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2. ABSTRACT 

The macroglomerular complex (MGC) in the antennal lobe of the sphinx moth 

Manduca sexta is the first brain region for processing sex-pheromonal information. How 

is the MGC is functionally organized, and how are chemical and physical features of the 

pheromone encoded by projection neurons (PNs) innervating the MGC (MGC-PNs). 

For some MGC-PNs with arborizations in the toroid, one of the two major 

glomeruli of the MGC, bombykal (a key pheromone component) can evoke a mixed 

(inhibitory/excitatory/inhibitory) response similar to that evoked by the pheromone blend. 

Likewise, for some neurons with arborizations in the cumulus, C-15 (a mimic of the second 

key component) can evoke a similar mixed response. The maximal pulse frequency 

encoded by these component-specific neurons was not increased in the presence of the 

blend, but seemed to arise through the convergence of two parallel pathways, one excitatory 

and one inhibitory, both activated by the same olfactory stimulus. Convergence of different 

synaptic pathways allowed MGC-PNs to resolve intermittent stimuli and thus to relay the 

temporal structure of the pheromonal signal to higher brain centers. 

In a subset of MGC-PNs that was excited by antennal stimulation with either of the 

two components (bombykal-C-15 cells, blend neurons), the ability to encode intermittent 

stimuli was improved when stimulating with the blend. The temporal character of the 

responses was dependent on the ratio of the two key components in the blend. 

Component-specific MGC-PNs responded over a range of increasing pheromone 

concentration with stronger inhibitory and excitatory postsynaptic potentials and more 
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impulses but the responses were not affected by changing the blend ratio. 

Two basic response patterns emerged when the ipsilateral antennal flagellum was 

stimulated at different zones along its proximo-distal axis while the activity of MGC-PNs 

was recorded. A subset of neurons with broad receptive fields was excited regardless of the 

zone of the antenna stimulated, whereas another subset responded selectively to stimulation 

of the basal region of the antenna. 

A diverse array of MGC-PNs forms a heterogeneous group of parallel output 

channels that encode features of the pheromone signal that the moth is likely to encounter 

in the natural stimulus situation. 
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3. INTRODUCTION 

3.1 Specific Aims 

In the antennal lobe of insects or the olfactory bulb of vertebrates, the primary 

processing of information detected by olfactory sensory neurons occurs in specialized 

modular structures, called glomeruli (Shepherd 1992). The organization of primary 

olfactory centers into glomeruli in both invertebrates and vertebrates suggests that 

glomeruli have a common function in the processing of information about chemosensory 

stimuli. This notion is supported by electrophysiological data which reveals similar 

response patterns in the olfactory output neurons from die glomemli in both vertebrates and 

invertebrates (Hamilton and Kauer 1985, Christensen and Hildebrand 1987). The striking 

structural similarity, as well as the similarity of the responses to odor stimulation between 

neurons in the insect antennal lobe and vertebrate olfactory bulb, suggest that glomerular 

microcircuits across taxa may share similar means of processing olfactory input (Shepherd 

1992, Christensen et al. 1996). The central question of my study is: How is the neuronal 

circuitry of olfactory glomeruli functionally organized? 

For several reasons, the olfactory system of the sphinx moth Manduca sexta 

provides an excellent model to study the early processing of olfactory information in 

glomerular microcircuits of the primary olfactory center. (1) Because the male-specific 

olfactory subsystem is specialized to process information about the female's sex pheromone 

(Matsumoto and Hildebrand 1981), it is an experimentally advantageous model system in 

which input and output relationships can be precisely defined. (2) The male-specific 
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subsystem is distinct from tlie sexually heteromorphic subunits and is represented by the 

macroglomerular complex (MGC). The MGC comprises two major glomeruli, the toroid 

and the cumulus, and possibly additional smaller glomeruli (Strausfeld 1989b, Hansson et 

al. 1991). (3) The MGC receives input from antennal sensory neurons (Christensen et al. 

1995) that are specifically tuned to one of the two essential components of the female sex 

pheromone (Kaissling et al. 1989). 

It is hypothesized that the glomeruli that constitute the MGC integrate information 

about the two essential pheromone components of the female's sex pheromone. The MGC 

is a well defined and a relatively simple and isolated system: (1) the nature of the odor 

stimulus is known in terms of the concentration and ratio of components released by the 

female, (2) neurons leaving the MGC and projecting to higher brain centers are relatively 

limited (30 - 40 projection neurons (PNs) leaving the MGC and about 860 PNs leaving the 

entire AL [Homberg et al. 1988]), and (3) many individual AL local intemeurons (LNs) and 

PNs have been characterized both morphologically and physiologically (Christensen and 

Hildebrand 1987, Kanzaki et al. 1989, Hansson et al. 1991, Christensen et al. 1993). 

The goal of my dissertation research is to understand the role(s) of the toroid and 

the cumulus in olfaction by analyzing how the neural circuits associated with these 

glomeruli process pheromonal information. I studied the functional organization of the 

MGC by means of single-unit intracellular recording, staining and laser scanning confocal 

microscopy. I attempted to answer the following questions: How are the pheromone-evoked 

response characteristics of MGC intemeurons shaped by different features of the stimulus? 
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Can MGC intemeurons discriminate the proportions of pheromone components in a 

stimulus blend? How are MGC-PNs able to resolve and encode the temporal structure of 

pheromonal stimuli that reach the antenna in an intermittent plume? What are the relative 

roles of the two essential components of the female sex pheromone in this process? Do 

MGC output neurons have discrete receptive fields along the antenna? If so, at what loci 

along the proximo-distal axis of the antenna does stimulation with pheromone give rise to 

excitatory and/or inhibitory responses in individual MGC output neurons? 

Answers to these questions will help define the functional role of glomeruli in olfaction and 

will aid our understanding of how different features of an odor stimulus are processed in 

the brain. 

3.2 Background and Signiflcance 

The chemical senses are the oldest senses. The earliest living organisms monitored 

their environment with chemoreception in order to sense the availability of nutrients 

(Shepherd 1988) and thus to respond to different chemicals. Higher organisms face the 

challenge of reacting to various internal and external chemicals, e.g., hormones, 

neurotransmitters, neural recognition molecules, and intra- and interspecific olfactory and 

gustatory signals (Dethier 1990, Hildebrand 1995). Some of our most vivid memories are 

recalled when we encounter a specific odor, and many aspects of everyday life are related 

to various smells. 
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The olfactory pathway begins with olfactory receptor cells located deep in the nasal 

cavity in the olfactory epithelium of vertebrates and with sensilla on the antennae of insects 

(Carr et al. 1990). Two areas in olfactory research are currently under heavy investigation: 

(a) the transduction mechanisms taking place at the olfactory receptor cells and, (b) the 

synaptic mechanisms acting at the first synaptic relay in the olfactory pathway, i.e., in the 

olfactory bulb (OB) of vertebrates and the antennal lobes (ALs) of insects (Shepherd 1992). 

3.2.1 The glomerulus in olfaction 

The stmctural unit of organization in the AL or OB is the glomerulus (for review: 

Rospars 1988, Strausfeld 1989a, Shepherd 1990, Purves 1994, Hildebrand 1995), i.e., the 

neuropil is arranged into discrete areas ensheathed by a glial envelope (Tolbert and Oland 

1989; Tolbert 1990). In M. sexta, glial cells play an important role in the sculpturing of 

glomeruli, since early removal of glial cells results in an absence of these subunits (see 

Tolbert and Oland 1989 for review). Glomemli are the sites of synaptic interaction between 

primary olfactory axons and dendritic arborizations of central olfactory neurons (Shepherd 

and Greer 1990). Unlike that observed in vertebrates, evidence for moths and cockroaches 

suggests that in insects few or no synaptic interactions take place in the neuropil outside the 

glomeruli (Tolbert and Hildebrand 1981; Boeckh and Tolbert 1993). 

Anatomically, glomeruli are examples of a modular structure and of an iterated 

arrangement of a brain region. Glomeruli were first noted by C. Golgi (1874, cited in 

Purves 1994), and since then other modular structures have been found in the brain such 
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as columns, barrels, barreloids, blobs and others (Shepherd 1990, Purves 1994). These 

modular structures vary considerably among different species, and many closely related 

species lack such an iterated pattern of brain organization while achieving the same 

behavioral functions as those species that do have them (Purves 1994). 

Glomeruli occur not only in the olfactory bulb and antennal lobe, but have also been 

observed in one form or another in the cerebellar cortex and the thalamic regions of 

vertebrates (Dethier 1990, Heimer 1995). Olfactory glomeruli have been found in 

phylogenetically old animal groups such as onychophora, mollusca, myriapoda, marine 

crustacea and fishes. Thus, glomemli appeared relatively early in evolution, even before 

animals underwent the transition from marine to terrestrial forms (Dethier 1990). 

Glomeruli have also been shown to be functional units (reviewed in Shepherd 

1990). In neonatal rat pups, 2-deoxyglucose (2-DG) studies revealed a prominent focus in 

the dorsal part of the olfactory bulb, the modified glomerular complex, which is a small 

group of glomeruli involved in processing of suckling odor cues. In ALs of Drosophila 

melanogaster, 2-DG mapping of odor-induced neuronal activity labeled discrete foci which 

correspond to histologically identified glomeruli (Rodrigues and Buchner 1984, Rodrigues 

1988). In insects, the macroglomerular complex has been established as the first central site 

where information about female sex pheromone is processed (Boeckh and Boeckh 1979, 

Matsumoto and Hildebrand 1981). Recently Buonviso and Chaput (1990) observed that 

during odor stimulation of the rat olfactory epithelium, neighboring mitral/tufted cells 

(output neurons of the olfactory bulb), assumed to be connected to the same glomerulus in 
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the olfactory bulb, were more often simultaneously excited or inhibited than cells without 

a common glomerular relationship. This lends support to the hypothesis that glomeruli are 

functional units, and that odors are spatially represented in the glomerular sheet. 

Although glomeruli have been shown to exist as functional units, stimulation with 

most odors gives rise to spatial gradients or patterns of activity involving more than one 

glomerulus (Rodrigues andBuchner 1984, Rodrigues 1988, Kauer 1991, Scott 1991, Kauer 

and Cinelli 1993, Shepherd 1993). Three measures of neural activation (voltage-sensitive 

dyes, the 2-DG method, and c-fos expression) have revealed that in mammals, different 

odors elicit overlapping but distinctly different patterns of glomerular activity (reviewed 

in: Shepherd and Firestein 1991, Guthrie et al. 1993, Kauer and Cinelli 1993, Mori and 

Shepherd 1994). With the exception of the female sex pheromone, different output neurons 

of the cockroach Periplaneta americana show much overlap in their response spectra to 

odors, and a general odor can be represented by more than 10 out of 130 glomeruli (Boeckh 

et al. 1990). In D. melanogaster stimulation with complex odors as well as with individual 

odors resulted in a spatial pattern of 2-DG activity in different specific subsets of antennal 

lobe glomeruli (Rodrigues and Buchner 1984, Rodrigues 1988). A preliminary synthesis 

of the diffuse as well as specific aspects of the primary olfactory projections to central sites 

has come from Mori et al. (1992, Imamura et al. 1992, Katoh et al. 1992). They 

characterized individual mitral/tufted cells based on the range of odor molecules effective 

in activating each cell. Individual mitral/tufted cells showed excitatory responses to groups 

of molecules with similar chemical structure (Katoh et al. 1993). Based on studies from 
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several laboratories, Imamura et al. (1992) proposed the following model for activation of 

individual mitral/tufted cells by a range of odor molecules: each olfactory sensory neuron 

expresses one or, at most, a few different types of receptor proteins, so that the neuron is 

activated only by odor molecules with similar structure. Recent evidence suggests that the 

olfactory pathway works according to a one cell - one receptor rule (Lancet 1994): it is 

proposed that each sensory cell expresses only one amongst hundreds of possible receptor 

species (Chess et al. 1994). Neurons with the same or similar receptor proteins send one 

axon each to one or a few glomeruli and thus define glomerular function (Ressler et al. 

1994, Vassar et al. 1994). The tuning specificity of the mitral/tufted cells thus reflects the 

specificity of the receptor protein (Imamura et al. 1992, Mori and Shepherd 1994). Recent 

studies indicate that individual receptor probes hybridize to a small number of olfactory 

glomeruli. This suggests that axons of sensory neurons expressing the same olfactory 

receptor protein converge on only a small number of glomeruli (Ressler et al. 1994, Vassar 

et al. 1994). Together with the notion that individual mitral/tufted cells arborizing in single 

glomeruli have similar response specificities, the resulting picture is that each glomerulus 

appears to have a unique mixture of inputs (Shepherd and Firestein 1991) that defines its 

odor specificity, i.e., its molecular receptive range. 

3.2.2 The antennal lobe system with particular reference to Manduca sexta 

Insect antennae consist of three segments: scape, pedicel and flagellum. The first 

two segments have hairs or sensilla on their surface that hold mechanosensitive neurons. 



18 

which project to mechanosensory centers in the deutocerebrum (Camazine and Hildebrand 

1979). In the sphinx moth M. sexta, the long flagellum, divided into 85-90 annul!, is 

equipped with about 4x10^ sensilla. These represent several modalities, such as 

mechanosensation, hygroreception and olfaction (Sanes and Hildebrand 1976a, Kaissling 

et al. 1989, Keil 1989, Lee and Strausfeld 1990). Axons of olfactory sensilla and possibly 

certain others project to the antennal lobe (AL). Primary afferents converge onto only a few 

central intemeurons: convergence ratios can be as high as 5000 to 1 between olfactory 

sensory neurons and projection neurons in P. americana and 1000:1 between sensory 

neurons and mitral cells in rabbits (Boeckh et al. 1984, Shepherd and Greer 1990). The 

antennal lobe of M. sexta contains about 64 spheroidal glomeruli (Rospars and Hildebrand 

1992), In male M. sexta, a macroglomerular complex located near the entrance of the 

antennal nerve into the AL has been identified (Matsumoto and Hildebrand 1981). 

The first glomeruli in insects were described in the deutocerebrum of the bee by 

Kenyon (1898; reviewed by Ernst et al. 1977, Dethier 1990). In M. sexta, closer anatomical 

analysis of glomeruli revealed a complex substructure of discrete domains and laminae 

within individual glomeruli (Strausfeld 1988, 1989a). In bees, however, glomeruli have a 

relatively simple organization (Masson and Mustaparta 1990). 

In contrast to the large differences in the number of glomeruli among different 

animal species, insect antennal systems present highly invariant glomerular organizations 

with regard to shape, size, location, and number within a species (Rospars and Chambille 

1989). This has been shown for a variety of species including the fruitfly D. melanogaster 
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(Stcx:ker et al. 1990, Stocker 1994), sphinx moth M. sexta (Rospars and Hildebrand 1992), 

moth Mamestra brassicae (Rospars 1983), bee Apis mellifera (Amold et al. 1985), 

cockroach Blaberus craniifer (Chambille et al. 1980). This invariance was also found to 

be true in the iulid Cylindroiulus punctatus (Diplopoda) (Nguyen Duy-Jacquemin and 

Amold 1991) and very recently in a vertebrate, the zebrafish {Brachydanio rerio) (Baier 

and Korsching 1994). The number of glomeruli in all of these species is relatively small (18 

for C. punctatus to 174 in worker bees). It is more difficult to verify numerical invariance 

in vertebrates with several thousand glomeruli (Boeckh et al. 1990). The only identified 

vertebrate glomerulus is the modified glomerular complex for detection of the maternal 

suckling pheromone in rats (Teicher et al. 1980) (see above). 

3.2.2.1 Morphology and immunocytochemistry of neurons in the antennal lobe 

Three classes of intemeurons are present in the AL (see Romberg 1990 for review): 

(1) local, amacrine intemeurons (LNs), with arborizations limited to the antennal lobe; (2) 

projection neurons (PNs) with axons reaching into higher centers of the brain; and (3) 

centrifugal neurons sending processes into the antennal lobe. Each sensory neuron has 

axonal terminations in one glomerulus only (Camazine and Hildebrand 1979, Christensen 

et al. 1995) where it forms synapses with LNs, presumably mediated by acetylcholine 

(reviewed in: Hildebrand et al. 1992). The somata of antennal lobe LNs and PNs form three 

groups (lateral, medial, anterior) (Homberg et al. 1988). There are about 360 LNs in each 

antennal lobe. They can innervate many, and perhaps all, glomeruli, and appear to be 
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mostly GABAergic (Hoskins et al. 1986, Waldrop et al. 1987). Different 

neurophysiological categories of local intemeurons have been observed with respect to 

patterns of postsynaptic activity (Christensen et al. 1993). Evidence for unidirectional 

synaptic interactions between local intemeurons and projection neurons as well as for 

disinhibitory pathways between these two types of neurons was found (Christensen et al. 

1993). About 860 PNs project axons out of the antennal lobe through various antenno-

cerebral tracts to different parts of the protocerebmm, e.g., the calyces of the mushroom 

body and the lateral hom of the protocerebrum (Romberg et al. 1989). The third group of 

neurons, centrifugal neurons, is small in number and consists of a variety of cell types with 

unique morphologies, some of which innervate all glomeruli of one or both antennal lobes 

(Kent et al. 1987, Homberg et al. 1988). The antennal lobe possesses a single serotonin-

immunoreactive neuron (Kent et al. 1987). This neuron has its soma in one antennal lobe, 

innervates all glomeruli in the contralateral antennal lobe where it forms and receives 

synapses, and has arborizations in the ipsilateral and contralateral protocerebrum (Sun et 

al. 1993). 

Acetylcholine and GABA are the most prominent neurotransmitters in the antennal 

lobe (Hildebrand et al. 1992). Evidence that acetylcholine may serve as a transmitter has 

been reported for antennal sensory neurons (Sanes and Hildebrand 1976b) and some classes 

of projection neurons (Homberg 1990). Acetylcholine may be released by primary afferent 

axons synapsing onto AL neurons (Sanes and Hildebrand 1976b; Sanes et al. 1977; 

Maxwell et al. 1978; Hildebrand et al. 1979; Waldrop and Hildebrand 1989). GABA is 
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prominent in local intemeurons and also present in a subset of PNs (Hoskins et al. 1986). 

GAB A has an important role in the synaptic inhibition of PNs (Waldrop et al. 1987). An 

IPS? in response to odor or antennal nerve stimulation is mediated by a chloride 

conductance and can be inhibited reversibly by picrotoxin and by bicuculline. Application 

of GABA can hyperpolarize neurons and inhibit their spontaneous activity. Biogenic 

amines are found in AL neurons that, based on their morphology, can have widespread 

effects rather than influencing only one or a few neuronal elements and possibly mediate 

central modulation of synaptic activity or threshold levels within the AL (Kent et al. 1987). 

In LNs and PNs, several putative neuropeptides appear to be colocalized with classical 

transmitters (Homberg 1990). 

3.2.2.2 The male-specific macroglomerular complex 

In male M. sexta, the approximately 42,000 long trichoid sensilla commonly each 

contain two bipolar olfactory-sensory neurons that project to the macroglomerular complex 

(MGC) in the AL (Sanes and Hildebrand 1976, Keil 1989, Lee and Strausfeld 1990, 

Christensen et al. 1995). Each of these two neurons is very sensitive to stimulation with one 

of the two major female sex-pheromone components, bombykal ((E,Z)-10,12-

hexadecadienal) and a hexadecatrienal ((E,E,Z)-10,12,14-hexadecatrienal) (Kaissling et al. 

1989), i.e., they have narrow molecular receptive ranges and constitute highly specific input 

channels. 

The MGC consists of at least two glomeruli (Strausfeld 1989b, Hansson et al. 
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1991); one is doughnut-shaped (the "toroid"), and the other has a more globular structure 

(the "cumulus"). The cumulus is situated on the toroid and closer to the entrance of the 

antennal nerve. Projection neurons (PNs) with arborizations in the toroid respond 

preferentially to antennal stimulation with bombykal, whereas PNs arborizing in the 

cumulus respond preferentially to the hexadecatrienal (Hansson et al. 1991). 

Many AL neurons in M. sexta have been characterized morphologically and 

physiologically (Matsumoto and Hildebrand 1981, Christensen and Hildebrand 1987b, 

Waldrop et al. 1987, Kanzaki et al. 1989, Christensen et al. 1989, Homberg et al. 1989). 

Neurophysiological studies of the pheromone-specific olfactory subsystem in male moths 

have focused on three properties of the sex-pheromone stimulus and on how these 

properties affect the central processing of sex-pheromone information (Kanzaki et al. 1989, 

Hildebrand et al. 1992, Christensen and Hildebrand 1990, 1994): (1) quality, i.e., chemical 

composition of the pheromone blend; (2) quantity, i.e., concentrations of components; and 

(3) intermittency or temporal aspects of the stimulus, i.e., existence of pheromone in wind 

plumes in filaments and blobs of different concentration. 

3.2.3 Spatial informatioii in the olfactory system 

In addition to the three properties — quality, quantity and intermittency ~ spatial 

information may be another important property in the processing of sensory information. 

A number of well-studied examples exist for spatial or topographic representations or maps 

of sensory input into the central nervous system (Murphey 1983, Udin and Fawcett 1988, 
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Purves 1994). In vertebrates, examples include retinotectal projections in the visual system 

and somatotopic input from whiskers onto barrels. In invertebrates examples are: retinotopy 

in the optic lobes (reviewed in Strausfeld 1989a), tonotopic organization in auditory organs 

and primary auditory neuropil (reviewed in Oldfield 1988), somatotopic map between the 

cercal-to-giant intemeuron system of the cricket (Murphey 1983, Bacon and Murphey 

1984), and somatotopy by mechanosensitive hairs from locust hindleg onto central 

intemeurons (Burrows and Siegler 1985, Burrows and Newland 1993). In these cases, the 

spatial organization of sensory receptors is represented by precise central mapping. Possible 

ftinctions include the facilitation of feature extraction from sensory signals (Oldfield 1988). 

However, an alternative interpretation is the idea that topographic organizations simplify 

the development of receptor-intemeuron connections and may be primarily a developmental 

phenomenon rather than one that evolved due to functional constraints (Oldfield 1988). 

Elucidating the nature of the connections between olfactory sensory neurons and 

central neurons would help to understand how the olfactory system analyzes odor stimuli. 

Originally it was thought that odor stimuli do not contain spatial information (Shepherd 

1985). Thus the question arose: how is central neural space used in this non-spatial sensory 

modality? Several studies have been devoted to finding topographic maps in the olfactory 

system of mammals and amphibians. Regional topographic projections that vary across 

species have been demonstrated in rodents, rabbits, urodeles, and anurans (discussed in 

Riddle and Oakley 1991). Other studies found that clusters of olfactory-sensory neurons 

project to widely divergent regions of the olfactory bulb. In addition, large parts of the 
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olfactory epithelium converge onto specific regions of the olfactory bulb. In the rainbow 

trout, Oncorhynchus mykiss, the spatial arrangement of olfactory sensory neurons is not 

preserved in the olfactory bulb (Riddle and Oakley 1991). The entire sheet of olfactory 

epithelium appears to send axons to each region of the glomemlar layer in the bulb. No 

topographic organization of the projection from epithelium to bulb was observed in the frog 

(Jiang and Holley 1992), i.e., there was no correlation between the location of a neuron in 

the olfactory bulb and its input region in the epithelium. Receptive fields of mitral/tufted 

cells in the frog can cover one to two thirds of the total olfactory epithelium, with excitatory 

receptive fields being smaller than suppressive receptive fields. Similar results have been 

obtained for projections of olfactory sensory neurons in the brain of the crayfish 

Procambarus clarkii (Mellon and Munger 1990). Each sensillum or aesthetasc hair on the 

external antennular filaments houses the dendrites of about 175 bipolar sensory neurons. 

When the axons of sensory neurons from small groups of aesthetascs were traced with 

tritiated leucine their central projections were labelled within all glomeruli of the ipsilateral 

olfactory lobe. This supports the idea of a distributed pattern of sensory projection from 

individual aesthetascs to all regions of the olfactory lobe (Mellon and Munger 1990). 

The various studies mentioned above searched for a point-to-point connection 

between parts of the olfactory input region and parts of the olfactory bulb or lobe. The 

implicit conclusion is that instead of a spatial representation, a functional representation of 

the input region is present in the central neuropil. A spatial representation of the input 

region might still exist with respect to the input that one glomerulus receives. In the 
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cocicroach P. americana, PNs in the macroglomerulus were found that responded to 

pheromone stimuli applied to only one particular region along the length of the antenna, 

whereas other PNs responded to pheromonal stimulation with similar intensity regardless 

of the antennal region that was stimulated (HosI 1990). PNs with different receptive fields 

would provide information about the site of stimulation, e.g., when the animal moves 

upwind and crosses thin odor filaments. 

Regional differences in responsiveness of the olfactory epithelium have been 

observed for sensory neurons along the antenna in the tobacco budworm moth Heliothis 

virescens (Almaas and Mustaparta 1991). Two types of pheromone-responsive sensory 

neurons with different sensitivities and different patterns of distribution occur in H. 

virescens antennae. In vertebrates differences in responsiveness across the olfactory 

epithelium are probably due to nonuniform distribution of sensory neurons within the 

epithelium with those of similar responsiveness located close to each other in the 

epithelium (Mackay-Sim and Kesteven 1994). Peaks of highest responsiveness are 

surrounded by smoothly decreasing responsiveness indicating a spatial continuum. Recent 

molecular biological findings indicate that single odorant receptor genes are expressed in 

spatially restricted subsets of chemosensory neurons giving rise to a zonal organization of 

odorant receptor gene expression in the olfactory epithelium (Koshimoto et al. 1992; Nef 

et al. 1992; Strotmann et al. 1992; Ressler et al. 1993). 
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3.2.4 Significance 

An important issue in the organization and operation of the insect olfactory system 

is the functional significance of glomeruli in the antennal lobes. This dissertation research 

builds on a firm foundation of technical experience and knowledge about an experimentally 

favorable model system that allows the study of glomerular structure and function with 

greater precision than has been possible in other species. I studied glomeruli in the olfactory 

subsystem of male M. sexta designated for pheromone processing with its anatomically and 

functionally identified, male-specific neuropil. 
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4. CODING OF PULSED ODOR STIMULI BY OLFACTORY 

PROJECTION NEURONS IN THE BRAIN OF THE SPHINX MOTH 

MANDUCA SEXTA 

4.1 Abstract 

Sex pheromones, like other odor stimuli, are intermittent signals that reach the 

antennae of male moths in the form of discrete pulses at frequencies of several per second. 

Behavioral studies show that male moths respond to discrete odor pulses within a few 

hundred ms, and that nearly straight upwind flight tracks result from stimulation with 

pheromone pulses above 4/s. We used intracellular recording methods to study the 

responses to pulsed pheromonal stimuli of projection neurons (PNs) innervating the 

pheromone-processing macroglomerular complex (MGC) in the antennal lobe of the male 

sphinx moth Manduca sexta. 

In MGC-PNs antennal stimulation with the pheromone blend, comprising the two 

key pheromone components, typically evoked an excitatory response (E) with a burst of 

action potentials, followed by an interval without spiking (Ij). Often the excitatory response 

phase was preceded by a brief inhibition (I,). MGC-PNs resolved pulse rates of antennal 

stimulation from less than 1 pulse/s to 5 pulses/s with clearly separated and distinct bursts 

of action potentials. The larger the amplitude of I,, the higher the pulse rate of antennal 

stimulation an MGC-PN could follow. The pulse rates followed by MGC-PNs correspond 

well to the rates of odor-mediated behavioral changes observed in other moth species. 

In some MGC-PNs, mixed responses (initial inhibition (I,) / excitation / inhibition 
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(Ij)) were evoked by stimulation of the antenna with one of the two key pheromone 

components. In such cases, the relationship between the amplitude of I, and the maximal 

pulse rate followed by an MGC-PN was observed for stimulation with only one key 

pheromone component. These MGC-PNs innervated one of the two major glomemli of the 

MGC. 

In MGC-PNs that showed a primarily excitatory response to stimulation with either 

key pheromone component and that arborized in both major glomeruli of the MGC, the 

response to the blend was different from the response to either component alone in terms 

of strength and following of odor pulses. 

The results suggest a heterogeneity in the population of sensory neurons activated 

by a single pheromone component: some mediate excitatory effects, whereas others activate 

inhibitory inputs to MGC-PNs. This convergence of different synaptic pathways allows 

MGC-PNs to resolve intermittent antennal stimuli and thus to relay the temporal 

information about the pheromonal signal to higher brain centers. 

4.2 Introduction 

In order to locate a conspecific female releasing sex pheromone, male moths must 

be able to recognize and encode different features of the pheromonal signal (Hildebrand, 

1995, 1996). These features include the quality and quantity of the pheromone, i.e., the 

chemical composition of the pheromone and the relative amounts of the components. 

Moreover, behavioral studies suggest that spatial and temporal characteristics of the 
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pheromonal stimulus are relevant for orientation and mate-finding (Christensen et al., 

1996). The coding of the temporal structure of the signal by morphologically identified 

pheromone-sensitive projection neurons (PNs) in the antennal lobes (ALs) of male sphinx 

moth Manduca sexta is the central issue of this study. 

Many factors can affect the spatiotemporal character of an odor stimulus. Owing 

to the presence of physical obstacles in the environment, movement of the animal, wind 

turbulence, and sometimes the pulsatile release of the sex pheromone, as in the Arctiid 

moth Utetheisa omatrix (Connor et al., 1980), the pheromonal signal is virtually never a 

continuous stream of odor (Murlis et al., 1992). Instead it occurs in pockets or filaments of 

odor of varying concentration which, on average, are weaker further away from the odor 

source (Murlis et al., 1992). The intermittency, i.e., the time during which the signal is 

absent, increases further downwind from the odor source, whereas closer to the odor source 

the frequency of odor pulses is higher and the concentration is more uniform (Murlis ei al., 

1992). 

In behavioral experiments using female sex pheromones to attract male moths, it 

was discovered that continuous pheromone plumes are inferior to pulsed pheromonal 

stimuli in eliciting upwind movement of male moths toward the pheromone source (Baker 

et al., 1985; Kramer, 1986, 1992; Kaissling, 1987; Baker 1989; Kaissling and Kramer, 

1990). Recent experiments show that behavioral changes in response to changes of the 

pheromone concentration occur within a few hundred milliseconds (Kaissling and Kramer, 

1990; Mafra-Neto and Carde, 1994; Vickers and Baker, 1994). Neural correlates of these 
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sudden changes in flight behavior have been found among antennal sensory neurons 

(Rumbo and Kaissling, 1989; Almaas et al., 1991; Marion-Poll and Tobin, 1992) and in the 

ALs (Christensen and Hildebrand, 1988, 1997; Christensen et al., 1989a). Some olfactory 

receptor cells and central olfactory intemeurons can follow stimulus pulses as rapidly as 

about 12/s (Christensen and Hildebrand, 1988, 1997; Christensen et al., 1989a, 1996; 

Rumbo and Kaissling, 1989; Almaas et al., 1991). But most receptor cells and central 

olfactory intemeurons follow pulse rates in the range of 3 to 5/s. 

In a previous study (Christensen and Hildebrand 1997), it was shown that the ability 

of some MGC-PNs in M. sexta to encode stimulus intermittency is greatly improved if a 

blend of the two key pheromone components is used as the stimulus. For other neurons, 

addition of the second component has no detectable effect on the response to the major 

component presented alone. The possible relationship between temporal response 

properties of these MGC-PNs and their patterns of dendritic arborization in the male-

specific macroglomerular complex (MGC) of the AL, however, was not investigated. In the 

present study, we focus on the pulse-following ability of PNs that innervate one or both of 

the two main glomeruli (the cumulus and the toroid) of the MGC. PNs with arborizations 

limited to the toroid respond preferentially to antennal stimulation with the key pheromone 

component, bombykal (Bal), whereas PNs with arborizations confined to the cumulus 

respond preferentially to E,Z-11,13-pentadecadienal (C-15), a relatively stable mimic of 

E,E,Z-10,12,14-hexadecatrienal, the second key pheromone component (Kaissling et al. 

1989a; Hansson et al., 1991). 
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We report that, for some MGC-PNs with arborizations in the cumulus, C-15 can 

evoke a mixed (inhibitory/excitatory/inhibitory) response similar to that evoked by the 

pheromone blend, and, likewise, for some neurons with arborizations in the toroid, Bal can 

evoke a similar mixed response. The maximal pulse frequency encoded by these PNs is not 

increased in the presence of the pheromone blend, but seems to arise through the 

convergence of two parallel pathways, one excitatory and one inhibitory, that are both 

activated by the same olfactory stimulus. 

4.3 Materials and Methods 

Preparation 

Adult sphinx moths M. sexta from our rearing facility, 1-3 days post-eclosion, were 

immobilized and dissected as described in Christensen and Hildebrand (1987). Briefly, to 

gain access to the deutocerebrum, we opened the head capsule by removing the proboscis 

and palps and by cutting frontally along the compound eyes up to the bases of die antennae. 

The head was isolated from the thorax, which did not result in differences in neural 

responses (Christensen and Hildebrand, 1987) but eliminated mechanical problems due to 

movement of the animal. The head was fixed to a platform with four insect pins piercing 

the eyes. One antenna was fixed in position with two additional insect pins. The AL was 

mechanically desheathed to facilitate electrode penetration and continuously superfused 

with saline solution (150 mM NaCl, 3 mM CaClj, 3 mM KCl, 25 mM sucrose, 10 mM TES 

buffer (pH 6.9) (modified from Pichon et al., 1972). 
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Intracellular electrophysiological recording 

Micropipettes were made from borosilicate glass tubing (O.D. 1mm, I.D. 0.5 mm. 

World Precision Instruments) on a Flaming-Brown puller (P-2000, Sutter Instrument Co). 

Controlled forward and backward movement of microelectrodes was achieved with a 

Burleigh Inchworm (Model 6000/ULN) attached to a Leitz micromanipulator. Because the 

site of the electrode impalement in a neuron can affect the amplitude of postsynaptic 

potentials, the area of neuropil that was impaled was the same in all preparations. Electrical 

activity of a neuron was amplified with an Axoclamp-2A amplifier (Axon Instruments) and 

stored on magnetic tape (Hewlett Packard Instrumentation Tape Recorder 3968A). Records 

were then transferred to a computer hard disk and analysed with Experimenter's Workbench 

(Brain Wave Systems) or Autospike (Syntech) software and finally stored on mini data 

cartridges (3M or Verbatim) or Zip disks (Iomega). 

Intracellular staining ofMGC neurons 

Neurons were stained intracellularly, in the course of recording their electrical 

activity, with Neurobiotin (Vector Laboratories, 3-5% in 2 M KCl with 0.05 M Tris buffer, 

pH 7.4), biocytin (Sigma, 3-5% in 2 M KCl with 0.05 M Tris buffer, pH 7.4), or Lucifer 

Yellow CH (Aldrich, 4% in distilled water). The electrode shaft was filled with 2.5 M K-

acetate solution in the case of biocytin or Neurobiotin electrodes or with 2 M LiCl solution 

for Lucifer Yellow electrodes. Injection of these labels was achieved by means of: 1-nA 

hyperpolarizing current for 10 min for Lucifer Yellow as described previously (Christensen 
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and Hildebrand 1987); alternating hyperpolarizing and depolarizing 1-min, 1-nA current 

pulses for a total of 10 min for biocytin; and 1-nA depolarizing current for 10 nnin for 

Neurobiotin. Brains containing cells stained with neurobiotin or biocytin were dissected, 

fixed overnight, and incubated with Cy3-conjugated streptavidin (Jackson Immunologicals, 

diluted 1:100 with 0.2 M phosphate buffer containing 0.3% Triton X-100) for 3 days on a 

shaker at 4°C. After incubation with Cy3, the brains were dehydrated, cleared in methyl 

salicylate, and examined by either fluorescence or laser-scanning confocal microscopy (see 

below). Two PNs were labeled in one AL by staining one with biocytin and one with 

Lucifer Yellow. Pseudocolors were applied to both MGC-PNs using computer software 

(Confocal Assistant, Adobe Photoshop). 

Confocal microscopy 

Brains with intracellularly stained MGC-PNs were viewed with a laser-scanning 

confocal microscope (BioRad MRC-600 with a Nikon Optiphot-2 microscope and a 100-

mW Argon or 15-mW Krypton/Argon laser light source and appropriate dichromatic filter 

cubes, BioRad) (Mesce et al. 1993, Sun et al. 1993). Serial optical sections, 2 |jm apart, 

were imaged through the depth of wholemounts and saved as a series of images on a 

rewritable optical disk. 

Olfactory stimulation 

The antenna was stimulated in the basal region with one of the following: (1) E,Z-
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10,12-hexadecadienal (bombykal, Bal), a key component of the female's sex-pheromone 

(Starratt et al., 1979; Tumlinson et al,. 1989; Kaissling et al., 1989; Christensen et al., 

1989b) 10 ng; (2) E,Z-11,13-pentadecadienal ("C-15"), a chemically more stable mimic of 

the second key component of the female pheromone (Kaissling et al., 1989) 10 ng; (3) a 

mixture of both (Bal + C-15); and (4) a 60-sec hexane wash of the female pheromone gland 

(Christensen and Hildebrand, 1987). Odor delivery (airflow 10(X3 ml/min) and preparation 

of odor cartridges involved methods described previously (Christensen and Hildebrand 

1987). When we obtained a stable recording, MGC-PNs were challenged by antennal 

stimulation with the pheromone blend (Bal + C-15) with a series of 50-ms pulses at 5 Hz. 

To determine the maximal pulse rate an MGC-PN could follow, the stimulus frequency was 

lowered until the MGC-PN could resolve each odor pulse with a distinct burst of action 

potentials clearly separated from the burst of action potentials in response to the next odor 

pulse. This was done for the pheromone blend first and repeated subsequently for the 

individual components, Bal and C-15. 

4.4 Results 

General physiological characteristics ofMGC projection neurons 

As described previously, stimulation of the antenna with the pheromone blend (Bal 

and C-15) elicits a response that in many MGC-PNs comprises three distinct response 

phases (Christensen et al., 1993). Figure 4.1A shows an example of this "mixed" 

postsynaptic response, consisting of an initial rapid inhibitory phase (I,), an excitatory 
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phase with spiking (E), and a delayed inhibitory phase (I2). The MGC-PN in figure 4.1A 

responded to antennal stimulation with C-15 with inhibition lasting longer than the 

stimulation itself. The response to stimulation with Bal alone comprised three response 

phases similar to those observed with the pheromone blend. Thus, one pheromone 

component alone could elicit a mixed response with early inhibition, excitation, and 

delayed inhibition (see also Figs. 4.2A, 4.5A,B). 

The magnitude of I, varied among different MGC-PNs from 0 to approximately 14 

mV. Injection of depolarizing current into another MGC-PN (Fig. 4. IB) increased the size 

of Ip while injection of hyperpolarizing current reversed I,. Previous experiments indicated 

that I, can be reversibly blocked by picrotoxin and bicuculline and reversed by low-chloride 

saline, and that the excitatory response phase persists under these conditions (Waldrop et 

al. 1987). Many AL neurons are hyperpolarized by GAB A, and muscimol, a GAB A mimic, 

inhibits many AL neurons (Waldrop et al., 1987). Current-injection protocols (see also 

Christensen et al., 1993) and pharmacological experiments suggest that I, is mediated by 

chemical synaptic transmission. Thus, die amplimde of I, is at least in part a function of the 

membrane potential of the cell. In addition, the amount of inhibitory input that a given cell 

receives is likely to influence the amplitude of I,. Injection of depolarizing current in the 

neuron in figure 4.1 A reduced the size of E and increased the spike frequency, whereas 

injection of hyperpolarizing current increased the size of E and substantially reduced the 

number of action potentials. These data taken together indicate that II and E are inhibitory 

and excitatory postsynaptic potentials (PSPs), respectively. They also indicate that the 
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recording site in most cells was electrically close to the sites of synaptic input mediating 

these PSPs. 

Anatomy and physiology of projection neurons innervating the MGC 

The MGC-PNs reported in this study fell into three anatomical classes, neurons with 

arborizations in (a) the cumulus, (b) the toroid, and (c) in both the toroid and the cumulus 

(as seen by Hansson et al. 1991). In addition, MGC-PNs were observed with arborizations 

restricted to the recendy discovered third glomerulus of the MGC (the horseshoe or toroid 

n) (unpublished observation). Figures 4.2 and 4.3 show the responses and branching 

patterns of a pair of MGC-PNs in one AL. One MGC-PN (Fig. 4.2A, B) gave a mixed 

response to antennal stimulation with the pheromone blend. Stimulation with neither clean 

air nor C-15 evoked a response. Stimulation of the antenna with either Bal or an extract of 

the female pheromone gland evoked a response from the neuron that was similar to its 

response to the pheromone blend with respect to the presence and amplitude of the I, and 

E response phases and numbers of action potentials. The neuron could not resolve each of 

the odor pulses given (5 pulses/s). Instead of firing a clear burst of action potentials in 

response to each odor pulse, the neuron fired continuously for approximately one second. 

Stimulation of the antenna with four pulses/s (Fig. 4.2B) evoked a strong response to the 

first pulse and gave distinct bursts to the fourth and fifth pulse. When the stimulation 

frequency was reduced to three pulses/s, the neuron followed each odor pulse with a 

distinct burst of action potentials, although these bursts did not accurately reflect the 
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stimulus duration. Hyperpolarization preceded the burst only in response to the first odor 

pulse. With each odor pulse, the number of action potentials, size of the EPSP, and degree 

of spike adaptation decreased. This MGC-PN (green neuron in Fig. 4.3) innervated the 

toroid of the MGC and had its soma in the medial group of AL cell bodies. It branched 

most heavily in the medial and lateral parts of the toroid. 

We recorded from a second MGC-PN in the same AL and observed a response 

pattern that was the inverse of that given by the first MGC-PN (compare Fig. 4.2C with 

4.2A,B). Mechanical stimulation (blank) evoked no response, and stimulation with Bal 

appeared to hyperpolarize the neuron slightly and inhibit spontaneous spiking. The response 

to the pheromone blend was mixed, with an IPSP, a burst of action potentials, and a 

poststimulation inhibitory period. While the response to C-15 was similar to the response 

to the blend, C-15 did not depolarize the neuron as much as the blend. This might be 

explained by rundown of the preparation or long-lasting adaptation of the neuron. 

Dye injection revealed that the neuron started to branch outside the MGC, had 

several side branches as it entered the hole of the toroid, and had arborizations throughout 

the cumulus (red MGC-PN in Fig. 4.3). In contrast, the MGC-PN innervating the toroid 

started to branch only as it entered the toroid. The somata of the two neurons were situated 

close to each other in the medial group of AL cell bodies. In summary, these two 

functionally different neurons also had distinctly different strucnares, each innervating only 

one of the two major glomeruli of the MGC. 

Figure 4.4 shows the branching patterns in the AL of two additional MGC-PNs that 
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both had arborizations in the cumulus. The green neuron had several branches into the 

lateral half of the cumulus and one major branch into the medial half, whereas the red 

neuron had more branches in the medial half and also branches in the lateral part of the 

cumulus. Yellow regions indicate potential overlap of the branches of the two neurons in 

the complete stack of optical sections of this preparation. In individual sections of 2 |im, 

however, hardly any overlap was noted. Thus, these two MGC-PNs reached into different 

parts of the cumulus. Nevertheless, the physiological responses of these MGC-PNs (Fig. 

4.5) were remarkably similar. Both MGC-PNs responded with a mixed inhibitory/excitatory 

response to antennal stimulation with the blend and with C-15 and did not respond to 

mechanical stimulation. The response to Bal appeared to be a weak inhibition. During some 

of the tests with Bal, the red MGC-PN exhibited weak hyperpolarization (Fig. 4.5B). 

Neither of the two MGC-PNs could resolve five odor pulses/s, but the two neurons each 

responded with one strong burst to the first odor pulse. The response to the other odor 

pulses consisted of one or a few additional spikes or, in some cases, depolarization that did 

not reach spike threshold (asterisks), probably because of convergent inhibitory input to the 

MGC-PNs. 

MGC projection neurons with arborizations in both cumulus and toroid 

Although most MGC-PNs showed short-lasting responses to antennal stimulation 

with either C-15 or Bal, in some cases the response outlasted the stimulation by several 

hundred ms. The difference in response duration was particularly obvious in MGC-PNs that 
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responded with a long excitation to one component and a short excitation to the other 

component (Fig. 4.6). The response of the MGC-PN in figure 4.6 to antennal stimulation 

with the pheromone blend comprised early hyperpolarization followed by depolarization. 

The MGC-PN failed to respond clearly to each pulse of the blend. Likewise this neuron 

could not follow pulses of C-15 delivered to the antenna, but instead responded with a burst 

of spikes only to the first pulse and with few additional spikes to subsequent pulses. This 

response resembled the responses of C-15-responsive MGC-PNs described above (Figs. 

4.2C, 4.5A, B). Upon antennal stimulation with Bal, this neuron gave a mixed response 

with a long-lasting burst that continued far beyond the end of the stimulation. Thus, the 

responses to the two components were quantitatively as well as qualitatively different. This 

became even more evident when the stimulus firequency was reduced to 4 or 3 pulses/s. In 

response to antennal stimulation with C-15, at all frequencies tested, this MGC-PN fired 

a burst of spikes after the first pulse. At 3 and 4 pulses/s, an initial hyperpolarization 

preceded the burst. Subsequent bursts were weak and separated from each other by 

inhibitory phases. When Bal and C-15 were combined, the response at 3 and 4 pulses/s was 

a sequence of strong bursts that were clearly separated from each other. In contrast, the 

neuron could not distinctly resolve each odor pulse when the antenna was stimulated with 

Bal alone at 3 pulses/s. 

Because several neurons were studied in this preparation and three MGC-PNs were 

stained intracellularly, we could not discem the branching pattern of each individual neuron 

(Fig. 4.7). These MGC-PNs had arborizations in all three glomeruli of the MGC and 
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branched disproportionately on the lateral side of the MGC. An MGC-PN that was excited 

by both components was described earlier and had arborizations in both the cumulus and 

the toroid (Hansson et al., 1991). The only other type of AL neuron that shows an excitatory 

response to both key pheromone components is the class of neurons called local 

intemeurons (LNs) (Heinbockel et al., 1996a), but those cells do not give mixed responses 

to electrical stimulation of the antennal nerve or antennal stimulation with odors, as 

described for projection neurons (Christensen et al., 1993). Moreover, no local intemeuron 

was stained in this AL, suggesting that at least one of the three MGC-PNs had arborizations 

in both the cumulus and the toroid. 

Pulse-following during stimulation with the pheromone blend 

From the preceding description of the physiological responses of MGC-PNs, it is 

clear that not all neurons could resolve several odor pulses/s. Previous observations 

(Christensen and Hildebrand, 1988, 1997) suggested that the amplitude of the initial 

hyperpolarization (I,) is important for the ability of some MGC-PNs to follow higher 

stimulus frequencies and to copy stimulus duration. Plotting the maximal pulse rate 

followed by MGC-PNs in the present study, as a function of the size of I, evoked by 

antennal stimulation with the pheromone blend indeed revealed strong positive correlation 

(Fig. 4.8A). The larger I,, the greater the number of pheromone pulses that an MGC-PN 

could resolve per second. No such relationship was observed when the maximal pulse rate 

followed by MGC-PNs was plotted as a function of the size of the EPSP (Fig. 4.8B). Some 
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MGC-PNs that responded with EPSPs of more than 20 mV could not resolve pulses of 

higher frequencies than those neurons that responded with a very small EPSP. 

Pulse-following during stimulation with individual pheromone components 

As shown above, antennal stimulation with one component alone elicits in some 

MGC-PNs a mixed response comprising an IPSP, followed by depolarization and delayed 

inhibition (Figs. 4.2,4.5). In figure 4.9, the maximal pulse rate followed by MGC-PNs was 

plotted over I, evoked by antennal stimulation with one component. For MGC-PNs that 

showed a mixed response to stimulation with C-15 (C-15 cells), the amplitude of the EPSP 

evoked by C-15 correlated with the maximal pulse rate followed (Fig. 4.9A). Likewise, for 

MGC-PNs that responded with a mixed response to Bal (Bal cells), a plot of the maximal 

pulse rate as a function of the IPSP evoked by Bal showed a clear correlation (Fig. 4.9B). 

The responses of several MGC-PNs to pheromonal stimulation are shown in terms 

of three key response parameters in figures 4.10 and 4.11. These MGC-PNs were tested 

with the pheromone blend, Bal, and C-15. The columns indicate the sizes of the EPSP and 

the IPSP, as well as the maximal pulse rate followed by an MGC-PN (PR in pulses/s) for 

stimulation with the pheromone blend and for both odor components. In both groups of 

MGC-PNs, C-15 cells (Fig. 4.10) and Bal cells (Fig. 4.11), the response parameters EPSP, 

IPSP, and maximal pulse rate followed were very similar and often identical for antennal 

stimulation with the pheromone blend and for stimulation with Bal or C-15, respectively. 

This was the case, even when the other component clearly inhibited the PN. 
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Based on intracellular recording and staining, the number of MGC-PNs with 

arborizations in both the cumulus and the toroid and which respond to both Bal and C-15 

(blend cells) is relatively small (Hansson et al. 1991; this study) and contributes probably 

less than 20% of all MGC-PNs. The relationship between the sizes of the IPS? and the 

EPSP and the maximal pulse rate followed appeared to be similar to the relationships 

described for Bal cells and C-15 cells, i.e., the larger the I, evoked by one component or the 

blend, the greater the pulse rate that the MGC-PN could follow (Fig. 4.12). The response 

to antennal stimulation with the pheromone blend, however, did not necessarily reflect the 

response to either component. In some cases adding both components together elicited a 

response that was substantially different from the response to stimulation with either 

component alone as described above (Fig. 4.6). 

4.5 Discussion 

In M. sexta, the MGC-PNs that encode pheromonal information are physiologically 

and morphologically diverse. Some MGC-PNs respond specifically to antennal stimulation 

with only one of the two key pheromone components (Hansson et al. 1991). In other MGC-

PNs, antennal stimulation with the pheromone blend evokes a characteristic, multiphasic 

response consisting of inhibition/excitation/inhibition (Christensen and Hildebrand 1987, 

1988, 1997). In this study, we show that there are MGC-PNs for which stimulation with 

just one of the two key pheromone components is sufficient to elicit a multiphasic response. 

This had been observed previously in only one MGC-PN exhibiting a multiphasic response 
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to Bal (Hansson et al. 1991), but the present study shows that the multiphasic response can 

be elicited in some neurons by stimulation with C-15 as well. 

An MGC-PN with arborizations confined to the cumulus (Fig. 4.4) responds 

preferentially to antennal stimulation with the pheromone mimic C-15. For some such 

neurons, the response is purely excitatory (Hansson et al. 1991), whereas others give a 

mixed response with both inhibitory and excitatory phases (Figs. 4.5A,B). Moreover, some 

MGC-PNs that innervate the cumulus exhibit hyperpolarization and/or reduction of the 

background firing activity in response to antennal stimulation with Bal. This suggests that 

sensory afferents that respond to Bal stimulate either local intemeurons or MGC-PNs in the 

toroid that in turn inhibit C-15-sensitive MGC-PNs in the cumulus. The opening in the 

toroid, through which the large-diameter neurites of cumulus neurons pass, is a likely site 

for these synaptic interactions. In that region, at the light-microscopic level, many thick 

branches of cumulus and toroid neurons can be seen to be in close apposition to each other 

(Fig. 4.3; Heinbockel et al. 1996; unpublished data) and might make synaptic contacts with 

each other. 

The responses of MGC-PNs to antennal stimulation with the pheromone blend or 

with one of the two pheromone components were similar in terms of the response phases 

present and the sizes of the evoked IPSPs and EPSPs. The responses were also very similar 

when the antenna was stimulated at different pulse rates. In most cases, the maximal pulse 

rate followed by an MGC-PN was the same for stimulation with the blend or with one 

pheromone component (Figs. 4.10,4.11). This was the case even when stimulation with the 
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other component evoked clear hyperpolarization in the same neuron. These neurons are 

therefore functionally distinct from other MGC-PNs that are primarily excited by one 

pheromone component and inhibited by the other (Christensen and Hildebrand 1987,1997). 

For that type, with Bal alone as the stimulus, the dynamic range for encoding stimulus 

intermittency was reduced in nearly 60% of the neurons tested (Christensen and Hildebrand 

1997). 

Not all MGC-PNs can resolve high odor pulse rates (Christensen and Hildebrand 

1988). When the depolarization in response to pheromonal stimulation is preceded by an 

IPS?, most MGC-PNs can follow several odor pulses/s (Christensen and Hildebrand 1988, 

1997). In the present study, we explored this relationship further, asking whether the 

amplitude of the IPSP is correlated with the maximal pulse rate followed by an MGC-PN 

when: (a) the antenna was stimulated with the pheromone blend of Bal and C-15, or (b) the 

antenna was stimulated with one component, either Bal or C-15. In both cases, the size of 

the IPSP was clearly correlated with the ability of an MGC-PN to follow higher odor pulse 

rates. For example, when the antenna was stimulated with C-15 and a strong IPSP of 

several mV preceded the excitatory response, the MGC-PN typically could resolve pulse 

rates of 3 to 5/s (Figs. 4.2B, 4.10, 4.11). This relationship was observed in Bal cells for 

stimulation with Bal and in C-15 cells for stimulation with C-15. 

Coding of odor pulses has also been tested on pheromone-responsive receptor cells 

in the antennae of male M. sexta (Marion-Poll and Tobin 1992). Odor pulse rates of up to 

3/s elicited significant, temporally-modulated responses in receptor neurons. This finding 
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raises the question of how central neurons can resolve higher antennal stimulation rates 

than receptor neurons in the antennae. One possible answer lies in the frequencies tested 

in the study by Marion-Poll and Tobin (1992): 0.5, 1,2, 3, and 10/s. While their data show 

clearly that odor pulses at 10/s were not resolved, it appears likely that, if tested, receptor 

cells would have been able to resolve pulse rates higher than 3/s. This suggestion finds 

support in their observation that the response to a train of pulses at 10/s was higher than to 

continuous stimulation for 5 s (Marion-Poll and Tobin 1992). This indicates that pulsing 

has an influence on coding. Moreover, their analysis sought to demonstrate modulation of 

activity within a group of neurons rather than in single cells (Marion-Poll and Tobin 1992). 

Individual receptor cells might be able to resolve higher frequencies than is apparent in the 

population coding. In the present study, the maximal pulse rate resolved by MGC-PNs 

ranged from less than I to 5 pulses/s. In two other studies of M. sexta, 5 MGC-PNs were 

observed that followed a pulse rate of 10/s with depolarizations and time-locked bursts of 

one or several action potentials (Christensen and Hildebrand, 1988,1997). Most MGC-PNs 

(> 90%) in those studies, however, followed frequencies of only 3 to 4/s Hz, similar to the 

findings of the present study. 

MGC-PNs did not appear to be tuned to a specific pulse rate, i.e., they did not 

resolve odor pulses at only one particular pulse rate and not at higher or lower pulse rates. 

Instead, MGC-PNs acted as low-pass filters. Each MGC-PN could follow pulses up to a 

maximal pulse rate or cut-off frequency. All pulse rates below the cut-off frequency were 

resolved, whereas the temporal resolution of each odor pulse was impaired at higher pulse 
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coding pheromone concentration (unpublished data). 

A small group of MGC-PNs innervates both major glomeruli (the cumulus and 

toroid) of the MGC (Hansson et al., 1991; this study). The responses of these MGC-PNs 

to antennal stimulation with Bal, C-15, or the blend were primarily excitatory. Their 

response to the blend, however, was not necessarily similar to the response to stimulation 

with either Bal or C-15. In some cases the response to the blend was different from the 

response to either component in terms of the number of action potentials and the maximal 

pulse rate that was followed by that MGC-PN. This was particularly obvious when one 

component evoked a short-lasting response with strong inhibitory input and the other 

component evoked a continuous burst for several seconds. Blend neurons of this type, and 

probably other multiglomerular AL neurons as well, are not simple convergence stations 

for afferent input of the same type, which then relay this information to higher brain centers 

in the protocerebrum. Instead, these MGC-PNs integrate information from both the Bal and 

the C-15 input channels at the level of the AL. In contrast, a subset of MGC-PNs that 

innervates only the toroid or the cumulus responds to antennal stimulation with only one 

pheromone component (Christensen and Hildebrand, 1987; Christensen et al., 1989; 

Hansson et al. 1991). These MGC-PNs send information from one pheromonal input 

pathway to the protocerebrum, and integration of the two parallel pathways for Bal and C-

15 probably takes place in higher brain centers (Kanzaki et al., 1991a,b; Hildebrand, 1996). 

The maximal odor-pulse rates followed by MGC-PNs cover well the range of 
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stimulus frequencies for which behavioral changes have been observed in moths (Mafra-

Neto and Carde, 1994; Vickers and Baker, 1994, 1996). Potentially, MGC-PNs with 

different abilities to follow odor pulses serve different roles in the behavior of the moth 

during upwind flight and odor-source location. The difference in the ability to follow 

various pulse rates may be inherent in the synaptic wiring in the MGC. Alternatively, 

pheromone-responsive afferents that follow odor pulses only at low rates may supply a 

subset of MGC-PNs, which in turn can follow only low pulse rates. Similarly, studies of 

heliothine moths have suggested that the tuning characteristics of MGC-PNs may reflect 

input from different physiological populations of receptor neurons (Christensen et al. 1995). 

The idea of low- and high-frequency pathways might apply to the entire olfactory 

system from receptor neurons to motor output. For example, in the moth Antheraea 

polyphemus, pheromone receptor neurons in one sensillum differ in terms of their 

molecular receptive ranges and relative sensitivity (Meng et al., 1989). An additional 

functional difference is suggested by the finding that two of three types of pheromone 

receptor cells can resolve at least 5 stimulus pulses/s, whereas the third cell is slower, 

resolving only about 2 pulses/s (Rumbo and Kaissling, 1989). Thus, each receptor cell 

might register the strucmre of the odor plume in a different way as suggested by Murlis et 

al. (1992), and each component of the pheromone blend might have a specific behavioral 

effect based on different temporal patterns of nerve-impulse responses (Rumbo and 

Kaissling, 1989). Differences in properties of receptor cell types might help to assign 

specific functions to each cell type during orientation flight in an odor plume (Meng et al.. 



48 

1989; Rumbo and Kaissling, 1989). The slowest cell type responds to the major pheromone 

component, which might Idc detected further away from the odor source (Meng et al., 1989) 

where quick responses to changes in odor concentration might not be required (Rumbo and 

Kaissling, 1989). Closer to the odor source cells with higher time resolution detect the two 

minor components and potentially allow the moth to react faster to more frequent changes 

in odor concentration (Rumbo and Kaissling, 1989). 

Since behavioral changes in moths occur up to 3/s (Kaissling and Kramer 1990), 

it seems to be important for the animal that neurons are able to respond to repeated changes 

of the odor concentration. One important cellular property of cells that are able to resolve 

high-frequency odor pulse rates is their slow adaptation. In behavioral and 

neurophysiological experiments it has been shown that adaptation of receptor cells at high 

pheromone concentrations is associated with cessation of pheromone-mediated upwind 

flight (Baker et al., 1988). MGC-PNs with the ability to follow higher odor pulse rates 

might be important in situations of high-frequency odor stimulation, such as in close 

proximity to the odor source where quickly adapting neurons could possibly prevent the 

animal from finding the odor source. 
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4.6 Figures 

Fig. 4.1 A MGC-PN responding to antennal stimulation with the pheromone blend and with 

Bal alone with an intial IPSP (I,), followed by an EPSP (E) with spiking activity and a 

delayed inhibitory phase (I2). C-I5 evoked only an IPSP with a time course that reflected 

the duration of the stimulus. B Responses to the pheromone blend are altered by injected 

current. The amplitude of I, was increased and that of E was decreased upon injection of 

depolarizing current into another MGC-PN. The polarity of I, was reversed upon injection 

of hyperpolarizing current (indicated by arrow). All responses (Fig. 4.1A3) were preceded 

by a calibration pulse (5 mV). 
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Fig. 4.2 Central responses of two MGC-PNs to pulsed antennal stimulation with sex 

pheromone (Bal and C-15). A Antennal stimulation with the pheromone blend, Bal, and an 

extract of the female pheromone gland elicited a strong IPSP and a burst of action 

potentials in this neuron, whereas stimulation with C-15 did not evoke a response. The cell 

did not resolve the 5 odor pulses. B The same neuron could follow antennal stimulation up 

to 3 pulses/s to both Bal and the pheromone blend. The arborizations of this neuron (green) 

in the toroid of the MGC are shown in Fig. 4 J. C Another MGC-PN with arborizations in 

the cumulus (see red neuron in Fig. 4.3) responded with a primarily excitatory response to 

antennal stimulation with the pheromone blend and C-15. 
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Fig. 4.3 Laser-scanning confocal micrograph of two MGC-PNs. One neuron innervated the 

cumulus (C) and was stained with Lucifer Yellow (red neuron), and the other innervated 

the toroid (T) (green neuron) and was stained with biocytin. Note areas of overlap between 

the two neurons (yellow), which are possible sites of synaptic contact. The physiological 

responses of the two neurons are shown in Fig. 4.2. H - horseshoe; do - dorsal; la - lateral. 

Scale bar = 100 jim. 
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Fig. 4.4 Morphological diversity in cumulus neurons. Laser-scanning confocal image of 

two MGC-PNs arborizing in the cumulus. While the branches of the two neurons 

overlapped in parts of the cumulus (yellow branches), other parts were innervated by just 

one of the two neurons. The physiological responses of the neurons are shown in Fig. 4.5. 

The green neuron was stained with Lucifer Yellow, the red one with biocytin. C - cumulus; 

H - horseshoe; T - toroid; do - dorsal; la - lateral. Scale bar = 100 pm. 





59 

Fig. 4.5 In spite of their morphological differences, the physiological responses of the two 

cells shown in Fig. 4.4 were remarkably similar. Both MGC-PNs responded with a mixed 

response to the pheromone blend and C-15. In both cells, although Bal appears to be 

slightly inhibitory by itself, when presented in the binary mixtures it did not greatly 

influence the cells' response to C-15 A Response of the green MGC-PN. B Response of the 

red MGC-PN. The first of the five vertical lines indicates the onset of the response to 

Bal+C-I5; the other four lines have been drawn at 200 ms intervals. The horizontal lines 

indicate the lowest membrane potential observed prior to stimulation in that particular 

record. Asterisks indicate depolarizations without action potentials in response to 

pheromonal stimulation. 
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Fig. 4.6 Central responses to pulsed stimulation with sex pheromone at different 

frequencies. Antennal stimulation with either Bal, C-15, or the blend elicited a primarily 

excitatory response in an MGC-PN that had arborizations in both the cumulus and toroid 

(see Fig. 4.7). The responses to the binary blend (Bal+C-15) have intermediate response 

characteristics (length, strength of afterhyperpolarization) compared to the responses 

evoked by stimulation with either C-15 or Bal alone. The cell resolved higher pulse 

frequencies when stimulating with the binary blend. 



A s/s 

Bal + C-1S 

B 4/s 

Bal 

C 3/8 

M  ̂  ̂I « 

C-15 

Bal 

u 
^ i ̂  ^ . 

c-15 

JLIIUM 

ilji 

Bal + C-15 uu 
c-15 

Bal Ml M 
40 mV 

1 s 



64 

Fig. 4.7 Laser-scanning confocal image of three MGC-PNs with their somata in the medial 

cell body cluster innervating the three glomeruli of the MGC. C - cumulus; T - toroid; H -

horseshoe; do - dorsal; la - lateral. Scale bar = 100 |im. 
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Fig. 4.8 A Relationship between maximal pulse rate followed by MGC-PNs and the 

amplitude of the initial IPSP (I,) elicited by antennal stimulation with the pheromone blend. 

MGC-PNs showing a strong IPSP were able to resolve higher rates of odor pulses 

(regression analysis; n = 101; £ = 135.73; r^= 0.58; £ = 2.88E-20; y=0.97 + 0.56x). A 

number above a data point indicates the number of overlapping data points. B Relationship 

between maximal pulse rate followed by MGC-PNs and the amplitude of the EPSP elicited 

by antennal stimulation with the pheromone blend. The maximal pulse rate followed by an 

MGC-PN was independent of the size of the EPSP (n = 101; £ = 2.52; r^ = 0.02; £ = 0.12; 

y= 1.97 + 0.04X). 
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Fig. 4.9 A For MGC-PNs that showed a primarily excitatory response to antennal 

stimulation with C-15, the amplitude of a strong IPS? at the onset of the response to C-I5 

correlated with the ability of such a neuron to follow higher odor pulse rates (n = 15; £ = 

30.24; r^ = 0.70; £ = 0.0001; y = 0.81 + 0.35x). Data points overlap. B Likewise, for MGC-

PNs that showed a primarily excitatory response to stimulation with Bal, a strong IPSP in 

response to Bal correlated with the ability of a neuron to follow higher odor pulse rates (n 

= 21; E = 16.07; r^ = 0.46; £ = 0.0008; y = 1.59 + 0.41x). Data points overlap. 
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Fig. 4.10 Response parameters IPSP (mV), EPSP (mV), and maximal pulse rate followed 

(PR in pul/s) for 5 MGC-PNs that showed a primarily excitatory response to stimulation 

with C-15. These neurons were tested with C-15, Bal, and the blend and were from 

different animals. The neurons were inhibited/excited by C-15 and did not respond or 

responded with an inhibition to stimulation with Bal. The responses to antennal stimulation 

with the blend and with C-15 were often indistinguishable from each other (see also Fig. 

4.5). 
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Fig. 4.11 Response parameters IPSP (mV), EPSP (mV), and maximal pulse rate followed 

(PR in pul/s) for 8 MGC-PNs that showed a primarily excitatory response to stimulation 

with Bal. These neurons were tested with C-15, Bal, and the blend and were from different 

animals. The neurons were inhibited/excited by Bal and did not respond or responded with 

an inhibition to stimulation with C-15. The responses to antennal stimulation with the 

pheromone blend and with Bal were often indistinguishable from each other (see also Fig. 

4.1A, 2A3). 
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Fig. 4.12 Response parameters IPSP (mV), EPS? (mV), and maximal pulse rate followed 

(PR in pul/s) for 4 MGC-PNs that showed primarily excitatory responses to stimulation 

with both Bal and C-15. These neurons were tested with C-15, Bal, and the blend and were 

from different animals. For the third neuron the PR was not determined for stimulation with 

C-15. 
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5. EFFECT OF PHEROMONE CONCENTRATION AND BLEND RATIO 

ON PROCESSING BY OLFACTORY PROJECTION NEURONS IN THE 

SPHINX MOTH MANDUCA SEXTA 

5.1 Abstract 

Sex pheromones of moths are species-specific blends of several chemical 

components. In the moth Manduca sexta, the pheromone blend comprises two key 

components. We used bombykal, one of the two key components, and C-15, a chemical 

mimic of the second key component, for pheromonal stimulation of the antenna of male M. 

sexta. We studied the effects of changes in concentration and blend ratio of these two 

components on the responses of pheromone-information processing intemeurons in male 

M. sexta. 

We recorded the activity of pheromone-responsive projection neurons (PNs) in the 

macroglomerular complex (MGC) of the antennal lobe (AL). A subset of MGC-PNs 

(bombykal cells) gave an excitatory response followed by inhibition or a mixed 

inhibitory/excitatory response followed by inhibition to antennal stimulation with 

bombykal. C-15 evoked an inhibition or no response in these MGC-PNs. MGC-PNs 

primarily excited by C-15 (C-15 cells) showed the reverse response pattern. 

For bombykal cells, the amplitude of IPSP, EPSP, and the number of impulses 

during 200 ms, 400 ms and 1000 ms after stimulus onset increased with increasing 

concentration of bombykal in the binary pheromone blend. Likewise the responses of C-15 

cells were stronger with higher concentration of C-15 in the blend. More MGC-PNs 
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responded with a mixed response, typical for PNs, at high pheromone concentrations, 

suggesting that the presence of the different response phases is at least in part 

concentration-dependent. The responses of bombykal cells cells were not clearly affected 

by changing the C-15 concentration in the blend. Likewise, no clear effect on the responses 

of C-15 cells was observed when changing the bombykal concentration. 

The responses of a subset of MGC-PNs changed littie over the concentration range 

used in this study, suggesting very shallow dose-response relationships, while in other 

MGC-PNs the strength of the response changed strongly over one logarithmic 

concentration step. 

On average, C-15 cells had a strong response only to the first pheromone pulse of 

a series of 5 50-ms pulses and adapted to repeated stimulation, whereas bombykal cells 

responded throughout the series of stimuli. 

A subset of MGC-PNs (< 25 %) was excited primarily by antennal stimulation with 

either bombykal or C-15 (Bal-C-15 cells) and showed a phasic response to stimulation with 

one key component and a phasic-tonic response to stimulation with the other key 

component. The responses of Bal-C-I5 cells were more closely phase-locked to the 

stimulus when stimulating the antenna with the binary blend. The ability of these MGC-

PNs to copy the stimulus duration and to resolve higher odor pulse rates was affected by 

changing the blend ratio. 

Bal-C-15 cells encode a combination of the two behaviorally essential pheromone 

components, whereas bombykal cells and C-15 cells convey information about one 
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component, suggesting that the pheromone blend is mainly analyzed by higher brain 

centers. Pheromone-responsive MGC-PNs responded over a range of pheromone 

concentrations. Thus, in the natural stimulus situation the population of MGC-PNs is able 

to indicate fluctuations of the odor source. 

5.2 Introduction 

The olfactory system plays a pivotal role in regulating behavior in many insect 

species. This is particularly true in moths, wherein one finds a male-specific olfactory 

subsystem responsible for processing information about the conspecific female's sex 

pheromone. Odors such as pheromones possess a number of chemical and physical features 

that moths must be able to recognize in order to locate the odor source (Christensen et al. 

1996; Hildebrand 1996): the composition of the stimulus (quality), the concentration of 

individual chemical components (quantity), and the temporal and spatial strucmre of the 

stimulus (Hildebrand 1995, 1996, Christensen et al. 1996). The effects of changing the 

pheromone quantity on central olfactory neurons is the focus of this study. 

Sex pheromones of female moths typically are species-specific blends of several 

chemical substances (Am et al. 1992). Moth species that live in the same habitat may 

acmally use the same substances but in different ratios to ensure species isolation (Kaissling 

1996). For the about 4500 species of the order Lepidoptera in Europe, it is known that the 

number of chemically distinct pheromone components is only about 150 (Am et al. 1992; 

Kaissling 1996). Thus many moths species utilize the same pheromone components. In the 
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sphinx moth Manduca sexta, the female sex pheromone consists of two major and several 

minor components (Tumlinson et al. 1989). The two major or key components are detected 

by two highly selective sensory neurons in trichoid sensilla in the antennae of male sphinx 

moths (Kaissling et al. 1989a). These two pheromone-responsive receptor cells each send 

one axon to the macroglomerular complex (MGC) in the antennal lobe (AL) of the brain 

(Christensen et al. 1995). The MGC comprises three glomeruli, the cumulus, the toroid, and 

the horseshoe (toroid II) (Strausfeld pers. comm.; Heinbockel et al. 1994, 1995; Homberg 

et al. 1995). Projection neurons (PNs) that innervate the toroid respond selectively to 

antennal stimulation with bombykal, a key component of the female sex pheromone, 

whereas PNs with branches in the cumulus are excited by stimulation with the second key 

pheromone component or a chemically more stable mimic of it, called C-I5 (Hansson et 

al. 1991). MGC-PNs arborizing in both the toroid and the cumulus exhibit excitatory 

responses to both pheromone components (Hansson et al. 1991). Thus far, a function for 

the horseshoe has not been ascribed. 

Field studies as well as wind tunnel experiments have documented the dose-

dependency of pheromone-mediated upwind flight in a number of moth species (reviewed 

in Baker 1989). Here, we study the effects of changing the concentration and the blend ratio 

of the two key pheromone components on the responses observed in MGC-PNs. Earlier 

experiments showed a dose-relationship in MGC-PNs for antennal stimulation with 

different concentrations of an extract of the female M. sexta pheromone gland (Christensen 

and Hildebrand 1990). The dynamic range that was covered varied among PNs, and in one 
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case spike inactivation was seen at high stimulus concentrations. Since some MGC-PNs 

receive input from both pheromonal input channels in the antenna when stimulated with 

a blend of the two pheromone components (Christensen and Hildebrand 1990; Hansson et 

al. 1991; Christensen et al. 1996), and since other moth species might use the same 

components in different ratios, we are also interested in the effects of changing the ratio of 

the two components in the pheromone blend. 

5.3 Materials and Methods 

Animal preparation 

Male sphinx moths, Manduca sexta (Lepidoptera; Sphingidae) were reared on an 

artificial diet (modified from that of Bell and Joachim, 1976) at 25°C and 50-60% relative 

humidity under a long-day photoperiod regimen (17h:7h light:darlc) as described previously 

(Sanes and Hildebrand 1976; Prescott et al. 1977). Adult moths (1-3 days posteclosion) 

were immobilized and dissected as has been described in more detail elsewhere 

(Christensen and Hildebrand 1987). With the antennae and their innervation intact, the head 

was separated from the rest of the body and pinned in a Sylgard-coated (Dow Coming) 

recording chamber (volume <0.5 ml). Isolation of the head from the rest of the thorax had 

no adverse effects on neural responses (Christensen and Hildebrand 1987). Part of the AL 

was desheathed manually to facilitate insertion of the recording electrode. The brain was 

superfused constantly with physiological saline solution (ca. 2 ml/min) containing 150 mM 

NaCl, 3 mM KCl, 3 mM CaCl2, 10 mM TES buffer (pH 6.9), and 25 mM sucrose to 
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balance osmolarity with that of the extracellular fluid (modified from Pichon et al. 1972). 

Electrophysiological recordings and data analysis 

Borosilicate glass capillary electrodes (o.d. l.O mm, i.d. 0.5 mm. World Precision 

Instruments) for intracellular recording were produced with a Flaming-Brown Puller (P-

2000, Sutter Instmment Co.). The tip of each electrode was filled with tracer solution (see 

below) and the electrode shaft was filled with filtered (0.2 |jm pore size) 2.5 M KCl 

solution. Electrodes had resistances of 60 - 100 MOhms, measured in tissue. Controlled 

forward and backward movement of microelectrodes was achieved by using a Burleigh 

Inchworm (Model 6(X)0/ULN) attached to a Leitz micromanipulator. Recordings were made 

from neurites in the neuropil of the MGC. Intracellular recordings and current injections 

were carried out in bridge mode with an Axoclamp-2A amplifier (Axon Instruments) and 

stored on magnetic tape (Hewlett Packard Instrumentation Tape Recorder 3968A). Records 

were transferred to a computer harddisk and analysed with Experimenter's Workbench 

(Brain Wave Systems) or Autospike (Syntech) in combination with Origin 3.7 (Microcal 

Software, Inc.) and finally stored on mini data cartridges (3M or Verbatim) or Zip disks 

(iomega). The data were statistically analyzed for differences using one-way analysis of 

variance (Kruskal-Wallis One Way Analysis of Variance on Ranks, ANOVA) (Zar 1984). 

To isolate groups from each other a multiple comparison procedure was used (All Pairwise 

Multiple Comparison Procedures, Dunn's Method or Student-Newman-Keuls Method; 

P<0.05) (Sigma Stat, Jandel Scientific Software, Version 1.0, Statistical Software). The 
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data were conditioned by adding a constant to avoid mathematical errors. 

Intracellular staining and confocal microscopy 

If the quality of the electrode impalement after physiological experimentation 

allowed, neurons were injected iontophoretically with either neurobiotin (Vector 

Laboratories, 3-5% in 2M KCl with 0.05 M Tris buffer, pH 7.4) or biocytin (Sigma, 3-5% 

in 2M KCl with 0.05M Tris buffer, pH 7.4). Alternating hyperpolarizing and depolarizing 

current pulses (30 sec, 1 nA) for about 10 min were used to inject tracer. Brains were 

dissected and fixed overnight in 2.5% formaldehyde with 3 % sucrose in 0.1 M phosphate 

buffer. Neurons injected with neurobiotin or biocytin were visualized by incubating brains 

with Cy3-conjugated streptavidin (Jackson Immunologicals, diluted 1:100 with 0.2 M 

phosphate buffer containing 0.3% Triton X-100) for 3 days on a shaker at 4°C. The brains 

were dehydrated in increasing concentrations of alcohol and cleared in methylsalicylate. All 

brains were first inspected as whole mounts with a fluorescence microscope (Nikon). 

Neurons in which staining was successful were further investigated with a laser scanning 

confocal microscope (Biorad MRC 600) with a Nikon Optiphot-2 microscope and a 

Krypton/Argon (15 mW) laser light source and appropriate dichromatic filter cubes (Sun 

et al. 1993). Serial optical sections of 2 jim were imaged through the depth of wholemounts 

and saved as series of images on optical disks. 
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Odor stimulation 

The following stimuli were used: (1) E,Z-I0,I2-hexadecadienaI (bombykal, Bal), 

one of the two essential components of the female sex pheromone (Starratt et al. 1979; 

Tumlinson et al. 1989: Kaissling et al. 1989a; Christensen et al. 1989); (2) E,Z-11,13-

pentadecadienal ("C-15"), a synthetic mimic of the second essential pheromone component 

(Kaissling et al. 1989a), hereafter referred to as the second component: and (3) a mixture 

of both with varying ratio (Bal + C-15). The odor components were dissolved in hexane 

and applied to a piece of filter paper (1x2 cm^), which was inserted into a glass cartridge 

(acid cleaned glass syringe barrels) as described previously (Christensen and Hildebrand 

1987). A pulse of air moving through the cartridge carried the odor stimulus to the proximal 

half of the antenna. Various pheromone blend ratios containing bombykal and C-15 were 

prepared and tested in sequence with intervals of 1 min. In one series of blend ratios, the 

bombykal concentration was kept constant (1 ng) while the C-15 concentration was 

changed (0.01 ng to 10 ng). In the second series of blend ratios, the C-15 concentration 

remained the same while the bombykal concentration was changed. In addition, in both 

series a bombykal stimulus (10 ng), a C-15 stimulus (10 ng) and a blend stimulus of high 

concentration, Bal + C-15 (10 ng + 10 ng) was included. 
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5.4 Results 

Bombykal-responsive MGC projection neurons (MGC-PNs) 

Physiology: Figure 5.1 shows the responses of this type of MGC-PN (neuron excited 

primarily by antennal stimulation with bomykal; bombykal cell) to varying concentrations 

and blend ratios of bombykal and C-I5. Responses to changing bombykal concentrations 

are arranged yertically in the first column and to changing C-I5 concentrations in the 

second column. Throughout this study, MGC-PNs typically were stimulated at 5 odor 

pulses/s. Mechanical stimulation of the antenna did not increase the background activity. 

In some MGC-PNs, stimulation with the solvent hexane elicited a weak excitatory 

response. In this bombykal cell, stimulation with the pheromone blend evoked an increase 

in firing activity even with the lowest bombykal concentration. With larger amounts of 

bombykal present in the blend, the responses became stronger in terms of amplitude of 

EPSP, firing frequency and numbers of action potentials. Individual odor pulses were 

resolved more clearly with increased bombykal concentration, and the latency between the 

onset of the stimulation and the onset of the response decreased as indicated by the vertical 

line. Antennal stimulation with 10 ng C-15 might have hyperpolarized the membrane 

potential below the prestimulus level as indicated by the horizontal line. The responses to 

stimulation with different C-15 concentration in the pheromone blend were not clearly 

different from each other in terms of the strength of the response or the ability of the neuron 

to resolve individual odor pulses. 

Anatomy: The bombykal cell of figure 5.1 arborized in the toroid of the MGC (Fig. 5.2). 
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The soma of the cell was located in the lateral cell body cluster (Fig. 5.2B). The majority 

of the branches innervated the medial portion of the toroid, the central part was hardly 

innervated, and only few arborizations were found in the lateral portion of the glomerulus. 

Fine side branches with blebby endings emerged from the axon of the neuron in the 

ventrolateral part of the AL (Fig. 5.2C). The axon of this bombykal cell entered the 

protocerebrum and terminated in the inferior lateral protocerebrum completely bypassing 

the mushroom bodies (Fig. 5.2D). 

Averaged responses: Figure 5.3 shows the averaged responses of bombykal cells in terms 

of several response parameters. The IPSP is one of the important response parameters, since 

it has been shown to play a crucial rule for MGC-PNs in resolving high odor pulse rates 

(Christensen et al. 1996, Christensen and Hildebrand 1997, Heinbockel and Hildebrand 

unpublished results). The amplitude of the EPSP and the number of impulses are measures 

of the strength of the response to odor stimulation. The number of impulses was counted 

during 200 ms, 4(X) ms, and ICXX) ms after stimulus onset. This allowed comparison of the 

responses of the MGC-PNs to the first and second odor pulse with the response of the 

neurons to the series of 5 odor pulses, thus revealing temporal properties (phasic vs tonic 

responses) and possible adaptation of neurons during longer stimulation. In figure 5.3A the 

bombykal concentration was changed and the C-15 concentration remained constant 

whereas in figure 5.3B the inverse was the case.The size of the IPSP and the EPSP, and the 

number of impulses during 200 ms, 400 ms, and 1000 ms increased with increasing 

bombykal concentration (Fig. 5.3A). No clear difference emerged when comparing the 
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responses to bombykal alone (10 ng), Bal + C-15,10 ng + 1 ng, and Bal + C-15, 10 ng + 

10 ng for any of the six response parameters. The number of pulses followed by MGC-PNs 

was slightly higher at and above bombykal concentrations of 1 ng. Except for an inhibition, 

no responses were observed to stimulation with C-15. 

When stimulating bombykal cells with the C-15 concentration series the responses 

to all four Bal + C-15 concentrations were similar in terms of EPSP and EPSP amplitude 

(Fig. 5.3B). Stimulation with the high bombykal concentration (10 ng) evoked larger IPSPs. 

Similarly, the EPSPs were larger when stimulating with the high bombykal concentration, 

whereas the differences were not as consistent for the other parameters. The differences 

between the responses to 1 ng and 10 ng bombykal seemed to diminish with repeated odor 

pulses (1000 ms). Addition of C-15 (10 ng) to bombykal (10 ng) had no statistically 

significant effect on the size of the EPSP, the number of action potentials, and on the ability 

to follow odor pulses. Figure 5.3 suggests that, at bombykal concentrations of 1 ng and 10 

ng, bombykal cells were most effective in resolving repeated odor pulses. A sampling 

problem became obvious when comparing the size of the EPSP evoked by C-15 in figure 

5.3A and 5.3B. Most bombykal cells did not respond to stimulation with C-15, so that the 

responses of a few neurons that responded with strong inhibition severely changed the 

value for the IPSP evoked by C-15. 

Averaging the response parameters across the population of bombykal cells 

obstructs the response heterogeneity that was observed by studying individual bombykal 

cells and other MGC-PNs. In indivual neurons shallow dose-response relationships as well 
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as steep dose responses were found indicating large variability in the response properties 

of neurons. Since the total number of MGC-PNs is likely to be less than 50 neurons 

(Romberg et al. 1988), the contribution of individual MGC-PNs becomes very important 

for the signal that higher brain centers receive from the AL. 

C-15-responsive MGC-PNs 

Responses of an MGC-PN that was excited primarily by antennal stimulation with 

C-15 (C-15 cell) and that had a high response threshold for pheromonal stimulation are 

shown in figure 5.4. The neuron responded to stimulation with C-15 at a concentration of 

10 ng with a single burst and one or a few additional action potentials. No response was 

observed at lower C-15 concentrations or to antennal stimulation with bombykal. The 

neuron innervated the cumulus (Fig. 5.5) with individual branches forming columns 

extending through the glomerulus. In the 2-D projection, the branches were evenly 

distributed throughout the glomerulus. The axon terminated in the calyces of the mushroom 

body and the lateral hom of the protocerebrum. 

Another C-15 cell had a very low response threshold for antennal stimulation (Fig. 

5.6A). The response to the pheromone blend with the lowest C-15 concentration tested was 

almost the same as the response to a one-hundredfold higher C-15 concentration. The 

responses consisted of an initial IPSP followed by a large depolarization with a burst of 

action potentials. Additional depolarizations in response to the third, fourth, or fifth odor 

pulse typically led to one more burst of action potentials. Stimulation with bombykal alone 
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evoked a hyperpolarization. When the antenna was stimulated with the pheromone blend, 

the addition of bombykal appeared to result in a stronger afterhyperpolarization. For 

example, the afterhyperpolarization was much stronger for the blend of Bal + C-15,10 ng 

+ 1 ng compared to 0.1 ng + 1 ng. When the antenna was stimulated with C-15, the 

membrane potential remained close to the prestimulus potential throughout the response. 

In contrast, during the response to the blend Bal + C-15,10 ng + 10 ng, for several hundred 

ms the neuron was hyperpolarized to a membrane potential more negative than prior to 

stimulation. 

The C-15 cell in figure 5.6A was not able to resolve 5 odor pulses/s. When the pulse 

rate was reduced to 1 or 2 Hz, the neuron responded with a clear and distinct burst of action 

potentials to each odor pulse (Fig. 5.6B). Repeated stimulation at the same frequency (right 

column in Fig. 5.6B) resulted in poorer pulse following indicated by depolarization of the 

membrane potential without reaching spike threshold to generate action potentials. 

The C-15 cell innervated the cumulus with branches that stretched clearly to the 

edge of the glomerulus (Fig. 5.7A). The main branches had a radial pattern with outwardly 

directed smaller side branches. A more anterior (Fig. 5.7B) and a more posterior (Fig. 5.7C) 

view of the protocerebral arborizations revealed target areas of the neuron in the inferior 

lateral protocerebrum and the lateral horn. 

For C-15 cells, on average, all response parameters that were analyzed (PSP, EPSF, 

number of impulses, number of pulses followed) increased in value with increasing C-15 

concentration (Fig. 5.8A). Stimulation of the antenna with bombykal evoked a small 
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hyperpolarization. The responses to C-15,10 ng, either alone or in a blend with bombykal, 

were similar to each other. The high values for the blend Bal + C-15, 1 ng + 10 ng were 

probably due to long-lasting adaptation effects of the C-15 cells. Changing the bombykal 

concentration had no clear effects on the responses of C-15 cells (Fig. 5.8B). 

When the averaged responses of bombykal cells and C-15 cells are compared (Figs. 

5.3A, 5.8A) it appears that C-15 cells responded with smaller IPSPs, larger EPSPs, and 

more impulses during the first 200 ms after stimulus onset than bombykal cells. C-15 cells 

generated fewer action potentials than bombykal cells in response to the third, fourth and 

fifth odor pulse. This suggests that C-15 cells responded more phasic and more strongly to 

the first odor pulse but adapted and responded weaker to subsequent odor pulses. 

Bombykal- and C-15-responsive MGC projection neurons 

A subset of MGC-PNs shows excitatory responses to antennal stimulation with both 

bombykal and C-15 (Bal-C-15 cells), and these neurons arborize in both the cumulus and 

the toroid (Hansson et al. 1991; Heinbockel, unpublished observation). Such an MGC-PN 

is shown in figure 5.9. Antennal stimulation with C-15 evoked a mixed response of phasic 

temporal character comprising a brief IPSP, one longer burst of action potentials and three 

shorter, weaker bursts followed by a long afterhyperpolarization. The duration of the entire 

response reflected approximately the length of the stimulation. In contrast, bombykal 

evoked a tonic response with a burst of action potentials that far outlasted the actual 

stimulation. When the two components were combined, the response changed depending 
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on the amount of each component present in the blend. The response to the blend Bal + C-

15, 1 ng + 0.01 ng was a long burst of action potentials outlasting the stimulation. With 

increasing C-15 concentration the response to the first odor pulse became stronger in terms 

of EPSP amplitude and spike frequency, and the response was more similar to the response 

to stimulation with only C-15. The blend evoked a response with intermediate properties 

in terms of pulse following, number of impulses and duration and strength of the 

afterhyperpolarization. 

When the antenna was stimulated with bombykal alone or with the blend, two spike 

amplitudes appeared in the intracellular response of this neuron (Fig. 5.9). It was not 

possible to see the smaller spikes throughout the response. When they were visible, they 

seemed to increase in frequency together with the larger spikes in response to stimulation 

with bombykal. The smaller spike type was not seen in the blank and the C-15 response. 

Since several MGC-PNs were stained in this AL (not shown) it is possible that the activity 

of a bombykal cell was picked up in the recording. 

Another Bal-C-15 cell is shown in figure 5.10. In this case, antennal stimulation 

with bombykal evoked a short, relatively weak burst of action potentials. This was followed 

by a period of reduced activity compared to the level of firing seen in the blank response. 

The response to stimulation with C-15 was much stronger in terms of EPSP amplitude, 

firing frequency and length of the excitatory response. As in the previous example, the 

combination of both components gave rise to a third type of response that followed the 

intermittent character of the stimulus. This suggests that Bal-C-15 cells respond optimally 
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in terms of pulse following to a certain blend ratio. Changing the blend ratio in either 

direction will decrease the ability of the neuron to properly copy stimulus duration. With 

constant C-15 concentration (Ing) and increasing bombykal concentration (0.0 Ing to lOng) 

the neuron in figure 5. lOA was able to resolve more odor pulses (5 pulses/s). At a high C-

15 concentration (lOng) the addition of bombykal did not have an effect on the ability of 

the neuron to resolve repeated odor stimulation. 

The excitatory response to bombykal (Fig. 5.1 OA) was not due to contamination of 

the odor delivery system as shown in figure 5. lOB. Injection of hyperpolarizing current into 

the neuron (-1.5nA) reduced the background activity and increased the baseline noise. 

Stimulation with both bombykal and C-15 evoked an excitatory response. Since the 

membrane potential was more negative, the voltage difference to reach spike threshold was 

larger, and consequently, the EPSP in response to stimulation with C-15 was larger as well 

compared to figure 5.10A. The response was shorter and weaker in terms of numbers of 

action potentials. The neuron had its soma in the lateral cell body cluster (Fig. 5. II) and 

reached into the toroid and, more strongly, into the cumulus. The axon of the neuron left 

the AL through the outer antenno-cerebral tract. 

A third example of a Bal-C-I5 cell is illustrated in figure 5.12. In this case, both 

components elicited mixed inhibitory/excitatory/inhibitory responses. The response to 

stimulation with bombykal comprised a brief IPSP, followed by one long and three short 

bursts of action potentials. Stimulation with C-15 evoked a long IPSP, one short burst and 

a strong, long-lasting afterhyperpolarization. At low bombykal concentrations (0.1 ng and 
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1 ng), combining the C-15 and the bombykal stimulus resulted in a response that reflected 

the phasic response to C-15, the afterinhibitory effect of C-15, and the phasic-tonic 

response to bombykal. 

The averaged responses of Bal-C-15 cells to antennal stimulation with pheromone 

are shown in figure 5.13. Each pheromone blend that was tested contained at least an 

amount of 1 ng of one of the two pheromone components. Thus, instead of recording the 

responses to a complete concentration series, the responses were due to stimulation with 

at least a 1 ng amount of either excitatory component. 

Some of the values for a certain concentration or blend ratio differed between figure 

5.13A and 5.13B. The differences were most likely due to sampling effects. The trends 

expressed in both figures were similar .The IPSP evoked by stimulation with C-15 was 

slightly smaller than the IPS? evoked by stimulation with bombykal. In figure 5.13A, 

neurons showed strong IPSPs and weak excitatory responses to stimulation with bombykal. 

In figure 5.13B, the inhibitory as well as excitatory responses to stimulation with C-15 were 

weaker than those to bombykal. Stimulation with the bombykal concentration series evoked 

no EPSPs with less than 1 ng bombykal and less than 10 ng C-15 (Fig. 5.13A). However, 

the response heterogeneity across the population of Bal-C-15 cells was so large that no 

significant effect was revealed. The size of the EPSP was not clearly different for different 

ratios in both figures. The number of impulses increased slightly with increasing 

concentration of either component. The response to the blend Bal + C-15, 10 ng + 10 ng, 

was not significantly higher than to either component in terms of number of impulses, 
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suggesting no additive effect of the two components. Likewise, the number of pulses 

followed by MGC-PNs was similar for all ratios. 

5.5 Discussion 

Effects of changing pheromone concentration 

The results illustrate concentration-dependent effects on pheromone processing at 

the level of the AL (Figs. 5.3, 5.8). Changes in concentration had a clear effect on the 

strength of the response (IPSP, EPSP, number of impulses) to antennal stimulation in 

bombykal cells and C-15 cells. The amount of inhibition and excitation that these MGC-

PNs received increased with larger pheromone concentrations, so that with larger stimulus 

concentration more neurons showed a mixed response (inhibition/excitation/inhibition), 

which is typical for PNs in the AL of M. sexta (Christensen and Hildebrand 1987). With 

the range of concentrations used in this study, the response did not increase in strength for 

all MGC-PNs. A subset of bombykal cells and C-15 cells (Fig. 5.6) gave pronounced mixed 

responses at the lowest concentration used, while others showed mixed responses only at 

a high concentration. 

For Bal-C-15 cells, the responses evoked by various ratios and concentrations were 

relatively similar to each other with respect to the response parameters analyzed (IPSP, 

EPSP, number of action potentials, number of pulses followed). Since Bal-C-I5 cells 

showed primarily excitatory responses to stimulation with either of the two components, 

one excitatory component was always present with an amount of at least 1 ng. Hardly any 
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effect was seen on the strength of the responses when changing the concentration from Ing 

to lOng (Fig. 5.13). In individual Bal-C-15 cells clear phasic responses were evoked by one 

component and phasic-tonic or tonic responses by the other component (Fig. 5.9, 5.10, 

5.12). 

Threshold and sensitivity 

The concentrations used in this study did not appear to cover the entire range of 

sensitivities found among MGC-PNs. C-15 cells were observed that responded strongly at 

the lowest concentration with no further increase in response strength (Fig. 5.6), resulting 

in a flat dose-response curve. Other neurons responded only at the highest concentration 

and did so with a strong burst (Figs. 5.4). The dose-response curve of such a neuron is very 

steep, and in extreme cases might change over only one to two logarithmic concentration 

steps. Thus, MGC-PNs had different sensitivities, and for the population of bombykal cells 

and C-15 cells the dose-response curves stretched over more than three logarithmic 

concentration steps. 

MGC-PNs act as low pass filters in terms of the temporal coding of the pheromonal 

stimulus (Christensen et al. 1996; Heinbockel, unpublished results), i.e., MGC-PNs can 

resolve odor pulses if they are presented below a certain cut-off frequency. This frequency 

is different for different MGC-PNs and correlated with the amount of inhibitory input that 

the neuron receives (Christensen et al. 1996; Heinbockel, unpublished results). MGC-PNs 

act as high pass filters or threshold detectors to code changes in concentration. Each cell 
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starts to respond to antennal stimulation with pheromone at a certain concentration. If the 

strength of the response increases with increasing concentration, an individual neuron can 

encode changes in concentration. Responses of neurons that are hardly affected by changes 

in pheromone concentration indicate the presence of pheromone to the animal but do not 

indicate changes in concentration. As the concentration increases, more and more cells are 

recruited to signal the presence of pheromone. This suggests that concentration changes can 

be encoded either by individual neurons that respond in a graded fashion to different 

concentrations and/or by the population of bombykal cells and C-15 cells. 

Steep increases in firing frequency of MGC-PNs in response to antennal stimulation 

with pheromone over small concentration ranges have also been observed in the silicmoth 

Bombyx mori (Kanzaki and Shibuya 1986). Strong responses at low concentration and no 

further increase in spiking frequency was a common phenomenon among a subset of 

pheromone-responsive PNs in B. mori while other PNs showed dose responses over several 

orders of concentration. In the cockroach Periplaneta americana the range over which PNs 

are reacting to concentration changes of the pheromone covers about three decadic steps 

of concentration (Boeckh et al. 1984). 

Due to convergence of many pheromone-sensitive afferents onto many fewer central 

intemeurons it can be expected that the threshold values for antennal stimulation are lower 

for MGC-PNs than for receptor cells (Boeckh and Boeckh 1979; Boeckh and Selsam 1984; 

Boeckh et al. 1984). Kaissling et al. (1989a) defined a standard response as 10 to 20 nerve 

impulses within 1 s following the onset of a continuous 1 s stimulus. The standard response 
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for bombykal receptor cells was reached with a 1 ng bombykal stimulus load in the 

cartridge. The stimulus load for E,E,Z-10,12,14-hexadecatrienal (the true second 

component of the sex pheromone of female M. sexto) was 3 ng, whereas the stimulus load 

for C-15 was 100 ng. In this study, stimuli were applied as a sequence of 5 odor pulses/s 

of 50 ms duration each. Bombykal cells in the AL showed a response of 10 to 20 impulses 

during 1 s after stimulus onset at a stimulus load of 0.01 ng, whereas C-15 cells required 

a stimulus load of at least 0.1 ng. In MGC-PNs the standard response for antennal 

stimulation with both bombykal and C-15 was evoked with at least a 100-fold smaller 

concentration as compared to receptor cells. It is thought that the lower threshold of central 

neurons helps to overcome the critical signal to noise ratio when only a few receptor cells 

are excited by pheromone molecules (Boeckh 1984). A 10- to 100-fold difference in the 

olfactory threshold of receptor cells and central neurons was observed in the cockroach 

Periplaneta americana and die satumiid moths Antheraea pemyi and A. polyphemus 

(Boeckh 1984). In A. pemyi and A. polyphemus, the major pheromone component had a 

lower threshold for eliciting responses in neurons in the MGC whereas the minor 

components were less effective in evoking responses by two to three orders of magnitude 

of concentration (Boeckh and Boeckh 1979). In the silkmoth Bombyx mori, opposite 

responses have been observed in deutocerebral neurons to stimulation with the two key 

pheromone components with the threshold for the inhibitory component being higher than 

the threshold for the excitatory component (Olberg 1983). Differences in sensitivity of 

central olfactory intemeurons in heliothine moths have been interpreted to function under 
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different environmental conditions (Christensen et al. 1995). Concentration-sensitive 

MGC-PNs are likely to be involved in other phases of the behavior of the moth than 

concentration-insensitive ones, e.g., MGC-PNs that are activated only at high pheromone 

concentrations may be activated in close range attraction, where the pheromone 

concentration is on average higher than further downstream from the odor source. 

Effects of changes of blend ratio: component cells vs. blend cells 

A change of the ratio of the two components did not have clear effects on either of 

the two component-specialist cell types, bombykal cells or C-15 cells. In terms of the size 

of BPS? and EPS?, number of impulses and number of pulses followed, the responses to 

antennal stimulation with one component were not significantly changed by addition of the 

other component, bombykal or C-15, respectively. In one C-15 cell, however, addition of 

bombykal resulted in a longer and stronger afterhyperpolarization (Fig. 5.6). In other MGC-

PNs the inhibitory effect of one component can lead to a reduction in firing frequency and 

an increase in the temporal resolution of the response to pulses of the pheromone blend 

(Christensen and Hildebrand 1997). This effect, however, is clearly not observed for the 

entire population of bombykal cells and C-15 cells. Typically, the size of the inhibition 

evoked by stimulation with the inhibitory component was smaller than the size of the IPSP 

in the mixed response that was evoked by the other component. When combined, these 

results reveal a pronounced heterogeneity in the types of MGC-PNs encoding these two 

pheromone components, and demonstrate that component-specific information is preserved 
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in some output channels, whereas other channels carry information specifically about the 

blend of the two components. 

Blend effects at the receptor cell level have not been shown to exist in any moth 

species (reviewed in Baker 1989). In M. sexta two separate labelled lines exist for the two 

essential pheromone components at the level of the receptor cells (Kaissling et al. 1989a). 

Blend effects have been described for MGC-PNs that show excitatory responses to 

stimulation with bombykal and inhibitory responses to stimulation with C-15 (Christensen 

et al. 1996; Christensen and Hildebrand 1997). In the examples of Bal-C-15 cells shown 

in this study (Figs. 5.9,5.10,5.12), blend or ratio effects were observed as well. Since these 

MGC-PNs are excited by stimulation with either of the two pheromone components, they 

have been named pheromone "generalists" or "A or B cells", i.e., they respond similarly to 

stimulation with either the bombykal or the C-15 input channel and do not respond 

differently when the complete pheromone blend is presented to the antenna (Christensen 

and Hildebrand 1990; Christensen et al. 1996). While the responses in these cells to 

stimulation with either component were primarily excitatory, it is clear that these cells often 

received different amounts of excitatory and inhibitory input when stimulated with the two 

components. The result was a strong, long-lasting excitatory response to stimulation with 

one component and a weaker, short-lasting response to stimulation with the other 

component. Stimulation with the blend often resulted in a mixture of the responses that was 

seen when stimulating with just one component in terms of pulse following and length of 

the response. The strength of the excitatory part of the blend response was typically weaker 
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than would be suggested by a simple addition of the excitatory responses elicited by each 

of the two components. In most Bal-C-15 cells the phasic-tonic response type was evoked 

by stimulation with bombykal, and the phasic response was evoked by C-15. In one case, 

however, the situation was reversed, and stimulation with C-15 gave a phasic-tonic 

response (Fig. 5.10), which adds to the heterogeneity of the output channels that leave the 

MGC. MGC-PNs with temporally distinct responses due to this blend effect could serve 

a specific function in the olfactory pathway. 

Bal-C-15 cells combine information from both pheromone labelled lines and 

integrate the input on the basis of an across-fibre pattern. Similarly, in A. pemyi and A. 

polyphemus and in P. americana, receptor cells are specifically tuned to one component of 

the pheromone blend, whereas PNs with branches in the macroglomerulus can give 

excitatory responses to stimulation with either of the essential pheromone components 

(Boeckh and Boeckh 1979; Burrows et al. 1982). In these species, at the level of the AL, 

pheromone components are differentiated on a quantitative basis with graded sensitivity for 

each component (Boeckh and Boeckh 1979). In P. americana, the two pheromone 

components A and B evoke different patterns of response magnitude in the two types of 

pheromone-responsive PNs with branches in the macroglomerulus. Mixtures of both 

components evoke responses more similar to stimulation with component A. 

Temporal pattern of postsynaptic response 

Behavioral tests showed that in M. sexta both pheromone components must be 



100 

present to elicit upwind flight in a wind tunnel (Tumlinson et al. 1989). This supports the 

idea that both components together are necessary and sufficient to evoke a behavioral 

response. Our results indicate that bombykal cells and C-15 cells show the PN-typical 

mixed responses. On average, bombykal cells had larger IPSPs, smaller EPSPs, weaker 

responses during 200 ms after stimulus onset and stronger responses over 1000 ms after 

stimulus onset than C-l5-responsive PNs. This supports the idea that bombykal typically 

evokes long-lasting sustained reponses and C-15 evokes short-lasting, more phasic 

responses. These response patterns correspond to the response patterns seen among receptor 

cells in the antenna of M. sexta (Kaissling et al. 1989a). The responses of bombykal-

sensitive receptor cells to antennal stimulation with bombykal are typically more phasic-

tonic whereas the phasic part is more pronounced in C-15-sensitive receptor cells. Receptor 

cells in M. sexta have not been stimulated repeatedly but were challenged by a 1 s stimulus 

(Kaissling et al. 1989a). When combining the two components, the responses of Bal-C-I5 

cells are intermediate in character depending on the concentration of the components. 

MGC-PNs that respond to pheromonal stimulation with a sustained level of high spiking 

activity past the end of the stimulation only mark the beginning of the stimulation. MGC-

PNs with a more phasic response and a better pulse following ability encode better the 

actual duration of the stimulus, i.e., both the onset and the end of the stimulation. 

Long-lasting excitatory and brief inhibitory effects on receptor cells have been 

observed in male moths of Bombyx mod when stimulating bombykol receptor cells with 

(Z,E)-4,6-hexadecadiene and linalool, respectively (Kaissling et al. 1989b). The response 
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to hexadecadiene evokes a continuous response that is interrupted by inhibitory pulses with 

linalool. The combination of the two compounds results in male B. mori approaching the 

odor source even faster and more directed than with pulsed bombykol, the major 

pheromone component of this species (Kramer 1992). MGC-PNs in B. mori have been 

found that respond either phasic or tonic to antennal stimulation with bombykol (Kanzaki 

and Shibuya 1983). MGC-PNs of both temporal response types reached similar firing 

frequencies. 

In the moth Antheraea polyphemus, a functional difference between pheromone 

receptor neurons in one sensillum is known in terms of their quality tuning and relative 

sensitivity (Meng et al., 1989). An additional functional difference is suggested by the 

finding that two of three types of pheromone receptor cells are able to resolve at least 5 

stimulus pulses/s whereas the third cell is slower, resolving only about 2 pulses/s (Rumbo 

and Kaissling, 1989). Moreover, the three types of receptor neurons had different 

sensitivities. The different receptor cell types thus might function at different distances 

from the odor source which has been suggested as part of the component hypothesis (Murlis 

et al. 1992). Each receptor cell might perceive the structure of the odor plume in a different 

way as suggested by Murlis et al. (1992). 

Morphology of MGC-PNs 

The results confirm earlier studies (Christensen and Hildebrand 1987, Hansson et 

al. 1991) that in M. sexta the two separate input channels at the receptor cell level for the 
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two essential pheromone components are also separated in the MGC and in the majority 

of MGC-PNs that connect the MGC to the protocerebnim. As shown before, antennal 

stimulation with bombykal evoked either an inhibitory, an excitatory (Christensen and 

Hildebrand 1987), or a mixed response (inhibition/excitation/inhibition) (Heinbockel, 

unpublished results) and so did stimulation with C-15. 

In the olfactory system of male M. sexta a particular pattern of excitatory and 

inhibitory phases is associated with a particular cell type (local intemeuron vs projection 

neuron) whereas a particular odor is not linked to a specific pattern. A correlation between 

the quality of the stimulus and the anatomy of the neuron has been described by Hansson 

et al. (1991). No correlation between other response parameters and the anatomy of MGC-

PNs is evident. It appears that MGC-PNs responding with excitation to both components 

respond more strongly to one component if the cell has more and larger branches in the 

appropriate MGC glomerulus. One example was found of an MGC-PN responding more 

strongly to C-15 than to bombykal, and another example of an MGC-PN responding more 

strongly to bombykal (Heinbockel, unpublished results). Two C-15 cells that both had 

arborizations in the cumulus had very different odor sensitivities (>100x difference) while 

their anatomy in the AL revealed no clear differences (Figs. 5.4-5.7). 

Ratio, concentration and behavior 

Since pheromones are typically made up of several components in a species-specific 

blend ratio, the question arose whether changes in the blend ratio prevent a male of one 
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species to fly to a female of another species and thus blend ratios act as barriers in species 

recognition (Boeckh and Ernst 1983; Baker 1989; Hansson 1995). No experimental data 

is available firom behavioral experiments to answer this question for M. sexta, but in wind 

tunnel experiments, the male cabbage looper moth Trichoplusia ni is able to discriminate 

mixtures whose component ratios differ slightly from that of the female (Mayer and 

McLaughlin 1993). 

Experimental data from several moths species indicates that pheromone components 

that are attractive to conspecifics can have antagonistic effects in a closely related species, 

e.g. in the species pair T. ni and Pseudoplusia includens (Grant et al. 1988). Such a 

pheromone component acts as a strong behavioral antagonist and thus is a barrier for cross-

species attraction. In the noctuid species pair Heliothis virescens and Helicoverpa zea, a 

change in the concentration of a minor component switches a positive behavioral signal to 

a negative one that inhibits male attraction (Shaver et al. 1982; Grant et al. 1989; Almaas 

and Mustaparta, 1990, 1991; Almaas et al. 1991; Vickers et al. 1991). In the redbanded 

leafroller moth, Argyrotaenia velutinana a change in the natural ratio of the two pheromone 

components by a few percent resulted in severe reduction of behavior in a wing fanning 

assay (Baker et al. 1976). Pheromone-responsive PNs that encode minor differences in the 

pheromone concentration and that are tuned to individual pheromone components in the 

ALs of these species are likely candidates that are involved in mediating these behavioral 

effects. 

Pheromone receptor cells typically exhibit tonic responses at low concentrations. 
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phasic-tonic ones with stronger stimuli, and purely phasic ones at high stimulus 

concentration (Kaissling 1986, 1987). It has been shown that receptor cell adaptation with 

high pheromone concentration can be an important factor at the peripheral level and has 

been associated with subsequent cessation of pheromone-mediated upwind flight (Baker 

et al., 1988). However, experiments with moths on a walking compensator showed that 

behavioral changes were made as often as 3/s regardless of the intensity (Kaissling and 

Kramer 1990). The odor responses were nearly the same in terms of straightness and track 

reversal interval over a concentration range of a factor of 10*. Similar results were obtained 

with males of the moth Cadra cautella (Mafra-Neto and Carde 1995). Changes in the fine 

structure of the pheromone plume had more influence on the flight pattern than a 1000-fold 

increase in pheromone concentration. In the AL of M. sexta, we found MGC-PNs that were 

almost unaffected by changes in the pheromone concentration over several logarithmic 

steps. One of these cells (Fig. 5.6) gave a phasic response to pheromonal stimulation 

suggesting that this cell is able to rapidly indicate the presence of pheromone but is not able 

to detect changes in concentration. Similar cells might be part of the neural circuitry that 

is the basis for the observed behaviors in other moths species. 

In the AL of male M. sexta, we found both component-specific MGC-PNs and 

blend-specific MGC-PNs that are affected by changes in concentration and/or blend ratio, 

whereas others are not. It will be very interesting to see whether the heterogenous 

population of olfactory output channels correlates to the behavior observed in the wind 

tunnel or in the field. 
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5.6 Figures 

Fig. 5.1 Responses to varying Bal+C-I5 concentrations and ratios of an MGC-PN excited 

by Bal and not by C-15 (bombykal cell). The antenna was stimulated with 5 pulses/s, 

stimulus markers (5) are shown below the records. The horizontal line in the record of C-15 

indicates the lowest membrane potential observed prior to stimulation. The vertical line 

indicates the onset of the response to Bal+C-15, lOng + lOng. 
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Fig. 5.2 Anatomy of the bombykal cell in Fig. 5.1. A Schematic horizontal diagram of the 

brain illustrating several brain regions and two MGC-PNs, one with arborizations in the 

toroid, one with arborizations in the cumulus. B Frontal view of the MGC-PN with 

branches in the toroid and not in the cumulus of the MGC. The soma is located in the 

lateral cell body cluster. C Short collaterals grow out of the axon at the edge of the AL 

neuropil (frontal view). D Numerous side branches and fine collaterals emerge in the 

protocerebrum (frontal view). The cell does not branch in the calyces of the mushroom 

body. AL - antennal lobe, aL - a-lobe, an - anterior, AN - antennal nerve, bL - P-lobe, C -

cumulus, Ca - calyces of mushroom body, do - dorsal, H - horseshoe, DLP - inferior lateral 

protocerebmm, la - lateral, LH - lateral hom, MGC - macroglomemlus, P - pedunculus, po -

posterior, T - toroid, YL - Y-lobe. Scale bar = 200 ^m (A), 100 |im (B, DA 50 |im (C). 
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Fig. 5.3 Physiological profile of bombykal cells showing mean values of responses (±SE) 

to varying Bal+C-15 concentrations and ratios. The antenna was stimulated with 5 50-ms 

odor pulses. The number of pulses followed indicates the number of odor pulses to which 

the population of bombykal cells responded. The values do not give the maximum 

following frequency for a given concentration. Note the different scales of the ordinates for 

the three plots that show the number of impulses generated during 200 ms, 400 ms, and 

1000 ms after stimulus onset. A For this group of bombykal cells the concentration of C-15 

at the source remained constant (1 ng) while the concentration of Bal was changed (0.01 

ng to 10 ng). Additionally, the responses to Bal (10 ng) and C-15 (lOng) are shown, as well 

as to Bal+C-15, lOng+lOng. N = 17. A letter (a,b,c, or d) indicates a significantly different 

mean value from other mean values. Means having no letters in common are significantly 

different from each other (P<0.05; All Pairwise Multiple Comparison Procedures). B For 

a different group of bombykal cells the concentration of Bal remained constant while the 

concentration of C-15 was changed (only one bombykal cell was tested with both 

concentration series, and the results are used in figures A and B, respectively). Note the 

reversed order for stimulation with bombykal and C-15 compared to A. N = 15. 
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Fig. 5.4 Responses to varying Bal+C-15 concentrations and ratios of an MGC-PN excited 

by C-15 (C-15 cell). The neuron has a high threshold for excitation with C-15 and does not 

respond to bombykal. 
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Fig. 5.5 Anatomy of the C-15 cell in Fig. 5.4. A The neuron branches in the cumulus and 

not in the toroid of the MGC. The shape of cumulus and toroid change with depth and 

overlap in the projection of optical sections. T - toroid, C - cumulus, H - horseshoe, la -

lateral, do - dorsal. B More anterior view of protocerebral arborizations, LH - lateral horn. 

C More posterior aspect of protocerebral arborizations, Ca - calyces. Scale bar = 100 ^m. 
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Fig. 5.6 A Responses to varying BaI+C-15 concentrations and ratios of another MGC-PN 

excited by C-15. This neuron has a low threshold for excitation. Horizontal lines indicate 

the lowest membrane potential prior to stimulation. B Responses of the same neuron to 

different pulse rates of antennal stimulation. The right panel shows the response when 

stimulating a second time at the same pulse rate as in the left panel. 
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Fig. 5.7 Anatomy of the C-15 cell in Fig. 5.6. A The neuron branches in the cumulus and 

not in the toroid of the MGC. T - toroid, C - cumulus, H - horseshoe, la - lateral, do -

dorsal. B More anterior view of protocerebral arborizations, ILP - inferior lateral 

protocerebrum. C More posterior aspect of protocerebral arborizations, LH - lateral horn. 

Scale bar= 100 |im. 
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Fig. 5.8 Physiological profile of C-15 cells showing mean values (±SE) of responses to 

varying Bal+C-I5 concentrations and ratios. A For this group of C-15 cells the 

concentration of Bal at the source remained constant (1 ng) while the concentration of C-15 

was changed (0.01 ng to 10 ng). Additionally the responses to Bal and C-15 are shown as 

well as to Bal-HC-15, lOng+lOng. N = 28. B For this group of C-15 cells the concentration 

of C-15 remained constant while the concentration of Bal was changed(onIy one C-15 cell 

was tested with both concentration series, and the results are used in figures A and B, 

respectively). N = 21. For further explanation see figure 5.3. 
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Fig. 5.9 Phasic and phasic-tonic responses to varying Bal+C-15 concentrations and ratios 

of an MGC-PN excited by both Bal and C-15 (Bal-C-15 cell). 
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Fig. 5.10 A Responses to varying Bal+C-15 concentrations and ratios of an MGC-PN 

excited by both Bal and C-15 (Bal-C-15 cell). In this neuron stimulation with C-15 evoked 

a phasic-tonic response, stimulation with Bal elicited a weak phasic response. B Antennal 

stimulation with air, C-15, or Bal while injecting -1.5nA of current into the neuron. The 

temporal character of the responses to bombykal and C-15 is similar in A and B. 
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Fig. 5.11 AL showing the stain of the Bal-C-15 cell of Fig. 5.10. The most strongly stained 

MGC-PN has branches in the cumulus and in the toroid of the MGC. T - toroid, C -

cumulus, H - horseshoe. Scale bar = 100 pm. 
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Fig. 5.12 Responses to varying Bal+C-15 concentrations and ratios of an MGC-PN excited 

by both Bal and C-15 (Bal-C-15 cell). Stimulation with bombykal evoked a mixed response 

(inhibition/excitation/inhibition) with a strong initial inhibitory and a strong excitatory 

response phase, whereas stimulation with C-15 evoked a mixed response with strong and 

long inhibitory response phases. 
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Fig. 5.13 Physiological profile of BaI-C-15 cells showing mean values (±SE) of responses 

to varying Bal+C-15 concentrations and ratios. A For this group of neurons the 

concentration of C-15 at the source remained constant (1 ng) while the concentration of Bal 

was changed (0.01 ng to 10 ng). Additionally the responses to Bal and C-15 are shown as 

well as to BaI+C-15, lOng+lOng. N = 12. B For this group of neurons the concentration of 

Bal remained constant while the concentration of C-15 was changed. N = 14. For further 

explanation see figure 5.3. 
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6. ANTENNAL RECEPTIVE FIELDS OF PHEROMONE-RESPONSIVE 

PROJECTION NEURONS IN THE ANTENNAL LOBES OF THE 

MALE SPHINX MOTH MANDUCA SEXTA 

6.1 Abstract 

In the male sphinx moth, Manduca sexta, antennal stimulation with the female sex 

pheromone evokes responses in a population of projection neurons in the sexually-

dimorphic macroglomerular complex (MGC-PNs) of the antennal lobe. Using a 

combination of intracellular recording and neuronal staining techniques, we studied the 

antennal receptive fields of 149 MGC-PNs. The ipsilateral antenna was stimulated at six 

regions along its proximo-distal axis with one or both of the two key components of the sex 

pheromone of this species, while activity was recorded from pheromone-responsive MGC-

PNs. 

MGC-PNs fell mainly into two groups based on their responses to the pheromone 

blend: (1) neurons with broad receptive fields that were excited regardless of the region of 

the antennal flagellum stimulated, and (2) neurons selectively excited by stimulation of the 

basal region of the antennal flagellum. MGC-PNs that were depolarized by pheromonal 

stimulation of one antennal region were not inhibited by stimulation of other regions, 

suggesting a lack of an antennotopic center-surround organization. In most MGC-PNs, the 

receptive field was determined by input from only one of the two pathways that convey 

pheromone component information. Different receptive-field properties of MGC-PNs may 

be related to the roles of these neurons in sensory control of the various phases of 
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6.2 Introduction 

Male moths use their antennal olfactory pathway for detection of and orientation 

toward a conspecific female releasing sex pheromone (Hildebrand 1995, 1996). Males must 

assess qualitative and quantitative properties of the pheromone blend and also appear to 

gain information from the temporal structure of the stimulus in order to locate the odor 

source (Christensen et al. 1996). Recent evidence suggests that cockroaches may also use 

the spatial structure of the odor stimulus for orientation (Hosl 1990). Olfactory intemeurons 

in the antennal lobes (ALs) of cockroaches exhibit receptive fields with respect to 

pheromonal input coming from the antennae. Some projection neurons (PNs) in the 

cockroach AL have global receptive fields and respond to pheromonal stimulation 

anywhere along the antenna, whereas other PNs have restricted receptive fields and respond 

only to stimulation of a specific region of the antenna (Hosl 1990). 

Another favorable model system for studies of odor processing is the olfactory 

system of moths, in particular the male-specific subsystem in the AL of the sphinx moth 

Manduca sexta. This paper examines the receptive-field organization of an important class 

of intemeurons that are part of the male-specific olfactory subsystem, the pheromone-

responsive PNs in the ALs of the brain of male M. sexta. This sexually dimorphic 

subsystem, comprising specialized olfactory receptor cells in the antenna and the prominent 

macroglomerular complex (MGC) in the AL, processes information about the conspecific 
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female's sex pheromone (Matsumoto and Hildebrand 1981). Each AL in M. sexta males 

contains about 64 spheroidal glomeruli and a sexually dimorphic MGC (Rospars and 

Hildebrand 1992). The MGC includes three recognized glomeruli (Strausfeld 1989; 

Hansson et al 1991; Heinbockel et al. 1994, 1995; Homberg et al. 1995): the toroid, the 

cumulus, and the horseshoe (toroid 2), and it has been estimated that 30-40 PNs innervate 

the three MGC glomeruli (Homberg et al. 1988, 1989). There is now abundant evidence 

that two of these glomeruli are specialized for encoding information about single odorants. 

PNs with arborizations in the toroid respond preferentially to antennal stimulation with 

bombykal, a major component of the pheromone (Tumlinson et al. 1989), whereas PNs 

arborizing in the cumulus respond preferentially to stimulation with a second component, 

a hexadecatrienal (Hansson et al. 1991; Heinbockel et al. 1995, 1996). The function of 

neurons innervating the horseshoe is still unknown. 

Many AL neurons have been characterized morphologically and physiologically 

(Matsumoto and Hildebrand 1981; Christensen and Hildebrand 1987b; Waldrop et al. 1987; 

Kanzaki et al. 1989; Christensen et al. 1989; Homberg et al. 1989). Neurophysiological 

studies of the male-specific olfactory subsystem have focused on three properties of the 

sex-pheromonal stimulus that must be assessed by the olfactory system (Kanzaki et al. 

1989; Hildebrand et al. 1992; Christensen and Hildebrand 1994): (1) quality, i.e., chemical 

composition of the pheromone blend; (2) quantity, i.e., concentrations of components; and 

(3) intermittency of the stimulus. In addition to these three properties, the olfactory system 

also may monitor spatial information about the stimulus. 
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By stimulating the moth antenna at several levels along its proximo-distal axis, we 

have asked whether MGC-PNs have discrete receptive fields. A receptive field of an MGC-

PN refers to the region of the ipsilateral antenna that must be stimulated in order to obtain 

a response in that neuron. We seek clues from the specialized glomerular complex, the 

MGC, about how the structure of the antenna, and thus the insect's environment is 

represented in olfactory glomeruli. A preliminary account of this work has been published 

(Heinbockel et al. 1993). 

6.3 Materials and Methods 

Preparation of the animal 

Male sphinx moths, Manduca sexta, were reared from eggs on artificial diet (Bell 

and Joachim 1976) under a long-day photoperiod regimen (17 h light, 7 h dark) as 

described previously (Sanes and Hildebrand 1976; Prescott et al. 1977). Pharate adult pupae 

were transferred to waxed paper bags, in which adult moths eclosed and remained until 

used for experiments within 3 days after eclosion. As detailed previously (Christensen and 

Hildebrand 1987a) each experimental moth was immobilized in a plastic tube, and scales 

were removed from its head, which was dissected and isolated with the antennae intact and 

in place. With the head secured with insect pins through the eyes in a Sylgard-coated (Dow 

Coming) dish, the right antenna was fixed in position with two additional insect pins. 

Muscles, tracheae, and other tissues preventing access to the AL were removed from the 

open head. The AL was mechanically desheathed to facilitate electrode penetration and 
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continuously perfused with saline solution containing 150 mM NaCl, 3 mM CaClj, 3 mM 

KCl, 25 mM sucrose, 10 mM TES buffer (pH 6.9) (modified from Pichon et al. 1972). A 

pair of silver-wire hook electrodes was positioned under the antennal nerve for electrical 

stimulation of sensory afferents. 

Intracellular recording 

Micropipettes for intracellular recording and staining were made from borosilicate 

glass tubing (O.D. 1mm, I.D. 0.5 mm, World Precision Instruments) on a Flaming-Brown 

puller (P-2000, Sutter Instrument Co.). The tip of the glass electrode was filled with 

staining solution, and the electrode shaft was backfilled with 2 M LiCl for lucifer yellow 

electrodes and 2.5 M K-acetate for neurobiotin/biocytin electrodes. Controlled forward and 

backward movement of microelectrodes was achieved with a Burleigh Inchworm (Model 

6000AJLN) attached to a Leitz micromanipulator. Electrical activity of a neuron was 

amplified with an Axoclamp-2A amplifier (Axon Instruments) and stored on magnetic tape 

(Hewlett Packard Instrumentation Tape Recorder 3968A). Data were subsequently digitized 

and analyzed with Experimenter's Workbench (Brain Wave Systems). 

Intracellular staining ofMGC neurons 

Neurons from which recordings had been obtained were stained intracellularly with 

neurobiotin (Vector Laboratories, 3-5% in 2 M KCl with 0.05 M Tris buffer, pH 7.4), 

biocytin (Sigma, 3-5% in 2 M KCl with 0.05 M Tris buffer, pH 7.4), or Lucifer yellow 
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(Aldrich, 4% in distilled water). Neurobiotin and biocytin were visualized for confocal 

microscopy by incubating brains with Cy3-conjugated streptavidin. Injection of Lucifer 

yellow required injection of 1 nA hyperpolarizing current as described previously 

(Christensen and Hildebrand 1987a), whereas 1 nA depolarizing current for about 10 min 

was used to inject neurobiotin or biocytin. Brains containing cells stained with neurobiotin 

or biocytin were dissected and fixed overnight in 2.5% formaldehyde in 0.1 M phosphate 

buffer containing 3% sucrose, and then washed and incubated with Cy3-conjugated 

streptavidin (Jackson Immunologicals, diluted 1:100 with 0.2 M phosphate buffer 

containing 0.3% Triton X-100) for 3 days on a shaker at 4°C. The brains were dehydrated, 

cleared in methyl salicylate, and viewed with a laser scanning confocal microscope (BioRad 

MRC 600). For detailed observations and also for visualizing glomerular outlines, brains 

were embedded in Spurr's resin and sectioned at 24 pm, and sections were mounted with 

Gurr's Fluoromount. 

Confocal microscopy 

Brains with intracellularly stained PNs were viewed with a laser scanning confocal 

microscope (MRC-600 with a Nikon Optiphot-2 microscope and an Argon (100 mW) or 

a Krypton/Argon (15 mW) laser light source and appropriate dichromatic filter cubes, 

BioRad) (Mesce et al. 1993; Sun et al. 1993). Serial 2 pm optical sections were viewed 

through the depth of wholemounts and saved as a series of images on optical disks. The 

advantage of such optical sectioning over mechanical sectioning is that the confocal 
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microscope generates 2-D projections by stacking adjacent images digitally and does not 

require manual realignment of serial thin sections (Baier and Korsching 1994). 

Stimulation 

The ipsilateral antenna was stimulated with one of the two essential pheromone 

components, or a mixture of both, while responses were recorded intracellularly from 

pheromone-responsive MGC-PNs: (1) E,Z-10,I2-hexadecadienal (bombykal), one of the 

two key components of the female sex pheromone (Starratt et al. 1979; Tumlinson et al. 

1989; Kaissling et al. 1989; Christensen et al. 1989), 10 ng; (2) E,Z-11,13-pentadecadienal 

("C-15"), a chemically more stable mimic of the second key component of the female 

pheromone (Kaissling et al. 1989), 10 ng. 

To test for receptive fields of AL neurons, six different zones along the proximo-

distal axis of the antenna were stimulated consecutively with a pheromone blend (10 ng Bal 

+ 10 ng C-15) (Fig 6.1 A), always with the opening (1 mm in diameter) of the odor cartridge 

1-2 mm away from the antenna. Glass cartridges containing the pheromone blend were 

prepared as described previously (Christensen and Hildebrand 1987a). Typically the series 

of stimuli proceeded from antennal region 1 to region 6 and back to region 1 in order to 

verify the reproducibility of responses observed during stimulation with pheromone. In 

other cases the reverse stimulus order was followed. In either case, the responses to 

repeated stimulus presentations were the same for a given antennal region. The number of 

pheromone-sensitive trichoid sensilla is low In the proximal region of the antenna. 
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relatively uniform in the central region with a peak at about one third along the antenna and 

declines on annuli in the distal region of the antenna (Fig. 6. IB, adapted from Sanes and 

Hildebrand 1976). 

To estimate the extent of each stimulated zone.TiC^ was used in place of the odor 

stimulus. This chemical generates a white precipitate that mimics the behavior of odor 

plumes and thus provides a visual means to judge the accuracy of spatially restricted odor 

stimulation. With glass cartridges I mm away from the antenna, the TiC^ stream 

intersected a region of the antenna not larger than 2 mm or 8 % of its total average length. 

6.4 Results 

In this study PNs arborizing in the toroid, the cumulus, or both glomeruli (Fig. 6.2) 

were examined with respect to their antennal receptive fields. In each experiment, the 

microelectrode for intracellular recording was positioned on the surface of the AL over 

thick neurites of MGC-PNs to facilitate their impalement where they entered the MGC. 

Physiology 

Several response patterns emerged with respect to where along the antenna 

pheromonal stimulation elicited a response. The physiological responses of examples of 

two of these patterns are shown in Fig. 6.3. Some MGC-PNs responded with an excitatory 

potential and a burst of action potentials when the antenna was stimulated in any of the six 

regions (Fig. 6.3A). Other MGC-PNs responded to pheromonal stimulation of only the 
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basal part of the antenna! flagellum and excluded the more distal parts of the antenna from 

their receptive fields (Fig. 6.3B). The strength of the response of this MGC-PN declined 

from antenna! region I to region 3. 

The responses of an MGC-PN to 2(X) ms pheromone stimuli delivered to each of 

the six regions of the antenna! flagellum were plotted as the number of action potentials 

during a 400 ms phase after stimulus onset (Fig. 6.3C,D). Owing at least in part to the time 

lag of stimulus delivery from the odor cartridge to the antenna and the time required for 

transmission of the signal from antenna! receptors to the AL, the responses of MGC-PNs 

started with some delay and typically outlasted the stimulus delivery. In order to obtain a 

better estimate of the response, the time window for measuring it was set to 4(X) ms. This 

reflected the response duration for most MGC-PNs tested. 

Fig. 6.4 shows the responses of all MGC-PNs tested in this study, grouped 

according to their antenna! receptive fields. The receptive field of an MGC-PN comprised 

all antenna! regions where pheromona! stimulation elicited a response that was at least 50% 

of the maximum response of that neuron to stimulation of any of the six antenna! regions. 

Almost one-tliird of the MGC-PNs belonged to groups 1 (32%) and 2 (28%), i.e., these 

neurons responded to pheromonal stimulation of the proximal or basal region of the 

antenna. A substantial proportion of MGC-PNs (28%) responded to stimulation at any site 

along the length of the antenna (group 6). Only about 10% of the MGC-PNs fell into groups 

3,4, and 5. In all but the group 6 neurons, the strength of the response declined from basal 

regions to more distal regions. 
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Morphology 

The dendritic field of an MGC-PN with receptive field in the basal region of the 

antenna is illustrated in Fig. 6.5. The pattern of arborization of this neuron in the cumulus 

is divided into three projected stacks of confocal-microscopic optical sections to obtain 

posterior (B), central (C), and anterior (D) views of the cumulus, thus revealing the 3-

dimensional structure of the MGC-PN. The neuron innervated the right half of the cumulus 

in the posterior part of the glomemlus, but sent branches throughout the central and anterior 

part of the cumulus. The branches reached into the cumulus in a columnar fashion. The 

neuron had few side branches in the cumulus, but sent a number of larger radial branches 

that originated outside the cumulus into the glomerulus. Branching within the cumulus was 

mainly restricted to the thin columns outlined by the larger branches. The larger branches 

reached the border of the cumulus in its central part. 

Fig. 6.6 depicts the innervation pattern of an MGC-PN that responded strongly to 

pheromonal stimulation in all six antennal regions. The arborizations of this neuron are 

similar to those of the MGC-PN in Fig. 6.5, but the neuron in Fig. 6.6 appeared to have 

more side branches and more dense arborizations in some areas of the glomerulus, 

particular in the posterior portion, than did the neuron in Fig. 6.5. Both MGC-PNs left 

uninnervated some glomerular regions, thus receiving input from only a subset of the 

afferent input. In Fig. 6.6B part of the arborization of the neuron in the lateral hom of the 

protocerebrum is visible. 
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Diversity of Receptive Field Pathways 

When recording from several MGC-PNs in one AL, we encountered neurons with 

similar receptive fields and other neurons with different receptive fields in the same 

preparation (Fig. 6.7). In this example, two MGC-PNs responded to pheromonal 

stimulation in all antennal regions, whereas a third MGC-PN in the same AL responded 

only to pheromonal stimulation of the proximal part of the antenna. This shows that a 

particular receptive field pattern is not peculiar to the MGC of one animal. 

MGC-PNs with arborizations in the toroid respond preferentially to stimulation of 

the antenna with Bal, whereas MGC-PNs with arborizations in the cumulus are strongly 

excited by antennal stimulation with C-15 (Hansson et al. 1991). MGC-PNs innervating 

both toroid and cumulus may be excited by either Bal or C-15 (Hansson et al. 1991). Fig. 

6.8A illustrates the responses of an MGC- PN that was responsive to Bal but not to C-15. 

The response to a blend of the two compounds was similar to that evoked by Bal alone. In 

contrast. Fig. 6.8B shows the responses of an MGC-PN that was excited by both Bal and 

C-15. The responses to the blend were stronger than the responses to either substance alone. 

In antennal regions 1-5, the responses to C-15 and to the blend appeared to vary in a similar 

manner, although the response to C-15 was always smaller. In region 6, the response to C-

15 was substantially smaller than the response to the blend. Moreover, in this region the 

response to Bal was stronger than that in other antennal regions. With stimulation in certain 

antennal regions, the response to the blend was roughly the linear sum of the responses to 

Bal and C-15 alone. The receptive field of the neuron for the pheromone blend was 
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determined by input from both the Bal and the C-15 input pathways. 

Another series of experiments probed the contribution of inhibitiory interactions to 

shaping the receptive fields of MGC-PNs. In all cases (n=21), in which pheromonal 

stimulation of a particular region of the antenna evoked an excitatory response, inhibitory 

responses were never observed when adjacent regions of the antenna were stimulated. This 

was the case even when the MGC-PN exhibited elevated levels of activity (Fig. 6.9). In 

other MGC-PNs, inhibitory activity was observed, but only in association with the 

excitatory response. The neuron had an elevated level of impulse activity prior to 

pheromonal stimulation. Stimulation in antennal region 1 elicited a further increase of 

activity. Stimulation in other antennal regions did not decrease the activity level below that 

observed during a 400-ms prestimulus phase. 

As described earlier (Christensen and Hildebrand 1987a), the response of an MGC-

PN to pheromonal stimulation often comprises initial inhibition (I) (Fig. 6.1 OA) followed 

by depolarization with a burst of action potentials and thereafter a long-lasting 

afterhyperpolarization. The strengths of the excitatory input and inhibition vary between 

PNs (Christensen and Hildebrand 1987a, 1997; chapter 4 of this thesis). Fig. 6.10 examines 

how inhibitory and excitatory input to some MGC-PNs varied with respect to pheromonal 

stimulation of different antennal regions. The MGC-PNs in Fig. 6.10 were stimulated with 

5 50-ms odor pulses at 5 per second. The MGC-PN in Fig. 6.10A exhibited a strong initial 

hyperpolarization as well as a strong excitatory response to pheromonal stimulation in 

antennal region 1. Stimulation in regions 2 and 3 elicited a smaller IPSP and a weaker 
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excitatory response, suggesting equal strength of the inhibitory and excitatory input 

pathways to that neuron. The MGC-PNs in Figs. 6. lOB and C also gave clear excitatory and 

inhibitory responses to stimulation in antennal region 1. Upon stimulation of antennal 

regions 2 and 3, however, the excitatory response phase was absent or much weaker than 

that evoked by stimulation of antennal region 1, but the IPS? remained strong. This 

suggests that the different response phases were mediated independently through different 

synaptic pathways. The MGC-PN in Fig. 6.10D gave an excitatory response with various 

numbers of action potentials to each odor pulse in each antennal region. The response to 

the first odor pulse consisted of a hyperpolarization followed by depolarization. The size 

of the initial hyperpolarization varied as stimuli were presented to different antennal 

regions, and was smallest when the most distal region of the antenna was stimulated. 

In another MGC-PN (Fig. 6.11) antennal stimulation with 5 pheromone pulses 

failed to elicit a response to each pheromone pulse. Instead, if stimulation of an antennal 

region resulted in a strong initial hyperpolarization (Fig. 6.11C), the number of consecutive 

odor pulses that elicited a response was larger than was the case for stimulation of other 

antennal regions that yielded a small or no initial hyperpolarization. Similarly, the total 

number of action potentials in response to the 5 odor pulses was larger in antennal regions 

with a strong initial hyperpolarization than in regions with a small or no initial 

hyperpolarization. The number of impulses during 400 ms after stimulus onset in response 

to pulsed pheromonal stimulation was similar when stimuli were presented to different 

antennal regions (Fig. 6.1 IB). 
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From Fig. 6.10 it appears that MGC-PNs with restricted receptive fields responded 

with only one, often long burst to antenna! stimulation with 5 50-ms pulses and that MGC-

PNs with broad receptive fields often responded to more than the first pulse. Sixty-five 

MGC-PNs were challenged with 5 50-ms pheromone pulses to the antenna (Fig. 6.12). 

MGC-PNs with receptive fields in the proximal region of the antenna (antennal regions 

(AR) 1, AR I to 2, and AR I to 3) typically responded with only one burst of action 

potentials to 5 repeated pheromone pulses. Neurons with broad receptive fields (AR 1 to 

6) responded to the first odor pulse and most often also to several of the following odor 

pulses. One average, the burst duration of neurons with restricted receptive fields (AR 1, 

AR 1 to 2, and AR 1 to 3) and a response of only one burst was longer (n = 35 MGC-PNs; 

mean = 244.71 ms ± 20.47 ms SEM) than the bursts of neurons with broad receptive fields 

(AR 1 to 6) that gave three or more bursts (n = 19 MGC-PNs; mean = 161.58 ms ± 9.68 ms 

SEM). Thus, most MGC-PNs with broad receptive fields copied the intermittent character 

and the duration of the odor stimulus more faithfully than neurons with restricted receptive 

fields. 

6.5 Discussion 

The olfactory system is thought to be organized in an odotopic manner (Shepherd 

1990; Hildebrand 1996), such that various attributes of odor molecules are represented in 

different glomeruli in the antennal or olfactory lobe, similar to the tonotopy and visuotopy 

of auditory systems and visual systems. Such odotopy has been demonstrated in several 
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species of moths in the mapping of pheromone component-specific receptor axons onto 

different subdivisions or glomemli of the MGC {Agrotis segetum, Hansson et al. 1992; 

Heliothis virescens, Hansson et al. 1995; Trichoplusia ni, Todd et al. 1995). A functional 

representation of the input, however, does not exclude a spatial representation of the input 

region. To look for a spatial representation it might be more reasonable to consider the 

olfactory input onto just one glomerulus. For example, pheromone-responsive neurons 

along the proximo-distal or dorso-ventral axis of the antenna could be mapped onto the 

macroglomerular complex in a topographic manner. An attempt in this direction has been 

started in the cockroach Periplaneta americana (Hosl 1990) as well as in this study. Similar 

to the results presented above, PNs in the macroglomerulus of P. americana were found 

that responded to pheromone stimuli applied to only one particular region along the length 

of the antenna (local receptive fields) whereas other PNs responded to pheromone 

stimulation with similar intensity regardless of the antennal region that was stimulated 

(global receptive fields). PNs with global receptive fields innervated the macroglomerulus 

more uniformly, whereas PNs with local receptive fields branched profusely in the lateral 

part of the macroglomerulus (Hosl 1990). In M. sexta, pheromone-responsive afferents on 

the dorsal surface of the antenna project primarily toward the medial MGC and those from 

the ventral side, toward the lateral MGC suggesting some degree of topographic mapping 

(Christensen et al. 1995). 

Glomeruli in the ALs of insects have been shown to be sites of arborization of PNs 

that encode chemical and temporal features of odor stimuli, such as the individual 
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components of the sex pheromone (reviewed in Christensen et ai. 1996; Hildebrand 1996). 

Another feature of odor signals is their spatial structure, and insects with long antennae 

potentially could use this additional information for orientation. This would require that 

different regions of the antenna be represented differentially in the AL or in a given 

glomerulus. 

We sought evidence for a topographic mapping of the antennal flagellum by 

stimulating six different regions along the proximo-distal axis of the antennal flagellum of 

male M. sexta with pheromonal stimuli, while recording intracellularly from pheromone-

responsive MGC-PNs in the ipsilateral AL. Two main groups of MGC-PNs were observed, 

which had different receptive-field properties based on their responses to a pheromone 

blend (Figs. 6.3, 4): (1) neurons excited relatively independently of the region of the 

antennal flagellum stimulated, and (2) neurons differentially excited by stimulation of the 

more proximal regions of the antennal flagellum. Relatively few MGC-PNs (about 10%) 

had receptive fields covering the basal as well as the central region of the antenna. When 

recording from several MGC-PNs in the same AL, we encountered MGC-PNs with similar 

and with different receptive fields. The receptive fields of different PNs in the MGC of one 

animal reflected the heterogeneity in this population of neurons. No striking morphological 

differences were observed between MGC-PNs with different receptive fields (Figs. 6.5, 

6.6). 

MGC-PNs in this study were excited by stimulation with the pheromone blend in 

at least one region of the ipsilateral antenna. Inhibitory potentials were more difficult to 
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observe because of a number of experimental variables, such as the membrane potential and 

the level of background activity (Heinbockel et al. 1995). To test for inhibitory zones 

surrounding the excitatory zones in the receptive fields, however, MGC-PNs with elevated 

background activity were studied. An MGC-PN excited in response to pheromonal 

stimulation of a particular antennal region exhibited no decrease in background firing (i.e., 

was not inhibited) in response to stimulation of other regions (Fig. 6.9). We found no 

evidence for receptive fields with inhibitory zones bordering excitatory zones. 

Information about antennal stimulation with either of the two key pheromone 

components is relayed to neurons in the MGC by sensory neurons that respond specifically 

to one of those components (Kaissling et al. 1989). Each of these sensory neurons sends its 

axon to one of the two major glomeruli, cumulus and toroid, of the MGC (Christensen et 

al. 1995). MGC-PNs may have arborizations in either one or both of those MGC glomeruli 

and thus may respond to either one or both of the two key pheromone components 

(Hansson et al. 1991). Only a small subset of MGC-PNs innervates both cumulus and 

toroid (Hansson et al. 1991). For an MGC-PN innervating both cumulus and toroid, it is 

conceivable that the receptive field for antennal stimulation with one component could be 

different from the receptive field for stimulation with the second component. In such an 

MGC-PN (Fig. 8B) the receptive field is determined by input from both olfactory pathways 

that convey pheromone component information. 

MGC-PNs respond to antennal stimulation with the pheromone blend either with 

a burst of action potentials followed by hyperpolarization or with a mixed response 
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comprising an initial hyperpolarization preceding the excitation followed by delayed 

hyperpolarization (Christensen and Hildebrand 1987a). The different response phases 

occurred in sequence when stimulating the antenna in a particular region. As discussed 

above, they were not evoked separately from each other when stimulating the antenna in 

different regions. The initial hyperpolarization appears to be an inhibitory postsynaptic 

potential due to chemical-synaptic transmission mediated by GABA (Waldrop et al. 1987). 

Immunocytochemistry revealed that most if not all local intemeurons, as well as a 

population of wide-field PNs, in the AL are GABA-immunoreactive (Hoskins et al. 1986; 

Homberg et al. 1989). The early inhibitory synaptic potential was shown to be essential for 

the ability of MGC-PNs to follow intermittent pheromonal stimuli (Christensen and 

Hildebrand 1988). In the present study, we observed MGC-PNs that gave a mixed (-/+/-) 

response to antennal stimulation with the pheromone blend. The strength of the response 

(the initial inhibitory as well as excitatory input to an MGC-PN) varied with stimulation 

of the ipsilateral antenna in different regions. In some MGC-PNs, the strength of the initial 

inhibitory and excitatory inputs changed independently in response to pheromonal 

stimulation in different antennal regions. In two examples (Fig. 6.10B,C) strong excitatory 

input in response to pheromonal stimulation was seen only in antennal region 1, whereas 

inhibitory input was seen in antennal regions 1 to 3. This suggests the existence of two 

separate pathways, one mediating excitatory and one mediating inhibitory input to MGC-

PNs, as well as regulation of these pathways independently of each other. An MGC-PN 

may receive one or both types of input and give either purely excitatory or mixed responses 
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to pheromonal stimulation. 

While the arborizations of MGC-PNs with different receptive fields are similar in 

terms of extent and branching, it appears that only neurons with broad recpeptive fields 

receive input from the entire length of the antenna. At this point we cannot say whether the 

input is masked in neurons with restricted receptive field. The most likely explanation is 

that these neurons are not receiving input from certain regions of the antennal flagellum, 

even though the dendrites of neurons with broad receptive field lie in close proximity to 

those of neurons with restricted receptive field. This suggests a selective and precise 

connectivity, and it could be this specific connectivity that determines the receptive field 

of a neuron. 

In coding pheromonal information MGC-PNs have to extract distinct feanares from 

a pheromone signal. This helps the animal to adapt to various functional contexts during 

odor-guided flight and search behavior, such as behavioral arousal, long- and short-range 

attraction, upwind anemotaxis, approaching and hovering near the pheromone source 

(Arbas et al. 1993). It is conceivable that different receptive field properties of MGC-PNs 

allow the animal to cope with some of the changing environmental conditions. MGC-PNs 

with broad receptive fields might be more important further downstream from the odor 

source during arousal and upwind flight. Every filament of pheromone that intersects the 

antenna is perceived by these neurons. It is interesting to note, that many of these neurons 

are able to follow high temporal frequency of the odor (Fig. 6. lOD, 6.11,6.12). MGC-PNs 

with restricted receptive fields could help guide a male to the exact location of a 
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pheromone-emitting female when the male is closer to the source. Under low light 

conditions when a male moth is approaching the female, it is of critical importance that the 

male perceives the exact position of the odor filament and thus to home in on the female 

and to make contact. 
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6.6 Figures 

Fig. 6.1 A Experimental set-up. While recording intracellularly from MGC-PNs in the AL 

of the animal the ipsilateral antenna was stimulated with the pheromone blend 

consecutively at six different regions along the proximo-distal axis of the antenna (I -

intracellular electrode). B Distribution of trichoid sensilla along the antenna in male M. 

sexta (adapted from Sanes and Hildebrand 1976). 
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Fig. 6.2 Frontal view of one antennal lobe in the male sphinx moth Manduca sexta. The AL 

consists of ordinary glomeruli (G) and the macroglomerular complex (MGC) (see inset). 

The MGC comprises three glomeruli, the cumulus (C), the toroid (T), and the horseshoe 

(H). The confocal image shows an intracellular stain of an MGC pn with arborizations in 

the cumulus. The soma of the PN is located in the medial cell body cluster. Also visible is 

a faintly stained pn arborizing in an ordinary glomerulus in close proximity to the 

horseshoe. Inset: uniglomerular MGC-PN innervating the cumulus. In this and the 

following figures, the orientation of the AL is the same, la - lateral, do - dorsal. 



M 
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Fig. 6.3 A,C MGC-PN with strong response to antennal stimulation with the pheromone 

blend independent of the site of stimulation along the proximo-distal axis of the antenna. 

B,D MGC PN with strong response to antennal stimulation with the pheromone blend in 

basal region of antenna. A3 Intracellular records during the six consecutive stimulations. 

Stimulus bar (200 ms) beneath original record. Scale bars: 200 ms, 20 mV. C,D Number 

of action potentials during 200 ms stimulus phase plus 200 ms poststimulus phase (imp / 

4(X) ms) in response to stimulation with the pheromone blend at six different regions along 

the proximo-distal axis of the antenna. Since the responses to pheromonal stimulation 

typically oudasted the stimulus duration the number of action potentials was counted during 

200 ms stimulus phase plus 200 ms poststimulus phase. Background activity was 

determined from prestimulus activity level and was subtracted from the responses. 
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Fig. 6.4 Summary responses of all MGC-PNs plotted according to their receptive fields. 

Number of action potentials in an antennal region must be at least 50% of the maximum 

response of that neuron to constitute part of its receptive field. MGC-PNs in group I 

showed a response in antennal region 1 only, MGC-PNs in group 2 with response in 

antennal region 1 and 2, etc. Extent of receptive field is indicated by dotted vertical line. 
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Fig. 6.5 A MGC-PN responding to pheromonal stimulation of the proximal region of the 

antenna. B-D Dendritic field of PN in A. MGC-PN was imaged as wholemount with a laser 

scanning confocal microscope. Three stacks of optical sections were projected to generate 

posterior (B), central (C) and anterior (D) views of the MGC. Neuron with several main 

arbors and few shorter side branches in cumulus. Scale bar: 100 |im. 
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Fig. 6.6 A MGC-PN responding to pheromone stimulation of all regions along die 

proximo-distal axis of the antenna. B-D Dendritic field of neuron in A. Neuron was imaged 

as wholemount with a laser scanning confocal microscope. Three stacks of optical sections 

were projected to generate a posterior (B), central (C) and anterior (D) aspect of the MGC. 

MGC-PN with several main branches and extensive array of side branches in cumulus. Part 

of the protocerebral projection of the PN can be seen in B. A second neuron was stained 

faintly. Scale bar: 100 |im. 
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Fig. 6.7 Responses of three MGC-PNs in the same AL to antennal stimulation with the 

pheromone blend. One MGC-PN with response in antennal region 1 and 2, two MGC-PNs 

with response in all regions. 
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Fig. 6.8 Responses of two MGC-PNs to antennal stimulation with either the key 

pheromone component bombykal (B) or the mimic of the second key pheromone 

component C-15 (C), or with the blend of both components (B+C). A Neuron responded 

to Hal only and not to C-15. Response to the blend was the same as to Hal alone. B Neuron 

responded to both Bal and C-15 with an excitatory response. The response to Bal was 

weaker than the response to C-15. In some antennal regions the the response to the blend 

is close to the linear sum of the responses to Bal and C-15 (dashed line). 
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Fig. 6.9 A Intracellular records of MGC-PN with elevated level of activity to test for the 

presence of inhibitory receptive fields. The neuron showed further increase of activity when 

the antenna was stimulated in region 1. Stimulus marker: 200 ms, scale bar: 100 ms, 10 

mV. B Response of the neuron in A. Solid line: number of action potentials during 400 ms 

after stimulus onset. Dashed line; number of action potentials during 400 ms prior to 

stimulation. The neuron responded with an increase in activity in response to pheromonal 

stimulation in antennal region 1. The activity level was not decreased below the prestimulus 

level in any antennal region when stimulating with pheromone. 
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Fig. 6.10 Inhibitory and excitatory input varied with stimulation with the pheromone blend 

along the proximo-distal axis of the antenna in MGC-PNs. Often a response of an MGC-PN 

to pheromonal stimulation consisted of an initial hyperpolarization or inhibition (I) 

followed by an excitation or depolarization with action potentials and a delayed inhibition. 

Stimulus marker: 50 ms, 5 pheromone pulses/s. A In this MGC-PN, the strength of 

excitatory and inhibitory input varied in the same manner in different antennal regions in 

response to pheromonal stimulation. Scale bar, 100 ms, 20 mV. B,C In these two MGC-

PNs, an inhibitory potential was followed by a strong depolarization in antennal region I, 

whereas an inhibitory potential and a weak or no excitatory potential were observed in 

antennal regions 2 and 3 suggesting independent inputs for the excitatory and inhibitory 

pathways reaching these MGC-PNs. Scale bar: 100 ms, 20 mV. D MGC-PN responded 

with 5 discrete bursts of action potentials independent of the site of antennal stimulation 

and varying sizes of an inhibitory potential. Scale bar: 100 ms, 10 mV. 
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Fig. 6.11 MGC-PN with varying ability to follow pheromone pulses along the antenna. A 

Intracellular records from MGC-PN. Stimulus marker 50 ms pheromone pulses, 5 pulses/s; 

scale bar: 100 ms, 20 mV. The dotted vertical lines are spaced 200 ms apart starting at the 

onset of the Hrst response to pheromonal stimulation in antennal region 1. Asterisks above 

the records indicate a response to an odor pulse. A response to an odor pulse is defined as 

a membrane depolarization with a burst of at least 5 action potentials falling in the time 

window of 200 ms after the dotted line. B Number of action potentials during 400 ms after 

onset of first stimulus pulse (solid line), and total number of action potentials in response 

to 5 pheromone pulses (dashed line) for the MGC-PN in A. C Size of initial 

hyperpolarization and number of odor pulses followed in different antennal regions for the 

MGC-PN in A. 
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Fig. 6.12 Pulse-following of MGC-PNs with different receptive field properties. The 

antenna was stimulated with 5 50-ms pheromone pulses. MGC-PNs with broad receptive 

fields (antennal region 1 to 6, AR 1-6) followed up to 5 pheromone pulses with a burst of 

action potentials potentials, whereas neurons with restricted receptive fields (AR 1, AR 1-2, 

AR 1-3) gave only one or two bursts to 5 pheromone pulses. 
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7. GENERAL DISCUSSION 

7.1 Summary and Conclusions 

Sensory systems perform the task of extracting information from environmental 

signals to provide an internal representation of the external world. In the case of olfactory 

signals, the information that is extracted concerns the chemical (quality and quantity) as 

well as the physical nature (temporal and spatial structure) of the signal. These different 

features vary independently from each other, such that a stimulus like a sex pheromone 

might require a number of functionally different neurons to code for the various features 

of the signal (Boeckh and Selsam 1984). 

The olfactory system of the male sphinx moth is exquisitely equipped to perform 

this task with respect to the sex-pheromonal signal emitted by the conspecific female. 

Highly tuned receptor cell types in the antennae respond specifically to one or the other of 

the two key components of the sex pheromone (Kaissling et al. 1989a). The antennal lobe 

contains a subset of glomeruli (the glomeruli of the MGC) that are the primary site of 

pheromone processing (Hansson et al. 1991). These glomeruli are larger than any of the 

ordinary glomeruli in the AL and have a distinct morphology which sets them apart from 

the ordinary glomeruli. The electrophysiological responses of an MGC projection neuron 

(MGC-PN) to antennal stimulation with the key pheromone components, bombykal and/or 

C-15, correlate with its innervation of toroid, cumulus, or both (Hansson et al., 1991). The 

toroid and cumulus act as addresses for stimulus quality. This concept of odotopy 

(functional topography, spatial representation of attributes of odor molecules in glomemli) 
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(Shepherd 1990; Hildebrand 1996) has been proposed to be present in the olfactory bulb 

of vertebrates as well as in the antennal lobes of insects. The behavioral observation that 

male moths recognize the correct pheromone components (Baker 1989; Tumlinson et al. 

1989) has its neural correlate at the level of the AL in the form of glomeruli that 

specifically process one of the key pheromone components. 

Odor quality is the prime feature of the olfactory signal that is encoded in a 

glomerulus. Other features (quantity, intermittency of the signal) are encoded within the 

frame of quality coding, i.e., neurons responsive to antennal stimulation with the same odor 

but with different thresholds or different dynamic ranges innervate the same glomerulus, 

whereas neurons with different odor responsiveness but the same threshold or dynamic 

range innervate different glomeruli. 

The responses of MGC-PNs are shaped by an interplay of inhibitory and excitatory 

input (Christensen et al. 1993; and this study). Inhibitory and excitatory input can be 

evoked in parallel by the same stimulus and converges on single MGC-PNs. In chapter 5, 

MGC-PNs have been described that resolve pulse rates of antennal stimulation from less 

than 1 pulse/s to 5 pulses/s. The larger the amplitude of the IPSP that precedes the 

excitatory part of the response to stimulation with one key component or with a blend of 

the two key pheromone components, the higher the rate of antennal stimuli that an MGC-

PN can follow. Thus, MGC-PNs can resolve pulsed pheromonal stimuli of different 

frequencies and relay the temporal structure of the pheromone signal to higher brain 

centers. This allows the animal to adapt behaviorally to sudden changes in odor 
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concentration which occur in the natural stimulus situation. 

MGC-PNs that are primarily excited by antennal stimulation with bombykal 

responded over a range of increasing bombykal concentrations with increasing amplitude 

of IPSP and EPSP and number of impulses (chapter 6). Likewise, MGC-PNs primarily 

excited by C-15 responded with increases in IPSP, EPSP, and number of impulses to 

stronger C-15 stimuli. For these two types of MGC-PNs, on average, addition of the other 

key component to the stimulus has no effect on the response. The responses of another 

subset of MGC-PNs are affected by changes in the pheromone blend ratio. These are MGC-

PNs that give excitatory responses to stimulation with either key component and that 

innervate both the toroid and cumulus. Thus, in the natural stimulus situation the 

population of MGC-PNs can indicate fluctuations of intensity and blend-proportions of the 

key pheromone components. 

In chapter 7, odor responses of MGC-PNs are shown that have a restricted receptive 

field and respond to antennal stimulation of only the base of the antenna, whereas other 

MGC-PNs have a broad receptive field and respond with equal strength independent of the 

location of the stimulus along the proximo-distal axis of the antenna. Similar receptive 

fields have been observed in the cockroach P. americana (Hosl 1990). In addition, in P. 

americana PNs have been described with restricted receptive fields of cental or distal parts 

of the antenna. Behavioral experiments to test the hypothesis that insect species such as 

cockroaches and moths use this spatial information remain to be performed. 

Overall, the results support the notion that the population of MGC-PNs in male M. 
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sexta forms a heterogeneous group of parallel output channels that are able to encode 

features of an odor signal that the moth is likely to encounter in the natural stimulus 

situation and allow the animal to cope with changes in its olfactory environment. 

The total number of PNs that connect the MGC with higher brain centers is likely 

to be fewer than 50 (Homberg et al. 1989; and this study). The number of MGC-PNs that 

innervate one glomerulus of the MGC is probably around 15. All MGC-PNs that innervate, 

e.g., the toroid, give a primarily excitatory response to antennal stimulation with bombykal. 

Thus, in theory, one MGC-PN would be sufficient to code for odor quality. We know that 

MGC-PNs that innervate the same glomerulus can differ with respect to how they encode 

the temporal structure of the pheromonal signal, how they encode changes in concentration 

of the signal, and that they have either a restricted or broad antennal receptive field. In 

addition to the physiological differences among MGC-PNs with arborizations in the same 

glomerulus, anatomical differences exist as well. MGC-PNs have their soma in either the 

lateral or medial cell body cluster, and their axon leaves through one of different output 

tracts (Homberg et al. 1988, 1989; and this study). The axons of MGC-PNs project to one 

or several distinct targets in the protocerebmm, e.g., the calyces of the mushroom body, the 

inferior lateral protocerebmm, and/or the lateral horn of the protocerebrum (Homberg et 

al. 1988, 1989; and this study). This anatomical and physiological diversity suggests that 

each neuron has a different function in the synaptic circuitry of the olfactory system. 

Potentially each neuron has a distinct, fmgerprint-like set of anatomical and physiological 
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characteristics that could be different from those of all other neurons of the circuitry and 

make each neuron individually identifiable. 

7.2 Future Projects 

Ultrastruaural analysis ofMGC circuitry 

For a complete understanding of the MGC circuitry, ultrastructural studies seem to 

be required. They would yield insight into the synaptic connectivity of neurons associated 

with the MGC and the synaptic circuitry of the AL in general, help us to put the 

physiological responses observed during antennal stimulation with odor in an anatomical 

context, and allow us to test our current models of synaptic connectivity in the AL. Studies 

of the synaptology of the AL as have been done in the cockroach P. americana (Boeckh et 

al. 1990; Boeckh and Tolbert 1993; Distler and Boeckh 1996) would complement very 

nicely the previous electrophysiological and light-microscopical studies of the MGC in 

male M. sexta. Our current models of the MGC circuitry would especially benefit from 

knowledge about the connectivity between olfactory receptor cells and central neurons that 

innervate the MGC, either LNs or PNs. 

LNs and PNs in the AL could be labeled with a combination of two specific 

markers. For LNs and PNs, the plan could be to establish the physiological characteristics 

by intracellular recording, to stain the neuron, and subsequently to investigate the fine 

stmcture (Sun et al. 1995). This would allow one to visualize and examine the distribution 

of synaptic contacts between single pairs of neurons. 3D-reconstructions from serial thin 
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sections with profiles of labeled projection neurons photographed under EM and digitized 

on a PC would allow estimation of the distribution of synapses and the ratio of output to 

input synapses. Different regions of the neuron could be included in EM studies, e.g., the 

transition region of a fiber entering the MGC, the region of terminal branches, or the hole 

of the toroid with its thicker output fibers. 

Paired recordings from pairs of AL-neurons 

As has been shown (Christensen et al. 1993), powerful insight can be gained when 

the responses of two neurons in the AL are recorded simultaneously. Recordings from pairs 

of neurons that innervate the MGC and also from pairs including one neuron that innervates 

the MGC and a second neuron with arborizations in an ordinary glomerulus would give us 

direct insight, for example, into questions regarding excitatory and inhibitory relationships, 

feedback and feedforward connectivity, lateral inhibitory effects, and edge enhancement. 

PNs have been observed that innervate ordinary glomeruli close to the MGC and are 

inhibited by antennal stimulation with pheromone, suggesting interactions between the 

pheromonal and non-pheromonal subsystem in the AL (Heinbockel et al. 1996a). When die 

responses of two neurons have been recorded, stained successfully, and showed signs of 

interaction, it would be most helpful to study their ultrastructure in the areas of overlapping 

branches (Sun et al. 1995). 
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Network analysis with imaging techniques 

New technology permits analysis of the coding of olfactory signals at the level of 

neural networks. Imaging techniques such as Ca-imaging (Joerges et al. 1996) and optical 

imaging of voltage-sensitive dyes (Galizia et al. 1996) make it possible to observe at the 

same time the activity of many if not all glomeruli in the AL during odor stimulation. 

This approach has been tested successfully in the olfactory bulb of vertebrate preparations 

(Cinelli et al. 1995) and yields interesting results in the AL of the bee (Galizia et al. 1996; 

Joerges et al. 1996). 

Role of the third glomerulus of the MGC in odor processing 

The role of the horseshoe, the recently discovered third glomerulus of the MGC, 

is still unknown. Potentially it is involved in processing information about one or more 

other components of the pheromone-gland extract (Tumlinson et al. 1989), pheromone 

signals of related species, or other odor signals. 

Three types of olfactory receptor cells have been identified in antennal trichoid 

sensilla of male M. sexta (Kaissling et al. 1989a). Cell types A and B respond to stimulation 

with one of the two key components, (E,Z)-10,12-hexadecadienal (bombykal) or (E,E,Z)-

10-12,14-hexadecatrienal, respectively. Cell type C responds to the (E,E,E)-isomer of the 

latter. Anterograde tracing of axons of receptor cells in trichoid sensilla on male antennae 

to the AL revealed projections into all three glomeruli of the MGC (unpublished data). 
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Possibly, axons of type-C receptor cells project to the horseshoe. LNs and PNs that were 

identified electrophysiologically gave excitatory responses to stimulation with either the 

(E,E,Z)- or the (E,E,E)-isomer (Christensen et al. 1989b). Further experiments are 

necessary, during which the antenna will be stimulated with the (E,E,E)-isomer, the 

responses of a possible horseshoe-neuron will be recorded, and the neuron will be stained 

intracellularly. 

Evoked potentials and oscillations in the MGC 

In order to understand the computational rules employed by the brain to encode 

complex, multidimensional odors, in recent experiments intracellular recordings from 

single identified neurons have been used in parallel with extracellular recordings from 

large assemblies of neurons in the olfactory system of the locust (reviewed in Laurent et 

al. 1996b). These studies found coherent, rhythmic neural activity patterns, which were 

measured extracellularly as potential oscillations, in the AL and the mushroom body of the 

locust. The approach of combined intra- and extracellular recordings is a way to address 

questions such as temporal synchrony of activity and the distribution of odor-responsive 

neurons in space and over time (Laurent et al. 1996b). 

Oscillations have been described for a number of regions of the vertebrate brain 

including the olfactory bulb (Singer 1993; Gray 1994; Singer and Gray 1995). Oscillations 

are thought to arise from temporal synchrony of neuronal discharge in groups of neurons, 
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to integrate distributed processes in the nervous system, and to coordinate activity 

temporally within and between subsystems in the CNS (Gelperin 1989; Singer 1993; Gray 

1994; Singer and Gray 1995; Gelperin et al. 1996). 

Several studies have found brain oscillations also in the olfactory pathways of 

invertebrates, including the procerebrum of a snail (Gelperin 1989; Gelperin and Tank 

1990), the hemi-ellipsoid neuropil in the lateral protocerebrum of a crayfish (Mellon et al. 

1992), and recently in the ALs and mushroom bodies of a locust (Laurent and Naraghi 

1994; Laurent and Davidowitz 1994; Laurent et al. 1996a) and the ALs of a moth (Wu et 

al. 1995). 

At this stage it is not clear what role, if any, oscillations play in olfaction (Gray 

1994; Laurent 1996a,b; Gelperin et al. 1996). In Umax, oscillations in the procerebrum 

occur in the resting state and collapse in response to odor stimulation (Gelperin et al. 1996). 

Potential oscillations of assemblies of neurons in olfactory centers of the locust brain have 

been implicated in coding information about odorants (Laurent and Davidowitz 1994; 

Laurent 1996a,b; Laurent et al. 1996a). In the AL of the locust, a variety of general odorants 

can induce oscillations of the same frequency (Laurent and Davidowitz 1994; Laurent et 

al. 1996). It has been proposed that odors are represented by a dynamic representation in 

transiently overlapping assemblies of active neurons (Laurent and Davidowitz 1994; 

Laurent 1996; Laurent et al. 1996a), such that individual neurons participate in the 

oscillating population during odor-specific time windows (Laurent 1996a). 

In locusts and snails, general olfactory systems have been studied that detect and 
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process information about a large number of odors. In recent experiments, we have 

demonstrated (Heinbockel et al. 1996b) that slow changes and fast oscillations of the 

extracellular potential can be induced in the MGC by stimulation of the ipsilateral antenna 

with the pheromone blend or individual pheromone components. The lends further support 

to the idea that oscillations are a general phenomenon in insects, other invertebrates, and 

vertebrates (Laurent et al. I996a,b; Laurent 1996b) and could be a starting point for further 

research to explore the role of extracellular potential oscillations in the insect brain. 
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