, which has been exploited to identify the elements of the cascade, while a powerful mix of molecular genetic and physiological analysis is providing insight into the molecular choreography by which these photoreceptors achieve their exceptional performance.

Photoreceptor ultrastructure
Vertebrate and invertebrate photoreceptors both sequester their transduction machinery in specialized subcellular compartments (Fig. 2). Their structure is dictated in the first instance by the need to maximize the amount of light-absorbing membrane. Vertebrate rods achieve this with stacks of membranous discs internalized in the rod outer segment, which is separated from the rest of the cell by a short ciliary stalk. By contrast, invertebrate photoreceptors have tightly packed microvilli, which together form a cylindrical rhabdomere (from the Greek rod). Like its vertebrate counterpart, this acts as a light- or waveguide, trapping axially directed light, and at the same time contains most of the molecules of the transduction cascade. Converging studies indicate that individual microvilli, each only 60 nm in diameter, may be semiautonomous units of excitation and adaptation7, 11, 12. Together with their molecular organization, this miniaturization may be the key to understanding the amplification, rapid kinetics and adaptational capacity of these remarkable receptors.
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	Figure 2 Photoreceptor structure.   Full legend
 
High resolution image and legend (84k)


The visual cycle
Phototransduction begins with the absorption of light by rhodopsin, triggering the 11-cis to all-trans photoisomerization of the chromophore (retinal or 2-dehydro-retinal in vertebrates, 3-hydroxy-retinal in flies13) and formation of the activated metarhodopsin state. In vertebrates, all-trans retinal subsequently dissociates and must be re-isomerized through a lengthy and time-consuming enzymatic pathway that dictates the time course of dark adaptation following bleaching illumination ([image: image91.png]


30 min for rods). Invertebrate metarhodopsin is usually thermostable, and can be directly re-isomerized back to rhodopsin by absorption of longer wavelength light. Fly eyes are red because the retinal screening pigments are transparent to long wavelengths: this represents a particularly economic strategy, allowing metarhodopsin to be constantly reconverted back to rhodopsin by ambient light filtering diffusely through the eye tissue14.

Invertebrates use the phosphoinositide pathway
In vertebrate rods, the heterotrimeric G protein transducin activates a phosphodiesterase (PDE) resulting in hydrolysis of guanosine 3',5'-cyclic monophosphate (cGMP) and closure of the transduction channels (Box 1). In Drosophila, as in most invertebrates, rhodopsin activates a distinct G-protein isoform, Gq, which activates, instead of PDE, a phospholipase C isoform (PLC[image: image92.png]


4, encoded by the norpA gene). This leads to opening of two classes of Ca2+-permeable light-sensitive channels: transient receptor potential (TRP) and TRP-like (TRPL) channels15-17. PLC is well known as the effector enzyme of the phosphoinositide pathway (Box 1), generating soluble inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and membrane-bound diacyl glycerol (DAG) from hydrolysis of the minor membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2). With numerous mutants in over 20 cloned genes, Drosophila phototransduction represents the best genetic model of this ubiquitous 'Ca2+-signalling' pathway among higher eukaryotes.

Evidence for a lipid messenger of excitation The essential role of PLC is undisputed, but the downstream events leading to gating of the transduction channels are controversial — a situation that will be familiar to those attempting to understand the analogous process of PLC-regulated Ca2+ influx in many other cells18. Release of Ca2+ from Ins(1,4,5)P3-sensitive stores is believed to be an essential step in photoreceptors of some invertebrates, such as Limulus19, but apparently not in Drosophila as phototransduction is unaffected in mutants of the only Ins(1,4,5)P3-receptor gene in the genome20, 21. This has redirected attention to membrane-delimited consequences of PLC activity, namely, generation of DAG or the reduction in PtdIns(4,5)P2 levels. DAG is best known as an activator of protein kinase C (PKC), but mutants in an eye-specific PKC have defects only in response inactivation and adaptation, leaving excitation unaffected22, 23. DAG also is a potential substrate for DAG lipase, leading to release of polyunsaturated fatty acids (PUFAs) such as arachidonic acid. Application of PUFAs activates TRP and TRPL channels in situ and recombinant TRPL channels can be activated by both PUFAs24 and by DAG itself25.

Independent evidence that DAG may be important in excitation comes from a blind retinal degeneration mutant, rdgA. The rdgA gene encodes DAG kinase (DGK)26, which controls DAG levels by converting it to phosphatidic acid. TRP channels are constitutively active in rdgA mutants and the resulting Ca2+ influx may trigger the degeneration, as this is rescued in rdgA;trp double mutants27. The response to light is restored in these double mutants, but deactivates abnormally slowly, which indicates that DGK is required for response termination. The deactivation defect and constitutive activity are consistent with a role for DAG in excitation. However, DGK is also involved in synthesis of PtdIns(4,5)P2 (Box 1), so that PtdIns(4,5)P2 levels and the kinetics of its recycling may also be impaired in rdgA mutants. PtdIns(4,5)P2 regulates the activity of a number of ion channels, including the Kir family of inward rectifiers28 and the TRP-related vanilloid receptor29. Recombinant TRPL-channel activity was recently reported to be suppressed by application of PtdIns(4,5)P2 (ref. 25), whereas PtdIns(4,5)P2 depletion was shown to be correlated with activation of the photoreceptor TRP channels in situ30. These findings indicate that reduction in PtdIns(4,5)P2 should be considered as a potential mechanism of channel gating.

Final resolution of the mechanism of excitation in Drosophila is likely to require identification and characterization of ligand-binding sites on the channel molecules, analysis of light-induced lipid metabolism, and identification and mutant analysis of any further genes products required for activation. For example, a mutation of a completely novel protein (INAF) has recently been shown to mimic aspects of the trp phenotype, suggesting it may be required for TRP activation31.

Possible phosphoinositide signalling in vertebrate rods Surprisingly, vertebrate photoreceptors also express a PLC[image: image93.png]


4 isoform, which is more closely related to Drosophila norpA than it is to other vertebrate PLC isoforms, perhaps indicative of a common ancestral photoreceptor in the distant evolutionary past32. Its function is unknown, but there are reports of light-induced phosphoinositide metabolism in rods, and PtdIns(4,5)P2 has recently been shown to inhibit the rod cyclic nucleotide-gated (CNG) channels and stimulate PDE33.

Response termination
In any transduction cascade it is essential that each component be efficiently inactivated. Failure to do so, for example in specific mutants, results in long-lasting responses, compromising temporal resolution34. A common theme in G-protein signalling is that the receptor is inactivated by binding to arrestin (Box 1). In vertebrate rods, metarhodopsin must also first be multiply phosphorylated by rhodopsin kinase, and elimination of the responsible serine residues has shown these are required for reliable and rapid deactivation35, 36. The carboxy terminal of Drosophila metarhodopsin is similarly phosphorylated, but the function is obscure as mutants lacking the phosphorylation sites show normal response kinetics37; arrestin binding is, however, essential to quench metarhodopsin activity38, 39. Activity of G protein and effector enzyme is terminated by the GTPase activity of the G protein. But the intrinsic GTPase activity is too slow to account for the rapid response termination, and it is now clear that binding to the effector enzyme itself (PDE in rods, PLC in flies) is required to accelerate GTP hydrolysis40. This requirement has an elegant logic in that the G protein will not be inactivated until it has first encountered and activated its downstream effector. In vertebrate rods, additional binding of a specific GTPase-activating protein (GAP), regulator of G-protein signalling 9 (RGS9; complexed with G[image: image94.png]


5), is also required41. Whether RGS proteins have similar roles in Drosophila photoreceptors is unknown. The final inactivation step involves the channels: in vertebrates these must be re-opened by synthesis of cGMP by particulate guanylate cyclase. Control of this enzyme by Ca2+-dependent feedback acting through a small Ca2+-binding protein, guanylate cyclase activating protein (GCAP), is one of the main mechanisms of light adaptation10.

Transduction channels
The transduction channels have a central role in both vertebrates and invertebrates. In addition to mediating the electrical response, they are highly permeable to Ca2+, which is a key mediator of response termination and adaptation. When first cloned, these channels were found to define new classes of ion channel and their detailed analysis have provided essential clues to the mechanism of transduction.

Vertebrate CNG channels The discovery that the transduction channels of vertebrate rods were gated by cGMP in inside-out patches was the clinching argument in the long-running debate over the identity of the second messenger in vertebrate phototransduction42. When cloned, the [image: image95.png]


-subunit of the rod CNG channel defined a new family, with six mammalian isoforms, within the superfamily of voltage-gated ion channels possessing six transmembrane domains and a cGMP-binding site43. Related CNG channels are found in a variety of neuronal and non-neuronal tissue, including distinct isoforms in cones and the transduction channels in olfactory receptors (see review in this issue by Firestein, pages 211–218). The native rod channel is a heteromultimer with a [image: image96.png]


-subunit, notable for a glutamate acid-rich protein (GARP) sequence in the cytoplasmic tail and a calmodulin (CaM)-binding domain responsible for modulating the affinity of the channel for cGMP during light adaptation44.

An unusual property of the photoreceptor CNG channels is a tiny single-channel conductance ([image: image97.png]


100 fS), due to a voltage-dependent divalent ion block. This may improve signal-to-noise ratio by allowing a much larger number of channels ([image: image98.png]


10,000) to be simultaneously active than would otherwise be possible45. But perhaps the most significant functional property of the CNG channels is their high Ca2+ permeability. Ca2+ levels in rods and cones are controlled dynamically by the balance between Ca2+ influx through the CNG channels and Ca2+ extrusion by the Na+/Ca2+/K+ exchanger. As the channels close in response to light, Ca2+ continues to be extruded and the resulting reduction is the essential feedback signal facilitating response termination and mediating light adaptation10, 46 (Box 1).

Drosophila TRP channels In contrast to vertebrate rods, which contain only one functional class of transduction channel, Drosophila photoreceptors express at least two distinct channels encoded by up to three genes. The trp gene is required for the main component of the light-sensitive conductance, which, in vivo, has a high Ca2+ selectivity (PCa:PNa > 100:1)47-49. A second conductance is mediated by a non-selective cation channel encoded by a homologous gene, trpl17, 50, possibly in heteromultimeric combination with a third recently discovered homologue, trp-[image: image99.png]


51. The predicted sequences of trp, trpl and trp-[image: image100.png]


 have six transmembrane [image: image101.png]


-helices, representing putative subunits of multimeric channels, and define a new class of channel, again within the same superfamily of voltage-gated and CNG channels. The extended TRP family (Box 2) includes an eclectic collection of ion channels. Those most closely related to Drosophila TRP also seem to be activated by PLC pathways; others include several other candidate sensory-transduction channels (see refs 52, 53, and reviews in this issue by Julius and Basbaum, pages 203–210, Gillespie and Walker, pages 194–202, and Firestein, pages 211–218).

Although only distantly related, some intriguing functional similarities between Drosophila TRP and rod CNG channels may reflect convergent roles in phototransduction. TRP channels are highly Ca2+ permeable, and Ca2+ influx via TRP channels mediates amplification, rapid response termination and light adaptation through multiple feedback targets34, 54. The Ca2+ influx has also been implicated recently in regulating PtdIns(4,5)P2 metabolism by inhibiting PLC and facilitating PtdIns(4,5)P2 recycling30. As in CNG channels, TRP and TRPL harbour one and two CaM-binding sites, respectively; at least in TRPL, these seem to be involved in Ca2+-dependent inactivation of the channel55. Like CNG channels, TRP is also subject to a voltage-dependent divalent ion block, but with a subtly different functional outcome: the block intensifies as the cell depolarizes over the physiological range of voltages (-70 to 0 mV) and would seem to represent an elegant and economic mechanism for reducing gain during light adaptation56.

Diffusion versus signalling complexes
Amplification in vertebrate rods is believed to rely upon sequential, stochastic diffusional encounters. Rhodopsin first activates several hundred transducin molecules during a random walk in the disc membrane; activated transducin [image: image102.png]


-subunits then immediately start binding to and activating PDE molecules, again by diffusional encounters. The catalytic power of PDE is among the highest known of any enzyme, and is effectively limited only by the diffusional access of cGMP57. The high density of rhodopsin in the disc membrane (essential to maximize absorption of light) actually hinders its own diffusion. Correspondingly, when rhodopsin concentration is halved in hemizygote Rh-/+-knockout mice, the kinetics of both excitation and deactivation are accelerated about twofold, in agreement with the predicted enhanced mobility of the more sparsely distributed rhodopsin58.

The diffusional model has been an influential concept of intracellular signalling. But just how general is the concept of randomly interacting proteins as a principle of signal transduction? Increasing evidence indicates that receptors, enzymes and channels may, instead, often be organized into multimolecular signalling complexes59. By assembling elements in specific subcellular localizations, these could promote speed, specificity and reproducibility of response. Such complexes are often organized around 'scaffolding' proteins containing one or more 'PDZ' domains. Named after PSD-95 (postsynaptic density protein), Drosophila discs large (dlg), and the tight-junction protein ZO-1, PDZ domains are protein modules of about 90 amino acids that bind to a variety of target proteins by means of specific target sequences, such as an S/T-X-V/I motif in the final three amino acids of the C terminus60.

The INAD complex Several key elements of the Drosophila phototransduction cascade are now thought to be assembled into a multimolecular complex by a scaffolding protein, INAD, with a total of five PDZ domains (Fig. 3). Analysis of this complex, dubbed 'transducisome'61 or 'signalplex'62, provides the best example of how a PDZ-domain protein organizes a complex signalling cascade. Three key components of the cascade — the TRP channel, PLC and an eye-specific PKC required for response termination and light adaptation — form the core of a macromolecular complex by binding to individual PDZ domains on INAD61, 63, 64. INAD is required for the correct microvillar localization of all these components. PKC and PLC require INAD for correct targeting and seem to be pre-assembled with it before being transported to the rhabdomere65. By contrast, TRP and INAD are initially correctly targeted to the microvilli in each other's absence, but become delocalized with age, indicating a reciprocal requirement for long-term retention64, 65. As the only transmembrane protein in the complex, TRP may be required for anchoring to the membrane. Importantly, INAD probably also determines the stoichiometry of the transduction machinery, as quantitative western-blot analysis indicates that PKC, PLC, INAD and TRP are expressed in approximately equal numbers63 (Table 1).
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	Figure 3 The INAD signalling complex.   Full legend
 
High resolution image and legend (52k)


Four further elements, namely the second transduction channel TRPL, CaM, rhodopsin and the NINAC protein (a myosin III potentially linking the complex to the cytoskeleton), also bind to INAD, although none of these proteins seem to require interaction with INAD for microvillar localization66, 67. Finally, INAD multimerizes in vitro through homophilic PDZ interactions; together with the TRP protein, which also forms multimers, this might give rise to an extended web of INAD complexes ('signalplex')66.

What is the significance of this complex molecular architecture? INAD seems essential for correct microvillar localization and probably the stoichiometric relation of transduction molecules. But it is unclear whether this alone is sufficient for normal transduction or whether specific protein–protein interactions within the complex are also crucial. With respect to TRP, presence of the channels alone may be sufficient, as young flies expressing a mutant TRP construct incapable of binding to INAD show no obvious response defects, developing a phenotype only when the TRP protein becomes delocalized with age64.

There are some indications that INAD's role might be more direct and possibly more dynamic than simply being required for appropriate subcellular localization. First, INAD has more reported protein partners than PDZ domains67, raising the possibility of dynamic competition for binding sites. Second, PLC is reported to bind to two different PDZ domains on INAD by distinct binding sites, one of which overlaps with the G-protein-binding domain, raising the possibility that PLC activation may be regulated by the PDZ interaction68. Third, both TRP and INAD can be phosphorylated by PKC, another integral member of the complex. Clearly, direct juxtaposition of kinase and substrate is likely to promote rapid and efficient phosphorylation, and also raises the possibility that PDZ–target interactions could be regulated by phosphorylation69, 70.

Signalling complexes in vertebrate photoreceptors Although diffusional encounters probably underlie the rate-limiting steps of activation and inactivation in vertebrate phototransduction58, recent studies have indicated that multimolecular complexes may also be important. First, the active state of PDE, itself bound in a complex with Gt[image: image104.png]


, is deactivated by binding to another complex comprising RGS9 and G[image: image105.png]


5, which together with the PDE [image: image106.png]


-subunit confer the necessary GAP activity for GTP hydrolysis71. Second, the rod CNG channels seem to be part of a complex including the Na+/Ca2+/K+ exchanger, which binds to the CNG [image: image107.png]


-subunit72, and the disc-rim protein, peripherin, which associates with the GARP domain of the CNG [image: image108.png]


-subunit (R. S. Molday, personal communication). Soluble GARP proteins may also be part of the complex, and have been reported to associate with the light-activated state of PDE, the interaction causing up to fivefold inhibition of PDE73. Possible roles for this complex, which is found only in rods but not in cones, include spatial localization of Ca2+ transients, anchoring and spacing of the discs, and downregulation of cGMP turnover during daylight when rod function is saturated.

A molecular strategy for transduction in Drosophila
How does the molecular and cellular organization of the Drosophila photoreceptor achieve the impressive combination of amplification, rapid response kinetics and adaptational capacity, which sets it apart from the vertebrate rod? Analysis of quantum bumps suggests a fundamentally different strategy. In rods, bumps arise with almost negligible latency but a relatively slow rise time, which can be accurately modelled by a diffusion-limited amplification scheme74. By contrast, in Drosophila there is a finite, although variable latency, following which the bump rises and falls abruptly (Fig. 1). Several lines of evidence indicate that this reflects a mechanism more akin to an action potential, involving a threshold, positive and negative feedback by Ca2+, and a refractory period75. A key finding is that in mutants where PLC levels are reduced, bump latency can be increased markedly (to [image: image109.png]


1 min), whereas bump amplitude is unaffected76, 77. This implies that all amplification is mediated downstream of PLC, that latency is determined by events up to and including PLC, and that a single G protein and PLC may be sufficient to generate a bump. Although not absolutely essential for the following model (Fig. 4), we also assume that excitation is restricted to one microvillus.
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	Figure 4 A model of bump generation in Drosophila.   Full legend
 
High resolution image and legend (171k)


Latency Bump latency, which can be as short as 20 ms, represents the time taken to activate PLC and generate a sufficient quantity of second messenger to activate the first channel. In contrast to rods, rhodopsin in microvillar photoreceptors is essentially non-diffusible. Because INAD complexes are also likely to have restricted mobility, it seems that Gq[image: image111.png]


, which forms transient interactions with the complex by binding to PLC78, must act as a diffusible shuttle between rhodopsin and the complexes78, 79. Factors that promote a short latency probably include: (1) the need to activate at most a few G proteins, which, together with the high concentration of rhodopsin and PLC in the microvillus, minimizes diffusional delays; (2) the close proximity of channels to PLC; and (3) a high enzymatic activity of PLC30.

Ca2+ mediates positive feedback Threshold is reached when the first channels start to open, resulting in Ca2+ influx into the microvillus. Because of its restricted volume, Ca2+ rises almost instantaneously throughout the microvillus, initiating rapid positive and negative feedback. Within 10–20 ms of the first channel opening, activation is maximal with [image: image112.png]


15 TRP channels open at the peak of the bump12. This may represent activation of most of the channels in the microvillus — in essence a regenerative 'all-or-none' event. Positive feedback is a unique feature of invertebrate phototransduction, and is evident from the profound (tenfold) reduction in bump amplitude in the absence of external Ca2+ (ref. 12).

Termination and refractory period The microvillus is now flooded with Ca2+ in excess of 200 [image: image113.png]


M (ref. 80). This results in rapid, complete Ca2+-dependent inactivation of the channels. PKC, which is activated by Ca2+ and DAG, has been implicated in this behaviour, as quantum bumps in mutants lacking PKC show severe defects in termination23. Perhaps the close proximity of TRP and PKC within the INAD complex allows rapid phosphorylation of the channel, making it amenable to Ca2+-dependent inactivation. It seems likely that the exceptionally high Ca2+ levels also render the microvillus temporarily refractory to further stimulation, until after Ca2+ is removed — within [image: image114.png]


100 ms in the dark and more quickly when light adapted80. A particular advantage of such a refractory period may be to allow the 'off' kinetics to be determined by the rapid Ca2+-dependent inactivation. Potentially slower biochemical events (such as arrestin binding, GTPase activity and PtdIns(4,5)P2 resynthesis) need not then be rate limiting as long as they are completed within the refractory period. Support for a refractory period comes from paired flash experiments11 and observation of quantum bumps in mutants where rhodopsin fails to inactivate. In vertebrates, bumps in such mutants simply fail to terminate and last for several seconds35. But in Drosophila mutants, a single photon absorption induces a train of normal shaped bumps separated by [image: image115.png]


100–200 ms (ref. 55), presumably representing the refractory period.

From single quanta to sunlight How can Drosophila photoreceptors respond over the wide range of environmental intensities? The answer may lie in the localization of excitation to single microvilli and the short refractory period. Even during light adaptation, noise analysis indicates that the response can be accounted for largely by the linear summation of bumps; these become smaller and faster with increasing background adaptation, owing to negative feedback from raised steady-state Ca2+ levels6, 8, 81. With [image: image116.png]


30,000 microvilli, each of which can be recycled at least every 100 ms, this should allow the photoreceptors to handle photon fluxes in excess of 300,000 s-1, as observed experimentally7, 8. If this is not enough, flies possess one additional adaptation. In every photoreceptor there are tiny pigment granules, [image: image117.png]


0.2 [image: image118.png]


m in diameter; in response to the light-induced rise in Ca2+ they migrate towards the base of the rhabdomere82 where they attenuate the light flux by up to two orders of magnitude, preventing saturation under even the brightest daylight intensities7, 83.

Conclusions and perspectives
An important challenge of the postgenomic era is to understand how defined molecular components interact to generate a physiological output. The precision with which stimuli can be controlled, and responses measured, has always made photoreceptors preferred systems for pursuit of this goal. Indeed, excitation kinetics in vertebrate rods were modelled successfully from the properties of identified molecular components some 10 years ago84. But before such a quantitative account can be attempted for phototransduction in Drosophila, outstanding questions still need to be addressed. The most urgent is the mechanism of activation of the transduction channels. The final response of the cell is orchestrated by rapid and complex Ca2+-dependent feedback within the context of the supramolecular organization coordinated by INAD molecules. Even though this is the best example of such an organized signalling cascade, the detailed architecture and functional significance of these complexes, as well as the molecular mechanisms of Ca2+-feedback regulation, still remain controversial.

How many genes are required to mediate phototransduction? Most of the genes known to be important in Drosophila were isolated by screening for viable mutants, so that any lethal mutations may have been overlooked. In addition, it has been estimated that two-thirds of all genes in Drosophila when mutated will have no phenotype85. With the recent completion of the Drosophila genome project and the development of a new generation of functional genomic tools, the prospect of identifying these remaining molecules is greatly improved. Together with the unique experimental accessibility of the retina, this should guarantee many exciting findings in the coming years, not only in phototransduction, but also in the cell biology of calcium signalling, lipid messengers and neuronal degeneration.
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Figure 1 Photoreceptor responses. The physiological analysis of phototransduction in Drosophila was revolutionized 10 years ago by the development of a preparation allowing whole-cell patch-clamp analysis of the light-sensitive current86, 87. a, Voltage-clamped responses to brief, dim light flashes containing on average less than a single effective photon elicit discrete quantized inward currents, known as quantum bumps. b, With longer-duration (1 s) flashes of increasing intensity, the bumps fuse to form a noisy inward current. At higher intensities, light adaptation is manifested as a rapid transition from a peak, which can reach values in excess of 20 nA, to a steady-state plateau of [image: image128.png]


500 pA. c, Comparison of quantum-bump kinetics in toad rod outer segments (data from ref. 88, courtesy T. D. Lamb) and Drosophila recorded at 21 °C (note the different timescales).
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Figure 2 Photoreceptor structure. In Drosophila, as in most invertebrate photoreceptors, the photoreceptive membrane is organized into tightly packed, tubular microvilli, each 1–2 [image: image130.png]


m long and [image: image131.png]


60 nm in diameter, together forming a 100-[image: image132.png]


m-long rhabdomere. At the base of the microvilli a system of submicrovillar cisternae (SMC) have often been presumed to represent smooth endoplasmic reticulum Ca2+ stores endowed with Ins(1,4,5)P3 receptors. However, the SMC may have a more important role in phosphoinositide turnover. Vertebrate rod outer segments (ROS) contain stacks of membranous discs ([image: image133.png]


1,000) and are connected to the cell body by a narrow cilium. In both cases the overall structure serves to maximize absorption of light by forming a cylindrical light-guiding structure with a high density of rhodopsin-containing membrane. Inset shows electron micrograph of one rhabdomere (courtesy of A. Polyanovsky; scale bar, 1 [image: image134.png]


m).
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Figure 3 The INAD signalling complex. The INAD protein contains five PDZ domains (1–5) joined by short linker regions. Each PDZ domain associates preferentially with different targets61, 63, 66, 89, 90. The precise composition of the native complex is uncertain, as some PDZ domains are reported to bind at least two different targets. There are also several possibilities for multimerization, for example by homophilic interactions between INAD (PDZ domains 3 and 4)66, or by involvement of up to four TRP subunits and linkage of two INAD molecules via PLC[image: image136.png]


, which binds both PDZ1 and PDZ568. In the model shown here, two INAD complexes are shown bound both by two TRP subunits and by their PDZ3 domains, whereas PLC[image: image137.png]


 is shown linking PDZ1 and PDZ5 of the same INAD molecule. Calmodulin (CaM) binds to the linker region between PDZ1 and PDZ266. The Gq [image: image138.png]


-subunit acts as a diffusible shuttle between activated rhodopsin and the complex.
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Figure 4 A model of bump generation in Drosophila. a, Approximately 20 ms after absorption of a photon, metarhodopsin (M) has activated at least one G protein, which in turn has activated PLC, generating a membrane-delimited second messenger (this could be DAG, PUFA or reduction in PtdIns(4,5)P2) indicated in red. Threshold for activation of one channel is reached, whereas channels further from PLC 'see' only subthreshold amounts. b, But Ca2+ influx rapidly raises [Ca2+] in the microvillus, and sensitizes the remaining channels, possibly by increasing affinity for the putative second messenger; this positive feedback generates the abrupt rising phase of the bump. c, Ca2+ floods the whole microvillus (>200 [image: image140.png]


M), leading to rapid inactivation and a refractory period. d, Ca2+ is returned to resting levels ([image: image141.png]


150 nM) within [image: image142.png]


100 ms. M, G[image: image143.png]


 and PLC are deactivated and PtdIns(4,5)P2 resynthesized during this refractory period. See text for further details.

Box 1 Phototransduction in cascades in vertebrate rods and Drosophila
[image: image144.jpg]



The encircled numbers in the figure above refer to the following steps in the transduction cascades. (1) Photoisomerization. Rhodopsin (R) is photoisomerized to metarhodopsin (M). Drosophila M is thermostable, and can be reconverted to R by long-wavelength light; vertebrate M releases the bound chromophore (all-trans retinal). (2) GTP/GDP exchange. M catalyses exchange of GDP for GTP on the heterotrimeric G protein (transducin in rods, Gq in Drosophila); active GTP-bound [image: image145.png]


-subunit dissociates. (3) Activation. G[image: image146.png]


 binds to and activates the effector enzyme (PDE in rods, PLC in Drosophila). In vertebrates, PDE hydrolyses cGMP to 5'-GMP, leading to closure of CNG channels. In Drosophila, PLC hydrolyses PtdIns(4,5)P2 (PIP2) to DAG and Ins(1,4,5)P3. DAG is also a potential substrate for DAG lipase, leading to the release of PUFAs. Two classes of channel (TRP and TRPL) are activated by an unknown mechanism.(4) Substrate resynthesis. In vertebrates, cGMP is resynthesized by guanylate cyclase (GC) and GC-activating protein (GCAP), which is inhibited by Ca2+. In Drosophila, DAG is converted to phosphatidic acid (PA) by DAG kinase (DGK). PA is converted to PtdIns(4,5)P2 by a multienzymatic pathway. (5) Metarhodopsin inactivation. M is phosphorylated by rhodopsin kinase (RK) and capped by arrestin. RK is inhibited by recoverin in presence of Ca2+ (vertebrates only). (6) Inactivation of G protein and effector. Effector enzyme and G[image: image147.png]


 are inactivated by the GTPase activity of the G protein, leading to reassociation with G[image: image148.png]
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. Accelerated by the GAP activity of RGS9/G[image: image150.png]


5 and PDE (rods) and PLC (Drosophila).

	Box 2 TRP channels
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TRP-related ion channels are one of the most recently discovered ion-channel families with [image: image152.png]


20 mammalian isoforms. Many are involved in sensory transduction not only in vision, but also in olfaction, pain, and mechano- and osmosensation (see reviews in this issue by Gillespie and Walker, Julius and Basbaum, and Firestein). More generally, they are responsible for a wide range of Ca2+- and cation-influx pathways. TRP-related ion channels are divided into at least three subfamilies — TRPC (formerly STRP), TRPV (or OTRP) and TRPM (or LTRP)52, 53; see figure above. The basic topology of TRPs, usually with six transmembrane domains (S1–6), is typical of the superfamily of voltage-gated and CNG channels. By analogy with voltage-gated K+ channels and CNG channels, TRPs are presumed to form subunits of tetrameric channels. The most conserved features of the TRP family include the N terminus, which contains multiple ankyrin repeats (absent in TRPMs), and a [image: image153.png]


50-residue 'TRP domain' followed by a proline-rich domain (P) just after the last transmembrane helix. Several TRPCs, including dTRP90, dTRPL92 and TRPC393, and at least one TRPV (CaT-L)94 contain one or more CaM-binding sites (CBS) in the C terminus, which have been implicated in Ca2+-dependent inactivation. In general, however, the C-terminal regions show little sequence similarity, consistent with the functional diversity of the family.
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Mechanotransduction — a cell's conversion of a mechanical stimulus into an electrical signal — reveals vital features of an organism's environment. From hair cells and skin mechanoreceptors in vertebrates, to bristle receptors in flies and touch receptors in worms, mechanically sensitive cells are essential in the life of an organism. The scarcity of these cells and the uniqueness of their transduction mechanisms have conspired to slow molecular characterization of the ensembles that carry out mechanotransduction. But recent progress in both invertebrates and vertebrates is beginning to reveal the identities of proteins essential for transduction.

Mechanical forces impinge on us from all directions, transmitting valuable information about the external environment. Mechanosensory cells transduce these mechanical forces and transmit this sensory information to the brain. Hearing, touch, sense of acceleration — each informs us about what is nearby and how we are moving relative to our surroundings. An organism detects sensory information with a variety of cells that respond to force. Although different structurally, hair cells within our ear, cutaneous mechanoreceptors of our skin, and invertebrate mechanoreceptors share many mechanistic features; whether mutual molecular mechanisms underlie these similar transduction mechanisms remains to be determined. Here we review mechanisms of mechanosensory transduction by invertebrates and vertebrates, highlighting the increasing molecular understanding of transduction in each system.

General features of mechanotransduction
As with most sensory systems, mechanosensory cells place a premium on speed and sensitivity. A common theme is for mechanical forces to be directed to specific ion channels, which can open rapidly and amplify the signal by permitting entry of large numbers of ions. Mechanical forces can also affect intracellular events in cells — such as gene transcription — directly through the cell surface and cytoskeleton, although such mechanisms typically are not used for rapid sensory transduction.

Speed requires that mechanical forces be funnelled directly to transduction channels, without intervening second messengers. Sensitivity requires that the maximal amount of stimulus energy be directed to the transduction channel. A general model — borrowed from worm touch receptors1, 2 and hair cells3 — that applies to many mechanosensory transduction systems is illustrated in Fig. 1; its key feature is a transduction channel that detects deflection of an external structure relative to an internal structure, such as the cytoskeleton. Such a deflection could take the form of deformation of the skin, oscillation of a hair cell's hair bundle, or vibration of a fly's bristle. Deflection changes tension in all elements of the system, and the transduction channel responds by changing its open probability.
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	Figure 1 General features of mechanosensory transduction.   Full legend
 
High resolution image and legend (57k)


This general mechanism also explains other features that are common to mechanosensory cells, such as adaptation. Vestibular hair cells, for example, must reject the constant 1-g gravitational force to detect stimuli one-millionth that size4. During adaptation to a sustained stimulus, where there is a constant relationship between external and internal structures, tension applied to the transduction channel declines through a readjustment of the machinery. Adaptation could occur through deformation of the external coupling structure, lengthening of the external or internal anchors, slipping of the internal anchor relative to the cytoskeleton, or changes within the channel itself. Appropriately, all of these structures and interactions are amenable to molecular characterization.

Invertebrate mechanoreceptor models
Interesting in their own right, invertebrate mechanoreceptors have also attracted considerable attention because they can be readily approached with genetics. The two most utilized invertebrate models — the nematode Caenorhabditis elegans and fruitfly Drosophila melanogaster — have yielded candidate transduction channels, as well as possible accessory molecules.

Other kingdoms possess mechanoreceptors too. Although not a mechanosensory transduction channel in the sense we discuss here, the cloned and reconstituted MscL channel of Escherichia coli responds unequivocally to membrane tension in the absence of other proteins5. The discovery of these channels in archaebacteria6 highlights the ancient nature of mechanotransduction and its critical role in all cells. Although no MscL homologues have been identified in eukaryotes, the ability to determine the functional consequences of structural perturbations should permit an unparalleled view of a mechanically gated channel.

Touch mechanotransduction in C. elegans A simple and ingenious genetic screen identified C. elegans mutants (mec mutants) that were defective in mechanosensation7, 8. Mutant worms that responded inappropriately or not at all to the simple touch of an eyelash were selected and most of the responsible genes have been identified. Although some of the gene products participate in development of the six mechanosensory touch neurons in the worm9, 10, most of the gene products seem to constitute a transduction machinery (Fig. 2). The identities and interactions of cloned mutant genes suggest a mechanoreceptive complex, with a mechanically sensitive ion channel connected to both intracellular cytoskeletal components and extracellular matrix proteins (including the mantle surmounting the touch-receptor process) to form a transduction apparatus (reviewed in refs 1, 2).
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	Figure 2 C. elegans touch-receptor structure and transduction model.   Full legend
 
High resolution image and legend (70k)


Consistent with the general model for a mechanotransduction apparatus (Fig. 1), which requires an intra- and extracellularly tethered channel, several of the mec genes encode components of the cytoskeleton, the extracellular matrix, or the links to them (Fig. 2). The genes mec-7 and mec-12 encode [image: image156.png]


- and [image: image157.png]


-tubulins11, 12, which constitute the 15-protofilament microtubules in sensory dendrites of touch neurons. Perhaps serving as a linker between these microtubules and a transduction channel, the MEC-2 protein is expressed exclusively by touch-receptor neurons and shows homology to stomatin, an integral membrane protein found in many cell types, which associates with the cytoskeleton and is involved in ionic homeostasis of the cell13. MEC-5 is a specialized collagen-like molecule secreted by the hypodermal cells that surround the receptor process and may be an extracellular anchor for the transduction apparatus14. The multidomain MEC-9 protein is expressed and secreted by the sensory neurons14 and interacts genetically with MEC-5 and the proposed transduction channel MEC-4 (ref. 15), suggesting that they function together as part of the extracellular linkages of the transduction machinery.

Transduction by DEG/ENaCs The most intriguing set of genes to come from the screens for mec mutants were the degenerins (DEGs), which encode ion channels related to vertebrate epithelial sodium channels (ENaCs) responsible for Na+ adsorption (reviewed in ref. 16; see Box 1). Most mutations in the C. elegans DEG genes mec-4 and mec-10 render the animal insensitive to light touch, whereas dominant gain-of-function mutations in mec-4 and mec-10, as well as unc-8 and deg-1, cause degeneration of the touch neurons (hence the familial name), probably by causing the channels to be open constantly17. Because of their critical role in the touch-receptor neurons, DEGs have been proposed to act as mechanosensory transduction channels or subunits thereof18. Attempts to elicit mechanically induced currents from heterologous cells expressing these channels have been unsuccessful19, although suction-induced currents have been observed in patches containing the related vertebrate ENaC [image: image158.png]


-subunit20. It is possible that DEGs might require specific interactions with both intracellular and extracellular tethers and even other channel subunits for mechanical gating. Confirmation of these molecules as transduction channels, however, awaits electrophysiological recording of receptor currents from mutant touch neurons.

Given the importance of DEG/ENaC family members in C. elegans mechanoreceptors, a role for these channels in the mechanical senses of other organisms seems likely. For example, there are at least 14 members of DEG/ENaC gene family in the fly genome, two of which, ripped pocket (rpk) and pickpocket (ppk), have been characterized21. There are currently no described mutants in either rpk or ppk with which to evaluate the role of these channels in the fly, although restricted expression of PPK to mechanosensory neurons is suggestive of a role in mechanosensation.

Vertebrates also have a large complement of DEG/ENaC channels (Box 1); the human genome encodes at least a dozen such genes. More recent research on these channels has implicated them in various mechanosensory modalities. For example, the [image: image159.png]


-subunit of ENaC is present in sensory endings of baroreceptors, the mechanosensory neurons that sense blood pressure22, and mechanically stimulated baroreceptor activity is blocked by benzamil, an amiloride analogue that also blocks ENaCs22. Another member of the DEG/ENaC superfamily, brain sodium channel 1[image: image160.png]


 (BNC1[image: image161.png]


), a splice variant of BNC1, is expressed in dorsal root ganglia and transported to a number of cutaneous mechanosensory terminals23. BNC1[image: image162.png]


 is found in most identified cutaneous mechanoreceptors, and not in endings specialized for other sensory modalities, indicating a particular role in touch.

To evaluate the role of BNC1 in touch sensation, mechanoreceptor responses were examined in mice whose BNC1 gene had been deleted24. In homozygous mutant mice, rapidly adapting neurons fired only about half the number of action potentials as wild-type mice in response to a 20-[image: image163.png]


m stimulus. Furthermore, slowly adapting neurons from BNC1-null mutants showed a modest decrease in sensitivity. One might expect that deleting a transduction channel or one of its subunits from the transduction complex might produce a more profound phenotype — BNC1-null neurons still responded to stimuli and there were no obvious behavioural deficits — but other members of this family may have compensated for the loss of BNC1. Indeed, the [image: image164.png]


- and [image: image165.png]


-Subunits of ENaC have been recently localized to mechanoreceptor terminals in the skin25, 26. Unfortunately, mice bearing targeted disruptions of these two genes die of defects in electrolyte metabolism within a few days of birth (reviewed in ref. 27), making analysis of their mechanoreceptor function difficult.

Drosophila mechanotransduction When Kernan and colleagues screened for mechanosensory mutants in fruitflies using an adaptation of the C. elegans screen28, they put Drosophila on the mechanosensory map. Renowned and increasingly powerful genetic tools coupled with the ability to record mechanosensory receptor potentials and currents from bristles make Drosophila a consummate model system for dissecting mechanosensation. The fly mechanosensory system comprises two sets of mechanoreceptors. Type I sensory organs have one to three sensory neurons, each with a single ciliated sensory dendrite, supported by accessory cells (Fig. 3), whereas type II mechanoreceptor neurons have multiple nonciliated dendrites and no accessory cells. Type I mechanoreceptors include bristle mechanoreceptors, chordotonal organs such as the Johnston's organ (the fly's antennal hearing apparatus) and campaniform sensilla, which are featured prominently in halteres, the club-shaped mechanoreceptive structures that relay information about wing beat. Because the large bristles are hollow and contain a conductive high-K+ endolymph (similar to the endolymph of vertebrate hearing and vestibular organs) that also bathes the apical surface of the sensory epithelium, electrical access to the tiny sensory dendrite can be gained by snipping the bristle and placing a recording (and stimulation) electrode over its cut end28, 29. It is possible to clamp the potential across this sensory epithelium and record mechanically gated transduction currents29.
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	Figure 3 Drosophila bristle-receptor model.   Full legend
 
High resolution image and legend (65k)


To test whether the larval mutants identified by the behavioural screen were defective in the transduction pathway, mechanoreceptor potentials were recorded from mutant adult sensory bristles and compared with those from the bristles of wild-type flies. A number of the larval touch-insensitive mutants developed into profoundly uncoordinated adults and showed either a reduced mechanoreceptor potential (remp mutants) or no mechanoreceptor potential (nomp mutants) at all. Evolution has apparently conserved the transduction mechanism of various mechanosensory modalities in flies, as almost all of the uncoordinated mutants identified in this screen are also deaf30.

So far, only two of the mutant genes have been identified molecularly, nompA31 and nompC29. Like the results from the C. elegans screen, the screen from flies has produced an extracellular-matrix protein and an ion channel (Fig. 3). The mechanosensory gene nompA encodes a modular protein, secreted by the supporting cells and localized to the extracellular dendritic cap-like structures of type I mechanoreceptors and some chemoreceptors. NompA probably serves as an extracellular mechanical link between the sensory dendrites of type I mechanoreceptors and their associated cuticular structures. It shows similarity to a number of proteins, including the tectorins32, extracellular molecules that transmit mechanical stimuli to mechanoreceptive hair cells in the vertebrate auditory system.

The potency of coupling electrophysiology with traditional Drosophila genetics was demonstrated in the cloning of the mechanosensory gene nompC29. Although three alleles of nompC were severely uncoordinated and showed near-complete abrogation of transduction current, a fourth allele had near wild-type amplitude of response, but noticeably faster adaptation than controls. This indicated that the NompC protein would be intimately involved with the transduction and adaptation process.

The Drosophila nompC gene and a closely related C. elegans homologue encode a new and unusual member of the transient receptor potential (TRP) family of ion channels (see review in this issue by Hardie and Raghu, pages 186–193). The predicted protein of 1,619 amino acids can be divided into two regions: first, an unusual [image: image167.png]


1,150-amino-acid amino terminus composed of 29 ankyrin repeats, and second, a carboxy-terminal segment with six transmembrane domains, a predicted pore loop, and sequence similarity to TRP channels. Ankyrin repeats are 33-residue motifs with a conserved backbone and variable residues that mediate specific protein–protein interactions33. Ankyrin repeats are found in numerous proteins of widely varying functions and subcellular locations34. Other members of the TRP channel family have between one and four ankyrin repeats of unknown function; that NompC bears 29 such domains suggests that it interacts either very strongly with a small number of partners or less avidly with many molecules.

Several lines of evidence led to the conclusion that NompC serves as a mechanosensory transduction channel. (1) NompC shows similarity with other sensory transduction channels in its primary sequence. (2) Loss-of-function nompC mutants show loss of almost all transduction current, whereas a point mutation in NompC changes the adaptation profile of the transduction current. (3) The Drosophila nompC gene is expressed specifically in mechanosensory organs. (4) A C. elegans NompC–GFP fusion construct is expressed in putative mechanosensory neurons at the site of transduction. (5) The N terminus of NompC is replete with ankyrin domains, a property one might expect of a mechanically tethered transduction channel.

Because opening of the transduction channels in fly mechanoreceptors takes place within 200 [image: image168.png]


s of a mechanical stimulus29, fly mechanotransduction seems to take place by direct opening of a mechanically gated conductance without intervening second messengers. Although NompC accounts for [image: image169.png]


90% of the transduction current, it is unclear whether the NompC channel is itself mechanically sensitive or instead takes its gating cue from the small mechanically activated current that can be observed in nompC-null traces. NompC would then be serving as an adapting amplifier of the true mechanically gated channel.

TRP channels and the closely related cyclic nucleotide-gated and vanilloid-receptor channels are involved or expressed in many sensory systems, including phototransduction, olfaction and taste, as well as in the perception of heat, acid and pain (see accompanying reviews in this issue). So the discovery that a member of this superfamily acts as or influences a transduction channel in mechanosensation should not be unexpected. Indeed, TRP family members have also been implicated in mechanotransduction's sister sense, osmosensation. A C. elegans TRP channel, OSM-9, is expressed in dendrites of some ciliated sensory neurons and is required for osmosensation and nose touch sensation35. In addition, a new mammalian member of the vanilloid-receptor family is expressed in osmotically sensitive cells and forms osmotically gated channels when expressed in cells36.

Cilium-bearing mechanoreceptors in both C. elegans and Drosophila express NompC, whereas the non-ciliated touch-receptor neurons in worms and the type II multiple dendritic neurons of flies instead express members of the DEG/ENaC family. This suggests not only a morphological schism, but also a mechanistic difference between these two kinds of mechanoreceptors. All vertebrate hair cells are endowed with a true cilium, or kinocilium, during the construction of the actin-based hair bundle. Given this odd remnant of ontogeny, it has been speculated that ciliated mechanoreceptors of invertebrates might be related to their once-ciliated vertebrate counterparts. Indeed this relationship extends further to the conservation of molecules that control the development of vertebrate and invertebrate mechanoreceptor organs. Lateral inhibition through signalling of the Notch receptor and its ligand Delta controls the cell-fate patterning of both Drosophila mechanoreceptor neurons37 and vertebrate hair cells38. In addition, fly Atonal and its mammalian homologue Math1 also control the specification of cell type. Drosophila atonal mutants are devoid of chordotonal organs; similarly, Math1-knockout mice generate no hair cells during development of the sensory epithelium39. Their signalling is so similar that Math1 can substitute for Atonal in development of Drosophila mechanoreceptor organs40. Although both signalling modalities are found in other cell types, their control over vertebrate and invertebrate mechanoreceptors, as well as the sharing of specialized sensory structures, suggests that mechanoreceptors evolved prior to the common ancestor of invertebrates and vertebrates and that those mechanoreceptors might share more than just their developmental algorithms.

Auditory and vestibular transduction by hair cells
Hair cells, the mechanoreceptors of the inner ear, transduce auditory and vestibular stimuli to allow us to hear and sense movements of our head. Jutting apically from a hair cell, the mechanically sensitive hair bundle bends back and forth in response to stimuli that are directed to it. Auditory stimuli induce a vibration of the structure on which the hair cells sit (the basilar membrane; Fig. 4). Vestibular stimuli cause displacement of acellular structures overlying the hair cells (otolithic membrane in the saccule and utricle, responsible for linear-acceleration detection; cupula in the semicircular canals, responsible for rotational detection), resulting in bundle deflection. An excitatory deflection of a hair bundle (Fig. 4) directly opens transduction channels, which admit cations and depolarize the hair cell. Inhibitory deflections close transduction channels and hyperpolarize the cell. These changes in membrane potential in turn increase (depolarization) or decrease (hyperpolarization) neurotransmitter release from graded synapses on basolateral surfaces of hair cells.

	[image: image170.jpg]



	Figure 4 Inner-ear structure and hair-cell transduction model.   Full legend
 
High resolution image and legend (103k)


Transduction mechanism The gating-spring model41 successfully describes key biophysical features of mechanical transduction in hair cells. Transduction channels open so fast — within microseconds of a stimulus — that second-messenger cascades cannot have a central role41. Instead, elastic gating springs transmit external forces to transduction channels, and the channels' open probability depends on the tension in these springs. Thus, when tension is high, channels spend most of their time open; when tension is low, channels close. Although the original formation of the model indicated that the open probability of transduction channels in the absence of any gating-spring tension was <0.0001 (ref. 3), recent data from auditory hair cells suggest that the zero-tension open probability is 100-times larger42. This debate is relevant to channel identification; higher open probabilities for the channel in the absence of external force suggest that channel conductance might be detectable when expressed in a heterologous cell type.

The anatomical correlate of the gating spring has long been assumed to be the tip link, a fine extracellular filament that connects adjacent stereocilia along the sensitivity axis43. Tip links are in position to be stretched by excitatory stimuli and slackened by inhibitory ones (Fig. 4). But high-resolution structural characterization of the tip link has indicated that it might be too stiff to account for the gating spring. Instead, the elastic element within the bundle might reside elsewhere, such as the intracellular filaments at the basal insertion of the tip link44.

Transduction-channel properties One approach to determining the identity of molecules required for transduction has been to extensively characterize transduction and adaptation, then suggest candidate molecules for the channel or motor. But the transduction channel, a nonselective cation channel45, has few properties that distinguish it from other channels. Its conductance is large, [image: image171.png]


100 pS (ref. 46), and its permeability to Ca2+ is substantial47. The channel is blocked by relatively low concentrations of aminoglycoside antibiotics48, amiloride and its derivatives49, La3+ (ref. 50), tubocurarine51, and Ca2+-channel antagonists such as D-600 (ref. 52) and nifedipine53. Unfortunately, this inhibition spectrum does not obviously match any other known channel type and the affinities of these blockers do not allow their use in biochemical isolation of transduction channels from inner-ear tissue.

Early hopes that the transduction channel might incorporate the [image: image172.png]


-subunit of the ENaC family were dashed by the persistence of normal transduction in mice lacking this subunit54. But the DEG/ENaC family is large, so the hair-cell transduction channel may yet be identified from this family. An alternative candidate is the P2X2 receptor, a purinergic-receptor channel that is located in hair bundles55, although expression of P2X2 is low56 at a time when hair cells transduce vigorously57. Furthermore, the transduction channel and hair-cell P2X2 receptor show distinct patterns of blockade by inhibitors51. Another possible source for the transduction channel is the TRP family, which includes at least two channels definitely involved in mechanosensation (NompC in flies and OSM-9 in worms); the conductance properties of this family certainly could accommodate those of the hair-cell transduction channel58.

Adaptation by hair cells Like all other sensory receptors, hair cells respond to sustained stimuli by adapting, which restores their sensitivity to threshold deflections. The mechanisms responsible for adaptation also set the resting tension in gating springs; the resulting open probability enables maximal sensitivity and high-frequency signal transmission59. Properties of adaptation vary substantially from preparation to preparation, and recent data suggest that this arises from differences in hair cells in different organs. Two distinct Ca2+-dependent forms of adaptation operate simultaneously in hair cells that have been examined closely; one form is fast and involves the transduction channel directly, whereas the other is slower and uses an adaptation motor (Box 2). Much attention has been paid to the molecular characterization of adaptation, as this approach should elicit strong candidates for members of the transduction apparatus.

Fast adaptation occurs on a millisecond to sub-millisecond timescale, and probably ensues when Ca2+ enters an open transduction channel, binds to a site near the channel, and causes the channel to close (Box 2). In slow adaptation, which requires tens to hundreds of milliseconds for completion, a motor molecule is hypothesized to move up and down the actin core of a stereocilium to restore gating-spring tension towards its resting value60. Slow adaptation may be mediated by either myosin 1c (Myo1c or myosin I[image: image173.png]


) or by myosin VIIA (Myo7a) (Box 2).

Essential molecules for transduction Traditional biochemical and molecular-biological methods for identification of molecules essential for hair-cell function have been largely thwarted by hair cells' scarcity. The identification of 'deafness genes' by genetic screens has been the most productive approach used so far. Mutation of at least 100 human genes and 50 mouse genes lead to deafness associated with other dysfunctions (syndromic deafness) or deafness alone (nonsyndromic deafness).

But protein products of deafness genes generally do not have direct roles in mechanotransduction. Although unfortunate for those interested in transduction, this observation is unsurprising: the inner ear is a complicated structure, and sound detection relies on middle- and inner-ear formation, hair-bundle assembly, ionic homeostasis, synaptic transmission and a host of other events. Many of these deafness genes instead encode proteins required for development of the auditory or vestibular systems, for maintenance of the unusual extracellular fluid (endolymph), or for other essential functions not directly related to mechanical transduction61.

A few of the identified molecules do seem to carry out their critical roles in stereocilia. Molecules essential for hair bundles fall readily into several classes of molecules (described in Box 3): cytoskeletal components like actin, espin, Myo6, Myo7a, Myo15 and the mammalian homologue of diaphanous; cell-adhesion or junctional molecules like Cdh23, protocadherin-15 (Pcd15) and vezatin; and the calcium pump PMCA2. These molecules and others prominent in hair bundles like fimbrin and calmodulin can be assembled into a speculative and incomplete picture (Box 3). An important question is whether the already-identified molecules form a transduction complex or instead are important for other hair-bundle functions, such as maintaining structural integrity of the bundle. Loss of Myo7a, Pcd15 and Cdh23, at least, leads to disarrayed hair bundles, suggesting that these molecules help hold stereocilia together.

Future directions for mechanotransduction research
Because of the difficulties in working with tiny, inaccessible touch cells, the genetic scheme of C. elegans touch transduction has yet to be confirmed by electrophysiological or biochemical experiments. Perhaps the model will be more easily approached in a vertebrate mechanoreceptive cell that is more amenable to such approaches; the relevance of transduction in such a cell type will depend on the molecular makeup of the transduction apparatus in various mechanoreceptive cells. Alternatively, the challenges of measuring mechanically sensitive currents in C. elegans may yet be overcome.

Characterization of mechanotransduction in Drosophila has just begun. Although there is strong evidence indicating that NompC contributes to Drosophila mechanotransduction, residual mechanically sensitive current remaining in the absence of NompC indicates that other transduction channels are present. In addition, little is known about the ultrastructure of the transduction apparatus — where exactly is it located and how do mechanical stimuli lead to channel opening? The combination of electrophysiology and powerful genetics afforded by the sequenced fly genome suggests that we can expect important developments over the coming few years.

A crucial question for the field is the generality of the results from invertebrate model systems. The touch-receptor transduction apparatus of C. elegans seems to be used by some vertebrate mechanoreceptors. Does conservation through the vertebrates also hold for the distinct Drosophila transduction apparatus? In addition to shared developmental-control molecules and intriguing structural similarities during development, Drosophila mechanotransduction exhibits several surprising physiological similarities to vertebrate transduction by hair cells. These similarities include a high-K+-receptor endolymph made by supporting cells, directional selectivity, adaptation to sustained mechanical stimuli that is voltage- and size-dependent, microsecond response latencies, and sensitivity to nanometre-scale stimuli29. Although no obvious homologues of nompC are present in the human genome, the presence of dozens of orphan members of the broader TRP family suggests that a vertebrate transduction channel could still come from this family. Identification of more of the remp and nomp genes should assist in determining the generality of this transduction system.

Many questions remain about hair-cell transduction. The rough draft of the transduction apparatus comprising of the known proteins of the hair bundle is, to say the least, incomplete. Although two strong candidates have been advanced for the adaptation motor, we do not know how the motor assembles and how it interacts with other parts of the transduction apparatus. Although Cdh23 and Pcd15 each probably contribute to stereociliary crosslinks, which crosslinks contain these molecules remains unknown. Equally mysterious are the identities of two of the most interesting parts of the transduction apparatus, the transduction channel and tip link. Furthermore, the known human and mouse deafness genes do not constitute a saturating search of the genomes, and only a fraction of these have been cloned. Although the genetic approach is powerful, other important transduction molecules that are essential elsewhere in the organism will be missed. Screening for proteins that interact with essential hair-bundle proteins — such as those interacting with Myo7a — will continue to be a powerful method for discovering new bundle proteins, including those involved in transduction. The complete sequencing of the human and mouse genomes will no doubt spur more powerful approaches. The transduction channel and other important molecules are there — someone has probably already seen their sequences — but we still do not know how to recognize them. The next five years will undoubtedly be an exciting time, as the molecular clues that have begun to emerge will stimulate the right experiments to find the rest of the transduction apparatus.
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Figure 1 General features of mechanosensory transduction. A transduction channel is anchored by intracellular and extracellular anchors to the cytoskeleton and to an extracellular structure to which forces are applied. The transduction channel responds to tension in the system, which is increased by net displacements between intracellular and extracellular structures.
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Figure 2 C. elegans touch-receptor structure and transduction model. a, View of C. elegans showing positions of mechanoreceptors. AVM, anterior ventral microtubule cell; ALML/R, anterior lateral microtubule cell left/right; PVM, posterior ventral microtubule cell; PLML/R, posterior lateral microtubule cell left/right. b, Electron micrograph of a touch-receptor neuron process. Mechanotransduction may ensue with a net deflection of the microtubule array relative to the mantle, a deflection detected by the transduction channel. Arrow, 15-protofilament microtubules; arrowhead, mantle. Modified from ref. 3. c, Proposed molecular model for touch receptor. Hypothetical locations of mec proteins are indicated
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Figure 3 Drosophila bristle-receptor model. a, Lateral view of D. melanogaster showing the hundreds of bristles that cover the fly's cuticle. The expanded view of a single bristle indicates the locations of the stereotypical set of cells and structures associated with each mechanosensory organ. Movement of the bristle towards the cuticle of the fly (arrow) displaces the dendrite and elicits an excitatory response in the mechanosensory neuron. b, Transmission electron micrograph of an insect mechanosensory bristle showing the insertion of the dendrite at the base of the bristle. The bristle contacts the dendrite (arrowhead) so that movement of the shaft of the bristle will be detected by the neuron. c, Proposed molecular model of transduction for ciliated insect mechanoreceptors, with the locations of NompC and NompA indicated.
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Figure 4 Inner-ear structure and hair-cell transduction model. a, Gross view of part of the inner ear. Sound is transmitted through the external ear to the tympanic membrane; the stimulus is transmitted through the middle ear to the fluid-filled inner ear. Sound is transduced by the coiled cochlea. b, Cross-section through the cochlear duct. Hair cells are located in the organ of Corti, resting on the basilar membrane. c, Sound causes vibrations of the basilar membrane of the organ of Corti; because flexible hair-cell stereocilia are coupled to the overlying tectorial membrane, oscillations of the basilar membrane cause back-and-forth deflection of the hair bundles. d, Scanning electron micrograph of hair bundle (from chicken cochlea). Note tip links (arrows). e, Proposed molecular model for hair-cell transduction apparatus.

	Box 1 DEG/ENaC channels

	Members of the growing DEG/ENaC superfamily traverse the membrane twice and have intracellular N and C termini; a 33-residue portion of the N terminus is conserved among family members (reviewed in ref. 16). This domain, which shows similarity to thiol proteases, including the conservation of a catalytic histidine residue, is found near the first transmembrane region and may be important in subunit interactions. A large extracellular loop contains two or three cysteine-rich regions and is followed by the second transmembrane segment, which is thought to function as the channel's pore.

Degenerins. These include mec-4 and mec-10, present in C. elegans touch receptors, as well as unc-8, unc-105 and deg-1. Interacting genetically with type IV collagen in C. elegans muscle, unc-105 might mediate stretch sensitivity in muscle62. Certain mutations in these genes cause dominant degenerative cell death, perhaps by constitutive ion-channel activation.

Epithelial sodium channels (ENaCs). Also called amiloride-sensitive sodium channels for their sensitivity to this drug, the ENaCs are responsible for Na+ resorption in many epithelia, such as the kidney, distal colon, secretory glands and respiratory airways. In addition, the sense of salty taste is mediated by ENaC channels in the fungiform papillae of the tongue (see review in this issue by Lindemann, pages 219–225). The C terminus of ENaCs contains a proline-rich PY domain that mediates regulation of the channels by Nedd4, a ubiquitin-protein ligase that binds specifically to the PY domain. These molecules form heteromultimeric channels with some combination of [image: image182.png]


-, [image: image183]-, [image: image184]- and [image: image185]-subunits likely in either a tetrameric or octomeric configuration.

Acid-sensing ion channels (ASICs). Found in a variety of tissues, ASICs are activated by extracellular protons and may mediate pain induced by acidosis. ASIC1 is activated at relatively high pH levels and inactivates rapidly; there are two variants, ASIC1a and ASIC1b. ASIC2 also has two variants — ASIC2a, known additionally as BNC1 (brain sodium channel 1, sometimes abbreviated BNaC1), and ASIC2b, also known as BNC2 or ASIC-[image: image186]. The BNCs have also been labelled MDEGs (mammalian degenerins), a phylogenetically inappropriate term. ASIC3 was originally named DRASIC (dorsal-root acid-sensing ion channel), although this channel is actually found in many tissues.

Drosophila family members. Of the [image: image187]14 members of DEG/ENaC gene family in the fly genome, only two have been characterized: ripped pocket (rpk) and pickpocket (ppk). Because PPK is expressed in peripheral neurons thought to mediate mechanosensation, this channel is a strong transduction-channel candidate.


	Box 2 Adaptation by hair cells

	Two forms of adaptation are present in hair cells, each of which can modify the mechanical properties of the bundle (see figure below). Fast adaptation is remarkably quick (a millisecond or less in turtle auditory hair cells63), requires Ca2+ (which enters through open transduction channels), and is tuned within individual hair cells, so that cells responding to high sound frequencies adapt more speedily than those tuned to lower frequencies63.

Fast adaptation correlates with active hair-bundle movements64, 65; hair bundles respond to a simple stimulus with a complex, active mechanical response. In hair cells of lower vertebrates, a step stimulus near threshold can initiate a bundle response in the opposite direction with sufficient force to move the bundle back to its original position.

In vestibular hair cells, a distinct mechanism — negative hair-bundle stiffness — permits oscillatory behaviour that is controlled by the mechanism responsible for slow adaptation, the adaptation motor66. A bundle with negative hair-bundle stiffness actually moves farther in response to a stimulus than the size of the stimulus itself. The adaptation motor continuously moves the hair bundle into the range of negative stiffness, triggering bundle oscillations that enable much more sensitive detection of small signals. Ca2+-dependent channel closure could act synergistically with negative hair-bundle stiffness to power even larger active bundle movements.

Slow adaptation is thought to be mediated by an adaptation motor. Because the force producer of the adaptation motor may be a cluster of myosin molecules67, the motor has attracted much attention. The strongest candidate is myosin 1c (Myo1c; formerly known as myosin I[image: image188.png]


), which is located near stereociliary tips at tip-link ends67. Myosin VIIA (Myo7a) may also be important in adaptation. In outer hair cells that are genetically deficient in this myosin, large displacements are required to begin to open channels, indicating that these cells lack the force generator that maintains resting tension68
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Box 2 Figure Hair-cell transduction and adaptation. a, Transduction and fast adaptation. At rest (left panel), transduction channels spend [image: image190.png]


5% of the time open, allowing a modest Ca2+ entry (pink shading). A positive deflection (middle) stretches the gating spring (drawn here as the tip link); the increased tension propagates to the gate of the transduction channel, and channels open fully. The resulting Ca2+ flowing in through the channels shifts the channels' open probability to favour channel closure (right). As the gates close, they increase force in the gating spring, which moves the bundle back in the direction of the original stimulus. b, Transduction and slow adaptation. Slow adaptation ensues when the motor (green oval) slides down the stereocilium (lower right), allowing channels to close. After the bundle is returned to rest (lower left), gating-spring tension is very low; adaptation re-establishes tension and returns the channel to the resting state.


	Box 3 Essential molecules for hair cells

	Hair-bundle proteins identified by genetics or other means can be assembled into an incomplete molecular model (see figure). Hair bundles contain more than 30 major proteins69, however, indicating many more molecules remain to be identified.

Usher genes. At least ten different genes can cause Usher syndrome, with varying clinical impact. Usher 1, caused by mutations at six or more loci, is the most clinically severe form of the disease. The first of these genes identified, that responsible for Usher 1B, was MYO7A70. Hair bundles are disarrayed when Myo7a from mouse71 or zebrafish72 is mutated, which supports a role for Myo7a in anchoring ankle links, a class of stereociliary crosslinks near the base of the stereocilia73. A new member of the cadherin family of Ca2+-dependent cell-adhesion molecules, Cdh23, is responsible for Usher 1D74; because stereocilia adhesion is disrupted in the corresponding mouse mutant, waltzer, Cdh23 probably forms one of the classes of stereociliary crosslinks75. The gene mutated in Usher 1F76, 77 and the mouse deafness model Ames waltzer78 encodes another member of the cadherin family, protocadherin-15 (Pcd15). Ames waltzer mice have disorganized stereocilia, suggesting that Pcd15 might crosslink adjacent stereocilia. Mutations in the genes encoding Myo7a, Pcd15 and Cdh23 produce an identical clinical phenotype, indicating that these proteins may be part of the ankle-link complex. A new protein — harmonin or USH1C — is mutated in Usher 1C; its multiple PDZ domains indicate a role in assembling a complex of proteins, although it might also assemble with ankle links. Usher 2 has three identified loci and is characterized by a modest hearing loss, normal balance and late-onset retinitis pigmentosa. USH2A, a molecule with multiple domains shared by extracellular matrix/adhesion molecules, is mutated in Usher 2A79.

Myo7a-interacting proteins. Two proteins have been identified by two-hybrid screening with Myo7a bait. One is the RII subunit of the cyclic AMP-dependent protein kinase80, which coincides with an earlier observation that the resting open probability of the transduction channel declines in response to agents that raise cAMP levels63. The other is a new protein named vezatin81, which localizes in hair cells to the ankle-link region and, in tissue-culture cells, interacts with cadherin-based cellular junctions. This protein most likely forms the transmembrane link between Myo7a and the ankle links.

Other myosin isozymes. Myo6 and Myo15 may participate in hair-bundle formation and maintenance. Myo6, a negative-end-directed motor, localizes to the cuticular plate and basal insertions of the stereocilia; it may provide outward force on stereocilia or anchor the stereociliary membrane73, 82. Mice lacking Myo15 have abnormally short stereocilia, indicating that this isozyme might participate in actin-filament elongation (as do yeast myosin I isozymes83).

Ca2+ control in stereocilia. Because Ca2+ entry through open transduction channels is essential for fast and slow adaptation and may regulate tip-link assembly84, proteins that control Ca2+ levels in stereocilia should be essential for hair-cell function. A conventional knockout approach85, as well as identification of the mouse deafness mutants deafwaddler (dfw)86 and Wriggle mouse sagami (wri)87, showed that mice require isoform 2 of the plasma-membrane Ca2+-ATPase (PMCA) for proper auditory and vestibular function. In all hair cells, the only isoform found in the bundle is PMCA2a88, which can be present at the remarkably high density of 2,000 molecules per [image: image191.png]


m2 (ref. 89). Calmodulin is present in hair bundles at high concentrations90, 91, where it regulates PMCA, myosins and presumably other bundle molecules92. A gene that interacts genetically with dfw, modifier of deafwaddler (mdfw)93, seems to be a Cdh23 allele75. Mice heterozygous for dfw become deaf only when homozygous for mdfw; a possible explanation is that the level of intracellular Ca2+ in the stereocilia — presumably higher when only one PMCA2 allele is present — affects the function of this candidate Cdh23 allele. Furthermore, a gene that imparts age-related hearing loss, ahl1, also seems to be a Cdh23 allele.

Structural proteins. A properly formed hair bundle is essential for mechanotransduction. Actin has long been known to be the main cytoskeletal element of hair bundles94, and fimbrin was identified as an important crosslinker over a decade ago95. More recently, espin was identified as a second crosslinker of stereocilia, responsible for the jerker mouse deafness mutation96. In addition, a human homologue of the fly protein diaphanous is mutated in the nonsyndromic deafness DFNA1 (ref. 97). Diaphanous is a ligand for the actin-binding protein profilin and is a target for regulation by Rho, which regulates cytoskeletal assembly in many cell types
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Box 3 Figure Schematic illustration of identified hair-bundle proteins showing hypothetical locations of molecules implicated in stereocilia function. Myo7a, vezatin, Cdh23 and PKA may form the ankle-link complex. Pcd15 presumably also interconnects stereocilia. Myo1c may carry out adaptation, whereas PMCA maintains a low Ca2+ concentration. Actin, fimbrin and espin have structural roles; not shown is DFNA1, which may help form the cytoskeleton. Calmodulin regulates several enzymes within the bundle, including PMCA, Myo1c and Myo7a.
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The sensation of pain alerts us to real or impending injury and triggers appropriate protective responses. Unfortunately, pain often outlives its usefulness as a warning system and instead becomes chronic and debilitating. This transition to a chronic phase involves changes within the spinal cord and brain, but there is also remarkable modulation where pain messages are initiated — at the level of the primary sensory neuron. Efforts to determine how these neurons detect pain-producing stimuli of a thermal, mechanical or chemical nature have revealed new signalling mechanisms and brought us closer to understanding the molecular events that facilitate transitions from acute to persistent pain.

Just as beauty is not inherent in a visual image, pain is a complex experience that involves not only the transduction of noxious environmental stimuli, but also cognitive and emotional processing by the brain. Progress has been made in identifying cortical loci that process pain messages, but far greater advances have been made in understanding the molecular mechanisms whereby primary sensory neurons detect pain-producing stimuli, a process referred to as nociception. These insights have arisen predominantly from the analysis of sensory systems in mammals, as well as from studies of invertebrates. Of course, invertebrate organisms do not experience pain per se, but they do have transduction mechanisms that enable them to detect and avoid potentially harmful stimuli in their environment. These signalling pathways can be regarded as the evolutionary precursors of nociceptive processing in vertebrates, and genetic studies have facilitated the identification and functional characterization of molecules and signalling pathways that contribute to the detection of noxious stimuli in animals. Indeed, many of the receptors and ion channels we refer to here are related to molecules highlighted in the accompanying reviews on mechanosensation, vision or olfaction in flies or worms.

The primary afferent nociceptor
Nearly a century ago, Sherrington proposed the existence of the nociceptor, a primary sensory neuron that is activated by stimuli capable of causing tissue damage1. According to this model, nociceptors have characteristic thresholds or sensitivities that distinguish them from other sensory nerve fibres. Electrophysiological studies have, in fact, shown the existence of primary sensory neurons that can be excited by noxious heat, intense pressure or irritant chemicals, but not by innocuous stimuli such as warming or light touch2. In this respect, acute pain can be regarded as a sensory modality much like vision or olfaction, where stimuli of a certain quality or intensity are detected by cells with appropriately tuned receptive properties.

Many types of nociceptors for many types of pain Pain is unique among sensory modalities in that electrophysiological recordings of single primary sensory fibres have been made in awake humans, allowing simultaneous measurement of psychophysical responses when regions of the head and body are stimulated3. Fibres that innervate regions of the head and body arise from cell bodies in trigeminal and dorsal root ganglia (DRG), respectively, and can be categorized into three main groups based on anatomical and functional criteria (Fig. 1a). Cell bodies with the largest diameters give rise to myelinated, rapidly conducting A[image: image197.png]


 primary sensory fibres. Most, but not all4, A[image: image198.png]


 fibres detect innocuous stimuli applied to skin, muscle and joints and thus do not contribute to pain. Indeed, stimulation of large fibres can reduce pain, as occurs when you activate them by rubbing your hand. By contrast, small- and medium-diameter cell bodies give rise to most of the nociceptors, including unmyelinated, slowly conducting C fibres and thinly myelinated, more rapidly conducting A[image: image199.png]


 fibres, respectively. It has long been assumed that A[image: image200.png]


 and C nociceptors mediate 'first' and 'second' pain, respectively, namely the rapid, acute, sharp pain and the delayed, more diffuse, dull pain evoked by noxious stimuli5 (Fig. 1b).
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	Figure 1 Different nociceptors detect different types of pain.   Full legend
 
High resolution image and legend (26k)


There are two main classes of A[image: image202.png]


 nociceptor6; both respond to intense mechanical stimuli, but can be distinguished by their differential responsiveness to intense heat or how they are affected by tissue injury. Most C-fibre nociceptors are also polymodal, responding to noxious thermal and mechanical stimuli6. Others are mechanically insensitive, but respond to noxious heat. Importantly, most C-fibre nociceptors also respond to noxious chemical stimuli, such as acid or capsaicin, the pungent ingredient in hot chilli peppers. Finally, the natural stimulus of some nociceptors is difficult to identify. These so-called 'silent' or 'sleeping' nociceptors are responsive only when sensitized by tissue injury7.

These nociceptor profiles derive largely from analysis of fibres that innervate skin. But very different features characterize nociceptors in other tissues6. For example, although corneal afferents can be activated by capsaicin and sensitized by inflammatory mediators, pain is normally produced by innocuous tactile stimulation. In teeth, almost any stimulus produces pain. Visceral pain is unique in that there are no first (fast) and second (slow) components; instead, pain is often poorly localized, deep and dull8. Tissue damage is also not required for visceral pain to occur; it can result from excessive distension (for example, of the colon). And the pain of ischaemia may have unique features that reflect innervation of vasculature by distinct subsets of acid-sensitive primary sensory nociceptors. These features illustrate the difficulty of defining a nociceptor based only on activation threshold or on whether its activation evokes pain.

The neurochemistry of nociceptors Glutamate is the predominant excitatory neurotransmitter in all nociceptors. Histochemical studies of adult DRG, however, reveal two broad classes of unmyelinated C fibre. The so-called peptidergic population contains the peptide neurotransmitter substance P, and expresses TrkA, the high-affinity tyrosine kinase receptor for nerve growth factor (NGF)9. The second population does not express substance P or TrkA, but can be labelled selectively with the [image: image203.png]


-D-galactosyl-binding lectin IB4, and expresses P2X3 receptors, a specific subtype of ATP-gated ion channel. This categorization is a first approximation at best — as additional molecular markers become available, new subsets are likely to be recognized. It is, however, unclear whether these neurochemically distinct groups represent different functional classes of nociceptor. Moreover, because expression of neurotransmitters, their receptors and other signalling molecules are dramatically altered after tissue or nerve injury10, 11, both the significance and the complexity of nociceptor neurochemistry are increased.

Diversity of nociceptor signalling
All sensory systems must convert environmental stimuli into electrochemical signals. In the case of vision or olfaction, primary sensory neurons need only detect one type of stimulus (light or chemical odorants) and use redundant and convergent biochemical mechanisms to accomplish this goal (Fig. 2a). In this regard, nociception is unique because individual primary sensory neurons of the 'pain pathway' have the remarkable ability to detect a wide range of stimulus modalities, including those of a physical and chemical nature. Compared with sensory neurons of other systems, nociceptors must therefore be equipped with a diverse repertoire of transduction devices (Fig. 2b). At the same time, markedly different stimuli of a chemical (capsaicin and acid) or physical (heat) variety can excite nociceptors by activating a single receptor, enabling the cell to integrate information and respond to complex changes in the physiological environment.
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	Figure 2 Polymodal nociceptors use a greater diversity of signal-transduction mechanisms to detect physiological stimuli than do primary sensory neurons in other systems.   Full legend
 
High resolution image and legend (56k)


Primary afferent nociceptors are also unique in the extent to which their receptive properties can be modulated. Thus, nociceptors not only signal acute pain, but also contribute to persistent and pathological pain conditions (allodynia) that occur in the setting of injury, wherein pain is produced by innocuous stimuli5, 12. Allodynia can result from two different conditions: increased responsiveness of spinal cord 'pain' transmission neurons (central sensitization), or lowering of nociceptor activation thresholds (peripheral sensitization). With central sensitization, pain can be produced by activity in non-nociceptive primary sensory fibres. Peripheral sensitization is produced when nociceptor terminals become exposed to products of tissue damage and inflammation, referred to collectively as the 'inflammatory soup' (Fig. 3). Such products include extracellular protons, arachidonic acid and other lipid metabolites, serotonin, bradykinin, nucleotides and NGF, all of which interact with receptors or ion channels on sensory nerve endings. Because nociceptors can release peptides and neurotransmitters (for example, substance P, calcitonin-gene-related peptide and ATP) from their peripheral terminals when activated by noxious stimuli, they are able to facilitate production of the inflammatory soup by promoting the release of factors from neighbouring non-neuronal cells and vascular tissue, a phenomenon known as neurogenic inflammation5.
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	Figure 3 The molecular complexity of the primary afferent nociceptor is illustrated by its response to inflammatory mediators released at the site of tissue injury.   Full legend
 
High resolution image and legend (82k)


In contrast to vision, olfaction or taste, sensory nerve endings that detect painful stimuli are not localized to a particular anatomical structure, but are instead dispersed over the body, innervating skin, muscle, joints and internal organs. Although this has made the biochemical analysis of nociceptive pathways particularly challenging, the combined application of electrophysiological, pharmacological and genetic methods are generating significant progress in understanding the molecular basis of nociceptor signalling. In some respects, the field can be compared to the state of cellular immunology some 25 years ago, when one of the main goals was to define biochemical markers for specific subsets of lymphocytes. The goal for nociceptor research is to elucidate signalling functions for key cell-surface markers and to assign physiological roles to molecularly defined sub-populations of sensory neurons.

Detectors of noxious stimuli
Response to heat Remarkably, many functional characteristics of nociceptors are retained when sensory ganglia are dissociated and placed into culture13. Thus, [image: image206.png]


45% of small- to medium-diameter neurons exhibit heat-evoked membrane currents with a 'moderate' threshold of [image: image207.png]


45 °C, whereas another 5–10% of cells respond with a 'high' threshold of [image: image208.png]


52 °C and are insensitive to capsaicin14, 15. The former corresponds presumably to C and type II A[image: image209.png]


 nociceptors, and the latter to type I A[image: image210.png]


 nociceptors. What is the molecular basis by which specific thermal thresholds are established in these nociceptor subtypes? The answer came from a well-proven path of success in the pain field, namely identifying the molecular targets through which natural products (for example, morphine from the opium poppy or aspirin from willow bark) produce or modulate our sensation of pain.

In the case of moderate thermal nociception by C and type II A[image: image211.png]


 afferents, a transducer was revealed with the cloning and functional characterization of the vanilloid receptor VR1 (Fig. 2b), which is activated by capsaicin and other vanilloid compounds16. VR1 is a non-selective plasma-membrane cation channel possessing a very steep temperature dependence (Q10=20.6) and a thermal activation threshold of [image: image212.png]


43 °C, characteristics that are shared with native heat-evoked currents in sensory neurons17, 18. The strong correlation between moderate heat and capsaicin sensitivity, and the similarity of the non-selective cationic currents and pharmacology underlying these responses14, 15 support the hypothesis that heat and capsaicin activate a common transducer. Heat-evoked single-channel currents are observed in membrane patches excised from sensory neurons or VR1-expressing cells, indicating that VR1 is an intrinsically heat-sensitive channel that functions as a molecular thermometer at the cell surface17.

The high correlation that exists between heat and capsaicin sensitivity in sensory neurons at the whole-cell level is less pronounced at the single-channel level19. Although this observation could be explained by different functional states of the channel, it has raised some controversy regarding the link between the activities of native and cloned channels. But studies of mice lacking functional VR1 channels20, 21 clearly show that cultured DRG neurons from VR1-null mice are severely deficient in moderate heat-evoked responses, whereas high-threshold heat responses persist. VR1-/- mice also have significantly fewer (>threefold) heat-sensitive C fibres, and total heat-evoked C-fibre output may be decreased by [image: image213.png]


85% compared with wild-type mice. Thus, although VR1 is not the only detector of moderate-threshold heat stimuli, it accounts for the majority of such responses and must contribute significantly to thermal coding in normal animals.

Somewhat paradoxically, VR1-/- mice showed normal behavioural responses at temperatures near the threshold for activation of VR1 and C fibres, but exhibited markedly reduced pain behaviour at higher temperatures (>50 °C). In other words, VR1-/- animals recognize a noxious heat stimulus, but discriminate poorly among stimuli of different noxious intensities. Perhaps the threshold for a behavioural pain response is determined by the thermal threshold of a small number of nociceptors, whereas discrimination among suprathreshold temperatures requires information from a larger cohort of nociceptors that adequately encode stimulus intensity. In some respects, the phenotype of the VR1-/- mouse illustrates the futility of a long-lasting debate as to whether pain is generated by activity in specific nociceptors that are connected to the spinal cord through a dedicated pathway, or whether it is the pattern of activity across afferents that determines the pain response. Both models are likely to be relevant, depending on the magnitude of the stimulus and the context in which it is measured. Moreover, because most nociceptors are polymodal, our ability to distinguish pain sensations resulting from heat, cold or pressure must involve decoding of nociceptive signals within the central nervous system.

Another striking and significant phenotype of the VR1-/- mouse is its failure to develop increased sensitivity to heat in the context of tissue injury20, 21. This deficit suggests that VR1 is modulated by one or more components of the inflammatory soup, which act on the nociceptor to increase its sensitivity to heat.

What mediates high-threshold heat responses in type I A[image: image214.png]


 afferents? One candidate transducer is the vanilloid receptor-like (VRL-1) channel (Fig. 2b) that shares [image: image215.png]


50% sequence identity with VR1 (ref. 22). Functional analysis of VRL-1 in transfected mammalian cells and frog oocytes showed that this channel is not responsive to vanilloid compounds, but can be activated by noxious thermal stimuli with a threshold of [image: image216.png]


52 °C. VRL-1 is most prominently expressed by a subset of medium- to large-diameter myelinated neurons within the DRG. But because VRL-1 transcripts are also expressed outside the sensory nervous system, this channel probably serves multiple physiological functions22, 23.

VR1 and VRL-1 belong to the larger family of transient receptor potential (TRP) channels, whose core transmembrane structure resembles that of voltage-gated potassium or cyclic nucleotide-gated channels (reviewed in ref. 24). The prototypical TRP channel was discovered in the Drosophila phototransduction pathway, where it is activated downstream of phospholipase C (PLC)-coupled rhodopsin (see review in this issue by Hardie and Raghu, pages 186–193). Some mammalian TRP channels are also activated by G-protein-coupled or tyrosine kinase receptors that stimulate PLC, but as in the fly, the underlying gating mechanism remains enigmatic. Recent studies indicate that PLC-mediated hydrolysis of the membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) and the consequent production of lipid second messengers constitute important steps in TRP channel activation25 (see below).

Detection of noxious cold The definition of cold sensitivity is less stringent compared with heat sensitivity, in large part because thermal thresholds for activation of cold-sensitive fibres may not be as distinct or precipitous as they are with heat, and because the threshold for cold-evoked pain is not as precise. Whereas noxious heat (47 °C) activates [image: image217.png]


50% of C fibres that innervate the hindpaw of a rodent, noxious cold (4 °C) may excite only 10–15% of fibres within the same cutaneous receptive field20. However, a significantly greater proportion of C and A[image: image218.png]


 fibres are classified as cold-sensitive when the range of stimulus intensities extends below 0 °C (ref. 26). Few, if any, cold-sensitive (4 °C) afferents are heat sensitive, and VR1-/- mice show a normal prevalence of cold-responsive fibres in the hindpaw20, indicating that noxious heat and cold are detected by distinct mechanisms. It is not known whether noxious cold depolarizes nerve fibres by inhibiting a (Na++K+)ATPase or background potassium current27, or by promoting calcium and/or sodium influx28, 29.

Pressure and mechanical stress Nociceptors can be activated by mechanical stress resulting from direct pressure, tissue deformation or changes in osmolarity, enabling the detection of touch, deep pressure, distension of a visceral organ, destruction of bone, or swelling. Functional, mechanically gated channels have yet to be identified at the molecular level in eukaryotes, although model genetic organisms such as bacteria, worms and flies have provided important leads for identifying mechanosensory transducers in mammals (see review in this issue by Gillespie and Walker, pages 194–202). One such ion channel of the degenerin (DEG/ENaC) family, called MDEG (alternatively, brain sodium channel 1 (BNC1) or acid-sensing ion channel 2 (ASIC2); Fig. 2b)30, has attracted particular interest in the pain field because its messenger RNA is expressed in primary sensory neurons31. Responses of primary sensory fibres from BNC1-deficient mice to a range of mechanical stimuli identified a specific class of rapidly adapting mechanoreceptors that showed reduced sensitivity to hair movement32. Other types of afferents, including C fibres, showed normal responses in these mutant mice, indicating that BNC1 is involved in some aspects of innocuous mechanical (touch) sensation, but not in the detection of noxious mechanical stimuli.

One way to detect pressure or tissue deformation is through activation of a mechanically gated protein. Another mechanism might involve a 'mechanochemical' process whereby stretch evokes the release of a diffusible chemical messenger that then excites nearby primary sensory nerve terminals. Extracellular ATP is of particular interest because large- and small-diameter sensory neurons express G-protein-coupled ATP receptors or ATP-gated ion channels (P2Y and P2X receptors, respectively), and because extracellular ATP excites primary sensory neurons33. Using frog oocytes as a model system, Nakamura and Strittmatter34 showed that mechanical stimulation can release ATP from the cell, promoting autocrine activation of P2Y receptors on the cell's surface. In vivo, mechanical force might therefore promote ATP release from one or more cell types in the periphery, where it could activate purinergic receptors (for example, P2X3) on nearby nociceptor terminals.

In fact, P2X3-deficient mice show reduced urination stemming from a failure to empty a full bladder35. Filling and stretching of the urinary bladder promotes the release of ATP from epithelial cells that lie beneath the smooth muscle layer. Once released, ATP may excite sensory nerve endings embedded within the bladder wall to initiate the voiding reflex. The deficit observed in P2X3-/- mice provides compelling evidence that ATP transduces signals of mechanical tissue distension into depolarization of primary sensory neurons, in this case through direct activation of an ion channel.

Chemical transducers to make the pain worse
As described above, injury heightens our pain experience by increasing the sensitivity of nociceptors to both thermal and mechanical stimuli. This phenomenon results, in part, from the production and release of chemical mediators from the primary sensory terminal and from non-neural cells (for example, fibroblasts, mast cells, neutrophils and platelets) in the environment36 (Fig. 3). Some components of the inflammatory soup (for example, protons, ATP, serotonin or lipids) can alter neuronal excitability directly by interacting with ion channels on the nociceptor surface, whereas others (for example, bradykinin and NGF) bind to metabotropic receptors and mediate their effects through second-messenger signalling cascades11. Considerable progress has been made in understanding the biochemical basis of such modulatory mechanisms.

Extracellular protons and tissue acidosis Local tissue acidosis is a hallmark physiological response to injury, and the degree of associated pain or discomfort is well correlated with the magnitude of acidification37. Application of acid (pH 5) to the skin produces sustained discharges in a third or more of polymodal nociceptors that innervate the receptive field20. At the cellular level, protons depolarize sensory neurons by directly activating a non-selective cationic current38, 39. In many DRG neurons, this response consists of a transient, rapidly inactivating current that is carried predominantly by Na+ ions, followed by a sustained non-selective cationic current. Responses of a sustained nature have been proposed to underlie persistent pain associated with tissue acidosis37, but this may not occur in all physiological settings. For example, during cardiac ischaemia, DRG neurons that innervate the epicardium show very large, but transient, response to extracellular protons40. A number of proton-sensitive channels are found on sensory neurons and thus an important goal has been to determine which, if any, of these molecules contributes to proton sensitivity of nociceptors in vivo. Two main candidates have emerged — VR1 and a family of ASICs.

The similarity between native proton (pH 5)-evoked and capsaicin-evoked currents in dissociated DRG neurons41 is well established, and low extracellular pH can augment responses of cultured DRG neurons to capsaicin42. These observations suggested that protons and vanilloid compounds interact with the same ion-channel complex on the nociceptor (perhaps providing a cellular rationale for the culinary appeal of 'hot' and sour soup). Analysis of the cloned vanilloid receptor in heterologous expression systems has substantiated these observations. Protons have two main effects on VR1 function17. First, VR1 can be activated at room temperature when the extracellular pH drops below 6, producing currents that resemble the sustained component of proton-evoked responses observed in sensory neurons. Second, protons potentiate responses to capsaicin or heat, and do so over a concentration range (pH 6–8) that matches the extent of local acidosis associated with various forms of tissue injury. These changes in VR1 activity would be expected to increase nociceptor excitability, even at normal body temperature. Structure–function studies have now identified several negatively charged residues within putative extracellular loops of VR1 that are important for mediating these effects18, 43, supporting the idea that protons interact directly with the vanilloid receptor to allosterically modulate channel function.

Although proton-evoked changes in VR1 thermal sensitivity closely resemble those exhibited by nociceptors during inflammation, does VR1 actually contribute to pH sensitivity of nociceptors in vivo? DRG neurons or sensory nerve fibres from VR1-deficient mice do indeed show a marked reduction in sustained proton (pH 5)-evoked membrane currents. But proton-evoked responses, particularly those of a transient nature, are not eliminated completely in VR1-/- mice and may be mediated by members of the ASIC channel family.

Lazdunski and colleagues44 described a family of two-transmembrane-domain proteins that are related to the putative mechanosensory DEG/ENaC channels. These novel cation-channel subunits were named ASICs because of their ability to be gated by reductions in extracellular pH when expressed in heterologous systems (Fig. 2b). Including splice variants, there are at least five ASIC subtypes (1a, 1b, 2a, 2b and 3) in rats, each having a unique profile of pH sensitivity, activation and desensitization rates, ionic permeability and tissue distribution. Most subtypes are expressed in DRG, with ASIC1b and ASIC3 (known also as ASIC-[image: image219.png]


 and DRASIC, respectively) showing exclusive or preferential expression within sensory ganglia. Can ASIC channels account for any aspect of transient or sustained proton-evoked currents observed in DRG neurons? Heterologous expression of most ASIC subunits produces currents consisting of a single transient phase, or one having a sustained component that is Na+-selective or observed only at non-physiological proton concentrations ([image: image220.png]


pH 5). However, co-expression of ASIC3 with ASIC2b (a splice variant of MDEG, also called MDEG2) generates a more native-like current containing a sustained component with non-selective cation permeability30. McCleskey and colleagues40 have provided strong evidence that ASIC3/2b heteromeric channels, rather than VR1, underlie the unusually large and mostly transient proton-evoked currents observed in the relatively small subpopulation (2–3%) of DRG afferents that innervate the heart. This makes good physiological sense because occlusion of a cardiac artery produces modest acidosis (to just below pH 7), but this is sufficient to activate cardiac nociceptors or ASIC3/2b.

By contrast, genetic studies indicate that MDEG (BNC1) gene products (ASIC2a and 2b) do not contribute to acid sensitivity in most non-cardiac nociceptors32. Thus, BNC1-/- mice showed no obvious decrement in pH 5-evoked responses among large- or small-diameter DRG neurons. Moreover, acid produced normal sustained discharges in cutaneous C fibres from these animals. Gene knockouts of other members of this family will be needed to clarify the contribution of ASICs to proton detection and nociceptor sensitization at various physiological sites.

Peptides and growth factors Tissue damage promotes the release or production of bioactive peptides from non-neural cells and plasma proteins at the site of injury45. Principal among these is the nonapeptide bradykinin, which, when applied to primary sensory nerve terminals or cultured sensory neurons, produces immediate membrane depolarization as well as sensitization to other noxious, or even innocuous stimuli46. Bradykinin activates G-protein-coupled (BK2) receptors on these cells to stimulate PLC-catalysed hydrolysis of PtdIns(4,5)P2, consequently releasing Ca2+ from intracellular stores and activating protein kinase C (PKC) (Fig. 4). Treatment of cultured DRG neurons with bradykinin augments heat-evoked currents in these cells47, an effect that may be mediated through direct or indirect modification of VR1 by the [image: image221.png]


-isoform of PKC48 (Fig. 4). PKC-[image: image222.png]


-knockout mice exhibit reduced thermal and mechanical hypersensitivity after treatment with adrenaline or acetic acid49, but effects of bradykinin have not been reported. In any event, molecular validation of this pathway will require biochemical proof that VR1 is phosphorylated in response to BK2-receptor activation and that mutation of one or more phosphate-accepting residues abrogates channel modulation.
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	Figure 4 When nociceptors are exposed to products of injury and inflammation, their excitability is altered by a variety of intracellular signalling pathways.   Full legend
 
High resolution image and legend (49k)


Bradykinin might also heighten VR1 sensitivity through a PKC-independent process50. In this mechanism, channel modulation occurs as a direct consequence of PLC-mediated PtdIns(4,5)P2 hydrolysis, in effect releasing VR1 from PtdIns(4,5)P2-mediated inhibition. Precedence for such a regulatory mechanism comes from studies of cyclic nucleotide-gated channels51 and G-protein-gated inwardly rectifying potassium channels52, 53. Moreover, as mentioned above, several members of the TRP channel family are activated downstream of PLC-coupled receptors, and recent evidence from both vertebrate and invertebrate systems suggests that PtdIns(4,5)P2 hydrolysis also is important in modulating the activity of these channels24, 25. Exogenously applied lipids, such as anandamide, arachidonate or diacylglycerol, have been shown to activate VR1 (see below) or other TRP channels (see review by Hardie and Raghu, pages 186–193), raising the possibility that these hydrophobic agonists exert their effects by displacing PtdIns(4,5)P2 or other membrane lipids from an inhibitory site on the channel complex.

NGF is best known as a survival factor for embryonic neurons and is essential for the development of all primary sensory nociceptors. But in the adult, NGF serves a very different function, being released by mast cells, fibroblasts and other cell types at sites of injury and inflammation, where it acts on primary sensory nerve terminals to promote thermal hypersensitivity54. Consistent with this action, Mendell and colleagues55 showed that exposure of cultured DRG neurons to NGF for several minutes produces acute sensitization of capsaicin-evoked responses. Although NGF elicits long-term changes in gene expression, its ability to promote short-term nociceptor sensitization suggests that post-translational mechanisms also are involved.

NGF binds to TrkA tyrosine kinase receptors on peptidergic sensory neurons to activate mitogen-activated protein (MAP) kinase and PLC-[image: image224.png]


 signalling pathways56. When frog oocytes expressing TrkA and VR1 are treated with NGF for several minutes, proton-, vanilloid- or heat-evoked responses are potentiated, recapitulating the sensitization that occurs in cultured DRG neurons or primary sensory fibres. A TrkA mutant that specifically disrupts coupling of the receptor to PLC-[image: image225.png]


 abrogates NGF enhancement of VR1, consistent with the potentiation mechanism outlined for bradykinin50. The importance of the MAP-kinase pathway in the regulation of gene expression is well appreciated, but the physiological significance of PLC activation to neurotrophin action has been enigmatic. These findings now suggest that PLC signalling contributes to NGF-mediated thermal hypersensitivity and possibly to other forms of short-term, post-translational nociceptor modulation (Fig. 4). VR1-/- mice do not develop thermal hypersensitivity in response to NGF or bradykinin treatment50, indicating that this channel is a probable downstream target for modulation by these and other pro-algesic agents that activate PLC. TRP channels in the fly eye exist in a complex with other components of the phototransduction machinery (see review by Hardie and Raghu), an arrangement that influences sensitivity and kinetics of the signalling process57, 58. Interestingly, VR1 forms a signalling complex with TrkA and PLC-[image: image226.png]


 in heterologous systems50. Whether a similar signalling scaffold exists in nociceptors remains to be determined, but phylogenetic comparisons suggest that this might well be the case.

Sensitization and activation by lipids The efficacy of non-steroidal anti-inflammatory agents, such as aspirin, is attributed generally to blockade of cyclooxygenase (COX) enzymes that convert arachidonic acid, a lipid messenger, into pro-inflammatory prostanoid products, notably prostaglandin E2 (PGE2). Most studies indicate that PGE2 contributes to peripheral sensitization by binding to G-protein-coupled receptors that increase levels of cyclic AMP within nociceptors45. However, it now seems likely that cyclooxygenase products are also present in the spinal cord, where they could interact with receptors on the central terminals of nociceptors59. This idea has aroused great interest because it argues that COX inhibitors may exert their pain-relieving effects by modulating nociception at both peripheral and central sites60.

Recent studies have provided important information on a likely molecular target through which PGE2 sensitizes primary sensory fibres. Nociceptors express a specific subclass of voltage-gated sodium channel that is resistant to blockade by tetrodotoxin61. These TTX-R Na+ channels are believed to contribute significantly to action-potential firing rate and duration in small-diameter sensory neurons. Electrophysiological studies suggest that PGE2 increases excitability of DRG neurons, in part by shifting the voltage dependence of TTX-R Na+-channel activation in the hyperpolarizing direction. This reduces the extent of membrane depolarization needed to initiate an action potential and favours repetitive spiking. Pharmacological and biochemical studies indicate that PGE2-dependent modulation of the TTX-R Na+ current involves phosphorylation of the channel protein by cAMP-dependent protein kinase A62-64 (Fig. 4). It is not known which of the two known TTX-R Na+-channel subtypes within DRG (Nav1.8 or Nav1.9)65-67 are targeted by lipids, and under what conditions this occurs. Behavioural analysis of Nav1.8-deficient mice revealed modest deficits in acute sensation to noxious stimuli68. These animals also showed a delayed onset of inflammatory thermal hypersensitivity, but the maximal response was equivalent to that of wild-type animals. Such observations support the involvement of Nav1.8 in tissue injury-evoked hypersensitivity, but also suggest that there is redundancy among voltage-gated Na+ channel subtypes in nociceptor function.

Capsaicin is a hydrophobic molecule that bears structural similarity to several lipid second messengers (Fig. 5), leading many to suggest that lipid metabolites might serve as endogenous vanilloid-receptor agonists. The hunt for such ligands has been further advanced by the realization that the vanilloid receptor belongs to the TRP channel family, some members of which can be activated by polyunsaturated fatty acids or other lipid metabolites (see review by Hardie and Raghu, pages 186–193). Indeed, we and others have shown that the endogenous cannabinoid-receptor agonist anandamide (arachidonylethanolamide), or lipoxygenase products of arachidonic-acid metabolism (for example, 12- and 15-(S)-hydroperoxyeicosatetraenoic acid), activate native or cloned vanilloid receptors when applied to whole cells or excised membrane patches containing VR1 channels69-71. These lipid messengers are admittedly weak as VR1 agonists (EC50 [image: image227.png]
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M at 25 °C, pH 7.6), at least when compared to capsaicin, and this has fuelled some debate as to whether they should be considered 'endovanilloids'72. But the physiological setting in which these molecules are likely to act as VR1 agonists is one involving inflammation, and thus the relevant question should be whether they act synergistically with other pro-inflammatory agents, such as bradykinin, NGF or protons, to facilitate VR1 gating and promote thermal hypersensitivity at sites of tissue injury. Finally, endogenous ligands with greater potency at VR1 may well exist, but these await discovery.
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	Figure 5 An alignment of natural and synthetic vanilloid receptor agonists illustrates their structural similarity.   Full legend
 
High resolution image and legend (41k)


The central terminal of the primary afferent nociceptor
All primary sensory nociceptors make synaptic connections with neurons in the grey matter (dorsal horn) of the spinal cord (Fig. 3). Subsets of dorsal horn neurons, in turn, project axons and transmit pain messages to higher brain centres, including the reticular formation, thalamus and ultimately the cerebral cortex5. Not surprisingly, the neural circuitry within the dorsal horn is incredibly complex, and much interest is focused on understanding whether subclasses of primary sensory nociceptors and the spinal circuits that they engage contribute differentially to the main classes of clinically relevant pains, namely, inflammatory pain resulting from tissue injury and neuropathic pain resulting from nerve injury9, 12.

One of the most interesting questions concerning nociceptors is the extent to which receptors/transducers at the peripheral terminal are also functional at central (presynaptic) terminals in the spinal cord dorsal horn, and if so, whether they serve the same function. For some neurotransmitter receptors (for example, opioid receptors), the source of endogenous ligand is clear — interneurons in the superficial dorsal horn synthesize opioid peptides that can target presynaptic opioid receptors and regulate neurotransmitter release by decreasing Ca2+ conductance5. As noted above, it is likely that spinal cord-derived PGE2 targets the central terminal of the nociceptor. Functional presynaptic purinergic receptors have also been described and the source of ATP can be identified73. By contrast, presynaptic vanilloid receptors will never be exposed to noxious thermal temperatures or to the magnitude of pH changes that regulate VR1 gating at the peripheral terminal of the nociceptor, and thus other ligands must be considered. Lipid mediators, such as anandamide, may be relevant. There is evidence for presynaptic regulation of neurotransmitter release through an action of anandamide at both CB1 cannabinoid and vanilloid receptors in the dorsal horn74. Similarly, the function of central ASICs is unclear, nor is it known whether novel endogenous ligands for these channels exist.

Future directions
One of the main challenges is to understand how both the specific physiological properties of nociceptors and the circuits that they engage in the central nervous system determine pain perception and resultant behaviour. Molecular markers make it possible to identify and manipulate the activity of subsets of nociceptors, so facilitating the mapping of spinal cord and brainstem circuits that are engaged by specific nociceptor populations. It is important to understand the function of the many neurotransmitters, receptors and transducers that are expressed by nociceptors and the significance of their transcriptional and post-translational regulation in the setting of injury. Although opioids and non-steroidal anti-inflammatory agents are analgesic drugs of choice for the treatment of pain, their utility is often limited by unacceptable side-effects due to actions at identical receptors outside of the pain pathway. Because many of the channels and receptors described in this review seem to be unique to the nociceptor (for example, TTX-R Na+ channels, P2X3 and VR1), they represent promising targets for the development of new and highly selective local anaesthetics and analgesics for treating a wide variety of persistent pain conditions.
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Figure 1 Different nociceptors detect different types of pain. a, Peripheral nerves include small-diameter (A[image: image237.png]


) and medium- to large-diameter (A[image: image238.png]


,[image: image239.png]


) myelinated afferent fibres, as well as small-diameter unmyelinated afferent fibres (C). b, The fact that conduction velocity is directly related to fibre diameter is highlighted in the compound action potential recording from a peripheral nerve. Most nociceptors are either A[image: image240.png]


 or C fibres, and their different conduction velocities (6–25 and [image: image241.png]


1.0 m s-1, respectively) account for the first (fast) and second (slow) pain responses to injury. Panel b adapted from ref. 75. 
[image: image242.jpg]



Figure 2 Polymodal nociceptors use a greater diversity of signal-transduction mechanisms to detect physiological stimuli than do primary sensory neurons in other systems. a, In mammals, light or odorants are detected by a convergent signalling pathway in which G-protein-coupled receptors modulate the production of cyclic nucleotide second messengers, which then alter sensory neuron excitability by regulating the activity of a single type of cation channel. b, In contrast, nociceptors use different signal-transduction mechanisms to detect physical and chemical stimuli. Recent studies suggest that TRP-channel family members (VR1 and VRL-1) detect noxious heat, and that ENaC/DEG-channel family detect mechanical stimuli. Molecular transducers for noxious cold remain enigmatic. Noxious chemicals, such as capsaicin or acid (that is, extracellular protons) may be detected through a common transducer (VR1), illustrating aspects of redundancy in nociception. At the same time, a single type of stimulus can interact with multiple detectors, as shown by the ability of extracellular protons to activate not only VR1, but also ASICs, which are also members of the ENaC/DEG-channel family.
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Figure 3 The molecular complexity of the primary afferent nociceptor is illustrated by its response to inflammatory mediators released at the site of tissue injury. Some of the main components of the 'inflammatory soup' are shown, including peptides (bradykinin), lipids (prostaglandins), neurotransmitters (serotonin (5-HT) and ATP) and neurotrophins (NGF). The acidic nature of the inflammatory soup is also indicated. Each of these factors sensitize (lower the threshold) or excite the terminals of the nociceptor by interacting with cell-surface receptors expressed by these neurons. Examples of these factors and representative molecular targets are indicated in the box. Activation of the nociceptor not only transmits afferent messages to the spinal cord dorsal horn (and from there to the brain), but also initiates the process of neurogenic inflammation. This is an efferent function of the nociceptor whereby release of neurotransmitters, notably substance P and calcitonin gene related peptide (CGRP), from the peripheral terminal induces vasodilation and plasma extravasation (leakage of proteins and fluid from postcapillary venules), as well as activation of many non-neuronal cells, including mast cells and neutrophils. These cells in turn contribute additional elements to the inflammatory soup. Figure adapted from refs 75,76.
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Figure 4 When nociceptors are exposed to products of injury and inflammation, their excitability is altered by a variety of intracellular signalling pathways. The figure highlights the vanilloid receptor (VR1) and tetrodotoxin-resistant (TTX-R) voltage-gated sodium channels (Nav1.8 and 1.9) as downstream targets of modulation. Responses of VR1 to heat can be potentiated by direct interaction of the channel with extracellular protons (H+) or lipid metabolites, such as anandamide (AEA). VR1 activity can also be heightened by agents such as NGF or bradykinin, which bind to their own cell-surface receptors (TrkA and BK, respectively) to stimulate phospholipase C (PLC-[image: image245.png]


 or PLC-[image: image246.png]


) signalling pathways. This, in turn, leads to hydrolysis of plasma membrane lipids and the subsequent stimulation of protein kinase C isoforms, such as PKC-[image: image247.png]


. Both of these actions have been proposed to potentiate VR1 function. Prostaglandins (PGE2) and other inflammatory products that activate adenylyl cyclase (AC) through Gs-coupled receptors also enhance nociceptor excitability. This occurs, in part, by a cyclic AMP-dependent protein kinase (PKA)-dependent phosphorylation of Nav1.8 and/or Nav1.9. By activating Gi-coupled receptors, opiates and cannabinoids can counteract these increases in excitability of the nociceptor, and produce a peripherally mediated analgesia.
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Figure 5 An alignment of natural and synthetic vanilloid receptor agonists illustrates their structural similarity. Olvanil is a synthetic, non-pungent capsaicin analogue that activates VR1 with relatively slow kinetics. Anandamide is an endogenous lipid metabolite (similar in structure to arachidonic acid) that was initially discovered as a ligand for cannabinoid receptors. AM404 is a synthetic drug that blocks cellular re-uptake of anandamide. Both compounds activate native and cloned vanilloid receptors in vitro with relatively slow kinetics, similar to olvanil. 15-HPETE and other lipoxygenase products of arachidonic acid metabolism activate VR1 in vitro with potencies (1–10 [image: image249.png]


M) resembling those of anandamide and AM404.
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The human nose is often considered something of a luxury, but in the rest of the animal world, from bacteria to mammals, detecting chemicals in the environment has been critical to the successful organism. An indication of the importance of olfactory systems is the significant proportion — as much as 4% — of the genomes of many higher eukaryotes that is devoted to encoding the proteins of smell. Growing interest in the detection of diverse compounds at single-molecule levels has made the olfactory system an important system for biological modelling.

The sensitivity and range of olfactory systems is remarkable, enabling organisms to detect and discriminate between thousands of low molecular mass, mostly organic compounds, which we commonly call odours. Represented in the olfactory repertoire are aliphatic and aromatic molecules with varied carbon backbones and diverse functional groups, including aldehydes, esters, ketones, alcohols, alkenes, carboxylic acids, amines, imines, thiols, halides, nitriles, sulphides and ethers. This remarkable chemical-detecting system, developed over eons of evolutionary time, has received considerable attention in the past decade, revealing sensing and signalling mechanisms common to other areas of the brain, but developed here to unusual sophistication.

How does the olfactory system manage this sophisticated discriminatory task? Beginning with the identification of a large family of G-protein-coupled receptors (GPCRs) in the nose, the foundations of a comprehensive understanding have emerged in surprisingly short order. The advent of advanced molecular and physiological techniques, as well as the publication of eukaryotic genomes from Caenorhabditis elegans to Homo sapiens, has provided the critical tools for unveiling some of the secrets. We now possess a detailed description of the transduction mechanism responsible for generating the stimulus-induced signal in primary sensory neurons, and also an explicit picture of the neural wiring, at least in the early parts of the system. From this body of work a view of molecular coding in the olfactory system has arisen that is surely incomplete, but nonetheless compelling in its simplicity and power.

Among higher eukaryotes, from flies through to mammals, there is a striking evolutionary convergence towards a conserved organization of signalling pathways in olfactory systems1. Two olfactory systems have developed in most animals. The common or main olfactory system is the sensor of the environment, the primary sense used by animals to find food, detect predators and prey, and mark territory. It is noteworthy for its breadth and discriminatory power. Like the immune complex, it is an open system built on the condition that it is not possible to predict, a priori, what molecules it (that is, you) might run into. Therefore, it is necessary to maintain an indeterminate but nonetheless precise sensory array. A second, or accessory, olfactory system has developed for the specific task of finding a receptive mate — a task of sufficient complexity that evolution has recognized the need for an independent and dedicated system. Known as the vomeronasal system, it specializes in recognizing species-specific olfactory signals produced by one sex and perceived by the other, and which contain information not only about location but also reproductive state and availability. In addition to its role in sexual behaviours, it is important in influencing other social behaviours such as territoriality, aggression and suckling. This review will describe the recent advances that have emerged from molecular, physiological, imaging and genetic studies, and will highlight many of the remaining questions, especially as concerns the primary tasks of olfactory function: detecting, discriminating and signalling. Critical issues in areas such as development, gene regulation and higher processing, which are beyond the scope of this article, can be found in other recent reviews2, 3.

Anatomical organization
The sensory neuron In vertebrates, the olfactory sensory neurons (OSNs) in the periphery are the primary sensing cell (Fig. 1b). Some 6–10 million of them form a neuroepithelium that lines a series of cartilaginous outcroppings, called turbinates, in the upper reaches of the nasal cavity in mammals; other vertebrates have similar specialized structures containing OSNs. The OSNs are bipolar neurons with a single dendrite that reaches up to the surface of the tissue and ends in a knob-like swelling from which project some 20–30 very fine cilia. These cilia, which actually lie in the thin layer of mucus covering the tissue, are the site of the sensory transduction apparatus. A thin axon from the proximal pole of the cell projects directly to higher brain regions (Fig. 1a,c). Invertebrates, particularly the arthropods, use a similar plan in which polarized neurons are specialized at one end for chemical detection and at the other for signalling.
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	Figure 1 Functional anatomy and structure of the early olfactory system.   Full legend
 
High resolution image and legend (170k)


Central pathways OSNs send their axons into a region of the forebrain known as the olfactory bulb. Recent molecular-genetic studies using transgenic mice have shown that all the neurons expressing a particular receptor, no matter where they are found on the epithelial sheet, converge to a single 'target' in the olfactory bulb4. These targets are the glomeruli, spherical conglomerates of neuropil some 50–100 [image: image255.png]


m in diameter that consist of the incoming axons of OSNs and the dendrites of the main projection cell in the bulb, the mitral cell (Fig. 1c). It is beyond the scope of this review to consider the complex wiring of the olfactory bulb, but at its simplest the mitral cells receive information from the OSNs, and their axons in turn project to various higher brain regions. In one of the most extreme cases of convergence in the nervous system, several thousand OSN axons synapse on to the dendrites of only 5–25 mitral cells in each glomerulus.

Odour receptors in vertebrates and mammals The discovery and publication a decade ago of the mammalian family of odour receptors5 produced one anticipated and one surprising result. Expected was that olfactory receptors (ORs) are GPCRs similar to those known to be important in neurotransmission, photoreception (rhodopsin is a GPCR) and many other cellular processes. Unanticipated was the astonishing finding that there are as many as 1,000 genes for ORs in the mammalian genome, making it by far the largest family of GPCRs, and probably the largest gene family in the entire genome (Fig. 2). Fish and amphibians are less well endowed with about 100 ORs, and in the human genome an unexplained 60% of OR genes seem to be pseudogenes6.
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	Figure 2 Odorant receptors are the jewel of olfactory research in the past 10 years.   Full legend
 
High resolution image and legend (78k)


Vertebrate odour receptors share many features with other GPCRs, including a coding region that lacks introns, a structure that predicts seven [image: image257.png]


-helical membrane-spanning domains connected by intracellular and extracellular loops of variable lengths, and numerous conserved short sequences. But there are certain characteristics specific to ORs, such as an unusually long second extracellular loop, an extra pair of conserved cysteines in that loop, and other short sequences (see a recent review by Mombaerts3 for a detailed analysis of the receptor gene). Within the family of ORs there is a range of similarity, from less than 40% to over 90% identity. Perhaps most interesting is that there is a region of hypervariability, where the sequences show particularly strong divergence, in the third, fourth and fifth transmembrane regions. In three-dimensional models of the GPCRs, these three [image: image258.png]


-helical barrels are thought to face each other and form a pocket about one-third of the way into the membrane7 (Fig. 2). Based on studies from other GPCRs of this class (for example adrenergic receptors8), and in common with the binding site of retinal in rhodopsin9, this pocket is the probable binding site for ligands. The variability observed among the ORs in this region provides the first molecular basis for understanding the range, diversity and large number of olfactory ligands that can be detected and discriminated.

Such features make these receptors excellent models for structure–function studies in this class of receptors. In the case of a receptor known as I7, for example, the mouse and rat orthologues showed a differential response with one being more sensitive to octanal and the other to heptanal. Among the 15 amino acids that are different in the two genes, a single residue in transmembrane domain 5 (valine or isoleucine) was found to be sufficient to confer this alternate ligand sensitivity10. These sorts of results provide the impetus for developing a pharmacology of odour receptors that would produce activity matrices of large numbers of receptors tested against equally large chemical libraries.

But this ambitious experimental programme has barely progressed, owing to the puzzling difficulty of expressing ORs in heterologous systems suitable for high-throughput screening or mutational analysis. The main difficulty seems to be one of protein trafficking. For unknown reasons, the OR protein, although produced in transfected cells, seems to be trapped in endoplasmic reticulum, Golgi and endosomal compartments, with little or no receptor finding its way to the membrane11. In one solution to this problem, a recombinant receptor was engineered into an adenovirus, which was then used to infect OSNs in rat olfactory epithelia12. The infected OSNs were driven to express the recombinant receptor (the I7 receptor was used in this case) so that infected epithelia produced larger physiological responses to the ligands for that receptor than to other odours. In this way the first positive identification of a family of ligands was determined for a single OR. The ability of OSNs to express cloned receptors while other cells could not is further evidence for the involvement of some olfactory-specific chaperone or co-factor necessary for functional receptor expression. What that co-factor might be remains the focus of significant research efforts.

A few other ORs have been expressed in heterologous cell systems by including additional amino acids on the amino terminal. Fusing 20 amino acids from rhodopsin10 or a short piece of serotonin receptor13 to the N terminal of several ORs has enabled low levels of membrane expression in HEK 293 cells. Paired with expression of the promiscuous G protein (G[image: image259.png]


15), odours induced intracellular calcium release that was measured by fura-2 imaging. Finally, limited success, in particular with ORs from fish, has been achieved in oocytes14. But in general there remains no robust, reliable, efficient system for expressing and assaying ORs. The eventual solution of this problem will surely initiate a research bonanza in GPCR receptor–ligand and structure–activity research. Molecular sensing by GPCRs, so well developed in the olfactory sense, is biologically ubiquitous, and over 50% of the pharmaceuticals currently on the market or in development are targeted at these receptors.

Invertebrate odour receptors In what is something of a reversal of the standard strategy, mammalian molecular studies have often preceded those in invertebrates. The first invertebrate family of ORs were identified in C. elegans, but they are unrelated to those of any other species investigated15. They comprise an independent super family of 500+ ORs. The nematode olfactory system seems to be built on a strategy more comparable to vertebrate taste than olfaction, with multiple receptors expressed in a few sensory neurons. Nonetheless, many important accessory molecules have been discovered in this system and future genomic and structural research seems promising.

The appearance of the Drosophila odour receptor (DOR) family was perhaps the most important advance in olfactory studies in the past five years16, 17. These elusive receptors number at least 60 in the adult fly, with additional chemosensory receptors in the larva. They bear no homology to vertebrate ORs, and indeed have very little similarity with each other. Their classification as a family relies on a mildly conserved region in the seventh transmembrane domain and their common expression in olfactory tissues. They do share, with the vertebrate ORs, the unfortunate attribute of not expressing functionally in heterologous expression systems. Thus no DOR has been paired definitively with a cognate ligand. However, it seems that the Drosophila system is organized along the lines of the vertebrate system18, with each sensory neuron expressing only a single OR (with one curious exception, a single receptor that is also expressed in nearly every OSN), and all cells expressing the same receptor contacting a single glomerulus in the antennal lobe (a structure analogous to the olfactory bulb).

Because the fly is structurally more stereotypical, it is possible to map odour sensitivity across an antenna, and there are patterns of sensitivity that suggest a tight control on how receptors are expressed. With its similarity to the vertebrate system, its numerically simpler receptor repertoire and its genetic tractability, the Drosophila olfactory system should be very useful for investigating crucial issues of gene regulation, axon targeting and stimulus coding. And the potential value of utilizing insect olfaction as part of an integrated pest management strategy should not be overlooked. With the fly as a model, identification of receptors in insects that have prominent roles in agriculture and public health may lead to the discovery of repellents and attractants that can alter insect behaviour, without the disagreeable side effects of neurotoxic insecticides.

Signal transduction
Once the receptor has bound an odour molecule, a cascade of events is initiated that transforms the chemical energy of binding into a neural signal (that is, a change in the membrane potential of the OSN). Although still obscure in invertebrates, this process is now generally well understood in mammals and other vertebrates (Fig. 3).
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	Figure 3 Sensory transduction.   Full legend
 
High resolution image and legend (39k)


The ligand-bound receptor activates a G protein (an olfactory-specific subtype, Golf), which in turn activates an adenylyl cyclase (ACIII). The cyclase converts the abundant intracellular molecule ATP into cyclic AMP, a molecule that has numerous signalling roles in cells. In the case of OSNs the cAMP binds to the intracellular face of an ion channel (a cyclic nucleotide-gated (CNG) channel closely related to that found in photoreceptors; see review in this issue by Hardie and Raghu, pages 186–193), enabling it to conduct cations such as Na+ and Ca2+ (ref. 19). Inactive OSNs normally maintain a resting voltage across their plasma membrane of about –65 mV (inside with respect to outside). When the CNG channels open, the influx of Na+ and Ca2+ ions causes the inside of the cell to become less negative. If enough channels are open for long enough, causing the membrane potential to become about 20 mV less negative, the cell reaches threshold and generates an action potential. The action potential is then propagated along the axon, which crosses through a thin bone known as the cribiform plate, and into the forebrain where it synapses with second-order neurons in the olfactory bulb. Genetically altered mice in which various components of this transduction cascade have been deleted (Golf, ACIII and most notably the CNG channel20-22) indicate that the cAMP pathway is the common pathway for all OSNs; involvement of other second messengers in modulatory roles awaits conclusive proof.

The second-messenger cascade of enzymes provides amplification and integration of odour-binding events. One membrane receptor activated by a bound odour can in turn activate tens of G proteins, each of which will activate a cyclase molecule capable of producing about a thousand molecules of cAMP per second. Three cAMP molecules are required to open a channel, but hundreds of thousands of ions can cross the membrane through a single open channel. It seems that a single odour molecule can produce a measurable electrical event in an OSN (although probably not a perceivable event in the brain) and just a few channels opening together could pass sufficient current to induce action-potential generation23, 24.

Appended to this pathway is an additional, and somewhat unique, amplification mechanism in OSNs. The calcium ions entering through the CNG channel are able to activate another ion channel that is permeable to the negatively charged chloride ion25. Neuronal Cl- channels normally mediate inhibitory responses, as Cl- ions tend to be distributed in such a way that they will enter the cell through an open channel. But OSNs maintain an unusually high intracellular Cl- concentration (presumably by the action of a membrane pump) such that there is a Cl- efflux when these channels are activated. Left behind is a net positive charge on the membrane that further depolarizes the cells, thus adding to the excitatory response magnitude. This is an interesting evolutionary adaptation to the fact that the olfactory cilia reside in the mucus, outside the body proper, and where the concentrations of ions are not as well regulated as they are in normal interstitial compartments26, 27. Thus the OSN maintains its own Cl- battery, in case the Na+ gradient in the mucus is insufficient to support a threshold current, and uses it to boost the response.

Calcium ions entering through the CNG channels are also important in response adaptation through a negative feedback pathway involving the ion channel28. As intracellular calcium increases during the odour response, it acts on the channel (probably with calmodulin) to decrease its sensitivity to cAMP, thereby requiring a stronger odour stimulus to produce sufficient cAMP to open the channel29-31. This adaptation response is critical, as physiological recordings from OSNs indicate that they have very steep concentration–response relations (typically, responses from 10–90% of the maximum occur over a stimulus concentration of about one log unit32). This means that the cells are particularly sensitive to small changes in concentration, but without adaptation to re-set the gain they would be able to respond only over a narrow dynamic range33. This is just one of several mechanisms that OSNs use for adjusting their sensitivity. Others include a recently discovered RGS (regulator of G-protein signalling) protein that apparently acts on the adenylyl cyclase to decrease its activity34, and a kinase that phosphorylates activated receptors sending them into a desensitized state35, 36.

Signal transduction and generation in invertebrates is far less well understood, possibly because there is not a single system at work. In lobsters, a lipid pathway involving inositol phosphates seems to be dominant37, and in Drosophila and the moth, there is also strong evidence for inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) as a second messenger38. The difficulty in these systems is that the final target of the cascade, the analogue of the CNG channel in vertebrates, remains to be identified. In contrast to vertebrates, invertebrates have both excitatory and inhibitory responses to odours, so there are likely to be multiple transduction pathways39, 40.

Tuning curves in primary sensory cells
A classical means of describing and classifying primary sensory neurons uses the concept of a 'tuning curve' — the relationship between stimulus quality and response. For photoreceptors this would be a plot showing the range of wavelengths of light at which they are activated, and for auditory receptors it would be a similar representation of frequency. But for OSNs this is a somewhat more difficult task as odours vary along multiple dimensions. To understand the rules of olfactory stimulus encoding it is useful to attempt to describe a 'molecular receptive range'41 for OSNs.

Several approaches to this problem have been taken (Box 1). What has become clear is that most if not all receptors can be activated by multiple odours, and conversely most odours are able to activate more than one type of receptor. But this vast combinatorial strategy only underscores the importance of understanding how broadly tuned a particular OR may be. Limited physiological recordings from individual cells have produced conflicting data, probably because there are a range of tuning profiles, from specific to broad, and physiological experiments generally use necessarily limited sets of odours42. The standard means of characterizing the molecular range of a receptor is through a medicinal chemistry approach that seeks to define a pharmacophore, that is, the molecular determinants that are common to a set of agonists or antagonists for a given receptor.

Taking this approach, Araneda et al.43 were able to provide such a characterization for at least one particular odour receptor in the rat. After screening an extensive panel of compounds they were able to determine three critical chemical features common to agonists at this receptor, and also determined that a related structural compound could serve as an antagonist, reducing the response to a known agonist. This indicates that standard pharmacology could indeed be applied profitably to the analysis of odour receptors, although large-scale screens for 1,000 ORs might be a task better suited to industrial rather than academic laboratories. It may also mean that blockers for specific malodours could be found or synthesized.

An alternative strategy would be intrinsic imaging in the olfactory bulb, which would rely on all of the OSNs expressing a particular receptor and converging onto a single glomerulus. Taking advantage of this feature, several groups44-46 have recently used such optical imaging in the living olfactory bulb of rodents (see review by Dudai47). These experiments confirm that a given odour activates a set of glomeruli (that is, OSNs, and hence ORs) and that different odours activate overlapping but non-identical patterns of glomeruli (receptors). In one particularly striking case involving enantiomers (compounds of identical molecular composition that differ only in the three-dimensional arrangement of their atomic groupings) that can be discriminated behaviourally by rats, the pattern of glomerular activity induced by either stereoisomer differed by as little as a single glomerulus48. Such studies suggest that receptors that recognize similar odours tend to map in the same general area in the olfactory bulb, although at present this is merely a postulate as too few odours have been screened and only [image: image261.png]


20% of the bulb can be visualized with this method.

Encoding other features of the olfactory stimulus
Olfactory thresholds measured behaviourally in animals, or psychophysically in humans, are often lower than what is seen in single-cell recordings. There may be two underlying causes for this. One is the convergence at the glomerular layer described above, allowing each mitral cell to sample a large population of identically tuned primary neurons, sending even weak messages through to the brain. But there is also a cellular source for the discrepancy. Sensitivity is usually measured psychophysically as a threshold level of stimulus at which a response occurs more often than chance. At the cellular level, sensitivity is measured as the EC50, or midpoint, on a dose–response curve; that is, the concentration of odour that elicits a half-maximal response. To bring these two measures together it is helpful to recognize that OSNs cannot really measure concentration, which is something of an abstraction, but rather they operate as molecular counters, tallying each interaction between an odour molecule and a receptor. A measure of the stimulus that better captures this notion would be flux, or concentration over time. With the introduction of a temporal dimension the importance of the second messenger as an integrator, as well as amplifier, becomes apparent. The second-messenger system allows the OSN to sum or integrate many individual binding events over some period of time (which has been measured at [image: image262.png]


1 s in salamanders, and is probably shorter in mammals).

What is the value of this? For many odours the dose–response curves in single cells have relatively elevated EC50 values — in the range 10–100 [image: image263.png]


M. This seems high in comparison to other GPCRs, in particular neurotransmitter receptors, but the task of the OR is different from that of a serotonin receptor. ORs are broadly tuned so as to be able to recognize a number of related but not identical molecules; this is what gives the system its tremendous range. But broadly tuned receptors cannot also have high affinities. By counting molecules and integrating over relatively long times, OSNs are able to include even low-probability binding events in generating their response. In effect the system gives up affinity for a broader receptive range, but recovers at least some of that lost sensitivity by giving up temporal resolution and using a long integration time. This seems a fair trade-off as the olfactory system is rarely called on to act quickly, as the visual or auditory systems might be.

How many odours can we detect? The literature is replete with numbers ranging from [image: image264.png]


2,000 to more than 100,000. Theoretically it could be billions, based on the possible combinations of 1,000 receptors. In fact, the question is probably not relevant, just as it makes little sense to ask how many colours or hues we can see. Perfumers, chefs, sommeliers or highly trained animals are likely able to discriminate more odours than the rest of us, but this is not due to an inherent difference in equipment. Physical chemistry may be the primary limiting factor as odour chemicals must possess a certain volatility, solubility and stability to act on the nasal sensory tissue.

Another issue that has yet to be resolved concerns the effects of intensity on olfactory coding. It is often remarked that some odours change their perceived quality depending on the stimulus intensity. For example, thiols, which smell unbearably awful at high concentrations, have a sweet citrus aroma at lower concentrations. But this is far less remarkable than the fact that most odours remain constant in their quality over orders of magnitude of concentration. Amyl acetate, a pleasant fruity smelling substance, can be easily identified at concentrations from 0.1 [image: image265.png]


M to 10 mM. By monitoring activity in the olfactory bulb it is clear that as the concentration of an odour is increased, additional glomeruli are recruited into the pattern of activity, suggesting that new receptors are being activated as concentrations increase45. Precisely how the percept remains constant as new receptors are recruited into the response is not clear. One possibility is that there may be a class of broadly tuned low-affinity receptors that are simply intensity detectors. That is, they are activated by a large number of substances, but only at higher concentrations, so that their introduction into the pattern of activity signals only a higher concentration of whatever odour the rest of the pattern was signalling.

Pheromones and the vomeronasal system
In many mammals there is an accessory olfactory system located in a cigar-shaped organ (the vomeronasal organ or VNO) separate from the main olfactory epithelium (MOE). The VNO has been identified with the action of pheromones, molecules produced and emitted by other members of the same species. Pheromones have been implicated in mating, suckling, courtship and other behaviours and are believed to interact, through the VNO, with the endocrine system.

Two additional families of GPCRs, again unrelated to the family of ORs, have been identified in the VNO (Fig. 2), and they are differentially expressed in two segregated populations of vomeronasal sensory neurons (VSNs)49-52. Those located in the most apical portion of the epithelium express the Gi type of G protein, whereas those in the basal portion are Go positive53. Although there is no evidence that these G proteins are involved in sensory transduction, the two families of receptors are distributed in precise coincidence with them52, 54. Thus the Gi-positive neurons express receptors of the V1R family, whereas the V2R receptors are expressed in Go-positive cells. V1R receptors number about 150 and are of the same general type of GPCR as the ORs (that is, they have short N termini). V2Rs on the other hand are similar to metabotropic glutamate receptors in that they have a long extracellular N-terminal region believed to be involved in ligand binding. There are estimated to be some 150 V2Rs in rodents, arrayed into several sub-families55, 56. The organization of the vomeronasal system is somewhat different from the MOE as at least some VSNs may express more than one receptor57. VSNs project their axons to a caudal region of the olfactory bulb known as the accessory olfactory bulb (AOB; Fig. 1a), but VSN axons do not converge onto single glomeruli as in the main bulb58, 59. In the AOB, sensory neurons expressing the same V1R converge on the same glomeruli, but as many as 10–30 glomeruli receive input from a given receptor (as opposed to the 1–3 in the main bulb).

With the exception of one pseudogene, none of the VRs seem to be expressed differentially in males or females50, 52, indicating that sexually divergent responses to pheromones are the result of higher brain function, and that both sexes can detect all pheromones. Indeed, it may be important for a female to know that another receptive female is in the area, even though her response will be quite different from that of a nearby male.

The transduction mechanism in VSNs is not yet known, but recent physiological and biochemical evidence implicates phospholipase C and a lipid pathway possibly including Ins(1,4,5)P3, diacyl glycerol, calcium release and perhaps the involvement of a transient receptor potential (TRP)-like calcium channel, similar to that identified in Drosophila phototransduction (see refs 54, 60, 61, and review this issue by Hardie and Raghu, pages 186–193). One difficulty in obtaining these data is the lack of well characterized stimuli. Pheromones are typically a minor component of excreted fluids such as urine or sweat, and are therefore difficult to identify, purify and obtain in quantity. In at least one recent physiological study, less than 0.5% of VSNs responded to any one of a group of six putative mouse pheromones61. But with over 200 receptors expressed in the VNO, other substances besides pheromones might also be stimuli. Using calcium imaging to observe responses, Buck and colleagues measured VSN responses to 18 out of a panel of 82 common odours62. Perhaps compounds associated with the fluids containing pheromones are also sensed by this accessory olfactory system. Structurally the V2R class of receptors are candidates for binding amino acids or small peptides, as does the related mGluR. In fish, an OR similar to the V2R family was shown to bind the amino acid arginine with a high affinity14, although similar responses have not yet been shown in VSNs.

Unlike the MOE, responses of VSNs to pheromones have been observed at concentrations as low as 0.1 nM, and even at higher concentrations VSNs seem to remain highly specific for particular compounds61. This suggests that these high-affinity pathways do not use a combinatorial mechanism for sensory coding.

Are humans sensitive to pheromones? The VNO in humans is vestigial, disappearing before birth. In the human genome all putative members of the VR family are pseudogenes, with one exception. A single V1R gene was found to be intact and complementary DNA for this gene was recovered from 11 individuals of varying ethnic background. No ligand is known for this receptor nor is it known where it is expressed63. There are various behavioural studies that implicate putative pheromones in regulating endocrine-dependent behaviours such as menstruation, but the precise site of action is unknown. For an excellent recent review of the current data on this issue, see ref. 64.

Summary and future directions
All cells, no matter what their principal function might be, need to sense and respond to important molecules in their environment. But in the olfactory system, molecular sensing is the primary occupation, and is most highly developed. During the past decade the olfactory system has emerged from relative obscurity as an idiosyncratic sensory system to its current place of interest as a model system for molecular detection. With a now firm foundation of molecular, physiological and chemical data, we can turn to the next generation of issues.

For many questions in olfaction the tools are also the puzzles. The large receptor repertoires will tell us much about GPCR structure–function relations, but how these receptors are controlled and how their expression is regulated remains mysterious. The enormous selection of ligands provides a varied chemical catalogue of agonists and antagonists, but the variety and range are bewildering and frustrate attempts at easy pharmacological-like classification. The gene families of 'genome project species' (for example, the nematode, fly, mouse and human) provide complete sets of OR sequences, but the challenge will be to integrate this with developmental and behavioural data. The organization of the sensory neuron inputs to the olfactory bulb is perhaps the first neural circuit to be described by molecular-genetic techniques, but the 'meaning' of the stimulus will not be clear until we have a better idea of what subsequent physiological processing occurs in the bulb and in the higher cortical centres.

The olfactory system is clearly ripe with opportunities for the imaginative investigator. While a sound footing has been provided by molecular, physiological, genetic, developmental and computational work over the past decade, this has all been as a prelude to addressing some the most compelling problems in neuroscience, among them that fundamental human question: How do I smell?
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Figure 1 Functional anatomy and structure of the early olfactory system. In one of the clearest cases of function following form in the nervous system, the anatomy and structure of the early olfactory system reflect the strategy for discriminating between a large number of diverse stimuli. a, In a sagittal view of the rat head, the main olfactory epithelium (MOE) is highlighted in green. The turbinates are a set of cartilaginous flaps that serve to increase the surface area of the epithelium; they are covered with the thin olfactory neuroepithelium (shown in b). The cells of the MOE send their unbranched axons to targets in the olfactory bulb (OB) known as glomeruli (shown in c). The vomeronsal organ (VNO) is shown in red, and the targets of the VSN axons are in glomeruli in the accessory olfactory bulb (AOB). The structure of the nasal cavity is optimized for exposing the largest possible surface area of sensory neurons to a stimulus stream that is warmed, moistened and perhaps concentrated by sniffing. b, The olfactory neuroepithelium is a relatively simple tissue consisting of only three cell types: olfactory sensory neurons (OSNs; the only neuronal cell type), supporting or sustentacular cells (a kind of glial cell, which possess microvilli on their apical surface), and a stem-cell population, known as basal cells, from which new OSNs are generated. c, Wiring of the early olfactory system. Each OSN expresses only one of the [image: image273.png]


1,000 OR genes and the axons from all cells expressing that particular receptor converge onto one or a few 'glomeruli' in the OB. The nearly 2,000 glomeruli in the rat OB are spherical knots of neuropil, about 50–100 [image: image274.png]


m in diameter, which contain the incoming axons of OSNs and the apical dendrites of the main input-output neuron of the OB, the mitral cell. Mitral axons leaving the OB project widely to higher brain structures including the piriform cortex, hippocampus and amygdala. Lateral processing of the message occurs through two populations of interneurons: periglomerular cells and granule cells.
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Figure 2 Odorant receptors are the jewel of olfactory research in the past 10 years. The odorant receptors comprise the largest family of GPCRs. In mammals, odour receptors are represented by as many as 1,000 genes and may account for as much as 2% of the genome. Sequence comparison across the receptors has revealed many regions of conservation and variability that may be related to function. a, In a 'snake' diagram showing the amino acids for a particular receptor (M71), those residues that are most highly conserved are shown in shades of blue and those that are most variable are shown in shades of red. The seven [image: image276.png]


-helical regions (boxed) are connected by intracellular and extracellular loops. b, A schematic view of the proposed three-dimensional structure of the receptor based on the recently solved structure of rhodopsin. Each of the transmembrane regions is numbered according to that model. The conserved (blue) and variable (red) regions are sketched onto this qualitative view and suggest that a ligand-binding region may be at least partially formed by the variable regions of the receptor. c, Mammalian odour receptors are related phylogenetically to other chemosensory receptors. In the tree depicted here the numbers refer to the approximate number of receptors in each family. OR, Odorant receptors; T1R, T2R, taste receptors; V3R, vomeronsal receptors; DOR, DGR, Drosophila odour and gustatory receptors; worm refers to C. elegans. The scale bar is a graphical distance equal to 10% sequence divergence.
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Figure 3 Sensory transduction. Within the compact cilia of the OSNs a cascade of enzymatic activity transduces the binding of an odorant molecule to a receptor into an electrical signal that can be transmitted to the brain. As described in detail in the text, this is a classic cyclic nucleotide transduction pathway in which all of the proteins involved have been identified, cloned, expressed and characterized. Additionally, many of them have been genetically deleted from strains of mice, making this one of the most investigated and best understood second-messenger pathways in the brain. AC, adenylyl cyclase; CNG channel, cyclic nucleotide-gated channel; PDE, phosphodiesterase; PKA, protein kinase A; ORK, olfactory receptor kinase; RGS, regulator of G proteins (but here acts on the AC); CaBP, calmodulin-binding protein. Green arrows indicate stimulatory pathways; red indicates inhibitory (feedback).
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Although there are some 1,000 ORs, detecting the enormous repertoire of odours requires a combinatorial strategy. Most odour molecules are recognized by more than one receptor (perhaps by dozens) and most receptors recognize several odours, probably related by chemical property. The scheme in the figure represents a current consensus model. There are numerous molecular features, two of which are represented here by colour and shape. Receptors are able to recognize different features of molecules, and a particular odour compound may also consist of a number of these 'epitopes' or 'determinants' that possess some of these features. Thus the recognition of an odorant molecule depends on which receptors are activated and to what extent, as shown by the shade of colour (black represents no colour or shape match and thus no activation). Four odour compounds are depicted with the specific array of receptors each would activate. Note that there are best receptors (for example, red square), but also other receptors that are able to recognize some feature of the molecule (for example, any square) and would participate in the discrimination of that compound. In the olfactory bulb there seem to be wide areas of sensitivity to different features (for example, functional group or molecular length). This model is based on current experimental evidence, but is likely to undergo considerable revision as more data become available.
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Receptors and transduction in taste 

BERND LINDEMANN 

Department of Physiology, Universität des Saarlandes, D-66421 Homburg, Germany 
(e-mail: phblin@uniklinik-saarland.de)
Taste is the sensory system devoted primarily to a quality check of food to be ingested. Although aided by smell and visual inspection, the final recognition and selection relies on chemoreceptive events in the mouth. Emotional states of acute pleasure or displeasure guide the selection and contribute much to our quality of life. Membrane proteins that serve as receptors for the transduction of taste have for a long time remained elusive. But screening the mass of genome sequence data that have recently become available has provided a new means to identify key receptors for bitter and sweet taste. Molecular biology has also identified receptors for salty, sour and umami taste.

There is no life form known between bacteria and mammals that would neglect to check its intake of matter by chemoreceptive scrutiny. A human baby, only a few days old, already can distinguish sweet and bitter and express pleasure for sweet taste but displeasure for bitter taste1. Inorganic ions, sugars and polysaccharides, amino acids and peptides, toxins and 'xenobiotics' are all subject to nutritional chemoreception followed by adaptive behaviour. But details differ widely, depending on the complexity of the organism and the ecological niche that it occupies. Even in closely related species, distinct differences in sensory performance may be noted, which seem to match the nutritional 'needs' of a species. To understand how such a match arose, that is, how receptor specificity changed with the availability of food ingredients, is perhaps the most fascinating of the future tasks of taste research.

Taste buds and taste cells
Already in worms, like the model nematode Caenorhabditis elegans, a distinction can be made between olfaction and taste2. These two chemoreceptive senses are more clearly separate in arthropods and they are quite distinct in vertebrates. In the fruitfly Drosophila melanogaster, for example, taste sensations are mediated by nerve cells of characteristic topology. Their sensory dendrites are contained in 'hairs' found on the body surface. Other taste neurons, found on the labellum and clustered around the pharynx, express a family of G-protein-coupled receptors (GPCRs) named GR3. This family, however, contains candidate receptors for both taste and olfaction, as its genes are expressed in both gustatory and olfactory primary neurons4. In contrast, the taste receptor cells of vertebrates are not neurons, but originate from the epithelial covering of the body5.

Vertebrate taste cells are small bipolar cells (Fig. 1). To connect to the oral space, they send a thin dendritic process to the epithelial surface. The cells occur either singly or densely packed in taste buds, where up to 100 form a functional unit (Fig. 1a, d). Although taste buds also occur abundantly on the body surface and barbels of some fish, all vertebrates have taste buds in the oral epithelium, typically on tongue, palate and pharynx. On the tongue, the taste buds are mounted in special folds and protrusions called papillae. The marker molecule gustducin, a taste-specific G protein6, shows additional 'taste cells' in the nasal mucosa7 and in the stomach8.

	[image: image283.jpg]



	Figure 1 Morphology of taste buds (rat).   Full legend
 
High resolution image and legend (67k)


A century ago it was determined that each chemoreceptive area of the human tongue responds to each of the qualities of sweet, sour, salty and bitter taste. Only minor differences in subjective thresholds were noted across areas9, 10. May the time come soon when textbook authors wake up to this fact! In rodents, the differences in thresholds or sensitivities seem to be somewhat larger11. Here, morphological and functional differentiation between buds from the anterior and posterior tongue can be noted more easily, even though individual taste buds of all areas contain cells responding to several qualities.

Lifespan, connectivity and coding
Mammalian taste-responsive cells age fast, their lifespan being about 10 days. This implies that any one nerve terminal in a taste bud frequently has to detach from an ageing cell, find a developing taste cell and form new synapses on its surface. The new cell has presumably to be of appropriate specificity such that a nerve fibre previously attached to a Na+-responsive cell, for instance, will again attach to a cell of this kind. As taste cells of different specificity occur together in one bud, one expects surface markers to guide a nerve fibre to the right cellular target. In fact, the receptor molecules themselves may possibly serve as markers, as they occur not only on the microvilli, but also on basolateral membrane areas of the receptor cells.

The basic rules for the developmental interactions that occur between taste cells and nerve fibres begin to be deduced using the methods of molecular biology12, 13, and provide a foundation for a further analysis of the connectivity and the 'sensory code' by more function-oriented approaches such as electrophysiology and fluorescence imaging. Meanwhile, recordings from the sensory nerve fibres and from the soma of their neurons have consistently revealed the unexpected and striking feature that some nerve fibres are specialists, but many are generalists, carrying responses to more than one taste quality14. A simple 'labelled line' design, where each fibre responds to just one of the qualities, to bitter only or to sour only, is not evident, as many fibres are broadly tuned with respect to taste ligands. These generalist fibres carry responses to salty and sour, to glutamate and sucrose, and so on. Similarly, many taste receptor cells, too, are generalists, as responses to taste qualities are randomly and independently distributed, varying in intensity across cells15. Given such distributed responses, a part of the information about individual tastants must be buried in the quorum of the receptor cells and the 'across-fibre pattern' of the sensory nerve16. Retrieval of this information, for instance by pattern discrimination, will be one of the main tasks of central taste processing.

Receptors and transduction
The bipolar taste cells have two specializations of obvious functional significance: microvilli in contact with the oral cavity and synapses with sensory nerve fibres. Taste receptor proteins are mounted on the microvilli, acting as molecular antennas listening into the chemical environment. On binding taste molecules, the receptors trigger transduction cascades that activate synapses and thus cause excitation of the nerve fibres. These carry the signal to the brain stem, where central taste processing begins, ultimately eliciting adaptive responses.

The first molecular encounter with tastants is made therefore by those membrane proteins — the 'receptors' — in the apical surface of taste receptor cells (Fig. 1b, e). They provide the molecular specificity of the taste response. A plethora of proteins, including ion channels, ligand-gated channels, enzymes and GPCRs, serve as receptors for sensory qualities such as salty, sour, sweet, umami and bitter taste (Fig. 2), and trigger the downstream transduction events within taste cells. Included among these events is the firing of action potentials, which taste cells, like neurons, are able to generate by means of voltage-gated Na+, K+ and Ca2+ channels (Fig. 1e)17-19. A local increase in Ca2+ concentration is needed for synaptic activation (and hence nerve excitation), and transient rises in the cytosolic Ca2+ concentration were observed by fluorescence imaging (Fig. 1c) in taste cells responding to bitter and sweet agents20-22, while amino acids triggered either increases or decreases of the Ca2+ signal23, 24.
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	Figure 2 Taste receptors of known primary structure, discovered 1998–2001.   Full legend
 
High resolution image and legend (34k)


A number of transmitters have been found within taste buds, but those released by taste cell synapses have been difficult to identify. Noradrenaline and acetylcholine seem to be secreted by nerve fibres and modulate the responses of taste cells25, 26. Serotonin is thought to act as a paracrine agent between taste cells. Secreted by one cell and modulating the taste response of a neighbouring cell, this agent mediates local signal processing within a taste bud27, 28. Glutamate is a strong candidate for a mainstream afferent transmitter secreted by taste cell synapses29, 30.

Salt taste
Two taste qualities detect ions in the oral space: salt and sour taste. Salt taste guides the incorporation of NaCl and other required minerals, thus serving an essential function in ion and water homeostasis. It shows variations across animal species, depending on the ion content of the characteristic diet19.

Although salt taste is elicited by many ionic species, the component due to the presence of Na+ ions may be the most relevant for mammals and is certainly the best studied31. The Na+ taste, in turn, is composed of a Na+-specific and a nonspecific mechanism. It was long suspected that a sodium channel sensitive to the channel-blocker amiloride serves as a salt receptor32. This conjecture holds especially for rodents, where the Na+-specific salt taste is indeed mediated by a highly Na+-selective channel known as ENaC, the amiloride-sensitive epithelial sodium channel33. ENaC is a hetero-oligomeric complex comprising three homologous subunits (Fig. 2), which acts as a salt-taste receptor by providing a specific pathway for sodium current into taste cells, provided that Na+ ions are present in the oral space in sufficient concentration34, 35. The current triggers action potentials at the basolateral membrane of the taste cell36, followed by synaptic events.

Of the three essential subunits of ENaC, at least one is under inductive control by a steroid hormone, aldosterone35. Thus the sensitivity of sodium taste is increased in animals in sodium-need through induction of more ENaC channels. A systemic Na+ deficiency, which leads to salt craving, occurs regularly in herbivores, but can be observed also in rodents and humans. The induction of ENaC subunits in vallate taste buds by circulating aldosterone provides an instructive example for adaptive tuning of taste acuity in a state of nutritional deficiency.

In humans, the amiloride sensitivity of salt taste is less pronounced37, suggesting the involvement of another, as yet unspecified channel. It is ironic that so little is known especially about the molecular foundation of human salt taste.

Sour taste
Sour taste is acceptable or interesting when mild, thereby aiding the recognition of complex food, but it becomes increasingly unpleasant when strong1. It serves to detect unripe fruits and spoiled food, and to avoid tissue damage by acids and problems of systemic acid–base regulation.

The receptors proposed for sour taste in mammals can be ordered in two groups. The first comprises channels that conduct an inward proton current if protons are available in the oral space. ENaC has this property38. The second group comprises H+-gated channels, including the apical K+ channel of the mudpuppy Necturus39, MDEG1 of the ENaC/Deg family40, an unspecific H+-gated cation channel41, 42, and HCN, the hyperpolarization-activated, cyclic nucleotide-gated cation channel43. The large variety of mechanisms found for sour taste highlights the complexity of taste transduction.

To some extent, the intracellular pH of taste cells follows extracellular changes in pH, especially when the extracellular changes extend over the basolateral membrane. This probably occurs because the tight junction, which closes the extracellular space of a taste bud towards the oral space (Fig. 1b), is permeable to H+ ions44. H+ ions may therefore invade the taste bud and initiate intracellular 'pH tracking', which is thought to contribute to sour transduction45.

Bitter taste
Bitter taste is unpleasant though bearable when weak, but repulsive when strong. Many organic molecules, originating from plants and interfering with the internal signalling system of animals and humans, are bitter, including caffeine, nicotine and strychnine, and the same is true for many drugs produced by industry46. Bitter taste effectively warns us not to ingest potentially harmful compounds. One of the exciting challenges in taste research is to understand how bitter receptors were shaped by evolution to serve this task.

By scanning genomic databases near a promising bitter locus on mouse chromosome 6, a group of new GPCRs was discovered, the T2R family47, 48. The receptors had short amino-terminal domains (NTDs) (Fig. 2) and were expressed specifically in a subset of taste cells. The large size of this family, with 40–80 members originally specified47, came as a surprise. Three of the receptors could be expressed in a cell line, where they responded to bitter tastants49. In humans, the T2R family comprises at least 24 genes coding for GPCRs, distributed over three chromosomes (B. Bufe and W. Meyerhof, personal communication).

It is likely but not yet certain that all 24 GPCRs of the T2R family respond to bitter agents. How are these GPCRs distributed across taste cells? Adler et al. concluded from in situ hybridization data47 that "a single taste receptor cell expresses a large repertoire of T2Rs, suggesting that each cell may be capable of recognizing multiple tastants". Caicedo and Roper have probed this question differently, by using functional imaging experiments. They found that most bitter-responsive taste cells, which presumably expressed T2Rs, were activated by only one out of five compounds tested. Thus, the tuning of receptor cells with respect to bitter compounds seems to be more focused than anticipated, and different bitter stimuli may activate, through the GPCRs expressed, different subpopulations of bitter-sensitive taste cells22. In agreement with this finding, single taste nerve fibres carry signals that discriminate between bitter compounds50.

It is not only GPCRs that act as bitter receptors. Some bitter peptides with amphophilic properties interact directly with G proteins, probably by virtue of a structural similarity to the G-protein-binding site of the receptor46. Quinine, also an amphophilic compound, permeates the cell membrane and activates G proteins, bypassing the receptor51. In Necturus, quinine blocks apical K+ channels52, whereas in the bullfrog, it activates a cation conductance in taste cells53. Denatonium blocks voltage-gated delayed-rectifier K+ channels54.

Caffeine and other methyl-xanthines also act without activating a GPCR (Fig. 3). After permeating the cell membrane they block an intracellular phosphodiesterase and cause activation of a soluble guanylate cyclase55. The latter effect may be under control of nitric oxide, as nitric oxide synthase was found in taste cells56. As the result of these complex events, a transient increase in guanidine 3',5'-cyclic monophosphate (cGMP) was measured with stopped-flow methods55.
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	Figure 3 Transduction of bitter taste as elicited by a variety of ligands.   Full legend
 
High resolution image and legend (63k)


Bitter-taste transduction Members of the T2R family were found co-expressed with the [image: image286.png]


-subunit of the G protein gustducin47, a taste-specific signalling protein long known to have a prominent role in bitter taste6. Knockout mice lacking [image: image287.png]


-gustducin show decreased sensitivity for bitter agents such as denatonium and quinine, and also for sweet agents such as saccharin and sucrose57. [image: image288.png]


-Gustducin activates a taste-specific phosphodiesterase58, lowering the cellular concentration of cyclic nucleotides59.

Another transduction cascade is also activated simultaneously by the GPCR-mediated bitter signal (Fig. 3). Of the [image: image289.png]
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-subunits of heterotrimeric gustducin60, G[image: image291.png]
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2; refs 60–62), leading to the generation of inositol-1,4,5-trisphosphate (Ins(1,4,5)P3)63, 64. This messenger activates Ins(1,4,5)P3 receptors of intracellular Ca2+ stores, of which the type III receptor, which may be modulated by calcium ions and by cAMP-dependent kinases, is the dominant form65. The receptor is co-expressed with PLC[image: image295.png]


2 (ref. 66). Concomitantly, Ca2+ ions are released into the cytosol20, 21, 67. The subsequent elements of transduction, that is, the channels responsible for a change in membrane potential, remain to be identified.

Thus, the GPCR-mediated bitter signal triggers a transient decrease in cAMP and cGMP, accompanied by a transient increase in Ins(1,4,5)P3 (refs 59, 64). Whether the two pathways, which are activated simultaneously, are connected, with the decrease in cyclic nucleotides enabling the increase in Ins(1,4,5)P3, has not yet been determined. Furthermore, it is unclear why dual signalling should be required for bitter taste, and whether or not it is more than parallel amplification. A similar design is not found in the receptor cells of other senses, and the other major chemoreceptive organ — the nose — seems to do well without it (see review in this issue by Firestein, pages 211–218).

Sweet taste
Sweet taste responds to soluble carbohydrates present in sufficient concentrations in the oral cavity, guiding high-calorie intake. Yet a wide diversity of non-carbohydrate molecules is also sweet. Sweet taste has a strong hedonic (pleasant) effect1.

Considerable efforts have been made by chemists and researchers in food-producing companies to deduce from hundreds of sweet-tasting compounds common structural features that were expected to capture characteristics of 'the' sweet molecule and, therefore, 'the' sweet receptor. The binding-site models obtained seemed realistic in that they could be used to design new high-potency sweeteners68. The time has come, however, to define sweet receptors more directly using the tools of genetics and molecular biology.

A first success was achieved by cloning a candidate trehalose receptor of Drosophila69. It is a GPCR that has only a short NTD (Fig. 2). In the mouse genome, sweet-receptor genes are most likely located on chromosome 4, where two sweet taste-related locations are found, the Dpa locus and the Sac locus70, 71. Mutations in the Dpa locus resulted in a partial loss of taste acuity for the sweet amino acid D-phenylalanine, whereas mutations in the Sac locus caused a partial loss of taste acuity for sucrose, saccharin and other sweeteners. Searching the new genomic databases near these two loci may uncover genes for sweet receptors.

When applied recently to the Sac locus, this strategy proved remarkably successful. The receptor T1R3, found simultaneously by four laboratories72-75, has a large NTD (Fig. 2), just like the orphan receptors T1R1 and T1R2 described previously76. T1R3 was found in buds of the anterior, lateral and posterior tongue. It is expressed in many taste cells which also express the orphan T1R2, suggesting that the two receptors serve a common function. They might, for instance, form heterodimers, as is known from some other GPCRs with large NTDs72, 73.

As the gene Tas1r3 is the only GPCR-coding gene at the Sac locus, its product T1R3 is a strong candidate for a sweet receptor. This conjecture is supported by additional observations. First, strains of mice that differ in sweet-taste ability also differ by several point mutations in Tas1r3. These changes do not affect expression, but may result in a decline of function. Of course, owing to extended polymorphism, the strains also differ by many more mutations outside of Tas1r3. Second, inbreeding of taster and non-taster strains revealed a correlation between alleles received and sweet-taste acuity73. In the future, a more detailed proof might show that transgenic non-taster mice become tasters when Tas1r3 is switched on. The ink was not yet dry on the candidate sweet receptor T1R3, when Charles Zuker and co-workers managed to express this GPCR in oocytes. They found that the receptor does not respond to sweeteners on its own. But responses were obtained after co-expressing T1R3 together with T1R2, showing that the first functional sweet receptor found in mammals is a dimer77.

Sweet-taste transduction How is T1R3 coupled to the transduction machinery? This GPCR is expressed by about 20% of the taste cells, some of which also express [image: image296.png]


-gustducin. The precise extent of co-expression is debatable, however, as one group found that less than 20% of the T1R3 cells have a measurable gustducin signal73, whereas another specified a much larger percentage72. The co-expression is compatible with a role of [image: image297.png]


-gustducin in sweet taste, as data obtained from knockout mice had suggested previously57. If the fraction of cells that co-express T1R3 with [image: image298.png]


-gustducin is as low as 20%, then the co-expressing cells may be generalists, responding to both sweet and bitter signals. In this case, [image: image299.png]


-gustducin would be a hallmark of bitter transduction, but would not be present in most sweet-responsive cells, which ignore the bitter signal. Many of the taste cells co-expressing T1R3 and [image: image300.png]
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2 (ref. 72), all transduction elements of bitter taste (Fig. 3).

Like bitter-responsive cells, sweet-responsive cells use both cyclic nucleotides and Ins(1,4,5)P3 as second messengers (Fig. 4). Ca2+-imaging experiments with isolated taste buds of rat vallate origin showed that stimulation with sugars or with forskolin caused Ca2+ uptake from the extracellular space, whereas non-sugar sweeteners caused Ca2+ release from intracellular stores21. This, together with other data, suggested that sugars activate a cyclic nucleotide cascade, leading to an increase of cAMP, membrane depolarization and Ca2+ uptake, whereas non-sugar sweeteners activate the Ins(1,4,5)P3 cascade in the same cell21. This notion was compatible with results from several laboratories, some of which involved inhibition of a K+ conductance as the depolarizing step18, 78-87. Inhibition of the K+ conductance was thought originally to occur through protein kinase A (PKA)78, but a cyclic nucleotide-gated channel, the CNGgust, that was found in taste cells88might contribute to depolarization and Ca2+ inflow when cAMP increases (Fig. 4). A co-localization of the channel with T1R3 or [image: image304.png]


-gustducin has not yet been reported.
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	Figure 4 Molecules involved in the transduction of sweet taste.   Full legend
 
High resolution image and legend (43k)


More recent evidence indicates modifications regarding the role of cAMP in sweet taste (Fig. 4). An inhibitor of PKA was found not to inhibit the sugar-sweet response in the hamster anterior tongue, but to enhance it89. This indicates that PKA is not involved directly in the response to sugars, but may be involved in adaptation. The response to artificial sweeteners was also enhanced. In contrast, inhibition of protein kinase C did not affect responses to sucrose, but inhibited responses to artificial sweeteners. This showed again that the transduction of the two kinds of sweeteners differs. Inhibition of the Ca2+/calmodulin-dependent cAMP-phosphodiesterase enhanced the responses to sucrose but not to synthetic sweeteners, indicating that the calcium ions released during stimulation with synthetic sweeteners may depress a simultaneous response to sucrose by activation of this enzyme89.

Furthermore, it was found with improved recording conditions that in the vallate papilla of the rat the second messenger cGMP rose transiently, with a peak-time of 150 ms, in response to sucrose. This signal was observed only as long as cAMP remained low, suggesting that cGMP is involved in the initial stage of sugar-taste transduction and may be more significant than cAMP at this stage90.

In conclusion, sweet-taste transduction is complex and our knowledge about it is far from complete. The data presently available suggest that sweet stimuli activate taste cells through at least two transduction pathways (Fig. 4), of which one involves an increase in cyclic nucleotides (cGMP or cAMP), the other an increase in Ins(1,4,5)P3. Membrane depolarization by inhibition of a K+ conductance may be a common feature of the two pathways. An increase in the cytosolic Ca2+ concentration occurs in both of the pathways, even though the source of the Ca2+ ions is different. There seems to be variability in utilization of the pathways across the anterior and posterior regions of the tongue and across sweeteners and animal species. Now that candidates for sweet receptors are known, new biochemical experiments may soon identify the transduction elements downstream of the receptors.

Like other taste qualities, sweet taste is modified by circulating hormones. Recently, the effect of leptin on sweet-responding taste cells has generated much interest. Leptin, a protein hormone encoded by the ob gene, is secreted mainly by adipocytes and regulates body mass. The full-length leptin receptor Ob-Rb, a principal mediator of the leptin signal, is expressed in various tissues including pancreatic [image: image306.png]


-cells and a subset of taste cells91, 92. Leptin suppresses insulin secretion by the activation of ATP-sensitive K+ channels. Its inhibitory effect on taste receptor cells also involves the activation of a K+ conductance and membrane hyperpolarization91. Thereby the hormone partially blunts nerve signals indicating sweet taste, which, presumably, makes food less attractive. During starvation the production of leptin is decreased. The resulting disinhibition in the target tissues diminishes energy expenditure and leads to the motivational state of hunger. At the same time, disinhibition of sweet-responsive taste cells enhances sensitivity to sweet taste, making sweet food more attractive. Thus the effect of leptin on the taste system supports the general role of this hormone in regulating nutrition, body weight and energy balance92.

Umami taste
The biological significance of this basic taste, discovered about 100 years ago, is high, comparable perhaps to that of sweet taste. 'Umami', a term derived from the Japanese umai (delicious), designates a pleasant taste sensation which is qualitatively different from sweet, salty, sour and bitter93. Umami is a dominant taste of food containing L-glutamate, like chicken-broth, meat extracts and ageing cheese. The rather common amino acid L-glutamate thus guides the intake of peptides and proteins, from which it is released by proteolysis (curing and decay). Characteristic taste-enhancing effects arise from the presence of purine 5'-ribonucleotides such as IMP and GMP, which are also present in decaying biological tissues.

A taste receptor for L-glutamate might possibly be related to one of the glutamate receptors well known from neuronal synapses. Starting with this hypothesis, it was discovered that a subset of taste cells contains a truncated form of brain mGluR4, a metabotropic GPCR abundant in the central nervous system. Although brain mGluR4 has a rather large NTD, the taste variant has a truncated NTD (Fig. 2) and this seems to adapt the receptor to the high glutamate concentrations occurring in food94. Synergism with ribonucleotides, a highlight of umami taste, was established95. Once again, the transduction is complex — one variant involves the sustained closure of an unspecific cation conductance, presumably causing hyperpolarization, even though transient inward currents, which would cause depolarization, were also observed96, 97. In addition to the taste mGluR4, other glutamate and amino-acid receptors were also found to function in taste cells23, 24, 98.

Perspectives for taste research
Much effort is now being made to identify the receptors and other key molecules of transduction within taste receptor cells. The sequencing of the receptor genetic code in particular opens the way to study the corresponding proteins and map their structure with good spatial resolution. In this way, we should achieve a better understanding of how the protein machinery within taste GPCRs actually works.

The practical consequences of these efforts are considerable. Based on binding-site structure, advanced techniques of drug design are expected to allow the construction of taste ligands that activate or inhibit a receptor protein, thereby enhancing or inhibiting a specific taste. Thus it might become possible to expand the already huge commercial market for artificial sweeteners into other taste qualities. This will be beneficial in many ways. For example, aged people often have a general decline of taste function99 and need taste enhancement to once again enjoy their food. And an organic enhancer of sodium taste would be a great help for patients on a low-sodium diet.

Other scientific challenges still wait to be tackled by taste research. In the evolution of animal species, adaptive changes of taste receptors have occurred, which supported or generated new food preferences, probably driven by changes in food availability. We do not yet understand these long-term changes. The future large-scale sequencing of animal genomes may enable us to shed light on this interesting aspect of evolution.

Finally, the perspective is likely to widen in the future, and taste-driven processing in the brain, today studied by few, will be a central theme of the field. Challenging topics such as the sensory code, short-term memory of taste (often exploited as conditioned taste acceptance and aversion), hormonal feedback systems serving nutritional needs, and the generation of motivational states which guide feeding behaviour will increasingly come into focus. A deeper understanding of our conscious and unconscious decisions in food selection and food intake may then have applications in diverse fields, from food processing to clinical medicine.
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Figure 1 Morphology of taste buds (rat). a, Viable bud isolated from the vallate papilla. Taste pore at the upper left (arrow). Length of bud is 30 [image: image316.png]


m. b, Cut-open view of a bud (cartoon). Highlighted are two receptor cells with apical microvilli and basolateral synapses. c, Images of a viable bud from the vallate papilla, taken with a 2-photon microscope. The four optical planes depict multiple bipolar cells in different states of loading with a fluorescent dye, and nerve fibres. d, Three-dimensional reconstruction, from microscopic serial sections, of a bud from the foliate papilla, the taste pore facing upwards. On the left, a solitary bipolar cell with innervating nerve fibre is also visible. Scale bar, 25 [image: image317.png]


m. (Image courtesy of V. I. Popov, Institute of Cell Biophysics, RAS, Pushchino, Russia.). e, Bipolar receptor cell with sensory nerve fibre attached. Some morphological details and the location of the main types of identified ion channels on the lateral membrane are indicated. BP, basal cell process.

[image: image318.jpg]- b g b Tauss fiossnseianic SR o <o o

Lt ) ecapir Enchona e

iy
Ensovg, ENASC,  TwemGuRs  TRGmY,  Pdodrcspr THSgelos)  TIRZTIRS
oters HOohers  omars oiers olbvosconls efs 1279 sy

o frorsghone il e Y Shoan Lo




Figure 2 Taste receptors of known primary structure, discovered 1998–2001.
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Figure 3 Transduction of bitter taste as elicited by a variety of ligands. Rs, multiple GPCRs of the T2R family, coupled to the G protein gustducin47-49; [image: image320.png]


, [image: image321.png]


-subunit of gustducin6, 57; [image: image322.png]
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, G-protein subunits [image: image324.png]


3 and [image: image325.png]


13 (refs 60–62); PLC[image: image326.png]


2, phospholipase C subtype61; Ins(1,4,5)P3, inositol-1,4,5-trisphosphate59; PDE, taste-specific phosphodiesterase58; cAMP, cyclic adenosine monophosphate59; cGMP, cyclic guanosine monophosphate59; sGC, soluble guanylate cyclase55; NO, nitric oxide55; NOS, NO synthase56. For second-messenger kinetics, see refs 55,59,63,64.
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Figure 4 Molecules involved in the transduction of sweet taste. Two separate sweet receptors are shown, but the possibility that one receptor activates both of the transduction pathways100 is not excluded at this stage. R, candidate receptor(s)72-75; AC, adenylate cyclase81, 82, 87; cAMP, cyclic adenosine monophosphate21; PDE, phosphodiesterase, inhibitor W7 (ref. 89); CAM, calmodulin89; PKA, protein kinase A, inhibitor H89 (ref. 89); PLC, phospholipase C89; DAG, diacylglycerol; Ins(1,4,5)P3, inositol-1,4,5-trisphosphate21; PKC, protein kinase C, inhibitor bim (bisindolylmaleimide)89. For crosstalk between pathways and effects of inhibitors (H89, bim and W7), see ref. 89.
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Sensory systems use a variety of membrane-bound receptors, including responsive ion channels, to discriminate between a multitude of stimuli. Here we describe how engineered membrane pores can be used to make rapid and sensitive biosensors with potential applications that range from the detection of biological warfare agents to pharmaceutical screening. Notably, use of the engineered pores in stochastic sensing, a single-molecule detection technology, reveals the identity of an analyte as well as its concentration.

Channels and pores that respond directly to molecules or to physical stimuli are found within sensory systems. They include amiloride-sensitive Na+ channels, which detect the taste of salt, and the vanilloid receptors, which transduce both noxious stimuli, such as elevated temperature, and the sensation of hot peppers. Stochastic sensing with protein pores does not attempt to mimic the molecular devices found in nature, rather the approach is inspired by nature both in the use of protein pores and in the design of binding sites for analytes. Advances made in the past few years allow detection of small cations and anions, organic molecules, proteins and DNA.

Stochastic sensing with single protein pores
The first example of a single-molecule experiment on an identified functional biomolecule was conducted over 30 years ago: the observation of current flow through a single ion-conducting channel formed by the peptide antibiotic gramicidin in a planar lipid bilayer1. Soon afterwards, it was shown that single-channel currents can be modulated by molecules, known as channel blockers, that bind reversibly within the lumen of the channel. This finding forms the basis for stochastic sensing with engineered pores2, 3.

To understand stochastic sensing, the advantages of detection at the single-molecule level must be appreciated (Box 1). In the simplest case, the sensor element has two states — occupied (by analyte) and unoccupied — and a different output is associated with each. As well as revealing analyte concentration, stochastic sensing provides structure-specific information about an analyte, which is often sufficient for its identification.

The pores used for stochastic sensing are based on staphylococcal [image: image332.png]


-haemolysin ([image: image333.png]


HL). The pore formed by wild-type [image: image334.png]


HL consists of seven identical subunits arranged around a central axis. The transmembrane part of the lumen is a [image: image335.png]


-barrel with two antiparallel strands contributed by each subunit. The extramembraneous domain contains a large cavity that houses the transmembrane domain during the assembly process, but which is available for engineering in the assembled pore. Although channels and pores have been used for some time for analyte detection4, 5, protein engineering and single-molecule detection greatly enhance the potential of the technology6, 7. The three-dimensional structure of the [image: image336.png]


HL pore is known at high resolution and, importantly, [image: image337.png]


-barrels are especially open to remodelling8. The large single-channel conductance ([image: image338.png]


1 nS in 1 M KCl) makes single-channel recording straightforward.

Engineering pores for a wide variety of analytes
Binding sites for analytes have been placed within the lumen of the [image: image339.png]


HL pore by a variety of means, and pores have also been engineered so that binding of an analyte in the external solution produces a reorganization within the lumen. Consequently, the current passing through a single pore responds to each binding event. Although this kind of stochastic sensing does not occur in nature, the binding sites used are based upon natural examples.

Detection of ionic species Engineered versions of the [image: image340.png]


HL pore have been used to detect divalent metal ions (M(II))6, 9. In the best studied case, residues with side chains projecting into the lumen were replaced with four histidines to form the mutant subunit 4H. This was incorporated into a heteromeric pore comprising six wild-type subunits and one 4H subunit (WT64H1). The resulting pore contained a single M(II)-binding site resembling that of carbonic anhydrase. Single-channel recordings showed that WT64H1 responds to nanomolar concentrations of Zn(II) (Fig. 1a). Single-molecule detection also enables mixtures of ions to be analysed — more than one analyte can bind to the M(II)-binding site of WT64H1, but because binding is mutually exclusive, only one M(II) is bound and detected at any given moment, and the identity of each M(II) is revealed by its characteristic signature (Fig. 1a). The approach can be applied to other charged analytes. For example, [image: image341.png]


HL pores that detect anions have been prepared recently by replacement of residues within the [image: image342.png]


-barrel by mutagenesis (S. Cheley and L. Gu, unpublished results).
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	Figure 1 Detection of a variety of analytes by stochastic sensing.   Full legend
 
High resolution image and legend (43k)


Comparison of multianalyte detection by the olfactory system The mammalian olfactory system also uses 'crossreactive' receptors, each species of which binds a different set of analytes. The receptors differ in their affinities for analytes, such that the sensor array of the olfactory epithelium, which contains hundreds of receptor species each confined to a distinct set of cells, is capable of identifying thousands of individual odours. By contrast, analytes are identified in stochastic sensing from their current signatures. Combining the two ways of distinguishing signals from crossreactive receptors, by using arrays of stochastic sensing elements, could provide a powerful technology for analyte detection.

Because sensor elements capable of binding a variety of analytes can be used in stochastic sensing, the required genetic engineering. is simplified. By contrast, specific receptor sites are necessary where protein-based biosensors are used with outputs derived from ensemble properties. The application of crossreactive sensor elements might be extended to the notion of sensing groups of analytes. Stochastic sensors that reliably detect a class of molecules such as organophosphorus agents would be of considerable interest.

Families of genes encode receptors in the olfactory system. By comparison, large numbers of related responsive pores can be generated in a combinatorial approach. In the case of M(II), residues with side chains capable of coordination, such as histidine, aspartate, glutamate and cysteine, can be patterned in hundreds of ways on the interior surface of a [image: image344.png]


-barrel, and wild-type and mutant subunits can be arranged within the heptamer in numerous combinations and permutations6.

Detection of organic molecules A similar approach might be applied to the analysis of organic molecules10. Although it is more difficult to design binding sites in this case, it is possible to place non-covalent adapters in the lumen of the [image: image345.png]


HL pore for periods sufficiently long to observe host–guest interactions10. For example, when [image: image346.png]


-cyclodextrin is lodged in the pore, it remains capable of binding the same organic molecules that it binds when free in solution; these binding events cause current fluctuations that permit the quantification and identification of the molecules10 (Fig. 1b). Multiple molecules can be detected concurrently with the same cyclodextrin10, and the system is highly flexible and combinatorial. Additional adapters can be used (for example, cyclic peptides11) and the pore can be engineered to accommodate one, or even two, adapters for far longer periods than the wild-type protein12.

Detection of macromolecules Single-stranded RNA or DNA molecules can pass through the wild-type [image: image347.png]


HL pore in an elongated conformation13-17. The transit time and extent of current block reveal information about the length of the nucleic acid and its base composition13, 15, 16. In certain cases, in a step beyond what would be offered by a molecular Coulter counter3, 18, the magnitude of the conductance changes within each blocking event communicates additional details about nucleic acid structure, such as the composition of stretches of [image: image348.png]


50 bases14 or the presence of mismatches in DNA hairpins19.

Protein engineering of the [image: image349.png]


HL pore greatly increases the possibilities for stochastic sensing of macromolecules. When single-stranded oligonucleotides are covalently attached within the large cavity of the pore, sequence-specific duplex formation can be detected20. But protein analytes are too large to fit inside the pore and a means to couple external binding with events in the lumen is required. This was accomplished by anchoring one end of a polymer covalently inside the lumen and attaching biotin to the other end. The motion of the polymer within the pore was altered when streptavidin or an antibody captured the biotin in the external medium, producing a change in the single-channel conductance (Fig. 1c)21. The approach might be modified for use with a wide variety of protein ligands.

Advantages of stochastic sensing
Stochastic sensing is highly sensitive, the response is rapid and reversible (allowing real-time monitoring of analytes) and the dynamic range is wide. In addition to detecting both the concentration and identity of an analyte, several analytes can be quantified concurrently by a single sensor element. The sensor element need not be highly selective, as each analyte produces a characteristic signature. This has the advantage of easing the demands for protein engineering, as well as preventing confusion arising from signals from analytes that are structurally similar to the target molecule. Fouling of the sensor element cannot give a false reading, as the signal would not be characteristic of an analyte. Further advantages include no loss of signal-to-noise at low analyte concentrations (permitting the detection of rare events), a 'digital' output for facile electronic interfacing, self-calibration, reagentless operation, and the potential for nanoscale miniaturization.

Fabricating durable and practical devices
Improved apertures One disadvantage of the current generation of stochastic sensors is their lack of durability, which confines their use to the laboratory. Several crucial advances will be required to make a practicable device. Present platforms use [image: image350.png]


HL in lipid bilayers suspended across apertures in a polymer film such as Teflon. The apertures are typically a few hundred microns in diameter, and the bilayers often rupture after a few hours of use. Several strategies could be implemented to remedy this problem. Nanoscale apertures (10 nm to 1 [image: image351.png]


m) might limit the magnitude of bilayer undulations, which probably are a source of breakage22. The current revolution in lithography should make it possible to limit the hole size to an area slightly bigger than the protein pore itself. This would not only increase membrane durability, but also allow apertures to be designed that accommodate only a single protein pore, thereby facilitating the manufacturability of stochastic devices. Recent work with larger microfabricated apertures in silicon-based substrates shows promise23. The smallest apertures reported so far that have been covered with bilayers are [image: image352.png]


30 nm in diameter, but more work needs to be done to lower the capacitive noise in these systems24. It might even be possible to dispense with a bilayer and use a hole into which engineered pores fit snugly. For example, gold-coated nanotubules can be created by plating etched particle tracks in polycarbonate filters. In this case, the surface of the nanotubule and the pore might be tailored for fit and compatibility3.

Bilayers on solid supports Another approach to rugged sensor design could involve the incorporation of [image: image353.png]


HL into bilayers on solid supports25, 26. When the support is a conducting substrate, an alternating potential can be applied to allow impedance measurements. But impedance spectroscopy of tethered supported bilayers treated with [image: image354.png]


HL suggests that the protein does not fully penetrate the membrane, so improvements will be needed to obtain fully conducting pores27. Although sensors based on supported bilayers have been made with several other channel-forming peptides and proteins28-31, single-channel recordings — the prerequisite for stochastic sensing — have not yet been obtained. In this regard, a major challenge is the production of tightly sealed bilayers to reduce leakage currents to the levels found in unsupported membranes. Most likely, this will require the reduction of substrate roughness and the elimination of edge effects. Through a combination of improved substrates, new membrane chemistry and faster electronics, single-channel measurements with supported bilayers at millisecond time resolution should be achieved in the near future32.

Bilayers on porous supports Porous supports might provide a middle ground between apertures and solid supports. They would reinforce the bilayer and at the same time provide access for aqueous ions to the entrance of a pore. Possibilities include nanochannel glass arrays33 and coated polycarbonate membranes34. Bacterial S layers are especially promising as supports. S layers are porous, two-dimensional crystals of a single protein that envelope many species of bacteria. Single-channel currents have been observed from [image: image355.png]


HL incorporated into bilayers supported by S layers35, 36. Peptide antibiotics and an anion channel have been incorporated into bilayers on agarose-coated glass and single-channel currents detected37.

Sensor arrays The use of conducting planar supports not only has the advantage of durability, but also provides a convenient environment for patterning arrays of membranes. Ultimately, individual electrodes in the array would act as transducers for each sensing element. Lithographic patterning of very small membrane sectors may also help eliminate problems with current leakage — as the size of the bilayer elements is shrunk, a larger fraction of them will be positioned over defect-free portions of the surface. Significant progress has been made on the fabrication of supported bilayer arrays38. For example, small arrays have been made in which individual 'boxes' have different lipid compositions (Fig. 2a)39 and a means by which each box can be contacted by a different aqueous phase has been devised40. Nevertheless, considerably more progress will be needed to produce arrays of single pores that are individually electrically addressed (Fig. 2b).

	[image: image356.jpg]



	Figure 2 Lipid bilayer arrays: fact and fantasy.   Full legend
 
High resolution image and legend (44k)


In the future, the platforms described above will be combined with microfluidics to create lab-on-a-chip technology41. Fabrication of linear microfluidic arrays in which both the lipid bilayers and aqueous media can be varied has already been achieved42. Arrays of sensor elements will be patterned into a substrate connected to a system of microchannels through which complex mixtures of analytes can be delivered. The array would constitute a sophisticated electronic 'nose' or 'tongue' consisting of single-molecule sensors from which a stochastic response pattern would be read. Data processing approaches such as computational neural networks have been used for other types of sensor arrays43 and are likely to be effective with stochastic systems. The detection devices would be powerful enough to tackle broad classes of chemical and biological analytes with millisecond time resolution and ultra-low concentration limits. Marrying the emerging technology of stochastic sensing to microfluidics affords the additional benefits of high throughput and very small sample volumes. Of course, in this case, miniaturization will not be limited by the size of the sensor elements as a single [image: image357.png]


HL pore is only [image: image358.png]


10 nm in diameter.

Prospects and alternative implementation
Stochastic sensing platforms should find use in diverse applications from the detection of biological warfare agents to the testing of groundwater for heavy-metal contaminants. One of the most powerful potential applications may be in pharmaceutical screening based on proteomics, where fast time response, trace analyte detection and high throughput are required44. A significant characteristic of the technique is that the analytes, whether they be small or large molecules, need not be tagged or labelled for detection44. Also of note is that stochastic sensing reveals quantitative kinetic information (on and off rates) about the interaction of an analyte with its binding site. Indeed, stochastic sensing can operate under equilibrium conditions with very fast time resolution (hundreds of microseconds) without the complications arising from crowded chip surfaces such as unwanted polyvalency and rebinding. By using single [image: image359.png]


HL pores decorated with multiple ligands in a predetermined pattern, it should be possible to examine directly the multivalent attachment of proteins45 in a far cleaner way than is presently possible. And stochastic sensing has exciting potential applications in basic science. For example, analytes might be detected inside cells by a variation of patch-cramming7, 46 in which a responsive pore is incorporated into a patch pipette that is inserted into the cell under examination.

Although engineered protein pores hold sway for the present, stochastic sensing might be executed in other ways. Nanoscale alternatives to protein-based pores are being sought. Tubules with diameters of less than 2 nm can be obtained by electroplating pores of larger diameter47, although they have not yet been isolated as single entities. However, single carbon nanotubes, 150 nm in internal diameter, have been characterized48, and further reduction in diameter should be possible. In a recent breakthrough, apertures as small as 2 nm in diameter have been made in silicon nitride, and the transport of double-stranded DNA through a 5-nm version has been detected49. Eventually, it might be possible to manipulate the chemistry of these entities as readily as proteins.

Alternatives to ion channel-based stochastic sensing include single-molecule fluorescence50, 51 and force detection52, 53. If practicable implementation can be found, data from fluorescence-based stochastic sensing would be handled in the same way as that obtained through electrical measurements51. Exploiting these newer technologies may open up a wider field of potential analyte targets, because not all binding sites are readily incorporated into protein pores.

The acquired wisdom of nature has made several contributions to stochastic sensing: the use of protein pores, the design of binding sites, the sensing of unmodified analytes and, potentially, the use of sensor arrays. Yet, like the best of biomimetics, the development of stochastic sensing has not blindly followed nature but it has evolved in its own way54. With more exploration to be done, the final embodiment of this powerful technology cannot yet be foreseen.
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Figure 1 Detection of a variety of analytes by stochastic sensing. a, Metal ions6, 9. The sensor element is an [image: image364.png]


HL pore with a genetically engineered binding site for divalent metal cations within the lumen. The site comprises four histidines on one of the seven subunits. Various metal ions are coordinated by the engineered side chains, which project into the transmembrane [image: image365.png]


-barrel. Each metal ion binds with different kinetics and gives slightly different extents of channel block, so that analysis of extended current traces allows the identification and quantification of metal ions in mixtures. Upper trace, Zn2+ alone; middle trace, Co2+; lower trace, mixture of Zn2+ (0.23 [image: image366.png]


M) and Co2+ (4.7 [image: image367.png]


M). b, Organic molecules10. The pore contains a non-covalent [image: image368.png]


-cyclodextrin adapter, which is capable of carrying out host-guest chemistry while lodged in the lumen. Upper trace, promethazine; middle trace, imipramine; lower trace, mixture of promethazine (100 [image: image369.png]


M) and imipramine (100 [image: image370.png]


M). c, Proteins21. The pore contains a single poly(ethylene glycol) chain of relative molecular mass 3,400. One end of the chain is attached covalently within the cavity of the [image: image371.png]


HL pore, the other end carries a ligand for the target protein. The trace shows the response of a pore carrying a biotin ligand to a mutant streptavidin (14.5 nM) of weakened affinity.
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Figure 2 Lipid bilayer arrays: fact and fantasy. a, Phosphatidylcholine bilayers (4 [image: image373.png]


4 array) containing different concentrations of DNP (dinitrophenyl)-phosphatidylethanolamine and cholesterol in each box. Anti-DNP immunoglobulin-[image: image374.png]


 (IgG; 0.19 [image: image375.png]


M) was applied to the entire array in phosphate-buffered saline. The bound protein was visualized by total internal reflection fluorescence microscopy. IgG binding is dependent on both the cholesterol content and hapten density in the membrane (S.-y. Jung, unpublished work). b, Conceptual rendition of a stochastic sensor array. Each box contains a different, single, engineered [image: image376.png]


HL pore. The bilayers are arrayed over a system of electrodes.

Box 1 Stochastic sensing with engineered pores
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A single engineered pore is placed in a planar lipid bilayer. In an applied potential, a current flows through the pore carried by the ions in salt solutions that bath both side of the bilayer. The pore contains a binding site for an analyte, represented by the green ball in the figure. Each time the analyte binds to the pore the current is modulated as illustrated in the trace. Hence, this technique monitors individual binding events. The frequency of occurrence of the events reveals the concentration of the analyte, whereas the current signature (the mean duration and amplitude of the events) reveals its identity.

In the case of a simple equilibrium, [image: image378.png]


off = 1/koff, where [image: image379.png]


off is the mean dwell time of the analyte and koff is the dissociation rate constant, and [image: image380.png]


on = 1/kon[A], where [image: image381.png]


on is the mean time between binding events, kon is the association rate constant and [A] is the analyte concentration

In this case, stochastic sensing provides useful kinetic data that are difficult to obtain by other techniques. In other cases, the binding kinetics are more complex, but this can be useful by providing highly distinctive current signatures. In practice, it is not necessary to understand the details of the kinetic behaviour to allow the identification and quantification of analytes.

Molecular Sensing 

Molecular Sensing in Hearing and Balance
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	An illustration depicting a rat vallate taste bud. The taste bud contains spindle-shaped receptor cells that send processes toward the lingual surface into the taste pore, the site of interactions with taste substances.


More than 28 million Americans are deaf or hearing impaired, making this the third most common chronic condition affecting the elderly. As many as three of every 1,000 infants are born with a hearing impairment. Age related hearing loss (presbycusis) affects 30 to 35% of the population over the age of 65. Middle ear infections (otitis media) rank first among the diagnoses requiring a visit to the doctor or emergency room in young children. Hearing impairments occurring later in life are frequently caused by environmental factors, such as ototoxic drugs and exposure to noise. Unfortunately most hearing loss is permanent. Hearing plays a vitally important role in the quality of life. The loss of hearing can have severe socioeconomic impact upon the individual.

Vestibular and/or balance problems are reported in about 9% of the population who are 65 years of age or older. Fall-related injuries such as hip fracture are a leading cause of death and disability in the elderly population. Many of the hip fractures sustained in elderly individuals by falling are related to balance disorders. The failure to diagnose and treat even benign causes of dizziness and imbalance has serious health-care implications. Disorders of balance and spatial orientation constitute major health problems, adversely limiting an individual's sense of independence, vocational opportunities and quality of life.

A genetic approach has been useful for identifying key components of the auditory and vestibular signal transduction pathways. While less is known about the genetic and molecular mechanisms controlling the development, function and aging of sensory apparati of the vestibular system, remarkably, 19 new genes involved in human non-syndromic deafness have been identified over the past four years. Complementary genetic studies in mice have identified over 90 different genes that affect cochlear development or function critical to hearing. A range of molecules involved in hearing have been identified, such as ion channels and pumps, gap junctions, motor molecules, transcription factors, extracellular matrix components and mitochondrial proteins. Both extramural and intramural NIDCD scientists continue to collaborate with investigators around the world to identify, isolate and study the genes that encode the diverse molecules that comprise the auditory sensing apparatus.
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	Immunolocalizaton of gustducin within the spindle-shaped cells indicated by green immunofluorescence. Gustducin is a G-protein that is involved in bitter-and-sweet-taste signal transduction. The red immunofluorescent nuclear marker indicates that gustducin is expressed only in a subset of the receptor cells. Photographs provided by David V. Smith, University of Maryland School of Medicine.


Recent studies in hearing and balance have led to major advancements in our understanding of the signal transduction processes in the auditory and vestibular systems. The auditory process involves a multitude of mechanical and biochemical actions that translate acoustic vibrations into the ultimate perception of sound. The sensory cells of hearing, the hair cells, are located within the cochlea in the organ of Corti. Hair cell stereocilia can be viewed as true molecular sensor organelles. Deflection of the stereocilia induces selective signal transduction processes with subsequent activation of auditory nerve fibers. The exact sequence of events is not well understood, with possible regulatory events in both the stereocilia and hair cells. Regulation at the level of the hair cell may involve the membrane protein prestin, a novel protein with shared homology to another protein, pendrin, a member of a family of sulphate/anion transport proteins. Interestingly, a mutation in the gene encoding pendrin is the cause of the genetically inherited deafness observed in Pendred's syndrome.

Human balance control is a complex, multimodal sensorimotor function, involving several sensory input modalities, and motor output systems. The primary function of the vestibular system is to provide these various functional components of the nervous system with information on the orientation and motion of the head to maintain balance and to stabilize the retinal image. The identification and therapeutic relief of vertigo and other vestibular afflictions have been slow in coming. One potential treatment identified by NIDCD-funded research suggests symptomatic relief can be achieved by alteration of the vestibular semi-circular canals.

Molecular Sensing in the Chemical Senses
Three million Americans experience persistent difficulty with their senses of smell and/or taste. The higher incidence of the loss of smell, whether partial (hyposmia) or complete (anosmia), is accompanied by a loss of flavor perception and enjoyment of food. In elderly individuals, a loss of smell can have a significant impact upon health and well being. While altered taste sensitivity does play a role in nutrition and weight control, this taste alteration (hypogeusia) or complete loss (ageusia) is relatively uncommon, and complaints about food blandness are usually due to olfactory problems. Unfortunately, there are no treatments for these chemosensory disorders, and scientists are aggressively seeking the underlying mechanisms that trigger the loss or diminution of these important sensory systems.
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The chemical senses possess an incredible repertoire of receptors. Both NIDCD-funded intramural and extramural laboratories have contributed to the recent advances in our under-standing of the signal transduction processes that underlie the perception of odors and tastants. Two landmark discoveries occurred in the field of olfaction in the early 1990s when separate families of genes were identified that encode the G-protein coupled receptors in the neurons of the olfactory and vomeronasal epithelia. These successful research strategies were later adapted to the gustatory system, culminating with the recent discovery of taste receptor genes encoding the G-protein coupled receptors activated by bitter- and sweet-tasting substances. Further, the identification of genes important to the taste and smell processes have been important in understanding how these systems function. Genes identified for bitter-tasting compounds, and a putative sweet taste receptor gene, TasIr3, near the Sac locus on mouse chromosome 4, a determinant of sweet preference, may eventually influence the treatment of diabetes and obesity, which affect millions of Americans.

The NIDCD supports and conducts research and research training in the normal and disordered processes of hearing, balance, smell, taste, voice, speech, and language. NIDCD supports both basic and clinical biomedical research in laboratories across the country through a peer-reviewed program of grants and contracts. The Institute also conducts research in intramural NIH laboratories and clinical facilities and collaborates with other NIH institutes and Federal agencies.

Molecular Aspects of the Peripheral Sensory System
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An estimated one-third of Americans suffer from chronic pain conditions, including cancer and musculoskeletal pain, trigeminal neuralgia, temporomandibular disorders, diabetic neuropathy, complex regional pain syndromes, and low back pain. The NIDCR supports basic, clinical, translational, and community-based research on the epidemiology, etiology, diagnosis, treatment, and prevention of inflammatory, neurodegenerative, and neuropathic conditions that lead to chronic pain or impaired oral function. The Institute also supports research on somatosensory and chemosensory function. Neurobiological studies on the trigeminal nerve system also fall within NIDCR's scope, as does research on the molecular genetic processes involved in injury, repair and regeneration within the trigeminal system. Through grant support and its intramural research program, NIDCR currently sponsors research ranging from studies of neural development and regeneration to studies on the clinical and molecular aspects of pain perception.

NIDCR grantees and intramural researchers are studying the structural and molecular features of neural pathways that regulate pain sensation. Recent work by NIDCR-supported investigators demonstrated that one class of dental sensory neurons fails to develop in response to postnatal deprivation of nerve growth factor (NGF), a neurotrophic growth factor. Researchers are currently seeking to define the phenotype of distinct populations of sensory neurons that innervate dental pulp. Variation in the response to painful stimuli is the subject of translational research in NIDCR's Pain Research Clinic. Recent work has characterized wide variation in human phenotypes that may be related to single nucleotide polymorphisms (SNPs) in opiate receptors.

Clinical studies suggest that lesions of the trigeminal nerve lead to different chronic pain conditions from those caused by peripheral nerves because of the anatomical-physiological organization of the trigeminal system. NIDCR grantees are also examining the anatomical distribution and features of tooth innervation, including mechanisms involved in the response to different forms of nerve injury. Recent intramural work has identified a genetic locus in an animal model of neuropathic pain which may provide a target for novel therapeutic interventions for pain following nerve injury. Such findings illustrate the importance of understanding molecular-genetic mechanisms of nerve injury.

Ongoing work by NIDCR-funded investigators is shedding light on the molecular biology of pain transmission. An experimental mouse model with deletions of the genes encoding the neuropeptides substance P and neurokinin A was found to have reduced pain responsiveness to intensely noxious stimulation compared to control animals. Related studies show that the vanilloid receptor, an important link in the process of transducing noxious stimuli in the periphery into neuronal pain signals, has increased responsiveness under inflammatory conditions. This may explain, in part, why chronic inflammatory pain is difficult to treat.

Clinical studies being carried out in collaboration with the NIH's Pain and Palliative Care Program are evaluating novel strategies for selectively blocking neurons that signal chronic pain. Future challenges will include deciphering the molecular signals involved in nervous system development, repair, and regeneration.

Molecular Sensing and Pain
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NINDS' interest in the molecular study of sensation covers the basic neurobiology of mechanoreceptors, proprioception, brain-stem chemoreceptors, baroreceptors, but has primarily focused on pain. NINDS is the leading supporter of extramural pain research. Our broad portfolio includes research about the cellular and molecular mechanisms of peripheral, spinal, brain-stem, and cortical pathways of pain. Recent advances in the cellular and molecular biology of ion channels, receptors, signal transduction cascades, and genetics of nociceptors, have led to significant new insights into the neurobiology of pain and sensation. The neuronal receptor for capsaicin, the chemical in chili peppers that causes pain, has recently been cloned, opening a new avenue for therapeutic exploration. Ongoing investigations of molecular approaches for pain treatments include targeting calcium channel subtypes, the tetrodotoxin insensitive sodium channel, glutamate receptors, substance P receptors, and cyclooxygenase. NINDS continues its long-term support of basic research upon which these approaches depend.

The Molecular Basis of Visual Transduction
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The NEI, as part of its mission to protect and prolong the vision of the American people, supports basic vision research.

The retina is a biological image processor. It transforms each visual image into electrical signals, codes these signals, and finally sends this code as patterns of electrical information to the brain. Normal vision requires the retina to operate over illumination conditions that span ten orders of magnitude, a feat well beyond the capabilities of the most sophisticated optical instruments. Most of the known neurotransmitters, neuropeptides, and neurohormones are represented in the retina.

Biochemical, molecular biological, physiological, and structure-function studies have produced a detailed understanding of the phototransduction cascade. NEI-supported scientists have provided a molecular description of the key components of the pathway. This has now become a classic model that has led the way toward our current understanding of signal processing by neurotransmitter receptors and molecular sensors in other sensory systems and the brain.

Excited by light, rhodopsin activates transducin, a member of the GTP-binding protein superfamily which is found in the disc membrane of retinal rods. Activated transducin stimulates the activity of its effector, cGMP phosphodiesterase, leading to a decrease in intracellular levels of cGMP. Members of the G protein-coupled receptor family are central to signal processing. Different receptors in the family can discriminate between neurotransmitters, hormones, chemical odorants and even different wavelengths of light.

The recent mapping of the crystal structure of rhodopsin has provided insight into the photoactivation process that relays changes in the rhodopsin molecule to transducin. A high-resolution, three-dimensional structure of transducin obtained by X-ray crystallography has also been used to understand the molecular mechanism of phototransduction. Guanosine diphosphate bound to transducin is exchanged for guanosine triphosphate following photoactivation of rhodopsin. These studies have also provided a glimpse of how transducin subsequently interacts with phosphodiesterase to catalyze the hydrolysis of cGMP.

The end target of the visual cascade pathway, the cGMP-gated channel, has also been characterized at the molecular and physiological levels. These studies have provided important new insight into how the activity of this channel is controlled by cGMP and extracellular divalent cations and is modulated by calmodulin.
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Advances in our understanding of vision and particularly visual transduction have yielded important new insights into the causes of retinal diseases. The majority of these diseases affect photoreceptors and its supporting pigment epithelium. For some inherited retinal diseases the affected gene and protein have been identified. NEI-supported scientists are beginning to understand the early effects on photoreceptors of abnormal proteins that have lost their function. This may lead to development of new therapies for these disorders and would not have been possible without the basic biological studies of vision and visual transduction.

