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This Research Topic is aimed towards collecting the present knowledge of structure and function of sensory receptors in the animal kingdom, as well as the mechanisms of signal transduction and downstream signal amplification. The term sensory receptor applies for sensory modalities reflecting the outer world (vision, audition, olfaction etc.), the inner world (pH, osmolarity, glucose level etc.) or both such as temperature and pain.
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Organisms continuously detect and process physical and chemical signals from their external and internal world, and they monitor their interaction with the environment. Aristotle was the first who defined the five external senses in humans: sight, hearing, smell, taste, and touch. In addition, we consider balance as the sixth external sense. Similarly important for the control of movement is the sense of body position, the proprioception. The physiological state of the organism is reported by a variety of internal receptors including those for gases, temperature, or pH. According to the activating stimulus sensory receptors can be classified into electromagnetic receptors (photoreceptor, thermoreceptor), mechanoreceptors (hearing, touch, balance, osmoreceptor), and chemoreceptors (odorant receptor, gustatory receptor). Sensory signals are perceived by specialized neurons equipped with one type of receptor molecules as photoreceptor cells or with various types of receptors as nociceptive neurons to detect different noxious stimuli including heat, pressure, pH, or chemical signals. Most receptor molecules are tuned to a single sensory modality but some are polymodal as the vanilloid receptor VR1 which is activated by heat, pungent chemicals, acids, or lipids. Activation of receptor molecules by an adequate stimulus initiates a signal transduction process in the sensory neuron in which the physical or chemical signal is amplified and converted into an electrical signal that depolarizes or hyperpolarizes the cell. The properties of the stimulus such as strength and duration are then translated into a specific temporal pattern of action potentials which is further processed in the brain.

In recent years the research on design and function of sensory receptors and their signal transduction machinery has largely extended our knowledge in this field. The present special issue is aimed of presenting an actual view on photoreceptors and chemoreceptors.

Photoreceptors and many chemoreceptors belong to the G protein-coupled receptor (GPCR) family. GPCRs are seven transmembrane (7-TM)-spanning proteins that interact with heterotrimeric G proteins. According to structural similarities GPCRs are grouped into families. Photoreceptors and most vertebrate olfactory receptors belong to the rhodopsin receptor/class A family. Ligand binding to a GPCR causes a conformational change thereby activating a trimeric G protein which disensembles into the Gα- and the Gβγ-subunit. Independently, both subunits can affect various targets such as enzymes or ion channels. G protein signaling is usually associated with signal amplification. An exception are mammalian olfactory receptors in which the dwell time of odorant molecules is too short to efficiently activate G proteins (Bhandawat et al., 2005). The signal amplification takes place downstream by interaction of ion channels.

In the classical view a monomeric protein with 7-TM topology constitutes a metabotropic receptor (Figure 1A) which interacts with a trimeric G protein. However, in the case of the channelrhodopsins the 7-TM protein does not couple to a G protein. Instead, it functions as an ionotropic receptor (Figure 1B) since its activation gates an ion channel (Nagel et al., 2005). GPCRs may form homomeric (Figure 1C) as well as heteromeric dimers (Figure 1D). For class A GPCRs instable homodimerization has been observed for M1 muscarinic acetylcholine receptors (Hern et al., 2010) or an oligomerization to higher orders as for β2-adrenergic receptors (Fung et al., 2009). Class C GPCRs built stable heterodimers such as the mammalian taste receptors for sweet and umami (Palmer, 2007). In heterodimeric GABAB receptors, GABABR1 binds the ligand while GABABR2 couples to the G protein and is required for targeting GABABR1 to the membrane (Brauner-Osborne et al., 2007). Intriguingly, a similar principle is observed in insect odorant receptors. These 7-TM proteins are heterodimers of a conventional odorant receptor (OR) protein and an ubiquitous co-receptor (Neuhaus et al., 2005) (Figure 1E). The OR protein binds the odorant and couples to the G protein which in turn stimulates cAMP production (Wicher et al., 2008). The co-receptor is required for membrane targeting of the OR protein (Larsson et al., 2004) and is a non-selective cation channel activated by cAMP (Wicher et al., 2008). In addition to this metabotropic pathway of insect OR activation there is also a G protein independent, ionotropic one (Sato et al., 2008; Wicher et al., 2008). These findings raised a controversial discussion how to classify insect ORs, as ionotropic or metabotropic. One view is “In insects, most odorant receptors consist of a heteromeric complex that serves both as the receptor for the ligand and as the ion channel that is gated by binding of the ligand – a mechanism that is referred to as ionotropic” (Kaupp, 2010). The other view is “The design principle of insect ORs of being composed of an odorant-sensitive protein and of a protein finally transducing the chemical message into an electrical signal ensures very rapid recognition of high odor concentrations via the ionotropic pathway as well as a somewhat slower but prolonged and highly sensitive odor detection via the G protein-mediated signal amplification” (Wicher et al., 2008). Per definition an ionotropic receptor is an ion channel directly gated by ligand binding. This is not the case for insect ORs at low odor concentration where channel opening requires G protein activation and second messenger production – hallmarks of metabotropic signaling. This kind of signal transduction is quite similar to the olfactory signaling in vertebrates. The only difference is that in vertebrates the activated ion channel is separated from the receptor while in insects it is part of the receptor. At high odor concentration the metabotropic pathway is accompanied and sped up by the ionotropic one. Thus, a more appropriate classification of insect ORs might be “combined metabotropic and ionotropic receptors”. A detailed discussion on insect ORs is given by Ha and Smith.
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Figure 1. Seven transmembrane (7-TM) proteins function as monomers but can also dimerize (or oligomerize). Although most 7-TM proteins are metabotropic receptors (A, C–E) there are a few examples of ionotropic 7-TM receptors (B, E). (A) Most common for a 7-TM protein is to function as G protein-coupled receptor (GPCR). For example, monomeric rhodopsin in vertebrate rods forms a metabotropic receptor such as bearing the light-sensitive retinal as ligand which activates trimeric G proteins upon light-dependent activation of its associated ligand retinal. (B) However, channelrhodopsins are 7-TM ionotropic receptors in green algae. Ligand binding directly gates an ion channel while there is no G protein interaction. (C, D) GPCRs can form homodimers (C) as the β2-adrenoceptor (β2-AR) or heterodimers (D) as the GABAB receptor. In the GABAB receptor the subunits have distinct function. One is responsible for ligand binding, the other for G protein interaction. (E) Insect odorant receptors are heterodimers composed of inversely oriented 7-TM proteins (Benton et al., 2006). The odorant-specific protein contains the ligand-binding site and a so far undescribed G protein interaction site. The other protein forms a channel that can be activated by odorant binding either directly via an ionotropic pathway or via a metabotropic pathway including G protein activation.



In Drosophila photoreceptors the signal transduction machinery is highly organized. Their elements are held together by the scaffolding protein InaD which enables fast processing of the sensory input. The delay between photon absorption by rhodopsin and activation of the receptor current is only 20 ms. The ion channel conducting this current was the first member of the TRP channel superfamily to be detected. Mutant flies with disrupted channel function show the phenotype of Transient Receptor Potential upon constant light stimulus (Cosens and Manning, 1969). Various members of the TRP superfamily form sensory receptors including mechanoreceptors, thermoreceptors, chemoreceptors, and pain receptors (Damann et al., 2008), some of which are polymodal (Belmonte and Viana, 2008). Katz and Minke review anatomy and function of fly photoreceptors and provide a current view on details of sensory transduction.

Retinal ganglion cells expressing melanopsin are photosensitive cells that do not contribute to image-processing vision but are involved in the entrainment of circadian rhythms. Gonzalez-Menendez et al. demonstrate in their research report that melanopsin-expressing cells themselves are subjected to circadian regulation. They found a circadian oscillation of the number of these cells in the mouse retina which required synchronization by the light/dark cycle.

A review related to non-visual photoreception is presented by Gotow and Nishi on photosensitive interneurons modulating the behavior of a sea slug. These neurons are localized in central ganglia and respond to light either with depolarizations or with hyperpolarizations. The type of the photoresponse depends on coupling to G proteins which lead either to cGMP hydrolysis or synthesis subsequently closing or opening a cGMP-dependent K+ channel, respectively.

Chemoreceptors are another class of sensory receptors using GPCRs – though not exclusively – to detect chemical signaling molecules. An update on mammalian olfactory receptors is given by Fleischer et al. According to structure and distribution these receptor proteins are grouped into families including ORs, vomeronasal receptors (VRs), trace amine-associated receptors (TAARs), formyl peptide receptors (FPRs), and guanylyl cylase D (GCD). Except for the GCDs all other receptors form GPCRs. ORs, TAARs and the VR1 subgroup belong to the rhodopsin/class A family. The VR2 subgroup belongs to the class C family, whether their members dimerize remains to be shown.

Insect ORs, as reviewed by Ha and Smith, differ from classical GPCRs in various aspects. Although the receptor proteins have a 7-TM structure like GPCRs they do not share sequence similarity with them. In addition, insect odorant receptor proteins show an inverted orientation in the membrane, i.e., the N-terminus is intracellular and the C-terminus extracellular. Finally, these ORs are heterodimers composed of a conventional, odor-specific receptor protein and an ubiquitous protein such as Or83b in Drosophila (Figure 1E). There is a distinct class of putative chemosensory receptors that are akin to ionotropic glutamate receptors. Drosophila pheromone receptors are composed of a conventional OR and Or83b. But in contrast to ORs another, receptor-associated sensory neuron membrane protein (SNMP) with 2-TM topology is required to form a functional complex. Intriguingly, it is SNMP that binds the ligand which is not the pheromone itself but the pheromone-binding protein LUSH when activated by the pheromone.

The review by Stengl on moth pheromone receptors demonstrates how the high sensitivity of male moth pheromone receptor neurons is obtained which is necessary to perceive the intermittently released sex-pheromone blend. It becomes apparent that depending on the stimulus properties different signal transduction pathways are recruited. Furthermore, the sensitivity of receptor neurons is regulated in a circadian manner to achieve highest sensitivity during the moth’s activity phase and to allow for a phase of rest.

The contribution by Isono and Morita reviews the present knowledge on insect gustatory receptors (GRs) which are distantly related to the insect ORs. While in the olfactory system one neuron expresses one receptor, various GRs may be expressed in taste neurons. Moreover, these neurons also express other sensory receptors such as the TPR channel painless. This principle allows one neuron to perceive different sensory modalities.

The function of GPCRs and downstream signaling is subject to extensive modulation, for example by RGS proteins (regulator of G protein signaling). Fenech et al. present an original article on Ric-8A, a guanine nucleotide exchange factor. This G protein interacting protein is localized in taste receptor cells and is able to amplify the response to a taste signal by promoting the exchange of GDP by GTP.

This special issue comprises various examples how the receptor design is adapted to the physiological demands of an organism to perceive sensory signals in different intensity and temporal resolution. There is accumulating evidence that often a sensory receptor is part of a signal processing network including scaffolding proteins or RGS proteins.
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This research topic was aimed toward collecting the present knowledge of structure and function of sensory receptors in animal kingdom as well as the mechanisms of signal transduction and amplification. To translate external signals such as light, sound, smell, etc., into an appropriate intracellular signal, sensory receptors use either a fast, direct or a slow, indirect way. These qualitatively different signal transduction pathways are now usually called ionotopic or metabotropic. Historically, the term metabotropic receptor has been introduced to distinguish a subtype of glutamate receptors that triggers chemical reactions (cell metabolism) in the postsynaptic cell from other glutamate receptors that pass an ion current (ionotropic) (Eccles and McGeer, 1979). Metabotropic glutamate receptors were found to be linked to inositol phospholipid metabolism (Sugiyama et al., 1987), and were subsequently identified as G-protein-coupled receptors (GPCRs) (Masu et al., 1991). The terminology ionotropic/metabotropic has been extended to other neurotransmitter receptors, such as for nicotinic/muscarinergic acetyl choline or GABAA/GABAB receptors. All metabotropic neurotransmitter receptors are GPCRs. There are, however, a large number of non-GPCRs that also fulfill the original definition for a metabotropic receptor, namely “that the transmitter acts indirectly, by triggering a chemical reaction or a series of reactions” (Eccles and McGeer, 1979). Accordingly, it has been used to extent the term metabotropic receptor to receptor kinases, receptor cyclases, etc., as well.

Sensory receptors are often part of complex signal transduction cascades. An ion current through an ionotropic receptor may initiate metabotropic signaling, as well as a metabotropic receptor may downstream affect the function of ion channels. An example for protein–protein interaction in chemosensation is given in the original article by Liu et al. (2012). The authors identified so far unknown binding partners of Gγ13, a G-protein subunit expressed in mammalian taste and olfactory receptor cells. These binding partners are PDZ-domain containing proteins assumed to target Gγ13 to specific subcellular locations or represent parts of the chemosensory signal transduction cascade.

The evolution of chemoreceptors shows that—from bacteria to mammals—both, ionotropic as well as metabotropic mechanisms were conserved. Functional aspects of chemoreceptors, including the interaction of electrical and chemical signaling, and the amplification of sensory information are discussed in the perspective article (Wicher, 2012). Intriguingly, insect chemoreceptors operate as ionotropic receptors, namely odorant receptors (ORs), ionotropic glutamate-like receptors (IRs), and gustatory receptors (GRs). Getahun et al. (2012) investigate the temporal response dynamics of insect chemoreceptors and demonstrate that olfactory sensory neurons (OSNs) expressing ORs, GRs, or IRs differ in their response kinetics to brief stimuli. OR-expressing neurons respond faster and with higher sensitivity, while IR-expressing neurons do not adapt to long stimulations. Although ORs primarily operate as ionotropic receptors, metabotropic signaling was seen to modulate the ionotropic odor response (Olsson et al., 2011; Sargsyan et al., 2011). Stimulation of cAMP production enhanced the response to a given odor concentration, corresponding to an increased sensitivity. This type of modulation may constitute the mechanistic basis for the higher sensitivity of ORs compared with IRs.

Chemical information released from different sources may interfere during processing in the nervous system and affect the response of an organism. Odor mixtures can act in synergistic or in an inhibitory way. On the level of the chemoreceptors the existence of a huge number of different chemical signal molecules leads to the intriguing question of receptor specificity and whether a given chemical signal is perceived independent of the background. The interaction of odorant and pheromone detection in moths is reported by Pregitzer et al. (2012) and commented by Anton and Renou (2012). Certain plant odors are known to inhibit the activation of pheromone receptors. The reported investigations provide evidence that the odorant-pheromone interaction already takes place at the receptor level.

Since the first editorial to this topic was written in 2010 recent progress shed new light on structure and function of certain receptors. Channelrhodopsins, for example, are photoreceptors in green algae which conduct a current upon illumination. They are seven transmembrane (7-TM)-spanning proteins as typical for GPCRs but do not couple to a heterotrimeric G-protein. With the given 7-TM topology it was as yet not clear how the channelrhodopsin proteins have to arrange to form an ion channel. Recently, the non-selective cation channel, channelrhodopsin-2 from Chlamydomonas reinhardtii has been successfully crystallized (Müller et al., 2011; Kato et al., 2012). The channelrhodopsin-2 proteins were found to stably dimerize in such an arrangement that the third and the fourth TM helix of each protein align to a tetramer thereby lining the cation-permeable pore. Another example for ion channel-forming 7-TM proteins are the above mentioned insect ORs. In contrast to homodimeric channelrhodopsin channels they are heterodimers, composed of variable, odorant-binding protein OrX, and an ubiquitous co-receptor OrCo. There is growing evidence that both OR proteins contribute to channel pore formation and determine their properties such as the ion permeability and pharmacological properties (Nichols et al., 2011; Pask et al., 2011; Nakagawa et al., 2012). It remains to be established whether OrCo form homomeric channels in the receptor neurons as seen in the heterologous expression system and whether they represent the metabotropic pathway used to tune the sensitivity of the ionotropic receptor (Olsson et al., 2011; Sargsyan et al., 2011). The role of stimulatory G-proteins in olfactory signaling has been demonstrated (Deng et al., 2011), and also downstream signaling such as cAMP production were seen to affect the odor response of receptor neurons (Olsson et al., 2011). These recent findings on insect OR function modify the view to classify them. While in the first editorial they have been considered as combined metabotropic and ionotropic receptors, they might now be more appropriately characterized as metabotropically regulated ionotropic receptors. This change of view illustrates the highly dynamic development in the field.

REFERENCES

Anton, S., and Renou, M. (2012). A first glance on the molecular mechanisms of pheromone-plant odor interactions in moth antennae. Front. Cell. Neurosci. 6:46. doi: 10.3389/fncel.2012.00046

Deng, Y., Zhang, W., Farhat, K., Oberland, S., Gisselmann, G., and Neuhaus, E. M. (2011). The stimulatory Galpha(s) protein is involved in olfactory signal transduction in Drosophila. PLoS ONE 6:e18605. doi: 10.1371/journal.pone.0018605

Eccles, J. C., and McGeer, P. L. (1979). Ionotropic and metabotropic neurotransmission. Trends Neurosci. 2, 39–40.

Getahun, M. N., Wicher, D., Hansson, B. S., and Olsson, S. B. (2012). Temporal response dynamics of Drosophila olfactory sensory neurons depends on receptor type and response polarity. Front. Cell. Neurosci. 6:54. doi: 10.3389/fncel.2012.00054

Kato, H. E., Zhang, F., Yizhar, O., Ramakrishnan, C., Nishizawa, T., Hirata, K., et al. (2012). Crystal structure of the channelrhodopsin light-gated cation channel. Nature 482, 369–374.

Liu, Z., Fenech, C., Cadiou, H., Grall, S., Tili, E., Laugerette, F., et al. (2012). Identification of new binding partners of the chemosensory signaling protein Ggamma13 expressed in taste and olfactory sensory cells. Front. Cell. Neurosci. 6:26. doi: 10.3389/fncel.2012.00026

Masu, M., Tanabe, Y., Tsuchida, K., Shigemoto, R., and Nakanishi, S. (1991). Sequence and expression of a metabotropic glutamate receptor. Nature 349, 760–765.

Müller, M., Bamann, C., Bamberg, E., and Kühlbrandt, W. (2011). Projection structure of channelrhodopsin-2 at 6 A resolution by electron crystallography. J. Mol. Biol. 414, 86–95.

Nakagawa, T., Pellegrino, M., Sato, K., Vosshall, L. B., and Touhara, K. (2012). Amino acid residues contributing to function of the heteromeric insect olfactory receptor complex. PLoS ONE 7:e32372. doi: 10.1371/journal.pone.0032372

Nichols, A. S., Chen, S., and Luetje, C. W. (2011). Subunit contributions to insect olfactory receptor function: channel block and odorant recognition. Chem. Senses 36, 781–790.

Olsson, S. B., Getahun, M. N., Wicher, D., and Hansson, B. S. (2011). Piezo-controlled microinjection: an in vivo complement for in vitro sensory studies in insects. J. Neurosci. Methods 201, 385–389.

Pask, G. M., Jones, P. L., Rützler, M., Rinker, D. C., and Zwiebel, L. J. (2011). Heteromeric anopheline odorant receptors exhibit distinct channel properties. PLoS ONE 6:e28774. doi: 10.1371/journal.pone.0028774

Pregitzer, P., Schubert, M., Breer, H., Hansson, B. S., Sachse, S., and Krieger, J. (2012). Plant odorants interfere with detection of sex pheromone signals by male Heliothis virescens. Front. Cell. Neurosci. 6:42. doi: 10.3389/fncel.2012.00042

Sargsyan, V., Getahun, M. N., Llanos, S. L., Olsson, S. B., Hansson, B. S., and Wicher, D. (2011). Phosphorylation via PKC regulates the function of the Drosophila odorant coreceptor. Front. Cell. Neurosci. 5:5. doi: 10.3389/fncel.2011.00005

Sugiyama, H., Ito, I., and Hirono, C. (1987). A new type of glutamate receptor linked to inositol phospholipid metabolism. Nature 325, 531–533.

Wicher, D. (2012). Functional and evolutionary aspects of chemoreceptors. Front. Cell. Neurosci. 6:48. doi: 10.3389/fncel.2012.00048

Received: 27 November 2012; Accepted: 05 January 2013; Published online: 24 January 2013.

Citation: Wicher D (2013) Sensory receptors—design principles revisited. Front. Cell. Neurosci. 7:1. doi: 10.3389/fncel.2013.00001

Copyright © 2013 Wicher. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in other forums, provided the original authors and source are credited and subject to any copyright notices concerning any third-party graphics etc.








	 
	REVIEW ARTICLE
published: 11 June 2009
doi: 10.3389/neuro.03.002.2009
	[image: image1]





Drosophila photoreceptors and signaling mechanisms

Ben Katz and Baruch Minke*

Department of Physiology, Kühne Minerva Center for Studies of Visual Transduction, Faculty of Medicine, The Hebrew University, Jerusalem, Israel

*Correspondence:

Baruch Minke, Department of Physiology, Faculty of Medicine, The Hebrew University, Jerusalem 91120, Israel. e-mail: baruchm@ekmd.huji.ac.il

Edited by:
 Dieter Wicher, Max Planck Institute for Chemical Ecology, Germany

Reviewed by:
 Satpal Singh, University of New York, USA Monika Stengl, Philipps-Universitat Marburg, Germany

Fly eyes have been a useful biological system in which fundamental principles of sensory signaling have been elucidated. The physiological optics of the fly compound eye, which was discovered in the Musca, Calliphora and Drosophila flies, has been widely exploited in pioneering genetic and developmental studies. The detailed photochemical cycle of bistable photopigments has been elucidated in Drosophila using the genetic approach. Studies of Drosophila phototransduction using the genetic approach have led to the discovery of novel proteins crucial to many biological processes. A notable example is the discovery of the inactivation no afterpotential D scaffold protein, which binds the light-activated channel, its activator the phospholipase C and it regulator protein kinase C. An additional protein discovered in the Drosophila eye is the light-activated channel transient receptor potential (TRP), the founding member of the diverse and widely spread TRP channel superfamily. The fly eye has thus played a major role in the molecular identification of processes and proteins with prime importance.
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INTRODUCTION

Vision of invertebrate species has been one of the first senses to be thoroughly studied, and many fundamental principles relevant to all senses have been first discovered in invertebrate eyes. A notable example is the discovery of lateral inhibition in the compound eye of the Limulus by the Nobel Prize Laurie, Haldan Keffer Hartline (Ratliff, 1990). Surprisingly, invertebrate phototransduction, the process by which light quanta are translated into electrical signal is still not entirely understood in terms of its underlying molecular mechanism. The pioneering experiments, which exploited the size of giant photoreceptor cells in some invertebrate species like the Limulus (reviewed in Dorlochter and Stieve, 1997), were followed by studies on Drosophila melanogaster, exploiting its great molecular genetics power (reviewed in Minke and Hardie, 2000; Montell, 1989; Pak, 1995; Ranganathan et al., 1995). In the present review, we focus on processes and molecules that have been discovered in invertebrate eyes in general and in the Drosophila eye in particular, which shed light on crucial functions of other cells and tissues. These landmark discoveries include: (i) Structural and optical properties of Diptera compound eyes. (ii) Bistable photopigments in which both the rhodopsin (R) and metarhodopsin (M) states of the photopigment are dark stable and photoconvertible. (iii) The photochemical cycle in which phosphorylated arrestin (ARR) and ARR translocation play a major role. (iv) Light-induced translocation of Gqα and the excess of Gqβ over Gqα, which prevents spontaneous activation of the Gq-protein in the dark. (v) The dual role of light-activated phospholipase Cβ (PLCβ) in vivo as a G-protein-mediated activator and negative regulator of phototransduction via its action as a GTPase activating protein (GAP). (vi) Unitary signaling events (e.g. single photon responses, quantum bumps). (vii) The light-activated channels, TRP and TRPL, the founding members of the TRP superfamily channel proteins. (viii) Light-induced translocation of the TRPL channel. (ix) The inactivation no afterpotential D (INAD) multimolecular signaling complex, which binds the TRP channel, its activator, the PLC and its regulator, eye-specific protein kinase C (ePKC).

STRUCTURAL AND OPTICAL PROPERTIES OF THE DIPTERA COMPOUND EYE

GENERAL ANATOMY

Two distinct types of eyes have evolved through evolution; the lens eye (or camera eye) typically encountered in vertebrates, and the compound eye typically encountered in arthropods. Many insects encompass both types of eyes. While, the compound eye is the primary image forming organ, the ocelli lens eye is small and primitive (Kirschfeld and Franceschini, 1968, 1969). The compound eyes are composed of many repeat and well-organized units termed ommatidia (Figure 1B) embedded in a sphere (Figure 1A). The number of ommatidia in insects vary from just a handful in the primitive Archaeognatha (jumping bristletails) and Thysanura (silverfish or bristletails) to several hundred up to thousands in Diptera (which includes the house fly Musca and the fruit fly Drosophila). In Drosophila, the ommatidium consists of about 20 cells, in which 8 (6–21 in different insect species) are the photoreceptor cells (RZ, Figure 1A). Each ommatidium contains a dioptric apparatus composed of transparent chitinous cuticle, which forms the cornea (C, Figure 1A) and an extracellular fluid-filled cavity, called the pseudocone (PC, Figure 1A). The floor of the cavity is formed by four Semper cells (SZ, Figure 1A) and the walls by primary pigment cells (PZ, Figure 1A, red), which together circle the pseudocone, shielding the photoreceptor from stray light coming from adjacent ommatidia. The photoreceptor cells are highly polarized epithelial cells, with a specialized compartment known as the rhabdomere (Rh, Figure 1A), consisting of a stack of ∼30,000–50,000 microvilli each ∼2 μm long and ∼60 nm in diameter. The transduction machinery is located in these tightly dense structures, while the nucleus and cellular organelles (N, Figure 1C), such as submicrovillar cisternae (SMC, Figure 1C) reside in the cell body. Pioneering studies conducted by Franceschini and Kirschfeld in Diptera (mainly in Musca) have elucidated the remarkable optics of the compound eye. In their studies, they showed that the highly ordered rhabdomeres form light guides (Kirschfeld and Snyder, 1976) that have been widely exploited experimentally (Figure 3). For example, the screening for retinal degeneration mutants of Drosophila has used the optical phenomenon designated deep pseudopupil (dpp), by Franceschini and Kirschfeld (1971), that is associated with their light guide property (see Figure 3). The dpp, which disappears in retinal degeneration mutant flies such as in R defective mutants, has been used as an efficient tool for a fast screen of large populations of putative mutant flies. Other examples are spectral measurement of the compound eye such as the eye shine, resulting from tapetal reflection, transmittance spectra of photopigments and fluorescent measurements of M.
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Figure 1. The morphology and optics of the compound eye. (A) The compound eye of Musca and the visual ganglionic layers: a schematic representation of a horizontal section. Inset – Schematic representation of the distal area of a single ommatidium. C – corneal lens, PC – pseudocone, RZ – retinula cells (photoreceptor), PZ – pigment cells, K – rhabdomere cap, SZ – Semper cells, Rh – rhabdomere, La – lamina, Me – medulla (modified from Kirschfeld, 1967). (B,C) Electron microscopic (EM) cross-section of Drosophila ommatidia and a rhabdomere at the upper region of the photoreceptors respectively. M – microvilli, SMC – submicrovillar cisternae, N – nucleus (modified from Minke and Selinger, 1996). (D) Optical properties of a single ommatidium demonstrated by “antidromic” illumination in Musca when a 30 μm diaphragm is placed over a single ommatidium seen when focused at the cornea (0 μm). Inverted images of the rhabdomere tips are seen when focusing above the cornea (1000 μm and 500 μm) and upright images below the cornea (−500 μm and −1000 μm). The optical path is shown on the right, F – focal plane, H – main plane, K – junction, a – outer, i – inner (modified from Kirschfeld and Franceschini, 1968).



OPEN AND CLOSED RHABDOM

Two kinds of rhabdomere architecture exist: closed rhabdom, in which all rhabdomeres are fused at the center of the ommatidium (Figures 2A,C) and open rhabdom, in which the rhabdomeres are separated (Figures 2A,B), forming a polygon pattern depending on the number of photoreceptors (hexagonal in Drosophila). Each ommatidium is connected by axons to the ganglionic layers providing a single or several image elements of space, depending on the rhabdomere architecture (Figure 1A). In open rhabdomere, the repeated elements are arranged in a specific geometrical patterning and spacing, ensuring visual connectivity between adjacent ommatidia. Accordingly, the angles between the individual rhabdomeres in one ommatidium are identical to those between adjacent ommatidia. As a result, each of the seven rhabdomeres in one ommatidium portrays the same field of view as a rhabdomere in a neighboring ommatidium (Figures 2D,E; Kirschfeld, 1967). In addition, all six rhabdomeres that share a common field of view send their axons to the same place in the first ganglionic layer – the lamina (La, Figures 1A and 2E). The central rhabdomeres send their axons to the second ganglionic layer – the medulla (Me, Figure 1A). In Drosophila, the seven rhabdomeres of each ommatidium are separated from each other and function as independent light guides (Figure 1D) forming open rhabdomere architecture (Figures 2A,B). In contrast, bees, beetles and various mosquitoes have a closed rhabdom architecture, in which rhabdomeres within each ommatidium are fused to each other, thus sharing the same visual axis (Figures 2A,C). Recently, the power of Drosophila genetics was exploited to elucidate the molecular factors participating in the transition between open and closed rhabdom architecture by screening, isolating and characterizing Drosophila genes involved in this process. The study identified two genes, spacemaker (spam) and prominin (prom) which when mutated cause the collapse of the intra-rhabdomere space (IRS; Figure 2B) resulting in the conversion of an open rhabdom system into a closed rhabdom architecture. Further analysis showed that SPAM is a secreted protein expressed in the IRS, which acts together with PROM, which is an evolutionary conserved transmembrane (TM) protein often associated with microvilli. Secretion of SPAM into the IRS forces the separation of the stalk membrane, pushing the rhabdomere apart, and the recruitment of SPAM to the microvilli surface by the binding to PROM prevents inter-rhabdomere adhesion. Furthermore, targeted expression of spam to photoreceptors of a closed system markedly reorganizes the architecture of the compound eyes to resemble an open system (Zelhof et al., 2006).
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Figure 2. Compound eyes with closed and open rhabdoms. (A) Schematic representation of an ommatidium with open rhabdom (left) and closed rhabdom architecture (right) (modified from Kirschfeld, 1971). (B) EM cross-section of Drosophila ommatidium with open rhabdom architecture. (C) EM cross-section of Ephestia ommatidium in the region of distal tracheole ends with closed rhabdom architecture (from Fischer and Horstmann, 1971). (D) Diagram of seven facets of the compound eye. The encircle rhabdomeres receive light from one and the same point in space (modified from Kirschfeld, 1967). (E) Diagram of axonal connections between ommatidia. Axons of photoreceptor cells one to six receiving light from the same point in space are drawn converging on one and the same cartridge of the lamina (modified from Kirschfeld, 1967).



The unusual stiffness of SPAM has been exploited in mechanoreceptors of Drosophila. Accordingly, a recent study has demonstrated the involvement of SPAM in maintaining cell shape and tone, crucial for integrity of the mechanosensory neurons. The authors argued that for poikilothermic organisms, like insects, changes in temperature may impact the function of mechanoreceptor neurons. SPAM role was found as protective of mechanosensory organ from massive cellular deformation caused by heat-induced osmotic imbalance, by forming an extracellular shield that guards mechanosensory neurons from environmental insult (Cook et al., 2008).

FUNCTIONAL RETINAL ORGANIZATION

Drosophila ommatidia consist of eight photoreceptors that can be divided into two functional groups according to their position, functional involvement, spectral specificity and axonal projection. The R1–R6 cells (marked 1–6 in Figure 1B) represent the major class of photoreceptors in the retina and are involved in image formation and motion detection. These cells have peripherally located rhabdomeres extending from the basal to the apical side of the retina. They express a single opsin called Rh1, which when combined with 11-cis 3-hydroxy retinal, forms a blue-absorbing R and orange-absorbing M. The R1–R6 cells (Figure 1B) project their axons to the first optic lobe, the lamina (La, Figure 1A green). The second group consists of two cells in the center of each ommatidium termed, R7 (marked 7 in Figure 1B) and R8 (located below R7) each spanning only half of the retina in length. The central cells R7 and R8 are involved in color vision and detection of polarized light and project their axons to the second optic lobe, the medulla (Me, Figure 1A, pink; Wernet et al., 2006).

Color vision requires comparison between the electrical signals of photoreceptors that are sensitive to different ranges of wavelengths of light. In Drosophila, this is achieved by the inner photoreceptors (R7 and R8) that contain different Rs. The R7 rhabdomere is located distally in the retina and expresses one of two opsins, Rh3 or Rh4, characterized by a UV-absorbing R and blue-absorbing M. The R8 rhabdomere is located proximally in the retina, beneath the R7 rhabdomere (not shown) and expresses one of three opsins, Rh3, Rh5 or Rh6, characterized by a UV-, blue- or green-absorbing R, respectively. On the basis of opsin expression in the R7 and R8 cells, three ommatidia subtypes can be distinguished. The R7 and R8 cells in ommatidia, residing in the dorsal rim area of the eye, which functions as a polarized light detector, both express Rh3 opsin. The “pale” ommatidia subtype express Rh3 in R7 cells and Rh5 in R8 cells and constitute ∼30% of the total ommatidia, while the “yellow” ommatidia subtype express Rh4 in R7 cells and Rh6 in R8 cells and constitute ∼70% of the total ommatidia. Two types of comparisons, required for color vision, can thus occur in the fly: between the R7 (UV sensitive) and R8 (blue or green sensitive) photoreceptor cells within one ommatidium or between different ommatidia that contain spectrally distinct inner photoreceptors (Wernet et al., 2006).

The intriguing repeated structure of fly compound eye has been a major scientific preparation for research of various aspects of cell differentiation and development. For example, in Drosophila, the hexagonal chiral orientation of the six rhabdomeres in the ommatidia is identical at the upper hemisphere of the compound eye and is reverted by 180° at the equator (Figure 1D). This phenomenon is generally referred to as the planar cell polarity (PCP) of a tissue, a unique polarization within the plane of epithelium. Genetic screens in Drosophila pioneered the discovery of core PCP factors, which subsequently were found to be evolutionarily conserved. In vertebrate, the PCP factors participate in several developmental processes such as convergence extension, neural tube closure, eyelid closure, hair bundle orientation in inner ear sensory cells, and hair follicle orientation in the skin (for review see Wang and Nathans, 2007).

PUPIL MECHANISM

The pupil-like mechanism of the compound eye was first discovered and studied by Franceschini and Kirschfeld. Upon bright light illumination, tiny pigment granules about 0.2 μm in diameter migrate from dispersed areas of the cell body to the cytoplasmic face of the rhabdomere (Figure 3; Kirschfeld and Franceschini, 1969). The accumulation of pigment granules attenuates propagation of light along the rhabdomere by reducing the refractive index of the interface between the rhabdomere and the adjacent cell body region, thereby changing the waveguide property of the rhabdomere. As a consequence, the amount of light traveling through the rhabdomere is attenuated, activating less photopigment, much like a pupil. This mechanism can attenuate the light flux in the rhabdomere by up to one order of magnitude and operates in a time scale of seconds, making it an elegant adaptation mechanism. The pigment granule migration is Ca2+-dependent, as evidenced by injecting Ca2+ chelators into flies eye, resulting in the inhibition of pupil closure (Kirschfeld and Vogt, 1980). The pupil mechanism was later found to occur transiently in the trp mutant fly (Lo and Pak, 1981; Zuidervaart et al., 1979) and was used by Minke as supporting evidence for his hypothesis that TRP is a major route for Ca2+ entry into the photoreceptor cell (see below, Minke and Selinger, 1991). Recently, the molecular mechanism of pigment granules migration has been elaborated. It was shown that pigment migration is myosin V (MyoV), lightoid, calmodulin (CaM) and cytoplasmic myosin light chain dependent. A model of pigment migration has been put forward by Ready, in which MyoV pulls the pigment granules to the base of the rhabdomere upon Ca2+ elevation. Accordingly, lightoid, a Rab-related protein, links MyoV to pigment granules while both CaM and myosin light chain bind the long, multi-IQ domain of MyoV lever arms. Together, this Ca2+-dependent protein complex migrates to the plus ends (+) of the actin microfilaments, designated the rhabdomere terminal web, at the base of the rhabdomere upon Ca2+ influx induced by illumination (Satoh et al., 2008).
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Figure 3. Deep pseudopupil (dpp) observed in the eye of a living Drosophila under white orthodromic illumination. The dpp is the superposition of virtual images of adjacent ommatidia observed when a low power microscope is focused at the center of the curvature of the compound eye of Diptera. (A) Dark adapted. (B) After 60 s of medium intense illumination. Note that the central image corresponding to R7/R8 still appears red while the six peripheral images corresponding to R1–R6 reflect green light. (C) After 60 s of intense illumination (twofold higher). Note that all images reflect green light. The disparity between (B) and (C) arises from the difference in the absorption spectra between rhodopsin expressed in R1–R6 compared to R7 (upper panels). Schematic representation of the positioning of the pigment granules at each of the above states (lower panels) (modified from Franceschini and Kirschfeld, 1971).



THE PHOSPHOINOSITIDE CASCADE OF VISION

The signaling proteins of the phototransduction cascade are tightly assembled in the microvillar structure and linked to the actin cytoskeleton (F-actin) via two proteins: Dmoesin, which binds the TRP and TRPL channels, at the base of the microvilli to F-actin (Chorna-Ornan et al., 2005), and no inactivation no afterpotential C (NINAC), that associates INAD to F-actin (Li et al., 1998). The only protein that diffuses during the phototransduction cascade is Gqα (Figure 4).
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Figure 4. Schematic representation of the molecular components of the signal transduction cascade of Drosophila. Upon absorption of a photon, rhodopsin (R) is converted into metarhodopsin (M). This photoconversion leads to the activation of heterotrimeric G-protein (Gqα) by promoting the GDP to GTP exchange. In turn, this leads to activation of phospholipase Cβ (PLCβ), which hydrolyzes PIP2 into the soluble InsP3 and the membrane-bound DAG. Subsequently, two classes of light-sensitive channels, the TRP and TRPL open by a still unknown mechanism. PLC also promotes hydrolysis of the bound GTP, resulting in Gqα bound to GDP and this ensures the termination of Gqα activity. The TRP and TRPL channel openings lead to elevation of cellular Ca2+. Elevation of DAG and Ca2+ promote eye-specific protein kinas C activity, which regulates channel activity. PLC, PKC and the TRP ion channel form a supramolecular complex with the scaffolding protein INAD.



Upon absorption of a photon, R is converted into the active state of the photopigment, M (Figure 4). This leads to the activation of heterotrimeric G-protein (DGq) by promoting the guanosine diphosphate (GDP) to guanosine triphosphate (GTP) exchange. In turn, this leads to activation of PLCβ, which hydrolyzes the minor phospholipid, phosphatidylinositol 4,5-bisphosphate (PIP2) into the soluble inositol 1,4,5-trisphosphate (InsP3) and the membrane-bound diacylglycerol (DAG). Subsequently, two classes of light-sensitive channels, TRP that is highly permeable to Ca2+ and TRPL that is a non-selective cation channel, open by a still unknown mechanism. PLC also promotes hydrolysis of the bound GTP, resulting in Gqα bound to GDP and this ensures the termination of Gqα activity. The TRP and TRPL channel openings lead to elevation of calcium ions extruded by the Na+/Ca2+ exchanger CALX. Elevation of DAG and Ca2+ promote ePKC activity, which regulates channel activity. PLC, ePKC and the TRP ion channel form a supramolecular complex with the scaffolding protein INAD (for reviews on the phototransduction cascade see Hardie and Raghu, 2001; Minke and Cook, 2002; Montell, 1989).

UNITARY EVENTS

Dim light stimulation induces discrete voltage (or current) fluctuations in most invertebrate species, which are called quantum bumps (Yeandle and Spiegler, 1973; see Figure 5A). Each bump is assumed to be evoked by the absorption of a single photon. The discrete nature of the unitary events of the photoreceptor cells is not due to the quantized nature of light. This has been demonstrated by the application of a non-quantized stimulus such as GTPγS, which elicit quantum bump-like events (Fein and Corson, 1981). The bumps vary in latency, time course and amplitude for identical stimulation and are the consequence of synchronized activation of many light-sensitive channels. The number of channels, which are activated to produce a bump vary greatly in different species: few tens in Drosophila and up to several thousands in Limulus ventral photoreceptors (Nasi et al., 2000). Bump generation is a stochastic process described by Poisson statistics where each effective absorbed photon elicits only one bump (Yeandle and Spiegler, 1973). However in at least two Drosophila mutants (ninaC and arr, see Figure 5), absorption of a single photon elicits a train of bumps which do not overlap but are separated by intervals (Figures 5B,C). This train of bumps is thought to be caused by a failed R inactivation process and a refractory period of the microvilli (Scott et al., 1997).
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Figure 5. Slow response termination in arr2 and ninaC null mutants. (A–C) Upper panels: Whole-cell voltage clamp recordings of quantum bumps in response to brief (1 ms) dim flashes of light with intensity sufficient to activate only a single rhodopsin molecule upon photon absorption in wild-type (WT), arr23 and ninaCP235 null Drosophila mutant flies. In WT, only a single bump is induced by a single flash and some flashes do not elicit any bump (middle trace). In contrary, a single flash in arr23 and ninaCP235 mutant flies elicits a train of bumps. (A–C) Lower panels: Whole-cell voltage clamp recordings of normalized macroscopic responses of WT and the corresponding mutants in response to 500-ms light pulses. A slow termination of macroscopic response is observed in arr23 and ninaCP235 mutant flies relative to WT.



A detailed study in Limulus photoreceptors has indicated that the latency of the bump is not correlated with the bump waveform, thus strongly suggesting that the triggering mechanism of the bump arises from different molecular processes than those determining the bump waveform (Dorlochter and Stieve, 1997). These findings are partly explained by models in which the amplification process is preceded by a series of non-amplifying latency producing steps. To produce realistic bumps by such a model means that no step in the transduction cascade could have a life time greater than the duration of a bump generating mechanism which includes the latency, bump duration and bump refractory period. The single photon-single bump relationship requires that each step in the cascade must have not only an efficient “turn-on” mechanism, but also an equally effective “turn-off” mechanism (see below). The functional advantage of such a transduction mechanism is obvious; it produces a sensitive photon counter, very well suited for both the sensitivity and the temporal resolution required by the visual system.

A recent study has presented a quantitative model explaining how bumps emerge from stochastic non-linear dynamics of the signaling cascade. Three essential “modules” govern the production of bumps in this model: (i) an “activation module” downstream of PLC but upstream of the channels, (ii) a “bump-generation module” including channels and Ca2+-mediated positive feedback and (iii) a Ca2+-dependent “negative-feedback module”. The model shows that the cascade acts as an “integrate and fire” device conjectured formerly by Henderson et al. (2000) much like the generation of spikes. The model explains both the reliability of bump formation and low background noise in the dark and is able to capture mutant bump behavior and explains the dependence on external calcium, which controls feedback regulation (Pumir et al., 2008).

THE PHOTOCHEMICAL CYCLE: THE “TURN-ON” AND “TURN-OFF” OF THE PHOTOPIGMENT

BISTABLE PIGMENTS

The G-protein-coupled receptor (GPCR), R, is composed of a 7-TM protein, opsin and the chromophore, 11-cis 3 hydroxy retinal (in Diptera; Vogt and Kirschfeld, 1984). Isomerization of the chromophore by photon absorption induces conformational change in the opsin, which is photoconverted into the dark stable physiologically active photoproduct, M. The action spectrum of this reaction depends on the R type (see above) and spans a wavelength range between UV and green lights. To ensure high sensitivity, high temporal resolution and low dark noise of the photoresponse, the active M has to be quickly inactivated and recycled (Figure 6). The latter requirement is achieved, in invertebrates, by two means: the absorption of an additional photon by the dark stable M, which photoconverts M back to R (Hillman et al., 1972, 1983), or by a multistep photochemical cycle (Figure 6). The action spectrum of M to R conversion in the R1–R6 cells of Drosophila is in the orange range. The red screening pigment of the Drosophila eye prevents massive conversion of R to M, by formation of a red filter, which is preferential for M to R conversion. Genetic removal of the red screening pigment and application of blue light (which is preferentially absorbed by the R state) enables a large net photoconversion of R to its dark stable photoproduct M with a minimal conversion of M back to R (Figure 6). A large net photoconversion of R to M, prevents phototransduction termination at the photopigment level when light is turned off (Minke et al., 1975a). This is because the net photoconversion of R to M exceeds the amount of ARR (see below) and thereby its ability to inactivate M, resulting in a large amount of dark stable M, which does not undergo inactivation and thus remains physiologically active in the dark (Byk et al., 1993; Dolph et al., 1993). This brings the capacity of the phototransduction process to its upper limit and results in a phenomenon called prolonged depolarizing afterpotential (PDA; Hillman et al., 1972, 1983). Illumination with red light photoconverts M back to R and terminates the PDA after the light is turned off. The PDA protocol has been used efficiently to screen for phototransduction defective Drosophila mutants (Pak, 1995) and has been widely exploited in studies of Drosophila phototransduction.
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Figure 6. The photochemical cycle: the “turn-on” and “turn-off” of the photopigment. Upon photoconversion of rhodopsin (R) to metarhodopsin (M), by illuminating with blue light (wavy blue arrow), M is phosphorylated at multiple sites by rhodopsin kinase and the fly ARR2 binds to phosphorylated M. ARR2 is then phosphorylated by Ca2+ calmodulin-dependent kinase (CaMKII). Photoconversion of phosphorylated M (Mpp) back to phosphorylated R (Rpp) is achieved by illuminating with orange light (wavy red arrow). Upon photoregeneration of Mpp to Rpp, phosphorylated ARR2 is released and the phosphorylated rhodopsin (Rpp) is exposed to phosphatase activity by rhodopsin phosphatase (encoded by the rdgC gene). Unphosphorylated ARR2 also binds to myosin III (NINAC) in a Ca2+ calmodulin (Ca-CaM)-dependent manner (modified from Liu et al., 2008; Selinger et al., 1993).



THE ROLE OF ARRESTIN IN PHOTOINACTIVATION

The ARR family of proteins plays a key role in regulating the activity of GPCRs (Violin and Lefkowitz, 2007). In Drosophila, two homologues of vertebrate ARR exist, which participate through binding, in M inactivation. Both ARRs undergo light-dependent phosphorylation by Ca2+ calmodulin-dependent kinase II (CaMKII) originally discovered by Matsumoto (Kahn and Matsumoto, 1997). This phosphorylation is unique to the invertebrate visual ARRs and crucial for ARR dissociation from M (Alloway and Dolph, 1999; Kiselev et al., 2000; Yamada et al., 1990).

The study, which clarified the regulatory role of ARR2, used in vitro assays of ARR2 and M, in Drosophila and Musca eyes. Upon photoconversion of R to M, by illumination with blue light (wavy blue arrow, Figure 6), the fly ARR2 is found predominantly in the membrane fraction, while photoconversion of phosphorylated M (Mpp) back to phosphorylated R (Rpp), by illumination with orange light (wavy red arrow), result in the detection of ARR2 in the supernatant fraction (cytosol). ARR1 on the other hand, always remains membrane bound. The in vitro studies indicated that the functional role of ARR2 binding to M is to terminate its activity (Byk et al., 1993). The isolation of Drosophila mutant fly arrestin2 (arr2), enabled demonstrating the physiological effect, in vivo, of ARR2 on the light response (Dolph et al., 1993). Accordingly, these flies showed a slow response termination at the macroscopic level (Figure 5B). Further investigations have shown that single photon absorption in these flies results in a train of quantum bumps while in wild-type flies it elicits a single bump (Figure 5B). The train of bumps is a manifestation of the M’s incapability to inactivate, and explains the slow response termination seen at the macroscopic level (Scott et al., 1997). Moreover, under the assumption that each bump is produced in a single microvillus, the train of bumps separated by intervals suggests a possible inactivation process of the microvilli (Hardie and Raghu, 2001).

The binding of ARR2 also protects the Mpp from phosphatase activity (Figure 6). Only upon photoregeneration of Mpp to Rpp, is ARR2 released and the Rpp is exposed to phosphatase activity by rhodopsin phosphatase, encoded by the rdgC gene (Steele et al., 1992). These combined actions are crucial for preventing reinitiating of phototransduction in the dark, as the dissociation of ARR2 is coupled to conversion of Mpp to Rpp, thereby directing the protein phosphatase only towards the inactive Rpp (Byk et al., 1993). Subsequent studies have revealed that both CaMKII-dependent phosphorylation of ARR2 at Ser366 and photoconversion of Mpp are required to release phosphorylated ARR2. They furthermore showed that the phosphorylation of ARR2 is required for its dissociation from Mpp upon photoconversion and that ARR2 phosphorylation prevents endocytotic internalization of the ARR2-Mpp complex by a clathrin-mediated mechanism (Alloway and Dolph, 1999; Alloway et al., 2000; Kiselev et al., 2000).

Upon illumination, ARR2 translocates from the cell body to the rhabdomere, thereby elevating its concentration in the signaling compartment (Byk et al., 1993). This process enables the ARR2-dependent inactivation of M, operating in massive photoconversion of R to M in bright daylight, thus preventing response saturation and ensures sufficient time resolution of the light response. A further study has shown that ARR2 translocation requires a phosphoinositide-mediated interaction with myosin III (NINAC; Lee and Montell, 2004). Interestingly, the electrophysiological phenotype of the ninaC mutant is similar to that of arr2 mutant (Figures 5B,C) and may be the consequence of reduced ARR2 concentration in the rhabdomere caused by the ninaC mutation. A recent study suggests that under low Ca2+ conditions, ARR2 binding to M is slowed down by its sequestration to NINAC. Accordingly, in physiological conditions, light-induced Ca2+ influx acting via CaM (Ca-CaM), rapidly releases ARR2 from NINAC and allows its binding to M and consequently, M inactivation (Liu et al., 2008; Figure 6).

LIGHT-ACTIVATED Gq-PROTEIN: THE ROLES OF Gqα AND Gqβ

It has been well established in photoreceptors of several invertebrate species that photoexcited R activates a heterotrimeric G-protein (Fein, 1986). The first experiments, conducted on fly photoreceptors, showed that when pharmacological agents, known to activate G-proteins, are applied to Musca photoreceptors in the dark, they mimic the light-dependent activation of the photoreceptor cells (Minke and Stephenson, 1985). Later studies using genetic screens isolated two genes encoding visual specific G-protein subunits. These genes, dgq (Lee et al., 1990) and gβe (Dolph et al., 1994), encode a Gqα and Gqβ subunit, respectively. The isolated eye-specific DGqα, shows ∼75% identity to mouse Gqα, which is known to activate PLC (Lee et al., 1990). The most direct demonstration that DGqα participates in the phototransduction cascade came from studies of mutants defective in Gqα which showed highly reduced sensitivity to light. In the isolated Gαq1 mutant, DGqα protein levels are reduced to ∼1%, while Gqβ, PLC and R protein levels are virtually normal. The Gαq1 mutant exhibits a ∼1000-fold reduced sensitivity to light and slow response termination (Scott et al., 1995), strongly suggesting that there is no parallel pathway mediated by the G-protein, as proposed for the Limulus eye (Dorlochter and Stieve, 1997). Manipulations of the DGqα protein levels by the inducible heat-shock promoter made it possible to show a strong correlation between the sensitivity to light and DGqα protein levels, further establishing its major role in Drosophila phototransduction (Scott et al., 1995).

The Drosophila fly has an eye-specific Gqβ (Gqβe) which shares 50% amino acid identity with other Gβ homologue proteins. Two defective Gqβe (Gβe1 and Gβe2) mutants with highly reduced Gqβ levels were isolated and showed a greatly (∼100-fold) decreased sensitivity to light and slow response termination (Dolph et al., 1994). Studies conducted on these mutants revealed that Gqα is dependent on Gqβγ for both membrane attachment and targeting to the rhabdomere, suggesting that the decreased light sensitivity of these mutants may result from the mislocalization of the Gqα subunit (Elia et al., 2005). Attachment of Gqα to Gqβγ prevents spontaneous GDP-GTP exchange and anchors Gqα to the plasma membrane. Therefore, in Gβe mutants Gqα concentration is highly reduced in the rhabdomere (Figures 7A,B). Analysis of the stoichiometry between the Gqα and Gqβ subunits revealed a twofold excess of Gqβ over Gqα. Genetic elimination of the Gqβ excess leads to spontaneous activation of the visual cascade in the dark, demonstrating that Gqβ excess is essential for the suppression of dark electrical activity produced by spontaneous GDP-GTP exchange of Gqα. Reestablishing the excess of Gqβ over Gqα, by a double hetrozygote mutant fly, suppresses the dark electrical activity (Elia et al., 2005; Figures 7C bottom trace and D). These studies show a dual role for Gqβ: retention of Gqα in the signaling membrane and prevention of spontaneous activation of Gqα in the dark.
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Figure 7. Excess of Gqβ over Gqα is required to prevent production of spontaneous bumps in the dark. (A) Immunogold EM analysis of a cross-section of a single rhabdomere, using a Gqα antibody that was applied to dark adapted wild-type flies and Gβ mutants (bar 500 nm). (B) Number of mean gold particles in cross-sections of 20 different single rhabdomeres. Error bars are SEM. (C) Whole-cell voltage clamp recordings of spontaneous bumps observed in complete darkness of various mutants as indicated. (D) Histogram plotting the mean bump frequency of the various mutants. Error bars are SEM. Note the high spontaneous bump frequency of Gβ hetrozygote compared to the reduced bump frequency of the Gqα/Gβ double hetrozygote mutant (modified from Elia et al., 2005).



Heterotrimeric G-proteins relay signals between membrane-bound receptors and downstream effectors. Little is known, however, about the regulation of Gα subunit localization within the natural endogenous environment of a specialized signaling cell. Studies using Drosophila flies showed that prolonged lights cause massive and reversible translocation of Gqα to the cytosol (Kosloff et al., 2003), in similar manner to light-induced translocation of the vertebrate Gtα transducin (Arshavsky, 2003; Trojan et al., 2008). A long exposure to light followed by minutes of darkness resulted in reduction in the efficiency with which each absorbed photon elicited single photon responses, while the size and shape of each single photon response did not change. To dissect the physiological significance of Gqα translocation by light, a series of Drosophila mutants were used. Genetic dissection showed a pivotal role for light-induced translocation of Gqα from the signaling membrane and the cytosol. Biochemical studies revealed that the sensitivity to light depends on the membrane Gqα concentration, which can be modulated either by light or by mutations that impair its membrane targeting. Thus, long-term adaptation is mediated by the movement of Gqα from the signaling membrane to the cytosol, thereby reducing the probability of each photon to elicit a bump (Frechter et al., 2007).

DUAL ROLE FOR LIGHT-ACTIVATED PLC

PLC ROLE IN LIGHT EXCITATION

Evidence for a light-dependent Gqα-mediated PLC activity in fly photoreceptors came from combined biochemical and electrophysiological experiments. These experiments, conducted in membrane preparations and intact Musca and Drosophila eyes, showed illumination and Gqα-dependent accumulation of InsP3 and InsP2, derived from PIP2 hydrolysis by PLC (Devary et al., 1987; Figure 4).

The key evidence for the participation of PLC in visual excitation of the fly was achieved by the isolation and analysis of Drosophila PLC gene, designated no receptor potential A (norpA). The norpA gene encodes a β-class PLC, predominately expressed in the rhabdomeres. Mutant flies in the norpA gene show a drastically reduced receptor potential. Transgenic Drosophila, carrying the norpA gene on a null norpA background, rescued the transformant flies from all the physiological, biochemical and morphological defects, which are associated with the norpA mutants (Bloomquist et al., 1988). The norpA mutant thus provides essential evidence for the critical role of inositol-lipid signaling in phototransduction, by showing that no excitation takes place in the absence of functional PLC (Bloomquist et al., 1988; Minke and Selinger, 1992). However, the events required for light excitation downstream of PLC activation remain unresolved.

PLC ROLE IN RESPONSE TERMINATION

In general, the cytoplasmic GTP concentration in cells is much higher than GDP, making the inactivation process of Gα by hydrolysis of Gα-GTP to Gα-GDP unfavorable. In order to accelerate the GTPase reaction and terminate Gα activity, a specific GAP exists (Mukhopadhyay and Ross, 1999). In vitro studies of mammalian PLC-β1 reconstituted into phospholipid vesicles with recombinant M1 muscarinic receptor and Gq/11 (Berstein et al., 1992) have shown that, upon receptor stimulation, the addition of PLC-β1 increases the rate at which Gq hydrolyses GTP by three orders of magnitude, suggesting its action as GAP. A reduction in the levels of PLC in mutant flies affects the amplitude and activation kinetics of the light response (Pearn et al., 1996), but also mysteriously slows response termination (compare Figure 8A to Figure 8B, lower panels). Biochemical and physiological studies conducted in Drosophila have revealed the requirement for PLC in the induction of GAP activity in vivo. Using several Drosophila norpA mutant flies, a high correlation between PLC protein level, GAP activity and response termination was observed (Cook et al., 2000). The virtually complete dependence of GAP activity on PLC provides an efficient mechanism for ensuring the one photon, one bump relationship (Yeandle and Spiegler, 1973), which is critical for the fidelity of phototransduction in dim light. The apparent inability to hydrolyze GTP without PLC ensures that every activated G-protein eventually encounters a PLC molecule and thereby produces a response by the downstream mechanisms. The instantaneous inactivation of the G-protein by its target, the PLC, guarantees that every G-protein produces no more than one bump (Cook et al., 2000). This apparently complete dependence of GTPase activity on its activator PLC, in flies, differs from the partial dependence of GTPase activity on additional GAP factors in vertebrate phototransduction (Chen et al., 2000). Vertebrate phototransduction depends on specific GAPs (Arshavsky and Pugh-EN, 1998; Makino et al., 1999). Accordingly, genetic elimination of regulators of G-protein signaling (RGS) proteins reduces and slows down GAP activity and leads to slow response termination to light (Chen et al., 2000).
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Figure 8. Slow response termination composed of bumps characterizes norpA mutants. (A,B) Upper panels: Whole-cell voltage clamp recordings of quantum bumps in response to continues dim light in wild-type and the weak allele of norpA, norpAP57 mutant flies. (A,B) Lower panels: Whole-cell voltage clamp recordings of normalized macroscopic responses of wild-type and the corresponding mutants in response to 200-ms light pulses. In contrast to the fast response termination of wild-type, slow termination of the light response of norpAP57 mutant flies is revealed. This slow response termination can be resolved into continuous production of bumps in the dark at a later time (inset, at higher magnification). (C) Electroretinogram (ERG) responses showing superimposed traces recorded from wild-type and norpAP76 (a weak norpA allele) to a brief flash (red arrow) and continuous light. The graph plots the relative steady state amplitude of the ERG to prolonged lights as a function of relative light intensity. The ERG responses of norpAP76 to a brief flash and to continuous light are indistinguishable.



The dual action of PLC as an activator and a negative regulator nicely accounts for all features of the PLC-deficient mutants. A striking demonstration of the poor temporal resolution of mutants with reduced PLC levels relative to wild-type flies is shown in Figure 8C, which compares the ability of wild type and the PLC-deficient mutant norpAP76 to discriminate between intense lights of different durations (flash, red arrow, pulse, blue line). In contrast to the wild-type fly, where there is a pronounced difference between the responses to a flash compared with a long stimulus, no such difference is observed in the norpA mutants, where the two responses overlap (Figure 8C). This result indicates that the PLC-deficient mutants cannot discriminate between long and short light stimuli. When PLC levels in the signaling membranes are low relative to the amount of the active G-protein, light induces production of Gqα-GTP at a higher rate than it is inactivated by PLC. The Gqα-GTP that has accumulated during illumination continues to produce bumps in the dark until all active Gqα-GTP molecules are hydrolyzed via GAP activity of the scarce PLC (Figure 8B, lower panel, inset). Hence, the flies’ temporal resolution is reduced and become virtually blind at low levels of PLC (Cook et al., 2000).

THE PHOSPHOINOSITIDE (PI) CYCLE

In the phototransduction cascade of Drosophila, light triggers the activation of PLCβ. This catalyzes hydrolysis of the membrane phospholipid PIP2 into water soluble InsP3 and membrane-bound DAG (Berridge, 1993). The continuous functionality of the photoreceptors during illumination is maintained by rapid regeneration of PIP2 in a cyclic enzymatic pathway (the PI pathway, Figure 9). Moreover, the PI pathway has emerged to be most important for activation of the TRP and TRPL channels (Hardie, 2003; Raghu and Hardie, 2009).
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Figure 9. The phosphoinositide cycle. In the phototransduction cascade, light triggers the activation of phospholipase Cβ (PLCβ). This catalyzes hydrolysis of the membrane phospholipid PIP2 into InsP3 and DAG. DAG is transported by endocytosis to the endoplasmic reticulum and inactivated by phosphorylation converting it into phosphatidic acid (PA) via DAG kinase (DGK) and to CDP-DAG via CDP-DAG syntase. Subsequently, CDP-DAG is converted into phosphatidylinositol (PI), which is transferred back to the microvillar membrane, by the PI transfer protein. PIP and PIP2 are produced at the microvillar membrane by PI kinase and PIP kinase, respectively. There are probably two PIP kinases (PIPK I, PIPK II, which are unified in the scheme). PA can also be converted back to DAG by lipid phosphate phosphohydrolase. PA is also produced from phosphatidylcholine (PC) by phospholipase D (PLD). DAG is also hydrolyzes by DAG lipase into poly unsaturated fatty acids (PUFA).



The phospholipid branch of the PI cycle, following PLC activation, begins by DAG transport through endocytosis to the endoplasmic reticulum (SMC) and subsequently, inactivation by phosphorylation and conversion into phosphatidic acid (PA), via DAG kinase (DGK), encoded by the retinal degeneration A (rdgA) gene (Masai et al., 1993, 1997). Then, CDP-DAG syntase encoded by the cds gene (Wu et al., 1995) produces DAG-CDP from PA. Both RDGA and CDS are located in the SMC (Figure 1C). Subsequently, DAG-CDP is converted into phosphatidylinositol (PI), which is transferred back to the microvillar membrane, by the PI transfer protein (PITP), encoded by the rdgB gene (Vihtelic et al., 1991) located in the SMC. PIP and PIP2 are produced at the microvillar membrane by PI kinase and PIP kinase, respectively. PA can be reconverted back to DAG by lipid phosphate phosphohydrolase, LPP, also designated phosphatidic acid phosphatase, PAP, encoded by the laza gene (Garcia-Murillas et al., 2006; Kwon and Montell, 2006) or produced from phosphatidylcholine (PC) by phospholipase D, PLD, encoded by the Pld gene (LaLonde et al., 2005). DAG is also hydrolyzed by DAG lipase encoded by the inaE gene (Leung et al., 2008) predominantly localized outside the rhabdomeres, into polyunsaturated fatty acid (PUFA, Figure 9).

Mutations in most proteins of the PI pathway result in retinal degeneration. For example, rdgA mutant flies show light-independent retinal degeneration, thought to occur due to a sustained Ca2+ influx through the light-activated TRP and TRPL channels, making the PI pathway crucial for understanding phototransduction and TRP channels activation. Although it is possible to partially rescue the degeneration phenotypes by reducing the level of TRP (Raghu et al., 2000b), it is still unclear whether this mutation promotes channel opening directly or through an indirect change in the photoreceptor, leading to channel opening.

THE LIGHT-ACTIVATED CHANNELS, TRP AND TRPL, THE FOUNDING MEMBERS OF THE TRP SUPERFAMILY

THE trp MUTANT AND THE DISCOVERY OF THE TRP CHANNEL

A spontaneously occurring Drosophila mutant, showing a decline in the receptor potential to baseline during prolonged illumination (Cosens and Manning, 1969), was designated transient receptor potential (trp) by Minke et al. (1975b)(Figure 10B, right). Minke and Selinger suggested in a review article, that the trp gene encodes a Ca2+ channel/transporter, mainly because application of the Ca2+ channel blocker La3+ to wild-type photoreceptors mimicked the trp phenotype (Minke and Selinger, 1991). The cloning of the trp locus by Montell and Rubin (1989) revealed a novel membrane protein. The available sequence of the trp gene led, several years later, to the discovery of mammalian TRPs and the TRP superfamily (Wes et al., 1995; Zhu et al., 1995). However, the significance of the trp sequence, as a gene encoding a putative channel protein, was only first appreciated after a trp homolog, the trp-like (trpl) gene was cloned. This was done by a screen for calmodulin-binding proteins which identified a TM protein. A comparison of its TM domain to that of voltage gated Ca2+ channels and the TRP protein led to the conclusion that this protein is a putative channel protein with high identity to TRP (Phillips et al., 1992). The first direct physiological evidence for the notion that TRP is the major light-activated channel came from a comparative patch clamp study of isolated ommatidia of wild type and the trp mutant (Hardie and Minke, 1992). The use of Ca2+ indicator dyes and Ca2+-selective microelectrodes, directly demonstrated that the TRP channel is the major route for Ca2+ entry into the photoreceptor cell (Peretz et al., 1994a,b). The final evidence showing that TRP and TRPL are the light-activated channels came from the isolation of a null mutant of the trpl gene and the construction of the double mutant, trpl;trp, which is blind (Niemeyer et al., 1996). A third TRP homolog channel designated TRPγ has been cloned and sequenced (Xu et al., 2000). Heterologous expression in HEK293 cells has revealed a functional channel (Jors et al., 2006; Xu et al., 2000). However, in Drosophila photoreceptors this channel cannot generate any light-activated conductance in isolation as revealed in the trpl;trp double null mutant and therefore its role in phototransduction, if any, is not clear.
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Figure 10. The electrophysiological properties of WT, trp and trpl mutants. (A) Whole-cell voltage clamp recordings of quantum bumps in response to continuous dim light in wild-type, trpl302 and trpP343 null mutant flies. Highly reduced amplitude of trpP343 bumps is observed. (B) Whole-cell voltage clamp recordings in response to a 3-s light pulse of WT and the corresponding mutants. The transient response of the trpP343 mutant is observed. (C) A family of light-induced currents to 20-ms light pulse at voltage steps of 3 mV measured around Erev. (D) Histogram plotting the mean Erev of WT and the various mutants, error bars are SEM. Erev of wild-type is between the positive Erev of trpl302, which expresses only TRP and the Erev of trpP343 mutant, which expresses only TRPL.



BIOPHYSICAL PROPERTIES OF THE TRP AND TRPL CHANNELS

The Drosophila light-sensitive channels, TRP and TRPL, can be studied separately by utilizing the trpl302 and trpP343 null mutants, respectively (Scott et al., 1997; Figure 10). The channels are permeable to a variety of monovalent and divalent ions including Na+, K+, Ca2+ and Mg2+ and even to large organic cations such as TRIS and TEA (Ranganathan et al., 1991). The reversal potential of the light-induced current (LIC) shows a marked dependence on extracellular Ca2+ indicating a high permeability for this ion. Permeability ratio measurement for a variety of divalent and monovalent ions, determined under bi-ionic conditions, confirmed a high Ca2+ permeability of ∼57:1 = Ca2+:Cs+ in the trpl mutant and ∼4.3:1 = Ca2+:Cs+ for the trp mutant (Reuss et al., 1997). The large Ca2+ permeability of TRP is reflected in its positive reversal potential (Erev; Figures 10C,D).

The TRP and TRPL channels show voltage-dependent conductance during illumination. An early study revealed that the light response can be blocked by physiological concentrations of Mg2+ ions (Hardie and Mojet, 1995). The block mainly influenced the TRP channel and affected its voltage dependence. Later, detailed analyses described the voltage dependence of heterologously expressed TRPL channels in S2 cells and of the native TRPL channels, using the Drosophila trp null mutant. These studies indicated that the voltage dependence of the TRPL channel is not an intrinsic property, as is thought for some other members of the TRP family, but arises from divalent cations open channel block that can be removed by depolarization. The open channel block by divalent cations is thought to play a role in improving the signal to noise ratio of the response to intense light and may function in light adaptation and response termination (Parnas et al., 2007).

A comparison with voltage-gated K+ channels and cyclic nucleotide gated (CNG) channels, postulates that both TRP and TRPL are assembled as tetrameric channels, thus raising the question whether they assemble as homomultimers or as heteromultimers. Since null trp and trpl mutants both respond to light, each can clearly function without the other. However, heterologous co-expression studies and co-immunoprecipitation, led to the suggestion that the TRP and TRPL channels can assemble into heteromultimers (Xu et al., 1997). Detailed measurements of biophysical properties, questioned this conclusion since they found that the wild-type conductance could be quantitatively accounted for by the sum of the conductances determined in the trp and trpl mutants (Reuss et al., 1997). In addition, a study demonstrated that the TRPL, but not the TRP channel reversibly translocates from the rhabdomere to the cell body upon illumination (Bahner et al., 2002) further imply that TRPL assemble as homomers.

LIGHT-REGULATED SUBCELLULAR TRANSLOCATION OF DROSOPHILA TRPL CHANNELS

In neurons the expression pattern of ion channels determines the physiological properties of the cell. Besides regulation at the level of gene expression that determines which channels are present in a given neuron, trafficking of ion channels into and out of the plasma membrane is an important mechanism for manipulating the number of channels at a specific cellular site (for reviews see Lai and Jan, 2006; Sheng and Lee, 2001). In Drosophila photoreceptors activation of the phototransduction cascade and the influx of Ca2+ through the TRP channels initiate the translocation of the TRPL but not the TRP channels from the signaling compartment, the rhabdomere, to the cell body (Bahner et al., 2002; Meyer et al., 2006). The TRPL translocation process occurs in two stages, a fast translocation (5 min) to the neighboring stalk membrane and a slow translocation (over 6 h) to the basolateral membrane (Cronin et al., 2006). Thus, the TRPL translocation timescale conforms to day night cycle and act in light adaptation (Bahner et al., 2002). While, Ca2+ influx has been shown to be necessary for TRPL translocation the molecular mechanism and structural determinants of the TRPL involved in translocation, are still unknown. Signal dependent translocation of mammalian TRP channels was found to be a widespread phenomenon (Bezzerides et al., 2004; Kanzaki et al., 1999; Zhang et al., 2005). Nevertheless, many of these researches are conducted on TRP channels expressed in tissue culture cells. This makes the Drosophila photoreceptors a unique system in which TRPL channels translocation can be studied in vivo.

ACTIVATION MECHANISMS OF TRP AND TRPL CHANNELS

It has been well established that hydrolysis of PIP2 by PLC, encoded by the norpA gene, activates the light-sensitive channels TRP and TRPL in Drosophila photoreceptors. However, the mechanism by which PLC activity results in channels opening is still under debate. Several hypotheses have been presented through the years. (i) The InsP3 hypothesis, suggested that the elevation of InsP3, following PIP2 hydrolysis, activates the InsP3R (InsP3 receptor) resulting in Ca2+ store depletion and activation of the channels in a store-operated mechanism (Hardie and Minke, 1993). This mechanism of activation has also been suggested for a number of mammalian TRPC channels (Putney, 2007; Yuan et al., 2007). In addition, direct activation of the channels as in the Limulus ventral photoreceptors (Payne et al., 1986) using caged Ca2+ or InsP3 to elevate Ca2+ did not activate the channels (Hardie, 1995; Hardie and Raghu, 1998). Rather, direct application of Ca2+ in excised inside-out patches inhibits expressed TRPL channels in S2 cells by an open channel block mechanism (Parnas et al., 2007), suggesting an inhibition rather than activation effect of Ca2+. Furthermore, genetic elimination of the only InsP3R in Drosophila had no effect on the light response (Acharya et al., 1997; Raghu et al., 2000a). Therefore, the InsP3 hypothesis was abundant. It therefore became evident that the alternative branch of PLC, DAG production should be investigated. The most familiar action of DAG is to activate the classical protein kinase C (PKC) synergistically with Ca2+. However, mutations in the ePKC, encoded by the inaC gene lead to defects in response termination with no apparent effects on activation (Hardie et al., 1993; compare Figure 11A to Figure 11B). (ii) The PUFA or DAG hypothesis argues that the elevation of DAG and consequently of PUFA acting as second messengers results in channel opening. This hypothesis emerged from a detailed pharmacological study which tested the effect of various fatty acids (including PUFAs) on TRP and TRPL channels activation in vivo and TRPL expressed in Drosophila S2 cells (Chyb et al., 1999). In addition, a detailed analysis of the rdgA mutant encoding DAG kinase has established the importance of the DAG branch in channel activation. This mutant shows light-independent retinal degeneration and constitutive activity of the light-activated channels, while a partial rescue of the degeneration is achieved by eliminating the TRP channel in the double mutant rdgA;trpP343 (Raghu et al., 2000b). Furthermore, it has been shown that the double mutant norpAP24, rdgA partially rescues the light response in the almost null norpAP24 mutant. This finding further supports the hypothesis that DAG or its surrogate PUFA are involved in channel activation (Hardie et al., 2003). Several lines of evidence challenge this hypothesis: first, application of DAG to intact ommatidia does not activate the channels (unpublished data), while application of DAG analogs 1-oleoyl-2-acetyl-sn-glycerol (OAG) at low concentration (2 μM) in inside-out patches excised from the microvilli of dissociated ommatidia result in activation of the TRP and TRPL channels in kinetics slower by three orders of magnitude (∼60 s after application) compared to the light stimuli (Delgado and Bacigalupo, 2009). Second, the localization of RDGA in the SMC, a relatively distant cellular compartment from the transduction machinery (Masai et al., 1997) makes it unlikely that DAG could act as a second messenger without considerably slowing response termination kinetics, which does not fit to the fast termination of the response to light. Further establishment of this hypothesis requires identification of a functional-binding domain for DAG or PUFA on the TRP and TRPL channel and further elucidating the complex enzymatic machinery of PUFA production by DAG lipases. Recently, the inaE gene was identified as encoding a homologue of mammalian sn-1 type DAG lipase and was shown to be expressed predominantly in the cell body of Drosophila photoreceptors (Figure 9). Mutant flies, expressing low levels of the inaE gene product, have an abnormal light response, while the activation of the light-sensitive channels was not prevented (Leung et al., 2008). The discovery of the inaE gene is a first step in an endeavor to elucidate lipids regulation of the channels (see review, Raghu and Hardie, 2009). Thus, the participation of DAG or PUFAs in TRP and TRPL activation in vivo needs further exploration. (iii) The PIP2 depletion and DAG accumulation hypothesis argues that PIP2 acts as a negative modulator, while DAG or its surrogates acts as positive modulators of the TRPL channel. Schilling and colleagues demonstrated in Sf9 cells expressing TRPL that application of DAG or PUFA activates the channels, while application of PIP2 in inside-out patches inhibit their activity (Estacion et al., 2001). However, Hardie et al. (2001) showed that the trpP343 mutant phenotype (in which the light response decays to baseline) is a result of PIP2 depletion which is not compatible with a PIP2 inhibitory action. In addition, a PIP2-binding domain has not been functionally identified in the TRP or TRPL channels. Together, the above arguments put the PIP2 depletion and DAG accumulation hypothesis in question. (iv) A recently new hypothesis was formulated, suggesting that plasma membrane lipid–channel interaction controls channel gating. Accordingly, disruption of this interaction by membrane lipid modification through PLC activation causes the opening of the channels (Parnas et al., 2009). It is important to realize that PLC activation, which converts PIP2, a charged molecule, containing a large hydrophilic head-group, into DAG, devoid of the hydrophilic head-group, is known to cause major changes in lipid packing and lipid–channel interactions (Janmey and Kinnunen, 2006). It is therefore possible that neither PIP2 hydrolysis nor DAG production affect the TRP and TRPL channel as second messengers, but rather act as modifiers of membrane lipid–channel interactions. This may in turn act as a possible mechanism of channel activation (Parnas et al., 2009). This hypothesis evades the two main problems of the DAG or PUFA hypothesis: the need of RDGA at closed proximity to the channels and a channel-binding domain for DAG and/or PUFA. This hypothesis suffers from insufficient direct demonstration both in cell expression systems and in vivo.
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Figure 11. The inaCP209 and inaDP215 mutants reveal slow response termination of the macroscopic response to light and of the single bumps. (A–C) Upper panels: Whole-cell voltage clamp quantum bump responses to continues dim light in wild-type, inaCP209 and inaDP215 mutant flies. A slow termination of the bumps is observed in inaCP209 and inaDP215 mutant flies. (A–C) Lower panels: Whole-cell voltage clamp recordings of normalized responses to a 500-ms light pulse of the above mutants. A slow termination of macroscopic response is observed in inaCP209 null mutant and in the inaDP215 mutant in which the binding of INAD to TRP is disrupted (Chevesich et al., 1997; Shieh and Zhu, 1996).



ORGANIZATION IN A SUPRAMOLECULAR SIGNALING COMPLEX VIA THE SCAFFOLD PROTEIN INAD

An important step towards understanding Drosophila phototransduction has been achieved by the finding that some of the key elements of the phototransduction cascade are incorporated into supramolecular signaling complexes via a scaffold protein, INAD (Figure 4). The INAD protein was discovered using a PDA screen which isolated a defective Drosophila mutant (inaD). The first discovered inaD mutant, the inaDP215, was isolated by Pak (1995) and was subsequently cloned and sequenced by Shieh and Niemeyer (1995). Later studies in Calliphora have shown that INAD binds not only TRP but also PLC (NORPA) and ePKC (INAC) (Huber et al., 1996). The interaction of INAD with TRP, NORPA and INAC was later confirmed in Drosophila (Tsunoda et al., 1997). It was further found that inaD is a scaffold protein, which consists of five ∼90 amino acid (aa) protein interaction motifs called PDZ (PSD95, DLG, ZO1) domains. These domains are recognized as protein modules which bind to a diversity of signaling, cell adhesion and cytoskeletal proteins (Dimitratos et al., 1999; Schillace and Scott, 1999) by specific binding to target sequences typically, though not always, in the final three residues of the C-terminal. The PDZ domains of INAD bind to the signaling molecules as follows: PDZ1 and PDZ5 bind PLC (Shieh et al., 1997; van Huizen et al., 1998), PDZ2 or PDZ4 bind ePKC (Adamski et al., 1998) and PDZ3 binds TRP (Chevesich et al., 1997; Shieh and Zhu, 1996). This binding pattern is still under debate due to several contradictory reports. Contrary to TRP, TRPL appears not to be a member of the complex, since unlike INAC, NORPA and TRP it remains strictly localized to the microvilli in the inaD1 null mutant (Tsunoda et al., 1997). Several studies have suggested that, in addition to PLC, PKC and TRP, other signaling molecules such as CaM, R, TRPL and NINAC bind to the INAD signaling complex. Such binding, however, must be dynamic. Biochemical studies conducted in Calliphora have revealed that both INAD and TRP are targets for phosphorylation by the nearby ePKC (Huber et al., 1998). Accordingly, the association of TRP into transduction complexes may be related to increasing speed and efficiency of transduction events as reflected by the immediate vicinity of TRP to its upstream activator, PLC, and its possible regulator, ePKC (Huber et al., 1998). Indeed, genetic elimination of INAC affected the shape of the quantum bump of the inaC null mutant, by inducing slow termination of the bump, composed of dumped oscillating current noise of an unclear underlying mechanism (Hardie et al., 1993; Henderson et al., 2000; Figure 11B). Interestingly, a similar phenotype was observed in the inaDP215 mutant, whereby the INAD complex and TRP channel are dissociated (Henderson et al., 2000; Figure 11C), also with a still unclear underlying mechanism.

TRP plays a major role in localizing the entire INAD multimolecular complex. Association between TRP and INAD is essential for correct localization of the complex in the rhabdomeres, as found in other signaling systems (Arnold and Clapham, 1999). This conclusion was derived from the use of Drosophila mutants in which the signaling proteins, which constitute the INAD complex, were removed genetically, and also by deletions of the specific binding domains, which bind TRP to INAD. These experiments showed that INAD is correctly localized to the rhabdomeres in inaC mutants (where ePKC is missing) and in norpA mutants (where PLC is missing), but severely mislocalized in null trp mutants (Li and Montell, 2000; Tsunoda et al., 2001), thus indicating that TRP but not PLC or PKC is essential for localization of the signaling complex to the rhabdomere. To demonstrate that a specific interaction of INAD with TRP is required for rhabdomeric localization of the complex, the binding site at the C-terminal of TRP was removed or three conserved residues in PDZ3, which are expected to disrupt the interaction between PDZ domains and their targets were modified. As predicted, both TRP and INAD were mislocalized in these mutants. The study of the above mutants was also used to show that TRP and INAD do not depend on each other for targeting to the rhabdomeres. Thus, INAD–TRP interaction is not required for targeting but for anchoring of the signaling complex (Li and Montell, 2000; Tsunoda et al., 2001). Additional experiments on TRP and INAD further showed that INAD has other functions in addition to anchoring the signaling complex. One important function is to preassemble the proteins of the signaling complex. Another important function, at least in the case of PLC, is to prevent degradation of the unbound signaling protein.

A recent study by Ranganathan and colleagues has suggested that the binding of signaling proteins to INAD may be a dynamic process that allows an additional level of phototransduction regulation. Their study showed two crystal structural states of isolated INAD PDZ5 domain, differing mainly by the formation of a disulfide bond. This conformational change has light-dependent dynamics that was demonstrated by the use of transgenic Drosophila flies expressing INAD with a point mutation disrupting the formation of the disulfide bond. They proposed a model in which, ePKC phosphorylation at a still unknown site promotes the light-dependent conformational change of PDZ5, distorting its ligand-binding groove to PLC and thus regulating phototransduction (Mishra et al., 2007).

CONCLUDING REMARKS

The study of fly photoreceptors has opened new avenues in biological research, mainly through the exploitation of the power of Drosophila molecular genetics. Processes and proteins that were discovered in Drosophila have been found to be highly conserved through evolution and thus paved the way for the discovery of important proteins and mechanisms in development and cell signaling in mammals. A striking example is the discovery of the TRP channel protein in the Drosophila photoreceptors, which led to the discovery of the widespread TRP superfamily, which plays crucial roles in sensory signaling of insects and mammals. The activation and regulation of Drosophila TRPs by the inositol-lipid signaling pathway and the major role of PLC in the activation of these channels has wide implications for understanding the activation and regulations of mammalian TRPs. Even today Drosophila photoreceptors are one of the few systems in which TRP channels are studied in vivo. Another novel molecule that was discovered in Drosophila photoreceptors is the INAD scaffold protein which forms a supramolecular signaling complex. This protein has introduced new concepts in cell signaling dynamics which are still under investigations. An additional advantage of using the fly for research on cellular signaling is that frequently the fly system is less evolutionary evolved relative to mammals, making it simpler to study, while maintaining its core function. It is therefore anticipated that research using the Drosophila sensory and motor systems will continue to identify new proteins and mechanisms of high biological importance.
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ARR, arrestin; CaMKII, Ca2+ calmodulin-dependent kinase II; DAG, diacylglycerol; ePKC, eye-specifi c protein kinase C; INAC, inactivation no afterpotential C (eye-specifi c PKC); GAP, GTPase activating protein; GDP, guanosine diphosphate; GTP, guanosine triphosphate; GPCR, G-protein-coupled receptor; INAD, inactivation no afterpotential D (scaffold protein); InsP3, inositol 1,4,5- trisphosphate; R, rhodopsin; M, metarhodopsin; Rpp, phosphorylated rhodopsin; Mpp, phosphorylated metarhodopsin; NINAC, no inactivation no afterpotential C (Myosin III which contains a protein kinase domain); NORPA, no receptor potential A (PLC?); PDA, prolonged depolarizing afterpotential; PDZ, initials of PSD95, DLG and ZO1; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; PUFA, polyunsaturated fatty acid; RDGA, retinal degeneration A (DAG kinase); SMC, submicrovillar cisternae; TRP, transient receptor potential (channel); TRPL, transient receptor potential-like (channel).
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In addition to some other functions, melanopsin-expressing retinal ganglion cells (RGCs) constitute the principal mediators of the circadian photoentrainment, a process by which the suprachiasmatic nucleus (the central clock of mammals), adjusts daily to the external day/night cycle. In the present study these RGCs were immunohistochemically labelled using a specific polyclonal antiserum raised against mouse melanopsin. A daily oscillation in the number of immunostained cells was detected in mice kept under a light / dark (LD) cycle. One hour before the lights were on (i.e., the end of the night period) the highest number of immunopositive cells was detected while the lowest was seen 4 h later (i.e., within the first hours of the light period). This finding suggests that some of the melanopsin-expressing RGCs “turn on” and “off” during the day/night cycle. We have also detected that these daily variations already occur in the early postnatal development, when the rod/cone photoreceptor system is not yet functional. Two main melanopsin-expressing cell subpopulations could be found within the retina: M1 cells showed robust dendritic arborization within the OFF sublamina of the inner plexiform layer (IPL), whilst M2 cells had fine dendritic processes within the ON sublamina of the IPL. These two cell subpopulations also showed different daily oscillations throughout the LD cycle. In order to find out whether or not the melanopsin rhythm was endogenous, other mice were maintained in constant darkness for 6 days. Under these conditions, no defined rhythm was detected, which suggests that the daily oscillation detected either is light-dependent or is gradually lost under constant conditions. This is the first study to analyze immunohistochemically the daily oscillation of the number of melanopsin-expressing cells in the mouse retina.

Keywords: retina, melanopsin, circadian rhythm, postnatal development, mouse

INTRODUCTION

Circadian rhythms are oscillations with a period of about 24 h. Animals express these rhythms in their behavior and their physiology. The main role of the so-called circadian system is to set the time at which physiological and behavioral events occur with respect to the 24-h period, i.e. the day/night cycle. By anticipating physiological processes, organisms get ready for predictable changes in the environment. The period of the inner clock is not exactly 24 h and, hence, it must be entrained everyday. Twilight transition provides the most reliable indicator of environmental time and mediates this synchronization, a process that has been called photoentrainment. The principal pacemaker in mammals is the hypothalamic suprachiasmatic nucleus (SCN) (Foster and Hankins, 2002).

The perception of the external day/night cycle, which is perhaps the most important function of the so-called non-image-forming visual system, is mediated by rod/cone photoreceptors and by intrinsically photosensitive retinal ganglion cells (ipRGCs) whose phototransduction is based on the photopigment melanopsin (Berson et al., 2002; Hattar et al., 2003). These ipRGCs transmit light information to the SCN through a monosynaptic pathway called the retinohypothalamic tract (RHT), allowing the photoentrainment to the external light-dark cycle (Gooley et al., 2001; Hankins et al., 2008; Hannibal et al., 2002; Hattar et al., 2002; Panda et al., 2002). Some other major projections of these cells include the olivary pretectal nucleus, which controls pupil constriction and the intergeniculate leaflet, in which photic and non-photic circadian cues converge (Fu et al., 2005). Minor innervation from the ipRGCs is also received in brain areas involved in the promotion of sleep (the ventrolateral preoptic nucleus), gaze control (superior colliculus), image-forming vision (dorsal lateral geniculate nucleus), etc. (Fu et al., 2005). Apart from perceiving light, melanopsin-expressing RGCs are also the principal conduits for rod-cone input to the mentioned responses (Güler et al., 2008), and in fact, their targeted destruction altered the effects of light on circadian rhythms (Göz et al., 2008).

The retina itself behaves as a clock, showing circadian oscillations. Which cells contribute to the clock mechanism that drives the inner retinal rhythm, as well as to what extent the ipRGCs are involved in such mechanism, is still unknown. Hannibal et al. (2005) and Sakamoto et al. (2004, 2005) demonstrated that melanopsin mRNA shows a daily oscillating pattern, with a peak in the transitional phase from day to night, whilst the minimum was observed at the end of the night. This rhythm appears to be influenced by rod/cone inputs, since melanopsin expression in rats with retinal degeneration, lacking rod and cone photoreceptors, is lower than in controls and also arrhythmic (Sakamoto et al., 2004). Moreover, the elimination of dopamine in the rat retina provoked an alteration in the expression of melanopsin mRNA (Sakamoto et al., 2005), which means that dopamine is also involved in this daily oscillation. Under constant darkness pigmented rats (Sakamoto et al., 2005) showed an attenuated oscillation of melanopsin mRNA expression; however, Hannibal et al. (2005) and Mathes et al. (2007) showed that this daily rhythm was abolished by exposure to constant conditions.

The melanopsin daily rhythm could be observed in the early postnatal development, when rods and cones are not functional yet (Hannibal et al., 2007), which means that, at least at this early stage, is independent of the rod/cone input. Also, the ipRGCs were seen to be responsive to light stimulation since postnatal day (P) 0 (Sekaran et al., 2005; Tu et al., 2005). Moreover, it has been reported that the SCN begins to respond to stimulation of the retina at P0–1 (Lupi et al., 2006), or at P4 (Muñoz-Llamosas et al., 2000) depending on intensity of the light administered, suggesting that functional connections between the retina and the SCN are already established on the day of birth.

Two main different morphological types of melanopsin-expressing RGCs have been previously described: M1 and M2 cells, which show different dendritic arborisation in different sublayers of the inner plexiform layer (IPL). Baver et al. (2008) demonstrated that these cell subpopulations have different brain projections, and in a recent study by Schmidt and Kofuji (2009) electrophysiological differences between them were also reported.

In the present work we have analyzed for the first time the daily variation of the number of the mouse melanopsin-expressing ipRGCs and of their main subpopulations, by means of immunohistochemistry, as well as the effects of darkness on such variation.

MATERIALS AND METHODS

ANIMALS AND EXPERIMENTAL DESIGN

Male pigmented mice C3H/He were used in the present study. Although commercially available C3H/He mice are retinally degenerate (rd/rd), we only studied C3H/He mice with normal retinas, i.e. wild-type at the rd locus (+/+), which were kindly donated by Dr. R. G. Foster (Oxford University, UK).

All the animals were maintained in the central animal care facilities under constant temperature conditions (20 ± 2°C), fed with standard food and tap water ad libitum and maintained under a 12-h light/12-h dark cycle (LD). As we will indicate below, a group of animals were also exposed to continuous darkness (DD). Under LD conditions the illumination source was a white light fluorescent lamp, so that the animals were exposed to an intensity of 200 lux at cage level.

Within the 24-h period two timing systems were considered in the present study: zeitgeber time (ZT), when the rhythms of the animals are synchronised with the external cycle (LD conditions); and circadian time (CT), when the animals show their endogenous rhythms (DD conditions).

In order to study the possible oscillation of melanopsin-expressing cells under the LD cycle or the effects of DD, several groups of mice were analyzed.

LD mice

Mice aged 1–3 months kept under 12-h light/ 12-h dark were used. Animals were killed at ZT3, ZT8, ZT13, ZT18, ZT23 (ZT0 = lights on, ZT12 = lights off, n = 4 animals at each time point). In order to analyze the postnatal development of this daily rhythm pups of P1 and P5 were used. Pups were kept with their mothers under LD conditions until P1 and P5. Two time points were analyzed: ZT3 and ZT23.

DD mice

To study the effects of constant darkness (DD), a group of adult mice were maintained in DD conditions for 6 days and killed at CT3, CT8, CT13, CT18 and CT23 (n = 4 animals at each time point). To calculate the CT of these animals we considered that the period length was 23.5 h, as estimated in previous publications (Hatori et al., 2008; Rollag et al., 2003).

TISSUE PREPARATION

In order to minimize pain, animals were anaesthetized prior to sacrifice. Experiments were performed in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC). Eyes from decapitated animals were removed and fixed in a 4% paraformaldehyde solution in 0.1 M phosphate buffer (PB), pH 7.4, for 24 h, and then washed in PB for 24 h at 4°C. Then, the cornea and lens were removed and the eyecup was dehydrated through a graded series of ethanol and embedded in paraffin. Only one eyecup per animal was used for the present study. 10 μm–thick sections covering the whole eyecup were obtained from the paraffin blocks with a microtome and then mounted onto slides in six parallel series, of which only one was used. Paraffin sections were collected on gelatine-coated slides, deparaffined in xylene, hydrated in ethanol and placed in phosphate-buffered saline solution (PBS 0.01 M phosphate, 0.15 M NaCl) for 10 min.

For immunohistochemical labelling, endogenous peroxidase activity was blocked by immersion in a solution of 0.3% hydrogen peroxide in PBS at room temperature (RT) for 30 min. Then they were washed twice for 5 min in PBS containing 0.4% Triton-100 (PBS-T) at RT to enhance permeability. Unspecific binding was blocked with normal goat serum (Vector Labs) diluted in PBS for 30 min. at RT. This was followed by incubation with the UF006 anti-mouse melanopsin polyclonal antibody at a dilution 1:5000 at 4°C for 3 days. This antiserum, which was raised in rabbit against the N-terminus peptide of the mouse melanopsin, was generously donated by Dr. Ignacio Provencio (University of Virginia, USA). Immunoreaction was visualized via the avidin–biotin–peroxidase method (Elite ABC kit, Vector Labs), using 0.025% DAB (3-3quotidn diaminobenzidine tetrahydrochloride; Sigma) in 0.003% hydrogen peroxide Tris–HCl (0.05 M, pH 7.5) buffer as chromogen. Finally, the sections were dehydrated in an ethanol series, cleared in eucalyptol, and coverslipped.

CELL COUNT AND CLASSIFICATION

Retinal sections were observed in a bright-field microscope (Nikon Eclipse E400). The somata of melanopsin-immunopositive cells were counted in the whole area of all the retinal sections of the series analyzed (1 out of 6 series per retina were used). Immunopositive cells were classified in M1 or M2 cells attending to the location of their soma and dendritic processes.

STATISTICAL ANALYSIS

The SPSS 15 software was used for all the statistical analyses of the present study. Kolmogorov–Smirnov test was used to confirm the normality of the data. The homogeneity of the variances was assessed with Levene’s test. Student’s t-tests were performed when the groups to be compared were only two. One-way ANOVA tests were used to analyse the total number of melanopsin-immunopositive cells, as well as the numbers of M1 and M2 cell subpopulations, throughout the LD cycle and throughout the DD cycle. Post hoc tests were performed to detect differences between specific time-points. In order to study possible interactions between the variables “cell subpopulation” and “time-point” throughout the LD cycle or the DD cycle, factorial ANOVA tests were performed. The number of melanopsin-expressing cells per retinal sample was presented as mean ± SEM. p < 0.05 was considered statistically significant.

RESULTS

Melanopsin immunostaining could be observed in somata, dendrites and proximal segments of axons. Melanopsin-expressing cells were located throughout the retina and their somata were found either in the ganglion cell layer (GCL) or displaced in the inner nuclear layer (INL). Two dendritic plexuses could be distinguished in the inner plexiform layer (IPL) (Figure 1): one in the innermost sublamina (ON) and another in the outermost sublamina (OFF).
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Figure 1. A representative micrograph of melanopsin immunostained retina of adult mice. Two plexuses can be observed in the IPL, one in the innermost layer (OFF sublayer, asterisks) and the other in the outermost layer (ON sublayer, arrows). Three immunostained cells can be seen: two M1 cells (with dendritic arborization in the OFF sublayer) and one M2 cell (with dendritic arborization in the ON sublayer). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar: 50 μm.



Two clearly distinguishable cell populations were considered for the present study attending to the different location of their somata and dendritic processes (Figure 1):

• M1 cells, with robust dendrites arborizing in the outer margin of the IPL (OFF-sublayer). Within this group, most of the cells, which were frequently heavily stained, had their somata located in the GCL. Some other cells had their somata displaced in the amacrine cell sublayer (i.e., the inner margin of the INL). Among the latter, heavily and weakly stained cells could be observed (not shown in the figure).

• M2 cells had their somata located in the GCL and their dendritic processes, which were finer and more numerous that those of M1 cells, were placed in the inner margin of the IPL (ON-sublayer). These cells usually showed weak staining.

Some other cell populations (not shown) were only occasionally seen and, hence, were not considered for our analysis: a few immunostained cells had their somata located in the amacrine cell layer and their processes in the inner margin of the IPL (ON sublayer) and some other cells seemed to arborize in both the inner and outer plexuses of the IPL.

NUMBER OF MELANOPSIN-IMMUNOSTAINED CELLS THROUGH THE LD CYCLE

Under LD conditions an oscillation in the total number of cells that expressed melanopsin was detected in adult mice retinas (Figure 2). The highest number of immunopositive cells was found 1 h before lights were on (ZT23), while the lowest was seen 4 h later (ZT3) (p < 0.001). Then, a small increase of the number of immunopositive cells, which is maintained during the late day and the early night, was observed (not significative). The increase of melanopsin-expressing cells was found at the late night (p < 0.05).
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Figure 2. Number of immunopositive cells throughout the 12 h L/12 h D cycle. The ANOVA test revealed a daily significant oscillation (p < 0.001). Post hoc tests detected a significant decrease at the beginning of the light period (p < 0.001) and an increase at the end of the night (p < 0.05). (n = 4 at each time-point).



In order to find out whether such differences between ZT23 and ZT3 were also present at the early postnatal stages, the retinas of newborn mice of P1 and P5 were also analyzed. In this case, a significant increase between ZT23 and ZT3 was found at P5 (p < 0.01). Such increase was not so marked as in adults. At P1 no statistical difference was detected between these time-points (Figure 3).
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Figure 3. Number of immunostained cells at ZT23 and ZT3 in the early postnatal development (mice were maintained under an LD cycle). Significant differences could be detected at P5 (p < 0.01), but not at P1. (n = 4 per group at both time-points).



When M1 and M2 cells were counted separately under LD conditions, factorial ANOVA revealed an interaction between “cell subpopulation” and “time-point” (p < 0.001), which indicates that variations of both cell subpopulations were significantly different. One-way ANOVA tests for each subpopulation revealed that both of them had different oscillations throughout the period analyzed (M1 cells, p < 0.001; M2 cells, p < 0.01). In fact, as can be seen in Figure 4, the M1 cell oscillation is more pronounced than that of M2 cells, in which just a significant difference was found between ZT18 and ZT23 (p < 0.05). Also, the ratio between these two cell types changed at some time-points: at ZT3 M2 cells were more abundant than M1 (p < 0.001), and at ZT18, vice versa (p < 0.01), as revealed by Student’s t-tests performed to compare both cell subpopulations in parallel at the same time points. The maxima were observed at ZT23 and, after the onset of the light period (ZT3), the decrease of M1 cells was stronger than that of M2 cells (Figure 4).
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Figure 4. M1 and M2 cell subpopulations counts under LD conditions. One-way ANOVA tests revealed significant oscillation during the LD cycle for M1 cells (p < 0.001) and for M2 cells (p < 0.01). M1 cells showed a sharp decrease (p < 0.001) at the onset of the light period and then an increase between ZT3 and ZT8 (p < 0.01). For M2 cells, a significant difference was only detected between ZT18 and ZT23 (p < 0.05). Arrows indicate the two time-points in which the numbers of both cell subpopulations were significantly different (p < 0.001 at ZT3 and p < 0.01 at ZT18). (n = 4 per group at all the time-points analyzed).



We also analyzed whether M1 and M2 cells presented a similar oscillation between ZT23 and ZT3 at P5. Student’s t-tests revealed that while M2 cells showed no fluctuation between these time-points at this early postnatal age, M1 cells did show a fluctuation (p < 0.001), which was parallel to that found in adults (Figure 5).
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Figure 5. Number of M1 and M2 melanopsin cells of P5 mice at ZT23 and ZT3. Only M1 cells showed significant difference between these time-points (p < 0.001). (n = 4 per group at both time-points).



NUMBER OF MELANOPSIN-IMMUNOSTAINED CELLS IN DD CONDITIONS

With the aim to study whether or not the melanopsin oscillation was endogenous, animals were maintained in DD for 6 days. Under DD, differences between the highest and the lowest numbers disappeared (p > 0.05) and no rhythm could be detected (Figure 6).
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Figure 6. No rhythm was detected in the number of melanopsin cells in DD conditions (ANOVA test: p > 0.05). (n = 4 at each time-point).



When analyzed separately under these DD conditions, the ratio between both cell subtypes changed with regard to those in LD conditions: M1 cells maintained a higher number than M2 cells at all the time-points studied (Figure 7). Factorial ANOVA test did not reveal interaction between “cell subpopulation” and “time-point”, which means that both cell populations behave similarly throughout the period analyzed. One-way ANOVA tests and post hoc tests for each cell subpopulation revealed that M1 cells maintained rather constant values throughout the period, but curiously M2 cells did show a daily oscillation (p < 0.01), with a small but significant diminution at the end of the subjective night between CT18 and CT23 (p < 0.05).
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Figure 7. Numbers of M1 and M2 cells under DD conditions. While M1 cells maintained rather constant values, significant oscillation was observed for M2 cells (one-way ANOVA test: p < 0.01). A decrease in the number of M2 cells at the end of the subjective night (p < 0.05) was detected by a post hoc test. (n = 4 per group at each time-point).



DISCUSSION

In addition to environmental cyclic fluctuations, rhythms are present in organisms, organs and cells. Some of these oscillations even persist in absence of external cues and constitute a way by which the organisms are prepared to predictable variations of the environment. These autonomous oscillators are considered biological clocks. Other organs and cells oscillate because they are governed by primary autonomous oscillators or simply as a response to environmental fluctuations. The retinal circadian clock was the first extra-SCN oscillator to be discovered in mammals (Tosini and Menaker, 1996). The endogenous oscillators of the retina are supposed to constitute an organized network to control many of the physiological, cellular and molecular rhythms that are present within this organ (Tosini et al., 2008). The nature of the cells that constitute such network has not been yet completely established. As an example, cone/rod photoreceptors, which release melatonin that peaks at night, and a subpopulation of amacrine/interplexiform cells that produce dopamine peaking at day, are known to form an intercellular feedback loop that regulate circadian retinal physiology (Green and Besharse, 2004). The C3H/He mice used in the present study, unlike some other mouse strains, have robust retinal melatonin rhythms that persist even after several days under continuous darkness (Tosini and Menaker, 1998), indicating that the retinal clock is fully operative and, therefore, this murine strain constitutes an appropriate model to study oscillations within the retina.

Since they were discovered a decade ago, melanopsin-expressing cells have continuously been subject of thorough study. Together with the cone/rod photoreceptors, these photosensitive neurons contribute to circadian photoentrainment, but also have other remarkable roles (Fu et al., 2005; Göz et al., 2008; Hattar et al., 2003), including the modulation of some classical image-forming visual pathways. Barnard et al. (2006) demonstrated that the differences between the electroretinographic responses of the cone cell pathway at midday and at midnight are related to the presence of melanopsin-expressing RGCs. This suggests that these cells are somehow involved in the fluctuations occurring within the retina. Daily oscillations of both the melanopsin mRNA and the melanopsin protein have been previously reported in the rat (Hannibal et al., 2005; Sakamoto et al., 2004). In these studies, the total content of mRNA and the total amount of protein, by means of RT-PCR and Western-blot analyses, respectively, were measured. However, to date no previous studies had been done with regard to the possible variation in number of melanopsin-expressing cells through the 24-h cycle. The results presented in this paper clearly demonstrate that this number does oscillate throughout the day/night cycle, with a maximum at the end of the dark period (ZT23) and a minimum within the first hours of the light period (ZT3). A remarkable conclusion can be immediately extracted from this finding: at least some ipRGCs turn on and off during the LD cycle. When we analyzed these two time points (ZT3 and ZT23) at P1 and P5, i.e. the early postnatal stage when the rod/cone photoreceptors are not yet functional, we only could detect significant difference between them at P5, which suggests that the melanopsin system gradually develops within the early postnatal period. In the previous studies mentioned (Hannibal et al., 2005; Sakamoto et al., 2004) the maximum levels of melanopsin mRNA and protein in the rat occur at the transition from day to night, which is difficult to fit with our results in the mouse, in which the peak occurs in the transition from night to day. It must be taken into account that two mammalian species may have a different physiology and also that the total amount of protein detected by Western-blot analyses need not reflect the number of immunostained cells.

It is important to remark that the present work analyses for the first time the daily oscillation of M1 and M2 cells, which are the main morphologically and physiologically different subpopulations recognised among the melanopsin-expressing RGCs (Baver et al., 2008; Schmidt and Kofuji, 2009). In adult mice the numbers of both cell types reached the maximum and the minimum at similar times of the day; however, these numbers did not run parallel, which means that the ratio of the two cell types varied throughout the day/night cycle. This finding might be related to their likely distinct functional roles, since they have different dendritic stratification and physiology (Schmidt and Kofuji, 2009), as well as different brain projections (Baver et al., 2008); however, further data are required to discuss the meaning of their different oscillation through the LD cycle.

When M1 and M2 cells were analyzed separately at P5, difference between ZT3 and ZT23 was only significant for M1 cells, which indicates that this cell subpopulation develops earlier than the M2 cells, a fact that might also be related to their distinct central connectivity and functional roles. Of the two cell subpopulations described above, only one has been reported to date in the rat and this makes any comparison between the two species more difficult. Such cell population in the rat retina likely correspond to the mouse M1 cells, due to their common dendritic arborization in the OFF sublamina, and also to the fact that antibodies raised against the C-terminus of the rat melanopsin specifically labeled the M1 cells in the mouse (Baver et al., 2008). Hannibal et al. (2007) detected a daily rhythm in neonatal rats (P5) that could correspond to the oscillation described in this paper for the mouse M1 cells at the same postnatal day. Our finding, like theirs, supports the idea that at least the oscillation of M1 cells during the 24-h cycle is independent of the rod/cone input, since it was detected even before these photoreceptors were developed. On the other hand, Sakamoto et al. (2004) observed that cone/rod photoreceptor loss in RCS-rdy rats abolishes melanopsin production by the ipRGCs. Curiously, in a mouse model Semo et al. (2003) did not observe any significant diminution of melanopsin production after retinal degeneration, which again reveals the variability between species. M2 cell oscillation, which was only detected in adults in our experiments, might depend on the development of other retinal neurons, like rod/cone photoreceptors or the dopaminergic amacrine cells, which are not functional at the early postnatal stage.

After 6 days under constant darkness, we did not detect any rhythm in the total number of melanopsin-immunostained cells, which suggests that the oscillation is not endogenous, but subjected to the day/night cycle. When M1 and M2 cells were analyzed separately, their ratio was roughly maintained at all the time-points analyzed, with the exception that M2 cells showed a small but significant decrease at the end of the subjective night in such experimental conditions. This finding is difficult to explain, but suggests that the physiology of the two subpopulations is different and still poorly understood. Whether the melanopsin oscillation through the 24-h period is endogenous or not is a controversial matter. Sakamoto et al. (2005) detected an attenuated circadian oscillation in melanopsin mRNA in rats after 2 days in constant darkness. In contrast, Mathes et al. (2007) reported in a different rat strain that the daily rhythm of melanopsin mRNA was abolished after both constant light or constant darkness exposure, suggesting that the regulation of the melanopsin gene does not rely on a circadian oscillator but is directly illumination-dependent. Therefore, no comparisons can be established between our results in mice and any of these studies. Moreover, only M2 cells showed a small fluctuation in constant conditions. Therefore, no comparisons can be established between our results in mice and any of these studies. Moreover, only M2 cells showed a small fluctuation in constant conditions. If the melanopsin-expressing RGCs had an endogenous rhythm, they should work in a synchronized way. If this was the case, exposure to continuous darkness might induce disruption of the coupling among them and, thus, a loss of their circadian oscillation. Additional analyses on each cell subpopulation, administering shorter periods of exposure to constant conditions, are needed to clarify this issue.

Our study contributes to understanding the physiology of melanopsin-expressing cells and their two subpopulations, which respond differently to changes in environmental conditions. Some of these retinal neurons seem to turn on and off during the LD cycle. Moreover, the effects that these cells exert on different brain areas might be additive, i.e., dependent on the number of cells being active at a certain time. Apart from the physiological importance that this finding may have on its own, this could also explain some quantitative differences reported in previous studies by other authors regarding the melanopsin content of the retina, and why some retinal ganglion cells that project to the SCN do not show melanopsin immunostaining (Sollars et al., 2003). These cells that do not apparently express the melanopsin photopigment might correspond to retinal samples taken at hours in which such cells were switched off, but still might transmit inputs from the cone/rod pathway to the brain. Differences found in previous studies regarding the total number of melanopsin-expressing cells in the retina, or the numbers of M1 and M2 cell subpopulations, might also be derived from different times of the day for sample collection. Further research is needed to answer questions related to the networks established among neurons within the retina and to what extent the melanopsin-expressing neurons contribute to the circadian physiology of this organ.
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Simple photoreceptors, namely intrinsically light-sensitive neurons without microvilli and/or cilia, have long been known to exist in the central ganglia of crayfish, Aplysia, Onchidium, and Helix. These simple photoreceptors are not only first-order photosensory cells, but also second-order neurons (interneurons), relaying several kinds of sensory synaptic inputs. Another important issue is that the photoresponses of these simple photoreceptors show very slow kinetics and little adaptation. These characteristics suggest that the simple photoreceptors of the Onchidium have a function in non-image-forming vision, different from classical eye photoreceptors used for cording dynamic images of vision. The cited literature provides evidence that the depolarizing and hyperpolarizing photoresponses of simple photoreceptors play a role in the long-lasting potentiation of synaptic transmission of excitatory and inhibitory sensory inputs, and as well as in the potentiation and the suppression of the subsequent behavioral outputs. In short, we suggest that simple photoreceptors operate in the general potentiation of synaptic transmission and subsequent motor output; i.e., they perform a new photosensory function.
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INTRODUCTION

It has been known since the 1930s that photoresponsive neurons that are intrinsically sensitive to light exist in the central ganglia of some invertebrates besides the photoreceptor cells (photoreceptors) in classical bilateral eyes. For instance, there are photoresponsive neurons in the sixth abdominal ganglion of the crayfish (Kennedy, 1963) and the visceral (abdominal) or pleuro-parietal ganglia of the sea slugs Aplysia (Arvanitaki and Chalazonitis, 1961; Brown and Brown, 1973) and Onchidium verruculatum (Hisano et al., 1972; Gotow, 1989).

We refer to these neurons as simple photoreceptors, in view of their lack of any specialized structures, such as microvilli and/or cilia, that are characteristic of classical eye photoreceptors (see review, Gotow and Nishi, 2008). In addition, it is known that these simple photoreceptors are not only first-order photosensory cells, but are also second-order neurons (interneurons), relaying several kinds of sensory inputs (Kennedy, 1963; Frazier et al., 1967; Gotow, 1975).

Recently, similar simple photoreceptors, the intrinsically photosensitive retinal ganglion cells (ipRGC), were discovered in mammalian retinas (Berson et al., 2002; Hattar et al., 2002), and their relevance will be discussed later.

A considerable amount of information has been obtained about the phototransduction mechanisms underlying the first-order photosensory responses of invertebrates, especially that of the simple photoreceptors of Onchidium (for review, Gotow and Nishi, 2008). However, little has yet been established about how their simple photoreceptor functions as second-order neurons (interneurons) in vivo.

This review examines the non-image-forming visual functions of simple photoreceptors acting as second-order neurons. In addition, we survey the profiles of the cell membrane channels that mediate related receptor potentials and the phototransduction mechanisms of the simple photoreceptors studied to date.

CHARACTERISTICS OF SIMPLE PHOTORECEPTORS (PHOTORESPONSIVE NEURONS)

Several simple photoreceptors (photoresponsive neurons) have been identified on the dorsal aspect of the central ganglia of Onchidium verruculatum, a species closely related to Aplysia (Hisano et al., 1972; Gotow, 1989; Nishi and Gotow, 1998). Of these simple photoreceptors, which were designated Ep-2, Ep-3, Es-1, A-P-1, Ip-1, and Ip-2, A-P-1 and Es-1 respond to light with a depolarizing receptor potential, which is associated with a decrease in membrane K+ conductance (Gotow, 1989; Nishi and Gotow, 1992); whereas, Ip-1 and Ip-2 are hyperpolarized by light, owing to an increase in membrane K+ conductance (Nishi and Gotow, 1998). These intrinsic photoresponses persist even when synaptic transmission is blocked either chemically or by ligation of the axo-somatic junction. Ep-2 and Ep-3 are depolarized by light, but their depolarizing mechanism is still unknown. However, we have evidence that Ep-2 and Ep-3 are also depolarized by a similar mechanism to that of A-P-1 and Es-1. Both of these depolarizing and hyperpolarizing photoresponses take 20 to 30 s to reach their peak after a latency of 300 to 500 ms following a brief light stimulus and then decline gradually. This contrasts with the fast and adaptive photoresponses of a few milliseconds to a few seconds in classical eye photoreceptors, e.g. the proximal and distal cells of Pecten (McReynolds and Gorman, 1970) and the stalk eyes of Onchidium (Katagiri et al., 1985). When eliciting electrophysiological responses, the action spectrum peaked at about 490 nm in A-P-1 (Gotow, 1989) and at about 580 nm in Es-1 (Nishi and Gotow, 1992), while those in Ip-1 and Ip-2 both peaked at about 510 nm, suggesting that each of their photoresponses is mediated by a single photopigment. Unfortunately, this photopigment has not yet been found in the Onchidium simple photoreceptors, although the presence of a rhodopsin-like protein was suggested in the Aplysia photoresponsive neuron R2 (Robles et al., 1986). On the other hand, the Onchidium photoresponsive neurons as well as the above mentioned Aplysia neurons are indistinguishable from the other light insensitive neurons in the ganglion by visual inspection. Electron microscopic observation showed that these photoresponsive neurons lack morphologically specialized structures, such as microvilli or cilia, that are characteristic of classical eye photoreceptors (Frazier et al., 1967; Kubozono, 1988). Thus, we consider that these photoresponsive neurons should be termed “simple photoreceptors”. In addition, the simple photoreceptors in the Onchidium and Aplysia ganglia are not only first-order photosensory cells, but are also second-order neurons (interneurons), relaying several kinds of sensory inputs (Frazier et al., 1967; Gotow, 1975; Nishi et al., 2006), similar to those in the crayfish ganglion.

Recently, similar simple photoreceptors without microvilli or cilia, the ipRGC, were discovered in mammalian rat and mouse retinas (Berson et al., 2002; Hattar et al., 2002). Their studies suggested that their visual pigment may be melanopsin, an invertebrate-like photopigment, which was first identified in frog skin by Provencio et al. (1998). The latest studies have provided compelling evidence that melanopsin is the photopigment of the ipRGC (Melyan et al., 2005; Panda et al., 2005; Qiu et al., 2005). According to Berson (2003) and Do et al. (2009), the ipRGC show a delayed, slow, and lasting depolarizing photoresponse (in the order of a few seconds to tens of seconds) following a suitably brief light stimulation, which is different from the fast and adaptive hyperpolarizing response (in the order of a few milliseconds to tens of milliseconds) seen in cones and rods. In addition to being primary photosensory cells, the ipRGC are also second-order interneurons, relaying photic inputs from rods/cones to the brain. These characteristics of a lack of morphologically specialized structures, morphological arrangement as second-order neurons, and slow photoresponse kinetics in the ipRGC parallel those of the invertebrate Onchidium simple photoreceptors mentioned above. This reminds us that the mammalian ipRGC seem to be homologous to the invertebrate Onchidium simple photoreceptors.

PHOTOTRANSDUCTION MECHANISM

The primary function of simple photoreceptors and eye photoreceptors is to convert light energy into an electrical response, namely the receptor potential that is generated by light-dependent conductance or channels. Little work has been done on the ionic conductance mechanism in the excitatory, depolarizing photoresponses of the simple photoreceptors in crayfish (Kennedy, 1963) and Aplysia (Arvanitaki and Chalazonitis, 1961) ganglia.

A single-channel analysis showed that the depolarizing photoresponses of A-P-1 and Es-1 cells are produced by the closing of one class of K+ -selective channel (Gotow, 1989; Gotow et al., 1994; Gotow and Nishi, 2002). Later, it was reported that the Helix simple photoreceptors also respond to light with membrane depolarization, due to a decrease in K+ conductance (Pasic and Kartelija, 1995). On the other hand, we demonstrated that the hyperpolarizing receptor potential of Ip-2 and Ip-1 cells results from the opening of the same K+ -selective channel that induces hyperpolarizing receptor potentials in A-P-1 and Es-1 cells (Nishi and Gotow, 1998; Gotow and Nishi, 2002).

It is thought that the hyperpolarizing photoresponses of most vertebrate eye photoreceptors (rods and cones) are produced by the closing of non-selective cation channels or by a decrease in membrane cation conductance (Tomita, 1972; Owen, 1986; Matthews and Watanabe, 1987). Only one known exception has been found, the lizard parietal eye photoreceptors, which responds to light with depolarization resulting from the opening of non-selective cation channels similar to those of the above mentioned vertebrate eye photoreceptors (Solessio and Engbretson, 1993). Except for this parietal photoreceptor, the above mentioned mechanism contrasts with that in the eye photoreceptors studied to date in invertebrates, which are present in most members of the animal kingdom; i.e., a depolarizing or a hyperpolarizing photoresponse is produced by the opening of membrane cation channels or by an increase in membrane cation conductance (Fuortes, 1963; Washizu, 1964; Brown et al., 1970; Pinto and Brown, 1977; Bacigalupo and Lisman, 1983; Nagy and Stieve, 1990; Nasi and Gomez, 1992; Gomez and Nasi, 1994). Thus, the simple photoreceptors of Onchidium, A-P-1 and Es-1, are the first invertebrate eye or simple photoreceptor in which it has been demonstrated that their photoresponses result from the “closing of channels” or “decreases in conductance”.

The cGMP-gated channels in the vertebrate photoreceptors that close in light are non-selective cation channels permeable to Na+, K+, and Ca2+ (for review, Finn et al., 1996). However, the cGMP-gated channels in the simple photoreceptors of Onchidium that close and open in the light are predominantly K+ selective under physiological ionic conditions such as of K+, Na+, Ca2+, Mg2+ and Cl–; i.e., the contributions of these ions except for K+ to these channels is negligible (Gotow, 1989; Gotow et al., 1994; Nishi and Gotow, 1998; Gotow and Nishi, 2002). Interestingly, we have found that the K+ -selective channels of the simple photoreceptors of Onchidium can be specifically blocked by the external addition of 0.1–0.2 mM 4-aminopyridine (4-AP) or 0.2–0.4 mM L-cis-diltiazem (L-DIL) (Gotow et al., 1997; Nishi and Gotow, 1998). L-DIL, a stereoisomer of the D-type Ca2+ channel blocker, specifically blocks the non-selective cation channels in vertebrate rod and cone cells (Stern et al., 1986; Rispoli and Menini, 1988; Haynes, 1992; McLatchie and Matthews, 1994) and light -dependent K+ conductance in Pecten hyperpolarizing eye (ciliary) cells (Gomez and Nasi, 1997). 4-AP is another well-known blocker of K+ channels, e.g., the IA or KA channels, which are transiently activated in the subthreshold range of membrane potentials (Hagiwara et al., 1961; Hermann and Gorman, 1981; Hille, 1992).

As described above, the simple photoreceptors A-P-1 and Es-1, which are depolarized by light, seem to be homologous to the vertebrate eye photoreceptors in the sense that both of their cGMP-gated channels are closed by light, although the polarity of their receptor potentials is reversed. This homology prompted us to examine whether the phototransduction cGMP cascade model used for vertebrate rod and cone photoreceptors (Fesenko et al., 1985, for review, Finn et al., 1996; Kaupp and Seifert, 2002) can be applied to that of A-P-1 or Es-1. According to the cGMP cascade model, cGMP acts as a second messenger that opens cGMP-gated non-selective cation channels, allowing the channels to close when light activates PDE (phosphodiesterase) in order to reduce internal cGMP levels through a Gt-type G-protein (transducin), thereby leading to a hyperpolarizing response (Table 1). As in the above mentioned vertebrate cGMP cascade, we also concluded that cGMP acts as a second messenger that opens the cGMP-gated K+-selective channels of the simple photoreceptors A-P-1 and Es-1, allowing the channels to close when light activates PDE (phosphodiesterase) in order to reduce cGMP levels through a Gt-type G-protein (Gt), thereby leading to depolarization (Gotow et al., 1994; Gotow and Nishi, 2002), as shown in Table 1.

Table 1. Phototransduction cGMP cascade models of simple photoreceptors.
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On the other hand, we found that the hyperpolarizing photoresponses of other types of simple photoreceptor, Ip-2 and Ip-1 cells, are produced by the opening of the same type of channel that is closed in A-P-1 and Es-1 cells (Gotow and Nishi, 2002). Thus, Gotow and Nishi (2007) have proposed a new type of cGMP cascade model in which Ip-2 and Ip-1 cells are hyperpolarized when light activates GC (guanylate cyclase) through a Go-type G-protein (Go), leading to an increase in the level of the second messenger cGMP, thereby producing the opening of the same channels opened in A-P-1 and Es-1 cells (see also Table 1). A similar phototransduction model has also been suggested to operate in a different system, the scallop ciliary eye photoreceptor (Kojima et al., 1997; Gomez and Nasi, 1995, 2000). Unfortunately, no molecular identification of the visual pigment or G-protein involved in phototransduction has yet been undertaken in the simple photoreceptors of Onchidium.

In the related Aplysia simple photoreceptor R2, it has long been known that when illuminated, R2 hyperpolarizes due to an increase in membrane K+ conductance and that this light-dependent K+ conductance is activated by a rise in the intracellular levels of Ca2+; i.e., the light-dependent K+ conductance is equivalent to this Ca2+-activated K+ conductance (Meech, 1972; Brown and Brown, 1973; Brown et al., 1977). However, no single-channel analysis of the hyperpolarizing photoresponse in R2 has been undertaken.

Furthermore, a considerable amount of information has been obtained about the photochemistry of melanopsin in ipRGC (for review, He et al., 2003; Peirson and Foster, 2006). For example, it has been suggested that melanopsin activates phospholipase C through the Gq G-protein, as in Drosophila rhabdomeric photoreceptors (Raghu et al., 2000; for review, Hardie, 2003). However, the cell membrane channels and their channel-gating mechanism that mediate the photoreceptor potential of ipRGC have not yet been identified, so the phototransduction mechanism that couples melanopsin to its photoreceptor potential remains unknown (for review, Berson, 2007).

PHOTOSENSITIVITY OF SIMPLE PHOTORECEPTORS IN VIVO

The simple photoreceptors in the central ganglia, which are well covered by the animal’s body wall, seem to be unsuitable as a classical photosensory system, but these simple photoreceptors may have adapted to serve as a new photosensory modality; i.e., non-image-forming vision.

The amount of light energy transmitted through the Onchidium body wall, which is composed of the mantle and foot, was measured and compared with the energy required for a minimally detectable photoresponse in their simple photoreceptors. The spectral energy of incident sunlight was also measured in the centre of Kagoshima, which corresponds to that at Sakurajima beach, the home of the Onchidium tested.

These analyses supported the assertion that the transmittance of daylight through the animal’s body wall is high enough to stimulate the simple photoreceptors of the Onchidium in vivo (Gotow et al., 2005). Brown et al. (1977) have also reported that the amount of light energy required to stimulate the simple photoreceptors of the Aplysia in vivo can be provided by the transmittance through the animal’s body wall.

Non-image-forming visual function:

1. Depolarizing Ep-2, Ep-3, and Es-1 cells

2. Hyperpolarizing Ip-1 and Ip-2 cells

Little has been definitively established about the functional significance of simple photoreceptors. In spite of a concerted effort to elucidate the functions of the 6th abdominal ganglion simple photoreceptors of crayfish, many questions remain (for review, Wilkens, 1988). It has only been postulated that the simple photoreceptors of crayfish operate in the general regulation of synaptic transmission (Kennedy, 1963; Wilkens and Larimer, 1972; Pei et al., 1996). The function of the simple photoreceptors of Aplysia (Arvanitaki and Chalazonitis, 1961; Brown and Brown, 1973) is also unknown. However, it has been reported that Aplysia demonstrate light-entrained behavior in the absence of bilateral eyes and that simple photoreceptors such as R2 may be involved in such behavior (Block and Lickey, 1973; Block et al., 1974).

Onchidium are intertidal and amphibian mollusks. Thus, they use gill-trees at high tide, but at low tide they begin to use their lung (pulmonary sac) for respiration and crawl over the rocks on the exposed seashore in order to obtain food or to reproduce. Occasionally, Onchidium slip and turn over, while rock-crawling. In such cases, these animals pick themselves up through a chain of behavioral responses, such as the mantle-levating reflex (Gotow et al., 1973). This mantle-levating reflex is also reproducibly triggered by tactile stimulation of the animal’s dorsal surface, the mantle.

On the other hand, Gotow (1975) and Gotow et al. (1973) have shown that the first-order depolarizing simple photoreceptors Ep-2, Ep-3, and Es-1 are not only second-order neurons relaying tactile sensory inputs from the mantle through the specified peripheral nerves, but are also motoneurons innervating the mantle and foot (mesopodium) so the combined spike activity evoked by tactile synaptic transmission in these three cell types results in a levation movement of the mantle equivalent to the mantle-levating reflex (Figure 1A). They have also shown that all excitatory synaptic transmissions and potentials induced by tactile sensory inputs in these cells are potentiated during light illumination, even when the preceding light stimulus is subthreshold. Thus, it has been suggested that the depolarizing photoresponses of Ep-2, Ep-3, and Es-1 cells play a role in the potentiation of the excitatory synaptic transmission and potentials related tactile sensory inputs and the subsequent mantle-levating reflex (Gotow et al., 1973) and so may be involved in a new photosensory modality, non-image-forming vision.


[image: image]

Figure 1. Chart showing a new photosensory function of Onchidium simple photoreceptors, (A) depolarizing and (B) hyperpolarizing cells. See text for details.



At low tide, the amphibian mollusks Onchidium open their pneumostome, the orifice of their pulmonary sac, in order to begin aero-respiration, although they close the pneumostome at high tide. The opening of the pneumostome; i.e., an aero- breathing behavior, can also be reproducibly triggered by removal of the surrounding seawater from the animal’s body surface such as the mantle, pneumostome, etc. or by moving the animal from underwater to air.

On the other hand, Nishi et al. (2006) and Gotow and Nishi (2008) have found that the first-order hyperpolarizing simple photoreceptors Ip-1 and Ip-2 are not only second-order neurons that receive inhibitory presynaptic inputs, such as water pressure and/or tactile signals arising from the animal’s body surface, but are also interneurons (motor-like neurons) involved in aero-breathing behavior. Thus, they suggested that at low tide these cells are released from inhibitory sensory synaptic inputs such as water pressure and/or touch and begin to produce endogenous spike discharges, thereby leading to opening of the pneumostome (Figure 1B).

An attempt to examine the effects of light on the hyperpolarizing Ip-1 and Ip-2 cells showed that inhibitory synaptic transmissions and potentials related to pressure and/or tactile sensory inputs in these cells are potentiated during light illumination, even if the preceding light stimulus is subthreshold. This result suggested that the hyperpolarizing photoresponse of Ip-1 and Ip-2 cells operates in the potentiation of inhibitory synaptic transmission as well as in the suppression of subsequent aero-breathing behavior (Nishi et al., 2006; Gotow and Nishi, 2008) and so may also be involved in the above mentioned new photosensory modality.

The above mentioned potentiation of excitatory and inhibitory synaptic transmission by simple photoreceptors occurred even when their photoresponses were subthreshold, demonstrating true “potentiation” rather than only “summation”; i.e., the sum of synaptic potentials and photoreceptor potentials. Furthermore, we refer to this potentiation as “long-lasting potentiation”. As the photoresponses of simple photoreceptors can last for hours and even days, they are effective during most daylight hours.

On the other hand, it has been reported that ipRGC operate in non-visual functions such as the pupillary light reflex and circadian photoentrainment (Panda et al., 2002, 2003; Ruby et al., 2002; Hattar et al., 2003; Lucas et al., 2003). However, nothing is known about their light-sensing functions as interneurons. Most recently, Do et al. (2009) reported that the ipRGC in transgenic mice modulated rod/cone response and synaptic signal transmission from amacrine and bipolar cells, etc. to the brain.

CONCLUSION

Simple photoreceptors similar to those of Onchidium have been known to exist in the central ganglion of crayfish, Aplysia, and Helix since the 1930s. Recently, similar simple photoreceptors, ipRGC, have been discovered in the ganglion cells of mammalian retinas. It was suggested that the simple photoreceptors of Onchidium as well as ipRGC function as a new sensory modality, non-image-forming vision, which is different from the image-forming vision of classical eye photoreceptors. As non-image-forming functions of ipRGC, it is known that they contribute to pupillary light reflex and circadian clocks. However, their light-sensing function as interneurons has not been ascertained. An Onchidium study showed that simple photoreceptors (Ep-2, Ep-3, A-P-1, Es-1, Ip-1, and Ip-2) play roles in the long-lasting potentiation of synaptic transmission of excitatory and inhibitory sensory inputs as well as in the potentiation and suppression of the subsequent behavioral responses. Figure 1 shows a chart that explains these non-image-forming functions of simple photoreceptors. Interestingly, it seems that both simple photoreceptors and classical eye photoreceptors use the same phototransduction and channel-gating mechanisms (see Table1), in spite of the great difference in the functions of these two types of photoreceptors.
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The perception and processing of chemical signals from the environment is essential for any living systems and is most probably the first sense developed in life. This perspective discusses the physical limits of chemoreception and gives an overview on the receptor types developed during evolution to detect chemical signals from the outside world of an organism. It discusses the interaction of chemoreceptors with downstream signaling elements, especially the interaction between electrical and chemical signaling. It is further considered how the primary chemosignal is appropriately amplified. Three examples of chemosensory systems illustrate different strategies of such amplification.
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INTRODUCTION

Chemoreceptors transduce an external signal, a volatile molecule (olfaction) or a molecule in solution (gustation) into an intracellular signal. There are two major types of chemoreceptors, ionotropic and metabotropic receptors. Ionotropic receptors (IRs) are ion channels activated by ligand binding. The chemical messenger elicits an immediate electrical signal in the sensory cell. By contrast, activation of metabotropic receptor activates an intracellular signaling cascade which may include enzyme activation, second messenger production or activation of ion channels. Receptor function and sensitivity are usually regulated by interaction with accessory proteins. A high sensitivity of the chemoreceptive machinery results from signal amplification which may take place at various levels of signal processing.

While most chemoreceptors in mammals are metabotropic receptors, chemoreception in insects is ionotropic. The authors of a recent review thus asked whether the choice of a mechanism for a sensory task is “chance or design” (Silbering and Benton, 2010), and concluded that the choice of ionotropic mechanisms for insect chemoreception probably reflects a special mechanistic advantage. For a detailed review on the evolution of insect olfaction see (Hansson and Stensmyr, 2011).

PHYSICAL LIMITS OF CHEMOSENSATION

To detect low pheromone concentrations released in the order of magnitude of ng per hour male insects have expanded the surface area of their antennae (Hansson and Stensmyr, 2011). How are receptor size and resolution related? Analysing bacterial chemotaxis Berg and Purcell (1977) calculated the maximum precision in sensing the concentration of a chemoattractant. The limit is set by the noise due to Brownian motion when sensing a few molecules. Escherichia coli can detect amino acids at nanomolar concentration (Mao et al., 2003) which corresponds to only a few molecules per cell volume. The fractional accuracy δc/c in determining the concentration c is given by:

[image: image]

where D is the diffusion coefficient of the chemoattractant, r the receptor radius (e.g., cell radius), cm the mean concentration and t the detection time (Berg and Purcell, 1977). This formula is valid for a single receptor as well as for a receptor array such as a cell surface equipped with receptors (Bialek and Setayeshgar, 2005). To determine a molecule with a diffusion coefficient of 10−5 cm2/s at a mean concentration of 1 μM with an accuracy of 1%, a cell with a radius of 1 μm requires a measuring time of 10 ms. For a single receptor with a radius of 1 nm a detection time of 17 s would be required. Considering a fixed detection time increasing the receptive surface indeed enhances the resolution as in the above case of pheromone detection.

CHEMOSIGNAL PROCESSING AND AMPLIFICATION

External molecules bind to chemoreceptors located in the plasma membrane, the subsequent receptor activation transduces the external signal across the plasma membrane. For ligand-gated or IRs, binding of the signal molecule opens an ion channel and produces an electrical signal. This process is usually fast (micro to milliseconds). The ion flux changes the membrane potential and thus the electrical activity of the chemosensory neurons. Signals transferred by excitatory IRs are amplified by depolarization which activates various voltage-gated cation channels leading to further depolarizion of OSNs. Another type of amplification may take place when receptor activation leads to Ca2+ influx, either directly such as for the Ca2+-permeable TRP channels or indirectly when the depolarization activates voltage-gated Ca2+-channels. A rise in the free intracellular Ca2+ concentration may activate various intracellular signaling cascades thereby amplifying the chemical signal.

For metabotropic receptors binding of the signal molecule initiates changes in intracellular chemical signaling such as enzyme activation and production of second messengers. This process is slower than ionotropic signaling and requires typically 50–150 milliseconds. However, for a tightly packed signaling cascade this delay can be much shorter as in Drosophila photoreception where the receptor current activates 20 ms after photon absorption by rhodopsin (Katz and Minke, 2009).

Since metabotropic signaling often involves G protein activation, stimulation of enzymatic activity, and production of second messengers, i.e., processes potentially contributing to a signal amplification, this type of signaling may achieve a high sensitivity of chemodetection. For example, in G protein-coupled receptors (GPCRs) ligand binding activates a number of G proteins setting a first level of signal amplification. This amplification relies on a sufficient long dwelling time of the ligand to the receptor. The residence time of the ligand which is inversely related to the dissociation rate constant is thought to determine the effect of receptor activation under in vivo conditions far from thermodynamic equilibrium rather than the affinity defined as the reciprocal of the equilibrium dissociation constant (Tummino and Copeland, 2008). Another mechanism that may restrict the number of activated G proteins is receptor desensitization (Kato and Touhara, 2009). Furthermore, the signal amplification at G protein level is controlled by proteins regulating their activity cycle such as RGS proteins (regulators of G protein signaling), AGS proteins (activators of G protein signaling) and GEFs (guanine nucleotide exchange factors), for example in C. elegans RGS proteins (Fukuto et al., 2004; Ferkey et al., 2007). G proteins downstream activate enzymes such as adenylyl cyclases. The cAMP production sets the second level of amplification since each molecule may affect further downstream targets such as protein kinases which might add another level of amplification.

Primary electrical signals can elicit secondary chemical signaling, and vice versa, primary chemical signals can be transformed into electrical signals as metabotropic receptors downstream often target ion channels. For example, activation of the vanilloid receptor VR1, a member of the TRP channel family, by capsaicin induces a Ca2+ influx in the receptor cell. Ca2+ as a universal intracellular signaling molecule can then activate Ca2+-dependent proteins such as cyclases and kinases. In mammalian olfactory sensory neurons, odor binding activates the olfactory receptor (OR), a GPCR bound to a stimulatory Golf protein which in turn enhances the cAMP production via adenylyl cyclase stimulation. cAMP binds to and opens cyclic nucleotide gated (CNG) channels which depolarize the neuron and also conduct Ca2+. Finally, Ca2+ activates Ca2+-dependent Cl− channels thereby further depolarizing the cell (Kaupp, 2010). Similarly, receptor guanylyl cyclases catalyze the production of cGMP which also activate CNG channels to depolarize cells and enhance the free Ca2+ concentration.

SPECIAL EXAMPLES FOR CHEMOSIGNAL AMPLIFICATION

BACTERIAL CHEMORECEPTORS

In Escherichia coli, chemoreceptors transmembrane methyl-accepting chemotaxis proteins (MCPs). They couple via a signal conversion module to histidine autokinases CheA which are inhibited upon chemoattractant and activated upon repellent binding (Hazelbauer et al., 2008). The receptors for attractants bind serine (Tsr), aspartate and maltose (Tar) ribose, glucose and galactose (Trg), and dipeptides (Tap). The phosphorylation state of CheA controls the flagellar motor. The chemoreceptors form dimers which assemble to hexagonally packed trimers. These arrays are concentrated in patches of about 250 nm diameter, corresponding to 1% of the cell surface, and contain nearly half the number of expressed chemoreceptors.

Within the signaling complex chemoreceptor/CheA there is a signal amplification of ~36, i.e., one receptor controls 36 kinase molecules. Moreover, the receptors show strong cooperativity, for attractant stimulation a Hill coefficient of 10 was observed (Hazelbauer et al., 2008). Taken together, the lattice structure of receptor arrangement allows a high degree of interaction within the signaling complexes. This allows the bacteria to detect nanomolar amino acid concentrations (Mao et al., 2003).

SEA URCHIN SPERM CELLS

The chemoattractant resact is released from the egg and binds to a transmembrane receptor guanylyl cyclase on a sperm cell. One ligand molecule gives rise to the production of ~45 cGMP molecules (Bönigk et al., 2009). One cGMP molecule is able to activate CNGK, an atypical CNG channel with exclusive K+ permeability that forms a pseudotetramer like voltage-gated Na+ or Ca2+ channels. Conventional CNG channels operate in the micromolar concentration range and are activated in cooperative manner, CNGK operates in the nanomolar range and is activated by binding of a single molecule to the third repeat. CNGK activation produces a transient hyperpolarization followed by activation of voltage-gated Ca2+ channels allowing Ca2+ to enter the flagellum. At least 25 cGMP molecules were found to be required for eliciting a Ca2+ signal. Thus, binding of one chemoattractant molecule is sufficient to produce a number of cGMP molecules that activate the highly cGMP-sensitive CNGK channels which in turn elicit a behavioral response.

MAMMALIAN OLFACTORY RECEPTORS

Odor binding on mouse OR is extremely short. A dwelling time of ~1 ms is not sufficient to activate on average one G protein, similar as previously observed in frog ORs (Bhandawat et al., 2005; Ben-Chaim et al., 2011). Thus, there is no signal amplification at this level. Multiple binding of odor molecules to the same receptor integrates odor signaling, and together with sufficient receptor expression that multiplies binding events and thus the probability of G protein activation leads to a stimulation of adenylyl cyclase III. This raises the cAMP level to activate CNG channels thereby depolarizing the cell and importing Ca2+. The signal amplification takes place when Ca2+ activates Ca2+-dependent Cl− channels which further depolarize the cell (Kaupp, 2010).

The delay between binding of odor molecules to the receptor and the development of the receptor potential depends on the odor concentration and can range between 100 ms at submicromolar concentration and 25–40 ms at concentrations up to 100 μM (Ghatpande and Reisert, 2011). A delay in this order of magnitude seems to be not limiting since a behavioral response appears already 200 ms after odor stimulation (Abraham et al., 2004).

CHEMORECEPTOR TYPES IN EVOLUTION

From bacteria to men both types of receptors, metabotropic and ionotropic, are used to perceive chemical signals (Table 1) (Biswas et al., 2009; Gees et al., 2010; Nordström et al., 2011). Most of them are conserved during evolution, yet there are cases of receptor gene degeneration such as the CO2-sensing guanylyl cyclase D in primates (Young et al., 2007) or TRPC2, a channel part of the pheromone signaling cascade, in men (Zufall, 2005).

Table 1. Chemoreceptors in model organisms operating via a metabotropic or an ionotropic mechanism.
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Bacteria obtain nutrient information for chemotaxis from receptor-associated kinases (Hazelbauer et al., 2008) and sense amino acids using precursors of ionotropic glutamate receptors (iGluRs, Chiu et al., 1999). Yeast express GPCRs to detect sugar and pheromones (Versele et al., 2001) as well as TRP channels for sensing aromatic compounds (Nilius and Owsianik, 2011). Highly sugar-sensitive receptors are the 12-TM proteins Snf3/Rgt2 which regulate the expression of sugar transporters (Gancedo, 2008).

In more complex organisms, specialized chemosensory neurons detect volatile or external chemical messengers in solution. Receptor activation induces a change in the electrical activity of sensory neurons. IRs form ion channels gated by ligand binding to the receptor. Metabotropic receptors couple to intracellular signaling systems regulating the activity of targets such as ion channels thereby changing the neuronal activity.

In nematodes metabotropic chemoreceptors comprise receptor guanylyl cyclases and a large number of GPCRs (Bargmann, 2006). Receptors operating via an ionotropic mechanism are TRP channels (Nilius and Owsianik, 2011), and “Ionotropic Receptors” (IRs), ORs sensing general odors which are related to iGluRs (Croset et al., 2010).

In insects, ORs are heterodimers composed of two proteins with 7-transmembrane topology like GPCRs (Neuhaus et al., 2005). However, there is no sequence similarity to other GPCRs and the proteins are inversely oriented in the membrane (Benton et al., 2006). One of these proteins is odor-specific, the other one a co-receptor with chaperone function (Larsson et al., 2004). While there are indications that odors initiate metabotropic signaling (Wicher et al., 2008; Deng et al., 2011), the primary odor response is ionotropic (Sato et al., 2008; Wicher et al., 2008). Other IRs in insects are gustatory receptors [GRs, (Sato et al., 2011), IRs (Benton et al., 2009), and TRP channels (Nilius and Owsianik, 2011)].

In mammals metabotropic chemoreceptors comprise receptor tyrosine kinases (Petersen et al., 2011), guanylyl cyclases (Fülle et al., 1995; Sun et al., 2009), and a large number of GPCRs (Kaupp, 2010). Most olfactory and pheromone receptors are GPCRs (Fleischer et al., 2009). Taste receptors for sweet, bitter, and umami are GPCRs whereas those for sour and salty are thought to be ionotropic (Chandrashekar et al., 2006). Receptors for hot and spicy compounds as capsaicin, for cool compounds as menthol or pungent compounds as mustard oil are also ionotropic TRP channels (Damann et al., 2008). IRs are not expressed in mammals (Croset et al., 2010). Instead, mammalian central synapses express various subtypes of the related iGluRs.

CONCLUSION

Chemosensory systems are functional complexes of receptors and downstream signaling elements. There seems to be no preference for the use of either metabotropic or IRs for the detection of chemicals during evolution. Moreover, receptors for a given sense might be both metabotropic and ionotropic as seen above for mammalian taste receptors. There is a pronounced conservation of chemoreceptors during evolution. It is rather rare that receptors disappear at a certain stage like the IRs in vertebrates. As seen in mammalian ORs, there is no selection toward perfection. It is possible to neglect the potential of G proteins for a signal amplification. Although the chemosensory system was not optimized for fast processing, the organism as a whole is capable of behaviorally responding to odor stimulation in astonishingly short time. A high sensitivity of chemosensory systems can be achieved by spatial arrangements such as the chemosensory patches in bacteria which provide the basis for high cooperativity of signaling elements. On the other hand, the capability of sea urchin sperm cells to react to single resact molecules demonstrates that high sensitivity can also be obtained in a remarkably simple way unless the internal signaling cascade allows a sufficiently high amplification of the external signal.
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Perception of chemical stimuli from the environment is essential to most animals; accordingly, they are equipped with a complex olfactory system capable of receiving a nearly unlimited number of odorous substances and pheromones. This enormous task is accomplished by olfactory sensory neurons (OSNs) arranged in several chemosensory compartments in the nose. The sensitive and selective responsiveness of OSNs to odorous molecules and pheromones is based on distinct receptors in their chemosensory membrane; consequently, olfactory receptors play a key role for a reliable recognition and an accurate processing of chemosensory information. They are therefore considered as key elements for an understanding of the principles and mechanisms underlying the sense of smell. The repertoire of olfactory receptors in mammals encompasses hundreds of different receptor types which are highly diverse and expressed in distinct subcompartments of the nose. Accordingly, they are categorized into several receptor families, including odorant receptors (ORs), vomeronasal receptors (V1Rs and V2Rs), trace amine-associated receptors (TAARs), formyl peptide receptors (FPRs), and the membrane guanylyl cyclase GC-D. This large and complex receptor repertoire is the basis for the enormous chemosensory capacity of the olfactory system.
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INTRODUCTION

For survival and reproduction, animals have to recognize a multitude of odorous substances related to food, predators and mating partners. Accordingly, their sense of smell has the capacity to detect and discriminate an almost unlimited number of chemical compounds. This is accomplished by an elaborated olfactory system composed of several chemosensory subsystems, including the main olfactory epithelium (MOE), the vomeronasal organ (VNO), the septal organ (SO), and the Grueneberg ganglion (GG) (Figure 1; reviewed by Breer et al., 2006; Spehr et al., 2006; Ma, 2007; Munger et al., 2009). In these nasal compartments, the recognition of odorous compounds is based on highly specialized chemosensory cells, the olfactory sensory neurons (OSNs). The observation that a given odorant stimulates only a subset of OSNs (Sicard and Holley, 1984) has led to the concept that the responsiveness of individual OSNs to distinct odorants is determined by specialized receptors in their chemosensory membranes. Comprehensive research throughout the past two decades has led to the discovery of an unexpected large repertoire of olfactory receptors which is considered as the molecular basis for the enormous capacity of the olfactory system to detect and discriminate myriads of odorous compounds. Based on their structure and topographic distribution, this repertoire of olfactory receptors is categorized into several receptor families which include the odorant receptors (ORs), the vomeronasal receptors (V1Rs and V2Rs), trace amine-associated receptors (TAARs), formyl peptide receptors (FPRs), and the guanylyl cyclase GC-D (Figure 1). In line with the finding that odor detection depends on G protein-mediated pathways (Pace et al., 1985; Pace and Lancet, 1986; Sklar et al., 1986; Belluscio et al., 1998), most of these receptors belong to the large superfamily of G protein-coupled receptor proteins (GPCRs) which are characterized by seven transmembrane domains (Figure 2). Nevertheless, olfactory receptors constitute a highly divergent group of receptors, consistent with the structural diversity of odorous compounds. In this review, structural features and functional implications of the olfactory receptor families are discussed and their common as well as their specific features are summarized.
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Figure 1. Different olfactory compartments in the nose express distinct types of olfactory receptors. Schematic representation of the murine nose and its olfactory subsystems, including the main olfactory epithelium (MOE), the vomeronasal organ (VNO), the septal organ (SO), and the Grueneberg ganglion (GG). The olfactory receptor types expressed in each of these organs are indicated by color: ORs in blue, V1Rs in orange, V2Rs in green, TAARs in red, FPRs in purple, GC-D in brown (modified from Fleischer et al., 2007).




[image: image]

Figure 2. Membrane topology of olfactory receptors. While ORs, V1Rs, V2Rs, TAARs, and FPRs belong to the GPCRs which encompass seven transmembrane domains (indicated by cylinders), guanylyl cyclase GC-D comprises only one transmembrane domain. In all these receptor types, the N-terminus is localized to the extracellular face of the cell membrane whereas the C-terminal end resides intracellularly. Unlike other olfactory receptors and similar to GC-D, V2Rs are endowed with a large N-terminal extracellular domain. In contrast to other olfactory receptors, GC-D also possesses a large C-terminal intracellular region.



ODORANT RECEPTORS (ORs)

STRUCTURAL FEATURES OF RECEPTOR PROTEINS

The structure of OR proteins is characterized by seven hydrophobic, putative membrane-spanning domains, the hallmark of all GPCRs. Based on their primary sequence, GPCRs are categorized into three classes: A, B or C (Jacoby et al., 2006). According to this classification, due to their domain organization, the ORs belong to GPCR class A, like e.g. rhodopsin (Jacoby et al., 2006). OR proteins have an average length of about 320 ± 25 amino acids residues; the differences in length result mainly from variable N- and C-terminal stretches. The N-terminal region which is exposed extracellularly contains a well conserved NXS/T consensus for N-linked glycosylation.

ORs are distinguishable from other GPCRs by several conserved amino acid motifs; these include an LHTPMY motif within the first intracellular loop, the most characteristic MAYDRYVAIC motif at the end of transmembrane (TM) domain 3 (TM3), a very short SY motif at the end of TM5, an FSTCSSH stretch at the beginning of TM6 and PMLNPF in TM7. Although these sequences are slightly different between species they were used to identify OR genes from many genomes. Extensive comparative analyses have identified more than 80 short motifs (Liu et al., 2003; Zhang et al., 2007), some of which are specific for distinct subfamilies or species and have been implicated in ligand binding. Seven cysteine residues are well conserved, a couple of them are thought to play a role in maintaining the structural integrity of the protein. Two of these (at positions 97 and 179) are common to all GPCRs and are believed to form a disulfide link between extracellular loops 1 and 2; the other five are unique to ORs.

Although ORs in general are rather uniform in size and membrane topology, there are exceptions to this rule. A prominent one is represented by the so-called ‘OR37’ subfamily, which is characterized by an unusual third extracellular loop, which is six residues longer than in all other ORs (Kubick et al., 1997). Although only a few additional residues are present, they extend this loop – which is generally short – by about one-third.

Odor binding

Since the discovery of the OR genes by Buck and Axel (1991), many studies have been performed to identify the binding sites of the receptor proteins for odorous ligands. The first indications which protein domains are relevant for ligand interaction came already from the very initial sequence alignments which revealed that transmembrane domains were the most variable ones (Buck and Axel, 1991); this notion was subsequently confirmed employing larger receptor repertoires and bioinformatic approaches (Singer et al., 1996; Krautwurst et al., 1998; Zhao et al., 1998). The sequence variability of these domains thus was considered as the basis for the wide spectrum of odorous ligands that can be recognized by the receptor repertoire. Subsequent studies revealed that the most variable residues are oriented towards the inner surface of the receptor protein, whereas hydrophobic residues tended to point towards the protein/lipid interface. Using bioinformatic approaches, distinct residues have been defined which might be involved in ligand binding (Pilpel and Lancet, 1999; Lapidot et al., 2001; Katada et al., 2005; Khafizov et al., 2007); several of them could be confirmed experimentally by site-directed mutagenesis (Katada et al., 2005; Abaffy et al., 2007). All these data indicate that amino acid positions mainly in TM3, TM5 and TM6 are essential and strongly support the concept that predominantly the transmembrane domains of the OR protein form the binding pocket for odorants. The notion that a particular OR type may have a rather broad receptive range is supported by the finding that almost all analyzed ORs recognize not only a single, but multiple chemical compounds (e.g. Raming et al., 1993; Malnic et al., 1999; Araneda et al., 2000; Bozza et al., 2002; Gaillard et al., 2002; Mombaerts, 2004; Grosmaitre et al., 2006; Malnic, 2007; Touhara, 2007; Saito et al., 2009).

Activation/signaling

With respect to ligand binding, ORs seem to resemble rhodopsin and related GPCRs. These GPCRs exist in one of two main conformations: an inactive and an active conformation which interacts with an intracellular heterotrimeric G protein. The transition between these conformations occurs through a movement of membrane-spanning domains. The conformational changes of a receptor that are elicited upon an interaction with a suitable odor molecule are not fully understood; however, a recent study has indicated the important role of distinct residues in an intracellular loop and the C-terminal domain (Kato et al., 2008). In this context also the DRY motif positioned at the cytoplasmic end of TM3 appears to be essential for G protein activation. Mutations within this motif caused either a constitutive activity or abolished G protein coupling (Imai et al., 2006). Based on this activation pattern, it has been proposed that upon ligand binding to the receptor, the third helix is displaced, thereby exposing the DRY motif and initiating the signal transduction pathway (Vaidehi et al., 2002; Katada et al., 2005). Interestingly, in vitro, ORs can couple to various G proteins, such as Gαolf, Gαs and Gα15 (Kajiya et al., 2001) and there are indications that the interaction of a receptor with a non-typical G protein, such as Gα15 instead of Gαolf, can alter the ligand specificity of an OR (Shirokova et al., 2005). However, although various Gα genes are expressed in OSNs, it is well established that Gαolf plays the major role in the chemo-electrical transduction process (Belluscio et al., 1998): odorant-activated ORs signal through Gαolf which then stimulates the adenylyl cyclase type III (ACIII), leading to a rise in cAMP concentration and opening of calcium-permeable cyclic nucleotide-gated (CNG) channels.

GENE STRUCTURE AND ORGANIZATION

OR genes have a rather unusual structure with an intronless coding region. The up- and down-stream non-coding exons are usually short, as well as the corresponding introns. Thus the transcription start site on one end and the polyadenylation signal on the other side are located in close proximity (1–10 kb) to the coding sequence. By these features, OR genes form very compact units; such an organization is supposed to favor the evolutionary dynamics of this gene family (see below). The upstream exons of several OR genes were shown to be alternatively spliced, resulting in different isoforms of OR mRNAs which, however, lead to the same protein (Asai et al., 1996; Sosinsky et al., 2000; Hoppe et al., 2003; Volz et al., 2003; Young et al., 2003).

OR genes are widely dispersed in the mammalian genomes and found on virtually all chromosomes. They generally reside at numerous locations with largely differing numbers of genes at each locus. In general, the OR clusters do not include non-OR interspersed genes. The intergenic distances vary from less than 5 kb to more than 50 kb depending on the amount of inserted repetitive sequences. Numerous clusters have meanwhile been analyzed in detail (Ben Arie et al., 1994; Glusman et al., 1996; Brand-Arpon et al., 1999; Sosinsky et al., 2000; Xie et al., 2000; Lane et al., 2001; Zhang and Firestein, 2002) indicating that each of them may contain members of several subfamilies or even families, suggesting that OR clusters have evolved through duplication of ancient precursor genes, as well as more recent duplications within gene clusters. Alternatively, genes of a given subfamily may be found in several clusters, suggesting that clusters may have been partly or completely duplicated. A high proportion of cluster sequences belongs to various families of interspersed repetitive elements. These repeats are believed to play a role in the numerous transposition/duplication events encountered in the OR repertoire during evolution.

RECEPTOR REPERTOIRES

OR genes have meanwhile been identified from numerous vertebrate species including many mammals like human, mouse, rat, dog, cow, opossum, and platypus.

Classes

Based on phylogenetic analyses, the mammalian ORs can be classified into two different groups: class I and class II. This classification is based on the original finding that the frog (Xenopus laevis) has two different groups of ORs: one (class I) that is similar to fish ORs and a second (class II) similar to mammalian ORs (Freitag et al., 1995). Interestingly, a comparison of the structural features of both receptor classes from various species revealed that they differ mainly in the sequence of the second extracellular loop, and it was suggested that this loop may contribute to their ligand specificity (Freitag et al., 1998). In mammals the majority of the ORs belong to class II, but mammals do also have class I ORs (Zhang and Firestein, 2002; Tsuboi et al., 2006). Actually, more than 100 class I ORs are present e.g. in humans and mice; surprisingly, a large fraction of them are potentially functional (Niimura and Nei, 2005), suggesting that some ancient ORs were maintained and may even serve a special role in mammals.

Families and subfamilies

The complete OR gene repertoires have been characterized in several mammalian species (e.g. human, chimpanzee, mouse, rat, dog, cow, opossum, and platypus) (Glusman et al., 2001; Young and Trask, 2002; Zhang and Firestein, 2002; Godfrey et al., 2004; Malnic et al., 2004; Olender et al., 2004; Zhang et al., 2004, 2007; Quignon et al., 2005; Grus et al., 2007) demonstrating that the OR gene family is by far the largest in vertebrate genomes. ORs have been grouped in families (sequence similarity > 40%) and subfamilies (similarity > 60%). Due to the level of receptor diversification, there are large numbers of subfamilies.

Evolution

The number of OR sequences (functional and nonfunctional genes) present in the genome ranges between about 1,500 in macrosmatic species like e.g. dog or mouse and about 800 in the microsmatic primates. A rather small repertoire of functional OR genes exists in human (387) and platypus (262) (Young and Trask, 2002; Grus et al., 2007), the largest are currently known from rat (1,284) and mouse (1,194) (Zhang et al., 2007).

During mammalian evolution, many OR genes have been gained and lost (Niimura and Nei, 2007). The large turnover of OR genes in vertebrate evolution probably reflects the functional requirement for different olfactory abilities in different evolutionary lineages. The largest gene family expansion occurred in the marsupial lineage, with at least 750 novel genes. Similarly, more than 400 genes were gained in the rodent lineage. On the other hand, in the primate lineage, the number of genes that were lost is much greater than that in other lineages (Gilad et al., 2003).

EXPRESSION

OR genes are mainly expressed in OSNs of the MOE. The consensus view is that only one OR gene is expressed per OSN (monogenic). It has been shown in mice that this expression is also monoallelic, i.e. either the maternal or the paternal allele is expressed in one particular OSN (Chess et al., 1994; Mombaerts et al., 1996; Strotmann et al., 2000; Shykind, 2005). A given OR gene is expressed by a few thousand OSNs, which are usually widely scattered within a particular spatial zone of the MOE (Ressler et al., 1993; Vassar et al., 1993; Iwema et al., 2004; Miyamichi et al., 2005). Only for a few OR genes, a different pattern has been shown (Strotmann et al., 1992; Pyrski et al., 2001). A small subset of OR genes is not only expressed in the MOE, but also in other chemosensory organs, like the VNO (Levai et al., 2006) and the septal organ (Kaluza et al., 2004; Tian and Ma, 2004) or even broadly in tissues which are not involved in chemsosensation (Feldmesser et al., 2006), like e.g. sperm cells (Parmentier et al., 1992; Branscomb et al., 2000; Spehr et al., 2003; Fukuda and Touhara, 2006), autonomic ganglia (Weber et al., 2002) or cells of the cortex (Otaki et al., 2003); their functional role in these tissues is largely elusive.

VOMERONASAL RECEPTORS (VRs)

Vomeronasal receptors (VRs) are classified into two major groups, V1Rs and V2Rs.

V1Rs

STRUCTURAL FEATURES OF RECEPTOR PROTEINS

The V1Rs, like the ORs, belong to class A of the GPCRs; however, they lack significant sequence homology to any other receptor from this rhodopsin-like receptor group, except for a weak relationship with the so-called T2Rs, the bitter taste receptors. In retrospect, it is therefore obvious that the V1R genes could not be uncovered by employing the homology-based approaches which had been successful for identifying the OR gene family. Instead, comparative hybridization of cDNA libraries from individual vomeronasal sensory neurons (VSNs) led to the discovery of this receptor family (Dulac and Axel, 1995). A characteristic feature of the V1Rs is their high degree of sequence diversity; only TM3 is rather well conserved and this domain is in fact under a strong negative selection pressure, i. e. selection against amino acid changes (Lane et al., 2002; Rodriguez et al., 2002). Also, a potential glycosylation site in extracellular loop 2 is rather well conserved. However, characteristic sequence motifs common to all V1R family members, as found for the ORs, are basically missing. Those that have been described are largely specific for distinct V1R families (Zhang et al., 2007). The highest sequence variability is found in TM2 and in the extracellular loops 2 and 3. The highest positive selective pressure, i.e. selection in favour of change, was surprisingly found in the first intracellular loop (Lane et al., 2002). The reason for this is currently unclear, since this domain is most likely not involved in ligand interaction.

Ligand binding and downstream signaling

Due to the similarities of the V1R membrane topology with that of the ORs, it is currently believed that the ligand binding sites – like in ORs – are located within the transmembrane regions; however, no residues that represent docking sites for ligands have been defined. Altogether, the knowledge about ligands for distinct V1Rs is still very sparse, which is mainly due to the fact that no mammalian V1R could be expressed in heterologous cells, yet. However, by means of single cell imaging and patch-clamp recordings from identified VSNs that co-express the V1R2b along with green fluorescent protein (GFP), Boschat et al. (2002) could identify 2-heptanone as a compound that activates these cells. Based on the concept that each VSN expresses only one V1R type, 2-heptanone was thus allotted as a ligand to this receptor. Interestingly, compounds which are structurally related to 2-heptanone did not activate V1R2b-expressing cells, arguing in favour of a high selectivity of this receptor. Optical imaging experiments on VNO sections independently demonstrated that distinct VSNs are activated only by very few, in the extreme by a single compound (Leinders-Zufall et al., 2000), suggesting that the respective V1Rs expressed by these cells are rather narrowly tuned. Increasing the concentrations of compounds did not activate more VSNs (Leinders-Zufall et al., 2000) – in contrast to what is generally observed for OSNs in the MOE (Duchamp-Viret et al., 1999; Malnic et al., 1999) – further supporting this concept. Altogether, this contrasts with the relatively unspecific ligand spectrum of ORs which are generally activated by many different molecules. It thus seems conceivable that structural features of V1Rs are distinct from ORs, making their binding pocket rather rigid compared to the binding pocket of ORs which can accommodate several ligands.

In V1R-expressing VSNs several subunits of heterotrimeric G proteins have been indentified including Gαi2, Gαo, Gαq/11, Gβ2 and Gγ2 (Berghard and Buck, 1996; Jia and Halpern, 1996; Runnenburger et al., 2002; Wekesa et al., 2003). In fact, Gαi2, Gαo and Gαq/11 have been found to be located in the microvilli of VSNs (Berghard and Buck, 1996; Liman et al., 1999; Menco et al., 2001). Nevertheless, it is currently not known which of these subunits is actually directly interacting with the V1Rs; thus, their precise roles in the transduction process are still elusive.

GENE STRUCTURE AND ORGANIZATION

Similar to what is known for the OR genes, the coding region of the V1R genes spans about 900 basepairs and is included in a single exon. Although additional 5′ non-coding exons have been identified for several V1R genes (Lane et al., 2002), the transcriptional start site is generally positioned only a few (∼5) kilobases upstream of the coding region; thus, V1R genes represent equally compact units as OR genes.

The genomic organization of the V1R repertoire has been studied most comprehensively in rodents (Rodriguez et al., 2002; Zhang et al., 2004, 2007). In the mouse, almost all V1R genes are arranged in clusters; there are only a few exceptions. The clusters rarely contain non-V1R genes, however, they appear to be densely populated with repetitive elements, mostly members of the Line1 (L1) repeat family (Lane et al., 2002; Kambere and Lane, 2009). In one cluster residing on chromosome 6, an additional homology region of almost 1 kb length was found upstream of the transcription start site of each V1R gene; this observation led to the hypothesis that these conserved elements may be involved in controlling the expression of the respective V1R genes. The fact that they are associated exclusively with the V1R genes from this particular cluster suggested some kind of locus-specific transcriptional regulation.

RECEPTOR REPERTOIRES

The size of the V1R repertoire in most mammalian species investigated to date is significantly smaller than that of ORs; nevertheless, the 100–300 members found e.g. in rodents and marsupials (Zhang et al., 2004; Young et al., 2005; Shi and Zhang, 2007) still represent a relatively large group. Interestingly, the most ‘ancient’ mammal – the platypus – has the largest currently known repertoire with more than 800 V1R genes (Grus et al., 2007). Even in species with a pronounced communication by pheromones, like rodents, a large fraction of the V1R genes are pseudogenes. Extreme examples are humans and dogs which have only 5 or 8 potentially functional V1R genes (Rodriguez et al., 2000; Rodriguez and Mombaerts, 2002; Grus et al., 2005). There is substantial evidence that the VNO is not functional in adult humans, e.g. no axonal connections of VSNs to the brain were found (Meredith, 2001) and the gene encoding the TRPC2 channel, which is crucial for the VNO function, is a pseudogene in humans (Liman and Innan, 2003; Zhang and Webb, 2003). In this context, it is not at all surprising that most V1R genes are pseudogenes in humans and the question arises what may be the function of the five potentially intact V1R genes. The finding that one of them is expressed in the MOE (Rodriguez et al., 2000) could be meaningful. A limited role of the VNO has also been proposed for the dog, and may even be pertinent for all carnivores (Grus et al., 2005). There is yet no final answer to the question why the V1R repertoires are so different in size; it has been speculated that rodents with their high numbers of V1Rs might be the exception rather than the rule.

Evolution

The V1Rs of a particular species can be grouped into distinct families which – in sharp contrast to the OR families – are phylogenetically very divergent from each other with amino acid identities of only about 15%. Within each family, however, a greater identity of up to 70% is found. As mentioned before, the size of the V1R repertoires in different species is highly divergent. A detailed study performed by Lane et al. (2002) suggested that the L1 repeats may have promoted rearrangement events which led to the V1R expansion in the mouse. Interestingly, the activity of these L1 elements appeared to coincide with the mouse/rat divergence and it was therefore proposed that such molecular events played a role in the speciation process by generating the species-specific V1R repertoires. In fact most V1Rs do not have orthologs in other species; in other words, the V1R repertoires are not only largely different in size, but moreover also in sequence.

EXPRESSION

The V1Rs are expressed in VSNs whose cell bodies are located in the apical layer of the VNO (Dulac and Axel, 1995). Each VSN expresses a single subtype from the repertoire, furthermore – as with the OR genes – only one allele is chosen by an individual cell (Rodriguez et al., 1999). The V1R proteins are found in the dendritic endings of VSNs (Takigami et al., 1999) such that they are in contact with the VNO lumen which is a liquid-filled, blind-ending tube (Halpern and Martinez-Marcos, 2003). A few V1R transcripts have been detected in the MOE of humans and goats (Rodriguez et al., 2000; Wakabayashi et al., 2002); however, it is currently uncertain whether there are in fact V1R proteins.

V2Rs

The fact that V1R genes are expressed exclusively in the apical Gαi2-positive layer of the VNO suggested that the Gαo-positive VNS in the basal layers may express other GPCR subtypes. Indeed, an additional multigene GPCR family was discovered which is expressed in Gαo-positive VSNs (Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997); accordingly, they were named V2Rs. In these cells, the V2R proteins are localized to the dendritic terminals (Martini et al., 2001). One particular V2R subtype – V2r83 – is also expressed outside the VNO in neurons of the GG (Fleischer et al., 2006).

STRUCTURAL FEATURES OF RECEPTOR PROTEINS

Unlike ORs and V1Rs, the V2Rs belong to the class C of GPCRs. A characteristic feature of class C receptors, which also include the taste receptors for sweet/umami, the metabotropic glutamate receptors, and the Ca2+-sensing receptor is their large (∼70 kDa) N-terminal extracellular domain (Pin et al., 2003); this domain is joined to the heptahelical transmembrane part of the receptor protein via a cysteine-rich linker region. Typically, class C receptors dimerize via hydrophobic stretches which are present within the long N-terminal domain. It has therefore been proposed that also the V2Rs dimerize (Martini et al., 2001); a direct proof for this concept is still missing. Most of the V2R genes are expressed in a mutually exclusive manner in small subpopulations of VSNs. In these cells, they appear to be co-expressed with a receptor belonging to the so-called V2R2 family of V2Rs – a distinct family of V2Rs (also designated as family C of V2Rs) – whose members are present in an exceptionally high number of VNO neurons (Martini et al., 2001; Yang et al., 2005; Silvotti et al., 2007), indicating that VSNs in the basal layer express two distinct V2Rs.

Some V2Rs seem to require additional interaction partners. It was found that individual V2R-expressing VSNs also express particular members of non-classical major histocompatibility complex (MHC) class Ib genes (Ishii et al., 2003; Loconto et al., 2003). It has been demonstrated that these MHC molecules, together with the β2-microglobulin, are necessary for escorting distinct V2Rs to the plasma membrane and it was proposed that they might form a multimolecular complex at the membrane (Loconto et al., 2003). More recently, it was reported, however, that defined V2Rs are correctly targeted to the plasma membrane also in the absence of MHC1b proteins (Ishii and Mombaerts, 2008) and furthermore, that MHC1b genes are present only in rodents (Shi and Zhang, 2007). These findings suggest that the concept of V2Rs forming complexes with immune system-related proteins may not be generally applicable.

Ligand binding

V2Rs possess a long extracellular N-terminus (Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997), suggesting a special mode of ligand recognition. Indeed, it has been shown for GPCRs of class C that this domain forms a Venus flytrap-like structure to which the ligand can bind (Bridges and Lindsley, 2008). Whether V2Rs employ the same mechanism is unclear. Specific ligands for distinct V2Rs have not even been identified, yet. In view of other class C GPCRs, V2R ligands are probably well soluble in water, rather than very hydrophobic molecules. In this context, it is intriguing that many other class C receptors bind amino acids, even the Ca2+-sensing receptor (Conigrave et al., 2000). Consistent with this knowledge an in vitro study has provided evidence that in the rat VNO, protein pheromones activated the Gαo subunit (Krieger et al., 1999). Due to these considerations, the major urinary proteins (MUPs) have been viewed as promising candidates for V2R ligands (Dulac and Torello, 2003; Cheetham et al., 2007; Sherborne et al., 2007); however, the MUPs belong to the group of lipocalins which are rather carriers of small hydrophobic molecules; so this concept is still under debate. A recent study revealed, however, that purified MUPs alone are in fact sufficient to activate dissociated Gαo-positive VSNs (Chamero et al., 2007). It is noteworthy that in the V2R2s – but not in the other V2Rs – the residues to which amino acids bind and which are thus present in almost all other class C GPCRs, are conserved (Silvotti et al., 2005).

Other potential V2R ligands identified so far are peptides. Two distinct groups of peptides were shown to activate V2R-expressing VSNs: on one hand members from the exocrine gland-secreting peptide (ESP) family (Kimoto et al., 2005) and on the other hand, the MHC class I peptides (Leinders-Zufall et al., 2004), small peptides that are presented by MHC proteins at the cell surface. This finding may be relevant for the fact that mice can discriminate the body odors of conspecifics which are genetically different only in the MHC haplotype (Yamaguchi et al., 1981).

GENE STRUCTURE AND ORGANIZATION

V2R genes are also organized in clusters which are distributed on several chromosomes. The organization of individual V2R genes, however, is much more complex. The coding sequence of V2Rs is comprised of several exons, a unique feature among the olfactory GPCRs; this greatly increases the length (∼20 kb) of individual genes and complicates the extraction of V2R coding sequences from genomic databases (Yang et al., 2005). Therefore, our current knowledge about the repertoires and evolution of V2R genes in mammals are still rather limited. The V2R repertoire in rodents comprises more than 200 members; it is slightly smaller in marsupials and in platypus (Shi and Zhang, 2007; Young and Trask, 2007). Again, similar to what has been found for the V1R repertoire, a very large part of the respective V2R genes are pseudogenes. In each species, the genes can be grouped into distinct families. Interestingly, in the mouse, one family is extremely large and comprises almost all (80%) of the V2R genes, whereas another one is very small with only four members. Surprisingly, in some mammalian species, like dog and cow, the V2R repertoire is completely degenerated (Young and Trask, 2007). In those species which have lost all of their functional V2R genes, usually one member from the V2R2 family is still present and contains only very few mutations, indicating a very recent pseudogenization event (Young and Trask, 2007).

TRACE AMINE-ASSOCIATED RECEPTORS (TAARs)

Searching for novel receptors, Borowsky et al. (2001) accidentally identified a group of GPCRs which are characterized by distinct sequence motifs (Lindemann and Hoener, 2005; Lindemann et al., 2005; Hussain et al., 2009; see below). Due to their activation by trace amines (Borowsky et al., 2001; Bunzow et al., 2001), such as β-phenylethylamine, p-tyramine, tryptamine, and octopamine, they were initially designated as trace amine receptors (TAs or TARs). Since it is more than doubtful that all members of this receptor family are sensitive to trace amines (Borowsky et al., 2001; Lindemann et al., 2005), they are now designated as trace amine-associated receptors (TAARs) (Lindemann and Hoener, 2005; Lindemann et al., 2005; Lewin, 2006). The coding sequence of TAAR genes – like those for ORs and V1Rs – encompasses about 1 kb and represents a single exon (Lindemann et al., 2005). TAARs reveal structural hallmarks characteristic of the rhodopsin/β-adrenergic receptor superfamily, including short N- and C-terminal domains. Nevertheless, in line with their clustered genomic localization and a characteristic fingerprint motif in TM7, TAARs represent a well-defined, coherent receptor family (Lindemann et al., 2005). Compared to ORs, the number of distinct TAAR subtypes is rather low (15 TAARs in mice and 6 TAARs in humans; Lindemann et al., 2005).

TAARs are strongly expressed in the murine MOE and each TAAR subtype (except TAAR1) is expressed by a small subset of OSNs in a mutually exclusive manner, i.e., each cell expresses one TAAR type only. OSNs expressing a given TAAR subtype are distributed in the MOE in a manner reminiscent of the zonal expression pattern of ORs (Liberles and Buck, 2006). In addition to the MOE, some TAARs are also present in a distinct population of neurons in the GG (Fleischer et al., 2007). TAARs are activated by certain amine ligands (Borowsky et al., 2001; Bunzow et al., 2001; Liberles and Buck, 2006). Some of these amines are present in mouse urine in gender- or stress-dependent concentrations, leading to speculations that TAARs might be involved in the detection of some ‘urine-borne’ pheromones (Liberles and Buck, 2006). The signaling elements downstream of TAARs are unknown. In the murine MOE, TAARs are co-expressed with the Gαs-related G protein Gαolf (Liberles and Buck, 2006); in the GG, however, TAARs are co-expressed with Gαi2 (Fleischer et al., 2007).

FORMYL PEPTIDE RECEPTORS (FPRs)

Two decades ago, a novel group of GPCRs called formyl peptide receptors (FPRs) was discovered (Boulay et al., 1990). FPR-encoding genes are clustered on a single chromosome (human chromosome 19 and mouse chromosome 17; reviewed by Migeotte et al., 2006). Their coding sequences are intronless and their open reading frames encode proteins of about 350 amino acid residues (Gao et al., 1998; Wang and Ye, 2002) with highly conserved transmembrane domains and more variable extracellular domains; the latter are supposed to be involved in ligand binding (Migeotte et al., 2006). FPRs were reported to be expressed in diverse tissues (reviewed by Migeotte et al., 2006; Panaro et al., 2006). Most recently, it has been shown that out of the seven murine FPR subtypes, some are predominantly expressed in the VNO. In fact, each of these FRP subtypes is expressed in about 1% of the VNO sensory neurons; apparently, these cells do not co-express vomeronasal receptors (Riviere et al., 2009).

In cells of the immune system, FPRs were found to be activated by their name-giving ligands, formylated peptides, which are released by bacteria; moreover, FPRs also bind to some other peptides and proteins associated with disease or inflammation (reviewed by Migeotte et al., 2006; Panaro et al., 2006; Le et al., 2007). For the FPR subtypes expressed in the VNO, it was observed that they are also activated by formylated peptides and other disease-related compounds which also induced responses in subsets of VNO sensory neurons, indicating that these cells might allow detection of infected conspecifics or contaminated food (Riviere et al., 2009).

MEMBRANE GUANYLYL CYCLASE GC-D

Among the various membrane guanylyl cyclases, subtype GC-D was found to be expressed in a subset of OSNs in the MOE which are therefore designated as GC-D neurons (Fülle et al., 1995; Juilfs et al., 1997). These cells lack signaling elements characteristic of the canonical cAMP pathway in OSNs of the MOE. Instead, they are endowed with the cGMP-dependent phosphodiesterase PDE2A and a cGMP-sensitive cyclic nucleotide-gated ion channel (Juilfs et al., 1997; Meyer et al., 2000; Hu et al., 2007). In addition to GC-D neurons in the MOE, GC-D is also expressed in some neurons of the septal organ (Walz et al., 2007). Similar to other OSNs, GC-D neurons project their axons to the olfactory bulb where they converge on distinct glomeruli; these glomeruli encircle the caudal olfactory bulb and are therefore called ‘necklace glomeruli’ (Juilfs et al. 1997; Hu et al., 2007; Leinders-Zufall et al., 2007; Walz et al., 2007). In GC-D neurons, GC-D is mainly localized to apical cilia which are considered as the principal site of odor detection; this finding suggests an olfactory role of GC-D (Juilfs et al., 1997). In search of the chemosensory role of GC-D, it was found that the urinary peptides uroguanylin and guanylin activate GC-D neurons in a GC-D-dependent manner (Leinders-Zufall et al., 2007). The notion that GC-D is a receptor for such peptides was lately supported by studies on cells heterologously expressing GC-D (Duda and Sharma, 2008). Other findings indicate that GC-D may also be involved in the detection of carbon dioxide (CO2), since GC-D neurons – in contrast to other OSNs – respond to low concentrations of CO2 (Hu et al., 2007; Sun et al., 2009). It is supposed that CO2 is converted into bicarbonate in GC-D neurons via carbonic anhydrase and that bicarbonate then activates GC-D (Hu et al., 2007; Guo et al., 2009; Sun et al., 2009). In contrast to rodents, CO2 is odorless to humans. In this context, it is interesting to note that in humans and several other primate species, the GC-D gene is a pseudogene (Young et al., 2007).
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Since the emergence of the first living cells, survival has hinged on the ability to detect and localize chemicals in the environment. Modern animal species ranging from insects to mammals express large odorant receptor repertoires to detect the structurally diverse array of volatile molecules important for survival. Despite the essential nature of chemical detection, there is surprising diversity in the signaling mechanisms that different species use for odorant detection. In vertebrates, odorant receptors are classical G-protein coupled, seven transmembrane receptors that activate downstream effector enzymes that, in turn, produce second messengers that open ion channels. However, recent work reveals that insects have adopted different strategies to detect volatile chemicals. In Drosophila, the odorant receptors, predicted to have seven transmembrane domains, have reversed membrane topology compared to classical G-protein coupled receptors. Furthermore, insect odorant receptors appear to form odorant-gated ion channels. Pheromone detection in insects is even more unusual, utilizing soluble, extracellular receptors that undergo conformational activation. These alternate olfactory signaling strategies are discussed in terms of receptor design principles.
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Olfaction, the detection and discrimination of air-borne chemicals, is probably the most important sense for the survival of most animal species. Detection and localization of food, avoidance of toxins and predators, and communication with cohorts and mating partners through volatile pheromones are examples of the range of olfactory-dependent behaviors. In contrast to the visual system, where a handful of receptor genes are sufficient to cover the relevant range of the electromagnetic spectrum, modern animals require large repertoires of receptors to detect the structurally diverse array of odorant molecules important for survival.

All animals detect chemical information with olfactory neurons exposed to the environment. Individual vertebrate olfactory neurons in the olfactory epithelium are tuned to a small fraction of ‘odor space’ (the total range of chemicals that can be detected). The restricted chemical tuning of individual olfactory neurons occurs because these neurons express a single allele of a single odorant receptor gene that is only activated by specific chemical features of odorant molecules (reviewed in Axel, 1995). In mammals, several hundred receptor genes are present in the genome, and all the olfactory neurons expressing the same receptor gene converge to a single pair of glomeruli in the olfactory bulb (Vassar et al., 1994; Sullivan et al., 1995). Thus, activation of a single odorant receptor type corresponds to activation of specific glomeruli. Individual odorants activate subsets of receptors tuned to various facets of chemical structure. Therefore, the unique activity pattern produced among the thousands of glomeruli elicited by a particular odorant is relayed to higher processing centers by the second order mitral cells where a unique odor image is formed.

Odorant signal transduction in vertebrate primary olfactory neurons utilizes a cAMP second messenger mechanism (Figure 1). Seven-transmembrane odorant receptors activate a Gs heterotrimeric G-protein homolog called Golf that in turn activates adenylyl cyclase III to produce cAMP (Jones and Reed, 1989; Bakalyar and Reed, 1990). cAMP, in turn, binds and opens cyclic nucleotide-gated cation channels (Dhallan et al., 1990). These channels allow sodium and calcium to enter the dendrite, and the calcium influx triggers a second phase of depolarization mediated by calcium activated chloride channels (Lowe and Gold, 1993). Indeed, these later channels pass the majority of the depolarizing current (Lowe and Gold, 1993). This multistep signaling cascade is rather slow, requiring hundreds of milliseconds from odor interaction with receptors to full depolarization of the olfactory neurons, but offers the potential advantage that there are multiple steps that can be regulated to control the gain of the neuron.


[image: image]

Figure 1. Model of vertebrate olfactory signal transduction. In the absence of odorant (left), the odorant receptor (OR) is bound to the GDP-bound form of Golf. Activation by odorants (right) causes exchange of GDP for GTP by the alpha subunit of Golf, which activates adenylyl cyclase (AC) to produce cAMP. cAMP binds cyclic nucleotide-gated ion channels that conduct sodium and calcium ions into the neuron. The calcium ions bind calcium-activated chloride channels that allow chloride ions to exit the neurons, further depolarizing the neuron.



The odorant receptor family in insects proved difficult to identify, because there was virtually no sequence similarity with the vertebrate odorant receptor gene family. Insect odorant receptor genes were finally discovered in Drosophila. A bioinformatic screen of the Drosophila genome sequence identified genes predicted to encode seven transmembrane proteins that were expressed in subsets of antennal neurons (Clyne et al., 1999; Gao and Chess, 1999). Large scale sequencing of cDNAs produced from antenna RNA also hit upon this receptor family (Vosshall et al., 1999). The insect odorant receptors, while predicted to encode seven transmembrane segments, were as similar to ion channels as they were to members of the vertebrate odorant receptor family. Anatomic studies confirmed that Drosophila olfactory neurons expressing the same odorant receptor converge to the same glomerulus in the antennal lobe; the equivalent of the vertebrate olfactory bulb (Vosshall et al., 2000). Therefore, odorant-specific patterns of glomerular activity probably underlie odorant discrimination in both insect and vertebrates. Despite the conservation in odorant processing implied by the similarity in neuroanatomy and the presence of seven transmembrane receptors, the Drosophila olfactory signal transduction mechanisms turned out to be surprisingly unconventional.

Beginning with the odorant receptors, the first surprise was that these seven-transmembrane receptors are reversed in the membrane compared to all known G-protein-coupled receptors. Benton et al. (2006) using LacZ fusions and split GFP constructs showed that the topology of the loops between transmembrane domains was reversed relative to the classical G-protein coupled receptor, rhodopsin. The same conclusion was reached by introducing glycosylation sites in different loops and determining which loops were exposed to the glycosylation machinery in the golgi apparatus (Lundin et al., 2007). While classical G-protein coupled receptors have their C-termini inside the cell, the C-termini of the Drosophila odorant receptors appeared to be outside the cell! If these receptors are reversed, how do they trigger action potentials in the olfactory neurons? Do they activate effector enzymes that produce second messengers?

The second surprise was that the insect receptors are capable of forming odor-activated ion channels capable of depolarizing the olfactory neurons without needing a G-protein-activated second messenger system. Recent work indicates that insect odorant receptors form these odorant-gated ion channels as dimers between a ‘tuning’ receptor that binds odorants, and Or83b, an unusual member of the Or family. (Figure 2) (Sato et al., 2008; Smart et al., 2008; Wicher et al., 2008).
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Figure 2. Two possible models for odorant-gated channels. Left, possible role for G-protein mediated cyclic nucleotides in Or83b activation. Right, direct odorant gating of the Or/Or83b receptor complex. The major monovalent cation in the sensillum lymph is potassium.



Or83b IS A COMMON SUBUNIT OF ODOR-GATED ION CHANNELS

Or83b is unusual in several aspects. First, it is the only odorant receptor that is highly conserved among insect species (Jones et al., 2005). Second, Or83b is expressed in most olfactory neurons. This is in stark contrast to the ‘tuning’ odorant receptors that are each expressed in small subsets of olfactory neurons that innervate a common glomerulus (Vosshall et al., 2000; Couto et al., 2005). One function of Or83b is to deliver tuning receptors to the olfactory neuron dendrites. In the absence of Or83b, the tuning receptors are trapped in the cell bodies of the olfactory neurons (Larsson et al., 2004). In the absence of a tuning receptor, Or83b is still transported to the dendrites of olfactory neurons, but these neurons are unresponsive to odorants, revealing Or83b itself is not an odorant receptor (Dobritsa et al., 2003; Elmore et al., 2003; Neuhaus et al., 2005). Is Or83b a simple chaperone, or does it have a more essential role in olfaction?

It turns out that Or83b is actually an ion channel that dimerizies with tuning receptors to form odorant-gated ion channels! Two groups independently showed that Or83b confers a novel cation conductance when expressed in heterologous tissue culture cells, and when co-expressed with a tuning odorant receptor, made this conductance odorant dependent (Sato et al., 2008; Wicher et al., 2008). Mutations in the pore-forming regions of Or83b modulated this conductance, directly implicating this protein in ion flux (Wicher et al., 2008). These findings suggest insect odorant receptors form odorant-gated ion channels with Or83b and that odorants trigger the opening of the ion channels without requiring a second messenger system. Why do mammals use a G-protein mechanism and insects use a direct ion channel gating mechanism? One possibility is response time. Signaling through a second messenger requires activation of the G protein, activation of the effector enzyme and production and diffusion of a second messenger before the ion channels are opened. A direct gating mechanism bypasses these steps and theoretically should respond faster. This might be relevant to insects that are flying through odorant plumes in the air trying to localize odorant sources.

Is there no role for second messengers in insect olfaction? Controversy lingers. There are a number of reports in the literature suggesting second messenger pathways underlie olfactory transduction in Drosophila. Indeed, olfactory neurons may share components with the phototransduction cascade, a Gq-coupled signaling pathway, as several phototransduction mutants have olfactory defects (Hotta and Benzer, 1969; Riesgo-Escovar et al., 1995; Kain et al., 2008). Furthermore, rapid production of cyclic nucleotides and phosphoinositide (PI) metabolites have been observed in response to odorants in insect olfactory neurons (Zufall and Hatt, 1991). Together, these studies highlight the importance of PI and possibly cyclic nucleotide signaling for olfactory neuron function, but they do not implicate these second messengers as direct mediators of olfactory signal transduction. For example, these second messengers may underlie long-term homeostatic responses to neuronal activity. Perhaps there is a role for second messengers in insect olfaction by modulating the odorant-gated ion channels.

Work with the insect receptors expressed in heterologous cells showed there is a cytoplasmic rise in cyclic nucleotides that was dependent on expression of a tuning odorant receptor but not Or83b, while there was a cyclic nucleotide-gated conductance that was dependent on expression of Or83b. This suggests the possibility that tuning receptors can activate a cyclase to produce cyclic nucleotides, and that Or83b can be gated by the cyclic nucleotides (Wicher et al., 2008). GDP-β-S, an inhibitor of G-protein activation, dramatically decreased the odor-activated current. This led to a transduction model in which low odorant concentrations trigger cyclic nucleotide production through the tuning receptor that subsequently gates the Or83b ion channel, while at higher odorant concentrations, the direct gating mechanism operates (Figure 2). However, work from others showed insect Or/Or83b receptors expressed in heterologous cells loaded with calcium indicators were unaffected by application of inhibitors of G proteins (GDP-β–S), adenylyl cylcase (SQ22536), guanylyl cyclase (ODQ), phosphodiesterases (IBMX) or phospholipase Cβ (U73122) (Smart et al., 2008). However, it should be noted that none of these studies examined the role of second messengers in insect primary olfactory neurons, and future studies will be required to confirm or exclude a direct role for second messengers in insect odorant detection and to elucidate how their formation is triggered if they are important. What is clear is that Or83b is required for dendritic localization of tuning receptors, and when dimerized with a tuning receptor, forms odorant-gated ion channels.

IONOTROPIC RECEPTORS COMPRISE A NEW CLASS OF CHEMOSENSORY RECEPTORS IN DROSOPHILA

Recent findings hinted at other types of chemosensory receptors in olfactory organs in Drosophila. CO2 detection by a class of olfactory neuron occurs via two gustatory receptors that function without Or83b (Jones et al., 2007; Kwon et al., 2007). Expression mapping of the odorant receptor genes assigned receptors to specific olfactory neurons, allowing a detailed map of the chemosensory system to be established (Couto et al., 2005; Yao et al., 2005). However, with the exception of Or35a, none of the neurons located in the coeloconic sensilla expressed a member of the Or gene family. Indeed, Or83b, which is required as an obligate co-receptor for members of the Or family, is not expressed in 20% of the olfactory neurons. Most of the olfactory neurons that lack Or83b expression are located in the coeloconic sensilla, a class of small sensilla located on the antenna that normally respond to general odorants like alcohols, acids, but also to humidity (Yao et al., 2005). What is the Or83b-independent signaling mechanism in these olfactory neurons?

Using a bioinformatics approach, a set of antenna-specific genes were found, including a family of genes encoding proteins that resembled ionotropic glutamate receptors (iGluR). A total of 61 genes and 2 pseudogenes were discovered. While rather distantly related to classical ionotropic glutamate receptors, there is strong conservation in the pore forming loops and M2 transmembrane domains when compared to the vertebrate iGluR members (Benton et al., 2009). Fifteen of 60 iGluR mRNAs are expressed in the adult Drosophila antenna and are localized to the dendrites of olfactory neurons located in coeloconic sensilla. Or83b is not expressed in most of the iGluR-expressing neurons, with the exception of IR76b, which is co-expressed with Or35a and Or83b in one coeloconic ORN class. It is not clear if Or35a and the glutamate receptor IR76b operate independently to detect distinct ligands, or if they act in concert to sensitize the neurons to specific odors. However, for the other coeloconic neurons lacking Or83b, the expression of specific glutamate receptors correlated perfectly with the chemical sensitivity of the neurons. Importantly, mis-expression of individual glutamate receptors conferred the odorant sensitivity of the mis-expressed glutamate receptor to other neurons (Benton et al., 2009). Finally, for at least one iGluR, neurons expressing that receptor project axons to the same glomerulus in the antennal lobe, confirming these neurons are functionally related. Together, these data provide strong evidence that some of these glutamate receptors have evolved to perform as odorant receptors. It will be interesting to determine where the other 45 members of the iGluR family are expressed, and if they also function as chemical detectors, and if any correspond to the humidity detector.

PHEROMONE DETECTION IN DROSOPHILA: AN EXTRACELLULAR RECEPTOR MEDIATES CVA PHEROMONE RESPONSES

Pheromones are chemicals produced by one individual to influence the behavior of another individual of the same species and are common in animals ranging from C. elegans to mammals. Pheromones are odorants with extraordinary biological significance. In insects, pheromones trigger a number of hardwired behaviors, including mating. Pheromone detection is highly sensitive and exquisitely specific so that low levels of pheromone are detected, and random environmental odorants are not mistaken for pheromone cues. Not surprisingly, specialized machinery has evolved for pheromone detection in insects that is not shared with olfactory neurons that detect food odorants. Recent work indicates that pheromone detection can occur through a unique pathway utilizing secreted, extracellular receptors. Once completely unraveled, knowledge of pheromone signal transduction may lead to new ‘greener’ approaches to control insect pest populations in a species-specific manner.

There is extensive literature describing elegant work with moth sex pheromone detection, a system where single pheromone molecule sensitivity has been reported (Kaissling and Priesner, 1970). Extracellular pheromone-binding proteins were first identified in male moth antenna as 14–16 kD extracellular proteins that bind directly to pheromones (Vogt and Riddiford, 1981). However, it was not clear if pheromone-binding proteins were important for detection of pheromone or for removal of pheromone from the extracellular lymph bathing the dendrites of the pheromone-sensitive neurons.

Insight into pheromone signal transduction mechanisms came from a genetic dissection of volatile pheromone detection in Drosophila. The Drosophila pheromone, 11-cis vaccenyl acetate (cVA) is a male-specific pheromone that mediates aggregation and recognition of sex among fruit flies (reviewed in Dickson, 2008; Vosshall, 2008). A pheromone-binding protein, LUSH is secreted by non-neuronal support cells into the fluid bathing the pheromone sensitive neuron dendrites (Kim et al., 1998). The importance of pheromone binding proteins was highlighted when it was shown that cVA detection is abolished in mutants lacking LUSH over all physiological levels of cVA (Xu et al., 2005; Laughlin et al., 2008). However, weak responses can still be elicited in lush mutant pheromone-sensitive neurons by intense, supra-physiological cVA doses (Laughlin et al., 2008). These findings are consistent with models suggesting LUSH acts as a carrier or transporter that shuttles the hydrophobic pheromone through the aqueous sensillum lymph to the olfactory neuron dendrites (Wojtasek and Leal, 1999; Horst et al., 2001). However, LUSH has a more interesting role than a simple carrier. In mutants lacking LUSH there is a striking loss of spontaneous activity (i.e. the basal neuronal firing rate in the absence of pheromone) specifically in the cVA sensing neurons (Xu et al., 2005). Wild type pheromone sensitive neurons have spontaneous firing rates of approximately 1 spike per second in the absence of pheromone (Clyne et al., 1997; Xu et al., 2005). However, lush mutants have spontaneous firing rates of only 1 spike every 400 s – a dramatic reduction in the normal spontaneous activity (Xu et al., 2005). Why would a pheromone carrier alter the firing rate of a neuron in the absence of pheromone? The surprising answer is that an activated conformation of LUSH is the real ligand for pheromone receptors present on pheromone-sensitive neurons.

X-ray crystal structures of LUSH with and without cVA bound were solved by John Laughlin and David Jones at the University of Colorado Heath Sciences Center (Laughlin et al., 2008). These structures revealed that LUSH undergoes a conformational shift upon binding cVA. Mutations in LUSH that enhanced or inhibited that conformational shift without altering cVA binding had large effects on the activity of LUSH, suggesting the conformational shift in LUSH is the true signal activating receptors on pheromone sensitive neurons (Laughlin et al., 2008). This was confirmed when a particular LUSH mutant, LUSHD118A, was found to adopt the activated conformation in the absence of cVA and constitutively activate pheromone-sensitive neurons in the absence of cVA (Laughlin et al., 2008). Thus, the actual cVA pheromone receptor appears to be an extracellular binding protein.

THE NEURONAL RECEPTOR FOR ACTIVATED LUSH IS A COMPLEX OF Or67d, Or83b AND SNMP

How is the conformational shift in LUSH transduced into activation of the pheromone-sensitive olfactory neurons? There must be a specific receptor complex expressed exclusively by the pheromone-sensitive neurons, because dominant LUSHD118A only activates pheromone-sensitive neurons, and not any other class of olfactory neuron (Laughlin et al., 2008). Like detection of general odorants, cVA signaling requires Or83b (Jin et al., 2008) and a specific odorant receptor, Or67d (Ha and Smith, 2006; Kurtovic et al., 2007). Loss of either of these factors results in low spontaneous activity in the pheromone sensitive neurons and loss of cVA sensitivity, as observed in lush mutants. Further, dominant LUSHD118A fails to activate pheromone sensitive neurons missing either of these components (Jin et al., 2008; Laughlin et al., 2008). However, there is at least one additional factor required for activation of pheromone sensitive neurons, SNMP.

SNMP was identified in moths as a dendritic protein expressed in a subset of pheromone-sensitive neurons (Rogers et al., 2001a,b). SNMP is a homolog of CD36, a protein family important for many biological processes, including cholesterol uptake by macrophages (reviewed in Vogt et al., 2009). CD36 has also been implicated in the signal to convert macrophages into foam cells (Guest et al., 2007; Thorne et al., 2007), possibly through tyrosine kinase signaling (Rahaman et al., 2006). Mice lacking CD36 are defective for uptake of free fatty acids by adipose tissue and muscle (Coburn et al., 2000). Drosophila SNMP has the domain structure common to this family-a large extracellular domain flanked by two transmembrane domains with two short intracellular domains. SNMP is essential for pheromone signal transduction. When mutants lacking this gene product were analyzed they were insensitive to cVA at all concentrations, yet had normal responses to food odorants (Benton et al., 2007; Jin et al., 2008). Interestingly, unlike mutants lacking Or67d, Or83b or LUSH that have reduced spontaneous activity when absent, SNMP mutants have increased spontaneous activity. This suggests that SNMP may be an inhibitory subunit in the receptor complex (Benton et al., 2007; Jin et al., 2008). A working model is cVA-activated LUSH binds to SNMP, releasing Or67d/Or83b from SNMP inhibition, resulting in activation of the neurons (Figure 3). However, there are likely to be addition factors required for pheromone signaling that remain unidentified that are not required for general odorants. Expression of Or67d, Or83b, SNMP together with LUSH in food-sensing olfactory sensilla fails to confer cVA sensitivity to these neurons (Laughlin et al., 2008). Thus, there are likely additional components yet to be discovered in this pheromone signaling mechanism.
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Figure 3. Model for pheromone detection. The extracellular receptor LUSH binds cVA pheromone and undergoes an activating conformational shift. Activated LUSH binds SNMP and relieves SNMP-mediated inhibition of the Or67d/Or83b receptor complex, allowing cations to enter the neurons.



What is the logic for using an extracellular binding protein in pheromone detection? We suggest this strategy has the potential to increase the sensitivity and specificity of the pheromone detection process. For example, if pheromone binding induces a stable, activated conformation in LUSH, this species could diffuse in the sensillum lymph until it interacts with a receptor complex on the dendrites and induces action potentials. This could, in theory, robustly increase pheromone detection to single molecule sensitivity. Utilizing an extracellular binding protein could also increase the specificity of pheromone detection. LUSH is able to bind to a wide variety of chemicals (Zhou et al., 2004), but only cVA interacts with LUSH in just the right way to induce the activated conformation of the binding protein. Thus a bona fide pheromone must not only bind LUSH, but also induce the relevant conformational shift in the binding protein in order to activate the pheromone-sensitive neurons. This mechanism may prevent pheromone-like odorants from activating pheromone-sensitive neurons.

DESIGN PRINCIPLES

Olfactory neurons in vertebrates use second messenger signaling to amplify odorant-triggered signals, whereas insects appear to use odorant-gated ion channels for general odorants with a possible role for second messengers as well. Insect pheromone detection utilizes conformational activation of soluble pheromone receptors to confer sensitivity and specificity to pheromone perception. Recent studies indicate vertebrate pheromones may also be detected through binding proteins (Chamero et al., 2007; Sherborne et al., 2007). While extracellular binding proteins functioning as odorant receptors were only recently uncovered, we note that bacteria produce periplasmic receptors that work in a similar manner. Thus, bacteria appear to have discovered this elegant solution for detecting rare chemicals in the environment long ago.

In summary, the neuronal strategy for odorant discrimination appears to be conserved between vertebrates and insects, but the underlying signal transduction mechanisms are surprisingly different. From a design standpoint, the biochemistry of how specific odorant cues are transduced by an olfactory neuron is not as important as having specific receptors to detect essential compounds expressed in labeled lines and a neuronal network to integrate this information so the animal can respond appropriately. Olfactory neurons in both insects and vertebrates converge onto glomeruli where multiple primary olfactory neurons synapse onto a relatively small number of second-order neurons. Convergence converts the relatively noisy, stochastic signals from individual primary olfactory neurons into a high fidelity information transfer by summing simultaneous inputs (Bhandawat et al., 2007). Individual odorants activate reproducible subsets of olfactory neurons expressing single tuning receptors, allowing the nervous system to deconstruct odorants into receptor-activating epitopes in both mammals and insects. How this information is processed into the sensation of ‘odor’ remains a mystery.
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The insect gustatory receptors (GRs) are members of a large G-protein coupled receptor family distantly related to the insect olfactory receptors. They are phylogenetically different from taste receptors of most other animals. GRs are often coexpressed with other GRs in single receptor neurons. Taste receptors other than GRs are also expressed in some neurons. Recent molecular studies in the fruitfly Drosophila revealed that the insect taste receptor system not only covers a wide ligand spectrum of sugars, bitter substances or salts that are common to mammals but also includes reception of pheromone and somatosensory stimulants. However, the central mechanism to perceive and discriminate taste information is not yet elucidated. Analysis of the primary projection of taste neurons to the brain shows that the projection profiles depend basically on the peripheral locations of the neurons as well as the GRs that they express. These results suggest that both peripheral and central design principles of insect taste perception are different from those of olfactory perception.
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INTRODUCTION

Insect taste organs were first described in the early 20th century as hair-like structures on the distal legs that induce feeding reflex reaction to sugar stimulations in butterflies (Minnich, 1921). The simplicity of insect taste organs innervated by only a few taste neurons was ideal for physiological studies. Single-unit action potentials, sensitivity to taste ligands and other physiological properties were studied intensively during 1950s–1970s using various flies including housefly Musca domestica, blowfly Phormia regina, fleshfly Calliphora erythrocephala and fruitfly Drosophila melanogaster (Dethier, 1976). Morphological or developmental studies were also carried out in flies in 1980s–1990s (Pollack and Balakrishnan, 1997; Singh, 1997).

Molecular studies of insect taste receptors started around the 2000s. Searching the Drosophila genome successfully led to the first discoveries of a large gustatory receptor (GR) gene family and characterization of taste receptor neurons that express divergent GRs (Clyne et al., 2000). The accumulated knowledge in flies from more than half a century of study thus describes various aspects of the insect taste receptor system. However, molecular profiles of fly taste neurons turned out to be much more complex than earlier physiologists predicted. Therefore we are not yet ready to fully understand design principles of taste systems in insects. To gain an insight into how insect taste receptor systems are designed to encode gustatory information, we will focus mainly on the functional aspects of the insect taste receptors and taste receptor neurons. For recent research advances on Drosophila taste receptors and taste perception see other reviews (Amrein and Thorne, 2005; de Bruyne and Warr, 2005; Scott, 2005; Montell, 2009). This review is composed of two parts. Various taste receptor molecules are compared, summarized and discussed in the Section “Insect Taste Receptors”. Physiological, morphological, developmental and molecular properties of taste neurons are compared and discussed in the Section “Insect Taste Neurons”.

INSECT TASTE RECEPTORS

EVOLUTION OF INSECT GUSTATORY RECEPTORS

Identification of a large family of olfactory G-protein coupled receptor (GPCR) genes by Buck and Axel (1991) provoked searches for taste GPCR genes by molecular biology. A novel family of candidate taste GPCR genes was thus found from the Drosophila genome by a computer algorithm to hit seven-transmembrane domain when the Drosophila genome project was nearly completed (Clyne et al., 2000). They showed that a total of more than 40 GR genes that belong to a novel family and share a signature motif with Drosophila odorant receptor (OR) genes are expressed specifically in taste tissues. Later analysis of the whole Drosophila genome predicted a total of 68 GR genes (Robertson et al., 2003; Table 1). Subsequent molecular and functional studies showed that most of them encode GRs. The genes are given the name “Gr” (gustatory receptor) followed by a chromosomal locus number. When GR genes are tandemly clustered, an alphabet starting from “a” was appended at the end like Gr5a or Gr10b.

Table 1. Gustatory receptor genes in the genome assembly of Drosophila melanogaster with their phylogenetic relations, functions and neuronal expression profiles.

[image: image]

Among Drosophila GR genes, 6 are located on the X chromosome while 38 and 24 are found on the second and the third Drosophila chromosome, respectively. Each GR gene encodes a seven-transmembrane receptor protein of about 350–550 amino residues in length. The overall sequences are very divergent with homologies between two randomly chosen GRs as low as 15–25% on the average, which is significantly lower than those for ORs. However, GRs and ORs share a common amino residue motif in the seventh transmembrane plus C terminal domain, indicating that they have evolved from an ancestral chemoreceptor family.

Genome analysis suggests that a robust expansion of GR/OR genes has occurred only in the class Insecta. The nematode Caenorhabditis elegans is an exception since the animal carries a few functional GR genes as will be discussed later. The majority of chemoreceptors in C. elegans, all chemoreceptors in sea urchin (Strongylocentrotus purpuratus) or all gustatory and olfactory receptors in vertebrates do not have GR genes.

Insects like mosquito, moth, beetle, wasp, bee, aphid and louse are shown to carry both GR and OR genes in the genome (FlyBase, http://flybase.org/). The honey bee Apis mellifera has 163 intact OR genes but only 10 intact GR genes (Robertson and Wanner, 2006). A dipteran insect, the malaria vector mosquito Anopheles gambiae carries 79 and 76 OR and GR genes, respectively (Hill et al., 2002). Numbers of GR genes are therefore similar between the two dipteran insects but their GRs are so distinct that it is often difficult to find common orthologs between the two insects.

Odorant receptor and GR genes of five D. melanogaster subgroup species, D. simulans, D. sechellia, D. melanogaster, D. yakuba and D. erecta have been compared recently (McBride and Arguello, 2007). They estimated that the ancestor of the five species carried a total of 64 ancestral ORs and 74 GRs ∼12 million years ago. Interestingly, two ecological specialists, D. sec exclusively depending on Morinda citrifolia as a host plant and D. ere depending on Pandanus candelabrum have lost 14 GRs while three other generalist species have lost only 3 to 6 GRs. GR receptors for CO2 (Gr21a and Gr63a) and for sugars (Gr5a, Gr61a and six Gr64 genes from Gr64a to Gr64f) are more conserved than other GRs including GRs for bitter substances.

Thorne and Amrein (2008) and Kent and Robertson (2009) reported that there are no orthologs of a sugar receptor Gr5a even in some drosophilid species. A BLAST search for Gr5a orthologs and paralogs using the genome assembly data from all available insect species revealed only nine drosophilid species possessing both Gr5a orthologs and paralogs. Other insects including D. pseudoobscura, D. persimilis, D. grimshawi, three mosquitoes, a silkworm moth, a red flour beetle, a honeybee, a wasp and a pea aphid have only Gr5a paralogs but no orthologs. A human body louse carries neither paralogs nor orthologs. Gain and loss events of Gr5a orthologs within 15 dipteran species are estimated and illustrated in Figure 1. Taking into consideration that GR gene family has expanded only in the class Insecta, it seems likely that Gr5a orthologs appeared recently, probably differentiated from Gr64f.
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Figure 1. Gain and loss events of Gr5a, a sugar receptor, based on phylogenetic analysis of Gr5a orthologs from 15 dipteran insects in which the whole genome assemblies are available. The phylogenetic tree is modified from BLAST homepage of FlyBase (http://flybase.org/blast/). Species names in red and blue italics illustrate species with or without Gr5a orthologs, respectively. Red and blue circles represent gain and loss events of Gr5a orthologs, respectively. A green box represents a functional mutation from ancestral Thr218 to Ala218 that occurred only in Drosophila melanogaster branch.



Ueno et al. (2001) showed that a polymorphism of the 218th amino residue Thr218 (Tre01) and Ala218 (Tre+) in Gr5a leads to a low and a high trehalose taste sensitivity in D. melanogaster, respectively. Thr218 allele is more frequent than Ala218 allele in wild populations (Inomata et al., 2004). The 218th residue of the Gr5a ortholog in D. simulans and other Drosophila is fixed to Thr218, indicating that Thr218 is ancestral to Ala218, which appeared less than five million years ago only in D. melanogaster. Since Thr218 is almost a null mutation with respect to trehalose sensitivity (Isono et al., 2005), Ala218 must be a gain of function mutation, which seems to be unusual. Other explanations like a second residue polymorphism that compensates the low sugar sensitivity in Thr218 are also possible. Future structure–function studies are necessary to understand the molecular evolution of GRs.

LIGANDS OF INSECT TASTE RECEPTORS

Attempts to isolate taste receptor proteins biochemically from taste organs of various animals, i.e., bovine, rat and flies, have failed so far although photoreceptor proteins have been successfully isolated from the retina. Taste receptor proteins may be expressed in low amounts in the tissue or the affinity to taste ligands may be too low for affinity-based isolations.

Ligand profiles of taste receptors have been analyzed using Drosophila mutants or transformants of a specific GR gene except for the sugar receptor Gr5a using a heterologous expression system (Chyb et al., 2003). As shown in Table 1, the ligands are not yet characterized for many insect GRs. The GR ligands are classified into three groups: sugars, bitter substances and pheromones.

Sugar receptors

For many insects, including flies, butterflies and bees, the stimulation of taste organs with a sugar solution not only induces neuronal response but also a robust feeding reflex called proboscis extension response (Figure 2) and various appetitive behaviors. Electrophysiological and morphological studies show that the sugar response of a taste sensillum derives from a single sugar-sensitive neuron while other neurons respond to other taste stimulations (Dethier, 1976). Gustatory mutations in Drosophila affecting the neuronal responses were isolated by many laboratories (Isono and Kikuchi, 1974; Falk and Atidia, 1975; Tompkins et al., 1979; Rodrigues and Siddiqi, 1981; Tanimura et al., 1982; Arora et al., 1987). Among them a mutation, Tre (Trehalose-sensitivity, 1-13.6), on the X chromosome was shown to control sensitivity to a disaccharide trehalose (Tanimura et al., 1982). Among the 68 GRs in Drosophila, Gr5a that locates near the Tre locus became the genomic candidate for Tre and indeed was shown that Tre is identical to Gr5a by disrupting the gene or by genomic rescue experiments (Dahanukar et al., 2001; Ueno et al., 2001; Isono et al., 2005). Tre was also shown to be a single nucleotide polymorphism in Gr5a leading to a substitution of 218th amino residues Ala218 (=Tre+) and Thr218 (=Tre01).
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Figure 2. Increasing magnitude of proboscis extension response (from up to down) in Drosophila.



The ligand profile of Gr5a has been analyzed electrophysiologically and behaviorally using Gr5a mutants (Tanimura et al., 1982; Dahanukar et al., 2001, 2007; Ueno et al., 2001; Chyb et al., 2003; Thorne et al., 2004; Wang et al., 2004; Isono et al., 2005; Jiao et al., 2008). Spontaneous (Tre01) or induced genomic deletion mutants of Gr5a are shown to reduce the sensitivity to trehalose, glucose, melezitose, methyl-a-glucoside and some other saccharides.

Another type of sugar receptor was identified by disrupting the six tandemly clustered Gr5a paralogs, Gr64a, Gr64b, Gr64c, Gr64d, Gr64e and Gr64f (Table 1). In contrast to Gr5a, disruptions of the Gr64 cluster lead to a loss of sensitivity to various sugars including sucrose and maltose (Dahanukar et al., 2007; Jiao et al., 2007; Slone et al., 2007). Since disruption of Gr64a alone causes loss of the sugar sensitivity, Gr64a is essential for the sensitivity to sucrose. A more detailed ligand analysis revealed that Gr64a contributes a wide sugar sensitivity not only to sucrose and maltose but also to various di- and trisaccharides or alcohols including turanose, maitotriose, maltitol, palatinose, stachyose, raffinose and leucrose (Dahanukar et al., 2007).

On the other hand, Slone et al. (2007) showed that deletion of all six Gr64 genes leads to a drastic loss of all sugar sensitivity including trehalose and sucrose. Rescue by Gr64a cDNA restored the ligand profile of Gr64a but did not restore the ligand profile of Gr5a receptor (Jiao et al., 2007). The enigmatic interaction of the two sugar receptors was uncovered by the observation that coexpression of Gr64f receptor is essential for the two complementary profiles of Gr5a and Gr61a receptor functions (Jiao et al., 2008). Thus, Drosophila sugar receptors form heterodimers with Gr64f receptor as a common co-receptor interacting with Gr5a or with Gr64a receptor. The heterodimeric chemoreceptor model is also suggested for Drosophila caffeine receptors (Lee et al., 2009), Drosophila olfactory CO2 receptors (Suh et al., 2004; Kwon et al., 2007), all olfactory receptors that function with the co-receptor OR83b or its orthologs (Neuhaus et al., 2005), as well as mammalian taste receptors, T1R2/T1R3 sugar reception and T1R2/T1R3 umami reception (Nelson et al., 2001, 2002).

The other five Gr5a-related GR genes, Gr61a, Gr64b, Gr64c, Gr64d and Gr64e have not yet been characterized. Deletions, insertions or suppression by RNAi constructs do not seem to induce significant changes in sugar sensitivity. They may be functional receptors expressed in a limited subset of taste neurons or may simply be nonfunctional receptors as is the case for Tre01, the ancestral form of Gr5a.

Bitter receptors

Properties of bitter taste GRs and bitter taste neurons were studied by Thorne et al. (2004) and Wang et al. (2004). They showed that selective inactivation of taste neurons expressing some GRs by neurotoxins leads to reduction in sensitivity to bitter substances without affecting sugar sensitivity. Thorne et al. (2004) showed that inactivation of Gr66a expressing neurons (hereafter called simply Gr66a neurons) or Gr22e neurons reduces sensitivity to caffeine solutions but not to quinine hydrochloride, denatonium benzoate or berberine solutions at low concentrations in a two-choice behavioral preference assay (Figure 3). However, Wang et al. (2004) showed by a proboscis extension assay (Figure 2) that sensitivity to the four tested bitter substances is simultaneously reduced at wide concentrations in flies where Gr66a neurons are inactivated.
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Figure 3. An example of feeding choice test to behaviorally evaluate taste sensitivity and feeding preference in Drosophila. (A,B) Hungry flies after 20 h of food deprivation ingest a maximum amount of 100 mM sucrose + 1% agar solutions mixed with red or blue food dyes, respectively, and can be visually inspected after feeding. (C) A microtiter dish containing two different solutions containing the two food dyes to test for the feeding preference. (D) A video analysis simultaneously monitoring the locomotor traces of three individual flies in the choice of 100 mM sucrose + 1% agar solution (marked with a blue dye) and a plain 1% agar solution (marked with a red dye). The traces show that more frequent visits or stays were made on wells containing 100 mM sucrose than on wells containing plain water. The video analysis was provided courtesy of Dr. M. Koganezawa).



Ligand profile of Gr66a receptor, rather than Gr66a neurons, was later directly analyzed using a Gr66a gene knockout mutant (Moon et al., 2006). The mutant showed reduced sensitivity to wide concentrations of caffeine solutions in the two-choice preference assay (Figure 3) and also in the electrophysiological response of the labellar sensilla (Figure 4). Caffeine is a methylxanthine derivative multiply methylated at three positions (1,3,7-trimethylxanthine). Response to two other derivatives, theophylline (1,3- dimethylxanthine) and 1,7-dimethylxanthine was also reduced in the mutant while the response to theobromine (3,7- dimethylxanthine) was normal, suggesting that a strict ligand structure is required for Gr66a receptor.
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Figure 4. Electrophysiological recordings from a single L-type taste sensillum of the labellum in Drosophila. Different types of neurons are activated by different taste stimulations. See explanations in the text. Recordings provided courtesy of Dr. N. Tanabe.



Gr66a alone is not sufficient to function as a caffeine receptor (Lee et al., 2009). Ablation of the Gr93a gene also reduced the behavioral and electrophysiological caffeine response without affecting the response to many other bitter substances. Since Gr93a mutant flies show exactly the same phenotype as Gr66a mutants, the two GRs may function as heterodimeric co-receptors as was shown for sugar receptors (Jiao et al., 2008). Interestingly, misexpression of both Gr66a and Gr93a cDNAs in Gr5a neurons does not induce response to caffeine, suggesting that the two GRs are not yet sufficient for the caffeine response. Moon et al. (2009) recently showed that Gr33a which is widely expressed in bitter neurons is essential for the neuronal and behavioral response to bitter substances including caffeine, suggesting that caffeine and other bitter receptors are trimeric or multimeric rather than dimeric. Since many GR genes are coexpressed in bitter neurons, future systematic analysis of GR gene complex may be necessary to understand how each GR contributes to bitter-taste reception in Drosophila.

Pheromone receptors

Pheromones are volatile and non-volatile chemical substances that are produced for sexual and non-sexual social communications between species members. Two large GPCR families consisting of about 140 V1Rs and 60 V2Rs, respectively, are expressed in the receptor neurons of the vomeronasal organ in the mouse for pheromone communication (Zufall and Leinders-Zufall, 2007). In insects, however, volatile pheromone-sensing receptors are part of the conventional olfactory receptor system. Sakurai et al. (2004) and Nakagawa et al. (2005) showed that two olfactory pheromone receptors, BmOR1 and BmOR3, are expressed only in the male olfactory neurons of the silk moth Bombyx mori for the detection of female sex pheromones bombykol, (E, Z)-10,12-hexadecadien-1-ol, and bombykal, (E, Z)-10,12-hexadecadien-1-al, respectively. Another example in the honeybee is AmOr10, that detects a main component of the queen substance, 9-oxo-2-decenoic acid (Wanner et al., 2007).

In Drosophila a lipid, cis-vaccenyl acetate, has been known to be a male-specific component of the cuticle but is transferred to females upon mating. The lipid acts as an aggregation pheromone for flies of both sexes as well as an inhibitory sex pheromone that suppresses courtship by males (Ejima et al., 2007). Two olfactory receptor genes, Or67d and Or65a, expressed in olfactory neurons of trichoid type olfactory sensilla are shown to encode receptors for cis-vaccenyl acetate. Two other receptors, Or47b and Or88a, do not respond to cis-vaccenyl acetate but respond to male and female extracts, suggesting that sex pheromones and receptors are complex in Drosophila (van der Goes van Naters and Carlson, 2007).

In addition to volatile sex pheromones, Drosophila also uses gustatory information in male courtship behavior. Gr68a is expressed in male-specific taste neurons of the forelegs and is necessary for normal courtship since inactivation of Gr68a neurons and RNA interference of Gr68a mRNA lead to a reduction in the courtship performance (Bray and Amrein, 2003). Cuticle non-volatile hydrocarbons like cis, cis-7,11-hepta cosadiene are structurally divergent between sexes and also among Drosophila species and known to promote or suppress courtship in Drosophila males depending on the chemical structures (Jallon, 1984; Ferveur and Jallon, 1996). However, it is not yet clear that Gr68a encodes a hydrocarbon pheromone receptor. Gr68a is broadly expressed in mechanosensory neurons (Ejima and Griffith, 2008). Wild type males show only a poor courtship toward immobilized, silent females in dim light. The performance is greatly improved when they were given a noise arising from fly movements or even artificial white noise. However, the improvement is not observed for transgenic males where Gr68a neurons are inactivated, suggesting that Gr68a receptor and/or Gr68a neurons contribute to mechanoreceptive rather than chemoreceptive function.

A second candidate pheromone receptor gene, Gr32a, is closely related to Gr68a and was recently shown to be involved in courtship suppression toward males and mated females (Miyamoto and Amrein, 2008). Gr32a may be a long-chain hydrocarbon receptor for inhibitory hydrocarbons like cis-7 tricosene that are shown to inhibit male-male courtship (Ferveur and Jallon, 1996).

Suh et al. (2004) identified CO2 as a novel nonsexual olfactory pheromone released by stressed Drosophila flies. They found that the released CO2 induces avoidance in nearby flies. The stress OR is encoded by Gr21a, an olfactory GR gene in Drosophila. Jones et al. (2007) showed that the CO2 response is also unique in that Gr21a neurons do not coexpress Or83b, an essential cofactor for all other ORs, but instead coexpress Gr63a. Kwon et al. (2007) showed that the coexpression of Gr21a and Gr63a is necessary and sufficient for CO2 response by ectopic expression of the two GRs in other olfactory neurons. The malaria mosquito A. gambiae, also coexpresses the two orthologs, GPRGR22 and GPRGR24, respectively, in the antennal neurons. Since CO2 is a potent attractant for mosquitoes, the differing behavioral response to CO2 may indicate that the peripheral design of chemoreceptors is more conserved than the central design which is flexible and species-specific in the evolution of the whole insect chemosensory system.

Receptors tuned to non-gustatory stimuli

Phylogenetic analysis suggested that insect OR family arose from an expansion of ancestral GR superfamily (Robertson et al., 2003). Therefore it is not surprising that some GRs like Gr10a, Gr21a or Gr63a are expressed and function in olfactory neurons. Some other GRs seem to be expressed even in non-chemosensory neurons as shown for Gr68a in auditory/mechanosensory neurons (Ejima and Griffith, 2008). Thorne and Amrein (2008) showed that six highly conserved GR genes (Gr28a and five Gr28b genes, Gr28bA to Gr28bE, or subgroup H in Table 1) are expressed in non-chemosensory neurons including abdominal multidendritic neurons, putative hygroreceptive neurons of the aristae, neurons in Johnston’s organ of the antenna, proprioceptive neurons of the legs or even the larval and adult brain neurons. Gr28bB and Gr28bC are expressed in central neurosecretory cells that release insulin-like peptides (Ikeya et al., 2002), indicating that the two GRs detect internal sugar levels. Coexpression of a sugar receptor Gr5a with Gr28a or Gr28bC also supports that trehalose taste receptor also function as internal sugar detector of the neurosecretory cells. Gr28bB is also expressed in non-neural cells like enocytes in adults and larvae that detects nutrient levels to regulate metabolism. The expression profiles suggest that Gr28 receptors are multimodal somatosensory receptors tuned to proprioception, nociception, thermoreception or internal chemoreception. Therefore they may be comparable to mammalian TRP family members (Minke and Parnas, 2006; Ramsey et al., 2006) or divergent, MAS-related GPCRs expressed in the nociceptive neurons of the dorsal root ganglion (Dong et al., 2001).

A photosensitive insect GR homolog, lite-1, was recently identified as one of the three insect GR-related genes in the nematode C. elegans (Edwards et al., 2008). Mutations in lite-1 disrupt light-induced locomotor activity. Interestingly, lite-1 shows homology to Drosophila Gr28b gene with the highest homology in their C termini (26% identical over a 68 amino residue length) as are generally the case among GRs in flies. Though no functional studies have yet been carried out for Gr28b receptors in flies, it is possible that some Gr28 receptors in flies encode extraocular, non-visual photoreceptor molecules.

Gustatory TRP channels

In addition to GR receptors, other types of receptors are also shown to be expressed in taste neurons and contribute to chemoreception. One is painless, a fly homolog of mammalian TRPA1/ANKTM1 ion channel protein. painless in flies is involved in the rejection of allyl and benzyl isothiocyanate, the pungent taste and insecticidal component of wasabi (Al-Anzi et al., 2006). Like GR receptors painless is expressed in taste neurons of the labellum, pharynx, legs and wings. A subset of labellar painless neurons also coexpress caffeine receptor Gr66a and, conversely, subset of Gr66a neurons coexpress painless. A similar relation was also obtained between painless neurons and Gr32a or Gr47a bitter neurons of the legs in an agreement with the fact that both bitter substances and isothiocyanate are aversive stimuli and induce food rejection. Interestingly, painless neurons are also involved in the post feeding larval avoidance of food media for pupation (Xu et al., 2008). They showed that peripheral sensory neurons located in the ventral side of the larval body express painless and respond to sugar stimulations and that painless mutations or inactivation of painless neurons reduces the food avoidance and also the neuronal response to sugar stimulations. Chemoreceptors involved in the behavioral sugar/food aversion are not known but it is possible that they are identical to adult sugar receptor GRs. If so, painless neurons should provide a neural model as a developmentally controlled taste evaluation system from acceptance to rejection.

Capsaicin is a hot chili pepper component that activates TRPV1, another type of TRP ion channel in mammals. Capsaicin also induces gustatory response in flies but does not involve painless receptor or painless neurons since it evokes a positive feeding preference in both wild type and painless mutants. Therefore capsaicin receptor in flies, though it has not been identified, may be expressed in food acceptance neurons, rather than in bitter neurons. Other TRP ion channel proteins involve painless subfamily (TRPA) members PYREXIA and dTRPA1 for heat-protection (Tracey et al., 2003; Lee et al., 2005; Xu et al., 2008) and TRPC subfamily members TRP and TRPL for cold protection (Rosenzweig et al., 2008). Future studies may provide evidence that some TRP ion channels are expressed in taste neurons.

Some bitter neurons express a GPCR receptor for an insecticide L-canavaline (2-amnio-4-guanidinooxybutyric acid), a toxin structurally similar to L-arginine, which interferes with normal protein synthesis. The receptor, named DmXR, does not belong to GR but is a family C member GPCR with a homology to mammalian metabotropic glutamate receptors (mGluRs) and with a long N-terminal extracellular domain. DmXR is expressed in Gr66a neurons of the labellum and the tarsus (Mitri et al., 2009), suggesting that non-GR GPCR receptors are also coexpressed in bitter neurons in addition to multiple bitter GRs.

Uncharacterized taste receptors

In addition to taste neurons that express known receptor molecules, there are other types of neurons in which no GRs are yet to be identified. For example, electrophysiological analysis showed that there are usually two L1 and L2 neurons in a single taste hair, both responsive to monovalent cations of salts (Dethier, 1976). No GR receptors have yet been shown to be involved in the salt responses. Instead of GRs, another molecular mechanism has been proposed for the salt response. In some mammals degenerin/epithelial Na+ channels (DEG/ENaC) are known to be suppressed by the inhibitor amiloride. Since amiloride also suppresses taste response to salts in mammals, DEG/ENaC Na+ channel has been a candidate molecular mechanism that directly triggers receptor potential without GPCR or transduction cascades (Halpern, 1998; Herness and Gilbertson, 1999). DEG/ENaC amiloride-sensitive channels are widely conserved ion channels throughout animals. Liu et al. (2003) showed that mutations or disruptions of two Drosophila DEG/ENaC homologs, Pickpocket11 and Pickpocket19, affect taste sensitivity to salts in larval and adult Drosophila without affecting sugar or olfactory sensitivities.

Another example is the W neuron that responds to water and low osmolarity solutions found in many types of taste sensilla. Meunier et al. (2009) showed in Drosophila tarsal taste sensilla that W neuron response is pharmacologically inhibited by lanthanum ion (known to inhibit calcium channels) and also by calmodulin antagonists, suggesting that an osmolarity-dependent calcium channel is the osmolarity sensor.

The reception of carbonated water reported by Fischler et al. (2007) may be the most unexpected. A Gal4 enhancer trap line with an expression profile in the taste peg neurons are defective in neuronal response to, and in behavioral preference for soluble CO2 but are normal in detecting and avoiding gaseous CO2 by olfactory CO2 receptors. Conversely, a mutant in Gr63a, one of the essential olfactory CO2 receptors, is defective in detecting and avoiding CO2 by olfaction but normal in detecting and preferring soluble CO2. Gustatory and olfactory detection of CO2 are therefore independent with respect to the chemoreceptors as well as the central signaling process.

How many species of different taste receptors are present in Drosophila? Insect taste response seems to be divergent, including many GRs, non-GR GPCRs, TRP ion channels and other types of receptor molecules. The total number of GR receptors would be increased considerably if functional taste receptors are composed of dimers or multimers of all the possible combinations of coexpressed GRs. However, the number of taste receptors would be much less if specific combinations of GRs are required as were shown for sugar receptors, bitter receptors or CO2 receptors in Drosophila. Future experiments using heterologous expression systems are necessary to understand how different combinations of GRs and other taste receptors modify, disrupt or confer ligand profiles of taste receptors.

INSECT TASTE NEURONS

Adult and larval taste neuron expresses a specific subset of GR receptors and other types of taste receptors. Coexpression of taste receptors is sometimes required for receptor function as discussed in the previous section but is also important for taste signaling since it affects taste coding and taste discrimination. Here we will summarize and discuss the molecular aspects of taste neurons viewed from their receptor expression profiles as well as their morphological, developmental or physiological profiles.

STRUCTURE, DEVELOPMENT AND PHYSIOLOGY OF TASTE NEURONS

In contrast to taste buds, the mammalian taste organs, insect taste organs are usually distributed widely on the external surface of the body including the labella in the proboscis, legs, wings (Figure 5) and even the female ovipositors. They belong to sensilla trichodea and often called “taste hair” or “taste bristle” (Wilczek, 1967; Stocker and Schorderet, 1981; Nayak and Singh, 1983). Taste sensilla are also found on the internal labellum and the pharynx. They belong to sensilla basiconica and are sometimes called “taste papillae”. A trichodea-type taste sensillum is usually composed of seven to nine cells including two to four taste neurons, a single mechanosensory neuron and a total of four non-neural cells, a trichogen cell, a tormogen cell, thecogen cell and a glial cell. The trichogen and tormogen cell produce hair shaft and socket cuticle materials, respectively. The thecogen and the glial cell wrap the cell bodies of the neuron cluster and their axons, respectively. A taste neuron sends a single, thin dendrite into the sensilla to the terminal pore opening where physical contact with external fluid takes place (Falk and Atidia, 1975). Each neuron also sends an axon proximally to the central nervous system.
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Figure 5. Examples showing taste sensilla and labeled taste neurons in Drosophila. (A,B) Taste sensilla along the peripheral labella of a transformant fly expressing a cytoplasmic GFP marker protein driven by Gr5a promotor-Gal4 (Gr5a-Gal4/Gr5a-Gal4, UAS-2xEGFP/UAS-2xEGFP). Pictures were taken under microscope by transmission light (A) or by fluorescence microscope (B). Arrows in (C) and (D) show other types of taste sensilla along the tarsal segments of the distal legs (C) and wing margins in (D).



Taste sensilla belong to poly-innervated external sensory organs accommodating multiple bipolar neurons (Kankel et al., 1980). Most bristles that cover the cuticle surface, on the other hand, are mono-innervated bristles containing only a single mechanosensory neuron at the base that detects bristle movement. They both belong to the larger sensory organ category “external sensory bristles” and are developmentally derived from a common ancestral sensory mother cell in the imaginal discs. There are internal sense organs like chordotonal organs of the internal cuticle surface or multiple dendritic neurons in epidermal tissues that are mechanosensory and function as proprioceptive organs. These internal neurons are also derived from the sensory mother cells but by developmentally distinct programs. Sensory organs like olfactory trichoid, basiconic or coeloconic sensilla, or the compound eyes are also external sensory organs but are derived from the eye-antennal imaginal disc by different developmental programs.

While most adult taste organs are newly formed after eclosion, three pharyngeal taste organs – dorsal and ventral cibarial sense organs and labral sense organs – are embryonic and survive throughout the life stages (Gendre et al., 2004).

The identity of a sensory organ is developmentally determined by neurogenic genes and neuron-type selector genes. For example, activities of proneural genes in the achaete-scute gene complex are essential for the formation of sensory organs (García-Bellido and Santamaria, 1978). Once the sensory mother cells are formed, the choice between the external organ or chordotonal organ is regulated by the activity of a neuron-type selector gene cut (Bodmer et al., 1987). The choice between mono-innervated and poly-innervated external sensory organ is regulated by the activity of another neuron-type selector gene pox-neuro (poxn) (Dambly-Chaudière et al., 1992). In poxn mutants all external sensory organs become mono-innervated mechanosensory organs (Awasaki and Kimura, 1997). Expression studies of GRs showed that different taste neurons express a distinct GR or a set of GRs. Therefore it is likely that additional, unknown neuron-type selector genes further determine the final taste neuron identities. The final decision seems to be independent from its receptor expression profile since inactivation or ectopic expression of GRs do not affect their projection or other neuronal identities as is true for Drosophila olfactory neurons (Hummel et al., 2003; Komiyama et al., 2004).

The observation that the choice between mechanosensory and taste neurons is regulated by only a single developmental gene poxn also suggests a common ancestral neuron between taste and mechanosensory neurons. In fact, as discussed in the previous section, some GRs are expressed in mechanosensory or proprioceptive non-gustatory neurons (Ejima and Griffith, 2008; Thorne and Amrein, 2008).

There are basically four chemosensory neurons plus one mechanosensory neuron in the external taste organs of adult flies. Electrophysiological studies showed that the four chemosensory neurons are (1) a S neuron that responds to sugar stimuli, (2) a W neuron that responds to water or solutions at low osmolarities, (3) an L1 neuron that responds to salt solutions at lower threshold concentrations and (4) an L2 neuron that responds to salt solutions at higher threshold concentrations (Pollack and Balakrishnan, 1997; see also records in Figure 4). Among them, S neurons are most extensively studied (Dethier and Hanson, 1968; Morita, 1972; Shimada et al., 1974; Fujishiro et al., 1984). S neurons express sugar receptor GRs and positively control feeding by triggering proboscis extension response. L2 neurons also respond to bitter substances (Meunier et al., 2003; Hiroi et al., 2004) and negatively control feeding and suppress the proboscis response. L1 neurons respond to lower concentrations of salt solutions. No GRs are known to be expressed in L1 neurons. It is not known if they are positively or negatively involved in feeding. W neurons respond to pure water, which also induce proboscis extension response when flies are deprived of water. W neurons may also positively control feeding.

Therefore, except for some sensilla that lack W and L1 neurons, all taste sensilla in the labellum had been considered physiologically identical with only four types of taste neurons until the expression and the functional studies of GRs began in this century.

RECEPTOR EXPRESSION AND FUNCTION IN TASTE NEURONS

Except for a few GRs that are expressed in the olfactory neurons or in the mechanosensory neurons, most GRs are expressed in various taste neurons innervating the adult or larval peripheral taste organs (Figure 5). Expression of GRs is unexpectedly divergent depending on each GR. Tissue expression profile for each GR is summarized in the third column of Table 1. Among 46 GRs so far studied for their expression out of 68 GRs in the fly genome, 40 GRs (∼80%) are expressed in the labella of the proboscis, the major gustatory organs in adults, supporting the view that most GRs are taste receptors. In addition, a total of 17 GRs are expressed in the tarsal segments of the legs, 16 GRs in the internal taste peg or the pharyngeal taste neurons of the mouth and 7 GRs on the wing margin taste neurons. Since some GRs are expressed widely in the labellum, pharynx and the leg while other GRs are expressed only in one tissue, the overall tissue expression profiles are divergent and complex depending on each GR. In addition some GRs are expressed only in single or a limited numbers of taste neurons or sensilla within a given tissue. Despite the divergence in GR expression, however, the expression profiles are conserved between different individuals and the expression profile is dependent exclusively on GR genes themselves, suggesting that they are developmentally regulated.

GRs are also expressed in larval chemosensory organs. Larval GR expression is less complex since the majority of chemoreceptor neurons are localized in the dorsal and terminal organs of the head compartment. Among GR genes expressed in larvae, two genes, Gr21a and Gr63a, are olfactory CO2 receptor genes. All other GRs expressed in larvae are also expressed in adults, especially in the pharyngeal neurons, supporting that pharyngeal taste organs are of larval origin (Gendre et al., 2004). It is also important to note that the expression studies provide the first molecular evidence that different taste neurons express different taste receptors to process different taste information.

Functional studies were also carried out by mutational analysis of GR genes and by inactivation analysis of GR neurons (Dahanukar et al., 2001, 2007; Ueno et al., 2001; Thorne et al., 2004; Wang et al., 2004; Moon et al., 2006; Jiao et al., 2007; Slone et al., 2007; Jiao et al., 2008; Lee et al., 2009). Physiological and behavioral analyses were carried out. Figure 3 shows a frequently used device to evaluate behavioral taste sensitivity and preference in Drosophila.

Combined studies of the expression and functional analysis of GRs showed that considerable numbers of GRs are coexpressed in one of the two groups, one related to sugar response, another to bitter response, respectively. GRs that are expressed in one neuron type are not usually expressed in other neuron types. The coexpression/ non-coexpression relations among GRs are summarized in the sixth and seventh columns of Table 1. The expression is often compared with caffeine receptor Gr66a in bitter neurons or with trehalose receptor Gr5a in sugar neurons because they are functionally characterized and are expressed widely in various types of taste sensilla.

In the labellar taste neurons a total of 12 GR genes belonging to various GR subgroups are coexpressed in bitter neurons expressing Gr66a. They are Gr22b, Gr22e, Gr22f, Gr28bE, Gr32a, Gr33a, Gr39aD, Gr47a, Gr59b, Gr59f, Gr68a and Gr93a. Even more GRs may be expressed in bitter neurons. Among them Gr33a is unique since it is essential for many bitter response as described in the Section “Insect Taste Receptors”. Most other GR genes may be involved for specific sensitivity to bitter substances by encoding a bitter receptor or a monomeric component of a multimeric receptor.

Sugar neurons belong to the other coexpression group, expressing a subset of eight sugar receptor subgroup A GR genes, Gr5a, Gr61a, Gr64a, Gr64b, Gr64c, Gr64d, Gr64e and Gr64f. Among them Gr64f is shown to be essential for sugar receptor function (Jiao et al., 2008). Gr5a and Gr64a are shown to be required for distinct sugar sensitivity, respectively as described in the Section “Insect Taste Receptors”.

Coexpression of multiple receptor molecules in single receptor cells is also observed in mammals. Multiple expression of taste receptors seems to be a common strategy in taste system, as was previously discussed (Adler et al., 2000; Dunipace et al., 2001). In flies, however, coexpression profiles of GRs are more complex depending on GRs and taste neurons. For examples, Gr59f, Gr22f, Gr59b are coexpressed with Gr66a in the labellar neurons but are not expressed in other tissues while Gr22c and Gr2a are expressed in the pharynx Gr66a neurons but not expressed in the labellar neurons (Wang et al., 2004).

Some Gr66a-expressing L2 neurons were shown to respond also to the hydrocarbon Z-7-tricosene, an inhibitory sex pheromone that is involved in suppressing male homosexual courtship (Lacaille et al., 2007). Bitter substances in fact inhibit male courtship and, vice versa, Z-7-tricosene behaviorally induces bitter taste response. The contribution by Gr66a neurons to courtship, however, seems to be controversial. Gr32a is a candidate inhibitory pheromone receptor gene since males with a mutated or inactivated Gr32a neurons show abnormally high courtship activity toward males or mated females (Miyamoto and Amrein, 2008). Gr32a is coexpressed in the labellar Gr66a- or Gr22e-expressing bitter neurons while the expression of Gr32a and Gr66a in tarsal neurons do not overlap (Table 1). Since disruption of Gr66a neurons do not lead to the high courtship activity toward males or mated females, they argue that tarsal Gr32a neurons, but not the labellar Gr32a/Gr66a neurons are responsible for the mating suppression.

Studies of bitter taste response in the herbivorous caterpillar Manduca sexta support that discrimination of signals from different bitter neurons are possible. In the caterpillar feeding is robustly suppressed by bitter substances as in flies. However, the caterpillar does not show any suppression by a bitter substance when they are previously kept on a medium containing the same or similar bitter substance. The habituation occurs through a central mechanism, rather than a peripheral adaptation mechanism of the bitter neurons (Glendinning et al., 2001). The animal has only four types of taste organs, or eight pairs of taste sensilla in which a single bitter neuron is innervated. Habituation to a bitter ligand does not generalize to a ligand that stimulates different type of bitter neurons. Therefore it is suggested that the discrimination of bitter ligands is based on distinct higher-order neurons and signaling pathways among qualitatively different bitter substances (Glendinning et al., 2002). Since primary projection of bitter neurons are studied in detail in Drosophila as will be discussed in the next section, similar experiments using Drosophila would be useful to analyze whether the discrimination is based on segregation of the primary projections.

Another type of coexpression was reported by Thorne and Amrein (2008). They showed that Gr5a and Gr22e are coexpressed with Gr28a or Gr28b.c in the neurosecretary cells that produce insulin-like peptides. Since Gr5a is tuned to trehalose, it is possible that Gr5a is not only a taste receptor for trehalose but also an internal detector for the blood sugar trehalose. Similarly, some GRs like Gr22e may be expressed in non-taste neurons and function as internal nutrient detectors. In fact, a polycystic-kidney-disease-like ion channel (PKD2L1), a candidate mammalian sour taste sensor, is also a cerebrospinal fluid sensor in specific neurons surrounding the central canal of the spinal chord to detect decreases in extracellular pH in the mouse (Huang et al., 2006).

PRIMARY PROJECTIONS OF TASTE NEURONS

Taste projections in insects have been studied by Golgi staining and dye labeling of taste neurons in adult and larval central nervous systems of flies, bees, butterflies and other insects (Stocker and Schorderet, 1981; Nayak and Singh, 1983; Shanbhag and Singh, 1989, 1992; Stocker, 1994; Pollack and Balakrishnan, 1997; Mitchell et al., 1999). Gustatory primary centers thus identified were located in the tritocerebral–subesophageal ganglion complex (SOG) or in the thoracic–abdominal ganglion complex of the ventral nerve chord. In flies, chemosensory as well as mechanosensory neurons project to SOG through one of the three major nerve tracts. (1) The pharyngeal taste neurons send their axons through the pharyngeal or accessory pharyngeal nerve tracts and enter anterior SOG from the dorsolateral direction and terminate in anterior and dorsolateral SOG. (2) Labellar and taste peg neurons send their axons through the labial nerve tract and enter medial SOG from the ventrolateral direction. Labeling single labellar neurons show several projection types within SOG. (3) A subset of tarsal taste neurons of the legs directly send their axons through cervical connectives to posterior SOG while other tarsal taste neurons terminate in thoracic–abdominal ganglions. The ascending axons that enter SOG further proceed to anterior and dorsal direction and arborize in the medial or anterior SOG (Rajashekhar and Singh, 1994). Earlier morphological studies supported the view that the projection of taste neurons is organotopic, depending basically on the location of the peripheral taste organs. They also showed that there are several different types of projection within taste neurons sharing similar peripheral locations. However, these observations did not conclusively show that functionally segregated taste neurons are also segregated for their projection.

One of the important contributions by molecular studies was the observation that projections of sugar neurons and bitter neurons are also segregated (Dunipace et al., 2001; Scott et al., 2001; Thorne et al., 2004; Wang et al., 2004; Dahanukar et al., 2007). Based on these studies and our unpublished data, the basic projection profiles of the two types of taste neurons are schematically illustrated in Figure 6. Pharyngeal taste neurons expressing sugar and bitter receptor GRs send their axons through the pharyngeal nerve and/or the accessory pharyngeal nerve tract and terminate in an anterior and dorsolateral region in SOG, as have been previously described by earlier morphological studies. Tarsal axons of both sugar and bitter taste neurons enter posterior SOG and proceed along similar thin, two-pronged pathways and arborize along the tracts. Labellar bitter neurons and sugar neurons that enter medial SOG also follow the labial nerve projection profile. Therefore, all bitter neurons and sugar neurons follow the organotopic projection rule. However, fine details in the projection between the two types of neurons are different. Bitter neurons from the left and the right side of the labellum arborize bilaterally and converge to form a single cluster in the central region of the medial SOG. Axons of the bitter neurons from the pharyngeal tract and the tarsal taste neurons project to different regions in SOG. The projections are also bilateral. On the contrary, sugar neurons are mostly, if not all, ipsilateral (Thorne et al., 2004; Wang et al., 2004). In addition, the main projection areas of the sugar neurons are spatially segregated from the bitter projections. These observations first provided structural evidence for distinct locations of the synaptic region to higher-order neurons to process different taste qualities.


[image: image]

Figure 6. A schematic drawing of the primary projection areas in the subesophageal ganglion (SOG) of sugar taste neurons (left) and bitter taste neurons (right). Frontal views of the anterior (blue), medial (pink) and posterior (yellow) projection areas in the SOG are superimposed in the same plane. Upward direction is dorsal. An oval represents the location of the esophagus. A subset of sugar receptor genes are indicated for each projection (Dahanukar et al., 2007; Wang et al., 2004). Note distinct projection areas for sugar and bitter neurons.



Therefore taste information seems to be processed according to two basic principles, organotopic and functional. Since taste neurons basically process chemical information, the latter map in SOG should reflect distinct pathways of higher-order neurons among different taste qualities. The role of organotopic map in SOG, however, is not so evident. The map may reflect processing of positional information to locate the source of gustatory stimulants as discussed by Wang et al. (2004). Alternatively, the map may reflect distinct output signaling circuits according to different peripheral inputs. For example, leg taste neurons may trigger searching or avoidance behavior while labellar or pharyngeal taste neurons control initiation or rejection of feeding behavior. The organotopic map may also be useful to discriminate between subtle differences in chemical information since neurons from different taste organs are known to express different combinations of GRs. For example, as is shown in Figure 6, labellar sugar neurons express Gr5a and Gr64a while tarsal sugar neurons express Gr5a, Gr64a and also Gr61a so that labellar and tarsal sugar neurons may be tuned to different sugar ligands. Similarly, bitter neurons in different taste organs may be tuned to different bitter ligands by expressing different combinations of bitter GRs. The insects may be able to discriminate details among stimulants by integrating gustatory information from different taste organs. Future studies of secondary taste neurons in SOG are necessary to understand how taste information is further processed in the central brain.

CONCLUSIONS

Insect taste neurons are chemosensory neurons expressing not only taste receptor GRs but also other types of sensory receptors. Since multiple, different subset of GRs are expressed in different types of taste neurons, the overall profiles of receptor expression in the insect taste system are complex in contrast to one receptor – one neuron expression profiles in the olfactory system. By allowing expression of multiple different receptors in single taste neurons insects may be able to expand the ligand spectrum. However, the design would sacrifice performance in discrimination. Future studies on the central mechanism of taste in the insect brain are necessary to understand how insect taste neurons process chemical information and control behavioral outputs.
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Calling female moths attract their mates late at night with intermittent release of a species specific sex-pheromone blend. Mean frequency of pheromone filaments encodes distance to the calling female. In their zig-zagging upwind search male moths encounter turbulent pheromone blend filaments at highly variable concentrations and frequencies. The male moth antennae are delicately designed to detect and distinguish even traces of these sex pheromones amongst the abundance of other odors. Its olfactory receptor neurons sense even single pheromone molecules and track intermittent pheromone filaments of highly variable frequencies up to about 30 Hz over a wide concentration range. In the hawkmoth Manduca sexta brief, weak pheromone stimuli as encountered during flight are detected via a metabotropic PLCβ-dependent signal transduction cascade which leads to transient changes in intracellular Ca2+ concentrations. Strong or long pheromone stimuli, which are possibly perceived in direct contact with the female, activate receptor-guanylyl cyclases causing long-term adaptation. In addition, depending on endogenous rhythms of the moth’s physiological state, hormones such as the stress hormone octopamine modulate second messenger levels in sensory neurons. High octopamine levels during the activity phase maximize temporal resolution cAMP-dependently as a prerequisite to mate location. Thus, I suggest that sliding adjustment of odor response threshold and kinetics is based upon relative concentration ratios of intracellular Ca2+ and cyclic nucleotide levels which gate different ion channels synergistically. In addition, I propose a new hypothesis for the cyclic nucleotide-dependent ion channel formed by insect olfactory receptor/coreceptor complexes. Instead of being employed for an ionotropic mechanism of odor detection it is proposed to control subthreshold membrane potential oscillation of sensory neurons, as a basis for temporal encoding of odors.
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MALE MOTHS DETECT PHEROMONES WITH ASTOUNDING SENSITIVITY AND HIGH TEMPORAL RESOLUTION, BUT UNDERLYING TRANSDUCTION CASCADES ARE NOT UNDERSTOOD

Sensitive odor detection is a prerequisite to survival and reproduction in many insect species, especially in short-lived moths. While they rest during the day late at night female moths release pulses of a sex-pheromone blend to attract their mates (Itagaki and Conner, 1988). Pheromones are species-specific odors with properties of hormones. They signal the physiological state of the individual insect to their conspecifics. Air turbulences tear and whirl the pheromone blend pulse pattern into intermittent odor filaments of varying blend concentrations and frequencies. Time-dependently in synchrony with the female, male moths detect the pheromone filaments at astounding sensitivity with specialized hair-like sensilla on their antennae (Kaissling and Priesner, 1970; Sanes and Hildebrand, 1976; Almaas et al., 1991; reviews: Kaissling and Thorson, 1980; Kaissling, 1987). With forward pointed antennae male moths fly upwind, brushing the air with long trichoid sensilla. They adsorb about 30% of the lipophilic pheromones in a surrounding air stream on the waxy surface of the antennal cuticle (Kaissling, 1987). Hawkmoths fly with a velocity of about 3.5 m/s and beat their wings at a high frequency of about 30 Hz. Flight velocity and wing beat frequency affect sampling of odorants. It is assumed that each downstroke of the wing accelerates airflow over the olfactory sensilla and, thus, periodically allows for odor sampling, about every 30 ms (Tripathy et al., 2010).

Next to the species-specific pheromone blend composition, this intermittency of the pheromone signal is a critical prerequisite for eliciting arousal in the male moth, for starting and maintaining the male’s characteristic zig-zagging anemotaxis (Kennedy et al., 1981; Murlis and Jones, 1981; Baker et al., 1985; Baker and Haynes, 1989; Tumlinson et al., 1989; Vickers and Baker, 1992; Vickers, 2000; Koehl, 2006; Lei et al., 2009). Constant or very strong pheromone stimulation results in cessation of the males search, possibly caused by adaptation of the sensory cells (Baker et al., 1988). Owing to the turbulent air, distance to the female is encoded in the mean frequency of pheromone filaments rather than in a concentration gradient. From behavioral experiments it was calculated that male moths can assess pheromone blend ratios within less than 100 ms, possibly comparing two consecutive antennal “sniffs” (review: De Bruyne and Baker, 2008). Upon loss of pheromone during zig-zag upwind flight they respond with cross wind-casting within 300–500 ms (Baker and Vogt, 1988). Apparently, sensitized silkmoth antennal olfactory receptor neurons (ORNs) can detect single pheromone molecules and hawkmoth ORNs differentiate pheromone concentrations over at least 4 log units (Kaissling and Priesner, 1970; Kaissling, 1987; Dolzer et al., 2003). In addition, the olfactory system appears to follow intermittent odor signals of about 30 Hz (Justus et al., 2005; Ito et al., 2008; Tripathy et al., 2010). Therefore, evolution shaped the olfactory system to be as sensitive as possible and to allow reaction times within the range of 30 ms.

Still it is not resolved which olfactory signal transduction cascades are responsible for the astounding sensitivity and for the fast temporal resolution of pheromone blend detection and discrimination. There is strong controversy in the field of olfaction in the interpretation of apparently conflicting genetic and physiological data. Especially the characterization of receptor–ion channel complexes raised the hypothesis that insects smell via speedy ionotropic signal transduction in contrast to vertebrates which employ sensitive G-protein coupled, metabotropic odor transduction cascades. This review focuses on sex-pheromone-detection in the hawkmoth Manduca sexta due to an available primary cell culture system which greatly facilitated physiological studies (Stengl and Hildebrand, 1990), while only briefly brushing over perireceptor events which were reviewed recently (Kaissling, 2009). In this review I suggest novel explanations for the surprising variety of different signal transduction cascades reported in moth pheromone transduction which differ greatly from a previously suggested quantitative model of insect transduction (Gu et al., 2009). I propose a new testable hypothesis of receptor–ion channel complex-function in the control of subthreshold membrane potential oscillations and, thus, in the control of temporal encoding in moth pheromone transduction.

FUNCTIONAL ANATOMY OF PHEROMONE-SENSITIVE ANTENNAL SENSILLA

Insects detect odorants mostly with their antennae (von Frisch, 1921). In moths the sexually dimorphic antennal flagellum of the male is enlarged to house extra arrays of pheromone-specific long trichoid sensilla. In addition, it contains cholinergic, shorter sensilla basiconica which detect general odorants and sensilla of other modalities (Altner and Prillinger, 1980; Keil and Steinbrecht, 1984; Lee and Strausfeld, 1990; Stengl et al., 1990). The extreme sensitivity of moth pheromone detection observed is obtained by a number of different mechanisms, including the specific morphology of the moth’s antennal sensilla. The pheromone-sensitive trichoid sensilla (Figure 1) are the longest and most abundant (38% of 2100 sensilla per annulus in M. sexta) cuticular hairs which form regular brush-like arrays on each annulus of the antennal flagellum (Keil, 1989; Lee and Strausfeld, 1990). About 32% of 3.6 × 105 sensory neurons of the hawkmoth antenna are pheromone-sensitive ORNs which innervate long trichoid sensilla. In M. sexta antennae two ORNs innervate each trichoid sensillum. One of them (Dolzer et al., 2003) responds to (E,Z)-10,12-hexadecadienal (=bombykal), the main sex pheromone component which makes up 31% of the sex-pheromone blend. The other of the two ORNs responds to other components of the pheromone blend such as to (E,E,Z)-10,12,14-hexadecatrienal (14.7%; Kaissling et al., 1989). Next to the ORNs each sensillum trichodeum contains about three non-neuronal cells: the trichogen, the tormogen, and the thecogen cells (Figure 1). All cells of an olfactory sensillum are born from ganglion mother cells in the antennal epithelium (Keil, 1999). During development the trichogen and tormogen cells generate the hollow cuticular hair shaft with the inner sensillar lymph cavity. The dendrites of the ORNs are partitioned into an outer and inner dendrite by a short ciliary structure. The thecogen cell wraps around the inner dendrite and soma of the sensory neurons. Only the naked outer dendrites of the two bipolar ORNs extend into the sensillum lymph cavity. The outer dendrite is a modified cilium which lacks the central microtubule pair and does not contain an endoplasmic reticulum or any other organelles. It is motile and can perform oscillatory elongations and constrictions (Keil, 1993). The sensory neuron’s axon, which is covered by a glial sheet, projects to the antennal lobe of the brain (Figure 1). The somata of moth ORNs are embedded between epithelial cells underneath the cuticular hair. Thus, each moth ORN is partitioned into three separate compartments: (1) the outer dendrite, (2) the inner dendrite with soma, and (3) the axon. The different compartments are isolated from each other. Very likely they maintain different external ionic milieus and different membrane compositions. The sensillum lymph contains a very high potassium concentration of about 200 mM (reviews: Kaissling and Thorson, 1980; Thurm and Küppers, 1980; Kaissling, 2009). This intracellular-like potassium concentration is generated by vacuolar-type H+-ATPases in the copious membrane folds of the tormogen and trichogen cells walling the sensillum lymph cavity. Thus, a transepithelial potential (TEP) of up to 40 mV between sensillum lymph and hemolymph adds to the negative resting potential of the ORNs and increases the electrical driving force for the receptor current. This TEP shows oscillations which are affected by biogenic amines circulating in the hemolymph (Dolzer et al., 2001). Little is known about ion channels in the supporting cells. But it is clear that also the non-neuronal cells contribute to odor-dependent sensillum potentials since no direct correlation between odor-dependent sensillum potential changes and action potential responses of the sensory neurons are found (Dolzer et al., 2003).
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Figure 1. In the hawkmoth the long trichoid sensillum is innervated by two pheromone-sensitive olfactory receptor neurons (ORNs), one responding to bombykal the main pheromone component. The non-neuronal tormogen (TO) and trichogen cells (TE) build the hollow hair shaft of the long sensory hair. Pores (P) in the cuticle (CU) of the hair allow pheromone to enter the receptor lymph (RL). The ORNs (green) are partitioned via tight membrane junctions (dotted lines) into an outer dendrite (OD), an inner dendrite (ID) and soma, both covered by a thecogen cell (TE), and a glia-wrapped axon. Thus, only the outer dendrite contacts the RL containing high potassium concentration and odorants. Hemolymph (HL); basal lamina (BL), epithelial cells (EP).



In conclusion: The lipophilic cuticle and surface maximization of many long trichoid sensilla assure accumulation of airborne pheromones at high efficiency to improve sensitivity. It remains to be studied whether slow oscillatory elongations of the dendrite and slow TEP-oscillations are phase-locked to the moth’s fast wing beat frequency and whether oscillatory wing beats ensure oscillatory odor stimulation. Furthermore, it remains to be examined whether oscillatory odor stimulation results in synchronization of ORNs to improve frequency resolution and blend assessment via mechanisms of temporal encoding. Compartmentalization of the ORN implicates differential distribution of membrane proteins and extracellular milieus which also need to be evaluated further. Finally, the nitty-gritty of non-neuronal supporting cells should not be neglected because they considerably contribute to olfactory transduction not only via generation of a modifiable TEP.

PERIRECEPTOR EVENTS: FROM STIMULUS ENTRY TO PASSAGE TO OLFACTORY RECEPTOR MOLECULES

Through pores and lipophilic pore tubules which extend into the cavity of the sensory hairs the hydrophobic pheromones enter the hair shaft and face the aqueous sensillum lymph with high protein concentrations (Keil and Steinbrecht, 1984). Supporting cells secrete these millimolar concentrations of pheromone-binding proteins (PBPs; odorant-binding proteins = OBPs in sensilla basiconica) into the sensillum lymph of trichoid sensilla (Forstner et al., 2006, 2009; Pelosi et al., 2006). The moth PBPs bind specific pheromone components with high affinity and thereby contribute to the specificity and sensitivity of the pheromone responses (Stengl et al., 1992; Steinbrecht et al., 1995; Ziegelberger, 1995; Mohl et al., 2002; Pophof, 2004; Leal et al., 2005; Grosse-Wilde et al., 2006, 2007; Kaissling, 2009). Their various functions are not yet completely resolved but the PBPs appear to act as scavenger of unspecific odorants and as carrier of specific pheromone compounds to their dendritic receptor molecule complexes. Apparently, PBPs undergo a conformational shift after pheromone binding (Ziegelberger, 1995). Then, they are enabled to transiently interact with dendritic pheromone receptor molecule-complexes (containing various molecules, see below) which allows for another conformational change which initiates pheromone degradation via enzymes (Vogt and Riddiford, 1981, 1986; Ziegelberger, 1995). Thus, moth PBPs/OBPs appear to be selectivity filters, as well as temporal filters, contributing to the specific, transient, and single interaction with dendritic olfactory receptor molecule-complexes before the odor molecules are inactivated. Studies with loss of function and gain of function mutants of the OBP LUSH in D. melanogaster generally support this notion (Laughlin et al., 2008). In addition to affecting odor detection, lush loss of function mutants decrease spontaneous activity of the ORNs (Xu et al., 2005). It is assumed that LUSH is absolutely required for the detection of the fruitfly’s aggregation pheromone 11-cis vaccenyl acetate (Xu et al., 2005). Alternatively, it is possible that LUSH lowers the detection threshold of odors and prevents adaptation of receptors because it allows for only very transient binding of the odor to the receptor. Without LUSH an odorant might not be transiently bound and quickly removed from the odor receptor complex which then desensitizes. This assumption was supported by respective observations in the hawkmoth (Stengl et al., 1992). Still, the different functions of the PBPs/OBPs are under debate and remain to be investigated further. Modeling studies by Kaissling (2009) predicted that 17% of the total pheromone concentration is enzymatically degraded and 83% is bound to the PBPs within 3 ms after entering the sensillum lymph. In his kinetic model the half-life of the activated dendritic receptor–pheromone–PBP complex was calculated to be 0.8 s, the EC50 was 6.8 μM.

In conclusion: Moth ORNs are flux detectors because antennal odor adsorption depends not only on the external odor concentration but also on the relative velocity of the air stream, the speed, and the wing beat frequency of the flying insect (Kaissling, 2009). Therefore, the latency and kinetics of the odor-dependent potential responses are also governed by the kinetics of odor entry, odor-PBP(OBP)-odor receptor complex interactions, and odor inactivation/enzymatic degradation. Further quantitative studies need to resolve the dynamical impact of perireceptor events in odor detection within more detail.

OLFACTORY RECEPTOR MOLECULE COMPLEXES IN OUTER DENDRITES OF MOTH ORNs

After reaching the outer dendritic membrane of ORNs pheromone–PBP complexes specifically interact with olfactory receptor molecule (OR)–complexes, initiating signal transduction cascades. There are different classes of chemosensory receptor molecules described, next to other specific sensory neuron membrane proteins (SNMPs).

INSECT ORs ARE UNRELATED IN SEQUENCE TO VERTEBRATE ORs

Insect ORs appear to be largely insect-specific proteins which do not share sequence similarity to vertebrate ORs or other G-protein coupled receptors. Nevertheless, also insect ORs have predicted seven transmembrane domains, but they appear to adopt a different topology in contrast to vertebrate ORs (review: Nakagawa and Vosshall, 2009; Silbering and Benton, 2010). Studies in molecular genetics combined with immunocytochemistry revealed that dendrites of a single silkmoth ORN contain at least two different olfactory receptor molecules (ORs), apparently forming complexes at unknown density with unresolved stoichiometry (Krieger et al., 2002, 2004, 2005, 2009; Sakurai et al., 2004; Grosse-Wilde et al., 2007; Brigaud et al., 2009; review: Nakagawa and Vosshall, 2009). One of them is a widely conserved coreceptor (COR) termed OR83b in the fruitfly and MsextaOR2 in the hawkmoth (Krieger et al., 2003; Malpel et al., 2008; M. sexta: Patch et al., 2009; review: Nakagawa and Vosshall, 2009). In D. melanogaster this COR is a chaperon that is obligatory for directing ORs into dendritic membranes and thus, its destruction deletes odor responses in the fruitfly (Larsson et al., 2004; Benton et al., 2006). In moths in situ hybridizations suggested that MsextaOR2 is also located to pheromone-sensitive long trichoid sensilla and, thus, appears to play a role in pheromone transduction (Patch et al., 2009). This hypothesis is confirmed by Nakagawa et al. (2005) who found the COR colocalized with pheromone receptors in Bombyx mori. However, relative levels of MsextaOR2 expression are much higher in the female antenna than in the male antenna. This result suggests that the COR is either not expressed in all pheromone-sensitive trichoid sensilla of male hawkmoths or that it is expressed at considerably lower level in the pheromone system as compared to the general odor detecting system (Patch et al., 2009). Due to these conflicting results it is necessary to perform more studies in different insect species to resolve whether pheromone transduction indeed depends on an OR/COR complex.

THE SENSORY NEURON MEMBRANE PROTEINS IN DENDRITIC MEMBRANES OF ORNs

The SNMPs were identified in the dendritic membrane of male and female moth ORNs and supporting cells (Rogers et al., 1997, 2001a,b; Forstner et al., 2008). The SNMPs are related to the CD36 receptor family of glycoproteins, which recognize long-chain fatty acids, oxidized phospholipids, and lipoproteins (review: Silverstein and Febbraio, 2009). Their functions in olfaction are not yet resolved but it is hypothesized that SNMPs might be additional coreceptors which are involved in the transfer of lipophilic pheromones or pheromone–PBP-complexes to ORs (Rogers et al., 2001b; Vogt et al., 2009). This assumption is supported by studies in D. melanogaster which demonstrated that a SNMP is required for pheromone responses (Benton et al., 2007). Because SNMP mutants showed increased spontaneous activity it was suggested that SNMP inhibits the receptor in absence of pheromone (Benton et al., 2007; Jin et al., 2008). However, the additional expression of SNMPs in non-neuronal supporting cells of trichoid sensilla suggests additional functions (Forstner et al., 2008). Because supporting cells show pheromone-induced cGMP elevations and NADPH-diaphorase activity (which is indicative of nitric oxide synthase) only after very strong, long pheromone stimuli, it remains to be examined whether SNMPs might be pheromone-sensitive coreceptors of receptor guanylyl cyclases (GCs) in supporting cells (Stengl and Zintl, 1996; Stengl et al., 2001).

OTHER RECEPTORS FOUND IN DENDRITES OF ORNs

Next to the ORs and to gustatory receptors, a third family of chemosensory receptors was identified in the fruitfly; the ionotropic receptors (IRs). The IRs share homology to a class of ligand-gated ion channels (Benton, 2009). Their functions in the antenna still need to be resolved. Whether the IRs are present also in the moth antenna is unknown. In addition, different types of receptor GCs and of octopamine receptors were located in moth antennae (Von Nickisch-Rosenegk et al., 1996; Simpson et al., 1999; Nighorn et al., 2001; Morton and Nighorn, 2003; Dacks et al., 2006). Whether CO2-, or oxygen-receptors as described in fruitflies are also present in moth pheromone-sensitive ORNs remains to be examined (Benton, 2009).

In conclusion: The outer dendrites of pheromone-specific moth ORNs comprise apparently heteromeric OR/COR complexes. These complexes appear also to be associated with SNMPs, which might aggregate PBPs loaded with pheromone. Furthermore, octopamine-receptors and receptor-type-, but not soluble GCs are present in the dendrites of moth ORNs. The functional implications of these large receptor complexes in temporal encoding of odor transduction are discussed below.

SUBTHRESHOLD MEMBRANE POTENTIAL OSCILLATIONS OF ORNs AND TEMPORAL ENCODING OF ODORS

First odors bind to their specific receptors (ORs), then, conformational changes of ORs initiate signal transduction cascades which transduce the chemical signal to a graded potential change (receptor potential) in the sensory neuron. If this receptor potential reaches a threshold of about −40 mV at the axon hillock it elicits opening of voltage-dependent Na+ and K+ channels, and thus action potentials (=spikes). To understand odor transduction cascades in insects it is important to determine which schemes of information encoding they employ. Thus, before conflicting hypotheses of odor transduction cascades are being discussed, first, I briefly compare “rate codes” and “temporal encoding” in chemosensory neurons. Then, I will summarize evidence for the type of coding employed by insect odor transduction cascades.

“Rate codes” imply that increasing odor concentrations result in increasing action potential frequencies in ORNs. Dose–response curves of ORNs are semi-logarithmic with a linear increase of the response with 10× rising odor concentration (bombykal cell in M. sexta: Dolzer et al., 2003). Thus, odor concentration is encoded in the action potential rate of a single ORN. In the hawkmoth the first five interspike intervals, but not the average action potential frequency over the pheromone stimulus duration encode pheromone quantity over at least 4 log units (Dolzer et al., 2003).

Next to the “rate code,” olfactory information can also be encoded in the time domain, called “temporal encoding” (Milner, 1974; Singer and Gray, 1995; Knüsel et al., 2007; Ito et al., 2008, 2009). In temporal encoding one assumes that more important than the frequency of action potentials elicited in single cells is at what time the action potentials occur in a population of cells which respond to the same input. Thus, the information is encoded, e.g., in the latency of the first odor-dependent action potential elicited at the level of a neuronal population. The latency may be calculated with respect to a local field potential oscillation, generated via synchronized subthreshold membrane potential oscillations in the respective neurons. On the population level it is assumed that all cells which process the same stimulus express synchronized first action potentials with zero phase difference or constant phase relationship (Nadasdy, 2010). The phase implies the time when the action potential occurs. To obtain synchronization of spikes within the range of ms amongst a population of neurons different mechanisms of coupling (=synchronization) can be employed. Most commonly self-organized coupling is obtained with interacting neuronal oscillators. A neuronal oscillator generates endogenous subthreshold membrane potential oscillations which underlie spontaneous spike activity. Subthreshold membrane potential oscillations provide a temporal preference for input detection. Stimulus-induced receptor potentials as well as neurotransmitter-induced postsynaptic potentials will reach action potential threshold earlier, if they superimpose at the depolarizing phase of endogenous subthreshold membrane potential oscillations, rather than at the hyperpolarizing phase. As soon as any two oscillators have similar periods (interspike intervals) any type of interaction will synchronize both oscillators causing a stable phase relationship and a common period. For example in the cockroach brain gap junctions maintain synchronized periods of neuronal oscillators at a stable phase difference (Schneider and Stengl, 2005, 2006, 2007). If these coupled oscillators are transiently inhibited at the same time via an inhibitory interneuron zero phase difference results. Thus, a transient neuronal ensemble is generated which contains synchronized neurons which all fire their action potentials at the same time or at integer multiples of the same time. This means, depending on the input (the odor applied) transient neuronal ensembles can be obtained which are recruited into variable functions from the same population of coupled neurons. Thus, an “across fiber pattern” of ORNs could mean that not a single neuron encodes a specific odor quality and quantity, but rather a specific neuron can encode sequentially different odor qualities/quantities depending on the ensemble it is recruited to (Johnson et al., 1991; Ito et al., 2009; Raman et al., 2010).

In the olfactory system of vertebrates Junek et al. (2010) demonstrated that temporal encoding is prevalent over rate codes. They found that latency rank patterns of odor responses specifically encode odor quality and quantity, more reliably than action potential firing rates. They proved that the latency of the first action potential of an odor response is most instrumental for odor encoding already at the periphery. In addition, the importance of latency rank patterns suggested that the phase relationships of the first odor-dependent action potential elicited amongst different ORNs is important and needs to be tightly controlled, possibly via different mechanisms which couple ORNs. That also in the olfactory system of insects temporal encoding is important was shown mostly in recordings of the olfactory pathway in the brain (review: Laurent, 2002) and more recently also for ORNs (Ito et al., 2009; Raman et al., 2010). Also in ORNs of M. sexta and B. mori the latency of the first action potential elicited decreases with increasing odor concentration (Kaissling and Priesner, 1970). However, in moths it has not been thoroughly examined yet over which concentration range latencies encode odor concentration on the level of a single ORN or on the population level. But because insect ORNs, as well as vertebrate ORNs are spontaneously active and generate bursts of action potentials they very likely employ temporal encoding strategies (Gesteland, 1971; Kaissling, 1987; De Bruyne et al., 2001; Dolzer et al., 2001; Duchamp-Viret et al., 2005). The interspike intervals of spontaneous activity in ORNs of M. sexta are not randomly distributed and phases of action potentials are advanced via current injection (Dolzer et al., 2001; Nadasdy, 2010). This hints that the ORNs resting potential produces subthreshold membrane potential oscillations with different superimposed ultradian frequencies: one controls the frequency of bursts, one interspike intervals within bursts, and another interspike intervals between bursts. These ultradian membrane potential oscillations appear to be endogenous since regularly oscillating membrane potentials were recorded intracellularly in isolated ORNs from M. sexta in vitro, in addition to very regularly oscillating Ca2+ currents in the same frequency range which were observed in patch clamp recordings (Stengl, 1990). Comparably to cockroach circadian pacemaker cells (Schneider and Stengl, 2005, 2007), next to ultradian oscillations ORNs also show daytime-dependent changes in the spontaneous activity with the highest frequency during the moth’s activity phase (Flecke and Stengl, 2009). Since moth ORNs express circadian rhythms and circadian clock genes, as do fruitfly and cockroach ORNs, it is likely that also moth ORNs are endogenous circadian oscillators (Krishnan et al., 1999, 2008; Tanoue et al., 2004, 2008; Merlin et al., 2006, 2007; Schuckel et al., 2007; Saifullah and Page, 2009). In moths it is not known whether Ih currents (Krannich, 2008) or other ion channels provide the pacemaking inward currents at hyperpolarizing potentials, underlying these different, superimposed, spontaneous oscillations of the resting potential.

Not only in D. melanogaster heteromeric OR/COR complexes mediate spontaneous activity because they form constitutively open non-specific cation channels even at negative resting potentials which leak depolarizing Ca2+ currents into ORNs (Sato et al., 2008; Wicher et al., 2008). Rising intracellular Ca2+ concentrations and increasing depolarization then might open voltage- and Ca2+-dependent cation and Cl− channels found in ORNs (Zufall et al., 1991a; Dolzer et al., 2008; Pézier et al., 2010). Possibly, these ion channel openings might underlie the elementary receptor potentials (bumps) observed in moth ORNs (Minor and Kaissling, 2003). The Ca2+-dependent de- or hyperpolarizing ion channels cause ultradian oscillations of the membrane potential. Since the OR–COR ion channel complexes appear to be gated via cAMP (Wicher et al., 2008) they could be modulated via adenylyl cyclase-activating hormones such as octopamine (Figure 2). Furthermore, in D. melanogaster the availability of OR complexes in dendrites is controlled via an endogenous circadian clock (Tanoue et al., 2008). Therefore, experimental evidence is provided that OR–COR complexes are a prerequisite to metabotropically modifiable subthreshold membrane potential oscillations with superimposed ultradian and circadian periods in fruitflies.
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Figure 2. At night the stress hormone octopamine (OA) lowers odor detection threshold and accelerates response kinetics of olfactory receptor neurons (ORNs) possibly via second messenger-dependent modulation of subthreshold membrane potential oscillations (SMPOs). The SMPOs are suggested to be driven via the leaky olfactory receptor–coreceptor ion channel complex (OR–COR, 1) as pacemaker current. The OR–COR causes steady influx of Ca2+ and monovalent cations into the ORN. It drives the resting potential of the hyperpolarized ORN to more depolarized potentials and to higher intracellular Ca2+-concentrations. Depolarizations activate different types of repolarizing fast, transient (5, IA, ∼30 pS), and delayed rectifier K+-channels (6, ∼30 pS; Zufall et al., 1991a). Elevations of intracellular Ca2+ activate large Ca2+-dependent K+ (4) and Cl− channels (7) (Dolzer et al., 2008). resulting in SMPOs. If SMPOs reach spike threshold of −40 mV spontaneous action potentials are elicited. OA increases spontaneous activity via modulation of intracellular messengers (Flecke and Stengl, 2009). One OA-receptor (OAR) couples to a trimeric Gs protein which activates an apparently Ca2+-dependent adenylyl cyclase (AC). In addition, OA couples to at least one other so far undescribed G-protein (G?) which very likely couples to PLCβ and affects Ca2+ levels. This hypothetical branch of the cascade including PLCβ-dependent ion channels (Figure 3) is not shown. The OA-dependent rise in cAMP is assumed to increase the open probability of the leaky OR–COR (1). In addition, cAMP rises open a transient, protein kinase C (PKC)-dependently blocked L-type Ca2+ channel (2) and a less transient cyclic nucleotide gated cation channel (3) (Krannich and Stengl, 2008). All three of these channels permeate Ca2+ which then exerts negative feedback, possibly indirectly (interrupted lines) also to (1). Thus, OA-dependent rises in the intracellular cAMP- and Ca2+-concentration would increase amplitude and frequency of SMPOs. Since SMPOs determine temporal encoding properties of ORNs OA determines detection threshold and kinetics of odor responses. Question marks indicate less well documented parts of the cascade. The numbers indicate the same ion channels in all Figures.



According to theories of temporal encoding (Nadasdy, 2010) it is likely that ultradian subthreshold membrane potential oscillations in insect ORNs are an obligatory prerequisite to the phase control of the first action potential elicited in odor responses and are used for temporal encoding of odor blend quality and quantity. In addition, regularly patterned odor stimuli as might be generated by the beating wings of the flying moth will entrain ultradian membrane potential oscillations of ORNs to resonate in synchrony, thus providing phase-coupling on the population level of ORNs. Stimulus-dependent synchronization significantly increases the temporal resolution of the insect olfactory system and its fidelity in fast odor blend assessment (Tripathy et al., 2010). In addition, synchronization of many sensory neurons would decrease odor detection threshold, because more antennal cells could be recruited into an ensemble by the same stimulus, providing synchronized summed input into postsynaptic antennal lobe neurons (Ito et al., 2009; Raman et al., 2010).

In conclusion: Hallmarks of temporal encoding are endogenous subthreshold membrane potential oscillations generating spontaneously active neurons as well as different means of synchronization to recruit neuronal ensembles into a specific function. Also insect ORNs are endogenous oscillators which express ultradian and circadian subthreshold membrane potential oscillations which result in a temporal preference for odor detection. I propose that the leaky, metabotropically modifiable OR–COR ion channel complex is instrumental for these important properties which could underlie temporal encoding of odors also in insects (Figure 2).

OLFACTORY SIGNAL TRANSDUCTION CASCADES

In insects odor-dependent signal transduction cascades that transduce the odor stimulus into a graded receptor potential and action potential responses are still under lively debate. Based on genetic and physiological analysis of D. melanogaster, B. mori, and mosquito ORs expressed in vertebrate cell lines Sato et al. (2008) claimed that the main mechanism of insect odor and pheromone transduction is a rapid ionotropic pathway employing the OR/COR complex as odor-gated ion channel without involvement of any G-protein-coupled metabotropic cascades which would amplify the signal. In contrast to this hypothesis several different metabotropic cascades were reported to affect odor and pheromone transduction in different insect species. Here, I will summarize experimental evidences in support of either hypothesis. Then, I will interpret the apparently conflicting results for each cascade and will put forward my own hypothesis of pheromone transduction in moths (Figures 2–5).

HETEROLOGOUS OR/COR COMPLEX-DEPENDENT SIGNAL TRANSDUCTION CASCADES

Studies suggested that D. melanogaster ORs signal independently of heterotrimeric G-proteins (Sato et al., 2008; Smart et al., 2008). Based on previous evidence it was proposed that a directly odor-gated fast ionotropic mechanism via OR/OR83b-formed ion channels is the main odor-dependent transduction pathway eliciting receptor potentials (Nakagawa et al., 2005; Sato et al., 2008). This was claimed not only for general odorants in the fruitfly but also for pheromone-transduction in moths. This hypothesis is based upon the observation that insect ORs are seven-transmembrane receptors which are inversely inserted into the dendritic membrane with the N-terminal reaching into the inside of the cell (Benton et al., 2006; Lundin et al., 2007). Thus, the known G-protein binding motif on the C-terminal is located at the extracellular site and cannot account for a metabotropic cascade. In addition, odor-dependent but GTP-/ATP-independent inward currents were recorded after expression of fruitfly, silkmoth, and mosquito ORs coexpressed with the respective OR83b (COR)/-homologs in HeLa and HEK293 cells (Sato et al., 2008; Wicher et al., 2008). However, unphysiologically strong and long pheromone stimuli of 10 μM bombykol for several seconds which do not occur in natural surroundings of the moths were necessary to elicit a fast, small ionotropic current via bombykol-receptor–COR complexes (Sato et al., 2008). In comparison, dependent on the expression of OR22a/OR83b, 100 nM ethyl butyrate pulses of 1 s duration elicited an ionotropic current which peaked at 1 s and terminated after 10 s. It was followed by a stronger metabotropic current component which developed after about 10 s, peaked at about 60 s, and terminated after about 80 s (Wicher et al., 2008). The less sensitive ionotropic current component appeared to be a current via the OR/OR83b-formed ion channels, gated via binding of odor to the OR-subunit. This ionotropic current did not depend on the presence of ATP or GTP, in contrast to the slower and more sensitive metabotropic current component. The metabotropic current appeared to be mediated via binding of cyclic nucleotides to the OR–COR-formed ion channel, which apparently increased its probability to open. Whether G-protein-dependent activation of an adenylyl cyclase was mediated via OR homodimers with C-termini intracellularly or via a new G-protein-binding domain at the intracellular N-terminus, or via another Gs-coupled receptor remains to be examined more thoroughly. The time courses of both of these current components, the ionotropic as well as the cGMP/cAMP-dependent metabotropic currents do not match the time course of non-adapted phasic odor responses in intact ORNs or of odor sampling of moths, which both last less than 100 ms (Kaissling, 1987). Possibly, this temporal discrepancy results from the heterologous expression systems used. Alternatively, these currents serve other purposes, such as the modulation of spontaneous activity shown in fruitflies (review: Nakagawa and Vosshall, 2009). The function of the COR is not easy to resolve since specific blockers are missing which solely delete the ionotropic component of the current leaving its chaperon function intact. Because the COR functions as a chaperon which is required for insertion of ORs into dendritic membranes (Larsson et al., 2004) deletions of the COR will delete odor responses and will not necessarily provide evidence for the need of ionotropic odor transduction cascades.

In conclusion: Only two reports using unphysiologically high stimulus concentrations and vertebrate expression systems for fruitfly ORs are in support of a solely ionotropic signal transduction cascade, which, however, is much slower than odor transduction in situ. As an alternative hypothesis I suggest that cyclic nucleotide-dependent, leaky heteromeric OR/COR complexes are involved in a depolarizing influx of Ca2+ and other cations into ORNs to drive spontaneous subthreshold membrane potential oscillations and, thus, spontaneous activity daytime-dependently (Figure 2). Subthreshold membrane potential oscillations keep ORNs close to the action potential threshold and constitute a temporal filter. Thus, they control sensitivity as well as temporal response characteristics of ORNs. Future experiments will examine whether the modulation of the heteromeric OR/COR complexes via a cyclic nucleotide-binding domain on the COR is instrumental for the regulation of daytime-dependent temporal resolution of the ORNs via hormones, neuropeptides, and biogenic amines (Flecke and Stengl, 2009). Therefore, many more studies in different species are needed to resolve the function of the OR/COR complexes for insect olfactory transduction.

G-PROTEIN COUPLED PHOSPHOLIPASE Cβ-DEPENDENT ODOR TRANSDUCTION CASCADES

Many studies obtained with various techniques from different laboratories support the role of colocalized heterotrimeric G-protein-coupled signal transduction cascades in insect ORNs. Most evidence is provided for a phospholipase Cβ (PLCβ)-dependent signal transduction cascade (Figure 3). Overwhelming evidence suggest that it underlies the sensitive phasic pheromone responses of the males late at night during their search for the female. In contrast, second-long, strong pheromone stimuli appear to decrease the sensitivity of the ORNs and involve protein kinase C (PKC)-dependent actions which appear to downregulate and terminate PLCβ-dependent signal transduction (Stengl, 1993, 1994; Schleicher et al., 1994).
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Figure 3. At night sensitive pheromone detection involves phospholipase Cβ (PLCβ) cascades in the hawkmoth M. sexta. During the moth’s activity phase low, brief pheromone stimuli elicit phasic, sensitive odor responses. Pheromone–pheromone binding protein (P-PBP) binds to the pheromone receptor complex (OR–COR, 1) which activates a Gq-protein. The Gq(α) subunit activates a Ca2+-dependent PLCβ which hydrolyses phospholipids (PIP2) to IP3 and DAG. The Gq(βγ) subunit opens a delayed rectifier-type K+ channel (8, ∼30 pS), which is blocked by high levels of cGMP (Stengl et al., 1992). Depending on channel density it hyperpolarizes the ORN and decreases its spontaneous activity. Steep IP3 rises open a transient Ca2+ channel (9, <20 pS) in the outer dendrite. The resulting influx of Ca2+ triggers activation of nearby Ca2+-gated cation channels (10, ∼53 pS) before closing both channels (9, 10) via negative feedback causing desensitization (Stengl et al., 1992; Stengl, 1993, 1994). The resulting high amplitude, rapidly rising Ca2+-oscillations (depending on feedforward activation of PLCβ via Ca2+) and the depolarizations activate additional voltage- or Ca2+-gated channels: Ca2+-dependent K+-channels (4, ∼66 pS) and Cl− channels (7), voltage-dependent fast, transient IA-type (5, ∼30 pS), and delayed rectifier K+-channels (6, ∼30 pS), as well as Ca2+-channels (12) (Zufall et al., 1991a). Resulting hyperpolarizations together with Ca2+-dependent negative feedback, directly or indirectly via protein kinase C (PKC) terminate this pheromone-transduction cascade. Stronger, second-long Ca2+ rises via adapting pheromone stimuli activate PKC. The PKC-dependent down-regulation of PLCβ (Schleicher et al., 1994), closure of voltage-sensitive Ca2+ channels (12), and the gating of different cation channels which are not Ca2+ permeable (11, ∼40 pS, ∼60 pS not shown) causes slower, decreased depolarizations and decreased intracellular Ca2+ levels resembling conditions of short-term adaptation (Stengl, 1993; Dolzer et al., 2003, 2008). Because dropping intracellular Ca2+ levels will not activate the large, fast Ca2+-dependent K+ or Cl− channels, repolarizations will be slowed down, decreasing pheromone response kinetics. The PKC-dependently activated ion channels are closed via rises of cGMP-levels as occur under conditions of long-term adaptation (Figure 3). The numbers indicate the same ion channels in all Figures.



In different insects cloning experiments, in situ hybridizations, and also immunocytochemical studies provided evidence for the presence of Gs (which activates adenylyl cyclase), Gi (which inhibits adenylyl cyclase), Gq (which activates phospholipase Cβ), and Go (which targets are not well characterized) in antennae (Raming et al., 1989; Boekhoff et al., 1990; Talluri et al., 1995; Laue et al., 1997; Schmidt et al., 1998; Kalidas and Smith, 2002; Miura et al., 2005; Rützeler and Zwiebel, 2005; Kain et al., 2008; Chatterjee et al., 2009; Boto et al., 2010). Four G-proteins: Gs, Gi, Gq/11, Gβ13F were colocalized in dendrites of ORNs of D. melanogaster (Boto et al., 2010). In addition, Go is present in fruitfly ORNs, increasing their sensitivity to all odors tested (Chatterjee et al., 2009). Also in the silkmoth B. mori application of G-protein activating fluoride increased activity in single pheromone-sensitive sensilla (Laue et al., 1997). Because Gq was located via molecular cloning studies and in immunocytochemical experiments in dendrites of B. mori, Antheraea pernyi, and Mamestra brassicae, fluoride appeared to activate PLCβ (Jacquin-Joly et al., 2002).

Also other studies support a pheromone-transduction cascade via PLCβ which hydrolyzes phospholipids generating inositol trisphosphate (IP3) and diacylglycerol (DAG). The enzyme PLCβ was cloned and in situ hybridizations showed that PLCβ is transcribed in adult pheromone-sensitive ORNs of the moth Spodoptera littoralis (Chouquet et al., 2010). In addition, immunocytochemical studies located a PLCβ-subtype in homogenates of isolated pheromone-sensitives sensilla of A. polyphemus (Maida et al., 2000). This PLCβ appears to mediate insect odor transduction, because odor-dose-dependently physiological concentrations and time courses of pheromones as well as general odors caused rapid, transient rises of IP3 in antennal homogenates within several milliseconds. The IP3 rises occur in the dendritic fraction of antennal tissue in the same millisecond time window as phasic odor-dependent action potential responses to brief, millisecond-long physiological stimuli (Breer et al., 1990; Boekhoff et al., 1993; Kaissling and Boekhoff, 1993). Consistently, IP3-receptors were located in the dendritic membrane of moth ORNs (Laue and Steinbrecht, 1997). In addition, perfusion of cultured ORNs from M. sexta with IP3 opened a specific sequence of at least three inward currents which resembled pheromone-dependent currents (Figure 3; Stengl et al., 1992; Stengl, 1993, 1994). Pheromone opened a very transient IP3-dependent Ca2+ current (#9, Figure 3) which is blocked via intracellular Ca2+ rises within less than 50 ms. The rise in Ca2+ rapidly opens a Ca2+-activated cation channel (#10) which is blocked within seconds via further intracellular Ca2+ rises. In addition, the increase in Ca2+ opens fast, large Ca2+-dependent K+ channels (#4) and a Cl− channel (#7) possibly involved in re-/hyperpolarization of the receptor potential (Dolzer et al., 2008; Pézier et al., 2007, 2010). When the receptor potential reaches spike threshold Na+ influx occurs at the spike initiation zone of the axon. Then, voltage-sensitive K+ channels (#5, 6) and possibly also second messenger-dependent K+- (#4, 8) and Cl−-channels (#7) repolarize and guarantee phasic pheromone responses (Zufall et al., 1991a). In cell-attached patch clamp recordings of ORNs from M. sexta as the first pheromone-response an increase in the open probability of the ATP/cGMP blocked K+ channel (#4, Figure 3) was observed (Stengl et al., 1992). Thus, this channel might be opened via Gβγ subunits and might be present in the outer dendrite, in contrast to the voltage-dependent K+ channels which rather might be located in the soma and axon compartments (Stengl et al., 1992). It remains to be examined whether this channel (#8) is employed in pheromone-dependent hyperpolarizations as observed in intracellular recordings of ORNs in vitro (Stengl, 1990). In contrast, IP3 was ineffective in excised inside-out patches of dendritic membranes from silkmoth ORNs, very likely because IP3-dependent ion channels were blocked Ca2+-dependently via sustained, adapting incubation with pheromone (Zufall and Hatt, 1991).

Next to IP3, DAG is also a potential second messenger of odor transduction in moths. It appears to serve different functions, either as activator of PKC (Figure 3) or as activator of transient receptor potential (TRP)-type ion channels (not shown). Immunocytochemical experiments provided evidence for the colocalization of phospholipase Cβ together with a PKC in trichoid sensilla of A. polyphemus (Maida et al., 2000). The PKC appears to be employed in transduction of long, adapting pheromone stimuli because in homogenates of antennal sensilla of A. polyphemus second- to minute-long incubation with pheromone increased PKC but not PKA activity (Maida et al., 2000). Also, constant, second- to minute-long presence of low pheromone concentrations in extruded dendrites of trichoid sensilla from A. polyphemus cation channels were activated which resembled DAG-, PKC- and cGMP-dependently activated channels (Zufall and Hatt, 1991). In addition, DAG application in situ and in vitro in tip recordings and patch clamp recordings depolarized ORNs or activated depolarizing inward currents in B. mori, A. polyphemus, and M. sexta (Maida et al., 2000; Pophof and van der Goes van Naters, 2002; Krannich, 2008). Since in biochemical assays PKC activation decreased PLCβ-activity and rendered it less transient PKC may play a role for gain control and down-regulation of pheromone responses under conditions of overstimulation, possibly resembling conditions of short-term adaptation (Schleicher et al., 1994). In accordance with this notion PKC activity appears to underlie pheromone-dependent currents activated via second- to minute-long adapting pheromone application in patch clamp recordings in vitro (Stengl, 1994; Dolzer et al., 2008). Thus, activation of PKC appears to guarantee signal termination and adjustment of responsiveness of ORNs under conditions of strong, long-lasting Ca2+ rises which close IP3- and Ca2+-activated channels. Because PKC closes voltage-sensitive Ca2+ channels and opens cation channels which are not Ca2+-permeable PKC activity decreases intracellular Ca2+-concentrations (Dolzer et al., 2008). Thus, the PKC-dependent cascade favors conditions of low intracellular Ca2+ and will not trigger opening of large Ca2+-dependent K+or Cl− channels. Therefore, ORNs will repolarize more slowly and will show less phasic, reduced action potential frequencies, as observed during conditions of short-term adaptation.

In contrast, other work suggests that DAG can also activate a PKC-independent pathway. A PKC-independent DAG-gated cation current was described in patch clamp recordings from cultured ORNs of S. littoralis and M. sexta (Lucas and Pézier, 2006; Krannich, 2008). In accordance, a diacylglycerol kinase (which converts DAG to phosphatidic acid and recycles phosphatidylinositols) was located in olfactory sensilla trichodea of S. litt ralis (Chouquet et al., 2008). Because IP3- and DAG-gated ion channels most likely belong to the TRP-superfamily of ion channels (review: Dong et al., 2010) the localization of TRP channels in moth antennae further substantiates the importance of the PLCβ-dependent signal transduction pathway in moth olfaction (Ackermann, 2004; Chouquet et al., 2009). A PLCβ-dependent cascade might be employed not only in pheromone-transduction but also in general odor transduction. This is supported by an IP3-dependent conductance, measured in locusts, which resembled a general odor-dependent conductance (Wegener et al., 1997). This assumption is further supported by patch clamp experiments of M. sexta ORNs in vitro. While 36% of all M. sexta ORNs in culture responded to pheromone, more than 90% of the cultured ORNs responded to GTPγS (activator of G-protein-dependent cascades), more than 90% responded to IP3, and about 64% responded to DAG with inward currents (Stengl, 1993, 1994; Krannich, 2008). These findings indicate that in M. sexta both, ORNs which respond to pheromone as well as ORNs which respond to general odors use G-protein-coupled metabotropic signal transduction cascades via activation of a PLCβ (Stengl et al., 1999). Because the number of food odor-sensitive ORNs correlated with the number of DAG-responsive cells in vitro it needs to be examined whether food odor-dependent ORNs in M. sexta employ DAG-gated TRP-channels, instead of IP3-gated channels. Whether pheromone transduction in the hawkmoth employs both dendritic IP3- and DAG-gated ion channels remains to be examined.

In conclusion: There is convincing evidence, provided by many groups based upon different techniques, for sensitive, phasic PLCβ-dependent signal transduction cascades in pheromone- and also in general odor transduction in moths (Figure 3). Apparently, IP3-, DAG-, and Ca2+-gated TRP-like ion channels underlie fast, phasic responses to millisecond-long, weak odor stimuli. Desensitization (=the decline of the response during ongoing stimulation) via Ca2+-dependent negative feedback allows for phasic action potential responses. Stronger or longer odor stimuli cause short-term adaptation via longer-lasting Ca2+ rises which activate PKC. Activation of PKC reduced Ca2+ influx and slowed down odor responses shifting from phasic to more tonic response patterns. Furthermore, elevation of cGMP levels inactivated PLCβ-dependent signal transduction cascades (Stengl et al., 2001). Thus, depending on stimulus length and strength different second messengers determine threshold and kinetics of the odor response.

cGMP-DEPENDENT ODOR TRANSDUCTION CASCADEs IN MOTH ORNs

Different studies suggested that cGMP-dependent signal transduction cascades in moth olfaction are employed for long-term adaptation of the olfactory system during minute-long or very strong odor exposure (Figure 4). Several different types of GCs were cloned and characterized from hawkmoth antennae and in situ hybridization located some of them to ORNs (Simpson et al., 1999; Nighorn et al., 2001; Stengl et al., 2001; Morton and Nighorn, 2003; Morton, 2004). In homogenates of different insect antennae only very strong, long pheromone stimuli caused delayed, slow rises of cGMP (Ziegelberger et al., 1990; Boekhoff et al., 1993). Immunocytochemistry revealed that pheromone-dependent cGMP-rises occurred in neuronal and non-neuronal cells of pheromone-sensitive trichoid sensilla (Stengl et al., 2001). The cGMP rises in ORNs strongly depended on the duration and strength of the pheromone stimulus, as well as on the presence of nitric oxide (NO). Because in situ hybridizations showed that NO-dependent soluble GCs are not expressed in pheromone-sensitive ORNs it is likely that NO opened Ca2+ permeable CNG channels instead (Figure 4, #13; Broillet and Firestein, 1997; Stengl et al., 2001). The elevated cGMP-levels close fast K+ channels (Figure 4, #8), large, fast Ca2+-activated K+ channels (#4), as well as PKC-dependent ion channels (Figure 4, #11), while opening slower K+ channels (#15) and less transient Ca2+-permeable cation channels (#13, 14) in moth ORNs (Zufall and Hatt, 1991; Zufall et al., 1991a; Stengl, 1994; Dolzer, 2002; Dolzer et al., 2008; Krannich and Stengl, 2008). Because cGMP-infusion into trichoid sensilla decreased the pheromone-dependent action potential frequency daytime-dependently and rendered pheromone responses less phasic, cGMP rises adapt and slow down ORNs (Flecke et al., 2006). Interestingly, there is considerable cross-talk between PLCβ – and GC-dependent signal transduction cascades because cGMP affected Ca2+-activated and PKC-activated ion channels (Zufall et al., 1991a,b; Dolzer et al., 2008). Based on our data obtained from tip recordings (Dolzer et al., 2003; Flecke et al., 2006) and biochemical assays I propose that in insects endogenous cGMP elevations during the inactivity phase are at least partially responsible for increased odor-thresholds and decreased ability to resolve odor pulses (Figure 5). In addition, it needs to be examined whether resting moths can be disadapted via octopamine-mediated stressors. Possibly, fast, large Ca2+ transients due to stress hormone release during the inactivity phase inhibit receptor-GCs and activate phosphodiesterases to decrease cGMP levels. Finally, it remains to be examined whether receptor-GCs in moth ORNs are activated SNMP-dependently via PBP-dimers loaded with pheromone.
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Figure 4. Elevations in cGMP underlie long-term adaptation. Strong or minute-long pheromone stimuli result in more tonic, less sensitive cGMP-dependent pheromone responses in hawkmoth ORNs. The adapting pheromone doses cause long-lasting rises in intracellular cGMP- and Ca2+-concentrations which inactivate PLCβ-dependent signal transduction cascade (Figure 3). Possibly SNMP-mediated pheromone-PBP-dependent activation of a receptor-type guanylyl cyclase (GC) elevates cGMP levels in ORNs NO-dependently (Stengl et al., 2001). Elevations in cGMP and possibly also NO (dashed line) activate non-specific cation channels (13, 14, ∼55 pS) which differ in their Ca2+-permeability and Ca2+-dependent inactivation (Krannich and Stengl, 2008). The Ca2+-dependent K+-channels (4, ∼66 pS), as well as the cGMP/ATP-dependent K+ channels (8,∼ 30 pS) are blocked via cGMP rises (Dolzer, 2002). In contrast, a slow K+ channel (15) is opened via cGMP (Dolzer, 2002) and other voltage-dependent delayed rectifier K+ channels (5, 6) are opened depolarization-dependently. In addition, the cGMP rises close a 40 pS cation channel (11) previously activated by PKC (Dolzer et al., 2008). It remains to be examined whether cGMP-dependent activation of Ca2+-dependent Cl− channels or just sustained rises in Ca2+ underlie the faster repolarization of adapted cells. All together, cGMP rises elevate baseline levels of intracellular Ca2+ and shift the resting potential to more depolarized values. The numbers indicate the same ion channels in all Figures.
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Figure 5. Hypothesis of endogenous circadian rhythms in baseline levels of intracellular Ca2+- and cyclic nucleotide-levels at different Zeitgeber times controlling spontaneous activity in the absence of odor stimulation. During the activity phase at night baseline levels of intracellular Ca2+ are low, of cGMP are low, and of cAMP are high. At the rest phase during the day elevated baseline levels in intracellular Ca2+-concentration are maintained, as well as high cGMP-, and low cAMP-concentrations. The endogenous rhythms are not gated by light, but anticipate light–dark rhythms. While our preliminary experiments support cyclic nucleotide-rhythms, it remains to be examined whether rhythms in intracellular baseline Ca2+ concentration phase-lead or phase-lag the other rhythms .



In conclusion: Very strong, long pheromone stimuli are possibly encountered in close contact with the female moth causing conditions of long-term olfactory adaptation in the male. These adapting stimuli can be detected via cGMP-dependent signal transduction cascades. The cGMP-dependent odor transduction cascades (Figure 4) appear to exclude PLCβ-dependent cascades and result in less sensitive, less phasic pheromone responses as compared to IP3-, DAG-, Ca2+-, or PKC-dependent responses (Stengl et al., 1992; Dolzer, 2002; Dolzer et al., 2008). Circadian rhythms of cGMP baseline levels could regulate activity-rest cycles of moths (Figure 5).

OCTOPAMINE AND cAMP-DEPENDENT TRANSDUCTION CASCADES IN MOTH ORNs

While in vertebrates a cAMP-dependent odor transduction cascade is predominant in the main olfactory epithelium, in moths there is less evidence for cAMP-dependent signal transduction cascades (review; Fleischer et al., 2009; Kaupp, 2010). However, in moth antennae octopamine receptors were cloned which appear to couple to adenylyl cyclases (Von Nickisch-Rosenegk et al., 1996; Dacks et al., 2006; Huang et al., 2008). Biochemical experiments showed that hemolymph concentration of the stress hormone octopamine express endogenous circadian rhythms with its maximal concentration during the activity phase of the moths late at night (Lehman, 1990). In addition, octopaminergic neurons project into the antenna and appear to contact ORNs. In different moth species octopamine improves pheromone source location daytime-dependently in behavioral studies (Linn Jr. and Roelofs, 1986). Octopamine disadapts ORNs and renders pheromone responses more phasic, apparently via a cAMP-dependent transduction cascade and an additional possibly Ca2+-dependent cascade in tip recordings of intact trichoid sensilla (Pophof, 2000, 2002; Flecke and Stengl, 2009; Flecke et al., 2010). In addition, octopamine increased the spontaneous activity of the pheromone-sensitive ORNs. This increase was only partly mimicked by cAMP-rises (Figure 2; Flecke and Stengl, 2009; Flecke et al., 2010). Possibly, cAMP increased the open probability of the leaky OR/COR ion channel complex as reported in the fruitfly (Wicher et al., 2008). The leaky OR/COR (Figure 2, #1) would cause a steady influx of Ca2+ into ORNs pulling the membrane potential to more depolarized potentials while increasing baseline Ca2+concentrations. In addition cAMP would cause superimposed transient Ca2+-rises via opening of a very transient, PKC-inhibited L-type Ca2+-channel (#2) and a less transient CNG-channel (#3) both of which would transiently depolarize ORNs (Krannich and Stengl, 2008). The rapid, transient Ca2+ rises as well as the resulting depolarizations would initiate repolarizations via activation of voltage-dependent K+ channels (#5, 6), and fast, large Ca2+ dependent K+- (#4) and Cl− channels (Figure 2, #7). Thus, OA would increase subthreshold membrane potential oscillations in amplitude and frequency, which might underlie the observed OA-dependent increase in spontaneous activity (Flecke and Stengl, 2009). It remains to be examined whether the OA-dependent decrease in odor threshold and the increased odor-response kinetics are due to second messenger-dependent modulation of subthreshold membrane potential oscillations.

In conclusion: So far, no odor-dependent cAMP-rises were described in moths. But the stress hormone octopamine couples via Gs to adenylyl cyclase in moth antennae. Thus, endogenous, circadian rhythms in octopamine concentration possibly generate circadian rhythms of cAMP baseline levels in ORNs. Possibly together with activation of a Gq-protein dependent pathway (not shown in Figure 2) octopamine allows for more phasic, more sensitive pheromone responses during the night (Figure 2) (Flecke and Stengl, 2009; Flecke et al., 2010). In addition, octopamine can also acutely elevate cAMP-concentrations in antennae in response to stressors at all daytimes via centrifugal octopaminergic neurons. Stress-dependent activation of these octopaminergic cells during the day disadapts ORNs and allows for pheromone responses of awakened moths. Whether OA-dependent cAMP rises in synergism with specific Ca2+ levels increase the spontaneous activity of ORNs and, thus, improve their ability to follow high frequency odor pulses, remains to be examined.

ARE THERE SIGNALOSOMES IN INSECT OLFACTION?

The dispute over rapid ionotrophic versus signal enhancing metabotropic signal transduction cascades can be boiled down to the question whether there is a need for speed or a need for sensitivity maximization in pheromone transduction. While ionotropic signal transduction cascades work in the microsecond time range and are employed, e.g., in the auditory system, metabotropic cascades are employed to allow for signal amplification and response range enlargement such as in the visual system. In the fruitfly visual system where scaffolding proteins aggregate the members of the metabotropic signal transduction cascade to form fast-acting signalosomes reaction times as fast as 20 ms are reached (Hardie and Raghu, 2001). Thus, the response time of signalosome-employing metabotropic signal transduction cascades would be in the time range maximally employed by the insect olfactory system. In addition, sensitivity maximization allowing for the detection of single pheromone molecules as calculated by Kaissling (1987) cannot be reached with an ionotropic cascade but requires signal amplification via metabotropic cascades. So far, it is not known yet, whether insect olfactory signal transduction cascades are spatially aggregated via scaffolding molecules to form fast-acting signalosomes (Hardie and Raghu, 2001). However, scanning electron microscopy and atomic force microscopy could resolve large complexes of molecules in the outer dendritic membrane of moth ORNs of the moths A. polyphemus and A. pernyi (Klein and Keil, 1984; Eschrich et al., 1998). Next to different pores of 14–18 nm diameter with a density of about 20/μm2 also dots and membrane patches could be resolved. It remains to be examined whether these dots and patches are signalosomes, which could speed up metabotropic signal transduction machinery. The presence of signalosomes is supported by patch clamp analysis of ORNs which suggests close local neighborhood of different pheromone-dependent ion channels and enzymes which remained together after patch excision (Stengl, 1993, 1994). In addition, scaffolding molecules were cloned from antennae of the hawkmoth. But still, the presence of signalosomes in insect olfaction remains to be examined.

To summarize: Moth pheromone transduction requires reaction times in the range of 30 ms, large, adaptable dynamic range, and extreme sensitivity maximization. Thus, signalosome-dependent metabotropic signal transduction cascades would fit these requirements best.

CONCLUSIONS

Accumulating evidence suggests that there is not only one predominant odor transduction cascade in insect olfactory sensory neurons. Rather, there are different colocalized, equally important signal transduction cascades which allow for sliding adjustment of odor response threshold and kinetics, in response to endogenous physiological rhythms, to different behavioral states, and to various different odor stimulus properties (Figures 2–5). Preliminary evidence suggests that endogenous circadian rhythms of cyclic nucleotides occur in insect ORNs, synchronized with the activity-rest cycle of the insect with maximal cAMP concentrations during the activity phase and maximal cGMP concentrations during the rest phase (Figure 5). Elevated cGMP levels increase baseline levels of intracellular Ca2+. Thus, a circadian rhythm in the baseline of intracellular Ca2+ concentrations, with the maximum at rest, during the day would accompany cyclic nucleotide rhythms. Whether additional mechanisms control rhythms in intracellular Ca2+ levels and whether circadian rhythms in intracellular baseline Ca2+ concentrations phase-lead or phase-lag cyclic nucleotide rhythms remains to be examined. Hormones and possibly also neuropeptides which represent a specific physiological, metabolic state such as hunger or sexual drive might couple to Gi or Gs, and possibly also to receptor GCs, thereby changing baseline levels of the respective second messengers. Superimposed on these slow rhythms of the baseline levels of cyclic nucleotide- and Ca2+ concentrations high frequency, large amplitude oscillations of the respective second messengers occur during odor “sniffing” with each stroke of the wings in flight. These ultradian oscillations depend on strength and time course of odor stimuli. The resulting relative concentration ratios of intracellular messengers and activated enzymes then open or close different ion channels and, thus, define the response threshold and temporal resolution of ORNs. Therefore, for each internal physiological state and each external stimulus condition there is a specific ratio of these second messengers and activated enzymes, and a corresponding complementary set of depolarizing and hyperpolarizing ion channels which support odor responses. This model differs greatly from current models of insect odor transduction (Gu et al., 2009; Nakagawa and Vosshall, 2009) and needs to be challenged in computational simulations to allow for quantitative predictions.

But what is the role of the “ionotropic” pathway via OR/COR-dependent ion channels in moth ORNs? I suggest that the main function of this metabotropically mediated OR/COR-ion channel complex is the control of subthreshold membrane potential oscillations and thus of the spontaneous activity of ORNs to allow for temporal encoding of odor blends. However, more comparative work in different insect species needs to be accomplished to resolve its functions and to challenge my hypothesis.
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Temporal response dynamics of Drosophila olfactory sensory neurons depends on receptor type and response polarity
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Insect olfactory sensory neurons (OSN) express a diverse array of receptors from different protein families, i.e. ionotropic receptors (IR), gustatory receptors (GR) and odorant receptors (OR). It is well known that insects are exposed to a plethora of odor molecules that vary widely in both space and time under turbulent natural conditions. In addition to divergent ligand specificities, these different receptors might also provide an increased range of temporal dynamics and sensitivities for the olfactory system. To test this, we challenged different Drosophila OSNs with both varying stimulus durations (10–2000 ms), and repeated stimulus pulses of key ligands at various frequencies (1–10 Hz). Our results show that OR-expressing OSNs responded faster and with higher sensitivity to short stimulations as compared to IR- and Gr21a-expressing OSNs. In addition, OR-expressing OSNs could respond to repeated stimulations of excitatory ligands up to 5 Hz, while IR-expressing OSNs required ~5x longer stimulations and/or higher concentrations to respond to similar stimulus durations and frequencies. Nevertheless, IR-expressing OSNs did not exhibit adaptation to longer stimulations, unlike OR- and Gr21a-OSNs. Both OR- and IR-expressing OSNs were also unable to resolve repeated pulses of inhibitory ligands as fast as excitatory ligands. These differences were independent of the peri-receptor environment in which the receptors were expressed and suggest that the receptor expressed by a given OSN affects both its sensitivity and its response to transient, intermittent chemical stimuli. OR-expressing OSNs are better at resolving low dose, intermittent stimuli, while IR-expressing OSNs respond more accurately to long-lasting odor pulses. This diversity increases the capacity of the insect olfactory system to respond to the diverse spatiotemporal signals in the natural environment.
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INTRODUCTION

Insect olfactory sensory neurons (OSN) express a large number of receptor proteins of different types. These receptor types include ionotropic receptors (IR), gustatory receptors (GR), and odorant receptors (OR) (Clyne et al., 1999; Vosshall et al., 1999; Benton et al., 2009). IRs are composed of three trans-membrane proteins and co-receptors, while GRs and ORs are seven trans-membrane proteins (Vosshall et al., 1999; Benton et al., 2006, 2009). ORs are co-expressed with the ubiquitous co-receptor Orco, while Gr21a, a CO2 sensor, is co-expressed with Gr63a (Benton et al., 2006; Jones et al., 2007). All OSNs are housed within different morphological types of olfactory hairs, known as sensilla. There appear to be important organizational differences between OSNs that express IRs, GRs, or ORs. Multiple IRs and GRs can be co-expressed per neuron, while OR expression generally follows a one neuron-one receptor rule (Thorne et al., 2004; Wang et al., 2004; Couto et al., 2005; Benton et al., 2009). Receptors from different protein families can also be co-localized in the same sensillum (Couto et al., 2005; Song et al., 2012). For example, in Drosophila, the ab1 sensillum houses four OSNs, three expressing ORs and one expressing Gr21a. Also, in the Drosophila coeloconic sensillum ac3 an OSN expressing Or35a is co-localized with an OSN expressing Ir75abc (Yao et al., 2005; Silbering et al., 2011).

These diverse receptors have evolved at different points in evolutionary time (Robertson et al., 2003; Croset et al., 2010). Recent research also suggests that many have broad affinity to different chemical classes (Hallem et al., 2004; Yao et al., 2005; Benton et al., 2009; Ai et al., 2010). Yet specificity might not be the only reason for receptor diversification. In the natural environment, insects are constantly challenged with odors not only of diverse molecular types, but with diverse spatio-temporal dynamics. At some distances, odor plumes can present brief and intermittent stimuli (Kaissling et al., 1987; Vickers et al., 2001) with low molecular flux, while at close range or high molecular flux, odors could present a nearly continuous stimulus (Murlis et al., 2000; Louis et al., 2008; Gomez-Marin et al., 2011). These spatiotemporal factors could also be a significant driving force for diversification. The behavior of an insect is a result of the integration of responses from several OSNs expressing a variety of receptor types (Silbering et al., 2011). Thus it is worthwhile to characterize the response dynamics across the OSN repertoire.

To address whether these different receptor types exhibit differences in temporal response kinetics, we assess the response dynamics of Drosophila OSNs expressing various receptor types to both different stimulus durations and frequencies. We evaluate the temporal dynamics of antennal OSNs expressing ORs (Or59b and Or35a), IRs (Ir84a, Ir75abc, and Ir41a), and GRs (Gr21a). Or59b-OSNs and Ir41a-OSNs respond with either excitation or inhibition to different ligands, and were chosen to assess the effect of response polarity on temporal kinetics. Or35a- and Ir75abc-OSNs are housed in the same sensillum, and are tested to control for the effects of the perireceptor environment on the temporal response. Finally, Gr21a-expressing OSNs are the only GR-expressing OSNs found on the antenna. Here we show that sensory neurons expressing receptors from different protein families also exhibit different dynamics to brief and intermittent stimuli.

MATERIALS AND METHODS

Both male and female flies at 2–6 days of age were used. Stocks were maintained on conventional cornmeal agar medium under a 12 h light: 12 h dark cycle at 25°C.

ELECTROPHYSIOLOGY

A fly was mounted in a cut pipette tip with the head protruding and small amount of wax placed into the tip end to prevent movement. The pipette was then fixed onto a microscope slide with wax and the antennae fixed on a cover slip with a sharpened glass micropipette, similar to (Hallem et al., 2004; Yao et al., 2005; Pellegrino et al., 2010). An electrolytically sharpened tungsten electrode was placed in the eye for grounding and a sharpened tungsten recording electrode was brought into contact with the base of the sensillum using a Luigs and Neumann, SM-59 manipulator (Ratingen, Germany) at 1000× magnification with an Olympus BX-51 microscope (Olympus Corporation, Tokyo, Japan).

ODOR STIMULI

Methyl acetate (>98%), citral (>95%), phenyl acetaldehyde (>90%), butyric acid (>99%), 1, 4-diaminobutane and isoamylamine (>98%), 1-hexanol (>99%), and ethyl hexanoate (>99%) were purchased from Sigma Aldrich Germany. Phenyl acetaldehyde, methyl acetate, 1-hexanol and ethyl hexanoate were diluted in mineral oil (BioChemika Ultra, Fluka), and butyric acid, 1, 4-diaminobutane, and isoamylamine were dissolved in water. Citral was dissolved in hexane (>99%, Fluka Analytical, Buchs, Switzerland). We chose odor concentrations within the linear portion of the dose response curve and the tested concentrations are indicated with circles (Figure 1). All concentrations are reported as log [odor] v/v. For Gr21a stimulation, a 1.5 ml glass vial was filled with pure CO2 and placed into the stimulus system similar to the other stimuli. After each frequency set (1–10 Hz), the CO2 was refilled.
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Figure 1. Responses to odors at different doses. Dose-response curves presented as normalized maximum frequency response for (A) Ir75abc-expressing neurons to butyric acid n = 8–13 (B) Ir84a-expressing neurons to phenylacetaldehyde, n = 9–12. (C), Or59b-expressing neurons to methyl acetate, n = 8–17 (D) Or59b-expressing neurons to citral presented as the minimum frequency, n = 6–10. (E) Ir41a-expressing neurons to 1, 4-diaminobutane n = 6–8 (F). Or35a-expressing OSNs to 1-hexanol, n = 6–8. (G) Representative traces showing the response of OSNs of ac2 sensilla to isoamylamine at two different concentrations (responses to lower concentrations were not observed). Please note that while only Ir41a-expressing neurons are excited by 1, 4-diaminobutane in this sensillum (ac2), all neurons are inhibited by isoamylamine, and we thus label the inhibitory responses with the entire sensillum label.


For frequency stimulation, we used a custom-built multicomponent stimulus system similar to (Olsson et al., 2011). Briefly, 400 ul of appropriate dilutions of each odorant was added to an Eppendorf tube and placed in the bottom of a PEEK vial (4.6 cm × 2.5 cm × 2.5 cm dimensions). Each vial was sealed with a stainless steel plug (Olsson et al., 2011). The pulse duration, inter-stimulus interval and number of pulses were adjusted through a custom built Labview program (Olsson et al., 2011). The odors were delivered from the headspace via Teflon tubing 150 cm long with an inner diameter of 1 mm and positioned as close as possible (~1.5 cm) to the antennae. The flow rate of air was 0.5 L/min. For stimulation, the stimulus system was connected to the IDAC (Syntech, Ockenfels, Germany) and through USB connection to a PC. Stimulation was controlled by an OEM (EDP 0504, thinXXS) pump control system and DAQ (USB 6008 data acquisition hardware, National Instruments, Austin, TX, USA) with custom-built Labview 8.5 software (built by Daniel Veit; National Instruments). For frequency stimulation the on time was 50 ms for OR- and Gr21a-OSNs and the off time was adjusted from 950 ms or 50 ms for 1–10 Hz, respectively. For IR-OSNs stimulated with [−4] and [−3] stimulus concentrations, the pump on time was 200 ms and off time 800, 300, or 50 ms for 1–4 Hz, respectively. At [−2], the protocol was identical to the OR-OSNs and Gr21a-OSNs. The consistency of odor delivery for different pulse durations and frequencies was confirmed using PID (200a, Aurora Scientific Ontario, Canada).

DATA ANALYSIS

All raw spike data were acquired and converted to digital spikes using Autospike 3.7 (Syntech). Co-localized neurons were identified based on spike amplitude. Peri-stimulus time histograms (PSTHs) were obtained by averaging spike activities in 25 ms bins from the start of the stimulation and normalized to the average frequency for 2 s before stimulation (Olsson et al., 2011; Sargsyan et al., 2011). The OSN responses between consecutive pulses were compared using repeated measure ANOVA by assessing the normalized mean of area under curve (AUC) spike frequency per each stimulus duration, i.e. pump on time + off time. Consecutive pulses were normalized to the response of 1st pulse. Between treatments, a Mann-Whitney U test or t-test was used depending on the normality of the data. To evaluate the capacity of receptors to resolve pulsed stimuli, we visualized the response using normalized peri-stimulus histograms and quantified the % return to the spontaneous activity (baseline), using the ratio between the first value in the 2nd pulse and the maximum peak value of the first (previous) pulse converted to a percentage: Percent return to baseline = 1−(1st value of the 2nd pulse/maximum frequency of the 1st pulse) × 100 (Bau et al., 2002). A One-Way ANOVA followed by a Tukey post-hoc test was performed to determine if the return to baseline was significantly reduced between the different stimulation frequencies. Latency was measured as the time from the onset of the odor stimulus to the maximum response frequency (mechanical delay was not considered). Response width was calculated as the time between half-maximal response for excitation and half-minimal response in the case of inhibition. Spearman's correlation was used to assess the relationship between repeated pulses and latency as well as between response width and intensity with stimulus duration. All analyses were performed using SPSS version 17 (IBM Corporation, Armonk, New York, US).

RESULTS

RESPONSE DYNAMICS OF DIFFERENT SENSORY NEURONS TO VARYING STIMULUS DURATIONS

We first assessed the response of OSNs carrying ORs, Gr21a, or IRs to key ligands presented with varying stimulus durations at concentrations found in the linear portion of the dose-response curve for each OSN (Figure 1). OSNs expressing Or59b housed in basiconic sensillum type ab2 were stimulated with methyl acetate at [−5] concentration, with stimulus durations varying from 10 ms to 2 s. At 20 ms, the mean normalized frequency of Or59b-expressing OSNs was greater than the spontaneous activity (t = 3.482, P = 0.005), indicating that a 20 ms stimulation was sufficient to elicit a response (Figure 2A asterisk right). A maximal stimulus response was obtained with a 50 ms stimulation (P < 0.05), however, stimulations of 1 s or more significantly reduced the OSN response maximum (t = 3.482, P = 0.005, mean normalized maximum frequency for 500 ms vs. 1 s stimulation and t = 5.047, P < 0.001 for 500 ms vs. 2 s, Student's t-test). Similar response dynamics were observed in Or35a-expressing OSNs (t = 5.007, P < 0.001 mean normalized maximum frequency for 500 ms vs. 2 s stimulation; Figure 2B). Adaptation to long stimulus durations (>1 s) was also apparent for Or22a-OSNs (data not shown). There was also a positive and significant correlation between response width at half-maximal response and stimulus duration for both OR-expressing OSNs (r = 0.853, P < 0.001 for Or59b-OSNs and r = 0.93, P < 0.001 for Or35a-OSNs; both Spearman's correlation Figures 2A,B left panels).
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Figure 2. Response of OSNs to varying stimulus durations. (A, left) Mean peri-stimulus time histograms (PSTHs, 25 ms bins) showing the response of Or59b-expressing OSNs to various stimulus durations of log [−5] v/v methyl acetate. (A, right) Mean normalized maximum frequency for Or59b-expressing neurons plotted vs. stimulus duration (n = 8–15) for three different concentrations. Asterisks indicate the minimum stimulus duration that elicited a significant response, P < 0.05. (B, left) Mean peri-stimulus time histograms as in (A) showing the response of Or35a-expressing OSNs to various stimulus durations of log [−5] v/v 1-hexanol. (B, right) Mean normalized maximum frequency for Or35a-expressing neurons plotted versus stimulus duration for log [−5] and [−6] v/v of 1-hexanol (n = 6–14). (C, left) Response of Ir84a-expressing neurons to various durations of log [−4] v/v phenyl acetaldehyde as in (A), n = 8–10 (C, right) as in A for two different concentrations. (D, left) Response of Ir75abc-expressing neurons to various durations of log [−3] v/v butyric acid (n = 6–15) and (D, right) as in (C). (E) Response of Gr21a-expressing neurons to pure CO2 at different stimulus durations (n = 6–10).


OSN expressing Ir84a (Figure 2C) were stimulated with [−4] phenyl acetaldehyde and a significant response was obtained at 100 ms (P < 0.001, Mann–Whitney U-test; Figure 2B). A maximal response was reached at 500 ms (P = 0.001, Mann–Whitney U-test, as compared to 100 ms), and the maximum response intensity did not decrease at longer stimulation durations (t = 0.605, P = 0.554 at 500 ms stimulation vs. 1 s, and t = 0.394, P = 0.699 for 500 ms vs. 2 s; Student's t-test). The response of Ir75abc-expressing neurons was similar when stimulated with [−3] butyric acid, (significant response at 100 ms; Mann–Whitney U, P = 0.016, Figure 2D), and reached a maximum response at 500 ms (t = 2.286, P = 0.036 compared to 100 ms). Furthermore, the response did not change at longer stimulus durations (t = 0.096, P = 0.924, 500 ms vs. 1 s, t = 0.068, P = 0.946, 500 ms vs. 2 s; Figure 2D right panel). There was also a positive and significant correlation between stimulus duration and response width at half maximal response (r = 0.905, P < 0.001 for Ir84a-OSNs, and r = 0.917, P < 0.001 for Ir75abc-OSNs, Spearman's correlation; Figures 2C and D left panel). Similarly, the Ir41a-OSN response to 1,4-diaminobutane at [−2] did not show adaptation at longer stimulus durations (t = 0.073, P = 0.944 for 500 ms vs. 1 s stimulations; t = 0.01, P = 0.992 for 500 ms vs. 2 s stimulations).

OSNs expressing Gr21a, which are housed in ab1 sensilla on the Drosophila antenna, respond to pure CO2 beginning at a 20 ms stimulation (Mann–Whitney U-test, P = 0.009 Figure 2E). Peak response was obtained at 1 s (t = 4.641, P = 0.002, Student's t-test compared to 20 ms), while at a 2 s stimulation the maximum response frequency decreased significantly (t = 2.63, P = 0.02, Student's t-test, 1 s vs. 2 s). However, the response latency also became shorter with stimulus duration, decreasing from the 20 ms duration (with a mean half-maximal response on set time of 400 ± 26.35 ms), to 1 s (with a mean half maximal response on set time 300 ± 17.67 ms, t = 3.028, P = 0.016, Student's t-test; Figure 2E left panel). This is opposite to both OR- and IR-expressing OSNs, where there was no difference (Figures 2A–D). Similarly, the response width also increased with stimulus duration (r = 0.781, P < 0.001, Spearman's correlation, Figure 2E left panel).

Increasing stimulus concentrations reduced the duration required to elicit a response regardless of the receptor expressed. For example, Or59b-OSNs required 50 ms at [−6] to elicit a significant response (t = 2.486, P = 0.025; Figure 1A right), but only 20 ms at [−3] (P < 0.001, Mann–Whitney U-test, asterisk in Figure 2A right). Similarly, Ir84a-expressing OSNs stimulated with phenyl acetaldehyde at [−2] required only 20 ms to elicit a significant response (Mann–Whitney U, P = 0.02, Figure 2C), while Ir75abc-expressing OSNs required a 50 ms stimulation when the concentration of butyric acid increased by 10× [−2] (Mann–Whitney U, P = 0.002, Figure 2D, asterisk right).

However, the dose-dependency of OSN adaptation to long stimulus durations was dependent on the receptor expressed. At [−6] long stimulus durations did not reduce the response of Or59b-expressing OSNs (t = 0.292, P = 0.776 for 500 ms vs. 1 s; t = 0.33, P = 0.745 for 500 ms vs. 2 s) or Or35a-expressing OSNs (t = 1.151, P = 0.147 for 500 ms vs. 1 s; t = 0.948, P = 0.356 for 500 ms vs. 2 s; Figures 2A,B right). However, at [−3] concentration, stimulations of 1 s or more significantly reduced the Or59b-expressing OSN response maximum (t = 2.235, P = 0.045 for 500 ms vs. 1 s; t = 2.658, P = 0.021 for 500 ms vs. 2 s, Figure 2A). In contrast, longer stimulus durations did not reduce the response of IR-expressing OSNs regardless of concentration (Ir84a-expressing OSNs at [−2]: Mann–Whitney U, P = 0.847 for 500 ms vs. 1 s; Ir75abc-expressing OSNs at [−2]: t = 0.644, P = 0.531 for 500 ms vs. 1 s; Ir41a-expressing OSNs at [−2], t = 0.073, P = 0.944 for 500 ms vs. 1 s; Figures 2C,D right panels).

PULSE RESOLUTION OF DIFFERENT SENSORY NEURONS

After investigating the response of OSNs to various stimulus durations, we presented the neurons with repeated stimulations of varying frequency. The latency to repeated stimulations at 1 Hz increased for all OSN types (r = 0.742, P < 0.001 for Or59b-OSNs; r = 0.94, P < 0.001 for Gr21a-OSNs; r = 0.787, P < 0.001 for Ir75abc-OSNs; r = 0.652, P < 0.001 for Ir84a-OSNs; Spearman's correlation; Figures 3A–E). However, a variability in latency was observed between the tested OSNs; e.g., Ir75abc-OSNs showed more delayed time to maximum than all other neurons tested, P < 0.001, ANOVA followed by Tukey post-hoc test (Figure 3E). At 100× stimulus concentrations or a 5 s interstimilus interval, the latency for Or59b-expressing OSNs did not change with repeated stimulation (r = 0.09, P = 0.475; r = −0.006, P = 0.952, respectively, Spearmans's correlation; Figure 3F). Similarly, Ir75abc-expressing OSN response onset recovered with a higher concentration (r = 0.01, P = 0.90, Spearmans's correlation). However, at 5 s interstimulus intervals the response onset became significantly faster for the later pulses (r = −0.885, P < 0.001, Spearmans's correlation; Figure 3G). The latency also decreased with subsequent stimulations of CO2 for Gr21a-expressing OSNs at 5 s interstimulus intervals (r = −0.976, P < 0.001, Spearmans's correlation; Figure 3H). In summary, this shows that changes in response onset kinetics to repeated stimuli are similar across all tested OSNs and response latencies can be regulated either by altering stimulus concentrations or inter-stimulus intrervals.
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Figure 3. Latency and maximum response of OSNs to repeated stimuli. Maximum response frequency vs. time to peak (latency), with best fit line, for OSNs carrying various receptors in response to repeated 1 Hz stimulations. (A) Ir75abc, (B) Ir84a, (C) Or59b and (D) Gr21a. Pulse number (1–9) indicated below each point. (E) Mean time to maximum response frequency for neurons in (A–D) at a 1 Hz repeated stimulation. (F) The response onset recovery of Or59b-expressing OSNs when stimulated at 0.2 Hz, n = 10 (G) as in (F) for Ir75abc-expressing OSNs, n = 7 and (H) as in (F) for Gr21a-expressing OSNs, n = 10.


Ir84a and Ir75abc-OSNs, housed in ac4 and ac3 sensilla respectively, could resolve repeated 200 ms pulses of [−4] and [−3] stimulus concentrations, respectively, up to 4 Hz (the maximum testable frequency due to stimulation length). The mean return to base line during repeated stimulation was significantly reduced at 4 Hz as compared to 1 and 2 Hz stimulation, (P < 0.05 ANOVA followed by Tukey post-hoc test; Figures 4A,B). At an increased concentration of [−2], Ir75abc OSNs could resolve pulsed stimuli up to 5 Hz at a 50 ms pulse duration (Figure 4C).
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Figure 4. Response of OSNs to repeated stimulus pulses at varying frequencies. (A) Average normalized PSTH responses for Ir84a-expressing neurons in response to repeated pulses of log [−4] v/v phenyl acetaldehyde at listed frequencies. Traces below each panel show sample 200 ms recordings. Square pulses indicate stimulus presentation. The final panel shows the mean percent return to base line across all pulses at listed frequencies; error bars indicate SEM (ANOVA, P < 0.05, followed by Tukey post-hoc, n = 7–9). (B) Response of Ir75abc-expressing neurons to repeated stimulations of log [−3] v/v butyric acid stimulation as in (A) (ANOVA, P < 0.05, followed by Tukey post-hoc (n = 8–10). (C) Response as in (B) to a 10× concentration of butyric acid (log [−2]); ANOVA, P < 0.05, followed by Tukey post-hoc, n = 14–15).


Gr21a-expressing OSNs housed in ab1 sensilla resolved intermittent pulses of CO2 as fast as 8 Hz with no significant difference in return to baseline between 1 Hz and 5 Hz stimulations. At 8 Hz, the mean return to base line was significantly reduced, and at 10 Hz only 2.4% recovery to the base line occurred (P < 0.001, ANOVA followed by Tukey post-hoc test; Figures 5A and B). Gr21a-expressing OSNs also exhibited short term adaptation based on AUC (see “Materials and methods”) that was frequency dependent, i.e. at 1 Hz stimulation the 9th pulse resulted in a significantly reduced response compared to the 1st pulse (repeated measure ANOVA, P < 0.001), while at 2 Hz the 4th pulse was reduced (P = 0.039), at 4 Hz the 5th (P = 0.001), and at 5 and 8 Hz the 2nd (P < 0.01, repeated measure ANOVA; Figure 5 asterisks).
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Figure 5. Response of Gr21a-expressing OSNs to repeated stimulus pulses at varying frequencies. (A) Average normalized PSTH responses of Gr21a-expressing neurons to repeated pulses of pure CO2 at listed frequencies. Traces below each panel show sample 50 ms recordings. Square pulses indicate stimulus presentation. (B) Mean percent return to base line across all pulses of listed frequencies, error bars indicate SEM (ANOVA, P < 0.05, followed by Tukey post-hoc test, n = 11–12).


PULSE RESOLUTION OF STIMULI ELICITING OPPOSITE RESPONSE POLARITY

We also tested the pulse following capacity to single excitatory and inhibitory odor ligands in Or59b-expressing OSNs. We applied [−5] methyl acetate as an excitatory and [−5] citral as an inhibitory ligand. Or59b-expressing OSNs could resolve the excitatory stimulus up to 5 Hz (Figure 6A). The mean return to base line was significantly reduced at 5 Hz stimulation as compared to 1 and 2 Hz (P < 0.05, ANOVA followed by Tukey post-hoc test; Figure 6C). However, the pulse resolution was also affected by concentration, as a 100× increase in concentration reduced the pulse resolution to 2 Hz (P < 0.05). In contrast to the excitatory responses, Or59b-cells were able to resolve pulses of the inhibitory ligand citral only up to 2 Hz, and at 4 and 5 Hz the OSNs showed total inhibition and did not recover when stimulated repeatedly with the inhibitory ligand (P < 0.05 ANOVA followed by Tukey post-hoc test; Figures 6B and D). The inhibitory ligand also resulted in a larger response width as compared to the excitatory ligand, even though both ligand concentrations were at similar points in the dose response curve (see Figure 1). This indicates that a given OSN response to an inhibitory or excitatory ligand can differ not only in polarity but also in temporal dynamics (Figure 6E). Furthermore, Or59b-OSNs showed short-term adaptation to the excitatory ligand that was frequency dependent (repeated measure ANOVA, P < 0.05). At increasing frequencies, short-term adaptation occurred earlier in the stimulus train (Figure 6A asterisk). In contrast, we did not find short-term adaptation based on response width to the inhibitory ligand (repeated measure ANOVA, P > 0.05).
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Figure 6. OR-expressing OSN response polarity and pulse resolution. (A) Mean normalized PSTH response of Or59b-expressing OSNs to repeated pulses of log [−5] v/v methyl acetate at listed frequencies. Traces below each panel show sample 50 ms recordings. Square pulses indicate stimulus presentation. (B) Mean normalized PSTH response of Or59b-expressing OSNs to repeated pulses of log [−5] v/v citral (an inhibitory odor) at listed frequencies as in (A). Red line indicates baseline frequency. (C) Mean percent return to base line across all pulses for Or59b-OSN response to methyl acetate, error bars indicate SEM (ANOVA, P < 0.05, followed by Tukey post-hoc test, n = 9–13) and (D) as in (C) for citral (ANOVA, P < 0.05, followed by Tukey post-hoc test, n = 13–15). (E) Mean response width of Or59b-expressing OSNs for excitation and inhibition. (F) Mean percent return to base line in response to a pulsed binary mixture of methyl acetate and citral, error bars indicate SEM, (P > 0.05 ANOVA, n = 8–9).


We also asked if the total inhibition of the neuron at high frequencies of citral (>4 Hz) could interfere with odor coding of the excitatory ligand when presented simultaneously to the OSN. We thus stimulated the neurons with the binary mixture of the two ligands at the concentrations listed above. Stimulation with the two component blend resulted in an improved pulse resolution over either separate odor, with no significant difference in pulse resolution between 1 and 5 Hz (P > 0.05 ANOVA (Figure 6F). The effect of response polarity on pulse resolution was also observed in OSNs that express IRs. Ir41a-OSNs exhibited an excitatory response to 50 ms pulses of [−2] 1,4-diaminobutane and resolved pulsed stimuli as fast as 2 Hz, (ANOVA, P < 0.05; Figures 7A and D). However, the pulse resolution to the inhibitory ligand isoamylamine at [−2] (the concentration at which the neurons are inhibited by the ligand, Figure 1G) was only maintained at 1 Hz (ANOVA P < 0.05; Figures 7B and E). In addition, the binary mixture of 1, 4-diaminobutane and isoamylamine at the same concentration [−2], sharpened the response of Ir41a-OSNs especially at 4 Hz (Figures 7C and F).
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Figure 7. IR-expressing OSN response polarity and pulse resolution. (A) Mean normalized PSTH response of Ir41a-expressing OSNs to repeated pulses of log [−2] v/v 1, 4-diaminobutane at listed frequencies. Traces below each panel show sample 50 ms recordings. Square pulses indicate stimulus presentation. (B) As in (A) for log [−2] v/v of the inhibitory odor isoamyl amine. Red line indicates baseline frequency. (C) Mean normalized PSTH response of Ir41a-expressing OSNs to a binary mixture of 1, 4-diaminobutane and isoamyl amine at [−2] v/v. (D) Mean percent return to base line to the excitatory ligand across all pulses at listed frequencies, error bars indicate SEM (ANOVA, P < 0.05, followed by Tukey post-hoc test, n = 7–8) (E), as in (D) for log [−2] v/v of the inhibitory odor isoamyl amine (ANOVA, P < 0.05, followed by Tukey post-hoc test; n = 7–9). (F) as in (D) for the binary mixture (ANOVA, P < 0.05, followed by Tukey post-hoc test, n = 7–9).


DISCUSSION

Odor stimuli contain three elements of information: odor identity; odor intensity, and a temporal component (Hallem et al., 2004). To respond to these stimuli, insect OSNs express a wide variety of receptors. Here we investigate the response dynamics of OSNs expressing receptors from different protein families to stimuli of both different durations and frequencies. We find that ORs, IRs, and Gr21a exhibit distinct response characteristics that could increase the response range of the insect to the temporally dynamic natural odor environment.

RESPONSE DYNAMICS TO DIFFERENT STIMULUS DURATIONS ARE A FUNCTION OF RECEPTOR TYPE

We found that the response of Drosophila OSNs to varying stimulus durations (Figure 2) depends on the type of receptor expressed in that neuron. OR-expressing OSNs showed adaptation to higher concentrations of long stimulus pulses (>1 s), both in maximum frequency and latency. This response feature was also independent of ligand (data not shown). In contrast, when IR-expressing OSNs were tested with the same protocol, they required longer stimulus durations to respond, and there was no desensitization even up to 2 s stimulation either in response intensity or latency regardless of stimulus concentration. As a consequence, OSNs that express IRs are able to transmit information concerning the presence of long-lasting odors in their environment better than OR-expressing OSNs. However, this could also present a trade off, because the signal transduction in these OSNs appears to be slower, as seen in Figure 3E, where the time to maximum frequency was longer in IR-expressing OSNs as compared to OR-expressing OSNs.

The difference in response between IR- and OR-expressing OSNs to longer pulses was not a function of stimulus presentation, which was assessed by PID (see “Materials and methods”). It is therefore a property of the OSNs themselves. Are these differences a function of the peri-receptor environment, or rather a property of internal OSN kinetics? To test this, we assessed the response of Or35a-OSNs, which are housed in coeloconic sensillum ac3 together with Ir75abc-OSNs. As with other OR-expressing OSNs, Or35a-OSNs also responded to stimulations as brief as 20 ms and showed desensitization at longer pulses (2 s) in maximum response frequency (Figure 2B). The response kinetics of these OSNs is therefore less influenced by the environment where they are expressed and rather by intrinsic properties of the neurons themselves.

The broad protostome conservation of IRs contrasts sharply with the restriction of ORs to insect genomes. This phylogenetic evidence suggests that IRs were the first olfactory receptor repertoire in insects (Robertson et al., 2003; Croset et al., 2010). IRs are also restricted to coeloconic sensilla, whereas ORs are found in several morphological sensillum types (Gupta and Rodrigues, 1997; Goulding et al., 2000; zur Lage et al., 2003; Benton et al., 2009). Our results show that IR-expressing OSNs required longer stimulation times to respond to key odorants, and responded with lower response intensities. This could imply that IRs are less efficient and less sensitive in detecting and transducing a chemical signal. OR activation results in both ionotropic and metabotropic signaling (Wicher et al., 2008; Deng et al., 2011), while IRs are thought to be purely ionotropic (Benton et al., 2009). Iontropic signaling is also known to be less sensitive (Sato et al., 2008, 2011; Wicher et al., 2008). The requirement for higher concentrations in IR-expressing OSNs has been also shown in Yao et al. (2005). The signal transduction in Gr21a has been shown to involve Gαq protein, but not Gαs (Yao and Carlson, 2010; Deng et al., 2011). Thus, it is possible that the transduction cascade itself leads to these differences in response to varying stimulus durations.

The desensitization/adaptation at longer stimulus durations could affect the temporal accuracy of OR-expressing OSNs in reporting long-lasting odor strands, but it may also enrich the coding possibilities for odor discrimination (DeBruyne and Baker, 2008; Nagel and Wilson, 2011) by allowing the neuron to return to its resting state more quickly. This could provide additional possibilities for odor discrimination such as under background odor, or for resolution of intermittent pulsed stimuli. Adaptation extends the operating range of sensory systems, in some cases over an enormous span of stimulus intensities (Torre et al., 1995). It may also play a role in complex functions of neuronal systems such as stimulus location (Kaissling et al., 1987). Similar results were reported in the locust where the electrophysiological response of projection neurons also depended on stimulus duration (Brown et al., 2005; Mazor and Laurent, 2005). In contrast, the long-lasting response of IR-expressing OSNs could allow for close range detection while on or very near the stimulus source where stimulus durations could persist for much longer periods of time (Murlis et al., 2000; Louis et al., 2008; Gomez-Marin et al., 2011).

PULSE RESOLUTION IS RECEPTOR TYPE DEPENDENT

The different classes of OSNs also showed differences in their pulse resolution to repeated stimuli. Brief intermittent stimuli were not detected by IR-expressing OSNs, in contrast to those expressing ORs (which could respond up to 5 Hz). This response characteristic was mainly due to a difference in sensitivity, as increasing the stimulus concentration for IR-expressing OSNs improved the detection and resolution to 5 Hz. In contrast, a 100× increase in concentration actually reduced the OR-OSNs pulse resolution. The accuracy of encoding rapidly fluctuating intermittent odorant stimuli above 5 Hz was significantly reduced for all OSNs regardless of receptor type. Similarly, other insects resolved up to 5 Hz pulses of general odors or pheromones (e.g., Lemon and Getz, 1997; Barrozo and Kaissling, 2002; Bau et al., 2002), even at the antennal lobe (e.g., Christensen and Hildebrand, 1997; Lei and Hansson, 1999; Lei et al., 2009).

Short term adaptation and latency to peak response to repeated stimuli were independent of the receptor expressed in the OSN (Figures 3A–E). In addition, the time to peak response and the response intensity were recovered in all OSNs either by increasing the inter-stimulus interval to 5 s or by increasing the concentration. This suggests that adaptation to repeated stimulation is a general feature of all OSNs, regardless of the receptor expressed. Adaptation is assumed to be an early step in information processing and decision making (Kaissling et al., 1987; Baker et al., 1988; Dolzer et al., 2003; Theodoni et al., 2011), and appears to affect the response of all OSN types in a similar manner.

RESPONSE POLARITY AFFECTS PULSE RESOLUTION

Both OR- and IR-expressing OSNs were unable to resolve pulsed inhibitory ligands at frequencies as high as excitatory ligands (Figures 6B and 7B). This could be because the response inhibition lasted longer than excitation (Figure 6E), even though the concentrations tested were at the same point in the dose response curve (Figure 1). According to Ghatpande and Reisert (2011), fast response termination improves pulse resolution. Similarly, Su et al. (2011) showed that the inhibitory responses of OSNs lasted much longer than their excitatory responses, but the reason for this difference is not clear. Interestingly, a mixture of both excitatory and inhibitory odors improved pulse resolution at high frequencies (Figures 6F and 7F). As a consequence, OSNs may respond to intermittent blends at faster rates, which may increase their ability to track complex natural stimuli.

The fast-terminating biphasic response exhibited by Gr21a-OSNs in response to CO2 stimulation could be the reason why Gr21a-OSNs resolved more rapid stimulations as compared to OR- and IR-expressing OSNs (Figure 5). A biphasic response improved pulse resolution in antennal lobe neurons (Lei and Hansson, 1999). Besides the OSN itself, the chemistry of CO2 could also contribute to better pulse resolution as it will readily hydrate to bicarbonate (Kwon et al., 2007), and the degree of odor clearing is one of the challenges for resolving rapidly fluctuating odorant stimuli (Ishida and Leal, 2005; Ghatpande and Reisert, 2011).

CONCLUSION

Terrestrial olfaction requires the tracking of brief, intermittent airborne stimuli in a turbulent and dynamic environment. Fast reaction times to pockets of clean air are suggested to be behaviorally important for successful and rapid source location; hence, the selection over evolutionary time for sensitive and high-fidelity odor strand detection and resolution in the insect olfactory system is crucial (Baker and Vickers, 1997). Equally, the temporal structure of olfactory information has been shown to be critical for odor coding in a variety of systems (Laurent et al., 2001). Here we show that IR-expressing OSNs are better in detecting long-lasting odor pulses, but they are less sensitive. That could suggest that they are better at close range odor detection where odor-OR interaction time is not a limiting factor (high molecular flux). In contrast OR-expressing neurons are more sensitive and better at resolving brief (low molecular flux) pulsed stimuli. This diversity in temporal characteristics could provide a broad palette of response kinetics for the insect olfactory system to respond to the high-dimensional temporal input found in an insect's odor environment.

IRs are the only receptors found in basal insects and conserved between unicellular and multicellular organisms (Croset et al., 2010). ORs appear to have derived from the gustatory receptor family (Robertson et al., 2003; Nordström et al., 2011), which is present in insects as well as in aquatic arthropods such as water fleas (Peñalva-Arana et al., 2009). Besides increasing the diversity of chemicals that could be detected, OR-OSNs also allow the olfactory system to rapidly detect and transduce brief airborne odor information. This is especially important for flying insects, for which stimulus contact is brief and fast response in time is most critical. OR-expressing OSNs were indeed more sensitive to intermittent stimuli than IRs and Gr21a. The sensitive and fast neuronal response observed in OR-expressing OSNs could result from Orco-dependent transduction, which may have evolved through selective pressure to increase sensitivity and speed of odor detection while in flight.
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Plant odorants interfere with detection of sex pheromone signals by male Heliothis virescens
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In many insects, mate finding relies on female-released sex pheromones, which have to be deciphered by the male olfactory system within an odorous background of plant volatiles present in the environment of a calling female. With respect to pheromone-mediated mate localization, plant odorants may be neutral, favorable, or disturbing. Here we examined the impact of plant odorants on detection and coding of the major sex pheromone component, (Z)-11-hexadecenal (Z11-16:Ald) in the noctuid moth Heliothis virescens. By in vivo imaging the activity in the male antennal lobe (AL), we monitored the interference at the level of olfactory sensory neurons (OSN) to illuminate mixture interactions. The results show that stimulating the male antenna with Z11-16:Ald and distinct plant-related odorants simultaneously suppressed pheromone-evoked activity in the region of the macroglomerular complex (MGC), where Z11-16:Ald-specific OSNs terminate. Based on our previous findings that antennal detection of Z11-16:Ald involves an interplay of the pheromone binding protein (PBP) HvirPBP2 and the pheromone receptor (PR) HR13, we asked if the plant odorants may interfere with any of the elements involved in pheromone detection. Using a competitive fluorescence binding assay, we found that the plant odorants neither bind to HvirPBP2 nor affect the binding of Z11-16:Ald to the protein. However, imaging experiments analyzing a cell line that expressed the receptor HR13 revealed that plant odorants significantly inhibited the Z11-16:Ald-evoked calcium responses. Together the results indicate that plant odorants can interfere with the signaling process of the major sex pheromone component at the receptor level. Consequently, it can be assumed that plant odorants in the environment may reduce the firing activity of pheromone-specific OSNs in H. virescens and thus affect mate localization.
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INTRODUCTION

The ability of many insect species to use plant volatiles and pheromones to locate food, sexual partners, and appropriate egg-laying places is crucial for survival and reproduction (Zwiebel and Takken, 2004; Vosshall, 2008; Carey and Carlson, 2011; Hansson and Stensmyr, 2011). The remarkable pheromone detection system of male moths (Schneider, 1992; Hansson, 1995) allows them to recognize female-released sex pheromone blends from long distances (David et al., 1983; Vickers and Baker, 1997); in addition, it triggers and controls upwind flight behavior and guides the sexual partner to the calling female (Vickers et al., 1991; Vickers, 2006; Carde and Willis, 2008).

Components of female sex pheromone blends are detected by specialized sensilla on the male antenna (Almaas and Mustaparta, 1991; Baker et al., 2004). These porous, hair-like structures house the dendrites of pheromone-responsive olfactory sensory neurons (Ph-OSNs) bathed in sensillum lymph containing a high concentration of pheromone binding proteins (PBP) (Vogt and Riddiford, 1981; Steinbrecht and Gnatzy, 1984; Zhang et al., 2001). Specific PBPs take distinct pheromone molecules from the air and transfer them through the lymph toward specific pheromone receptors (PRs) in the dendritic membrane of Ph-OSNs (Leal, 2003; Vogt, 2003; Grosse-Wilde et al., 2006, 2007; Forstner et al., 2009). The Ph-OSNs for different pheromone components are endowed with specific PRs (Krieger et al., 2004; Nakagawa et al., 2005; Grosse-Wilde et al., 2010; Wanner et al., 2010) and converge their axons into separate compartments of the macroglomerular complex (MGC), the male-specific pheromone-processing center within the antennal lobe (AL) (Hansson et al., 1992; Berg et al., 1998; Hansson and Anton, 2000). In contrast, signals from general odorants, e.g., plant volatiles, are detected by general OSNs and transferred to sexually isomorphic ordinary glomeruli in the AL (Galizia et al., 2000; Hansson et al., 2003).

When they are released the female-produced sex pheromones are embedded within a background of general odorants, mainly plant volatiles. The air concentration of odorants depends on various environmental parameters: the abundance of vegetation, time of day, and weather (Kesselmeier and Staudt, 1997; Müller et al., 2002). Therefore, a male's sex pheromone detecting system is exposed simultaneously to mixtures of pheromone components and general odorants at varying ratios. The highest concentrations of both pheromone and plant odorants are likely to be present near to the calling female, which is often situated on a host plant. Although many studies of insect olfaction have addressed antennal detection and central coding of single compounds, as well as of mixtures of plant odorants or of pheromone blends, (e.g., Galizia and Menzel, 2000; Galizia et al., 2000; Hallem and Carlson, 2006; Lei and Vickers, 2008; Wang et al., 2010; Kuebler et al., 2012), few studies have examined pheromone/plant odorant mixtures. Recent electrophysiological studies on the pheromone sensilla of Heliothis virescens (Hillier and Vickers, 2011), Spodoptera littoralis (Party et al., 2009) and Agrotis ipsilon (Deisig et al., 2012) have found that the firing activity of Ph-OSNs to specific pheromone components was suppressed when plant odorants were co-applied. In contrast, an earlier study on Helicoverpa zea indicated enhancement of the pheromone-evoked spike activity of Ph-OSNs in the presence of plant odorants (Ochieng et al., 2002). Stimulation of the antenna with the plant odorant heptanal was found to reduce the pheromone response in the MGC of Agrotis ipsilon on both the input (Ph-OSNs) and output side (projection neurons, PNs) (Chaffiol et al., 2012; Deisig et al., 2012); conversely, in the silk moth Bombyx mori, sex pheromone responses in PNs of the MGC were enhanced in the presence of the host plant odor Z3-hexenol (Namiki et al., 2008).

Current data indicate that the interference of plant odorants with pheromone responses may appear already at the level of antennal sensilla—suppressing or enhancing Ph-OSN firing activity which is conveyed to the AL. The molecular targets at which plant odorants may interfere with pheromone-induced activities of OSNs are unknown, but key elements involved in pheromone detection, such as PBPs in the sensillum lymph or PRs in the dendrites of Ph-ORNs, are considered as candidates (Party et al., 2009; Deisig et al., 2012). Our previous studies have indicated that an interplay of the PBP HvirPBP2 and the PR HR13 is important for eliciting cellular responses by the major sex pheromone component Z11-16:Ald (Grosse-Wilde et al., 2007). In the present study we set out to explore if plant volatiles may interact with any of these key elements. In order to identify plant odorants, which may affect pheromone detection in H. virescens we performed in vivo imaging experiments monitoring pheromone-evoked activity in the so-called cumulus region of the MGC, where Z11-16:Ald-specific OSNs terminate (Galizia et al., 2000). Using a fluorescence-based competitive binding assay we examined how identified plant odorants and pheromone/plant odorant mixtures bind to HvirPBP2. Furthermore, a cell line expressing the PR HR13 was employed in fura-2-based calcium imaging studies to test whether plant odorants interfere with Z11-16:Ald detection at the level of the PR.

MATERIALS AND METHODS

ANIMALS

H. virescens pupae were kindly provided by Bayer CropScience, Frankfurt, Germany. Pupae were sexed and allowed to develop at room temperature. After emergence, moths were fed on 10% sucrose solution.

PHEROMONE AND PLANT ODORANTS

(Z)-11-hexadecenal (Z11-16:Ald) was purchased from Fluka or Bedoukian. Plant odorants (β-caryophyllene, geraniol, Z3-hexenol, isoamyl acetate, linalool, linalyl acetate) were purchased from Fluka, Sigma, and Merck at the highest purity available. β-caryophyllene, geraniol, Z3-hexenol, and linalool were selected because of their physiological and ecological relevance to heliothine moths. For these chemicals previous studies on male and female H. virescens have identified responsive OSNs on the antenna, processing glomeruli in the AL or effects on behavior (De Moraes et al., 2001; Skiri et al., 2004; Hillier et al., 2005; Rostelien et al., 2005; Hillier and Vickers, 2007). Isoamyl acetate was chosen as a typical fruit odor. Linalyl acetate was selected because it is chemically related to linalool and emitted as a principle component from many flowers and spice plants. For optical imaging experiments, plant odorants were diluted in mineral oil (Sigma-Aldrich) to a concentration of 1:10 (v/v) which equates to 85–90 μg/μl. The pheromone component Z11-16:Ald was diluted to a final concentration of 1 μg/μl.

OPTICAL IMAGING OF THE ANTENNAL LOBE

Moths were 1- to 5-day-old male H. virescens. Animals were gently pushed into a 1000 μl pipette whose tip had been cut open and then fixed with dental wax. After the scales were removed, the labial palps and proboscis were fixed to reduce movement artifacts. A window was cut into the head cuticle between the compound eyes. Glands and trachea were carefully removed to get access to the brain. A fluorescent calcium indicator (Calcium Green-1 or 2 AM, Invitrogen) was dissolved in Ringer solution (150 mM NaCl, 3 mM KCl, 3 mM CaCl2, 25 mM sucrose, 10 mM TES buffer, pH 6.9) with 6% Pluronic F-127 (Invitrogen) to a concentration of 30 μmol. The brain was incubated with ~20 μl of this solution at 4°C. After incubation for 60 min, the brain was rinsed several times with Ringer solution.

Imaging experiments were performed using a Till Photonics imaging setup (TILL imago, Till Photonics GmbH) with a CCD-camera (PCO imaging, Sensicam) and a fluorescence microscope (Olympus, BX51WI) equipped with a 20× water immersion objective (NA 0.95, XLUM Plan FI, Japan). Calcium Green™ was excited at 475 nm (500 nm SP, xenon arc lamp, Polychrome V, Till Photonics), and fluorescence was detected at 490/515 nm (DCLP/LP). The whole setup was placed on a dumping table. Fourfold binning on the CCD-camera chip gave a resolution of 1.25 μm/pixel with an image size of 344 × 260 pixels.

Six μl of plant odorants (i.e., 510–540 μg) or 10 μl of pheromone component (i.e., 10 μg) was pipetted on a filter paper (12 mm diameter), which was inserted into a glass pipette; these were renewed every day. A stimulus controller (Syntech, Stimulus Controller CS-55) was used to apply the odor in a continuous airstream, whose flow of 0.6 l/min was monitored by a flow meter (Cool Parmer). An acrylic glass tube guided the airflow to the moth's antenna. For mixture application, plant odorant and pheromone component were applied in two separate pipettes which were inserted into the continuous airstream (stimulus flow: 0.4 l/min). In case of single odor application, the second pipette was empty. Each recording had a continuance of 10 s with an acquisition rate of 4 Hz. Odors were applied after 2 s for 2 s. Single moths were imaged for up to 1 h, with interstimulus time intervals (ISI) of 1–3 min. The sequence of stimulations was randomized from insect to insect and repeated in a few cases to test for reproducibility of the odor-evoked activity patterns.

The imaging data were processed as previously described (Bisch-Knaden et al., 2012) using custom-written software in IDL (ITT Visual Information Solutions). To quantify odor-evoked calcium signals, we identified the cumulus because of its clear response to Z11-16:Ald and its proximity to the antennal nerve entrance. In each animal, the responses were normalized to the maximal response over all odorants. We defined the average of frames 10–18 (i.e., 0.5 s after stimulus onset until 0.5 s after stimulus offset) as the odor-evoked signal intensity.

EXPRESSION AND PURIFICATION OF H. virescens PBP2

The bacterial expression of H. virescens PBP2 (HvirPBP2) (Krieger et al., 1993) and purification of the protein from a periplasmic fraction of E. coli BL21 (DE3) was performed as described previously (Campanacci et al., 2001; Grosse-Wilde et al., 2007). Recombinant HvirPBP2 was delipidated to remove possible hydrophobic ligands, which may co-purify with PBP expressed in bacteria (Oldham et al., 2001), and finally dissolved in Ringer solution (138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.5 mM MgCl2, 10 mM Hepes, 10 mM glucose, pH 7.3). The protein concentration was determined using a spectrometer at 280 nm applying the absorption co-efficient determined by the ProtParam program (ExPASy molecular biology server: http://www.expasy.org). Finally, the protein solution was aliquoted and stored at −70°C until use. Once unfrozen, the HvirPBP2 solution was kept at 8°C.

COMPETITIVE FLUORESCENCE BINDING ASSAY WITH HvirPBP2

To evaluate the binding of plant odorants to HvirPBP2 and an interference of plant odorants with pheromone binding, a competitive fluorescence binding assay that had previously been used to characterize ligand binding to various PBPs and odorant binding proteins (OBPs) of insects, including moth, flies, locust, and mosquitoes was applied (Campanacci et al., 2001; Ban et al., 2003; Zhou et al., 2004; Qiao et al., 2010).

Fluorescence emission spectra (360–600 nm) after excitation at 337 nm were recorded on a PerkinElmer LS 50B spectrofluorimeter using a quartz cuvette with a 1 cm light path fluorimeter in a right angle configuration and emission slit width of 5 nm were used. The binding of 1-N-phenylnapthylamine (1-NPN) to HvirPBP2 was determined by titrating 2 μM protein with increasing concentrations of the chromophore dissolved in dimethyl sulfoxide (DMSO).

For competitive binding experiments, HvirPBP2 (2 μM) in Ringer solution was loaded with 2 μM 1-NPN. The change in 1-NPN fluorescence was monitored after increasing amounts of Z11-16:Ald, plant odorants, or combinations of both from stock solutions (10 mM each; freshly prepared in methanol) were added to a final concentration of 10 μM. In control experiments, we observed no significant effects of the solvents in use (methanol for the pheromone component and plant odorants; DMSO for 1-NPN) on 1-NPN binding to HvirPBP2. To evaluate how different compounds and pheromone/plant odorant mixtures bound to HvirPBP2, the maximum 1-NPN fluorescence at a given concentration was determined and related to the maximum 1-NPN fluorescence in the absence of competitor (= 100%). For data analysis and graphic plotting, the program GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA, USA) was used. The Kdiss for Z11-16:Ald binding to HvirPBP2 was calculated according to Kdiss = [IC50]/(1 + [1-NPN]/K1−NPN) with [1−NPN] = 1−NPN concentration and K1−NPN = 1−NPN dissociation constant for PBP/1−NPN.

CALCIUM IMAGING OF HR13-EXPRESSING CELLS

To analyze the effect of plant-derived odorants on Z11-16:Ald detection by the PR HR13 (Krieger et al., 2004), we used a stable receptor-expressing cell line. The generation and functionality of HR13/Flp-In T-REx293/Gα15 cells have been described previously (Grosse-Wilde et al., 2007). HR13/Flp-In T-REx293/Gα15 cells were cultured using DMEM media (Invitrogen) supplemented with 10% fetal calf serum and either 100 mg/L hygromycin, 10 mg/L blasticidin, or 200 mg/L geneticin in regular alternation.

Calcium imaging experiments were performed as described previously (Grosse-Wilde et al., 2006, 2007; Forstner et al., 2009). Briefly, 48 h before imaging, 0.7 × 105 cells were plated onto poly-L-lysine coated glass coverslips (Ø15 mm, Hecht, Sondheim, Germany), harbored in a 24 well plate. After 24 h, receptor expression was induced by adding 5 mg/ml tetracycline. Twenty-four hours later, cells were washed with warmed Ringer solution (138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.5 mM MgCl2, 10 mM Hepes, 10 mM Glucose, pH 7.3) and incubated with 4 μmol/L fura-2 AM (Invitrogen) in Ringer solution at 37°C for 30 min. A flow chamber was used to place a coverslip with cells loaded with fura-2 onto the stage of an inverted microscope (Olympus IX70) equipped for epifluorescence. Cells were permanently rinsed with Ringer solution (warmed to 37°C) at a flow rate of 1 ml/10 s. Control and test solutions (400 μl each) were applied at the same flow rate using a three-way valve system with connected syringes.

In a single experiment, cells were first rinsed for at least 5 min with Ringer solution, after which a control stimulus was applied (Ringer solution with 0.1% DMSO and 0.1% n-Hexane). This procedure allowed us to monitor responses to DMSO or n-hexane and to eliminate spontaneously active cells from later data analysis. After rinsing cells for another 5 min with Ringer solution, test odorants were applied. Z11-16:Ald and plant odorants were diluted from stock solutions in n-hexane using Ringer solution with 0.1% DMSO. All dilutions were prepared freshly before imaging started. Following the application of test substances, the viability of the cell was tested by applying 10 mM ATP in Ringer solution directly to the cell chamber. To monitor changes in the intracellular Ca2+ concentration in individual cells, light emission at 510 nm was measured over time following excitation at 340 nm and 380 nm. Data analysis and acquisition were performed with the Metafluor imaging system and Metafluor 4 software (Visitron Systems, Puchheim, Germany). Changes in fluorescence intensity at 340 nm/380 nm excitation were used as an index of increasing calcium concentrations. Ratios of fluorescence intensity for at least 30 cells per experiment were determined before (F0) and after stimulation (F; peak of response). F/F0 values of individual cells were determined and averaged in a single experiment.

RESULTS

PLANT ODORANTS AFFECT PHEROMONE-INDUCED RESPONSES IN THE AL

In order to analyze the interference between volatiles of host plants that are present in the environment of calling females and the major sex pheromone component Z11-16:Ald, we performed functional in vivo calcium imaging of the AL of male H. virescens. We compared odor-evoked calcium activity patterns after separately or simultaneously stimulating the antenna with Z11-16:Ald and different plant odorants. Stimulation of the antenna with Z11-16:Ald alone revealed clear calcium signals in the cumulus of the MGC, the place where Z11-16:Ald-reactive OSNs terminate (Figure 1A). In contrast, none of the plant odorants tested clearly activated the cumulus. Instead, the various plant odorants generated calcium signals in distinct yet partly overlapping sets of ordinary glomeruli (Figure 1A, upper row). This observation was substantiated in time course measurements (Figure 1B, upper row). Simultaneously stimulating the antenna with mixtures of the pheromone component and a plant odorant revealed different spatio-temporal activity patterns in the AL (Figure 1A, lower row). The combination of Z11-16:Ald and isoamyl acetate elicited calcium signals that were almost the sum of the responses obtained by stimulation with the single compounds. In contrast, application of Z11-16:Ald in combination with linalool or geraniol led to a significantly reduced pheromone-induced activity in the cumulus region, whereas the calcium response in the ordinary glomeruli appeared almost unaltered. These results were supported by the time courses of the measurements (Figure 1B, lower row).
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Figure 1. Effect of plant odorants on pheromone-induced calcium signals in the moth antennal lobe. The antenna of a H. virescens male was stimulated separately with single compounds or simultaneously with Z11-16:Ald (10 μg) and plant odorants [1:10 (v/v) diluted in mineral oil]. Activity patterns in the antennal lobe were monitored using calcium imaging. (A) Representative false-color coded spatial response patterns. The positions of the cumulus (cum) region in the macroglomerular complex and of three ordinary glomeruli (a–c) are indicated by colored circles. All images are scaled to the overall maximum of all measurements. Images represent ΔF/F (in % change from background) superimposed onto the raw fluorescence images according to the scale below of one representative male moth. The directions medial (m), lateral (l), dorsal (d), and ventral (v) are indicated. (B) Time courses of glomerular calcium responses shown as ΔF/F (in %) of the cumulus (red line) and three ordinary glomeruli (yellow, green, and blue lines) as marked with circles in (A). The odor stimulation is indicated by the gray bar.


The inhibitory effect of linalool and geraniol onto the pheromone-induced response in the cumulus was reproducible between different individuals (Figure 2). In addition, we observed a clear inhibitory effect for the two odorants Z3-hexenol and linalyl acetate. For isoamyl acetate, a slight inhibitory effect was observed in a few animals, but did not prove to be statistically significant (Figure 2). Thus, our experiments demonstrated that several, but not all plant odorants clearly inhibit the induced activity pattern in the first processing center for pheromone signals.
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Figure 2. Plant odorants inhibit the pheromone-induced activity in the cumulus region of the antennal lobe. Relative fluorescence changes in the cumulus region of the antennal lobe upon stimulation with Z11-16:Ald (10 μg, gray bar), or with the plant odorant indicated [1:10 (v/v) diluted in mineral oil, colored bars] or with a mix of both (striped bars). Data represent the mean response including the standard error of mean (SEM) based on 5–10 H. virescens males. ΔF/F [%] values have been normalized for each individual over all odors and glomeruli by setting the maximum response to 1. All plant odorants except isoamyl acetate significantly reduce the pheromone-induced response in the cumulus (**p < 0.01; ANOVA followed by Dunnett Multiple Comparisons Test).


INTERFERENCE OF PLANT ODORANTS WITH MOLECULAR ELEMENTS OF PHEROMONE SIGNALING

The observation that plant odorants reduce pheromone-induced spiking activity of Ph-OSNs (Party et al., 2009; Hillier and Vickers, 2011; Deisig et al., 2012) suggests that the inhibitory effects of plant odorants on the Z11-16:Ald-evoked activity we monitored in the MGC (Figures 1 and 2) may result from an interference of plant odorants with molecular elements of pheromone detection in the antenna. It has recently been shown that in H. virescens the Z11-16:Ald detection involves the PBP HvirPBP2 and the PR HR13 (Grosse-Wilde et al., 2007). Therefore, we asked if plant-related odorants may affect these two components of the pheromone recognition system.

PLANT ODORANTS DO NOT BIND TO HvirPBP2

First, we have analyzed if plant odorants may be able to occupy the binding pocket of HvirPBP2 and thereby prevent binding of Z11-16:Ald. To estimate the binding of odorants to HvirPBP2, we conducted fluorescence displacement assays employing 1-NPN as fluorescence reporter. When excited at 337 nm, 1-NPN in aqueous buffer emits fluorescence only weakly. However, in a hydrophobic environment, such as the hydrophobic binding pocket of PBPs (Sandler et al., 2000), the fluorescence intensity increases and the emission maximum blue-shifts. Accordingly, the titration of 1-NPN to HvirPBP2 in Ringer solution resulted in a large increase in fluorescence intensity (Figure 3A) and a shift of the emission maximum from 465 nm to 402 nm (not shown). The concentration-dependent binding of 1-NPN can be described by a hyperbolic curve (Figure 3A), which is consistent with a one-site binding model and a calculated Kdiss value of 1.4 μM.
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Figure 3. 1-NPN binds to HvirPBP2 and is displaced by Z11-16:Ald. (A) Relative fluorescence intensity as a function of 1-NPN concentration. HvirPBP2 in Ringer solution (2 μM) was titrated with increasing amounts of 1-NPN to a final concentration of 10 μM. (B) Competitive fluorescence binding assay on HvirPBP2 (2 μM in Ringer solution) using 1-NPN (2 μM). Maximum emission of 1-NPN fluorescence was monitored after increasing concentrations of Z11-16:Ald (0–10 μM) were added. Fluorescence intensities at different pheromone component concentrations are shown as percentages of the maximum 1-NPN fluorescence in the absence of the pheromone component. Data represent the mean of three independent measurements. Standard deviations are indicated by error bars.


To test the functionality of the assay system and the integrity of the purified HvirPBP2, we monitored the ability of Z11-16:Ald to displace 1-NPN (Figure 3B). We found that upon titration of the pheromone component, the 1-NPN fluorescence was reduced in a concentration-dependent manner, indicating the pheromone component had bound to the hydrophobic binding pocket of HvirPBP2. Half-maximum 1-NPN displacement was obtained at a pheromone component concentration of 0.8 μM. Calculation of the relative dissociation constant revealed a Kdiss of 0.33 μM. A binding affinity for pheromones in the micromolar range was also found for the PBPs of other insects (Plettner et al., 2000; Campanacci et al., 2001). Thus, the competitive 1-NPN displacement assay demonstrated that Z11-16:Ald binds to HvirPBP2; this finding confirms and extends previous results (Grosse-Wilde et al., 2007).

To address the question if plant odorants are able to occupy the binding pocket of HvirPBP2, we tested the ability of different plant volatiles to displace 1-NPN. In most cases, plant odorants did not markedly decrease 1-NPN fluorescence even at the highest concentration (Figure 4). Displacement was seen only after application of higher doses of linalyl acetate or β-caryophyllene. Together these results indicate that plant odorants do not (linalool, geraniol, Z3-hexenol, and isoamyl acetate) or only very weakly (linalyl acetate and β-caryophyllene) bind to the hydrophobic binding pocket of HvirPBP2.
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Figure 4. Plant odorants do not bind or bind only very weakly to HvirPBP2. In competitive fluorescence-binding assays, a mixture of HvirPBP2 and 1-NPN (both at 2 μM) was titrated with increasing concentrations of the plant odorants indicated, while the emission of 1-NPN fluorescence was monitored. Maximum fluorescence intensities are reported as percentages of the value in the absence of competitor (plant odorant). Data represent the mean of three independent measurements. Error bars indicate standard deviations.


PLANT ODORANTS DO NOT ALTER Z11-16:ALD BINDING TO HvirPBP2

Despite the inability to displace 1-NPN, it is possible that plant odorants could affect the Z11-16:Ald binding of HvirPBP2 in a different way; for example, acting as allosteric effectors plant odorants may bind outside the Z11-16:Ald binding pocket and cause conformational changes of HvirPBP2, which may alter pheromone binding in a non-competitive manner. Searching for possible non-competitive effects of plant odorants on pheromone binding to HvirPBP2, we tested mixtures of Z11-16:Ald and odorants in a second series of 1-NPN displacement experiments. When the displacement curves for Z11-16:Ald alone are compared to the curves obtained for pheromone plus plant odorant, no statistically significant difference in the binding curves were found (Figure 5). From these experiments we conclude that these plant odorants do not interfere with the ability of pheromones to bind to HvirPBP2 thus, indicating that it seems not to be a perturbed pheromone-binding protein which causes a plant odorant-mediated attenuation of the pheromone-induced response of Ph-OSNs on the antenna (Hillier and Vickers, 2011) and in the cumulus region of the AL (Figures 1, 2).
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Figure 5. Plant odorants do not interfere with the binding of Z11-16:Ald to HvirPBP2. Competitive fluorescence binding assays were performed, employing HvirPBP2 and 1-NPN, both at 2 μM concentration in Ringer solution. The maximum emission of 1-NPN fluorescence was monitored after increasing concentrations (0–10 μM) of Z11-16:Ald were added and the plant odorants indicated (1:1 ratio). Maximum fluorescence intensities over concentration are shown as percentages of the value in the absence of the mixture. For comparison, the displacement curve determined for the pheromone component alone is depicted in addition to the displacement curves for the mixtures.


PLANT ODORANTS AFFECT THE PHEROMONE-INDUCED RESPONSE OF HR13-EXPRESSING CELLS

To determine whether plant odorants may affect the PR for Z11-16:Ald on the antenna, we next examined whether a HR13-mediated pheromone response is altered in the presence of plant odorants. We used HEK293/Gα15 cells stably expressing HR13 and performed fura-2-based calcium imaging experiments in order to compare the responsiveness of the cells upon stimulation with the pheromone component or pheromone/plant odorant mixtures. In a first set of experiments we monitored changes in the level of intracellular [Ca2+] of HR13 cells after stimulation with plant odorants used in the AL experiments (see above). Previous dose-response experiments (Grosse-Wilde et al., 2007) had shown that the threshold concentration for stimulating HR13 cells with Z11-16:Ald solubilized with DMSO in Ringer solution was about 10 pM. To detect any possible response of HR13 cells to plant odorants, we therefore used a 10,000-fold higher odorant concentration (100 nM). Stimulation of the HR13 cells with 100 nM of the various plant odorants did not elicit any calcium signals that differed significantly from the control (Figure 6). In accordance with previous work (Grosse-Wilde et al., 2007), cells stimulated with a 1 nM solution of Z11-16:Ald revealed a clear calcium response (Figure 6); such a response indicates the presence of a functional HR13 receptor protein, which binds the pheromone component and activates reaction cascades leading in turn to a rise in intracellular [Ca2+].
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Figure 6. Responses of HR13-expressing cells to Z11-16:Ald and plant odorants. HR13 cells respond to stimulation with Z11-16:Ald (1 nM) but not to linalool, linalyl acetate, Z3-hexenol, geraniol, isoamyl acetate, and β-caryophyllene even at 100-fold higher doses (100 nM). Data represent the mean calcium responses of cells expressed as F/F0 ± SE ratios determined from at least three independent experiments with a minimum of 30 cells each. Data were normalized against control measurements using Ringer with 0.1% DMSO and 0.1% n-hexane for stimulation. Responses which differed significantly from those of the control are indicated by asterisks (**p < 0.01; One-Way ANOVA followed by Dunnett's post-test).


Next, we analyzed the responses of HR13 cells to a stimulation with mixtures of Z11-16:Ald and single plant odorants. First, the odorant linalool was tested, which caused a strongly attenuated pheromone response at the level of the AL (Figures 1, 2). Stimulating HR13-expressing cells with 1 nM Z11-16:Ald elicited a clear calcium response (Figure 7A), while linalool (100 nM) alone did not alter their calcium levels (Figure 7B). Interestingly, simultaneous application of Z11-16:Ald and linalool led to a significantly weaker calcium response (Figure 7C). To confirm the specificity of the linalool effect we used different ratios of Z11-16:Ald to plant odorant (1:1, 1:10, and 1:100) (Figure 7D). The results revealed that the pheromone-induced calcium responses of HR13 cells were significantly reduced at 10- and 100-fold excess of plant odorants. Even a 1:1 ratio of pheromone component to plant odorant resulted in a weaker, though not significant calcium signal. Thus, linalool reduced the pheromone-induced calcium response of HR13 cells in a dose-dependent manner.
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Figure 7. Linalool reduces the responses of HR13-expressing cells to Z11-16:Ald. (A–C) Pseudocolor images on the left indicate calcium levels in HR13-expressing cells after the application of Ringer with 0.1% DMSO, 0.1% n-hexane (control) or stimulation with solutions containing 1 nM Z11-16:Ald (A), 100 nM linalool (B) or a mixture of both (C). The color bar indicates low (L) and high (H) calcium concentration in blue and red, respectively. Calcium responses of representative cells from the experiments are shown to the right as changes of fura-2 fluorescence intensity ratios (340/380 nm) over time. HR13-expressing cells displayed clear calcium responses to Z11-16:Ald (A), whereas these cells did not respond to linalool (B) and showed reduced responses to a mixture (C) of the pheromone component and the plant odorant (ratio 1:100). (D) Responses of HR13-expressing cells to Z11-16:Ald/linalool mixtures at different ratios. Cell responses were monitored after stimulation with solutions containing 1 nM Z11-16:Ald and 1, 10 or 100 nM linalool, respectively. (For comparison, data for linalool and pheromone component alone were adopted from Figure 6.) HR13 cells do not respond to linalool (100 nM) but show a clear calcium signal after stimulation with Z11-16:Ald (1 nM). The pheromone-induced calcium response of the cells is significantly reduced in the presence of a 10- and 100-fold excess of linalool. Bars represent the mean responses of cells reported as F/F0 ± SE ratios determined from 3 to 9 independent replicates with at least 30 cells in each experiment. Values have been normalized to the control. Responses to mixtures, which were significantly decreased compared to the response to the pheromone component alone, are indicated by asterisks (*p < 0.05, **p < 0.01; One-Way ANOVA followed by Dunnett's post-test).


In a further series of calcium imaging experiments, we tested if other plant odorants that suppressed pheromone-induced activity in the cumulus region of the MGC (Figure 2) also affected the pheromone responses of HR13 cells. We found that a mixture containing 100-fold excess of linalyl acetate, Z3-hexenol, or geraniol significantly reduced the pheromone-induced calcium signal (Figure 8). In contrast, the odorant isoamyl acetate, which did not affect pheromone-evoked signals in the MGC, did not significantly change the pheromone-induced calcium responses of HR13 cells. Similarly, β-caryophyllene did not alter the pheromone-induced response (Figure 8). Together these results suggest that in H. virescens, the plant odorant-provoked suppression of pheromone-induced firing of Ph-OSNs as reported by Hillier and Vickers (2011) and the inhibition of the pheromone-induced response in the Ph-OSNs projection area in the AL are mainly due to a plant odorant-dependent interference at the level of the PRs.
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Figure 8. Responses of HR13-expressing cells to mixtures of Z11-16:Ald with different plant odorants. HR13 cells were stimulated with solutions containing 1 nM Z11-16:Ald and 100 nM of the respective plant odorant (1:100 ratio). The pheromone response was significantly reduced in the presence of linalyl acetate, Z3-hexenol, and geraniol, but not in mixtures containing isoamyl acetate and β-caryophyllene. Data represent the mean calcium responses of cells expressed as F/F0 ± SE ratios determined from 6 to 8 independent experiments with a minimum of 30 cells each. Data were normalized to the control. Asterisks indicate mixture responses, which differed significantly from the responses to the pheromone component alone (*p < 0.05; One-Way ANOVA followed by Dunnett's post-test).


DISCUSSION

PLANT ODORANTS SUPPRESS PHEROMONE-EVOKED ACTIVITY IN THE ANTENNAL LOBE

In this study we examined the effect of plant odorants on peripheral detection and primary central coding of a sex pheromone component using the noctuid moth H. virescens as a model. Functional imaging studies in the moth AL revealed that stimulation of the male antenna with the major sex pheromone component, Z11-16:Ald, in the presence of distinct plant volatiles, namely linalool, linalyl acetate, Z3-hexenol, and geraniol resulted in a significantly reduced pheromone-induced calcium signal in the cumulus region of the MGC, the projection area of Z11-16:Ald-specific Ph-OSNs. In contrast, the odorant isoamyl acetate did not have a significant effect. Interestingly this odorant is the only fruit odorant in our stimulus set and might not be of ecological relevance for a male moth, while the other compounds are emitted by flowers or leafs. In vivo calcium imaging using bath-applied Calcium Green™ allowed us to monitor spatio-temporal changes in intracellular calcium levels in the AL, mainly reflecting the presynaptic calcium influx into OSNs (Galizia et al., 2000; Bisch-Knaden et al., 2012). In line with this observation, previous single sensillum recordings from the antenna of H. virescens (Hillier and Vickers, 2011) revealed that stimulation with mixtures of the pheromone component and linalool or Z3-hexenol strongly reduced the spiking activity of Z11-16:Ald-specific Ph-OSNs. Contrary to H. virescens these plant odorants act synergistically with Z11-16:Ald in the heliothine moth Helicoverpa zea leading to an increased spiking activity (Ochieng et al., 2002). Whether these differences in mixture responses in the two heliothine species may be due to differences in their odorant receptors for Z11-16:Ald or result from other mechanisms have yet to be identified. Mentionable, in H. virescens an increase in spike frequency of Ph-OSNs after stimulation with a mixture of Z11-16:Ald and β-caryophyllene was noted (Hillier and Vickers, 2011). We did not test this compound in our AL experiments but found no β-caryophyllene-produced synergy in our experiments with HR13-expressing cells, suggesting that the plant odorant elicits a synergistic effect via a HR13-independent mechanism.

Interestingly, and similar to the results for linalool and Z3-hexenol in H. virescens, a reduction of Ph-OSN spiking and a suppression of the pheromone-evoked activity in the AL was recently found for the plant odorant heptanal in the moth Agrotis ipsilon (Deisig et al., 2012). Although the reduced firing rate of OSNs correlate with reduced responses in the MGC we cannot rule out the possibility that inhibitory neural circuits, mediated by GABAergic local interneurons in the moth AL, also contribute to the observed inhibition of pheromone-evoked signals. Since local interneurons form multiglomerular wide-field arborizations and connect the MGC with ordinary glomeruli (Christensen et al., 1993; Anton et al., 1997; Seki and Kanzaki, 2008), they might inhibit the MGC when a plant odor is applied. However, since our data strongly suggest that the inhibitory effect is already taking place at the PR site, we assume that the contribution of the inhibitory AL network to the observed effect is probably rather minor. Nevertheless, we will silence GABA-mediated inhibition in the AL in future experiments to investigate its contribution or feedback signaling.

PLANT ODORANTS INTERFERE WITH PHEROMONE BINDING TO HR13

Our data indicate that the attenuating effect of plant odorants in detection of the major sex pheromone component occurs at the level of the PR HR13. This is reminiscent of recent findings of the fruit fly Drosophila melanogaster and the mosquitoes Anopheles gambiae and Aedes aegypti: in these insects, the responses of various olfactory receptor (OR) types to odorants were inhibited in the presence of several insect repellents (Ditzen et al., 2008; Bohbot and Dickens, 2010, 2012; Bohbot et al., 2011). For some mosquito ORs the data suggest a competitive antagonism or an allosteric inhibition of the repellents. Both mechanisms could also account for the interference of plant odorants with the Z11-16:Ald response; plant odorants could occupy the pheromone binding site of the HR13 receptor or affect the receptor activity by allosteric inhibition.

Using a competitive binding assay, we confirmed and extended previous results demonstrating that HvirPBP2 is the binding protein for the major sex pheromone component (Grosse-Wilde et al., 2007). In contrast, none of the plant odorants was bound or did affect the binding of the pheromone component to HvirPBP2. These results suggest that plant odorants do not interfere with the solubilization and transfer of the major sex pheromone component in the sensillum lymph.

The finding that HvirPBP2 does not bind non-pheromone odorants in its ligand binding pocket raises the question of how inhibitory plant odorants overcome the aqueous sensillum lymph to elicit their effects at the receptor site. Although some of the compounds used here—for example, linalool—are soluble in aqueous solutions, others are hardly soluble or even non-soluble, e.g., linalyl acetate. Conceivably, the transfer of such compounds may be mediated by other proteins present in the sensillum lymph surrounding the HR13-expressing Ph-OSN. In support of this notion, previous in situ hybridization studies have shown that HvirPBP1 is co-expressed with HvirPBP2 in support cells associated with the same sensillum (Grosse-Wilde et al., 2007) and three PBPs coexist in pheromone responsive hairs of Antheraea polyphemus (Forstner et al., 2009). In addition, certain sensilla in the silk moth Bombyx mori co-express BmorPBP and the antennal binding protein X (ABPX) (Maida et al., 2005). Thus, HvirPBP1 or other yet not identified PBPs and OBPs coexisting in the sensillum lymph with HvirPBP2 may account for the solubilization and transfer of plant odorants.

Although non-pheromone odorants do not bind to the pheromone-binding pocket it cannot be excluded that they may interact with the surface of HvirPBP2 and thus be transported through the sensillum lymph. Considering such a possibility, one has to take into consideration that a plant odorant/PBP interaction may block conformational changes, which may be necessary for pheromone release (Wojtasek and Leal, 1999) or receptor activation by PBP/ligand complexes (Laughlin et al., 2008). In this way, the plant odorant/PBP interaction could directly contribute to the suppression of pheromone-evoked responses observed in single sensillum recordings (Party et al., 2009; Hillier and Vickers, 2011; Deisig et al., 2012) and calcium imaging of the AL (this study).

ECOLOGICAL RELEVANCE OF PHEROMONE/PLANT ODORANT INTERFERENCE

Female-released pheromones trigger and control upwind flight behavior and guide the male to the mating partner. According to our study and the work of others, the sex pheromone detection system of male moths seems unexpectedly susceptible to plant odorants in the environment. Most studies have reported that pheromone detection is suppressed in the presence of plant odorants (Party et al., 2009; Hillier and Vickers, 2011; Deisig et al., 2012).

With regard to a sensitive detection of the female-released pheromone and mate localization, the mostly found inhibition of the male pheromone detection system by plant odorants appears to be counterproductive. However, data suggest that suppression of the pheromone response by plant odorants may be of advantage. In electrophysiological studies of male antennae a background of plant odorants decreased the intensity of pheromone signals and improved the separation of pheromone pulses by the Ph-OSNs (Party et al., 2009). Furthermore, due to the reduced response rate both during and between pheromone pulses, a plant odorant background contributes to preserve the temporal structure of the pheromone signal (Rouyar et al., 2011). Because information encoded in the temporal structure of a pheromone plume is particularly important for orientation of male moths toward a pheromone source (Vickers, 2006), a higher odor background in the vicinity of a calling female sitting on a plant may positively affect mate localization by males approaching her.
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Plant odorants interfere with detection of sex pheromone signals by male Heliothis virescens
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It is widely accepted that odorants emanating from different organic sources are interacting to elicit behaviors in animals, including insects. However, the mechanisms of such interactions are largely unknown. In insects, the most prominent examples for odor interactions are mixtures of host odors and anthropogenic repellents in blood-sucking insects such as mosquitoes (Syed and Leal, 2008) and synergistic or inhibitory interactions of sex pheromones and host or non-host plant odors in moths (Byers et al., 2004; Yang et al., 2004; Schmidt-Büsser et al., 2009; Allmann and Baldwin, 2010; Varela et al., 2011). Detection of pheromone and plant odors in moths, for instance, is known to happen via highly separated channels whose input is transmitted via labeled lines to primary and even secondary processing centers (Christensen and Hildebrand, 2002). Behavioral effects issuing from this particular example of mixture interactions have therefore been thought to occur mainly through integration in higher centers within the brain (Lei and Vickers, 2008).

The literature shows, however, that olfactory signals supposed to serve as cues for different behaviors, like sex pheromone and plant odor, interact already in the peripheral detection system (Den Otter et al., 1978; Van der Pers et al., 1980; Ochieng et al., 2002; Party et al., 2009; Hillier and Vickers, 2011; Rouyar et al., 2011; Deisig et al., 2012). Moreover the information on odor mixtures might subsequently be modified throughout the olfactory pathway (Namiki et al., 2008; Barrozo et al., 2010; Chaffiol et al., 2012; Deisig et al., 2012). The pheromone-plant odor interactions have been mainly analyzed with in vivo optical imaging or extra- and intracellular electrophysiological recording techniques, revealing suppressive or synergistic interactions at the cellular level. However, nothing was known so far on the molecular mechanisms involved in the observed interactions. The major hypotheses were that plant odors might interfere with pheromone binding to binding proteins or olfactory receptors in a competitive or non-competitive way. A contribution of ion channels or odorant degrading enzymes, which influence the dynamics of odor responses in olfactory receptor neurons was also considered (Pophof and Van der Goes van Naters, 2002; Ishida and Leal, 2008).

In the article published in Frontiers of Cellular Neuroscience volume 6, P. Pregitzer and co-authors confirm the inhibition of sex pheromone responses by certain plant odorants, using in vivo calcium imaging of the antennal lobe, i.e., responses of receptor neurons from the entire antenna in their model, the noctuid moth, Heliothis virescens. H. virescens is a favorable model to investigate molecular mechanisms underlying pheromone-plant odor interactions in antennal sensilla, because the pheromone binding protein (HvirPBP2) and the olfactory receptor (HR13) binding the major pheromone compound, Z-11-hexadecenal (Z11-16:Ald), have been identified (Grosse-Wilde et al., 2007). The authors profited from this knowledge to investigate effects of plant odorants alone or in combination with Z11-16:Ald on HvirPBP2 and on HR13. The tested plant odorants did not themselves bind to HvirPBP2 and did not alter binding of the main pheromone component to HvirPBP2. However, pheromone-induced responses of human embryonic kidney (HEK) cells expressing HR13 changed in a dose-dependent manner, when certain plant odorants are added. Interestingly, the same plant odorants eliciting inhibition of pheromone responses in the antennal lobe also reduced pheromone responses in the HR13-expressing cells. On the other hand, a fruit odorant, without evident behavioral significance for the moth, did neither have an effect on receptor neuron responses to the sex pheromone, nor did it change pheromone responses in HR13-expressing cells. These results are a first important step towards identifying the molecular actors involved in pheromone-general odorant interactions within the highly specific pheromone detection system on the antennae of an insect. The transport of pheromone molecules through the sensillum lymph seems not to be affected by plant odorants, but pheromone binding to membrane receptors changes in the presence of plant odorants. Although the odorant types are rather different, these effects are similar to the action of the insect repellent DEET on olfactory receptors in different mosquito species and Drosophila melanogaster (Ditzen et al., 2008; Bohbot et al., 2011; Bohbot and Dickens, 2012).

The study by Pregitzer et al. shows that we just begin to understand peripheral interactions of different odorants. In the future it will be exciting to see if the situation found in a heterologous system corresponds to a “real life” situation with the complex environment of an antennal sensillum, in which different molecular actors are present and where potential feedback from the antennal lobe might affect receptor neuron responses. The current results help to refine the future approaches by excluding already some players and proposing candidate molecular actors involved in environmental modulation of olfaction.
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Taste receptors for sweet, bitter and umami tastants are G-protein-coupled receptors (GPCRs). While much effort has been devoted to understanding G-protein-receptor interactions and identifying the components of the signalling cascade downstream of these receptors, at the level of the G-protein the modulation of receptor signal transduction remains relatively unexplored. In this regard a taste-specific regulator of G-protein signaling (RGS), RGS21, has recently been identified. To study whether guanine nucleotide exchange factors (GEFs) are involved in the transduction of the signal downstream of the taste GPCRs we investigated the expression of Ric-8A and Ric-8B in mouse taste cells and their interaction with G-protein subunits found in taste buds. Mammalian Ric-8 proteins were initially identified as potent GEFs for a range of Gα subunits and Ric-8B has recently been shown to amplify olfactory signal transduction. We find that both Ric-8A and Ric-8B are expressed in a large portion of taste bud cells and that most of these cells contain IP3R-3 a marker for sweet, umami and bitter taste receptor cells. Ric-8A interacts with Gα-gustducin and Gαi2 through which it amplifies the signal transduction of hTas2R16, a receptor for bitter compounds. Overall, these findings are consistent with a role for Ric-8 in mammalian taste signal transduction.

Keywords: Ric-8A, Ric-8B, G-protein-coupled-receptor, taste, regulators of G-protein signaling, guanine nucleotide exchange factors, bitter, gustducin

INTRODUCTION

Taste receptors are the sensors through which the tastants dissolved in the saliva are detected. Over the years evidence has accumulated supporting the importance of G-protein mediated signaling in taste detection. Initially, electrophysiological studies implicated cyclic nucleotides in taste transduction (Avenet et al., 1988; Tonosaki and Funakoshi, 1988). Subsequently, gustducin, a G-protein alpha subunit expressed in taste receptor cells was shown to be involved in bitter, sweet, and glutamate detection in mice (McLaughlin et al., 1992; Wong et al., 1996; He et al., 2004). More recently and importantly, Tas1Rs and Tas2Rs, two families of G-protein-coupled-receptors (GPCRs) that are respectively involved in the detection of certain sweet, umami and bitter tasting compounds were discovered (Hoon et al., 1999; Adler et al., 2000; Chandrashekar et al., 2000; Matsunami et al., 2000; Nelson et al., 2001, 2002; Zhao et al., 2003). GPCR signaling cascades involve the activation of G-proteins as well as subsequent stimulation of effector enzymes by the free alpha or beta-gamma subunits of the activated heterotrimeric G-protein (Oldham and Hamm, 2008). Accessory proteins such as regulators of G-protein signaling (RGS) and GDP/GTP exchange factors (GEFs) which regulate the activation state of the G-protein, have been shown to modulate GPCR signaling in a variety of cell types (Klattenhoff et al., 2003; Siderovski and Willard, 2005; Neitzel and Hepler, 2006). GEFs act as signal amplifiers by promoting the exchange of GDP to GTP on the receptor-activated Gα subunits whereas RGS promote the hydrolysis of GTP thus attenuating the activation of the effector (Wilkie and Kinch, 2005; Jean-Baptiste et al., 2006).

In vision and olfaction, two senses involving GPCRs as main detectors, RGS9-1 and RGS2 respectively have been reported to attenuate light or odorant responses (Sinnarajah et al., 2001; Nishiguchi et al., 2004) while Ric-8B a putative GEF for Gαolf that is abundant in olfactory sensory neurons amplifies odorant receptor signaling (Von Dannecker et al., 2005, 2006). Ric-8B has one other known mammalian homologue, Ric-8A, which was shown to enhance Gαq-mediated ERK activation by GPCRs (Nishimura et al., 2006) as well as interact and display GEF activity for Gαi1, Gαq and Gαo but not Gαs in vitro (Tall et al., 2003). The GEF activity of Ric-8A on the Gαι subunit has been extensively studied in receptor-independent G-protein-mediated events regulating microtubules pulling forces during cell division (Tall and Gilman, 2005). In this system the action of Ric-8A is similar to that of a GPCR while the GDI activity of GPR/GoLoco motif-containing proteins resemble that of Gβγ subunits (Thomas et al., 2008).

In gustation, RGS21 has been reported to be expressed specifically in taste cells and to play a role in gustducin signaling (von Buchholtz et al., 2004); however, no reports of GEFs further controlling this system have been made. To study whether GEFs are involved in the transduction of the signal downstream of the taste GPCRs we investigated the expression of Ric-8A and Ric-8B in mouse taste cells and their interaction with G-protein subunits found in taste buds.

MATERIALS AND METHODS

ANIMALS

French guidelines for the use and the care of laboratory animals were followed, and experimental protocols were approved by the animal ethic committee of the University of Burgundy. Six-week-old C57BL/6J mice housed in a controlled environment (constant temperature and humidity, darkness from 8 pm to 8 am) were used for all experiments. They were fed a standard laboratory chow ad libitum (UAR A04, Usine d’Alimentation Rationnelle, France).

YEAST TWO-HYBRID INTERACTIONS AND CO-IMMUNOPRECIPITATION

The entire open reading frame of mouse Ric-8A, RGS21, gustducin, Gαt2, Gαi2, Gαolf, or GPR domains 1–4 of AGS1, AGS2, AGS3 or GoLoco domain of AGS4, PBP, Pins, RGS2, RGS9, were PCR amplified from C57BL6/J mice heart, testis or circumvallate papillae cDNA using specific primers (Operon, Germany) containing a Sal I (forward primer) or Not I (reverse primer) restriction site. Ric-8B was from Von Dannecker et al. 2006.

(5′ > 3′): Ric-8A(S) CGAGGTCGACTGAGCCCCGGGCAGTTGCG,

Ric-8A(AS) CTTAGCGGCCGCTCAGTCAGGATCTGAGTCAGG,

RGS21(S) TTGTCGACCTCGAGGCCAGTGAAATGCTGTTTC,

RGS21(AS) TTGTCGACGCGGCCGCTTACAGGAAAGGCAG,

Gαgus(S) AAAGCACGCGTGATGGGAAGTGGAATTAGTTCAG,

Gαgus(AS) CAAAGCGGCCGCTCAGAAGAGCCCACAGTCTTTGAGGTT,

Gαt2(S) CGAGGTCGACTGGGAGTGGCATCAGTGCT,

Gαt2(AS) GAATGCGGCCGCTTAAAAGAGCCCACAGTCCTTGA,

Gαi2(S) GGAATTCCCACCATGGGCTGGACCTGTAG,

Gαi2(AS) AGCGGCCGCGAAGAGGCCACAGTCCTTC,

Gαolf (S) CGAGGTCGACTGGGTGTTTGGGCAACAGC,

Gαolf (AS) GAATGCGGCCGCTCACAAGAGTTCGTACTGCTTG,

AGS1(S) CGAGGTCGACGAAACTGGCCGCGATGATC,

AGS1(AS) CTTAGCGGCCGCCTAACTGATGACACAGCG,

AGS2(S) CGAGGTCGACGGAAGACTTCCAGGCCTC,

AGS2(AS) CTTAGCGGCCGCTCAGATGGACAGTCCGAAG,

AGS3(S) CGAGGTCGACTATTCCCAGGGCCCCGTC,

AGS3(AS) CTTAGCGGCCGCTTAGCTGGCACCCGGTG,

AGS4(S) CGAGGTCGACGGAGGCTGAAAGACCCCAG,

AGS4(AS) CTTAGCGGCCGCTCAGCAGGTGTGTGTAGG,

PBP(S) CGAGGAATTCTGGCCGCCGACATCAGC,

PDB(AS) CTTAGCGGCCGCCTACTTCCCTGACAGCTG,

Pins(S) CGAGGTCGACAATCAGTTCAGACACGATTG,

Pins(AS) CTTAGCGGCCGCTTATTTTCCCGAATGCTTAAA,

RGS2(S) CGAGGTCGACTATGCAAAGTGCCATGTTCCTG,

RGS2(AS) CTTAGCGGCCGCTCATGTAGCATGGGGCTC,

RGS9(S) CGAGGTCGACGGTGGAGATCCCAACCAAGATG,

RGS9(AS) CTTAGCGGCCGCTCACTGGGTGATGTCCACGG.

After amplification with PFU (Stratagene, USA) according to the manufacturer’s specifications, the products of the expected size were subcloned into pSTBlue-1 according to the manufacturer’s specifications (Novagen, USA) and sequenced before subsequent subcloning as a fusion into the Sal I and Not I sites of either pDBLeu (bait vector) or pEXP (prey vector) of the Proquest two-hybrid system (Invitrogen, USA).

Competent Mav203 yeast cells (Invitrogen, USA) were co-transformed with 200 ng of each prey and bait vector and grown 48 h at 30°C on minimal media plates without leucine and tryptophan. Two colonies were then collected and each was dissolved separately into 500 μl of water before spotting 10 μl of each solution side by side onto plates lacking leucine histidine and tryptophan but containing either 10, 25 or 50 mM 3-AT to test the strength of the interaction. After 24 h at 30°C, the plates were replica cleaned using a velour cloth before an additional incubation of 48–72 h at 30°C prior to scoring growth.

For co-immunoprecipitations the open reading frame of Gαi2, Gαt2 and Gαgus were subcloned into pDisplay (Invitrogen, USA) in frame with the HA epitope. Prior to subcloning into pCDNA3 (Invitrogen, USA) a Flag tag was inserted at the N terminus of Ric-8A. All constructs were verified by sequencing. These constructs as well as a Flag-tagged-Ric-8B (Von Dannecker et al., 2006) were transfected in various combinations into HEK 293T cells seeded in six well plates. Forty-eight hours later the cells were harvested and lysed following the manufacturer’s directions. The lysate was incubated overnight at 4°C with 2 μg of mouse monoclonal anti-Flag (Kodak, USA) or 12CA5 mouse monoclonal anti-HA antibody (Roche, Switzerland) and protein A Sepharose (Roche, Switzerland) following the manufacturer’s directions. After washing the immunoprecipitate four times with lysis buffer the samples were eluted by boiling for 5 min in sample buffer (Bio-Rad, USA) and subjected to SDS-PAGE and Western blot analysis. For Western blot hybridization the antibodies were used at a dilution of 1/1000. The membrane was subsequently processed using the components of the chemiluminescent detection kit according to the manufacturer’s instructions (GE Healthcare, USA).

RT-PCR AND QUANTITATIVE RT-PCR

Total RNA was isolated from various tissues, using RNAeasy (Qiagen, Germany) according to the manufacturer’s instructions. First strand cDNA was synthesized using 500 ng of total RNA with Superscript II (Invitrogen, USA). With the exception of foliate, fungiform and palate papillae, for each tissue three pools of mRNA, each from three mice, were isolated to perform triplicate RT reactions and triplicate qPRC reactions. For non quantitative PCR, the three RT reactions were pooled for each tissue.

Quantitative RT-PCR was performed on a Mini Opticon (Biorad, USA). Reactions (50 μl) contained 1× iQTMSYBR green supermix (Biorad, USA), 100 nM of each primer, and 1 μl of a 1:5 dilution of the appropriate RT reaction.

Amplification efficiency (E) was determined for each primer pair on triplicate 5-fold serial dilutions of mouse brain cDNA. Relative quantification was performed in relation to cyclophilin expression using the Pfaffl algorithm with kinetic PCR efficiency correction (REST-MCS) (Pfaffl, 2001; Pfaffl et al., 2002). Results are expressed as expression ratio (R) derived from the equation:

[image: image]

where the reference gene is cyclophilin (cyclo).

RT-PCR reactions (25 μl) contained 1× Taq mastermix (Qiagen, Germany), 0.4 μM of each primer, 1 μl of appropriate RT reaction (water for control). Cycling parameters: 95°C for 2 min then 35 cycles of 95°C for 30 s; 60 or 58°C for 40 s, 72°C for 40 s, and final elongation at 72°C for 2 min. Products (13 μl) were run onto 1.4% agarose Seakem TAE gels (Cambrex, USA). Primers used were (5′ > 3′): Ric-8A (S) CACGAAGGATCCTTAGAGTTCATG, Ric-8A (AS) GCACATTCTGTCAACACGTTCA, F78a: CAAAGAGAGAGTGGATAGCCTGC, R810b: GCAACTCCTCTTTTGGTTTTGC, cyclophilin (S): CAGACGCCACTGTCGCTTT, cyclophilin (AS): TGTCTTTGGAACTTTGTCTGCAA, F89: GCAAAACCAAACATTAATCTTATCACT, R910: AAGCAACTCCTCTCTGGAAAGTTTAT, F6: GGAAGCAGCTATAGAGAGGGTCTAA, R7: CCAGCTTATTTCTCACGGTTGA.

IMMUNOHISTOCHEMISTRY AND WESTERN BLOTTING

Four- to six-week-old male C57BL6/J mice were perfused with 4% paraformaldehyde. Circumvallate papillae were excised and allowed to soak in 30% sucrose overnight before being snap-frozen in isopentane chilled with liquid nitrogen. The tissue was then embedded in OCT compound (Tissue-Tek, Japan) and processed using a cryostat into 14-μm sections. Sections were air-dried for 2 h at room temperature and stored at −80°C. On the day of the experiment sections were rehydrated in 0.1 M phosphate saline buffer (PBS, pH 7.4) for 10 min and blocked in 5% goat serum (Sigma, USA), 0.2% Triton X-100 in PBS for 15 min at room temperature then incubated overnight at 4°C with either a 1/100 dilution of the rabbit polyclonal anti-Ric-8B antibody (Kerr et al., 2008) a 1/100 dilution of the rabbit polyclonal anti-Ric-8A antibody (Proteintech group, Inc., Chicago, IL, USA) or a 1/400 dilution of the rabbit polyclonal anti-gustducin antibody (SCBT, Santa-Cruz, USA). After washing, sections were next incubated for 2 h at room temperature with a 1/600 dilution of Alexa-488-conjugated anti-rabbit IgG secondary antibodies (Molecular probes, USA). After washing and counterstaining with Hoescht 33258 (Sigma, USA) slides were mounted in gel/mount (Biomeda Corp., USA) and analyzed under an Axioskop microscope equipped with an Axiocam MRc5 (Zeiss, Germany). For double-labelling, the sections were incubated simultaneously with a 1/200 dilution of the mouse monoclonal anti-IP3R-3 (BD Biosciences, USA) and either a 1/100 dilution of the rabbit polyclonal anti-Ric-8B antibody or a 1/100 dilution of the rabbit polyclonal anti-Ric-8A antibody (Proteintech group, Inc., Chicago, IL, USA) overnight at 4°C, washed prior to incubation with secondary antibodies for 2 h at room temperature (1/600 dilution of Alexa-488-conjugated goat anti-rabbit IgG and 1/600 dilution of Alexa-555-conjugated goat anti-mouse IgG (Molecular Probes, USA). Slides were analyzed under a TCS4D confocal microscope (Leica, Germany).

For Western blotting, circumvallate papillae from 4- to 6-week-old male C57BL6/J mice were collected and mechanically dissociated in standard lysis buffer using a dounce homogenizer on ice. 20 μg of the total protein extract was loaded on a 10% SDS-PAGE gel (Bio-Rad, USA), transferred onto a hybond-P, PVDF membrane (GE Healthcare, USA) and incubated overnight at 4°C with either a 1/100 dilution of the rabbit polyclonal anti-Ric-8B antibody, a 1/100 dilution of the rabbit polyclonal anti-Ric-8A antibody (Proteintech group, Inc., Chicago, IL, USA) or a 1/1000 dilution of a mouse monoclonal anti-β−actin antibody (Sigma, USA). The membrane was subsequently processed using the components of the ECL kit according to the manufacturer’s instructions (GE Healthcare, USA).

HEK 293T cells in DMEM supplemented with 10% fetal calf serum were grown in six wells plates until 50% confluence was reached. Cells were transfected with pCDNA3 alone or containing 5′Flag-Ric8A, or 5′Flag-Ric8B. Transfections were carried out using Lipofectamine LTX (Invitrogen, USA) according to the manufacturer’s protocol. 48 h after transfection the cells were harvested and lysate prepared. 15 μg of total protein extract was loaded on a denaturing 4–12% BisTris PAGE gel (Invitrogen, USA), transferred onto a hybond-P, PVDF membrane (GE Healthcare, USA) and incubated overnight with either a 1/100 dilution of the rabbit polyclonal anti-Ric-8B antibody, a 1/300 dilution of the rabbit polyclonal anti-Ric-8A antibody (Proteintech group, Inc., Chicago, IL, USA) or a 1/1000 dilution of mouse monoclonal anti-Flag (Kodak, USA). The membrane was subsequently processed using the components of the ECL kit according to the manufacturer’s instructions (GE Healthcare, USA). The next day, the membranes were stripped and reprobed with a 1/1000 dilution of a mouse monoclonal anti-β−actin antibody (Sigma, USA).

IN SITU HYBRIDIZATION

The procedure used for in situ hybridization of 16-μm sections of fresh frozen circumvallate papillae from C57BL6/J male mice was described previously (Matsunami et al., 2000). Briefly, the sections were hybridized (58°C) overnight to hydrolysed digoxigenin-labeled cRNA probes prepared from cloned segments of cDNAs encoding Ric-8A (NCBI reference: NM_053194 nt 75-1667), Ric-8B (NCBI reference: AY940666 nt 99-1781) or gustducin (NCBI reference: BC147841 nt 125-1043). After washing, the sections were incubated with anti-Dig AP and subsequently developed using a mix of NBT-BCIP (Roche, Switzerland) according to the manufacturer’s instructions. Slides were then mounted with vectamount (Vector laboratories USA) and analyzed under an Axioskop microscope equipped with an Axiocam MRc5 (Zeiss, Germany).

cAMP ASSAY

Intracellular cAMP production was monitored using a cell-based reporter gene assay relying on transcriptional regulation of secreted human placental alkaline phosphatase (SEAP) by five 5′-cyclic AMP (cAMP) response elements (CREs). This assay is based on the premise that intracellular cAMP activates protein kinase A which in turn phosphorylates the transcription factor CREB (cAMP response element binding protein) ultimately leading to SEAP production. SEAP activity is then determined using 4-methylumbelliferyl phosphate (4-MUP) as substrate.

The coding sequence of hTas2R16, a receptor activated by salicin, was PCR amplified using specific primers and fused to the first 44 amino acids of Bovine rhodopsin before subcloning into pCDNA3 (Invitrogen, USA). The coding sequence of the mouse Gαi2 or Ric-8A were PCR amplified using specific primers and subcloned into pEF6 (Invitrogen, USA) and pcDNA 3.1 (Invitrogen) respectively. All constructs were verified by DNA sequencing. HEK 293T cells in DMEM supplemented with 10% fetal calf serum were grown in 96 wells plates until 80–95% confluence was reached. Cells were transfected with different combinations of plasmid constructs coding for Tas2R16, D1R (Von Dannecker et al., 2005), Gαi2, Ric-8A and pCRE-SEAP (Durocher et al., 2000). Transfections were carried out using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer’s protocol. 24 h after transfection the media was replaced by 200 μl of serum free DMEM containing the different agonists (dopamine, salicin) and incubated for 6 h at 37°C. 200 μl of the media from each well was transferred to a new plate, heated to 65°C for 30 min and spun to remove debris. 100 μl of each sample was mixed with 100 μl of the SEAP buffer (30 mM Tris pH 8.0, 0.06%BSA, 1 mM L-homoarginine, 10 mM MgCl2, 20% diethanolamine, 3.6 mg 4-methylumbelliferyl phosphate) and incubated for 1 h at 37°C. Fluorescence was measured at a wavelength of 449 nm using a Viktor 1420 microplate reader (PerkinElmer, USA). The deactivation rate was calculated by dividing each deactivation value (dopamine + salicin) by the corresponding activation value (dopamine alone). Statistical significance was evaluated by paired Student’s t-test.

RESULTS

Ric-8A AND Ric-8B ARE EXPRESSED IN TASTE TISSUE

In the oral cavity most taste buds are found on the palate and on the tongue. The lingual structures harboring the taste buds are called taste papillae. In order to investigate Ric-8 expression in palate as well as in fungiform, foliate and circumvallate taste papillae we conducted RT-PCR using primers specific for Ric-8A and Ric-8B on RNA extracted from these tissues together with olfactory mucosa, vomeronasal organ, eye, brain and testis. As a control for taste bud rich tissue, the expression of gustducin and Gαi2, reportedly two of the most abundantly expressed G-protein alpha subunits in taste cells (Kusakabe et al., 2000), was also analyzed.

As can be seen in Figure 1A, messenger RNAs for Ric-8A and Ric-8B are detected in fungiform, foliate and circumvallate papillae as well as in all other examined tissues. We also find as previously reported (Kusakabe et al., 2000) that gustducin and Gαi2 are present in all three taste papillae including palatal taste buds.
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Figure 1. Ric-8A and Ric-8B variants are expressed in tongue taste papillae. (A) RT-PCR on total RNA from various tissues using specific primers for Ric-8A, Ric-8B, gustducin, Gαi2 and cyclophilin. CV: circumvallate papillae, FG: fungiform papillae, FL: foliate papillae, PL: Palate, OM: olfactory mucosa, VN: vomeronasal organ, EY: Eye, BR: whole brain, TE: testis. (B) q-PCR showing the relative abundance of Ric-8B (both variants) and Ric-8A. Ric-8A is predominantly expressed over Ric-8B in palate, foliate and fungiform papillae but not in circumvallate papillae. (C) RT-PCR on a restricted panel of mRNAs using specific primers for Ric-8A, Ric-8B (long variant only), Ric-8BΔ9 only. For each tissue +RT: with Reverse transcriptase, -RT: without reverse transcriptase. CV: circumvallate papillae, BR: whole brain, OM: olfactory mucosa, TE: testis. (D) q-PCR showing the relative abundance of Ric-8B splicing variants. Ric-8BΔ9 is the major variant in palate, foliate and fungiform papillae but not in circumvallate papillae. (E) RT-PCR on brain RNA with the various primer pairs used for q-PCR. Note the presence of a single band of the expected size and the absence of primer-dimers for each primer pair tested, thus validating them for SYBR green q-PCR. (F) Scheme showing the strategy of amplification of the two Ric-8B isoforms. Black and white rectangles denote coding exons in the Ric-8B gene and black arrows the location of the primers used. Primer pair F6-R7 amplifies both Ric-8B isoforms (Ric-8B total). Primer pair F78a-R810b amplifies the Ric-8BΔ9 isoform only (Ric-8BΔ9) while primer pair F89-R910 amplifies the Ric-8B long form only (Ric-8B long). Primer F78a anneals to both isoforms but this is corrected by taking primer pair efficiency into account in the calculation of the ratio.



In order to quantify the relative abundance of Ric-8A and Ric-8B mRNAs in taste tissue compared to that in olfactory mucosa, total brain and testis, we conducted a quantitative PCR experiment using primers specific for each gene. As seen in Figure 1B the relative levels of Ric-8 mRNA do not vary widely amongst the tissues examined, with the exception of the olfactory mucosa in which Ric-8B is significantly more abundant in line with a previous report focusing on olfactory neurons (Von Dannecker et al., 2005).

In foliate, palate and fungiform papillae Ric-8A mRNA is slightly more abundant than that of Ric-8B while the circumvallate papillae displays a profile similar to that of brain, testis and olfactory mucosa in which Ric-8B is prevalent over Ric-8A. In the olfactory epithelium, an alternatively spliced variant of Ric-8B called Ric-8BΔ9 in which exon 9 is missing has also been described (Von Dannecker et al., 2005). We looked for the presence of this isoform in tissues in which Ric-8B is predominant. When using primers for Ric-8B flanking exon 9 or primers specific for the short form only we observe that both isoforms can be detected (Figure 1C). Interestingly, quantification of the relative abundance of both isoforms shows a predominance of the short Δ9 form of Ric-8B in all assayed tissues, but more markedly so in taste tissues, especially foliate and fungiform papillae (Figure 1D).

Prior to performing qPCR the specificity of all quantitative primer pairs were tested by conventional PCR to confirm the amplification of a single product of the expected size and the absence of primer-dimers (Figure 1E). Moreover each qPCR experiment was immediately followed by melt curve analysis for each sample to ensure amplification specificity. The primers used for differential amplification of the various Ric-8B splice variants were located at the exon-exon boundaries (Figure 1F).

EXPRESSION OF Ric-8A AND Ric-8B IN TASTE PAPILLAE IS CONFINED TO TASTE BUD CELLS

We next determined whether Ric-8A and Ric-8B gene expression in taste papillae is confined to the taste bud cells. To do this, we conducted in situ hybridization experiments on sections of circumvallate papillae using probes specific for Ric-8A or Ric-8B.

Figures 2A,B show that Ric-8A and Ric-8B mRNAs are found in cells confined within the taste buds when compared with the expression pattern of gustducin, a taste bud specific G-protein (Figure 2C). Although Ric-8B mRNA is clearly very abundant in taste buds we also noticed some staining in the basal layer of the tongue epidermis. This data is in line with an earlier study reporting the presence of Ric-8B messenger RNA in a human taste buds cDNA library (Rossier et al., 2004).
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Figure 2. The expression of Ric-8A and Ric-8B is confined to taste bud cells. (A–C) Sagittal sections of circumvallate papillae were hybridized with antisense probes to Ric-8A, Ric-8B or gustducin and visualized with an alkaline phosphatase colorimetric reaction. The purple signal is confined to taste buds. Section hybridized to the sense probes did not show any signal (not shown). (Scale bar = 50 μm). (D–F) Immunostaining of sagittal sections of circumvallate papillae using anti-Ric-8A, anti-Ric-8B or anti-gustducin rabbit polyclonal antibodies visualized with an anti-rabbit-Alexa488 secondary. The immunofluorescence is confined to the taste buds and labels 100% of taste buds. (Scale bar = 50 μm). (G) Western blotting analysis of circumvallate papillae (CV) or surrounding tissue (ST) extracts using anti-Ric-8A and Ric-8B antibodies. A major band around 70 kDa for Ric-8A and ∼88 kDa for Ric-8B is detected in CV indicating that these proteins are concentrated in taste buds. Bottom panels show β-actin loading controls. [Right margin: molecular weight marker bands (kDa)].



Using antibodies directed against Ric-8A (Figure 2D) or Ric-8B (Figure 2E) confirms that the labeling is more intense within the taste buds than in the surrounding tissue and very similar to what is observed for gustducin (Figure 2F). To test the specificity of the antibodies against the Ric-8 proteins we performed a Western blotting analysis with protein extracts of taste bud-enriched tissue and surrounding tissue from mouse circumvallate papillae. As shown in Figure 2G, the antibody against Ric-8A detected a major band at ∼70 kDa while the Ric-8B antibody detected a major band of ∼88 kDa. It is worth noting that the band is significantly stronger in taste bud-enriched tissue than in surrounding tongue tissue thus corroborating the staining pattern obtained in immunohistochemistry experiments. The size of the Ric-8A and Ric-8B bands are about 7 and 25 kDa bigger than the predicted molecular weight respectively indicating that these proteins likely undergo posttranslational modifications in this tissue. A similar observation has already been made in olfactory epithelium for Ric-8B (Kerr et al., 2008).

Ric-8A AND Ric-8B ARE CO-LOCALIZED WITH IP3R-3 IN TYPE II TASTE BUD CELLS

Taste bud cells are divided in at least four distinct cell types, which can be distinguished by the expression of specific markers. To analyze what type or subset of taste cells expresses Ric-8A and Ric-8B we performed double immunolabeling using an antibody specific to either Ric-8A or Ric-8B together with an antibody raised against IP3R-3, a marker of type II cells staining sweet, umami and bitter taste receptor cells. Our results (Figure 3A) show that 100% of IP3R-3 positive cells are stained with Ric-8A or Ric-8B (Figure 3A merge). The presence of Ric-8A and Ric-8B in taste-GPCR expressing cells is consistent with a role in taste transduction.

Additionally we find that a subpopulation (∼15%) of taste bud cells is immunopositive for Ric-8A or Ric-8B but negative for IP3R-3 (n = 100). The nature of these cells remains to be determined.
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Figure 3. Ric-8 expression is not strictly confined to type II taste bud cells. (A) Double labeling immunohistochemistry on sagittal sections of circumvallate papillae using an antibody raised against IP3R-3 visualized with an Alexa555 coupled secondary antibody (red) and either an anti-Ric-8A (top row) or anti-Ric-8B (bottom row) antibody visualized with an Alexa488 secondary antibody (green). Middle panels are merged images showing co-localization. All IP3R-3 cells display Ric-8A and Ric-8B labeling but not all Ric-8A or Ric-8B cells are positive for IP3R-3 (white arrows) indicating that Ric-8A and Ric-8B expression extends to other cells beside IP3R-3 positive cells. (Scale bar top row = 20 μm; bottom row = 40 μm). (B) Western blotting analysis of whole cell lysates from cells transiently transfected with either Flag-Ric-8A (FG-Ric8A), Flag-Ric-8B (FG-Ric8B) or the expression vector alone (Vector) using anti-Ric-8A (left panel), anti-Ric-8B (middle panel) or anti-Flag (right panel) antibodies. A single band around 64 kDa for recombinant Flag-Ric-8A and ∼71 kDa for Flag-Ric-8B is detected in HEK 293T cells thus clearly showing that Ric-8 antibodies do not cross-react with the paralogous protein. Bottom panels show β-actin loading controls. [Right margin: molecular weight marker bands (kDa)].



The matching expression patterns of Ric-8A and Ric-8B which are both found in 100% of IP3R-3 positive cells suggest that they might be co-expressed in these cells, a prospect that we could not test directly given the fact that both antibodies against Ric-8A and Ric-8B are raised in rabbit. Nevertheless, to rule out the possibility that this pattern could be generated by cross-reactivity of the antibodies with the paralogous proteins a western blotting analysis testing the specificity of the antibodies against the two Flag-tagged recombinant Ric-8 proteins transiently expressed in HEK 293T cells was conducted. As seen in Figure 3B no cross-reactivity was detected thus supporting the notion that these two proteins might be co-expressed.

Ric-8A INTERACTS WITH ALPHA-GUSTDUCIN AND ALPHA-TRANSDUCIN

Because a large percentage of IP3R-3 cells expresses gustducin (Clapp et al., 2001), we used a directed two-hybrid interaction screen to investigate whether Ric-8A or Ric-8B can interact directly with gustducin.

We initially validated our assay by testing the previously reported interaction between Ric-8A and Gai2 as well as that between Ric-8B and Gαolf (Tall et al., 2003; Von Dannecker et al., 2005).

Figure 4A shows that, as expected, Ric-8A strongly interacts with Gαi2 but not with Gαolf. More importantly we find that Gαt2 and to a lesser extent gustducin also interact with Ric-8A. Under the same conditions and as expected Ric-8B clearly interacts with Gαolf but not with Gαi2. We also observe a weak interaction with Gαt2 but none with gustducin. Ric-8BΔ9 was also included in the screen but no substantial interaction was detected (Table 1).
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Figure 4. Gustducin interacts with Ric-8A, but not Ric-8B. (A) Yeast two hybrid interaction assay. Mav203 yeasts cells were co-transformed with different combinations of bait (Gαolf, Gαt2, Gαgus or Gαi2) and prey (Ric-8A or Ric-8B) plasmids. Interaction was scored on minimal medium plates containing 3-AT and lacking histidine and tryptophan. Growth reflects the strength of the interaction. (B) Co-immunoprecipitation experiment showing the association between Flag-Ric-8A and HA-Gαi2 or HA-Gαgus. (*) denotes an artifact band (IgG) while (<) correspond to the Gα subunit band. IPFG: immunoprecipitation using an anti-Flag antibody; WBFG: western blotting membrane incubated with an anti-Flag antibody; WBHA: western blotting membrane incubated an anti-HA antibody.



Table 1. Search for modulators of G-protein signaling in taste papillae.
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As a control for the strength of the interaction several RGS (i.e. RGS2, RGS9 and RGS21) were also tested for their ability to interact with gustducin in the same assay. Our results confirm that RGS21 physically interacts with the constitutively activated form of gustducin (QL) as previously reported using a different test (von Buchholtz et al., 2004), whereas Ric-8A is likely to interact with gustducin in its GDP-bound form as we find no interaction with the GTPase deficient Gαgus QL.

Next we validated these interactions in an heterologous expression system involving transient transfection of 5′-Flag-tagged-Ric-8 and 5′-HA-tagged-Gα-proteins expression constructs in HEK 293T cells followed by immunoprecipitation using an anti-Flag antibody. The results of this assay essentially corroborate the results obtained in yeast: Ric-8A interacts strongly with Gαi2 and Gαt2, and to a lesser extent with gustducin, while Ric-8B interacts weakly with Gαt2 but not with gustducin (Figure 4B). Taken together these results strongly suggest that in taste buds Gαt2, and the abundantly represented gustducin and Gαi2, which have been reported to couple to taste receptors (Ueda et al., 2003) are the most likely targets of Ric-8A in this tissue.

Ric-8A AMPLIFIES THE SIGNAL DOWNSTREAM OF hTas2R16

In a previous study it was shown that Ric-8B is particularly abundant in the olfactory sensory neurons where it acts as a signal amplifier for G-protein mediated signaling cascades (Von Dannecker et al., 2005, 2006). To test the possibility that Ric-8A’s expression in taste receptor cells plays a similar role in taste transduction we focused our study on hTas2R16, the human receptor for the bitter tastant salicin that was previously reported to be coupled to Gαi2 as well as Gαt2 (Ueda et al., 2003).

To monitor the effect of hTas2R16 stimulation on intracellular cAMP levels we devised an heterologous expression system in HEK 293T cells involving transient co-transfection of the dopamine D1 receptor (D1R) which is known to be coupled to Gαs, together with hTas2R16 and Gαi2. Intracellular cAMP levels were monitored by a reporter enzyme (secreted alkaline phosphatase, SEAP) under the control of CRE.

In this system stimulation of the dopamine D1R receptor with dopamine triggers a rise of intracellular cAMP which is reduced in a dose depend way by stimulation of hTas2R16 with salicin (Figure 5). Next we tested whether co-expression with Ric-8A affects the activity of hTas2R16. To do so HEK 293T cells were transiently transfected with D1R, hTas2R16, Gai2 and Ric-8A or a control expression construct. Upon stimulation of the cells with 10 μM dopamine and either 5 or 10 mM salicin, a dose dependent reduction in the cAMP levels was recorded (Figure 5). The magnitude of this reduction (∼35%) was statistically significant between Ric-8A transfected versus transfected cells without Ric-8A vector suggesting that Ric-8A is able to promote hTas2R16 activity. Since this reduction in cAMP accumulation was stronger in cells transfected with Gαi2 than in cells which did not overexpress Gαi2 (data not shown) we conclude that Ric-8A is able to amplify hTas2R16 signal transduction through Gαi2.
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Figure 5. Ric-8A enhances Gαi2 mediated decreases in cAMP concentration. Production of cAMP was measured in HEK 293T cells transfected with D1R, Tas2R16, Gαi2 with or without Ric-8A in the presence of 10 μM dopamine, or 10 μM dopamine plus 5 (white bars) or 10 mM (grey bars) salicin as indicated. The graph shows the mean and SD values of four independent experiments. The deactivation ratio is calculated by dividing values after a dopamine + salicin stimulation by the corresponding dopamine activation values. For 10 mM salicin Ric-8A enhancement of Gαi2 mediated deactivation was statistically significant. (*) p < 0.05, Paired Student’s t-test.



DISCUSSION

In taste cells two main families of GPCRs are involved in tastant detection and transduction. The Tas1Rs which recognize sweet and umami compounds and the Tas2Rs which are tuned to bitter compounds (Chandrashekar et al., 2006). Upon stimulation with a tastant the receptor activates an heterotrimeric G-protein consisting of a Gα subunit and a Gβγ dimer. During that step the receptor bound Gα subunit undergoes an exchange of GDP for GTP which leads to the release of the GTP-Gα subunit from the Gβγ dimer. Both components are then capable of modulating effectors independently based on their affinity for that effector. This reaction can be further amplified by non GPCR GDP/GTP exchange factors which are specific for certain Gα subunits. The composition of the G-proteins coupled to the various GPCRs involved in taste detection is therefore germane to determining which signal transduction pathway is activated and how it might be regulated. Several studies have investigated the importance of G-proteins in taste transduction or the coupling of Tas1Rs and Tas2Rs to G-proteins. The report that knock-out mice for Gα-gustducin have diminished but not abolished sensitivity to sweet and bitter compounds (Wong et al., 1996) which can be rescued by Gα-transducin expression together with heterologous expression studies showing that Gαgus is able to couple to the Tas1Rs and Tas2Rs are consistent with an important role of this G-protein in taste signal transduction (Li et al., 2002; Ueda et al., 2003; Sainz et al., 2007b). Here we report for the first time that Gαgus and Gαt2 physically interact with Ric-8A a GDP/GTP exchange factor expressed in type II taste cells. In addition we show that Ric-8A is able to amplify Tas2R16 signaling through Gαi2. Interestingly, Tas2Rs have been reported to couple to all three Gα subunits interacting with Ric-8A namely Gαgus, Gαi2 and Gαt2 (Chandrashekar et al., 2000; Ueda et al., 2003; Sainz et al., 2007a). Therefore we anticipate that Ric-8A might be a general modulator of bitter GPCR signaling (Figure 6).
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Figure 6. Molecular mechanisms underlying the modulation of bitter receptor signaling by Ric-8A. Diagram illustrating the signaling cascade downstream of bitter taste GPCR (T2R) modulated by Ric-8A. Upon activation of T2R the receptor coupled heterotrimeric G-protein separates into Gα-GTP and Gβγ, Gα-GTP will then inhibit the activity of adenylyl cyclase, subsequently the GTP bound to Gα will be hydrolyzed into GDP, Gα-GDP can then reassociate with Gγβ or interact with Ric-8A. By supporting the exchange of GDP by GTP, the GEF activity of Ric-8A will allow a new cycle of inhibition of the effector thus enhancing the signal.



Furthermore, we show that Ric-8A is expressed in all IP3R-3 positive taste bud cells, a good portion of which have been reported to be type II or taste receptor cells in mice (Clapp et al., 2001). This finding and the fact that IP3R-3 links PLC-β2 signaling with bitter receptors support this argument. Note that some IP3R-3 positive cells have also been reported to express markers specific for type III cells such as SNAP-25 a synaptic protein found in mouse taste buds (DeFazio et al., 2006); since we report that 100% of IP3R-3 positive cells are also positive for Ric-8A its function in these cell types may be linked to GPCRs present in these cells. Gαgus and Gαi have been shown to couple to Tas1Rs (Li et al., 2002; Ozeck et al., 2004; Sainz et al., 2007b) and Gαt1 to play a role in behavioral and electrophysiological taste responses to umami (He et al., 2004); it is therefore plausible that Ric-8A might amplify the signaling of these receptors as well.

Previous work reporting an interaction between Ric-8B and Gγ13 (Kerr et al., 2008) or Gαq (Tall et al., 2003), both found in taste bud cells (Kusakabe et al., 1998; Huang et al., 1999) together with our data showing that it is present in all IP3R-3 positive cells suggest that Ric-8B may effect G-protein signaling in these cells. One intriguing prospect involves a possible interaction with Gα14 a G-protein recently reported as co-expressed with the sweet taste receptor (Tas1R2–Tas1R3) (Shindo et al., 2008; Tizzano et al., 2008). These possibilities and its precise role in taste cells remain to be investigated.
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Identification of new binding partners of the chemosensory signaling protein Gγ13 expressed in taste and olfactory sensory cells
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Tastant detection in the oral cavity involves selective receptors localized at the apical extremity of a subset of specialized taste bud cells called taste receptor cells (TRCs). The identification of the genes coding for the taste receptors involved in this process have greatly improved our understanding of the molecular mechanisms underlying detection. However, how these receptors signal in TRCs, and whether the components of the signaling cascades interact with each other or are organized in complexes is mostly unexplored. Here we report on the identification of three new binding partners for the mouse G protein gamma 13 subunit (Gγ13), a component of the bitter taste receptors signaling cascade. For two of these Gγ13 associated proteins, namely GOPC and MPDZ, we describe the expression in taste bud cells for the first time. Furthermore, we demonstrate by means of a yeast two-hybrid interaction assay that the C terminal PDZ binding motif of Gγ13 interacts with selected PDZ domains in these proteins. In the case of the PDZ domain-containing protein zona occludens-1 (ZO-1), a major component of the tight junction defining the boundary between the apical and baso-lateral region of TRCs, we identified the first PDZ domain as the site of strong interaction with Gγ13. This association was further confirmed by co-immunoprecipitation experiments in HEK 293 cells. In addition, we present immunohistological data supporting partial co-localization of GOPC, MPDZ, or ZO-1, and Gγ13 in taste buds cells. Finally, we extend this observation to olfactory sensory neurons (OSNs), another type of chemosensory cells known to express both ZO-1 and Gγ13. Taken together our results implicate these new interaction partners in the sub-cellular distribution of Gγ13 in olfactory and gustatory primary sensory cells.
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INTRODUCTION

In rodents the peripheral gustatory system contributes to the detection of sapid molecules present in the oral cavity. This task is accomplished through taste receptors present on the apical microvilli of specialized polarized neuroepithelial taste bud cells also called taste receptor cells (TRCs) or type II cells. TRCs are one of four cell types found in the taste buds of the tongue papillae along with supporting cells (type I), presynaptic cells (type III) and basal cells (type IV) (Finger, 2005). TRCs are elongated cells extending microvilli at their apical end. These extensions which protrude from the adjacent epithelium at the taste bud pore harbor taste receptors designed to recognize the sapid compounds dissolved in saliva. At the pore, tight junctions between the cells composing the taste bud bestow polarity on the cells and seal the paracellular space thus isolating taste receptors on the apical membrane from ion channels found on the basolateral membrane. TRPM5 and voltage-gated Na+ channels are the main types of channels found on the baso-lateral membrane of TRCs (Gao et al., 2009) where they are thought to play an important role in the generation of action potentials coding the properties of the tastants (Vandenbeuch and Kinnamon, 2009). Claudins and occludins are two of the main transmembrane proteins composing the tight junction (Furuse et al., 1998; Tsukita and Furuse, 1998). The selectivity of the paracellular barrier formed by tight junctions between neighboring cells is defined by the specific nature of the claudins composing it (Tsukita et al., 2008). It was reported recently that claudin 6 and 7 are found in microvilli and on the basolateral membrane of a subset of taste bud cells (TBCs) respectively while claudin 4 and 8, which are associated with a reduced cationic conductance, are prevalent at the taste bud pore (Michlig et al., 2007). These proteins interact with zona occludens-1 (ZO-1), a multimodular cytoplasmic protein (Mitic and Anderson, 1998). ZO-1 was the first protein (225 kDa) shown to be specifically associated with the tight junction (Anderson et al., 1988; Stevenson and Keon, 1998). Subsequent studies identified ZO-1 isoforms as well as ZO-2 and ZO-3 as binding partners of ZO-1 (Gumbiner et al., 1991). ZO proteins belong to the large family of membrane-associated guanylate kinases (MAGUKs). All three known ZO proteins are each composed of three PDZ domains, one Src homology 3 domain (SH3), one guanylate kinase-like homologue domain (GUK) and proline-rich domains. PDZ and GUK domains interact selectively with claudins and occludins respectively (Furuse et al., 1994; Itoh et al., 1999). In addition, ZO proteins can bind to actin thus acting as scaffolds linking tight-junction proteins to the cytoskeleton (Fanning et al., 1998).

PDZ domains are typically stretches of about 100 amino acids able to recognize selectively a short peptide motif. Their role in receptor clustering and the organization of supramolecular complexes is well documented (Sheng, 1996). MPDZ also known as MUPP1, is a 13 PDZ domains-containing protein interacting selectively with a great number of PDZ binding motif-containing proteins including claudin-1 (Hamazaki et al., 2002). Single or multiple PDZ domains-containing proteins are often involved in the trafficking and localization of receptors or cytosolic signaling proteins to specialized membrane regions. A well-studied such example is the Golgi-associated protein GOPC also known as PIST. GOPC contains a single PDZ domain and two coiled-coil domains, one of which includes a leucine zipper important for homodimerization. It is known to regulate the intracellular sorting and plasma membrane location of a number of proteins (Yao et al., 2001; Cheng et al., 2002; Gentzsch et al., 2003; Hassel et al., 2003; Wente et al., 2005; Ito et al., 2006) including the adherent junction protein cadherin 23 in the highly specialized sensory hair cells of the inner ear (Xu et al., 2010).

In TRCs, bitter tastants binding to the apical membrane or membrane depolarization both lead to the secretion of adenosine 5′-triphosphate (ATP) from gap junction hemichannels located on the baso-lateral membrane (Huang and Roper, 2010). The signaling cascade downstream of taste G protein-coupled receptors (GPCRs) involves a number of well-characterized components. One of these signaling molecules is a G protein alpha subunit called gustducin (Gαgust) which plays an important role in sweet, umami, and bitter taste transduction (Gilbertson et al., 2000; He et al., 2004). Gustducin is part of an heterotrimeric complex including G beta 1 (Gβ1) and Gγ13, consequently Gγ13 much like Gαgust is abundant in a subset of type II TRCs (Huang et al., 1999; Clapp et al., 2001; Ohtubo and Yoshii, 2011). Expression of Gγ13 has also been reported in three additional types of sensory cells including retinal bipolar cells, vomeronasal, and olfactory sensory neurons (VOSNs and OSNs) (Huang et al., 2003; Kulaga et al., 2004; Kerr et al., 2008). More recently nutrient-sensing neurons of the hypothalamus were found to express Gγ13 as well (Ren et al., 2009). In OSNs Gγ13 is very abundant in cilia along with GαOlf and the guanine nucleotide exchange factor Ric-8B to which it was revealed to bind in vitro (Kerr et al., 2008). In TRCs, Gγ13 was reported to interact directly with the PDZ-containing scaffolding proteins PSD95, Veli-2, and SAP97 (Li et al., 2006).

Here, we report the identification of three new interaction partners for Gγ13 with various subcellular distributions in taste cells and OSNs. Through these previously unidentified interactions our results highlight partnerships between signal transduction components and multimodular proteins implicated in macromolecular complexes with possible consequences on sensory signaling.

MATERIALS AND METHODS

ANIMALS

Experiments were performed on C57BI/6J mice (P0—7 weeks old). The animals were fed a standard laboratory chow ad libitum (UAR A04, Usine d'Alimentation Rationnelle, France) and housed under constant temperature and humidity with a light-dark cycle of 12 h following French guidelines for the use and care of laboratory animals. All experimental protocols were approved by the animal ethics committee of the University of Burgundy.

EXPRESSION CONSTRUCTS

Mice were euthanized with an overdose of sodium pentobarbital and decapitated. Various tissues were collected and immediately processed for total RNA isolation using the RNAeasy kit (Qiagen, Germany) following the manufacturer's instructions. The RNA was then treated with DNase I (Promega, USA) and cleaned before reverse transcription. First strand cDNA was synthesized using 1 μg of total RNA with Superscript II (Invitrogen, USA) according to the manufacturer's protocol.

The entire open reading frame of mouse Gγ13, PDZ domains of ZO-1, Veli-2, PSD95, SAP97, RGS12, SH3 domain of ZO-1, and c-terminal intracellular regions of the junctional adhesion molecule (JAM), claudin 1, claudin 4, or claudin 8 were PCR amplified from C57BI/6J mice brain, testis, or circumvallate papillae cDNA using specific primers (Operon, Germany) containing a Sal I (forward primer) or Not I (reverse primer) restriction site. For a complete list of primers including melting temperatures and size of the expected PCR products see Table A1.

PCR reactions (25 μl) contained 1× PFU turbo buffer (Stratagene, USA), 0.4 μM of each primer, 10 μM dNTPs (Qiagen, Germany) and 1/20th of the appropriate RT reaction (water for control). Cycling parameters were: 95°C for 2 min then 35 cycles of 95°C for 30 s; appropriate melting temperature (Table A1) for 40 s, 72°C for 60 s, and final elongation at 72°C for 10 min. Following amplification (Biometra, Germany) an aliquot of the PCR products was loaded onto 1.4% agarose Seakem TAE gels (Cambrex, USA) to verify the specificity of the reaction. Single products of the expected size were then subcloned into pSTBlue-1 according to the manufacturer's directions (Novagen, USA). Recombinant clones were analyzed for accuracy by sequencing before subsequent subcloning into the Sal I and Not I sites of either pDBLeu (bait) or pEXP (prey) vectors of the Proquest two-hybrid system (Invitrogen, USA) or pDisplay-FLAG or pDisplay-HA (Invitrogen, USA) vectors. All constructs were sequenced to ensure in frame subcloning.

YEAST TWO-HYBRID INTERACTIONS

Yeast two-hybrid interactions were performed following the recommendations of the manufacturer of the Proquest two-hybrid system (Invitrogen, USA). Briefly, the appropriate combination of bait and prey plasmids (200 ng each) were co-transformed into competent MaV203 yeast cells (Invitrogen, USA) and plated onto minimal media plates without leucine and tryptophan. The plates were incubated for 48 h at 30°C before selection of two colonies, each dissolved into 500 ml of water. To test the strength of the interaction 10 μl of each slurry was spotted side by side onto plates lacking leucine, histidine, and tryptophan but containing either 0 (control plate), 12.5, 25, or 50 mM 3-Amino-1,2,4-triazole (3-AT) (Sigma, USA). After 24 h at 30°C, the plates were replica cleaned using a velour cloth and incubated an additional 48–72 h at 30°C prior to growth assessment.

CO-IMMUNOPRECIPITATION AND WESTERN BLOTTING

For co-immunoprecipitation assays with full length ZO-1 and Gγ13, 4 μg of a pcDNA3-FLAG-Gγ13 construct (generous gift of B. Malnic) were co-transfected into HEK 293 cells (60 mm dish) using Lipofectamine LTX (Invitrogen, USA) together with 4 μg of either pcDNA3, full-length pCB6-MYC-ZO-1 or a truncated pCB6-MYC-ZO-1 lacking the PDZ1 domain (pCB6-MYC-ZO-1mut) (generous gift of A. Fanning). pcDNA3-FLAG-Gγ13 + pCB6-MYC-ZO-1 or pcDNA3-FLAG-Gγ13 + pCB6-MYC-ZO-1mut transfections were performed in parallel. Two days later the transfected cells were lysed on ice in 600 μl lysis buffer containing 20 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.05% SDS, 1 mg/ml bovine serum albumin, 1 mM DTT and Complete protease inhibitor cocktail (Roche, Switzerland). The lysates were incubated 20 min on ice, centrifuged at 14,000 rpm in a microcentrifuge for 20 min at 4°C and the supernatant incubated overnight at 4°C with 5 μg of mouse monoclonal anti-FLAG (Kodak, USA). Antibody/proteins complexes were recovered with 50 μl protein G-coupled dynabeads (Invitrogen, USA) according to manufacturer's instructions. After three consecutive washes in PBS buffer containing Ca2+ and Mg2+ the samples were eluted by heating to 80°C for 10 min in LDS sample buffer (Invitrogen, USA) and subjected to SDS-PAGE and Western blot analysis.

For co-immunoprecipitation assays with full length Gγ13 and truncated forms of ZO-1, 3.5 μg of a pDisplay-HA-Gγ13 construct was co-transfected into HEK 293 cells plated on 60 mm dishes using Lipofectamine LTX (Invitrogen, USA) together with 3.5 μg of either pDipslay or various truncated forms of ZO-1, Veli-2, or PSD95 into pDisplay-FLAG. Forty-eight hours later cells were lysed on ice in 600 μl lysis buffer containing 25 mM Hepes, pH 7.5, 5 mM MgCl2, 4 mM EDTA, 1% Triton X-100, and Complete protease inhibitor cocktail (Roche, Switzerland). Protein extracts were treated essentially as described above except that 8 μg 12CA5 mouse monoclonal anti-HA antibody (Roche, Switzerland) were used for immunoprecipitation.

For Western blotting, IP products or total protein lysates (30 μg) were typically separated on a denaturing 4–12% Bis-Tris PAGE gel (Invitrogen, USA), transferred onto a hybond-P, PVDF membrane (GE Healthcare, USA) and incubated overnight at 4°C with the appropriate primary antibody. Mouse monoclonal anti-HA (1/400; Roche, USA) or anti-FLAG (1/1000; Kodak, USA) or rabbit polyclonal anti-Ezrin H-276 (1/500; Santa Cruz, USA) or mouse monoclonal anti-myc tag 9B11 (1/1000; Cell Signaling Technology, USA). The membrane was subsequently processed using the SNAP id system (Millipore, USA) and signal was detected with an HRP-coupled secondary antibody and a chemiluminescent substrate (Supersignal West Pico, Pierce, USA) on a Chemidoc imager (Biorad, USA). Quantification and normalization was performed using ImageLab (Biorad, USA). When necessary membranes were stripped using a stripping solution (Uptima, USA) and reprobed with another primary antibody.

To analyze the expression of the PDZ domain-containing proteins and test the specificity of the antibodies used for immunohistochemistry circumvallate papillae and whole olfactory epithelia of fifteen 6–8 weeks old C57BI/6J mice were collected and pooled together. Tissue lysates were prepared in lysis buffer using a tissue lyser (Qiagen, Germany) during three cycles of 90 s each at 20 Hz. After centrifugation the soluble fraction was recovered and the protein content assessed. Seventy-five microgram of each lysate were separated on denaturing 4–12% Bis-Tris PAGE gel (Invitrogen, USA), transferred onto a hybond-P, PVDF membrane (GE Healthcare, USA) and incubated overnight at 4°C with the appropriate primary antibody. Mouse monoclonal anti-β-actin (1/1000; A5441; Sigma, USA), or rabbit polyclonal anti-GOPC (1/500; SAB3500332, Sigma, USA), or rabbit polyclonal anti-ZO-1 (1/600; 40–2200; Invitrogen, USA), or mouse monoclonal anti-MPDZ (1/250; 611558; BD Tranduction Laboratories, USA), or goat polyclonal anti-Gγ13 (1/200; sc-26781; Santa Cruz Biotechnology, USA). The membrane was subsequently processed as described above. Comparison of the expression levels of ZO-1 and Gγ13 in postnatal and adult mice was carried out by collecting olfactory epithelia from 6 P0, 3 P30, and 15 adult animals, pooling the samples from the animals of the same age and preparing tissue lysates as described above. 75, 100, and 130 μg of each extract were separated on a 4–12% Bis-Tris PAGE gel and transferred onto hypond-P. Each membranes which contained samples from either P0 and adult or P30 and adult animals were immunobloted with a rabbit polyclonal anti ZO-1 mid (1/500; 40–2200; Invitrogen, USA) or a mix of goat polyclonal anti-Gγ13 (1/200 sc-26781 + sc-26782; Santa Cruz Biotechnology, USA) and immunoreactivity evaluated by densitometry (ImageLab; Biorad, USA). The signal intensity for each protein load was expressed as the percentage of the younger animal to the adult and the median value determined.

IMMUNOHISTOCHEMISTRY

Immunostaining of taste tissue: C57BI/6J mice deeply anesthetized by intraperitoneal injections of sodium pentobarbital (60 mg/kg) were perfused with 4% paraformaldehyde (PFA). Following perfusion the tongue was removed and circumvallate papillae were excised and soaked 2 h in 4% PFA at 4°C before soaking overnight in 20% sucrose at 4°C. The next day the tissue was snap frozen in isopentane chilled with liquid nitrogen and embedded in OCT medium (Tissue-Tek, Japan) before performing sections (16 μm) on a Leica CM3050S cryostat (Leica Microsystems, Germany). Sections were air dried for 2 h at room temperature, and stored at −80°C. The day of experiment sections were rehydrated in 0.1 M phosphate saline buffer (PBS, pH 7.4) for 10 min and blocked in 5% goat serum, 0.2% Triton X-100 in PBS for 30 min at room temperature before overnight incubation at 4°C with a 1/100 dilution of the appropriate primary antibodies. Commercial antibodies used were: an affinity purified goat polyclonal anti-Gγ13 (sc-26781; Santa Cruz Biotechnology, USA). This antibody was raised against an N-terminal peptide of human Gγ13 and has been validated previously on mouse taste tissue (Ohtubo and Yoshii, 2011). Immunoblotting shows that it recognizes Gγ13 and does not cross-react with ZO-1 in HEK 293 cells co-expressing both proteins (not shown). A mouse monoclonal anti-β-actin (A5441; Sigma, USA), these ascites recognize a single protein of the expected molecular weight in immunoblotting applications (see Figure 2). This antibody has been previously used to stain taste buds in rodents (Hofer and Drenckhahn, 1999). An affinity purified rabbit polyclonal anti-GOPC (SAB3500332; Sigma, USA) raised against a 16 amino acid peptide from near the carboxy terminus of human PIST. The specificity of this antibody was tested by the manufacturer. The specificity of this antibody and its restricted staining pattern in mouse taste buds was previously reported (Michlig et al., 2007). A rat monoclonal anti-ZO-1 (MAB1520; Chemicon International, USA). Two rabbit polyclonal anti-ZO-1 (Invitrogen, USA) one raised against amino acids 463–1109 of a human recombinant ZO-1 fusion protein (Cat # 61–7300); the other raised against a synthetic peptide of the mid region of human ZO-1 (Cat # 40–2200). The latter two antibodies recognized a ZO-1 myc tagged protein over-expressed in HEK 293T cells by western blot. Furthermore these antibodies did not cross-react with Gγ13 (not shown).

The next day sections were washed repeatedly and incubated for 2 h at room temperature with the appropriate combination of labeled secondary antibodies (1/500 dilution of Alexa 564-conjugated donkey anti-goat IgG (Molecular Probes, USA), 1/500 dilution of Alexa-488-conjugated donkey anti-rabbit IgG (Molecular Probes, USA). Staining specificity was assessed by treating slices in the absence of primary antibodies. After washing and counterstaining with Hoechst 33342 reagent (Sigma, USA), slides were mounted in gel/mount (Biomeda Corp., USA) and analyzed under a TCS-SP2 confocal microscope (Leica, Germany).

Immunostaining of the olfactory epithelium (OE): C57BI/6J mice were deeply anesthetized by injection of ketamine HCl and xylazine (150 mg/kg and 15 mg/kg body weight, respectively) and then decapitated. The nasal septum was dissected out, the OE removed and subsequently immersed in cold oxygenated ACSF containing in mM: NaCl, 124; CaCl2 2; NaH2PO4 1.25; MgSO4 1.3; glucose 15, and NaHCO3 26, respectively. Mice olfactory epithelia were then fixed using PFA 4% in PBS containing 0.2% glutaraldehyde. Epithelia were further dipped in 95% ethanol for 1 min, washed three times with PBS, blocked with 2% donkey serum, 2% BSA, and 0.25% Triton X-100 in PBS for 1 h and incubated overnight at 4°C with the primary antibodies diluted in blocking solution. Primary rabbit anti-ZO-1 and goat anti-Gγ13 (Santa-Cruz SC-26781) were used at 1:100. Sections were washed three times in PBS and incubated with the secondary antibodies (1:500, goat Alexa488-anti-rabbit, donkey Alexa488 anti-goat or donkey Alexa555 anti-rabbit, Molecular Probes, Invitrogen) in blocking solution for 2 h at room temperature. Epithelia were mounted between slide and coverslip using MOWIOL 4-88 (Merck, Germany). All Chemicals were from Sigma unless stated.

Samples were visualized using a Leica SP2 laser scanning confocal microscope and a 63× oil immersion objective. Ciliary length was used as an indicator of neuron maturity (see Schwarzenbacher et al., 2005) and for each knob the lengths of all the cilia were averaged. Results are given as mean ± SEM, n = number of olfactory knobs.

RT-PCR

To analyze the expression of the PDZ domain-containing genes in various tissues 6-weeks-old C57BI/6J mice were killed with an overdose of sodium pentobarbital, and circumvallate papillae, whole olfactory epithelia (including nasal respiratory epithelium), tongue epithelium devoid of taste buds, liver, and whole brain were dissected out of the carcass on ice. Total RNA extraction, cDNA synthesis and PCR amplification were performed as previously described (Fenech et al., 2009). Primer pairs sequences and annealing temperature are listed in Table A1.

RESULTS

Gγ13 PHYSICALLY INTERACTS WITH ZO-1, GOPC, AND MPDZ

Earlier work reported an interaction between the C-terminus PDZ binding CTIL motif of Gγ13 and the third PDZ domains (PDZ3) of PSD95 or SAP97, or the single PDZ domain of Veli-2 (Li et al., 2006).

To identify additional PDZ-domain containing proteins interacting with Gγ13 which might be relevant to taste biology, we conducted a yeast two-hybrid assay using Gγ13 as a bait against a selection of five PDZ-domains (Kalyoncu et al., 2010). Some PDZ domains were chosen on the basis of their relative homology to the PDZ3 of PSD95, such as for the multiple PDZ domain protein (MPDZ) PDZ10 and PDZ11 (Figure 1A). We also selected the PDZ domains of GOPC (golgi-associated PDZ- and coiled-coil motif-containing protein) and MPDZ PDZ12 which are related to that of Veli-2. In addition, to broadly screen for a novel interaction we also included more divergent PDZ domains such as those of RGS12 (regulator of G protein signaling 12), MPDZ PDZ13, and PDLIM2 (PDZ and Lim domain protein 2). Finally, the three PDZ domains of ZO-1, a tight junction protein belonging to the MAGUK protein family, were also incorporated. MAGUK proteins typically contain multiple PDZ domains and a GUK domain; PSD95 and SAP97 belong to that family.
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Figure 1. Gγ13 interacts with the PDZ domains of GOPC, MPDZ and ZO-1. (A) Phylogenetic tree of a selection of PDZ domains. Sequences encompassing the PDZ domain region of several proteins were analyzed with clustalW 2.1. using the PAM weight matrix. The PDZ domains presenting the highest homology are closer together on the tree. (*) PDZ domains interacting with Gγ13. (B) Individual constructs encompassing each of the ZO-1 PDZ domains (PDZ1, PDZ2, PDZ3), PDZ10-11, and 12–13 of MPDZ, PDZ3 of PSD95 or the unique PDZ domains of PDLIM2, GOPC, and RGS12 (see key) were co-transformed together with Gγ13 into MaV203 competent yeast cells and assayed for growth on medium lacking His, Leu, and Trp supplemented with 0 (control plate) or 25 mM 3-AT. ZO-1 (PDZ1), GOPC, and MPDZ (PDZ12-13) are clearly interacting with Gγ13. C1 and C2 are weak- and moderate-strength interaction controls respectively provided by the manufacturer. The results shown are representative of three independent experiments each performed in duplicate. (C) Yeast two-hybrid interaction assay testing the interaction of ZO-1, GOPC, and MPDZ with a mutant Gγ13 (T56A) (γ13*). MaV203 competent yeast cells were co-transfected with either the ZO-1 (PDZ1) or GOPC or MPDZ (PDZ12-13) constructs and γ13* and assayed for growth on medium lacking His, Leu, and Trp supplemented with 0 (control plate) or 12.5 mM 3-AT. The T65A mutation clearly abrogates the interaction with these PDZ domains indicating that the c-terminal CTAL motif is critical for this interaction. The results shown are representative of three independent experiments each performed in duplicate.


Plasmids containing either the entire coding sequence of the mouse Gγ13 (pBait) or each of the PDZ domain sequences listed above (pPrey) were co-transformed into competent yeast cells and plated out on selective growth media. During an initial screen we uncovered robust interactions with the PDZ1 of ZO-1, the PDZ domain of GOPC and the PDZ12-13 of MPDZ. In contrast, the PDZ domains of RGS12, PDLIM2, PDZ2, and 3 of ZO-1 as well as PDZ10-11 of MPDZ showed weak or no interaction under those conditions (Figure 1B and Table A2). Note that the PDZ3 of PSD95 which we used as a positive control displayed a relatively weak interaction under these conditions.

It was previously reported that the PDZ binding domain of Gγ13 is selective for some but not all PDZ domains within the multi-PDZ domain proteins PSD95 and SAP97 (Li et al., 2006). Our results extend this observation to two additional multi-PDZ domain proteins, namely ZO-1 and MPDZ as well as to the mono-PDZ domain protein GOPC. In the case of ZO-1, the first PDZ domain showed the strongest interaction with Gγ13, the second PDZ domain interacted very weakly while the third did not interact at all under our experimental conditions. The interaction with MPDZ was also selective for certain PDZ domains since Gγ13 appeared more tightly bound to PDZ12-13 than to PDZ10-11 (Figure 1B). When relating these results to the sequence conservation between these PDZ domains (Figure 1A) it appears that the PDZ domains most similar to Veli-2 such as GOPC and MPDZ (PDZ12) show a strong affinity for Gγ13 whereas the divergent RGS12, PDLIM2, and ZO-1 (PDZ2) are very weak interactors.

Gγ13 INTERACTS WITH ZO-1 PDZ1 THROUGH A CLASSIC PDZ BINDING MOTIF—PDZ DOMAIN INTERACTION

It is well known that the residue in position −2 in the canonical X(S/T)XA PDZ binding motif, where X is any amino acid and A any hydrophobic amino acid, is critical for the interaction with type I PDZ domains (Bezprozvanny and Maximov, 2001). To confirm the importance of the CTIL motif of Gγ13 in the interaction with ZO-1 PDZ1, GOPC, and MPDZ PDZ12-13 we substituted the threonine in position −2 with an alanine and subsequently tested the ability of the resulting Gγ13T65A mutant to interact with these PDZ domains in a yeast two-hybrid assay. As shown in Figure 1C and as predicted, the T65A substitution led to a dramatic reduction in the ability of these proteins to interact together. This result supports the notion that Gγ13 interacts with these PDZ domains through a classic PDZ binding motif—PDZ domain type interaction (Table A2) as previously shown for PSD95 and Veli-2 (Li et al., 2006)

Taken together these results establish for the first time to our knowledge that Gγ13 binds selectively to MDPZ PDZ12, GOPC, and ZO-1 PDZ1 via its c-terminal PDZ binding motif.

EXPRESSION OF Gγ13 BINDING PARTNERS

To address whether these newly identified PDZ-containing Gγ13 binding partners were expressed in taste tissue and therefore likely to be biologically relevant, we carried out a series of related analyses to look for gene expression and protein content in circumvallate papillae (CV), a site where both Gγ13 and bitter taste receptors are abundant (Huang et al., 1999; Matsunami et al., 2000). First we carried out an RT-PCR experiment to look for the expression of the genes coding for GOPC, MPDZ, and ZO-1 in CV, surrounding non-sensory tongue tissue, whole OE, whole brain and liver. Since many splice variants of MPDZ have been reported previously, for this gene we designed primers flanking the 12–13 PDZ domains pair to specifically confirm their expression in CV. In addition, to monitor the presence of OSNs in our OE sample we used specific primers against Gγ13 while specific primers against Gαgust, a G-protein alpha subunit selectively expressed in a subset of TRCs, allowed us to probe their presence in our CV sample. Glutaraldehyde phosphate dehydrogenase (GAPDH) amplification and a reaction that does not contain reverse transcriptase were carried out as controls to validate the quality of the cDNA reaction and specificity of primer pairs used. Our results show (Figure 2A) that ZO-1, GOPC, and MDPZ are broadly expressed and therefore detected in all tissues tested. In contrast Gγ13 and Gαgust's expression appear restricted to CV and OE samples despite reports of their expression in certain brain cells. We believe that too great of a dilution of the mRNAs for these genes in our whole brain extracts is the reason for the absence of detection in this tissue under our amplification conditions (25 PCR cycles).
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Figure 2. Expression of GOPC, MPDZ, ZO-1 and Gγ13 in circumvallate papillae. (A) RT-PCR experiment demonstrating expression of ZO-1, GOPC, and MPDZ in all tissues tested. In contrast, the presence of Gγ13 and Gαgust (GUST) mRNAs appear to be restricted to taste and olfactory sensory tissues. See Section “RT-PCR” and Table A1 for details about amplification conditions and expected sizes of PCR products. GAPDH primers were used as a control of the quality of the RNA. (+) and (−) indicate the presence or absence of reverse transcriptase in the reaction respectively. L: 100 bp ladder. NT, tongue epithelium deprived of taste buds; CV, circumvallate papillae; OE, olfactory epithelium; Br, whole brain; Liv, liver. The results presented are representative of three independent experiments. (B) Immunodetection of ZO-1, MPDZ, GOPC, and Gγ13 proteins in circumvallate (CV) and whole olfactory epithelium (OE) protein extracts. Sample preparation and immunodetection conditions following western blotting are as described in detail under Section “Co-immunoprecipitation and Western blotting.” Protein extracts from HEK 293 cells (HEK) or HEK 293 cells stably expressing HA-Gγ13 transiently transfected with a full length Myc-ZO-1 construct (HEK ZO-1 γ13) were used as controls. As expected ZO-1 and Gγ13 are detected in CV and OE. Note that Gγ13 displays a higher apparent molecular weight in CV than in OE. Predicted molecular masses for ZO-1, MPDZ, GOPC, Gγ13, and β-actin are 220, 220, 51, 8, and 42 kDa respectively. β-actin was used as loading control. The results presented are representative of three independent experiments. (C) Localization of MPDZ, GOPC, Gγ13, and ZO-1 proteins in circumvallate taste buds sections. Indirect immunofluorescence on longitudinal cryosections of circumvallate papillae was performed as described under Section “Immunohistochemistry.” MPDZ, GOPC, and Gγ13 are mainly distributed in the cytoplasm of a subset of taste bud cells while ZO-1 localizes mostly at the taste pore. On the Nomarski image a white dashed line highlights the size and location of one taste bud. Gγ13, MPDZ, and GOPC images are strict confocal optical sections (pinhole 82 μm, airy disk 1) while a wider pinhole was used for the ZO-1 image (pinhole 124 μm, airy disk 1.7), Scale bar = 50 μm. Staining patterns are representative of two independent experiments performed on multiple sections from at least two mice. (D) Drawing representing a longitudinal section of the circumvallate papillae as in (C), showing the location of the taste buds along the walls of the trench under the surface of the tongue. Taste bud cells protrude into the trench through the taste pore.


To investigate further the localization of the Gγ13 interacting proteins in taste bud cells we prepared sections of CV taste buds which were incubated with antibodies raised against MPDZ, GOPC, or ZO-1. Prior to immunohistochemical staining the specificity of the antibodies was verified using immunoblots containing protein extracts from murine CV and OE as well as from HEK 293 cells untransfected or co-transfected with ZO-1 and Gγ13 expression constructs. Antibodies raised against MPDZ, GOPC, ZO-1, and Gγ13 revealed bands of the expected molecular weight in CV, OE, untransfected and ZO-1/Gγ13 transfected HEK 293 cells (Figure 2B) thus corroborating the gene expression data obtained by RT-PCR (Figure 2A). The presence of additional bands detected by the anti-ZO-1 (in CV, OE, and HEK 293) and anti-MPDZ antibodies in HEK 293 cells is likely linked to the presence of splice variants of these proteins in these cells/tissues. We noted that the Gγ13 protein was of higher molecular weight in CV as compared to OE. Alternative splicing is unlikely to be the reason behind this higher molecular weight since the RT-PCR product generated with primers encompassing the entire coding region of Gγ13 is of the expected size in CV and OE (Figure 2A). Additional investigations using another antibody directed against an epitope in the middle of the Gγ13 coding sequence points toward a post-translational modification preventing binding of the antibody at this site as the higher molecular weight band was not revealed in CV (Figure A1). Although, GOPC was detected both in CV and OE it was ~4 fold more abundant in the latter (Figure 2B).

Next, we sought to establish whether these proteins were confined to taste bud cells as it is the case for Gγ13. Immunostaining of CV sections with the anti-MPDZ antibody revealed the presence of immunopositive taste bud cells (Figure 2C). MPDZ was detected mainly in the cytoplasm with a small fraction near the pore.

Gγ13 was confined to a subset (~20%) of taste bud cells, presumably type II cells, and although distributed throughout these cells it was most abundant in the cytoplasm as previously reported. Similarly GOPC was confined to a subset of taste bud cells and its subcellular distribution appeared restricted to the cytoplasm and somewhat near the peripheral plasma membrane (Figure 2C).

In contrast, immunostaining with the antibody raised against ZO-1 pointed to a different sub-cellular distribution with most of the protein localized at the taste pore (Figure 2C). This distribution is consistent with the location of tight junctions in these cells.

Because of the proximal location of ZO-1 to the microvilli where Gγ13 is thought to operate downstream of T2Rs and its role in paracellular permeability paramount to taste cell function, we decided to focus subsequent experiments on the study of the interaction between Gγ13 and ZO-1.

SELECTIVITY AND STRENGTH OF THE INTERACTION BETWEEN Gγ13 AND ZO-1

In the next set of experiments, we sought to examine the strength of the interaction between Gγ13 with ZO-1 in a more quantitative way. To this end we took advantage of the fact that with the ProQuest yeast two-hybrid system the level of expression of the HIS3 reporter gene is directly proportional to the strength of the interaction between the two assayed proteins. To grade the strength of the interaction between the proteins tested, yeast clones were plated on selection plates lacking histidine and containing increasing concentrations of 3-AT, an HIS3 inhibitor. Yeast clones containing Gγ13 and ZO-1 (PDZ1-2) grew on selection plates containing up to 50 mM of 3-AT (Figure 3A). This clearly demonstrates a strong interaction between these proteins. The strength of this interaction is only slightly less robust than that observed with claudin-8 a four-transmembrane domain protein integral to taste bud tight junctions previously reported to interact with the PDZ1 of ZO-1 via its c-terminal PDZ binding domain (Itoh et al., 1999; Michlig et al., 2007). No interaction was observed between claudin-8 and ZO-1 (PDZ2-3) as expected; however, Gγ13 associated weakly with ZO-1 (PDZ2-3) presumably through a direct interaction with the second PDZ domain of ZO-1 (see Figure 1B).
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Figure 3. Physical interaction between heterologously expressed Gγ13 and ZO-1. (A) To test the strength of the interaction between the proteins assayed Mav203 yeasts cells were co-transformed with different combinations of bait and prey plasmids (see key). Interaction was scored on minimal medium plates lacking His, Leu, and Trp but containing increasing concentrations of 3-AT (0–50 mM) a competitive inhibitor of the enzyme involved in histidine biosynthesis. Titration of the strength of the interaction is established by growth potential and compared to weak (C1), moderate (C2) and strong (C3) interaction controls provided by the manufacturer. The construct encompassing the first 2 PDZ domains of ZO-1 [ZO (1–2)] interacts with Gγ13 (γ13) to a similar extend as with the c-terminal tail of claudin 8 (Cla 8) a transmembrane cell–cell interaction protein integral to tight junctions. Weaker interactions between Gγ13 and the PDZ2-3 of ZO-1 [ZO (2–3)], the PDZ3 of PSD95 (PSD95), or the unique PDZ domain of Veli-2 (Veli-2) were also observed. Note that no interaction between claudin 8 and ZO (2–3) was visible as expected. The results presented are representative of three independent experiments performed in duplicate. (B) Schematic drawing recapitulating the different domains of ZO-1 tested for their interaction with Gγ13 by two-hybrid interaction assay. At the top simplified representation of the organization of protein domains in ZO-1 showing the PDZ1, PDZ2, PDZ3, SH3, GUK, actin-binding and proline-rich domains. The span of the constructs tested by two-hybrid are shown underneath (black line). The ability of the ZO-1 constructs to interact with Gγ13 in presence of 25 mM 3-AT were scored with a (+) when growth was observed or (−) when there was no growth. An interaction with Gγ13 was detected whenever the construct contained the first PDZ domain of ZO-1. (C) To ensure that Gγ13 could interact with the native ZO-1 protein, expression constructs encoding tagged full length ZO-1, or Gγ13 proteins were transiently transfected into HEK 293 cells. Protein extracts were prepared from cells expressing full length MYC-ZO-1 (ZO-1FL, lane 3), MYC-ZO-1 missing the PDZ1 domain (ZO-1mut, lane 4), FLAG-Gγ13 (lane 5) or co-expressing FLAG-Gγ13 and MYC-ZO-1FL (lane 2), or FLAG-Gγ13 and MYC-ZO-1mut (lane 1) as indicated. Examination of the expression of MYC-ZO-1 and MYC-ZO-1mut expression by western blot with anti-MYC (WB myc, second to last panel) revealed that both proteins are produced (~230 and ~208 kDa respectively). Erzin was used as a loading control (WB erzin). Protein extracts were used to immunoprecipitate the FLAG-Gγ13 protein with an anti-FLAG antibody (IP FG, WB FG). Analysis of the content of the immunoprecipitated complex (IP FG) using an anti-myc antibody (WB myc) confirms the interaction of the ZO-1FL or ZO-1mut proteins with Gγ13 in the samples co-expressing ZO-1FL or ZO-1mut and FLAG-Gγ13 (lane 1 and 2). Two additional experiments yielded the same results. (D) To validate the interactions uncovered using the yeast two-hybrid interaction assay and in particular the protein domains of ZO-1 important for the interaction with Gγ13, co-immunoprecipitation experiments were performed in HEK 293 cells following heterologous co-expression of HA-Gγ13 with various FLAG-ZO-1 deletion constructs. Cells were left untransfected (lane 1) or transiently transfected with HA-Gγ13 alone (lane 6) or in combination with FLAG-ZO-1(PDZ2-3) (lane 2), FLAG-ZO-1(PDZ1-2) (lane 3), FLAG-Veli-2(PDZ) (lane 4), or FLAG-PSD95(PDZ3) (lane 5) as indicated. Protein extracts from transfected cells were first analyzed for expression of the FLAG-tagged deletion constructs by western blot using an anti-FLAG antibody (WB FG, bottom panel). Then anti-HA immunoprecipitation was carried out and complexes were analyzed by western blot using an anti-FLAG antibody (IP HA, WB FG, top panel). FLAG-PSD95 and FLAG-ZO-1(PDZ1-2) are detected (arrowheads) indicating that these domains interact with Gγ13 under these conditions. Anti-HA western analysis of the samples confirms correct immunoprecipitation of HA-Gγ13 (IP HA, WB HA, middle panel). (*) IgG light chains. The experiment shown is representative of 3 independent experiments.


INTERACTION OF Gγ13 AND ZO-1 IN HEK 293T CELLS

To validate our yeast two-hybrid assay interaction results between ZO-1 and Gγ13 we next tested whether these proteins would co-immunoprecipitate when co-expressed in HEK 293 cells. In order to rule out the possibility that folding of the native protein would prevent this interaction, full-length ZO-1 and Gγ13 constructs were used for this experiment. HEK 293 cell lines stably expressing a MYC-ZO-1 or a MYC-ZO-1 mutant lacking the PDZ1 domain (generous gift of A. Fanning) (Fanning et al., 1998) were transiently transfected with a FLAG-Gγ13 (generous gift of B. Malnic) (Kerr et al., 2008) construct. Forty-eight hours later protein extracts from these cells were prepared and used for immunoprecipitation using an anti-FLAG antibody. Western blot analysis of simple protein extracts from transfected cells using anti-MYC and anti-FLAG antibodies confirms that all full length and mutant proteins are produced in these cells (Figure 3B). Immunoprecipitation of Gγ13 using an anti-FLAG antibody pulled down both intact MYC-ZO-1 and mutant constructs thus supporting further our contention that Gγ13 and ZO-1 physically interact. The interaction of the MYC-ZO-1 mutant construct with Gγ13 despite the absence of the PDZ1 domain can potentially be explained by the fact that as shown in Figures 1B and 3A Gγ13 interacts weakly with the PDZ2 of ZO-1 in yeast cells. Alternatively, it is possible that the transfected MYC-ZO-1 mutant binds the endogenous ZO-1 (see Figure 2B) through an already documented PDZ2 mediated interaction (Utepbergenov et al., 2006). This homodimer would allow Gγ13 to be pulled down along with the MYC-ZO-1 mutant through an interaction with the ZO-1 PDZ1 of the endogenous ZO-1.

In order to further investigate these two possibilities we generated two truncated FLAG-tagged ZO-1 constructs encompassing either the first and second (PDZ1-2) or the second and third (PDZ2-3) PDZ domains of ZO-1 as well as a Gγ13 construct harboring an HA tag at the N-terminal. We also made FLAG-PSD95 (PDZ3), and FLAG-Veli-2 (PDZ) control constructs. The HA-Gγ13, along with each FLAG-tagged construct were transfected in HEK 293 cells. Forty-eight hours after transfection the cell lysates were subjected to immunoprecipitation with an anti-HA antibody. Lysates from untransfected cells and cells transfected with the HA-Gγ13 construct alone were used as controls. Analysis of the immunoprecipitates by immunoblotting using an anti-FLAG antibody showed that Gγ13 co-precipitated with ZO-1 (PDZ1-2) and PSD95 (PDZ3) but not with ZO-1 (PDZ2-3) or Veli-2 (PDZ) (Figure 3C). Analysis of the HEK 293 cell lysates by immunoblot using an anti-FLAG antibody indicates that all the FLAG-tagged constructs including ZO-1 (PDZ2-3) and Veli-2 (PDZ) were produced and therefore available for co-immunoprecipitation. These results corroborate our yeast two-hybrid assay results (Figures 1B and 3A) and effectively rule out the possibility that binding of Gγ13 to the second PDZ domain of ZO-1 is strong enough to withstand the harsh conditions of this assay. We also note that under these conditions the weak interaction between Gγ13 and Veli-2 is not recapitulated.

Yeast two-hybrid and co-immunoprecipitation assay data strongly supporting a direct interaction between the c-terminal 4 amino-acids of Gγ13 and the first PDZ domain of ZO-1 are recapitulated in Figure 3D.

PARTIAL CO-LOCALIZATION OF MPDZ, GOPC, OR ZO-1 WITH Gγ13 IN MOUSE TASTE BUD CELLS

In circumvallate taste buds Gγ13′s expression is restricted to type II cells where it is thought to play a role in bitter taste signal transduction (Huang et al., 1999; Clapp et al., 2001). In addition, immunohistochemical analysis of circumvallate, fungiform or soft palate papillae indicates that Gγ13 is particularly abundant in the cytoplasm of these cells (Clapp et al., 2001; Ohtubo and Yoshii, 2011). To test whether MPDZ, GOPC, and ZO-1 are co-localized with Gγ13 in mouse taste bud cells, circumvallate papillae were dissected out and double- immunofluorescent labeling experiments on sagittal cryosections were performed. Optical sections of tissue were acquired under a confocal microscope focusing on the region of interest and overlayed with the software.

Analysis of tissue sections co-stained with Gγ13 (Figure 4A) and MPDZ (Figure 4C) focusing on confocal optical sections near the pore shows that a small fraction of the Gγ13 staining overlaps with that of MPDZ in that area (Figure 4B). On tissue sections double labeled with GOPC (Figure 4D) and Gγ13 (Figure 4F) analysis of single optical sections through the cytoplasm of taste bud cells where Gγ13 is abundant, revealed an extensive co-localization with GOPC at that location (Figure 4E). In addition, a similar partial co-localization pattern between ZO-1 (Figure 4G) and Gγ13 (Figure 4I) was observed on single optical sections through the taste pore (Figure 4H). This pattern was further confirmed using two additional antibodies raised in a different host and targeting different epitopes in ZO-1 (data not shown). Partial co-localization between MPDZ, GOPC, or ZO-1, and Gγ13 in taste bud cells indicates that these proteins might be involved in a dynamic process within the cell and supports the claim that they are likely biological partners.
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Figure 4. Partial co-localization of Gγ13 with its interaction partners in mouse taste bud cells. Laser scanning confocal microscope analysis of sagittal sections of circumvallate papillae incubated simultaneously with specific antibodies raised against Gγ13 and either ZO-1, MPDZ, or GOPC and revealed with the appropriate fluorescent secondary antibodies. Each image shows one entire taste bud (apical: up, basal: down). Partial co-localization between Gγ-13 and MPDZ (A–C) is observed in the cytoplasm and to a small extend the pore (white arrows). GOPC and Gγ-13 staining (D–F) shows an extensive overlap in the cytoplasmic region (yellow arrows) but not near the pore (purple arrow). Partial co-localization of ZO-1 and Gγ-13 (G–I) is evident at the pore where tight junctions are located. The images presented are single optical sections (not stacks) collected under strict confocal conditions (airy disk 1, GOPC/Gγ-13 Pinhole 82 μm, GOPC or ZO-1/Gγ-13 Pinhole 115 μm). Confocal images where merged electronically using Photoshop. Scale bar 15 μm. Images are representative of staining patterns obtained in >6 taste buds from three mice.


These experiments also revealed that all TRCs expressing Gγ13 are immunopositive for GOPC, further emphasizing a tight collaboration between these two proteins. GOPC immunoreactivity was observed as well in cells that did not express Gγ13 (Figure 4E), presumably in type I or III cells. Unfortunately the rather weak immunostaining with the MPDZ specific antibody and the very restricted location of ZO-1 around the tight junctions prevented an in depth study of the cell types expressing these proteins.

CO-LOCALIZATION OF ZO-1 AND Gγ13 IN OLFACTORY SENSORY NEURONS

Both ZO-1 and Gγ13 have been independently reported to be expressed in OSNs (Miragall et al., 1994; Kulaga et al., 2004). In order to investigate whether Gγ13 and ZO-1 co-localize in olfactory neurons, we set-up a flat-mount (or « en face ») preparation of OE allowing us to image individual olfactory neuron dendritic knobs. First, in P30 mice no co-localization between Gγ13 and ZO-1 was ever seen in Gγ13 immunopositive knobs (n = 220, Figure 5A). Next, we analyzed newborn mice (P0). At this stage dendritic knobs could be split into two groups (Schwarzenbacher et al., 2005). A first group did not display any cilia and was recognizable by its round smooth aspect (Figure 5B). In this group co-localization was found in 66.6% of the dendritic knobs (n = 9 knobs). In a second more important group encompassing dendritic knobs bearing small ciliary compartments (Figure 5C) co-localization between Gγ13 and ZO-1 was seen in 73% of the ciliated dendritic knobs (n = 27 knobs). Overall co-localization could be observed in 72.2% of the Gγ13 immunopositive dendritic knobs (n = 36) at P0. Finally and in line with these observations, dendritic knobs where co-localization between the two proteins was seen had shorter cilia (average length per knobs 2.8 ± 0.2 mm, n = 20) compared to the ones where no co-localization was observed (n = 5.5 ± 1.0 mm, n = 7, p < 0.01 Mann-Whitney). We, therefore, infer that co-localization between Gγ13 and ZO-1 depends upon the developmental stage of olfactory neurons. Note that the secondary antibody alone did not produce any background staining (Figure 5D).
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Figure 5. Co-localization of ZO-1 and Gγ13 in mouse olfactory sensory neurons is age-dependent. Series of confocal images showing age-dependent co-localization between Gγ-13 (red) and ZO-1 (green) in mouse olfactory dendritic knobs. (A) In P30 mice the immunostaining for ZO-1 (blue arrow) does not co-localize with the Gγ-13 immunostaining. (B) In P0 mice a strong co-localization within olfactory dendritic knobs devoid of cilia as well as neurons bearing small-sized cilia (C) is observed. (D) Control experiment performed by omitting the primary antibody. Scale bar 5 μm.


Next ZO-1 and Gγ13's protein expression levels in olfactory mucosa were evaluated during development by western blot. The signal intensity expressed as the percentage of the younger animal to the adult indicates that there is a slight decrease of ZO-1 expression from 84% at P0 to 63% at P30 while Gγ13's expression increased from 15% at P0 to 33% at P30. Given these results we cannot completely rule out the possibility that the lack of co-localization observed at P30 might be linked with the slight decrease of ZO-1 expression at this stage.

DISCUSSION

A NETWORK OF PROTEINS POTENTIALLY REGULATING THE INTRACELLULAR TRAFFIC OF Gγ13 IN TASTE RECEPTOR CELLS

Following up on an earlier report demonstrating an interaction between Gγ13 and the PDZ domain containing proteins Veli-2 and SAP97, our data identified GOPC, MPDZ, and ZO-1 as binding partners of Gγ13. We also report for the first time to our knowledge the expression of GOPC and MPDZ in taste bud cells.

All three PDZ-containing proteins identified in this study are known members of macromolecular complexes or participate in protein trafficking suggesting that they are likely to determine Gγ13′s transport and/or subcellular location in taste cells.

GOPC is a Golgi-associated protein reportedly interacting with a number of transmembrane proteins including channels and GPCRs for which it is thought to modulate vesicular transport from the Golgi apparatus to the plasma membrane. In addition it is known to associate with the Rho effector Rhotekin at adherent junctions where it is thought to regulate cell-polarity development (Ito et al., 2006). These features might explain in part both the punctate staining pattern as well as the staining observed at the periphery of the taste bud cells (Figure 2C). Although, this is the first report of GOPC's expression in TRCs, this new finding is not totally surprising considering that TRCs are polarized neuroepithelial sensory cells much like inner ear sensory hair cells of the cochlea where GOPC regulates membrane trafficking of cadherin 23 (Xu et al., 2010), a cell-cell adhesion protein also found in retinal cells where its loss is associated with retinitis pigmentosa (Bolz et al., 2001). In hair cells GOPC retains cadherin 23 in trans-golgi networks (TGNs). Co-expression of MAGI-I and harmonin, two PDZ domain-containing proteins, competes with GOPC to cause the release of cadherin 23 from the TGN. It is plausible that in TRCs MPDZ, which we find distributed in the cytoplasm and to a small extent near the tight junctions, fulfills the same function as MAGI-I. Under this scenario we would assume that MPDZ is able to compete with GOPC for Gγ13 binding and once unloaded onto MPDZ, Gγ13 is transported to the taste bud pore. Coincidently, MPDZ has been reported to interact with the tight junction complex, particularly with claudin-1 in polarized epithelial cells; therefore, its localization at the pore is not completely unexpected (Hamazaki et al., 2002; Liew et al., 2009). Our own experiments corroborate these findings by showing that although MPDZ seems most abundant in the cytoplasm of taste bud cells, a fraction of it is detected at the pore where it is partly co-localized with ZO-1 (Figure A2).

Alternatively Veli-2, another cytosolic Gγ13 binding protein might be able to fulfill the same function (Li et al., 2006). It is interesting to note that both MAGI-I and MDPZ have several (>5) PDZ domains suggesting that in addition to Gγ13 they might concomitantly bind additional proteins such as receptors and channels. GABAB receptors which have been detected in TBCs and shown to interact with MPDZ represent such an example (Balasubramanian et al., 2007; Cao et al., 2009). Once at the tight junction, ZO-1 would allow docking of Gγ13 and perhaps regulate its entry into the microvilli. In this regard, it is worth noting that detection of Gγ13 in microvilli of TRCs appears weak compared to what is observed in olfactory cilia suggesting that entry of Gγ13 in microvilli is tightly regulated. Alternatively, this interaction might affect paracellular permeability as discussed below.

It is conceivable that within the microvilli Gγ13 could travel to the apical tip through an interaction with the PDZ domain containing protein SAP97 as previously suggested (Li et al., 2006). There Gγ13 would become anchored to the plasma membrane following prenylation of its c-terminal cystein residue. This event would signal the end of the road for Gγ13 as prenylation is preceded by the removal of the residues downstream of the cystein thus eliminating the PDZ binding site as previously noted by Li et al. (2006). At its final destination Gγ13 would presumably assemble with Gβ1 and Gαgust to participate in signaling downstream of T2R receptors (Huang et al., 1999). Although the exact sequence of events remains to be confirmed we note that the short sequence between the βB and βC regions of the PDZ domains of PSD95 and Veli-2 thought to accommodate the prenyl group of Gγ13 (Li et al., 2006) is absent from ZO-1 (PDZ1) and MPDZ (PDZ12) (Figure A3) perhaps indicating that prenylation occurs later in this sequence.

Gγ13 AT THE TIGHT JUNCTION

The tight junction of polarized epithelial cells plays a fundamental role in the regulation of the paracellular permeability barrier as well as the maintenance of apical and basolateral compartments. Interestingly, heterotrimeric G protein signaling has been implicated in tight junction biogenesis and permeability regulation. Consistent with this a number of modulators of G protein activity (AlF4, cholera, and pertussis toxins) affect tight junction assembly (Balda et al., 1991) and several G protein α subunits including Gαi2, Gαo, Gα12, and Gαs have been located at the tight junction (Saha et al., 2001). In fact, it was recently shown that activation of Gα12, which interacts directly with ZO-1 through its SH3 domain, disrupts the tight junction through a c-Src mediated pathway thereby increasing paracellular permeability (Meyer et al., 2002; Sabath et al., 2008). Heterotrimeric G proteins mediate GPCR signaling through Gα and Gβγ subunits and as expected one GPCR has been reported to regulate tight junction permeability in a pertussis-sensitive manner. This is the case of the somatostatin 3 receptor (SSTR3) which is targeted to the tight junction through a direct interaction between a PDZ binding motif in its c-terminal tail and MPDZ PDZ10 (Liew et al., 2009). Finally, another component of the G protein cascade, namely regulator of G protein signaling 5 (RGS5) has also been reported to interact with ZO-1 (Bal et al., 2012).

Although there are no prior reports of Gβγ subunits at the tight junction, our finding that Gγ13 interacts directly with ZO-1 and MPDZ is not totally unexpected. However the role it might play on TJ assembly, maintenance of polarity, or paracellular permeability in taste bud cells remains to be established.

Gγ13 IN OLFACTORY SENSORY NEURONS

In stark contrast to what is observed in microvilli, Gγ13 is readily detected in cilia of OSNs where it is thought to be involved in sensory signaling. Our observation that Gγ13 and ZO-1 co-localize in the OE of neonates but not in that of adult animals suggests that this interaction might be important during the maturation of the epithelium in mice. In adult rat OE, ZO-1 is localized at apical tight junctions connecting the dendrites of OSNs and surrounding supporting cells (Miragall et al., 1994). Claudins 1, 3, 4, and 5 are part of the apical tight junction complex forming a selective barrier necessary for proper signaling in OSNs (Steinke et al., 2008). Despite the fact that tight junctions in TRCs and OSNs share a number of components including claudin 1, claudin 4, and ZO-1, the absence of co-localization between Gγ13 and ZO-1 in the adult OE clearly points to important organizational dissimilarities in these tissues.

Another notable difference between these tissues includes the fact that in OSNs MPDZ is mainly restricted to the cilia where it is thought to regulate odorant evoked signal duration through a direct interaction with odorant receptors (Dooley et al., 2009). As a result, MPDZ has been deemed a major component of the signalosome downstream of odorant receptors also known as “olfactosome.” Our findings extend this concept by showing that another component of the olfactory signaling cascade abundant in cilia, namely Gγ13, also interacts with MPDZ.

Although, there are no current reports of GOPC in OSNs, here we present data indicating that GOPC is detected in the OE. While its precise location and sub-cellular distribution in the OE remains to be investigated, we suspect that it is involved in retention of Gγ13 in the TGN.

Gγ13 AND SENSORY SIGNALING

GPCRs couple selectively to Gα subunits which themselves associate selectively with Gβγ subunits. Upon stimulation of the receptor, both Gα- and Gβγ-mediated processes are activated. Determinants effectively governing downstream events include the repertoire of Gα, Gβ, Gγ and cellular effectors present in the cells expressing the receptor in question as well as the selectivity of the interactions between receptor and Gα subunits and that between Gγ/Gβ subunits and cellular effectors.

If we apply this reasoning to TRCs we note that both Gαgust and Gαi2 are present (McLaughlin et al., 1992; Kusakabe et al., 2000), and that functional and biochemical studies indicate that T2Rs are able to couple to and activate both Gαi/o and Gαgust subunits (Ozeck et al., 2004; Sainz et al., 2007). Experiments with gustducin knock-out (KO) animals implicate both Gαgust and additional Gα subunits in bitter transduction as the KO mice retained sensitivity to bitter substances (Wong et al., 1996). Regarding the beta and gamma subunits, both Gβ1 and Gβ3 have been detected in gustducin expressing cells together with Gγ3 and Gγ13 (Huang et al., 1999; Rossler et al., 2000).

Based on these accounts many possible Gα, Gβ, Gγ combinations may mediate bitter detection in mammals. Nevertheless, it is thought that the heterotrimer composed of Gαgust/Gβ3/Gγ13 is the main player. Under this scenario the Gβ3-Gγ13 complex activates phospholipase C-β2 (PLC-β2) or PLC-β3 (Hacker et al., 2008) while Gαgust acts in parallel on local phosphodiesterases to modulate intracellular cAMP levels. A recent report puts forward an alternative role for Gαgust in taste cells by demonstrating that its constitutive activity maintains low resting cAMP levels thereby regulating the responsiveness of bitter receptor cells (Clapp et al., 2008). This new hypothesis does not take away from the demonstrated central role of PLC-β2 in bitter transduction (Zhang et al., 2003) and the possible involvement of Gγ13 in this process. Nevertheless, a tissue-specific KO model validating the role of Gγ13 in bitter taste transduction in vivo is still missing.

Unlike in the taste cells where PLC signaling is paramount to GPCR-mediated tastant detection, in OSNs disruption of the cAMP pathway leads to anosmia (Brunet et al., 1996; Belluscio et al., 1998; Wong et al., 2000). In olfactory cilia Gγ13 co-localizes and is thought to interact with Gβ1 and Gαolf (Kerr et al., 2008). Although, the recombinant Gβ1γ13 dimer appears to be the second most potent activator of PLC-β isoforms after Gβ1γ7 (Poon et al., 2009), the absence of a convincing demonstration of PLC-β expression in OSNs suggests that in these cells Gγ13 might play another role. Kerr et al. reported that Gγ13 interacts with Ric-8B, a guanine nucleotide exchange factor for Gαolf, and hypothesized that by retaining Ric-8B in proximity of Gαolf-GTP, Gγ13 would facilitate re-association of Ric-8B and Gαolf-GDP which ultimately would maximize the efficiency of that pathway.

Our immunostaining experiments suggest that Gγ13 interacts with ZO-1 temporarily during the maturation of the OSN. The impact this interaction might have on sensory signaling or OSN maturation remains to be investigated. Functional maturation is known to occur in OSNs (Lee et al., 2011). This maturation could be correlated with signaling protein trafficking and involve ZO-1 as it was previously implicated in maturation and regeneration in other cell types (Castillon et al., 2002; Kim et al., 2009). Under this scenario it is conceivable that the interaction between ZO-1 and Gγ13 during OSN maturation might induce some functional changes. In this case a tissue-specific Gγ13 KO mouse model will be a valuable tool to help unravel the role of this protein in OSN function in vivo.

Finally, in mouse cone and rod bipolar cells Gγ13 appears to be distributed throughout the cells while Gαo is concentrated in dendrites. The co-expression of Gγ13 with Gβ3, Gβ4, and Gαo in ON cone bipolar cells which do not contain PLC-β suggests that it might be involved in yet another signaling pathway in these cells (Huang et al., 2003). In this tissue where ZO-1 expression has been reported as well (Ciolofan et al., 2006), it would be interesting to investigate whether these proteins are partly co-localized.

CONCLUSION

In the present study, we report the identification of three novel binding partners for Gγ13. In addition, we provide the first evidence of the expression of two of these proteins (GOPC and MPDZ) in taste bud cells. We anticipate that future work addressing the sequence of these interactions with Gγ13 and their temporality will help shed more light on the precise role these proteins play in efficiently targeting Gγ13 to selective subcellular locations.

By comparing the subcellular location of some of these proteins in OSNs and neuroepithelial taste cells, our study points out possible discrepancies in the mechanisms guiding protein traffic and subcellular localization in these two cell types. These differences might not be surprising given the differences in the origin (neuronal vs. epithelial) and the architecture of neuroepithelial taste cells and OSNs. In particular, we believe that the differential location of MPDZ and Gγ13 in OSNs and TRCs reflects different mechanisms at play in both types of sensory cells and provides some clues as to what their function in these cells might be (transport vs. signalosome). Interestingly, MPDZ is thought to act as a scaffolding protein in the spermatozoa, a polarized cell capable of chemotaxis through taste and odorant receptors (Zitranski et al., 2010).

The presence of MPDZ, ZO-1, and Gγ13 at the tight junction in TRCs is intriguing and remains to be investigated further. In this context it is interesting to mention that ZO-1 has been demonstrated to associate with F-actin through an actin-binding region located in the C-terminal half of the molecule (Fanning et al., 2002) and that F-actin filaments are major structural components of taste cells microvilli (Takeda et al., 1989).

Finally, we would like to mention that given the expected importance of Gγ13 in taste cells signaling, disruption of any of the interactions reported here could have important consequences on taste reception. There is such a precedent in the OE where polymorphisms in CEP290, a protein which cargoes Gγ13, Gαs, and Gβ1 from the base of the cilia toward the tip, have been linked with anosmia (McEwen et al., 2007).
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APPENDIX
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Figure A1. Different features for Gγ13 in CV and OE. Immunodetection of Gγ13 protein in circumvallate (CV) and whole olfactory epithelium (OE) protein extracts. Protein extracts of HEK 293 cells (HEK) or HEK 293 cells stably expressing HA-Gγ13 transiently transfected with a full length Myc-ZO-1 construct (HEK ZO-1 γ13) were used as controls. Note that Gγ13 displays a higher apparent molecular weight in CV than in OE or HEK ZO-1 γ13 cells where the detected band runs at the predicted molecular mass (8 kDa). An antibody raised against the N-terminal region of Gγ13 does not recognize Gγ13 in CV while it does in OE and HEK ZO-1 γ13 cells. β-actin (42 kDa) was used as loading control. The results presented are representative of two independent experiments.



[image: image]

Figure A2. Partial co-localization between ZO-1 and MPDZ in CV taste bud cells. Immunolocalization of MPDZ (red) and ZO-1 (green) in circumvallate taste buds. Indirect immunofluorescence on saggital cryosections of circumvallate papillae was performed as described under Section “Immunohistochemistry.” Each image shows one entire taste bud (apical: up, basal: down). Nuclei (blue) were visualized using nuclear stain. MPDZ and ZO-1 staining overlaps partly in the cytoplasm (yellow arrowhead) and at the taste pore (white arrow). The Nomarski image shows the location of the taste bud. Scale bar = 15 μm. Images are representative of staining patterns from at least 5 taste buds.
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Figure A3. PDZ domains sequence alignment. The amino acid sequence of select PDZ domains from GOPC, MPDZ, PDLIM2, PSD95, RGS12, SAP97, and Veli-2 used in our initial yeast-two hybrid screening were aligned using clustalW 2.1. Residues involved in α-helices and β-sheet structures are boxed. PDZ domains interacting with Gγ13 are highlighted in yellow. Note that the stretch of amino acids present between the βB and βC sheet is of variable length between the various binding partners of Gγ13 thus making it unlikely that this region plays a critical role in the interaction as suggested by Li et al.


Table A1. List of primer sequences and corresponding annealing temperatures used for PCR experiments.
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Table A2. Table summarizing the results (from at least three independent experiments) of the yeast two-hybrid interaction assays performed with different combinations of baits and preys.
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Forward primer sequence

CGAGGTCGACTGAGGAGTGGGATGTGCC
CGAGGTCGACTGAGGAGTGGGATGTGCC
CGAGGTCGACTGCAATGGAGGAAACAGCTA
CGAGGTCGACTTCCGTGGCCTCCAGTCAG
CGAGGTCGACTCCGAAACCTGTGTATGCT
CGAGGTCGACTGCAATGGAGGAAACAGCTA
CGAGGTCGACTTCCGTGGCCTCCAGTCAG
CGAGGTCGACTCCGAAACCTGTGTATGCT
CGAGGTCGACTGTGACCATACTGGCTCAG
CGAGGTCGACTGCAATGGAGGAAACAGCTA
CGAGGTCGACTGCAATGGAGGAAACAGCTA
CGAGGTCGACTCGGAAAACAACCTCTTAC
CGAGGTCGACTCCTCGTAGCAACGACAAG
CGAGGTCGACTACTGAAAGGAGCAACAGTTA
CGAGGTCGACCAGCCGTGGATACTTTGAAAGAAC
CGAGGTCGACTCCCAGGGTCGTGGAACTA
CGAGGTCGACTATCACTAGGGAACCTAGA
CGAGGTCGACTAGGCGGATCGTGATCCAT
CGAGGTCGACTTCCTCCACACCAGCAGTC
CGAGGTCGACTGGAATAAATACATCAGAGTCA
CGAGGTCGACTATGGCGTTGACTGTGGATG
CGAGGTCGACTATTAGAAAAGTTCTCCTCCTT
CGAGGTCGACTGTGCGGAGCGTCGAAGTG
ATGGAGGAGTGGGATGT
TCAGGAGGATGCTGAGCG
TGGTCACCAGGGCTGC

) Primers and annealing temperatures sed for RFPCR only.
{#) Primers and annealing temperatures used for both cloning and RPCR experiments.
(Acc#) GenBank accession number.

Reverse primer sequence

CTTAGCGGCCGCTCATAGGATGGTGCACTT
CTTAGCGGCCGCTCATAGGATGGCGCACTT
CTTAGCGGCCGCTTAACTTACAGGGATCTGAACTTTC
CTTAGCGGCCGCTTAAATTTCTGAAATGTCATCTCTTTCC
CTTAGCGGCCGCTTAAACGTCCTTCTICTTCTG
CTTAGCGGCCGCTTAAATTTCTGAAATGTCATCTCTTTCC
CTTAGCGGCCGCTTAAACGTCCTTCTICTICTG
CTTAGCGGCCGCTTAAGCTGGGAACTTAGTTTGAA
CTTAGCGGCCGCTTAAGCTGGGAACTTAGTTTGAA
CTTAGCGGCCGCTTAAGCTGGGAACTTAGTTTGAA
CTTAGCGGCCGCTTAAACGTCCTTCTTCTTCTG
CTTAGCGGCCGCTCACACATAGTCTTTCCC
CTTAGCGGCCGCTTACACATAGTTGCTGGCGG
CTTAGCGGCCGCCTACACATACTGACTTTTGG
CTTAGCGGCCGCTCACACCAGGAACGACGA
CTTAGCGGCCGCTCAAGTGTAGCGCACCACCAG
CTTAGCGGCCGCTTAACGACTGTACTCTTCGGG
CTTAGCGGCCGCTTACTCTTCTGGTTTATACTGAGC
CTTAGCGGCCGCTTAGGGGGAGTGAAAGATGACAG
CTTAGCGGCCGCTCAAGAGAGAACCATGAG
CTTAGCGGCCGCTTATGTTTGGGACCGGTCCAG
CTTAGCGGCCGCTTAGACTACTTCAAACTCAATC
CTTAGCGGCCGCTCACTCAGCAATCACCATGTGCAG
TCATAGGATGGTGCACTTG
ATGCCCTTTCAAAGCAGGC
GTGGCAGTGATGGCATG

Template Acci

AY029485
AY029485
BC138028
BC138028
BC138028
BC138028
BC138028
BC138028
BC138028
BC138028
BC138028
EU076705
AF087822
AF087826
BC021876
AF087694
AY159380
BC014807
BC145117
BC145117
BC024556
AF287894
BC40336
AY029485
BC147841
GU214026

Ampl. size (bp)

200
200
317
383
365
812
995
3
410
1862
1484
i
i
13
119
251
279
256
682
704
254
250
233
203
361
501

Tm ()

56
54
58
58
55

55
56
56
56
55
55

56

62
55
58
62
55

54
62
54
56
59
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Bait Prey 3AT (125mM) 3-AT (25mM) 3-AT (50mM)
Gy13 7041 PDZ1 + + -
Gy13 7041 PDZ2 + -

613 2041 PDZ3 -

Gy13 7041 SH3 + -

Gy13 2041 PDZ12 + + +
Gy13 2041 PDZ23 + -

Gy13 701 PDZ3-SH3 + -

Gy13 201 PDZ1-2:35H3 + +

Gy13 Veli2 + -

Gy13 PSD5 PDZ3 + -

613 SAP97 PDZ3 + -

613 PDLIM2 -

Gy13 GOPC + +

Gy13 RGS12 + -

613 MPDZ PDZ10-11 + .

Gy13 MPDZ PDZ12-13 + +

Gy13* 2041 PDZ1 -

Gy1a® 2041 PDZ12 -

Gy13* GoPC -

Gy13* MPDZ PDZ12-13 -

Claudin 1 201 PDZ1 -

Claudin 1 2041 PDZ2 -

Claudin 1 201 PDZ3 -

Claudin 1 201 PDZ12 + -

Claudin 1 20-1 PDZ3SH3 -

Claudin 1 MPDZ PDZ8.9 + -

Claudin 1 MPDZ PDZ10-11 + -

Claudin 1 MPDZ PDZ12-13 -

Claudin 4 201 PDZ1 -

Claudin 4 2041 PDZ2 -

Claudin 4 7041 PDZ3 -

Claudin 4 201 PDZI2 + + -
Claudin 4 701 PDZ3-SH3 -

Claudin 4 MPDZ PDZ8:9 + -

Claudin 4 MPDZ PDZ10-11 + -

Claudin 4 MPDZ PDZ12-13 -

Claudin 8 2041 PDZ1 + + +
Claudin 8 2041 PDZ2 -

Claudin 8 704 PDZ3 -

Claudin 8 2041 PDZ12 + + +
Claudin 8 201 PDZ3-SH3 -

Claudin 8 MPDZ PDZ8:9 + -

Claudin 8 MPDZ PDZ10-11 + -

Claudin 8 MPDZ PDZ12-13 -

AM 7041 PDZ3 -

M 2041 PDZ12 -

AM 2041 PDZ2:3 -

AM 20-1 PDZ3:SH3 -

The strength of the interaction was assessed by analyzing growth at 30°C in the presence of increasing concentrations of AT (+) indicates growth (=) indicates
absence of growth. Cells were left empty when the experiment was not performed. Gy 13" is for the TE5A mutant. JAM: Junctional adhesion molecule 1.
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Gene name. Group Ligand Tissue Coexpressed Not coexpressed References

expression*  with with
1 Grsa A Sugars LTpT Gr28a, G286C, Gr2ze, 61322, 6133, Thome etal. (2004),
Gi6la, Groda, Gr39aD, G159, Wang etal. (2004),
Gréab, Gréac, Gr63a, Gr66a, Groga  Fishilevich et al. (2008),
Grb4d, Gréde, Dahanukar etal,
Greaf (2007), Jizo etal. (2007
2008), Thorne and
Amein (2008)
2 G6la A LT Grsa, Gréda, Grssa Dahanukar etal,
Groa (2007), Jizo etal
(2007)
3 Greda A Sugars [ Gisa, Gr1a, Gr66a Thome etal. (2004),
Groaf Dahanukar etal.
(2007), Jizo etal. (2007
2008)

+ Gt A L Gisa Grs6a Jiao etal. (2007)

5 Giedc A L Grsa Grssa Jiao etal. (2007)

6 Groud A L Gisa Gréa, Jiao etal. (2007)

7 Grede A LP Gisa Grs6a Thorne etal. (2004),
Jiao etal. (2007)

8 Gredf A Sugars LT Grsa, Grla, Grssa Dahanukar etal,

Gisda (2007}, Jizo et al. (2007
2008)

9 G2ia A co, AL Gr63a Grioa Ciyne etal. (2000),
Scottetal. (2001), Suh
etal. 2004), Couto
etal. (2008, Fishilevich
‘and Vosshall (2008),
Jones etal. (2007),
Kwon etal. (2007)

Tor Gr63a Grssa Scot etal. (2001),
Fishilevich et l. 2005),
Faucher etal. (2006),
Colomb etal. (2007),
Jones etal. (2007),
Kon etal. (2007)
10 G A co, A G21a Grsa, Gri0a, Gré6a Scot etal. (2001), Jiao

etal. (2007), Jones
etal. (2007), Kwon
etal. 2007)
Tor+ Gr21a Fishilevich et al. (2005),

Jones etal. (2007),
Kwon etal. (2007)

n Grioa B A Ori0a, Or83b Gr21a, Gré3a Scott etal. (2001),
Fishilevich and Vosshall
(2005), Jones etal.

(2007)

12 Gisve B

13 Grsof B L Gr66a GSa Jiao etal. (2007)

To*r Gr66a Colomb etal. (2007)

4 Gioda B

15 GoTa 8

16 Grio c

7 G c

18 Gr8% c

19 Gz D

20 Gi93 D Caffeine LT Gr33s, Gi66a Lee etal. (2009)

21 Gie3b D

2 G D

23 Go3d D

24 G2 3 LwT Ciyne etal. (2000),

Scottetal. (2001)
25 Gr22b € LET Gr22e, Gr28bE, Thome et al. (2004),
Gr32a, Grs9b, Wang etal. (2004)
Gr66a
Po** Gr66s, Gr68a Colomb etal. (2007)
26 G2 E PT Dunipace etal. (2001),
Wang etal. (2004)
27 Gr22d E
28 Gze E ALRWT Gr22b, G221, Gra, Gra7a, Gréga Dunipace etal. (2001),
1283, Gr280C, Brayand Amrein(2003),
Gr28bD, Gr28bE, ‘Thorne etal. (2004),
61323, Gr59b, Wang etal. (2004), Jzo
Gr66a etal. (2007), Thome
and Amrein (2008)
To, Po** Gr66a Fishilevich et al. (2008,
Colomb etal. (2007)
29 G2t E L Gr22e, Gra%b, Dunipace etal. (2001),
Gr66a Thorne etal. (2004)

0 Gt E

31 Gasy 3

2 Grase E

3 G E LP Gr66a Gr22e, G280, Gi32a,  Clyne etal. (2000),

Gr59b Scottetal. (2001),
Wang etal. (2004)

4 Grsea E L Ciyne etal. (20001

35 Giseb E L Clyne etal. (2000)

6 Gisee £ L Clyne etal. (2000)

37 Gis%a 3 L Ciyne etal. (2000),

Wang etal. (2004)

38 Gi5% 3 L Gr22b, Gr22e, Graza Clyne etal. (2000,

G221, Gr3za, Dunipace etal. (2001),
Gi66a Thorme etal. (2004),
Wang etal. (2004)
T Colomb etal. (2007)

39 Gis%c E w Ciyne etal. (20001

0 Gi5od E L Ciyne etal. (20001

a1 Gesa E

2 Gz F Pheromone  LRT Gr22b, Gr2ze, Gr5a, GraTa Clyne et al. (2000,

Gr28a, Gr28bE, Scottetal. (2001),

Gr33a, Gr59b, Thome et al. (2004),

Gi66a Wang etal. (2004), Jizo
etal. (2007), Miyamoto
and Amrein (2008), Lee
etal. (2009)

To** Gréa Scottetal. (2001),

Fishilevich et al. (2008,
Colomb etal. (2007)

3 GraveA F Ciyne etal. (20001

@ GravB F Clyne et al. (2000)

5 GragaC F Clyne et al. (2000)

% GragaD F Lw Gi66a Gisa Ciyne etal. (2000}, Jizo

etal. (2007)

47 GuTb F

8 GisTa F

19 Groga F Pheromone A LW.T Gr2e, Gré6a Bray and Amrein
sound (2003), Ejima and

Griffth (2008)
To,Po* G220, Gré6a Colomb et al. (2007)
50 Gr2a G 3 Scottetal. (2001),
Wang etal. (2004)
To. Do, Vo, Po, Gréta Scottetal. (2001),
Voro Python and Stocker
(2002), Fishilevich et al.
(2008), Colomb etal
(2007)

51 Giga d

52 Gi% d

53 Gr23eA d L Clyne et al. (2000)

54 Gr23B d L Ciyne etal. (20001

55 Grag G L Clyne etal. (2000)

56 Goga G L Gra, Grésa Scottetal. (2001), Jiao

etal. (2007)

57 Giogb d

58 Gogc d

59 Groad d

60 G2 H LT GrSa, Gr2ze, Gra7a Wang etal. (2004),

Gr32a ‘Thorne and Amrein
(2008)
To.vp** ‘Thorne and Amrein
(2008)
61 Gr2sbA H LT Gr28bE Scottetal. (2001),
‘Thorne and Amrein
(2008)
To*r ‘Thorne and Amrein
(2008)
62 Gr2soB H Scottetal. (2001),
Thone and Amrein
(2008)
63 Gr28bC H LEW GrSa, Gr2ze Scottetal. (2001),
‘Thorne and Amrein
(2008)
To, Po** Scottetal. (2001),
‘Thore and Amrein
(2008)
64 Gr28bD H LT Gr22e Scottetal. (2001),
‘Thone and Amrein
(2008)
65 Gr2sbE H LT G220, Gr22e, ‘Thorne and Amrein
Gr28bA, Gr32a, (2008), Scott etal
Gré6a, (2001), Thorne etal.
(2004)
To, Po** Gr66a Colomb et . (2007),
‘Thorne and Amrein
(2008)

66 G H Caffeine, LT 1323, Gré6a, Grsa Scottetal. (2001), Jiao
quinine, Gr93a etal. (2007), Lee etal.
denatonium, (2009), Moon et al.
berberine, (2009)
lobeine
papaverine,
strychinine

67 Gda H LwT Ciyne etal. (20001

68 Grota H Caffeine LT Gr22b, Gr22e, GrBa, Gréla, Gré3a,  Dunipace etal. 2001),

Gr22f, Gr28bE, Gréda, Gi6db, Giédc,  Scott etal. (2001), Bray

1323, Gr33a, Gré4d, Gréde, Grédf,  and Amrein (2003),

Gr39aD, Grd7a, G685, Gr98a ‘Thorne etal. (2004),

Gr59b, Gr9, Wang et al. (2004),

Gr93a Moon etal. (2006,
2009), Jiao etal
(2007), Thome and
Amrein (2008), Lee
etal. (2009)

To, Do, Po** G220, Gr22e, Gr23,Gr218,Gr32a,  Scottetal. (2001),
Gr28bE, Gr68a Groof Fishilevich et al. (2008,

Colomb etal. (2007}

“Expression data i non-chemasansory cels are not ndicated. Abbreviations are as fllows: for aclt issues: A, antenna, L, labellum; T, taste peg: P pharyn; W
wing: T tasalleg segments. Fo larva issues: o, terminal organ; Do, dorsalorgan: o, ven'ralorgan; Po, pharyngaal organ: Up, venial pit
**When GR gene is expressed in both adult and larval tissues, each expression profile is given in the first and the second row, respectively.
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