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2. ABSTRACT 

The olfactory system of the hawkmoth Manduca sexta is able to discriminate 

among odors and to mediate a behavioral response, such as feeding or oviposition in 

females. This dissertation research describes attempts to elucidate neural coding involved 

in the processing of odors within the first-order olfactory center of the brain, the antennal 

lobe (AL), in female moths. This study focused on a small and identifiable subset of 

projection neurons within the AL, which have their cell bodies grouped on the anterior 

surface of the AL (AC neurons). The subpopulation of about 14-20 neurons was 

characterized physiologically and morphologically. 

The anatomical features of AC neurons and their physiological timing specificities 

to plant-associated odors were investigated by means of electrophysiological recording 

and staining techniques. All AC neurons identified were output neurons, each having a 

distinct uniglomerular dendritic branching pattern. The entire population of AC neurons, 

which sometimes exhibited a separation of its cell body group into two clusters (primary 

and satellite), projected into two small groups of glomeruli. One group was located 

dorsally and medially in the posterior part of the AL and probably consists of five 

glomeruli. The other group was situated dorsally and anteriorly and possibly consists of 

one uniquely identifiable glomerulus. 

Furthermore, the results indicate response specificity and a narrow receptive range 

of certain AC neurons in response to flowers of Solanaceous hostplants. Among the odors 

tested were nitrogen (N)-bearing compounds, monoterpenes, aromatics and green-leaf 
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volatiles. The response profiles were divided into different response categories: "excited" 

(multiphasic), "inhibited", "mixed" and "no response to odors tested". 

The majority of AC neurons were spontaneously active and exhibited rhythmic 

and periodic bursting (burst frequency 1-3 Hz). Also, AC neurons showed low-amplitude, 

membrane oscillations. These oscillations, as well as the bursts, are not odor-induced. 

In simmiary, the data show that the organization of a subset of unique, ordinary 

AC glomeruli is spatially distinct and recognizable, and functionally significant for 

hostplant odor processing in the AL. The mechanisms underlying processing seem to 

include a rate code (encoding concentration) and possibly a complex spatial code 

(encoding quality). 
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3. INTRODUCTION 

3.1 Specific Aims 

Extensive work has concentrated on an insect model system, the male giant 

sphinx moth Manduca sexta, and its anatomical and functional specificity in processing 

information about the conspecific female sex-pheromone in the primary olfactory center 

of the brain, the antennal lobe (AL). The AL shows a stereotyped arrangement of synaptic 

glomeruli, the functional units of information processing (Shepherd, 1990; Hansson et al., 

1992; Mori and Yoshihara, 1995; Hildebrand, 1996). In male moths there is a 

characteristic and morphologically distinct macroglomerular complex (MGC), which is 

functionally specialized to respond to only a narrow range of pheromone components 

(Christensen and Hildebrand, 1987; Qiristensen et al., 1989a; Hansson et al., 1991; 

Heinbockel, 1997). 

In this dissertation research, I studied the neural processing of plant-associated 

odors in the ALs of female moths, employing mainly anatomical and physiological 

techniques. In these efforts I profited from the many advantages that Manduca offers as a 

relatively simple but experimentally favorable model. For example, these advantages 

include a growing body of knowledge about the behaviorally significant volatiles released 

by green plants that give a female moth important olfactory cues in selecting a hostplant 

(Buttery et al., 1987a,b; Anderson et al., 1988; Bemays and Chapman, 1994; Raguso and 

Willis, 1997). Further advantages include a small number of glomeruli, compared to 

vertebrates, and the identifiability of some glomeruli (Rospars and Chambille, 1989; 
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Rospars and Hildebrand, 1992). Within the AL, I focused on a subset of AL neurons, a 

small and identifiable cluster of projection neurons. The cell bodies of the neurons are 

situated on the anterior surface of the AL, in the anterior group of neurons (AC neurons). 

The easily accessible and distinct position of the AC neurons allowed me to go back 

repeatedly and selectively to this subpopulation of projection neurons for my studies. 

With such advantages, Manduca sexta is a promising experimental model system 

for studies of neural processing of plant-associated olfactory information in the AL of 

female moths (Hildebrand, 1996). The possible coding strategies for different odor 

attributes, such as chemical identity and concentration, underlying the mechanisms of 

odor processing, are also addressed. In this research 1 characterized the AC neurons and 

the glomeruli that are supplied by AC neurons physiologically and morphologically, as an 

important step in advancing our understanding about the central issues of olfactory 

coding and processing. The specific aims of my research is as follows: 

1. What are the morphological characteristics of individual AC neurons and AC 

glomeruli? 

2. What are the glomerular domains of the arborizations of AC neurons? 

3. Does the odor-delivery device (syringe olfactometer) that was used in my research for 

the first time, present reproducible odor stimuli and thereby produce reproducible results? 

4. Do AC neurons respond differentially to floral and vegetative host and non-host odors, 

and what are the physiological response profiles of AC neurons? 
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5. Do AC neiirons show tuning of responsiveness to different chemical classes (synthetic 

mixtures)? 

6. Do AC neurons exhibit characteristic patterns of activity that could contribute to 

coding of odor information? 

Answering these questions should lead toward an understanding the physiological 

and morphological organization of the small subset of AC neurons and the olfactory 

glomeruli they supply. It should also help advance our understanding of the possible roles 

of AC neurons and AC glomeruli in central processing. Finally, the studies are intended 

to contribute to analysis of olfactory mechanisms underlying behavioral responses of 

female moths to plant-associated odors. 

3.2 Background and Significance 

The chemical sense of olfaction enables animals, including humans, to detect and 

respond to diverse airborne chemical stimuli in the environment (Shepherd, 1990). To 

achieve odor discrimination, the olfactory system encodes and processes olfactory 

information by mechanisms that appear to be similar in vertebrates and invertebrates 

(Hildebrand, 1995; Hildebrand and Shepherd, 1995). In vertebrates, many studies have 

focused on neural coding and processing of odorants in the primary olfactory center of 

the brain, the olfactory bulb, including studies of the molecular receptive ranges (breadth 
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of tuning of neurons) to a variety of difTerent odor stimuli of individual output cells 

(Wellis et al., 1989; Imamura et al., 1992; Mori et al., 1992; Mori and Yoshihara, 1995). 

3.2.1 Processing and coding of olfactory information 

For most animals, the olfactory sense is crucial for finding food or mates or for 

social communication, and thus, this ability to distinguish among myriad odors becomes 

a matter of survival (Ache, 1987; Shepherd, 1990). For humans, the sense of smell also 

plays an important role for eliciting various cognitive and emotional responses (Axel, 

1995). In other words, almost all animal species have evolved a powerful olfactory 

system that can discriminate among diverse and complex odors, give rise to conscious or 

unconscious perceptions and to mediate behavioral responses (Shepherd, 1990). What is 

far from understood, however, is how airborne odor molecules can lead to perception. 

What are the underlying physiological mechanisms that recognize, transmit, code, and 

process olfactory information from the periphery to higher-order brain centers where 

higher-order processing takes place? 

In the following paragraphs, I briefly review the molecular and cellular events 

believed to lead to olfactory perception. Because the olfactory systems of vertebrates and 

invertebrates are fairly similar, at least in the first-order processing centers (see below), I 

focus on the general principles that pertain to both systems. 
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3.2.1.1 Transdaction mechanisms 

In the working hypothesis for sensory transduction, the odor molecules are first 

sensed by the sensory organ (olfactory mucosa within a nasal chamber in vertebrates; 

sensilla in antennae of insects) and then guided to the olfactory receptor cells (Ache, 

1987; BCaissling, 1974; Mori and Yoshihara, 1995). In the case of mammals, odor 

molecules diffuse through the mucus that bathes the cilia of the receptor cells, and bind to 

receptor proteins in the membrane of the olfactory cilia. This activates associated G-

proteins and thus triggers a series of events leading to the opening of cation channels and 

to the production of action potentials in the olfactory receptor cells. These events may be 

mediated by second-messenger pathways, including, for example, modulation of 

adenylate cyclase or phospholipase C and production of cAMP or IP3 (Shepherd, 1985; 

Mori and Yoshihara, 1995). In the case of insects, evidence suggests activation of G 

proteins which activates phospholipase C and leads to liberation of IP3 and diacylglycerol 

(Boekhoff et al., 1993). 

3.2.1.2 Coding mechanisms 

Information about the odor stimulus is encoded as a pattern of activity across the 

population of receptor cells (see below; Axel, 1995). The olfactory receptor cell axons 

convey the encoded olfactory information to the primary olfactory center of the brain 

(olfactory bulb in vertebrates; AL in insects; Boeckh et al., 1990; Romberg et al., 1989). 

The axons terminate in glomeruli, spheroidal neuropil structures that are the first-order 



18 
functional processing units for the afferent information (for example, Scott, 1991; Cinelli 

and Kauer, 1992; Shepherd, 1990; Hildebrand and Shepherd, 1997). Furthermore, 

synaptic connections within glomeruli (amongst olfactory receptor afferents, local 

intemeurons, and output neurons) are able to provide for complex processing of 

information (Boeckh and Tolbert, 1993; Mori and Yoshihara, 1995). The axons of the 

output neurons leaving the glomeruli (mitral and tufted cells in vertebrates; projection 

neurons in insects) relay the information to higher brain centers for further processing 

(paleocortex, thalamus and orbitofrontal cortex in humans; mushroom bodies and lateral 

protocerebrum in moths). 

How is the "molecular image" from the periphery translated into odor 

perceptions? To answer this question, it must be considered that an odor stimulus is quite 

complex and consists of various attributes or features, such as chemical identity (quality), 

concentration and temporal structure. Each of these features is represented in the brain so 

that a complex odor, for example, that of a flower, is represented by a combination of 

various coding strategies. In the past years, different coding theories were established in 

the literature to help explain the representation of the different odor attributes in the brain 

(for example, Boeckh and Ernst, 1987; Shepherd, 1985; Christensen et al., 1996; Laiurent, 

1996; Christensen and White, 1998). In the following section, I review a few of the 

current coding theories. 

Coding theories for chemical structure faualitvV An odor stimulus, such as the 

scent of a flower, consists of a variety of odor molecules that are emitted by the flower. 
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for example, aromatic or monoterpene compotmds (Mori and Yoshihara, 1995). The odor 

molecules have different molecular structures and partly different functional groups, and 

the nervous system must deal with all of the molecules to encode odor quality. Two 

difTerent codes have been reported to encode quality, a spatial code and a temporal code, 

which are considered below. 

Recently, evidence for more specificity in the periphery and large diversity in the 

receptor population in the mammalian olfactory epithelium has come from Buck and 

Axel (1991), who identified a large multigene family for the receptor proteins. This 

family of about 1000 genes could code for as many different olfactory receptor types, but 

one olfactory receptor cell would only express one gene, respectively one receptor type 

(Mombaerts et al., 1996). Each receptor type would be expressed in thousands of 

olfactory receptor cells. In this hypothesis, each structural group of molecules could 

activate one receptor type. Olfactory receptor cells may be arranged randomly throughout 

one zone of the epithelium, but the axons of like receptor cells may converge on 

individual glomeruli. Thereby, a specific odor would be encoded by a combination of 

receptor types and the brain would identify an odor by a characteristic pattern of activity 

in the glomeruli (Axel, 1995; Hildebrand, 1995). Also, work by Mombaerts' group 

(1996) supports the above scheme of "labeled lines" which is referred to as spatial odor 

mapping (concept of odotopy). The authors found that all the receptor cells expressing a 

specific receptor project to only two glomeruli among the 1800 glomeruli available in the 

olfactory bulb of rodents. The finding of this large receptor family in the olfactory system 
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contrasts with the very restricted repertoire of receptors in the visual system (Kuffler, 

1952; Hubel and Wiesel, 1959). For example, humans are able to discriminate among 

hundreds of hues using only three types of retinal photoreceptors. These receptors detect 

light in overlapping regions of the visible spectrum, and the brain then has to compare the 

input from only these three receptor types to identify a color (Axel, 1995). 

The "labeled-line" pathway in which an individual olfactory receptor cell and 

neurons to which it connects respond selectively to only one type of odor stimulus, is 

involved in the pheromone-processing subsystem in male moths (Christensen et al., 

1996). This subsystem has specialized olfactory receptor cells and narrowly tuned 

projection neurons (see below). The second theory envisions an "across-fiber pattem" or 

"ensemble" pathway (Shepherd, 1985; 1990) in which individual olfactory receptor cells 

share information with neighboring neurons (combination of information), such that each 

odor stimulus is represented by a pattem of activity across an array of cells. Such a code, 

involving relatively broadly tuned neurons, found support in the past (for example. 

Shepherd, 1985) but is now believed to be less likely the case in light of the recent 

evidence outlined above. Furthermore, it is not understood how such an "across-fiber 

pattem" code would work, or whether ensemble coding would be true for various levels 

along the neural pathway. Very recently, another more complex concept for coding has 

been suggested, a so-called "across-Iabel" mechanism, in which labeled lines might be 

integrated within across-fiber patterns (Christensen and White, 1998). In this hypothesis, 

a hybrid of the labeled-line and across-fiber coding schemes, odor discrimination would 
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rely on a combinatorial process such that distinct labeled-lines would be nested in unique 

across-fiber patterns, representing each odor stimiilus. 

A so-called "temporal code" to encode odor quality is suggested to operate in 

locust, where an odor evokes temporal activity patterns in neurons (Laurent, 1996; 

Laurent et al., 1998). The odor responses of projection neurons contain membrane 

potential oscillations at a frequency of 20 to 30 Hz. The oscillations are composed of fast 

alternating excitatory and inhibitory postsynaptic potentials. The projection neurons 

responding to the same odor are synchronized as a pair. Thus, the action potentials of 

projection neurons are mostly periodic and their synchronized spikes provide periodic 

input to the postsynaptic Kenyon cells in the mushroom bodies of the higher-order 

processing center (Laurent, 1996). The periodic input leads to local field potential 

oscillations in the mushroom body calyx. Interestingly, local axon-less neurons oscillate 

at the same frequency but with a 90° degree phase lag to the projection neurons. In 

summary, bursts of local field potential oscillations in locust are odor-evoked (also refer 

to chapter 7). The authors suggest that odor-specific information is contained in the 

spatial and temporal aspects of the firing of projection neurons (Laurent et al., 1998). 

The studies in this dissertation give first insights whether such possible coding 

mechanisms outlined above could be possibly employed by AC glomeruli to encode odor 

quality in the AL of female M. sexta. 

Coding theory for odor concentration. Odor concentration can be effectively 

encoded by a rate or frequency code. A rate code represents an increased concentration by 
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an increase in the firing activity of the neuron, that is an increase in the number of action 

potentials fired (for example, Christensen and Hildebrand, 1988; Kandel et al., 1991). In 

this dissertation research I address whether AC neim)ns possibly encode odor 

concentration by a rate code. 

Encoding temporal features of odors. Odor molecules tend to be patchy in the 

environment and thus, the time course of the odor changes (Willis and Arbas, 1991). The 

temporal pattern must be represented in the brain and a rate code has been suggested for 

the task (Christensen et al., 1996; Christensen and White, 1998; Christensen et al., 1998). 

The designs of the experiments done in this dissertation research do not allow to address 

the issue of encoding temporal features of odors. 

3.2.2 Common principles in the olfactory system 

that are shared by vertebrates and insects 

Most of the organisms in the animal kingdom have evolved an olfactory system 

that enables them to discriminate scents in their enviroimient and to mediate behavioral 

responses. Comparative and phylogenetic studies argue that there is strong evolutionary 

conservation and convergence of "primitive" olfactory systems giving rise to more 

"advanced" or "modem" olfactory systems with essentially similar anatomical and 

functional organization, pharmacological properties and even similar principles in 

information processing in the first-order olfactory center of the brain (Hanstroem, 1928; 

Ache, 1987; Boeckh and Emst, 1987; Boeckh and Tolbert, 1993). For example, it is 



23 
speculated that olfactory systems with glomerular arrangement already existed 500 

million years ago (Dethier, 1990). Invertebrates and vertebrates share common principles 

of organization (Strausfeld, 1990; Hildebrand and Shepherd, 1997). When one compares 

the anatomical organization of input and output pathways in the AL of a moth with that in 

the olfactory bulb of a typical mammal, similarities between the two processing centers 

are apparent. On the input side, olfactory receptor axons project without branching to 

their terminations in this primary olfactory center. Each receptor axon projects to one 

glomerulus, where it has synaptic interactions with neurons of the primary olfactory 

center. On the output side, projection neurons of moth and vertebrate alike send dendritic 

arborizations into a single glomerulus and project axons to higher-order brain centers 

(Hildebrand, 1996). It is helpful to keep this concept of common principles in mind when 

discussing and comparing the concept of odotopy in various animal species (see below). 

3.2 J The concept of odotopy 

3.2.3.1 Introduction 

As outlined earlier, glomeruli are believed to play key roles in olfactory 

processing. To leam about their functional significance, one has to look at the anatomical 

and physiological properties of the neurons innervating a given glomerulus, especially the 

olfactory receptor cells and the projection neurons. In other words, the hypothesis is that 

functional specificity of an individual glomerulus is characterized by the olfactory 

response specificity of the olfactory receptor cells converging onto that glomerulus and 

that of the output neurons belonging to that glomerulus (Hildebrand, 1996). The literature 
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tells us that the olfactory response or "tuning" specificity of any olfactory neuron is 

described by the structural range of odor molecules (broad versus narrow) that elicit 

excitatory responses in the firing pattem of that neuron (Mori and Shepherd, 1994; Mori 

and Yoshihara, 1995). This is called the excitatory "molecular receptive range" of a 

single neuron, and the molecular receptive ranges of the projection neurons arborizing in 

a certain glomerulus determine the molecular receptive range of that glomerulus. The 

concept of neurons and glomeruli with narrow molecular receptive ranges and spatial 

odor mapping to encode odor quality (see above) are both helpful to understand odotopy 

in the olfactory system in at least some insects and vertebrates (Shepherd, 1985). 

Odotopy refers to an odor being represented in an odotopic organization or arrangement 

of glomenUi within the AL or olfactory bulb. The term odotopy is distinct firom the term 

"odotypy" which refers to glomeruli representing different odor qualities. The concept of 

odotopy is reminiscent of principles found in several other sensory systems, for example: 

retinotopy in the visual system, with a precise spatial mapping of retinal neurons onto 

space in the next higher processing centers, for example the lateral geniculate body in 

humans (Kandel et al., 1991); somatotopy in the somatosensory system of mammals (for 

example, Werner and Whitsel, 1973); cochleotopy in the auditory system of bats (Pollak 

et al., 1986); 

In the following section I describe studies in vertebrates and various insect species 

that mostly support the notion of odotopy. 
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3.23.2 Studies in vertebrates 

Many electrophysiological studies have focused on mitral/tufted cells in the 

vertebrate olfactory bulb, and have shown that individual neurons respond differently to 

different odors (Wellis et al., 1989). In 1990, Buonviso and Chaput expanded these 

findings by simultaneously recording from (pairs of) neighboring mitral cells. They 

realized that neighboring mitral cells, with dendritic arborizations likely to be in the same 

glomerulus, showed similar response profiles to the odors presented. In contrast, 

anatomically distant projection neurons, associated with different glomeruli, displayed 

dissimilar responsiveness to odorants. This prompted Buonviso and Chaput (1990) to 

suggest that the foci of excited cells in the mitral-cell layer responds during odor 

applications and that these foci of excited neurons correspond to the efferents from single 

glomeruli. 

In 1992, Mori and his coworkers examined the physiological tuning specificities 

of single mitral/tufted neurons from neighboring glomeruli in the rabbit olfactory bulb by 

means of single-unit recording and field-potential measurements. The researchers found 

that some neurons had narrow molecular receptive ranges and that the odor molecules 

(fatty acids) effective in activating a particular neuron shared similarities in their 

molecular structure. Also, all the neurons responding to those carboxylic acids were all 

located in the same dorsomedial area of the olfactory bulb (Imamura et al., 1992; Mori et 

al., 1993). In addition, the authors showed that different mitral/tufled cells (and possibly 
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difTerent glomeruli associated with these cells) had different excitatory molecular 

receptive ranges with respect to various molecular attributes such as chain length (Mori 

and Shepherd, 1994). These results imply the possible existence of an "odor map" based 

on chemical structure or other molecular properties in the olfactory bulb of rabbits. 

Activity-related 2-deoxyglucose (2-DG) studies in the rat showed odotopic 

patterns of activity among the glomeruli of the olfactory bulb (Sharp et al., 1975; Jourdan 

et al., 1980). The data suggest that different odorants elicit different patterns of activation 

and that the glomeruli most activated by a given odorant are concentrated in distinct 

domains. To test for activity maps in the bulbs of salamanders, Cinelli and Kauer (1992), 

using voltage-sensitive dyes, foimd that stimulation with different odors elicits different 

patterns of activity in the olfactory bulb and that this activity is arranged in a colunmar 

fashion in relation to the glomerular areas. Very recently, genetic approaches 

(modification of olfactory receptor genes by targeted mutagenesis in germlines) in the 

mouse succeeded in visualizing an olfactory sensory map (Mombaerts et al., 1996). 

Mombaerts et al. (1996) visualized axons firom olfactory sensory neurons, each 

expressing a certain odorant receptor and observed projections to only two 

topographically fixed glomeruli out of the total of about 1800 glomeruli. This led them to 

propose a model in which a topographic map of receptor activation can encode odor 

quality (see above). Also, in a recent study by Mori and his coworkers (Mori et al., 1997; 

Yoshihara et al., 1997), a novel neural cell-adhesion molecule called OCAM (axonal 
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surface glycoprotein belonging to the immunoglobulin superfamily) was identified and 

related to zone-to-zone projections of primary olfactory axons onto glomeruli. 

These fimctional and anatomical studies support the hypothesis that patterns of 

glomerular activation play a role in coding of odor quality. 

3.2.3.3 Studies in insects 

In a variety of insect species, numerous studies have aimed at elucidating the 

bases of odor coding and discrimination. A review of a few of these findings, favoring an 

odotopic glomerular organization in the antennal lobe, follows. 

Analogous to the radiolabeled 2-DG activity maps delineated in rat olfactory 

bulbs (described above), similar approaches in the fly Drosophila melanogaster show 

that each class of odors stimulated increased activity in a recognizably distinct subset of 

glomeruli in the AL (Rodrigues, 1988). Such findings provide evidence for spatial coding 

of odor quality and a key functional role of glomeruli in processing olfactory information. 

Recordings of the spatial activity in the AL of honeybees, combined with calciimi 

imaging in vivo, illustrated that each tested odor evoked a specific activity pattern with 

individual activity foci that corresponded to distinctive glomeruli (Faber et al., 1997). 

Even variations in the odor concentration yielded almost the same patterns (only with 

different signal amplitudes). When the odor-evoked activity maps of both ALs in the 

same bee were compared, remarkable bilaterally symmetrical patterns were apparent. 
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Another persuasive piece of evidence comes from the sex-pheromone detection 

system of males of many insect species. For example, male moths are specialized to 

detect and analyze the sex-pheromone compounds released by conspecific females and 

respond with a characteristic sequence of reproductive behaviors. To allow for this 

specialization, the neural circuitry of males is adapted morphologically and 

physiologically. Their antennae have male-specific trichoid sensilla with olfactory 

receptor cells that are specialized to detect certain components of the pheromone blend. 

The axons project odotopically to subdivisions of a distinct, sexually-dimorphic neuropil 

structure in the AL, the macroglomerular complex (MGC) (Camazine and Hildebrand, 

1979; Hansson et al., 1991). 

This male-specific olfactory subsystem has been studied in a variety of species at 

several levels in the pathway, including: AL intemeurons in the moth Spodoptera 

littoralis (Anton, 1994 and 1995), antennal pheromone receptors in Spodoptera littoralis 

(Ljungberg et al., 1993; Ochieng et al., 1995), olfactory receptor neurons and AL neurons 

in the turnip moths Agrotis segetum (Hansson et al., 1992; Hansson et al., 1994), and 

olfactory receptor neurons in the moth Heliothis virescens (Hansson et al., 1995). There 

are two examples which deserve attention. 

(1) Studies by Christensen et al. (1989; 1990; 1995) on the AL of the com 

earworm moth Helicoverpa zea and the tobacco budworm moth Heliothis virescens, 

which are related, sympatric species, demonstrate four physiological classes of MGC-

projection neurons. One class of neurons, for example, responds selectively to the 
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principal component of the pheromone blend Z11-hexadecenal (Z11-16:AL), and another 

class of neurons is specifically tuned to a different component of the blend (Z9-14:AL). 

Furthermore, the projection neurons have spatially distinct dendritic arborizations in the 

MGC, for example, the neurons tuned to Z9-14;AL arborizes only in one of the dorsal 

glomeruli of the MGC. The authors generated a working model of the MGC with only a 

few parallel output pathways for olfactory processing. Each pathway is maximally 

efficient at monitoring a certain feature of the enviroimient, such as detection of the major 

sex-pheromone component. 

(2) Another example, studied extensively, is the male-specific olfactory 

subsystem of the giant hawkmoth Manduca sexta. Upon receiving the pheromone signal 

of the conspecific female, M. sexta males show a characteristic zig-zagging upwind flight 

towards a calling female (Willis and Arbas, 1991). This pheromone blend signal consists 

of eight C,6 aldehydes (Tumlinson et al., 1989 and 1994), out of which a mixture of two 

aldehydes (component "A": E10,Z12-16:AL, a hexadecadienal; and "B": E10,E12,Z14-

16:AL, a hexadecatrienal) is necessary and sufficient to elicit upwind flight. The sexually 

dimorphic anteimae of males have hair-like, pheromone-sensitive trichoid sensilla that are 

each innervated by two receptor cells (Kaissling et al., 1989). It is inferred by the 

response specificities firom MGC projection neurons to these components that one 

receptor cell is highly sensitive to component A and projects exclusively to the MGC 

glomerulus called the "toroid", while the second receptor cell is tuned to component B 

and projects to the "cumulus" of the MGC (Christensen and Hildebrand, 1987a; Hansson 
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et al., 1991). The toroid is innervated by dendrites of those projection neurons in the AL 

that respond selectively to component A. In contrast, the cumulus is innervated by 

projection neurons tuned to component B (Christensen and Hildebrand, 1987a; Hansson 

et al., 1991; Heinbockel, 1997). These findings indicate that MGC glomeruli in male M. 

sexta exhibit narrow molecular receptive ranges across the odors tested and stresses the 

functional role of spatially distinct glomeruli in processing sex-pheromonal information. 

It also provides an example for an "across-label" pathway in coding (Christensen and 

White, 1998). 

3.2.4 Female Manduca sexta as a model system for studying 

neural processing of plant-associated odors 

3.2.4.1 Introduction 

This section focuses on female Manduca sexta moths, demonstrating them as an 

experimentally favorable model system for studying neural coding and processing of 

plant-associated odors within the glomerular array of the AL. Fmthermore, I describe the 

advantages that this preparation offers. 

Female adult M. sexta reportedly orient to and preferentially select hostplants of 

the family Solanaceae for oviposition (Yamamoto and Fraenkel, 1960; Yamamoto et al., 

1969; Ramaswamy, 1988). Females also fly in a zig-zag pattern towards their hostplants 

(Schneiderman et al., 1986) in a manner comparable to the flight pattern of males 

orienting to sex-pheromones (Willis and Arbas, 1991). Therefore, we predict to encounter 
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neuronal responses to plant-derived odors and a functional specialization of the olfactory 

system to achieve hostplant odor discrimination. 

Also, the anatomical organization of the female brain (see figure 5.1) appears to 

be very similar to that of the male brain except for the MGC (Homberg et al., 1988; 

Homberg et al., 1989). For example, the AL includes 64 ± 1 ordinary glomeruli, each 

surroimded by a glial border in both male and female moths (Tolbert and Hildebrand, 

1981; Rospars and Hildebrand, 1992). Large female-specific glomeruli near the entrance 

of the AL are not shown. 

3.2.4.2 Advantages that make female moths an experimentally favorable 

model for this research 

A. Hostplant odors that elicit a female-specific, behavioral response. 

Adult female M sexta in the field deposit their eggs almost exclusively on the 

leaves of Solanaceous plants, such as Jimson weed, tomato, or tobacco (Yamamoto et al., 

1969; Waldrop et al., 1986). As stated above, the moths are guided in this characteristic 

oviposition behavior primarily by odor cues (Yamamoto and Fraenkel, 1960; Yamamoto 

et al., 1969; Waldrop et al., 1986). Another interesting odor-mediated discrimination 

behavior was observed in the field by Raguso (Raguso and Willis, 1997), who 

demonstrated a strong and selective behavioral attraction of female moths to certain 

night-blooming flowers for feeding, especially Datura (Jimson weed), Oenothera 

(Evening Primrose) and Hymenocallis (Spiderlily). The blossoms open and give off their 
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distinct volatiles at or after sunset, the time when the nocturnal M sexta becomes most 

active. 

Green plants, such as these, emit complex mixtures of volatile compounds that 

can be chemically analyzed (Andersen et al., 1988; Buttery et al., 1987; Loughrin et al., 

1990) by means of "headspace volatile" collections emitted by whole, intact plants, 

followed by gas chromatography with mass-spectrometric detection (GC-MS). This 

approach offers many advantages over earlier conventional techniques, such as steam 

distillation or solvent extraction of macerated plant material (Visser et al., 1979; Buttery 

et al., 1987). Although all methods strive to identify individual volatiles present in the 

mixture, the distillation and extraction methods yield results that are not representative of 

the volatiles actually emitted by the intact, living plant (Tollsten and Bergstroem, 1988). 

This means that the volatiles identified by the rather cmde distillation and extraction 

methods might not quantitatively or qualitatively represent the olfactory cues normally 

encountered and used by M sexta to orient to a plant. Therefore, the plant volatiles 

collected and identified for the physiological studies, as described in the following 

chapters are good candidates for compounds potentially involved in behaviorally 

attracting or inhibiting M. sexta moths and playing a role in hostplant recognition. 

B. Knowledge about headspace volatiles of hostplants 

In general, headspace volatiles typically include short-chain alcohols, aldehydes, 

acetates, aromatics and mono- and sesquiterpenes (Visser, 1979; Bemays and Chapman, 
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1994). The alcohols, aldehydes and acetates with a Q chain are called "green-leaf 

volatile" compounds and give green leafy plants their characteristic plant smell (Visser, 

1983). 

In the past years, research on the headspace-volatile identification of Solanaceous 

hostplants such as tomato and tobacco has yielded some information on the individual 

volatiles emitted by those plants (Buttery et al., 1987 a, b; Andersen et al., 1988; 

Loughrin et al., 1993; Mookheijee et al., 1990). The information on volatiles led to the 

selection of odor stimuli that might bear behavioral significance (refer to chapter 6; tables 

6.1 and 6.2 for more details). The identified headspace volatiles, using GC-MS methods, 

emitted from intact tomato {Lycopersicon esculentum) and tobacco (Nicotiana tabacum) 

leaves are listed below: 

Headspace volatiles emitted from intact tomato leaves (Buttery et al.. 198T>: 
Terpene Hydrocarbons: 

a pinene 
2-carene 
myrcene 
a phellandrene 
a terpinene 
limonene 
P phellandrene 
terpinolene 

Monoterpenoids: 
1,8 cineole 
2-carene epoxide 
limonene epoxide 
linalool 

Sesquiterpenoids: 
caryophyllene epoxide 
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hiimulene epoxide 
5 elemene 
caryophyllene 
humiilene 

Aliphatic Compounds: 
hexanal 
(Z)-3- hexenal 
(E)-2-hexenal 
hexanol 
(Z)-3-hexenol 

Aromatic Compomids: 
2-acetylfuran 
benzaldehyde 
methyl salicylate 
guaiacol 
ben2yl alcohol 
2-phenylethanol 
eugenol 

Headspace volatiles emitted from intact tobacco leaves TAndersen et al.. IQSS't 
Monoterpenoids: 

(E)-P-ocimene 
linalool 

Diterpenoids: 
solanone 
neophytadiene 

Sesquiterpenoids: 
p caryophyllene 
(E)-P-famesene 

Aliphatic Compounds: 
(Z)-3-hexenyl acetate 
(Z)-3-hexen-l-ol 

Aromatic Compoimds: 
methyl salicylate 
nicotine 
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It is not yet known which compounds are responsible for eliciting behavioral 

responses, but we know the range of possible candidates (see chapter 6 for details). These 

candidates could likely be a blend or mixture of at least some of these volatiles, rather 

than an individual compound (Visser, 1979). Studying the above list of headspace 

volatiles reveals that the chemical compounds fall within a few broad chemical classes 

such as monoterpenes (10 carbon atoms), sesquiterpenes (15 carbon atoms), diterpenes 

(20 carbon atoms), aliphatic and aromatic compounds (Charlwood and Banthorpe, 1987; 

Bemays and Chapman, 1994). Work on recognition behavior to hostplants by the 

diamondback moth Plutella xylostella revealed a terpene mixture to be most effective 

(Pivnick et al., 1994). 

For the initial selection of potentially significant odors for use as experimental 

stimuli, we considered the published lists of identified volatiles emitted from tomato and 

tobacco plants (see above). We also relied on the technical capability in our laboratory to 

collect and identify the volatiles emitted from whole host- and non-hostplants that are 

potentially behavioral significant (Raguso, 1997). Mixtures of these potentially important 

compounds were then tested as odor stimuli in electrophysiological experiments (see 

chapter 6). 
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C. Relatively small nnmber of neurons. 

The brain of Manduca sexta is less "complex" than a mammalian preparation. The 

number of neurons in the Manduca AL is relatively small, about 1200 neurons per AL, of 

which about 300 are projection neurons (Homberg et al., 1988; Romberg et al., 1989). 

Therefore, this insect preparation is relatively comprehensible, anatomically predictable, 

and experimentally manageable. 

D. Uniquely identifiable glomeruU. 

The identification of individual neurons and glomeruli is in progress in various 

animal systems, such as for example, in the olfactory bulb of the zebrafish (Baier and 

Korsching, 1994). In the honey bee Apis mellifera, a 3-dimensional reconstruction of the 

AL has been generated that provided an atlas to aid the identification of morphological 

landmarks like glomeruli (Flanagan and Mercer, 1989). Also, in leech, lobster or mollusk, 

neural networks have been studied (pyloric network of the stomatogastric ganglion; see 

chapter 6) and individual neurons were identified, permitting future studies to reveal the 

morphological, physiological and pharmacological characteristics of the neurons as well 

as the synaptic input and output connections (Hermann, 1979; Go la and Selverston, 1981; 

Hermann and Wadepuhl, 1987; Miller, 1987; Russel and Graubard, 1987). For example, 

in the abdominal ganglion of the marine mollusk Aplysia, large neurons were identified 

(such as LIO, R15 or L3) on the basis of morphological, biochemical, and electrical 

criteria (fCandel et al., 1983). 
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In the AL of Manduca sexta, it currently is possible to identify selected glomeruli 

out of the array of only 64 ± 1 ordinary glomeruli. In male moths, the identification has 

been accomplished by means of computer-generated maps of ALs and neiuroanatomical 

tracing techniques (Rospars and Hildebrand, 1992; in Blaberus: Rospars and Chambille, 

1989;). Another morphometric procedure to identify glomeruli, employed in our 

laboratory, is computer-assisted 3D-reconstruction techniques (Vickers and Christensen, 

1997; Vickers et al., 1998). The reconstruction method is very promising and enables 

mapping of physiologically characterized and intracellularly stained output neiirons onto 

single, anatomically identified ordinary glomeruli in female and male moths. 

The studies shown in this dissertation provide the first significant step of being 

able to identify individual ordinary glomeruli in female moths that are spatially distinct 

and physiologically characterized. 

E. Understanding the morphology and physiology of the AL. 

Extensive previous studies of the AL of male M. sexta (reviewed in Hildebrand, 

1995 and 1996) have established the feasibility of intracellular recording from and 

staining of individual neurons in the AL. Several classes of AL neurons, including 

various types of projection neurons and local intemeurons, have been physiologically and 

morphologically characterized, and the general principles of information processing at the 

level of the ordinary glomeruli have been elucidated (Christensen et al., 1993; BCanzaki et 

al., 1989). Anatomical studies have elucidated the organization of the neuronal elements 
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of the AL and the higher-order protocerebral pathways (Christensen et al., 1993; 

Christensen and Hildebrand, 1987a; b; Homberg et al., 1988; Matsumoto and Hildebrand, 

1981). Previous studies in females indicated that AL projection (output) neurons give 

characteristic responses to certain chemical compounds associated with plants 

(Christensen, Harrow, Waldrop and Hildebrand, unpublished work; Roche-King, 1997). 

The previous work, and the technical experience gained from it, has laid a foundation for 

my investigation of the AL in females. 

F. The AC group of cell bodies. 

Previous studies of the anatomical organization of the AL (Homberg et al., 1988 

and 1989) revealed a characteristic arrangement of the cell bodies of the ca. 1200 neurons 

of the AL in M. sexta. The cell bodies are concentrated in three distinct groups: a large 

lateral group (LC), a smaller medial group (MC), and a very small anterior group (AC). 

The number of somata per group in females was approximated as follows: LC: 974 ± 62; 

MC: 187 ± 6; AC: 17 ± 3 (Homberg et al., 1988). Owing to its small size, the AC group 

offers some advantages for experimentation. For example, it should be possible to 

morphologically and physiologically characterize most or all of the AC neurons 

repeatedly and thereby to build a detailed understanding of their flmctions in olfaction. 

AC neurons were visualized because their cell bodies stained more readily with the vital 

dye Neutral Red than MC or LC neurons (Hildebrand and Maxwell, 1980; Drs. Ecker, 

Tolbert, Matsumoto and Hildebrand, unpublished observations). Because of the ability of 
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this staining technique and because of the anterior location of the AC somata on the 

surface of the AL, they are easily accessible for intracellular recording. Furthermore, 

preliminary studies using intracellular recording and dye injections showed that AC 

neurons were uniglomerular output neurons with projections to the protocerebnim 

(Matsumoto and Hildebrand, 1981). Also, AC neurons responded to plant odors 

presented at high concentrations (Drs. Christensen, Harrow, Waldrop and Hildebrand, 

unpublished work). 

In the sections of this dissertation that follow, I present a series of studies aimed at 

further characterizing AC neurons and the glomeruli they supply and exploring their 

functional roles in central processing of olfactory information. 
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4. OLFACTORY STIMULATION 

4.1 Abstract 

For physiological studies of olfaction, odor delivery must be reproducible. 

Previous work on M sexta focused on processing information on sex-pheromones, and 

employed a "cartridge olfactometer" (Christensen and Hildebrand, 1987b) that is suitable 

for higher-molecular-weight volatile compounds, but less effective for smaller, more 

volatile compounds. Because the plant-associated odors tested are highly volatile, a new 

odor-delivery device was produced and then carefidly tested and calibrated. Testing of 

the device was accomplished by means of electroantemiogram (EAG) recordings from 

female antennae with (E)-2-hexenal as the odor reference stimulus. The results clearly 

demonstrated that the odor-delivery device can yield reproducible results, and that the 

EAG responses show dose-dependencies. Furthennore, the dynamic range of the antenna 

to (E)-2-hexenal was deteraiined to have an approximation for the concentration range 

most effective in eliciting an antennal response. 

4.2 Introduction 

Previous studies in our laboratory have concentrated on processing inforaiation on 

sex-pheromones in male M sexta moths. My work has focused on preliminary studies of 

plant-odor processing in the AL. The volatile compounds emitted by plant vegetation and 

flowers typically are C4-C,s compounds (Bemays and Chapman, 1994) and thus are of 

lower molecular weight and higher volatility than sex-pheromone components. Therefore, 
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the commonly employed odor delivery method for pheromone components was miable to 

ensiure constancy of consecutive odor stimulation. The traditional method used in 

previous studies involved small glass cartridges each containing a piece of filter paper 

loaded with drops of odors. The cartridges were positioned 2 cm from the antennal 

flagellum. After uncapping the odorant-bearing cartridge, a pulse of air was diverted by 

means of a solenoid-activated valve through the cartridge, thereby delivering the odor to 

the flagellum (Christensen and Hildebrand, 1987b). If the delivery method had been 

employed with highly volatile plant odors, it would not have ensured constant odor 

stimulations for more than one day, in which case new odor cartridges would have to be 

made up daily. In addition to possible dosage variations, this would not have been 

economical. Therefore, a new type of delivery system, with a motor-driven syringe 

olfactometer, was developed and modified to accommodate plant-related odors. 

The design concept and the usefulness of this type of olfactometer was already 

established by several researchers (Boeckh, 1962; ICafka, 1970; Kaissling, 1974). As 

early as 1962, electrophysiological research was carried out on olfactory receptors on the 

antenna of Necrophorus (Coleoptera), employing a delivery for the presentation of 

volatile substances such as rotten, volatile meat odor (Boeckh, 1962). The delivery device 

included a stream of air flowing constantly over the anteimal preparations between odor 

stimulations, to prevent extraneous odors from reaching and stimulating the receptors. 

The odor was injected into this stream of air to allow a quick on- and offset of the pulse. 
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BCafka (1970) in his studies on the receptors of Locusta migratoria fiirther 

developed and fine tuned the delivery method by using plastic syringes to contain the 

odor mixture. Inside the syringe the odor was placed into an uncapped glass vial. 

"Syringe olfactometers" have the advantage of producing a saturated constant vapor 

pressure in the air suiroimding the odor. The constant vapor pressmre ensures that every 

consecutive stimulus pulse, pushing odor out of the equilibrated system, has a very high 

degree of reproducibility. The studies by Kaissling (1974) also involved measurements of 

the stimulus quantity (number of molecules hitting the anteima). Additional advantages of 

using a syringe olfactometer include: mechanical and electronic control over the delivery; 

preparation of a large number of readily available syringes before the experiments start, 

quick exchanges of odor syringes; little contamination by other odors not belonging to the 

current odor pulse; and finally, adaptation of most of the mechanosensory receptors by 

means of the constant air stream (see Results); 

The chapter describes the experiments performed to test and calibrate the odor-

delivery device to ensure that the device yields reproducible results. By means of 

electroantermogram (EAG) recordings with isolated antennae with (E)-2-hexenal as the 

standard odor stimulus over a large concentration range, the following questions were 

addressed; 

Does the new syringe olfactometer deUver consistent doses across the intended 

experimental range of odors? 
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What is the degree of reproducibility of the stimuli delivered (for example, over various 

time periods)? 

What is the dynamic range for the antenna to (E)-2-hexenaI, a typical plant-derived 

odorant? 

What is the overall responsiveness and sensitivity of the antenna to (E)-2-hexenal? 

4.3 Materials and Methods 

Preparation 

The giant, night-flying hawkmoth Manduca sexta is used as the experimentally 

favorable animal model. Moths are reared on an artificial diet (modified firom Bell and 

Joachim, 1976) and cared for in the departmental rearing facility (Tolbert et al., 1983) in 

a 17 hr light: 7 hr dark cycle. 

Odor-delivery device 

Figure 4.1 shows the basic components of the experimental design for stimulating 

the antenna with odors (schematic drawing). The functional significance of the 

components and how they interact with each other is delineated, while the mechanical 

and electronic aspects of the equipment are described in the appendix. 

The principal component is the motor-driven "syringe olfactometer" which is 

controlled by an electronic control box that regulates stimulus parameters such as odor 

delivery speed and duration of odor pulse (amount of odor-air volume discharged from 
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the syringe). The control box is connected via a multi-channel computer interface to a 

computer and monitor. A computer software program (courtesy of Dr. B. Waldrop, 

written in the "Asyst" programming language) permits the operator to pre-program and 

pre-select signal parameters such as; number of piilses, delay, interval and duration of 

stimulations. When the motor is activated, the plunger of the odor-containing syringe is 

pushed down part way, thereby injects the odor into the glass tube that carries the 

stimulus to the preparation. This is followed by collecting EAG responses (see below). 

A constant stream of himiidified air was used to keep the antemia moist and 

physiologically intact for as long as possible. The air was filtered to avoid contaminants 

such as certain chemicals or dust particles reaching the receptors. Also, the air was 

metered to adjust the air flow rate. The use of a constant air stream serves two purposes, 

first to adapt out the mechanosensory receptors on the antemia (Kafka, 1970) and second 

to terminate quickly an odor stimulus because the air stream carried the odor away. Also, 

within the glass tube, the least amount of contamination is expected because the odors 

were constantly moved to the outside. 

To guard against contamination of the air surrounding the antemia, a suction 

funnel was employed. The 20-cm long funnel was comiected to a house vacuimi outlet in 

the room via Tygon tubing. A funnel was important because air contamination could lead 

not only to more rapid receptor adaptation but also to "false" EAG responses to 

subsequent odor stimulations. The efficiency of the suction funnel, gently drawing the 
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discharged odor away firom the preparation, was tested successfully with TiCl4 fumes 

which were blown onto the antennal preparation and observed to move into the funnel. 

The parts and materials used in this experimental design are described below in 

more detail. The 20-cc syringes used were made of plastic (but without any Silicone 

rubber that could absorb the odor) and had an eccentric tip 2 mm in diameter (DIN 

13098-A-20LN; B. Braun Melsungen AG, Germany). The tip was covered with a LUER-

LOK plastic tips from a standard B-D 3-cc syringe (Becton, Dickinson and Company) to 

prevent any difiusion of the odor out of the syringe. To minimize mechanical or electrical 

interference noise from the olfactometer and/or motor, the main body of the syringe was 

wrapped in a single layer of heavy duty aluminiun foil (Reynolds Wrap). The syringes 

were reused for two to three weeks, then discarded and replaced with new ones. The 

odorant was poured into a short glass cup (1-cm in height and 1-cm in diameter; cut from 

standard glass vials, model no. 063085C35, Baxter Scientific). The glass cups and the tips 

(to cover the syringe tip) were periodically cleaned by washing them with acetone and, in 

the case of the cups, by baking them in an oven at 140° C overnight before reuse. The 

odorant was injected into a glass tube that had a 90°, "L"-shaped smooth bend, with a 

hole (1-cm in diameter) in the bend area to insert the syringe tip (see in schematic 

drawing) and a flattened out opening at the end (1.1 cm X 0.5 cm) to supply more 

receptors more evenly when the odorant was pushed through. The dimensions of the glass 

tube were as follows: 0.9 mm ID and 1.1 mm OD of the tube, length of the lower part of 

the "L" is 11 cm, hole is 2.5 cm away from inner bent edge (built in the Chemistry glass 
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shop). A constant stream of charcoal-filtered, humidified (distilled water inside a fiask) 

and metered (flow meter) house air moved through the tube, which cairied the odor 

stimulus to the antennal flagellum. The tube was directed at the antenna from 1.5 cm 

away, and the antenna was positioned in parallel to the flattened end of the tube. A 

thermometer was placed inside the humidifier flask, but outside the water, to record 

changes in the house air temperature. These temperatures ranged fix)m about 17° C to 23° 

C, depending on outside air temperature, humidity and atmospheric pressure. 

Preparation of odor stimuli 

The only odorant tested in this study was (E)-2-hexenal, a typical plant-associated 

volatile compound commonly found in, for example, the headspace of tomato leaves 

(Buttery et al., 1987a). This stimulus was delivered in a broad range of 10 concentrations, 

with serial dilutions made up in odorless, white and light mineral oil ("Nujol", Sigma, no. 

8042-47-5), which is chemically more inert than volatile solvents such as hexane. The 

solutions used to change syringes were: 1:10 (16.9 mg (E)-2-hexenal /I |al solution), 

1:100 (1.7 mg/1 ^1), 1:500 (0.85 mg/1 ^1), 1:1000 (0.17 mg/1 ^1), 1:5000 (85 \ig/\ ^1), 

1:10000 (17 ng/1 Hi), 1:50000 (8.5 ^g/l ^l), 1:100000 (1.7 ^ig/l ^1), 1:1 million (0.2 

|xg/l |il), 1:10 Million (0.02 ^ig/1 |al); The value of the specific gravity (density) of (E)-2-

hexenal was considered when calculating how much mass per volume to use for each 

dilution. A total volume of 200 ^il of a given odor-oil dilution was placed into an 

uncapped glass vial, which was placed at the bottom of the syringe. The volimie of200 |j.1 
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was sufficient to equilibrate with the air in the syringe and to provide a reproducible odor 

stimulus. The air in the syringe became equilibrated with the odor within a few hours, 

leading to a constant vapor pressure in the air stirrounding the odor source (Kafka, 1970), 

and such syringes could be used repeatedly for up to 17 days. 

For dynamic-range experiments (see below for experimental protocol), a total of 

24 different syringes were prepared the night before the first delivery (stored in the 

refrigerator at night): two syringes for each odor concentration, one "original" and one 

identical "duplicate" syringe; and two different types of blank control stimuli, an empty 

glass vial and one filled with mineral oil. The storage overnight allowed enough time for 

equilibration inside the syringes and for readying all stimuli before the experiment started 

(stored at room temperature before and during the experiment). For experiments to test 

reproducibility, (see below), a total of five identical syringes, plus two blank stimuli were 

made up. Care was taken to ensure that the "original" and "duplicate" syringes produced 

the same EAG responses; this allowed the data to be pooled. 

Electroantennogram recording 

Electroantennograms (EAGs) record the sunraied "population response" from the 

olfactory receptor cells of the antenna more or less simultaneously (Schneider, 1969; 

Bjostad and Roelofs, 1980; Dickens et al., 1993). The larger the EAG magnitude, as 

indicated by the slope and length of downward deflection after stimidus onset, the higher 
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the niunber of "participating" olfactory receptors. EAG recordings are used as indicators 

for the overall responsiveness of the antenna. 

About half an hour before the beginning of an experiment, an antenna was 

separated from the head of a recently emerged (within one day) female moth and prepared 

for EAG recordings. The antenna was prepared by cutting the distal end of the antenna 

and placing it into a recording pipette (held in an electrode holder) that was filled with 

physiological saline solution (150 mM NaCl, 3 mM CaCli, 3 mM KCl, 10 mM TES 

buffer (pH 6.9); modified from Pichon et al., 1972). The proximal end of the antenna was 

placed into a large drop of saline solution (including 25 mM sucrose) that was surrounded 

by a barrier of modeling clay in a Sylgard-coated dish, which also contained the end of 

the reference (indifferent) electrode. The isolated antennal flagellum was prevented from 

drying out and kept physiologically intact for up to three hours. The EAG data were 

ampUfied with an Axoprobe-IA (Axon Instruments amplifier), fed to an oscilloscope for 

viewing responses instantly, and also stored on VCR recording tapes (Panasonic VCR 

recorder with a 5-channeI Vetter modulator) for later analysis. 

Experimental protocol for the dynamic range study 

In this experiment, we tested over 17 consecutive days the responses of 17 

different antennae (one per day) to (E)-2-hexenal diluted in 10 different concentrations 

(see above). Every day, each concentration was tested twice ("original" and "duplicate" 

syringes), and each of the two types of blank stimuli also were tested twice. In addition. 
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each of these 24 syringes was used three times for stimulations. An odor-containing 

syringe was stored overnight with the plunger fiilly withdrawn and for the first stimulus 

(of 200 ms duration) of the experiment of a given day a certain amoimt of the odor-air 

volume was pushed out. Before the next stimulus fit)m the same syringe was delivered, 1 

min elapsed to keep the time interval between stimulations always constant. The second 

and third stimulus pulses pushed out the same amount of odor-air volume, as the plunger 

of the syringe moved stepwise through the barrel. The experiment was started with the 

syringe containing the lowest concentration and ended with the highest concentration, 

followed by the same stimulation order of the "duplicate" syringes. 

Experimental protocol for the reproducibility study 

Reproducibility of stimuli within a syringe and between five identical syringes 

was tested. All syringes were loaded with the same concentration of (E)-2-hexenal, 

namely the concentration in the medium dynamic range of the antenna (dilution of 

1:500), as determined in the previous study. Each of the 33 antennae tested was 

introduced to five identical odor-containing syringes and to the two types of blank 

syringes. There were five consecutive stimulations delivered with each of the five odor-

containing syringes and one stimulus each with the blank stimuli. The time interval 

between stimulations was 1 min. In addition, this test series was repeated three more 

times (with different antennae) using various other time intervals such as 30 sec, 1.5 min 

and 2 min. 
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Data analysis 

The data were printed out on chart p^er using a Gould chart recorder, followed 

by analysis of the recordings of the EAG responses to various concentrations of (E)-2-

hexenal. The peak amplitude of the EAG responses in mV (negative deflection measured) 

were all corrected by subtracting the response of the oil control stimulus and normalized 

to the highest mV-value measured within one experiment In the case of the dynamic-

range study, "one experiment" means that all the data within one day, obtained from one 

anterma, were normalized to 1.0. In so doing, the three values from the triple stimulation 

of the "original" and the three values from the "duplicate" syringes were averaged for 

each concentration. In the case of studying reproducibility "one experiment" included 

either all the data from five syringes and five stimulations each, tested on one anterma (to 

analyze between syringes) or all the data firom five consecutive stimulations with one 

syringe (to analyze within a single syringe). The results of the responses from different 

antennae to identical types of stimuli were pooled, keeping the data sets for the various 

time intervals between pulses separate. 

4.4 Results 

Testing and calibration of the odor-delivery device 

A prerequisite for the physiological characterization of AC neurons to highly 

volatile odors is that the syringe olfactometer must deliver odor pulses in a reproducible 
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and constant way. To test this, to calibrate the olfactometer, and to check for dose-

dependency, EAG recordings from several female anteimae to a (E)-2-hexenal were 

performed over a wide range of concentrations (log -4 to log 2, respectively 0.02 to 

17000 ^g/1 nl). 

The dynamic range experiment was designed to a) test the dose-dependent 

behavior of anteimae, b) determine the dynamic range of the antenna, and c) test the 

reproducibility of stimulations (within and between syringes). The dose-response curves 

in figure 4.2 clearly indicate that the syringe olfactometer behaves in a dose-dependent 

way with increasing concentration and that the same syringes are able to produce over at 

least 17 days very similar results (note overlapping of the curves). That means that the 

initial hypothesis of stronger responses with higher concentrations tumed out to be true. 

The dynamic range of the antenna to (E)-2-hexenal was also delineated: between 1.7 mg 

and 0.17 mg mass/ 1 ^il. 

The reproducibility experiment was designed to test the reproducibility of 

consecutive stimulations within syringes, which means to analyze differences in the odor-

airspace along the barrel of the syringe. For example, the odor-air volume next to the 

plunger should produce the same response as the volimie next to the syringe tip. The 

experiment was also designed to test between multiple, but identically prepared syringes 

(medium dynamic concentration range). The results in figiffe 4.3 demonstrate that there is 

a high degree of reproducibility with only 15-20% variability among the EAG responses 

(both between and within syringes). Moreover, the effects of various time intervals 
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between stimulations (30 sec, 1 min, 1.5 min and 2 min) were analyzed. The resiilts 

indicate that the EAG responses were not significantly affected by different stimulus 

intervals tested (but at least 30 sec were necessary). Other factors possibly influencing the 

efSciency of this system were also checked such as equilibration time of the syringes 

(four hours were sufficient) and temperature of the syringe when used (room temperature 

was optimal). 

4.5 Discassion 

The physiological characterization and screening for response specificity of AC 

neurons to plant-associated volatiles required that the odor delivery is reproducible and 

constant. Therefore, we developed and modified a new type of delivery system, a motor-

driven syringe olfactometer, which was tested and calibrated. In summary, the results of 

the EAG recordings clearly show that consecutive odor stimulations yielded highly 

reproducible and consistent EAG responses, over several days and within and between 

syringes. This instills confidence in using the odor-delivery device for volatile plant-

related stimuli. The remaining degree of variation in the data set (15-20%) could be 

explained by the fact that antennae from different moths vary in their sensitivity and 

degree of adaptation to any odors. The dynamic concentration range of the antenna was 

also determined to illustrate the sensitivity threshold of the peripheral olfactory system to 

(E)-2-hexenal. The results of these studies are consistent with the results reported in male 

and female M sexta moths (Schweitzer et al., 1976; Christensen et al., 1994). 
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Fig. 4.1 Schematic drawing of the experimental and olfactory stimulation set up. The set 

up for the odor delivery consists of several parts: syringe (containing the odor), 

olfactometer (driven by a motor, connected to an electronic box), glass tube (into which 

the odor is injected) and the animal preparation. There is constant stream of filtered, 

humidified and metered air passing through the glass tube, which carries the odor to the 

preparation set up. The tested odor is gently drawn away by a vacuiun supply through a 

funnel. The signals from the intracellular and EAG recordings are amplified and the data 

are stored. 
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Fig. 4.2 Electroantennogram-derived dose-response curves of female antennae to (E)-2-

hexenal, measured over 17 days (data of many animals per day are pooled). Depicted are 

to 100% normalized peak EAG responses to increasing odor concentrations. The dynannic 

range of the antenna to (E)-2-hexenal was between 1.7 mg and 0.17 mg mass/1 jal. (the 

steepest slope). 
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Fig. 43 Reproducibility and constancy of odor stimulations within and between syringes. 

Five identical syringes were tested multiple times a day, with consecutive stimulations 

within a single syringe. All syringes were loaded with the same concentration of (E)-2-

hexenal. 
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5. ANATOMICAL SPECIFICITY IN THE ANTENNAL LOBE 

OF MANDUCA SEXTA: A SUBSET OF PROJECTION NEURONS 

INNERVATES TWO GROUPS OF GLOMERULI 

5.1 Abstract 

One goal of the research was to test the hypothesis that an identifiable subset of 

ordinary, olfactory glomeruli in the anteimal lobe (AL) of female Manduca sexta has 

significance for processing of odors. Therefore, the morphological characteristics of the 

neurons innervating ordinary glomeruli required study. The cell bodies of the neurons are 

situated in one or two clusters (primary and satellite) on the anterior surface of the AL, 

called the anterior cell body group of neurons (AC). The constant position of 14-20 

somata allows one to go back to them repeatedly and selectively. To examine the 

morphology and anatomical arrangement of the somata, both intracellular and mass-

labeling techniques were used. Intracellular staining of single AC neurons confirmed that 

they are uniglomerular output neurons (Romberg et al., 1988) and showed the dendritic 

trees in glomeruli consist of several stout branches and a characteristically dense system 

of dendritic processes. Another common feature is the presence of collaterals among AC 

neurons (although their branching pattern can differ), at least for the neurons that supply 

AC glomeruli in the dorsal and medial AL. The collaterals originate close to the base of 

the glomerulus and might provide communication between adjacent AC neurons and 

other elements entering or leaving nearby glomeruli. Tertiary branches that extend from 

one of the main dendritic branches and ascend outwards to the distal part of the 
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glomerulus are often, but not always present, thereby illustrating an important difference 

in the morphology of various AC neurons. The tertiary loop fibers could represent 

feedback loops fix)m the spike initiating zone to the level of olfactory receptor terminals 

or, alternatively, provide a fast shunt-forward from the level of receptors to the spike 

initiation zone. 

Mass-labeling of the AC population showed that AC neurons innervate two 

groups of AC glomeruli: one group comprises about five glomeruli located dorsally and 

medially in the posterior part of the AL ("DMP glomeruli"). The other group is situated 

dorsally and anteriorly in the AL and appears to consist of a single glomerulus ("DA 

glomerulus"). Approximately two to three AC neurons innervate each glomerulus in the 

two groups. In addition, AC glomeruli are innervated by projection neurons originating 

from the medial group of AL neurons (MC), by local intemeurons, and by projection 

neurons derived from the lateral group of cell bodies (LC). Knowledge of the anatomical 

organization of AC glomeruli and the physiological response specificities to selected 

odors of projection neurons leaving the glomeruli (see chapter 6) will allow inferences 

about the odor-integrative properties of AC glomeruli. 

5.2 Introduction 

The anatomical organization of the AL of the sphinx moth Manduca sexta is 

described in detail in the introductory chapter. In brief, the cell bodies of AL neurons are 

arranged in three distinct groups at the perimeter of the AL neuropil: the lateral (LC) 
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group, contains local intemeurons and uni- and multiglomerular projection neurons and 

the medial (MC) and the anterior (AC) groups contain only uniglomerular projection 

neurons (Homberg et al., 1988; Matsumoto and Hildebrand, 1981). 

The focus of the morphological study is the AC group of AL neurons, whose 

location allows an investigator to identify them reliably for morphological and 

physiological studies. Also, only 14-18 neurons are in this group increasing the likelihood 

that the behavior of the entire population can be understood. The first step in the study 

was to examine the morphology of AC projection neurons, including the shape of 

neurons and location of the dendritic arbors within the glomeruli. Anatomical specificity 

within the AL, for example, a restricted projection pattern of the AC group, could 

potentially influence the physiological responses. The chapter lays the anatomical 

groundwork for fimctional studies of AC neurons, including those described in chapter 6. 

5.3 Materials and Methods 

Preparation 

Manduca sexta (Lepidoptera: Sphingidae) moths were reared as described in 

Tolbert et al. (1983). All experiments were performed on females, mostly on adults 

within one day after eclosion, or on stage-7 pupae. 

For the adult preparations, the head was cut off, the head capsule was opened, and 

the brain with the ALs was exposed. This head preparation was piimed down in a 

Sylgard-coated dish with insect pins and superfiised with oxygenated physiological saline 
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solution (150 mM NaCl, 3 mM CaCk, 3 mM KCl, 25 mM sucrose, 10 mM TES buffer 

(pH 6.9)) (modified fix>m Pichon et al., 1972) to keep the brain moist and physiologically 

healthy and active for an average of about 2 hours. The ALs were carefully dissected and 

freed from trachea, fat body, and other tissues overlying the brain, and then each was 

mechanically desheathed to permit access to the frontally located AC neurons (previously 

described in Christensen and Hildebrand, 1987). 

For the stage-7 pupa preparations, the pupae were cooled on ice for about 45 min 

to immobilize and anesthetize them before the head was opened and the brain removed. 

After transferring the brain into a drop of physiological saline solution in a Sylgard-

coated dish, the ALs were exposed and cautiously desheathed to avoid damage to the AC 

somata. 

Peripheral staining of neuronal cell bodies 

To stain and visualize the cell bodies of the AC neurons, a few drops of the vital 

dye Neutral Red (Allied Chemical, no. 676; 0.002% in physiological saline without 

sucrose) were placed over the two ALs for about 5 min. Once the pink-stained somata 

could be visualized under a binocular microscope (Wild MSA), the drops were flushed 

away with saline solution. Oblique, lateral illumination of the preparation with a fiber

optic illmninator (Dolan-Jenner Industries, Inc.) aided in visualizing the AC cell bodies 

of adult and stage-7 pupae. 
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Camera lucida drawings 

To describe AC cell bodies in terms of their sizes and the position of the whole 

group in the AL, camera lucida drawings of whole-mount brain preparations were 

constructed. Adult female brains were prepared as described above and the AC somata 

were stained with Neutral Red (see above). The brains were then transferred onto glass 

slides. Each preparation was positioned and oriented in the same way on the slide to 

minimize drawing errors resulting fix)m slight differences in orientation of the ALs. 

Intracellular staining of an identifiable subset ofsingle neurons 

To characterize individual adult AC neurons morphologically, their cell bodies 

were first stained with Neutral Red (see above) to produce a visual target area for 

penetration into a single cell body with a micropipette. The following paragraph outlines 

the intracellular recording technique. Penetrations into cell bodies were chosen, instead of 

penetrations into axons or dendrites, because of the accessibility and relatively easy 

identification of AC cell bodies. In addition, this allowed the investigator to go back 

repeatedly and selectively to the same subpopulation of neurons. Intracellular 

micropipettes were pulled firom quartz glass (O.D. 1.0 mm, I.D. 0.7 mm, with filament, 

Sutter Instrument Co.) on a laser puller (Sutter Instrument Co., Model P-2000). The tip of 

the pipette was filled with a 3% Lucifer Yellow solution (in 2M LiCl in distilled water, 

Sigma), and the shaft was backfilled with 2M LiCl solution, resisting in an average 

resistance of 30 to close to 0 MQ. The use of hard and low-resistance quartz instead of 
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softer borosilicate glass was necessary because of the firm perineural sheath. 

Occasionally, a recording was made fix)m a single AC primary neurite situated under the 

cell body group. After physiological characterization and odor screening of an AC 

neuron, fluorescent dye was injected iontophoretically by applying a 1.0 nA 

hyperpolarizing current for about 5-15 min (Axoprobe-IA, Axon Instruments). 

Afterwards the brain was dissected out of the head capsule, fixed in a 2.5% formaldehyde 

solution (in 0.1 M phosphate saline buffer with 3% sucrose) for a minimum of one hour, 

dehydrated through a graded ethanol series (50-100%), and cleared in methyl salicylate. 

The cleared brains were prepared as whole-mounts on slides and screened for staining 

using either a Zeiss microscope equipped with fluorescence optics and/or with a BioRad 

laser-scanning confocal microscope (457 nm excitation filter, 510 nm emission filter and 

470 nm dichroic filter). Successfiilly dyed AL preparations were embedded in Spurrs, 

sectioned horizontally or frontally at either 48 or 72 ^m with an ultramicrotome 

(American Optical Corp.) and examined with confocal microscopy. 

Mass-labeling of AC neurons 

Two different mass-labeling techniques were performed to answer two different 

types of questions: (a) mass-labeling of the entire AC group by staining as many AC 

somata in one AL as possible to determine whether AC glomeruli were dispersed widely 

or discretely in the AL; (b) dye application to a small glomerular area that is innervated 



65 
by AC nexirons to determine whether other types of AL neurons also innervate AC 

glomeruli. 

Mass-labeling of AC neurons. Female brains were dissected out of stage-7 pupae 

(as outlined above) and fixed for 1-2 days in a solution containing 4% paraformaldehyde 

and 0.15% glutaraldehyde in 0.1 M PO4, pH 7.4 (Malun et al., 1994). Stage-7 pupae were 

used instead of adults because preliminary experiments showed that the lipophilic dyes 

Dil and DiO failed to stain adult neurons reliably. Other projection neurons in the AL 

have established their position and basic glomerular architecture by stage 7 (Malun et al., 

1994). 

Before dye application, the brains were rinsed in phosphate-buffered saline (PBS, 

pH 7.4), and the cell body cluster was stained peripherally with Neutral Red for about 5 

min. The brain was then transferred into a small droplet of PBS on a glass slide and 

positioned under a dissecting microscope for identification of the AC cell body group. A 

crystal of DiO (Molecular Probes, no. D-275) was placed onto a broken, wet tip of a 

borosilicate glass pipette, which was positioned with a Leitz micromanipulator and 

touched briefly to the dried surface of the cell body group. When the group was separated 

into discrete clusters (in about 50% of the cases), a crystal was placed onto each of the 

clusters separately. The brains were returned to the fixative solution and kept in the dark 

for 6 days at room temperature to allow the dye to diffuse. 

After this step, the brains were rinsed in PBS and incubated in 0.1 mg RNase 

(Sigma no. R5503) for 15 min to minimize the staining of ribosomal RNA in glial cell 
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processes (Oland and Tolbert, 1987). To label cell nuclei, including those of the glial 

cells that delineate the borders of glomeruli, the brains were incubated for 15 min in 25 

propidium iodide (PI) (Molecular Probes, no. P-1304), and washed again in PBS. 

After embedding each brain in low-temperature agarose (7%), the brains were sectioned 

horizontally with a vibrating microtome (Lancer Vibratome Series 1000) into 100-|im-

thick sections which were mounted on glass slides in 60% hypaque meglumine 

(Winthrop Pharmaceuticals; Malun et al., 1994). Sections were examined within two to 

four hours with confocal microscopy (see below), using two separate channels for the 

DiO and PI signals and appropriate optical filters. 

Mass-labeling of neurons associated with AC glomeruli. Female adult brains were 

prepared as discussed above and superfused with physiological saline. The tip of a blunt 

borosilicate glass electrode (O.D. 1mm, I.D. 0.7mm, World Precision Instruments) was 

filled with a 1% Dextran/Rhodamine solution (in distilled water), and the shaft was 

backfilled with IM LiCl. The electrode was inserted deep into the AL neiu'opil where the 

AC glomeruli were known to be located. A negative current of 5 nA was appUed for 

about 15 min. During iontophoresis, room illumination was kept to a minimmn to avoid 

bleaching the light-sensitive fluorescent dye. After injection of dye, the brain was 

removed from the head, transferred into a fixative solution (2.5% formaldehyde in 0.1 M 

PBS with 3% sucrose) and refiigerated for about 1-3 days before dehydrating (through a 
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graded ethanol series) and clearing the tissue in methyl salicylate. Whole-mount 

preparations were screened and prepared for confocal microscopy as described above. 

Laser-scanning confocal microscopy and image processing 

A BioRad MRC-600 laser-scanning confocal microscope was used to examine the 

fluorescent-dye stained preparations. The system was a Nikon Optiphot-l microscope, 

equipped with a light source, a 100-mW Argon or 15-mW Krypton/Argon laser with 

appropriate dichromatic filter cubes (Sun et al., 1993). The digital images were analyzed 

and processed with one or more of the following software programs: Confocal Assistant, 

Photopaint, Powerpoint and Corel Draw, hnage processing consisted of adjusting the 

contrast and brightness of images and superimposing images fix)m difTerent histological 

sections (2-D reconstruction of AL structures). 

A spatial map of the AL depicting the glomeruli irmervated by AC neurons was 

constructed firom 2-dimensional projections of the AL by outlining each glomerulus onto 

a transparency that was laid over the image (horizontal plane). To acconmiodate small 

variations in size among the different preparations, each 2-dimensional AL image was 

first adjusted to the same size, so that all the AL edges could be overlaid. The AL images 

were then positioned so that all AL outlines could be superimposed, ensuring the same 

orientation. Frontally cut preparations firom this series of experiments showed the same 

results, but were not included in the map. 
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5.4 Results 

Anatomical organization of the brain of adult female Manduca sexta 

Figure 5.1 illustrates the anatomical organization of the adult brains of males and 

females. Viewed frontally, three cell body groups are visible at the perimeter of the AL: 

the AC, MC, and LC cell body groups. Romberg et al. (1988 and 1989) estimated the 

number of somata per group and the types of neurons comprising each group in females 

as follows: LC group: 974 ± 62, including local intemeurons and uni- and 

multiglomerular projection neurons; MC group: 187 ± 6, exclusively uniglomerular 

projection neurons; AC group: 17 ± 3, believed to consist entirely of uniglomerular 

projection neurons. A Bodian-stained AL preparation illustrates several AC and LC cell 

bodies, receptor axons and "coarse" neuropil (figure 5.1). Several axons of AL projection 

neurons enter the inner antenno cerebral tract (iACT) and then project to the ipsilateral 

protocerebrum. 

Figure 5.2 shows a frontal view of an unstained AL imaged with a laser-scaiming 

confocal microscope. In about 50% the preparations, the AC group is separated into two 

distinct clusters of cell bodies, a primary cluster and a satellite cluster, that are visible 

through their lack of autofluorescence. The primary cluster contains large cell bodies 

(about 10-20 |am each) and is located more laterally with respect to the satellite cluster, 

which has smaller cell bodies (6-12 |im). The number of somata in each cluster and the 

packing density of the cell bodies vary from animal to animal. The primary cluster in 
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figure 5.2 shows about 11 somata, and the satellite cluster shows about 10 somata. In 

sunimary, when two clusters are present, the number of somata in the primary cluster 

ranges from 9 to II and the number in the satellite cluster ranges from 10 to 13. In those 

animals where the two clusters are coalesced into a single group, the nimiber of somata 

ranges from 14 to 18, close to the estimated number reported previously (17 ± 3; 

Romberg et al., 1988). 

The position of the cell bodies within the group as well as the location of the 

group within the AL, in the two ALs of the same animal, and across different animals 

also was investigated. Figure 5.3 shows camera lucida drawings of whole-mount brains in 

which AC cell bodies are revealed with the dye Neutral Red. AC neurons are outlined in 

each of the 12 representative AL examples and illustrate a degree of variability among 

different ALs in terms of overall size of the group, and the position of the group within 

individual ALs, as well as between the two ALs of the same female, and across different 

ALs of different animals 

Morphology of individual AC neurons 

Intracellxilar staining of single AC neurons with the fluorescent dye Lucifer 

Yellow revealed the location of the dendritic arborization areas within the AL and the 

morphological characteristics of their dendritic branches (trees or tufts). Figures 5.4a,b 

show an intracellularly stained neuron imaged with a laser-scanning confocal microscope 

and illustrate anatomical details of an AC neuron of an adult female. The soma gives rise 
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to a primary neurite that projects posteriorly and medially as it traverses the central 

neuropil of the AL to finally enter a single medially located glomerulus. The axon 

originates as a thick initial segment that is surmounted by an extremely dense system of 

dendritic processes and leaves the AL. AC neurons can be identified as uniglomerular 

projection neurons which corresponds to earlier findings (e.g., Matsxmioto and 

Hildebrand, 1981; Romberg, 1988, 1989). The morphological details of the branching 

pattem of an AC neuron are illustrated at higher magnification in figure 5.4b. The 

primary neurite branches near the base of the glomerulus to provide several secondary 

branches that enter the glomerulus proper. These branches give rise to an exceedingly 

high density of tiny branches at the outer margin of the glomerulus, a feature which is 

common in AC neurons. The figure also shows small diameter collaterals possibly 

originating firom the initial segment of the axon close to the base of the glomerulus. The 

collaterals appear to be a common but not universal anatomical feature amongst AC 

neurons supplying AC glomeruli. The function of collaterals might be to provide 

communication among intrinsic neuirons serving adjacent AC-innervated glomeruli. Some 

of the morphological characteristics are similar amongst AC neurons, but are not 

identical. The dendritic tufls have a similar location within the AL and several collaterals 

are present in the subglomerular neuropil (figures S.Sa-c). Collaterals possibly extend 

fix)m the axon's initial segment and which arborize beneath the adjacent glomerulus. The 

axons leave the AL via the dorsal root of the iACT toward the protocerebrum. Moreover, 

the high density of AC dendritic branches (figures 5.5b,c and 5.6b) is a common feature 
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among AC neurons. In addition, the thickness of the primary neurite near the entrance of 

the glomerulus and the "multiprong-like" arrangement of secondary branches also 

characterize AC neurons. Ascending tertiary branches (figures 5.5b and 5.6b) bypass 

most of the dendritic arbor, extending outwards to one side of it and entering the distal 

level of the glomerulus. Tertiary branches are not common to all AC projection neurons 

and were not observed in all preparations (for fimctional speculations, see Discussion). 

A 2D-reconstruction of another Lucifer Yellow-stained AC neuron mapped onto 

an individual glomerulus in the AL is shown in figures 5.6a,b. The dendritic tufl supplies 

a glomerular area in the dorsal and anterior AL. The tuft again demonstrates three tertiary 

ascending branches that curve around outside the main tuft, and turn to arborize in the 

distal level of the glomerulus. Note that this curious feature is also seen within AC 

glomeruli located in the medial AL region (figure 5.5b). 

Axonal labeling was difiBcult to achieve in these preparations. Usually the axon 

could be traced into the ipsilateral protocerebrum where it entered the iACT (figure 5.5a) 

Assuming that the axons of AC neurons follow the iACT (6 out of 19 preparations had 

axonal labeling; figures 5.4a and 5.5a) they might send collaterals into the calyces of the 

mushroom bodies and then project to the lateral hom of the protocerebrum as is known 

for other types of uniglomerular projection neurons (Romberg et al., 1988). 
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AC glomeruli in the AL 

To examine the projection areas of all of the AC neurons within a single AL, 

several AC somata (of stage-7 pupae) were stained with DiO, and glial-cell nuclei were 

stained with propidium iodide to delineate the glomerular borders (figures 5.7 and 5.8). 

At least four AC cell bodies can be counted, with 11 somata present in adjacent sections. 

Several fasciculated receptor axons and receptor endings are labeled as well. Two 

separate fascicles of neurites extend in a common posterior and medial direction and 

serve two to four glomeruli in the dorsal and medial area of the AL. Also, slender 

collaterals are identified in the subglomerular neuropil of these pupal preparations. 

Dendritic tufls in a stage-7 pupa have already acquired many morphological features 

characteristic of AC nexirons in adult ALs, such as, for example, the high density of 

minute distal branches (figure 5.8). 

Mass-labeling was carried out on 30 ALs. Labeled glomeruli were foimd in the 

same two AL regions in which intracellularly filled AC neurons have been demonstrated 

to arborize. Thus, the results firom filling single neurons and groups of neurons 

complement each other. 

Low power laser-scanning confocal images (figure 5.9) were used to demonstrate 

the arrangement of glomeruli innervated by AC neurons. Each glomerulus was outlined 

in each preparation (n=30), and the resulting traces were superimposed (see Methods). 

The data are grouped according to the nimiber of glomerular areas stained in a given AL 

preparation: group A consists only of ALs that had stained glomeruli in both glomerular 



73 
groups (figure 5.10a), and group B contains ALs with stained glomeruli in only one 

group of glomeruli (figure 5.10b). In no preparation is the small group ever labeled on its 

own. A combined map is shown in figure 5.10c, illustrating the locations of both 

glomerular groups in a generalized AL: the large group located 

dorsally/medially/posteriorly ('T)MP" group of glomeruli) and the small group located 

dorsally and anteriorly ("DA" group of glomeruli). 

The validity of the above results depends on knowing that all or ahnost all of the 

AC somata were stained. Counts of the AC cell bodies or their nuclei were made with 

laser-scaiming confocal microscopy. To compensate for the possibility of counting the 

same soma twice in adjacent sections or projections (because a cut soma might have been 

included in both), the cell nmnber estimate was corrected according to the Abercrombie 

correction formula: P = AxM / L+M (Abercrombie, 1946; P=average number of cell 

bodies per section; A=crude count of cell bodies seen in the section; M=thickness of the 

section in |im; L=average length of the cell body). The number of glomeruli involved in 

the DMP group was approximated by counting in each AL preparation the number 

glomeruli receiving AC dendrites. The maximum number of such glomeruli was five. To 

ensure that each glomerulus was separately identified, their borders were resolved at high 

magnification, using a succession of a small nimiber of optical stacks. 
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Innervation of AC glomeruli by other types ofAL neurons 

To investigate the possibility that DMP glomeruli iimervated by AC neurons also 

are iimervated by neurons from the MC or LC cell body group, dye was applied to the 

position of DMP glomeruli. A blunt electrode filled with Dextran/Rhodamine was 

inserted into the group of glomeruli of an adult AL, permitting the dye to fill retrogradely 

from dendrites into the cell bodies of any neurons projecting into the group. Figure 5.1 la 

illustrates a typical AL preparation. The stained area approximates the size of a single 

spheroidal glomerulus, 50-100 fim in diameter, as determined by screening serial optical 

sections. MC neurons are also filled and the MC primary neurites could be followed back 

from the labeled region to their cell bodies. It is known that most, if not all, MC neurons 

are uniglomerular projection neurons (Christensen and Hildebrand, 1987; Romberg et al., 

1988; Kanzaki et al., 1989; Malun et al., 1994). In contrast, the neuron population of the 

LC group is mixed, consisting of local intemeurons (Matsiunoto and Hildebrand, 1981; 

Christensen et al., 1993) and uni- and/or multi-glomerular projection cells (Homberg et 

al., 1988). Because LC cell bodies are also labeled after applying dye to AC glomeruli, it 

is possible that LC projection neurons innervate AC glomeruli as well. Three AC primary 

neurites, two strongly and one Ughtly labeled, could be individually traced from their 

three AC cell bodies all the way to this labeled region (figure 5.11b). The upper AC 

neurite of the three enters the labeled area in proximity to (withinlO |im) a few primary 

neurites of MC neurons. The latter can also be followed fix)m the MC somata group to the 
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Stained area. These data strongly suggest that AC, MC and possibly LC projection 

neurons serve the same restricted group of glomeruli. 

If two to three AC neurons also innervate a single AC glomerulus, in addition to a 

few MC projection neurons and, most likely, some LC projection neurons, then the 

average number of projection neurons per AC glomerulus must exceed three and could 

easily reach nine. This mmiber would be higher than the calculated estimate of an average 

of four to five uniglomerular projection neurons per glomeruliis (Homberg et al., 1988; 

Oland and Tolbert, 1998). Thus, the present results suggest a more complex internal 

organization within an AC glomerulus than has been previously supposed. 

The question of whether AC neurons belonging to the satellite cluster of AC cell 

bodies exclusively innervate DMP glomeruli could be answered by preparations such as 

the one in figure 5.12. The confocal view shows several of the cell bodies firom the 

primary and satellite cluster stained retrogradely fi-om the DMP group of glomeruli. The 

primary cluster clearly has two AC cell bodies stained and the satellite cluster also has at 

least two somata labeled. The result demonstrates that neurons firom both AC cell body 

clusters project into DMP glomeruli. The pattem was clearly observed in eight out of a 

total of 23 mass-labeled preparations in which AC cell bodies were organized as two 

distinct clusters. 



76 
5.5 Discussion 

The study focuses on a delineated group of 14-18 projection neurons that have 

their cell bodies gathered in one or two AC groups, located at the anterior surface of the 

AL (Romberg et al., 1988). The well defined and accessible population of AC neurons 

may serve as a model group to study coding and processing of plant-related odors in the 

AL of both male and female moths. To achieve the challenging goal, the prerequisite is 

an understanding of the morphological characteristics of AC neurons and the AC 

arborization areas within the AL. 

Organization of the AC group cell bodies 

Neurons of the AC group are arranged either as a single cluster or as two clusters 

(figure 5.2). No significant difference in the number of AC somata were found between 

male and female moths (Romberg et al., 1988). The minor variability in size and number 

of AC cell bodies (figure 5.3) might be due to natural variations in cell niunber. Another 

interpretation is that some of the additional AC neurons could be displaced from their 

normal position in the MC group. 

The following features, however, argue for the identification of satellite cluster 

neurons as AC neurons. The vital dye Neutral Red is taken up by AC cell bodies within a 

few minutes, while the MC and LC somata take up the dye only slowly and weakly. Even 

when there are two clusters of AC cell bodies all their somata stain strongly, suggesting 

that they constitute a subgroup distinct firam MC and LC neurons. The reasons for the 
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selective uptake of Neutral Red by AC neurons are still unknown. It was suggested that 

the ability to stain, for example, cell bodies in the ventral nerve cord of the leech Hirudo 

medicinalis was reflected by the presence of the catecholamine dopamine and serotonin 

(Stuart et al., 1974; Nemes et al., 1979). Possibly AC neurons contain biogenic amines 

such as dopamine and octopamine or other neuropeptides. However, thus far none of the 

antisera tested stained the AC group selectively (Homberg, personal communication). 

Other evidence that the AC cell body cluster reflects a genuinely distinct type of 

neuron is suggested by the morphology of the dendritic arbors of neurons derived from 

the primary and secondary cell body clusters. The arbors are unusually dense, and thus 

distinctive from branching patterns of projection neurons so far identified belonging to 

the MC and LC cell body clusters (Matsiraioto and Hildebrand, 1981; Homberg et al., 

1988; Kanzaki et al., 1989). 

Mass-labeling into a small region of DMP glomeruli showed that cell bodies 

belonging to both the primary and satellite cluster serve DMP glomeruli (figure 5.12). 

Results from intracellular staining of single AC neurons also indicated that AC neurons 

from both clusters project into DMP glomeruli. 

Anatomical features of AC neurons 

All AC neurons examined in this study were uniglomerular output neurons, each 

arborizing within the entirety of its glomerulus (Hildebrand et al., 1980; Homberg et al., 

1989). Each AC neuron has a dendritic tree that branches into few secondary 
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"multiprong"-like branchlets at the base of the glomerulus. The branchlets again divide 

repeatedly, to form a high density of diminutive branchlets near the distal (outer) margin 

of the glomerulus (figures 5.4b and 5.5b,c) where olfactory receptor axons terminate. In 

contrast, the branching patterns of those MC projection neurons so far identified are less 

dense and do not show the high-density of distal processes (Kanzaki et al., 1989). 

Likewise, the branching pattern of uniglomerular LC projection neurons appear to be 

rather different (Matsiunoto and Hildebrand, 1981). The dendritic trees branch sparsely as 

they enter their glomerulus and then branches extensively only in the distal portion of the 

glomerulus, forming a dense tuil. Synaptic interactions are believed to take place within 

the glomerulus between an AC projection neuron or between the AC dendrites and, for 

example, one or more local intemeurons and even other projection neurons. The 

functional consequences of the yet hypothetical relationships can only be speculated at 

present, and require both electron microscopical studies of identified AC neurons and 

intracellular recordings. It is conceivable, however, that an AC neuron, with its compact 

dendrites, participates in more complex synaptic interactions than, for example, an 

uniglomerular MC output neuron with fewer dendrites (Christensen and Hildebrand, 

1987; Malun et al., 1994). 

In addition to its dendrites within its glomerulus, AC neurons provide several 

collateral branches beneath the glomerulus proper. The collaterals arise firom the swollen 

initial segment of the axon (figures 5.4b and 5.5b). These collaterals also were 

occasionally observed in earlier studies on othCT types of projection neurons, for example. 
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MC uniglomemlar projection neurons (Malun et al., 1994; Homberg et al., 1988; BCanzaki 

et al., 1989). Their significance is not known, but it is suggested that these collaterals 

reach beneath neighboring glomeruli where they could contact the axon hillocks of a 

neighboring AC nexiron at the base of its dendritic arborization. Because this part of the 

neuron might be important for the generation of action potentials, these subglomerular 

collaterals could be involved in lateral interactions amongst uniglomemlar AC neurons or 

other types of AL neurons. Collateral branches were not observed in DA glomeruli which 

might suggest that these lateral interactions are limited between neighboring AC neurons 

in DMP glomeruli. One fimction could be that of lateral inhibition, as in the case between 

mitral cells and granule cells of the olfactory bulb in vertebrates (Yokoi et al., 1995; see 

below). 

In certain, but not all AC neurons, certain slender processes arise from the neurite 

and extend as a loop over the top of or into the main dendritic arbor (figures 5.5b and 

5.6b). The arrangement suggests the intriguing possibility of the slender branches being 

feedback loops from the spike initiation zone of AC neurons out to the level of 

termination of olfactory receptor axons. Altematively, the looped fibers may represent a 

second type of postsynaptic (dendritic) process that provides a fast shunt-forward from 

receptor terminals (or a subset of them) to the spike initiation zone. The looped branches 

are present in both DMP and DA glomeruli. 

All AC neurons send an axon into the ipsilateral protocerebnmi. Leaving the AL, 

AC axons probably extend to the dorsal root of the LACT, where they merge with axons 
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of Other AL projection neurons, such as uniglomerular output neurons of the MC group 

(figure 5.5a; Romberg et al., 1988). In general, output neurons fix)m ordinary glomeruli 

project via the iACT to the lateral superior protocerebrum providing, en route, collaterals 

into the calyces of the ipsilateral mushroom body. Other morphological types of AL 

neurons, the axons of which project through the medial and outer ACT, innervate the 

lateral protocerebrum directly. A few axons project from there to the calyces (Romberg et 

al., 1988). The precise target areas for the projections of AC axons could not be 

determined, as the distal portions of the axons failed to stain completely. However, a few 

axons could be traced close to the calyces near the midline of the brain. In simmiary, it 

seems reasonable to assume that AC neurons project first into the calyces of the 

mushroom bodies and then into the lateral protocerebrum. 

Glomeruli supplied by AC neurons 

Labeling AC cell bodies with DiO identifies glomeruli innervated by AC neurons. 

The labeling was achieved using techniques described in the Methods and Results 

section. A spatial map of glomeruli within the AL (figure 5.10) shows a strong 

fasciculation of the primary AC neurites, which project together in one or two bundles 

(figure 5.7) towards their target glomeruli. AC neiurons arborize in glomeruli that are in 

close proximity but which form two discrete groups (DMP and DA groups of glomeruli). 

The identification of uniquely identifiable AC glomeruli fits other observations that 
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describe unique subsets of glomeruli in male Manduca sexta and Heliothis (Matsimioto 

and Hildebrand, 1981; Christensen and Hildebrand, 1987; Rospars and Hildebrand, 1992; 

Christensen et al., 1995; Heinbockel et al., 1997; see below). Female Manduca sexta 

moths exhibit female-specific subdivisions in the AL near the entrance to the AL, the 

"large female-specific glomeruli" (Roche-King et al., 1997; Roessler et al., 1998). The 

physiological response profiles of, for example, MC neurons invading only a subset of 

the large female glomeruli indicate specificity to only a subset of hostplant-associated 

odorants, for example, the monoterpene linalool. 

DAfP group of glomeruli 

To define AC glomeruli as traly unique entities requires that the neurons 

innervating the glomeruU are derived from a unique set of cell bodies. Mass-labeling AC 

cell body clusters in 30 preparations demonstrated, at most five DMP glomeruli (figure 

5.10). 

The AC glomeruU are not the only ones supplied by a special subset of projection 

neurons. Developmental studies suggest that certain posterior glomeruli are omitted by 

projection neurons arising from the MC cell body group (Malun et al., 1994). Even 

projection neurons from the LC cell body group appear to omit those glomeruli farthest 

from the cell body cluster (Romberg et al., 1988). However, because in neither case could 

it be shown that all MC or all LC neurons were identified, the results still need 

independent confirmation. 
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DA group of glomeruli 

The much smaller DA glomerular group probably consists of only one glomerulus 

(figure 5.9). When AC cell bodies were dye-filled, the DA glomerulus was seen 

surrounded by glial cells, and dendrites appeared to be delineated by the glial barriers. In 

addition, the height and width of the DiO-stained arbors approximated the diameter of an 

average-sized single glomerulus (50-100 |am). If there was more than one DA 

glomerulus, then it might be expected that at least one of the 10 animals stained would 

show an additional glomerulus. 

The mass-labeling technique is not suitable by itself to answer the question of 

whether the single DA glomerulus is exactly in the same location fi*om female to female. 

To identify the DA glomerulus in any AL preparation, it is necessary to generate a map of 

the AL, showing the exact locations of all glomeruli with reference to a constant 

Cartesian coordinate system, as was created for the male moth (Rospars and Hildebrand, 

1992), but not yet for the female. Assuming that the DMP group of AC glomeruli 

contains at least five glomeruli and the DA group a single glomerulus, then the total 

number of glomeruli innervated by the AC cell body population would be limited to only 

six glomeruli. 
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How many AC neurons project into a given AC glomerulus? 

If only six glomeruli are associated with 14-18 AC neurons, on average 

approximately two to three AC neurons should innervate each glomerulus. Unfortunately, 

in no AL preparation was it possible to determine imambiguously the number of AC 

neurons contributing to a single glomerulus. Also, the density of the dendritic tufts 

precluded clear distinction between several neurons. The total number of projection 

neurons in the AL is approximately 300 (Romberg et al., 1988) and each glomerulus has 

been suggested to be served by about four to five output neiurons (Romberg et al., 1988). 

The speculative calculation is based upon observations on "typical" glomeruli, that is 

those glomeruli most investigated. These are glomeruli mainly or exclusively supplied by 

the MC cell body group (Matsiunoto and Rildebrand, 1981; Christensen et al., 1993; 

Malun et al., 1994). The present results show, however, that each AC glomerulus 

receives, in addition to its AC dendrites, dendrites firom neurons originating from other 

cell body clusters, MC and LC. The innervation by other types of AL neurons will be 

considered below. 

Innervation of AC glomeruli by other types ofAL neurons 

One of the overall goals of the research was to leam more about the functional 

significance of AC neurons and the olfactory glomeruli they innervate. The tuning 

specificity amongst a population of AC glomeruli is reflected by the physiological 

response profiles and characteristics of all of the projection neurons supplying that 
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population (ch^ter 6). That is, not only AC neiut>ns, but also all other types of projection 

neurons, including MC uniglomerular neurons and uni- and multiglomerular LC neurons, 

reflect the tuning specificities of the glomeruli from which they extend. The consideration 

requires information about what other neurons send dendritic arborizations into AC 

glomeruli. This was resolved by mass-labeling a small area of DMP glomeruli. The data 

(figures 5.11a,b) suggest that AC, MC and LC uniglomerular projection neurons, serve 

the same glomeruli. 

Uniquely identifiable glomeruli 

Are ALs generally organized into discrete subsets of glomeruli as might be 

suggested by the present results? That is, are tiie AC glomeruli representative of a more 

general organization of the olfactory system in insects? The section considers the 

questions with respect to studies that have shown unique configurations of glomeruli that 

are uniquely identifiable by their functional characteristics and spatial location serving 

specific tasks in olfactory discrimination. 

1. The male-specific svstem. The male hawkmoth Manduca sexta posseses an 

anatomically distinct, so-called macroglomerular complex (MGC) that consists of four 

discrete glomerular subdivisions. Electrophysiological evidence shows that the role of the 

MGC is in analyzing information about conspecific female sex-pheromone blends 

(Kanzaki et al., 1989; Hansson et al., 1991) as well as discriminating between blends of 

related species (Vickers et al., 1998). Interestingly, different subdivisions of the MGC 
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receive information from differently tuned olfactory receptor neurons that respond 

selectively to different components of the pheromone blend. For example, the "toroid" 

subdivision receives iaput from receptor neurons that are highly timed to component "A" 

of the blend (a 16-carbon diene aldehyde). Moreover, the "toroid" is supplied by a subset 

of projection neurons ("pheromone specialists") that show a high degree of response 

specificity to component "A" (Christensen and Hildebrand, 1987a; Hansson et al., 1991; 

Heinbockel, 1997). The studies clearly show how a morphologically and physiologically 

identifiable group of glomeruli can serve as independent fimctional imits to encode 

distinct types of olfactory stimuli. Recent studies suggest that a blend comprising only 

two components can be encoded by interactions between at least two relevant MGC 

glomeruli (Vickers et al., 1998). 

Studies in male cockroach Periplaneta americana similarly demonstrate a high 

degree of response specificity among certain morphologically and physiologically 

characterized projection neurons serving components of the male's macroglomerulus 

(Hoesl, 1990). The projection neurons are highly sensitive to one of the two major 

components of the female sex-pheromone, namely periplanone B. Two groups of 

projection neurons are defined by their different receptive fields on the antenna. Neurons 

in one group have global receptive fields, which means that they respond uniformly to 

sex-pheromone stimuli along the entire length of the antenna. Neurons in the second 

group have more local receptive fields. The two different types of neurons have dendrites 

in two different, though overlapping domains of the macroglomerulus. The data provide 
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another example of an "identified glomerular unit" (Boeckh et al., 1987) that processes 

and specifically represents a subset of sex-pheromonal information. Distinct areas within 

the identified unit might code for information about the site of the pheromone stimulus in 

the envirorunent due to the different receptive field properties and irmervation areas of the 

two groups of neurons (Hoesl, 1990). In vertebrates, an interesting study on infant rats 

showed a histologically identifiable group of glomeruli, the "modified glomerular 

complex" (Greer et al., 1982). The study even demonstrated the fimctional role of this 

glomerulus in responding to maternal "nipple pheromones". 

Another AL system illustrating how a group of glomeruli represents a 

morphologically distinct, fimctional processing unit or "coding module" for sex-

pheromonal information is found in the male tobacco budworm moth Heliothis virescens 

(Qiristensen et al., 1995; Vickers et al., 1998). The authors determined the breadth of 

tuning of uniquely identifiable glomeruli of the MGC (four units) by examining the 

response profiles of certain projection neurons that invade the MGC. In simunary, a 

different combination of the distinct glomeruli is activated by different odors, for 

example, a blend of two pheromone components (odor quality) is represented by a 

discrete combination of two glomeruli (Vickers et al., 1998). These results nicely 

complement findings from other insects using activity-labeling methods on sexually 

isomorphic ALs (e.g. Rodrigues, 1988; Rodrigues and Pinto, 1989), which similarly 

illustrate that spatial activity maps among identifiable glomeruh can encode odor quaUty, 

as described below. 
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Uniquely identifiable glomeruli in sexually isomorphic systems. The AL of the 

fruitfly Drosophila melanogaster has approximately 35 glomeruli, of which 22 are 

identifiable and which receive convergent input fixim antennal (and maxillary palp) 

afferent receptor neurons (Stocker, 1994). Interestingly, individual afferent fibers are 

glomerulus-specific, that is specific morphological types of receptors send axons to 

specific subsets of glomeruli (Stocker, 1994). The specific anatomical connections firom 

receptor neurons to glomeruli are believed to be the basis for a spatial odor map 

(odortopy) among glomeruli (for analogous studies in vertebrates, see chapter 3). Distinct 

sets of glomeruli exhibited increased neural activity when stimulated with certain 

odorants or mixtures. The glomeruli can be revealed by activity-dependent uptake of 

2-deoxyglucose. (Rodrigues, 1988; Rodrigues and Pinto, 1989). In simmiary, the studies 

support the idea that activity in sexually isomorphic identifiable glomeruli is odor-

specific. 

What makes glomeruli uniquely identifiable? Studies on ALs of the cockroach 

Blaberus craniifer and the moth Mamestra brassicae described glomeruli as 

"morphologically, morphometrically and ontogenetically identifiable units" (Rospars and 

Qiambille, 1989). Furthermore, the authors demonstrated that the units have 

characteristic arrangements in the AL and are invariant between individu<ils of the same 

species. Likewise, as shown by Rospars and Hildebrand (1992), male M. sexta possess 

glomeruli that can be described within a Cartesian coordinate system and which can be 

shown to be invariant. 
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In addition to their morphological identification, the functional characteristics of 

any glomerulus has to be determined. Only when morphological and fimctional identity 

can be correlated might an individual glomerulus be described as having unique 

fimctional properties. Certain of the principles outlined above apply to AC glomeruli. For 

example, AC glomeruli embody a morphologically distinct and identifiable group, 

invaded by their own AC projection neurons, some of which are narrowly tuned to a 

small subset of odors (see chapter 6 for studies on response specificities). However, the 

data thus far available for AC glomeruli not provide clear evidence whether there is an 

odotopic map amongst AC glomeruli such that specific AC glomeruli encode for the 

quaUty of a specific odor. The current consensiis is that the AL of certain species of 

insects possess discrete subsets of glomeruli that are not only uniquely identifiable on 

morphological grounds but may have unique fimctional roles. 

Comparison with the mammalian olfactory bulb 

Efiferents from glomeruli of the mammahan olfactory bulb comprise mitral and 

tufted cells. The cells share some morphological and physiological similarities with their 

invertebrate counterparts (Strausfeld, 1990; Shepherd, 1990; Mori and Shepherd, 1994; 

Hildebrand and Shepherd, 1997). The relatively large cell bodies of mitral cells are 

located in the mitral cell body layer but do not seem to fall within discrete groups of cell 

body groups such as AC, MC and LC cell bodies in the AL. Each cell body gives rise to a 

stout primary neurite that innervates a single glomerulus in the glomerular layer. Within 
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the glomerulus, the relatively dense dendritic tree has thin and varicose processes that 

project radially (Mori, 1987). The dendrites make synaptic connections with, for 

example, inhibitory periglomerular cells that are comparable to local intemeurons in the 

honeybee AL (Mercer and Flanagan, 1989). The mitral cells have long secondary 

processes that can branch several times in the external plexiform layer to establish and 

receive synaptic contacts with the dendrites of inhibitory granule cells (reciprocal 

dendrodendritic synapses; Yokoi et al., 1995). Granule cells might be comparable to 

mvdtiglomerular neurons within the AL, in that both cell types are local intemeurons and 

do not have an axon (Stausfeld, 1990). However, granule cells do not enter glomeruli in 

the same way as AL local intemeurons. The vertebrate olfactory bulb is divided into two 

functionally discrete layers of synaptic connections, as may well be the case in the insect 

AL, and is indeed suggested by the organization of projection neuron collaterals. Mitral 

cells also have axon collaterals that are presynaptic onto granule cells in the granule cell 

layer. Mitral cell axons project to layer la of the ipsilateral olfactory cortex, and the target 

areas include, for example, the anterior olfactory nucleus, piriform cortex, olfactory 

tubercle, lateral entorhinal area and portions of the amygdaloid cortex (Mori, 1987). 

Therefore, the mitral cells of mammals project to a wide array of higher-order centers. In 

insects, efferents from the ALs project to the lateral superior protocerebrum (lateral hom), 

beneath and in front of the mushroom body calyces (superior fronto-medial 

protocerebrum) and into the mushroom body calyces. Thus, compared with vertebrates. 
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projections from the insect ALs appear to be, at first sight, restricted to fewer higher 

regions. 
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Fig. 5.1 Schematic diagram of the anatomical organization of the adult brain of the 

hawkmoth Manduca sexta, in a frontal (A) and horizontal (B, C) view. The antennal lobe 

(AL) to the left shows the ring-shaped arrangement of ordinary glomeruli and the AL to 

the right depicts the spatial layout of the three cell body groups within the AL: Anterior 

(AC), Medial (MC) Lateral (LC). Also shown are the protocerebrum (located posterior to 

the ALs), the antenna, the antennal nerve (an) and the subesophageal ganglion. Dorsal is 

up in the frontal section and posterior is up in the horizontal section. The female- and 

male-specific glomeruli (large female glomeruli: Roche-BCing, 1997; and 

macroglomerular complex: Christensen and Hildebrand, 1987b; Hansson et al., 1991; 

Heinbockel, 1997) near the entrance of the antennal nerve (an) are not shown. 

The horizontal view (C) shows a Bodian-stained AL preparation illustrating 

several AC and LC cell bodies, receptor axons (r.ax) and "coarse" neuropil (c). Axons of 

projection neurons (PN.ax) enter the inner antenno cerebral tract (iACT) and then project 

to the protocerebrum. 



protocerebrum 

glomeruli'*'̂  

A 
FRONTAL 

subesophageal 
ganglion 

protocerebrum 

glomemli 

HORIZONTAL 

c 
•t 

Figures.! 



92 

Fig. 5.2 Typical laser-scanning confocal microscope image of the primary (1°) and 

satellite (2°) clusters of the AC cell body group in the right AL (frontal orientation of a 

whole-moimt). The midline of the brain is to the very left. These two clusters were visible 

through their lack of autofluorescence. The primary cluster is located more lateral and 

consists mainly of large-diameter somata (approximately 11 seen here), with a dark spot 

within the cell body indicating the nucleus. The somata of the satellite cluster (open 

arrows) are smaller in diameter (approximately 10 seen here). 
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Figure 5.2 
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Fig. S3 Camera lucida drawings of 12 different ALs in whole-mounted, unfixed adult 

preparations, frontally oriented. AC cell bodies were stained with the vital dye Neutral 

Red (each dot represents a single cell body). ALs in the middle and right columns 

represent the left and right ALs of the same animal; the left column shows four different 

ALs from four other females. There is a degree of variability among individual ALs of 

different animals and even between both ALs of the same female, in terms of number of 

cell bodies per cluster or group, cell body diameter, position of the group within an AL, 

and the position of the somata relative to each other (clustered vs. distributed 

arrangement). 



Figure 5.3 
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Fig. 5.4a,b Low and higher magnification views of a single AC neuron filled 

intracellularly with Lucifer Yellow and imaged with laser-scanning confocal microscopy 

(horizontal section). AC neurons are uniglomerular projection neuron. An AC soma (at 

bottom of figure 5.4a) sends a primary neurite through the central "coarse" neuropil (c) of 

the AL. The neurite projects beneath a single glomerulus, where it merges Avith the axon. 

The axon possibly originates as a thick initial segment (i.s) that is surmounted by an 

extremely dense system of dendritic processes (de). The axon leaves the AL (arrow, AL 

border indicated by dotted line) and projects into the protocerebrum. A few unstained 

glomeruli are indicated in the AL (*). The antennal nerve (an) enters from the right. 

Several collaterals (col, bracketed in figure 5.4b) possibly originate from the 

initial segment of the axon close to the base of the adjacent glomerulus (*). A few of the 

collaterals are shown at higher power in the inset. 
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Figure 5.4a 

Figure 5.4b 
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Fig. 5.5a Another example of an individual uniglomerular AC neiu-on stained with 

Lucifer Yellow (horizontal section). The overall morphology of the AC neuron and the 

location of the glomerulus is similar but not identical to the AC neuron described in 

figures 5.4a,b (see Results). The axon (ax) leaves the AL via the dorsal root of the inner 

antennal cerebral tract (iACT), and could be followed in an adjacent section (inset; iACT) 

as it traveled into the protocerebrum. Note the collaterals (col, bracketed) that probably 

extend firom the axon's initial segment and which arborize beneath the adjacent 

glomerulus (*); "coarse" neuropil (c); dotted line shows the protocerebral AL border. 
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Fig. 5.Sb Confocal image showing details of a dendritic arbor of the AC neuron shown in 

figure 5.5a (adjacent, dorsal section). Note the slender branches that extend from one of 

the main dendritic branches to ascend outwards to the distal part of the glomerulus (asc, 

arrows). Note also, collaterals (col) beneath the glomerulus (adjacent glomeruli, •) and 

the initial segment (i.s). 

Fig. 5.5c Dendritic tree from another AC neuron (frontal section). The initial segment 

(i.s) provides a more slender axon which projects into the protocerebrum. A few 

autofluorescent tracheal branches (open arrow) next to the tree are visible. 
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Figure 5.5b 

Figure 5.5c 
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Fig. 5.6a,b Low and higher magnification confocal images of an AC nenron that 

arborized in a dorsal and anterior glomerulus (dendritic tree, de). The AC axon (ax) is 

only very faintly visible in the optical stack (dotted line), but projects into the 

protocerebrum. This neuron, like the one shown in figure 5.5b, has a few long slender 

processes (arrows) that extend towards the distal level of the glomerulus to then plunge 

into the outer layer of dendrites; adjacent glomeruli (*). 
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Figures 5.6a,b 
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Fig. 5.7 This confocal laser-scanning image of a stage-7 pupa indicates the location of 

AC glomeruli in the dorsal and medial AL area (AC dendrites, de). The neurons are 

stained green with DiO. Glial-cell nuclei, which are stained red with propidium iodide, 

outline the glomeruli (horizontal section). At least four AC somata (AC) are clearly 

visible in this projection (more stained AC somata are above and below this plane of 

view, but are not shown) with two separate primary neurite fascicles (fasc). A bundle of 

receptor axons (r.ax) and the resulting receptor endings (r.end) are labeled to the right and 

left of the cell bodies and are readily distinguished ftom AC neurons by their trajectory 

across the AL and where they enter a glomerulus by the inwardly directed orientation of 

their endings; antennal nerve (an); adjacent glomeruli (*). 

Fig. 5.8 Confocal image of another preparation showing two glomeruli supplied by AC 

dendrites. DiO staining in green and PI staining of the glial nuclei in red. The dendritic 

branching pattem of AC neurons in this stage-7 female moth approximates that of adult. 
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Figure 5.7 

Figure 5.8 
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Fig. 5.9 2-dimensional confocal projection of an AL where all or, at least most, of the AC 

neurons were labeled with DiO. Some receptor endings near the somata group also were 

stained (arrows). A spatial map of the glomeruli supplied by AC neiurons (DMP, 

dorsal/medial/posterior and DA, dorsal/anterior group of glomeruli; oval shapes) was 

constructed from images like this taken for each preparation; antennal nerve (an); 

adjacent unlabeled glomeruli (•). 



Figure 5.9 
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Fig. 5.10a The schematic drawing shows the outline of a horizontally oriented AL. The 

positions of DiO-labeled AC glomeruli (ovals) from 30 preparations (such as the 

preparation in figure 5.9) are superimposed. The positions of both groups of AC 

glomeruli (DMP, dorsal/medial/posterior and DA, dorsal/anterior) within the AL are 

shown. The average location of one AC somata cluster, as a representative for all of these 

preparations, is outlined. 

Fig. 5.10b The schematic drawing shows the positions of labeled glomeruli from all of 

the AL preparations in which AC neurons arborized only in DMP glomeruli 

(dorsal/medial/posterior). 

Fig. 5.10c Spatial map of the AL combining the schematics in figures 5.11a,b (n = 30) 

showing both groups of glomeruU (DMP and DA). AC neurons clearly arborize only in 

two spatially distinct AL areas. 
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Fig. 5.11a Confocal image of a frontal 2-<iimensional AL reconstruction of a preparation 

in which Dextran/Rhodamine was injected into an area of DMP glomeruli (dye). The 

types of neurons that were retrogradely stained from this group 1 are: 3 AC neurons (see 

two heavily stained and one very lightly stained AC somata (AC) in the inset), several 

MC neurons (MC) which are known to be projection neurons, and LC neurons (LC) 

which could be either local intemeurons or uni and miiltiglomerular projection neurons. 

Note many fine processes in the central neuropil (c) and in various glomeruli (*). 

Fig. 5.11b Higher power projection (12 optical sections at 2 |im intervals) of the stained 

AC area (from figure 5.11a) illustrating several MC primary neurites (bracketed, MC) 

and one lightly stained and two heavily stained AC primary neurites (AC, arrows). The 

upper AC neurite can be clearly traced into the same AC area as MC neurites, indicating 

that AC and MC neurons serve the same AC glomerulus. 



Figures 5.11a,b 
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Fig. 5.12 Frontally oriented whole-mount preparation showing the primary (bracketed, 

1°) and satellite (bracketed, 2°) cell body clusters of the AC group on the AL surface. A 

small area of AC glomeruli (DMP) was stained with Dextran/Rhodamine (stained AC 

glomeruli not visible in this surface view). The AC cell bodies belonging to each of the 

two clusters were backfilled (stained cell bodies appear white and non-filled ones appear 

black); glomeruli (*). 
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Figure 5.12 
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6. PHYSIOLOGICAL RESPONSE SPECIFICITY OF AN IDENTIFIABLE 

SUBSET OF PROJECTION NEURONS TO PLANT-ASSOCIATED ODORS 

IN THE ANTENNAL LOBE OF MANDUCA SEXTA 

6.1 Abstract 

This research focuses on the neural coding and processing of plant-associated 

olfactory information by a subset of projection neurons within the antennal lobe (AL) of 

female Manduca sexta moths. This small and easily identifiable cluster of neurons, with 

cell bodies situated on the anterior surface of the AL, offers many experimental 

advantages. Intracellular recording from single cell bodies was used to characterize these 

projection neurons physiologically and to screen for their sensory tuning characteristics to 

plant odors and chemical classes (introduced through synthetic mixtures). To ascertain 

which odor stimuli best stimulate the AC neurons and AC glomeruli, specific categories 

of chemical compounds released by plants were chosen. These were classified as 

aromatics, monoterpenes, green-leaf volatiles, and nitrogen (N)-bearing compounds. The 

responses of the AC neurons tested were then grouped into four qualitatively different 

categories based on their physiological characteristics. Of note is the finding that at rest, 

many AC neurons exhibit bursting in their firing activity which can be regular and 

periodic. This and other observations promise to advance our understanding of the 

fimctional mechanisms underlying behavioral responses of female moths to plant-related 

odors. 
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6  ̂Introdaction 

Female moths, guided primarily by olfactory cues, display a specific behavioral 

response in their choice of a hostplant as an oviposition site (Waldrop et al., 1986; Willis 

and Arbas, 1991). In other words, females are attracted to a set of plant-related odors 

(Bemays and Chapman, 1984), in the same manner that males are attracted to only a few 

compounds constituting the conspecific sex pheromone (Christensen and Hildebrand, 

1987; Kanzaki et al., 1989),. 

The work described here is an analysis of the physiological responses of a distinct 

subgroup of antennal lobe (AL) output neurons in female Manduca sexta to plant-derived 

olfactory stimuli. The neurons in question are the anterior cluster (AC neurons) that are 

characterized by the distinctive position of their cell body group on the anterior surface of 

the AL. The most notable advantages of using this group of neurons for physiological 

studies are its relatively small size (15-20 neurons) and its accessibility. By means of 

intracellular recording firom, and staining of, single AC neurons, we categorized their 

physiological response profiles to a series of plant-derived odor substances and their 

morphological characteristics. The use of such an experimentally favorable model system 

promises to aid in determining the functional significance of individual glomeruli and 

their output neurons. Furthermore, we expect to learn more about possible response 

specificities of AC neurons to natural, possibly behaviorally relevant, floral and 

vegetative odors fix)m both host and non-hostplants, and to specific classes of such 
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chemicals. These chemical classes were represented by synthetic mixtures of individual 

chemical compounds. This approach is aimed at narrowing the number of odor stimuli to 

which the AC neurons best respond and thereby, elucidating the functional roles of the 

spatially restricted subset of AC glomeruli in processing of plant-associated odors. 

63 Materials and Methods 

Preparation 

The animal for this research is the giant, night-flying sphinx moth Manduca sexta 

(Lepidoptera: Sphingidae), which was reared as described previously (Tolbert et al., 

1983). Within one to two days after eclosion, a female moth was decapitated and the 

head, with both antemiae intact, was placed into a preparation chamber and secured with 

insect pins. A flow of physiological saline solution (150 mM NaCl, 3 mM CaCh, 3 mM 

KCl, 25 mM sucrose, 10 mM TES buffer, pH 6.9; modified firom Pichon et al., 1972) 

over the brain ensured that it remained physiologically viable for at least 2 hours 

(Christensen and Hildebrand, 1987a). ALs were exposed by removal of the head cuticle 

and tissues overlying the brain (Christensen and Hildebrand, 1987). The ALs were 

carefully desheathed with fine forceps to reveal the group of AC cell bodies located near 

the AL surface. To visualize the AC group, and ideally each cell body individually, under 

a dissecting microscope (Wild MSA), the AL was illuminated firom two sides (Fiber Lite 

Illuminator, Dolan-Jenner). It was also necessary to stain the AC group with a few drops 

of the vital dye Neutral Red (Allied Chemical, no. 676, concentration 0.002% in 
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physiological saline without sucrose) for 5-10 min. to identify a target area for 

intracellular microelectrode penetration. After labeling of the cell bodies, the Neutral Red 

was flushed away with physiological saline solution, and the brain preparation was then 

ready for electrophysiological experiments. 

Electroantennogram (EAG) recordings 

Electroantennogram (EAG) measurements &om antennae record the "population 

response" from all of the olfactory receptor cells simultaneously (Schneider, 1969; 

Bjostad and Roelofs, 1980; Dickens et al., 1993). EAG recordings were used as indicators 

for the responsiveness of the antenna. 

In parallel with intracellular recording and staining of AC neurons, an EAG was 

recorded at the same time from the ipsilateral antenna. The EAG signal was recorded by 

cutting the very tip of the antenna and placing the tip into a blunt micropipette, filled with 

physiological saline solution, that was attached to an amplifier headstage (Axoprobe-IA, 

Axon Instruments). The data were stored on VCR recording tapes (see below). 

Electrical stimulation of the antennal nerve 

To test the responses of AC neurons to orthodromic electrical stimulation of 

ipsilateral afferent input, extracellular hook electrodes were positioned under the antennal 

nerve (Christensen et al., 1993). The hook electrodes consisted of a pair of parallel, 

closely spaced wires that electrically stimulated the nerve at different intensities by 
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applying either positive or negative current. The electrodes were insulated with wax, 

except where they contacted the antennal nerve, to prevent leakage of the current into the 

bath. The parameters of the stimulus protocol included five pulses of 1-ms duration each, 

an interval of 100 ms, and a 200 ms delay before stimulus onset. This protocol delivered 

constant, evenly spaced shocks at a frequency of 10 Hz. 

Intracellular recordings from AC neurons 

To characterize the firing pattern of individual neurons within the AC 

subpopulation, and to determine their sensitivities to certain plant-derived odor 

substances (tuning specificities), intracellular recording techniques were used. To identify 

single AC neurons unambiguously, it was necessary to record from the somata instead of 

from neurites in the glomeruli. Intracellular penetration into the somata and infrequently 

into a single primary neurite beneath the AL surface required micropipettes made from 

hard quartz glass (O.D. 1.0 mm, IJD. 0.7 mm, with filament, Sutter Instrument Co.), to 

accommodate the relatively large-diameter somata. The quartz pipettes were produced 

with a laser puller (Sutter Instrument Co., Model P-2000; parameters were: heat 750, 

filament 4, velocity 55, delay 145 and pull 175), their tips were filled with 3% Lucifer 

Yellow and their shafts were backfilled with 2 M LiCl solution. The best results yielded 

quartz pipettes with bigger tip openings and with low resistances up to about 40 MQ. 

The electrodes were advanced towards the AL surface by means of a 

micromanipulator (Leitz). Current injection, and signal amplification were achieved by 
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means of an Axoprobe-IA amplifier (Axon Instruments). Following every experiment, 

the brain was dissected out of the head capsule and placed in a vial with formaldehyde 

fixative solution for at least one hour, then dehydrated and cleared. This was done in 

preparation for examination of the cell's morphology with the confocal microscope 

(Chapter 5). 

One of the goals of this research was to correlate the physiological data with the 

anatomical projection patterns into the AC glomeruli. Unfortunately, unexpected 

technical problems were encountered with this intrasomatic recording technique. In 65 

AC neurons (out of 75) the result was a brightly stained cell body and a short segment of 

its primary neurite. The more dye was injected, the brighter was the staining of the soma 

became. Other colleagues in oiir laboratory also encoimtered the same problems. For 

some yet unknown reason, the cell body acts like a "sink" for the injected dye, which 

largely fails to pass through the constriction leading into the primary neurite. This 

unresolvable problem limited the desired structure-fimction correlations. 

Olfactory stimuli 

For olfactory stimulation of the antenna, a motor-driven odor-delivery device, a 

so-called "syringe-olfactometer" was employed. This odor-delivery device is described in 

detail in chapter 4. (see figure 6.1 for details of the preparation setup). 
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The olfactory stimuli used to charge the syringes were either (a) pieces of fresh 

host- and non-host vegetative or floral plant samples or (b) mixtures of synthetic plant-

associated chemical compounds diluted in mineral oil (in different concentrations). 

(a) The natural plant material, pieces of flowers or leaves, was collected from wild 

and/or cultivated plants growing in a Sonoran Desert field in Tucson, AZ, or from potted 

plants grown in a greenhouse. The floral hostplant samples used were of the family 

Solanaceae and included Evening Primrose {Oenothera caespitosa), Spiderlily 

(Hymenocallis sonorensis) and Jimson Weed (Datura wrightii). These plants were 

selected because they were observed in the field to induce a behavioral upwind flight 

response in male and female Manduca (Raguso, 1997). The white flowers of these plants 

open at sunset and release strong and characteristic odors that attract moths for feeding. 

The non-hostplant flower selected as the control stimulus was White Mum 

Chrysanthemum (Dendranthema grandiflora). Adults of Manduca do not normally feed 

on Dendranthema. The floral firagrance chemistry of Dendranthema is distinct from that 

of flowers from which they typically feed such as Datura and Oenothera (Raguso, 

personal communication). 

The leaf material was obtained from the hostplants tomato (Lycopersicon 

esculentum) and Jimson Weed (Datura wrightii) and the non-host control plant cabbage 

(Brassica oleracid). Discs of tissue were cut from leaves and flowers of the plants (I cm 

in diameter) at sunset, transferred into the syringes (one disc per syringe), and refiigerated 

overnight to allow enough time for the odor to equilibrate with the air inside the syringe 
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(for further explanations refer to chapter 4). The following day the syringes were tested, 

the plant discs discarded, and the syringes reloaded with new, fresh discs. The identified 

headspace volatiles that were emitted fix)m these intact leaves and flowers are listed in 

table 6.1. They were characterized by collection of volatiles emitted by whole plants and 

analysis of the samples by gas chromatography with mass spectrometry (GC-MS). These 

analyses were kindly carried out by Dr. R. Raguso. For control stimuli, an empty syringe 

and a syringe filled only with odorless mineral oil were used. 

(b) To test the responses of AC neurons to odor compoimds of different chemical 

types, four different synthetic mixtures, each including three chemical compovmds from 

among the headspace volatiles of hostplants, were assembled. The number of odors tested 

was limited to four classes, because of the relatively short recording time (15 min on 

average). The compounds and mixtures made with them were chosen based upon data 

gathered from GC-MS analyses of the floral and vegetative odors (see table 6.1), and 

based upon their effectiveness in eliciting a physiological response from the AC neurons. 

In addition, chemicals having the lowest toxicity of the vapors, the best commercial 

availability in sufGciently large quantities (at Aldrich or Sigma), and the highest purity 

(95-100%) were preferred. The four chemical classes selected were: N-bearing 

compounds (butyraldoxime, indole, and 1-nitropentane), monoterpenes (myrcene, 

linalool, and geraniol), aromatics/benzenoids (benzyl acetate, methyl benzoate, and 

methyl salicylate) and green-leaf volatiles ((Z)-3-hexenylacetate, (Z)-3-hexen-l-ol and 

(E)-2-hexenal). Indole was the only compound that was not present in the headspace of 
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the floral and vegetative odors tested. Nevertheless, indole was selected for lack of any 

other commercially available and non-toxic compounds. It is one of the odor molecules 

emitted fixjm Jasmine flowers (Mori and Yoshihara, 1995). For chemical structures and 

representation in the floral and vegetative plant samples tested, refer to tables 6.1 and 6.2. 

These mixtures were made in different concentrations in order to find the threshold level 

for each class by constructing serial dilutions in odorless, light, white mineral oil 

("Nujol", Sigma, no. 8042-47-5) (1:10^, 1:10^, 1:10" and 1:10®). Pairs of syringes were 

loaded with 120 ^1 of a mixture in a given concentration and tested multiple times over 

the course of many days before they were reloaded (see chapter 4). In each experiment, 

the first mixture stimulus of a given class was the lowest in concentration, followed by 

the two medium concentrations and the highest concentration. The sequence of the 

chemical classes delivered was changed randomly over the course of many experiments. 

A 1-min waiting period elapsed between stimuli to guard against possible receptor 

adaptation. A small amount of mechanical noise, visible on the intracellular trace after 

deUvery of the odor stimulus, was occasionally introduced by the odor-deUvery device. 

Data analysis 

Physiological data were stored on VCR tapes (Panasonic VCR recorder with a 5-

channel Vetter modulator) and visualized with a Gould chart recorder for preliminary 

screening of records. The traces were then digitized (Axoscope 3.0 and/or Auto Spike 3.1, 

Syntech, software), additionally processed in Microcal Origin 4.1 and/or Stanford 
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Graphics, and finally arranged in Corel Draw 8.0. Instantaneous spike-firequency analyses 

of these physiological data were performed with all of the software programs listed above 

and with a program written in turbo Pascal by Dr. J. Douglass (ARL Division of 

Neurobiology). 

Temporal analysis of bursting AC neurons was accomplished with Fast Fourier 

Transformations (FFTs) in Microcal Origin 4.1. FFTs calculate the range and amplitudes 

of frequencies most represented in a selected time stretch of a recording (Press et al., 

1989). The sampling interval setting used for the transformation of the intracellular 

records was 0.0001 sec (frequency of 10 kHz). To make sure that the FFT application in 

the software program operated correctly, a pure sine wave of known frequency was run 

through the appUcation as a control. The resulting frequency spectrum clearly illustrated a 

single, very prominent peak at that known frequency in the spectrum (Christensen, 

personal observations). In irregular, low-frequency firing patterns, the software program 

induced artifact frequencies below 1 Hz (Microcal Software Engineering Department, 

personal communication). This low-frequency, high-amplitude artifact appeared when the 

nimiber of data points in the time-domain record was much different from an integer 

power of two. Consequently, frequency peaks below 1 Hz were disregarded in recordings 

that had a low frequency, irregular bursting or non-bursting activity. 
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Experimental setup 

To study the background firing characteristics of the AC neurons at rest, 

intrasomatic recording techniques were employed (see Methods). The AC group of 

neurons is shown in figure 6.1, along with a depiction of the experimental setup of the 

brain preparation and a part of the odor-delivery system. The left AL shows the 

placement of an intracellular electrode in an individual AC cell body, as well as the 

position of the stimulating hook electrodes under the antennal nerve for electrical 

stimulation. A recording electrode at the tip of the antenna is used to measure the overall 

responsiveness of the antennal receptors to the tested odors by the traditional EAG 

technique. The AL drawn to the right illustrates the projection pattern of the neuritic and 

axonal ("ax") processes of a single AC neuron. The soma gives rise to a primary neurite 

that projects into an individual glomerulus, forming a dendritic tuft within the glomerulus 

(dorsal, medial and posterior AL area). The axonal projection extends into the 

protocerebnmi. Also depicted are the subesophageal ganglion and the optic lobe. Refer to 

figure S.l for more details on the anatomical organization of the AL, and to figures 

5.4a,b, 5.5a,b, and 5.6a,b for details on the morphology of AC neurons. 
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6.4 Results 

Electrophysiological firing characteristics 

of bursting A C neurons 

Recording of the spontaneous firing activity of AC neurons, in the absence of 

current injection or odor stimulation, revealed a striking electrophysiological 

characteristic that sets AC neurons apart firam other types of AL neurons. More than 50% 

of the AC neurons analyzed exhibited regular, Aythmic "bursting" activity with an 

average spike amplitude of 20 mV (figures 6.2a, 6.3a and 6.4a). The number of action 

potentials per burst, the burst firequency, and the burst duration^ all varied among AC 

neurons, and bursting neurons could thus be divided into three groups; "fast", "mediimi" 

and "slow" bursters. Three different recordings are presented in figures 6.2a,b, 6.3a,b and 

6.4a,b as representative examples of each group. Figure 6.2a shows an intracellular record 

of a "fast" burster, with a burst firequency of 3-4 Hz (figure 6.2c). The period of this 

burster, the time elapsed between the onset of a burst to the onset of the following burst, 

was approximately 0.3 sec (figure 6.2b). The morphology of this particular AC neuron is 

illustrated in figure 5.5a,b. The dendritic tuft clearly arborized in the dorsal and medial 

area of the AL. The number of spikes per burst, spike firequency, and the burst duration 

are clearly visible in figure 6.2b. The remarkable similarity in time course between the 

two bursts is also of note. Approximately 24% of all bursting AC neurons tested 

exhibited this type of fast bursting (tables 6.3 and 6.4). 
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The second example (figure 6.3a) illustrates a "medium" burster with a biurst 

frequency of approximately 1 Hz. Time expansion of the bursts in figure 6.3b revealed 

19-21 action potentials, at ^proximately 56 Hz, and a burst duration of 340-375 ms. The 

AC neuron characterizes the type of bursting behavior observed in 38% of all bursting 

AC neurons. A third record of a typical "slow"-bursting AC neuron is shown in figure 

6.4a. The biurst firequency was relatively low (approximately 0.5 Hz) but the number of 

spikes per burst was relatively high, as seen in figure 6.4b. Sometimes the burst duration 

decreased slightly, as demonstrated in the three non-expanded bursts. The slow bursting 

type was observed in 18% of all rhythmically firing, AC neurons. 

Approximately 20% of the bursting AC neurons exhibited irregular firing 

patterns, punctuated with periods of regular bursting activity, or regular patterns 

interrupted by periods of irregular bursting activity. Correlations of burst frequency, 

duration or spike frequency within a burst with the membrane resting potential could not 

be made. 

It is unlikely that AC bursting activity was an artifact or an injury response, 

because it was recorded routinely in numerous preparations over more than two years, 

even after changes in the experimental setup and procedures used. This bursting was 

observed regardless of the electrode glass (either quartz or borosilicate glass) used, or 

which AC cluster (primary or satellite) was examined, and under various environmental 

conditions (temperature, himiidity etc.). Even when recordings were obtained from AC 

neurites in the glomerular neuropil, the same types of bursting patterns were encountered. 
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Finally, similar rhythmic biirsting has been recorded in a few AC neurons encountered by 

another investigator working independently in our laboratory (Roche-King, personal 

communication). 

The use of a Fast Fourier Transform (FFT) software application to convert records 

of time-dependent bursting activity to the frequency domain, allowing easy identification 

of any concealed periodicity within the bursting activity, proved to be quite useful (Press 

et al., 1989). Prominent peaks on the transformed records indicated the relative 

dominance (amplitude) and location within the spectrum (frequency) of periodicity in a 

neuron's bursting activity. 

Transformation records of the three AC neurons discussed above are shown in 

figures 6.2c, 6.3c, and 6.4c. Spectral peaks for bursts in these three neurons were 3.18, 

1.4, and 0.45 Hz, respectively. Also visible in figure 6.2c are foiu* harmonics (integer 

multiples of some primary frequency) borne of the primary periodicity, which occurs at 

3.18 Hz. 

Non-bursting AC neurons 

Non-bursting AC neurons exhibited both regular and irregular background firing 

activities. Figure 6.5a exemplifies a regular non-bursting firing pattern. The pattern was 

characterized by a spectral peak at 7 Hz (figure 6.5b). The highest-order even and odd 

harmonics of the primary frequency (14 Hz, 21 Hz, 28 Hz, etc.) are also visible above the 

noise floor. Other regularly firing, non-bursting AC neurons exhibited periodicity at 

higher frequencies, ranging fix>m 20 to 25 Hz. 
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The following two figures compare the background activity patterns of AC 

nenrons (described above) with those of typical MC projection neurons and LC local 

intemeurons. The morphology of an individual MC output neuron is presented in figures 

6.6a-c. The image in figure 6.6a shows the cell body in the MC group of somata. The 

image in figure 6.6b illustrates part of the primary neurite, the dendritic tufl innervating a 

single glomerulus in the dorsal/medial/posterior AL area, and the axon projecting towards 

the protocerebrum. Figure 6.6c shows the remaining dendritic branches projecting into 

the glomerulus. Note that the dendritic tufl is less dense than the tufl of an AC neuron 

with its high density of higher-order neurites (compare with figures 5.4b, 5.5b or 5.5c). 

MC neurons typically exhibited an irregular, non-bursting firing activity at rest, with 5-10 

spikes per sec (figure 6.6d), and with no prominent spectral peak firequencies above 1 Hz 

(figure 6.6e). In summary, the frequency spectrum of this MC neuron's firing pattem did 

not reveal any prominent peaks, demonstrating a low degree of periodicity in the 

background firing of this typical MC neuron (Roche-King, 1997). This stands in contrast 

to the higher degree of inherent periodicity found in both bursting and non-bursting, 

regularly firing AC nexirons. 

To test for possible periodicity in the spontaneous firing activity of a LC neuron, 

intracellular records and derived FFTs were compared. Figure 6.7a shows the 

morphology of a single local intemeuron that had its soma in the LC group. The primary 

neurite branched into multiple secondary neurites that projected into many glomeruli 

forming fine dendritic tufls. All of the neurites remained within the AL. A typical firing 
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pattern of a LC neuron is illustrated in figures 6.7b,c. There was more than one action 

potential amplitude apparent (Christensen et al., 1993), which was different from the 

action potential amplitude in AC neurons (see above). Furthermore, the peak spectral 

frequency for this neuron was 10.2 Hz, but this low-amplitude peak did not appear to 

have any prominence among the other frequencies (figure 6.7d). The lower spectrum 

showed no apparent fi^quency bandwidths that demonstrated a "Gaussian" frequency 

distribution, decreasing in amplitude with increasing fi^uency. In summary, the firing 

activity of the LC neuron, like the MC neuron, did not have any significant periodicity. 

Antennal nerve stimulation 

The antennal nerve of female moths was orthodromically stimulated with hook 

electrodes during the course of intracellular recording from single AC neurons. Figure 

6.8a shows a record of a spontaneously bursting AC neuron, with trains of pulses 

delivered at different times during the recording period. A burst could be evoked 

anywhere in the bursting cycle, but bursts evoked following a preceding spontaneous 

burst were reduced in strength. The shape of an evoked burst looked similar to the shape 

of a spontaneously fired burst. 

The effect of each consecutive pulse is shown in figure 6.8b. In the first example, 

the first shock elicited eight action potentials and the second shock elicited two potentials 

after a short delay. The last three pulses promptly evoked only one spike each. In the 

second example, the first pulse evoked seven spikes and the second pulse only one spike. 
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For the following three electrical shocks, the neuron was refractory. Its membrane might 

have been a little bit depolarized, but it didn't cross the threshold for eliciting a spike. In 

summary, the results show that bursting can be driven by these stimulus pulses. 

Plant-associated odors 

The physiological responses of single AC neurons to natural vegetative and floral 

odors were tested in female moths. The hostplant flowers used as odor stimuli were 

obtained from plants of Spiderlily, Jimson Weed and Evening Primrose, and the non-

hostplant flowers from White Mimi. The hostplant leaves used were obtained from plants 

of Jimson Weed and tomato and the non-hostplant leaves from cabbage (see Methods for 

more information). 

Table 6.1 lists all identified headspace volatiles that were emitted from these 

intact flowers and leaves. The volatiles were grouped into five chemical classes: N-

bearing compounds, monoterpenes, sesquiterpenes, aromatics (benzenoids) and 

aliphatics. It is interesting that many of the identified volatiles were common to all three 

hostplant flowers, for example, the N-bearing compound butyraldoxime and the 

monoterpene sabinene. The monoterpenes myrcene, linalool and geraniol, for example, 

were not only common to those three hostplant flowers, but also to tomato leaves. This 

reveals similarities in the chemical content of the hostplants. Some identified volatiles 

were common to at least two of the three hostplant flowers, for example, the monoterpene 

geranylacetone and the aromatic benzylacetate. The non-hostplant flowers of White Mum 
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had few volatiles in common with the three flowers of the hostplants, only the 

monoterpene sabinene and the aromatic benzaldehyde. However, seven out of the total of 

nine identified compounds were monoterpenes. Furthermore, it is notable that about 50% 

of the identified headspace volatiles belonged to the chemical class of monoterpenes (43 

volatiles out of 87) which emphasizes the potential importance of testing the responses of 

AC neurons to monoterpenes. The headspace of tomato vegetation consisted of mostly 

monoterpenes, but also sesquiterpenes, aromatics and aliphatics (see chapter 3). However, 

N-bearing compoimds were not found in tomato leaves (Buttery et al., 1987a,b). Only 

flowers of the hostplants emitted N-bearing compounds, making this class also 

potentially important for olfactory testing. Aliphatic compounds were present exclusively 

in the headspace of tomato vegetation. 

To smdy whether AC neurons were able to distinguish between chemical classes, 

mixtures of chemical compounds were selected as odor stimuli (for selection criteria refer 

to Methods). Table 6.2 lists the chemical compounds chosen, their chemical structures 

and in which hostplants each of the compounds was present (Loughrin et al., 1990). The 

monoterpenes linalool, myrcene and geraniol were highly represented among many of the 

hostplants. 
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Neuronal responses to naturalfloral and vegetative 

plant sample odors 

For the physiological characterization of AC neurons and screening for ranges of 

olfactory receptivity to natural host- and non-hostplant associated odors, intracellular 

recording techniques were employed. Moreover, the studies were aimed at exploring the 

roles of the spatially distinct small group of AC glomeruli in central integration of 

olfactory information. Most responses were characterized as predominantly excitatory, 

but they were often multiphasic, consisting of both depolarizing and hyperpolarizing 

phases. The responses were virtually identical to those observed in pheromone-processing 

neurons in male M. sexta (e.g. Christensen and Hildebrand, 1987a; Christensen et al., 

1989a). 

Figure 6.9a shows an intracellular recording of a non-bursting AC neuron and its 

response to a floral hostplant odor stimulus (Spiderlily flower). The neuron exhibited a 

multiphasic response, with a strong excitatory phase surrounded by periods of inhibition. 

The second record in figure 6.9a displays a strong EAG response confirming that the 

antennal receptors were fimctional. Figure 6.9b shows a histogram in which the 

instantaneous firequencies of the data in figure 6.9a are plotted over time. The peak 

instantaneous firing firequency of the AC neuron was 168 Hz. The diagram reinforces the 

strong, multiphasic nature of this response. In conclusion, some non-bursting AC neurons 

show complex responses to floral hostplant odors (see table 6.3 for an overview of all AC 

neurons tested). 
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Bursting AC neurons also exhibited mtiltiphasic responses to hostplant flowers as 

shown in figure 6.10. The AC neuron showed an excitatory response with a period of 

afterhyperpolarization to the hostplant flowers Spiderlily and Evening Primrose. The 

EAG response to tomato indicates that the antenna was physiologically responsive, even 

though there was no apparent response to tomato leaf or a blank stimulus. This indicates a 

degree of tuning specificity of some AC neurons to only floral, but not vegetative odors. 

The records produced by the delivery of the second Spiderlily stimulus demonstrate 

reproducibility of responses to multiple, repeated stimuli. 

AC neiurons that exhibited similar multiphasic excitatory response profiles to 

floral and vegetative odor stimuli showed that some AC neurons are more broadly tuned 

than others. Figure 6.11 shows four different examples of predominantly excited non-

bursting neurons and their responses to seven different host- and non-hostplant stimuli 

and the blank stimulus. Each small histogram is an instantaneous frequency plot over 

time. The figure illustrates response similarities of the AC neurons within the excited 

category to the leaf and flower stimuli tested. 

In addition to neurons that were primarily excited, the other three response 

categories, into which neurons with similar or identical profiles were grouped, were 

"inhibited", "mixed" and "no response to odors tested". The category "mixed" refers to 

AC neurons exhibiting excitatory and inhibitory responses to other odors within the 

course of one recording period. Table 6.3 summarizes the physiological response data 

collected from a total of 52 AC neurons, with similar response profiles to floral and 
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vegetative odors, organized into four categories: excited, inhibited, mixed and no 

response to odors tested. Within each category, the neurons were arranged according to 

their breadth of response tuning, with the neuron having the broadest range situated to the 

very left. Individual stimuli that were repeated produced responses that were similar to 

responses to the first stimulus. The results show that some AC neurons have a narrow 

receptive range, for example, neuron no. 11 which is strongly excited only by floral 

hostplant odors (Evening Primrose, Jimson Weed and Spiderlily), or neuron no. 22, 

which is strongly inhibited by the same type of floral stimuli. Other AC neurons 

exhibited a rather broad receptive range, for example, neuron no. 3, which is excited by 

both host and non-host floral and vegetative odors (including leaf samples of tomato, 

Jimson Weed and cabbage). However, the rather broadly tuned neuron no. 3 exhibited the 

strongest response to flowers of Evening Primrose and Jimson Weed. 42% of the AC 

neurons fell in the "no response to odors tested" category, 21% in the "excited", 21% in 

the "inhibited" categories and only 16% belonged in the "mixed" category. It can be 

excluded, that the neurons in the "no response" category were not physiologically viable. 

For example, they all showed a membrane potential in the expected range, the recordings 

were stable over a long period of time, with little background noise, and the high-

amplitude action potential patterns looked like other activity patterns of cells in the 

excited or inhibited categories. Within the "inhibited" and the "no response to odors 

tested" category, 91% of the neurons showed bursting activity, but within the "excited" 

and "mixed" category, only 36%, and 25%, respectively exhibited rhythmic activity. 
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Bursting AC neurons did not show only one type of response, but they were able to elicit 

an excitatory, inhibitory or mixed response (or none) across the range of odors tested. 

In summary, the subset of physiologically relevant floral and vegetative odors, 

some of which elicited a strong multiphasic response in AC neurons, was defined. The 

most effective and potentially relevant odors are flower samples of Evening primrose, 

Jimson Weed and Spiderlily. Leaf samples of tomato, Jimson Weed and cabbage (non-

host plant, as control stimulus) and flower samples of White Mum (non-hostplant) are 

able to elicit in a few AC neurons either excitatory, inhibitory or mixed responses, but the 

responses are much less strong than the responses to floral hostplants by the same 

neurons. 

The number of potentially relevant individual chemical compounds, headspace 

volatiles emitted by the floral and vegetative odors (table 6.1), was limited to less than 50 

compounds that fell into only five chemical classes (N-bearing compounds, 

monoterpenes, sesquiterpenes, aromatics and aliphatics)). Testing chemical classes 

(mixtures) increases the chance of finding the individual compounds that best drive AC 

neurons, respectively the small and morphologically distinct group of AC glomeruli. 

Neuronal responses to chemical classes (synthetic odorant mixtures) 

This aim explores the question of whether AC neurons in female moths were able 

to distinguish between certain classes of chemical compounds (mixtures). Intracellular 

recordings, along with EAG recordings were employed. Figures 6.12a-d and 6.13a,b 
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exemplify the response profiles of two different irregularly bursting AC neurons to a 

subset of the mixtures in various concentrations (ranging from 1: 10® to 1:10^). Figure 

6.12a shows the responses of a bursting AC neuron to a blank stimulus and to aromatic 

mixtures in three concentrations (1:10®; liltf; and 1:10^; methyl salicylate, benzyl acetate 

and methyl benzoate). The intracellular and EAG records are paired for each odor 

stimulus. The aromatic mixture of lowest concentration apparently did not elicit any 

response. However, a predominantly excitatory response, followed by an inhibitory 

period (multiphasic response) was evident after delivery of the more highly concentrated 

mixtures. Delivery of each of the four concentrations of green-leaf volatiles ((Z)-3-

hexenylacetate, (Z)-3-hexen-l-ol and (E)-2-hexenal) caused an excitation in the AC 

neuron, possibly followed by a long-lasting period of aflerhyperpolarization (figure 

6.12b). The medium-strong concentration (1:10^) yielded a strong excitation, preceded by 

a hyperpolarization (multiphasic response). The highest concentration yielded a more 

complex response, consisting of alternating brief excitatory and inhibitory periods, 

followed by a longer-lasting inhibition. 

Figure 6.12c shows excitatory responses to monoterpenes in all four 

concentrations (linalool, myrcene and geraniol). Even the lowest concentration (1:10®) 

evoked an excitation, preceded by a rapid hyperpolarization and followed by a longer 

inhibitory period. The higher concentrations (IrlO* and 1:10^) led to a relatively shorter 

inhibition. Taking into account that the firequency of the backgroimd firing varied slightly 
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over the course of the recording period, all four excitatory responses to the di£ferent 

concentrations appear to be similarly strong. 

Figure 6.12d shows that neither low nor medium concentrations of the N-bearing 

mixture (indole, butyraldoxime and 1-nitropentane) elicited a clear response, but the 

highest concentration (1:10^ caused a strong burst of action potentials. The lack of 

responses to low concentrations and the strong excitatory response to the highest 

concentration suggests non-specificity of this particular neuron for N-bearing compounds. 

Possibly, a higher number of olfactory receptor cells is recruited at unnaturally high 

concentrations which the moth would normally not encounter in the environment. 

Moreover, the responsive AC neuron showed bursting activity demonstrating that 

bursting neurons can respond to different mixtures of chemical compounds (refer to table 

6.4). 

The average latency of the neuron responses, measured from onset of the odor 

stimulus to the first noticeable indication of a response, was 223 ± 35 ms (n=44). The 

average latency of the EAG response, meastired from onset of the odor stimulus to the 

begirming of the downward deflection of the EAG, was 116 ± 22 ms (n=44). 

Furthermore, all EAG recordings demonstrated dose-dependent responses, increasing in 

strength with increasing concentration. 

An example of an irregularly bursting AC neuron that exhibited a different 

response profile to mixtures is described in figures 6.13a,b. An increase in the 

concentration of monoterpene mixtures led to prolonged inhibition after onset of the 
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stimulus (figure 6.13a). An aromatic mixture of low concentration (1:10') appeared to 

have no effect on the backgroimd firing activity of this AC neuron (figure 6.13b). A N-

bearing mixture of low concentration, however, evoked an inhibitory response. In 

summary, the chemical classes constituting a part of the inhibitory extent of the receptive 

range of this neuron include at least monoterpenes and N-bearing compounds. 

Table 6.4 sxmimarizes the data collected from intracellular recordings of 23 

different AC neurons. The neurons were stimulated with mixtures of N-bearing 

compounds, monoterpenes, aromatics, and green-leaf volatiles, presented in three 

concentrations ("L"Aow/l:10'; "M"/medium/l:10^ 'TT'/high/lrlO^ or 1:10^). The 

responses were grouped into one of three categories (excited, inhibited or mixed), and 

arranged within each category according to breadth of tuning range. The blank control 

stimulus did not elicit a response in any of the 23 neurons. Burster neurons were present 

in each category, but most of them were grouped in the inhibited category (seven out of 

eight). It is interesting that there was not a single AC neuron encountered that did not 

respond to at least one of these four chemical classes, which might indicate that odor 

information derived from these plant volatiles is actively processed by these neurons. 

Depending upon the mixture, an increase in the concentration of stimulus can lead 

to a change in the magnitude of the response. For example, when the concentrations of 

the N-bearing and aromatic stimuli were increased, the response characterization of 

neuron no. 1 (table 6.4) changed from "no response" to "strong excitatory response". 

Neuron no. 9, in the inhibited category, for example, showed no apparent response to low 
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concentrations of aromatics and green-leaf volatiles, but changed to an inhibitory 

response at the medium concentration and became strongly inhibited by a high 

concentration. Another interesting phenomenon was illxistrated by neuron no. 13 in the 

mixed category. The neuron showed a strong excitatory response to the low and medium 

concentrations of aromatics, but a less strong excitatory response to the high dilution. 

Such observed changes in the responses, with different concentrations and various 

chemical classes, were not due to changes or unpredictable factors in the experimental 

setup. Other colleagues in the department working on similar systems saw similar 

changes in responses to stimulus quaUty and quantity (for example, Roche-King et al., 

1997). Furthermore, individual repeated stimuli yielded almost the same responses as the 

original stimulus in the recording period showing reproducibility of the results. 

Taken together, the data from 23 AC neurons show that there was a degree of 

response specificity exhibited by some AC neurons to only a subset of the chemical 

classes tested (depending upon concentration). For example, neuron no. 5, which 

demonstrated a rather narrow response tuning, was strongly excited by medium and high 

concentration mixtures of green-leaf volatiles, but showed no response to any 

concentrations of monoterpenes. In neuron no. 2 in contrast, various concentrations of 

either N-bearing compounds, monoterpenes or aromatics elicited an excitatory response. 

As outlined above, the neuron's responses to certain mixture stimuli can be 

dependent upon the concentrations of the blends delivered. Therefore, finding the 

concentration threshold level for each mixture that would evoke at least a slight response 
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(for example, excitatory or inhibitory) gives insights into differences in the sensitivity of 

AC neurons. Also, the results can reveal the dynamic receptive ranges (tuning specificity) 

to different chemical classes. "Threshold mapping" was used for all four chemical classes 

and is shown in figure 6.14 for two representative AC neurons in the "excited" response 

category. The graphs illustrate dose-response curves over increasing concentrations for 

the four chemical classes. In the concentration range tested, one representative AC neuron 

suggests dose dependencies to all four mixtures. This neuron showed a higher threshold 

response to monoterpene mixtures than to the other three chemical classes. In contrast, 

another AC neuron indicates a dose dependency to N-bearing compounds, but again, the 

threshold for activation with the other three chemical classes is below the minimum 

concentration used in this study. 

Analyzing the response data for each chemical class separately, the question arises 

of how many AC neurons exhibited what type of response within each class. Figure 6.15 

shows a histogram with the relative percentages of the AC neurons tested which 

displayed excitatory, inhibitory, and no predominant responses to the four different 

mixtures used (to medium concentrations). 

To siunmarize the findings, most of the neurons demonstrated excitatory 

responses when stimulated with the green-leaf volatile mixture, inhibitory responses 

when stimulated with monoterpenes, and no apparent responses when stimulated with N-

bearing or aromatic compounds. That is, the chemical classes most effective in activating 

a high percentage of individual AC neurons (either multiphasic or inhibitory responses) 
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were green-leaf volatiles and monoterpenes at the lowest concentrations (figure 6.15). 

Therefore, the chemical compounds (Z)-3-hexenylacetate, (Z)-3-hexen-l-ol, (E)-2-

hexenal, linalool, myrcene and geraniol, if tested individually, would have the highest 

probability of eliciting a response in AC neurons. The chemical classes of N-bearing and 

aromatic compounds were rather ineffective in eliciting a response in neurons, compared 

to green-leaf volatiles and monoterpenes. In other words, the individual compounds 

indole, butyraldoxime, 1-nitropentane, methyl salycilate, benzylacetate and methyl 

benzoate would probably be only effective in eUciting a response at much higher 

concentrations and hence would be considered to be much less effective stimuli. 

Spontaneous bursting and rhythmic baseline activity 

were suppressed by odor stimulation 

To address the issue of whether or not there were any concealed patterns intrinsic 

to the spontaneous firing activities of AC neurons, which may help to understand the 

encoding of plant-associated odors, intracellular recordings of bursting activity were 

analyzed. In figure 6.16a, an 8-sec long recording of pre-stimulus backgroimd activity of 

an irregularly bursting AC neuron is shown. The neuron exhibited low-amplitude 

fluctuations along the baseline. The "baseline or membrane potential oscillations" 

occurred at a firequency of approximately 3-4 Hz and, in some cases, gave rise to an 

action potential or a burst of spikes rising out of the membrane oscillations. Ailer 

delivery of a high concentration of green-leaf volatiles, the oscillations quickly recovered 
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after a brief period of siippression (6.16b). In figures 6.16c,d the time-domain recordings 

in figures 6.16a and b were transformed into their fi^uency domains, to look for any 

apparent periodicity that might account for the baseline oscillations visible in both 

intracellular records. Figure 6.16c illustrates several bandwidths of Gaussian frequency 

distributions, with the following hannonic of the Gaussian distribution decreasing in 

amplitude. This is a good indication for periodicity in the pre-stimulus intracellular 

record. The post-stimulus Fourier spectrum (figure 6.16d) also shows some evidence for 

possible periodicity. A comparison of the pre- and post-stimulus frequency spectra in the 

0-10 Hz expanded range, indicates that the overall patterns of both frequency 

distributions were similar. There were no shifts of the peaks along the frequency axis, 

only an overall suppression in amplitude of the peaks in the post-stimulus FFT. 

In figures 6.17a-d baseline activities of the AC neuron discussed in figures 6.16a-

d, are illustrated, before and after stimulation with a low concentration (1:10® dilution) of 

green-leaf volatiles. The intracellular record in figures 6.17a shows the presence of 

baseline oscillations in the background firing before odor stimulation and a seeming lack 

thereof immediately following odor stimulation (figure 6.17b). The corresponding 

transformations of the two records into frequency spectra are presented in figures 6.17c,d. 

The pre-stimulus spectrum in the 0-300 Hz range plot (figure 6.17b) demonstrates two 

low-ampUtude bandwidths of Gaussian-shaped firequency distributions, with the second 

harmonic of this distribution diminishing in amplitude. This clearly indicates periodicity 

intrinsic in the background firing activity of the AC neuron. The post-stimulus frequency 
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spectrum in the 0-300 Hz range plot (figure 6.17d) appears not to have any obvious 

periodicity. The 0-10 Hz pre-stimidus spectrum (figure 6.17c) elucidates a high-

amplimde peak frequency at 2 Hz which corresponds to the occurrence of about two 

baseline oscillations per second in the intracellular record (figiu^ 6.17a). The post-

stimulus FFT in the expanded 0-10 Hz range (figure 6.17d), however, does not reveal any 

prominent peak frequency. The FFT shows an overall reduction in the amplitudes of most 

frequencies (across the fi^uency range) in comparison with the overall frequency pattem 

(distributions and amplitudes) derived from the pre-stimulus record in the time domain 

(figure 6.17c). 

In summary, there was an apparent disappearance of the oscillations in the 

baseline activity immediately following odor stimulation (here low concentration of 

green-leaf volatiles). This leaves the question open, however, of whether the oscillations 

would re-appear given sufficient time for their "recovery". To study this possibility, the 

intracellular background firing pattem of this same AC neuron was analyzed from 30 sec 

to 38 sec after the same odor stimulus (figure 6.17e). It seems that the oscillations in the 

baseline activity had re-appeared. The low-frequency component returned at a peak 

frequency of about 3 Hz, which matches one of the peaks observed before the delivery of 

the odor (see pre-stimulus FFT in figure 6.17c). The FFT spectrum in the 0-300 Hz range 

(figure 6.17f) also demonstrates periodicity. In siunmary, odor-evoked oscillations, as 

occur in other vertebrate and invertebrate olfactory systems (Sim et al., 1993; Laurent, 

1997), do not appear to be a prominent coding feature of AC neurons. 
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6.5 Discussion 

Behavioral attraction of female moths to plant-associated odors 

Hostplant-associated odors elicit a female-specific behavioral response (Raguso 

and Willis, 1997). Female Manduca moths preferentially oviposit on plants of the family 

Solanaceae, and the survival of offspring depends on the female finding an appropriate 

plant (Yamamoto et al., 1969; Waldrop et al., 1986). In addition, results from behavioral 

bioassays in a flight tunnel suggest that female moths respond in a predictable way to 

hostplant odor (Willis and Arbas et al., 1991). Also, females (like males) show a selective 

upwind orientation behavior to certain night-blooming flowers for nectar feeding (Raguso 

and Willis, 1997). In this significant orientation behavior they are guided, especially from 

a distance, by odor cues released by the flowers (Raguso and Willis, 1997; Ramaswamy, 

1988). In other words, just as males are attracted to a small set of specific pheromone 

components (Christensen et al., 1989), female moths also exhibit a behavioral attraction 

to a limited set of plant-released odors.. Furthermore, because of this behavioral 

interaction with foliage and flowers, it is a reasonable expectation to find neuronal 

responses to plant-associated odors and a fimctional specialization of the olfactory system 

to accomplish this important task of hostplant odor discrimination. 

This research focused on AC projection neurons, and tested their physiological 

response ranges to natural mixtures of odor substances emanating from floral and 

vegetative samples fix)m plants and synthetic mixtures of chemical compounds grouped 
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into di£ferent chemical classes. I aimed to utilize the small subset of AC glomeruli, 

supplied by AC neurons, for pilot studies of central processing of floral and vegetative 

odors. The physiological studies provide a means for improving our relatively limited 

understanding of the mechanisms underlying plant-odor processing and coding strategies 

in the brain of female Manduca sexta. 

Response specificity of AC neurons 

to a subset of natural floral and vegetative odor stimuli 

It would be impossible to test individually each of the many thousands of odors 

encountered by Manduca in the field. For that reason, the key to successful neuron 

characterization lies in a mindful choice of stimuli for AC neurons. To approach the 

question of which odor stimulus can best drive an AC neuron, a subset of flowers and 

leaves of hostplants likely to be encoimtered by M sexta females in nature was chosen. 

The data show evidence for a wide range of response specificity, from many 

neurons that were narrowly tuned, to fewer neiux)ns that responded to every stimulus 

tested. The high degree of narrow tuning clearly illustrates that the group of AC 

glomeruli is involved in processing information about floral hostplant stimuli such as 

samples from Evening Primrose, Jimson Weed and Spiderlily. The group of glomeruli is 

possibly also involved, to a lesser degree, in processing information about vegetative 

stimuli such as leaf samples from tomato and Jimson Weed. The wide range of neuron 
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specificity indicates that the mechanisms underlying processing are rather complex, and 

that some AC glomeruli might be tuned to more than one odor stimulus. 

The selectivity was observed in both non-bursting and bursting AC neurons, 

which shows that a neuron's ability to respond to a particular odor is independent of the 

level of backgroimd firing activity at the time of odor delivery. Consequently, the ability 

to burst does not seem to be dominant factor in encoding chemical structure or odor 

quality (see below). 

The apparent non-responsiveness of AC neurons in the "no response to odors 

tested" category, is likely due to the fact that these neurons were not presented with the 

most effective odor stimulus that would elicit a response. The neurons in this category are 

probably tuned to other floral or vegetative scents not yet tested, or even to non-plant 

odors or to non-odor stimuli, for example, temperature, humidity or mechanosensory 

stimuli. It is interesting to compare these results on receptive ranges of AC neurons in 

moths, with findings from studies of other types of AL neurons as well as neurons in 

vertebrate olfactory bulbs. Two examples follow: 

a) Sex pheromone-specific projection neurons in male Manduca sexta 

(Christensen and Hildebrand, 1987; Kanzaki et al., 1989; Hildebrand et al., 1992; 

Christensen et al., 1996). This population of glomerular output neurons possesses a strong 

selectivity for very few components in the complex pheromone blend, but shows no 

obvious selectivity when presented with plant volatiles, indicating a "labeled-line", or 

more accurately, an "across-label" type of coding mechanism for pheromonal information 



147 
(Christensen and White, 1998). The data in the study of AC glomeruli suggest a labeled-

line type of coding mechanism for at least some AC neurons that are narrowly tuned to 

hostplant flowers. However, as mentioned earlier, processing mechanisms employed by 

some AC glomeruli might be quite complex because broadly tuned neurons and neurons 

responding both excitatory and inhibitory ("mixed" category) were encountered. 

b) Tuning specificity of individual mitral/tufled cells in the olfactory bulb of 

rabbits (Mori et al., 1992; Imamura et al., 1992). All mitral/tufled cells which responded 

to, for example, carboxylic acids that are structurally related were located in the same 

dorsomedial part of the bulb, as revealed by extracellular field-potential measxirements. A 

correlation between the spatial location of the neimin responding and some features of the 

molecular structure of the stimulus was demonstrated. Furthermore, these authors 

correlated the timing specificity of single neurons to different variables in the 

stereochemical structure, for example, length and structure of the hydrocarbon chain, 

different functional groups, or position of the functional group within the molecule. In a 

more recent study, some individual mitral/tufled neurons were shown to have a rather 

narrow molecular receptive range, comprising molecules with related stereochemical 

structures (odotopes) (Mori and Shepherd, 1994). That is, there was a limited mmiber of 

"effective" odor molecules that were part of the "excitatory extent" of glomerular output 

neurons. The effective compounds were the fatty acids propionic acid and butyric acid, 

the aliphatic aldehydes butylaldehyde and valeraldehyde, the aliphatic alcohol butyl 

alcohol and certain short-chain esters. The odors used in the studies on mitral/tufled cells 
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were randomly chosen from among commercially available chemicals, and their potential 

behavioral significance for rabbits was fairly imknown (Mori et al., 1992). In contrast, the 

studies on AC neurons were based on some knowledge about potentially behavioral 

significant hostplants, which offered a clear advantage in the goal of eliciting the tuning 

specificity of a small group of glomeruli. 

Receptive ranges of AC neurons to chemical classes (synthetic mixtures) 

The chemical classes that were effective in activating or inhibiting an individual 

AC neuron, and thereby constituting a part of the excitatory or inhibitory extent of the 

neuron's receptive range, differ for different AC neurons. That is, particular AC neurons 

show tuning specificity to only a subset of chemical classes (green-leaf volatiles and 

monoterpenes; table 6.4 and figure 6.15). The narrow tuning of AC neurons, respectively 

glomeruli that are supplied by AC neurons, suggests a fimctional role for the spatially 

distinct group of AC glomeruli in processing a small subset of hostplant-related odors 

(see Results). Furthermore, the data possibly suggest that most AC neurons might use a 

rate code to represent odor concentration in the brain, because AC neiurons seem to 

increase their firing rate (firequency of action potentials) to certain chemical classes when 

odor concentration is increased (figure 6.14). Also, it suggests that the plant-detecting 

pathway might be as sensitive as the pheromone-detecting pathway (Christensen and 

Hildebrand, 1987a; Christensen et al., 1989a). 
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The results presented are consistent with results reported from other research 

groups. For example, sex-pheromone-selective neurons in male Agrotis segetum moths 

also demonstrated responses that were dose-dependent and that differed for di£ferent 

stimuli (Hartlieb et al., 1997). In most of the pheromone-selective neurons, specific 

responses occurred at low stimulus intensities. When the stimulus concentration was 

increased, the neurons often responded to additional pheromonal stimuli ("Generalist 

neurons"). Variations in the tuning specificity with increases in the pheromone 

concentration was also shown in the pyralid O. nubilalis (Anton et al., 1997). 

In addition, intracellular recordings from MC neurons in the AL of female 

Manduca sexta support the notion that some MC neurons can alter their response 

characteristics depending on the stimulus concentration (Roche-King, 1997). 

Furthermore, Roche-King (1997) encountered MC neurons that arborized in the lateral 

glomerulus within the group of large female-specific glomeruli near the antennal nerve 

entrance that were narrowly tuned to linalool. The fimctional significance for having 

possibly two groups of glomeruli (female-specific group and AC group) in spatially 

different AL areas that might show tuning to monoteipenes is not known. 

A few intemeurons in female Spodoptera littoralis were encountered in the 

antennal lobe which are narrowly tuned to the aromatic compound benzaldehyde (Anton 

and Hansson, 1994). Benzaldehyde was not tested in AC neurons, but a mixtxire of 

chemically related compoimds, such as benzyl acetate was tested and in contrast to 

certain neurons in Spodoptera, found to be little effective in eliciting a specific response 
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in AC neurons. EAG responses of the female sphinx moth Hyles lineata to individual 

volatile compounds from flowers and leaves (Raguso et al., 1996) showed, for example, 

that the monoterpene linalool and the aromatics benzylacetate and methyl salicylate 

elicited the strongest EAG responses. All three chemical compounds are present in floral 

headspace of the hostplant Clarcia breweri (Onagraceae). Therefore, the finding of 

strong antennal sensitivity to linalool, benzylacetate and methyl salicylate is consistent 

with the finding of narrow tuning in some AC neurons to, for example, linalool that is 

present in floral headspace of most of Manducd's hostplants but not to, for example, 

methyl salicylate that is not present in many hostplant flowers. 

Vertebrate studies on mitral/tufled cells and intemeurons also provided evidence 

that the responses can change with variations in concentration and odor quaUty (Wellis et 

al., 1989; Meredith, 1986). Meredith (1986) discovered at least one output neuron that 

showed a suppression in its firing activity at high and low intensities of an isoamyl 

acetate stimulus, but the same neuron showed an excitation at a medium concentration. 

The studies indicate that it is crucial to test odor stimuli at or slightly above their 

concentration threshold level, that is, concentrations that the moth might encounter in its 

natural habitat (Meredith, 1986; Hartlieb et al., 1997). Otherwise, it is possible to 

misinterpret a neuron's response if the odor concentration is too low or too high. Given 

that a large range of concentrations was tested, and a large proportion of AC neurons 

elicited a response at the lowest concentration (10^), it is reasonable to assume that 

neurons unresponsive to a particular stimulus were not responsive to that chemical class. 
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If the concentratioii is too strong, the size of the population of activated receptor neurons 

might increase (Mackay-Sim and Shaman, 1984). Consequently, any change in the 

quantity and quality of a response with increasing concentration might result &om a 

spread of activation to different receptors with different tuning characteristics (Wellis et 

al., 1989). Olfactory receptor cells in Manduca could have different binding specificities 

for these different mixtures, and some receptor cells could be tuned to one or two odorant 

features. Other factors that could possibly influence the responses of AC neurons to odors 

might include the local circuitry in the AL (Wellis et al., 1989; see discussion below). 

Periodic bursting activity of AC neurons 

The majority of AC neurons exhibited pronounced rhythmic and periodic bursting 

activity at a burst frequency ranging from 0.5 to 4 Hz (figures 6.2, 6.3 and 6.4). Biirsting 

is an electrical membrane property of the neuron that might play an important role in 

shaping neuronal inputs and outputs and influencing or even generating rhythmic 

behaviors (Kandel et al., 1983; see chapter 7 for more details). This property is rather 

ubiquitous in the animal kingdom (Russel and Graubard, 1987), and bursting pattems 

similar to the pattems in AC neurons have been widely reported. A well studied example 

is the stomatogastric system in crustacea such as Cancer or Panulirus (Russel and 

Graubard, 1987; Hemiaim, 1979b; Hermann and Wadepuhl, 1987). In crustacea, PD 

(pyloric dilator) neurons in the pyloric system demonstrate spontaneous firing at a burst 

frequency of about 1 Hz, with a discrete, high-frequency burst usually lasting 100 to 200 
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ms. Sometinies they can give rise to long-lasting plateau potentials with bursts riding on 

top of them that look almost identical to the bursting activity in some AC neurons (figure 

6.4a, b; Russel and Hartline, 1981). 

There is evidence that PD oscillations are produced by rhythmic polarizations of 

the membrane potential which pass back and forth across the threshold for action 

potential generation (Miller, 1987). The site for generation of these oscillators is located 

at some distance fixim the soma (Hermann and Wadepuhl, 1987; Gola and Selverston, 

1981). It is speculated that the mechanisms by which the bursting activity is produced, 

could be related to either one of two models (or a combination of both). The first model 

favors cyclic conductance changes, leading to rhythmic voltage changes of the neuronal 

membrane (intrinsic property). The second model favors "resonant" properties of the 

neuronal network of synaptic interconnections. To address these issues in AC neurons, 

experimental manipulations of the type described above will be necessary, but was 

beyond the scope of my project. Therefore, speculations on whether bursting in AC 

neurons is synaptically driven, or arises from an intrinsic membrane property, would be 

premature. Nevertheless, several qualitative observations were made. The pattern of 

bursting activity at rest could sometimes changed between different states over the course 

of an experiment. For example, irregularly bursting neurons could gradually become 

regular bursters or cease bursting within a few seconds. Alternatively, regular bursters 

could become transferred into irregular bursters within 1 sec. In the last case, the 
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membrane potential depolarized which suggests the possible involvement of a voltage-

dependent membrane conductance in AC neurons. 

In crustacea, the possible functions of PD and AB (anterior burst) neurons are not 

yet fully understood, but it is believed that these neurons behave as "pacemakers" or 

biological "function generators" in the stomatogastric system. Pacemakers would 

determine the "pace" (discharge frequency) or influence the function of other cells in the 

tissue (Selverston et al., 1983; Russel and Graubard, 1987). The role as a pacemaker is 

conceivable for bursting AC neurons as well. They could flmction to synchronize the 

firing of other AL projection neurons which then would send their coded olfactory 

information to protocerebral neurons for further processing or decoding of the 

information (see below). The hypothesis of synchronization of activity would imply a 

crucial role for AC neurons in coding olfactory information in the brain of Manduca. 

Does afferent input to the AL change rhythmical bursting activity in AC neurons? 

The evidence that a burst of action potentials can be evoked anywhere in the bursting 

cycle (figure 6.8a) indicates that AC neurons may receive synaptic input from the 

antennal nerve. In addition, the latency of the response after each consecutive antermal 

nerve shock could range from 1-28 ms, but was mostly above 10 ms. The long latency 

suggests a polysynaptic coimection to AC neurons from antennal nerve afferents. 

Comparing these results with the results of other AL neurons yields interesting results. A 

typical MC neuron shows a triphasic response to a train of antermal nerve shocks: a 
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pronounced inhibitory postsynaptic potential, EPSP (with a latency of under 10 ms), 

followed by a period of excitation, and then by a longer period of inhibition (Roche-King, 

personal communication). The IPSPs indicate an inhibitory input coming from LC 

intemeurons and not from afferent inputs, because afferent inputs in the moth olfactory 

system have never been observed to be inhibitory in nature (Christensen et al., 1993). 

Inhibitory inputs indicate feedforward inhibition of projection neurons by local 

intemeurons. The complex triphasic response pattern has been until now thought to be 

very characteristic of projection neurons in the AL. This preliminary study shows that the 

responses of blunting AC neurons to electrical stimulation of the antennal nerve are 

different from responses of MC neurons. The resiilts also do not exclude the possibility 

that non-bursting AC neurons might sho'w triphasic responses to electrical stimulation 

similar to MC responses. Yet both bursting and non-bursting AC neurons show 

multiphasic responses to odor stimulation (figures 6.9a, 6.10, 6.12). 

Bursting or baseline oscillations as a coding feature of AC neurons ? 

The background activity of AC neurons shows liiythmical bursting as well as low-

amplitude baseline oscillations. The question to be asked is whether there is any 

infomiation intrinsic in these activities that could encode or aid in encoding plant-

associated odor signatures. The results suggest that there are no detectable increases in 

these rhythmic activities following odor stimulation, indicating that they might not be a 

dominant factor in encoding plant-associated odors. The findings in AC neurons are quite 



155 
different from the results in other olfactory systems where odor-evoked oscillations are 

reported. 

Over the past several years, much research effort has been focused on 

investigating oscillation-type firing activity and the potential role of oscillations for 

encoding odor information. A brief review of the results from three different laboratories 

follows. Recent work on locusts and honeybees suggests that there is a dynamical 

representation of olfactory information that is synchronized by oscillatory activity (Sun et 

al., 1993; Laurent, 1996). Three phenomena that seem to be odor-induced were 

characterized in locusts: oscillatory mass activity at 20-30 Hz; odor-specific and 

patterned neuronal responses; and dynamic synchronization of neural assemblies 

(Laurent, 1996). Studies reported on bee AL intemeurons also showed oscillations at 4-5 

Hz (at rest) and consisted of short spike trains at 25 Hz (Sun et al., 1993). The recorded 

rhythmical activity looked strikingly similar to the regular bursting activity in AC 

neurons. The authors suggest that the bursting activity, especially the niraiber of spikes 

per burst and the number of bursts, was modulated by olfactory stimulation (isoamyl 

acetate and 2-heptanone). 

Field potential recordings from local intemeurons in the principal odor processing 

center, the procerebrum, in the mollusk Limax maximus demonstrate oscillations at 0.7 

Hz (Gelperin et al., 1996). The neurons are involved in an oscillating network that has a 

very dynamic circuitry. The investigators also state that the frequencies of these 

procerebral oscillations were altered by odor input, for example, by amyl acetate. In 
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Manduca sexta, male-specific projectioa neurons in the AL, tuned specifically to sex-

pheromones, start to show an oscillatory-like firing pattern with peak frequencies 

between 1-3 Hz when stimulated continuously with a 5-sec long pheromone pulse 

(Christensen et al., 1998). 

In summary, the analyses of oscillation-like baseline activity of AC neiurons do 

not indicate an involvement of rhythmical AC activity in encoding plant-related odor 

information. In contrast, it was observed that at least some odor stimuli temporarily 

dampened out or suppressed baseline oscillations. One possible explanation for this 

interesting phenomenon could be found if we consider the insect's flight behavior. With 

no odor present, moths typically countertum or "cast" back and forth across the wind in a 

zig-zagging fashion (Willis and Arbas, 1991) at 1-3 countertums per sec. The coordinated 

behavior is thought to be maintained by a countertum generator in the thoracic ganglion. 

Interestingly, the coimtertum frequency coincides with the bursting frequency of AC 

neurons (Kanzaki et al., 1991). However, when the moths encounter a behaviorally 

important odor, they then must concentrate on the temporal pattern of odor patches in the 

plume (Christensen and Hildebrand, 1988; Christensen et al., 1996). The change of focus 

by the moth might explain the brief suppression of the baseline oscillations. Therefore, 

one hypothesis for the ftmction of rhythmic activity could be that AC neurons are 

responsible for maintaining low-frequency oscillations in the protocerebrum when no 

odor is present. In speculation, AC neurons could fimction as pacemakers, synchronizing 

activity in other neurons in the brain, and possibly could be involved in the rhythmic 
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countertuming behavior seen when the odor plume has been lost as a result of such 

natural phenomenon as, for example, a strong gust of wind. Unfortunately, we have no 

direct evidence to support this idea. 

In general, there are two different theories that could help explain coding. One 

theory involves a temporal code, where the temporal pattern of the activity in the neuron 

is important. The other theory involves a rate code, where the number of spikes per unit 

time is crucial (Laurent, 1996; Christensen and White, 1998). The following chapter 

addresses these theories about olfactory fimction in more detail and suggests how the 

results presented in this dissertation might support or refute the hypotheses. 
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Fig. 6.1 Schematic drawing of the experimental setup of the brain preparation. The setup 

shows a recording intracelliilar electrode impaling a single AC ceil body (left AL), a 

stimulating hook electrode, and an EAG electrode. Also, the glass tube for the odor 

stimulus directed at the antenna from 10 cm is illustrated. The physiological saline 

solution was delivered by a gravity-fed saline supply line. The morphology of an 

individual AC neuron with its primary neurite, dendritic tuft inside a single glomerulus, 

and axon ("ax") projecting into the protocerebrum is depicted in the right AL. 

Abbreviations: AC (anterior cell body group neurons), ax (axon), AL (antennal lobe), 

SEG (subesophageal ganglion). 
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Fig. 6.2a Example of a spontaneously and ihythmically bursting AC neuron (intracellular 

record). This neuron exhibited a bursting frequency of 3-4 Hz. 

Fig. 6.2b Seven separate action potentials in each burst are revealed through the 

magnification of the intracellular record in figure 6.2a. The spike frequency (123 and 117 

Hz), and the burst duration (57 ms and 60 ms) are clearly visible 

Fig. 6.2c Two Fast Fourier Transformation spectra (ETFTs) show the relative occurrence 

of frequency ranges within the record of figure 6.2a. The confinement of the frequencies 

of interest to the 0-20 Hz range is illustrated by the lower spectrum. This range is 

accordingly expanded in the upper spectrum, showing a peak at 3.18 Hz. 
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Fig. 63a The time-domain intracellular record of a different, spontaneously bursting AC 

neuron shows more action potentials per burst than revealed in figure 6.2a. The bursting 

frequency was approximately 1 Hz. 

Fig. 63b The first two bursts of figure 6.3a are magnified to allow counting of the 

individual spikes (21 within the first burst and 19 within the second burst). The burst 

duration of the first burst is 375 ms. 

Fig. 63c The repetition frequency of the bursts, as well as the individual spikes within 

the bursts, shown by figure 6.3a, are shown through FFT analyses. Peaks at 1.4 Hz 

(representing the bursts) in the upper and lower diagrams, and 51 Hz (representing the 

spikes) in the lower diagram are seen. 
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Fig. 6.4a The spontaneous firing activity of this third AC neuron is exemplified by four 

bursts, with many spikes within each burst (intracellular record). The bursting firequency 

was about 0.5 Hz. 

Fig. 6.4b The second burst occurring in figure 6.4a is expanded for clarity; 85 individxial 

spikes can be distinguished and the burst duration is about 700 ms, with a maximum 

instantaneous firequency of 121 Hz. 

Fig. 6.4c A FFT of the data in figure 6.4a fi-om the time domain to the firequency domain. 
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Fig. 6.5a The regular firing activity of a non-bursting, AC neuron at rest (intracellular 

record). 

Fig. 6.5b The data of figure 6.4a transformed to the fiiequency domain through FFT. The 

spectral peak is at 7 Hz. Also shown are the highest-order even and odd harmonics of the 

primary frequencies (14 Hz, 21 Hz, etc.). 
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Fig. 6.6a A low-power image from a laser-scamiing confocal microscope (horizontal 

section; dorsal) illustrating a MC cell body and part of the axon of a this uniglomerular 

projection neuron. 

Fig. 6.6b A ventral section of the same MC neuron of figure 6.6a illustrating part of the 

dendritic tuft (arrow) innervating a glomerulus and another part of the axon. 

Fig. 6.6c A more ventral section (of the same MC neuron) showing the remaining part of 

the dendritic tuft (arrow). 

Fig. 6.6d Spontaneous firing activity of the MC projection neuron of figures 6.6a-c. This 

neuron exhibited an irregular, non-bursting activity. 

Fig. 6.6e The data of figure 6.6d transformed to the frequency domain over two different 

frequency ranges (0-10 Hz and 0-100 Hz). There are no prominent peaks visible, 

indicating that there is no strong periodicity. Note that peaks below 1 Hz were 

disregarded (see Methods for explanation). 
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Fig. 6.7a An image produced by a laser-scanning confocal microscope of a LC local 

intemeuron (horizontal section). Shown are the LC cell body and multiglomerular 

dendritic innervations. 

Fig. 6.7b Background firing activity of the LC neuron in figure 6.7a, demonstrating more 

than one action potential amplitude. 

Fig. 6.7c Expansion of approximately the first second of the record in figure 6.7b, 

illustrating multiple spike ampUtudes. 

Fig. 6.7d The data of figure 6.7b, also transformed to the frequency domain through FFT 

application. The spectrum from 0-200 Hz is shown, with the range from 0-15 Hz 

expanded. No periodicity is readily apparent. 
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Fig. 6.8a Orthodromic electrical stimulation of the afferent input of a spontaneously 

bursting AC neuron by a train of five pulses of antennal nerve shocks, superimposed over 

the neuron's activity. The lower record is a continuation of the upper record. The pulses, 

each 1 ms in duration, are seen as groups of five vertical lines that are clipped at the top 

and bottom. It is evident that a burst can be evoked anywhere within the cycle through 

stimulation of the antennal nerve. 

Fig. 6.8b The time intervals of figure 6.8a, containing the first and last of the applied 

pulse trains, are expanded for a detailed examination of the traces. It appears that the 

neuron's response to the first pulse is the most vigorous, dropping off for the following 

pulses. The latency of the response ranged firom 1-8 ms (first example) to 3-28 ms 

(second example). 



500 ms | lOmV 

\J 



174 
Fig. 6.9a An intracellular recording showing the multiphasic response of a non-bursting 

AC neuron to a floral odor stimulus (square pulse of the third record). The Spiderlily 

flower stimulus was 200 ms in duration. The second trace displays the antemia's strong 

response through a simultaneously recorded EAG. There were a few muscle potentials 

present, overlying the EAG recording along its upward slope. 

Fig. 6.9b The instantaneous frequencies (spikes/sec in Hz) of the data in figure 6.9a are 

plotted over time, odor stimulus occurring at 2000 ms. The peak instantaneous firing 

frequency was 168 Hz.. 
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Fig. 6.10 Response specificity of an individual, bursting AC neuron. Five pairs of traces, 

each a time-correlated EAG (lower) and intracellular (upper) record, display neuron and 

antenna activity in the presence of five different odor stimuli. The AC neuron was 

predominantly excited by the hostplant flowers Spiderlily and Evening Primrose, and not 

responsive to tomato leaf or blank stimulus (muscle potentials were visible in the EAG 

record). The record produced by the delivery of the second Spiderlily stimulus 

demonstrates reproducibility of responses to multiple, repeated stimuli. 
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Fig. 6.11 AC neurons with similar response profiles to vegetative and floral odors are 

grouped into four different response categories. One of these categories is called excited, 

and the odor responses of four different neurons in this excited category are shown 

(nimibered 1, 2, 3 and 4). Each histogram is an instantaneous spike frequency plot 

(spikes/sec in Hz on y-axis; time in sec, on x-axis). The x-axis shows a 6-sec long stretch, 

with the odor stimulus given at 2 sec mark (arrow). The figure illustrates similarities in 

the response profiles of the four neurons within the excited category to vegetative and 

floral stimuli tested (host- and non-hostplants). All four neurons do not show a 

predominant response to vegetative stimuli (no. 2 shows a slight inhibition) but show a 

strong excitatory response to floral hostplant stimuli. Neuron no. 4 exhibits a high-

frequency background firing activity. 
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Fig. 6.12a Responses of a single, irregularly bursting AC neuron to a blank, control 

stimulus (empty syringe) and aromatic mixture ("Arom"; consisting of methyl salicylate, 

benzyl acetate and methyl benzoate) in three different concentrations (1:10®; 1:10^; and 

1:10^. The intraceUular (upper) and EAG (lower) records are paired for each stimuli. The 

aromatic mixture of lowest concentration did not eUcit an apparent response. However, a 

predominantly excitatory response followed by an inhibitory period were visible after 

delivery of the more highly concentrated mixtures. The odor stimulus of200 ms duration, 

is represented as a square pulse at the bottom. 

Fig. 6.12b Introduction of each of the four concentrations of green-leaf volatile mixture 

("GLV"; consisting of (Z)-3-hexenylacetate, (Z)-3-hexen-l-ol and (E)-2-hexenal) caused 

a predominant excitation of the AC neuron in figure 6.12a, possibly followed by an 

afterhyperpolarization (multiphasic response). 

Fig. 6.12c The AC neuron's predominant excitatory response (multiphasic response) to 

delivery of monoterpene mixtures ('*Mono"; consisting of linalool, myrcene and geraniol) 

in four different concentrations (same AC neuron as in figures 6.12a,b). The firing 

activity became temporarily "noisy", but recovered within 2 min (see following figures). 
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Fig. 6.12d After about 15 minutes of recording, the background firing activity of this AC 

neuron slowed down. Neither low nor medium concentrations of the N-bearing mixtures 

(consisting of indole, butyraldoxime and 1-nitropentane) ehcited a clear response, but the 

higher concentration (1:10^) caused a strong burst of spikes. The strong EAG response 

indicated that the antenna was intact (note muscle potentials in the record). 
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Fig. 6.13a Responses of another irregularly bursting AC neuron to three difTerent 

concentrations of the monoterpene (linalool, myrcene and geraniol) mixture. An increase 

in the mixture concentration led to slight prolongation of inhibition after stimulus onset. 

Fig. 6.13b A low concentration of the aromatic mixture seemed to have no effect on the 

background firing activity of this AC neuron. As expected, the blank stimulus (empty 

syringe) also produced no change in the spontaneous firing activity. A N-bearing mixture 

in low concentration did, however, evoke an inhibitory response. A small amount of 

mechanical noise, visible on the intracellular trace after delivery of the stimulus, is 

introduced by the motor-driven syringe olfactometer. 
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Fig. 6.14 Dose-response curves from two representative examples of irregularly bursting 

"excited-type" AC neurons (upper and lower figure). Instantaneous frequency (Hz) is 

plotted against increasing concentration (dilutions ranging from 10"® to 10"^ on the x-axis), 

for four different chemical classes (synthetic mixtures) including; N-bearing compounds 

("Mb"), monoterpenes ("Mono"), aromatics ("Arom"), and green-leaf volatiles ("GLV"). 

The AC neuron in the upper gr^h suggests dose dependency to all four mixtures, with a 

high response threshold to monoterpenes (in the concentration range tested). In contrast, 

the AC neuron in the lower graph suggests a dose dependency to N-bearing compounds, 

with a lower threshold for activation with the other chemical classes. 
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Fig. 6.15 A histogram showing the relative percentages (y-axis) of the AC neurons tested 

which exhibit excitatory, inhibitory, and no predominant responses to the four dififerent 

mixtures used (x-axis). Most of the neurons manifested excitatory responses when 

stimulated with green-leaf volatile mixtures(n=7), inhibitory responses when stimulated 

with monoterpene mixtures (n=8), and no responses when stimulated with N-bearing 

(n=14) or aromatic (n=8) compoimd mixtures. 
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Fig. 6.16a Background firing activity (8 sec pre-stimulus) of an irregularly bursting AC 

neuron, the neuron in figures 6.12a-d. Note that there were underlying, baseline or 

membrane oscillations present in the baseline. 

Fig. 6.16b A continuation of the recording in figure 6.16a. The trace shown starts at 

offset of the odor stimulus (8 sec post-stimulus). A highly concentrated stimulus of the 

green-leaf volatile mixture produced an excitatory response, followed by an inhibitory 

period. The baseline oscillations re-appeared after the inhibitory period subsided. 

Fig. 6.16c EFT from the time domain to the frequency domain of the record in figure 

6.16a illustrates the reduction in amplitude of each subsequent harmonic (left panel). The 

panel to the right shows the frequency distribution in the low-firequency range (0-10 Hz). 

Fig. 6.16d FFT of the post-stimulus record in figure 6.16b shows prominent frequency 

components indicating periodicity (left panel). The panel to the right shows the frequency 

distribution in the low-frequency range (0-10 Hz). The frequency distribution is similar to 

the distribution in figure 6.16c (only reduced in amplitudes). Frequency peaks below 1 

Hz were disregarded; see Methods for explanation. 
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Fig. 6.17a An intracellular, 8 sec pre-stimulus record of the same neuron used in figures 

6.12a-d and 6.16a-d shows irregular bursts of spontaneous firing and membrane 

oscillations in the baseline. 

Fig. 6.17b A continuing record of the subsequent 8 sec (post-stimulus) of intracellular 

activity (displayed in figure 6.17a), in response to stimulation by a low concentration 

mixture of green-leaf volatiles. An excitatory and ensuing inhibitory period are clearly 

seen, and the baseline oscillations seemed to disappear after stimulus offset. 

Fig. 6.17c FFT of the record in figure 6.17a. Periodicity is evident: note several 

bandwidths of "Gaussian-curve shaped" firequency distributions, decreasing in amplitude. 

Fig. 6.17d No strong periodicity was yielded by the FFT of the post-stimulus record in 

figure 6.17c. 
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Fig. 6.17e Intracellular record of post-stimulus activity (fiom 30 sec to 38 sec after 

stimulus offset) of the irregularly bursting AC neuron in figures 6.17a-d. Baseline 

oscillations in the baseline are visible. 

Fig. 6.17f FFTs of the intracellular record in figure 6.17e. The spectrum of the 0-300 Hz 

firequency range illustrates periodicity. 
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Table 6.1 The table identifies plant odor stimuli used (flowers and leaves of host- and 

non-hostplants) and their corresponding headspace volatiles. The hostplants included 

Spiderlily, Jimson Weed, Evening Primrose and tomato, and the non-hostplants included 

cabbage and White Mimi. All identified headspace volatiles were grouped into one of five 

chemical classes; N-bearing, monoterpenes, sesquiterpenes, aromatics (benzenoid), and 

aliphatics. The volatiles surroimded by "gray" boxes were common to all three floral 

hostplants, and those surrounded by 'Tjlack" boxes were common only to two of the floral 

hostplants. All volatiles, excluding those derived from the tomato leaves, were identified 

by means of gas chromatography- mass spectrometry (GC-MS) of whole plant volatile 

collections (performed by Dr. R. Raguso in the Hildebrand laboratory). The volatiles 

from the tomato leaves were identified by Buttery et al., 1987b. Analyses of Jimson 

Weed and cabbage are, as indicated, still pending. 
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Table 6.2 The table lists four different chemical classes (N-bearing, monoterpenes, 

aromatics, and green-leaf volatiles), each a synthetic mixture of three single chemical 

compounds, and indicates the presence of these compounds (with a "V") in: Spiderlily 

flower ("Sf), Jimson Weed flower ("Jf), Evening Primrose flower ("Ef), tomato leaf 

("Tm"), and tobacco leaf ("Tb"). Chentiical structures are drawn adjacent to their 

respective compounds and the compound names displayed in italics are compounds that 

also occur in table 6.1. 
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Chemical classes and single compounds Sf Jf Ef Tm Tb 

N-bearins 
H 

Indole (f^ 0 
Butyraldox. CH3-CHrCHrCH=N-0H V V V 

l-Nitropentane CH3-CH2-CH2-CH2-CH2-NO2 V 

Monoteroenes 

1 Linalool JL V V V V V 
1 II 

Myrcene ]| 
r n A^CH^OH 

V V V V 

Geraniol ^ A >/ < V V 

Aromatics 
C00CH3 

Methyl salic, j|̂  
 ̂ CH2-O-CO-CH3 

V V V 

Benzyl acetate |ĵ  CO-O-CH3 V V 

Methyl benz. ^ 6 V 

Green-Leaf Vol. 

(ZI)-3-Hex.acetate CH3-CH2-CH=CH-CH2-CH2-CH2^00 V 

(Z)-3-Hexen-l-ol CH3-CH2-CH=CH-CH2-CH2-0H V V 

(E)-2-Hexenal CH0-CH=CH-CH2-CH2-CH3 V 

Table 6.2 
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Table 63 The summaiy table shows AC neurons (total of 52), with similar physiological 

response profiles to vegetative and floral natural odors (rows), grouped into four different 

response categories (columns): "excited" (indicated by "+"), "inhibited" (indicated by 

"-"), "mixed" (shows "+" and responses within the same neiux)n), and "no response to 

odors tested" ("0"). A very strong response was quantified as a response that was at least 

50% as strong as the strongest observed response of a given AC neuron to some stimulus, 

is indicated by the symbols "++" (excitatory responses) and "- -" (inhibitory responses). 

Empty spaces represent odor not tested. Some AC neurons had a narrow receptive range 

(response specificity), neuron no. 11, for example, and some a rather broad receptive 

range, neuron no. 3, for example. In many cases, individual stimuli were repeated for the 

same neuron ("V"). Several bursting AC neurons do not respond to any of the odors 

tested. 
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Table 6.4 The table summarizes the data gathered from intracellular recordings of 23 AC 

neurons (in colunms). AC neurons were stimulated with four different mixtures (N-

bearing compounds, monoterpenes, aromatics, and green-leaf volatiles) delivered in three 

different concentrations. The various mixture concentrations were: "L"/low/l:10®; 

"M'Vmediiun/lrlO'*; "H"/high/l:10^ or 1:10^ (whichever data are available).The responses 

of AC neurons were grouped into one of three categories, and organized within each 

category according to breadth of response tuning. Neurons with the broadest ranges are 

placed farthest to the left in each category. Excitatory responses are indicated by 

strong excitatory responses by inhibitory responses by and strong inhibitory 

responses by The absence of any predominant response to a blend is shown by "0", 

and empty areas within the table indicate that the response to a certain stimulus was not 

tested. "Strong" responses were quantified as being responses that were at least 50% as 

strong as the strongest observed response to some odor. As shown at the bottom of the 

table by "0", the blank stimulus (empty syringe or odorless oil or both) did not evoke any 

obvious response from either one of the 23 neurons. As indicated by "V", some stimuli 

were given repeatedly to most of the neurons. Depending upon the mixture, an increase in 

the concentration of stimulus can lead to a change in the quality and/or magnitude of the 

response. Neuron no. 5, for example, which exhibited a narrow tuning range, was 

strongly excited by medium and high concentrations of green-leaf volatile mixtures, but 

did not show an evident response to any concentration of monoterpene mixtures. Biirster 

neim>ns are indicated by "V". 
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7. GENERAL DISCUSSION 

7.1 Summary and Conclusions 

In olfactory research, one of the central questions relates to the mechanisms of 

how various odors in the environment are discriminated. Elucidating the mechanisms of 

odor discrimination involves learning more about the mechanisms for processing 

olfactory information in the brain and coding for the many different attributes of a 

complex odor. My dissertation research addresses the neural processing of plant-

associated odors in the primary olfactory center, the AL, in an experimentally favorable 

model system, Manduca sexta. The small and easily identifiable subgroup of AC 

projection neurons serves as a model population of neurons to understand processing of 

olfactory information in a uniquely recognizable group of ordinary AC glomeruli in 

female moths. The characterization of the fimctional roles of AC neurons and AC 

glomeruli by means of morphological and physiological studies is an important first step 

in advancing our understanding about olfactory coding and processing. The specific aims 

for the research are as follows: 

1.What are the morphological characteristics of individual AC neurons and AC 

glomeruli? 

2. What are the glomerular domains of the arborizations of AC neurons? 

These two morphological questions address whether AC glomeruli are spatially distinct 

and possibly uniquely identifiable. 
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3. Does the odor-delivery device (syringe olfactometer), which was used in my research 

for the first time, present reproducible odor stimuli and thereby produce reproducible 

results? 

4. Do AC neurons respond differentially to floral and vegetative host and non-host odors, 

and what are the physiological response profiles of AC neurons? 

5. Do AC neurons show tuning of responsiveness to different chemical classes (synthetic 

mixtures)? 

6. Do AC neurons exhibit characteristic patterns of activity that could contribute to 

coding of odor information? 

The last four physiological questions address whether the group of AC glomeruli shows 

tuning specificity and thereby has fimctional significance in processing a subset of 

potentially behavioral significant plant odors. The resiilts of the studies are simmiarized 

below and are put into a neurobiological context, with comparisons to other olfactory 

systems. Furthermore, it is explained how the findings support or argue against current 

theories of coding strategies for odor attributes set forth in chapter 3. 

Summary and conclusions of the results of the anatomical studies 

In about 50% of the preparations studied, the cell bodies of AC neurons were 

separated into two distinct clusters, a primary cluster and an eccentrically located satellite 

cluster. When two clusters were present, the number of cell bodies in the primary cluster 

ranged firom 9 to 11, and the number in the satellite cluster ranged firom 10 to 13. When 



209 
only a single group was present, the number ranged fix>m 14 to 18. The cell body 

numbers, as well as the position and distribution of the group and the overall size of the 

clusters, exhibited a degree of variability within and between ALs of the same and 

different female moths. All of the above results are firm conclusions drawn from the 

data. The functional significance of the separation into clusters is not yet known and 

could be due to normal natural variations across animals. A functional or anatomical 

specialization of either cluster could not be determined with the present data but could be 

explored in a future investigation, involving the physiological characterization of single 

neurons belonging to either cluster and mapping onto an individual glomerulus. 

Intracellular staining of single AC neurons clearly confirmed their identity as 

uniglomerular projection neurons, which makes AC neurons potentially important for 

processing attributes of odor stimuli and carrying encoded information to the 

protocerebrum. The neurons had a thick axon that was shown to travel via the iimer 

antennal cerebral tract (iACT) toward the protocerebrum, probably first projecting into 

the calyces of the mushroom bodies and then probably into the lateral hom as do other 

iACT projection neurons (Romberg et al., 1988; figure 5.5a). 

The intraglomerular tufls always consisted of several stout dendritic branches and 

a distinct high-density of minute distal branches, clearly different from the branching 

pattern of uniglomerular MC projection neurons with fewer dendrites (Christensen and 

Hildebrand, 1987; Malim et al., 1994; figure 6.6a-c). The dense system of dendrites, 

which is consistent amongst AC neurons, indicates a more complex internal glomerular 
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organization (figures 5.S.4b, 5.Sb,c and S.6b). Within a single glomerulus, the shape of 

AC neurons, the location of the dendritic arbors in comparison to the intraglomerular 

territory of other incoming local and projection neurons and olfactory receptor cell axons 

could possibly influence the physiological response characteristics of AC neurons and the 

glomeruli they serve (Tolbert and Hildebrand, 1981). It has been reported that responses 

of projection neurons to odors are shaped by many factors, including intrinsic, inter- and 

intraglomerular processing mediated by local intemeurons (rat olfactory bulb; Wellis and 

Scott, 1990; and moth AL: Christensen et al., 1993). Moreover, collateral branches in the 

subglomerular layer, present in most AC neurons, could possibly aid in commimication 

between neighboring glomeruli (figures 5.4 and 5.5). The conunon feature of looped 

tertiary branches observed in several AC neurons (figures 5.5b and 5.6) firmly stresses 

the morphological uniqueness of AC neurons among AL neurons (see chapter 5 for 

speculations on fiinctional roles). 

For example, the collateral branches could isolate signals to a certain glomerulus 

through lateral inhibition to provide a mechanism for contrast enhancement of the odor 

signal. In the mammalian olfactory bulb a refinement of odor tuning is achieved by 

dendrodendritic synaptic inhibition of mitral cells by local granule cells (Yokoi et al., 

1995). Contrast enhancement by lateral inhibition through stimulation of regions adjacent 

to the excitatory areas has been a ubiquitous feature of neural circuits in sensory systems, 

for example, the visual system. A single retinal neuron can be inhibited by a certain 

stimulus and excited by another stimulus, while a visual stimulus combining the two is 
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less effective (Kuffler, 1952). The authors suggested that the particular arrangements 

within receptive fields of excitatory and inhibitory regions play a part in perception of 

movement (striate cortex of the cat). Further examples include the eccentric cell in 

Limulus eye (Hartline, 1949), cortical neurons sensitive to pressure and touch in the cat's 

somatosensory cortex (Moimtcastle, 1957), and auditory nerve fibers in the dorsal 

cochlear nucleus sensitive to tones (Galambos, 1944). 

One of the most firm conclusions in the morphological studies is that AC neurons 

&om both clusters innervated two spatially distinct glomerular domains in the AL: one 

domain was consistently situated dorsally and medially in the posterior part of the AL 

(DMP glomeruli) and probably consists of five glomeruli, and the other domain was 

consistently located dorsally and anteriorly and is possibly only one, specific glomerulus 

(DA glomerulus; figures 5.7, 5.9 and 5.10). Thus, the total number of glomeruli served by 

the entire AC neuron population is estimated to be six, and moreover, it is approximated 

that two to three AC neurons supply each AC glomerulus. Because the two AC 

glomerular domains are spatially distinct and functionally characterized (see below), they 

are uniquely recognizable and identifiable for future studies and very likely serve specific 

functions in processing subsets of plant-related odors. There is strong evidence that an 

AC glomerulus, at least in the DMP group, is innervated by a few MC neurons and LC 

local intemeurons, in addition to AC neurons, and possibly by a LC projection neuron. 

The number of neurons per AC glomerulus could range up to nine (calculated estimate) 

which again suggests a complex, rather special glomerular organization. 
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The small number of uniquely identifiable glomerular groups in the AL of 

Manduca is consistent in principle with findings in other olfactory systems, including for 

example, the olfactory bulbs of zebrafish, goldfish and rodents and ALs of insects. 

Because chapter 5 includes an extensive discussion on imiquely identifiable male-specific 

and sexually isomorphic glomeruli, the following review focuses on imique glomeruli in 

vertebrate olfactory bulbs. In the olfactory bulbs of the zebrafish Brachydanio there is a 

bilaterally symmetric arrangement of 22 glomeruli (out of a total of 80), each individually 

identifiable by its characteristic position and morphology (Baier and Korshing, 1994). 

One distinct, anatomically well-defined domain, including about 50 small glomeruli, is 

called the "dorsal cluster". As in insects, even a single glomerulus, the so-called 

"ventroposterior glomerulus", can be identified from animal to animal. Anatomical 

studies in goldfish also revealed a solitary glomerulus in the ventroposterior region of the 

olfactory bulb that may resemble the one in zebrafish (Baier and Korshing, 1994). Earlier 

work on infant rodents showed a histologically identifiable group of glomeruli, the 

"modified glomerular complex" and even demonstrated the fimctional role of this 

glomerulus in recognition of maternal pheromones (Greer et al., 1982). 

The finding of a spatially distinct arrangement of AC glomeruli is consistent with 

the theory of spatial odor mapping to encode chemical structure (odor quality) and the 

concept of an odotopical organization of a group of ordinary glomeruli, as introduced in 

chapter 3 (Axel 1995; Mombaerts et al., 1996). With the anatomical data gathered on AC 

glomeruli at hand, it is now possible in fixture studies to identify each glomerulus 
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individually, which would be one of the first reported examples among ordinary 

glomeruli in the female brain of M. sexta (see below). As stated earlier, unique 

identification of individual glomeruli has already been accomplished in male-specific 

glomeruli of M.sexta (Christensen et al., 1987a; ilansson et al., 1991; Rospars and 

Hildebrand, 1992; Heinbockel, 1997). Having a single AC glomerulus identified would 

allow characterization of its breadth of tuning and thereby allow inferences on the 

involvement of odor processing of an individual glomerulus. 

Summary and conclusions of the results of the physiological studies 

on response specificity of AC neurons 

To ensure the reproducibility and constancy of stimulations with highly volatile 

plant-related odors, a new odor-delivery device, a so-called syringe olfactometer, was 

calibrated and tested. The results unambiguously showed that consecutive odor 

stimulations yielded reproducible EAG responses. 

Response specificities of AC neurons were tested to natural floral and vegetative 

odor samples of host- and non-hostplants and chemical classes (synthetic mixtures of 

compounds). The studies were designed to investigate to which odor stimuli AC neurons 

in female moths responded best, that is which odor stimuli were most effective in 

eliciting specific responses in the subset of AC glomeruli. 

The responses of AC neurons to the flowers and leaves were grouped into four 

broad response categories: "excited" (multiphasic), "inhibited", "mixed" and "no 
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response to odors tested" (table 6.3). Some AC neurons, bursting or non-bursting, clearly 

demonstrated a rather narrow receptive range across the stimuli tested, for example a 

strong, predominantly excitatory response to hostplant flowers, but no evident response to 

any leaf odors (figure 6.10). 

AC neurons were also screened for their ranges of receptivity to mixtures of 

single compounds, with the intent to limit the number of candidate odors to which the 

neurons might be best tuned. Each AC neuron tested responded to at least one of the four 

chemical classes (N-bearing compounds, aromatics, green-leaf volatiles and 

monoterpenes; figure 6.15), thereby firmly establishing a fimctional role of AC glomeruli 

in processing plant-associated odors. Neurons with similar response profiles were 

grouped into three categories, "excited" (multiphasic), "inhibited" and "mixed" (table 

6.4). Some neiu-ons even showed a high degree of selectivity to only one of these classes 

(medium concentration), such as green-leaf volatiles and monoterpenes. 

Encountering neurons with narrow timing that supply a spatially distinct group of 

AC glomeruli is also consistent with the hypothesis of spatial odor mapping and the 

concept of an odotopical organization of ordinary glomeruli. In this hypothesis, AC 

glomeruli would encode odor quality (chemical identity) by a spatial code rather than a 

temporal code, that is, a characteristic combination of AL glomeruli would encode odor 

quality (see Introduction). However, encountering a fair nmnber of neurons that were 

broadly timed to different odors suggests that the organization of AC glomeruli might be 

even more complex than the strict labeled-line hypothesis specifies. Further 
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investigations, including the mapping of physiologically characterized AC neurons onto a 

single identified glomerulus are certainly needed to decipher the central issue of the 

coding strategies employed by AC glomeruli to encode odor quality. Other attributes of 

an odor include odor concentration and the temporal structure of an odor stimulus, and 

these attributes are represented in the brain as well to accomplish odor discrimination and 

odor perception (see Introduction). In "excited"-type neurons, the responses seemed to be 

dose-dependent (figure 6.14). Therefore, it can be speculated that a rate code might 

encode increasing concentrations of mixtures of chemical compoimds. 

A large variety of studies has been done in the past years on response specificity 

to odors in many animal systems, mostly consistent with the results in my research. 

Several studies were reviewed in chapters 3 and 6, hence, I would like to single out only 

one other study. The response patterns to individual compounds and to chemical classes 

were compared in single cells of the olfactory bulb, anterior piriform cortex, medial 

portion of the amygdala and orbitofrontal cortex in monkeys (Tanabe et al., 1974). The 

responses were classified into four types, "facilitator/', "inhibitory", "mixed" and "no 

response", and neiux)ns were encountered that responded specifically to only few 

odorants of the same category. The highest degree of specificity was found in the 

orbitofirontal cortex, where 50% of the neurons responded to only one single chemical 

compound. The authors suggested that the ability to discriminate odors of the same 

category is far more advanced in higher-order brain centers than in lower olfactory areas. 

In contrast, the lower olfactory areas play an important role in the discrimination of odors 
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belongmg to different categories. Therefore, we might expect a higher degree of response 

specificity in AC nenrons to plant-associated odors in protocerebral areas, possibly to 

individual chemical compounds. 

Summary and conclusions of the results of the physiological studies 

on periodic bursting and baseline oscillations 

The majority of AC neurons exhibited a pronounced rhythmic bursting at a 

frequency range of 0.5-4 Hz in their background firing activity, which was periodic in 

some neurons. The bursting activity might be produced by rhythmic polarizations of the 

membrane potential, passing back and forth across the threshold for spike initiation 

(Miller, 1987). The underlying mechanism for this production, however, is not yet 

known. The mechanism for the production may be related to an intrinsic property of the 

AC neural membrane itself, to "resonant" properties of the neuronal network of synaptic 

connections within the AL and possibly protocerebrum, or to a combination of both 

(Selverston et al., 1983; Laurent, 1996; E.E. Marder, personal coimnunication). 

In some AC neurons, low-amplitude baseline or membrane oscillations were 

clearly present, underlying the spontaneous bursting activity, at a frequency of 2-3 Hz. 

The results suggest that both the bursts and the baseline oscillations are not significant 

factors in encoding chemical information about plant-derived odors, because these 

rhythmic activities were not odor-induced (figures 6.16 and 6.17). Rather, odors seemed 

to suppress spontaneous rhythms which, in speculation, might indicate an involvement of 
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bursting AC neurons in a certain rhythmical behavior displayed by the moth (see below). 

In contrast, in a number of invertebrate systems (for example, molluscs, locusts and 

honeybees; see below) and vertebrate systems (for example, amphibians, fish, mammals, 

including humans), olfactory stimulations evoked "induced waves", olfactory bulb or 

electroencephalogram oscillations (Bressler and Freeman, 1980; Laurent, 1996; Gelperin 

et al., 1996). The oscillations the authors measured were induced by an odor and were 

odor-specific, in contrast to the spontaneous bursting of AC neurons which is not induced 

by odors. Therefore, bursting AC neurons probably do not encode information about 

chemical identity by using temporal structures of the firing activity, unlike some animals 

seem to do (e.g. locust; Laurent, 1996; Laurent et al., 1998; see below). 

Coding and processing in the olfactory system 

The olfactory system in female Manduca sexta moths can discriminate among 

odors encountered in its daily environment, and these odors might mediate an appropriate 

behavioral response, for example, oviposition or feeding (Waldrop et al., 1986; Raguso 

and Willis, 1997). How is an olfactory signal translated firom the periphery (antenna) into 

odor "perception" in higher brain centers? The brain must encode at least spatial and 

temporal features of an olfactory signal, to represent that signal. It can discriminate 

between olfactory stimuli by using different codes, for example, spatial and/or temporal 

codes (for example, Kauer and Moulton, 1974; Laurent, 1996; Christensen and 



218 
Hildebrand, 1997; Christensen and White, 1998; Christensen et al., 1998) which are 

discussed below (see also Introduction). 

A possible mechanism by which olfactory signals are translated in the AL of 

Manduca sexta could be the "across-label" type of coding mechanism (Christensen and 

White, 1998). In this coding strategy, which is a hybrid of the labeled-line and across-

fiber coding schemes (Shepherd, 1985; Scott, 1991), odor discrimination would depend 

on a combinatorial process, such that discrete labeled-lines would be the substrate for 

unique across-fiber patterns representing each odor. The hypothesis is consistent with 

recent work of Mombaerts (supporting labeled lines), which suggests that an odor would 

activate a characteristic combination of glomeruli, and that each glomerulus would 

constitute a functional unit, each representing one type of olfactory receptor (Hildebrand, 

1995; Mombaerts et al., 1996). Although, olfactory receptors of insects have not yet been 

characterized, we can speculate that particular hostplant odors or chemical classes tested 

on AC neurons would activate not one glomerulus, but a combination of glomeruli. In 

this speculation, a specific plant-related odor might be encoded by a combination of 

olfactory receptor cell types and might activate a characteristic combination of glomeruli 

in the AL of female moths. 

In the literature, two hypotheses are estabUshed that could explain coding and 

representation of time, one implementing a rate code and the other implementing a 

temporal code (Christensen et al., 1996; Laurent, 1996; Christensen and Hildebrand, 

1997; Friedrich and Korsching, 1997; Christensen et al., 1998). The temporal code 
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operates with stimulus-specific, slow and fast temporal patterns of neuronal activity 

(Laurent, 1996; Laurent et al., 1998; in locust). Applying this scheme to the brain of 

Manduca, we may speculate that perhaps 10% of non-AC neurons are activated at the 

time of encountering a relevant odor and respond by firing action potentials, but not in 

the same way or at the same instant. This would lead to a spatially distributed, 

combinatorial odor representation in time. Looking at a given moment in time, at the 

synchrony of the firing of 10% of neurons, we might find that a third or a fifth of the 

neurons fire in synchrony, that is, show phase-locking of their action potentials. The 

encoded information would be projected onto the postsynaptic Kenyon cells of the 

mushroom bodies. At a later moment in time, the subset of active and synchronized 

projection neurons would be different, and again, this information would be relayed to the 

Kenyon cells. This scheme would be able to encode different odors with distinct temporal 

patterns of network activity. 

The role of rhythmically bursting AC neurons in this temporal coding scheme 

could be in theory to help synchronize activities of MC and/or LC output neurons. It is 

conceivable that the theory, involving dynamic neural assemblies, is employed in the AL 

of female Manduca. On the other hand, the strategy seems too complex and inflexible to 

deal with the brain's challenge of encoding a continually changing temporal pattern of the 

odor when the moth encounters the odor during a constantly changing flight path. 

Although a temporal code would be conceivable, the data presented would rather favor a 

rate code in the female brain (Christensen et al., 1998). 
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A rate code would "report" the number of spikes per time in a given AC neuron 

response and use the average rate of firing to represent changes in odor concentration. 

Individual AC neurons, like other glomerular projection neurons, probably employ 

different coding mechanisms depending on the environmental context in which the odor 

is encountered (Christensen et al., 1998). Unfortunately, we have no clear evidence for 

this speculation. In summary, the available evidence suggests that olfactory circuits in the 

brain of female M sexta employ a combination of the coding strategies to process 

information about the odor stimulus as outlined above. 

Possible Junctional roles of AC neurons 

Hypothetically, there are at least two functional roles for bursting AC neurons in 

the brain of Manduca sexta. These are discussed below. 

(1) In general, bursting neurons can generate rhythmic behaviors (Levitan and 

Kac2marek, 1991) such as breathing, walking, swimming, and chewing of food. Most of 

the fundamental behaviors require rhythmic stimulation of a group of muscles 

(coordinated contraction and relaxation). Coordination can be carried out only by a neural 

network and not by a single bursting neuron. The simplest circuit that can generate 

altemating contraction and relaxation consists of two neurons, each making an inhibitory 

synapse onto the other (reciprocal inhibition). The important principle, regardless of how 

an oscillating networic is designed, is that the electrical properties of individual bursting 

neurons determine the form and timing of the rhythm and whether the network oscillates 
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at all. Oscillating neural netwoiics, controlling rhythmic outputs, are foimd in many 

animal systems, for example, in the sea slug Tritonia (cerebral and pleural ganglia; 

swimming), leech Hirudo (segmental ganglia; timing of heartbeat and swimming), 

lamprey Ichtkyomyzon (spinal cord; swimming), spiny lobster Panuliris, lobster Homarus 

and crab Cancer (stomatogastric ganglion; stomach movements) (Levitan and 

Kaczmarek, 1991). Some neural circuits such as the pyloric systems in Panuliris and 

Cancer (see above) require inputs from other ganglia to be able to burst. When the inputs 

are activated, neurotransmitters are released and act as local hormones on the network. 

The modulatory effect could theoretically influence the bursting of AC neurons as well. 

As speculated earlier, AC neurons might work as biological "pacemakers" or 

function generators, setting the "pace" for higher-order processes (Hermann, 1979b; Gola 

and Selverston, 1981; Selverston et al., 1983; Hermaim and Wadepuhl, 1987). The 

bursting activity of AC neurons could possibly synchronize the firing patterns of other 

AL neurons, projection neurons and/or local intemeurons, that possibly carry the encoded 

information about plant-related odors into the protocerebrum for higher-order processing. 

In this hypothesis, AC neurons could be able to exhibit bursting either intrinsically and 

independently, or bursting could result from synaptic interactions arising from neural 

networks. 

The physiological results indicated that an odor stimulus sometimes temporarily 

dampened out or suppressed the membrane oscillations in the baseline (figures 6.16 and 

6.17). In speculation, the suppression might suggest the possibiUty of an involvement of 
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AC neurons in the riiythmic countertuming or casting behavior that moths perform when 

they fail to experience any behaviorally significant odor in their flight path and try to 

regain contact with the odor (Willis and Arbas, 1991). Casting behavior also occurs at a 

frequency of 1-3 Hz which coincides with the AC burst and oscillation frequency (figures 

6.2, 6.3 and 6.4), and is "turned ofiF' when odor is encountered. The "turning off" of 

countertuming could theoretically explain the suppression of the oscillations for a few 

seconds. 

(2) Another hypothesis for the flmction of AC neurons is that the neurons might 

be responsible for the periodic release of neurotransmitter onto postsynaptic nexu^ons in 

the brain, possibly in the calyces of the mushroom bodies or in the lateral hom, where 

their axons most likely project. In Aplysia the bursting activity of the identified "R15" 

neuron is responsible for the secretion of peptide hormones into the circulation (Levitan 

and BCaczmarek, 1991; Kandel et al., 1983). Another example is found in magnocellular 

neurons of the mammalian hypothalamus that contain either vasopressin (controls water 

resorption) or oxytocin (controls lactation). Peptide hormones are efiSciently released into 

the circulation of the posterior pituitary, by the bursting activity of the magnocellular 

neurons. It is strongly believed that release is accomplished more effectively by bursting 

patterns than, for example, by steady pacing activity (Levitan and Kaczmarek, 1991). 

In conclusion, the subset of ordinary AC glomeruli in female moths is spatially 

distinct and uniquely recognizable, and clearly fimctionally characterized by showing 
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timing specificity to flowers of hostplants and certain chemical classes. Moreover, the 

unique group of AC glomeruli certainly plays an important flmctional role in processing 

and coding plant-associated olfactory information. 

7.2 Futare Projects 

Anatomical studies 

The small group of glomeruli located dorsally and anteriorly and probably only 

consisting of one single glomerulus provides an excellent model glomerulus in the female 

AL. The advantages for using the dorsal anterior group are (1) the possibility that we 

have an "isolated" glomerulus within the large surrounding array of glomeruli, and (2) the 

position makes the glomerulus easily accessible for further studies. Keeping the focus on 

this glomerulus, the following anatomical experiments should provide evidence to show, 

whether or not, the small domain is a single glomerulus. The confirmation could be done 

by means of mass-labeling the entire AC cell body group, ideally by labeling the primary 

and satellite cluster separately. In addition, studies should investigate whether or not this 

supposedly single glomerulus is the same one from one female moth to another. This 

could be achieved by means of morphometric 3D-computer reconstructions of the 

glomerular array from laser-scanning confocal images of preparations in which the 

glomerulus was labeled by an intracellularly filled neuron (Rospars, 1983; Rospars and 

Hildebrand, 1992; Vickers et al., 1998), The reconstruction will allow the mapping of a 

morphologically and physiologically characterized single AC neuron onto the 
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anatomically identified, individual glomerulus located dorsally and anteriorly. One 

challenge in identifying the single glomerulus will be that all the suiroimding glomeruli 

need to be reconstructed as well, because the dorsal and anterior glomerulus is not easily 

identifiable by, for example, a characteristic shape, size or position. In contrast, glomeruli 

that comprise the macroglomerular complex, and the large female glomeruU near the 

entrance of the antennal nerve are better recognizable because of their characteristic size, 

shape and siurounding landmarks (Hansson et al., 1991; Heinbockel, 1996; Roche-King 

etal., 1997). 

The separation of the AC cell body group into two clusters leads to more exciting 

questions. Once the imique identification and physiological characterization of the dorsal 

and anterior glomerulus is completed, the question, "do AC neurons firom both the 

primary and sateUite cluster project into the dorsal and anterior glomerulus?" can be 

answered. Answering the question can help elucidate the degree of anatomical specificity 

of the glomerulus. The same question should also be asked about the glomeruU in the 

large domain, but I would start to identify the single glomerulus first. This is because a 

single, spatially distinct and unique glomerulus could best serve as a "model" glomerulus 

to understand the functional roles in processing plant-associated odors and to elucidate 

the possible coding strategies imderlying the mechanisms for processing. One 

conceivable, but technically very challenging future experiment that would address many 

of the above issues in processing, could be to individually stain many AC neuron with a 

different dye or label. By means of intrasomatic staining of single cell bodies the 
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dendritic and axonal projections would be elucidated for each neuron separately. 

Knowing the glomerular targets for each AC neuron will help to illuminate the details in 

the spatial coding strategies to encode odor quality. In addition, the physiological 

response profiles and breadth of tuning of the anatomically identified AC glomeruli must 

be known as well. Physiological studies addressing the issue of tuning specificity of 

glomeruli are outlined below. 

Physiological studies on response specificities 

Until now, our knowledge about the discrimination behavior (oviposition and 

feeding) of female moths to different host and non-hostplants has been rather limited. 

Once this behavior is better understood, we can make predictions of how central neurons, 

for example, the AC neurons might respond to particular individual headspace volatiles 

that are emitted from those behaviorally significant plants (flowers versus leaves). 

Fiathermore, we could elucidate which single volatiles or which subset of them would be 

necessary and sufficient for hostplant recognition. On a cellular level, we could 

demonstrate which stimuli comprise the molecular receptive range of uniquely identified 

AC glomeruli. The results show that mixtures of green-leaf volatiles and monoterpenes 

were most effective in eUciting an odor-specific neuron response (figure 6.15). To further 

narrow the number of potent stimuU, AC neurons should be tested for tuning specificity 

to the individual chemical compounds comprising the two effective classes (table 6.2). 

Based on my data, I predict specific responses to the green-leaf volatiles (Z)-3-
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hexenylacetate, (Z)-3-hexen-l-ol, (E)-2-hexeiial and the monoterpenes linalooU myrcene 

and geraniol (medium concentrations). If we encountered a spatially mapped, identified 

AC glomerulus that would be narrowly tuned to, for example, only monoterpene 

compounds, we would have some evidence for the possible involvement of a labeled-line 

type of spatial coding mechanism to encode odor quality. 

Eventually, behaviorally significant individual odors can be used to construct 

complex odor panels with systematic variations in the stereochemical structure of the 

odors. The study would test whether single identified glomeruli can discriminate not only 

between different, for example, monoterpenes but even between molecular attributes, 

such as different hydrocarbon chain lengths, fimctional groups or isomers (Mori et al., 

1992; Mori and Shepherd, 1994). If we found that individual AC glomeruli would be able 

to discriminate among, for example, structural groups of molecules, the hypothesis of 

spatial odor mapping would most likely be involved in odor discrimination. That is, a 

complex odor, such as a flower, which emits several odor molecules with various 

fimctional groups, would be encoded by the brain of M. sexta by activating a 

characteristic combination of glomeruli. 

Physiological studies on rhythmical bursting 

To understand the tuning specificity of a single AC glomerulus, we need to 

understand the tuning specificities of the individual neurons supplying the glomerulus, 

including the AC neurons. The neuronal input and output to the neural network is shaped 
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by the electrical membrane properties of the individual AC neurons. The neural network 

then shapes the behavior of the female moth. Therefore, paying close attention and 

characterizing the spontaneous, non-odor related firing activities of single neurons is very 

important. In many AC neurons, a rhythmic and periodic bursting activity was observed. 

It remains open whether the oscillation-like behavior is an intrinsic property of the AC 

neuronal membrane itself or a "resonanf network effect arising from interactions with 

other AL neurons. The following paragraphs outline possible experiments that would 

start to tackle the question of the cellular origin of bursting. 

Manipulative experiments, such as acute and chronic deafferentations and even 

studies on possible contralateral AL effects can aid in illuminating the origin of the drive 

of this bursting behavior. To test for a possible influence from the periphery, the antenna 

could be cut off, and then an AC neuron could be monitored to see whether the bursting 

persists or stops (acute deafferentation). If the bursting ceases, we will have a first 

indication that it originates or is driven by the periphery. To ensure that we are not 

looking at an injiuy response, we could cut the anteima off, seal the wound with wax and 

test this female one or two days later (chronic deafferentation). If the bursting persists, we 

will have support that it has a central origin. A possible influence coming from the 

contralateral AL side could be studied by employing antennal nerve shocks on the 

contralateral AL side. 

More sophisticated experiments, using an electrophysiological setup in current-

clamp mode and DC current, could be used to determine the voltage dependence of the 
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burstiness. Applying hypeipolarizing current steps, increasing in magnitude, would turn 

bursts of action potentials into either a) excitatory postsynaptic potentials (EPSPs) with 

the same rhythm the bursts had, if the bursting is synaptically driven (because the 

membrane is below threshold for spiking); or b) change the burst frequency, for example, 

increase it, if the bursting is an intrinsic property of the neuron membrane (Marder, 

personal communication). Correspondingly, trying to reset or to entrain the bursting 

rhythm (get a phase delay or advance) by giving very short, but large depolarizing current 

pulses, would be another test for an intrinsic property. 

Correlation of morphological with physiological data 

Correlation of the findings of physiologically characterized AC neurons with the 

morphological data set of individual glomeruli is a necessary prerequisite to address 

spatial coding strategies. Unfortunately, the correlation was not achieved in the present 

study because of technical difSculties with the intrasomatic recording method (see 

chapter 6). To accomplish complete staining of AC neurons, the following changes to the 

experiments were already tried: using borosilicate glass instead of quartz glass; different 

settings on the laser puller to produce the pipettes, leading to different electrode 

resistances; longer current application time (up to 20 min); increase of the amount of 

current applied (from -1 nA to -5 nA); delivery of the current in square pulses; longer 

passive diffusion time before fixation (up to a eight hours); no passive diffusion time at 
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all; high concentration of Lucifer Yellow (up to 6%); different room temperatures; All of 

these attempts only resulted in the same type of incomplete staining. 

The methods to identify a single AC glomerulus, and then to reconstruct and map 

an individual, morphologically characterized AC neuron onto the identified AC 

glomerulus, was outlined above. The suggested experiments in the present chapter will 

improve our current understanding about processing and coding of plant-associated odors 

in the Al. Moreover, they will advance our understanding about an odotopical 

organization of the spatially distinct subset of AC glomeruli in female Manduca sexta. 
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Mechanical components of the syringe olfactometer 

The syringe olfactometer is shown in figure 1 (half the scale of the original) and 

comprises three main components: motor, body of the olfactometer and syringe. It was 

built by the Mechanical Facility of the University of Arizona (J. Izlar), from photographs 

and descriptions of a design employed by Dr. H. Mustaparta in Norway. I was heavily 

involved in the development of the first prototype, which was modified to meet the 

experimental requirements. 

The motor is externally moimted at the distal end of the main body of the 

olfactometer by Baja Technology Company. The motor was enclosed in a copper tube to 

minimize any electrical or mechanical noise that would disturb the quality of the 

physiological recordings. For the same reason, the entire device is positioned as far away 

from the recording site as possible (25 cm) and has also a groimd wire running from the 

motor to a common ground point. When the motor is activated (controlled electronically), 

the plunger of the odor-containing syringe is partly pushed down for a preset amount of 

time (e.g. 200 ms) and ejects a specific volume of the odor-air mixture into the glass tube, 

for example, 5 ml. The speed or flow rate of this stimulus delivery has to be constant, 

reproducible and sufficiently fast enough to ensure proper EAG recordings, as judged by 

a fast onset of the downward deflection of the signal response. This requires the motor to 

produce a high amoimt of torque. The motor selected after intensive testing was a Servo 
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step motor with a 9-pin connector, voltage of 4.3 V, current of 1.8 A, impedance 

protection (Model 23D-6204A; Rapidsyn Division of American Precision Industries). 

The motor was tested to operate at different delivery speeds and pulse durations by using 

the quality of EAG recordings to determine the motor's optimiun operating values. These 

tests revealed that the highest speed option was required to ensure a sharp on- and offset 

of a square odor pulse. Second, short stimulus durations (200 ms) are necessary to avoid a 

prolonged response of the antennal receptors to the odor pulse. 

The main body of the olfactometer is enclosed by a copper tube on the outside at 

the mid-section and a teflon tube lining it on the inside for the proximal half of the mid

section. The mid-section contains a set screw and a very large special screw with a 

support bearing at the proximal end that can translate the electrical force produced by the 

motor into a mechanical force. Thereby, it moves the plunger of the syringe (held by a 

support bracket) either forward or backward. At the proximal end of the olfactometer 

there is a "clip holder" with a joint attached to the outside of it. The "LT'-foraied clip can 

be placed over the top, embracing the syringe to keep it tightly in place when the plunger 

is moved in either direction. At about midpoint of the olfactometer, there is a "support 

arm" connected to it (not shown) to physically stabilize it, and stainless steel bars 

attached to that arm to mount the olfactometer to the vibration isolation table. The 

support arm and the bars are arranged together with joints to allow free movement of the 

olfactometer in 3-dimensional space for optimal positioning of the syringe tip towards the 

glass tube. 
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The odor-containing syringe is placed inside the proximal end of the copper tube 

which is cut out at the top so that the syringe can be quickly and easily placed in and 

taken out of the device. 

Electronic components of the odor-delivery device 

The electronic and electrical components of the odor-delivery device were 

engineered and built by Baja Technology Company in 1995 (B. Hill and J. Chen) which 

also kindly supplied all of the diagrams used and explained in this appendix (figures 2a-c 

and 3a-e). 

Figure 2a is an illustration of the control panel layout (electronic box) for the 

syringe olfactometer. The external controls available to the user are identified: the five-

position speed-selector switch and variable speed control dial (used with speed-selector 

position #5), the plunger direction switch, and the manual trigger push button. The speed 

meter provides a relative indication of plunger operating speed (dimensionless units firom 

1 to 100) and a coaxial connection for external trigger application is available. Figure 2b 

presents the specifications for the LED panel meter that provides the plunger operating 

speed indication (speed meter). In addition, information about the wiring connections and 

decimal point selection is provided. The mechanical dimensions and specifications for the 

LED panel meter are described in figure 2c. 

Figure 3a shows the physical layout of the integrated circuit (IC) packages, or 

"chips"(Ul-U10), used in the olfactometer control. Figure 3b shows one of two sheets 
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which comprise the schematic diagram of the olfactometer control circuitry. Analog 

speed control circuitry, consisting mostly of isolation amplifier stages, is shown in the 

upper right comer; the connection to the digital speed readout resides on the output of 

stage U8-C. The input to stage U8-B, designated "speed vout", is controlled by the user 

with the speed selector switch and speed control dial (see figure 3c); the potentiometer 

designated "speed adj" is a pre-set internal threshold. The device designated as U3 is an 

analog to digital converter; its fimction is to convert the analog speed control signal, 

where a higher signal amplitude is interpreted as a higher speed selection, to a digital 

speed control signal, where a higher speed selection is represented by a higher fi-equency 

of clocking pulses. The programmed motor drive circuitry is contained within U5 (figures 

3d and 3e), which takes inputs firom the A/D clocking circuitry (pin 11) and the user 

directional selection (pin 12), as well as the manual and extemal trigger circuits (pins 1 

and 2). Its outputs (pins 8, 13, 14, 17, and 18) are delivered to the motor control 

integrated circuit (IC). The circuitry which develops the extemal trigger input is shown in 

the lower left comer; the rheostat on the non-inverting input (+) of the output stage sets 

an internal threshold for this stage. Figure 3c completes the schematic diagram of the 

circuitry. The upper left comer of the figure shows the electronics involved in the extemal 

controls: the speed selector switch (labeled "speed_vout"), variable speed control dial (25 

KQ potentiometer), manual trigger push button, and plunger direction switch. Shown to 

the right is the motor control IC, which is designated as UIO, and its associated input 

electronics; its five inputs ("A2", "A2", "B2", "B2", and "HOLD") are received fit)m the 
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motor drive IC, and its outputs are coupled directly to the plunger motor. The 24 V DC 

power supply displayed at bottom center serves the motor control IC and the motor itself. 

Figure 3d depicts the programmed signal assignment for each pin of the 

EPM5016 programmable IC, employed as U5 for the application. The circuitry contained 

within this chip is '*bumed" into the chip by a special device, produced by the chip's 

manufacturer, which is dedicated for this purpose. These types of ICs can be erased and 

then re-programmed with different circuitry many times, but the manufacturer designates 

particular pins on the device that must be reserved for power inputs and returns, as well 

as those that must remain "floating" (unconnected to any input or output). Figure 3e 

depicts how the programmable IC designated as U5 is tailored by the logic configuration 

that is "bumed" into by its programming device. 

Figures 

Fig. 1 Schematic diagram showing the mechanical parts of the motor-driven syringe 

olfactometer, including the plastic syringe containing the odor stimulus. 
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Fig. 2a Diagram of the electronic control panel for odor stimulation. 
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Fig. 2b This figure lists the specifications, wiring connections and decimal point 

selection of the LED (light emitting diode) panel meter. 

Fig. 2c The mechanical dimensions, including the panel cutout dimensions and the fi'ont 

panel assembly (Bezel) are illustrated. 
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Figure 2a 



Specifications 
oDlspaly;3 1/2dlg{t red or "green LED. 
oInput Ranges:+/-200mVOC^/-2V DC.+/-20V DC. 
oLarge Numerals—0.56 inches. 
oAccuracy:+/-d.1%;+/—2 digits. 
o Power-Consumption :+5V DC at 200mA rating. 
oAutozero. 
oRequired Power:+5V 0C{+/-4.9%)at 200mA. 
oOverrange Indication rnumber "I "appears when voltage limit is exceeded. 
oOverrange Protection:+/—350V DC.+/—10V OC(200mV). 
o Relative Humidity:0 to 95% non-condensing. 
oStorage Temperature;—10 to 60 degrees C. 
oFull Scale Differential Input. 
oCommon Mode Range:+/—1 V DC. 
o Common Mode Refection :86db. 
o Wefght:20grams/0.7oz. 
oSampling i^te :3.4.'second. 
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Wiring Connections 

When systems require both power source and signal source to be isolated please be 
sure to either directly wire or connect through a 10K ohm resistor pin numbers 2 
and 8>. By doing this errors caused by ground loops will be reduced. 
The pins that are not being used Need to be left open. 
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Fig. 3a Description of the layout of the integrative circuit packages ("chips"). 

Fig. 3b Electrical circuit diagram (one out of two sheets) showing all the components of 

the "chips" involved in controlling the electronic control box. 

Fig. 3c Second sheet of the electrical circuit diagram. 

Fig. 3d Illustration of the logic for the motor drive-chip, which has 20 pins (numbered 1-

20). This top view shows the sequence the pins are arranged in and the signals assigned to 

each pin. 

Fig. 3e Circuitry of the "U5" chip that is "bumed" into the motordrive chip. 
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EPM5016 

PSB - 1 20 - H STEPl 
TRG - 2 19 - PHI 
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VCC - 5 16 - VCC 
GND - 6 15 - GND 

RESERVED - 7 14 - B1 
ENA - 8 13 - BNl 
GND - 9 12 - DIRl 
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N.C. = Not Connected. 
VCC <= Dedicated power pin, which MUST be connected to VCC 
GND Dedicated ground pin or unused dedicated input. 
RESERVED = Unused I/O pin, which MUST be left unconnected 
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