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ABSTRACT 

 The nervous system copes with variability in the external and internal 

environment by using neuromodulators to adjust the efficacy of neural circuits.  The role 

of serotonin (5HT) as a neuromodulator of olfactory processing in the antennal lobe (AL) 

of Manduca sexta was examined.  Serotonin has been hypothesized as a circadian 

modulator of sensitivity of AL neurons, so the coding of odor concentration in the AL 

was first examined without the manipulation of 5HT levels.  Reponses of the AL to 

different concentrations of odors were recorded using multi-electrode extracellular arrays.  

As odor concentration increased, more AL units responded and the AL was best able to 

discriminate odors at high concentrations, a finding that was replicated in matched 

behavioral assays.  Multi-electrode recordings were then used to examine the effects of 

5HT on responses to stimuli that varied in chemical structure and concentration.  

Serotonin enhanced AL unit responses by increasing response duration and firing rate, 

which in turn increased the amount of coincident firing between units.  Due to the 

increased activation of units as concentration increased, and the greater effect of 5HT on 

stronger responses, serotonin had the greatest effect on overall ensemble activation at 

higher odor concentrations.  Additionally, response thresholds shifted to lower odor 

concentrations for some units, suggesting that 5HT increases the sensitivity of AL units.  

Serotonin enhanced AL discrimination of single odors at different concentrations and 

structurally dissimilar odors at a single concentration.  In order to predict which insects 

share a similar role for 5HT in the AL, immunocytochemistry was used to compare the 

ALs of different insects.  All holometabolous insects (except the Euhymenoptera) had 
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5HT-immunoreactive AL neurons that were morphologically similar to those of M. sexta.

These combined studies implicate 5HT as a modulator of sensitivity and efficacy in the 

AL of M. sexta and suggest that 5HT may play this role for most of the Holometabola.  

This proposed role of 5HT in the AL of the Holometabola is reminiscent of the 

hypothesized involvement of serotonergic neurons from the Raphe nucleus in vertebrates 

that seem to gate activity in the olfactory bulb in the context of behavioral arousal.   
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CHAPTER 1. INTRODUCTION 

1.1 Serotonin and neuromodulation 

 Nervous systems use an array of different substances called neuromodulators that 

do not affect the basic mechanisms of information coding, but rather adjust the efficacy 

of neural processing based on the current physiological state of the individual animal.  

Neuromodulators can be defined as substances that alter either the pre-synaptic release or 

the post-synaptic effects of the primary neurotransmitter of a synapse (Kupfermann, 

1979; Katz, 1999).  In this sense, neuromodulators do not directly activate or inhibit 

neurons.  Rather, they alter the ability of neurons to transmit or receive signals.  There are 

many mechanisms (including different modulators and receptor subtypes for each 

modulator) whereby the activity of neural circuits can be modified, producing distinct 

and subtle adjustments of response features. 

Depending on the physiological state of an animal, it may not be advantageous for 

neural circuits to function at or near maximum capacity.  For instance, it would not be 

efficient for a sated animal to devote a large amount of energy to the neural processing of 

stimuli associated with food.  By altering the efficacy of individual neurons, 

neuromodulation allows for the adjustment of neural circuits in a manner that is 

energetically inexpensive and reversible, as compared to altering the actual synaptic 

connections between neurons.  This phenomenon is critical for maintaining a nervous 

system that is adaptable to changes in the external and internal environment of the 

individual animal.  Neuromodulation is of even greater importance for small, 
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behaviorally complex animals like insects, allowing them to use their relatively small 

nervous systems more efficiently.   

Serotonin (5-hydroxytryptamine or 5HT) is a potent, physiologically active 

substance found in every animal that possesses a nervous system, from cnidarians to 

humans (Weiger, 1997; Hay-Schmidt, 2000), and the importance of 5HT in the function 

of the nervous system is evident from the proportion of neural circuits that receive 

serotonergic input.  The ubiquity of 5HT across the animal kingdom underscores the need 

to fully examine its distribution in the brain, and to understand its functions in different 

species.  Serotonin is likely one of the most ancient substances in the nervous system 

(Hay-Schmidt, 2000; Gillette, 2006), and understanding the functional roles of 5HT 

throughout the animal kingdom will provide important insight into understanding the 

fundamental importance of 5HT modulation in the nervous system. 

Serotonin is synthesized from tryptophan by tryptophan hydroxylase to produce 

5-hydroxytryptophan, which is then used to produce 5-hydroxytryptamine by aromatic 

amino-acid decarboxylase.  In vertebrates the majority of 5HT-immunoreactive neurons 

are found on the midline of the brain stem in the raphe nuclei and project to large 

portions of the forebrain as well as to the spinal cord and hypothalamus (for a broad 

survey of the roles of 5HT in the vertebrate nervous system, see Kandel et al., 2000).  

The importance of 5HT in invertebrate nervous systems is likely to be just as great as in 

vertebrate nervous systems.  Serotonin can be found in almost every region of the 

invertebrate nervous system and is present throughout post-embryonic life.  As with the 

vertebrate nervous system, studies in invertebrate nervous systems have implicated 5HT 
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in a wide range of behavioral and physiological paradigms including aggression (Kravitz, 

2000; Huber 2005), motor control (Crisp and Mesce, 2003), appetite (Gillette, 2006), 

circadian rhythmicity (Saifullah and Tomioka, 2002) and experience-dependent plasticity 

(Byrne and Kandel, 1996).  The focus of this thesis is to examine the consequences of 

5HT modulation on olfactory processing in the antennal lobe (AL: the first synaptic 

neuropil of the olfactory system) of the tobacco hawkmoth, Manduca sexta.  M. sexta is 

ideally suited for these studies due to its large, robust and easily accessible AL, as well as 

a uniquely identifiable 5HT neuron in each AL (Kent et al., 1987; Kloppenburg and 

Hildebrand, 1995; Mercer et al 1995, 1996; Kloppenburg et al 1999).  Nevertheless, 

another purpose of this thesis was to investigate the anatomy of 5HT neurons in the ALs 

of many different insect species in order to determine whether the extraordinary design of 

the serotonergic pathway that modulates olfactory sensitivity in M. sexta is also shared 

across phylogenetic boundaries. 

 

1.2 Serotonin in the vertebrate olfactory bulb 

 The role of 5HT in olfactory processing in vertebrates has been studied primarily 

in rats in the context of learning.  The glomerular and infraglomerular layers of the 

olfactory bulb receive serotonergic input from fibers originating in the raphe nuclei 

(McLean and Shipley, 1987).  Several types of 5HT receptors are expressed in different 

areas of the olfactory bulb.  The 5HT1A and 5HT1B receptors have been localized to the 

external plexiform and granular layers (Pazos and Palacios), while the 5HT2A and 5HT2C 

receptors have been localized to the granular (Morilak et al., 1993) and mitral cell layers 
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(Hamada et al., 1998; McLean et al., 1995).  This differential expression of the 5HT 

receptors suggests that while a large portion of the olfactory bulb is likely to be affected 

by 5HT, the effects may vary widely between regions of the bulb as the activation of the 

different receptor subtypes activates different second messenger cascades (Barbas et al., 

2003).  Very little is known about the physiological effects of 5HT on olfactory bulb 

neurons.  In the rat olfactory bulb, 5HT causes a depolarization in juxtaglomerular cells 

and a subset of mitral cells (Hardy et al., 2005).  For a separate set of mitral cells, 5HT 

caused a membrane hyperpolarization, an effect that is likely mediated by GABAA

receptor activation as it was blocked by the GABAA receptor antagonist bicuculline 

(Hardy et al., 2005). 

 The behavioral consequences of 5HT action in the rat olfactory bulb have been 

studied extensively using olfactory learning in rat pups.  Rat pups can be trained to 

associate a novel odor (the conditioned stimulus) to a stimulus associated with the pups’ 

mother, such as stroking (the unconditioned stimulus).  While norepinephrine has been 

shown to signal the occurrence of the unconditioned stimulus, 5HT has been shown to 

increase the potency of olfactory associations and is thus facilitative rather than 

obligatory in olfactory learning.  Infusion of norepinephrine can substitute for stroking, 

and an increase in cAMP in the olfactory bulb, mediated by β-adrenergic receptors, is 

both necessary and sufficient for forming this type of association (Sullivan et al., 1989, 

1991).  This increase in cAMP leads to an induction of the CREB pathway (McLean and 

Harley et al., 2004), which becomes activated during learning in rat pups (McLean et al., 

1999) and is necessary for learning to take place (Yuan et al., 2003a).  While 5HT in the 
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olfactory bulb does not directly mediate olfactory learning in rat pups, it does modulate 

this process via a facilitative (but not obligatory) process.  Depletion of 5HT in the rat 

olfactory bulb decreases olfactory learning capacities in rat pups (McLean et al., 1993), 

but the application of β-adrenergic receptor agonists can compensate for the effect of 

5HT depletion and restore olfactory learning (Langdon et al., 1997; Yuan et al., 2000).  

The application of 5HT2C receptor agonists cannot replace stroking as the unconditioned 

stimulus (Price et al., 1998), and 5HT appears to affect olfactory learning only during the 

acquisition phase, not during consolidation or retrieval (McLean et al., 1996).  While 

5HT depletion decreases the amount of cAMP produced by β-adrenergic receptor 

activation, 5HT depletion alone does not affect cAMP levels (Yuan et al., 2003b), 

suggesting that 5HT is not directly involved in the induction of learning.  These 

behavioral pharmacology studies suggest that 5HT enhances odor-induced responses 

within the olfactory bulb, thereby increasing the salience of olfactory stimuli, and 

enhancing the learning of the specific odor stimulus.  This facilitative role of 5HT is 

therefore not a specific modulation of learning (as 5HT is neither necessary nor sufficient 

for learning), but rather a modulation of stimulus salience with consequences for learning 

capacity.  Unfortunately, little is known about the external or internal signals inducing 

5HT release within the olfactory bulb, although the dorsal and median Raphe nuclei are 

involved in arousal and attention in other sensory systems (Kandel et al., 2000).  Thus, 

relative to the extensive literature on the behavioral consequences of 5HT manipulation, 

there is little known about the natural context in which the effects of 5HT are exerted 

within the olfactory bulb.   
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1.3 Serotonin in the moth antennal lobe 

Each antennal lobe (AL) of M. sexta receives input from thousands of olfactory 

receptor cells (ORCs) that are distributed along the ipsilateral antenna.  Each ORC 

expresses one or very few olfactory receptor protein(s) that bind(s) odorants by 

recognizing specific structural features of those volatile chemicals.  This binding 

activates an intracellular biochemical cascade that leads to the depolarization and 

potential activation of the ORC.  The ORCs that express the same olfactory receptor 

proteins (and therefore respond to the same suite of odors) converge on a single small 

module of condensed neuropil within the AL called a glomerulus (Hildebrand et al., 

1997; Rössler et al., 1999; Vosshall et al., 2000).  The AL of M. sexta consists of 63±1 

glomeruli that are arranged around a region of coarse neuropil (Rospars and Hildebrand, 

1992).  In addition to the axon termini of the ORCs, each glomerulus contains the 

neurites of projection neurons (PNs) and local interneurons (LNs).  The dendrites of PNs 

are generally restricted to a single glomerulus, and the PNs extend their axons from the 

AL to higher levels of olfactory processing.  The LNs arborize among the glomeruli 

forming an inhibitory network that connects all of the glomeruli and influences the 

responses of both PNs and other LNs.  The synaptic connections among these three 

cellular components of the AL are heterogeneous.  Not all PNs appear to receive 

monosynaptic input from ORCs (Christensen et al., 1998a), some PNs may activate LNs 

(Sun et al., 1997), and LNs can mediate both inhibition and disinhibition (the removal of 

inhibition via inhibitory interactions) of PNs (Christensen et al., 1993).  Thus, odors bind 

to olfactory receptor proteins expressed by specific subsets of ORCs.  The ORCs are then 
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depolarized and activate the PNs and LNs within subsets of glomeruli.  The LNs then 

shape the temporal firing patterns of the PNs (Christensen and Hildebrand, 1997; 

Christensen et al., 1998a, b; Lei et al., 2002) and inhibit the activity of the cellular 

components of other glomeruli not activated by the odors (Hansson et al., 1991; 

Reisenman et al., 2004, 2005).  All of these interglomerular and intraglomerular 

processes function together to produce an odor-specific combinatorial pattern of 

activation across the AL that varies in space and time.  Each activation pattern thus 

contains information about the chemical structure, concentration and temporal features of 

an odor stimulus (Christensen and Hildebrand, 2002; Korsching 2002; Hallem et al., 

2006). 

In addition to the three primary cellular components described above, each AL of 

M. sexta is innervated by a single 5HT-immunoreactive (5HT-ir) neuron referred to as the 

Contralaterally-projecting, Serotonin-immunoreactive Deutocerebral neuron (or CSD 

neuron) which is the sole source of 5HT for the AL (Kent et al., 1987).  This neuron 

spans a large portion of the protocerebrum of M. sexta and is depicted schematically in 

Appendix C, figure 2C.  The soma of the CSD neuron is located in the lateral cell packet 

of the AL (which also contains the cell bodies of many LNs and PNs), and the primary 

neurite projects dorso-posteriorly from the AL into the protocerebrum lateral to the 

central body.  Once the primary neurite is posterior to the central body, it bifurcates and 

projects into the ipsilateral lateral protocerebrum and across the posterior midline.  The 

primary neurite of the CSD neuron then bifurcates a second time to project into the 

contralateral (with respect to the soma) lateral protocerebrum and anteriorly to innervate 
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all of the glomeruli of the contralateral AL.  Ultrastructural studies have demonstrated 

that the CSD neuron has both synaptic and non-synaptic release sites within the AL (Sun 

et al., 1993) and makes synaptic connections with either LNs or PNs (although not glial 

cells or ORCs).  The CSD neuron also receives some synaptic input from AL neurons 

although it is not known if these are LNs or PNs.  Additionally it is thought that the 

collaterals of the CSD neuron in the lateral protocerebrum may be areas of synaptic input 

based on their appearance from CSD neurons filled with lucifer yellow (Hill et al., 2002), 

although this needs to be confirmed using electron microscopy.  

The levels of 5HT in the ALs of M. sexta and the silkmoth Bombyx mori vary 

throughout the day.  The peak titers of 5HT occur at times when adult moths are most 

active, which is at the start of scotophase for M. sexta (Kloppenburg, et al., 1999) and 

mid-photophase for B. mori (Gatellier et al., 2004).  This temporal pattern suggests that 

the effect or potency of 5HT release within the ALs varies throughout the day, and that 

the effects of 5HT are correlated with the peak activity of the moths.  Although only two 

intracellular recordings have been obtained from CSD neurons, both indicated that 

mechanical stimulation of the antennae would elicit a response (Hill et al., 2002).  This 

finding, in combination with the results from the studies of the 5HT titers, suggests that 

5HT is released throughout the AL in response to wind stimulation of the antennae, but 

because of the variation in 5HT levels, the potency of 5HT release varies throughout the 

day.   

In behavioral studies, injections of 5HT into the hemolymph of Trichoplusia ni 

caused a broadening of the period of time in which male moths are maximally sensitive 
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to female sex pheromone, but did not shift the concentration thresholds at which male 

moths respond.  Thus, 5HT increased the period of responsiveness but had no effect on 

sensitivity (Linn and Roelofs, 1986).  In contrast, the application of 5HT onto the surface 

of desheathed ALs of B. mori resulted in both increased responsiveness and sensitivity of 

male moths to female sex pheromone (Gatellier et al., 2004).  The discrepancy between 

these two studies may have been due to the increase in AL permeability resulting from 

the desheathing process.  It should be noted, however, that both experiments utilized 5HT 

application to the hemolymph, which can be difficult to interpret owing to the effects of 

5HT on the peripheral nervous system (Dolzer et al., 2001; Grostmaitre et al., 2001) and 

the muscles of adult moths (Claassen and Kammer, 1986).   

 There have been several physiological studies examining the effects of 5HT on 

individual M. sexta AL neurons.  The effects of 5HT on AL neurons appear to be 

concentration-dependent, with high and low concentrations having opposing effects and 

intermediate concentrations having no effect (Kloppenburg and Hildebrand, 1995).  At 

10-8M, 5HT reduces the number of action potentials, decreases the depolarization induced 

by electrical stimulation of the antennal nerve, and increases the duration of the 

hyperpolarization that follows.  The mechanism of the effects of low concentrations of 

5HT on AL neurons is not known, as the majority of studies of the effects of 5HT in the 

moth AL have focused on high concentrations of 5HT.  Application of 5HT at 10-4M

increases the excitability of both LNs and PNs by increasing input resistance.  This 

concentration of 5HT increases the depolarization and the number of action potentials 

elicited by both electrical and olfactory stimulation in vivo (Kloppenburg and Hildebrand, 
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1995; Kloppenburg et al., 1999) and increases the number of spikes elicited by constant 

current pulse in cultured AL neurons (Mercer et al., 1996).  Serotonin also decreases the 

latency between depolarization and the first spike in an evoked burst of action potentials.  

The effects of 5HT on the resting membrane potential of AL neurons are not consistent.  

While 5HT has been shown to raise the membrane potential of AL neurons by 

approximately 5mV, reports vary from 36% (Mercer et al., 1995) to 70% (Mercer et al., 

1996) as to the proportion of neurons affected.   

The effects of 5HT on the excitability of AL neurons are mediated by the 

reduction of two K+ channel conductances (Mercer et al., 1995, 1996; Kloppenburg et al., 

1999).  The first K+ conductance is a transiently active (inactivation threshold of 

~25mV), fast-activating (~5ms) IA conductance activated at approximately -30mV and 

abolished at a holding potential of -40mV.  The second conductance is a slow-activating 

(~50ms), sustained, delayed rectifier-like IKV conductance that is activated at 

approximately -10mV.  As a result of the reduction of these currents, 5HT also increases 

the width of action potentials of AL neurons.  Although 5HT takes the same amount of 

time to reduce both currents by the same amount (10-12%) (Mercer et al., 1995), 5HT 

appears to have differential effects on the kinetics of these conductances.  For IA, 5HT 

reduces the amplitude of the outward current and decreases the membrane potential at 

which inactivation for this current occurs, effectively reducing the voltage activation 

window for this conductance (Kloppenburg et al., 1999).  For IKV, 5HT only affects the 

amplitude of the current, not the voltage of activation or inactivation (Kloppenburg et al., 

1999).  Aside from these two primary currents, 5HT affects other ionic currents in AL 
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neurons at specific developmental stages (Mercer et al., 1996), indicating that 5HT may 

play an important but as yet undetermined role during AL development.  The 5HT-

induced increase in excitability of individual adult AL neurons has led to the hypothesis 

that 5HT increases the sensitivity and efficacy of the AL of M. sexta (Kloppenburg et al., 

1999). 

 

1.4 Significance of research 

The AL of M. sexta is a well-established model for the study of olfactory 

information processing.  While there have been several studies detailing the basis of 

serotonergic modulation of the activity of individual AL neurons of M. sexta, many 

questions remain about the functional significance of 5HT within the larger context of the 

AL circuit as a whole.  This thesis explores several issues that are essential to 

understanding the role of 5HT in modulating olfactory processing in the AL of M. sexta.

The role of 5HT in adjusting the sensitivity and concentration-dependent 

responsiveness of the AL has been discussed in several behavioral and 

electrophysiological studies (see above).  However, a clear understanding of the basic 

coding of odor concentration is still lacking for the AL of M. sexta. For example, are the 

dose-response functions of different AL neurons linear or nonlinear over a range of 

concentrations?  Is the AL activated to a greater or lesser extent as concentrations 

increase?  As odor concentration increases and the specificity of olfactory receptors 

decreases, are AL ensemble responses more or less discriminable?  Before the effects of 

5HT could be examined, concentration coding in the AL had to be examined to determine 
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in what ways 5HT could modulate the encoding of this particular feature of olfactory 

stimuli.  In section 2.1 of this thesis, multi-electrode extracellular arrays were used to 

record the responses of ensembles of between 8-10 AL neurons to odors presented at 

different concentrations.  

Previous studies that examined the effects of 5HT on individual AL neurons 

provided the groundwork for our understanding of the functions of 5HT in olfactory 

coding.  However, a unified model of the functional role of 5HT in the AL is still lacking.  

All of the original studies on the effects of 5HT in the AL were focused on the effects of 

5HT on individual neurons (see above).  However, AL neurons do not function in 

isolation, and thus the effects of 5HT likely involve modulating the simultaneous activity 

of multiple AL neurons.  It is therefore important that we learn about the effects of 5HT 

on the complex interactions between neurons in addition to its actions on single cells. To 

date, the effects of 5HT on the responses of AL neurons have been studied only in a set 

of three male specific glomeruli that process sex-pheromonal information, the 

macroglomerular complex (MGC).   Because this set of glomeruli is functionally distinct 

and relatively isolated from the circuitry of the remainder of the AL, the effects of 5HT 

on MGC neurons may be very different than its effects on LNs and PNs in other parts of 

the AL.  In their initial characterization of 5HT's effects, Kloppenburg and Hildebrand 

(1995) observed that 5HT affected the responses of both PNs and LNs, suggesting that 

5HT could modulate both excitatory responses as well as the inhibitory influences 

exerted by LNs on other neurons.  In section 2.2 of this thesis, multichannel extracellular 

electrodes were used to record the responses of AL neuron ensembles to olfactory stimuli 
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that varied in concentration and chemical structure , and examined the modulatory effects 

of 5HT on these responses.. 

In section 2.2, the effects of 5HT on concentration coding were tested with two 

purposes in mind.  The first was to study the effects of 5HT on the dose-response 

functions of both individual AL neurons and on the AL network as a whole.  The second 

was to determine whether the 5HT-induced increase in excitability of AL neurons results 

simply in a change in the gain of the dose-response function, or in an increase in the 

threshold sensitivity of the AL.  The encoding of a single odorant is believed to involve 

the activation of different subsets of functionally interconnected AL glomeruli 

(Christensen and Hildebrand, 2002; Kosching, 2002), but few studies have examined how 

stimulus concentration affects these interglomerular interactions. An examination of how 

5HT may modulate the ensemble responses to different odor concentrations should 

elucidate the role of 5HT within the larger context of encoding odors through global 

patterns of AL activation.   

Finally, as comes with the study of any model system, it is important to determine 

the applicability of findings to other organisms, so as to elucidate underlying common 

principles.  While 5HT appears to play a similar role in the ALs of both the moths B. 

mori and M. sexta, 5HT may serve different roles in the ALs of other insects.  In section 

2.3 of this thesis, the phylogenetic breadth of the CSD neuron was described using 5HT 

immunocytochemistry.  Although this does not determine the phylogenetic distribution of 

5HT as a circadian modulator of AL neuron excitability, it provides a list of candidate 

insects that could be predicted to use 5HT in this manner.   
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1.5 Specific contribution of the author 

 This thesis contains two appendices that represent work that has either been 

prepared for publication (Appendix B: Central ensemble representations of odor intensity 

predict behavioral performance in an olfactory discrimination task) or has been published 

(Appendix C: Phylogeny of a serotonin-immunoreactive neuron in the primary olfactory 

center of the insect brain).   The specific contribution of the author of this thesis to those 

works is herein described in accordance with the thesis guidelines provided by the 

Graduate College at the University of Arizona.  For both appendices, the author of this 

thesis wrote the original drafts of the documents and was involved in the editing process.  

For Appendix B, the author performed the electrophysiological recordings from the ALs 

of the moths and the analysis of electrophysiological data.  For Appendix C, the author 

obtained (from the field or from insect colonies maintained in different labs) all of the 

specimens, performed the immunocytochemical procedures on the insect brains, collected 

all of the scanned images of the brains, and analyzed all of the images. 
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CHAPTER 2.  PRESENT STUDY 

2.1 Responses of Ensembles of Antennal Lobe Neurons to Variation in Odor 

Intensity 

2.1.1 Introduction 

Several studies have shown that 5HT increases the excitability of AL neurons via 

the reduction of two potassium conductances (Kloppenburg and Hildebrand, 1995; 

Mercer et al., 1995, 1996; Kloppenburg et al., 1999).  This increase in excitability could 

increase the likelihood that an AL neuron would respond to previously sub-threshold 

stimuli, effectively increasing the sensitivity of the AL.  However, the responses of AL 

neurons to olfactory stimuli of different concentrations have been characterized in M. 

sexta only for a few glomeruli (Christensen et al., 2000; King et al., 2000; Heinbockel et 

al., 2004; Reisenman et al., 2004, 2005).  To understand how 5HT affects the processing 

of odor concentration in the AL, the responses of AL neurons to changes in odor 

concentration first needed to be characterized in greater detail. 

 There are several features of concentration coding in the AL of M. sexta that 

remain unexplored.  First, to what extent do patterns of activity in the AL change with 

concentration, and is the AL activated to the same degree at all concentrations of an odor 

(i.e. do the number of responding neurons and their response magnitude vary with 

concentration)?  Some discrepancies exist in the literature.  While studies using calcium-

imaging techniques suggest that the overall level of activation across the AL increases 

with concentration (Ng et al., 2003; Carlsson and Hansson, 2003; Wang et al., 2003), 

another study using electrophysiological recording techniques in the locust reported that 
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the firing rate of individual neurons and the global level of activation across the AL was 

maintained regardless of odor concentration (Stopfer et al., 2003).  What factors might 

underlie these apparent discrepancies?  Second, does the amount of similarity between 

AL representations of single odors change as the concentration disparity between 

individual presentations increases?  Furthermore, as the concentration of two different 

odors changes, do the responses of AL ensembles become more or less similar?  Lastly, 

do electrophysiological measures of AL responses predict the ability of moths to 

discriminate between odors in behavioral learning assays?  In other words, would it be 

possible to predict an animal’s ability to discriminate two odors based on the similarity of 

responses recorded from AL ensembles?  A strong correlation between the amount of 

similarity of AL responses and performance in behavioral discrimination tasks has been 

found for comparison of odors that vary in chemical structure (Daly et al., 2001; Daly et 

al., 2004; Guerrieri et al., 2005), but these techniques have never been used to compare 

olfactory stimuli that vary in concentration.  To answer these questions, we used multi-

electrode extracellular arrays to record AL ensemble responses to olfactory stimuli that 

vary in both concentration and chemical structure. 

 

2.1.2 Summary 

Details of the methods, results and conclusions of this study are presented in 

Appendix B of this dissertation.  The following is a summary of the most important 

findings in this document that were produced by the author of this thesis. 
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Responses of ensembles of AL units were recorded from moths exposed to a 

stimulus set that included five different odorants at five concentrations increasing in 

logarithmic increments from 1ng to 10µg/ul.  Individual AL units exhibited several 

different responses that could be classified into four types (three of which were 

concentration-dependent).  A single unit could display different response types for 

different odors, indicating that different odors activated different functional subsets of AL 

neurons.  Units of the first response type were excited at all concentrations tested.  As 

concentration increased, we observed an increase in the firing rate and response duration 

that resulted in an increased response magnitude.  Units of the second response type (low 

firing threshold cells) were excited only at low concentrations.  As concentration 

increased, these units changed their response polarity from excitation to either a lack of 

response or in some cases, spike suppression at elevated concentrations.  The third 

response type was characterized by excitation at higher concentrations and spike 

suppression or a lack of response at lower concentrations.  As concentration increases, 

our hypothesis is that the local inhibitory network likely becomes gradually more 

activated and suppresses the activity of some units that were activated at lower 

concentrations, thus producing the second response type observed.  The fourth response 

type was the only type that could not be classified as concentration dependent.  Units 

exhibiting this response type exhibited spike suppression at all concentrations.  There 

may have been an increase in inhibitory input with concentration, but this cannot be 

verified with extracellular recording techniques.  Overall, the pattern of activation 

produced by ensembles of AL units was dynamic over a range of concentrations, with 
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some units maintaining their response polarity and others reversing their response 

polarity (for example from excitation to inhibition).  In general, however, as 

concentration increased, a greater proportion of the AL network was activated, both in 

terms of the total number of units involved in the representation and the level of 

activation of individual units.   

 Principal components analysis (PCA; see Appendix A) was used to translate 

ensemble responses into response trajectories in multi-dimensional space that were then 

used to determine the degree of similarity between responses.  This technique has been 

used in both moths (neural ensembles: Daly et al., 2001; Daly et al., 2004) and honey 

bees (optophysiological recordings: Guerrieri et al., 2005) to compare AL responses with 

behavioral responses to odors that vary in chemical structure.  Both studies found that the 

ALs produced similar responses for similar odors and that both species of insect have 

more difficulty discriminating similar odors.  Therefore, as responses become more 

dissimilar, the ability of animals to discriminate odors increased.   

In this study, PCA was first used to determine if the similarity of responses to 

different concentrations of a single odor varied with concentration disparity.  In other 

words, would responses become less or more similar as the difference in concentration 

between presentations of a single odor increased?  It was discovered that as concentration 

increased, the patterns of AL activation became increasingly different.  Thus, as 

concentration disparity increased, the AL ensemble response trajectories grew further 

apart.  PCA was also used to determine if the similarity of responses to different odors 

was constant as concentration varied.  As concentration increased, AL ensemble 
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responses to different odors became less similar, suggesting that moths would be better 

able to discriminate two odors when presented at higher concentrations.  This prediction 

was tested in matched behavioral assays by K. Daly, L. Carrell and E. Mwilaria at the 

West Virginia University.  Briefly, three different odor pairs that produced high (linalool 

and methyl salicylate), intermediate (linalool and cis-3-hexenyl propionate) and low 

(linalool and nerolidol) levels of dissimilarity based on PCA were chosen to test 

discrimination in a behavioral assay derived from the proboscis extension reflex assay 

developed in honey bees.  Moths were exposed to an odor followed by the application of 

sugar water to the proboscis, and electromyograms were recorded from feeding muscles 

in the head capsule.  If a moth associated an odor with a food reward, the feeding muscles 

in the head become active in response to the odor alone (Daly et al. 2001).  The first 

assay confirmed that moths could detect each odor, although each odor elicited feeding 

responses at different thresholds indicating that there may be variance in salience across 

odors.  The moths were then trained using a discrimination protocol whereby the moths 

were exposed to both odors but only rewarded on the presentation of one of the odors (the 

CS+) and not the other (CS-).  The experiments were counterbalanced so that half of the 

moths would be trained with one odor as the CS+ and the other half of the moths were 

trained with the other odor as the CS+ so as to account for any innate learning biases for a 

specific odor.  There was a very high correlation between the ability of the moths to 

discriminate the specific odor pairs and the amount of similarity in the responses of the 

AL ensembles to the same odors for the high and intermediate levels of dissimilarity.  

However, for the comparison of linalool and nerolidol, only linalool could be associated 
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with the food reward.  This suggests that nerolidol either has a very low salience or has 

an innate meaning to the moths that contradicts the context of feeding.  These behavioral 

results indicate that using PCA to determine the amount of similarity between AL 

ensemble responses to make predictions about the ability of moths to discriminate 

different odors can be highly effective, although there may be instances where this 

method will fail due to because of odor-specific variation in either salience or innate 

meaning. 
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2.2 Effects of Serotonin on Responses of Ensembles of Antennal Lobe Neurons 

2.2.1 Introduction  

There have been several physiological studies examining the effects of 5HT on 

individual neurons in the ALs of M. sexta. Serotonin increases the excitability of a subset 

(approximately 50%) of the populations of both local interneurons (LNs) and projection 

neurons (PNs) by increasing input resistance (Kloppenburg and Hildebrand, 1995) via the 

reduction of two potassium channel conductances (Mercer et al., 1995, 1996; 

Kloppenburg et al., 1999).  The 5HT-induced increase in excitability increases the 

depolarization and number of action potentials elicited by both electrical and olfactory 

stimulation with female sex pheromone blend in vivo (Kloppenburg and Hildebrand, 

1995; Kloppenburg et al., 1999) and it also increases the number of spikes elicited by 

constant-current pulse in cultured AL neurons (Mercer et al., 1996).  Serotonin also 

decreases the latency between membrane depolarization and the first spike in a spike 

train.  Reports on the effects of 5HT on the resting membrane potential of AL neurons are 

not consistent, however: while 5HT can raise the membrane potential of some AL 

neurons by approximately 5mV, reports vary widely as to what proportion of neurons is 

affected in this manner (Kloppenburg and Hildebrand, 1995; Mercer et al., 1995, 1996).   

 Despite abundant information on the effects of 5HT on the activity of individual 

AL neurons, an understanding of the more global modulatory properties of 5HT on the 

entire AL network is still lacking.  Accordingly, there were several goals for this study.  

Although 5HT has been shown to affect both the magnitude and temporal properties of 

responses of individual AL neurons, it is not known how 5HT affects the responses of AL 
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neurons to olfactory stimuli that vary in chemical structure and/or concentration.  To 

date, the effects of 5HT on AL neurons have been observed in either AL neurons grown 

in cell culture (and therefore completely removed from the context of the AL) or in the 

macroglomerular complex (MGC), which is relatively isolated from the remainder of the 

AL.  The effects of 5HT on AL neurons within the remainder of the AL may therefore be 

more variable due to the extensive local inhibitory network that connects all of the 

sexually isomorphic glomeruli.  Another major goal of this study therefore is to elucidate 

the mechanism by which 5HT exerts its effects.  If 5HT leads to a general increase in 

excitability of AL neurons, one might predict that, under the influence of 5HT, AL 

neurons might be induced to respond to normally sub-threshold concentrations of 

olfactory stimuli, producing an overall increase in the sensitivity of the AL.  It is also 

possible that 5HT modulates a gain mechanism enhancing the excitability without also 

affecting the response threshold of individual AL neurons.  Finally, a third goal of this 

study was to examine how 5HT might affect the efficacy and resolution with which the 

AL encodes olfactory stimuli and how these effects would subsequently affect the 

similarity of AL responses to different odors.  We examined these issues using 

multielectrode extracellular arrays to study the effects of 5HT on the responses of AL 

ensembles of M. sexta to a wider array of olfactory stimuli than previously tested.   
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2.2.2 Materials and Methods 

Multichannel recordings and drug application 

 M. sexta were raised and maintained in the rearing facility of the Arizona 

Research Laboratories Division of Neurobiology, as previously described (Christensen 

and Hildebrand, 1987).  Multichannel recordings were performed as described in Lei et 

al., 2004.  Briefly, moths were inserted into a plastic tube and their heads fixed in place 

with dental wax.  The cuticle and muscles overlying the AL were removed as were the 

tracheae and perineural sheath surrounding the AL.  Brains were perfused with 

physiological saline (Christensen and Hildebrand, 1987), and silicon microelectrode 

arrays were inserted into one AL oriented in parallel with the antennal nerve.  Two sets of 

olfactory stimuli were used on different groups of moths.  The first set of odorants used 

were hibiscus oil and ylang-ylang oil at four serial dilutions in mineral oil starting at 1:10 

down to 1:10,000 (for stimulus design protocol see Fig. 1A).  The second set of odorants 

included 5 different monomolecular odorants (geraniol, GER; linalool, LIN; methyl 

salicylate, MES; phenyl acetaldehyde, PAA; and cis-3-hexenyl propionate, ZHP) all 

found in the floral or vegetative head space of the host-plant of M. sexta, Datura wrightii 

(Fraser et al., 2003; Raguso et al., 2003) and here presented at a single concentration of 

5µg/ul (for stimulus protocol design see Fig. 1B).   For both experimental designs, a total 

of 10µl of odor was applied to filter paper in a 5ml syringe.  Odors were delivered by 

injecting air from an odor cartridge into a common air flow that was directed onto the 

antenna ipsilateral to the AL in which the probes were inserted.  Each stimulus consisted 

of ten 200-ms pulses of odor each separated by five seconds.  Each set of odors was 
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applied at the onset of the experiment, during 5HT application, and again during the 

saline wash phase.  To remains consistent with previous studies, 5HT was applied at 10-

4M concentration (Kloppenburg and Hildebrand, 1995; Mercer et al., 1995, 1996; 

Kloppenburg et al., 1999) for 20-min and then washed out for 20-min.   Thus the entire 

experiment consisted of application of all the odors in a set, a 20-min bath application of 

10-4M 5HT followed by application of the odor set, then a 20-min washout phase that was 

followed by a third application of the odor set (Fig. 1).  Cartridges were only used once 

for each set of odors.   

Data Analysis  

 Recordings were obtained with 16-channel silicon microelectrode arrays (4 

shanks; 4 channels per shank) generously supplied by the Center for Neural 

Communication Technology at the University of Michigan 

(http://www.engin.umich.edu/facility/cnct/backind.html).  Ensemble activity from the 16 

sites was acquired simultaneously using a Pentusa amplifier (Tucker-Davis Technologies, 

Alachua, FL), and spike data were extracted from the recorded signals and digitized at 25 

KHz per channel using the TDT data-acquisition software.  Threshold and gain settings 

were adjusted for each channel and spikes were captured such that any waveform that 

passed threshold triggered the capture of waveforms recorded on the other 3 channels in a 

given shank (tetrode recording configuration). Spikes were sorted by means of a 

clustering algorithm based on a combination of integrated waveform information 

extracted from principal component analysis (PCA) and specific waveform parameters 

such as peak-valley ratio, linear and non-linear energy, and half-peak spike width for 
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each individual channel within a tetrode (Offline Sorter; Plexon, Dallas, TX).  Only those 

units that were statistically separable (multivariate ANOVA; p < 0.05) in 3-dimensional 

space defined by a combination of any three parameters listed above were used for 

further analysis.  Spikes were assigned timestamps to create raster plots and to calculate 

peri-event histograms in Neuroexplorer (Nex Technologies, Winston-Salem, NC).  The 

odor-evoked responses of 126 units were obtained from 21 ensembles from as many male 

animals.  The number of units recorded per animal was lower than reported in several 

other studies using this technique (Appendix B; Lei et al., 2004; Daly et al., 2005).  This 

could be due to the removal of the perineural sheath around the AL, which is more likely 

to damage the AL.  In addition, because of the duration of the recordings it was often 

observed that some units would change their waveform such that by the end of the 

recording it was not possible to sort the spikes of that unit in a valid manner.   

 

Response metrics 

 Responses were defined as “excitatory” if the firing rate during the first second 

after odor onset exceeded 1.95 standard deviations of the average background firing rate 

(as measured during the 500msec before odor onset) for that unit during the specific 

treatment (i.e. the control, 5HT or washout phase).  The average firing rate over time 

across the odor pulses was calculated as raw probability of firing over time (with 10msec 

bins).  For presentation purposes, responses were depicted as counts per bin over time 

with a gaussian smoothing.  Response magnitude or “response integral” was defined as 

the area of the response curve above threshold for the first second after odor onset.  In 
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addition, duration of response and maximum firing rate above threshold were calculated.  

For these measures, the values were normalized to the maximum value for the specific 

unit across treatments, for each odor before comparisons were made between units.  To 

determine if 5HT affects responses to the same relative amount versus the same absolute 

degree, the values were normalized to the highest value for each unit (across odors and 

treatments) for figure 5B.  For figure 5B the goal of the analysis was to compare the 

relative 5HT-induced increase in response magnitude between the different odor 

concentrations.  In other words, did 5HT enhance the responses to the same absolute 

degree across all the concentrations?   

 Measures of coincident firing (the concurrent firing of two units in a single time 

bin (in this case 5ms)) were obtained from joint-peristimulus time histograms (JPSTH) 

generated by Neuroexplorer.  This analysis calculates the average correlation between 

two units in response to the repeated odor trials.  The correlations are calculated for 

comparisons of all bins, producing a 2-dimensional plot showing the coactivity of two 

units over all time-shifted comparisons (see Fig. 3Aii-Cii).  Thus, a coactivity matrix is 

calculated by comparing the first bin of one unit to every bin of the second unit, and this 

correlation is repeated for all subsequent bins.  The diagonal axis of the 2-dimensional 

plots is defined as the average correlation between the two units over time.  A 

'coincidence index' or background-corrected average correlation, was calculated by 

subtracting the average correlation 500 msec before odor onset from the average 

correlation one second after odor onset.   
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The term ‘coincidence’ refers to all coactivity between two units, but there are 

two primary mechanisms by which coincidence can be modulated.  One mechanism is by 

changes in firing rate of the units and consequently, altering the probability that spikes 

from each unit will co-occur within a single bin.  Alternatively, a single neuron or 

network can direct the precise timing of the firing of two or more units, thus regulating 

the temporal relationship between two units.  The latter example is referred to as 

‘synchrony’, which contributes to the total amount of coincidence.  To determine the 

relative contribution of synchrony to the overall measure of coincidence, the contribution 

of firing rate was removed by subtracting a “shift predictor”.  The shift predictor is the 

average predicted coincidence over time between responses to temporally disconnected 

stimuli.  The shift predictor was generated by taking the response of one unit to the first 

odor pulse and the response of the other unit to the second odor pulse and determining the 

amount of coincidence between the two responses.  This was then repeated ten times to 

predict the average amount of coincidence over time that would occur between the 

responses of the two units.  Because this comparison is made for responses that did not 

occur at the same time, any regulation of precise spike timing could not exert control over 

the co-occurrence of spikes.  Any coincidence generated by the shift predictor was 

directly related to the firing rates of the individual units.  The shift predictor was 

subtracted from the original measures of correlation over time to generate a measure of 

synchrony over time.  A coincidence index corrected for firing rate was then generated by 

calculating the average correlation for the first second after stimulus onset and 

subtracting the average correlation in the 500msec before stimulus onset. 
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Principal components analysis (PCA) was performed as described in Chapin and 

Nicolelis (1999) and Daly et al. (2004) and is further described in Appendix A of this 

document.  Briefly, this analysis uses covariance matrices to reorganize the firing activity 

data of all of the individual units into a description of the behavior of a single ensemble 

in a multidimensional space based on the variance of the original responses.  The 

responses of the ensemble are plotted as a specific position in multidimensional space 

that varies over time in response to stimulus presentation.  The plotted response is 

referred to as a “response trajectory” as its position varies over time and can be compared 

to other trajectories generated in response to other stimuli.  The distance between 

coordinates of two trajectories over time provides a measure of similarity between two 

response trajectories and can effectively predict the ability of insects to behaviorally 

discriminate two odors (Daly et al., 2001; Daly et al., 2004; Guerrieri et al., 2005).  The 

PC analysis and the calculations of distance were performed in MatLab (The MathWorks, 

Inc. Natick, MA) for every possible odor comparison.  To obtain measures of average 

response distance for each comparison, the average distance 500msec before stimulus 

onset was subtracted from the average distance 1sec after stimulus onset.  These values 

were then normalized to the highest distance between response trajectories for that 

ensemble.  ANOVAs (both one-way and repeated measures ANOVAs) for all of the 

comparisons in this study used a Tukey post-hoc test and were performed using Statistica 

(StatSoft, Inc. Tulsa, OK). 
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2.2.3 Results 

General effects observed in both experiments 

 As reported previously (Kloppenburg and Hildebrand, 1995; Kloppenburg et al., 

1999), 5HT enhanced both the maximum evoked firing rate (Fig. 2A, B) and burst 

duration (Fig. 2A, C) of AL units.  These effects contributed to an overall increase in the 

response integral of many (43%) AL neurons (Fig. 2D).  However, the background 

activity of most AL neurons was not affected by 5HT.  Figures 2E and F depict two units 

from the same ensemble, one unaffected by 5HT (Fig. 2E) and one affected by 5HT (Fig. 

2F).  Serotonin significantly increased the background firing rate in only 4.7% of the 

units recorded, but on average, 5HT had no effect on background firing rate (p=0.893, 

one-way ANOVA, Tukey HSD post-hoc test).  There was, however, a significant 

decrease in background firing rate over time from the control to the washout treatment 

(p=0.0215, one-way ANOVA, Tukey HSD post-hoc test) although there was no effect on 

the evoked firing rate from the control to the washout treatment (p=0.341, one-way 

ANOVA, tukey HSD post-hoc test). 

 In addition to the effects on the response magnitudes of individual units, 5HT 

increased the amount of coincident firing between pairs of units (Fig. 3Ai-Ci).  This 

effect only occurred for the periods of evoked activity (Fig. 3Aii-Cii) and not during 

periods of background activity for any of the treatments.  To determine the mechanism 

underlying the 5HT-induced increase in evoked coincidence, a shift predictor (see 

Materials and Methods) was subtracted from the measures of coincidence over time to 

control for the effect of increased firing rate.  Shift predictor-corrected data revealed that 
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there was no significant contribution to spike synchrony from network influences (Fig. 

3D), suggesting that the 5HT-dependent enhancement of coincident firing is a 

consequence of increased firing rate between individual units across the ensemble.    

 

Experiment 1:  The effect of 5HT on responses to odors varying in concentration 

 The responses of AL units to hibiscus and ylang-ylang oil at different 

concentrations spanning four log steps were recorded before, during and after the ALs 

were superfused with saline solution containing 5HT at 10-4M (for experimental design 

see Fig. 1A).   As reported above, 5HT enhanced the response magnitudes of AL units at 

every concentration at which a response was evoked and did so in a reversible manner.  

This increase reversed upon wash out of 5HT (Fig. 4A).  There are three possible effects 

that could result from 5HT modulation of the dose-response functions in AL units.  The 

first effect could be a modulation of “gain”: 5HT would lead to a control-corrected, 

linearly proportional increase in the response magnitude of AL units at each 

concentration.  This would increase the slope of the response curve, as the total increase 

in response would be greater for higher concentrations as compared to lower 

concentrations (Fig. 4B).  The second effect could be a modulation of threshold 

sensitivity: 5HT would shift or “offset” the response function to lower concentrations, 

resulting in an increase in sensitivity and an increase in the response magnitude at each 

concentration step (Fig. 4C).  However, the increase at each concentration would be of 

the same absolute value, indicating that 5HT would increase the response magnitude to a 

greater relative proportion at lower odor concentrations.  For instance, if a line is offset at 
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each point by a constant value (e.g. 2), the relative proportion of increase is greater for 

the lower Y-axis values (y=2; a proportional increase of 100%) compared to higher Y-

axis values (y=20; a proportional increase of 10%).  The third possible effect could 

involve both offset and gain modulation: 5HT would lead to an increase in sensitivity 

(shifting the curve to the left) as well as an increase in the slope of the dose-response 

function (Fig. 4D). 

To determine the mechanism of 5HT action on odor responses, the relative 

increase in response magnitude was determined for each odor concentration.  Odor 

responses were normalized to the highest response value for each odor at each 

concentration for each unit, and the average response magnitudes before, during, and 

after 5HT treatment were then plotted (Fig. 5A).  When the responses were normalized to 

the highest response value across all odors at each concentration for each unit, it was 

revealed that the effects of 5HT were most significant at the highest odor concentration 

tested (Fig. 5B).  When all of the responses of all units that responded to at least one 

concentration were considered, the effect of 5HT on the overall level of activation of all 

of the AL neurons was significant only at the highest concentration (Fig. 5C).   

Another potential effect of increased excitability is an increased probability that 

individual neurons are excited by normally sub-threshold concentrations of stimuli. This 

can be used as an effective measure of increased sensitivity in AL neurons.  In this study, 

4 ensemble units treated with 5HT were observed to respond to an odor presented at a 

concentration that was sub-threshold during the control and wash treatments (Fig. 6).  

Therefore, although it was not possible to test the effects of 5HT on the concentration 
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thresholds of every unit, the examples of shifts in response threshold observed indicated 

that 5HT can increase the sensitivity of individual neurons.  The increase in sensitivity, 

combined with the increase in the slope of the response curves (Fig. 5C), resulted in an 

offset with an increase in gain (reminiscent of the prediction in Fig. 4D). 

The effects of 5HT on similarity of ensemble responses to different odor 

concentrations were examined using PCA (see Materials and Methods).  Reminiscent of 

the effects of 5HT on response magnitude elicited by individual units, 5HT increased the 

duration and peak distance between response trajectories (Fig. 7A).  As reported in 

Appendix B, the AL ensembles produced responses that became increasingly dissimilar 

as the disparity in concentration of a single odor increased (Fig. 7B).  The application of 

5HT significantly enhanced this effect at each concentration disparity tested.  

Additionally, the responses of AL ensembles to different odors became increasingly 

dissimilar as concentrations increased (as reported in Appendix B).  Serotonin also 

enhanced the dissimilarity between AL ensemble responses at each concentration tested 

(Fig. 7C), although the effect was not significant, most likely due to a low sample 

number.    

 

Experiment 2:  The effect of 5HT on responses to odors varying in chemical structure 

 The responses of AL units to geraniol (GER), linalool (LIN), methyl salicylate 

(MES), phenyl acetaldehyde (PAA) and cis-3-hexenyl propionate (ZHP) at a single 

concentration were recorded while the ALs of moths were superfused with saline, treated 

with 5HT at 10-4M, and then rinsed again with fresh saline (for experimental design see 
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Fig. 1B).  The temporal patterns of individual unit responses were often odor-specific, 

with structurally similar odorants (such as GER and LIN) eliciting temporally similar 

responses (Fig. 8A, B), and dissimilar odorants (such as LIN and MES) eliciting 

temporally dissimilar responses (Fig. 8B, C).  While 5HT enhanced the responses of 

individual AL units by increasing firing rate and response duration, for the most part it 

did not alter the time course of the responses (Fig. 8A-C).  Using PCA, it was observed 

that 5HT significantly enhanced the differences between AL responses to different odors 

when averaged across all comparisons (Fig. 8D).  This effect was primarily due to the 

significant enhancement of the differences between AL ensemble responses to 

structurally dissimilar odors, as 5HT did not have a significant effect on AL ensemble 

responses to structurally similar odors (Fig. 8D).  The lack of significant enhancement for 

comparisons of structurally similar odors is likely due to a lack of effect of 5HT on the 

time course of the individual units within the ensemble.  The structurally dissimilar odors 

evoke different spatio-temporal patterns of response and 5HT enhances the magnitude of 

these patterns, but because the responses to similar odors have very similar time courses, 

the 5HT-induced increase in response magnitude likely does little to enhance the 

differences between the responses. 

 

2.2.4 Discussion 

 Previous studies on the role of 5HT in the AL of M. sexta focused on the 

modulation of the responses of individual neurons to a small set of olfactory stimuli.  In 

the present study, we examined the effects of 5HT on the processing of more complex 
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suites of stimuli at the level of responses of individual neurons and whole ensembles.  We 

observed that 5HT increased the response magnitude of AL units by increasing the 

response duration and firing rate of AL units, corroborating results from previous studies 

on AL neurons in the MGC (Kloppenburg and Hildebrand, 1995; Kloppenburg et al., 

1999; Kloppenburg and Heinbockel, 2000).  Moreover, as reported in Kloppenburg and 

Hildebrand (1995), not all units appeared to be affected by 5HT, suggesting either that 

not all AL units express 5HT receptors or the same type of 5HT receptor.  The lack of 

effect of 5HT for some units is not a problem of drug delivery, as many ensembles 

included units affected and units unaffected by 5HT, indicating that 5HT had adequate 

access to the AL.   

Previous studies of the effects of 5HT on the background activity of AL units 

have reported a range of effects of 5HT on the membrane potential of individual AL 

neurons, with 36% (Mercer et al., 1995) to 70% (Mercer et al., 1996) of AL neurons 

affected.  Kloppenburg and Hildebrand (1995) also reported that 5HT qualitatively 

increased the background firing rate of a few neurons.  The variable effect of 5HT on 

background activity and membrane potential likely stems from the 5HT-induced decrease 

in the voltage of inactivation observed for IA by Kloppenburg et al. (1999).  If the voltage 

of inactivation of IA were lowered by 5HT to a potential that is near or below the resting 

membrane potential for a specific neuron, the contribution of IA to the establishment of 

the resting potential would be removed.  This loss of IA would likely raise the membrane 

potential, resulting in an increase in the background firing rate of the neuron.  This effect 

of IA on background firing should occur only for those neurons with resting membrane 
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potentials that lie between the thresholds for inactivation of IA during control treatment 

and 5HT treatment.  According to this hypothesis, because different AL neurons have 

different resting membrane potentials, 5HT would not affect the background firing rate of 

all AL neurons, and this was generally confirmed by our experiments.   

Although the effects of 5HT on the membrane potentials of the AL neurons could 

not be examined in this study, it was observed that the background firing rate of a small 

proportion (4.7%) of neurons increased significantly with the application of 5HT.  

However, on average 5HT did not affect background firing rate and, despite a significant 

decrease in the background firing rate of units between the control and wash treatments, 

there was no significant decrease in the response magnitudes with time.  The increase in 

response magnitude without a consequent increase in background firing rate indicates 

that 5HT increases the amount of contrast between units that are responding and units 

that are not excited by specific odors. 

 An increase in the coincident firing between unit pairs was observed during 5HT 

treatment which could be due to two potential mechanisms.  The first mechanism could 

be a 5HT-induced increase in the firing rate of individual neurons which would increase 

the probability that two units will produce spikes in close temporal proximity.  

Alternatively, 5HT could enhance the coordinating effect of LNs on other neurons in the 

AL.  Previous studies have reported that the inhibitory output of LNs mediates synchrony 

between PNs (Lei et al., 2002; Perez-Orive et al., 2002).  A 5HT-induced increase of the 

response magnitude of LNs may result in an increase in the regulation of precise spike 

timing exerted by LNs.  The increased evoked firing rate elicited by 5HT increased the 
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likelihood that two units would produce coincident spikes within a single 5-msec bin and 

thus increased the level of coincidence between units.  This coincidence was not 

“synchrony” per se, because shift-corrected data showed that it was not caused by the 

top-down coordination exerted by another neuron or network of neurons.  On average, 

when the contribution of firing rate was removed, very little coincidence remained that 

could be due to synchrony.  Furthermore the small amount of synchrony that was present 

was not significantly affected by 5HT.  However, a major caveat to this interpretation is 

that the amount of synchrony measured in this study was likely substantially 

underestimated by averaging the amount of synchrony between all pairs of units for all 

odors tested.  This assertion is based on the fact that there are pairs of AL neurons that 

have specific inhibitory interconnections that enhance the effective processing of specific 

odor blends.  The best example of functionally connected neurons in the AL is the male-

specific MGC, and it is likely that there are functionally connected glomeruli within the 

other areas of the AL, as suggested by both electrophysiological studies (Reisenman et 

al., 2004, 2005) and modeling studies using physiological data (Linster et al., 2005).  

Pairs of functionally connected neurons likely exhibit far more temporal coordination of 

firing pattern compared to pairs of neurons that are not functionally connected, so that 

combining measures of synchrony from all pairs of units would detract from the amount 

of synchrony that is present between functionally connected pairs of neurons.  

Additionally, synchrony will be greatest for odorants or blends of odorants to which these 

specific sub-networks within the AL are responsive and selective.  There is coordination 

of coincidence in the MGC by the local inhibitory network (Lei et al, 2002), and because 
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5HT enhances the excitability of LNs (Kloppenburg and Hildebrand, 1995), it would be 

expected that an increase in the influence of the LNs would increase the levels of 

synchrony in this set of functionally connected glomeruli.  However, whether by 

increased firing rate or increased influence of coordinating factors, 5HT enhances 

coincidence between AL units.  Further studies will be required to determine the effects 

of 5HT on synchrony by examining sets of glomeruli that are known to be functionally 

connected and by testing the specific odor blends and the components of those blends to 

which these sets of glomeruli are maximally responsive.   

 A major advantage of using multi-channel electrode arrays is the greater stability 

of recordings, which provides the opportunity to test larger suites of stimuli compared to 

recordings from single units with sharp electrode recordings.  The previous studies on the 

effects of 5HT on olfactory processing in the AL used very limited stimulus sets: either 

no odor at all (antennal nerve shock) or a single concentration of the sex-pheromone 

blend.  In the present study it was possible to observe the effects of 5HT on the 

processing of larger sets of stimuli that varied either in odor concentration or chemical 

class.  By using graded odor stimuli, it was possible to address several important 

questions about the role of 5HT in modulating the function of the AL.  As depicted in 

figures 4B-D, 5HT could affect AL responses by several potential mechanisms, including 

an increase in the slope of the response curve or a modulation of “gain” (Fig. 4B), a shift 

or “offset” (without a change in slope) of the response curve that would lower the 

concentration threshold required to elicit a response (Fig. 4C), or a combination of both 

gain and offset (Fig. 4D).  Kloppenburg et al. (1999) hypothesized that the increased 
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excitability of AL neurons induced by 5HT would translate into a decrease in the 

threshold odor concentration required to elicit a response from AL neurons.  

Alternatively, because of the large amount of convergence from the antennae to the AL, 

PNs and LNs have greater sensitivity than the ORCs.  Therefore, while 5HT may increase 

the excitability of AL neurons, it does not necessarily increase their sensitivity, instead 

affecting their gain. 

Application of 5HT resulted in the modulation of the concentration-response 

function in the AL by two mechanisms.  First, 5HT led to a linear increase in response 

magnitude at all concentrations that, by definition, produced a greater enhancement of the 

absolute response magnitude at higher concentrations and increased the slope of the 

response curve (an increase in gain).  Second, 5HT enhanced the overall activation of the 

AL at higher concentrations because increased odor concentration activates an increased 

number of ORCs and increases the recruitment and response magnitude of AL neurons 

(Ng et al., 2002; Carlsson and Hansson 2003; Sachse and Galizia 2003; Wang et al., 

2003; Appendix B).  The increase in the amount of the AL network participating in the 

processing of olfactory stimuli provides a greater substrate for 5HT to enhance, resulting 

in a greater increase in the level of activation of the entire AL at higher concentrations as 

compared to lower concentrations.   

In addition to increasing the gain of AL units, 5HT also shifted the response 

threshold of a few units to lower odor concentrations, suggesting that 5HT may also 

increase the sensitivity of some AL units (4 of 35 responsive units).   This effect was not 

observed for all units affected by 5HT because to observe a shift in the odor 
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concentration threshold of activation, the moths must be exposed to an odor 

concentration between the thresholds of activation for a specific unit during control 

conditions and 5HT exposure.  It is possible to test olfactory stimuli only at discrete 

concentrations.   If 5HT does not shift the activation threshold to a point below a tested 

odor concentration that was previously sub-threshold, then it will appear that 5HT did not 

shift the activation threshold.  Therefore, it is likely that the proportion of units that had 

their activation threshold lowered were underestimated due to the constraints on the type 

of stimuli that could be tested.  While the resolution of this study is limited by the 

concentration steps used, it is reasonable to suggest that 5HT not only increases the gain 

of AL responses but also offsets the odor responses, leading to an increased sensitivity.  

However, the distinction should be made between the offset of responses observed and 

the phenomenon of “gating”.  Gating occurs when a neuromodulator lowers the threshold 

of activation of a neuron without a consequent increase in the responsiveness of the 

neuron to other suprathreshold stimuli as has been observed for norepinephrine 

modulation of mitral cells in the vertebrate olfactory bulb (Jiang et al., 1996; Ciombor et 

al., 1999).   

 Behavioral studies examining the effects of 5HT on olfactory sensitivity in moths 

have produced contradictory results, which may be due to the types of pharmacological 

manipulations employed.  In a study by Linn and Roelofs (1986), 5HT was injected into 

the hemolymph of male cabbage looper moths (Trichoplusia ni), and the behavioral 

sensitivity of the male moths to female sex pheromone was measured over the light-dark 

cycle.  Although 5HT disrupted the periodicity of male sensitivity to female sex 
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pheromone, such that males were maximally responsive to pheromone at all times of the 

day, 5HT did not increase the sensitivity of the moths.  The concentration at which moths 

were maximally activated remained the same as did the slope of the sensitivity curves 

compared to saline injected controls.  In contrast, Gatellier et al. (2004) found that 5HT 

applied onto the surface of desheathed ALs offset the response curve, thus increasing the 

sensitivity of the male silk moths to female sex pheromone.  A problem inherent in 

studies relying on the injection of 5HT into the hemolymph is that while 5HT can obtain 

access to the ALs (Linn et al., 1994) by passing through the perineural sheath that 

surrounds the central nervous system, it also can diffuse to other regions of the brain.  In 

addition, 5HT injected into the hemolymph can act on peripheral structures such as the 

antennae and the muscular system that coordinates olfactory guided behavior, both of 

which are known to be modulated by 5HT in M. sexta (Dolzer et al., 2001; Grostmaitre et 

al., 2001 and Claassen and Kammer, 1986, respectively).  Although the study by Gatellier 

et al. (2004) attempted to address the issue by increasing the exposure of the ALs, this did 

not decrease the amount of 5HT exposure experienced by other structures.  It is therefore 

impossible to determine whether the effects of 5HT on olfactory sensitivity in these 

studies are due solely to the direct modulation of the AL by 5HT.  Further studies on the 

behavioral consequences of 5HT manipulation in the moth AL should focus on specific 

manipulations of the CSD neuron (the sole source of serotonergic input to the ALs), 

rather than manipulations of 5HT titers in the hemolymph.   

 To understand how 5HT affects the responses of the AL as a whole, principal 

components analysis (PCA) was used to compare the effects of 5HT on the similarity of 
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ensemble responses to odorants that varied in concentration and chemical structure.  The 

similarity between responses generated by PCA have been shown to correlate highly with 

behavioral measures of discrimination (Daly et al. 2001; Daly et al., 2004; Guerrieri et 

al., 2005; Appendix B), such that of the greatest distance between odor-evoked ensemble 

response trajectories are correlated with a high probability that an animal can 

discriminate two odors.  Previous studies (Stopfer et al., 2003; Appendix B) have 

demonstrated that AL responses become increasingly different as concentration disparity 

increases for presentations of a single odor.  This effect of increased discrimination with 

increased concentration was significantly enhanced by 5HT, suggesting that 5HT 

enhances the ability of the AL to assess the concentration of single odorants.  The 

enhancement of the discrimination of concentrations of single odors could augment the 

ability of moths to evaluate the relative contributions of the components in a floral or 

vegetative odor blend and therefore improve the capability of a moth to determine the 

quality of either a food resource or oviposition site.   

Results from PCA also suggest that, as concentration increases, the responses of 

AL neurons to different odors become increasingly dissimilar (Appendix B).  This effect 

was slightly, but not significantly, enhanced by 5HT.  The lack of significance may be 

likely due to the small number of comparisons that could be made in this study.  Further 

recordings may demonstrate that the enhancement of the concentration-dependent 

increase in differences between AL ensemble responses is enhanced by 5HT.  Although 

the greatest distance between AL ensemble responses did not occur at the highest 

concentration presented, the highest average response magnitude did occur at the highest 
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odor concentration.  This result suggests that distance between ensemble responses does 

not necessarily always increase with the amount of activation of the AL.  There may be a 

range of concentrations in which there is a concentration-dependent effect on the ability 

of moths to discriminate odors.  This effect was not observed in Appendix B, possibly 

because the stimuli presented in Appendix B were at lower concentrations and were 

monomolecular odorants, rather than essential oils that contain many odorants.  The odor 

blends were used in this study to increase the likelihood that AL units would produce 

responses and that shifts in the response thresholds of individual units would be observed. 

PCA was also used to examine the effects of 5HT on the responses of AL 

ensembles to odorants that differ in their chemical structure.  Daly et al. (2001) found that 

adult M. sexta were most able to discriminate odorants that were dissimilar in chemical 

structure.  Using the same sets of odorants, Daly et al. (2004) found that AL ensemble 

responses became increasingly dissimilar with increases in the dissimilarity in the 

chemical structure of the two odors compared.  Similarly, the present study found that 

comparisons of AL responses produced greater distances in PC space for pairs of 

structurally dissimilar odorants.  Interestingly, 5HT significantly enhanced comparisons 

of structurally dissimilar odors, but not structurally similar odors.  This discrepancy is not 

surprising considering the effects of 5HT on the responses of individual units in these 

experiments.  While 5HT enhanced response magnitude by increasing response duration 

and evoked firing rate, it rarely altered the general temporal patterning of AL unit 

responses.  Structurally similar odorants elicited similar spatio-temporal responses of 

ALs and increasing the overall magnitude of these AL activation patterns (but not the 
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patterns themselves) likely does little to enhance the differences between responses.  For 

dissimilar odors, the patterns of overall AL activation are already relatively different and 

5HT enhances those differences by increasing the response magnitude while maintaining 

the temporal patterns of activation of the individual units.  In doing so, the differences 

between response patterns to dissimilar odors are made more apparent, resulting in an 

increase in the distance between the AL response trajectories in PC space. 

Although there are still some unresolved issues, the functional role of 5HT in the 

AL of M. sexta is beginning to emerge.  By enhancing response magnitudes and lowering 

the activation threshold of AL units, 5HT modulates both the gain and the offset of the 

AL, with little effect on background activity or on units that are neither excited nor 

inhibited by an odor stimulus.  These effects enhance the contrast between units that are 

excited by an odor and units that are either inhibited or unaffected by an odor, thus 

increasing the specificity of the overall response pattern.   The increased contrast of AL 

responses in turn increases the distance between response trajectories in PC space (which 

is correlated with increased behavioral discrimination) for comparisons of single odors at 

multiple concentrations, different odors over a range of concentrations, and odors that are 

structurally dissimilar.  Any of these individual effects of 5HT should impact the activity 

of the AL.  However, the combined effects of 5HT likely coordinate large scale 

refinement of the response properties of the AL and allow the AL to remain plastic in the 

context of the dynamic physiological state of the individual.  Although 5HT does not 

dramatically change the specific patterns of response in the AL, it enhances the responses 

and may improve the assessment of concentration and identification of components 
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within complex odor blends, allowing moths more effectively to process information 

about the olfactory environment in which they are immersed.    

 

2.2.5 Figure Legends 

Figure 1   

Schematic of the experimental design for the multi-electrode pharmacological and 

electrophysiological experiments.  A Stimulus protocol design for Experiment 1.  Two 

odors, hibiscus oil (white bars) and ylang-ylang oil (black bars) were tested at 

logarithmically increasing concentrations depicted as increasing bar height.  After the 

odors were tested once, 5HT was applied (onset indicated by the hatched line) for 20 

minutes then the same battery of olfactory stimuli was tested again.  The 5HT was 

washed out (onset indicated by the hatched line) for 20 minutes and the stimuli were 

repeated.  B Stimulus protocol design for Experiment 2.  Five odorants, MES (horizontal 

striped bars), ZHP (vertically striped bars), LIN (gray bars), GER (white bars) and PAA 

(black bars) were tested at a single concentration (10µg/µl).  The set of five odors were 

repeated after perfusion of 5HT for 20 min and again after the 5HT was washed out for 

20 min. 

 

Figure 2 

 Effects of 5HT on the responses of individual antennal lobe units.  A Peri-

stimulus time histogram (PSTH) illustrating the effects of 5HT on an individual AL unit.  

Each raster represents the occurrence of a single spike; each row of rasters represents one 
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trial.  The histogram illustrates the firing rate (in counts/bin) over time (in seconds) 

during the control phase (black histogram), 5HT application (white histogram) and the 

washout phase (gray histogram).  The square wave pulses below the PSTHs indicate 

stimulus onset and offset.  B Serotonin increases maximum evoked firing rate of 

individual units normalized to the maximal response generated for each odor tested.  As 

in A, the results are represented by a black bar for the control phase, a white bar for the 

5HT application and a gray bar for the washout phase.  C Serotonin increases the 

response duration of individual units normalized to the longest duration evoked for each 

odor tested.  D Serotonin increases response magnitude (integral of response above 

threshold) of individual units normalized to the maximal response generated for each 

odor tested.  Significance for B-D tested with a one-way ANOVA, Tukey post-hoc test, * 

indicates p<0.01, ** indicates p<0.0001.  E-F Normalized firing rate over time for E a

single unit unaffected by 5HT and F a single unit affected by 5HT.  Both units were 

recorded from the same ensemble and were responding to the same presentations of 5HT.  

The square wave pulse indicates stimulus onset and offset for E and F.

Figure 3 

 Serotonin increases evoked coincident firing, but not background coincident firing 

or evoked synchronous firing between antennal lobe units.  A-C Raw joint PSTHs of two 

units (units 4C and 2A in this example) recorded from a single AL ensemble during the A

control, B 5HT and C washout phases (5 msec bins).  The upper sections (sections i) are 

three-dimensional graphical representations of the coincident firing of the two neurons 
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over time with the X and Z-axes representing time for each unit and the Y-axis 

representing the level of coincidence.  Color is also used to represent the level of 

coincidence with “hotter” colors representing higher levels of coincidence.  White bars 

indicate stimulus onset.  The lower sections (sections ii) are two dimensional 

representations of the coincident firing of the two neurons over time with the PSTHs of 

each individual neuron included to demonstrate the time at which the units exhibit the 

highest level of coincidence.  Histograms to the right of each joint PSTH depict the level 

of coincidence over time along the diagonal axis of the joint PSTH.  D Bar graph 

depicting the average coincidence index values for pairs of units comparing evoked, 

background and shift predictor corrected evoked activity. 

 

Figure 4 

 Possible effects of 5HT on the dose-response curves of antennal lobe units.  A

PSTH depicting the effects of 5HT on responses of an individual AL neuron to increasing 

concentrations of hibiscus oil during the control phase (black histogram), 5HT 

application (white histogram) and the washout phase (gray histogram).  The square wave 

pulse indicates stimulus onset and offset.  B Predicted plot of the response magnitude of 

AL units if 5HT modulates only the gain of dose-response curves.  C Predicted plot of 

the response magnitude of AL units if 5HT offsets the dose response curves.  D Predicted 

plot of the response magnitude of AL units if 5HT modulates both the gain and offset of 

the dose-response curve of AL units.   
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Figure 5 

 Serotonin increases the gain of AL unit response curves.  A Response magnitude 

normalized to the maximal response to the specific concentration tested.  B Response 

magnitude normalized to the maximal response of the individual unit for all stimuli 

tested.  C Response magnitudes of all units at all concentrations normalized to the 

maximal response of the individual unit for all stimuli tested (regardless of whether they 

responded at each concentration).  Significance for A-B tested with a one-way ANOVA, 

Tukey post-hoc test, and significance for C tested with a one-way repeated measures 

ANOVA, * indicates p<0.05, ** indicates p<0.01. 

 

Figure 6 

 Serotonin shifts the threshold concentration at which some antennal lobe units 

respond.  PSTH depicting an example of the effects of 5HT on responses of an individual 

AL neuron to increasing concentrations of ylang-ylang oil during the control phase (black 

histogram), 5HT application (white histogram) and the washout phase (gray histogram).  

The square wave pulse indicates stimulus onset and offset.   

Figure 7 

 Serotonin enhances antennal lobe ensemble discrimination of a single odor at 

different concentrations and different odors over a range of concentrations.  A Serotonin 

increases peak distance and duration of response divergence for comparisons of 

responses to different stimuli.  Distance between two PC trajectories over time during the 
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control (black line), 5HT (hatched line) and washout (gray line) phases.  The comparison 

made in this example is between the PC trajectories of a single ensemble for hibiscus oil 

at concentrations that differ by one order of magnitude.  The square wave pulse indicates 

stimulus onset and offset.  B Normalized PC distance for comparisons of a single odor at 

increasing concentration disparities during the control (black bars), 5HT (white bars) and 

washout (gray bars) phases.  C Normalized PC distance for between odor comparisons at 

each concentration tested during the control (black bars), 5HT (white bars) and washout 

(gray bars) phases.   Significance for B-C tested with a one-way ANOVA, Tukey post-

hoc test, * indicates p<0.05. 

 

Figure 8 

 Effects of 5HT on the time course of AL responses and discrimination of 

structurally different olfactory stimuli.  A-C Normalized firing rate of an individual unit 

over time during the control (black line), 5HT (white bars) and washout (gray bars) 

phases in response to A GER, B LIN and C MES.  The square-wave pulse indicates 

stimulus onset and offset.   D Serotonin enhances the differences between responses to 

structurally dissimilar odorants, but not structurally similar odorants.  Normalized PC 

distance for all odorant comparisons, comparisons of odorants with similar chemical 

structures, and comparisons of odorants with dissimilar chemical structures during the 

control (black bars), 5HT (white bars) and washout (gray bars) phases.   Significance for 

D was tested with a one-way ANOVA, Tukey post-hoc test, * indicates p<0.005, ** 

indicates p<0.001. 
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Figure 2.2.1.  Schematic of the experimental design of the multi-electrode 

pharmacological and electrophysiological experiments 
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Figure 2.2.2.  The general effects of serotonin on the responses of individual antennal 

lobe units 
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Figure 2.2.3.  Serotonin increases evoked coincident firing, but not background 

coincident firing or evoked synchronous firing between antennal lobe units 
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Figure 2.2.4.  Possible effects of serotonin on the dose response curves of antennal lobe 

units 
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Figure 2.2.5.  Serotonin increases the gain of AL unit response curves 
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Figure 2.2.6.  Serotonin shifts the threshold concentration at which antennal lobe units 

respond 



65

Figure 2.2.7.  Serotonin enhances antennal lobe ensemble discrimination of single odors 

at different concentrations and different odors over a range of concentrations 
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Figure 2.2.8.  Effects of serotonin on the time course of AL responses and discrimination 

of structurally different olfactory stimuli 
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2.3 Phylogeny of a Serotonin-Immunoreactive Neuron in the Primary Olfactory 

Center of the Insect Brain 

2.3.1 Introduction 

 An inherent limitation in the study of a model species is that phenomena 

discovered in that organism may be species-specific.  Although the use of model 

organisms allows for the accumulation of detailed knowledge through the use of 

techniques developed by previous workers, it is difficult to determine if findings in a 

model species are widely applicable.  Comparative work allows for the elucidation of 

underlying principles both in terms of traits that are maintained among large groups of 

animals and the selective pressures that produce the evolution of different strategies of 

neural coding.  Serotonin may modulate olfactory processing in the AL of M. sexta in a 

manner different from the ALs of a species of beetle or cockroach, and knowing these 

differences provides information about the selective pressures that shaped the ALs of 

these insects.  To begin to address this issue immunocytochemistry was used to compare 

the 5HT-immunoreactive innervation of the AL of M. sexta with that of many other 

species of insect.   

There are several examples of neurons that are conserved across groups of insects 

in terms of their morphology and transmitter content, which suggests that the functional 

role of these neurons may have been conserved.  However, before this hypothesis can be 

confirmed with comparative physiological and behavioral studies, the full phylogenetic 

breadth of an identified neuron must be established.  Knowledge of which species do 

possess the identified neuron and which do not (whether they possess the ancestral form 
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or a novel form) is necessary to test the hypothesis that the functional role of an identified 

neuron will be conserved across species if the morphology of that neuron is conserved.  

The purpose of the study summarized in Appendix C was to establish the phylogenetic 

distribution of insects that possess serotonergic AL neurons similar to M. sexta. From 

this information, future studies can be designed to test if the possession of a serotonergic 

neuron similar to that of the olfactory system of M. sexta is predictive of a role for 5HT 

as a circadian modulator of olfactory sensitivity in the AL.   

 The ALs of M. sexta are innervated by a single 5HT-immunoreactive neuron that 

is depicted in schematic form in Figure 2C of Appendix C.  The cell body of this neuron 

resides in the lateral cell cluster of the AL.  The primary neurite of this neuron projects 

posteriorly out of the AL and crosses the midline of the brain just posterior and dorsal of 

the central body before traveling anteriorly to the contralateral AL where it terminates in 

all of the glomeruli (Kent et al., 1987; Sun et al., 1993).  On either side of the central 

body the primary neurite bifurcates and projects into the lateral protocerebra, although it 

arborizes most heavily in the contralateral side of the brain before continuing to the 

contralateral AL.  Because this neuron projects contralaterally from one AL to the other, 

is 5HT-immunoreactive and is the sole source of 5HT for the AL of M. sexta, the name of 

this neuron was changed in this study from the less specific title of the Serotonin Neuron 

(Sun et al., 1993) or the Deutocerebral Neuron (Wegerhoff, 1999) to the more specific 

(although more cumbersome) title of the Contralaterally-projecting, Serotonin-

immunoreactive Deuterocerebral (or CSD) neuron.   
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Prior to this study, there had not been a systematic examination of the 

serotonergic innervation of ALs across a large number of insect taxa, although a few 

species had been examined previously.  While the ALs of Bombyx mori (Hill et al., 2002) 

and Tenebrio molitor (Wegerhoff, 1999) are innervated by serotonergic neurons with the 

characteristic CSD morphology, the ALs of Apis mellifera (Rehder et al., 1987) and 

Periplaneta americana (Salecker and Distler, 1990) do not possess neurons similar to the 

CSD neuron, indicating that there is variation in the serotonergic innervation of the ALs 

of insects.  Thus, to determine the phylogenetic breadth of the CSD neuron, the brains of 

41 species of insects across nine orders were immuno-labeled for 5HT.  This survey 

generated a list of candidate insects for which 5HT may modulate AL function as it does 

in M. sexta, thus providing a framework to test the hypothesis that morphology can 

predict the function of a neuron. 

 

2.3.2 Summary 

The methods, results and conclusions of this study are presented in full detail in 

Appendix C of this dissertation.  The following is a summary of the most important 

findings in this document.   

Serotonin-immunocytochemistry was used to label serotonergic neurons in the 

brains of 40 species of insect across nine orders.  The 5HT-immunoreactive innervation 

of the ALs of each species was reconstructed and compared to that of M. sexta. The 

morphology of a serotonergic neuron was determined to be similar to the CSD neuron of 

M. sexta if (1) the soma resides in the lateral portion of the AL, (2) the primary neurite 
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crosses the midline posterior to the CB, (3) collaterals project into the lateral regions of 

the protocerebrum, and (4) the neuron innervates the contralateral AL. 

With the exception of the Hymenoptera, the ALs of all of the holometabolous 

orders examined (the Lepidoptera, Trichoptera, Diptera, Coleoptera and Neuroptera) 

were innervated by 5HT-immunoreactive neurons with the CSD morphology, while none 

of the Paraneopteran (Hemiptera) nor the Polyneopteran (Dictyoptera) species examined 

in this study possessed 5HT-immunoreactive neurons with the CSD morphology.  This 

suggests that the CSD morphology arose in the Holometabolous insects and was lost in 

the Hymenoptera.  Although the general CSD morphology was maintained in the 

Holometabola (with the exception of the Hymenoptera), the schizophoran Diptera had an 

additional branch that was not present in any of the other Holometabola.  Once the CSD 

neurons of the schizophoran flies enter the contralateral AL, they project across the 

antennal commissure into the ipsilateral AL, thus innervating glomeruli in both ALs.  

Although the CSD neuron is present in the larval olfactory system of the schizan flies, 

this additional branch is not, and therefore must develop during metamorphosis.  Thus, 

despite small changes, the CSD morphology is maintained in a large number of insect 

species.  This study provides a list of insect species that can be studied to test the 

hypothesis that the CSD morphology predicts its function within the AL. 
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2.4 Conclusions 

2.4.1 Summary of results 

 The primary goals of this thesis were to examine the functional role of 5HT 

within the AL of M. sexta and to formulate a prediction about the applicability of these 

findings to other insects.  There were three components to this thesis.  The first section 

was an examination of the mechanisms of concentration coding in the AL using 

multichannel extracellular recording.  Individual neurons within the AL responded 

dynamically to variation in odor intensity.  Frequently, units increased their firing rate 

and burst duration in response to higher odor concentration.  In some instances, AL 

neurons reversed their response polarity as concentration increased.  For instance, a 

neuron that responded with spike suppression at low concentrations would respond with 

excitation at higher concentrations.  The overall pattern of activation of AL neural 

ensembles therefore varied over the tested range of concentrations.  Higher 

concentrations caused a general increase in AL activation due partly to the increase in 

firing rate and burst duration of AL units and partly to the increase in the number of 

neurons activated by the olfactory stimulus.  Multivariate statistics revealed that as two 

presentations of a single odor became increasingly different in their concentrations, the 

ensemble representations of the AL became increasingly dissimilar.  Similarly, the 

responses of the ALs to two different odors became increasingly dissimilar as 

concentration increased.  The increase in dissimilarity of AL responses with 

concentration suggests that adult moths are most able to behaviorally discriminate two 
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different odors at higher concentrations, a hypothesis confirmed in matched behavioral 

assays performed by collaborators. 

 The second component of this thesis was an examination of the effects of 5HT on 

the processing of information about the chemical features and concentration of olfactory 

stimuli.  The effects of 5HT on olfactory processing were examined using multichannel 

extracellular recording from the AL of M. sexta. As reported in previous studies, 5HT 

had no consistent effects on background firing rate.  However, 5HT enhanced the 

response magnitudes of individual AL units by increasing the firing rate and duration of 

responses to odor stimuli.  The increase in the evoked firing rate enhanced the evoked 

coincidence between AL units.  The effects of 5HT on response magnitude were 

proportionately equivalent at all odor concentrations tested and resulted in an increase in 

the slope of the response curves of the individual units and entire ensembles.  The 

increase in the slope of the response curve of AL ensembles was further enhanced by a 

concentration dependent increase in the number of units activated by the odors.  At 

higher concentrations there were more units activated and therefore more responses for 

5HT to enhance.   

Because of the limitations of testing discrete stimulus intensities, it was not 

possible to determine if 5HT lowered the threshold of activation for every unit.  

However, in several instances, 5HT lowered the activation threshold of individual units, 

suggesting that 5HT does increase the sensitivity of at least a subset of AL neurons and 

therefore potentially enhances the sensitivity of the AL as a whole.  With multivariate 

statistics, 5HT was found to enhance the differences between ensemble responses to 
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presentations of different concentrations of the same odorant, and different odorants over 

a range of concentrations.  Furthermore, 5HT enhanced the differences in AL ensemble 

responses to chemically dissimilar odors but not structurally similar odors.  These 

experiments suggest that by both offsetting (increasing sensitivity) and increasing the 

gain of the response curves without changing the temporal structure of individual 

responses, 5HT enhances the contrast of the overall pattern of activation elicited in the 

AL by different olfactory stimuli.  This contrast enhancement likely increases the 

accuracy and sensitivity of AL processing allowing for the optimal extraction of 

information about the olfactory environment.   

 The third section of the thesis was a survey of the serotonergic neurons 

innervating the ALs of different insect groups to determine the phylogenetic distribution 

of the morphology of the CSD neuron using 5HT-immunocytochemistry.  The brains of 

41 species of insects from 9 orders were labeled for 5HT and the source of serotonergic 

innervation of their ALs was characterized.  With the exception of the Euhymenoptera, 

all of the holometabolous insects possessed 5HT-immunoreactive (5HT-ir) neurons with 

the same morphology as the CSD neuron.  Within the Diptera, the schizophoran flies 

have an additional branch that develops during metamorphosis that projects across the 

antennal commissure to innervate the glomeruli of the ipsilateral AL in addition to the 

glomeruli of the contralateral AL.  Although the hemimetabolous insects all had 5HT-ir 

input to their ALs and the cell bodies of these 5HT-ir neurons resided in the lateral cell 

cluster of the ALs, none of these cells crossed the posterior midline of the brain.  This 

morphology suggests that the CSD may have evolved from the ipsilaterally projecting 
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5HT-ir neurons observed in the Hemimetabola.  Although the function of 5HT may vary 

widely, it is likely a pivotal modulator of all insect olfactory systems as it appears to be a 

phylogenetically ubiquitous feature.   

 

2.4.2 Serotonin as a circadian modulator of resolution and sensitivity in the antennal 

lobe of Manduca sexta 

 For any neural circuit to maintain functionality, it must operate within a dynamic 

range.  A system that runs at maximal capacity will produce the greatest output but will 

also expend the highest amount of energy and produce the most waste byproducts.  

Conversely, a system running at the lower range of overall activation will be far less 

sensitive to information input from both upstream and downstream systems and will 

likely be less effective at resolving the information provided.  The nervous system must 

therefore determine the level of effectiveness of a specific neuropil that is best suited for 

the current state of the individual organism.  To cope with the variability of the 

environment and the physiological requirements of the body, microcircuits of the nervous 

system must be flexible and able to adjust their efficiency within their specific dynamic 

range.  For instance, neural circuits involved in satiety must modulate the perceived 

attractiveness of a food item based on the time since the last meal consumed or the 

current energetic requirements of the individual, (e.g. mated versus unmated female 

insects).  Thus, by modulating the excitability of the individual neurons within a certain 

dynamic range, 5HT functions to adjust the effectiveness of the AL of M. sexta.
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There are likely several ways in which 5HT affects the function of the AL in 

terms of sensitivity and the ability to resolve and discriminate different olfactory stimuli.  

Both PNs and LNs receive input from a large number of ORCs in the antennae.  This 

convergence of input allows PNs and LNs to be far more sensitive to olfactory stimuli 

than any individual ORC and likely provides a dynamic range of peripheral input that can 

cross the activation threshold for any given PN or LN.  The sensitivity of any given AL 

neuron can therefore be interpreted in terms of Ohm’s law, V=IR, where I is the input 

current from the ORCs to a given AL neuron, R is the input resistance of the AL neuron 

and V is the threshold membrane potential to which an AL neuron must be depolarized to 

elicit a response.  As 5HT increases the input resistance of the membrane (R), the value 

of the input (I) needed to reach the set threshold value (V) decreases.  Less input from the 

ORCs is required to elicit a response and therefore the AL neurons are activated at lower 

odor concentrations.  For every odor presentation, AL neurons affected by 5HT will 

respond as if they are encountering the odor at a greater intensity.  Thus, 5HT enhances 

the sensitivity of the AL not only by lowering the detection threshold of AL neurons, but 

also by shifting the dose response curve of the AL.  In this study, the application of 5HT 

caused many effects that were reminiscent of increasing odor concentration.  Serotonin 

caused an increase in firing rate and burst duration leading to an overall increase in the 

level of activation of the entire AL, similar to increases in odor concentration.  In some 

instances, both increased odor concentration and 5HT application caused AL neurons to 

reverse their response polarity as the threshold for activation was crossed.  Similarly, 

both 5HT and increased odor concentration increased the dissimilarity in responses of the 
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AL to presentations of a single odor at two different concentrations and two different 

odors over a range of concentrations.  Even though the intensity of the input remained 

constant, 5HT increased the impact or influence of that input so that AL neurons 

responded to one concentration with a greater intensity, resembling the response elicited 

by higher odor concentrations.   

 Serotonin appears to enhance the concentration-dependent response magnitude of 

AL neurons not only by offsetting the responses to lower concentrations, but also by 

increasing the gain or slope of the response curves.  This resulted in an increase in the 

response magnitude that was greater at higher odor concentrations than lower 

concentrations.  This increase in gain is likely the mechanism underlying the observed 

5HT-induced enhancement of AL discrimination of different concentrations of a single 

odor.  If 5HT equally enhanced AL responses to different concentrations of an odor, then 

the ability of the AL to distinguish between presentations of an odor at different 

concentrations would be unchanged because relative differences in the amounts and 

patterns of AL activation across concentrations would be unchanged.  Because 5HT 

caused greater enhancement of AL activation at higher concentrations compared to lower 

concentrations, it increased the difference in the relative proportion of the AL activated 

for two different odor concentrations resulting in greater divergence for all comparisons 

of single odors at different concentrations.  This effect of 5HT would likely improve the 

ability of moths to assess the relative concentrations of components within an olfactory 

blend as AL ensemble divergence is correlated with behavioral discrimination.   
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The effects of 5HT on the excitability of individual AL neurons likely enhances 

the ability of the entire AL to process odors, allowing it to better resolve the details of 

olfactory blends and discriminate between different olfactory stimuli.  While 5HT 

enhanced the response magnitude of AL neurons, it had little effect on the temporal 

patterns of the responses (See Figures 8A-C in section 2.2).  For instance, a neuron may 

respond to one odor with a short burst of action potentials and to another odor with an 

initial fast burst of action potentials followed by slow tonic firing.  The application of 

5HT would increase the firing rates of these responses, but would not affect the overall 

pattern of a short burst of firing or a phasotonic firing pattern.  In this manner, 5HT 

serves as a contrast enhancer of the AL responses.  Serotonin increases the intensity of 

the excitatory features of the AL activation pattern and likely enhances the influence 

exerted by LNs, potentially increasing suppression of the activity of other neurons.  Thus, 

although the overall pattern of the response across the AL likely remains the same, 5HT 

increases the contrast between the different components of the response.   

 It has been hypothesized that 5HT modulates the sensitivity and efficacy of the 

moth AL over the course of the day.  The titers of 5HT in the ALs peak during the time 

of day when moths are most active and rely most heavily upon their olfactory systems 

(Kloppenburg et al., 1999; Gatellier et al., 2004).  There are benefits and costs for the AL 

to perform at different points within its range of operation.  The obvious benefit of having 

a more sensitive and effective olfactory system is an enhancement of a moth’s ability 

detect and discriminate olfactory cues that are of importance for survival.  However, 

there are several advantages to restricting the time of day in which the olfactory system is 
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most effective.  The operation and maintenance of a nervous system is energetically 

expensive.  The glomeruli of the ALs are areas of very dense and extensive synaptic 

connections indicating that a very large amount of neural processing occurs within a 

single glomerulus, let alone 63±1 glomeruli.  If an individual moth is not using its 

olfactory system, investing huge amounts of energy maintaining an unnecessary level of 

function is wasteful.  An effective way to minimize the energetic expense of operating a 

nervous system is to decrease the amount of time at which different systems are at full 

capacity.  This is easily done for M. sexta as there are specific times of day in which 

moths perform all of their important behaviors.  Their olfactory systems need only be 

maximally sensitive at those times of day in which the moths rely on olfactory cues to 

perform tasks required for survival.  Female moths release sex pheromone only at dusk, 

so it would be wasteful for the ALs of males to be maximal sensitivity at all times of the 

day.  In addition, many moths must obtain nectar from flowers that open at specific times 

of day.  For instance, the large trumpet-shaped flowers of Datura wrightii, are one of the 

most important food sources for adult M. sexta in the Sonoran desert.  If adult moths are 

not foraging when the flowers begin to open at dusk, the flowers could be visited by other 

insects and the potential food source will be lost.  It is also important to coordinate all of 

these behaviors within a small window of time during the day to reduce the total 

opportunity for predated upon.   Because adult M. sexta perform most of their olfactory 

guided behavior within a restricted window of time, it would be most efficient if the AL 

only functioned near full capacity for that period. 
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There are several ways in which the effects of 5HT on olfactory processing in the 

AL of M. sexta are similar to the effects of 5HT on olfactory processing in the vertebrate 

olfactory bulb and sensory gating by arousal states on olfactory processing in the 

olfactory cortex.  Serotonin has been observed to enhance, but not mediate olfactory 

learning in behavioral assays in rat pups (McLean et al., 1993; Langdon et al., 1997; 

Yuan et al., 2000) and 5HT has been reported to enhance the responses of olfactory bulb 

neurons in slice preparations in the rat (Hardy et al., 2005).  Both of these sets of findings 

are similar to the proposed role of 5HT in the moth AL, the analogue to the vertebrate 

olfactory bulb (Hildebrand and Shepherd, 1997).  The olfactory bulb receives 

serotonergic input from the Raphe nuclei, which have been implicated in the regulation of 

arousal and attentional states.  While there has yet to be any studies demonstrating that 

the Raphe nuclei are involved in sensory gating in the olfactory bulb, Murakami et al. 

(2005) demonstrated that sensory gating does occur in the olfactory cortex as mediated 

by the pedunculopontine tegmental nucleus (PPT), a nucleus that neighbors the Raphe 

nuclei.  Murakami et al. (2005) simultaneously recorded EEGs from the occipital cortex 

and single unit responses from the anterior piriform cortex and the olfactory tubercle.  

The responses of cortical neurons were strongest during a fast wave oscillatory state 

(FWS) recorded with the EEGs and were either greatly reduced or abolished during a 

slow wave oscillatory state (SWS).  The authors could induce the FWS by stimulating the 

PPT and found that again the responses of cortical neurons were enhanced.  This was not 

the case for olfactory bulb neurons, suggesting that the effect of the PPT was directly 

upon the olfactory cortex.  Although the PPT does not modulate the olfactory bulb, nor is 
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it serotonergic, it is possible that the olfactory bulb is under the influence of a similar 

sensory gating mechanism perhaps mediated by the serotonergic input from the Raphe 

nuclei.  An interesting difference, however, between the hypothesized roles of 5HT in the 

AL and olfactory bulb, is that while the effects of 5HT on the AL appear to be obligatory 

and regular through out the day, the effects of 5HT on olfactory bulb neurons are more 

likely context dependent.  In other words, 5HT in the olfactory bulb likely modulates 

olfactory processing in a situational manner, based on the arousal or attentional state. 

 Although the CSD neuron morphology appears to be well conserved across the 

Holometabola, without any comparative physiology, biochemistry or behavior available, 

it is difficult to speculate on the selective pressures that sculpted the morphology and 

function of the CSD neuron.  The most basal of the Holometabola possess CSD neurons 

suggesting that the CSD neuron arose with the Holometabola.  There may be some aspect 

of the lifestyles of pupating insects that selected for this neural structure or function.  

Alternatively, the structure of this neuron may have arisen due to the novel expression of 

a neural growth factor along the midline of the brain of the Holometabola that co-opted 

the growth pattern of the CSD neuron.  The 5HT-ir neurons in the ALs of all of the 

examined Hemimetabola had cell bodies in the lateral cell cluster of the AL and 

connected the ALs with the protocerebrum.  The novel expression of a growth factor 

along the dorsal midline of the holometabolous brain could have caused the developing 

CSD neuron to cross the midline and project to the contralateral AL rather than return to 

the ipsilateral AL.  In this instance, 5HT may play the same functional role in the ALs of 
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both the Hemimetabola and the Holometabola despite a drastically different morphology 

of the source of serotonergic innervation of the AL. 

 The most dramatic change in the anatomy of 5HT-immunoreactivity in the ALs 

was that of the aculeate Euhymenoptera.  While all of the other insects had 5HT-ir 

neurons with somata in the ALs, the ALs of the Aculeata were innervated by 5HT-ir 

neurons with cell bodies in the ventral nerve cord.  As stated above, a variety of selective 

pressures could have produced this dramatic divergence in morphology.  However, it is 

interesting to note that the Aculeata are defined as those insects that possess stingers that 

have been modified from ovipositors (Grimaldi and Engel, 2005).  Behavioral studies on 

5HT in the ALs of bees demonstrated that 5HT inhibited the association of an odor with 

an appetitive stimulus (Mercer and Menzel, 1982; Menzel et al., 1999).  Perhaps 5HT is 

released in situations associated with the need for aggressive behavior, when the 

association of an odor to a food reward would reduce the likelihood of survival of either 

the individual or the hive.  Without behavioral investigations on the effects of 5HT on 

aggressive behavior, the role of 5HT in the ALs of the Aculeata remains pure speculation.   

 

2.4.3 Unresolved issues and future directions 

 There are five aspects of this research that require further pursuit, ranging over a 

broad spectrum of experimental approaches from the molecular to the systems and 

evolutionary levels.  The first area stems from the lack of knowledge about the 

biochemical or molecular consequences of the release of 5HT on the physiological 

properties of AL neurons.  Serotonin affects only a subset of AL neurons, indicating that 
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there is differential expression of 5HT receptors among AL neurons and perhaps even 

differential expression of distinct receptors by single neurons.  While two M. sexta 5HT 

receptors (the Ms5HTRs) have been cloned in the lab of Dr. Alan Nighorn (Dacks et al., 

2006), these receptors have not been functionally characterized or even localized within 

the ALs.  The expression patterns of both receptors need to be described (using in situ 

hybridization and immunocytochemistry) and the pharmacological profile of the 

receptors needs to be established (using either biochemical and/or electrophysiological 

assays on the Ms5HTRs in an expression system) to identify pharmacological agents that 

can agonize or antagonize each receptor in isolation.   If any pharmacological agents can 

activate one receptor in isolation of the other, then several studies can be performed in 

vivo to examine the contribution of each 5HT receptor the physiological effects of 5HT in 

the AL.   First, patch-clamp recordings from AL neurons can determine if each Ms5HTR 

reduces one of the two K+ currents observed by Mercer et al (1995), and if the Ms5HTRs 

have different affinities for 5HT, potentially explaining the concentration-dependent 

effects of 5HT reported by Kloppenburg and Hildebrand (1995).  Expression of the 

receptors in insect cell lines could also be used to examine the biochemical effects of 

activations of 5HT receptors.  Pharmacological agents that antagonize different second-

messenger systems can provide information as to what biochemical pathways are 

employed when each individual receptor is activated.  To understand the consequences of 

5HT exposure both in terms of which neurons are affected and the concentration-

dependent effects of 5HT, the contributions made by the activation each 5HT receptor on 

the physiology and biochemistry of AL neurons must be understood.   
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In section 2.2 (the effects of 5HT on odor processing in the AL), 5HT was found 

to modulate the activity of AL ensembles.  However, although 5HT is known to affect 

both LNs and PNs (Kloppenburg and Hildebrand, 1995), studies of the effects of 5HT in 

the AL have focused on PNs.  The next step in understanding the modulatory effect of 

5HT on the AL must be a detailed examination of the influence of 5HT on LNs, as the 

LNs play pivotal roles in shaping the response patterns in the AL.  The inhibitory 

influence of LNs suppresses spiking of functionally connected AL neurons not activated 

by an odor (Hansson et al., 1991), enhances PN temporal resolution of stimulus 

intermittency (Christensen and Hildebrand, 1997; Christensen et al., 1998) and enhances 

both inter- and intra-glomerular synchrony between PNs (Lei et al., 2002).   

There are several questions about the effects of 5HT that can be answered only 

with single-unit recordings either using intracellular or blunt extracellular glass 

electrodes.  First, how does 5HT affect the amplitude and duration of LN-induced 

hyperpolarization in PNs?  Although 5HT enhances the response magnitude and action 

potential width of LNs (Kloppenburg and Hildebrand, 1995), the consequences of this 

enhancement have not been examined.  Multichannel electrodes provide no information 

about membrane potentials, so that the effects of 5HT on LN-induced hyperpolarization 

will have to be studied with intracellular electrodes.  Second, how does 5HT affect the 

responses of PNs to the sex-pheromone blend relative to responses to the individual 

components of the pheromone blend?  The magnitude of PN responses to the sex-

pheromone blend are greater than to the individual components, indicating that the 

network of LNs is activated by the blend enhances PN responses.  If 5HT increases the 
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potency of LN influence, then 5HT could increase the enhancement of responses by the 

blend to a greater extent than can be accounted for by the 5HT-induced increase in PN 

excitability alone.  Third, how does 5HT affect synchrony between functionally 

connected neurons?  Although a 5HT-induced enhancement of synchrony was not 

observed in the experiments of this thesis, the effects of 5HT on synchrony could have 

been masked because the measures of coincidence resulted from comparisons made 

between all recorded units, most of which were not likely functionally connected.  A 

5HT-induced enhancement of the inhibitory influence of the LNs could result in an 

enhancement of synchrony between functionally connected neurons.  Although pairs of 

functionally connected AL neurons have been successfully impaled simultaneously with 

intracellular electrodes (Lei et al., 2002), such an unstable recording preparation will not 

allow for an experimental protocol that includes control, 5HT, and washout phases.  

However, blunt extracellular glass electrodes allow for precise localization of the 

recording electrodes and longer stability than intracellular recordings.  A study involving 

dual recordings of AL neurons to examine synchrony in functionally connected glomeruli 

(such as the cumulus and the toroid of the MGC) is feasible.   

 Serotonin has been theorized to rhythmically enhance the efficacy and sensitivity 

of the AL as the levels of 5HT in the ALs cycle throughout the day (Kloppenburg et al., 

1999; Gatellier et al., 2004). However, these rhythms in 5HT titers in the AL do not 

necessarily follow a circadian rhythm.  Two major features of circadian rhythms are that 

they are 1) free-running and able to continue in the absence of external cues such as light 

or heat and 2) light entrainable.  A light entrainable, circadian rhythm in 5HT levels in 
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the brain of the American lobster has been identified (Wildt et al., 2004) suggesting that 

such a rhythm in the levels of 5HT in the AL of M. sexta is possible.  To test if the 

variation in 5HT AL levels is free-running, 5HT levels in the AL need to be measured 

over 48 hours from moths kept in constant darkness and temperature versus moths kept in 

a normal light dark cycle.  To test if the cycle in 5HT titers in the AL of M. sexta are light 

entrainable, the levels of 5HT in the ALs could be measured from moths kept in a 

light/dark cycle that has been either moved ahead or behind by a few hours.   

The experiments in section 2.2 of this thesis (Effects of Serotonin on Responses 

of Antennal Lobe Neurons) made several predictions about the effects of 5HT 

modulation on olfactory perception.  Based on the observed effects of 5HT on similarity 

of AL ensemble responses, one could predict that 5HT will increase behavioral olfactory 

sensitivity and enhance the ability of moths to discriminate structurally dissimilar 

odorants.  To date, behavioral experiments examining the effects of 5HT on the AL have 

only tested the behavioral sensitivity of moths.  Unfortunately these 

behavioral/pharmacological experiments have been difficult to interpret because they 

have employed a method of drug delivery that exposed not only the ALs, but also 

peripheral sensory structures (such as the antennae), muscles and the rest of the CNS to 

the pharmacological agent.  Any influence of an applied drug on the behavior of moths 

could easily have been due to effects on structures other than the ALs.  Gatellier et al. 

(2004) attempted to control for this by removing the perineural sheath that surrounds the 

ALs, but this method would only increase the amount of drug introduced to the ALs, not 

decrease the exposure of other structures to the drugs.  To address the issue of 
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serotonergic influence on olfactory guided behavior, manipulations targeting only the 

CSD neuron or the Ms5HTRs in the ALs need to be developed.  There are several drugs 

available that can stop the release of 5HT by inhibiting the production of 5HT (alpha-

methyl tryptophan), pruning the synaptic terminals of serotonergic neurons (5,7-

dihydroxytramine) or even killing serotonergic neurons (SERT-saponin).  The focal 

application of these drugs to the ALs would remove 5HT from the ALs and thus allow for 

a behavioral quantification of the contribution of the CSD neuron to olfactory guided 

behavior, such as upwind flight to a sex pheromone source or host-plant choice 

experiments.   

 Section 2.3 of this thesis (Phylogeny of a Serotonin-Immunoreactive Neuron in 

the Primary Olfactory Center of the Insect Brain) demonstrated that the CSD neuron is 

present within the Holometabola (with the exception of the Euhymenoptera).  By 

knowing the phylogenetic distribution of the CSD neuron, some candidate selective 

pressures that sculpted this neuron could be proposed.  However, to fully understand the 

selective pressures that produced the CSD neuron, it will be important to characterize the 

features and effects of 5HT in the AL of in a single model organism and use that 

information to guide the exploration of the role of 5HT in the ALs of other species.  The 

differences between species highlight the selective pressures exerted upon each group 

while the commonalities reflect underlying principles.  The serotonergic input to the 

olfactory system of M. sexta likely evolved under certain selective pressures associated 

with the specific life history requirements of this species of moth.  While there is a wide 

range of insects with morphologically similar serotonergic innervation of their ALs, 5HT 
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does not necessarily modulate their olfactory systems in the same way that it does in M. 

sexta. To test whether form predicts function, comparative studies must be performed on 

representative insect species that either possess or lack the CSD morphology.  In 

addition, to understand the underlying selective pressures that produced the CSD neuron 

morphology, the functional role of the CSD neuron within the ALs of other insect species 

must be examined.  For instance, Tenebrio molitor, Neobellieria bullata and Drosophila 

melanogaster would be good representatives of species with the CSD morphology that 

have different life histories, are easy to rear and are distantly related to M. sexta. Species 

like Apis mellifera, Periplaneta americana, and Oncopeltus fasciatus are good examples 

of insect species that have different life histories, are easy to rear and are distantly related 

to M. sexta yet lack the CSD morphology.  A variety of studies could be performed to 

compare the biochemical and physiological features and functions of CSD neurons of 

different species and serotonergic neurons with different morphologies.  Biochemical 

studies using HPLC could be performed to determine if there is a circadian rhythm in the 

5HT titers in the ALs of different representative insects and whether this pattern 

correlates with circadian rhythms of behavior.  Single cell intracellular recordings from 

AL neurons could be performed to determine how 5HT affects membrane properties of 

individual AL neurons.  Extracellular electrophysiology recordings or optical imaging 

experiments could then be used to determine how the effects of 5HT on individual 

neurons modulate the network activity of the ALs of each representative species.  In 

addition, comparative behavioral experiments could be performed using focal application 

of 5HT agonists and antagonists to the ALs to determine the effect of 5HT on olfactory 
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sensitivity and discrimination in each of the species.  Studies on these features of the 

serotonergic system of the ALs can address important questions about the phylogenetic 

distribution of 5HT function.  Does 5HT only function as a circadian modulator of 

olfactory sensitivity for insects with a CSD neuron?  If so, why did this function arise 

with the Holometabola and become lost in the Hymenoptera?  What is the significance of 

the bilateral input to the CSD neuron, when the 5HT immunoreactive AL neurons of the 

Hemimetabola receive ipsilateral input?  The phylogenetic distribution of 5HT function 

can therefore provide information about the selective pressures that shaped the evolution 

of 5HT in the insect olfactory system.   

 There are many examples of neuromodulatory systems in invertebrate nervous 

systems that have been studied extensively.  However, none of these neuromodulators 

have been examined in a way that combines their biochemical, physiological, functional 

and evolutionary contexts.  The studies in this thesis and performed by other investigators 

have provided a background knowledge of the role of 5HT within the ALs of M. sexta 

that span all of the above levels of analysis.  These combined findings make the 

serotonergic system of the insect AL uniquely suited as an example of the significance of 

modulators in a neural circuit and how altering the function of a neuromodulator over 

evolutionary time can contribute to overcoming selective pressures encountered within 

the external and internal environments.   
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APPENDIX A 

USING PRINCIPAL COMPONENTS ANALYSIS TO COMPARE AL 

ENSEMBLE RESPONSES TO DIFFERENT OLFACTORY STIMULI 

 

One of the advantages of multichannel electrophysiology is the ability to record 

the activity of many neurons simultaneously.  While it is impossible to record from all or 

even the majority of neurons in the AL with this technique, the ability to record from an 

ensemble of neurons provides a broad sampling of the activity of the AL that cannot be 

achieved using single unit intracellular recordings.  However, analyzing multichannel 

extracellular data as multiple individual unit recordings only increases sampling rate and 

cannot provide information about the function of the AL as a whole.  To analyze data 

obtained from multichannel recordings many research groups have used a multivariate 

analysis called Principal Components Analysis, or PCA, to measure the response of entire 

ensembles of recorded units (Chapin and Nicolelis, 1999; Stopfer et al., 2003; Daly et al., 

2004).  For this thesis, PCA was used to measure the similarity of responses produced by 

the AL so that predictions could be made about the behavioral responses to these odors.  

This section will focus on the details of PCA as it was performed in this thesis. 

 The central assumption in the use of PCA for the simultaneous 

neurophysiological recordings of multiple neurons is that the responses of individual 

neurons within an ensemble contain information about multiple facets of a stimulus.  For 

instance, the duration of an olfactory stimulus may be encoded by the length of the 

response produced by a PN, odor concentration may be encoded in the firing rate of the 
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PN and the chemical structure of the odor may be encoded either by the identity of the 

PN, the polarity of the response (inhibition or excitation) or the specific temporal patterns 

of activation of the PN.  While a network of neurons can still encode an olfactory 

stimulus without this single neuron, this single neuron can participate in the coding of 

many aspects of the olfactory stimulus.  PCA reorganizes AL responses from a collection 

of measures of the firing rates of individual units over time to a collection of measures of 

covariance between units over time with variable amounts of contribution from each unit 

to each measure of covariance.  The ensemble can therefore be represented by a single 

point within an n-dimensional space where “n” is both the number of units included in 

the analysis and the number of measures of covariance after the PCA has been 

performed.  The ensemble therefore moves through the n-dimensional space over the 

time of the response. 

 For the studies in this thesis, each response was organized into a matrix output 

from its peri-stimulus time histogram.  Each column (the “variables”) contained data on 

the firing rate of each unit in each of the time bins which were placed in rows (the 

“sample”).  For the first experiment described in section 2.2 there were eight different 

odor stimuli tested (two different odors at four concentrations each) and three treatments 

(the control, 5HT and washout phases) and therefore there were 24 different response 

matrices for each animal recorded.  All 24 (in this example) response matrices were 

concatenated into a single response matrix and covariance matrices across all of the 

variables were calculated for the entire response matrix.   
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A linear transformation was done to transform the data into a new coordinate 

system whereby each consecutive axis lay on the projection of that data that explained the 

most of the covariance of the ensembles activity.  To do this, the matrix had to be 

“rotated”, or transmogrified, into a new coordinate system based on the variance across 

the units where each of the dimensions of the new space was a PC.  This rotation was 

performed by a linear mapping which involved multiplying each of the original values by 

a weighting coefficient that was associated with each principal component.  Each 

coefficient reflected the relative contribution of each unit to a proportion of the 

covariance explained by an individual PC and each coefficient was the square root of the 

correlation of each unit with the PC.  Because each PC represented a portion of the total 

variance of each neuron, the sum of the squares of all of the coefficients for a PC equaled 

1.  The matrix was therefore “rotated” such that the first axis (the first PC) ran parallel to 

the slope of a line that explained the greatest amount of the covariance of all of the data 

in the original multi-dimensional space where each dimension was the firing rate for each 

unit and each data point represented a specific “sample” or bin in time.  The next PC was 

an axis that ran orthogonal to the previous PC and explained the next highest amount of 

the remainder of the covariance.  This was repeated as many times as there were variables 

in the matrices.  Ultimately, each data point was remapped into the new space for each 

point in time and its position consisted of coordinates that were weighted linear sums of 

the original axes.  Each coordinate could be derived using the following formula which 

was repeated for each sample or time bin:  ∑An
t,pXn

t, where “A” represented the 

weighting coefficient , “n” represented the specific unit, “t” represented the specific time 
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bin for which the single coordinate value was being determined, “X” represented the 

response magnitude for the specific bin and “p” represented the specific PC.  This sum 

was determined for each PC to obtain each coordinate value for each time bin. 

 Once the original data matrix was remapped into the new dimensional space, the 

different responses could be compared.  Each response had a set of coordinates over time 

which plotted the “response trajectory” for that specific stimulus.  Because the matrices 

for all of the responses recorded in each ensemble were concatenated and rotated with the 

same linear transformation, the trajectories of all of the individual responses occurred in 

the same multi-dimensional space and could therefore be compared.  Because each of the 

dimensions/PCs was based on the covariance in activity between units in the ensemble, 

the distance between each set of coordinates provided a measure of how similarly the 

units in an ensemble varied in their activity during responses to different stimuli.  A short 

distance between two different response trajectories indicated that, for a specific time bin, 

the ensemble responded in a similar manner to both stimuli.  A larger distance indicated 

that the ensemble produced two relatively dissimilar responses.  The distance between 

each pair of response trajectories could then be plotted over time to provide a measure of 

response similarity over time for each comparison.    
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APPENDIX B 

CENTRAL ENSEMBLE REPRESENTATION OF ODOR INTENSITY PREDICT 

BEHAVIORAL PERFORMANCE IN AN OLFACTORY DISCRIMINATION 

TASK 

Andrew M. Dacks,1 Kevin C. Daly,2 Hong Lei,1 Esther Mwilaria,2 Lynnsey A. Carrell,2

Thomas A. Christensen,1 and John G. Hildebrand1

1Arizona Research Laboratories, Division of Neurobiology, University of Arizona, Tucson, Arizona; 2Department of Biology, West 

Virginia University, Morgantown, West Virginia 

Abstract 

Odor intensity is a fundamental stimulus dimension in olfaction, yet little is 

understood about the network mechanisms underlying concentration coding at the early 

stages of olfactory information processing. While it is clear that the spatial pattern of 

glomerular activity is modulated by stimulus concentration, little is known about the 

dynamic coding of intensity information by neural circuits that underlie these patterns. 

Moreover, we still lack a clear understanding of how changes in odor concentration 

translate to changes in odor-guided behavior. Using the moth Manduca sexta, we show 

that the statistical differences between concentration-dependent ensemble responses in 

primary olfactory networks correlate with the animal’s behavioral performance in 

olfactory memory and discrimination tasks.  Multidimensional analysis of ensemble 

responses to different olfactory stimuli revealed population responses that systematically 

diverged with concentration. This was true for both within- and between-odor 

comparisons. Likewise, in behavioral tests, moths exhibited both improved conditioned 

responsiveness and discrimination as a function of increasing concentration.  Our 
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findings demonstrate that ensemble responses for different odorants become 

progressively more divergent with concentration and that the statistical difference 

between population responses predicts performance in an olfactory discrimination task. 

 

Introduction 

 Animals exploring their natural habitats often must identify the source of an odor 

embedded in a complex and ever-changing olfactory environment. The odors of interest 

may originate in close proximity to other odor sources, resulting in both the “target” and 

“background” odorants exhibiting significant variations in intensity. How does the 

olfactory system maintain accurate odor discrimination under these dynamic 

circumstances?  Both theoretical and behavioral studies show that discrimination is 

robust across different odor intensities (Brody and Hopfield 2003; Krone et al. 2001), but 

the neural mechanisms underlying this processing function have yet to be clarified. Many 

studies focusing on concentration coding have shown that the spatial patterns of odor-

evoked neural responses in the insect antennal lobe (AL; Carlsson and Hansson 2003; 

Collmann et al. 2004; Ng et al. 2002; Sachse and Galizia 2003; Skiri et al. 2004; Stopfer 

et al. 2003; Wang et al. 2003) and vertebrate olfactory bulb (Fuss and Korsching 2001; 

Johnson and Leon 2000; Rubin and Katz 1999) become increasingly complex as a 

function of concentration. The activation patterns evoked by high-intensity stimuli 

generally involve more glomeruli, and the expanding representations for different 

odorants often lead to greater overlap between those representations. Several 

interpretations of how this overlap could affect odor discrimination have also been 
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proposed. If the increase in overlap causes the spatial activity patterns to become more 

similar as concentration increases, then the two stimuli might be mistakenly interpreted 

as being the same, thus making behavioral discrimination more difficult (Carlsson and 

Hansson 2003; Johnson and Leon 2000).  Alternatively, as stimulus intensity is elevated, 

a reorganization of the olfactory representation might take place that involves the 

participation of a different subset of neurons (Christensen et al. 2000), thus providing an 

alternative substrate for enhanced discrimination (Christensen and White 2000; Daly et 

al. 2004; Laurent et al. 1996; Lei et al. 2004; Stopfer et al. 2003). At present, it is not 

known whether the patterns of intensity-modulated activity in ensembles of AL neurons 

correlate with an animal’s ability to discriminate different odors at elevated stimulus 

concentrations.   

To examine how olfactory circuits in the brain extract intensity information from 

the environment, and to determine how concentration coding in the AL may be related to 

behavioral discrimination, we performed parallel electrophysiological and olfactory 

conditioning studies in the sphinx moth Manduca sexta. A few studies have combined 

electrophysiological and behavioral approaches to examine the discrimination of 

qualitatively different odors (Daly et al. 2004; Guerrieri et al. 2005), but no study has 

used this combined approach to examine how central responses to a range of odor 

concentrations relate to an animal’s ability to discriminate one odor from another.  One 

phase of our study used neural-ensemble recording methods (Christensen et al. 2000) 

which allow a statistical comparison of the differences between AL population responses 

as a function of stimulus concentration (Daly et al. 2004). The other phase of the study 
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used Pavlovian conditioning (Daly and Smith 2000; Daly et al. 2001) to quantify 

behaviorally the animal’s ability first to detect, and then to discriminate, odorants as a 

function of concentration.  By integrating these two techniques and analyzing both 

physiological and behavioral responses to the same stimulus set, our goal was to gain 

insight into the neural mechanisms by which contextual variables such as stimulus 

intensity affect olfactory discrimination and learning. The results provide strong evidence 

that the spatiotemporal patterns of ensemble representations for different odorants 

diverge as concentration increases, and further show that the statistical difference 

between population responses can predict performance in an olfactory discrimination 

task. 

 

Methods 

Experimental preparation and odor delivery 

Animals (M. sexta; Lepidoptera: Sphingidae) were raised and maintained in the 

ARLDN rearing facility in Tucson. Adult moths were prepared for multi-channel 

recording, and olfactory stimuli were delivered as previously described (Lei et al. 2004).  

Each stimulus series consisted of five 200-ms pulses (2 s inter-pulse interval) with one of 

five monomolecular odorants (amyl salicylate, AMS; linalool, LIN; methyl salicylate, 

MES; nerolidol, NEL; and Z-3-hexenyl propionate, ZHP). Each odorant was presented at 

5 concentrations (1ng, 10ng, 100ng, 1µg and 10µg) diluted in 2 µl of odorless mineral oil 

and placed on a small strip of filter paper inside a glass cartridge as described previously 

(Lei et al. 2004). All 5 odorants are known to be biologically relevant volatiles for M. 
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sexta (Fraser et al. 2003; Shields and Hildebrand 2001). Odorants at different 

concentrations were presented in a pseudo-randomized manner to avoid experience-

dependent effects of a particular odor sequence. In the control sequence, moths were 

exposed to pulses of clean air delivered through a stimulus cartridge loaded only with 

solvent on the filter-paper strip. 

Ensemble recording and analysis 

The odor-evoked responses of 47 units were obtained from 5 male animals.  

Recordings were obtained with 16-channel silicon microelectrode arrays (4 shanks; 4 

channels per shank) inserted into one AL using the same orientation as described 

previously (Lei et al. 2004). The microelectrode arrays were supplied by the Center for 

Neural Communication Technology at the University of Michigan 

(http://www.engin.umich.edu/facility/cnct/backind.html).  Ensemble activity from the 16 

sites was acquired simultaneously using 4 Medusa amplifiers (Tucker-Davis 

Technologies, Alachua, FL), and spike data were extracted from the recorded signals and 

digitized at 25 KHz per channel using the TDT data-acquisition software.  Threshold and 

gain settings were adjusted for each channel, and spikes were captured such that any 

waveform that passed threshold triggered the capture of waveforms recorded on the other 

3 channels in a given shank (tetrode recording configuration). Spikes were sorted by 

means of a clustering algorithm based on a combination of integrated waveform 

information extracted from principal component analysis (PCA) and specific waveform 

parameters such as peak-valley ratio, linear and non-linear energy, and half-peak spike 

width for each individual channel within a tetrode (Offline Sorter; Plexon, Dallas, TX).  
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Only those units that were statistically separable (multivariate ANOVA; p < 0.05) in 3-

dimensional space defined by a combination of any three parameters listed above were 

used for further analysis (n=47 units; 8-12 units per ensemble; n=5 ensembles from as 

many animals).  Spikes were assigned timestamps that were used to create raster plots 

and to calculate peri-event histograms (5-ms bins; smoothed with a 3-ms gaussian 

function) in Neuroexplorer (Nex Technologies, Winston-Salem, NC). The response 

epoch was defined as the 1-sec period beginning at stimulus onset. The 200-msec period 

preceding response onset was defined as the pre-response window and the 200 msec 

following response onset as the response window. Stimulus-evoked responses were 

calculated by subtracting the number of spikes within the pre-response window from the 

total spikes within the response window across all 5 trials. Responses were also corrected 

for blank controls (cartridges with mineral oil on filter paper), and the response 

magnitude across all stimuli was normalized between -1 and +1 (Fig. 1E). Normalized 

responses then underwent a z-score transformation to identify responses that were 

significantly greater than (hot colors) or less than (cool colors) background (z ≥ 2 or z ≤ -

2 SD); non-significant responses were blacked out in Figure 1E.  

 Population averages were calculated for responses to each odor as follows: first, 

the mean number of spikes in each 10-msec bin was averaged across all units in each 

ensemble. These averaged bin counts were then normalized to the peak value across all 

responses (5 odors at 5 concentrations). Finally, the normalized bin counts for each 

ensemble were averaged across all ensembles to obtain the group averages, as shown in 

Figure 1F. 
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Statistical comparison between ensemble responses 

PC analysis was used to obtain a quantitative and statistical measure of the firing 

activity of each ensemble (Chapin and Nicolelis 1999; Daly et al. 2004). First, the PCs 

that explained 95% of the variance in the ensemble data were used to define a multi-

dimensional activity space. The raw data (number of spikes per bin; 10-ms bins) 

expressed in a coordinate system defined by units were linearly mapped onto this new 

orthogonal coordinate system, which integrates information from all units during the 

response epoch. Each response was then represented as a set of vector coordinates (or 

point) in PC space that defined the global response of the ensemble to that stimulus. 

These points in PC space were then plotted over time, thus generating a response 

trajectory for each response. To provide a quantitative measure of similarity between two 

response trajectories, we performed a bin-by-bin measurement of the Euclidean distance 

between corresponding points on the two trajectories, thus generating distance scores 

between the responses to two stimuli. After applying a z-score transformation to the 

resultant distance scores, these were plotted over time as shown in Figures 2 and 3 (see 

Daly et al. 2004). The distance scores for one ensemble are shown as pseudo-colored 

plots in Figures 2A, B and 3A, B and the average scores for all ensembles are plotted in 

Figures 2C and 3C. In order to permit a statistical comparison across experiments, the net 

distance scores shown in Figures 2C inset, 3C inset and 3D were calculated by 

subtracting the average of the distance scores in the pre-response window from the 

average scores in the response window (as defined above). P-values were calculated 

using ANOVAs with a post-hoc Tukey HSD test (Statistica; Statsoft). 
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Behavioral bioassays 

 A total of 480 moths were used for the behavioral experiments, and males and 

females were equally represented in all groups. Moths were prepared for training and 

odors were delivered as described previously (Daly and Smith 2000). Briefly, moths 4-7 

days post-emergence were restrained inside a small plastic tube so that the moth’s 

antennae could be held steady during olfactory stimulation. The conditioned stimulus 

(CS) was delivered to both antennae (see below) and the proboscis was uncoiled so that 

sugar water (unconditioned stimulus; US) could be applied to the tip.  Electromyograms 

(EMGs) were recorded from feeding muscles in the head (Daly and Smith 2000) and used 

as a measure of a conditioned feeding response. 

Stimulus delivery 

Animals were secured to a Plexiglas® stage in front of a vent (15 cm in diameter) 

that evacuated air from the back of the chamber. Odor cartridges were placed 10 cm 

upwind of the moth to ensure adequate odor dispersal over the surfaces of both antennae. 

Odor dispersal was examined with titanium-tetrachloride smoke.  Airflow through the 

odor cartridge and CS/US timing were controlled by a programmable logic controller 

(#DLO5; Automation Direct, Atlanta, GA). The odorants and dilutions used were as 

described above for the electrophysiological experiments. 

Olfactory conditioning 

 The conditioning protocols used here are firmly established in M. sexta and are 

detailed elsewhere (Daly and Smith 2000). Briefly, in the forward-paired conditioning 

protocol, moths were presented with a CS for 4 sec. Three seconds into CS delivery, the 
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US, 0.75 M sucrose, was applied to the mouthparts for 4 sec. This was repeated 6 times at 

6-min intervals. For the discrimination-learning assay, differential conditioning was 

performed as follows: one odorant (CS+) was forward-paired, and a second unrewarded 

odor (CS─) was interspersed in a pseudo-randomized fashion between the forward-paired 

conditioning trials. Two pseudo-randomized sequences were used on different subgroups 

to ensure that the CS+ was preceded and followed equally by the CS─. Odors used for 

the discrimination training were counterbalanced for all comparisons made.  Three pairs 

of odorants were selected for the differential conditioning experiments. They were chosen 

by calculating the slope of the linear regression (Microsoft Excel) for each odor by odor 

comparison in the ensemble data, then selecting a pair showing a high (LIN vs. MES; 

slope = 0.462), an intermediate (LIN vs. ZHP; 0.273) and a low (LIN vs. NEL; 0.096) 

slope value. Although these slope values are not biologically meaningful, they provide a 

quantitative measure of ensemble similarity between odors.   

 At 24 h and again at 48 h after conditioning, moths were tested for a conditioned 

response to different concentrations of the forward-paired odorant, or in the case of 

differential conditioning, to both the CS+ and CS─. Moths were first presented with a 

blank stimulus to assess responsiveness to mechanical and other possible non-olfactory 

cues and to establish a baseline response. Test stimuli were then presented in 5 log-step 

increases in stimulus concentration, starting at 1 ng per cartridge. Moths were always 

presented with a 4-sec test stimulus and allowed a total of 7 sec to respond. Concentration 

of test stimuli was sequentially increased with each presentation to minimize extinction 

effects (Daly and Smith 2000). All statistical tests of significance were based on 1-tailed 
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t-tests performed in Microsoft Excel. All regression lines were fitted to a 3rd-order 

polynomial function. 

 

Correlating ensemble and behavioral data 

 To establish the relationship between the behavioral and physiological data, we 

performed a cross correlation analysis between the degree of discrimination in the 

behavioral assays and the divergence between response trajectories in the neural-

ensemble data, as a function of concentration. This was achieved by first calculating the 

difference between response probabilities for the CS+ and CS─ at each concentration 

step. This result was then correlated with the difference in distance scores for the same 

two odorants at each concentration. Given the observed asymmetries in the behavioral 

assays, only CS+/ CS─ combinations that yielded the more conservative estimate of 

discrimination threshold were used for these analyses.  

 

Results  

Diversity in concentration-response functions 

 Results are based on 47 statistically separated units in randomly sampled AL 

ensembles from 5 animals. For any given odorant, an average of 43% of the units in each 

ensemble showed a significant olfactory response (p<0.05; two-tailed t-test). Of these 

responding units, approximately 75% displayed intensity-dependent modulation of 

spiking rate evoked by at least one of the odorants (Fig. 1). Moreover, in a majority of the 

responding units, different odorants triggered qualitatively different concentration-
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dependent response patterns in the same unit (data not shown). Among the responding 

units in an ensemble, about 42% gave an excitatory response to all concentrations (1ng to 

10µg) of the odorant tested (Fig. 1A). This response subtype is characterized by a firing 

rate that increases monotonically with stimulus concentration, as documented previously 

for M. sexta AL neurons (Reisenman et al. 2004, 2005). In contrast, 33% of the 

responding units shifted their response polarity with concentration. Specifically, 12% of 

the responding units switched from an excitatory response at low concentrations to a 

suppression of basal firing rate at higher concentrations (Fig. 1B), as observed in several 

other insect species, (Carlsson and Hansson 2003; Hartlieb et al. 1997; Stopfer et al. 

2003) and 21% exhibited the converse pattern of response (Fig. 1C). The remainder of 

the odor-responsive units (23%) showed spike suppression at all concentrations presented 

(Fig. 1D).  Thus, as stimulus concentration changed, unit-specific and nonlinear shifts 

occurred in the response patterns of individual AL units, and these shifts led to distinct 

changes in the global ensemble patterns for different odorant intensities (Fig. 1E). 

 While individual AL units may display complex response properties to changes in 

stimulus intensity (Fig. 1A-D), they nonetheless encode information as an interactive 

population (Chapin and Nicolelis 1999; Eichenbaum and Davis 1998; Stopfer et al. 

2003). We therefore constructed population vectors across all of the units in each 

ensemble to characterize overall firing rate as a result of varying stimulus intensity. As 

concentration increased, there was an overall rise in their mean rates of firing (from 177 

to 313 spikes sec-1, p<0.05; two-tailed t-test) and a small but not significant rise in the 

number of units activated (from 52% depolarized at 1ng to 61% at 10 µg). Population 
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averages combining all of the ensemble responses to all of the odorants revealed a 

systematic increase in AL activity as concentration increased (Fig. 1F).  

 

Population-response trajectories diverge as concentration difference increases 

 We examined the similarity between population responses to different 

concentrations of the same odorant using principal component (PC) analysis as 

previously described (Chapin and Nicolelis 1999; Daly et al. 2004). Plots of distance 

scores (see METHODS) for the ensemble responses to two concentrations of the same 

odorant were calculated to measure response variation as a function of concentration 

disparity. Figures 2A and B provide an example from one ensemble. The distance plots 

for 4 log-steps in concentration are shown for each odorant separately (Fig. 2A), and for 

the average of the 5 test odorants (Fig. 2B). When the data were averaged across all 

experiments, the similarity between ensemble responses decreased (greater distance 

scores) as a function of concentration disparity (Fig. 2C).  Importantly, the response 

separations also followed a very restricted time course. The distance-by-time plot 

displayed a single peak that was centered at 238 ± 3.3ms (mean ± SEM) after stimulus 

onset and stayed above pre-stimulus levels for approximately the same amount of time as 

the 200-ms stimulus pulse (Fig. 2C). The plots of net distances for the 4 log steps in 

concentration clearly show that as the difference between two concentrations of the same 

odorant became greater, the evoked ensemble responses became more distinct (Fig. 2C, 

inset). 

 Population-response trajectories for different odorants also diverge with concentration 
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The next goal was to determine if the concentration-dependent increase in AL 

activity also leads to a change in the similarity of neural representations for different 

odors.  To address this question, we compared the distance-by-time plots derived from 

the ensemble responses for all pair-wise combinations of different odorants across 5 

concentrations (Fig. 3). The results show that the distance scores reached a transient peak 

shortly after stimulus onset, and these peaks showed a progressive increase with 

concentration (Fig. 3A). This trend was also observed when we averaged the distance 

plots across all pair-wise combinations of odorants (Fig. 3B).  When these plots were 

averaged across all experiments, the distinction between the two response trajectories 

clearly increased as a function of stimulus concentration (Fig. 3C). Population-response 

variation therefore followed a step-wise progression from the lowest concentration to the 

highest, with population responses showing the greatest divergence at the highest 

concentration (Fig. 3C, inset). Moreover, the distance scores for the across-odor 

comparisons showed a similar time course as observed for the within-odor comparisons 

(see above). The population responses showed peak separation at 234 ± 2.6 ms after 

stimulus onset, and the peak separation lasted for the duration of the 200 ms stimulus 

(Fig. 3C).   

 The relationship between population-response separation and stimulus 

concentration was observed for many of the between-odorant comparisons, but this 

occurred to varying degrees depending on the odorants used (Fig. 3D). In cases where we 

found a concentration-dependent effect, however, this difference always increased as a 

function of increasing concentration. These results suggest that as concentration is 
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increased, the animal’s performance in an olfactory discrimination task should also be 

enhanced. Based on our statistical analysis, we selected a subset of odorant pairs for 

matched behavioral analysis by calculating the slope of the linear regression for each 

odorant pair. The three pairs selected produced the highest (MES vs. LIN; slope = 0.462), 

an intermediate (ZHP vs. LIN; 0.273) and the lowest (LIN vs. NEL; 0.096) slope values 

(Fig. 3D).   

Behavioral results from olfactory conditioning trials match the ensemble data 

 Given that both the within-odor and between-odor AL ensemble responses 

become increasingly distinct as concentration disparity increases (Figs. 2, 3), we 

hypothesized that the moths’ conditioned response should also improve as a function of 

stimulus concentration. To test this prediction, we conditioned moths to associate a food 

reward with a single odorant using a high stimulus concentration to ensure that 

differences in stimulus salience did not affect learning (Skiri et al. 2005; Wright and 

Smith 2004). We then tested their conditioned responses as a function of increasing 

odorant intensity, using the same concentration series as used in the ensemble recording 

studies. Figure 4 shows that the conditioned response probability improved as a function 

of the test-stimulus concentration, and this enhancement occurred independently of the 

odorant used as the CS. Clearly, however, we also observed different detection thresholds 

for different odorants (Fig. 4). Detection thresholds were calculated against controls (1-

tailed t-test; p<0.01; asterisks in Fig. 4), and the results clearly showed that the behavioral 

threshold could differ by as much as 3 orders of magnitude depending on the odorant 
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used as the CS. Conditioned responses showed the lowest threshold for LIN (≤10ng; Fig. 

4A) and the highest for NEL (≤10,000ng; Fig. 4B).  

 Finally, we wanted to know how stimulus intensity affects olfactory 

discrimination in M. sexta. In order to test the biological relevance of our 

electrophysiological data and to characterize the effect of increasing concentration on the 

animals’ ability to respond differentially to a reinforced vs. a non-reinforced olfactory 

stimulus, we employed a discrimination-learning protocol developed specifically for M. 

sexta (Daly and Smith 2000; Daly et al. 2001). We again conditioned moths to a high 

concentration and tested them with stepwise increases in concentration of both a 

reinforced conditioned stimulus (CS+) and a non-reinforced stimulus (CS─; see 

Methods). For these experiments, the threshold for discrimination was defined as a 

significant increase in response to the CS+ relative to the CS─ for a given concentration 

(1-tailed t-test; p<0.01). As summarized in Figure 5, the pattern revealed in the 

differential conditioning experiments could be predicted from the analysis of our neural-

ensemble recordings (Fig. 3). That is, an increase in stimulus concentration led to a 

gradual enhancement of discrimination. Furthermore, as in the case of the individual 

odorants (Fig. 4), different odorant pairs yielded different discrimination thresholds (Fig. 

5). For example, in assessing the discrimination of MES vs. LIN and ZHP vs. LIN, we 

found that the threshold for a significant differential conditioned response for the first 

pair was ≤ 1000ng (Fig. 5A), while that for the second pair was ≤100ng (Fig. 5B). In 

addition, when we assessed discrimination as a function of which odorant served as the 

CS+, the discrimination functions in all cases were significantly asymmetric. For 
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example, in the case of discriminating LIN vs. NEL, when LIN was used as the CS+, a 

significant differential response between CS+ and CS─ occurred at ≤ 10ng (Fig. 5C). 

Conversely, when NEL was the CS+ there was no evidence of a significant differential 

response in the predicted direction (Fig. 5D). This effect may be explained by the 

dramatic difference in the behavioral detection thresholds for these two odorants 

(compare Figs. 4A and B). In accordance with the single-odorant data, NEL did not elicit 

a conditioned response except at the highest concentration (Fig. 4B).  

As stimulus concentration increased, we furthermore observed a progressively 

greater divergence in the conditioned response probabilities for the CS+ and CS─ (Fig. 

5A, B). Correlation analysis of this divergence effect with matched measures of net 

distances from the ensemble data (Fig. 3D) revealed high correlations for ZHP vs. LIN (r

= 0.97) and for MES vs. LIN (r = 0.88), but a moderate negative correlation for LIN vs. 

NEL (r = - 0.38). In this latter case, the negative correlation is attributable to the CS─

(LIN) eliciting a greater response probability across concentrations than the CS+ (NEL). 

 

Discussion 

Our results show that the responses of neural ensembles that define different 

odorants across the array of olfactory glomeruli become more distinct as stimulus 

intensity increases. They furthermore show that the degree of difference between these 

population responses at the first stage of processing correlates with the animal’s 

performance in an olfactory discrimination task. Some studies have reported that the 

central responses evoked by olfactory stimulation are concentration invariant (Joerges et 
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al. 1997; Wachowiak et al. 2002), while others have shown that additional glomeruli are 

recruited as concentration is increased (Carlsson and Hansson 2003; Ng et al. 2002; 

Sachse and Galizia 2003; Skiri et al. 2004; Wang et al. 2003). Our data are consistent 

with the latter view.  Behavioral studies in several insect species also suggest that 

olfactory discrimination improves with concentration (Bhagavan and Smith 1997; Pelz et 

al. 1997; Skiri et al. 2005; Wright and Smith 2004).  Elevated activity in a greater number 

of glomeruli leads to an increase in the quantity and/or quality of information being 

processed in the AL, and this could provide a greater neural substrate for improved 

behavioral discrimination. A few studies have examined the relationship between 

physiological responses in the olfactory system and behavioral performance in an 

olfactory discrimination task (Daly et al. 2004; Guerrieri et al. 2005; Kay and Laurent 

1999; Linster and Hasselmo 1999), but ours is the first study to directly compare the 

patterns of neural responses in the brain to the animal’s ability to discriminate odorants 

across a range of stimulus intensities. These results demonstrate that ensemble responses 

at the first stage of processing can serve as key predictors of the animal’s olfactory-driven 

behavior. 

 It is important to point out that our ensemble-recording method sub-samples only 

a fraction of the total population of AL neurons, and thus we did not necessarily expect a 

good correlation between AL activity and behavior. Nevertheless, in spite of the small 

ensemble sizes, our results revealed that the statistical difference between the ensemble 

responses for two odorants increases as a function of stimulus intensity in a manner that 

predicts our behavioral results. For example, the net distance between population 
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trajectories for the odorant pair MES vs. LIN showed the most significant increases with 

concentration (Fig. 3D). This finding led to the prediction that behavioral discrimination 

for this stimulus combination should also increase with stimulus intensity, and this was 

confirmed by the discrimination bioassays (Fig. 5A). Likewise, for ZHP vs. LIN, the 

ensemble data again suggested an enhancement of neural discrimination as a function of 

concentration (Fig. 3D), and this was again confirmed by the behavioral data (Fig. 5B). 

Our ensemble data demonstrate, therefore, that as the concentration of an odorant 

increases, the spatiotemporal pattern of evoked activity in the AL network changes (see 

also Stopfer et al. 2003). In the case of discrimination, increased complexity in the 

patterns evoked by two odorants facilitates a greater separation between their glomerular 

representations (Ng et al. 2002; Sachse and Galizia 2003), and these revised neural 

representations therefore provide a richer neural substrate for improved discrimination in 

the behavioral bioassays. 

For one pair of odorants, a lack of a concentration effect in the ensemble data also 

accurately predicted the outcome of the matched behavioral discrimination task. When 

two related monoterpenoids (LIN and NEL) were compared, the ensemble analysis 

predicted that these two odorants would be poorly discriminated at all concentrations 

(LIN vs. NEL in Fig. 3D). The data from the behavioral experiments in which NEL was 

used as the CS+ support this prediction as both the CS+ and the CS─ produced similar, 

flat dose-response functions (Fig. 5D). While moths were unable to discriminate NEL 

(CS+) from LIN (CS─), they could readily discriminate the two stimuli when LIN was 

used as the CS+ (Fig. 5C). One likely explanation for this curious result is derived from 
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the flat dose-response curve for NEL in the detection-threshold bioassay (Fig. 4B), which 

suggests a low sensitivity/salience in M. sexta for this particular odorant. Alternatively, 

NEL could be an odorant that has an innate behavioral significance that would not 

normally elicit a feeding response, such as vegetative odorants that are released in 

response to mechanical damage of a host plant (Baldwin 1998; Daly et al. 2001; Kessler 

et al. 2004). Although definitive functional evidence for an innate biological relevance of 

NEL is lacking in M. sexta, odorants that carry an innate meaning can disrupt learning, 

and thus can affect the outcome of our appetitive learning bioassay.   

Our data demonstrate that different concentrations of the same odorant are 

distinguished by their ensemble representations in the AL, but we cannot conclude that 

these different representations lead to qualitatively different perceptions. In behavioral 

studies in animals as diverse as flies and humans, the perceived quality of a single 

odorant can change from attractive to repellant as concentration increases (Charro and 

Alcorta 1994; Gross-Isseroff and Lancet 1988; Kim et al. 1998; Stensmyr et al. 2003), 

suggesting that at least some odors can take on a different biological meaning at higher 

concentrations. Several studies have demonstrated that animals can be trained to 

distinguish between subtly different olfactory signals, such as different concentrations of 

the same odorant (Bhagavan and Smith 1997; Ditzen et al. 2003; Pelz et al. 1997; Wright 

and Smith 2004) or different blend ratios of the same binary combination of odorants 

(Abraham et al. 2004; Uchida and Mainen 2003).  It is reasonable to conclude from these 

studies that the animal subjects were able to detect a difference between the two stimuli, 

but it is not possible to confirm whether the stimuli were perceived to be qualitatively 
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different. To date, this has been shown to be the case for only a small number of olfactory 

stimuli in humans (Gross-Isseroff and Lancet 1988; Pause et al. 1997). 

 Our neural-ensemble recording data demonstrate that a relatively small population 

of AL neurons can differentiate four log-steps in odorant concentration starting at 1ng/µl, 

and that the population-response trajectories for different odorants systematically diverge 

as concentration increases. The trend in the population responses was furthermore 

predictive of the behavioral data, which also showed that both stimulus salience and 

discrimination improved with concentration. We therefore conclude that the ability of M. 

sexta moths to discriminate plant-derived odorants is maximized at elevated, but 

nevertheless physiologically meaningful, stimulus intensities. One consequence of 

elevating the concentration of an odorant is cross reactivity with receptors that are 

maximally sensitive to other ligands (Carlsson and Hansson 2003; Sachse and Galizia 

2003; Wang et al. 2003; Hallem et al. 2004).  We hypothesize that the increased 

processing load placed on the AL under elevated stimulus conditions serves a functional 

role in recruiting olfactory channels at the sensory and glomerular levels that can enhance 

the combinatorial discrimination of different ambient odorants. 
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Figures 

Figure 1. 

Responses of individual units vary with odor concentration. A-D: perievent 

rasters and histograms (averaged over 5 trials) illustrating the different types of response 

exhibited by individual units to the presentation of single odorants across a range of 

concentrations. Each column shows responses to increasing concentrations of linalool (A-

C) or methyl salicylate (D) delivered in a train of five 200-ms pulses (bottom trace). E:

response-magnitude profile of a 9-unit ensemble tested with increasing concentrations of 

methyl salicylate. Units are organized by response types shown in A-D and labeled by 

electrode shank (S) and unit number (U). Color-coded matrix values represent mean 

odor-evoked firing rate normalized between maximum (+1) and minimum (─1). Non-

significant responses (NR) are shown in black. F: population vectors averaged across all 

ensembles and all odorants. 

 

Figure 2.    

PCA analysis revealed that within-odorant ensemble responses are more 

distinguishable as the difference between two concentrations increases. A: the Euclidean 

distance scores representing ensemble similarity in one experiment were displayed 

graphically (color-coded plots) to show their time course across the 1-s response window 

(X-axis). The panel is divided into four blocks with each block showing the vectors 
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associated with a single concentration step (1-4 log steps were compared).  Within each 

block, the five rows are the distance scores calculated separately for the five odorants (1-

5, from top to bottom: Z-3-hexenyl propionate [ZHP], nerolidol [NEL], methyl salicylate 

[MES], linalool [LIN], amyl salicylate [AMS]). These plots show that the peak of the 

response deviation (hot colors), irrespective of the odorant, is always time-locked to the 

200-ms stimulus (bar in part C), and the magnitude of the deviation increases with 

concentration disparity. B: distance scores within each block were averaged across all 

odorants to obtain the mean scores for each concentration step. C: distance scores in part 

B were then averaged across all experiments (n = 5) to obtain the grand mean- distance 

scores. These plots illustrate that the peak of the response deviation (hot colors), 

irrespective of the odorants paired, is always time-locked to the 200-ms stimulus (bar

beneath plots), and the magnitude of the deviation increases with concentration.  Inset:

mean distance scores calculated during the peak response deviation (see Methods), 

averaged for each concentration step and across all odorants (ANOVA; * p < 0.05; ** p <

0.005). 

 

Figure 3. 

Across-odorant ensemble responses are more distinguishable as stimulus 

concentration increases. A: distance scores between ensemble responses plotted over time 

as in Fig. 2. The panel is divided into five blocks, with each block showing the scores 

associated with one stimulus concentration (from 1 to 10,000 ng).  Within each block, the 

rows are the distance scores for all ten odor combinations (from bottom up, AMS vs. 
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LIN, AMS vs. MES, AMS vs. NEL, AMS vs. ZHP, LIN vs. MES, LIN vs. NEL, LIN vs. 

ZHP, MES vs. NEL, MES vs. ZHP, and NEL vs. ZHP – see legend to Fig. 2 for 

abbreviations).   B: distance scores within each block were averaged across all odor 

combinations to obtain the mean distance plots for each concentration. C: distance scores 

in part B were then averaged across all experiments (n = 5) to obtain the grand mean 

distance-by-time plots. Inset: mean distance scores for all odorant pairs, averaged for 

each concentration (* p< 0.05; ** p< 0.01; *** p< 0.001; **** p< 0.0005). D: mean 

distance scores calculated separately for MES vs. LIN, ZHP vs. LIN, and LIN vs. NEL, 

from 1 to 10,000 ng. These odorant pairs were also selected for use in the behavioral 

bioassays, as described in Figs. 4 and 5. 

 

Figure 4. 

Behavioral response in an olfactory conditioning bioassay also improves as a 

function of stimulus intensity. A-D: probability of a conditioned feeding response as a 

function of stimulus concentration when linalool (LIN), nerolidol (NEL), methyl 

salicylate (MES), or Z-3-hexenyl propionate (ZHP) was used as the CS. Data are given as 

mean ± SEM, and asterisks indicate the CS concentration at which the response 

probability was significantly above that produced by a blank (one way t-test; n=60/group; 

p<0.01). Data are fitted with a 3rd-order polynomial regression line.  

 

Figure 5. 
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Behavioral response in an olfactory discrimination bioassay also improves as a 

function of stimulus intensity. A-D: probability of a conditioned feeding response to the 

reinforced stimulus (CS+) and to the non-reinforced stimulus (CS─) as a function of 

increasing concentration. Data are given as mean ± SEM, and asterisks indicate the 

concentrations at which response probability for the CS+ was significantly different than 

that produced by the CS─ (one way t-test; n = 60/group; p<0.01).  Data are fitted with 3rd-

order polynomial regression lines. D: response curves explaining the relationship 

between NEL (CS+) vs. LIN (CS─) show that there was a significant difference in 

response probability between the two stimuli at the 0.1 and 1.0 µg dilutions, but the 

responses to CS─ were greater than those to CS+. This paradoxical result could be related 

to the reduced saliency of M. sexta to NEL as an appetitive stimulus and points to the 

need for careful selection of stimuli in olfactory discrimination tasks. 
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APPENDIX C 

PHYLOGENY OF A SEROTONIN-IMMUNOREACTIVE NEURON IN THE 

PRIMARY OLFACTORY CENTER OF THE INSECT BRAIN 
Dacks, Andrew M.1, Christensen, Thomas A.1, Hildebrand, John G.1

1. Arizona Research Laboratories, Division of Neurobiology, University of Arizona, P.O. Box 210077, Tucson, AZ 85721-0077 

 
Abstract:

Serotonin (5-hydroxytryptamine, 5HT) functions in insects as a neurotransmitter, 

neuromodulator, and neurohormone. In the sphinx moth Manduca sexta, each of the 

paired antennal lobes (ALs, the primary olfactory centers in the insect brain) has one 

5HT-immunoreactive (5HT-ir) neuron that projects into the protocerebrum, crosses the 

posterior midline, and innervates the contralateral AL referred to as the contralaterally-

projecting, serotonin-immunoreactive deutocerebral (CSD) neuron. These neurons are 

thought to function as centrifugal modulators of olfactory sensitivity. To examine the 

phylogenetic distribution of 5HT-ir neurons apparently homologous to the CSD neuron, 

we imaged 5HT-like immunoreactivity in the brains of 40 species of insects belonging to 

38 families in 9 orders. CSD neurons were found in other Lepidoptera, Trichoptera, 

Diptera, Coleoptera, and Neuroptera, but not in the Hymenoptera. In the paraneopteran 
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and polyneopteran species (insects that undergo incomplete metamorphosis) examined, 

AL 5HT neurons innervate the ispsilateral AL and project to the protocerebrum. Our 

findings suggest that the characteristic morphology of the CSD neurons originated in the 

holometabolous insects (those that undergo complete metamorphosis) and were lost in 

the Hymenoptera. In a subset of the Diptera, the CSD neurons branch within the 

contralateral AL and project back to the ipsilateral AL via the antennal commissure. The 

evolution of AL 5HT neurons is discussed in the context of the physiological actions of 

5HT observed in the lepidopteran AL. 

 

Introduction:

Serotonin (5-hydroxytryptamine, 5HT) is a biogenic amine found throughout the 

animal kingdom. In invertebrates it functions as a neurotransmitter, neuromodulator, and 

neurohormone affecting behaviors as diverse as aggression (Kravitz and Edwards, 1997; 

Stevenson et al., 2000, 2005), motor pattern generation (Claassen and Kammer, 1986; 

Crisp and Mesce, 2003), learning (Mercer and Menzel, 1982; Menzel et al., 1999; 

Kandel, 2001), and circadian rhythms (Saifullah and Tomoika, 2002; Wildt et al., 2004; 

Yuan et al., 2005). 5HT also has been found to modulate olfactory sensitivity in the 

Lepidoptera (moths and butterflies) both peripherally (Dolzer et al., 1999; Grostmaitre et 

al., 2001) and centrally (Kloppenburg and Hildebrand, 1995; Mercer et al., 1995, 1996; 

Kloppenburg and Heinbockel, 2000; Hill et al., 2003; Gatellier et al., 2004). 

In the antennal lobes (ALs, the paired primary olfactory centers in the insect 

brain) of Manduca sexta, 5HT increases the excitability of both projection (output) 
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neurons and local interneurons (Kloppenburg and Hildebrand, 1995; Mercer et al., 1995, 

1996; Kloppenburg et al., 1999), suggesting that 5HT acts as a neuromodulator that 

increases olfactory sensitivity. This idea is supported by results of behavioral experiments 

in the silk moth, Bombyx mori, using 5HT agonists and antagonists and showing that 5HT 

increases the responsiveness of male moths to the conspecific female’s sex pheromone 

(Gatellier et al., 2004). Moreover, in the ALs of the moths M. sexta (Kloppenburg et al., 

1999) and B. mori (Gatellier et al., 2004), 5HT titers show a daily rhythm, peaking at 

times when adults are engaged in olfactory-guided behavior such as searching for mates 

or hostplants. This suggests that in these species, 5HT increases the olfactory sensitivity 

of the ALs during periods when adult moths require greatest olfactory acuity. Injected 

5HT eliminated the circadian rhythmicity of sensitivity to sex pheromone in the moths 

Trichoplusia ni and Lymantria dispar, such that males were sensitive to sex pheromone at 

all times of the day (Linn and Roelofs, 1986 and Linn et al., 1992, respectively). These 

studies suggest that 5HT functions within the lepidopteran AL at least as a circadian 

modulator of olfactory sensitivity. 

Each AL of M. sexta and B. mori is innervated by a single 5HT-immunoreactive 

(5HT-ir) neuron whose soma resides in the lateral group of neuronal somata in the 

contralateral AL (a schematic representation of this neuron is shown in Figure 2C). This 

contralaterally projecting, 5HT-ir deutocerebral neuron (CSD neuron) projects dorso-

posteriorly into the protocerebrum, crosses the midline posterior to the central body (CB) 

but anterior to the calyces of the mushroom bodies, extends neurites laterally in both 

protocerebral hemispheres (branching most extensively in the contralateral 
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protocerebrum), continues anteriorly to the contralateral AL, and terminates with 

arborizations in all of the glomeruli (Kent et al., 1987; Hill et al., 2002; Sun et al., 1993). 

Intracellular staining of this neuron with Lucifer Yellow demonstrated spine-like 

specializations of its neurites in the lateral protocerebrum (Hill et al., 2002), which may 

be areas of input for the CSD neuron. Intracellular recordings from the CSD neuron in B. 

mori demonstrated that it responds to mechanical (e.g. wind) stimulation of the antenna, 

suggesting that the CSD neuron releases 5HT within the AL (Hill et al., 2002) while adult 

moths are in flight. Thus this neuron may release 5HT when the antennae are 

mechanically stimulated and contains the highest concentrations of 5HT when the moths 

are most active, potentially providing increased olfactory sensitivity when adults are 

highly dependent on their olfactory systems. 

 Diverse insect species have been used as models for studies of olfactory 

information processing. It is important to understand, however, that the results obtained 

in one group of insects may not apply to another group. In this study, we seek to clarify 

one aspect of this issue in olfactory research, namely the phylogenetic distribution of the 

CSD neurons, by examining the morphology of 5HT-ir neurons that innervate the ALs of 

a variety of different insect groups.  By comparing the brains of a variety of insects we 

can seek to understand the evolution of specific neural structures over time (Sakharov, 

1974) . In honey bees, Apis mellifera, the ALs are innervated by 5HT-ir neurons that do 

not reside within the AL and do not cross through the midline of the brain (Rehder et al., 

1987), but in the flour beetle, Tenebrio molitor, each AL is innervated by a neuron 

morphologically very similar to the CSD neurons of M. sexta and B. mori (Wegerhoff, 
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1999). In the paraneopteran and polyneopteran insects (i.e. insects with incomplete 

metamorphosis, with immature stages and adults sharing similar lifestyles), none of the 

species studied to date possesses 5HT-ir neurons that cross the midline to innervate the 

contralateral AL as observed for the CSD neuron, although the source of 5HT-ir in the 

AL has been fully described only in American cockroaches, Periplaneta americana 

(Salecker and Distler, 1990) and locusts, Schistocerca gregaria (Ignell, 2001), both of 

which are polyneopteran insects. These findings indicate that the 5HT-ir neurons that 

innervate the ALs of different groups of insects are morphologically distinct and 

therefore suggest that 5HT may play different functional roles in different taxa. Thus, 

before extrapolating the extensive findings about the effects of 5HT in the AL of M. sexta 

to other insects, it is necessary first to characterize what groups of insects have neurons 

that are morphologically similar to the CSD neurons of M. sexta. The purpose of this 

study was to determine the phylogenetic distribution of CSD neurons of the type first 

described in M. sexta (Kent et al., 1987) and to examine the morphological stability of 

such neurons through evolution, noting alterations to the general morphology of the CSD 

neuron within specific groups of insects. 

 

Materials and Methods:

Animals.

Many of the insects used in this study were collected near Tucson, Arizona. 

Smicridea fasciatellus and the Seteodes sp. were caught in Parker, Arizona; Simulium 

vittata were provided by E. Gray of the University of Georgia; and Colymbetes fuscus,
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Oncopeltus fasciatus, and Neobellieria bullata were purchased from Carolina Biological 

Supply Co. (Burlington, NC). Many of the insects examined were generously provided 

by researchers at the University of Arizona. Specimens of Pieris rapae, Battus philenor,

and Rhagoletis juglandis were provided by E. Snell-Rood, L. Carston and Dr. D. Papaj; 

Drosophila melanogaster, by Dr. K. Zinsmaier; Phaenicia sericata, by Drs. J. Douglass 

and N. Strausfeld; Bombus impatiens, by A. Paulk and Dr. W. Gronenberg; and Aedes 

aegypti, Dr. M. Wells and Robin Roche. M. sexta were raised and maintained in the 

rearing facility of the Arizona Research Laboratories Division of Neurobiology, as 

previously described (Christensen and Hildebrand, 1987). For all species examined, a 

minimum of 4 individuals were treated for 5HT immunocytochemistry. Insects collected 

in the field were identified using the University of Arizona’s insect collection or with the 

assistance of Carl Olson, Associate Curator of insect collections at the University of 

Arizona except for Tegeticula elatella (Pellmyr, 1999), Prodoxus quinquepunctellus 

(Althoff et al., 2001), and Smicridea fasciatellus (Dr. R. Smith, personal communication). 

The majority of insects were identified to species; those that were identified only to genus 

are indicated with “sp.” following the genus name. 

 

5HT immunocytochemistry  

Brains were dissected under saline solution (Christensen and Hildebrand, 1987), 

immersed in 4% paraformaldehyde fixative solution and incubated overnight at 4oC, and 

then washed the following day in phosphate-buffered saline (PBS, pH 7.4) and embedded 

in 1% low-melting agarose. Brains were sectioned at 100-150 µm using a vibrating 
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microtome (Technical Products International, St. Louis, MO) in frontal, horizontal, and 

sagittal orientations. Sections were then washed with PBS with 0.5% Triton 100 (PBST), 

blocked for 1 hr (2% normal goat serum), and incubated overnight at room temperature 

with primary antibody (1:4,000 rabbit anti-5HT, Immunostar, Hudson, WI). The sections 

were washed again the following day, blocked, and then incubated overnight at room 

temperature with Cy3-labeled secondary antibody (1:500 goat anti-rabbit, Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) in PBST. Sections of brains with 

anterogradely stained ALs (see below), by contrast, were treated with Alexa 488 (1:500 

goat anti-rabbit, Molecular Probes, Invitrogen, Carlsbad, CA). The following day 

sections were washed, cleared in an ascending glycerol concentration series (40%, 60%, 

80%), and mounted on slides in 80% glycerol. In pre-adsorption controls previously 

conducted by Beltz and Kravitz (1983), the 5HT-antisera showed no cross-reactivity to 5-

hydroxytryptophan, 5-hydroxyindole, 5-hydroxyindole-3-acetic acid, or dopamine in Bn-

SA/HRP-labeling assays (Immunostar Inc., histochemical serotonin antisera specification 

sheet). This antibody was raised against bovine serum albumin (BSA) conjugated to 

serotonin, so to ensure that the antibody was not recognizing a BSA epitope we 

performed preadsorption controls with BSA in which the primary antibody was incubated 

at room temperature overnight with 1mg/ml BSA.  The BSA pre-adsorptions had no 

effect on tissue labeling (Figure 1) indicating that the anti-5HT antibody recognizes an 

epitope of the 5HT molecule.  Controls in which primary antibody was omitted showed 

no tissue labeling (data not shown).  
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Anterograde staining of antennal nerves 

Anterograde staining of antennal nerves toward the ALs of flies entailed 

restraining the flies in cut Eppendorf tubes, piercing an antenna with a Minuten pin 

coated with dextran tetramethyl rhodamine crystals (Molecular Probes, Invitrogen, 

Carlsbad, CA), and sealing the perforation with petroleum jelly. The flies were fed to 

ensure survival, and the dye was allowed to penetrate the antennal nerve to the AL 

overnight. Brains then were dissected and prepared for 5HT immunocytochemistry as 

described above. 

Acquisition and preparation of images 

Fluorescent preparations were viewed with a laser-scanning, confocal microscope 

(Nikon E 800 with Nikon PCM 2000) equipped with green HeNe and argon lasers and 

appropriate filters. Images were acquired and digitized at intervals of 2 µm for 20X 

magnification and at 1 µm for 60X magnification through the depth studied. Each neuron 

was carefully followed through each optical section to determine its projection pattern 

and stacks of optical sections were made to best illustrate morphological features of 

specific 5HT-ir neurons.  Each character reported was determined by verifying it’s 

presence in the majority of preparations available, and no descriptions were based on 

observations in single preparations. The digitized images were modified only to enhance 

contrast. Image processing and labeling were performed using Simple PCI (Compix, 

Cranberry Township, PA) and Corel Draw 9.0 (Corel, Ottawa, Ontario, Canada).  All 
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images were inverted to produce a black on white image, with the exception of the double 

labeled preparations. 

 

Results:

For larger orders (e.g. Coleoptera, Diptera, and Lepidoptera), representatives from 

distantly related families were examined to provide a more accurate picture of 

morphological diversity within that order. Table 1 lists all of the species examined in this 

and other studies in which the source of AL 5HT-ir was fully described. Figure 2A is a 

scheme of a recently published phylogeny of the insect orders (adopted from Grimaldi 

and Engel, 2005), which illustrates the phylogenetic relationships of the species 

examined in this and previous studies. Four criteria were used as evidence that a 5HT-ir 

AL projection pattern may be homologous to the CSD neuron described in M. sexta: (1) 

the soma resides in the lateral portion of the AL, (2) the primary neurite crosses the 

midline posterior to the CB, (3) collaterals project into the lateral regions of the 

protocerebrum, and (4) the neuron innervates the contralateral AL. 

 

5HT-immunoreactivity in ALs of lepidopterans (moths and butterflies) and trichopterans 

(caddisflies) 

 The anatomy of the CSD neuron in the Lepidoptera has been described only in M. 

sexta and B. mori (Kent et al., 1987 and Hill et al., 2002, respectively); a schematic 

representation of this neuron is provided in Figure 2C and 13A. Each AL of M. sexta is 

innervated by a single CSD neuron whose cell body resides in the lateral group of AL 
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neurons (Kent et al., 1987). The CSD neuron projects postero-dorsally past the CB (Fig. 

3A), crosses the posterior midline of the brain (Fig. 3B), and returns anteriorly to arborize 

in all of the glomeruli of the contralateral AL (Fig. 3A). The terminal branches of this 

neuron densely arborize in the basal region of each glomerulus (Fig. 3A inset), 

suggesting that the 5HT-ir neuron has processes in close apposition to the neurites of 

projection neurons and local interneurons of the AL. 

Because these two species of moths represent only a small sample of lepidopteran 

diversity, we examined increasingly distantly related lepidopterans. The moths Acontia 

cretata (Noctuidae) and Ctenucha venosa (Arctiidae) had 5HT-ir neurons in each of their 

ALs (Fig. 3C and D, respectively) with morphology similar to that observed in M. sexta 

(Fig. 3A and B). The characteristic morphology of the CSD neuron also was observed in 

the butterflies Battus philenor (Papilionidae) (Fig. 3E and F) and Pieris rapae (Pieridae) 

(Fig. 3G). We then examined two species of more basal Lepidoptera. The ALs of the 

moths Tegeticula elatella (Fig. 4A and B) and Prodoxus quinquepunctellus (Fig. 4C and 

D) have 5HT-ir neurons closely resembling the CSD neuron. Thus, the ALs of all of the 

Lepidoptera examined (representing ~125 million years of evolutionary time; Grimaldi 

and Engel, 2005) are innervated by 5HT-ir CSD neurons. As in M. sexta and B. mori, the 

arborizations of these neurons occupied the basal region of each glomerulus (Fig. 3A 

inset, 3E and 4C inset). 

 We next investigated the morphology of 5HT-ir neurons in the ALs of two 

species of Trichoptera, the order most closely related to the Lepidoptera (Fig. 2A). As in 

the Lepidoptera we examined, there was a single 5HT-ir neuron in each AL of Smicridea 
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fasciatellus (Hydroscopidae) (Fig. 5A and B) and of a Seteodes sp. (Leptoceridae) (Fig. 

5C and D). In both cases these 5HT-ir neurons were morphologically similar to the CSD 

neuron of the Lepidoptera. Their 5HT-ir arborizations in the ALs of both of these species 

of Trichoptera, however, did not have the basal glomerular polarity characteristic of the 

CSD neurons in the Lepidoptera, nor did the arborizations appear to be strictly limited to 

the glomeruli (Fig. 5D). 

 

5HT-immunoreactivity in ALs of dipterans (true flies) 

The Diptera are divided into the Brachycera and Nematocera. Figure 2B is a 

schematic phylogenetic tree (adapted from Grimaldi and Engel, 2005) illustrating the 

putative evolutionary relationships amongst the brachyceran flies. Within the Diptera 

(Fig. 6 and 7), the morphology of the 5HT-ir neurons in each AL is very similar to that 

observed in the Lepidoptera. We found, however, that the CSD neurons of a specific 

group of flies had developed an additional morphological feature. In Neobellieria bullata 

(Sarcophagidae) each CSD neuron projects to and arborizes in the contralateral AL as in 

the Lepidoptera, but from there it projects further, across the anterior midline, to 

innervate the ipsilateral AL (Fig. 6A). Figure 6B shows a higher magnification of this 

additional branch in the ALs of the blowfly Phaenicia sericata (Calliphoridae). Thus, the 

CSD neurons of N. bullata and P sericata cross both the posterior midline (Fig. 6A), and 

the anterior midline (Fig. 6A and B).  A schematic representation of the morphology of 

the CSD neuron of adult Brachycera is provided in Figure 13B. 
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In contrast to other insects, the axons of olfactory receptor neurons in the 

antennae of brachyceran flies innervate both ALs, forming a tract (the antennal 

commissure or AC) across the anterior midline connecting both ALs. Anterograde 

staining of one antennal nerve of P. sericata, in addition to 5HT immunocytochemistry, 

revealed that the additional branch of the CSD neurons in these flies extend across the 

midline to the ipsilateral AL via the AC (Fig. 6C). Although the arborizations of the CSD 

neuron of P. sericata do not appear to be restricted to the basal regions of the glomeruli 

(Fig. 6A and B), they also do not appear to overlap with the terminals of olfactory 

receptor neurons (Fig. 6D). In addition to the branches of the CSD neurons, two branches 

of other 5HT-ir neurons, distinct from the CSD neurons, also crossed the anterior midline 

(albeit not via the AC) to innervate the lateral accessory lobes (LALs; Figs. 6A, E, and F 

and 7C and D). Similar 5HT-ir neurites can be seen in the Lepidoptera (e.g. Fig. 3A) and 

the Coleoptera (Fig. 10B, D, E, and F). 

Mindful that the CSD neuron in M. sexta is present throughout postembryonic 

development (Kent et al., 1987), we asked if the additional collateral of the CSD neurons 

in P. sericata are present throughout metamorphosis or if it develops during pupal-adult 

development as does the AC (Jefferis et al., 2004). As in adult P. sericata, the cell bodies 

of the larval CSD neurons reside lateral to the ALs (Fig. 6E) and project posteriorly to 

cross the midline (Fig. 6F), but in the larvae the CSD neurons do not produce a collateral 

branch that extends from the contralateral AL back to the ipsilateral AL across the 

anterior midline (Fig. 6E). 
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We then sought to determine at what point within the Diptera this projection into 

the ipsilateral AL evolved and if it always occurs in flies that have an AC. In the ALs of 

Drosophila melanogaster (Drosophilidae) and Rhagoletis juglandis (Tephritidae), the 

CSD neuron crossed the anterior midline via the AC (Fig. 6G and H, respectively). In 

contrast, the CSD neurons of Volucella fornax (Syrphidae) (Fig. 7A) did not cross the 

anterior midline despite the presence of an AC (as demonstrated by anterograde staining 

of one antennal nerve, resulting in rhodamine dye in both ALs). This was also the case 

for the CSD neurons in Condylostylus sp. (Dolichopodidae) (Fig. 7B), Aphoebantus sp. 

(Bombyliidae) (Fig. 7C), and Hermitia illucens (Stratiomyidae) (Fig. 7D). This indicates 

that the secondary 5HT-ir branch that innervates the ipsilateral AL arose in the 

schizophoran flies, as it is present in neither an aschizan fly (V. fornax; Fig. 7A) nor more 

basal brachyceran flies (Fig. 7B-D). The presence of an AC therefore does not predict the 

presence of this collateral branch in the CSD neuron, as the CSD neurons of some species 

of flies with ACs do not have a branch that crosses the anterior midline. 

 We also examined two species of nematoceran flies, Aedes aegypti (Culicidae) 

and Simulium vittata (Simuliidae), and found a single neuron in each AL that crosses the 

posterior midline to innervate the contralateral AL (Fig. 7E and F, respectively), as 

observed in the Lepidoptera, Trichoptera, and non-scizophoran flies. Thus the flies 

examined in this study (representing ~250 million years of evolutionary time) all have a 

5HT-ir AL neuron homolog to the lepidopteran CSD neuron, although the 5HT-ir AL 

neuron of the scizophoran flies has an extra structural feature allowing innervation of 

both ALs. 
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5HT-immunoreactivity in ALs of hymenopterans (bees, wasps, ants and sawflies) 

 The only species of hymenopteran for which a 5HT-ir neuron in the AL has been 

described in great detail is the honey bee, Apis mellifera (Apidae) (Rehder et al., 1989). 

This neuron is morphologically distinct from the CSD neuron first described in the 

Lepidoptera. In the honey bee, each AL is innervated by a single 5HT-ir fiber that 

completely fills each glomerulus, projects posteriorly to the protocerebrum and then 

ventrally into the sub-esophageal ganglion (SEG), and finally exits the SEG via the 

ipsilateral cervical connective (Rehder et al., 1989). A schematic representation of the 

morphology of this neuron is provided in Figure 13C.  A virtually identical morphology 

is present in the bumble bee, Bombus impatiens (Apidae). The ALs of B. impatiens are 

each innervated by 5HT-ir neurites that extend from the ALs into the SEG (Fig. 8A) and 

down the ipsilateral cervical connective (Fig. 8B). In contrast to the Lepidoptera, the 

5HT-ir fibers completely fill each glomerulus (Fig. 8A and C). It was difficult to 

determine the location of the soma of the 5HT-ir neuron that innervates the AL of B. 

impatiens. In a small number of the B. impatiens brains examined (3 of 18), there was an 

out-pouching observed on one of the 5HT-ir branches near the posterior boundary of the 

AL (Fig. 8C). It is unlikely that this is the cell body of these neurons, as there was no 

obvious nucleus visible (Fig. 8C inset) and these structures were observed only in B. 

impatiens and not in any of the other species of Hymenoptera examined. Thus, it is most 

likely that the cell body of this neuron is not in the brain, although it is possible that the 

cell body does not contain 5HT and is therefore not labeled. 
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The morphological features of the 5HT-ir neuron in the paper wasp Polistes flavus 

(Vespidae) (Fig. 8D and E) were similar to the general morphology observed in the 

honey bee (Rehder et al., 1989) and B. impatiens (Fig. 8A-C).  In contrast to the A. 

mellifera and B. impatiens, the 5HT-ir fibers in the ALs of P. flavus do not innervate all 

of the glomeruli but instead extend into only a subset of the glomeruli (Fig. 8D). This 

morphology was also observed in the potter wasp Euodynerus annulatus (Fig. 8F) and in 

two species of ants: Pogonomyrmex rugosus (Fig. 8G and H) and Camponotus laevigatus 

(Fig. 8I). The ALs of the two species of ants examined are also innervated by a second 

neuron that resides lateral to the AL and projects toward the calyces of the mushroom 

bodies (Fig. 8H). These neurons appear to innervate only a small number of the glomeruli 

in the posterior portion of the AL. It is interesting to note that while all of the glomeruli 

of P. rugosus are innervated by 5HT-ir neurites (Fig. 8G), only the glomeruli in the 

dorsal region of the AL of C. laevigatus receive 5HT-ir innervation (Fig. 8I). 

 The Hymenoptera can be divided into the Euhymenoptera (ants, bees, stinging 

wasps, and parasitic wasps) and the basal Hymenoptera (sawflies and wood wasps). The 

Euhymenoptera consist of the Aculeata (bees, ants, and other stinging wasps) and a very 

diverse suite of parasitic wasps, for which the phylogenetic relationships have not yet 

been resolved (Grimaldi and Engel, 2005). Unlike the Aculeate Hymenoptera examined 

(Fig. 8), the ALs of other euhymenopterans did not have 5HT-ir AL innervation that 

enters the brain via the cervical connective. Their ALs did not receive 5HT-ir innervation 

from neurons resembling the CSD neuron. Each AL of an Iphiaulax sp. (Braconidae) 

possesses a single neuron which produces sparse neurites within the ipsilateral AL (Fig. 
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9A). These neurons project posteriorly past the CB (Fig. 9A) and then bifurcate and send 

neurites laterally into the protocerebrum, just anterior to the calyces of the mushroom 

body (Fig. 9B), but do not return anteriorly to innervate the contralateral AL as observed 

for the CSD neuron. These morphological characteristics were also observed in wasps 

from the genus Itamoplex (Ichneumonidae) (Fig. 9C) and in the wasps Acanthochalcis 

nigricans (Chalcididae; Fig. 9D) and Leucospis affinis (Leucospidae; Fig. 9E). While 

5HT-ir neurites within the ALs of the two Ichneumonoid wasps (the Iphiaulax sp. and the 

Itamoplex sp.) are very sparse (Figs. 9A and C, respectively), the ALs of the two 

Chalcidoid wasps (Acanthochalcis nigricans and Leucospis affinis) receive more robust 

5HT-ir innervation, although it did not appear that all of the glomeruli received 5HT-ir 

neurites (Figs. 9D and E). A schematic representation of the morphology of the 5HT-ir 

AL neuron of the non-Aculeate Euhymenoptera is provided in Figure 13D.  

Unfortunately, we could not obtain any specimens of basal Hymenoptera and therefore 

were unable to determine if the morphology of CSD neuron was lost at the origin of the 

Hymenoptera or within the Hymenoptera. 

 

5HT-immunoreactivity in ALs of coleopterans (beetles) and neuropterans (lacewings and 

antlions)  

 Wegerhoff (1999) had previously reported that in the beetle Tenebrio molitor 

(Tenebrionidae) there is one 5HT-ir neuron in each AL that crosses the posterior midline 

of the brain to the contralateral AL as observed in the Lepidoptera. In view of the large 

number of species in the Coleoptera, we sampled several distantly related families of 



150

beetles spanning 260 million years of evolutionary time (Grimaldi and Engel, 2005). As 

found in the Lepidoptera, Trichoptera and Diptera, Colymbetes fuscus (Dytiscidae) has a 

CSD neuron in each AL that projects to the protocerebrum, crosses the midline posterior 

of the CB, and extends anteriorly to innervate the contralateral AL (Fig. 10A). A similar 

5HT-ir AL neuron was observed in representatives from five other distantly related 

families of beetles; Diabrotica undecapunctata (Chrysomelidae) (Fig. 10B), Pyropiga 

nigricans (Lampyridae) (Fig. 10C), Sphaenothecus vittata (Cerambycidae) (Fig. 10D), 

Cleonis saginatus (Curculionidae) (Fig. 10E), and Eleodes obscurus (Tenebrionidae) 

(Fig. 10F). As observed for the CSD neurons of the Lepidoptera, Trichoptera and 

Diptera, the CSD neurons in the Coleoptera have branches that extend into the posterior-

lateral region of the protocerebrum (most obviously seen in Fig. 10C). Unlike the 

Lepidoptera, however, there was no obvious glomerular confinement or basal polarity to 

the fine processes of the CSD neurons of any of the species of beetles examined.  

This characteristic CSD neuron-like morphology was also found in the 

Neuropterans examined in this study. Both the lacewing Chrysoperla rufilabris 

(Chrysopidae) (Fig. 10G) and the ant lion Vella Hesperus (Myrmeliontidae) (Fig. 10H) 

have a single CSD neuron in each AL that innervates the contralateral AL. In contrast 

with the Coleoptera, Diptera and Trichoptera, the CSD-like neurons in the Neuroptera 

had the glomerular confinement and polarity characteristic of the lepidopteran CSD 

neuron, as is illustrated in Figure 10I. Thus, with the exception of the Hymenoptera, all of 

the holometabolous insects (Fig. 2A) examined in this study had a 5HT-ir neuron in the 

AL with the general morphology of the CSD neuron first described in the Lepidoptera. 
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5HT-immunoreactivity ALs of hemipterans (true bugs) 

 Insects can be divided into the Holometabola (i.e. insects that undergo a complete 

metamorphosis during the pupal stage to become adults) and the Paraneoptera and 

Polyneoptera which undergo an incomplete metamorphosis to become adults. All species 

described so far in this study (Figs. 3-10) are holometabolous, thus representatives from 

paraneopteran and polyneopteran orders were examined to determine if the morphology 

of the CSD neuron is restricted to the holometabola. The Hemiptera are a paraneopteran 

order closely related to the Holometabola (Fig. 2A). Although the 5HT-ir of the AL of 

one hemipteran (Triatoma infestans: Reduviidae) has been examined (Settembrini and 

Villar, 2004), the source of this innervation was not characterized. We examined two 

species of hemipterans. Neither exhibited 5HT-ir neurons similar to the CSD neuron. 

Oncopeltus fasciatus (Lygaeidae) possesses two 5HT-ir neurons (Fig. 11A) both of which 

innervate the AL on the ipsilateral side of the brain, but which have different 

morphologies. One type of neuron branches within the AL and then projects to the 

posterior-dorsal protocerebrum (Fig. 11B). The neurites of this first type of 5HT-ir 

neuron then turn laterally away from the midline and innervate extensively throughout 

the calyces of the ipsilateral mushroom bodies (Fig. 11C and D) although they are not the 

only 5HT-ir neurons to innervate the calyces. The second type of 5HT-ir neuron projects 

from the AL ventrally (Fig. 11D) and appears to project into both the dorsal and ventral 

posterior portion of the protocerebrum (Fig. 11E). Both of these neurons were also 

observed in each AL of the hemipteran, Largus cinctus (Largidae) (Fig. 11F and G).  A 
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schematic representation of the morphology of both 5HT-ir neurons observed in these 

two species of hemipteran is provided in Figure 13E. 

 

5HT-immunoreactivity in ALs of dictyopterans (cockroaches, termites and mantids) 

 As observed in the Hemiptera, the Dictyoptera (a polyneopteran group of insects) 

do not have a 5HT-ir neuron resembling the CSD neuron of the Holometabola. Each of 

the ALs of Periplaneta americana (Blattidae) is innervated by a single 5HT-ir neuron 

whose soma resides lateral to the AL and projects posteriorly to the protocerebrum, loops 

underneath and back over the CB, and extends anteriorly into the ipsilateral AL (Salecker 

and Distler, 1990). In order to confirm that this morphology is characteristic of the super-

order Dictyoptera (and distinct from the morphology of the CSD neuron observed in the 

holometabolous insects), we examined one species of mantid and one species of termite. 

There is one 5HT-ir soma in the lateral portion of each AL of the praying mantis 

Stagmomantis californica (Mantidae) (Fig. 12A). As observed in P. americana the 5HT-

ir neuron in the AL of S. californica projects posteriorly under the CB and then loops 

around the CB and extends anteriorly to the ipsilateral AL (Fig. 12B and C). This neuron 

produces fine branches that ramify throughout the AL (Fig. 12A-C) both as it leaves and 

enters the AL. As the primary neurite passes under the CB, it bifurcates and sends a 

secondary neurite into the lateral portion of the protocerebrum (Fig. 12D). As with S.

californica (Fig. 12A-D) and P. americana (Salecker and Distler, 1990), the ALs of 

Pterotermes occidentis were innervated by a single 5HT-ir neuron (Fig. 12E) that 

projects to the protocerebrum (Fig. 12F) and loops back (Fig. 12G) to innervate the 
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ipsilateral AL. As with the 5HT-ir neurons innervating the ALs of the other Dictyoptera, 

this neuron sends a collateral into the lateral protocerebrum (Fig. 12G).  A schematic 

representation of the morphology of the 5HT-ir AL neuron of the Dictyoptera is provided 

in Figure 13F. 

Thus, none of the representative polyneopteran or paraneopteran species 

examined in this study has a 5HT-ir AL neuron morphologically similar to that observed 

in holometabolous species. This was also observed in another species (Schistocerca 

gregaria) belonging to another order of polyneopterous insect, the Orthoptera (Ignell, 

2001). Thus, the characteristic CSD morphology most likely originated within the 

Holometabola.  

 

Discussion 

The purpose of this study was to characterize the phylogenetic breadth of a 

morphologically distinct 5HT-ir AL neuron (the CSD neuron). Within the last few 

decades the insect AL has become widely used as a model for the study of olfaction, and 

great strides have been made in understanding olfactory processing from a variety of 

insect species. It is important, however, to understand how the circuitry of the AL has 

changed over evolutionary time, so that results from different groups of insects can be 

compared. The first step in elucidating the commonalities and differences among groups 

of insects is to document different anatomical aspects of the AL. 

This study has focused on determining the breadth of insect taxa that possess 

5HT-ir neurons in the ALs that are morphologically similar to the 5HT-ir AL neuron (the 
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CSD neuron) originally described by Kent et al. (1987).  It appears that the characteristic 

morphology of the CSD neuron is a trait of the 5HT-ir neurons that innervate the ALs of 

the Holometabola (Fig. 2A).  In addition to the polyneopteran insects described above, 

the 5HT-ir of the AL of Schistocerca gregaria (Acrididae: Orthoptera) was described in a 

study by Ignell (2001). As with the other polyneopteran insects and the paraneopteran 

insects examined, S. gregaria does not have the characteristic 5HT-ir morphology of the 

CSD neuron as observed in the ALs of the majority of Holometabola. In S. gregaria three 

5HT-ir neurons innervate the AL, all of which extend into the ipsilateral posterior 

protocerebrum and the superior lateral protocerebrum (Ignell, 2001). Thus, because 

representatives from four polyneopteran orders and one paraneopteran order lack the 

characteristic 5HT-ir morphology of the CSD neuron, it is most parsimonious to consider 

that this characteristic morphology originated with the Holometabola (Fig. 14). This 

morphology was then lost either within or at the origin of the Hymenoptera, although the 

CSD neuron morphology could have evolved twice, first in the Coleoptera and 

Neuroptera, and then again in the Lepidoptera, Trichoptera and Diptera. It appears that 

the presence of 5HT-ir innervation of the AL is common throughout the Polyneoptera, 

Paraneoptera and Holometabola.  Thus it seems most parsimonious that the morphology 

of the CSD neuron has derived from an ancestral state of a 5HT-ir neuron that innervates 

the ipsilateral AL and protocerebrum as is observed for the Paraneoptera and the 

Polyneoptera.  Figure 14 is a schematic diagram overlaying features of 5HT-ir 

innervation of the ALs across all of the orders examined in this and previous studies. The 

phylogeny of the CSD neuron morphology indicates for which groups of insects 5HT is 
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likely to have a functional role in the AL similar to the role that has been extensively 

examined in the Lepidoptera. 

 The modulatory effects of 5HT on AL neurons have been well characterized in 

the Lepidoptera, and this modulation appears to be under the control of a circadian 

oscillator. As the CSD neuron is the sole source of 5HT for the lepidopteran AL (Kent et 

al., 1987), it follows that the effects of 5HT within the AL can be attributed to this 

neuron. 5HT increases the excitability of individual AL neurons in M. sexta 

(Kloppenburg and Hildebrand, 1995; Mercer et al., 1995, 1996; Kloppenburg et al., 1999) 

and thus theoretically increases the sensitivity of the entire AL circuit to olfactory stimuli. 

This sensitization is thought to vary with the circadian rhythm of the moths, as the levels 

of 5HT in the ALs of M. sexta and B. mori oscillate throughout the day with peak titers at 

times when adults are most active (Kloppenburg et al., 1999 and Gatellier et al., 2004, 

respectively). Thus, the modulatory effects of 5HT in the AL likely fluctuate with respect 

to periods of time when moths perform olfactory based behavior and therefore require 

maximally sensitive olfactory systems.  

Although the general morphology of the CSD neuron was conserved in a majority 

of the holometabolous insects, there were some deviations among these orders from the 

CSD morphology observed in the Lepidoptera. Surprisingly, the CSD neuron in the 

schizophoran flies produced an additional branch that extended from the contralateral AL 

back to the ipsilateral AL via the AC – that is, back to the AL from which it originated. 

This additional branch is not present in larval flies (Fig. 6E) and therefore must develop 

during metamorphosis. We initially hypothesized that during pupal development, the 
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growing CSD neuron might encounter growth factors that guide the growth of olfactory 

receptor neurons across the AC (Jefferis et al., 2004) and thus be induced to develop the 

additional CSD neuron branch that crosses the AC. However, because we observed 

several groups of flies that possessed an AC but lacked this additional branch, its 

presence cannot be attributed solely to recruitment by growth factors guiding olfactory 

receptor neurons across the AC.  

Another feature of the CSD neuron that was not conserved among the 

Holometabola was the innervation of only the basal portion of the glomeruli, which was 

observed only in the Lepidoptera and Neuroptera. This may be due to inherent 

differences in the structure of the CSD neuron or in the architecture of the AL itself, 

which then in turn influence the structure of the CSD neuron’s processes. In M. sexta the 

confinement of the arborizations of the CSD neuron to the basal portion of each 

glomerulus is lost if the ALs develop in the absence of AL glial cells or input from 

olfactory receptor neurons (Oland and Tolbert, 1996), suggesting that the confinement of 

the CSD neuron’s arborizations within the basal portion of each glomerulus occurs as a 

consequence of the establishment of the glomerular architecture. Although there was no 

obvious basal confinement to the 5HT-ir arborizations of the CSD neurons in other insect 

orders, there was also no overlap between the processes of CSD neurons and the axons of 

the olfactory receptor neurons labeled in dipteran P. sericata (Fig. 6D). The lack of 

obvious basal confinement of the arborizations of the CSD neuron may be due to 

differences in the density of branching within the ALs of different insect orders. Further 

work is needed to address this issue. 
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It is interesting to note that none of the Hymenoptera examined possessed neurons 

homologous in structure to the CSD neuron. It is not necessarily the case that all of the 

Hymenoptera do not possess AL neurons with morphologies similar to the CSD neuron, 

as the more basal Hymenoptera were not examined in this study owing to unavailability 

of specimens. Because of the great diversity in structure of the 5HT-ir AL neurons 

observed in the Hymenoptera, however, this group needs further examination.  It is also 

possible, that the morphology of the CSD neuron evolved twice, once in the coleopteran 

and the neuropteran, and then again in the Lepidoptera, Trichoptera and Diptera.  Another 

possibility is that there is a neuron innervating the ALs of the Aculeate Euhymenoptera 

that has a morphology comparable to the CSD neuron, but is not 5HT-ir. 

In addition to a divergence in 5HT-ir morphology, 5HT in hymenopterans appears 

to have a physiological role different from that reported in lepidopterans. For instance, it 

has been shown that injection of 5HT into the ALs of honey bees inhibits olfactory 

learning (Mercer and Menzel, 1982; Menzel et al., 1999), which contrasts with the role of 

5HT in the lepidopteran AL. Because 5HT has been shown to increase the sensitivity of 

the lepidopteran AL neurons (Linn and Roelofs 1986; Kloppenburg et al., 1999; Gatellier 

et al., 2004), one would predict that 5HT would enhance, rather than inhibit, olfactory 

learning (Mercer and Menzel, 1982; Menzel et al., 1999). Although these studies are not 

directly comparable, they suggest that there is divergence not only in the morphology of 

5HT-ir AL neurons but also in the physiological and functional roles of 5HT in the 

hymenopteran AL. 
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We found that the CSD neuron was present in all of the holometabolous insects 

examined except for the Hymenoptera. While the polyneopteran and paraneopteran ALs 

examined were innervated by 5HT-ir neurons with somata lateral to the AL, those insects 

did not possess 5HT-ir neurons with projection patterns morphologically comparable to 

the CSD neuron.  Our findings thus suggest that the characteristic projection pattern of 

the CSD neuron arose at the split between the holometabolous and paraneopteran insects 

and that the projection pattern of the CSD neurons in the Holometabola is derived from a 

projection pattern found in the Polyneoptera or Paraneoptera. The functional significance 

of this divergence, however, is unclear. One possibility is that the greater changes in 

lifestyle that result from the dramatic transitions of holometabolous insects from larval to 

adult stages, compared to the gradual changes in polyneopteran and paraneopteran 

insects, might have exerted selection pressure for change in the morphology (and perhaps 

the function) of 5HT-ir neurons of the holometabolous AL. Whatever selective pressure 

caused the divergence, however, will remain speculative until comparative physiological 

studies are performed in many different Holometabola, Polyneoptera and Paraneoptera to 

determine if the CSD neuron plays a common role across taxa and whether and how the 

role of the CSD neuron differs from 5HT-ir neurons innervating the ALs of the 

Paraneoptera, the Polyneoptera and the Hymenoptera. 
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Figures and tables:

Table 1 

 List of species (including the family and order to which they belong) for which 

5HT-ir innervation of the AL has been fully characterized. All species listed were 

examined in this study except for those with citations of previous studies. 
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Order Species Family  
Lepidoptera Manduca sexta (Kent et al. 1987) Sphingidae 

Ctenucha venosa Arctiidae 
Acontia cretata Noctuidae 
Bombyx mori (Hill et al., 2002) Bombycidae 
Battus philenor Papilionidae 
Pieris rapae Pieridae 
Tegeticula elatella Prodoxidae 
Prodoxus quinquepunctellus Prodoxidae 

Trichoptera Smicridea fasciatellus Hydropsychidae
Seteodes sp. Leptoceridae 

Diptera Phaenicia sericata Calliphoridae 
Neobellieria bullata Sarcophagidae 
Drosophila melanogaster Drosophilidae 
Rhagoletis juglandis Tephritidae 
Volucella fornax Syrphidae 
Condylostylus sp. Dolichopodidae 
Aphoebantus sp. Bombyliidae 
Hermetia illucens Stratiomyidae 
Simulium vittatum Simuliidae 
Aedes aegypti Culicidae 

Hymenoptera Bombus impatiens Apidae 
Apis mellifera (Rehder et al., 1989) Apidae 
Camponotus laevigatus Formicidae 
Pogonomyrmex rugosus Formicidae 
Polistes flavus Vespidae 
Euodynerus annulatus Eumenidae 
Itamoplex sp. Ichneumonidae 
Iphiaulax sp. Braconidae 
Acanthochalcis nigricans Chalcidae 
Leucospis affinis Leucospidae 

Coleoptera Colymbetes fuscus Dytiscidae 
Pyropyga nigricans Lampyridae 
Eleodes obscurus Tenebrionidae 
Tenebrio molitor (Wegehoff et al., 1999) Tenebrionidae 
Cleonis saginatus Curculionidae 
Dibrotica undecipunctata Chrysomelidae 
Sphaenothecus bivittata Cerambycidae 

Neuroptera Vella hesperus Myrmeliontidae 
Chrysoperla rufilabris Chrysopidae 

Hemiptera Oncopeltus fasciatus Lygaeidae 
Largus cinctus Largidae 

Blattaria Periplaneta americana (Salecker and Distler, 1990) Blattidae 
Mantodea Stagmomantis californica Mantidae 
Isoptera Pterotermes occidentis Kalotermitidae 
Orthoptera Schistocerca gregaria (Ignell, 2001) Acrididae 
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Figure 1 

 Pre-adsorption controls for the 5HT antibody.  A A horizontal section of an AL 

of M. sexta labeled for 5HT with the anti-5HT antibody pre-adsorbed with bovine serum 

albumen.  B No bovine serum albumen control.  All scale bars = 100 µm. 

 

Figure 2 

 A Cladogram of postulated relationships between the insect orders based on 

Grimaldi and Engel, 2005. Orders in bold text are those from which representatives were 

examined in this study. Asterisks (*) mark orders in which the 5HT-ir innervation of the 

AL of a representative species has been fully characterized in a previous study. The grey 

border indicates the holometabolous insects (those which undergo complete 

metamorphosis).  B Basic phylogenetic tree of the brachyceran Diptera (based on 

Grimaldi and Engel, 2005). Asterisks indicate the evolutionary origin of the CSD neuron 

processes crossing the anterior midline of the brain via the AC. Numbers in parentheses 

indicate figures showing representatives of specific groups. C Schematic illustration of 

the CSD neuron in the brain of Manduca sexta as it innervates the contralateral antennal 

lobe (AL). Ca, calyces, P, pedunculus of the mushroom body; α, alpha, β, beta, and γ,

gamma lobes of the mushroom bodies; CB central body. Orientation indicated by the 

crosshairs (A-anterior, P-posterior, M-medial and L-lateral). 
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Figure 3  

5HT-ir in the ALs of the Lepidoptera.  A Horizontal view of the CSD neurons 

(asterisks) in each AL of Manduca sexta (Sphingidae) projecting (arrowheads) into the 

protocerebrum and their neurites (arrows) returning anteriorly to the contralateral AL. 

Scale bar = 200 µm.  Inset: Horizontal section through the AL of M. sexta demonstrating 

the basal glomerular confinement of 5HT-ir arbors (hatched border).  B Horizontal view 

of the neurites from the CSD neurons (white arrows) of M. sexta bifurcating sending one 

branch across the posterior midline (black arrow) and the other laterally (arrowhead) just 

anterior of the base of the calyces of the mushroom bodies (brackets).  C Horizontal 

view of the brain of Acontia cretata (Noctuidae) showing the arborizations of the 5HT-ir 

AL neurons (asterisks) as they project (arrowheads) from the AL across the posterior 

midline (black arrow) and then anteriorly (white arrows) to the contralateral AL. D

Horizontal view of the brain of Ctenucha venosa (Arctiidae) showing the same details of 

the CSD neurons in each AL as in C. E Horizontal view of the AL of Battus philenor 

(Papilionidae) showing the ipsilateral CSD neuron (asterisk) projecting posteriorly and 

the arborizations of the contralateral CSD neuron (arrow) entering the AL.  F Horizontal 

view of the protocerebrum of B. philenor showing the 5HT-ir neurites (white arrows) as 

they cross the posterior midline (black arrow). Scale bar = 200 µm.  G Horizontal view 

of the neurites of the 5HT-ir neurons (white arrows) from each AL projecting posteriorly 

to cross the midline (black arrow) of the brain of P. rapae. All scale bars = 100 µm unless 

otherwise indicated. 
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Figure 4 

5HT-ir in the ALs of the Lepidoptera.  A Horizontal view of the CSD neuron 

(asterisk) projecting posteriorly (arrowhead) and then anteriorly to the contralateral AL 

(arrow) of Prodoxus quinquepuntellus (Prodoxidae).  B Horizontal view of the posterior 

protocerebrum of P. quinquepunctellus showing the neurites (white arrows) of the 5HT-ir 

neurons from each AL crossing the midline (black arrow).  C The AL of Tegeticula 

elatella (Prodoxidae) showing the CSD neuron (asterisk) as it projects out from the AL 

and the arborizations (arrow) of the contralateral CSD neuron as they enter the AL. Inset: 

Horizontal view of the AL of T. elatella showing the glomerular confinement (hatched 

border) of the 5HT-ir arborizations.  D The neurites (arrows) of the CSD neurons in each 

AL as they cross (black arrow) the posterior midline of the brain of T. elatella. All scale 

bars = 50 µm unless otherwise indicated. 

 

Figure 5  

 5HT-ir in the ALs of the Trichoptera. A Horizontal view of both 5HT-ir somata 

(asterisks) in the ALs of Smicridea fasciatellus (Hydropsychidae).  B The CSD neurons 

in each AL project posteriorly (black arrowheads) to cross the midline (black arrow) 

before innervating the contralateral AL. Branches within the ipsi- and contralateral 

posterior protocerebrum are clearly visible (arrows).  C Horizontal view of the CSD 

neuron (asterisk) projecting posteriorly, crossing the midline (black arrow), and then 

anteriorly (arrow) to the contralateral AL of a Seteodes sp. (Leptoceridae). The CSD 
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neuron of the Seteodes sp. projects to both lateral protocerebral hemispheres (black 

arrowheads).  D Horizontal view of the ALs of the Seteodes sp. All scale bars = 100 µm. 

 

Figure 6 

 5HT-ir in the ALs of the Diptera.  A The CSD neurons (asterisks) of 

Neobellieria bullata (Sarcophagidae) project (white arrowhead) from each AL to cross 

the midline (black arrow) posterior to the central body (CB) before innervating the 

contralateral AL. The neurites then cross the anterior midline (white arrow) to innervate 

the ipsilateral AL. Note the 5HT-ir branches crossing the anterior midline to innervate 

each lateral accessory lobe (LAL).  B Horizontal section through the AL of Phaenicia 

sericata (Calliphoridae) showing the 5HT-ir processes crossing the anterior midline. 

Arrows indicate the paths of the AL 5HT-ir neurons (black arrows indicate the path of the 

CSD neuron in the right AL, white arrows indicate the path of the CSD neuron in the left 

AL). Scale bar = 50 µm.  C Horizontal section through the brain of P. sericata showing 

the processes of the 5HT-ir neurons (green) in each AL crossing the anterior midline via 

the AC, which is demonstrated by anterograde intracellular staining from the antenna 

(magenta).  D Anterogradely stained olfactory receptor neurons (magenta) and 5HT-ir 

labeling in the AL of P. sericata illustrating the lack of spatial overlap. Scale bar = 50 

µm.  E Horizontal section through the larval brain of P. sericata demonstrating both 

CSD neuron somata (asterisks) situated lateral to the larval AL (hatched border). Note 

that there are no collaterals extending across the anterior midline to innervate the 

ipsilateral AL.  F The CSD neurons in the larval brain of P. sericata project posteriorly 
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and cross the midline (arrow) before extending anteriorly to innervate the contralateral 

AL.  G Horizontal section through the brain of Drosophila melanogaster 

(Drosophilidae) showing the CSD neurons (asterisks) in each AL projecting posteriorly 

and across the anterior midline (arrowhead). Note the two branches (arrows) from a 

different 5HT-ir neuron (not the CSD neuron) crossing the anterior midline to innervate 

the LALs. H The neurite of the left CSD neuron (out of view) of Rhagoletis juglandis 

(Tephritidae) as it enters the contralateral AL. The neurite then branches (white 

arrowhead) and crosses over the midline via the AC to innervate the ipsilateral AL (black 

arrow).  The branch of the right CSD neuron (asterisk) also can be seen to innervate the 

ipsilateral AL (black arrowhead) via the AC. Note the two branches (white arrow) from a 

different 5HT-ir neuron (not the CSD neuron) crossing the anterior midline to innervate 

the LALs. All scale bars = 100 µm unless otherwise indicated. 

 

Figure 7 

5HT-ir in the ALs of the Diptera.  A Horizontal section through the brain of 

Volucella fornax (Syrphidae) showing the CSD neurons (asterisks) projecting from the 

ALs (arrowheads) posteriorly but not crossing the anterior midline via the AC (as seen in 

Fig. 6C).  B Horizontal section through the brain of a Condylostylus (Dolichopodidae) 

showing each CSD neuron (asterisk) projecting posteriorly (arrowheads) and returning 

anteriorly to innervate the contralateral AL. Scale bar = 50 µm.  C Horizontal section 

through the brain of an Aphoebantus sp. (Bombyliidae) showing the CSD neurons 

(asterisks) of each AL projecting posteriorly (arrowheads) but not across the anterior 
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midline via the AC. Note the two branches (arrow) from a different 5HT-ir neuron 

crossing the anterior midline to the LALs.  D Horizontal section through the ALs of 

Hermitia illucens (Stratiomyidae) showing the CSD neurons (asterisks) innervating only 

the contralateral AL (arrowheads). Note the two branches (arrows) from a different 5HT-

ir neuron crossing the anterior midline to project to the LALs.  E A horizontal section 

through the ALs of Aedes aegypti (Culicidae) showing each CSD neuron (asterisks) 

projecting posteriorly (arrowheads).  F Horizontal section through the brain of Simulium 

vittata (Simuliidae) showing one CSD neuron (asterisk) projecting across the posterior 

midline (black arrow) to innervate the contralateral AL (white arrowheads). All scale bars 

= 100 µm unless otherwise indicated. 

 

Figure 8 

 5HT-ir in the ALs of the Aculeate Euhymenoptera.  A Frontal view of the brain 

of Bombus impatiens (Apidae) showing branches (arrowheads) extending from the ALs 

to the ipsilateral portion of the SEG. Scale bar = 200 µm.  B Horizontal view of the 5HT-

ir neurites (arrowheads) from the ALs of B. impatiens extending through the ipsilateral 

cervical connective. Note that the 5HT-ir branches innervating the ALs do not cross the 

midline.  C Horizontal view of the ALs of B. impatiens. Inset highlights the soma-like 

structure of the 5HT-ir neuron innervating the ALs. Inset scale bar = 25 µm.  D

Horizontal section of the brain of Polistes flavus (Vespidae) showing 5HT-ir branches 

(arrowheads) innervating the AL and extending posteriorly into the protocerebrum.  E

Sagittal section through the SEG of P. flavus showing 5HT-ir branches (arrowheads) 
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extending from the ALs to the protocerebrum and through the ipsilateral cervical 

connective.  F The ALs of Euodynerus annulatus are innervated by 5HT-ir neurites 

(arrowheads) that enter the brain from the ventral nerve cord (VNC).  G A horizontal 

section through the brain of Pogonomyrmex rugosus showing each AL innervated by 

5HT-ir neurites (arrowheads) from the VNC. Note a 5HT-ir neuron (asterisk) in the 

lateral cell packet that innervates the AL.  H A horizontal section through the brain of P. 

rugosus showing the neurites (arrowheads) of the single 5HT-ir AL neuron (asterisk) 

projecting posteriorly into the protocerebrum.  I Sagittal section through the brain of 

Camponotus laevigatus (Formicidae) showing 5HT-ir neurites (arrowhead) innervating 

the AL and extending posteriorly into the protocerebrum. Note that the 5HT-ir neurites 

do not innervate the ventral glomeruli in the AL (bracket) of this species. All scale bars = 

100 µm unless otherwise indicated. 

 

Figure 9 

 5HT-ir in the ALs of the non-Aculeate Euhymenoptera.  A The ALs of a wasp of 

the genus Iphiaulax (Braconidae) are sparsely innervated by a single 5HT-ir neuron 

(asterisk) that then projects dorso-posteriorly (arrowheads) past the central body (CB).  B

The 5HT-ir neuron innervating the ALs of the Iphiaulax sp. branches (arrowheads) 

posterior to the CB and projects (arrows) to the lateral protocerebrum just anterior to the 

calyces of the mushroom bodies.  C Each AL of an Itamoplex sp. is sparsely innervated 

by a single 5HT-ir neuron (asterisk) that projects posteriorly (arrowheads) into the 

protocerebrum.  D The ALs of Acanthochalcis nigricans are innervated by a single 
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ipsilateral 5HT-ir neuron that projects posteriorly (arrowheads) into the protocerebrum.  

E Horizontal section through the brain of Leucospis affinis (Leucospidae) showing the 

innervation of both ALs by ipsilateral 5HT-ir neurons (asterisks) that then project into the 

protocerebrum (arrowheads) and bifurcate (arrows) posterior to the CB.  All scale bars = 

100 µm unless otherwise indicated. 

 

Figure 10 

 5HT-ir in the ALs of the Coleoptera and Neuroptera.  A Horizontal section 

through the brain of Colymbetes fuscus (Dytiscidae) showing the 5HT-ir neuron of the 

left AL projecting posteriorly (arrowhead) to cross the midline (black arrow) and 

innervate the contralateral AL (white arrow).  B Horizontal section through the brain of 

Diabrotica undecipunctata (Chrysomelidae) showing the CSD neurons (asterisks) 

projecting from the ALs to cross the posterior midline (black arrow) and innervate the 

contralateral ALs (white arrowheads). Note the 5HT-ir fibers (black arrowhead) crossing 

the anterior midline to innervate the LALs.  C Horizontal section through the brain of 

Pyropyga nigricans (Lampyridae) showing the processes from the CSD neurons crossing 

the posterior midline (arrow).  D Horizontal view of the CSD neurons (asterisks) of 

Sphaenothecus bivittata (Cerambycid) projecting from the AL to cross the posterior 

midline (black arrow) and innervate the contralateral AL (white arrows). Note the 5HT-ir 

fibers (black arrowhead) crossing the anterior midline to innervate the LALs.  E

Horizontal view of the brain of Cleonis saginatus (Curculionidae) showing one CSD 

neuron (asterisk) projecting posteriorly (white arrowhead) to cross the midline (black 
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arrow) and then innervate the contralateral AL (white arrow). Scale bar = 200 µm. Note 

the 5HT-ir fibers (black arrowhead) crossing the anterior midline to innervate the LALs.  

F Horizontal section through the brain of Eleodes obscurus (Tenebrionidae) showing the 

5HT-ir processes crossing the posterior midline (black arrow) to innervate the 

contralateral AL (white arrow). Scale bar = 200 µm. Note the 5HT-ir fibers (black 

arrowhead) crossing the anterior midline to innervate the LALs.  G Horizontal section 

through the brain of Chrysoperla rufilabris (Chrysopidae) showing the CSD neurons 

(asterisks) projecting from the AL (white arrows) to cross the posterior midline (black 

arrow) and innervate the contralateral AL (arrowheads).  H Composite image of the 

brain of Vella hesperus (Myrmeleontidae) showing the CSD neurons projecting from the 

ALs (arrows) and innervating the contralateral AL (arrowheads).  I The 5HT-ir processes 

in the AL of V. hesperus exhibit an obvious polarity to their glomerular distribution 

(hatched border). All scale bars = 100 µm, unless otherwise indicated. 

 

Figure 11 

 5HT-ir in the ALs of the Hemiptera.  A Each AL of Oncopeltus fasciatus has two 

5HT-ir neurons (arrowheads).  B One of the 5HT-ir neurons (asterisk) innervates each 

AL before projecting posteriorly into the protocerebrum (arrows).  C Horizontal section 

showing each of the projections (arrows) of the 5HT-ir AL neurons innervating the 

calyces (brackets) of the mushroom bodies.  D Sagittal section showing the neuron in A

and B projecting from the AL (arrowheads) to innervate the ipsilateral calyces (arrow). 

Note the branch of the second 5HT-ir neuron as it projects from the AL (arrowhead).  E
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Sagittal section showing the second 5HT-ir AL neuron (asterisk) as it projects from the 

AL (arrow) to innervate the lateral ipsilateral protocerebrum (arrowheads).  F Horizontal 

section through the brain of Largus cinctus (Largidae) showing neurites from both ALs 

projecting posteriorly (arrowheads) to the ipsilateral mushroom body calyces.  G Sagittal 

section showing both 5HT-ir neurons (arrowheads) that innervate the AL of L. cinctus.

One of the 5HT-ir neurons projects ventro-posteriorly (arrowheads) to innervate the 

ventro-lateral portion of the protocerebrum. All scale bars = 100 µm. 

 

Figure 12 

 5HT-ir in the ALs of the Dictyoptera.  A Each AL of Stagmomantis californica 

(Mantidae) has one 5HT-ir neuron with a cell body (asterisk) that resides lateral to the 

AL.  B Horizontal section showing the 5HT-ir neurons of each AL projecting posteriorly 

(arrowheads) past the central body (CB) and looping back toward the AL (arrows).  C

Sagittal section showing the 5HT-ir neuron as it projects posteriorly and then loops back 

to the AL (arrowheads). Note that the neuron branches (arrow) posterior to the CB.  D

Frontal section of the protocerebrum showing the 5HT-ir neurons as they begin to loop 

back toward the ALs (arrows) and branch to project to the lateral protocerebral 

hemispheres (arrowheads).  E Sagittal section through the brain of Pterotermes 

occidentis (Kalotermitidae) demonstrating a single neuron (asterisk) innervating the AL 

(arrowhead). Scale bar = 100 µm. F Sagittal section showing 5HT-ir neurites 

(arrowheads) projecting from the AL of P. occidentis into the protocerebrum.  G Sagittal 

section showing the neurites (arrowheads) of the 5HT-ir AL neuron of P. occidentis 
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projecting posteriorly into the protocerebrum and looping back to the AL. Scale bar = 

100 µm. Note the collateral (arrow) branching from the primary neurite as it begins to 

loop back toward the AL. All scale bar s= 200µm, except where noted. 

 

Figure 13 

 Schematic illustrations of the various 5HT-ir neurons observed.  A Schematic 

illustration of the CSD neuron observed in the ALs of the Lepidoptera, Trichoptera, non-

Schizophoran Diptera, Coleoptera and Neuroptera.  B Schematic illustration of the CSD 

neuron observed in the ALs of the Schizophora Diptera.  C Schematic illustration of the 

5HT-ir neuron observed in the ALs of the Aculeate Euhymenoptera.  D Schematic 

illustration of the 5HT-ir neuron observed in the ALs of the non-Aculeate 

Euhymenoptera.  E Schematic illustration of the 5HT-ir neurons observed in the ALs of 

the Hemiptera.  F Schematic illustration of the 5HT-ir neuron observed in the ALs of the 

Dictyoptera.  Orientation indicated by the crosshairs (A-anterior, P-posterior, M-medial 

and L-lateral). 

 

Figure 14 

 Schematic representation of the phylogenetic distribution of the CSD neuron. Five 

traits are listed: (i) location of soma in a cell packet of the AL (“Soma in AL”), (ii) 

primary neurites that cross the posterior midline (“Posterior X-over”), (iii) presence of a 

neuron with morphology similar to that of the CSD neuron (“CSD Homolog”), (iv) an 

additional branch in the contralateral AL cross the anterior midline to innervate the 
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ipsilateral lobe (“Anterior X-over), and (v) axon terminals within the AL constrained to 

the basal portion of the glomeruli (“Glomerular Polarity”). Full circles indicate that the 

trait is present for the 5HT-ir neurons innervating the ALs in representatives of this order 

that have been examined in this and previous studies. Empty circles indicate the trait is 

not present, and half-filled circles indicate that only some of the species examined have 

the trait. Bold text indicates the orders examined in this study, and asterisks indicate 

orders from which representatives were fully characterized in other studies. As in Figure 

2A, the gray box indicates the holometabolous insects and the hatched box indicates the 

Dictyoptera. 
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