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Chapter 1
Responses of Insect Olfactory Neurons
to Single Pheromone Molecules

Karl-Ernst Kaissling

Abstract The status of our understanding of the molecular processes underlying
olfactory reception in insects was summarized by Wicher (Progress in molecular
biology and translational science, vol 130. Elsevier, New York, pp 37-54, 2015; see
also Chap. 4) and recently by Stengl (Chemosensory transduction in arthropods. In:
Byrne JH (ed) Oxford handbooks online. The Oxford handbook of invertebrate neu-
robiology. Oxford University Press, pp 1-42. https://doi.org/10.1093/
oxfordhb/9780190456757.013.15, 2017) and Wicher and Grosse-Wilde
(Chemoreceptors in evolution. In: Kaas J (ed) Evolution of nervous systems 2e.
Elsevier, Oxford, pp 245 -255, 2017). The present chapter adds an overdue review
of studies dealing with the responses of moth antennal olfactory neurons (nerve
cells) to single impacts of airborne pheromone molecules. Weak pheromone stimuli
elicit “elementary receptor potentials” (ERPs) which consist of one or several
“bumps”, transient negative deflections of the resting trans-epithelial potential
recorded from the tips of single trichoid sensilla, i.e. olfactory mini-organs on insect
antennae. In the male silkmoth Bombyx mori a bump may elicit one, seldom two or
three nerve impulses, but up to five impulses in the sphingid moth Manduca sexta.
According to behavioral, electrophysiological and radiometric studies, the ERPs are
elicited by single pheromone molecules. The analysis of the neuro-electrical circuit
of moths sensilla revealed that the average bump amplitude (of about 0.5 mV)
reflects an increase of the membrane conductance of an olfactory neuron by about
30 pS. The observation of several sublevels of bump amplitudes in B. mori suggest
either varying degrees of opening of a single ion channel or varying numbers of
superimposed openings of smaller channels. At weak stimulus intensities ion chan-
nels might be directly gated by the odor molecule-receptor interaction. At higher
intensities intracellular signaling might be responsible for diminished channel
opening that causes widening the range of the pheromone dose-response and adap-
tation (reduced responsiveness) after strong stimuli. In B. mori the temporal charac-
teristics of the responses to single pheromone molecules were used to calculate the
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apparent residence time of the pheromone molecule at the receptor molecule, in the
range of 100 ms.

1 Introduction

Insects as well as vertebrates perceive olfactory stimuli by means of so-called pri-
mary sensory cells or receptor neurons that have an apical (dendritic) portion sensi-
tive to odor molecules, and a basal axon transmitting nerve impulses (action
potentials) to the brain and the insect central nervous system, respectively. Via
olfactory receptor molecules the odor stimulus is transduced into a change of the
electrical membrane conductance of the dendrite. This occurs in the olfactory epi-
thelium inside the nasal cavity of vertebrates and at the level of sensory organs such
as the antennae of insects. The associated electrical depolarization of the membrane
potential (so-called receptor potential) elicits nerve impulses within an intermediate
generator region around the cell soma of the sensory nerve cell or receptor neuron.

In insects a few olfactory receptor neurons together with auxiliary cells are
enclosed in cuticular structures and form a sensory mini-organ called sensillum. A
typical hair-like sensillum trichodeum is schematically shown in Fig. 1.1 (bottom).
Numbers of sensilla are distributed on insect antennae, pairs of head appendages
serving as composite sense organs (Fig. 1.1, top). They bear sensilla for olfactory
stimuli including carbon dioxide, but also for stimuli of other sensory modalities
such as taste, mechanoreception, or temperature (Keil 1999). Some antennae, e.g.
those of some male moths are particularly designed as sieves for efficiently catching
air-borne odorant molecules such as sexual pheromones released by the female
moths over large distances. The comb-like antennae of these moths species (Fig. 1.1,
top) are laced with numerous olfactory sensilla trichodea, with hair lenghts of up to
500 pm (Keil 1984, 1989).

The odorant/pheromone molecules caught by the hairs penetrate the hair wall via
numerous pores. Inside the hair the water-insoluble odorant molecules reach the
neuronal dendrites, while carried by the abundant odorant binding proteins (OBPs),
dissolved in the sensillum lymph (Vogt and Riddiford 1981; Vogt et al. 1985).
Finally the odorant molecules interact with receptor molecules of the dendritic
plasma membrane, probably while still bound to the binding protein (Kaissling
2009b), and with the help of the sensory neuron membrane protein (SNMP1) found
by Rogers et al. (1997, 2001). SNMP is a homolog of the CD36 protein family and
is a signaling component necessary for odorant sensitivity (Jin et al. 2008; Li et al.
2014).

This review concentrates on the interaction of odorants and receptor molecules
and the following processes: the changes of neuronal membrane conductance and
associated receptor potentials. Influencing factors, such as stimulus intensity, tem-
perature, and various agents modulating the responses will be discussed (see also
Chap. 4). The focus of this review is directed to the responses to single odor/phero-
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Fig. 1.1 Moth antennae with olfactory sensilla. From left to right, Bombyx mori: male moth with
cocoon — isolated antenna with electrode capillaries for electroantennogram recording and therm-
istor for measuring airstream velocity or temperature — antennal branches with sensilla trichodea
(hair length 100 pm, by courtesy of R. A. Steinbrecht) — Antheraea polyphemus: antennal branch
with sensilla trichodea (hair length 300 pm), with recording electrode capillary slipped over one
hair after its tip was severed. Mouth of a capillary for local stimulation of the hair — Bottom:
Scheme of a sensillum trichodeum with two receptor neurons (coloured red) surrounded by three
auxiliary cells (by courtesy of R. A. Steinbrecht). Arrows show the position of electrodes for
recording transepithelial potentials or currents. Sensillum lymph within the hair lumen (coloured
blue) containing odorant binding protein (OBP) or pheromone binding protein (PBP). In each
sensillum trichodeum of male B. mori one neuron responds to bombykol (sexual attractant), the
other one to bombykal (behavioral inhibitor)
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mone molecules. These responses observed in moths are compared with respective
responses of olfactory receptor neurons in vertebrates.

2 The Olfactory Threshold of Moths

Combined radiometric, morphological, electrophysiological and behavioral investi-
gations (Kaissling and Priesner 1970; Kaissling 2009a, 2014) were employed in
order to study the absolute olfactory sensitivity of the silkmoth Bombyx mori. This
became possible after the discovery of the very first pheromone chemical in the
silkmoth (Butenandt et al. 1959). The compound was named Bombykol after the
Latin name for the silkworm moth (Bombyx mori). Bombykol is the only signal
chemical used by female silk moth to attract a conspecific male. This made B. mori
a model of choice for studying the simplest possible pheromone system.

Tritium-labeled pheromones such as *H-(E,Z)-10,12-hexadecadienol (bom-
bykol) from B. mori (Kasang 1968) but also *H-(E,Z)-6,11 hexadecadienyl acetate
from the two giant saturniid moths Antheraea polyphemus and Antheraea pernyi
(Kasang et al. 1989a, b) served as important tools for quantitative studies in this
process. The *H-labeled compounds enabled us to measure (i) their amounts loaded
on the experimental odor source (down to 107 pg on a 1 cm? filter paper, fp), (ii) the
number of stimulus molecules released from the odor source (Kaissling and Priesner
1970; Kaissling 1995), (iii) the fraction adsorbed by the insect antenna, (iv) the frac-
tion (80%) of adsorbed molecules caught by the long antennal hairs (sensilla tricho-
dea) (Steinbrecht and Kasang 1972; Kanaujia and Kaissling 1985), and finally (v)
the fraction of adsorbed molecules entering the hair lumen (>50%).

Fifty percent of male silkmoths B. mori responded with wing fluttering to a
source load of about 2 x 107> pg of the main pheromone component bombykol
(BOL), i.e. a concentration of about 3000 stimulus molecules per ml of air applied
during one s at an air stream velocity of 60 cm/s. With this load and upon a 1-s
stimulus about 24% of the 17,000 antennal hairs received a bombykol molecule,
and about 6% of the 17,000 BOL-neurons fired a nerve impulse (Kaissling and
Priesner 1970, reviewed in Kaissling 1971, 2014). A 1-s stimulus with a load of
3 x 10~ pg of bombykol per fp elicited on the average one nerve impulse per olfac-
tory neuron of B. mori. At loads below 10~ pg the nerve impulses occurred at ran-
dom (Poisson) distribution. From these investigations we concluded that one
bombykol molecule is sufficient to elicit a nerve impulse.

Electrophysiological recordings from pheromone receptor neurons and also from
secondary neurons within the deutocerebrum of the central nervous system (see
Chaps. 2 and 3) suggest that the two above-mentioned saturniid species are even more
sensitive to their pheromones than the silk moth B. mori. Loads of 10~ pg/fp of the
main pheromone components (E,Z)-6,11-hexadecadienyl acetate and (E,Z)-6,11-
hexadecadienal produced one or a few impulses in A. polyphemus and A. pernyi,
respectively (Boeckh and Boeckh 1979). Besides somewhat different experimental
conditions the responses to loads 30-fold smaller than needed in B. mori must be due
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to the much longer hair sensilla of the male saturniid moths (400 pm instead of 100 pm
in B. mori) (Keil 1984), and due to their different arrangement on the antennal branches
providing a higher efficiency of catching molecules. The deutocerebrum neurons
responded to pheromone loads as low as 10~ pg/fp indicating the expected massive
convergence of sensory to central neurons (at least 100:1) (ibid.).

Here we include responses of the olfactory receptor neurons tuned to (E,Z)-
10,12-hexadecadienal (bombykal, BAL), a secondary component in the sex phero-
mone of B. mori (Kaissling et al. 1978). A pair of BOL- and BAL-neurons innervates
each sensillum trichodeum of the male antenna (see Fig. 1.1). Each type of neuron
also responds to the other pheromone component but only at 10,000-fold stronger
stimulus loads, respectively, demonstrating the remarkable odor-specificity of pher-
omone receptor neurons in moths. While bombykol alone elicits the entire mating
behavior of the male moth, bombykal acts as a behavioral inhibitor (ibid.). Bombykal
applied at the same loads on fp as bombykol produced somewhat higher nerve
impulse numbers in the BAL-neuron, respectively, presumably due to a higher
release of the aldehyde from the fp source.

It should be mentioned that bombykal is also a pheromone component in Sphinx
moths, including M. sexta (Starrat et al. 1979). In this species bombykal elicited a
few nerve impulses with loads of 107> pg/fp and stimuli of 50 ms only (Fig. 5 in
Dolzer et al. 2003). Although not mentioned by the authors, these data strongly sug-
gest that nerve impulses are elicited by single pheromone molecules not only in
Bombyx but also in Sphinx moths.

3 ERPs and Bumps

At low stimulus intensities (below 10~ pg per odor source), only a few nerve
impulses per neuron and per s are fired. These impulses are preceeded and thought
to be elicited by so-called “elementary receptor potentials” or ERPs (Kaissling
1974; Kaissling and Thorson 1980). The ERP appears as a transient depolarization
(“bump”) preceding one or a few nerve impulses (Fig. 1.2a, b, d, and 1), or as a
group of bumps (Fig. 1.2¢, d, and 1). As discussed below, an ERP showing a group
of bumps may originate from repetitive activations of an individual receptor mole-
cule by a single pheromone molecule.

In trans-epithelial recordings from BAL-neurons, the ERPs showed bump ampli-
tudes in the range of 0.5 mV, a bump duration of 10.2 ms (925 bumps), and an aver-
age bump-group (burst) duration of 118 ms (452 bursts) (cell A in Minor and
Kaissling 2003). The shape of ERP-bumps is determined by the capacitances of the
electrical sensillum circuit and depends on temperature (ibid.) (Fig. 1.2h), accord-
ing to the temperature dependence of plasma membrane resistances (De Kramer
1985; Kodadové and Kaissling 1996). Interestingly, BOL- and BAL-neurons in B.
mori produce bumps differing in the steepness of bump onset and average latency
between bump onset and nerve impulse, about 20 ms and 10 ms for the BOL- and
BAL-neuron, respectively (Fig. 1.2b). At least 5 ms after its onset, a bump may
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Fig. 1.2 Responses to single molecules of bombykol (BOL) and bombykal (BAL), transepithelial
DC-recordings between tips of antennal sensilla trichodea and the hemolymph space. (a—h) Male
B. mori: (a) Selected “bumps‘“associated with large nerve impulses (BOL-neuron) or small
impulses (BAL-neuron). (b) Averages of 50 such events from each neuron type, respectively,
added by using the first nerve impulse as a trigger (Kaissling and Thorson 1980). (¢) Elementary
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elicit only one nerve impulse, seldom two or three impulses in the silkmoth
(Fig. 1.2a, d); in contrast, up to five impulses per bump were observed in BAL-
sensitive neurons in the sphingid moth (Fig. 1.21).

With weak stimuli eliciting only a few nerve impulses/s the ERPs appear ran-
domly distributed (Fig. 1.3a), as expected for the random arrival of stimulus
molecules. Adding up the DC-recorded traces obtained by many such stimuli results
in a fluctuating time course similar to the response generated by a single but stronger
stimulus (Fig. 1.3b). The fluctuations are even better visible, if the nerve impulses are
selectively blocked, e.g. by the insecticide permethrin (Fig. 1.4), known to block the
generation of nerve impulses (Vijverberg et al. 1982). This drug does not affect the
production of the receptor potential including the ERPs (Kaissling 1980).

4 Electrical Circuit Analysis

For a better understanding of bump generation, the electrical properties of the
insect olfactory sensillum were studied using extracellular (trans-epithelial) record-
ings (see Fig. 1.1, bottom). Following the pioneering analysis of the electrical cir-
cuit of insect mechanoreceptive sensilla (Thurm and Kiippers 1980), several studies
dealt with the insect olfactory sensillum (Zack 1979; Kaissling and Thorson 1980;
De Kramer 1985; Redkozubov 1995, 2000a; Kodadovd and Kaissling 1996;
Vermeulen and Rospars 2001; Minor and Kaissling 2003). Transepithelial tip
recordings with one electrode at the opened hair tip (Kaissling 1974, 1995) and the
other within the hemolymph space (see Fig. 1.1, bottom) offer conditions similar
to whole cell patch clamp recordings. As it were the resting transepithelial resis-
tance between the two extracellular electrodes (406, 214, and 143 MOhm, at 8, 18,
and 28 °C, respectively, from Table 1 in Kodadovad and Kaissling 1996) corre-
sponds to the sealing resistance (“Gigaseal”) in loose patch clamp recordings
(Stiihmer et al. 1985). This transepithelial resistance is due to the apical mem-
branes of the three auxiliary cells that surround the receptor neurons at the

.
<

Fig. 1.2 (continued) receptor potentials (ERPs) with one to four bumps, recorded from the same
BAL-neuron as shown in Fig. 1.3. (d) Elementary receptor currents (ERCs), tip-recording under
voltage clamp. Bumps with and without (marked) nerve impulses. (e) Amplitude distributions of
ERC-bumps eliciting one nerve impulse each, from selected BOL- and BAL-neurons, respectively,
upon weak pheromone stimulation. Ordinate: Rel. probability of events/bins of 0.1 pA (d and e from
Redkozubov 2000a). (f) Amplitude distributions of spontaneous (above) and BOL-induced ERP-
bumps (below) eliciting one nerve impulse each. The two curves of each diagram are averages from
6 (solid lines) and 7 (broken lines) BOL-neurons, with n = 246 and 178 spontaneous, and n = 520
and 557 BOL-induced bumps, respectively. Ordinates: average number of events/bins of 0.05 mV.
(g) First trace: Spontaneous activity. Second trace: 20 mM NaF, applied via tip electrode. Third
trace: 0.1 mM DOG (f and g from Pophof and Van der Goes van Naters 2002). Nerve impulses from
BOL-neuron. (h) Single bumps + nerve impulses from a BAL neuron at different temperatures
(Minor and Kaissling 2003). (i) Male M. sexta: ERPs with nerve impulses after weak BAL-stimuli
(Kaissling 2013). In two neurons we counted 37 and 40 bumps with 0—7 impulses and found aver-
ages + sd of 2.6 £ 2.0, and 2.1 + 1.7 impulses per bump, respectively (unpublished observations)
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Fig. 1.3 Elementary receptor potentials (ERPs) and nerve impulses DC-recorded from one sensil-
lum trichodeum of a male B. mori. (a) Ten consecutive responses to 1 s stimuli of bombykal (1 ng/
filter paper) with 1 min intervals between stimuli. Single and superimposed ERPs. (b) 30 consecu-
tive traces as shown in (a) were added. (¢) Numbers of nerve impulses in 100 ms bins were summed
from the 30 responses. The average number of nerve impulses during 5 s was 6.4 per stimulus, their
average reaction time was around 600 ms. Same mV calibration for a and b, same time axis for a—c
(a: Kaissling 1986; a—c: Kaissling 1987)

sensillum base (see Fig. 1.1, bottom). In the resting state the parallel current path
across the dendrites of the receptor neurons inside the hair has a much higher resis-
tance, in the gigaohm range (6.6 GOhm, Redkozubov 1995); it represents the
“patch” resistance, which decreases upon odor stimulation. This arrangement of
resistances from sensory and auxiliary cells allows to detect stimulus-induced elec-
trical changes of the neuronal dendrite membrane as conveniently as with intracel-
lular recordings.

Under these conditions, the receptor potentials and the nerve impulses are picked
up with opposite polarity (Thurm and Kiippers 1980; De Kramer et al. 1984). The
receptor potentials appear as negative deflections (i.e. changes of the transepithelial
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Fig. 1.4 Receptor potentials recorded from A. polyphemus upon 500 ms stimuli at increasing
loads of the pheromone source (pg per filter paper). The nerve impulses were blocked by treatment
with the insecticide (+)-trans-permethrin (Kaissling 1980)

potential), while the nerve impulses elicited within the soma region (the cell body)
of the neuron start with a positive phase. The separate functions of dendrite and
soma were confirmed using local adaptation (reduced responsiveness) of receptor
neurons by pheromone stimuli restricted to a small section of the olfactory hair (see
Fig. 1.1, top) (Zack 1979; Zack-Strausfeld and Kaissling 1986), by local anaesthesis
(Stange and Kaissling 1995), and by selective cooling of the olfactory hair with the
neuronal dendrites (Kodadova and Kaissling 1996).

Moth pheromone sensilla show a resting transepithelial potential (of about
+40 mV, Zack 1979). This is due to a special voltage source located in the folded
apical membrane of the auxiliary cells (see Fig. 1.1, bottom) common for insect
sensilla (Thurm and Kiippers 1980). The receptor potentials (i.e. the potential
changes) amount up to —30 mV upon pheromone stimulation, while trans-epithelial
resistances may be reduced by up to 25% (Zack 1979; Kodadovéd and Kaissling
1996). The circuit analysis revealed that a bump could be generated by a conduc-
tance increase of the neuronal membrane inside the hair lumen in the range of 30 pS
(Kaissling and Thorson 1980).

A conductance increase of 30 pS could be produced by opening a single ion
channel, such as known from the motor endplate, opened by acetylcholine (Neher
and Sakmann 1976). Thus, a bump of the olfactory neuron could well indicate open-
ing of a single ion channel. This would suggest that the ERP, the first cellular
response to a single stimulus molecule, is a purely electrical phenomenon, not
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requiring amplification via intracellular metabolic mechanisms similar to those
involved in vertebrate olfactory transduction (Kaupp 2010).

The depolarization of the neuronal membrane is passively conducted from the hair
towards the soma region. According to the electrical sensillum model (Kaissling
1987), the depolarisation of the soma membrane during a bump is little higher than the
trans-epithelially recorded bump amplitude, in the range of 0.5 mV, obviously large
enough to trigger nerve impulses at the neuron soma. Experimentally applied voltage-
or current-stimuli elicit nerve impulses, but never bumps (Redkozubov 1995).

Later studies showed a significant variability of bump amplitudes, even in sponta-
neous bumps. Using trans-epithelial voltage clamp Redkozubov (2000a) recorded
elementary receptor currents (ERCs, equivalent to ERPs in voltage recordings) from
14 BOL- and 11 BAL-neurons. The amplitudes of ERC-bumps eliciting one nerve
impulse each varied from <1 to 5 pA in both types of pheromone receptor neurons.
For each neuron the distribution of amplitudes was different, often exhibiting several
peaks (see Fig. 1.2e). Individual neurons appeared to have bump amplitudes with sev-
eral (3-5) sublevels of an average size of 0.7 pA as determined for six of the BOL-
neurons, and of about 0.6 pA for seven of the BAL-neurons (Redkozubov 2000a).

Corresponding variability of ERPs was reported by Pophof and Van der Goes van
Naters (2002) from trans-epithelial voltage recordings where pheromone-elicited
bumps had average amplitudes of 0.60 mV in 13 BOL-neurons and 0.55 mV in 8
BAL-neurons. The bump amplitudes varied between 0.2 and 1.5 mV and also
showed distributions with several peaks (see Fig. 1.2f). Variation of bump ampli-
tudes in individual neurons might indicate different degrees of opening of a single
ion channel or varying numbers of channels opened following the activation of one
receptor molecule.

Interestingly, spontaneous bumps eliciting nerve impulses in pure air controls
showed smaller amplitudes of 0.45 mV in 13 BOL-neurons (Fig. 1.2f), and 0.51 mV
in 9 BAL-neurons (averaged from Table 3 in Pophof and Van der Goes van Naters
2002). The spontaneous firing frequency was 0.157/s for 27 BOL-neurons, and
0.025/s for 20 BAL-neurons (ibid., averaged from Table 2). A spontaneous ERP
produced in the absence of pheromone might originate from a spontaneous activa-
tion of a single receptor molecule. The apparent rate of spontaneous activations of
the bombykol receptor molecule can be obtained from the spontaneous firing rate of
the BOL-neuron (0.157/s) divided by the estimated number of receptor molecules
per neuron (7.6 x 10°, see below). We arrive at spontaneous activations of the bom-
bykol receptor molecule of roughly 2 x 10~"/s, which is close to the rate of thermal
activations of rhodopsin in vertebrate visual cones between 1.34 x 10~7/s (human)
and 5.28 x 10~%/s (larval tiger salamander, see Ala-Laurila et al. 2004).

The above suggestion of a purely electrical generation of the elementary response
1s supported by findings of Sato et al. (2008) and Wicher et al. (2008), that the func-
tional insect olfactory receptor is a complex of two or several proteins forming a
ligand-gated non-selective cation channel (of 27 pS conductance; Sato et al. 2008;
see also Chap. 4). The insect olfactory receptor complex consists of two types of
proteins with seven-transmembrane alpha-helical domains, an odorant-specific sub-
unit OR and the co-receptor ORCO, both with a membrane topology with extracel-
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lular C-terminus, opposite to the topology of G-protein-coupled olfactory receptors
from vertebrates.

The structure of the ORCO unit is extremely conserved in all insect species stud-
ied so far (Stengl and Funk 2013). The ORCO-agonist VUAA1 (2-(4-ethyl-5-
(pyridin-3-yl)-4H-1,2,4-triazol-3-ylthio)-N-(4-ethylphenyl) acetamide), found by
screening over >100,000 compounds) opened channels with 22 pS conductance
(1.3 pA at —60 mV holding potential) in outside-out membrane patches of HEK293
cells expressing Anopheles gambiae ORCO (Jones et al. 2011). A concentration of
100 pM of VUAAT applied via the tip electrode to bombykal-sensitive neurons of
M. sexta increased the spontaneous activity about 20-fold up to about four nerve
impulses/s but did not modify the responses to bombykal stimuli. Therefore, and
based on previous work, it was concluded that second messengers contribute to the
pheromone reception in the Sphingid moths Manduca sexta (Nolte et al. 2013,
2016).

Nakagawa et al. (2012) performed site-directed mutagenesis of all 83 conserved
Glu, Asp, or Tyr residues in the silkmoth BmOR-1-ORCO pheromone receptor
complex and measured functional properties of mutant channels expressed in
Xenopus oocytes. They provided confirmatory evidence that both subunits contrib-
ute to the ion permeability of the insect OR-ORCO complex. First attempts have
been made to unravel the precise 3D structure of the OR-ORCO complex (Hopf
et al. 2015), but this remains a challenge owing largely to the partially hydrophobic
nature of the receptor.

“Spontaneous sensillar potentials™ eliciting nerve impulses were recorded from
pheromone-sensitive neurons of the Egyptian cotton worm moth Spodoptera litto-
ralis (Pézier et al. 2007, 2010). These bump-like events depended on Ca** concen-
tration within the tip electrode capillary. They occurred especially at low Ca*
concentrations (20 nM) (ibid.), but their occurrence after pheromone stimulation
was not assessed. A recent study suggests that transient receptor potential (TRP)
like ion channels are involved in moth olfactory transduction (Gawalek and Stengl
2018).

5 Kinetic Model

The temporal characteristics of the ERPs were used to estimate apparent rate con-
stants of the pheromone receptor interaction represented by the following scheme
with the receptor molecule R and the ligand FA, i.e. the complex of pheromone F
bound to the pheromone binding protein A (see the model of Kaissling 2009b).
When a ligand-receptor complex FAR is formed, it may switch one or several times
into the excited state FAR’ eliciting one or several bumps of an ERP (or an ERC,
respectively):
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kS k6
FA+R = FAR = FAR
k k

-5 -6

Assuming that the bumps reflect the activated state FAR’, the apparent rate con-
stants ks = 16.8/s, k_¢ = 98/s, and k_s = 7.7/s were calculated for bombykal neurons
of B. mori from averages of the duration of bumps (=10.2 ms = 1/k_), the durations
of gaps between bumps within an ERP (=40.5 ms), and the number of bumps per
ERP (=3.2) (Minor and Kaissling 2003).

The rate constants allowed to calculate an apparent life (residence) time Tc of the
ligand-receptor complex (FAR + FAR"), which was Tc = (ks + k)
(k_s x k_s) = 153 ms for one of the bombykal neurons of Bombyx mori
(and Tc = 135 ms for another bombykal neuron). The model implies that the poten-
tial changes caused by opening and closing of one or a few ion channel(s) mirror the
activation of a receptor molecule (FAR --> FAR") and its return (FAR"--> FAR).
This would require a tight functional coupling of receptor molecule and ion chan-
nel - within a millisecond time interval (Hille 2001) - and would challenge the above
idea that one receptor activation opens several ion channels. The kinetic model of
Kaissling (2009b) was used to estimate R, as a fictive total concentration of R
within the olfactory hair (volume 2.6 pl) as ...

Rtot :Y—VCXUsa[XQ?,X(k,S +k6)/k6 :1.67 ‘LLM

... with the pheromone uptake of the hair Usat = 30 pM/s, at which the receptor
potential is saturated, and with Q; = 0.25, the fraction of stimulus molecules
adsorbed (at weak stimuli on the hair sensilla) eliciting nerve impulses. The appar-
ent density of receptor molecules within the dendritic membrane of the A-neuron of
A. polyphemus (426 pm?, Keil 1984) amounts to

R xN xhair volume(2.6pl)/dendritic area(426um’)=6100/um’.

tot Avogadro

This number fits to the average density of repetitive structures — putative receptor
molecule-ORCO complexes — found by negative staining in isolated membrane
vesicles obtained from isolated sensilla of A. polyphemus. The density of these
structures was about 10,000 units/pm? (Klein and Keil 1984), close to the density of
rhodopsin, the photoreceptor molecule in visual cells of the vertebrate retina, with
40,000 units/pum? of the outer disk membrane (Dratz and Hargrave 1983).

The number of receptor molecules per neuron obtained from the above density
(6100/pm?) and from the dendritic membrane area (426 pm?) amounts to 2.6 x 10°
for the A-neuron of A. polyphemus (tuned to (E,Z)-6,11 hexadecadienyl acetate),
and to 3.8 x 10° for the BOL-neuron of B. mori, the latter with a dendritic area of
62 pm? (Gnatzy et al. 1984).

Using the estimated amount of receptor molecules further important numbers
may be derived. If every OR-ORCO complex constitutes an ion channel, there
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Fig. 1.5 Steady dose-response functions of the theoretical and measured receptor potential (mV),
and of FAR’ (% of FAR'max) produced by the kinetic model of Kaissling (2009b). Abscissa
Stimulus uptake U (molecules adsorbed per second and per hair volume, given in pM/s), calibrated
by measuring the release of radioactivity from the sources loaded with the *H-labeled major phero-
mone component (E,Z)-6,11-hexadecadienyl acetate (Kaissling 1995) and by measuring the
adsorption on the antennal hairs of Antheraea polyphemus (Kanaujia and Kaissling 1985). The
smallest load (dot near —6) was 1075 pg per filter paper, the load for the saturating uptake Usat was
1 mg on a 10-mg piece of cotton. Large dots Average amplitudes (+s.d.) of receptor potentials
transepithelially recorded from 14 single sensilla trichodea of male moths upon 2s-pheromone
stimuli with (Zack 1979). The three lowest values were re-measured by Blanka Pophof, Seewiesen
(error bars not visible). Asterisks Model equilibrium concentrations of FAR’ (plotted as % of
FAR’max) at 2 s after stimulus onset. FAR’ increases linearly with the pheromone uptake over the
entire range up to about 10 pM/s (Kaissling 1998). Usat = 30 pM/s is the uptake at which the theo-
retical maximum of 100% FAR’max would be reached (with infinitely long stimulation). Small
dots Theoretical receptor potential amplitudes expected for an increase of FAR’ and of membrane
conductance, with the assumption of 30 pS increase per FAR'. (Modified from Kaissling 2013)

would be as many ion channels as receptor molecules (2.6 x 10° for the A-neuron of
A. polyphemus). A number of only 1000—10,000 ion channels per A-neuron would,
however, suffice in order to reach amaximum receptor potential amplitude if each
ion channel contributes 30 pS (Fig. 1.5). This enormous discrepancy supports the
assumption that number and size of ion channel openings may be subjected to sig-
nificant reductions, for instance at high stimulus intensities (see below).

From R,,, and the apparent rate constant k5 (=0.947/(s x puM) for the association
of FA and R (determined by Kaissling 2009b, 2013) one obtains the average time
interval needed for the ligand-receptor binding (for weak stimulation when R is
about equal to R,,):

In2/(R,, xks)=426ms

This time interval needed for the binding reaction of FA and R is responsible for most
of the delay of the responses to single molecules observed at weak stimulus intensi-
ties. In the example of Fig. 1.3c, half of the nerve impulses were fired about 100 ms
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after the end of the 1-s stimulus. Therefore, the average latency of the nerve impulses
was about 600 ms. A similar average delay may be obtained from Fig. 2 of Dolzer
et al. (2003) for nerve impulses recorded from antennal sensilla of M. sexta after
weak and brief (50-ms) stimulations, using bombykal at loads below 10~ pg/fp.

Several processes contribute to the latency of nerve impulses after weak phero-
mone stimuli:

(1) The passive transport of the stimulus molecule from the hair surface to the
receptor neuron which takes about ten ms; this value results from a diffusion
model, based on the measured longitudinal transport of *H-labeled pheromone
along the olfactory hair (diffusion coefficient 3 x 1077 cm?/s, Kanaujia and
Kaissling 1985). It is supported by the observed minimum delay (about 10 ms)
of the receptor potential at very high stimulus intensities (Kaissling 2001,
2013).

(i) The binding of the pheromone to the highly concentrated pheromone binding
protein (PBP) within the sensillum lymph (Vogt and Riddiford 1981; see
Chaps. 4, 5, 6, 7, and 8), form B. This takes about 3 ms only, for a PBP con-
centration of 3.8 mM (Kaissling 2009b).

(1i1) The change of the complex FB to the ligand form FA able to bind to the recep-
tor molecule, with 94 ms (ibid.).

(iv) The binding of FA and R, with the above calculated 426 ms.

(v) The change from the ligand-receptor complex FAR to the activated form FAR’,
with 41 ms (ibid.).

(vi) The delay between bump onset and nerve impulse, with 10-20 ms
(Fig. 1.2a-d).

The sum of these quantities fits to the observed delay of about 600 ms.

The above model reveals an apparent dissociation constant k_s/ks = 8.1 pM of the
ligand-receptor complex FAR. Binding experiments of Leal et al. (2005) yield a
smaller dissociation constant for the complex of bombykol and PBP (form A) of
1.6 pM. This would mean that the apparent binding of the pheromone (F) to the PBP
(A) is stronger than the binding of the ligand FA to the receptor molecule R. The
apparent effective concentration of FA for the complex FAR’ was ECsy = k_s/ks X k.
(ks + k) = 6.8 pM (Kaissling 2009b). This ECs is close to the ECsy = 1.5 pM for
bombykol and the bombykol receptor molecule expressed in Xenopus oocytes
(Nakagawa et al. 2005).

This attempt to model pheromone reception in moths (Kaissling 2001, 2009b) is
preliminary. It is based on experimental data obtained from different species of
moths and types of pheromone neurons. Furthermore it does not include the sensory
neuron membrane protein (SNMP). Recent work shows that this protein is involved
in the interaction of pheromone, pheromone binding proteins and the OR-ORCO
receptor complex (see Chap. 4). Further biochemical and physiological data are
certainly needed for a more complete model of insect olfactory transduction
processes.
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6 Variation of ERPs

Observations of fluctuating and smooth receptor potentials suggest that the elemen-
tary receptor potentials (ERPs) may vary in shape and size. At medium stimulus
intensities the receptor potential fluctuates due to superimposition of ERPs such as
observed at weak stimuli (see Fig. 1.3b). With increasing stimulus intensities the
fluctuations become stronger but they disappear with still higher intensities, as
expected when the receptor potential amplitude approaches saturation (see Fig. 1.4).

Strikingly, pheromone derivatives with minimal modifications of the chemical
structure may produce either smooth (Fig. 1.6a, second trace) or fluctuating receptor
potentials (Fig. 1.6a, third trace). This is the case even if the derivatives (both about
1000-fold less effective than the pheromone) are applied at equal stimulus intensi-
ties producing similar average potential amplitudes far below saturation (Kaissling
1974). Apparently the fluctuations represent superimposed regular ERPs while the
smooth response results from a larger number of smaller ERPs.

An explanation of different response types might be based on the rate constants
of the ligand-receptor interaction that could differ depending on the stimulus com-
pound (Kaissling 2009b). For instance, a given pheromone derivative could account
for a smaller activation rate k, than the native pheromone. This would reduce the
number of activations of FAR, but would not change the lifetime of FAR’ (depend-
ing on k) and the duration of channel open state. Consequently, the derivative
would produce “regular” bumps and a fluctuating response (Fig. 1.6a, third trace) as
the pheromone (Fig. 1.6a, first trace). With a different derivative a larger k.5, how-
ever, would reduce the number of activations per FAR complex, and shorten the
lifetime of FAR’, thereby shortening also the open state of ion channels. Due to
limited temporal resolution of the recording system very short events would not be
visible. Many such events would add up and form a smooth overall response
(Fig. 1.6a, second trace).

Important properties of olfactory neurons still cannot be explained to date, as e.g.
the particular shape of the dose-response curve of moth pheromone receptor poten-
tials covering seven log;, units of stimulus intensities (see Fig. 1.5). This curve
reflects the need of moths to cope with an enormous range of pheromone concentra-
tions, from those several hundred meters or even a few km downwind from the odor
source up to those very close to the female pheromone gland (for references see
Kaissling 1997). The measured dose-response curve of the receptor potential ampli-
tude is much shallower than the theoretical curve (see Fig. 1.5). The theoretical
curve is expected if both, FAR’ and the membrane conductance increase in linear
proportion to the stimulus intensity and if the curve saturates due to a non-linear
relation between conductance and voltage. The shallow shape of the measured
curve suggests that number and/or size of ion channel openings are reduced with
increasing stimulus intensity. Reduction of receptor potential amplitudes and asso-
ciated changes of the preparation resistances occur due to adaptation after preceding
strong stimuli (Zack 1979; Kaissling and Thorson 1980). The reduced sensitivity of
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Fig. 1.6 Recordings from sensilla trichodea of saturniid moths (Antheraea pernyi, A. polyphe-
mus). (a) First trace: Typical fluctuating receptor potential with irregular firing pattern of nerve
impulses elicited by a weak pheromone stimulus (0.001 pg per odor source). Second and third
traces: Responses of the same neuron upon stimulation by pheromone derivatives at 1000-fold
higher load of the odor source: Smooth and fluctuating responses with regular and irregular firing,
respectively (Kaissling 1977). (b) Upper trace: Strong response to a 1-s air puff with pheromone
applied locally to a 400 pm hair via a capillary mouth of 40 pm diameter. The typical initial burst
of nerve impulses (highlighted by dots) is followed by a silent period indicating adaptation of the
impulse generator. Lower trace: Responses of the same neuron to the pheromone puff followed by
a puff of air directed to the same locus containing decanoyl-thio-1,1,1-trifluoropropanone (DTFP).
The inhibitor acts as quickly as the pheromone. The silent period of impulse firing is shortened and
followed by impulse firing indicating recovery from adaptation of the impulse generator. (Modified
from Pophof 1998)
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the neurons appears as a substantial modification of the dose-response curves (Zack
1979; Kaissling et al. 1987; Dolzer et al. 2003).

7 Possible Mechanisms of Pheromone Response Modulation

The so-called metabotropic olfactory receptors, i.e. G-protein-coupled receptors,
modulate ion channel function via intracellular second messengers (Ronnett and
Moon 2002) that open ion channels from the membrane inside.

Often metabolic processes are thought to be necessary for the extreme sensitivity
of olfactory neurons (Nakagawa and Vosshall 2009; Wicher et al. 2008). As dis-
cussed above, the amplification required in order to produce an ERP could be pro-
vided solely by the electrical organisation of the sensillum, i.e. by direct opening of
ion channels upon binding an odorant molecule. This function, however, known for
ligand-gated “ionotropic” receptors (Silbering and Benton 2010; Wicher 2015),
might be performed also by “metabotropic” receptors, when stimulated at low stim-
ulus intensities, i.e. at a few molecule hits per neuron and per s. Intracellular signal
processes might rather be involved at higher stimulus intensities and cause the
above-discussed shallow shape of the dose-response curve and be responsible for
sensory adaptation. Here only a few aspects related to the responses to weak phero-
mone stimuli are discussed.

A candidate intracellular messenger is cyclic guanosine monophosphate (cGMP)
since Ziegelberger et al. (1990) found an 1.34-fold increased level of cGMP in
antennal homogenates of A. polyphemus and B. mori after pheromone stimuli were
applied to the living antennae. In this study, no increase was found for the cyclic
adenosine monophosphate (cAMP) signalling pathway. Since the authors did not
detect an increase of cGMP within sensillum hairs isolated from intact antennae
after 30 s pheromone stimulation they concluded that cGMP is not involved in the
generation of the receptor potential but rather may modulate the nerve impulse gen-
eration within the neuron soma (Ziegelberger et al. 1990).

The latter idea is supported by whole cell-patch clamp recordings from A. poly-
phemus neurons isolated during the early phase of pupal development. Zufall et al.
(1991) found that 10 pM of cGMP rapidly blocked a calcium-activated unspecific
(CAN) channel. This channel is gated by 100 nM Ca?*, and opens with at least four
sublevels of 16 pS each and with an opening time of 1 ms. The CAN-channel, how-
ever, has not been found in the pheromone-sensitive dendrite membrane. Its func-
tion remains to be clarified.

The reports about the physiological effects of cGMP as a second messenger in
moth olfactory transduction are contradictory. Patch clamp experiments using
extruded dendrites of receptor neurons of A. polyphemus revealed pheromone-
dependent channel openings of 56 pS, with opening time constants of 0.14 ms and
1.48 ms (AC1-channel; Zufall and Hatt 1991). The mean currents through this chan-
nel increased with cGMP concentrations between 1 pM up to 100 pM (with 5 mM
magnesium adenosine triphosphate or MgATP).
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On the contrary, receptor potentials and nerve impulse firing were substantially
reduced in tip recordings when the sensillum was superfused with 100 pM of dibu-
tyryl guanosine 3’,5’ cyclic monophosphate (db-cGMP) (Redkozubov 2000b). This
membrane-permeable mimic of cGMP also diminished the bump amplitudes.
Nakagawa and Touhara (2013) applied up to 100 pM doses of cGMP and cAMP to
the (outer) surface of oocytes expressing the bombykol receptor BmOr-1 +
BmORCO and found weak activation of currents. Responses to bombykol, how-
ever, were strongly suppressed by 100 puM doses of both cyclic nucleotides.

That second messengers play a role in moth pheromone reception is suggested
by the presence of a G-protein Gq alpha subunit in moth antennae, exclusively in
trichoid sensilla (Jacquin-Joly et al. 2002), and also by the effects of compounds
known to interfere with the sensory transduction cascade. Further membrane-
permeable compounds mimicking second messengers were extra-cellularly applied
via the recording capillary electrode in contact with the opened tip of trichoid sen-
silla. For instance, 20 pM 1,2-dihexanoyl glycerol (DHG), mimicking diacylglyc-
erol (DAG), a protein kinase C activator, caused impulse firing of gypsy moth
neurons (Redkozubov 1996). Nerve impulses were elicited by 100 pM 1,2
dioctanoyl-sn-glycerol (DOG), another mimic of diacylglycerol, in pheromone-
sensitive neurons of A. polyphemus (Maida et al. 2000). The above-mentioned
pheromone-dependent AC1-channels of A. polyphemus neurons found in patch
clamp studies were activated by 2.9 uM of DOG (+5 mM of MgATP, Zufall and
Hatt 1991). No effects on the above AC1-channels were observed with 1 pM of
inositol 1,4,5-triphosphate (IP3), another second messenger, or with 100 pM of
cAMP (ibid.).

Interestingly, the G-protein activator sodium fluoride (NaF, 20 mM) elicited
nerve impulse firing (Laue et al. 1997). NaF (20 mM) and DOG (100 pM) elicited
bumps with impulse firing (see Fig. 1.2g) in BOL- and BAL-neurons of B. mori
(Pophof and Van der Goes van Naters 2002). This activity was not blocked by the
putative pheromone competitor DTFP (see below), suggesting that NaF and DOG
tackled a stage of the transduction cascade later than the pheromone-receptor inter-
action. These activators elicited bumps with average amplitudes as high as those of
pheromone-induced bumps (ibid.). Further studies of intracellular mechanisms
involved in insect olfactory transduction are reviewed in Stengl (2017) and Wicher
and Grosse-Wilde (2017).

8 Effects on the ERP by Blocking Agents and Pheromone
Derivatives

Terpene compounds like geraniol or (+)-linalool (produced by plants) are known to
effectively block pheromone receptor neurons in moths (Schneider et al. 1964; Den
Otter et al. 1980; Kaissling et al. 1989). The NaF- or DOG-induced activity has been
blocked by chemicals such as (+)-linalool or heptanol (Pophof and Van der Goes van
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Naters 2002). (+)-Linalool is, however, a potent stimulant for another type of neuron
in the female B. mori (Heinbockel and Kaissling 1996; Barrozo and Kaissling 2002).
Notably there are compounds producing both excitation and inhibition, but with dif-
ferent time course. For instance, a stimulus with iodobenzene initially inhibits the
spontaneous activity of the benzoic acid olfactory receptor neuron of the female B.
mori. After ceasing the odor stimulus, the inhibition rapidly disappears and a tran-
sient excitation appears (De Brito-Sanchez and Kaissling 2005).

The receptor potential may be selectively blocked by decanoyl-thio-1,1,1-
trifluoropropanone (DTFP, Pophof 1998), a compound known as esterase enzyme
blocker (Vogt et al. 1985). This compound applied within an air puff immediately
repolarised the receptor potential elicited by a preceding pheromone stimulus, with-
out impairing the nerve impulse firing (Fig. 1.6b). DTFP strongly reduced the fre-
quency but not the amplitudes of ERPs upon pheromone stimuli. It blocked various
pheromone receptor neurons but did not act on neurons tuned to other compounds
(Pophof et al. 2000). Probably this blocker with a structure similar to the one of
moth pheromones competes with binding of the pheromone to the receptor mole-
cules. The amount of (*H-labeled) DTFP adsorbed on the antennal hairs causing full
inhibition was similar to the calculated number of receptor molecules. DTFP
strongly binds to the abundant pheromone binding protein (PBP) within the sensil-
lum lymph. PBP is about 300-fold higher concentrated than the applied DTFP
(Pophof et al. 2000). Probably the inhibitory effect is due to the binding of the
DTFP-PBP complex — rather than of the free DTFP — to the receptor (ibid.). In this
case PBP would binds the DTFP as rapidly as it binds the pheromone, because the
inhibitory effect starts within a few ms (Fig. 1.6b). DTFP and similar compounds
selectively affecting pheromone reception are discussed as tools for insect pest con-
trol (Renou et al. 2004).

9 Smooth Responses in Non-pheromone Neurons

Many types of less sensitive olfactory neurons do not show ERPs or fluctuating
receptor potentials, even though they innervate sensilla morphologically similar to
those housing pheromone receptor neurons. One typical example is a neuron of the
female B. mori most sensitive to benzoic acid that produces a just detectable
increase in impulse firing at 7 x 10® molecules of benzoic acid per ml of air, at an
air speed of 60 cm/s (Ziesmann et al. 2000). This concentration is in the range of
the human detection threshold for a few most potent odorants (Devos et al. 1990).
With this threshold stimulus the benzoic acid neuron receives more than 1000
odorant molecules per second. The smooth receptor potentials of these neurons
must be due to minute openings of many ion channels. Another case of mass effects
of stimulus compounds are the CO,-receptor neurons, that are extremely sensitive
while responding to fractions of the natural CO, concentration in air but are cer-
tainly not “interested” in detecting single stimulus molecules (Stange and Rowe
1999; Jones 2013).
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It remains to be shown whether the mechanism producing ERPs and nerve
impulses upon single stimulus molecules is unique to pheromone sensing in moths
or whether it occurs also in other insects. Particularly insects with very small-sized
antennae and/or sensilla — accordingly less efficient in collecting molecules — are
expected to have neurons able to detect single odorant molecules. For instance the
antenna of a Drosophila (fruitfly) has an outline area 10,000-fold smaller than the
one of a saturniid moth comb-like antenna and bears hair sensilla of 10-pum length.
Of course a small efficiency of catching molecules may to some degree be compen-
sated by a low rate of spontaneous nerve impulse firing of the neurons (Kaissling
2009a).

10 Elementary Responses of Insect Photoreceptor Cells

Finally, it should be noted that insect photoreceptor cells show elementary potential
waves with amplitudes of 0.5-2.5 mV and with 30—40 ms half-width (Scholes 1965;
Kirschfeld 1966; Lillywhite 1977). These waves, also called “bumps”, are gener-
ated by light-sensitive channels (transient receptor potential “TRP” and TRP-like
channels). They started after light flashes containing single or a few photons per
cell, with latencies of 20—150 ms in the locust, and about 20 ms in the fly. The
bumps could reflect single photon absorptions. In Drosophila (fruitfly) an average
bump of 10 pA corresponds to ca 15 simultaneously open channels at the peak of
the bump (Henderson et al. 2000).

11 Elementary Responses in Vertebrate Olfactory Neurons

There is little doubt that also in certain vertebrate olfactory neurons single mole-
cules are sufficient to elicit nerve impulses. Dogs with 10° olfactory neurons per
nose respond behaviorally to a concentration in air of butyric acid of 9 x 10° mole-
cules/ml (Neuhaus 1953) or to alpha-ionone of 4 x 10° molecules/ml (Moulton
1977). With a sniff volume of 100 ml a dog would inhale 9 x 10° molecules of
butyric acid. Only a fraction of the inhaled molecules would reach the olfactory
epithelium. For butyric acid the number of molecules hitting the sensory neurons
(9 x 10°) would be at least 1000-fold smaller than the number of olfactory neurons
per nose (10°). According to Poisson statistics one million of the olfactory neurons
will receive one molecule only. About 500 neurons would receive two molecules,
and less than one neuron a triple hit.

Patch clamp studies in isolated vertebrate olfactory neurons showed channel
openings eliciting nerve impulses in salamander (Trotier and MacLeod 1987),
mouse (Maue and Dionne 1987), frog (Rana esculenta/ridibunda; Frings and
Lindemann 1988) and rat olfactory neurons (Lynch and Barry 1989). The channel
openings observed in these studies were typical square-shaped, bimodal (open/
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closed) events — conducting currents of about 2 pA. In rat, the conductance of a
channel was estimated to be 29 pS, a single nerve impulse was fired 20 ms or more
after channel opening (ibid.).

These ion channels correspond to those described here for insect pheromone
receptor neurons where amplitudes of 1 pA (or 0.3 mV) or more triggered nerve
impulse firing (see Fig. 1.1e, f). The similarities between the described channel
openings in vertebrates and insect ERPs/ERCs might indicate direct channel gating
in an extremely vast repertoire of olfactory systems.

Other work on vertebrate olfactory neurons, mainly in amphibians, shows a dif-
ferent type of current waves, reminiscent of the “bumps” recorded from vertebrate
photoreceptor cells, which are thought to reflect intracellular signalling processes.
These responses were recorded from isolated olfactory neurons upon brief odor
stimuli in salamander (“‘quantal-like current fluctuations”; Menini et al. 1995) and
in frog (“unitary responses” of Rana pipiens; Bhandawat et al. 2005, 2010). In both
cases the responses appeared as single current waves starting 100-400 ms after
stimulus onset, reached a peak about 500 ms after stimulus onset, and returned
exhibiting a half width of about 500 ms.

The “quantal” current waves with amplitudes of 0.3—1 pA were considered as
presumably triggered by single odorant molecules (Menini et al. 1995), an interpre-
tation challenged by Lowe and Gold (1995). In frog (R. pipiens) the wave ampli-
tudes varied between 0.3 and 9.5 pA, with an average of 2.9 pA (Bhandawat et al.
2005). A further investigation (Bhandawat et al. 2010) showed the same wave shape
at stimuli of 20-200 ms with wave amplitudes up to about 40 pA. A current wave of
1.2 pA elicited nerve impulse firing and was composed of about 35 events of
0.034 pA, each of which was thought to represent one odorant-induced channel
opening.

Bhandawat et al. (2005) tried to estimate the residence (dwell) time Tc of an
odorant molecule bound to the receptor molecule from the peak amplitudes of the
unitary responses related to the stimulus duration. This relation was measured at
very strong odorant stimulation (2 mM of cineol) thought to saturate odorant bind-
ing of the receptor molecules. At low Ca®* (100 nM), the relation was linear for
stimuli between 25 and 50 ms. If linearly extrapolated to zero response, the time-
intercept was near zero or, not discernible, at a very small value of stimulus dura-
tion. The authors concluded that “the receptor-odorant complexes ... lasted <1 ms”,
and considered 1 ms as the residence time Tc, a figure since then widely used in the
literature discussing specifically about odorant-olfactory receptor interaction (e.g.
in Kaupp 2010). Whether the approach used by the authors is suited to determine
the residence time Tc — without any evidence about the three rate constants deter-
mining Tc (see above) — needs to be verified. One severe difficulty of this approach
is that the estimate of Tc is based on the wave peaks occurring not until about
500 ms after stimulation.
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12 Concluding Remarks

This review is an attempt to stimulate further research on the in vivo responses of
olfactory neurons to single pheromone molecules, which may be recorded relatively
easily from the tips of insect olfactory sensilla. The study of such responses might
be helpful not only for understanding the recognition of the odorant by the
OR-ORCO complex, but also for unravelling extracellular interactions of the odor-
ant with other important proteins such as odorant (pheromone) binding proteins
(OBPs, PBPs), sensory neuron membrane proteins (SNMPs), odorant degrading
enzymes (ODEs) (Vogt et al. 1985; Vogt 2003, 2005; see Chaps. 4 and 5), and
calmodulin (Mukunda et al. 2014). Studies of these interactions by using smallest
stimulus intensities would avoid interference by sensory adaptation processes and
intracellular signaling processes occuring at higher stimulus intensities. Recordings
from single insect sensilla with identified olfactory neurons are more than ever cru-
cial in studying the neurobiological basis of odor sensing. Via the recording capil-
lary electrode at the opened hair tip, experimental drugs may conveniently be
applied directly to the odorant-sensitive dendrites inside the hair shaft (see Fig. 1.1)
(Kaissling 1974, 1995; Kaissling et al. 1991). This way also chemicals used for
insect pest control could be tested (e.g. Kaissling 1980) and might certainly help
elaborate new strategies, targeting the basic mechanism of insect olfaction.
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