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ABSTRACT 

Sex-pheromone components released by Manduca sexta females are detected solely by male

specific olfactory receptor neurons that innervate long sensilla trichodea on the male antennae. To 

facilitate studies of the development and physiology of these receptor cells, I have produced primary 

in vitro cultures of cells dissociated from pupal male antennae. These cultures comprise several 

morphological types of cells, two of these cell types could be characterized immunocytochemically 

with a pair of momoclonal antibodies that were shown previously to recognize certain antigens in 

olfactory receptor neurons at defined stages of development. The good correlation between in vivo 

and in vitr~ expression of these antigens suggest that the immunocytochemically recognized cells 

are olfactory receptor neurons that follow at least partially their normal course of development i!! 

vitro. 

PatCh-clamp studies revealed that the immunocytochemically recognized olfactory receptor 

neurons express three different kinds of es+ -blockable K+ channels and at least one kind of 

Tetrodotoxin-blockable Na + channel after three weeks in vitro. At least one channel, an unspecific 

cation channel, responds with higher frequency openings after stimulation with female pheromone

gland extracts in vitro. Thus it could be demonstrated for the first time that identifiable cultured 

insect olfactory receptor neurons differentiate in morphological and physiologic;)\ terms and are 

able to respond to pheromones in vitro, providing an ideal model system for studies of primary 

sensory transduction in vitro. 
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INTRODUCTION 

Insects provide appropriate model systems for studies of olfaction 

Olfaction, the sense of smell, informs an organism about chemical materials and processes 

in its surrounding world. Odors arc important cues for directing behaviors such as food intake and 

mate selection in humans as well as in insects and other animals. 

It might be expected that a sense organ as important as the Olfactory organ has been highly 

conselVed during evolution. Thus olfactory transduction mechanisms may be shared in very different 

species such as humans and insects. But because of the highly diverse and complex nature of odors 

involving innumerable chemical compounds, it might also be expected that different mechanisms 

have evolved in the same animal for the detection of different chemical groups. 

Morphological as well as physiological comparisons of vertebrate and insect Olfactory 

systems reveal a remarkable degree of similarity in the peripheral as well as the central pathways. 

In both species the bipolar Olfactory receptor neurons (ORNs) are surrounded by supporting cells, 

except for their dendrites, which contact the odor stimuli (compare Fig. lA and 18). In vertebrates 

as in invertebrates the ORNs respond to the odors will. receptor potentials, which elicit action 

potentials (see reviews by Lancet, 1986 and Kaissling, 1987) that encode information of odor quality 

and quantity to be processed by the brain. Even the part of the brain that receives the terminals 

of the ORNs is similarly structured (wHit equivalent cell types) in vertebrates and in insects (see 

reviews by Shepherd, 1983; Boeckh, r987; and Homberg et aL, 1989). So it can be seen that the 
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olfactory systems of vertebrates and insects share organizational principles. The insect, however, 

offers several advantages over vertebrates for the study of the olfactory system. The vertebrate 

olfactory system with its interconnections within the brain appears more complex because of its 

large number of small, not individually idemifia!:lle cells. In contrast, the insect's sensory organs and 

the olfactory centers in the brain comprise fewer pathways which are individually identifiable, 

rendering them easier to study. Furthermore, nocturnal insects have highly developed olfactory 

systems and their courtship is based mainly on olfactory cues as they do not use auditory courtship 

signals. 

Olfaction has been a subject of study and speculation long before the advent of modern 

biochemistry and neurobiology. About 55 Be the Roman poet and philosopher Lucretius suggested 

that sweet and pleasant substances may be composed of smooth round atoms, while those that seem 

bitter and harsh may be more compacted of hooked particles (based on Democritus' atomic theory). 

Within the last century scientists have proposed a variety of olfactory theories (Davies, 1971; Beets, 

1971; Amoore 1982; Lancet, 1986; Kaissling, 1987), the most recent one assuming stereochemical 

recognition of the odor molecule by a membrane protein receptor. But still the mechanisms of odor 

detection and recognition remain unknown. 

To study the mechanisms of odor detection I have chosen to work on Manduca sexta, a 

nocturnal moth with well developed and well studied olfactory system and olfactory behavior. It is 

relatively large (about 10 cm) and easy to rear in captivity. COnsequently it is accessible for 

electrophysiological as well as for biochemical studies and is very well suited for the study of 

primary olfactory transduction mechanisms. These mechanisms are mostly unknown. They occur at 

the periphery of olfactory organs and translate the chemical odor signal into an electrical response, 

which relays the quality and the quantity of the odor to the brain of the animal. 



Fig. lA (a) A sketch of a vertebrate ORN (n) shows its bipolar shape. The dendrite (d) of the 

neuron grows to the surface of the olfactory epithelium where it forms a knob with inserting 

olfactory cilia (c). (b) A schema of an extracellular recording of a receptor potential (RP) elicited 

in the ORN after application of an odor (S) to the olfactory cilia. Extracellularly recorded action 

potentials (ER) are shown below the receptor potential. (c) High-voltage electron micrograph 

(HVEM) of a longitudinal thick section of a taste bud (arrowheads and encircled) within the lingual 

epithelium shows its similar anatomical organization (compare to an insect olfactory sensiIIum in 

Fig. lBc). The apical ends of dark cells (D) and light cells (L) are exposed to the oral cavity at the 

taste pore (arrows). The inset shows a different thick section (6,240 x). Short, unbranched microvilli 

(SU) are the apical specializations of light cells (L); long branched microvilli (LB) are those of dark 

cells (D); and stereocilia arc the apical specializations of cells that resemble light cells. (Modified 

from Cummings et aI., 1987). 
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Fig lB. (a) Mature pheromone-sensitive trichoid sensillum, reconstructed from serial sections 

through a stage-17 pupal antenna from M. sexta. Abbrevations: a, axon; c, cuticle; cs, ciliary 

constriction; d, dendrites, g, thecogen cell; n, olfactory receptor neurons; to, tormogen cell; tr, 

trichogen cell. (Modified from Sanes and Hildbrand, 1976). Below it are shown a schema of the 

extracellularly recorded receptor potential (RP) and spikes (ER) in response to a pheromone 

stimulus (S). (c) A light micrograph from the soma (s) and proximal parts of the axon (a) and 

dendrite (d) of an ORN. The thecogen cell and its processes that enshcath these neurons are 

outlined. The nucleus of the ORN is marked with a star. Bar: 2 urn. (Modified from Sanes and 

Hildebrand, 1976). 
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Pheromones arc important odor stimuli influencing insect reproductive behavior 

Many nocturnal insects, such as many moths, cannot always rely solely on their visual or 

auditory sense to find mates or food sources. Odors, volatile chemical substances released by all 

plants and animals, are the most relevant cues for insects orienting at low light levels or in the dark 

(Taylor, 1965; Chapman et aI., 1981; Birch, 1984; Kennedy, 1985; Miller and Strickler, 1986; for 

reviews see Bell and Card6, 1984; Kennedy, 1986). Very prominent signals in the Olfactory world 

of an insect are the sex pheromones, species- and sex-specific chemicals that are released by one 

sex to attract mates (Tumlinson et aI., 1969; Baker and Card6, 1976b; Willis and Baker, 1984; see 

reviews by Baker, 1985; Card6 and Baker, 1984; David, 1986; Kramer, 1986; Kennedy, 1986). 

Females of the moth Manduca sexta (Sphingidae) release a characteristic sex pheromone 

blend from glands associated with the intersegmental membrane on the ventral side of the ninth 

abdominal segment (Eaton, 1986; Itagaki and Conner, 1988) to attract conspecific males (Starratt 

et aI., 1979; Tumlinson et aI., 1989). The female moths demonstrate a stereotyped behavior known 

as "calling" as they release the pheromone blend. Calling behavior is distinguished by the extrusion 

of the eighth and ninth abdominal segments, which normally at rest are telescoped within the 

seventh abdominal segment. During calling, the segments are usually fully extruded, thus exposing 

the pheromone glands to the airstream (Weatherston and Percy, 1968; Sanders, 1969; MacFarlane 

and Earle, 1970; Ostaff et aI., 1974; Itagaki and Conner, 1988). Extracts of these glands contain a 

blend of 12 aldehydes, including at least 2 biologically potent lipophilic 16-carbon-aldehydes: (~,~)-

1O,12-hexadecadienal (also known as bombykal) and (£,£,~)-10,12,14-hexadecatrienal (Christensen 

et :\1., 1989; Kaissling et aI., 19&9; Tumlinson et aI., 1989). Wind tunnel experiments have revealed 

that a mixture of synthetic bombykal and (£,£,~)-hexadecatrienal can evoke characteristic zig

zagging upwind flights and copulatory behavior in M. sexta males (Tumlinson et aI., 1989). The 

pheromone components as well as other odors arc detected by sensilla on the insect's antenna. 



Fig. 2. (A) Manduca sexta pupa (P) and adult (A). The dorsal surface of the pupa faces to the right 

of the figure. A star marks the cuticular sheath of the developing proboscis in the pupa, which later 

is tightly coiled and not visible in the adult. Arrows point to pupal and adult antennae. Bar, 1 cm. 

A single flagellar annulus from the antenna of an adult male is shown enlarged, next to whole 

antenna of male and female. The brackets indicate the basal segments of the antenna, the scape and 

the pedicel. On the enlarged male annulus are the arrays of long pheromone-sensitive trichoid 

sensilla (st), sensilla chaetica (sc), sensilla basiconica (sb), and a styliform sensillar complex (ss), as 

well as several other types of sensilla, not shown. Scales (s) cover the cuticle (e) the backward 

pointing edge of the flagellum. Nerve trunks (n), nerve branches (n), a blood vessel (b), and a 

trachea (t), lie in the lumen. (MOdified after Sanes and Hildebrand, 1976a). (B) A scanning electron 

micrograph of 3 annuli of a male flagellum, with long pheromone-sensitive trichoid sensilla (st) and 

to the right, a lateral view of part of a female flagellum, covered only with short sensilla basiconica 

(sb). Note the absence of long sensilla trichodea. The back of the flagellum is covered with scales 

(5). (Modified from Keil, 1989). 
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Fig. 3. (A) Schematic diagram of an olfactory sensillum trichodeum with one receptor cell and three 

auxiliary cells. Note the different receptor lymph spaces around different parts of the ORN. The 

outer receptor lymph space surrounds the outer dendritic segment, the inner receptor lymph space 

surrounds the inner dendritic segment (Modified, after T.A Keil). 

(B) A transmission electron micrograph of pheromone·sensitive sensilla trichodea. Cross section 

showing pores (arrowheads) and pore tubules (arrows). 1\vo unbranched dendritic outer segments 

are shown as thin profiles, filled with microtubule doublets. Scale bar = 0.5 .urn (By courtesy of J.

K. Lee). 
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The moth's antenna as an important sense organ 

The moth's antenna comprises two basal segments, the scape and pedicel, and a distal 

segment, the flagellum (Fig. 2). With a variety of different sensilla located within the antenna I 

annuli, insects are able to detect temperature, humidity, CO2-concentration, wind direction, and 

most prominently, chemical cues (see reviews by Schneider, 1964; Boeckh et ai., 1965; AHner and 

Prillinger, 1980; Kaissling and Thorson, 1980; Steinbrecht, 1984; Keil and Steinbrecht, 1984; 

Zacharuk, 1985; McIver, 1985; Kaissling, 1987). In M. sexta, as well as in other insects, the scape 

and pedicel have discrete patches of mechanoreceptors called Bohm bristles (Bl)hm, 1911; Gewecke, 

1972 a, b; Arbas, 1986). In addition, the pedicel also contains a proprioceptive organ, Johnston's 

organ (VandeBerg, 1971), with sensory cells that monitor angular acceleration (Gewecke, 1974). The 

flagellum in M. sexta, an ca. I-em-long annulate structure, is invested by a variety of different 

sensilla, most of which are chemoreceptors (Sanes and Hildebrand, 1976a). Nine types of sensilla 

can be identified on the flagellum and related to specific sensory modalities on the basis of their 

cuticular and dendritic organization (Schenk, 1903; Camazine and Hildebrand, 1979; AHner, 1977; 

Lee and Strausfeld, 1989). 1\vo types of sensilla trichodea, two types of sensilla basiconica and one 

type of sensillum coeloconicum, all of which are olfactory receptors (judged by their multiporous 

hair walls), are found on each annulus of the flagellum. One type of sensillum chaeticum that is 

believed to be a contact chemoreceptor (Lee and Strausfeld, 1989), a second type of sensillum 

coeloconicum, and a styliform sensilla complex (peg organ) that is assumed to house hygro- and 

thermoreceptors are also present. A second form of sensillum chaeticum (stiff hair) is thought to 

subserve a mechanosensory function (Sanes and Hildebrand, 1976a; Lee and Strausfeld, 1989). 

The flagellum in M. sexta is a sexually dimorphic structure (Fig. 2). While the dorsal and 

lateral faces of the female flagellum are covered with short sensilla, the male's flagellum gives rise 
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to bowerlike arrangements of rows of pheromone-sensitive, long (up to 500 ,urn) trichoid sensilla. 

The flagellum in M. sexta males consists of about 90 annuli with approximately 3.6 x loS receptor 

axons in its paired flagellar nerve (Sanes and Hildebrand, 1976a; Lee and Strausfeld, 1989). One 

annulus carries about 2200 sensilla with about 5160 sensory neurons. These neurons contribute 

axons to the paired flagellar components of the antennal sensory nerves (Lee and Strausfeld, 1989). 

The number of small-diameter (olfactory) axons in the antennal nerve of a male moth is 

approximately 330,000 while in a female, the number is about 300,000 (Oland and Tolbert, 1987). 

Approximately 35% of the sensilla on a male annulus are male-specific sensiIIa trichodea, 

which contain pheromone-sensitive receptor neurons (Lee and Strausfeld, 1989). These sensilla are 

especially interesting to study, because their sensory neurons respond to species- and sex-specific 

chemical signals with extremly high sensitivity. 

Male-specific olfactory receptor cells in M. sexta 

1\vo olfactory receptor neurons (ORNs) innervate each long sensiIIum trichodeum on the 

male antennal flagellum (Sanes and Hildebrand, 1976a,b; Schweitzer et aI., 1976; Kaissling et aI., 

1989). In about 85% of all pheromone-sensitive sensiIIa, one receptor cell responds to bombykal 

(Type A), while the other responds to (g,g,~-1O,12,14-hexadecatrienal (Type B). In the remaining 

15% one cell is of type A, the other of type C, which responds to (g,g,g)-10,12,14-hexadecatrienal 

(Kaissling et aI., 1989). 

Each trichoid sensillum contains at least four types of cells in addition to the receptor cells 

(Fig. 3AB): (1) a trichogen cell, which forms the hairshaft and the outer and inner receptor-lymph 

space; (2) an outer, or tormogen cell, which forms the socket and also contributes to the inner 

receptor-lymph space; (3) a thecogen cell, and (4) a glia-Iike cell (Sanes and Hildebrand, 1976b; 
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Keil, 1984; Keil and Steinbrecht, 1984, 1987; Steinbrecht and Gnatzy, 1984; Keil, 1989). The 

thecogen cells smoothly cover the somata of the ORNs, while the glial cells enwrap their axons. The 

intercellular clefts between thecogen cells and the inner dendritic segment of the receptor neurons 

are closed distally by septate junctions (Keil, 1984, 1989). The borders between the glia cells, which 

start at the axon origins, and the thecogen cells, which end there, are also sealed by septate 

junctions. These septate junctions prevent direct contact of the ORNs' inner dendritic segment, 

soma and axon with either the receptor-lymph or the hemolymph. 

The ellipsoid ccll body of each bipolar sensory neuron measures 5 - 6.um (Keil, 1989). It 

contains mitochondria, free ribosomes, granular ER, Golgi fields, vesicles, and abundant 

multivesicular bodies. The receptor dendrite runs directly into the (5-7 .urn wide) cuticular canal 

(Keil, 1989). The dendrite is subdivided into an inner and an outer segment by a short ciliary 

structure. The inner dendritic segment, which is enwrapped by a thecogen cell, contains 

mitochondria, microtubules, vesicular structures and free ribosomes. The most striking feature of 

the (about 8-13.um long) inner dendritic segment is the presence of abundant smooth, membranous 

sacs adjacent to or fused with the dendritic membrane. The transitional region between inner and 

outer dendritic segments is characterized by two basal bodies arranged in tandem, an array of 

micro tubules and a cross-striated rootlet apparatus. Above the rootlet, the dendrite constricts to a 

short ciliary structure (Sanes and Hildebrand, 1976a; Keil, 1989). This structure immediately widens 

to form the outer dendritic segment that runs into the hair shaft. A single dendrite may contain 

50-60 microtubules (Fig. 3b). Most outer dendrites (up to O.4.um thick) show conspicuous bulbous 

swellings ("beads") about 1 .urn in diameter and up to 3 .urn long. These beads are found 

immediately after the dendrite leaves the thecogen-sheath and enters the outer receptor-lymph 

space. Their function is unknown. In freeze-fracture studies it was demonstrated that olfactory cilia 

have a considerably higher density of intramembranous particles beneath the pores of the antennal 
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hairs than in ciliary regions more proximal to that level (Menco and van der Wolk, 1982). 

The axons of the receptor neurons fasciculate in glia-enwrapped bundles in the antennal 

nerve and terminate in the antennal lobes of the brain, where they form synapses within spheroidal 

neuropil structures called glomeruli (Tolbert et ai., 1983). 

The tormogen and trichogen cells form the cavities of the inner and outer receptor-lymph 

space. The inner receptor-lymph cavity is bordered by large folds and microvilli of the apical 

membranes of the trichogen and tormogen cells. 

In the trichogen cell, the apical membranes are studded with numerous small particles that 

probably correspond to "portasomes" (Harvey, 1980). The portasomes, which have been proposed 

to be K+-Na+-pumps, may produce the unusually high K+ concentration that characterizes the 

receptor-lymph (Kaissling and Thorson, 1980; GrUnert, 1985; GrUnert and Gnatzy, 1987). These 

pumps create a transmembrane potential of 30 - 80 m V between the hemolymph and the receptor

lymph. The folds of the trichogen cell also exhibit many coated vesicles (Keil, 1989), presumptive 

sites of endocytosis of materials from the receptor-lymph or of membrane to be recycled. The 

abundance of coated vesicles in the supporting cells as well as the unusually high number of vesicles 

in the dendrites suggest a high rate of membrane turnover in the dendrites. This may be necessary, 

because insect ORNs are generated during the pupal stage and apparently are not continuously 

replaced as are vertebrate ORNs (Moulton et ai., 1970; Graziadei and Metcalf, 1971). 

Acetylcholine as a possible neurotransmitter of olfactory receptor neurons in M. scxta antenna 

Biochemical studies in M. sexta strongly suggest that acetylcholine (ACh) is the 

neurotransmitter of antenna I receptor cells (Sanes and Hildebrand, 1976c; Sanes et ai., 1977; 

--------- ----------
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Prescott et aI., 1977; Hildebrand et aI., 1979; Hildebrand, 1980). With the radiochemical method 

of Goldberg and McCamam (1973), Sanes and Hildebrand (1976c) demonstrated that antennae 

contain endogenous ACh. Manduca sexta antennae synthesize and store [14C]ACh when incubated 

with radioactive choline. Antennal extracts contain choline acetyl transferase (ChAT), the ACh 

sythesizing enzyme, as well as acetylcholinesterase (AChE), the ACh degrading enzyme. Levels of 

ACh, ChAT, and AChE rise in antennae and the intracranial segment of the antennal nerve in 

parallel with the differentiation of the antennal receptor neurons (Sanes and Hildebrand, 1976c), 

providing further evidence for the cholinergic nature of the transmitter. Furthermore, antenna I lobe 

local interneurons, which are believed to be postsynaptic to ORNs, respond to applied ACh 

(Waldrop and Hildebrand, 1989). 



Fig. 4. Summary of developmental events in the antenna and the antennal lobe during post.pupal 

adult development. The top half of the diagram shows antennal development. The antenna I neurons 

are born mitotically about at the time of apolysis (when the developing antenna retracts from the 

cuticle) between stage 2 to 4. Axons and dendrites start to grow out at about stage 4-5 and reach 

their full extend by day 9. Between stage 2-3 OSA-antigens begin to be synthesized. The stores of 

acetylcholine (ACh is the presumptive neurotransmitter of ORN;;) and the activity of the ACh

synthesizing enzyme choline acetyl transferase (CAl) reaches their maximum levels by stage 12. The 

activity of the ACh-degrading enzyme acetylcholinesterase (AChE) reaches adult levels by stage 16. 

On stage 10, the cell t2 in each trichoid sensillum dies, and by stage 13 and 14 the neurons in the 

trichoid sensilla migrate to their final, mature positions. By stage 15 responses to mechanical stimuli 

can be recorded extracellularly with the EAG technique and shortly thereafter by stage 16-17 the 

antenna starts responding to odors. In the antennallobe between stages 9-12 synaptic transmission 

develops and synaptic structure matures. P, day of pupal ecdysis; E, day of edosion of the adult 

moth. (Modified, from Hildebrand, 1980). 
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The development of olfactory scnsilla 

Development of M. sexta from the egg through eclosion of the adult moth takes 42-49 days 

(depending on the temperature). M. sexta passes through five larval instars, lasting about 28 days 

and a pupal period (18 stages), comprising 18-21 days (Tolbert et a!., 1983). Mter evagination of 

the antennal imaginal disc, olfactory sensilla arise within the disc epidermis. Between 25 and 60 hrs 

after pupal ecdysis, the sensory neurons and the supporting cells that will form the sensilla are 

produced by mitotic divisions of "epidermal mother cells" (Sanes and Hildebrand, 1976a). On the 

third day after pupation, the disc epidermis retracts from the pupal cuticle (apolysis), and small 

clusters of heavily labeled cells (with eHjthymidine) become distinguishable from the surrounding 

epidermal cells. Axons first appear on day 3, at about the same time that the monoclonal antibody 

OSA (olfactory specific antibody) recognizes an antigen in all ORNs of male and female M. sexta 

(Hishinuma et a!., 1988a,b). OSA recognizes a cell-surface antigen in the somata and axons of all 

known ORNs, from 70 hrs after pupation throughout adulthood. The dendrites of pupal ORNs 

begin to grow soon after the axons on day 4. By day 5 the neurons are recognizable as the most 

darkly staining (with methylene blue) cells in the epidermis, and they possess a glial sheath around 

their axons. Late on day 5 the processes of the trichogen cells begin to grow beyond the apical 

margin of the epidermis and gradually encircle the adjacent dendrites. By day 6 the trichogen 

processes are about 30 ,urn long, and by day 7 they measure more than 100 ,urn. The hair shafts 

reach their final length of about 500 ,urn by day 10. 

During days 6-10, each trichoid sensillum contains 2 sensory neurons, lying at the base of 

the trichogen cell and covered by a thecogen cell and a glial cell; another cell, designated t2 (Sanes 

and Hildcbrand, 1976b), surrounds the apical half of the trichogen cell and is partially covered by 

the tormogen cell. On day 10 t2 degenerates. On day 8 a thin layer of cuticle surrounds each setum 

and thickens gradually until it is about 1 urn thick by day 13. By day 9-10, the two neurons shift 
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positions slightly and now sit one atop the other, rather than side-by-side as found in earlier stages. 

On days 12 and 13, the nuclei of the neurons move apically through their cytoplasm until they come 

to rest just beneath the base of the seta, under the outer cuticle. On day 13 and 14 the trichogen 

cell retracts from its hairlike sheath of cuticle, forming a cavity through which the dendrites pass. 

Between day 15 and eclosion on about day 18, no obvious change in the morphology of the 

sensillum takes place (Sanes and Hildebrand, 1976a). For a brief summary of the developmental 

events in the antenna and the antennal lobe, see Fig. 4. 

Immunocytochemical studies have revealed that by day 17, the monoclonal antibody MOSA 

(male olfactory specific antibody) specifically recognizes a cytoplasmic antigen in all pheromone

sensitive ORN somata and processes, just at the time when the antenna starts to respond to the 

pheromone (measured extracellularly with the electroantennogram methOd, see chapter III). In early 

pupal stages 1-4, MOSA also recognizes a hemocyte-like cell in the antennal lumen of both males 

and females (Hishinuma et al., 1988a,b). 

Biochemical assays reveal that the concentrations of acetylcholine (ACh) and choline 

acetyltransferase (ChAT, the ACh synthesizing enzyme) increase from day 3, until day 12. The ACh-

degrading enzyme, acetylcholinesterase (AChE), is first detectable at day 3 and reaches its 

maximum at day 16, paralleling the development of the ORNs. Extracellular recordings of odor

induced potential changes in the ORNs can first be obtained by day 16-17. Complete physiological 

maturity is obtained on day 18, one day before the adult moth ecloses, at this time the ORNs are 

able to respond to pheromones with action potentials. 

These action potentials are elicited in ORNs after mostly unknown primary peripheral 

processes through which pheromone stimulates the dendrites of the ORNs. The cells depolarize and 

produce action potentials that travel along their axons towards the deutocerebrum of the brain. 
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There the ORN's action potentials cause release of neurotransmitter, which stimulates the 

postsynaptic cells in the antennal lobes. 



Fig. 5. (A) Schema of a pheromone-sensitive olfactory sensillum with severed tip and sealed 

dendrite. The apical membranes are drawn in bold lines. The electrode for tip recordings is 

positioned over the cut tip and the electrode for the side wall recordings is connected to the 

receptor lymph through a hole in the cuticle at the base of the sensillum. The reference electrode 

is in contact with the hemolymph. Abbreviations: I, inner dendritic segment; RN, receptor neuron; 

TO, tormogen cell; TR, trichogen cell. Star, reference electrode. (Modified from de Kramer, 

Dissertation). (B) Elementary receptor potentials (~ and nerve impulses (~) recorded from one hair 

of a male moth antenna (Bombvx mori), after weak pheromonal stimulation. Note that the first 

phase of an action potential is positive-going, opposite to the first phase of the receptor potential 

(shown in Fig. 5D). (Modified from Kaissling and Thorson, 1980). (C) Spontaneous nerve impulses, 

as recorded under current- (CC) and voltage-clamp (VC) conditions from cut-off hairs (hair length 

is indicated in ,urn, also remark that these are extracellular, not intracellular recordings!). At each 

hair length 11 sensillar recordings are averaged. The last trace on the left side shows the difference 

between the current clamp signals recorded from the 245 urn sensilla and those from the 45 urn 

sensilla. Note that the positive- (+) as well as the negative-going (-) phase of the action potential 

is influenced by the length of the dendrite in Antherea polyphemus. (Modified from deKramer, 

1985). (D) Receptor potentials with superimposed impulses from the aldehyde cell of A 

polvphemus in response to increasing concentrations of (E)6,(Z)11-hexadecadienal. Lower trace 

shows stimulus duration recorded by a thermistor. (Modified from Zack, 1979). 
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Primary peripheral processes of pheromone detection in moths 

Before a moth can detect airborn odorants, the volatile molecules must first be partitioned 

from the gaseous phase to an aqueous phase. The hydrophobic, volatile pheromones have to reach 

the dendrites of the ORNs in the insect's antennae. These dendrites, which lie inside the hollow 

cuticular structures of the hair-like sensiIIa, are bathed in a receptor lymph that contains proteins 

and acidic mucopolysaccharides and an unusually high potassium concentration of about 200 mM 

(versus 6.3 mM in the hemolymph) (Keil, 1984; Grunert, 1985; Kaissling, 1986a,b; Grunert and 

Gnatzy, 1987; Keil and Steinbrecht, 1987). 

In the sensillUI~l lymph of male moths, two soluble proteins have been found: a 

"pheromone-binding protein" (PBP) and a pheromone-degrading enzyme (Vogt and Riddiford, 1981; 

Kais3ling ct at., 1985; Vogt et aI., 1985; Klein, 1987). The PBP is by far the most abundant soluble 

protein in the sensiliar lymph from adult mde M. sexta. In Antheraea it reaches a concentration 

of 10 mM in the receptor lymph. Its mRNA is also abundant, as over 20% of the cDNA inserts 

from a recombinant phage library derived from adult male antennae encode PBP (GyOrgyi et aJ., 

1988). The PBP has a molecular weight of 16 kDa, and a pI of 5.1. 

In M. sexta the main pheromone-degrading enzyme is an aldehyde oxidase (AOX) 

(Rybczynski et aJ., 1989). This enzyme oxidizes aldehydes to carboxylic acids without requirement 

of cofactors. This enzyme is first detectable in the receptor lymph 3 days before eclosion. It is 60% 

more abundant in antennae of males than in antennae of females. The antennal AOX is a dimer 

of 295 kDa and is capable of oxidizing a variety of aldehydes, but shows the highest specificity for 

bombykal. It was estimated that this AOX shortens the half-life of bombykal in sensilla to 0.6 msec. 
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1\vo different models have been suggested for how the lipophilic odorants are released from 

adsorption on the waxy surface of the sensilJar cuticle and pass through the aqueous receptor lymph 

to the dendritic membranes of the ORNs. In the "carrier model" favored by Vogt et aJ. (1985), the 

pheromone molecule, after diffusing through the cuticular pores of the pheromone sensilJa, is 

c.arried by the pheromone binding protein (PBP) from the endings of the pore tubules in the hair 

wall through the sensiIJum lymph to the dendritic membrane. At the dendritic membrane, the 

odorant interacts with postulated receptor sites (Schneider et al., 1964; Kaissling, 1969; Kafka, 

1970). It is assumed in this model that only the pheromone-PBP-complex can recognize a 

presumptive pheromone-receptor site in the dendritic membrane of the ORNs and thus stimulate 

the receptor cell. 

In the "contact model" favored by Kaissling (1986b), the pheromone reaches the dendritic 

membrane by diffusion along the pore tubules (Fig. 4b), which are believed to extend to and make 

contact with the dendritic membrane (KeiJ, 1982). In this model, the PBP has the function of 

scavenging, and thus rapidly inactivating, the pheromone after pheromone-receptor interactions 

that cause the receptor potentials. Binding to PBP reduces the concentration of the free pheromone. 

There is no direct experimental evidence yet to elucidate conclusively the role of PBP. 

Receptor potential and nerve impulses in ORNs 

For many years electrophysiologists have tried to obtain information about the primary 

sensory transduction mechanisms that take place in the ORNs (reviewed by Kaissling, 1987). The 

major problem that could not be resolved, however, is that intracellular recordings could not be 

obtained from ORNs in vivo. Because the small ORNs lie hidden between supporting cells and 
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epithelial cells, beneath a thick non-translucent cuticle, it has not been possible to penetrate them 

with a recording electrode to determine their electrical parameters (e.g., capacitances and resistances 

of dendrites and somata). Various kinds of extracellular recordings have been obtained, but these 

recordings could not be interpreted without speculative assumptions and often rendered conflicting 

results. Because the electrical properties of the sensillum, with its complicated different cavities 

(with unknown ionic conditions), still remain obscure, the following findings from previous work 

cannot be explained conclusively. 

It is known from electroantennograms (EAGs, for explanation see Chapter III), tip 

recordings and sidewall recordings, all of which are extracellular recordings of potential changes, 

that ORNs express depolarizing receptor potentials after pheromonal stimulation (Fig. 5d). 

Pheromonal stimulation results in a steep negative-going potential (pOSitive ions flow out of the 

electrode into the cell, or negative ions flow in the opposite direction), which reaches a plateau 

value. This first phase is then followed by a slow, positive-going second phase that slowly declines 

after the end of the odor stimulus (Morita, 1972; Thurm, 1974; reviewed by Kaissling, 1987). These 

voltage changes are accompanied by a decrease (ca. 26%) in the resistance of the preparation 

(Kaissling and Thorson, 1980). 

The observed receptor potentials have been interpreted as due to positive inward current 

into the dendrite (assumed to be carried by K+), caused by pheromone-dependent direct opening 

of ligand-gated ion channels, giving rise to a depolarizing receptor potential that elicits nerve 

impulses (Kaissling, 1987). 

The extracellularly (in tip- or sidewall recordings) recorded nerve impulses are biphasic 

potentials (Fig. 5b), with a leading positive-going phase that lasts 1-2 msec and a 

longer-lasting negative phase (Kaissling and Thorson, 1980; Kaissling, 1986a). The opposite polarity 
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of the first phase of the receptor potential and the first phase of the action potential are thought 

by some investigators to be due to an active antidromic propagation of an impulse from the soma's 

axon hillock into the dendrite (Morita and Yamashita, 1959; Kaissling, 1986a). This interpretation 

is based on the experience that a spike elicited far away from the recording site appears first as a 

current source (positive-going voltage deflection), and then, when it reaches the electrode, as a 

current sink (negative-going). 

Generation of electrical responses in ORNs has been studied using equivalent circuit 

diagrams (Fig. 6) of the sensillum trichodeum of Antheraea polyphemus (Kaissling and Thorson, 

1980; De Kramer et a!., 1984; De Kramer, 1985). Because it had not been possible to measure the 

electrical parameters (resistance and capacitance) of each proposed element in the equivalent circuit 

independently, a computer model of distributed resistances and voltage sources was used to simulate 

responses of the sensillum to applied pheromone or to current pulses (Kaissling and Thorson, 

1980). From this model a high resting resistance of the dendritic membrane of at least 10 kOhm 

cm2 was inferred (best-fit approach). This membrane resistance would be sufficiently high for an 

electrotonic spread of the receptor potential along the dendrite toward the soma. The model 

suggests that directly pheromone-gated ion channels (of less than 60 pS conductance) located in the 

dendrite open in response to the pheromone. One to two openings are assumed to be sufficient to 

cause receptor potentials that elicit action potentials at the axon hillock (Kaissling, personal 

communication). Thus further amplification of the receptor potential through a second-messenger 

system would not be necessary (Kaissling, 1987). 

However, simultaneous recordings from the hair tip and the side wall near the hair base 

(Fig. 4A) did not show the expected changes in phase and amplitude for a backfired impulse (De 

Kramer et a!., 1984; De Kramer, 1985). Ablation experiments, in which the length of the dendrite 
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was changed, also demonstrated (Fig. 5) that the dendrite contributes to the duration of the positive 

phase as well as to the amplitude of the negative-going phase of the action potential (De Kramer, 

1985). Careful investigation of the current-clamp experiments revealed that in amputated hairs the 

spikes had a shortened positive phase and a significantly larger amplitude of the negative phase. In 

voltage-clamp experiments the amplitudes of both spike phases increased after the hair had been 

shortened. These results could not be explained in detail, but it was proposed that the spikes are 

generated in the dendrite, because the dendrite influences the two phases of the spike in a different 

way (all passively spreading potentials should be changed the same way by a shortened dendrite). 

Thus the discrepancy between the direction of the first phase of the spikes and the direction of the 

receptor potential cannot be explained by back-propagation from a distant spike-generation site. 

Kaissling's model, which holds that the spikes are generated in a distant region on the soma 

by a passively spreading receptor potential, also was not supported by experiments using local 

heating and cooling of the dendrite to estimate the contribution of the dendrite to the 

transepithelial resistance (De Kramer, 1985). From these experiments a lower dendritic resistance 

of less than 1 kQ was calculated. This corresponds to a length constant (resistance x capacitance 

of the sensory dendritc) smaller than 220 urn. Thus an electrotonic spread of receptor potentials 

over distances on the order of the length of the dendrite (300-500 urn) seems highly unlikely. 

To obtain information about the ionic basis of the receptor potential, droplets of receptor 

lymph were expressed (Kaissling and Thorson, 1980) 1 s after the hairs had been exposed to very 

strong pheromone concentrations which elicited prolonged receptor potentials (> 1 min). These 

samples exhibited a reduced CI/K ratio. These results could not be explained and conflicted with 

the generally accepted assumption that K+ influx into the dendrite causes thc receptor potential. 
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Small negative potential changes preceding each nerve impulse have been called "elementary 

receptor potentials" or ERPs (Kaissling, 1977a), on the basis of a presumption that they reflect 

the primary electrical responses elicited by single odor molf'..cuies (reviewed by Kaissling, 1987). 

These ERPs are not directly correlated with the occurrence of an action potential. An interesting 

possibility, suggested by Kaissling (1987), is that these ERPs reflect the potential changes caused 

by ions flowing through single pheromone-gated ion channels. 

The prc'iumption that openings of directly ligand-gated ion channels produce the receptor 

potential is supported by findings from Crustacea that also suggest a direct action of odor molecules 

on ligand-gated ion channels in ORNs (Hatt, 1988). In crayfish walking legs, purine nucleotides 

transiently open ion channels in outside-out patches of ORNs. Also, in taste cells of the catfish, 

ion channneis are thought to be opened directly by L-arginine (Teeter et al., 1989). 



Fig. 7. (A) The bifurcating signal pathway begins with the hydrolysis of phosphatidylindsitol 4,5-

bisphosphate (PIPz) to give diacylglycerol (DG) and inositol 1A,S-trisphosphate (IP3). When an 

agonist occupies its receptor (R), it activates a G-protein (G), which then binds GTP as part of an 

on-reaction leading to the stimulation of phosphoinositidase (PIase) = phospholipase. Both resulting 

second messengers DG and IP3 can be metabolized via two separate pathways. DG activates protein 

kinase e, IP3 releases eaZ+ from internal stores, or acts on eaZ+ channels. Abbreviations: PI, 

phosphatidylinositol. PIP, phosphatidylinositol 4-phosphate. PIPz, phosphatidylinositol 4,5-

bisphosphate. DG, l,2-diacylglycerol. IP3, demyo-inositol 1A,S-trisphosphate. I, inositol. P, 

phosphoryl group, and Rl and Rz refer to fatty acyl groups. (MOdified after Nishizuka, 1984, and 

Berridge, 1987). (B) Possible cascade and feedback control of cellular functions via G-protein

coupled receptors. Interaction of a ligand with its cell surface receptor provokes inositol 

phospholipid breakdown. The same ligand can stimulate cGMP and cAMP synthesis via another G

protein coupled receptor. The exact signal pathway to increase cGMP has not yet been uequivocally 

established. Protein kinase A, cyclic AMP-dependent protein kinase; protein kinase G, cyclic GMP

dependent protein kinase. (Modified from Nishizuka, 1984). (q The dashed lines represent the 

homologous interactions operating between the Ins1,4,5,pyeaZ+ and DG/e-kinase pathways. Note 

the negative feedback loops in which e-kinase regulates its own activity. PtdIns4,5Pz, 

phosphatidylinositol 4,5-bisphosphate (MOdified from Berridge, 1987). 
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Second messengers may playa role in primary sensory transduction mechanisms 

Nevertheless, a growing body of data from vertebrate ORNs suggests that intracellular 

messengers probably playa role in olfactory transduction (Pace et aI., 1985; Nakamura and Gold, 

1987; Firestein and Werblin, 1989; Firestein and Shepherd, 1989). It was reported that an odorant

sensitive adenylate cyclase (Fig. 7A) is present in large concentrations in isolated dendritic 

membranes of olfactory sensory neurons. This cyclase is activated in a tissue specific, GTP- and 

odor-dependent manner. These results suggested involvement of receptors coupled to a guanine 

nucleotide binding protein (G-protein) in vertebrate olfaction. An olfactory G-protein was identified 

by labelling with bacterial toxins (cholera toxin and pertussis toxin catalyse e2P]-ADP-ribosylation, 

thus permanently activating the G-protein). This G protein was found to be enriched in the 

olfactory cilia. Because odorants and GTPyS (a permanent activator of the G-protein) increase 

rather than decrease ciliary adenylate cyclase activity, it is suggested that the olfactory G-protein 

is a Gs-like protein (stimulatory rather than inhibitory) (pace et aI, 1985). 

The assumption that cAMP levels might mediate the receptor potentials in vertebrate ORNs 

is supported by physiological evidence. A cAMP-gated conductance in olfactory receptor cilia of 

toads (Nakamura and Gold, 1987) was found. Firestein and Shepherd (1989) reported odor-elicited 

receptor currents in the tiger salamander that were mediated by changes in cAMP concentrations. 

A continuous vertebrate olfactory cell line was developed which produced 20 - 30 % increases in 

adenylate cyclase activity after odor stimulation (Borisy et aI, 1989). 

In insect antennae however, odorant-dependent changes in cAMP levels could not be found 

(Ziegelberger et aI., 1989). Instead, pheromone-induced increases in cGMP levels (Fig. 8B) were 

detected. The increase of cGMP was found not in the dendritic fraction but in the antennal-shaft 

fraction of Antheraea polyphemus containing the ORNs' somata and the supporting cells. This 



37 

localization to the basal part of the olfactory sensillum and the fact that the cGMP increase (which 

occurred within 1 to 60 sec) persisted for at least 10 min suggested that cGMP may not be involved 

in the transduction process generating the receptor potential. It was suggested instead that cGMP 

affects the generation of the nerve impulses in ORNs. This was indicated because both the down

regulation of the cGMP-level and the recovery of the nerve impulse response after a pheromone 

stimulus were impaired in isolated antennae, compared to the intact animal. 

G-proteins appear to playa role in insect olfaction as well as in vertebrate olfaction. They 

were also localized in insect antennae by ADP-ribosylation (catalysed by cholera toxin or pertussis 

toxin) and specific immunoreactivity (with antisera against common sequences of the a- and f3-

subunits of all G-proteins) (Breer et at., 1988, 1989). 

There is also evidence that the intracellular reaction cascade initiated by odor stimuli may 

involve modulation of phosphatidyl inositol-4,5-bisphosphate phosphOdiesterase (Fig. 7C) (Huque 

and Bruck, 1986; Breer et aI., 1989). Very fast transient increases (more than 100x) in inositol 

triphosphate (IP3) could be found in Antheraea antennae after pheromonal stimulation. These IP3 

levels could be modulated by pertussis toxin as well as by cholera toxin in opposite ways (Breer et 

at., 1989). This suggested that there may be two different G-proteins coupled to the pheromone 

receptor, one Grlike (inhibitory, decreasing IP3) and another Go-like (which is known in other 

systems to increase IP3) (Gilman, 1987). 



Fig. 8A-E. Shown in (E) is a schematic receptor potential illustrating how the half-time of increase 

(rise)' the half-time of decrease (Tdecline), and the steady-state amplitude of the receptor potential 

(RP A) were determined. Peak impulse frequency is obtained by averaging the intervals between 11 

consecutive impulses at the peak frequency response of the receptor cell in question. The dose

response curves before (.) and 60 sec after (0) a stimulus of 100 ug O~,~-6,11.hexadecadienyl 

acetate are shown. Each symbol is the mean response from 10 acetate cells of A polyphemus. 

Stimulus duration = 2 sec. (Modified from Zack, 1979). 
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Sensory adaptation in insect ORNs 

Sensory adaptation is narrowly defined as the reversible decrease in sensitivity of a receptor 

cell due to previous adequate stimulation (Zack, 1979). Sensitivity is given in terms of the 

magnitude of a response to a particular stimulus. 

Two-second pheromone stimuli separated by intervals of at least one min at moderate 

stimulus concentrations (~ 0.1 ug) do not show receptor-potential response decrements in Antheraea 

polyphemus (Zack, 1979). Dose-response curves for the pheromone-sensitive ORNs show that the 

half-time of rise (of the receptor potential) decreases and the half-time of decline increases with 

increasing stimulus concentrations (Fig. 8). The relationship of peak impulse frequency to steady 

amplitude of the receptor potential appears to be nearly linear for pheromone concentrations of 

up to 10 ug for A. polyphemus (Fig. 8). At higher concentrations of pheromone both the receptor 

potential and the impulse frequency adapt (Fig. 8). The semilog dose-response curves for the 

adapted receptor potentials and the adapted impulse frequencies are shifted to the right to higher 

stimulus concentrations and approach a smaller saturation amplitude (Zack, 1979). The half-time 

rise of the receptor potential becomes longer and the half-time decline shorter in the adapted state. 

In local adaptation experiments where a discrete area of the dendrite was stimulated, 

selectively, it could be demonstrated that adaptation of the response remained confined to this 

stimulated site (Zack, 1979). Because the adaptation of the impulse frequency was stronger than 

adaptation of the receptor potential and seemed not to be linearly related to adaptation of the 

receptor potential, it was suggested that separate (unknown) mechanisms cause adaptation of the 
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receptor potential generation and the generation of impulses. 
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The Objective 

My work focuses on the molecular mechanisms underlying the depolarizing receptor 

potentials elicited by pheromonal stimulation in the ORNs of male Manduca sexta antennae. 

Primary questions are: 

1) What changes in ionic conductance cause the receptor potential? 2) Are ligand-gated and/or 

second messenger-gated ion-channels in the membranes of the ORNs involved in the response to 

pheromones? 

Identification of differentiating cultured ORNs 

The small size, tight covering of supporting cells and location of the ORNs under a thick 

layer of cuticle have made detailed and conclusive electro physiological studies in vivo nearly 

impossible. 

Therefore, to study the transduction mechanisms of the ORNs in response to pheromone 

components, I developed procedures for long-term primary cell cultures of ORNs. In these cultures 

ORNs could differentiate and be identified specifically as ORNs by monoclonal antibodies. These 

studies are described in Chapters I and II. 

Physiological characteristics of ORNs in vitro 

To find out if ORNs in vitro are able to produce action potentials and depolarizing 

receptor potentials in response to applied pheromone components, I used standard intracellular 

recording techniques. 

When it became clear that it was possible to evoke responses to pheromones in cultured 

ORNs, I concentrated on the patCh-clamp technique to investigate the changes in current flow 

underlying these responses. With this physiological technique I could measure whole-cell ionic 
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currents as well as current flow through single ion channels at controlled membrane potentials, in 

response to voltage steps or to stimulation with chemicals. These studies are described in Chapter 

III. 



CHAPTER I 

DEVELOPMENT OF A LONG-TERM CULTURE SYS1EM OF 

IMMUNOCYTOCHEMICALLY IDENTIFIABLE ORNS FROM 

MANDUCA SEXTA 
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Because ORNs are practically inaccessible for studies of primary sensory transduction 

mechanisms in vivo, a cell culture system of antennal cells from M. sexta pupae was developed. 

The appropriate dispersion procedure, adequate growth surface, and culture medium were 

determined for long-term culture of single ORNs. Among the other pupal antennal cells, ORNs 

could be identified with two monoclonal antibodies (Hishinuma et ai., 1988a,b). These antibodies 

specifically recognize ORNs at defined stages of development. Double-labeling experiments could 

demonstrate that the same morphological cell type could be recognized by both Abs in vivo as in 

vitro. Thus, this specific cultured cell type with a soma diameter of about 5 ,urn and fine, uni- or 

bipolar processes was assumed to be an ORN. 

MATERIALS AND METIlODS 

Animals 

Manduca sexta (Lepidoptera:Sphingidae) were reared from eggs on artificial diet (modified 

from Bell and Joachim, 1976) on a long-day photoperiod regimen (17 h light / 7 h dark) at 26° C 

and 50-60% relative humidity. Pupae were staged as previously described (Sanes and Hildebrand, 
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(Arbitrary Zcitgeber Time with lights-on at 00:00 AZ1) and anesthetized by chilling on ice for lO

IS min before dissection to isolate the antenna I flageIlum. 

Cell cultures 

Unless otherwise specified, all culture media were purchased from Gibco (Grand Island, 

NY) and all chemicals and biochemicals, from Sigma Chemical Co. (St. Louis, MO). 

Antennal flagella from late stage-2 male pupae were disrupted by a combination of 

trituration with a Pasteur pipette and enzymatic treatments in 2ml papain (1 mglml) Hanks' 

Balanced Salt Solution (HBSS). After 20-120 min in the enzyme solution, the dispersed cells were 

collected and washed (to terminate enzymatic activity by dilution) by centrifugation twice for 8 min 

at 1000 rpm in LIS supplemented with 5% fetal bovine serum (LFBS). The pellet containing 

dispersed antenna I cells was resuspended in LIS medium, and aliquots were plated on uncoated 

Falcon plastic dishes (diameter 3.5 cm) or concanavalin A- (ConA-) coated covers lips in LFBS (374 

mOsm) supplemented with conditioned media or hormones. The cultures could be maintained for 

more than one month at 2~ C in an incubator at high humidity and with normal air. 

These culture conditions were selected because they best supported the survival and growth 

of cells that could be recognized by OSA. To arrive at these conditions, we tested the following 

variations of dispersal methods, substrates, and media: 

Dispersal. Antennal tissue was treated with various types and grades of collagenase, Dispase 

(Boehringer/Mannheim), pancreatin, papain, and trypsin, as well as several mixtures of collagenase 

and Dispase. The concentrations of enzymes tested ranged from 20 pg to 0.1 g per ml and the 

exposure times, from 3 min to 8 h. Papain was chosen for routine use because it yielded dispersed, 

viable neuron-like cells without destroying most of the antenna I tissue. With the other enzymes 

tested, the tissue could not be disrupted into dispersed ceIls without killing most of them. 
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Substrates. Growth substrates that were tested included various types of collagen, 

fibroncctin, laminin, poly-L-ornithine, poly-L-Iysine, polyethyleneglycol, agar, wheat germ agglutinin, 

and CollA; glass; plastic (dishes) from Corning (Houston, TX) and Falcon (Becton Dickinson 

Labware, Oxnard, CA); cell-TAK (Bio Polymers Inc., Farmington, CA); and basement membrane

derived Matrigel (Collaborative Research, Lexington, MA). Except for ConA and one kind of 

Falcon plastic (culture dishes #3(01), none of these surfaces supported the adhesion and 

differentiation of cells that were recognized by OSA 

Media. Screening for an effective culture medium involved testing various combinations 

of Grace's, Schneider's, L15, DMEM, and NU-serum (Collaborative Research, Lexington, MA) 

media. As most appropriate medium L15 was chosen because it best supported the growth of the 

neuron-like cells (recognized by OSA) and fewer non-neuronal cells (characterized by morphological 

criteria). Because Grace's medium favored the growth of non-neuronal cells over neuron-like cells, 

it was used to support the high-density, mostly non-neural cell cultures needed to produce 

conditioned medium. The ionic concentrations of the different stock media were varied by addition 

of KCl (to a maximum concentration of 200 mM). About 20 mM KCl was found to favor growth 

of neuron-like cells in vitro, while 200 mM KCI resulted in their death within 1-2 days. 

A new medium was designed (in collaboration with Dr. J. Hayashi) with the ionic 

concentrations of L15 medium and the additional, non-ionic constituents of Grace's medium 

(components are listed in the Gibco catalog). In addition, different supplements were tested at 

various concentrations: murine Nerve Growth Factor (NGF, donated by Dr. S. Matsumoto), 

Epidermal Growth Factor (EGF, Collaborative Research, Lexington, MA), fetal bovine serum, 

insulin-transferrin-sodium selenite, and 20-hydroxyecdysone. We also tested conditioned media, 

including supernatant fractions from non-neuronal antennal cell cultures (sec above), from a M. 

~ cell line (Eide et ai., 1975; MRRL-CH1 cells originally provided by Dr. D. Lynn and 
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generously supplied to this project by Drs. J. Hayashi and L. Oland), from fat-body cultures, from 

antenna I-lobe cultures, and from antennal homogenates as well as extracellular fluid from developing 

antennal flagella. Of these supplements only the conditioned media from non-neuronal antennal 

cells, the M. sexta cell line, extracellular fluid from antennae, and 20-hydroxyeedysone (ca. 1 ,ug/ml) 

prolonged the survival of the neuron-like cells. The media were tested at osmolarities between 300 

and 500 mOsm, adjusted with mannitol. The optimal osmolarity for long-term survival of the 

antenna I cell cultures proved to be 370 mOsm. Attempts to culture dispersed ORNs in the absence 

of conditioned media and other types of cells failed, and the isolated ORNs died within about 2 

days. 

Immunocytochemisuy 

For immunocytochemical staining of the cultures with OSA and MOSA (Hishinuma et 

aI., 1988a,b), the growth medium was removed with several washes in HBSS. The cultures were 

fIxed for 30 min in 4% paraformaldehyde and then washed over a period of 1 h with 6 changes 

of dilution buffer (phosphate buffered saline pH 7.4 (PBS), 3% normal goat serum (NOS), with 

or without 0.1 % Triton X-1(0). The cultures were preincubated for 2 h in dilution buffer, incubated 

for about 14 h with primary antibody, and then washed in 3 changes of dilution buffer for 10 min 

each. After incubation in dilution buffer for >2 h, the secondary antibody (goat anti-mouse IgO, 

rhodamine-coupled) was added for 1 h at a dilution of 1:60. The cultures were washed in several 

changes of dilution buffer for >30 min and then embedded in glycerol. The stained cultures were 

observed and photographed with an Zeiss inverted fluorescence microscope. The stained cells were 

photographed on Kodak Tri-X Pan 400 or Technical Pan 2415 fIlm. As negative controls, cultures 

of dispersed cells from antennal lobes (generously supplied by Dr. J. Hayashi and Ms. o. Orr; 
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Hayashi and Hildebrand, 1988, 1990) or from whole brains were used instead of the antennal 

cultures. In addition, the immunocytochemical protocol was followed without application of the 

primary antibody or, for MOSA staining, without Triton X-100. Sections of the antennal flagellum 

at different stages of adult development served as positive controls, as did cultures of cells from 

pupal stage-4 antennae, in which the antigens recognized by OSA and MOSA are expressed in vivo. 

Direct roupling of fluorescence labels to purified OSA and MOSA 

Affinity-purified monoclonal antibodies (provided by Dr. A Hishinuma) were lyophilized 

overnight, resuspended in distilled water to a final concentration of 1.6 mg protein per ml, and 

dialysed against 0.1 M Na borate buffer (pH 10) for 2 days. Monoclonal antibody (ca. 1 mg per 

ml borate buffer) was incubated on a shaker with 100 mg tetra-rhodamine-isothiocyanate (Molecular 

Probes, Eugene, OR) in dimethylformamide or with 60 mg fluorescein-5-isothiocyanate (FITC, 

Molecular Probes, Eugene, OR) for 2 h at room temperature and then at 4° C for 12 h. The 

rhodamine-coupled OSA and the FITC-coupled MOSA were separated from unlabeled antibodies 

and labeling reagents by passage through a Sephadex G-50-80 column (bead size 20-80,um) in PBS. 

Other methods used to characterize different cell types in vitro 

SquaSh preparations of antenna I-flagellar epidermal tissue at all stages of pupal-adult 

development were examined with the light microscope and compared. This permitted us to recognize 

different cell types in situ and to make observations about their functions in the antenna. Owing 

to their thickness, these preparations did not permit publication-quality photomicrography. 

Antennal flagella of various developmental stages were disrupted by trituration and 

incubated with papain (1 mg/ml HBSS) in a culture dish. During several hours of this enzymatic 

dispersion, the antennal cells were observed with the light microscope to examine associations 

---------------
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between different cell types and changes in cell morphology during the dissociation procedure. 

Finally, time-lapse photomicrography was used to follow changes in the shapes of different 

types of cells in vitro. 

RESULTS 

I established primary cultures of dispersed cells from antennae of stage-2 male M. sexta 

pupae. At least 5 morphologically distinguishable types of cells survive and grow under the 

conditions selected for these cultures. 1\vo of these cell types could be further specified with the 

help of two monoclonal antibodies (Hishinuma et a!., 1988a,b). The ORNs could be correlated 

with a specific morphological cell type with fine processes inserting on a soma of about 5 ~m in 

diameter. 



Figure 9. (A), 1\vo type-l cells (stars) with granular surfaces and opaque cell bodies. The other cells 

(arrowheads) are type-3 cells, which form lamellipodia on the surface of the plastic culture dish. (B), 

A translucent type-2 cell (star), suspended in culture medium, contains many inclusions of different 

sizes. Attached to its surface and out of the plane of focus are cell-like particles (arrowheads). (q, 

1\vo type-5 cells (short arrows) with fine processes are attached to the soma of a type-l "hair"

forming cell (star). One process (arrowhead) detached from the plastic surface and started to grow 

along the "hairshaft" (long arrow). (D), A "scale"-forming type-l cell (star), which forms a shorter 

and broader shaft than the "hair"-forming type-l cell, often with parallel ridges. Bar = 10 ,um. 
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FIG. 9 



Figure 10. (A), Many type-3 cells (some marked with white arrows) form continuous sheets, to 

which other cells attach. On the left a cluster of type-1 cells is growing on the sheet of type-3 cclls 

(star). Several round cells of unknown origin (some marked with arrowheads) also attach to the 

continuous layer of type-3 cells. (B). A type-4 cell (star) that grew two thick. beaded processes after 

2 days in culture. Its function in situ is unknown. Bars = 10 ,urn. 
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FIG.10 



Figure 11. (A), Several bipolar type-5 cells (arrowheads). (B), A bipolar type-5 cell with a round, 

opaque cell body (arrowhead) and fine, branching processes after 2 days in culture. Also shown is 

the decaying cell body of a type-5 cell (star). Bars = 10 ,urn. 
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Cells without processes 

Type-l cells (non-translucent cells without processes). Fig. 9A shows cells of a type 

characterized by a granular surface and undisccrnible nucleus in vitro when viewed with phase 

optics. In situ similar cells are the most numerous recognizable type in the outermost cell layer 

of the flagellum of stage-2 pupae and grow on a continuous sheet of cells that have lamellipodia 

(type-3 cells, see below). Type-l cells are mostly round, with a diameter of to-30 ,urn. In vitro they 

form clusters with other types of cells, e.g. with type-3 cells and other unidentified cells that can 

secrete dark, cuticle-like deposits. Secretion of these deposits is favored by culturing cells at high 

density in Grace's medium containing 20-hydroxyecdysone. 

Type-2 cells (translucent cells without processes). The translucent cell in Fig. 9B contains 

many particulate inclusions of various sizes. These cells are mostly round and float in the medium 

or attach to ConA or to dying cells on the bottom of the plastic culture dishes. They appear to 

increase in number during the first few days in vitro and form clusters of various numbers of cells. 

Unclassified cells without processes. Several other unidentified round cells of various sizes, 

and many decaying cell bodies that could not be further identified, could be found attached to the 

bottom of the culture dish or floating in the medium within the first hour after dispersion. Some 

of these cells without processes, with a soma diameter of about 25 ,urn, could be stimulated by 20-

hydroxyecdysone to form processes that resembled (in morphology) sensory hairs (Fig. 9C). 

Sometimes a type-5 cell (with fine processes, see below) was found attached to one of these 

"trichoid" cells, extending one of its processes along the presumed hairshaft (Fig. 9C). In cultures 

about 1 week old, other cells that resembled differentiated scales could also be found in vitro (Fig. 

9D). The appearance of "hairs" and "scales" in vitro depended on the level of 20-hydroxyecdysone. 
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The differentiation of these cells was incomplete. Although the "hair" grew to be several hundred 

,urn long, it never became fully cuticularized. 

Cells with p~ 

Type-3 cells (cells with lameIlipodia). Fig. lOA shows flat cells with lameIlipodia. Some of 

these cells, highly variable in size and shape, appeared to multiply, adhere to each other, and form 

confluent sheets. Of the culture conditions tested (see Materials and Methods), Grace's medium on 

Falcon plastic surfaces best supported the growth of these cells, and they could be kept for more 

than one month in vitro. Type-3 cells often appeared to be targets of processes of type-5 cells and 

also to provide a favorable substrate for growth of type-I celis. Some type-3 cells appeared to 

secrete a gelatinous material, which seemed to allow adhesion of other types of cells, such as type

S cells. In older cultures, type-3 cells (still recognizable by virtue of their lameIlipodia) formed 

spheres and complicated three-dimensional scaffolds in the culture dishes (Fig. lOA). In spite of 

their dramatic changes in shape, these cells could still be recognized as type-3 cells by 

immunocytochemistry and by light-microscopical observations of the same cells changing over time. 

Type-4 cells (cells with bipolar or multipolar thick processes). These cells (Fig. lOB) had 

elongated somata with undiscernible nuclei and grew processes that were usually unbranched and 

several hundred ,urn long. Cells of this type could be kept for more than 1 month in vitro, grew 

better in Grace's than in LIS medium, and seemed to change little over time. 

Type-5 cells (cells with fine processes). The somata of these cells (Fig. llA,B) were round 

or oval with diameters of 4-15 pm. Most of the larger cells had a round, opaque cell body, while 

the smaller oval cells were translucent and exhibited a visible round nucleus. These cells grew uni-



54 

or bipolar processes that could extend over several hundred ,urn with elaborate branching. Type

S cells were sometimes found associated with the "hair"-forming cells (Fig. ge, see above). 

Sometimes another unidentified cell (possibly a thecogen-like cell) started to grow over the soma 

of a type-S cell with fine processes. Type-S cells grew better in LIS medium than in mixtures of 

Grace's or Schneider's media and survived from 3 days to more than 4 weeks in vitro. 

For cultures maintained longer than 1 week, the medium was optimized for long-term 

survival of the type-5 cells and contained 1 Jlg/ml 20-hydroxyecdysone and medium conditioned by 

the M. sexta cell line. Under these conditions, type-l cells die, type-3 flat cells also show enhanced 

long-term survival, and type-4 cells appear to be unchanged. 
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Immunocytochemical characterization of antennal ceUs in culture 

1\vo ORN-specific monoclonal antibodies (Hishilluma et aI., 1988a,b), olfactory-specific 

antibody (OSA) and male olfactory-specific antibody (MOSA), were used to identify the ORNs ill 

vitro and to test whether these cells express the corresponding cell-type-specific antigens in vitro 

according to a schedule similar to that observed in situ. 

OSA-immunoreactive cells in vitro. OSA (Hishinuma et aI., 1988a) recognized specifically 

most (~80%) but not always all type-5 cells with fine processes in vitro. The antibody stained the 

soma and the processes of the cells (Fig. 12A,B). The staining did not depend on the presence of 

Triton X-1OO and became prominent, in cultures derived from stage-2 male pupal antennae, after 

2 days in vitro. The immunoreactive staining was still specific for type-5 cells after 4 weeks in vitro. 

In some cultures (of various ages), a few round cells with somata approximately 10 pm in diameter 

and lacking processes were also OSA-immunoreactive. These cells were assumed to be ORNs that 

had not grown processes. This hypothesis was strengthened by the fact that, in cell-attached and 

whole-cell patch clamp experiments, these round cells exhibited membrane currents identical to 

those recorded in ORNs with processes (Stengl et aI., 1989). 

MOSA-immunoreactive cells in vitro. MOSA staining appeared only if the cultured cells 

were permeabilized with Triton X-1OO. In 1-day-old cultures, MOSA specifically stained many 

round translucent cells without processes (type-2 cells, Fig. 13A,B). The staining was still 

recognizable but less prominent in a few type-2 cells in 4-weck-old cultures. MOSA-antigenicity 

was concentrated in granules that were distributed throughout the cell. Addition of 20-

hydroxyecdysone to the culture medium did not affect the staining. In cultures 2-3 weeks old, 
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MOSA immunoreactivity appeared in a variable proportion (10%-80%) of cells with fine processes 

(type-5 cells, Fig. 14A,B). The antibody apparently bound to a cytoplasmic antigen in the soma and 

processes of these cells. The MOSA immunoreactivity of type-5 cells was granular and accessible 

only after treatment with Triton X-100 but was often less pronounced than that in the type-2 cells. 

The MOSA immunoreactivity in type-5 cells over 2 weeks old was expressed to a variable extent 

in cells with fine processes within a single culture dish (Fig. 14A,B). 

Doubly immunoreactive cells. Double-labeling experiments, using rhodamine-conjugated 

OSA and FITC-conjugated MOSA, demonstrated that none of the MOSA-immunoreactive type-2 

cells were OSA-immunoreactive. All type-5 cells in older cultures that were MOSA-immunoreactive, 

however, were also OSA-immunoreactive (Fig. 15A,B,C). After 4 weeks in vitro 35-55% of the type-

5 cells with a soma diameter of ca. 6.um within one culture dish that were OSA-immunoreactive 

also exhibited significant but variable MOSA immunoreactivity. OSA-immunoreactivity was confined 

to the cell surface of the soma and processes of the cells, while MOSA recognized a cytoplasmic 

antigen in the entirety of the stained cells. None of the other cell types expressed any OSA- or 

MOSA immunoteactivity. 

Controls (listed in Materials and Methods) showed no significant staining with OSA or 

MOSA, except for clumps of neuropil observed in antennal-Iobe cultures within a few days after 

plating, which were OSA-immunoreactive. 



Figure 12. (A), Four type-5 cells (somata marked by arrowheads) with fine processes. A large type-

2 cell with many granular inclusions (~) and part of a lamellipodia-forming type-3 cell (star) 

can be seen to the right. The cells had been kept in vitro for 6 days before they were fixed with 

4% formaldehyde and processed for OSA immunocytochemistry with rhodamine-coupled secondary 

antibody. (B), The same cells as in (A), observed with rhodamine-fluorescence optics. OSA stains 

the somata and processes of 

type-5 cells. Only the surface membranes are stained. Note that the type-2 and type-3 cells are not 

stained. Bar = 10 pm. 
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Figure 13. After 3 days in vitro, this type·2 cell (A) was fIxed and processed for MOSA 

immunocytochemistry. It contains many granular inclusions, some of which are MOSA

immunoreactive (in (B». The demonstration of MOSA immunoreactivity depends on the addition 

of Triton X-lOll MOSA immunoreactivity in this type of cell appeared after 1 day in vitro and 

could still be detected (but more faintly and in fewer cells) in 4-week-old cultures. Bar = 10 ,urn. 





Figure 14. (A). This culture was fIXed after 18 days in vitro and processed for MOSA 

immunocytochemistry with rhodamine-coupled secondary antibody. The somata of the three type

S cells with fine processes (arrowheads) lost their smooth appearance because of the f1X3tion. A 

type-2 cell is marked with an arrow. Type-3 cells (stars) are shown in the baCkground. (B). MOSA 

recognized only two of the type-S cells and the type-2 cell. In the type-2 cell. MOSA 

immunoreactivity was much weaker than that in the two type-S cells. Demonstration of MOSA 

immunoreactivity in type-2 as well as in type-S cells depends upon the use of Triton X-loo. Bar = 

10 ,urn. 





Figure 15. To test whether OSA recognized all MOSA-immunoreactive type-5 cells in vitro as it 

does in situ, double-labeling experiments with rhodamine-conjugated OSA and FITC-conjugated 

MOSA were carried out. (A), This 4-weck-old culture shows a type-5 cell body (arrowhead) with 

fine processes (arrows). The long processes of this cell grew along a type-3 cell (star), which had 

processes lying out of the focal plane of the soma. (B). The same field as in (A). but photographed 

with rhodamine optics, showing that the type-5 cell exhibited rhodamine fluorescence and hence was 

OSA-immunoreactive. (C), The same field photographed with FITC optics demonstrates the MOSA 

immunoreactivity of the same type-5 cell. The type-3 cell shows only background staining. Bar = 

10,um. 
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DISCUSSION 

As a first step toward experimental studies of the mechanisms and development of 

transduction processes and membrane excitability in insect ORNs, we have developed procedures 

for 

long-term primary culture of cells from antennae of stage-2 M. sexta male pupae. The resulting 

cultures contain dispersed ORN-like cells that are easily accessible for electrophysiological studies 

(Stengl et ai., 1989). The selective expression of two olfactory-marker antigens, recognized by the 

monoclonal antibodies OSA and MOSA, in cclls with fine processes (type-5 cells) suggests that 

many immunoreactive type-5 cells are male-specific ORNs. 

Although culture conditions were selected to favor the survival and growth of type-5 cells, 

the cultures were kept heterogeneous because ORN-like cells survived longer in high-density 

cultures that contained several other cell types. Some of the types of cells observed in vitro showed 

signs of differentiation and could be correlated with different cell types in the antenna I flagellum. 

Type-l cells 

The appearance of type-I cells suggests that some of them might be granular hemocytes, 

which are thought to serve phagocytic or nutritional functions in the developing insect antenna 

(Jones, 1956, 1962; Whitten, 1964; Lea and Gilbert, 1966). Nevertheless, the facts that type-l cells 

are very common in our cultures and that they resemble the most numerous cells in the outermost 

layer of the developing flagellum suggest that most of these cells are undifferentiated epithelial cells. 

The dark deposits that could be formed in cells comprising these and other types of antennal cells 

may indicate the synthesis of cuticle after only 5 days in vitro, while formation of cuticle in situ 

starts after about 10 days. This suggests that some of the cells forming a cluster in vitro might 
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differentiate into hypodermal cells earlier than they would in situ. This idea could be pursued 

further by electron microscopy. 

The round type-l cells that start to form "hairs" are likely to be differentiating trichoid 

cells that form the hairshaft of the antenna 1 sensilla and to which ORNs attach in situ as well as 

in vitro. 

Type-2 cells 

The appearance of type-2 cells and their ability to adhere to dying cells in vitro suggest 

that these cells are also hemocytes, perhaps "spherule cells" (Jones 1956, 1962). We could not 

distinguish whether type-2 cells adhere only to cells that are already dying or can attach to and 

lyse viable cells. In future studies, time-lapse photography should provide more insight into the 

function of these cells. 

Because they can be stained with MOSA after only 1 day in vitro and because of 

morphological resemblance, the type-2 cells might be identical to MOSA-immunoreactive cells 

found in the lumen of the early pupal antenna (Hishinuma et al., 1988b). In situ these cells multiply 

and form clusters from 3 h after the larval-pupal molt until about stage 4 (4- to 7-day-old pupae). 

Over the same period, MOSA immunoreactivity develops. By stage 7 (about 7- to 15-day-old 

pupae), these cells have lost their MOSA immunoreactivity, and the cells disappear by stage 16 

(which occurs 16- to 22 days after the larval-pupal molt) of adult development (Hishinuma et al., 

1988b). As could be demonstrated in situ, during the first week in vitro these cells also appear to 

be present in high numbers and to aggregate. During the first few days in culture the MOSA 

immunoreactivity (both the intensity of staining and the number of stained type-2 cells) increases, 

until all cells of this type are stained. After 3-4 weeks in vitro only a few type-2 cells can be found 

in the cultures, and only a few of them express even faint MOSA immunoreactivity. In summary, 
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the development of MOSA immunoreactivity and its typical granular staining pattern in vitro 

resemble the in situ findings, but the disappearance of MOSA-immunoreactivity may be delayed ill 

vitro. 

Type-3 cells 

The lamellipodia-forming, flat type-3 cells that allow adhesion of type-1 and type-5 cells 

in vitro also contact these cell types in situ (not illustrated). Type-3 cells may serve as an adhesive 

substrate for other cells in the antenna in situ and may be necessary for the three-dimensional 

shaping of the developing antennal flagellum. The morphology of some type-3 cells closely resembles 

that of plasmatocytes (Jones 1956, 1%2; Witten 1964). Plasmatocytes play an important role in 

wound healing as growth stimulants for the epidermal cells to which they attach (Clark and Harvey, 

1965; Bohn, 1975). Other type-3 cells in vitro closely resemble insect epidermal cells attached to 

and stretched between plasmatocytes (Bohn, 1975) (Fig. lOA). 

Type-4 cells 

The type-4 cells with thick processes could not be correlated with any cell type in situ 

because they could not be followed during the dispersion of the intact flagellum. 

Type-5 cells 

Most of the type-5 cells with fine processes can be identified as ORNs by virtue of their 

OSA immunoreactivity (Fig. 11, 12A,B). In situ OSA immunoreactivity appears 70 h after the 

larval-pupal molt (corresponding to late stage 3 of pupal-adult development) and is still expressed 

throughout the rest of pupal and adult development (Hishinuma et al., 1988b). In cultures derived 

from late stage-2 male M. sexta, OSA immunoreactivity can be detected in some cells of type 5 after 
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1 day in vitro and in ~80% of type-S cells after 2 days in vitro. OSA immunoreactivity remains at 

a comparably high level in type-S cells after 4 weeks in vitro. which agrees well with findings in situ. 

These percentages might not accurately reflect the proportion of OSA-immunoreactive type-S cells 

in the antenna, however, because these cells have high affinity for each other and adhere to one 

another during the centrifugation steps. This clumping results in a highly variable yield of type-S 

cells in each culture dish. In situ as in vitro. OSA recognizes a membrane-associated antigen in the 

soma and processes. In situ, axons but not dendrites are stained, while in vitro most of the 

processes are stained by the antibody. We could not distinguish between fine processes that were 

truly non-immunoreactive and ones whose fluorescent label had been bleached. Future EM-studies 

should reveal which of the fine processes in vitro are correlated with axons or dendrites in situ. The 

OSA immunoreactivity observed in round cells with a soma size similar to that of type-S cells 

suggests that ORN-like cells in culture can express the OSA antigen without first developing 

processes. The OSA-immunoreactive neuropilar structures in control experiments using antennal

lobe cultures may be the terminals of ORNs. ORNs are known to terminate in dense, glomerular 

arborizations in the antennal lobes of M. sexta. The fact that not all type-S cells are OSA

immunoreactive suggests that type-S cells correspond to many or all sensory neurons of the antenna, 

perhaps including mechano-, thermo-, hygro-, and chemoreceptors. The proportions of receptor cells 

of the different sensory modalities in the antenna are not known for M. sexta. Nevertheless most 

of the antenna I sensilla appear to be olfactory (Sanes and Hildebrand, 1976a), which corresponds 

well with the high frequency of OSA-immunoreactive cells in vitro. Moreover, the relative 

abundance of sexually dimorphiC olfactory hairs on the male flagellum (Boeckh et aI., 1960; Sanes 

and Hildebrand, 1976a; Schneider et aI., 1964; reviews by Altner and Prillinger, 1980; Kaissling, 

1987) is consistent with the finding that many OSA-immunoreactive cells are also immunoreactive 

to MOSA in vitro. 
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Colocalization of MOSA and OSA antigenicity in the same cells strongly suggests that 

those type-5 cells are pheromone-responsive ORNs that would innervate the trichoid sensilla in 

the male antenna. In situ MOSA immunoreactivity appears in those male-specific ORNs at stage-

17 of adult development, about 2 days before eclosion. The late expression of MOSA 

immunoreactivity in vitro (after 2-3 weeks in culture) correlates well with the findings in situ. 

Moreover, in vitro as in situ, MOSA recognizes a cytoplasmic antigen that is located in the soma 

as well as in all of the processes of the ORNs. However, both the initial development of MOSA 

immunoreactivity in type-5 cells and the number of MOSA-immunoreactive cells seem to vary more 

in vitro than in situ. This variation may be due to inappropriate levels of 20-hydroxyecdysone or 

failure to control an unknown factor that influences the expression of the MOSA antigen. 

In situ, M. sexta ORNs can differentiate in the absence of their normal targets (Sanes et 

aI., 1976). Complete olfactory sensilla as well as single ORNs have already been isolated successfully 

from the epithelium of developing silkmoth antenna (Keil, 1987) and remain morphologically intact 

for at least 4 h. The present study demonstrates that isolated ORNs from late stage-2 pupal 

antennae survive more than one month in vitro and show signs of normal differentiation in long

term cultures. This opens the way for electrophysiological analysis of the membrane properties of 

the ORNs and more detailed studies of their differentiation, like the expression of their putative 

neurotransmitter acetylcholine in vitro. 
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CHAPTER II 

IDSTOCHEMICAL LOCALIZATION OF ACHE IN ANTENNAL CELLS OF M. SEXTA 

It could be demonstrated (in Chapter I) that antennal cells from M. sexta male pupae can 

be grown as identifiable single receptor neurons in long-term cultures. The cultured ORNs 

expressed two specific antigens at about the same time in vitro as in vivo. To obtain another 

specific marker for the cultured ORNs, which could indicate a further defined stage of maturation, 

acetylcholinesterase (AChE) -histochemistry was attempted. With this technique Single cells can be 

stained which express activity of AChE, the acetylcholine-degrading enzyme. It was assumed that 

AChE might be colocalized with acetylcholine (Wallace and Gillon, 1982). Thus, this technique may 

identify cells that produce the neurotransmitter acetylcholine (ACh). Because it had been suggested 

that ORNs produce ACh as their neurotransmitter (Sanes and Hildebrand, 1976c) this teChnique 

seemed to provide an appropriate probe for ORNs. Besides, no specific ACh- or ChAT (the ACh 

synthesizing enzyme) antibodies for M. sexta existed. Because it had not been tested before which 

cells in the antenna contain ACh, ChAT or AChE, AChE-histochemistry was first studied in situ. 

MATERIALS AND MEIHODS 

Unless otherwise specified, all chemicals were purchased from Sigma Chemical Co. (St. 

Louis, Mo.). 
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Animals and dissection 

Manduca sexta (Lepidoptera, Sphingidae) females and males were reared on artificial diet 

(modified from that of Bell and Joachim 1976) on a long-day photoperiod regimen, with a 17:7 

light/dark cycle at 26° C. The pupae were staged as previously described (Sanes and Hildebrand 

1976a). Animals from pupal stage 17 were usually selected for dissection between 2:00 and 5:00 

AZT (Arbitrary Zeitgeber Time with lights-on at 0:00 AZ1) and were anesthetized by chilling on 

ice for 10-15 min before removal of the antenna. 

llSSue preparation 

The antennae from stage 17 pupae were cut into pieces of about 10 annuli each. They were 

fixed for 3 1/2 hrs in 1% paraformaldehyde in maleate buffer and embedded in a gelatin-albumin 

mixture (11 g gelatin, 75 g albumin in 250 ml H20). The gelatin-albumin blocks were fIXed 

overnight in 10% formalin in maleate buffer (0.2 M, pH 6.0) and, for cryoprotection, subsequently 

equilibrated in 30% sucrose in maleate buffer for about 5 hrs. 30 urn frozen sections were cut with 

a sliding microtome and collected in multiwell tissue-culture plates. 

AChE-histochemistry 

For the histochemical demonstration of AChE, the direct coloring teChnique of Karnovsky 

and Roots (1964) was used as modified by Tago et al. (1986). The sections were incubated for 30 

min in 5% acetylthiocholine iodide in maleate buffer, and for an additional 30 min in maleate 

buffer containing 0.5 g acetylthiocholine iodide, 50 uM sodium citrate, 5 uM K3Fe(CN)6' and 30 

uM CuS04. To reduce non-specific AChE activity, tetraisopropylpyrophosphoramide (iso-OMP A, 

10.5), a butyrylcholinesterase inhibitor was added during all experiments. The sections were 

subsequently rinsed at least 6 times for 10 min each in 5 mM Tris-HCI at pH 7.6. The staining was 
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intensified according to the technique of Tago et al. (1986). Briefly, the sections were preincubated 

in 3,-3'-diaminobenzidine tetrahydrochloride (0.04% in Tris HCI). After 5 min, 0.003% H20 2 and 

0.3% nickel ammonium sulfate were added and the incubation proceeded for 10 more min. After 

appearance of the AChE-specific dark-blue staining the reaction was stopped with several rinses in 

5 mM Tris-HCI. 

Embedding 

The antennal sections were mounted onto subbed slides. The mounted sections were 

dehydrated in ethanol, cleared in xylene, and coverslipped in Permount (Fisher Scientific, Chicago, 

Illinois). 

The embedded sections were observed with an inverted Zeiss (1M 35) microscope and 

photographed on Kodak Ektachrome 160 ASA tungsten color slide film or Kodak Tech-Pan film. 

Controls 

The following controls were carried out: 

(a) Acetylthiocholine iodide was substituted in the incubation medium by butyrylthiocholine iodide. 

(b) 1,5-bis (4-allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284c51), a specific AChE 

inhibitor, was added at a concentration of 10 uM to the incubation medium. 

To distinguish between extra- and intracellular AChE-activity, the antennal fragments were 

incubated for 30 min in 10 uM echothiophate iodine (an irreversible cholinesterase inhibitor) in 

M. sexta saline, directly after fIXation and prior to embedding. Echothiophate iodine is a 

phosphinylthiocholine derivative and bears a net positive charge. It penetrates cell membranes very 
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slowly, and therefore selectively blocks extracellular enzyme (Brimijoin et a!., 1978; Wallace and 

Gillon, 1982). 

RESULTS 

Female and male antennae from stage 17 M. sexta pupae show AChE-activity in at least 

6 different antennal receptor types localized at specific regions on the three antennal segments (Fig. 

16A). Addition of the unspecific esterase blocker iso-OMP A to the incubation medium substantially 

reduced the background activity. All staining disappeared after adding the specific AChE-inhibitor 

BW 284c51 or after substitution of acethylthiocholine iodide by butyrylthiocholine iodide (Fig. 16B). 

Treatment with echothiophate iodine had a similar effect as addition of unspecifiC esterase blocker. 

AChE activity was decreased in extracellular space, but unchanged within somata, dendrites, and 

axons of all described AChE-positive cells, except for those cells that were close to the cut edges 

of the antenna I fragment. 

AChE containing cells in the scapc and pedicel 

All presumptive mechanoreceptor cells within the scape and pedicel exhibit AChE activity. 

Neurons that innervate the Bohm bristles show AChE activity throughout the somata, dendrites, 

and axons (Figs. 17A,B). In the scape and the pedicel each bristle is innervated by one AChE

positive neuron. All neurons associated with Johnston's organ in the pedicel contain AChE-specific 

reaction product throughout the cell (Fig. 17B, 18A,B). The receptor axons can be traced from 

Johnston's organ into the antenna I nerve, where they join the axons of neurons innervating the 
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Bohm bristles. 

AChE containing reUs in the antennal flagellum 

At least four different types of receptor neurons within the flagellum exhibit AChE activity. 

In the first annulus four somata with centrally projecting axons show AChE-activity (Fig. 18B). We 

could not find dendrites or external sensilla associated with these four cell bodies. Their large axons 

appear to fasciculate and could not be traced after joining the AChE-positive fibers from neurons 

that innervate Johnston's organ. 

Within the forward pointing edge of the flagellum two AChE-positive receptor types were 

found. Each annulus bears six stiff long hairs which are arranged in a V-shaped arrow on both 

forward pointing sides of the flagellum (Fig. 19A,B). These hairs have a distinctive socket 

morphology characteristic of sensilla chaetica. Each sensillum is innervated by one AChE-positive 

neuron (Fig. 19A). 

The second AChE-positive receptor type is associated with a single ampule-like peg organ 

located at the distal ridge of each annulus (Fig. 19C). At the tip of the flagellum the pegs are 

innervated by at least 6 neurons (Lee and Strausfeld, 1989). 3 of these show AChE activity 

throughout the cell. The pegs at the more basal annuli house at least 12 to 14 receptor cells (Lee 

and Strausfeld, 1989) with 6 to 7 of them containing AChE-activity. 

In at least the distalmost 14 annuli at the tip of the flagellum, an additional set of receptor 

cells show AChE-activity (Figs. 20A,B). Within each of these annuli, the somata of 8 - 10 of AChE

positive cells are lined up at the inner backward pointing rim of the annulus. The cells send flat, 

broad dendrites into the intersegmental region between the annuli. Their axons fasciculate as they 

~ ------ ---
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join the two lateral branches of the antenna I nerve (Sanes and Hildebrand, 1976a). These cells were 

never seen in more proximal annuli. 

On the backside of each flagellar annulus, which is covered with scales, more than 30 small 

AChE-positive cell bodies are found (Fig. 21A). Some of them seem to be associated with stiff hairs 

(possibly sensilla chaetica) that are hidden among the scales (Fig. 21B). The majority of these cell 

bodies, however, cannot be accounted for by hairs (Lee and Strausfeld, 1989). A high level of 

AChE-activity is found, but cannot be assigned to any receptor neurons in all intersegmental 

membranes (arrows) between the annuli (Fig. 21A,B,C). Also, many scales are strongly AChE

positive (Fig. 21C). 

AChE-histochemistry in vitro 

Because AChE appeared not to be a specific marker for ORNs in vivo this technique was 

discarded as specific in vitro marker for ORNs. Three control dishes showed no specifically stained 

ORNs. Non-neuronal cell nuclei were stained in vitro, as it sometimes could be observed in situ. 

No other cells appeared to be stained in vitro. 



Figure 16. (A) Antenna of an alert male Manduca sexta with its antenna in a typical dorso-Iaterally 

pointing position. Arrays of long, male-specific trichoid sensilla (arrowheads) are on the foreward 

leading edge of the antenna. scale bar: 0.5 cm. (B) After additon of the AChE-specific blocker 

BW284c51 all AChE activity dissapeared in the Bohm bristle innervating neurons of the scape 

(stars). Scale bar: 50 urn. 
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FIG.16 



Figure 17. (A) Tangential section through the scape. Each Bohm bristle is innervated by a single 

neuron showing AChE activity throughout the soma, dendrites and the axon (arrowheads). Scale 

Bar: 50 um. (B) Crossection through the pedicel (n) between scape (~) to the left and first flagellar 

annulus (!) right. Each Bohm bristle is innervated by one AChE.positive neuron (arrowheads) and 

larger diameter AChE-positive neurons innervate Johnston's organ (arrows). Scale bar: 50 um. 
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Figure 18. (A) This longitudinal section through the pedicel reveals the AChE-active neurons of 

the Johnston's organ (stars). Scale bar: 50 urn. (B) Longitudinal section through the first flagellar 

annulus (0 showing three of four AChE-active neurons that innervate the first annulus (arrow). 

They lie close to the border of the pedicel (12) and send axons toward the bundle of neurons from 

Johnston's organ (stars). Dendrites or external sensilla of these cells could not be found. Scale bar: 

50 urn. 
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Figure 19. (A) Longitudinal section through the flagellum, showing at the rim of each annulus a 

stiff long hair (arrows) with pronounced socket. Each hair (probably sensilla chaetica) is innervated 

by one AChE-active neuron. Note out-of-focus soma in the left annulus (star). Scale bar: 50 urn. 

(B) This schema demonstrates the arrangement of the at least 6 stiff hairs per flagellar annulus: at 

the dorsal as well a& at the ventral side of the forward leading edge of each annulus these hairs 

form a triangular array (stars). The area where the sensilla trichodea would grow is marked by long 

hairs (arrowheads). At the dorsal rim of each annulus grows a peg organ (arrow), scales (§) cover 

the ventral side. Scale bar: 50 urn. (g At the distal ridge of each flagellar annulus sits an ampule

like peg organ (arrow). The peg organs at the distal tip of the flagellum are innervated by at least 

3 AChE-active neurons (stars), the pegs on the more proximal annuli contain 6-7 AChE-positive 

neurons. Scale bar: 50 urn. 
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Figure 20. (A,B) In at least the 14 distalmost annuli at the tip of the flagellum 8-10 AChE-positive 

somata (~) are lined up at the scale-side. These cells send broad, AChE-positive dendrites 

(stars) into the intersegmental membranes that connect neighbouring annuli. Arrowheads indicate 

the location of stiff hairs, a short arrow marks a peg organ. Scale bar: 50 urn. 

--- - ---- ----
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Figure 21. (A) Tangential section through the backward pointing edge of the flagellum revealing 

more than 35 AChE-positive somata (stars) at the scale-side of the flagellar annuli and strong 

AChE-activity in the intersegmental region between the annuli (arrow). Scale bar: 50 um. (B) Some 

of the AChE-positive somata on the scale-side of the antenna are associated with stiff hairs (arrow) 

hidden between the scales, or strongly AChE-positive scales shown in (q (stars). The AChE

reactive intersegmental region is indicated by short arrows. Scale bar: 50 um. 
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DISCUSSION 

This study demonstrates AChE activity in individual antennal receptor neurons of insects. 

Most AChE positive receptor neurons of M. sexta antennae have previously been described 

morphologically (Sanes and Hildebrand, 1976a) and these morphological types are found on 

antennae of other insect species as well (for review e.g. Altner and Prillinger 1980; McIver 1985; 

Zacharuk 1985; Kaissling 1987). It appears that in M. sexta, most and possibly all AChE-positive 

antennal cells have a mechanosensory function. This is certainly true for the AChE-positive neurons 

innervating BOhm's organs on scape and pedicel, for the pedicellar neurons of Johnston's organ and 

the flagellar receptor neurons of the stiff hairs (probably sensilIa chaetica). The sensory cells at 

the tip of the adult flagellum with broad dendrites in the intersegmental membranes probably also 

serve mechanosensory functions. It appears that these neurons innervate sensilIa campaniformia 

(Mciver 1985) that might respond to bending of the flexible tip segments (Fig. 20A,B). These 

distalmost sensory neurons closly resemble neurons described by Sanes and Hildebrand (1975) in 

antennae of early Manduca sexta pupae. These neurons appear to be the first differentiated cells 

in the pupal antenna. They form the pupal antennal nerve and are assumed to guide later 

differentiating antennal neurons to the deutocerebrum. The different estimates for the number of 

these neurons in the pupa (300) versus the adult (112 - 140) could be due to selective cell death 

of some of the pupal neurons. Further AChE histochemical studies on the developing pupal 

antennae, the larval antennae, and antennal discs are in progress, to determine if the pupal neurons 

are also AChE-positive and if they can already be recognized in the antennal disc of larvae. 

The function of AChE-positive cells in the stubby pegs (probably sensilIa stvloconica) is not 

known. In other insects, sensilla styloconica contain two antagonistic hygroreceptors and one 
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thermoreceptor neuron (Lacher 1964; Waldow 1970; AHner et al. 1983; reviews see by AHner and 

Prillinger 1980; Steinbrecht 1984; Kaissling 1987). Yokohari and Tateda (1976) suggested that 

styloconic hygroreceptors are specially adapted mechanoreceptors stimulated by mechanical 

distortions resulting from changes in water content. This hypothesis is supported by several other 

studies (Becker 1978; Tichy 1979; Yokohari 1981; Altner and Prillinger 1980; Altner et al. 1983; 

Haug 1985; Steinbrecht and Kittmann 1986; Kaissling 1987). 

The function of the more than 30 AChE-positive cells on the scale-side of the flagellum 

is unknown. It is possible that 5-6 of these cells are associated with sensilla chaetica (Fig. 21A) that 

have been discovered recently (Lee and Strausfeld, 1989). The remaining ventrally located AChE

positive somata (at least 20 per annulus) might be associated with AChE-positive scales. The 

function of these AChE-positive scales is not known, nor is it known if any of them are innervated, 

or if the AChE-positive somata on the scale-side of the antenna belong to the scale-forming 

trichogen cells. In other arthropods however, innervated scales, sensilla squamiformia, have been 

described (Schneider and Kaissling 1957; Larink 1976) and are believed to serve a mechanosensory 

function. 

No AChE-positive cell bodies could be discerned in the intense AChE-positive region of 

the intersegmental membranes between all annuli. The 4 AChE-positive cells in the first flagellar 

segments have been shown here for the first time. Since no dendritic specializations could be 

recognized, the function of these cells remains to be demonstrated. 

While in cat sympathetic ganglia, AChE staining reveals cholinergic neurons (RObinson 

1971; Silver 1974; Lundberg et al. 1979), AChE activity also occurs in non-chOlinergic, but 
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adrenergic sympathetic neurons in the rat and in vertebrate sensory neurons (see Silver, 1974; 

Lundberg et ai, 1979). Since all cell types described in the antenna show high levels of intracellular 

AChE activity, they are strong candidates for cholinergic antennal receptor cells (Wallace et al. 

1982). We can not exclude the possibility that additional neurons in the antenna (e.g. olfactory 

receptor neurons) are cholinergic, but failed to show high levels of intracellular AChE-activity. 

AChE histochemistry in the deutocerebrum of M. sexta (Hoskins and Hildebrand 1983; U. 

Homberg, S.G. Hoskins and J.G. Hildebrand, in preparation) shows intracellular AChE activity in 

the antennal mechanosensory and motor center and largely extracellular AChE activity in antennal

lobe glomeruli. In contrast to the ordinary glomeruli an enlarged glomerulus in the male antennal 

lobe, the macro glomerular complex that receives terminals of pheromone-specific olfactory receptor 

neurons, shows only low levels of extracellular AChE activity. These observations are consistent with 

the hypothesis that mechanosensory neurons might be cholinergic, while pheromone-sensitve 

olfactory receptor neurons might be non-cholinergic in Manduca sexta. This is further supported 

by our failure to find detectable differences between females or male Manduca sexta adults in the 

number or kind of AChE-positive cells. That chemosensory sen sill a basiconica are chOlinergic, but 

fail to show high levels of intracellular AChE is possible, since physiological responses to ACh in 

antenna I lobe neurons could be correlated with responses to antennal nerve shock (Waldrop and 

Hildebrand 1989). 

Because AChE-histochemistry could not identify ORNs in situ this technique appeared to 

be inappropriate as a marker for ORNs in vitro. To find out if ORNs differentiate in culture, 

physiological studies were attempted. 
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Lipophilic pheromones are filtered out of an odor plume by penetrating the waxy cuticle 

of the moth's antenna through the pores on the olfactory sensilla. The pheromone binding protein 

(PBP) may carry the hydrophobic pheromones through the aqueous receptor lymph to presumptive 

dendritic pheromone receptors, where it can be recognized as a pheromone-PBP-complex (reviewed 

by Vogt, 1987). Or, the pheromone may directly reach the receptors through pore tubules that 

connect the cuticular pores to the dendrite (Keil, 1982). The PBP might then be necessary to clear 

the pheromone from the receptor (reviewed by Kaissling, 1987). 

In order to to mimic the natural presentation of the pheromone stimulus to cultured ORNs, 

to study primary olfactory transduction processes, several obstacles had to be overcome. First, the 

appropriate odor stimulus had to be selected, which can stimulate most ORNs in vitro. Secondly, 

water soluble extraction techniques have to be developed, to be able to stimulate the ORNs in an 

aqueous medium with the lipophilic pheromone. Thirdly, a crude cytoplasmic protein fraction of 

the trichoid sensilla has to be obtained, which contains PBP. This fraction should mix with the 

pheromone extracts. 

It is assumed that there are at least 3 different receptor types on male antennae that 

respond to different components of the female pheromone blend (Kaissling et ai, 1989). Therefore, 

whole female pheromone glands were extracted to ensure that all pheromone components were 
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into aquaeous recordings solutions were obtained by dipping the pheromone glands into different 

solvents that were Iipid- as well as water-soluble. The stock solutions were then diluted with saline 

and tested for biological activity with electroantennogramms (EAGs) as bioassay. These experiments 

were optimized by choosing a solvent that had the least response in control experiments and yielded 

the largest amount of pheromone. 

Previous studies suggested that the pheromone might have to be associated with the PBP 

to be able to elicit receptor potentials (Vogt et aI., 1985). Thus, protein extracts from the 

cytoplasmic fraction of male antennal sensilla were obtained which contained presumptive PBP. 

The highest pheromone dilutions that still elicited EAG responses were then mixed with 

different concentrations of extracted PBP and applied to the ORNs in vitro, during 

electrophysiological recordings (see next chapters). 

MA1ERIALS AND METIIODS 

If not indicated otherwise all chemicals were purchased from Sigma Chemical Co. (St Louis, 

MO). 
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Female pheromone gland extractions and EAGs 

The abdominal pheromone glands were first removed from five adult M. sexta females at 

the fifth abdominal segment. The uncut ends of the isolated abdominal tips were dipped for 2 min 

into 100 ul of: hexane, ethanol, dimethylsulfoxide (DMSO) or a mixture of hexane and DMSO 

(extracted in 100 ul hexane alone, then addition of 10 ul DMSO to the remaining about 10 ul 

hexane with pheromone). The resulting pheromone stock solutions were diluted into saline, 

containing 156 mM NaCI, 4 mM KCI, 6 mM CaCI2, 10 mM Hepes and 5 mM glucose. This 

solution also served as the extracellular recording solution. The final dilutions of the pheromone 

stock solutions, as well as their respective solvent controls in saline were 1:10, 1:100, 1:1000, 

1:10,000, and 1:100,000. 1\venty ,Ill of the working dilutions were spotted on filterpaper and inserted 

into 0.5 cc glass syringe barrels in preparation for the EAG-bioassays. 

The electroantennogramm (EAG) is an extracellular potential difference recorded between 

the cut tip of the antenna and a reference (ground) electrode at the base of the contralateral 

antenna. It is assumed to reflect the sum of receptor potentials elicited simultaneously in the 

antennal sensilla in response to various odor stimuli (Schneider and Boeck, 1962; reviewed by 

Roelofs, 1984). 

For the electroantennogramm (EAG) recordings, 2-day-old adult males were restrained 

inside as mm (1.0.) plastic tube and waxed in place. The head and the base of both antennae were 

also restrained with wax. The extreme tip of the antenna was cut and inserted into a recording 

electrode filled with saline and connected to a high-impedance, DC electrometer (Getting Model 

SA) via a Ag/AgCI microelectrode holder. The grounded saline filled reference electrode was placed 

over the contralateral antenna after removing the flagellum, leaving the scape and the pedicel intact. 

Saline consisted of 150 mM NaCI, 3 mM CaCI2, 3 mM KCI, 10 mM N-tris[hydroxymethyl]methyl-
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2-aminoethanesulfonic acid (TES)buffer (pH 6.9). A gentle stream of charcoal-filtered, humidified 

air stimulated the antenna continuously to prevent desiccation and responses to air alone. With a 

solenoid-activated valve (General Valve Corp.) the airstream could be sent first through the odor 

cartridges containing the pheromone extracts on filter paper or through control cartridges containing 

only the solvent on filterpaper (Christensen et al., 1990). The output of the amplifier was further 

amplified 100x, displayed on an oscilloscope (Tectronix) and photographed with a polaroid camera. 

The EAG responses obtained after odor stimulation showed a fast first depolarization phase 

followed by a plateau and a slower, second repolarization phase, similar in shape and amplitude to 

responses recorded previously (Christensen et aI., 1990). Peak amplitude was the parameter 

measured in all experiments. No attention was paid to changes in the overall shape of the EAG

response, to changes in the second repolarization phase or to the number of elicited spikes. 

From previous experiments it is known that about 25 ng of bombykal elicit an EAG 

response (peak amplitude) of about 4 mV (Dr. Tom Christensen, personal communication). 

Purification of the pheromone binding protein 

Material was collected twice and processed to purify PBP for electrophysiological 

experiments. In the first preparation (A), 40 antennal flagellae of one-day-old males were snipped 

off and collected in a 2-ml glass vial over dry ice. In the second preparation (B), 44 antenna I 

flagella of the same stage males were collected the same way. The frozen flagellae were vortexed 

in pulverized dry ice to break off the sensilla. The ice was evaporated and the flagellar shafts 

collected as fraction 1. The broken-off sensilla and scales were collected with ether as fraction 2. 

After evaporation of the ether fraction 2 was taken up in 1 ml of a buffer solution containing 250 

mM sucrose, 2 mM EDTA, and 50 mM Tris pH 8 (Dr. Eric Hanneman, personal communication) 
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and homogenized on ice in 2-ml glass vials using plexiglas pestles. In parallel, fraction 2 was taken 

up in 1 ml of buffer and homogenized. Both homogenates were centrifuged at 2000 rpm for 5 

min. The supernatants of fractions 1 and 2 (A and B) were taken up and centrifuged for 10 min 

at 9000 rpm. The resulting supernatants were then centrifuged at 27,000 rpm for 1 hr. After the 

last centrifugation step, the supernatants of both fractions 1 and 2 (A and B), the cytoplasmic 

fractions, were taken up in 0.8 ml buffer. The pellets of both fractions, the membrane fractions, 

were dissolved in 0.5 ml buffer solution. The protein concentrations of all four fractions were 

determined with a modified Lowry assay (Peterson, 1977) or with standard-protein kits from 

Pharmacia. To obtain at least 1 pg of protein/ pi buffer, different amounts of the samples were 

dried under vacuum and taken up in 30 pi of buffer solution. To conserve as much material as 

possible for physiological experiments only 20-/d samples of all four fractions from the first 

preparation containing at least 5 pg protein were run on 15% polyacrylamide gels, using the Hoeffer 

mini-gel system according to the method of Laemmli (1970). 2-pl samples of the cytoplasmic 

fraction 2 of the first and second preparations were run on native 12% acrylamide gels (Vogt and 

Riddifort, 1981), using the Phast-Pharmacia-System according to the manufacturers 

recommendations. The SDS-page gels were silver stained (modification of Wray et all, 1981). The 

native gel was stained with Commasie blue (0.1 % Commasie blue in 30 % methanol and 10 % 

acetic acid). 
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RESULTS 

Female pheromone gland extractions and EAGs 

In the following experiments extracellularly recorded potential changes (EAGs) in male 

antennae in response to pheromone extracts with different solvents are shown. Only the peak of 

the negative going potential deflection in response to the odor stimulus (shown at the bottom of 

the figures as a square pulse) is counted as EAG response. This value is then compared to a 

standard curve of bombykal in which 25 ng correspond to an EAG peak of approximately 4 mV 

(Dr. Christensen, personal communication). 

The EAG responses of male M. sexta antennae to stimulation with different concentrations 

of the solvent hexane and hexane-pheromone extracts are shown in Fig. 22. Solvent alone elicited 

about the same response as the stock solution of the gland extract. There is no significant difference 

between the 1:10 or 1:100 dilutions of the solvent and the pheromone gland extracts. 

Figure 23 shows EAG responses to different dilutions of ethanol alone or to the gland 

extracts in ethanol. The amplitudes of the EAG responses to solvent alone or to the stock solution 

of the gland extracts are about the same. For 1:10 dilutions in saline there was no antenna I 

response to the solvent alone, while there was a response of less than 2 mV (corresponding to 

about 10 ng of bombykal) to the gland extract. Higher dilutions of the female glands in ethanol did 

not elicit EAG responses (not ShOwn). 

The 1:100 and 1:10,000 dilutions of the solvent DMSO and the pheromone gland extracts 

in DMSO are shown in Fig. 24. The 1:100 dilution of the solvent alone elicited a response which 

was less than the response of the gland extract of the same dilution. The 1:10,000 dilution of the 

solvent elicited, in most cases, no response while the gland extract of the same dilution did show 

an EAG response. The 1:100,000 dilutions of the pheromone gland extracts in DMSO caused a 
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variable, but detectable EAG signal of about .5 mY (corresponding to about 3 ng of bombykal). 

Different dilutions of the pheromone extraction in hexane with DMSO and of the 

hexane/DMSO mixture alone are shown in Fig. 25. The stock solution of the solvents alone showed 

less response than the stock solution of the pheromone extracts. The 1:100 and 1:10,000 dilutions 

of the solvents alone showed no response, while the diluted extracts continued to elicit responses 

that showed a dose-dependent decrease in amplitude at higher dilutions. At a dilution of 1:10,000 

still an EAG response of about .4 mY (corresponding to about 2 ng of bombykal) was elicited by 

the pheromone extracts. 



Fig. 22. Extracellular recordings of the summed antenna I receptor potentials (EAGs) with 

superimposed spikes in response to the solvent hexane and pheromone gland extracts (5 female 

glands extracted in hexane) are shown at two different stimulus concentrations. Pure hexane elicits 

a slightly stronger response than the pheromone extract in hexane. At a dilution 1:10 in saline, the 

solvent control as well as the pheromone do not elicit any receptor potentials. The differences in 

elicited spikes are not significant. The application of the stimulus (P or C) is marked with a square 

pulse at the bottom of each voltage record. P, pheromone. C, control. 
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Fig. 23. EAG responses of male antenna to different dilutions of ethanol alone or to the female 

pheromone gland extracts in ethanol. The DC potential changes (which are assumed to be the 

summed receptor potentials of all ORNs) to the solvent alone or to the pheromone stock solution 

are about the same. The 1:10 dilution of the pheromone extract in saline still elicits an EAG

response, while there is no response to the 1:10 dilution of the solvent. The application of the 

stimulus is marked with a square pulse at the bottom of the voltage trace. P, female pheromone 

gland extracts. C, control = solvent ehanol alone. 
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Fig. 24. The EAG responses to the 1:100 dilution of the solvent DMSO are smaller than the 

responses to the same dilution of the pheromone gland extract. The 1:10,000 dilution of the solvent 

DMSO in saline does not show any EAG response (there is no stimulus-induced voltage deflection 

of the extracellularly measured potential across the antenna). The same dilution of the pheromone 

extract still elicits an EAG response of about .5 mY (which corresponds to an EAG response of 

about 3 ng of bombykal). The application of the stimulus is marked with a square pulse at the 

bottom of the voltage record. C, control. P, pheromone. 
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Fig. 25. Different dilutions of the pheromone gland extraction in hexane with added DMSO (prior 

to the dilutions in saline, after the extraction in hexane) show concentration-dependent EAG 

responses, with the highest response of the 100% stock solution (of about 2 mY, corresponding to 

EAG responses elicited by 15 ng of bombykal). Dilutions of 1:100 or 1:10,000 of the solvent into 

saline do not elicit any EAG responses while the pheromone extracts at the same dilution still 

contain detectable pheromone. The stimulus application is marked with a square pulse at the 

bottom of each voltage record. C, control. P, pheromone. 
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Extraction of the pheromone binding protein 

The results of the Lowry assay for the first extraction procedure are shown in Table 1. 

1\venty pi of each of these fractions were loaded on a SDS-Page gel. Using protein assay kits from 

Pharmacia, the protein contents of the different fractions of the second extraction have been 

determined and are also shown in Table 1. 

Figure 26 A shows the silver-stained SDS-Page gel containing the different fractions from 

the first extraction. Lanes 1 and 6 are molecular weight markers. Lane 2 contains the cytoplasmic 

fraction of the flagellar shafts, lane 3 holds the same amount of protein of the membrane fraction 

of the flagellar shafts, lane 4 contains the cytoplasmic fraction of the sensilla and scales and lane 

5 has the membrane fraction of the sensilla and scales (with an undetectable amount of protein) 

loaded. Following silver staining of the gel, lane 4 only contains one single protein band appearing 

at a molecular weight of 36 kD. Figure 26 B shows another SDS-Page gel from a later extraction. 

Lane 2 and 3 are loaded with the cytoplasmic fraction of the sensilla and scales, containing one 

main protein band at a molecular mass between 21 - 14 kD. 

Figure 27 shows the results of the native gel. Lane 1 corresponds to lane 4 of the SDS

Page gel (extraction A), the sensilla and scales cytoplasmic fraction. The single band of 36 kD on 

the SDS-Page gel appears as two bands with molecular mass of 21- and 14 kD on the native gel. 

Lane 2 contains the cytoplasmic sensilla and scale fraction from the second extraction (B). This lane 

contains a band of about 14 kD and a very faint band of less than 21 kD. Lane 3, which has 3.4 

pg protein of the cytoplasmic fraction of flagellar shafts loaded, also contains a band of about 14 

kD and another band with a mass of more than 21 kD and less than 31 kD. In Lane 4, the 

membrane fraction of the flagellar shafts, none of the low molecular weight proteins that were 

detectable in the SDS-Page gel with the silver stain could be resolved with the less sensitive 

Coomassie blue stain (much less protein was loaded on the native gel). All higher molecular weight 
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was loaded on the native gel). All higher molecular weight proteins of lanes 3 and 4 remained in 

the stacking gel. Lane 5 of the native gel contains the molecular markers. 



Fig. 26A A silver stained SDS-Page gel is shown, loaded with cytoplasmic- or membrane fractions 

of protein extractions from male antenna of Manduca sexta. Lanes 1 and 6 contain molecular weight 

markers. Lane 2 comprises the cytoplasmic fraction of the flagellar shafts (38,ug protein), lane 3 

contains the membrane fraction of the flagellar shafts (3&ug protein). Lane 4 is loaded with the 

cytoplasmic fraction of the sensilla and scales (15,ug protein) and lane 5 comprises the membrane 

fraction of the sensilla and scales (with an undetectable amount of protein). Marked with a star is 

the cytoplasmic fraction of the sensilla and scales, containing only one protein band of about 36 

kD (marked with an ~). This band might be the pheromone binding protein. It is assumed to 

still occur associated with other proteins or as a dimer, because of too mild reducing conditions. 

B shows a 15% SDS-Page gel with molecular mass markers in lane 1. Lane 2 contains the sensilla 

and scales fraction (star) of 0.2% of one antenna, lane 3 of 0.6% of one antenna. The main protein 

band of the cytoplasmic sensilla fraction has a mOlecular mass below 21 kD, and more than 14 kD. 

Lane 8 contains the whole antenna I extracts of the flagellar shafts of 0.1% of one antenna. Lane 

4-7 are [NH4hS04 precipitations (lane 4 and 5: 80%, lane 6: 60%) of the whole antennal extracts 

(shafts and sensilla fractions combined), lane 7 contains the sensilla fraction only. Lane 4 is loaded 

with 2 I~I; lane 5, 6 and 7 with 6 ,ul of the protein extracts. 
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Fig. 27. Protein extracts of male M.sexta adults' antennae were loaded on this Commasie blue 

stained native gel. Lane 5 contains molecular mass markers. Marked with a star, lane 1 (contains 

1.5Jlg protein), corresponds to lane 4 of the SDS-Page gel (Fig. 26). It contains the cytoplasmic 

fraction of the sensilla and scales. The 36 kD protein band from the SDS gel split into two bands 

of a molecular mass between 21 and 14 kD. This corresponds to the published molecular mass of 

16 kD for the pheromone binding protein of M. sexta. Lane 2 contains the sensilla's cytoplasmic 

fraction (O.78,ug protein) from the second preparation with only one protein band of about 14 kD 

(most likely corresponding to the pheromone binding protein). Lane 3 corresponds to the 

cytoplasmic fraction of the antenna I shafts and contains 3.4Jlg protein. It contains one protein band 

of about 14 kD and another of less than 31 and more than 21 kD. Higher molecular weight 

proteins still remained in the stacking gel. Lane 4 was loaded with the membrane fraction of the 

antennal shafts, comprising 2.6Jlg protein. All its high molecular weight proteins still remained in 

the stacking gel. 
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Table 1. Shown are the results of two different protein essays (a modified Lowry essay and protein 

essay kits from Pharmacia), comprising of jiffcrcnt fractions of antennal protein extracts from M. 

sexta males. Less material was recovered during the second extraction (B), pobably because of a 

shorter homogenization step. The hundred ul samples contain less protein than expected. Sensilla 

CF = sensilla cytoplasmic fraction. Sensilla MF = sensilla membrane fraction. Shafts CF = flagellar 

shafts cytoplasmic fraction. Shafts MF = flagellar shafts membrane fraction. 



96 

TABLE 1 

1- Extraction (A) 

Lowry assay 

/10 }ll /100 }ll 

Sensilla CF 7.5 }lg 38 pg 

Sensilla MF 14 llg 

Shafts CF 19 )..lg 90 )..lg 

Shafts MF 19 pg 45 }lg 

2. Extraction (B) 

Protein assay kits 
/10 ].11 

Sensi11a CF 3.89 llg 

Sensi11a MF 0.885 \lg 

Shafts CF 17.2 llg 

Shafts MF 12.8 p.g 



DISCUSSION 

To stimulate ORNs in vitro with hydrophobic pheromones, different solvents were tested 

as possible interfaces between the aqueous extracellular culture medium and the lipid-soluble 

stimulus. To ensure that the dilutions of the pheromone gland extracts still contain pheromone, the 

different dilutions of the gland extracts and their respective solvents were tested with EAGs. 

Extracts of the 5 female pheromone glands in 100 ul hexane with subsequent addition of 

10 ul DMSO before dilution in saline was the most appropriate solvent and was used in all 

subsequent experiments. Hexane extracts resulted in better yields of purer pheromone than ethanol 

extractions (based on biochemical analysis, Drs. Christensen and Tumlinson, personal 

communication). Moreover, smaller solvent responses were seen with hexane than with DMSO. 

Because hexane alone does not mix with the saline solutions, but shows strong adherence to glass, 

most of the extracted material was lost to the glass pipettes. Addition of DMSO to the hexane 

extract presumably formed an interface between the lipophilic solvent and the Iipophobic saline, 

thus allowing better mixing and greater pheromone recovery. 

The highest dilution of the DMSO gland extracts and the hexane/DMSO gland extracts that 

still resulted in a measurable EAG response (1:10,000) were then further diluted 1:1000,000 for 

stimulation of the ORNs in vitro. This further dilution of 1:100 seemed to be appropriate, because 

in vitro the ORNs (which are without their supporting cells) might be more sensitive to the applied 

stimulus, and the effective concentration of the pheromone might be higher in vitro as in vivo. 

Compared to known EAG responses of defined concentrations of bombykal the tested pheromone 

extracts contained about 2 pg of bombykal (Christensen, personal communication). 

In Antherea, PBP appears as a double band with a relative molecular mass smaller than 



98 

14,400 D in SDS-Page gels, ultrathin-layer polyacrylamide gels and microgradient PAGE (Klein, 

1987; Vogt, 1987). In gel filtration experiments, the PBP had a molecular weight of 35 kD, which 

was much larger and suggested a composition of two subunits, or association with other proteins 

(Kaissling et aI., 1985; J. Hemberger, unpublished). In SDS gels the denatured PBP shows only one 

band at 14,400 (Klein, 1987). The PBP in M. sexta has a molecular mass of about 16 kD on native 

gels (Gy(}rgyi et aI., 1988). 

The purified proteins of the cytoplasmic fraction of the sensiIla and scales fraction of M. 

sexta, which showed two bands with a molecular mass of less than 20 kD in the native gel in Fig. 

27, correlate with the published results for moth PBP in native gels, which also describe two bands 

at about the same molecular weight (Klein, 1987; Vogt, 1987; Gy(}rgyi et aI., 1988). However, the 

36 kD band obtained with the first SDS gel in Fig. 26A does not correlate with the reported 

molecular weight for PBP under denaturing conditions (Klein, 1987). Thus, it is assumed, that the 

36 kD band contains a dimeric form of the PBP, which had not been denatured in the first SDS

gel. Under non denaturing conditions, in gel filtration experiments, J.Hemberger (unpublished) also 

determined a molecular mass of about 35 kD for PBP from Antheraea. He suggested that the PBP 

may be composed of two subunits, or may be associated with other unknown components (Kaissling 

et aI., 1985; Klein, 1987). In Fig. 26B, the second SDS-gel (done in collaboration with Dr. J. 

Tumlinson) the denatured presumptive PBP has a molecular mass of less than 20 kD, corresponding 

well to the published data for M. sexta PBP. 

In my preparations the fraction comprising the 36 kD band on the SDS gel was frozen and 

thawed several times before it was lyophilized and finally loaded on the native gel. These treatments 

most likely are responsible for reducing the protein. Because the 36 kD band from the SDS gel split 

into two bands of different molecular weight, I would expect the PBP of M. sexta to be a 

heterologous dimer. It could also be possible that the lower molecular weight bands resulted from 
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degradation by endogenous proteases. For unknown reasons, the cytoplasmic sensilla fraction of the 

second preparation contained more of the lower molecular weight band of the presumptive PBP 

than the first preparation. These differences may also be accounted for by endogenous protease 

digestion. They could also be due to inherent differences among different strains or different 

individuals of M. sexta that were used for the two extractions A and B (Vogt, 1987). Because not 

equal amounts of protein were loaded on each lane of the two gels (and because the higher 

molecular weight proteins remained in the stacking gel of the native gel) not all of the proteins that 

could be seen in the fraction of the antenna I shafts of the SDS gel could be resolved in the native 

gel. 

The described biochemical data for the extracts of the cytoplasmic fraction of sensilla shows 

that the obtained band of less than 20 kD (in SDS-PAGE) and the two bands between 21 and 14 

KD (in native gels) correspond to the PBP of M. sexta. In physiological experiments (described in 

the following chapter and shown in Fig. 47G) these protein fractions show specific physiological 

effects, while the fractions of the flagellar shafts resulted in fast degradation of all cultured cells 

tested. The effects of the sensillar cytoplasmic fractions are compatible with the hypothesis that the 

purified proteins contain PBP and that the PBP may curtail the action of the pheromone, but may 

not be necessary for recognition by the presumptive pheromone receptor. 
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B. RECORDINGS OF CURRENT- OR ODOR -INDUCED POTENTIAL CHANGES 

To determine if the cultured antennal cells differentiate physiologically and develop the 

ability to produce action potentials, intracellular recordings were performed at different times after 

plating. In addition an attempt was made to determine if the cultured cells would respond to 

pheromones with receptor- and action potentials. To determine the ionic nature of the receptor 

potentials, the recordings were made in extracellular solutions of different ion concentrations. The 

results were inconsistent and indicated that the recording conditions were not stable. Thus 

intracellular recordings were found to be not the appropriate method to record from small, flat 

ORNs in vitro. 

MATERIALS AND METHODS 

The cultures from male M. sexta pupal antennae (dissociated from stage 3 or older pupae) 

were prepared according to the previously described techniques (Chapter I, Materials and Methods). 

For the recordings, ORNs were kept in 156 mM NaCl, 5 mM KCI, 5 mM eaCl2 in Hepes buffer, 

pH 7.3 (extracellular solution), or they were superfused with ea2+-free, Na+-free (replaced by 

choline chloride) or 150 mM KCl solutions. Osmolarity was adjusted to 370 mosmol with mannitol. 

For whole-cell patch clamping the patch electrode was filled with a solution containing 150 mM 

KCI, 5 mM NaCI, 10.7 M ea2+, in Hepes buffer, pH 7.3 (intracellular solution). Whole-cell 

configuration was obtained by moving the pipette carefully down onto the cell's soma. After 
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touching the cell's membrane gentle suction was applied to the lumen of the pipette until a high

resistance [GO] seal formed (cell-attached configuration). Then, application of further suction to 

the pipette broke the patch of membrane. Access to the cell's interior was signalled by a large 

increase in the noise level and in the capacitative currents in response to an applied voltage pulse. 

Membrane capacitance and pipette series resistance were electronically compensated for, while in 

the whole-cell recordings leakage currents were not subtracted. 

The pheromone dilutions were filled with or without pheromone binding protein into a 

stimulation-electrode with tip diameter of a few urn. This glass electrode was connected to a 

picospritzer (General Valve Co.). Pheromone was puffed onto the cells in a dish with pulses of 

defined pressure for specific durations. 

Throughout the first 28 days in vitro, potential changes in ORNs in response to current 

injection or pheromone stimulation were recorded with standard intracellular recording methods 

(Matsumoto and Hildebrand, 1981; Christensen and Hildebrand, 1984; Waldrop and Hildebrand. 

1989). A successful intracellular recording was judged by a jump in the DC potential to more 

negative values, accompanied by an increase in resistance. Hyperpolarizing square current pulses 

of 0.1 nA were injected into the cells to monitor resistance changes. 

The pipettes were manufactured from borosilicate glass from Clark Electromedical 

Instruments (Reading, England) and pulled with a Flaming-Brown Micropipette puller (P 

8OIPC). 

Because the low resistance patch electrodes with their bigger tip-diameter (several urn) 

quickly dialyze the cells, all cytoplasmatic contents of the cell are probably lost within the first 

minute of the recordings. To prevent dialysis, it was attempted to measure potential changes in 

ORNs with high resistance electrodes (intracellular electrodes with very fine tip of about 1 urn). 

Intracellular current clamp recordings were attempted with intracellular electrodes of resistances 
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between 100 and 300 MOhm. The signals were amplified with a voltage-clamp amplifier 

(Axoclamp) in the current clamp mode or with a patch-clamp amplifier (Axoclamp or List) also in 

the current clamp mode. The cells' voltage signals were displayed on a Tektronix osciIIoscope and 

stored on a Vetter tape recorder. The data were either printed out with a chart recorder (Gould 

Brush 2200) and analyzed by hand or analyzed by software written by Christian Franke in Munich, 

W-Germany. 

RESULTS 

Recordings were taken in the whole-cell configuration with a patch clamp amplifier in the 

current clamp mode. Patch electrodes of about 5 mOhm resistance were used, filled with 

intracellular solution. 

After at least 10 days in vitro the ORNs started to produce mostly only one action 

potential in response to current injections. After a few more days in vitro several cells were found 

that could produce spike trains in response to current injection. From a resting potential of -70 

mV, about 12-days cultured antennal receptor cells produced more than one action potential (open 

triangles) after injection of 130 and 200 pA (Fig. 28A), but only graded potential changes in 

response to injection of smaller currents (Whole-cell configuration, current clamp mode). In Fig. 

28b injections of 50, 100 and 150 pA are superimposed to demonstrate the increase in graded 

potentials and spike height with increasing current injection. For comparison with the current clamp 

records in the whole-cell mode, voltage clamp records (also in the whole-cell mode) are shown in 

Fig. 28c. In response to voltage steps from -75 mV holding potential to -20 or -25 mV inward 

currents (full triangles) are elicited. The inward currents are carried by Na+ (for explanation see 
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next chapter) and correspond to the positive going voltage deflection in the action potentials of Fig. 

28a,b. In cells less than one week in vitro, no action potentials could be elicited. Stimulations with 

pheromone never elicited action potentials. 

After 2-3 weeks in vitro action potentials could be recorded intracellularly with high 

resistance electrodes after current injections of several pA in only 2 of 40 ORNs recorded 

intracellularly. After stimulating the ORNs with pheromones (1:100,000 dilution of 5 female glands 

extracted in 100 ul hexane with 10 ul DMSO), a decrease in resistance combined with a 

hyperpolarization of 7 - 11 mV could be observed in an extracellular solution containing 150 mM 

Na+ and 5 mM ea2+ (n =2) (Fig. 29a). A decrease in resistance occurred together with a 

depolarization of 12 - 20 mV in an extracellular solution with 156 mM Na+ or K+ and 5 mM ea2+ 

(n=6) (Fig. 29b). The cells resistance increased (R > 100 mOhm) and the cell depolarized about 

10 mV in an extracellular solution with high Na+ and 5 mM ea2+ (n=3). 

In other cases the resistance of the cells showed regular oscillations with a relatively stable 

potential in high Na+ with ea2+ (n=6) (Fig. 29d). In about 2/3 of the experiments, where a 

successful penetration was followed with pheromone stimulation, no responses could be seen, or the 

cells died within the first 5 sec of the recording (n > 20). 

Since the antennal receptor neurons are only 5 .urn in diameter and very flat, it was not 

possible to obtain stable recordings over several minutes while perfusing with different extracellular 

media. In an attempt to obtain rounder cells the adhaesion properties of the culture dish were 

manipulated, as well as the osmolarity of the medium and the cells density. If the cells were plated 

in form of cellular aggregates and the plates were coated with less amount of adhaesive surface 

molecules, the number of successful penetrations increased, but the stability of the recordings did 

not improve significantly. The quality of the recordings was unsatisfactory, because the cells changed 
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in color or granulated within the first minute of the recordings. Because of very depolarized resting 

potentials (-25 mY) and low measured cell input resistances (tOO - 400 kQ) it was infered that the 

perforated cell membrane did not seal around the electrode, causing leakage currents. Also, a 

distinction between pheromone responses and artifacts was not possible. Changes in the ionic 

composition of the extracellular perfusion solution alone increased or decrease the measured 

resistance of the electrode with or without the cells resistance in series (e.g. Fig. 29c). Unstable 

perfusion caused voltage drifts that mimicked depo- or hyperpolarizations. 

Thus, none of the intracellularly recorded data is taken into consideration, but some 

examples of the obtained data are shown in Fig. 29 to illustrate the kind of records obtained. 



Fig. 28. Cultured ORNs from M. sexta were recorded whole-cell (a patch clamp configuration where 

all current changes across the cells membranes are recorded in the voltage clamp mode, while in 

the current clamp mode all potential changes are examined) to find out if they develop action 

potentials in vitro. (A) A 10 days cultured ORN was penetrated with a patch clamp electrode and 

its voltage changes in response to current injection were recorded (current clamp mode). The cell 

had a resting potential of -70 mY. After injection of ~130 pA (indicated by the square pulses at the 

bottom) the cell responded with two action potentials (open triangles). Injection of less current 

resulted only in graded potentials. Bars indicate the time scale of 50 ms and the voltage scale of 

50 mY. (B) Different 10 days cultured ORN (with resting potential of -70 mY) was injected with 

current. The resulting voltage deflections are projected on top of each other to demonstrate the 

different delays and amplitudes of the elicited action potentials (open triangle). The more current 

is injected the faster and bigger the elicited action potential becomes and the bigger is the graded 

(DC) potential shift. (C) For comparison with the current clamp records, voltage clamp records are 

shown. In response to voltage steps from -75 mV holding potential to -20 or -25 mV inward 

currents (filled triangles) are elicited (which correspond to the positive going voltage deflection in 

the action potentials of (A, B». Note that the inward currents get bigger and faster with voltage 

steps to more positive potentials. Also, note the long delays of up to about 10 ms. 
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Fig. 29. Cultured ORNs were recorded with intracellular (high resistance) electrodes to find out if 

these cells are able to produce responses to odors after at least 10 days in vitro. Current pulses of 

0.1 nA were injected into the cells to monitor resistance changes. Downward deflections of the 

baseline (arrows) indicate hyperpolarizations, upward deflections of the baseline show 

depolarizations in the recorded cells. Capacitive artefacts and cell resistance were not compensated 

for. Increases in the positive direction of the overlayed voltage pulses (due to the injected current 

pulses) correlates with an increase of the cells' resistance, decreases of the positive going voltage 

pulses (B,C) or increases into the negative direction (A) indicate a resistance decrease in the cells. 

The filled or open circle marks the application of a few ul of pheromone to the cell (picospritzer 

application). (A) The cell responded with a decrease in resistance and a hyperpolarization of about 

11 mV in extracellular solution containing high Na+ and 5 mM ea2+. (B) The ORN responded 

with a decrease in resistance combined with a depolarization of about 18 mV in the same 

extracellular solution. The cell in (0) showed small fluctuations in resistance with a relatively stable 

resting potential of about -28 m V. (C) The triangle marks the change of the extracellular solution 

from high Na + without ea2+ to a solution of high Na + with 5 mM ea2+. The cell's resistance 

decreases and it appears to depolarize. These changes are presumably artefacts due to the different 

ion concentrations and changes in the fluid level. 
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DISCUSSION 

In vivo ORNs of stage 15 - 17 start responding with action potentials in response to 

olfactory stimulation (Hildebrand, 1980). In vitro ORNs (which had been dispersed from stage 3 

pupa) start showing action potentials after at least 10 days in culture, apparently developing faster. 

Initially, only cells that produce a single action potential are found, while a few days later cells in 

the same culture are able to produce trains of action potentials. One possibility is that these cells 

start to express a new (not known) ion channel, which allows repolarization, or, that different 

populations of ORNs exist in the dish. Also, dispersed vertebrates ORNs can be found which 

respond to depolarizing currents with either a single spike or a brief burst of 2-8 spikes (Firestein 

and Werblin, 1987). 

The injected current necessary to elicit action potentials in ORNs is 40 x higher in the 

insect (130 pA, compared to 3 pA) than reported for the tiger salamander (Firestein and Werblin, 

1987). This can be accounted for by differences in the input resistance of insect versus vertebrate 

ORNs. It can be assumed that in the intact insect olfactory sensillum the input resistance may be 

much higher, thus the threshold for spike initiation much lower, than in the isolated cells in vitro. 

The different heights of the recorded action potentials, as well as the long delays (Fig. 28), 

are suggested to indicate that the action potentials are elicited far away from the recording site 

at the neurites of the antennal receptor neurons. This suggestion is further supported by single

channel and whole-cell patch clamp recordings (see next chapters and Fig. 28c). These data 

demonstrate that no sodium channels could be found on the cells' soma and fast inward currents 

carried by Na + appeared with a long delay of up to 9 msec in the cells' soma. Extracellular 

recordings of olfactory sensilla in vivo also suggested that the spike initiation zone might not be 

on the soma, but on the dendrite (DeKramer, 1985), while others assume it to be at the axon 



hillock region of the soma (Kaissling, 1987). In addition to that the long delays in the 

whole-cell patch clamp configuration are an indication for insufficient voltage control. 
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In the intracellular recordings the input resistance determined for M. sexta ORNs was 

about 10 times lower and the resting potential about 30 - 40 mV more depolarized than in the 

patch clamp studies of the same cells (next chapters). This indicates the poor quality of the 

intracellular records. The cells were too small and too flat and the tip of the intracellular electrode 

too large and the shaft too long to obtain stable intracellular recordings. Big holes in the cells' 

membrane decreased their input resistance and caused depolarizing leakage currents into the cell. 

Although the obtained data were all consistant with the patch clamp results discussed in the next 

chapters, the data cannot be taken into consideration, because they were recorded in dying cells. 

Theoretically, the decrease in resistance combined with the depolarizations after pheromone 

stimulation in high sodium as well as in high potassium could have been due to activation of the 

unspecific cation channel (see next chapters); the decrease in resistance together with the observed 

hyperpolarization could have been due to an activation of the ea2+ -dependent K+ current (see 

next chapters). 

To determine if the cultured male antennal cells differentiate in physiological terms and 

respond to female pheromone it was decided to concentrate on patch clamp studies, where stable 

records could be obtained. This will be demonstrated in the next chapters. 
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C. 11IE GENERAL CHARACI'ERISTICS OF ION CHANNELS IN ORNS IN VTIRO 

Morphological changes of ORNs in vitro as well as immunocytochemical experiments 

indicate that the ORNs differentiate at least partially in vitro. The patch clamp studies described 

below were performed to determine if ORNs also differentiate physiologically in vitro. This work 

was done in collaboration with Drs. Hanns Hatt and Frank Zufall at the University (TU) in 

Munich. 

MATERIALS AND METHODS 

Unless otherwise specified, all culture media were purchased from Gibco (Grand Island, 

NY) and all chemicals and biochemicals, from Sigma Chemical Co. (St. Louis, MO). 

The cell cultures were performed as described previously (Chapter 1). Briefly, antennae from 

stage 3-5 pupae were removed from M. sexta males. The antenna I cells were disrupted by a 

combination of mechanical and enzymatic treatment, in 1 mg papain/ml Hanks' Balanced Salt 

Solution (HBSS). They were cultured on Falcon plastic dishes or Concanavalin A - coated 

coverslips. The medium used was L15 supplemented with 5% FBS and with supernatant from an 

insect cell line generated from embryonic M. sexta tissue (Eide et al., 1975). 

Patch clamp technique and data analysis 

Patch clamp recordings were performed according to standard methods (Hamill et aI., 1981). 

Patch electrodes were manufactured from borosilicate glass (WPJ, GC. 150 TlO) using a two-stage 



electrode puller (DMZ, Zeitz Instruments, Augsburg, FRG). The patch pipettes were 

fire-polished and then coated with Sylgard. The tip resistances ranged from 4-6 MQ. 
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The cells were viewed at 320x magnification with phase contrast optics using an inverted 

microscope (Zeiss Axiovert 10). High resistance seals of 10-20 GQ between cell surface and 

electrode glass were formed by gently moving the patch pipette down onto the surface of the cell. 

Suction applied to the lumen of the pipette formed a high-resistance seal (cell-attached 

configuration). 

Whole-cell recordings were obtained by applying further suction to the pipette to break the 

patch. Access to the cell's interior was signalled by a large increase in the noise level and in the 

capacitative currents. Both membrane capacitance and pipette series resistance were compensated 

for. Leakage currents were not subtracted in the whole-cell recordings. 

Inside-out patches were obtained by quickly removing the patch electrode from the cell 

surface after seal formation. Vesicles which occasionally formed, were disrupted by shortly exposing 

the patch to the air. 

Outside-out patches were formed by quickly withdrawing the patch electrode after whole

cell formation. 

Whole-cell and single-channel currents were measured at room temperature using an EPC-

7 amplifier (List-electronic, Darmstadt, FRG). The signals were stored on videotape (modified from 

Sony PCM-501-ES). Single-channel currents were then low-pass filtered with an eight-pole Bessel 

filter at 2-5 kHz. They were digitally sampled at 25 kHz using a HP 9802 Computer equipped with 

a multiprogrammer II interface. Details of the programs are described in Dudel and Franke (1987) 

and Franke and Hatt (1989). Under all recording conditions the currents and potentials across the 

membrane are described according to the convention of displaying currents that flow out of the cell 

as positive (upward deflections) and inward currents as negative (downward deflections). 
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In cell-attached patches the potential across the patch equals the sum of the cell's resting 

potential and the applied holding potential. In the cell-attached mode the resting potential cannot 

be precisely determined. Therefore the following technique was used: the cell's resting potential 

about equals the negative value of the reversal potential of the delayed rectifier current (description 

follows) with 150 mM K+ in the cell-attached pipette (at symmetrical ion concentrations: Nernst 

potential = 0). Thus, when the delayed rectifier reverses at a holding potential of 40 mY, the cell's 

resting potential is about -40 mY. In whole-cell recordings as well as in outside-out and inside-out 

patches, the voltage across the cell membrane equals the applied holding potential. 

Solutions 

Cells were superfused continuously with saline containing (in mM) 156 NaCI, 4 KCI, 6 

eaC12, 5 glucose and 10 Hepes at pH 7.1. The cytoplasmic sides of the cells were exposed to an 

intracellular pipette filling solution containing (in mM) 150 KCI, 5 NaCI, 2 MgCI2, 0.1 EGTA (pCa 

>7) and 10 Hepes at pH 7.2. Total K+ concentration was 154 mM. In some experiments EGTA 

was omitted, which resulted in 5 uM free ea2+ (as indicated by flame spectrophotometry). For 

higher free ea2+ levels, eaCl2 was added as necessary. In some experiments, all K+ in the 

intracellular solution was substituted one-to-one by es+. 

Drug application system 

For whole-cell recordings, drugs were pressure applied to individual cells from a pipette 

with a tip opening of about 10 urn. In excised patch experiments the electrode with the patch at 

its tip was moved from the petri-dish to an isolated recording chamber by means of the sleeve-
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technique (Quartararo and Barry. 1987). A polythene sleeve placed on the pipette shaft is slipped 

down over the tip of the electrode. trapping a drop of solution by surface tension which keeps the 

membrane patch covered with saline during transfer. The recording chamber. which was continuously 

perfused with saline, was equipped with a "liquid filament switch" (Franke et al., 1987) for very fast 

solution change (within 200 us). A "liquid filament" is ejected into the superfusing solution from 

a small tube which can be shifted by a piezo crystal to hit the excised patch at the tip of a patch 

electrode. 

RESULTS 

Whole-ceU recordin~ 

All data were obtained from soma membranes of receptor neurons that had been cultured 

for at least 10 days. In whole-cell recordings. resting potentials of Vo = - 62 ± 12 mY (mean ± 

SD; n = 18) were recorded in saline solution. The input resistances (R) were determined from the 

slope of the current-voltage (I-V) relationship between -70 and -150 mY (since no gated currents 

are present in this range). For 15 receptor cells, the mean input resistance (± SD) was 0.7 ± 0.2 

GO. The membrane time constant (1' = RM x eM> calculated at 0.367 x Eo. with RM = specific 

membrane resistance, eM = membrane capacitance. Eo = applied voltage pulse in the current 

clamp mode) was about 25 ms. From these values a membrane capacitance of about 35 pF is 

calculated for the whole cell (1'/mean input resistance). Membrane capacitance (eM) is approximately 

1 uF/cm2 in biological membranes. Using the membrane time constant of 25 ms. a specific 

membrane resistance of 25 kQ x cm2 is calculated. 



Fig. 30. ORNs which had been at least 10 days in vitro were patch clamped in the whole-cell 

configuration to measure voltage-dependent ion channels of the whole cell. (A,B) Whole-cell 

currents of an ORN in response IO different depolarizing voltage steps at two different time scales. 

A fast transient inward current (filled triangles) is followed by a delayed outward current (open 

squares) with an inactivating component (asterisk). (C) The I-Y curves for the steady state outward 

current (open squares) and the peak inward current (filled triangles). The reversal potential of the 

inward current (arrow) is close to the Nemst potential of sodium, the outward current (arrowhead) 

reverses close to the Nemst potential for potassium. Both currents activate around -20 mY. 
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Fig. 31. ORNs after at least 10 days in culture were recorded in the whole-cell patch clamp 

configuration with 0.1 uM tetrodotoxin (TIX) in the extracellular high sodium solution to examine 

the voltage-dependent outward currents in absence of the inward currents. (A) A sustained outward 

current (open squares) was activated by depolarization. It contained an inactivating component 

(open circles) which was not blocked by 4-aminopyridine (4-AP). Replacement of KCl with esCI 

totally abolished all outward currents; the inward currents were blocked with 0.1 uM TTX. (q 

Some patches contained a transient outward current (asterisk) which could be blocked by 5 mM 4-

aminopyridine (4-AP) (0). This current was activated by depolarizing steps from -70 mV holding 

potential to at least +10 mV. (E) The I-V curve of the outward currents demonstrates that the 

reversal potential for peak out (asterisk) as well as for steady state outward currents (open square) 

is close to the Nernst potential of potassium (arrowhead), indicating that the both outward currents 

are carried by potassium. 
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Inward currents 

Fig. 30A,B shows a typical whole-cell current record in a receptor neuron in response to 

depolarizing voltage steps from a holding potential of - 75 mV at two different time scales. A fast, 

transient inward current (filled triangles) is followed by an outward current (asterix, open square). 

The inward current appeared at depolarization steps from - 75 mV to - 30 mV and became larger, 

faster and shorter with increasing depolarization. It reached - 0.6 nA at 5 m V within 3 ms. With 

further depolarization the current amplitude decreased. The I-V curves for the peak inward current 

and the steady state outward current are shown in Fig. 30e. The inward current reverses close to 

the Nernst potential for Na+ (arrow). 

The rapidly inactivating inward current can be reversibly blocked with 0.1 uM tetrodotoxin 

(ITX) (Fig. 31A-E). Replacement of Na+ with choline extracellularly also reversibly abolishes the 

inward current. Thus it is likely that the inward current is carried soley by Na +. 

Outward currents 

The outward currents shown in Fig.30 developed more slowly than the inward currents and 

contain one sustained (open square) and one transient (asterix) component. The outward currents 

reverse close to the Nernst potential for potassium (arrowhead). 

With 0.1 uM ITX in the bath the sodium currents were blocked, but sustained, voltage

dependent outward current (open squares) remained (Fig.31A). This current is elicited by voltage

steps from the holding potential of -75 mV to - 30 mV or more and activates slowly, and typically 

reached 0.4 nA at +60 mY. Beyond +30 mY, some inactivation develOps (open circles). External 

application of 5 mM 4-aminopyridine (4-AP) or 5 mM tetraethylammonium (TEA) did not reduce 

the inactivation. An intracellular solution that contained es+ instead of K+ blocked all outward 
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currents.(Fig. 31B). The I-V relationship shows outward rectification. These results suggest that the 

main outward current of M. sexta ORNs might be a potassium current with characteristics similar 

to the voltage-dependent delayed outward rectifier current, or IK current (Hille, 1984). There is no 

evidence for the existence of an inward-anomalously rectifying K+ current in these cells. 

In most antennal cells, another outward current component can be seen in addition to the 

delayed rectifier IK (Fig.31C). The ratio of peak to steady-state currents varies between cells. This 

current component was elicited at the beginning of a voltage change and inactivated rapidly. The 

transient component of the current was virtually absent when the cell is depolarized from a holding 

potential more positive than - 50 mV. This is demonstrated in Fig. 31E which shows the I-V curve 

derived from the steady state and the peak values of the outward currents. The transient current 

can be blocked by the external application of 5 mM 4-AP (Fig. 31D). Thus the inactivating outward 

current shares characteristics of the A-current (IN (Hille, 1984). 

Calcium currents 

To search for ea2+ currents, es+was used as the main cation in the pipette solution and 

Na+ currents were blocked by external lTX. Under these conditions no voltage-activated inward 

currents were observed (Fig 31B). Because no experiments were done with increased extracellular 

ea2+ or with ea2+ replaced with Ba2+, it cannot be excluded that there were very small ea2+ 

currents present in antenna I cells in culture. 

Single-channel rccordin~ 

Ionic currents were investigated in more detail at the single-channel level. Stable recordings 
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were obtained for up to 1 h in all three recording conditions, cell-attached, outside-out, as well 

as inside-out. None of the channels described shows marked signs of changes in amplitude or 

kinetics ("run-down") during a recording session. All patches were obtained from the soma 

membrane of M. sexta ORNs. 

Delayed rectifier K + channel 

In the cell-attached configuration with extracellular saline in the pipette no channel activity 

can be observed at the resting potential. 

The predominant channel type observed in receptor neurons is a sustained voltage-activated 

K+ channel with characteristics similar to the delayed outward rectifier. Fig. 32A shows that the 

channel activates by depolarization of the membrane patch. Small and short channel openings 

appear at -35 mV and became larger and more frequent with greater depolarization. The 

intracellular potential of the respective cells is determined using the whole-cell technique in the 

current clamp mode after a cell-attached recording. The resting potential about equals the observed 

reversal potential of the IK current under symmetrical ion conditions (for [K+li = [K+lo the Nernst 

potential is zero, thus holding potential minus resting potential is zero). Fig. 32B shows the I-V 

relationship for the channel openings from Fig. 32A Each point of the curve represents at least 

200 single channel current amplitudes which are evaluated and plotted in amplitUde histograms as 

shown for Fig. 40A Between - 35 and 55 mV, The I-V curve is linear. The calculated unitary 

conductance is 30 pS. An unequivocal reversal potential can not be determined because the single 

channel currents do not reverse upon hyperpolarization up to - 150 m V. Thus the outward current 

shows rectification under the ionic conditions employed. Extrapolation of the linear region of the 

I-V curve gives a zero-current potential of - 60 mV. 
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The distributions of open-times and closed-times for the 30 pS K+ channel (same patch as 

in Fig. 32) were evaluated in time histograms (Fig. 33). At 0 mV the open-time distribution can 

be fitted by a single exponential with a time constant of 0.5 ms (Fig. 33A), representing the mean 

open time of single channel openings. This value is constant for different patches of different cells 

(T = 0.49 ± 0.04 ms, n = 11). The open-time distributions at 45 mV can also be fitted by a single 

exponential, however the time constant is tong~r (0.85 ms, Fig. 33B). The distribution of closed 

times at 0 mV is fitted by the sum of two exponentials with time constants of 1.4 ms and of 44.8 

ms (Fig. 33C). Depolarizations to 45 mV reduce the long time constant to 3.2 ms, but do not 

change the short time constant (Fig.33D). The short time constants represent the short closings 

separating individual openings in a burst, whereas closed times between the bursts are represented 

by the longer time constants. Fig. 33E shows a linear correlation between channel open times and 

membrane potential of the 30 pS K+ channel. With depolarization mean open time increases by 

0.067 ms/l0 mY. Contrary to the mean open time, the open probability of the 30 pS K+ channel 

is exponentially correlated with the membrane potential (Fig. 33F). Open probability increases from 

0.025 at - 15 mV to 0.67 at 55 mY. The open probability P is given by P = lIN x i. Where I is the 

mean current, N is the number of channels in the patch, and i is the single-channel current 

amplitude. Mean current is calculated by integrating current flow during channel openings and 

dividing the integral by the total time of the sample. These experiments show that depolarization 

increases both probability and duration of openings of the 30 pS K+ channel (n = 14). 

In inside-out configurations the 30 pS channel has the same characteristics (single-channel 

kinetics, I-V relationship) as in the cell-attached mode. If K+ is replaced by es+ in the intracellular 

solution, the single channel current amplitude declines to zero. This effect is reversible and explains 

the loss of outward current in the whole-cell recording of Fig. 31B. Various concentrations of ea2+ 

and Mg2+ between 10 nM and 1 mM (from the outside and the inside) did not affect the 30 pS 
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K+ channel. 

With high KCI (150 mM) in the cell-attached mode, the delayed rectifier channel loses its 

rectification, has a linear I-V relationship and reverses around 0 mV (known from outside-out 

patches, where exact voltage control is obtained) (Fig. 34). The single-channel conductance increases 

to 50 pS (Fig. 34B). The open probability at rest is low, about 0.001 at - 70 mV (n = 4), but 

increases with depolarization (Fig. 34A). From these experiments an intracellular K+ concentration 

of about 150 mM can be inferred for antennal receptor neurons, because the channel reverses 

around zero mV in outside-out patches with symmetrical ion solutions. Averaged single channel 

currents are superimposed and reveal an outward current with no signs of inactivation (Fig. 35). 

This suggests that the activation of the 30 pS K+ channel is responsible for the delayed outward 

K+ current in whole-cell experiments (Fig.31A). 

In inside-out patches from different ORNs in vitro (n = 18) the cytoplasmic side of the 

membrane was superfused with ATP, cGMP and cAMP. The patches were held at +5 mV holding 

potential and were superfused with divalent cation-free intracellular solution (Mg2+ - free, with 100 

uM EDTA added). Concentrations of 0.1 uM had no effect while millimolar concentrations of A TP, 

cGMP or cAMP (applied for 2 min) partially and reversibly blocked the activity of the 30 pS K+ 

channel (Fig. 36BCD). A quantification of the inhibitory effects of the nucleotides over time is 

shown in Fig. 37A-D. For a drug application of 40 s, the number of open channels per bin was 

calculated. Mean number of open channels was computed (indicated by the dotted lines) and for 

the 1 mM nucleotide treatments normalized to the control mean. The resulting v:!lues of channel 

activity are 13% for ATP, 22% for cGMP and 66% for cAMP, indicating significant inhibition of 

the 30 pS K+ channel by intracellular nucleotides. 

The inhibitory effect of ATP is dose-dependent (Fig. 37E). The curve connecting the current 

values is a least squares fit of the data to the equation u = 100/(1+(x/l9b) where ~ = 0.18 mM 
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(the inhibition constant or half-maximal inhibitory concentration of ATP) and b = 0.97 (the Hill 

coefficient) suggesting a 1:1 binding of ATP. 

The mean open time of 0.48 ± 0.06 ms for single channel currents in presence of 1 mM 

ATP (at 5 mY, for n = 5) is similar to the mean open time of the control (0.49 ± 0.04 ms, at 0 

mY, for n = 11). 



Fig. 32A In the cell-attached patch clamp configuration with extracellular solution in the pipette 

a voltage-dependent non-inactivating outward current could be recorded. At -SO mV cell potential 

(+80 mV holding potential) the channel is closed and it is activated with depolarizing voltage steps 

to -35 mY. The different traces show outward currents (positive deflections) of different amplitude 

depending on the holding potential. The channel opens more frequently and longer with 

depolarization. (8) The I-V curve shows that the current becomes zero around the Nemst potential 

for potassium. This channel has characteristics of a delayed rectifier potassium channel (Hille, 1987) 

and has a conductance of 30 pS. 0, open stage. c, closed stage. 



A cell-attached patch, low K' 

15mV 
. 20ms 11.5PA 

-80mV 
'r~~~W'''~~'\'''''I',~!'I~C 

B 

-80 -40 40 80 

-1 

FIG.32 

121 



Fig. 33. The open-time «A),(B» and closed-time «C),(D» distributions for the 30 pS delayed 

rectifier potassium channel at two different holding potentials, at 0 mV and at 45 mY. (A) At 0 

mV potential the open-time distribution can be fitted with one exponential, indicating a time 

constant (mean open time duration) of 0.5 ms. (B) The open-time distribution at the more 

depolarized potential of 45 mV can also be fitted with a single exponential and indicates a longer 

mean open-time of 0.85 ms. (C) The closed-times at 0 mV can be fitted by two exponentials with 

mean closed-times of 1.4 ms and 44.8 ms. (D) At 45 mV holding potential the closed-times of the 

delayed rectifier can also be fitted with two exponentials of 1.1 and 3.2 ms. Only the longer time 

constant was shortened by depolarization. (E) The open time duration of the delayed rectifier 

channel increases by 0.067 ms/l0 mV depolarization. (F) The open-time probability increases 

exponentially with depolarization. 
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Fig. 34. (A) Examples of single channel recordings of the delayed rectifier with high K+ (150 mM) 

in the pipette. Upward deflections are currents that flow out of the cell, downward deflections are 

currents that flow into the cell. The potentials shown are the calculated potentials of the cell. The 

mean open-time duration and the open-time probability of the channel increases with 

depolarization, as can be seen on the higher number of longer openings at +35 mY, compared to -

85 mY. (B) With high KCI (150 mM) ill the pipette in the cell-attached mode the outward rectifier 

has a linear I-V relationship, a higher conductance of 50 pS and reverses around 0 mV (known 

from outside-out patches). From these experiments an intracellular K+ concentration of 150 mM 

can be determined. Thus the cells resting potential can be calculated in an cell-attached 

configuration. For example, if the outward rectifier reverses in the cell-attached configuration under 

symmetrical ion conditions at a holding potential of +50 mY, the cells resting potential can be 

inferred to be around -50 m V. 0, open stage. c, closed stage. 
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Fig. 35. Single currents of the delayed rectifier are averaged at different holding potentials 

«A),(B),(C», indicated by square pulses at the top of each column, e.g. from a holding potential 

of -70 mV a voltage step to 0 mV e!icits opening of the delayed rectifier, shown in 4 traces of the 

first column, which are then averaged and superimposed to reveal the "whole-cell current" at the 

bottom of the column. The averaged currents show no sign of inactivation and are assumed to be 

responsible for the non-inactivating component of the delayed outward K current in the whole-cell 

experiments of Fig. 30, 31. 



124 

10mV 25mV 

·7~ OmV '-- -.J L --.J L 

A , "p,~ . .l!)~ -'\J".ml+", ~~I~J,lJJ.J1U\~_ ~Qa~WMU~'YJM~ail 
..,J.J.WJ-."'.-~ -+LI~~ ~hl~~lvWJ\u.~. 
-~''',U.j,J-I_ .. _+.. +~W+ ~~!1WiliJ.I~~\~.~ 
~~ ~.WJj~~A ~~lW!~VjUJ~~JDI" 



Fig. 36. (A) In inside·out patches at 5 mV holding potential 3 outward rectifier channels (indicated 

by the 3 superimposed amplitude levels) open under control conditions. The cytoplasmic side of the 

patch was then superfused with (B) 1 mM ATP, (g 1 mM cGMP and (0) 1 mM cAMP in 

intracellular solution without divalent cations. The delayed rectifier channel was partially and 

reversibly blocked in the following order: ATP > cGMP > cAMP, judged by the decrease in 

number of channel openings. 
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Ca2+ -activated K+ channel 

Receptor neurons of M. sexta in vitro express a Ca2+ -activated K+ channel (IKCa) (Fig. 

38A), which is not seen during cell-attached recordings. In inside-out patches (at a holding potential 

of 5 mY) the Ca2+ -dependent K+ channel opens when perfused with intracellular solution 

containing 1 uM free Ca2+. Channel openings separated by brief closings are grouped into bursts 

separated by longer closed intervals (Fig. 38A middle and lower traces). At 5 mV holding potential 

the fraction of time spent in the open state is dependent upon the intracellular Ca2+ -concentration 

(Ca j) (Fig. 38B). At Ca j of 0.1 uM, channel activity is absent. As the Ca j is raised to 5 uM, the 

fraction of time spent in the open state increased to 68% and reached a plateau of 75% at a Ca j 

of 10 uM. The channel does not open when K+ is exchanged by Na+ or by es+. 

At a fIxed Ca j of 5 mM the current-voltage relationship for the Ca2+ -activated K+ channel 

is outward rectifying in asymmetrical K+ solutions (Fig. 39). The current direction can not be 

reversed with hyperpolarizations up to -150 mY. Zero current potential is near -85 mY, 

approximating the Nernst-potential for K+ (-87 mY). Since the I-V relationship is not linear, we 

calculate the slope conductance of 66 pS at 0 mY. The channel does not express any voltage

dependence. 

The distribution of amplitudes of single channel openings of IKCa at 5 m V holding potential 

is bimodal (Fig. 40A). 10 represents the closed state, II at 4.5 pA represents the amplitude of the 

open state. There are no recognizable amplitude-substates. The distribution of open times of the 

Ca2+ -activated K+ channel (Fig. 40B) can be fItted by a single exponential (1.3 ms). The mean 

open time shows no voltage dependence. The distribution of closed times (Fig. 40C) can be fItted 

by the sum of two exponentials, of 0.21 ms and 1.65 ms. 



Fig. 37. A quantification of the inhibitory effects of the nucleotides over a longer period of time 

is shown for the delayed rectifier channel in inside·out patches at 5 mY holding potential. During 

40 s of drug application the number of open channels per 0.5 bin was calculated. Mean values for 

open channels were computed (indicated by the dotted lines) and normalized to the control. (E) 

The dose.response curve for the inhibitory effect of ATP. Mean current is plotted against ATP

concentration. The curve connecting the current values is a least squares fit of the data to the 

equation u = l00/(I+(~)b) where ~ = 0.18 mM (the inhibition constant of half-maximal 

inhibitory concentration of ATP). b = 0.97 (the Hill coefficient) suggesting a 1:1 binding of ATP, 

x = the concentration of ATP, u = the changes of the mean current. 
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Fig. 38. (A) In inside·out patches at a holding potential of 5 mV a ea2+ -dependent K+ channel 

opens reversibly. Shown at the top is a square pulse indicating the switch from application of a 

control solution (intracellular solution containing 10 nM ea2+) to application of an intracellular 

solution containing 1 uM ea2+. During application of the control solution only the delayed rectifier 

channel opens. In high ea2+ another channel of much higher conductance opens reversibly. 

Openings separated by brief closings are grouped into bursts (Bs) separated by longer closed 

intervals. Note the fast flickering closures within a burst at the expanded time base. (B) The fraction 

of time spent in the open stage depends upon the intracellular ea2+ -concentration at 5 m V holding 

potential. As the ea2+ -concentration is raised to 5 uM, the fraction of time spent in the open state 

increased to 68% and reached a plateau of 75% at a ea2+ -concentration of 10 uM. 
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Fig. 39. (A) Examples of single channel currents of the ea2+ -dependent K+ channel in inside-out 

patches at different holding potentials. (B) The channel increases its conductance with increasing 

depolarization and reverses close to the Nernst potential of potassium. The current is outward 

rectifying and does not seem to change its probability of opening in a voltage-dependent way. 
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Fig. 40. (A) The distribution of amplitudes of single channel openings of the ea2+ -dependent K+ 

channel at 5 m V holding potential. 10 represents the number of closings, 11 represents the amplitude 

of the open state (4.5 pA). (B) the distribution of open times can be fitted by a single exponential, 

with a mean open time of 1.3 ms. (C) the distribution of closed times can be fitted by the sum of 

two exponentials, with a mean closed time of 0.21 ms (representing the closed times of the 

flickering closures within a burst) and 1.65 ms (representing the burst intervals). 
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Fig. 41. (A) Single channel openings of a transient K+ channel are elicited by voltage steps from -

90 mV to -15 mV in a cell-attached patch recording with extracelluluar (low K+) solution in the 

recording electrode. At the top the square pulse indicates the voltage step from a holding potential 

of -90 mV to +15 mY. The next 5 traces indicate channel openings during the depolarizing current 

pulse in the same patch. (8) At the bottom trace is the average of the single channel openings. The 

averaged current resembles the fast inactivating component of the whole-cell recordings (see Fig. 

31A). 
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The transient K+ channel 

Only a few membrane patches contained a transient voltage-dependent K+ channel. The 

channel opened in response to depolarizing voltage steps to +15 mV from a negative holding 

potential of -90 mV and inactivated within milliseconds (Fig. 41). From a holding potential of -50 

m V, this channel cannot be activated. Openings separated by brief closed intervals are grouped 

into bursts. Burst length differs between a few milliseconds to about hundred milliseconds. The 

channel has a conductance of 12 - 18 pS. 

To reconstruct the macroscopic current, 52 channel activations were signal-averaged (Fig. 

4IB). The shape of the average current resembles the fast inactivating component of the whole

cell recordings (Fig. 31C). 

Developmental expression of ion channels in antennal receptor neurons in vitro 

After only 2 days in vitro, delayed rectifer outward currents were found in most antennal 

cells. Other outward currents, like IA and IKCa were present after about 10 days in vitro, but it was 

not determined when they first appeared. Channel density seems to increase until about 3 - 4 weeks 

in vitro when it seems to decrease again, possibly due to localization of the channels along the 

neurites. 

DISCUSSION 

In the diverse antennal cell cultures, a certain morphological cell type (soma diameter of 

5 urn, with uni- or bipolar fine processes) could be correlated immunocytochemically with ORNs 
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in situ (Stengl and Hildebrand, 1989). Because only cells of this morphological type were recorded 

from, it is assumed that most, if not all, of the characterized cells were ORNs. 

In this Chapter it was attempted to characterize the passive membrane properties, the 

inward and outward currents of moth ORNs, as compared to vertebrate ORNs. 

The excitable properties of M. sexta ORNs after 2 - 3 weeks in vitro are comparable to 

freshly dissociated vertebrate ORNs (Trotier, 1986; Firestein and Werblin, 1987; Maue and Dionne, 

1987) as well as to insect motorneurons (Thomas, 1984). 

The resting potentials in the ORNs of the larval tiger salamander are more positive than 

in M. sexta ORNs (-54 mV versus -62 mY). In M. sexta most of the sodium channels would be 

inactivated at these more positive resting potentials, while for the vertebrate, > 80% of the sodium 

currents would be inactivated at about 10 mV more positive potentials (-40 mY). Thus the 

differences in resting potentials between insect and vertebrate ORNs may be functionally significant 

and not caused by depolarization and shunt due to the penetrating electrode. 

The mean input resistance of 0.7 GO for the insect ORNs, is about 10 times lower than 

in the tiger salamander cells. Because ORNs in situ are tightly covered by supporting cells, sealed 

with tight junctions, it is likely that the input resistances are higher in the intact sensillum. From 

the measurements in vitro the input resistance of the ORNs' dendrite cannot be inferred. It is not 

known if one of the cells' processes in culture resembles a dendrite and no attempt was made to 

obtain patches from the neurites. 

The soma membrane of insect ORNs has a time constant about 25 ms and a membrane 

capacitance about 35 pF, while in vertebrates (Firestein and Werblin, 1987) the time constant is 100 

ms and the membrane capacitance is 20 pF. Because both measurements were taken in the whole

cell current clamp mode, differences cannot be attributed to different methodologies. 

Transient, inward currents carried by Na+ also have been found in all vertebrate ORNs. 
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In salamander ORNs, the Na + currents are surprisingly tetrodotoxin resistant, while in Manduca 

they are blocked by 0.1 uM TIX. Trotier (1986) measured a similar transient inward current, which 

was eliminated by 10 mM cobalt in the bath, suggesting a calcium component. Because no patches 

on the soma of M. sexta ORNs contained Na+ currents it is assumed that this channel is located 

mostly on the neurites of these cells. This assumption is also supported by the unusually long delays 

of inward currents in the whole-cell configuration (Fig. 30). 

The whole-cell outward currents in M. sexta ORNs contain at least 2 components, one of 

them a voltage-dependent non-inactivating potassium current, which has properties of a delayed 

rectifier, found in many other cell types (mouse ORNs: Maue and Dionne, 1987; cockroach eNS

neurons: Beadle and Lees, 1986; for review: Rudy, 1988). This current has kinetics similar to the 

voltage-activated K+ current, described for mouse ORNs (Maue and Dionne, 1987). It decreases 

its latency of opening and increases its open-time probability as well as its open-time duration with 

increasing depolarization. At stronger depolarization, the delayed rectifier slowly develops an 

inactivation. This compares to the slow inactivation process found in a delayed rectifier of frog 

skeletal muscle (Standen and Stanfield, 1980). An unusual property of the M. sexta delayed rectifier 

channel is that it can be blocked with nuclcotides (ATP > cGMP > cAMP). ATP-blockage also 

has been found in other K+ channels (but not in delayed rectifier channels) in mammalian cardiac 

muscle, adult frog skeletal muscle and mammalian pancreaticp-cells (Ashcroft, 1988). ATP-blockage 

is assumed to connect cell metabolism to cell excitability. As in other excitable cells, these 

potassium channels may act to repolarize the cell after an action potential. 

The other component of the voltage-gated outward current is a transient voltage-dependent 

K+ current with properties similar to those of the A current described by Connor and Stevens 

(1971) and resembles the A current found in Drosophila (Sole et aI., 1987). In M. sexta this current 

is activated with depolarization and opens only transiently at the beginning of the depolarizing 
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voltage-step. This type of fast inactivating potassium current has also been seen in vertebrate ORNs 

(Firestein and Werblin, 1987). As in the vertebrate ORNs this A current is blocked by application 

of 4-AP in the cultured insect ORNs. In M. sexta IA may also might play a role in the 

repolarization phase of the action potential (Daut, 1973). The comparably small number of patches 

found containing the A current could indicate that this channel normally is located mainly on other 

parts of the cell. The strongly Ca2+ -dependent K+ current in M. sexta has a smaller conductance 

(66 pS, compared to 130 and 80 pS) and different kinetic behavior than the Ca2+-dependent K+ 

currents found in mouse ORNs (Maue and Dionne, 1987). Ca2+ -dependent K+ channels also have 

been described for ORNs in salamander (Firestein and· Werblin, 1985) and lobster (Anderson and 

Ache, 1985). Like the A current these channels contribute to the repolarizing phase of the action 

potentials. In rhythmically active neurons these currents have been implicated in the control of 

interspike interval and firing frequency (Hille, 1984). Calcium currents were not found in M. sexta 

ORNs, while they are present in vertebrate ORNs (Trotier, 1986; Firestein and Werblin, 1987; 

Maue and Dionne, 1987; Strong et aI., 1987). Chloride currents were not seen in the current 

experimental series but have been described in vertebrate ORNs (Maue and Dionne, 1987; Hardie, 

1989). It could be demonstrated that the cultured ORNs also differentiate in physiological terms, 

because different ion channels appear at different times in vitro. The ion channels described for 

ORNs of M. sexta after 2-3 weeks in vitro comprise all the channels that are necessary to develop 

action potentials. Action potentials could be recorded in the current clamp mode (see chapter 

above) and correlate well with fully differentiated ORNs in vivo. The description of the electrical 

membrane properties and ion channel composition in the ORNs is a necessary prerequisite to study 

primary olfactory transduction mechanisms. Until now this information was not available for insect 

ORNs because intracellular recordings were not possible in vivo. What role these channels could 

play for olfactory transduction mechanisms is addressed in the next chapter. 
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D. ION CHANNELS OF ORNs TI-lAT RESPOND TO ODORS IN VITRO 

It was demonstrated (in the previous chapter) that ORNs of M. sexta differentiate in vitro 

in physiological terms, therefore it was attempted to obtain responses specific to pheromone 

stimulation of single ion channels. All the cells recorded from in vitro comprised a single 

morphological cell type, which has previously (first chapter) been associated with ORNs. The 

beginning of this work was done in collaboration with Drs. Hanns Hatt and Frank Zufall at the 

Technical University (TU) of Munich. 

MA1ERIALS AND METIlODS 

Unless otherwise specified, all culture media were purchased from Gibco (Grand Island, 

NY) and all chemicals and biochemicals, from Sigma Chemical Co. (St. Louis, MO). 

The cell cultures were performed as described in the previous Chapters. 

Patch clamp technique and data analysis 

The patch clamp recordings were performed as described in the previous chapter. In 

addition to the equipment used before (during my collaboration in Munich), another patch clamp 

setup was used (in Tucson). Only the instruments that are different from the one described in 

Chapter III. C are listed below. 

Patch electrodes were manufactured from borosilicate glass (Clark Electromedical 

Instruments, Reading, England) using a Flaming Brown Micropipette puller (P 80/PC). The cells 

were viewed at 400x magnification with phase or Hoffmann optics using an inverted microscope 

(Olympus). The recordings obtained from cultured ORNs were stored on a Vetter instrumentation 

recorder or acquired on-line with a PC's limited computer, using software from Axon Instruments. 
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The data were analyzed with software from Axon instruments or with custom programs from Dudel 

and Franke (1987). 

Pheromone application was done as previously described with a Picospritzer connected to 

an application electrode mounted on a Leitz micromanipulator. The applied pheromone solution 

comprised in most cases a 1:1,000,000 dilution (into extracellular solution) of 5 extracted female 

glands in 100 ul DMSO. In some cases it was an about 10-8 M dilution of bombical in DMSO into 

saline (obtained from Dr. Bestmann, W-Germany) The pheromone was then puffed onto the cells 

(at different distances) in culture with or without the pheromone binding protein. In some cases 

the pheromone (with or without the pheromone binding protein) was filled into the tip of the 

recording electrode. In other cases the tip of the electrode was briefly dipped into the pheromone 

solutions (with or without the PBP), or pheromone was bath applied before (or while) recording 

from the ORNs. For the outside-out patches stimulation with the pheromone was done in a 

separate plastic-chamber using the fast "liquid-switch"-application method (as described in the 

previous Chapter). 

Usually the cells were first stimulated with the solvent alone, before applying the 

pheromone. A culture dish was contaminated irreversibly with the pheromone after the first 

application pulse (often, the ORNs in a dish responded to brief adjustment of the pheromone 

pipette over the cell, even before applying a pheromone pulse). Because of this contamination 

problem, first, a number of cells were electrophysiologically recorded (ceil-attached mode) under 

control conditions, then, after the first pheromone stimulation pulse the same cells were recorded 

from again, to look for longer-lasting pheromone-induced changes. Since the ORNs show very 

uniform, homogeneous responses under control conditions, this appeared to be a reliable approach 

to search for pheromone responses. The exact time of the onset of the inward current could not 

be determined, since the application of the pheromone was done by hand, bath-applied or with a 
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picospritzer, at variable amounts and at variable distances to the cell. The delays between 

pheromone-application and onset of the inward current range between milliseconds and several 

seconds. It was not possible to fully remove the pheromone from the plastic culture dish, thus it 

was not possible to reverse the pheromone effect. 

The solutions used were the same as described in the previous chapter. Intracellular 

solutions contained 150 mM Kel, 5 mM NaCI, 10-7 M ea2+, in Hepes buffer, pH 7.3. Extracellular 

solution consisted of 156 mM NaCl, 5 mM KCI, 5 mM ea2+, in Hepes Buffer, pH 7.3. Osmolarity 

was adjusted with mannitol to 370 mosmol extracellularly and to about 350 mosmol in the patch 

pipette. In most cases recordings were made in the cell-attached configuration with intracellular 

solution in the patch electrode and the cells were continuously perfused with extracellular solution. 

The different patch clamp configurations were explained in the previous chapter. Briefly, 

in the cell-attached configuration ionic currents are recorded from an intact cell, while in the other 

configurations the cytoplasm is lost. In the whole-cell configuration the currents flowing through 

all the activated channels present on the cell's surface are recorded. In outside-out patches Iigand

gated currents can be detected, in inside-out patches second-messenger-gated channels can be 

examined. 

RESULTS 

Cell-attached patch configuration 

In 127 experiments pheromone extract or bombical were applied in the cell-attached 

configuration to ORNs after 2-4 weeks in vitro. The pipette solution contained intracellular solution 
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(with 150 mM KCI) to mimic the high potassium concentrations that are found in the receptor 

lymph. 

In more than 50 of these experiments several cells in a culture dish were first stimulated 

with the control (solvent alone), then the same cells were exposed to the pheromone extracts. 

Because none of the more than 50 control experiments elicited any responses from the cells, in the 

subsequent experiments the pheromone stimulation was not preceeded by a control stimulus. 

In 26 of 127 cells tested, a nonspecific cation channel opened after the pheromone WllS 

applied to the bath (Fig. 42). This channel was never seen under control conditions. The current 

through the cation channel reverses at zero mV in the cell-attached configuration with high KCI 

in the pipette (Fig. 42) and in the outside-out configuration with high NaCI outside (Fig. 43). The 

conductance of this channel is higher at very hyperpolarized conditions for high KCI outside 

(potassium inward currents) and is higher at less hyperpolarized holding potentials for high NaCI 

outside (sodium inward currents). Thus, the channel appears to be permeable to potassium as well 

as to sodium and expresses for both ions inward rectification (compare the lower conductance for 

outward currents to the much higher conductance for inward currents). In addition to the peak of 

closed stages (at zero pA) there appear two discrete amplitude peaks (stars) in the amplitude 

histogramm (Fig. 44A) demonstrating at least one open subs tate or mUltiple channel types. Open

time histograms for the smaller amplitude peak (the substate) and the higher amplitude peak show 

different mean open-time durations for both open-states (Fig. 45). Thus, the unspecific cation 

channel shows a complex kinetic behaviour. 

In 3 of the 127 experiments with pheromone application the calcium-dependent potassium 

channel opened (Fig. 46) and eight times the voltage-dependent non-inactivating potassium channel 

increased its open-time probability (Fig. 47AB). 

In 8 of the 127 pheromone experiments an inward current of about 50 pA appeared (Fig. 
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46A) and three times very large currents (of more than 60 pA) occurred. After decreasing the 

pheromone concentration with several washes with extracellular solution, single channel openings 

could be distinguished (Fig. 46B-E) in at least three of the eight experiments, where inward currents 

occurred (after pheromone application). Three times the nonspecific cation channel could be 

discerned (Fig. 46D) and in one of the eight experiments, the calcium-dependent potassium current 

could be recognized with certainty (Fig. 46B,C,E). 

After prolonged exposure to high concentrations of pheromones (about 20 ul of a 1:100,000 

dilution of 5 female gland extracts in DMSO) all channels (the unspecific cation channel as well 

as the delayed rectifier) closed (Fig. 48). After washing with extracellular solution or after addition 

of pheromone-binding-protein or bovine-serum-albumin (BSA) the unspecific cation channel and 

the delayed rectifier channel opened again (Fig. 470). These channels disappeared again after 

addition of more pheromone. This could be repeated in at least four cells two to three times. In 

some cases the changed reversal potential of the delayed rectifier current in these cells indicated 

that the cells depolarized (up to 20 mY). 

In 77 of 127 experiments ORNs did not respond to the applied pheromone. In none of the 

127 experiments could the unspeCific cation channel or the calcium-dependent potassium channel 

be seen before the pheromone stimulation. In all of the cells the delayed rectifier was activated with 

depolarization, reversing between -40 up to -70 mV (the calculated resting potential of the cell, in 

symmetrical ion solutions). 

In four cells phorbol esters (several ul of a 100 ng/ml stock solution of phorbol myristilic 

acid) were applied in the cell-attached configuration with high KCI in the patch pipette to the 

cultured ORNs. In three cases the unspecific cation channel opened. 
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Excised patches 

Of 45 outside-out patches 11 were stimulated with pheromone extracts or with bombical. 

The pipette contained intracellular solution and the cells were constantly superfused with 

extracellular solution. In five experiments the unspecific cation channel was opened when the patch 

was pointed into the pheromone stream (Fig. 43). In eight experiments the unspecific cation channel 

opened apparently in response to exciSing the patch, before stimulation with pheromone. In 32 

outside-out patches the unspecific cation channel did not spontaneously open, however pheromone 

stimulation was not tried. 

Of 15 experiments using inside-out patches (none of them stimulated with the pheromone) 

the unspecific cation channel opened in two patches after excision of the patch. The patch pipette 

contained extracellular solution, the patches were constantly superfused with intracellular solution. 

In these inside-out patches the unspecific cation channel closed more often after bath 

application of 10-3 M A TP to the inside of the membrane. The channel was blocked with cesium 

and aspartate applied to the inside of the patCh. When KCI at the inside of the patch was replaced 

by choline chloride, no channel openings could be seen as long as the pipette was kept at a 

negative potential (the interior of the membrane was depolarized). Channel openings could be 

observed when the pipette was kept at positive potentials, thus hyperpolarizing the membrane. 

These results suggest that under these ionic conditions potassium is the ion that passes through the 

channel, while choline cannot permeate the channel. 



Fig. 42. After pheromone application an unspecific cation channel opened in cell-attached patches 

with 150 mM K+ in the pipette. (A) shows single channel openings of this channel at different 

holding potentials. The channel shows inward rectification (compare the different slopes at 

hyperpolarizing and at depolarizing holding potentials) and no apparent voltage-dependent kinetics 

(data not shown). The channel opens in bursts (b). (B) The I-V curve shows that the channel 

reverses around 0 mV (the reversal is not shown in the single channel traces), indicating that it is 

permeable to K+ as well as to Na+. Its conductance is about 20 pS at a cell potential of +25 mY, 

44 pS at -80 mV and 57 pS at -130 mV (with 150 mM K+ outside). c, closed stage. 0, open stage. 
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Fig. 43. After pheromone application to an outside·out patch, with high Na+ outside, an unspecific 

cation channel opens. (A) shows the single channel openings at different holding potentials Note 

that two channels open at the same time at a holding potential of -40 mY. The channel opens in 

bursts (b) and displays no obvious voltage-dependent kinetics. Note that it opens in a subs tate 

during the burst. (B) The I-V curve reverses at zero mV and is inward rectifying. Its conductance 

at +25 mV is about 20 pS, at -80 mV about 50 pS. This indicates (compared to Fig. 42B in high 

k+) that the channel is about equally permeable to K+ and to Na+. 
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Fig. 44. (A) An amplitude histogram of the unspecifiC cation channel in the cell-attached 

configuration at about -135 mY cell potential. The peak at 0 mY corresponds to closed state. The 

two peaks marked with stars are two different open states of about 7 pA (substate) and 8.5 pA (B) 

The distribution of closed-times should be fitted by the sum of two exponentials, but because the 

record did not contain many longer closings (the closures between the bursts) they could not be 

fitted. The mean closed time for the short closures within a burst is 1.32 ms. 
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Fig. 45. The distribution of open times of the unspecific cation channel at -135 mY cell potential 

in an cell-attached patch with high K+ outside. (A) Events with amplitudes between -2 and -7 pA 

(the subs tate, the smaller peak in Fig. 44A). The open times are fitted with the sum of two 

exponentials. The mean open times (fau) are 0.85 and 3.29 ms. (B) Events of amplitudes between -

7 and -12 pA the main open peak in Fig. 44A The open times in are fitted with a single 

exponential, which renders a mean open time (fau) of 3.33 ms. 
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Fig. 46. After pheromone application to cultured ORNs (which were at least 10 days in vitro) in 

the cell·attached configuration, with high K+ in the pipette, a large inward current started (shown 

in (A». The application of the pheromone is marked with a dot. After washing the cell for several 

minutes with extracellular solution single channel events could be resolved, shown in (B) and (C). 

Enlarged details show that the unspecific cation channel and probably also the ea2+ -dependent K+ 

channel (judged by its kinetic behaviour, the fast f1ickery openings without an amplitude subs tate, 

compare (E) to Fig. 38a) were components of the large inward current. Because the holding 

potential was changed continuously during the entire recording the exact holding potential of the 

records shown is not known. Because the conductance of the ea2+ -dependent K+ channel under 

symmetrical ion conditions is not known, whether this channel was contained in the inward current 

of this record cannot be determined unequivocally. (0) and (E) are expanded versions of (B) and 

(C) between the triangles. The open circles refer to portions of the record which appear to contain 

the unspecific cation channel, the open squares mark assumed openings of the ea2+ -dependent K+ 

channel. 
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Fig. 47. A sequence of events is shown during application of different amounts of pheromone in 

the cell-attached configuration (with high K+ in the patch pipette) to ORNs in vitro (with 

extracellular solution with high Na+ outside). The potential is kept at 0 mY holding potential, 

which corresponds to the cell's resting potential of about -60 mY. (A) Brief channel openings are 

shown corresponding to inward currents of the delayed rectifier channel, which can be seen in every 

cell and can be blocked by Cs, ATP and cGMP (note that the direction of current flow has been 

inverted in this recording from A - F). After application of pheromone (5 female glands extracted 

in 100 ul DMSO, diluted 1:100,000 in saline) the open time probability of the delayed rectifier 

channel increases without any obvious change in its amplitude. The uneven baseline in (B) and (C) 

could indicate openings of a channel with low conductance (most likely the unspecific cation 

channel, because he opens with at least one amplitude substate). (D-F) When the cell is 

hyperpolarized (a holding potential of +20 mY hyperpolarizes the cell by -20 mY, to a cell 

potential of atout -80 m V) inward currents of about 5 pA single channel conductance can be seen, 

corresponding to openings of the unspecific cation channel (judged by its ability to open for longer 

periods of time at different amplitude substates). After additional pheromone application all 

channels close. At holding potentials from +150 to -150 mY no channel openings could be 

observed. (G) At 0 mY holding potential (in a different "adapted" cell), when presumptive 

pheromone binding protein (PBP) or bovine serum albumin (BSA) were added channels opened 

again. The long openings most likely correspond to the unspecific cation channel, the brief openings 

most likely corresponds to the delayed rectifier channel. 
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Fig. 48. Pheromone (same concentration as in Fig. 47) was added to ORNs which had been cultured 

for about 3 weeks during a cell·attached recording at 0 mV holding potential (at the cell's resting 

potential of about -65 m V). The pipette solution contained 150 mM K+, the cells were kept in 

extracellular solution with high Na+. (A) Openings of the delayed rectifier and the unspecific cation 

channel are seen at the beginning of the trace. After addition of more pheromone at the arrowhead 

the channels decrease their open probability. (B) The amplitude histogram of channels at low 

concentrations of pheromone is shown. (C) The amplitude histograms of channels that open at high 

pheromone concentrations. Note the different scales of the axes. Fewer channels open in (C) 

compared to (B) during approximately the same time interval. Black dots mark amplitude peaks. 

In (A) the peaks show single channel currents of 1.9 pA, 3 pA and 4.4 pA, while in (B) the channel 

amplitudes decreased to 1 pA, 1.6 pA and 3 pA, indicating that the cell depolarizes about 20 mV 

(if assumed that the first peak corresponds to the delayed rectifier and the second peak corresponds 

to the unspecific cation channel and the third peak corresponds to two channels opening at the 

same time). 
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Whole-ccU configuration 

In 36 whole-cell experiments pheromone was applied in more than five experiments. Once 

the cell showed a non-repeatable inward current and once the cell responded with a fast 

disappearing outward current. Rundown of the response occurred within the first minute. 

DISCUSSION 

Because intracellular recordings did not give reliable data (judged by low resting potentials, 

low input resistance, and morphological changes), patch-clamp experiments were used to determine 

whether ORNs respond to pheromones in vitro. These teChniques appeared to be preferable to 

intracellular recordings, because it proved to be nearly impossible to obtain stable penetrations with 

intracellular electrodes in the flat, 5-,um diameter ORNs. Because of the mostly clean surfaces of 

the ORNs, the patch electrodes readily established high resistance seals, which remained stable for 

up to one hour. 

In this chapter it was attempted to determine which of the previously described ionic 

currents might play a role in the primary transduction processes of pheromone detection. 

Furthermore, it was attempted to distinguish between a direct action of the pheromone on ligand

gated ion channels and an indirect action via second-messenger mediated ion channels, and to 

compare the moth ORNs to vertebrate ORNs. 

Most of the experiments in which pheromone was applied to the ORNs in vitro were done 

in the cell-attached configuration, because under these conditions the cells' cytoplasm remained 

intact. 
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This was assumed to be an important prerequisite for obtaining pheromone responses, 

because it was known from vertebrate olfactory receptor neurons that intracellular messengers like 

cAMP apparently playa role in the olfactory transduction mechanism (Pace et aI., 1985; Nakamura 

and Gold, 1987; Firestein and Werblin, 1989). 

To distinguish between a direct action of the pheromone on a receptor that is coupled to 

an ion channel and an indirect second messenger mediated response, pheromone induced-responses 

in cell-attached recordings (with cytoplasm intact) were compared to responses seen in outside-out 

patches and whole-cell recordings (both cases with most cytoplasmic factors lost). Whole-cell 

recordings were also made to look for an integrated pheromone response of all the channels on a 

cell, compared to the random sample of channels in a patch. 

Because the whole-cell responses were not stable over several minutes and because the two 

observed opposite responses to pheromone could not be repeated, it was assumed that the dialysis 

of the only 5-um diameter cells had happened already in the first minute. The fast dialysis most 

likely resulted in a wash-out of response-relevant cytoplasmic components. Thus the observed 

responses are interpreted as artifacts. 

Because in outside-out patches of ORNs the unspecific cation channel opened after 

pheromone stimulation, it is suggested that either the pheromone directly opened this channel or 

that it acted on membrane-bound components that transferred their action to the cation channel. 

Because the cation channel did not close again after removing the patch from the pheromone 

stream, channel closure may require cytoplasmic factors that were lost after patch excision. This 

suggestion that the cation channel is under second-messenger mediated negative control, is 

supported by the finding that the cation channel often opened after excising the patCh, before it was 

stimulated with pheromone. Although in most cases an alternative explanation for this result could 

be contamination of the plastic chamber with pheromone, the two cases where cation channel 
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openings could be observed in outside-out patches before the first application of pheromone suggest 

that this is not the case. The preliminary result (n = 4) that the unspecific cation channel opens 

after addition of phorbol esters suggests an involvement of the phospholipase C pathway (see Fig. 

8C). Phorbol esters are known protein kinase C activators and replace the action of DAG. The 

reaction pathway from a presumptive G-protein coupled pheromone receptor to the activation of 

protein kinase C is suggested to be membrane-bound (Berridge, 1987). Biochemical evidence from 

other groups also support the suggestion of a pheromone action via the IP3 second-messenger 

pathway (Breer et a!., 1988, 1989). 

The most reliable pheromone responses of cultured ORNs were seen in the cell-attached 

mode. Because the observed inward current occurred under the patch even if there was no 

pheromone in the patch pipette (the pheromone was puffed onto the remaining surface of the cell) 

a second-messenger-mediated process is likely to cause the current (because the recorded patch most 

likely was not in direct contact with the pheromone). 

Opening of the unspecific cation channel was the most commonly observed response to 

pheromone. The cation channel opened with pheromone in the pipette, as well as when the 

pheromone was applied to the cell, after seal formation (thus no direct contact with pheromone was 

possible). It demonstrates that the PBP is not necessary to obtain a pheromone-induced response 

and it suggests that the opening of the cation channel is second-messenger mediated. The channels 

response to the pheromone is specific, concentration-dependent, but not reversible (because the 

pheromone could never be totally removed after aplication). 

The disappearing of the cation channel after prolonged exposure to the pheromone is 

assumed also to be second-messenger mediated, because it occurred without direct contact of the 

pheromone to the patch. This response may playa role in the adaptation mechanism, because it 
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correlates well with the fact that insects that are exposed to a constant strong pheromone stimulus 

cease responding behaviourally. Resumption of channel activity after BSA or PBP addition, suggests 

that both lipid-binding substances reduce the number of receptor-bound pheromone molecules, 

thus reducing the concentration of the stimulus. However, a conclusive inierpretation of these 

results is not yet possible. 

The appearence of the ea2+ -mediated potassium current demonstrates that internal ea2+ 

increased at least 10 times (judged by its ea2+ -dependent activation curve in Fig. 38). Possible 

explanations are that voltage-dependent ea2+ channels were opened by depolarization, resulting in 

ea2+ influx into the cell, or that ea2+ entered the cell through the unspecific cation channel (Hille, 

1984). That ea2+ enters through the non-specific cation channel is very likely (Hille, 1984) but has 

not yet been tested. Because removal of extracellular ea2+ resulted in instable recordings and 

death of the cultured cells, it can not yet be decided which mechanism leads to an increase in 

internal ea2+ concentration. 

Another possibility suggested by experiments in other insects showing rapid pheromone

dependent transient IP3 increase, is that ea2+ is released from internal storage (Breer et aI., 1989). 

The increase in delayed rectifier activity after pheromone stimulation cannot fully be 

explained by a depolarization of the cell, because the amplitude of the channel did not always 

change significantly (in the cell-attached mode changes in the cells' resting potential change the 

amplitude of the recorded currents). Decreasing cGMP or ATP levels also could cause an increase 

in delayed rectifier activity, because the delayed rectifier channel has shown to be blocked by these 

nuclcotides (see previous chapter, Fig. 36, 37). 

Because activity of this channel ceases totally after prolonged or strong pheromone 

stimulation slowly increasing cGMP levels stimulated through IP3 (as in the slime mold 

DictyosteIIium discoideum: Europe-Finner and Newell, 1985) are a possible explanation. This 

~----------
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interpretation is also supported by the finding of pheromone-dependent increases in cGMP levels 

in the moth Antherea (Ziegelberger et aI., 1989). 

The closing of the delayed rectifier channel causes depolarizations in the ORNs in vitro in 

extracellular solutions (judged by changes in the reversal potential of the delayed rectifier, after re

opening with added BSA). But the long duration of the depolarizations suggests that this channel 

closure is more likely to be correlated with the adaptation response than with the fast, transient 

receptor potential. The long depolarizations also would inactivate Na+ channels, thus preventing 

initiation of action potentials. 

Because none of the control stimuli (solvents alone were tested at corresponding dilutions) 

elicited any responses and because none of the one week old cultured cells showed any pheromone 

responses, the changes that were seen after pheromone stimulation appear to be specific to the 

pheromone. Also, about 2/3 of the pheromone-stimulated cells did not show any responses. This 

should be expected in a mixed population of ORNs where compared to the in vivo findings (Lee 

and Strausfeld, 1989) about 64% of the cells might not be pheromone-sensitive. Because the 

responses to bombical and the responses to female-pheromone extracts are comparable, it is unlikely 

that any of the ion channels showed unspecific responses due to contaminants in the extracts. 

The results shown here demonstrate for the first time that isolated pupal insect ORNs 

differentiate in vitro and are able to respond to pheromones. Because the presented data are very 

complex and cannot be interpreted unequivocally to infer a definite model for the primary sensory 

transduction mechanisms, further experiments are needed. In the next chapter the "most likely" 

model of primary processes of olfactory transduction is suggested, as well as experiments of how 

to test it. 
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CHAPTER V 

GENERAL DISCUSSION 

A MODEL OF TIIE PRIMARY OLFAcroRY TRANSDUCI1JION MECHANISMS IN TIIE 
MOTIf MANDUCA SEXTA 

Patch clamp experiments of cultured ORNs from M. sexta pupae demonstrated that at least 

one, probably three different ion channels are affected by the pheromone stimulus (bombykal, or 

female pheromone gland extracts). At low concentrations of pheromone, a non-specific cation 

channel increased its open-time probability. In fewer experiments the delayed rectifier channel 

opened more often, and a ea2+ -dependent K+ channel started to open. These channels opened in 

the cell-attached patch clamp configuration, even when the pheromone was applied, without the 

PBP, to other parts of the cell. Thus it is likely that the pheromone acts via second-messenger-

mediated processes, without needing to bind the PBP first. Because the non-specific cation channel 

opens more frequently during pheromonal stimulation in outside-out patches, I suggest that the 

second-messenger mediated pathway employed for its activation is membrane-bound. Preliminary 

experiments with phorbol-ester application suggested that the cation channel is opened by 

phosphorylation through protein kinase C. The closing of this channel, however, probably requires 

soluble factors from cytoplasm that are lost in the outside-out configuration. 

After prolonged pheromonal stimulation, all channels that opened after the initial stimulus 

(the non-specific cation channel, the delayed rectifier channel, and the ea2+ -dependent K+ 

Channel) closed (reversibly). The delayed rectifier and the non-specific cation channel reopened 

again after application of PBP or BSA Application of PBP or BSA was not tried in an "adapted 

patch" which previously showed activity of the ea2+ -dependent K+ channel. 
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The following model (Figs. 49, 50) is suggested to explain these data in context with the 

findings of other groups (see Introduction). First, an inhomogeneous and specific distribution of ion 

channels in the ORN's membranes is assumed (Fig.49A,B). It is known that the outer dendritic 

segments of the ORNs are exposed to the receptor lymph with unusually high K+ concentrations 

(rewiew, Kaissling and Thorson, 1980). The other parts of the cell (the inner dendritic segment, the 

soma and the axons) are wrapped by supporting cells and most likely face low K~ concentrations 

(Keil, 1989). Because of these different ionic gradients Na+ channels are suggested to be located 

mainly at the inner dendritic segment (IDS) and along the axon, where they should be less exposed 

to depolarizing inward K+ currents (which would keep the Na+ channels inactivated). Because no 

Na+ channels were found on the soma, the proposed arrangement of Na+ channels assumes two 

spike initiation zones in an ORN (IDS and axon hillock). Delayed rectifier channels, as well as IA 

currents, are assumed to be distributed over the whole cell, the IA current at a lower channel 

density, and the delayed rectifier at a higher density. The ea2+ -dependent K+ channels are 

assumed to occur at highest density in the IDS and at the axon of the ORNs. Also, any voltage

dependent ea2+ channels (which remain to be found) are assumed to be located at highest density 

at the axon terminals and at lower density on the remaining parts of the ORNs. The unspecific 

cation channel is assumed to be concentrated on the outer dendritic segment. 

In an unstimulated olfactory sensillum the ORNs show spontaneous spikes as well as 

transepithelial voltage oscillations (Zack, 1979; Kaissling and Thorson, 1960). In my model of Fig. 

49A, the ORN's ODS bathes in 200 mM K+ while all other parts of the cell arc assumed to be 

surrounded by extracellular fluids with low K+ concentrations. Inside the cell, high K~ 

concentrations are also found. Thus, it is assumed that the transmembrane potential {created by the 



156 

high K+ concentration in the receptor-lymph, measured by extracellular electrodes between the 

receptor-lymph and the hemolymph) creates a driving force for a steady inward current of K+ into 

the ODS, which is counteracted by a battery of pumps in the IDS, pumping K+ out of the cell 

again (morphological evidence by Keil, 1989). The depolarizing steady inward current, which 

inactivates Na+ channels, also opens voltage-dependent K+ channels and ea2+ channels. Increased 

internal ea2+ triggers the ea2+ -dependent K+ channel, which together with the delayed rectifier 

channel and the IA channel (on the parts of the cell that face low K+) hyperpolarize the cell 

transiently, releasing the Na+ channels from inactivation. The following depolarization will trigger 

an action potential in the IDS which spreads passively (because there have been no Na + channels 

found on the soma) towards the axon hillock of the soma where it triggers another spike in the 

axon. These counteracting forces are able to cause oscillating resting potentials and spontaneous 

spikes in ORNs. 

When a pheromone-specific ORN is stimulated briefly with low concentrations of 

pheromone, a chain of reactions is triggered which leads to opening of the unspecific cation channel 

causing a depolarization of the cell. The pheromone is thought to bind to G-protein linked 

receptors (Gilman, 1987; Berridge, 1987). These are suggested to cause stimulation of a 

phospholipase C, which elevates IP3 and DAG levels (Fig. 50) (Breer et aI., 1989). DAG is known 

to be membrane-bound and stimulates a membrane-bound protein kinase C (in the presence of 

ea2+). This kinase is thought to phosphorylate and thus open the non-specific cation channel, 

causing a fast depolarization (the first phase of the receptor potential) through influx of K+, Na+ 

and possibly ea2+. The channel might be quickly closed again, by dephosphorylation through a 

phosphatase, by various negative feedback loops (with a slower time course than the action of the 

IP3) terminating the protein kinase C action (Berridge, 1987) and by unknown cytoplasmic factors. 
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Protein kinas~ C is known to stimulate eaz+ transport out of the cell or back into internal stores 

with prolonged stimulation. Decreasing ea2+ levels should inhibit the C kinase which requires ea2+. 

Also, prolonged stimulation of the kinase C causes inhibition of phospholipase C, in another 

negative feedback lOop. 

IP3 is known to release ea2+ from internal stores, thus triggering the ea2+ -dependent K+ 

channel in the IDS. This causes (together with the depolarization-dependent activation of the 

delayed rectifier and the IA current) a brief hyperpolarization which releases the Na+ channel from 

inactivation, causing (together with the following depolarization) a spike in the IDS. This transient 

hyperpolarization is assumed to be the first phase of the extracellularly recorded biphasic action 

potential, while the second phase is assumed to be due to the Na+ inward current. The 

hyperpolarization is transient, because ea2+ is quickly removed by pumps (which are known to be 

activated by elevated ea2+ levels at a slower time course than the IP3 action) and by various 

negative feedback pathways that cooperate to curtail the calcium signal (review by Berridge, 1987). 

With prolonged and strong pheromone stimulation of the ORNs the receptor potential and 

the spike generating mechanisms adapt, but apparently via separate mechanisms (Zack, 1979; 

Kaissling and Thorson, 1980). 

If an ORN is stimulated with high pheromone concentration for several minutes, 

pheromone could bind longer to a Go-protein-coupled receptor causing a steeper IP3 increase, which 

might trigger (in addition to the events proposed before, for which a lower threshold is suggested) 

cGMP formation (with unknown mechanisms) as it does in other systems (Europe-Finner and 

Newell, 1985). An increase in cGMP would close all delayed rectifier channels thus preventing 

repolarization of the ORNs. The resulting prolonged depolarization causes inactivation of the Na+ 

channels (preventing spiking) and slows down the repolarization (second phase) of the receptor 
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potential. This proposed sequence is supported by experiments by Ziegelberger et al. (1989). They 

reported long-duration increases of cGMP levels in ORNs of the moth Antheraea after pheromonal 

stimulation and localized the increase to the soma region of the ORNs. Secondly, it is assumed that 

pheromone binds at high concentrations to a receptor coupled to a Gj-protein (inhibitory G

protein) with less affinity for the pheromone then the one described before, causing inhibition of 

phospholipase C and thus preventing activation of the non-specific cation channel and the ea2+_ 

dependent K+ channel. In addition, the various negative feedback loops in the IP3 pathway, caused 

by prolonged stimulation of Go. might contribute to the adaptation (Berridge, 1987), rendering the 

protein kinase C inactive. Support for the presence of an activating as well as an inhibiting G

protein comes from Breer et al. (1988, 1989), who reported in several insect species two different 

G-proteins with opposite effects on the IP3 production. 

In vertebrate ORNs, however, there seems to be an odor-induced increase in cAMP levels 

which causes opening of ion channels (Pace et aI., 1985; Nakamura and Gold, 1987; Firestein and 

Shepherd, 1989). Current-voltage relationships for odor-induced generator currents suggested also 

that a non-specific cation conductance underlies the odor-induced receptor potential. The long 

latencies of several hundred msec suggest the involvement of second-messenger-mediated reactions 

(Firestein and Werblin, 1989). But there are no data so far, suggesting the involment of an IP3 

cascade in the odor responses of vertebrate ORNs. 

In taste transduction, amiloride-blockable unspecific cation channels are opened by sour

tasting substances (Avenet, 1989). Whether second-messengers mediate sour taste is not known. 

Some amino acids appear to open ligand-gated non-specifiC cation channels directly without the 

obvious involvement of second-messenger mediated processes (L-arginine) in catfish taste buds 

(Teeter et aI., 1989). However, stimulation with L-alanine is correlated with increases in IP3 and 
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cAMP in catfish, and it is not known which ion channels might be involved (Teeter et aI., 1989). 

In mud puppies, citric acid blocks Na +, K+ and ea2+ channels causing long lasting depolarizations, 

but it is not known what molecular mechanisms are involved (Kinnamon, 1989). Also in 

mud puppies, quinine, a bitter tasting stimulus causes long-duration slowly activating depolarizations 

in mud puppies. The depolarizations are connected to inhibition of ea2+ -dependent K+ channels, 

as well as inhibition of Na+, K+ and ea2+ channels (Kinnamon, 1989). Again, the biochemical 

processes involved are not known. Denatonium, another bitter stimulus, is correlated with the 

opening of a ea2+ -dependent K+ channel, causing hyperpolarizations in rat taste cells (Akabas, 

1989). The mechanisms that cause increases in internal ea2+ are not known. In rat tast buds 

saccharides increase cAMP levels, thus causing depolarizing inward currents (Akabas, 1989). The 

ion channels involved have not yet been identified. 

These results suggest that there are several different mechanisms involved in taste 

transduction, including direct ligand-gated, as well as second-messenger mediated G-protein coupled, 

ion-channels. Further experiments are necessary to demonstrate the contribution of second 

messengers such as IP3, DAG, cGMP or cAMP on taste primary sensory transduction mechanisms. 



Fig. 49. (A) shows a schema of a pheromone.sensitive sensillum with different receptor-lymph 

cavities. The dendrite of the ORN bathes in the outer receptor-lymph with an about 200 mM K+ 

concentration and about 36 mM Na+. The stars mark tight junctions that seal of the inner- from 

the outer receptor-lymph. The inner dendritic segment as well as soma and axon of the ORN are 

assumed to face a low K+ and high Na+ concentration. BL, basal lamina. CU, cuticle. HE, 

hemolymph. IDS, inner dendritic segment. ODS, outer dendritic segment. ORN, olfactory receptor 

neuron. RL, receptor lymph. TE, tccogen cell. TR, trichogen cell. TO, tormogen cell. (B) shows the 

suggested distribution of ion channels in the ORN's membranes. On the outer dendritic segment 

mostly unspecific cation channels (open circles) are assumed. At the inner dendritic segment as well 

as on the axon the sodium channels (stars), the A current (filled square) as well as the ea2+_ 

dependent K+ channel (arrowheads) are assumed to be clustered. The delayed rectifier (open 

squares), and voltage-dependent ea2+ channels (filled circles) are assumed to be evenly distributed. 

The delayed rectifier is assumed to occur at a high density, the ea2+ channelS at a low density. 

IDS, inner dendritic segment. ODS, outer dendritic segment. ORN, olfactory receptor neuron. TO, 

tormogen cell. TR, trichogen cell. 
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Fig. 50. The following primary olfactory transduction mechanisms are suggested for detection of 

pheromone by ORNs in M.sexta (for abbreviations, see text). Pheromone receptors are assumed to 

be coupled to either a stimulatory (Go) (high affinity receptor) or an inhibitory G protein (Gi) 

(lower affinity receptor) which affects the activity of a phospholipase C (PL). At a low 

concentration (pulses) of pheromone the high affinity receptors bind the pheromone and stimulate 

IP3 (inositoltriphosphate) and DAG (diacylglycerol) production. DG stimulates a protein kinase C (PKC) 

which opens the unspecific cation channel (IN0 via phosphorylation (P). This causes a 

depolarization by influx of K+ and Na+ (first rapid phase of the receptor potential). IP3 releases 

ea2+ from internal stores. The increase in internal ea2+ opens the ea2+ -dependent K+ channel 

(IKCa ++) in the inner dendritic segment, releasing Na+ channels (which are not shown) from 

inactivation. The depolarizing inward current (in the outer dendritic segment) then opens Na+ 

channels, voltage-dependent ea2+ channels, the IA channel (which are all not shown) and delayed 

rectifier channels (10 which compose an action potential. Increasing ea2+ levels might activate the 

guanylate cyclase (GC) which increases cGMP levels, thus closing the delayed rectifier channel. 

This will cause prologed depolarizations in the ORNs, inactivating the Na + channel. The unspecific 

cation channel could be closed by phosphatases (Ph), by inactivation of protein kinase C (through 

negative feedback loops activated by prolonged exposure to pheromone) and through inhibition of 

phospholipase via an inhibitory G protein (which is coupled to a receptor with lower affinity for 

pheromone). 
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FUTURE EXPERIMENTS 

The suggested model of primary sensory transduction processes in insect ORNs can be 

tested by electrophysiological studies combined with pharmacological experiments. 

c The specific distribution of ion channels could be tested with specific antibodies or with in 

situ hybridization methods, since several ion channels have been cloned already and appear to be 

~ighly conserved among different organisms (Kamp et al.,1987; Papazian et aI., 1987; Salkoff et aI., 

1987; Solk et aI., 1987; Tanabe et aI., 1987; Temper et aI., 1987). 

The assumption of having two spike initiation sites in ORNs is based on De Kramers 

(1985) estimates of a low resistance of the dendrite which does not allow passive spread of the 

receptor potentials to a spike generation site on the soma and on the fact that no Na+ channels 

could be found on the soma membrane of cultured ORNs. This assumption might be tested in situ 

with extracellular recordings in connection with TTX-blockage. For example, electrical stimulation 

of the antennal nerve with a suction electrode should also trigger action potentials in the IDS, 

which could be detected in tip-recordings. Incubation of the antennal nerve in TTX with sodium

free solutions in the suction pipette should block all spikes in the axons, but should still allow spike 

initiation in the IDS, after pheromone stimulation. Application of TTX to the receptor-lymph 

should obliterate spike initiation in the IDS alone. 

The components that determine the two phases of the extracellularly recorded spike might 

also be identified by specific blockage in situ. If TTX is perfused into the inner and outer receptor

lymph space, the second phase of the action potentials should be blocked, while the first positive

going phase should persist. ea2+ together with ea2+ -ionophores added to the receptor-lymph 
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should influence the first phase as well as the second phase of the spike. 

To test if protein kinase C activates the non-specific cation channel, phorbol esters (protein 

kinase C stimulator) are added to the receptor-lymph in situ. They should cause activation of the 

unspecific cation channel and thus should increase the amplitude of the receptor potential. High 

concentrations of phorbol esters should render the ORNs insensitive to pheromones via negative 

feedback pathways (such as inhibition of the phospholipase C and decrease of internal ea2+ levels) 

of the IP3 pathway (Berridge, 1987). Whether the non-specifiC cation channel is opened by a protein 

kinase C in vitro, also could be tested in cell-attached recordings if phorbol esters are added to the 

ORNs. If low levels of phorbol esters open the non-specifiC cation channel, one could also test 

whether higher concentrations of the phorbol esters can cause closure of the channel through a 

negative feedback pathway (protein kinase C might be ea2+ -dependent). 

The presence of two G-proteins (Go and G j) could be demonstrated with specific antibodies 

in vivo as in vitro (Gilman, 1987; Breer et aI., 1989). Addition of GTPyS to inside-out patches 

together with ATP should permanently activate Go and thus the protein kinase C resulting in 

opening of the non-specific cation channel. However, it also permanently activates G j and could 

thus close the activated cation channel. Pertussis or cholera toxin which catalyze ADP-ribosylation 

in G-proteins (causing permanent activation), could also be used as indicators for the presence of 

G-protein linked receptors in inside-out or whole-cell experiments. According to Breer et al. (1989) 

these two toxins have opposite effect on IP3 production and would make it possible to distinguish 

beween the two G-proteins involved. Cell-attached experiments with F and Al3+ in the cell-attached 

pipette might also trigger G-protein linked cation channel openings, as well as opening of the ea2+ 

-dependent K+ channel and closing of the delayed rectifier channel. Whole-cell experiments with 
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IP3 and ATP in the pipette might trigger the ea2+ -dependent K+ channnel as well as close the 

delayed rectifier channel. 

To determine whether the guanylate cyclase in ORNs is ea2+ or IP3 dependent will depend 

upon biochemical evidence. 

These suggested experiments could test the validity of the proposed model for primary 

olfactory transduction mechanisms in insects. 



165 

REFERENCES 

Akabas, M. (1989) Symposium. The initial events in taste: Chemosensory transduction in the vertebrate taste 
bud. Soc. Neurosci. Abstr. 15: 131. 

Altner, H. (1977) Insect sensillum specificity and structure: an approach to a new typology. In Olfaction and 
taste VI (eds. Le Magnen J., MacLeod P.). Information Retrieval, London, 295-303. 

Altner, H., and L. Prillinger (1980) Ultrastructure of invertebrate chemo-, thermo-, and hygroreceptors and 
its functional significance. Internat. Rev. Cytol. 67: 69-139. 

Altner, H., Schaller-Selzer L., Wohlrab I. (1983) Poreless sensilla with inflexible sockets. A comparative 
study of a fundamental type of insect sensilla probably comprising thermo- and hygroreceptors. Cell 
Tissue Res. 234: 279-307. 

Amoore, J. E. (1982) Odor theory and odor classification. Theimer, 27-76. 

Anderson, P. A V. and B. W. Ache (1985) Voltage- and current-clamp recording of the receptor potential 
in olfactory receptor cells in situ. Brain Res. 338: 273-280. 

Arbas, E. A (1986) Control of hindlimb posture by wind-sensitive hairs and antennae during locust flight. 
J. Comp. Physiol. A 159: 849-857. 

Ashcroft, F. M. (1988) Adenosine 5'-triphosphate-sensitive potassium channels. Ann. Rev. Neurosci. 11: 
97-118. 

Avenet, P., F. Hofmann, and B. Lindemann (1988) Transduction in taste receptor cells requires cAMP
dependent protein kinase. Nature 331:351-354. 

Avenet, P. (1989) Symposium. The initial events in taste: Chemosensory transduction in the vertebrate taste 
bud. Soc. Neurosci. Abstr. 15: 131. 

Baker, T. C. (1985) Chemical control of behavior. In Comprehensive insect physiology, biochemistry and 
pharmacology (eds G. A Kerkut and L. I. Gilbert). 2: 621-672. Pergamon Press, Oxford. 

Baker, T. C. and R. T. Carde (1979b) Analysis of pheromone-mediated behaviours in male Grapholitha 
molesta, the oriental fruit moth (Lepidoptera: Tortricidae). Environ. Entomol. ~:956-958. 

Beadle, D. J., and G. Lees (1986) Insect neuronal cultures - a new tool in insect neuropharmacology. In 
Neuropharmacology and Pesticide Action, (eds. M. G. Ford, G. G. Lunt, R. C. Reay, and P. N. R. 
Usherwood). 423-444, Ellis Horwood Ltd., Chichester, England. 

Beets, J. T. (1971) Olfactory response and molecular structure. Beidler 257-327. 

Becker, D. (1978) Electrophysiologische Untersuchungen zur Feuchterezeption durch die styloconischen 
Sensillen bei Mamestra brassicae L. (Lepidoptera, Noctuidae). Dissertation, Regensburg. 

Bell, R. A, and F. A Joachim (1976) Techniques for rearing laboratory colonies of tobacco hornworms and 



166 

pink bollworms. Ann. Ent. Soc. Am. 69: 365-373. 

Bell, W. J., and Carde R. T. (1984) Chemical ecology of insects. Chapman and Hall, London and New 
York. 

Berridge, M. J. (1987) Inositol trisphosphate and diacylglycerol: two interacting second messengers. Ann. 
Rev. Biochem. 56: 159-193. 

Birch, M. C. (1984) Aggregation in bark beetles. In Chemical ecology of insects (eds. W. J. Bell and R. T. 
Carde). 331-53. 

Blatz, A L., and K. L. Magleby (1987) Calcium-activated potassium channels. TINS 10: 463-467. 

Breer, H. K. Raming, and I. Boekhoff (1988) G-proteins in the antennale of insects. Naturwissenschaften, 
75: 627. 

Breer, H., I. Boekhoff, K. Raming, and J. Strotmann (1989) Molecular elements of olfactory 
signaItransduction in insect antennae. Molecular Insect science meeting, Tucson AZ. 11. 

Brimijoin S., Skau K., Wiermaa M.J. (1978) On the origin and fate of external acetylcholinesterase in 
peripheral nerve. J. Physioi. (Lond.). 285: 143-158. 

Boeckh, J., K.-E. Kaissling, and D. Schneider (1960) Sensillen und Bau der Antennengeillel von Telea 
polyphemus. Zooi. Jb. Anat. 78: 559-584. 

Boeckh J., Kaissling K.-E., Schneider D. (1965) Insect olfactory receptors. Cold Spring Harbor Symp. Quant. 
BioI. 30: 263-280. 

Boeckh, J., and K. D. Ernst (1987) Contribution of single unit analysis in insects to an understanding of 
olfactory function. J. Comp. Physiol. 161: 549-565. 

BOhm L.K. (1911) Die antennalen Sinnesorgane der Lepidopteren. Arb. Zooi. Inst. Wien 14: 219-246. 

Bohn, H. (1975) Growth promoting effect of haemocytes on insect epidermis in vitro. J. Insect Physioi. 21: 
1283-1293. 

Borisy, E E, G. V. Ronnett, R. Hen, and S. H. Snyder (1989) Characterization of a continous culture of 
olfactory cell lines. Neurosci. Abstr. 301.9. 

Camazine, S.M., Hildebrand J.G. (1979) Central projections of antennal sensory neurons in mature and 
developing Manduca sexta. Soc. Neurosci. Abstr. 2,: 492. 

Chapman R. F., E. A Bernays, and S. J. Simpson (1981) Attraction and repulsion of the aphid, Cavariella 
aegopodii, by plant odor. J. Chern. Ecoi. 1: 881-888. 

Carde, R. T., and T. C. Baker (1984) Sexual communication with pheromones. In Chemical ecology of 
insects (eds. W. J. Bell and R. T. Carde). Sinauer Assoc. Inc. Sunderland, Mass. 

Christensen, TA, Hildebrand J.G. (1984) Functional anatomy and physiology of male-specific pheromone-



167 

processing interneurons in the brain of Manduca sexta. Soc. Neurosci. Abstr. 10: 862. 

Christensen, T. A, J. G. Hildebrand, J. H. Tumlinson, and R. E. Doolittle (1989) sex pheromone blend of 
Manduca sexta: Responses of central olfactory interneurons to antenna I stimulation in male moths. 
Arch. Insect Biochem. and Physiol. 10: 281-291. 

Christensen, T. A. S. C. Geoffrion, and J. G. Hildebrand (1990) Physiology of interspecific chemical 
communication in Heliothis moths. in preparation. 

Clark, R. M .• and W. R. Harvey (1965) Cellular membrane formation by plasmatocytes of diapausing 
cecropia pupae. J. Insect Physiol. 11: 161-175. 

Connor, J. A, and C. F. Stevens (1971) Prediction of repetitive firing behaviour from voltage clamp data 
on an isolated neurone soma. J. Physiol. 213: 31-53. 

Cummings, T. A, R. I. Delay, and S. D. Roper (1987) Scanning and high-voltage electron microscopy of 
taste cells in mudpuppy, Necturus malculosus. Olfaction and Taste 510. 

Daut, J. (1973) Modulation of the excitatory synaptic response by fast transient K+ current in snail 
neurones. Nature 246: 193-196. 

David, C. T. (1986) Mechanisms of dirctional flight in wind. In Mechanisms in insect olfaction. (eds. T. L. 
Payne, M. C. Birch, and C. E. J. Kennedy). Clarendon press, Oxford. 49-59. 

Davies, J. T. (1971) Olfactory theories. Beidler 322-350. 

De Kramer, J. J. (1985) The electrical circuitry of an olfactory sensillum in Antheraea polyphemus. J. 
Neurosci. ~: 2484-2493. 

De Kramer, J. J., K-E. Kaissling, and T. Keil (1984) Passive electrical properties of insect olfactory sensilla 
may produce the biphasic shape of spikes. Chern. Senses ~: 289-295. 

Dudel, J., and Ch. Franke (1987) Single glutamate-gated synaptic channels at the crayfish neuromuscular 
junction. II. Dependence of channel open time on glutamate concentration. Pflilgers Arch 408: 
307-314 . 

. Ealon, J. L. (1986) Morphology of abdominal segments eight and nine of the female tobacco hornworm 
Manduca sexta (Lepidoptera: Sphingidae). Ann. Entomol. Soc. A,. 79: 629-635. 

Eide, P. E., J. M. Caldwell, and E. P. Marks (1975) Establishment of two cell lines from embryonic tissue 
of the tobacco hornworm, Manduca sexta (L.). In Vitro 11: 395-399. 

Europe-Finner, G. N., P. C. Newell (1985) Biochem. Biophys. Res. Commun. 130: 1115-1122. 

Ewald, D. A, A Williams, and I. B. Levitan (1985) Modulation of single Ca2+-dependent K+-channel 
activity by protein phosphorylation. Nature 315: 503-506. 

Firestein, S. and F. Werblin (1987) Gated currents in isolated olfactory receptor neurons of the larval tiger 
salamander. Proc. Nat. Acad. Sci. USA 84: 6292-6296. 



168 

Fircstein, S. and F. Werblin (1989) Odor-induced membrane currents in vertebrate-olfactory receptor 
neurons. Science 244: 79-82. 

Firestein, S. and G. M. Shepherd (1989) Olfactory transduction in mediated by the direct action of cAMP. 
Neurosci. Abstr. 15: 301.3. 

Franke, Ch., H. Hatt, and J. Dudel (1987) Liquid filament switch for ultra-fast exchanges of solutions at 
excised patches of synaptic membrane of crayfISh muscle. Neurosci. Lett. 77: 199-204. 

Franke, Ch., and H. Hatt (1989) Characteristics of single Na +-channels on adult human skeletal muscle. 
PflUgers Arch., in press. 

Gewecke M. (19713) Antennen und Stirn-Scheitelhaare von Locusta migratoria L. als Luftstr6mungs
Sinnesorgane bei der F1ugsteuerung. J. Comp. Physio!. 80: 57-94. 

Gewecke M. (1972b) Bewegungsmechanismus und Gelenkrezeptoren der Antennen von Locusta migratoria 
L. (Insecta, Orthoptera). Z Morpho!. Oko!. Tiere 71: 128-149. 

Gewecke, M. (1974) The antennae of insects as air current sense organs and their relationships to the 
control of flight. In Experimental analysis of insect behavior. (ed. Bartom-Browne L.). Springer, 
Heidelberg. 100-113. 

Gilman, A G. (1987) G proteins: transducers of receptor-generated signals. Ann. Rev. Biochem. 56: 615-
649. 

Goldberg, AM., MCCaman R. E. (1973) The determination of picomole amounts of acetylcholine in 
mammalian brain. J Neurochem 20: 1-8. 

Graziadei, P. P. C. and J. F. Metcalf (1971) Autoradiographic and ultrastructural observations on the frog's 
olfactory mucosa. Z. ZelIforsch. 116: 305-318. 

GrUnert, V. (1985) Cuticulare Dehnungsrezeptoren von Insekten und Spinnen: Analyse der Rezeptorlymphe. 
Dissertation, Frankfurt am Main. 

GrUnert, V., and W. Gnatzy (1987) Macromolecules in the receptor lymph of campaniform sensilla. 
Histochem. 86: 617-620. 

Gy6rgyi, T. K., A J. Roby-Shemkovitz, and M. R. Lerner (1988) Characterization and cDNA cloning of the 
pheromone-binding protein from the tobacco hornworm, Manduca sexta: A tissue-specific 
developmentally regulated protein. Proc. Nat!. Acad. Sci. VSA 85: 9851-9855. 

Hagiwara, S., and K. Kusano, N. Saito (1961) Membrane changes of Onchidium nerve cell in potassium
rich media. J. Physio!. (Lond.) 155: 470-489. 

Hamill, O. P., A Marty, E. Neher, B. Sakmann, and F. J. Sigworth (1981) Improved patch-clamp techniques 
for high-resolution current recording from cells and cell-free membrane patches. PflUgers Arch. 391: 
85-100. 



169 

Harvey, W. R. (1980) Water and ions in the gut. In Insect biologv in the Future (eds Locke M. and D. S. 
Smith). Academic Press, New York, London. 

Hatt, H. (1988) Studies on single channel currents activated by purine nucleotides on chemosensory neurons 
of the crayfish walking leg. In Sense organs. interphases between environment and behaviour. Georg 
Thieme Verlag Stuttgart, N.Y. 

Haug, T. (1985) Ultrastructure of the dendritic outer segments of sensory cells in poreless Cno-pore') 
sensilla of insects. A cryofixation study. Cell Tissue Res. 242: 313-322. 

HayaShi, J. H., and J. G. Hildebrand (1988) Voltage-gated currents in insect central olfactory neurons in 
primary culture. Soc. Neurosci. Abstr. 14: 380. 

Hayashi, J. H., and J. G. Hildebrand (1989) Insect olfactory neurons in vitro: morphological and 
physiological characterization of cells from the developing antennal lobes of Manduca sexta. J. 
Neurosci., submitted. 

Hildebrand J. G. (1980) Development of putative acetylcholine receptors in normal and deafferented 
antennal lobes during metamorphosis of Manduca sexta. In: Satelle DB, Hall LM, Hildebrand JG 
(eds) Receptors for neurotransmitters, hormones and pheromones in insects. Amsterdam, 
ElsevierlNorth-Holland 209-220. 

Hildebrand, J. G., Hall L. M., Osmond B. C. (1979) Distribution of binding sites for 125I-labeled a

bungarotoxin in normal and deafferented antennal lobes of Manduca sexta. Proc. Natl. Acad. Sci. 
76: 499-503. 

Hille, B. (1984) Ionic Channels of Excitable Membranes. Sinauer Associates, Inc., Sunderland, Mass. 

Hishinuma, A, S. Hockfield, R. McKay, and J. G. Hildebrand (1988a) Monoclonal antibodies reveal cell
type-specific antigens in the sexually dimorphic Olfactory system of Manduca sexta. I. Generation 
of monoclonal antibodies and partial characterization of the antigens. J. Neurosci. §: 296-307. 

Hishinuma, A, S. Hockfield, R. McKay, and J. G. Hildebrand (1988b) Monoclonal antibodies reveal cell
type-specific antigens in the sexually dimorphiC olfactory system of Manduca sexta. II. Expression 
of antigens during postembryonic development. J. Neurosci. §: 308-315. 

Homberg U., T. A Christensen. amd J. G. Hildebrand (1989) Structure and function of the deutocerebrum 
in insects. Ann. Rev. Entomol. 34: 477-501. 

Homberg, U., S. Hoskins, and J. G. Hildebrand (1989) Acetylcholinesterase-histochemistry in the brain of 
Manduca sexta, in preparation. 

Hoskins S., and J. G. Hildebrand (1983) Neurotransmitter histochemistry of neurons in the antennal lobes 
of Manduca sexta. Soc. Neurosci. Abstr. 2: 216. 

Huque, T., R. C. Bruck (1986) Biochem. Biophys. Res. Commun. 137, 36. 

Itagaki, H., and W. E. Conner (1988) Calling behavior of Mandu~ (L.) (Lepidoptera: Sphingidae) 
with notes on the morphology of the female sex pheromone gland. Entomol. Soc. of America. §!, 



170 

no.2,: 798-807. 

Jones, J. C. (1956) The hemocytes of Sarcophaga bullata Parker. J. Morpho!. 99: 233-257. 

Jones, J. C. (1%2) Current concepts concerning insect hemocytes. Am. Zoo!. ~: 209-246. 

Kafka, W. A (1970) Molekulare Wechselwirkungen bei der Erregung einzelner Riechzellen. Z. Vergl. 
Physiol. 70: 105-143. 

Kamb, A L. E. Iverson, and M. A Tanouye (1987) Molecular characterization of Shaker, a Drosophila gene 
that encodes a potassium channel, Cell 50: 405-413. 

Kaissling, K.-E. (1977a) Structures of odor molecules and multiple activities of receptor cells In Int. Symp. 
Olfaction and Taste IV, (eds. Le Magnem J. and P. MaCLeod). 9-16. London: Informal Retrieval. 

Kaissling, K.-E., and J. Thorson (1980) Insect olfactory sensilla: structural, chemical and electrical aspects 
of the functional organization. In Receptors for neurotransmitters. hormones and pheromones in 
insects. (eds. Sattelle D.B., Hall L.M., Hildebrand J.G.) Amsterdam, ElsevierlNorth-Holland 261-
282. 

Kaissling, K.-E., U. Klein, J. J. DeKramer, T. A Keil, S. Kanaujjia, and J. Hemberger (1985) Insect 
olfactory cells: electrophysiological and biochemical stucies. In Molecular Basis of Nerve Activity 
(cds. Changeux J. P., F. Hucho, A Maelicke and E. Neumann). Walter de Gruyter, Berlin. 173-
183. 

Kaissling, K.-E. (1986a) Chemo-electrical transduction in insect olfactory receptors. Ann. Rev. Neurosci. 2: 
121-145. 

Kaissling, K.-E. (1986b) Transduction proceSSf'~'i in olfactory receptors of moth. J. Cell. Biochem. Supp!. IOC: 
54-64. 

Kaissling, K.-E. (1987) R. H. Wright Lectures on Insect Olfaction. Simon Fraser Univ, Burnaby, BC, 
Canada. 

Kaissling, K.-E., J. G. Hildebrand, and J. H. Tumlinson (1989) Pheromone receptor cells in the male moth 
Manduca sexta. Arch. Insect Biochem. Physio!. 10: 273-279. 

Karnovsky, M. J., Roots L. (1964) A "direct-coloring" thiocholine method for cholinesterases. J. Histochem. 
Cytochem. 12: 219-221. 

Keil, T. A (1982) Contacts of pore tubules and sensory dendrites in antennal chemosensilla of a silkmoth: 
demonstration of a possible pathway for olfactory molecules. Tissue Cell 14: 451-462. 

Keil, T. A (1984) Reconstruction and morphometry of silkmoth olfactory hairs: A comparative study of 
sensilla trichodea on the antennae of male Antheraea polyphemus and Antheraea pernyi (Insecta, 
Lepidoptera). Zoomorpho!. 104: 147-156. 

Keil, T. A (1987) Structure of isolated sensilla and sensory neurons in vitro: Observations on developing 
silkmoth antennae. Cell Tissue Res. 250: 543-549. 



171 

Keil, T. A (1989) Fine structure of the pheromone-sensitive sensilla on the antenna of the hawkmoth, . 
Manduca sexta. Tiss. Cell 21: 139-151. 

Keil, T. A, and R. A Steinbrecht (1984) Mechanosensitive and olfactory sensilla of insects. In Insect 
Ultrastructure, Vol. 2, R. C. King and H. Akai, cds., pp. 477-516, Plenum, New York. 

Keil, T. A, and R. A Steinbrecht (1987) Diffusion barriers in silkmoth sensory epithelia: Application of 
lanthanum tracer to olfactory sensilla of Antheraea polyphemus and Bombyx mori. Tiss. Cell 19: 
119-134. 

Kennedy, :!. S. (1985) Migration, behavioral and ecological. In Migration: mechanisms and adaptive 
significance (ed. M. A Rankin). Contrib. in Marine Sci. 'l:J.., Supplement, 5-26. 

Kennedy, J. S. (1986) Some current issues in orientatin to odour sources. In Mechanisms in insect olfaction 
(eds. Payne, T. L., M. C. Birch, and C. E. J. Kennedy). Clarendon Press, Oxford, England. 

Kinnamon, S. C. (1989) SympOSium. The initial events in taste: Chemosensory transduction in the vertebrate 
taste bud. Soc. Neurosci. Abstr. 15: 131. 

Klein, U. (1987) Sensillum-Iymph proteins from antennal olfactory hairs of the moth Antheraea polyphemus 
(Saturniidae). Insect Biochem . .!L no.~: 1193-1204. 

Kramer, E. (1986) Turbulent diffusion and pheromone-triggered anemotaxis. In Mechanisms in insect 
olfaction (eds. Payne, T. L., M. C. Birch, and E. E. J. Kennedy). Clarendon Press, Oxford, London. 

Lacher, V. (1964) Elektrophysiologische Untersuchungen an einzelnen Rezeptoren fUr Geruch, 
Kohlendioxyd, Luftfeuchtigkeit und Temperatur auf den Antennen der Arbeitsbiene und der Drohne. 
(Apis meIlifica L). Z Vergl Physiol 48: 587-623. 

Laemmli, U. K. (1970) SDS-PAGE method. Nature 277:680-685 

Lancet, D. (1986) Vertebrate olfactory reception. Ann. Rev. Neurosci. 2: 329-355. 

Larink, O. (1976) Entwicklung und Feinstruktur der Schuppen bei Lepismatiden und Machiliden (Insecta, 
Zygentoma und Archaeognatha). Zool Jb Ant 95: 252-293. 

Lea, M. S., and L. I. Gilbert (1966) The hemocytes of Hyalophora cecropia (Lepidoptera). J. Morphol. 118: 
197-216. 

Lee, J.-K., and N. J. Strausfeld (1989) Structure, distribution, and number of surface sensilla and their 
receptor cells on the antennal flagellum of the male sphinx moth Manduca sexta. submitted. 

Lundberg, J. M., Hokfelt T., Schultzberg M., Uvnaes-Wallensten K., Kohler C., Laid L.I. (1979) Occurrence 
of vasoa:.:tive intestinal polypeptide (VIP)-Iike immunoreactivity in certain cholinergic neurons of 
the cat: Evidence from combined immunohistochemistry and acetylcholinesterase staining. Neurosci 
1: 1539-1559. 

MacFarlane, J. H., and N. W. Earle (1970) Morphology and histology of the female sex pheromone gland 



172 

of the salt-marsh caterpillar, Estigmene acrea. Ann. Entomol. Soc. A,. 63: 1327-1332. 

McManus, O. B., and Magleby, K. L. (1988) Kinetic states and modes of single large-conductance calcium
activated potassium channels in cultured rat skeletal muscle. J. Physiol. (Lond.) 402: 79-120. 

Matsumoto S. G. Hildebrand J. G. (1981) Olfactory mechanismus in the moth Manduca sexta: response 
characteristics and morphology of central neurons in the antenna I lobes. Proc. R. Soc. Lond. B. 298: 
309-354. 

Maue, R. A, and V. Dionne (1987) Patch-clamp studies of isolated mouse olfactory receptor neurons. J. 
Gen. Physiol. 90: 95-125. 

McIver, S.B. (1985) Mechanoreception. In Comprehensive insect phvsiology biochemistry and pharmacology 
(eds. Kerkut GA, Gilbert L.I.) Pergamon Press, Oxford. §: 71-132. 

Menco, B. P. M., and F. M. van der Wolk (1982) Freeze-fracture characterisics of insect gustatory and 
olfactory sensilla. Cell Tissue Res. 223: 1-27. 

Miller, J. R. and K. L. Strickler (1984) Finding and Accepting host plants. In Chemical exology of insects 
(eds. W. J. Bell and R. T. Card~) 127-57. Capman and Hall, London and New York. 

Morita, H., and S. Yamashita (1959) The backfiring of impulses in a labellar chemosensory hair of the fly. 
Mem. Fac. Sci. Kyushu Univ., Ser. E (BioI.) ~: 81-87. 

Morita, H. (1972) Primary processes of insect chemoreception. Adv. Biophys. ~: 161-198. 

Moulton, D. G., G. Celebi, and R. P. Fink (1970) Olfaction in mammals - 1\vo aspects: proliferation of 
cells in the olfactory epithelium and sensitivity to odours. In Taste and Smell in vertegrates (eds. 
Wolstenholme and Knight). 

Mustaparta, H, M. E. Angst, and G. N. Lanier (1980) Receptor discrimination of enantiomers of the 
aggregation pheromone ipsdienol, in two species of !ru,. J. chern. Ecol. ~: 689-701. 

Mustaparta, H. (1986) A1lelochemical effects of pheromones: receptor responses. In Mechanisms in insect 
olfaction (eds. Payne, T. L., M. C. Birch, and E. E. J. Kennedy). Clarendon Press, Oxford, London. 

Nakamura, T. G. Gold (1987) A cyclic nucleotide-gated conductance in olfactory receptor cilia. Nature 325: 
442-443. 

Nishizuka, Y. (1984) Turnover of inositol phosphOlipids and signal transduction. Science 225: 1365-1369. 

Olson, L. A and L. P. Tolbert (1988) Effects of Hydroxyurea parallel the effects of radiation in developing 
olfactory glomeruli in insects. J. Comp. Neurology 278: 377-387. 

Ostaff, D. P, R. F. Shepherd and J. H. Borden (1974) Sex attraction and courtship behavior in Lambdina 
fiscellaria lugubrosa (Lepidoptera: Geometridae). Can. Entomol. 106:493-501. 

Pace, U., E. Hanski, Y. Salomon, and D. Lancet (1985) Odorant-sensitive adenylate cyclase may mediate 
olfactory reception. Nature 316: 255-258. 



173 

Papazian, C. M., T. L. Schwarz, B. L. Tempel, Y. N. Jan, and L. Y. Jan (1987) Cloning of genomic and 
complementary DNA from shaker, a putative potassium channel gene from Drosophila. Science 237: 
749-753. 

Peterson, G, L. (1977) Modified Lowery assay. Anal. Biochem. 83: 346-356. 

Preiss, R, and E. Kramer (1986) Pheromone-induced anemotaxis in simulated free flight. In Mechanisms 
in insect olfaction (eds. Payne, T. L., M. C. Birch, and E. E. J. Kennedy). Clarendon Press, Oxford, 
London. 

Prescott, D. J., Hildebrand J. G., Sanes J. R, Jewett S. (1977) Biochemical and developmental studies of 
acetylcholine metabolism in the central nervous system of the moth Manduca sexta. Comp. Biochem. 
Physiol. 56C: 77-84. 

Priesner, E. (1986) Correlating sensory and behavioural responses in multichemical pheromone systems of 
Lepidoptera. In Mechanisms in insect olfaction (eds. Payne, T. L., M. C. Birch, and E. E. J. 
Kennedy). Clarendon Press, Oxford, London. 

Quartararo, N., and P. H. Barry (1987) A simple technique for transferring excised patches of membrane 
to different solutions for single channel measurements. Pfli1gers Arch 410: 677-678. 

Robinson, P. M. (1971) The demonstration of acetylcholinesterase in autonomic axons with the electron 
microscope. Prog. Brain Res. 34: 357-370. 

Roelofs, W. L. (1984) Elcctroantennogram assays: Rapid and convenient screening procedures for 
pheromones. Techniques in Pheromone Research (eds. H. E. Hummel and T. A Miller). Springer
Verlag, New York, Berlin, 131-159. 

Rudy, B. (1988) Diversity and ubiquity of K channels. Neurosci. 25: 729-749. 

Rybczynski, R, J. Reagan, and M. R Lerner (1989) A pheromone-degrading aldehyde oxidase in the 
antennae of the moth Manduca sexta. J. Neurosci. 9(4): 1341-1353. 

Salkoff, L., A Butler, A Wei, N. Scavarda, K. Giffen, C. lfune, R Goodman, and G. Mandel (1987) 
Genomic organization and deduced amino acid sequence of a putative sodium channel gene in 
Drosophila. Science 237: 744-737. 

Sanes, J. R, Hildebrand J. G. (1975) Nerves in the antenna of pupal Manduca sexta Johanssen 
(Lepidoptera: Sphingidae). W Roux' Archiv 178: 71-78. 

Sanes, J. R, and J. G. Hildebrand (1976a) Structure and development of antennae in a moth, Manduca 
sexta. Dev. BioI. 51: 282-299. 

Sanes, J. R, and J. G. Hildebrand (1976b) Origin and morphogenesis of sensory neurons in an insect 
antenna. Dev. BioI. 51: 300-319. 

Sanes, J. R, Hildebrand J. G. (1976c) Acetylcholine and its metabolic enzymes in developing antennae of 
the moth, Manduca sexta. Dev. Bioi. 52: 105-120. 



174 

Sanes, J. R, J. G. Hildebrand, and D. J. Prescott (1976) Differentiation of insect sensory neurons in the 
absence of their normal synaptic targets. Dev. BioI. 52: 121-127. 

Sanes, J. R, Prescott D. J., Hildebrand J. G. (1977) Cholinergic neurochemical development of normal and 
deafferented antennal lobes in the brain of the moth, Manduca sexta, during metamorphosis. Brain 
Res. 119: 389-402. 

Sanders, C. J. (1%9) Extrusion of the female sex pheromone gland in the eastern spruce budworm, 
Choristoeura fumiferana (Lepidoptera:Lymantriidae). Can. Entomol. 101: 706-712. 

Schenk, O. (1903) Die antennalen Hautsinnesorgane einiger Lepidopteren und Hymenopteren. Zool. Jb. 
Anat. 17: 573-618. 

Shepherd, G. M. (1983) Neurobiology. Oxford University Press, N.Y .. 

Schneider, D., and J. Boeckh (1962) Rezeptor Potentiale und Nervimpulse einzelner olfaktorischer Sensillen 
der Insekten-antenne. Z. Verg. Physiol. 45: 405-412. 

Schneider, D., V. Lacher, and K.-E. Kaissling (1964) Die Reaktionsweise und das Reaktionsspektrum von 
Riechzellen bei Antheraea pernyi (Lepidoptera, Saturniidae). Z Vergl. Physiol. 48: 632-662. 

Schneider, D. (1964) Insect antennae. Ann. Rev. Ent. 2: 103-122. 

Schneider, D., Kaissling K-E. (1957) Der Bau der Antenne des Seiden-spinners Bombvx mori L. II. 
Sensillen, cuticulare Bildungen und innerer Bau. Zool. Jb. Abt. Ant. Ont. Tiere 76: 223-250. 

Schweitzer, E. S., J. R Sanes, and J. G. Hildebrand (1976) Ontogeny of electroantennogram responses in 
the moth Manduca sexta. J. Insect Physiol. 22: 955-960. 

Silver, A (1974) The biology of cholinesterase. North-Holland, Amsterdam. 

Solc, Ch. K, W. N. Zagotta, and R W. Aldrich (1987) Single-channel and genetic analyses reveal two 
distinct A-type potassium channels in Drosophila. Science 236: 1094-1098. 

Standen, N. B. and P. R Stanfield (1980) Rubidium block and rubidium permeability of the inward rectifier 
of frog skeletal muscle fibres. J. Physiol. London, 304: 415-435. 

Starratt, AN., K H. Dahm, N. Allen, J. G. Hildebrand, T. L. Payne, and H. ROller (1979) Bombykal, a 
sex pheromone of the sphinx moth Manduca sexta. Z Naturforsch. 34C: 9-12. 

Steinbrecht, R A, and W. Gnatzy (1984) Pheromone receptors in Bombvx mori and Antheraea pernyi I. 
Reconstruction of the cellular organization of the sensilla trichodea. Cell Tissue Res. 235: 25-34. 

Steinbrecht, R. A (1984) Arthropoda: Chemo-, thermo-, and hygroreceptors. In Biology of the Integument 
(cds. Bereiter-Hahn J., Matoltsy A, Richards KS.), Vol 1. Springer-Verlag, Berlin. 523-553. 

Steinbrecht, R A, Kittmann R (1986) Funktionelle Morphologie eines elektrophysiologisch identifizierten 
Hygrorezeptors beim Seidenspinner, Bombvx mori. Verh. Dtsch. Zool. Ges. 79: 111. 



175 

Stengl, M., and J. G. Hildebrand (1988) Immunocytochemical identification of olfactory receptor neurons 
from male Manduca sexta pupae in vitro. Soc. Neurosci. Abstr. 14: 379. 

Stengl. M., and J. G. Hildebrand (1989) Insect olfactory receptor neurons in vitro: Morphological and 
Immunocytochemical characterization of male specific-antennal receptor cells from developing 
antennae of male Manduca sexta. J. Neurosci. in press. 

Stengl, M., F. Zufall, H. Halt, J. Dudel, and J. G. Hildebrand (1989) Patch clamp analysis of male Manduca 
sexta olfactory receptor neurons in primary cell culture. Soc. Neurosci. Abstr. 15: 301.15. 

Strong, J. A, A P. Fox, R. W. Tsien, and L. K. Kaczmarek (1987) Stimulation of protein kinase C recruits 
covert calcium channels in Aplysia bag cell neurons. Nature 325: 714-717. 

Tago, H., Kimura H., Maeda T. (1986) Visualization of detailed acetylcholinesterase fiber and neuron 
staining in rat brain by a sensitive histochemical procedure. J. Histochem. Cytochem. 34: 1431-
1438. 

Tanabe, T. H. Takeshima, A Mikami, V. Fiockerzi, H. Takahashi, K. Kanagawa, M. Kojima, H. Matsuo, 
T. Hirose and S. Numa (1987) Primary structure of the receptor for calcium channel blockers from 
skeletal muscle. Science, 238: 313-318. 

Taylor, L. R. (1965) flight behaviour and aphid migration. Proc. N. Central Branch, Entomol. Soc. of 
America 20: 9-19. 

Teeter, J. J. Brand, T. Miyamoto, and T. Kumazawa (1989) Stimulus-activated channels in isolated catfish 
taste epithelial membranes. ISOT X. Oslo. 76. 

Teeter, J. J. (1989) Symposium. The initial events in taste: Chemosensory transduction in the vertebrate 
taste bud. Soc. Neurosci. Abstr. 15: 131. 

Tempel, B. L., D. Papazian, T. L. Schwarz, Y. N. Jan, and L. Y. Jan (1987) sequence of a probable 
potassium channel component encoded at shaker locus of Drosophila. Science, 237: 770-775. 

Thomas, M. V. (1984) Voltage-clamp analysis of a calcium-mediated potassium conductance in cockroach 
(Periplaneta americana) central neurones. J. Physiol. 350: 159-178. 

Thurm, U. (1974)Basics of the generation of receptor potentials in epidermal mechanoreceptors of insects. 
In In Abh. Rheinische-Westf. Akad. der Wiss. Symp. Mechanoreception (ed. Schwartzkopff J.) 53: 
355-385. Opladen, Westdeutscher Verlag. 

Tichy, H. (1979) Hygro- and thermoreceptive triad in antennal sensillum of the stick insect, Carausius 
morosus. J. Comp. Physiol. 132: 149-152. 

Tolbert L. P.; S. G. Matsumoto, and J. G. Hildebrand (1983) Development of synapses in the antennallobes 
of the moth Manduca sexta during metamorphosis. J. Neurosci. J,: 1158-1175. 

Trotier, D. (1986) A patch-clamp analysis of membrane currents ill salamander olfactory receptor cells. 
Pflilgers Arch. 407: 589-595. 



176 

Trube, G., P. Rorsmann, T. Ohno-Shosaku (1986) Opposite effects of tolbutamide and diazoxide on the 
ATP-dependent K+ channel in mouse pancreatic 8-cells. Pflilgers Arch. 407: 443-449. 

Tumlinson, J. H., D. D. Hardee, R. C. Gueldner, A C. Thompson, P. A Hedin, and J. P. Minyard (1969) 
Sex pheromones produced by male weevils: isolation, identification and synthesis. science 166: 1010-
1012. 

Tumlinson, J. H., M. M. Brennan, R. E. Doolittle, E. R. Mitchell, A Brabham, B. E. Mazomenos, A H. 
Baumhover, and D. M. Jackson (1989) Identification of a pheromone blend attractive to Manduca 
~ (L.) males in a wind tunnel. Arch. Insect Biochem. Physiol., Arch. Insect Biochem. and 
Physiol. 10: 255-271. 

VandeBerg, J. (1971) Fine structural studies of Johnston's organ in the tobacco hornworm moth, Manduca 
sexta (Johannson). J. Morphol. 133: 439-456. . 

Vogt, R. G., and L. M. Riddiford (1981) Pheromone binding and inactivation by moth antennae. Nature 
293: 161-163. 

Vogt, R. G., L. M. Riddiford, and G. D. Prestwich (1985) Kinetic properties of a pheromone degrading 
enzyme: The sensillar exterase of Antheraea polyphemus. Proc. Natl. Acad. Sci. U.S.A 82:8827-
8831. 

Vogt, R. G. (1987) The molecular basis of pheromone reception: its influence on behavior. Pheromone 
biochemistry. 385-431. 

Waldow, U. (1970) Elektrophysiologische Untersuchungen an Feuchte-, Trocken- und Kalterezeptoren auf 
der Antenne der Wanderheuschrecke Locusta. Z Vergl. Physiol. 69: 249-283. 

Waldrop, B., and J. G. Hildebrand (1989) Physiology and pharmacology of aceaylcholinergic responses of 
interneurons in the antenna I lobes of the moth Manduca sexta. J. Comp. Physiol. A 164: 433-441. 

Wallace, B., Gillon J. W. (1982) Characterization of acetylcholinesterase in individual neurons in the leech 
central nervous system. J. Neurosci. ~: 1106-1118. 

Whitten, J. M. (1964) Hemocytes and the metamorphosing tissues in Sarcophaga bullata, Drosophila 
melanogaster, and other cyclorrhaphous Diptera. J. Insect Physiol. 10: 447-469. 

Weatherston, J., and J. E. Percy (1968) Studies of physiologically active arthropod secretions. I. Evidence 
for a sex pheromone in female Vitula edmandsae (Lepidoptera: Physitidae) Can. Entomol. 100: 
1065-1070. 

Willis, M. A, and T. C. Baker (1984). Effects of intermittent and continuous pheromone stimulation of the 
flight behavior of the oriental fruit moth, Grapholitha molesta. Physiol. Entomol. 2: 341-358. 

Wray, w. T. Boulikas, Wray, V. P., and R. Hancock (1981) Silver staining of proteins in polyacrylamide 
gels. Anal. Biochem. 118: 197-203. 

Yau, K. W. and D. A Baylor (1989) Cyclic GMP-activated conductance of retinal photoreceptor cells. Ann. 



177 

Rev. Neurosci. 12: 289-327. 

Yokohari, F. (1981) The sensillum capitulum, an antennal hygro- and thcnnoceceptive sensillum of the 
cockroach Periplaneta americana L. Cell Tissue Res 216: 525-543. 

Yokohari, F., Tateda H. (1976) Moist and dry hygroreceptors for relative humidity of the cockroach, 
Periplaneta americana L. J. Comp. Physiol. 106: 137-152. 

Zacharuk, R. Y. (1985) Antennae and sensilla. In Comprehensive Insect Physiology Biochemistry and 
Pharmacology (eds. Kerkut GA, Gilbert LI), Vol §. Pergamon Press, Oxford, 1-69. 

Zack, C. W.-Y. Mok (1979) Sensory adaptation in the sex pheromone receptor cells of Saturniid moths. 
Dissertation Munich. 

Ziegelberger, G., M. J. VandenBerg, K.-E. Kaissling, S. Klumpp and J. E. Schultz (1989) Cyclic GMP levels 
and guanylate cyclase activity in pheromone sensitive antennae of the silkmoths Antheraea 
polyphemus and Bombvx mori. J. Neurosci. submitted. 

Zufall, F., Stengl, M., Hildebrand J.G., and Hatt, H. (1989) A patch clamp study of cultured olfactory 
receptor neurons from Manduca sexta. In Dynamics and Plasticity in Neuronal Systems. N. Elsner 
and W. Singer, cds., p. 75, Georg Thieme Verlag, Stuttgart. 


