Preface and acknowledgements
The experimental work and writing presented in this master’s thesis have been conducted in
the Chemosensory laboratory at the Department of Psychology (Norwegian University of
Technology and Science). Through this work, | have had an opportunity of studying an area
of science that fascinates me endlessly: the nervous system. | am very grateful for this
opportunity. I would like to thank my fellow lab members for a truly interesting, rewarding,
and deeply satisfying experience. Particularly, my main supervisor Xi Chu and Ph.D. student
Jonas Kymre Hansen have both been enormously helpful in teaching the how to perform
experiments, interpreting the results and provided insightful conversations. Their aid have
greatly improved this master’s thesis, and for that you have my sincerest thanks.
My co-supervisor and leader of the Chemosensory lab, Professor Bente G. Berg, have
provided plenty of thoughtful conversations and feedback on my work, which have helped me
in understanding how the olfactory system work, from the periphery to higher brain areas. For
this, | am very grateful. I would also like to thank Elena lan, Pramod KC, Hanna Mustaparta,
and Ina Saltvik for your many thoughtful inputs to my work and enjoyable conversations
regarding olfaction but also non-science related topics. As for my fellow master student, Ina
Saltvik, I thank you for your help in the methodological procedures, especially in testing and
developing the microelectrode used for intracellular recording. Lastly, | would direct a very
special thanks to Maria, which have put up with my obsession with neural science for quite
some time, especially this last year. Your unconditional support of my scientific dreams and

ambitions have been very much appreciated and | am forever grateful.

Christoffer Nerland Berge



Abstract
In the insect brain, different types of neurons provide input and output to the primary
olfactory center, the antennal lobe. The principal output neurons, projection neurons, convey
odor information from the antennal lobe to higher brain areas by projecting in one of six
parallel tracts (m-ALT, mI-ALT, I-ALT, t-ALT, d-ALT, and dm-ALT). In turn, centrifugal
neurons innervating higher brain areas provide input to, and modulate, the processing in the
antennal lobe. However, the functional role of the parallel tracts and centrifugal neurons in
olfactory processing, is yet poorly understood. Here, we have investigated these two types of
neurons in the noctuid moth Helicoverpa Armigera, by using in vivo intracellular recording
and iontophoretic staining of individual neurons, in combination with confocal microscopy.
The results demonstrate that morphologically diverse projection neurons shows different
physiological responses to different odors. This suggests that individual tracts are associated
with distinct functional roles. Neurons in the m-ALT are more narrowly tuned to odors and
appeared to encode odor identity, whereas mI-ALT and I-ALT are more broadly tuned as
serve other functions. In addition, the comparison of output area of pheromone-sensitive
projection neurons confined to the m-ALT in the lateral protocerebrum showed non-
overlapping terminal regions with the non-pheromone m-ALT projection neurons. Projection
neurons exhibited several different physiological response patterns in response to odors. This
suggests that individual projection neurons may encode various features of the olfactory
stimuli through different response patterns. The labelling and identification of a new
centrifugal neuron, the bilateral, paired centrifugal neuron, indicates that this neuron respond
directly to the olfactory pathways and may serve as a feedback neuron. Contrary, the CSD
neuron exhibited no response to any of the tested odors, which suggests that this neuron
influence AL processing based on internal states of the animal or non-olfactory input, rather

than a direct connection with olfactory pathways.



Abbreviations

al Alpha-lobe

ACC Anterior cell cluster

AL Antennal lobe

ALT Antennal lobe tract

AVLP Anterior ventro-lateral protocerebrum
BL Beta-lobe

BPC Bilateral, paired centrifugal neuron
Ca Calyces

CB Central body

CN Centrifugal neuron

CSD neuron Contralaterally projecting, serotonin-immunoreactive

deutocerebral neuron

d-ALT Dorsal antennal-lobe tract
dm-ALT Dorso-medial antennal-lobe tract
YL Gamma-lobe

GABA y-aminobutyric acid

INP Inferior neuropil

I-ALT Lateral antennal-lobe tract

LAL Lateral accessory lobe

LCC Lateral cell cluster

LLE Long-lasting excitation

LH Lateral horn

LN Local interneuron

m-ALT Medial antennal-lobe tract

MB Mushroom bodies

MCC Medial cell cluster

MGC Macroglomerular complex
ml-ALT Medio-lateral antennal lobe tract
0G Ordinary glomeruli

OSN Olfactory sensory neuron

PLP Posterior lateral protocerebrum

PN Projection neuron
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1. Introduction

1.1 Olfaction guides a wide range of behaviors

An organism’s ability to successfully navigate in its environment, e.g., find a suitable
mate, avoid predators, and seek out sources of food, depends on how well it is able to detect
and respond to relevant signals from the external world. In both vertebrates and invertebrates,
the identification and discrimination of odors through the sense of smell (olfaction) guides a
wide range of behaviors, including mate selection, sexual behavior, foraging, and terrestrial
formation and maintenance (reviewed by Doty, 1986; Hartlieb & Anderson, 1999). For
instance, the presence of fox-urine components elicits avoidant behavior in rats (Wernecke et
al., 2015). In many insect species, sex pheromones released by the female evokes attractive,

searching behaviors in conspecific males (reviewed by Shorey, 1973).

1.1.1 Olfaction in vertebrates and invertebrates

The structural and functional organization of the olfactory system in vertebrates and
invertebrates share a similar set of principles, as shown in Figure 1, which is observed across
many levels of the neural circuits, from the peripheral detection of odors to processing in
higher brain areas (reviewed by Ache & Young, 2005; Hildebrand & Shepherd, 1997). In
mammals, olfactory sensory neurons (OSNS) in the olfactory epithelium project to the
primary processing center, the olfactory bulb. Mitral and tufted cells then convey odor signals
to multiple higher brain areas including the cortical amygdala and piriform cortex, (Choi et
al., 2011; Root, Denny, Hen, & Axel, 2014). In the insect brain, OSNs located in the antennae
transfer odor signals from sensillum to the antennal lobe (AL; analogous to the olfactory bulb
in mammals) (reviewed by Wilson & Mainen, 2006). In turn, second-order projection neurons
(PNs) corresponding to the mitral and tufted cells, send odor signals to the calyces of the
mushroom bodies and lateral horn (LH). The calyces correspond to the cortical amygdala in
mammals, and serves as a memory center associated with learned odor-evoked behaviors. The
LH, as the mammalian piriform cortex, is associated with innate odor-evoked behaviors.
Furthermore, olfactory processing in both the olfactory bulb and the AL is modulated by
centrifugal neurons (CNs), which receive input from secondary olfactory processing centers

and other brain regions.
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Figure 1. Schematic model of the olfactory systems of vertebrates and invertebrates. In both
organisms, odors are detected by olfactory sensory neurons (OSNs) and transferred to the primary
olfactory center. Then, projection neurons (PNs) convey odor information to higher brain areas
associated with learned or innate odor-evoked behaviors. Centrifugal neurons (CNs) provide top-down
modulation/feedback from higher brain areas to the primary processing center.

1.1.2 Insects as model organisms in olfactory research

As the olfactory system in phylogenetically diverse organisms share many similarities,
a wide range of animal models have been used to study the neural principles underlying
olfaction. Insects are particularly suitable model organisms in olfactory research due to their
relatively simple and accessible nervous systems, and robust behavioral responses to
biologically relevant odors (reviewed by Martin et al., 2011). Holometabolous insects
belonging to the order of lepidoptera (moth) are frequently used in studies of the olfactory
system due to their excellent sense of smell and their stereotypical behavioral responses to
pheromones (reviewed by Hansson, 1995). Pheromones are chemical compounds that serve as
communication signals within a species (intra-specific communication) (Wyatt, 2003). In
moths, a single pheromone molecule is sufficient to generate an action potential in sensory
neurons in male moths, and they can detect and locate a female from a distance of 1km by
following the pheromone plume (reviewed by Kaissling, 2014). As males detect the
pheromone plume, they exhibit a characteristic, zigzag upwind flying towards the pheromone
source. The blend of sex pheromones released by female moths consists of one primary
component and one or several minor components. The identity and ratio of the chemical
components in a pheromone blend are different depending on the species studied.
Taxonomically, closely related species may use the same components but at different

concentration ratios. In closely related, heterospecific males, pheromone constituents of one



species may act as behavioral antagonists that suppress upwind flight in other species. Thus,
sex pheromones released by a female often elicit different behaviors in conspecific and
heterospecific males. A family of closely related moths knowns as heliothine moths have
proved to be useful model organisms to study olfactory processing of inter- and intraspecific
chemical signaling, due to their use of similar pheromone components but at different ratios
(reviewed by Berg, Zhao, & Wang, 2014).

1.2 Olfactory processing in insects

The olfactory system of moths have been extensively studied in different levels.
Extensive knowledge has been reported in peripheral detection and transduction of odorants
(reviewed by Stengl, 2010), to central processing in the AL (reviewed by Anton & Homberg,
1999; Hansson & Christensen, 1999), and higher brain areas (e.g., Kanzaki, Arbas, &
Hildebrand, 1991; Lei, Anton, & Hansson, 2001; Lei, Chiu, & Hildebrand, 2013).

1.2.1 Detection of odors and sensory transduction by olfactory sensory neurons

Airborne, volatile odorants are detected by OSNs which are housed in specialized
hair-like structures on the antennae known as sensilla (Figure 2A) (reviewed by Keil, 1999;
Stengl, Ziegelberger, Beoekhoff, & Krieger, 1999). Odorants first encounter the sensillum
lymph, an aqueous solution containing odor- and pheromone-binding proteins. These
specialized proteins bind and transport odorants to olfactory receptors located in OSN
dendrites. Each OSN generally expresses only one type of olfactory receptor (Vosshall, 2000;
Vosshall, Wong, & Axel, 2000). As an odorant binds to an olfactory receptor, second
messenger pathways are activated, resulting in a transduction of the chemical signal into
graded electrical potentials in the OSN dendrite. If sufficiently activated, the OSN generates
action potentials, which travels through the antennal nerve into the AL. In mammals, the
majority of OSNs are narrowly tuned to recognize a small group of odorants that share one or
several structural characteristics, while a minority of OSNs are more broadly tuned and
recognizes multiple odorants (Nara, Saraiva, Ye, & Buck, 2011). In heliothine moths, OSNs
have been functionally characterized by responding to one key plant odorant, and weakly to a
few others of similar molecular structure (Rastelien, Borg-Karlson, Faldt, Jacobsson, &
Mustaparta, 2000; Rgstelien, Stranden, Borg-Karlson, & Mustaparta, 2005; Stranden et al.,
2003a; Stranden et al., 2003b). Importantly, different functional subsets of OSNs exhibit no

overlap of the response spectra. The specificity that applies to OSNs detecting plant volatiles



also applies to those detecting sex pheromones (Berg et al., 2014). In the male moth,
Helicoverpa armigera, distinct subsets of OSNs are tuned primarily to the primary pheromone
component (cis-11-hexadecenal; Z11-16:AL), the secondary component (cis-9-hexadecenal,
Z9-16:AL), and the interspecific signal (cis-9-tetradecenal; Z9-14:AL), respectively (Berg et
al., 2014). In other insect species, OSNs which are more broadly tuned to plant odorants have
also been shown, in addition to the more narrowly tuned OSNs (reviewed by Hansson &
Stensmyr, 2011)
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Figure 2. Overview of the olfactory pathway from the periphery to the antennal lobe in insects. (A)
OSN:s are located in hair-like structures on the antennae known as sensillum. The OSNs project via the
antennal nerve to the antennal lobe, where they form dendrites in glomeruli. (B) All OSNs expressing
the same olfactory receptor (indicated by different geometrical shapes) project to the same glomeruli.
In the glomeruli the form synaptic connections with modulatory local interneurons (LNs) and
projection neurons (PNs), which acts as the principal output neurons. LH, lateral horn; MGC,
macroglomerular complex; AL, antennal lobe, ACh, acetylcholine; GABA, y-aminobutyric acid; LH,
lateral horn; MGC, macroglomerular complex; OSN, olfactory sensory neuron. Modified from Berg et
al. (2014) and Kay et al. (2011)

1.2.2 Neuronal elements of the antennal lobe

The antennal lobe (AL), the primary olfactory processing center in the insect brain,
consists of various neurons associated with specific functions. Here. the axons of OSNs
converge onto spherical neuropil structures called glomeruli (see Figure 2) (Anton &
Homberg, 1999). All OSNs expressing a particular olfactory receptor type projects to 1-2
glomeruli. The axons of pheromone-sensitive OSNs project to a sexually dimorphic set of
glomeruli in the AL known as the macroglomerular complex (MGC). In H. armigera, the
largest unit of the MGC, the cumulus, receives input from OSNSs tuned to Z11-16:AL whereas
the two smaller units, dm-a and dm-p are assumed to receive input regarding Z9-16:AL and
Z9-14:AL, respectively (Berg et al., 2014). The remaining glomeruli in the AL, ordinary
glomeruli (OG), are involved in processing information about non-pheromone odors such as
plant odors (kairomones), mechanosensory input, temperature, and CO2 (Han, Hansson, &
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Anton, 2005; Hansson & Christensen, 1999; Mizunami, Nishino, & Yokohari, 2016; Zhao et
al., 2013b). In male H. armigera there is a total of 81 glomeruli in each AL (Zhao et al.,
2016). Within the glomeruli, the OSNs form cholinergic, excitatory presynaptic terminals
with the principal AL output neurons known as projection neurons (PNs) (see Figure 2B;
Figure 3A) (Wilson & Mainen, 2006). The convergence of a large number of OSNs onto
relatively few PNs (e.g., in male M. sexta: ~ 255 000 OSNs: ~860 PNs; Homberg,
Christensen, & Hildebrand, 1989) serve to (1) increase the signal-to-noise ratio and (2) reduce
noise related to external fluctuations in odor concentrations (reviewed by Kay & Stopfer,
2006). PNs can have uni- or multiglomerular arborizations and in turn transmit information to
higher brain areas in the protocerebrum through several parallel fiber pathways (discussed
below). Most PNs release acetylcholine and excite their target neurons, while a subset of PNs
is GABAergic and inhibit postsynaptic neurons.

Within the AL, inhibitory, GABAergic local interneurons (LNSs) innervates all or most
glomeruli and shape the olfactory processing in the glomeruli through lateral inhibition
(Martin et al., 2011). They may also contribute to the synchronous, oscillatory firing activity
of PNs (Laurent & Davidowitz, 1994). A fourth type of neuron, centrifugal neurons (CNs),
usually have soma located outside of the AL, dendritic ramifications in the protocerebrum and
extend synaptic terminal projections into all or most glomeruli in one or both ALs (e.g., see
Figure 3B, C) (Anton & Homberg, 1999). CNs constitute a broad range of morphologically
and physiologically diverse neurons which may play a role in modulation of the activity of
intrinsic AL neurons through the release of neurotransmitters such as serotonin, octopamine,
and dopamine (Anton & Homberg, 1999). The precise wiring pattern of CNs to other AL
neurons is largely unknown and likely to vary among different types of CNs. However,
studies using electron microscopy and pharmacological techniques have demonstrated that
one prominent type of CN, the contralaterally projecting serotonin-immunoreactive
deutocerebral (CSD) neuron (see Figure 3B), has presynaptic connections to PNs and LNs,
and additionally receives input from LNs and certain, glomerulus-specific OSNs (Coates et
al., 2017; Sun, Tolbert, & Hildebrand, 1993).
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Figure 3. Projection neurons and centrifugal neurons in the insect brain. (A) A PN with dendrites in
the male-specific MGC projects in the m-ALT and innervates the calyces of the MB and the lateral
protocerebrum, in dorsal view. (B) The contralaterally projecting, serotonin-immunoreactive
deutocerebral neuron, in frontal view. This neuron has its soma located in one AL and innervates the
protocerebrum in both hemispheres and the contralateral AL. (C) The ventral unpaired median neuron
has extensive dendritic ramifications in the protocerebrum and innervates both ALs. The soma is
located ventrally, in the gnathal ganglion. AL, antennal lobe; Ca, calyces; CB, central body; MGC,
macroglomerular complex; P, pendunculus; O/OE, oesophagus; OG, ordinary glomeruli; SOG,
subesophageal ganglion (now referred to as the gnathal ganglion). Modified from Hansson et al.
(1994), Zhao & Berg (2009), and Hammer, (1993).

1.2.3 Projection neuron physiology

The morphological and physiological characteristics of PNs have been extensively
reported through single-cell electrophysiological recordings in a number of different moth
species (Agrotis segetum: Hansson, Anton, & Christensen, 1994; Hartlieb, Anton, & Hansson,
1997; Bombyx mori: Kanzaki, Soo, Seki, & Wada, 2003; Helicoverpa assaulta: Zhao & Berg,
2010; Heliothis subflexa: Vickers & Christensen, 2003; Wu, Anton, Lofstedt, & Hansson,
1996; Heliothis virescens: Christensen, Mustaparta, & Hildebrand, 1995; Helicoverpa zea:
Christensen, Mustaparta, & Hildebrand, 1991; M. sexta: Christensen & Hildebrand, 1987
Kanzaki, Arbas, Strausfeld, & Hildebrand, 1989; King, Christensen, & Hildebrand, 2000;
Kuebler, Olsson, Weniger, & Hansson, 2011; Reisenman, Christensen, Francke, &
Hildebrand, 2004; Reisenman, Christensen, & Hildebrand, 2005; Spodoptera littoralis: Anton
& Hansson, 1995). These studies have largely focused on how male-specific PNs innervating
the MGC encode odor identity and concentration, and they have demonstrated considerable
diversity in MGC PN response patterns to pheromone components. Some PNs respond
selectively only to single components and to a natural blend of the pheromone components
(“component-specific), others respond to all pheromone components and the pheromone
blend (“generalists”), whereas some respond to either individual pheromone components or
the blend, but not both (“blend-specific”’) (Anton & Hansson, 1995; Christensen &
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Hildebrand, 1987; Christensen et al., 1991; Christensen et al., 1995; Hartlieb et al., 1997;
Kanzaki et al., 1989; Wu et al., 1996). These studies demonstrate that odor identity can be
represented in PNs by using two coding schemes: labeled-line coding, seen in those PNs that
respond selectively only to one pheromone component; and across-fiber coding, in which one
PN responds to multiple, individual components and/or a blend of pheromone components.
Studies have revealed how concentration of stimuli also play important roles in PN response
patterns: high pheromone concentrations reduce PN selectivity and increase firing rate
(Hartlieb et al., 1997; Kuebler et al., 2011). Furthermore, PNs have different response patterns
to odorant stimulation. A common response pattern observed in both OG and MGC PNs in
the presence of an odorant, is a rapid, burst of spikes (excitation) followed by suppression of
spiking activity (inhibition) (Christensen & Hildebrand, 1987; Kanzaki et al., 2003;
Reisenman et al., 2005). Other PNs may respond similarly but without the presence of an
inhibitory phase (Christensen et al., 1991), and some PNs generate long trains of spikes which
outlasts the length of the stimulus presentation (Kanzaki et al., 1989). Some PNs may also
exhibit pure inhibition in response to odorants, in which the firing rate is suppressed during,
and for a short time after, stimulus presentation (Zhao et al., 2014). These varied response
patterns likely reflect differences in the excitatory and inhibitory connections between OSNSs,
PNs, and LNs within the AL.

1.2.4 Parallel tracts relay odor information to higher brain areas

In moths, six parallel fiber pathways called antennal-lobe tracts (ALTS) connect the
AL with higher brain areas: the medial-ALT (m-ALT), medio-lateral-ALT (mI-ALT), lateral-
ALT (I-ALT), dorsal-ALT(d-ALT), dorso-medial-ALT (dm-ALT), and transverse-ALT (t-
ALT) (Figure 4) (Homberg, Montague, & Hildebrand, 1988; lan, Berg, Lillevoll, & Berg,
2016a; Rg, Miller, & Mustaparta, 2007).

The m-ALT is the most prominent ALT (~ 400 PNs in the sphinx moth M. sexta) and
contains mainly uniglomerular PNs (Homberg et al., 1988). Cell bodies of m-ALT PNs are
dispersed in all three cell clusters of the AL: the medial cell cluster (MCC), anterior cell
cluster (ACC), and the lateral cell cluster (LCC). From the AL, the m-ALT projects
posteriorly along the lateral edge of the central body. The main axon bundle passes anteriorly
to the calyces, and several branches extend into, and innervate, the calyces. The m-ALT
finally terminates in the LH, AVLP or the SLP.

The majority of mI-ALT PNs (~120 PNs in M. sexta) have dendritic ramifications

within multiple glomeruli and projects to the LH or larger areas in the lateral and superior
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protocerebrum, but usually not the calyces (Homberg et al., 1988; Rg et al., 2007). All ml-
ALT somata are located in the LCC. The mI-ALT follows the m-ALT but turns laterally at the
anterior, lateral edge of the central body and projects into the LH. Some fibers project
posteriorly from the LH and terminate anteriorly to the calyces. Approximately half of the
fibers in the mI-ALT are GABAergic and (Berg, Schachtner, & Homberg, 2009; Hoskins,
Homberg, Kingan, Christensen, & Hildebrand, 1986).

The I-ALT (~340 PNs in M. sexta) projects more ventrally than the m-ALT and ml-
ALT and consists of both uni- and multiglomerular PNs with somata in the LCC (Homberg et
al., 1988; Rg et al., 2007). The I-ALT turns laterally upon leaving the AL and extends
branches into the LH. Additionally, some of the I-ALT PNs project posteriorly from the LH
and innervates the calyces, and some projects to the contralateral protocerebrum. Another
subset of fibers in the I-ALT targets a separate neuropil structure close to the a-lobe of the
MB, called the column (Homberg et al., 1988; lan et al., 2016a; lan, Zhao, Lande, & Berg,
2016b; Re et al., 2007).

The d-ALT has only been reported in the sphinx moth M. sexta (Homberg et al., 1988;
Hoskins et al., 1986; Kanzaki et al., 1989) and H. virescens (Berg et al., 2009), and in M.
sexta it contains ~50 PNs. Similar to PNs in the mI-ALT, roughly half of the d-ALT PNs are
GABAergic (Berg et al., 2009; Hoskins et al., 1986). Interestingly, the dendrites of d-ALT
PNs target multiple glomeruli in one AL, whereas their cell bodies are located in the MCC in
the contralateral AL. d-ALT fibers project dorso-medially to the I-ALT and innervate the
lateral protocerebrum but not the calyces.

The dm-ALT is barely reported. In M. sexta, this tract consists of ~16 fibers projecting
parallel to the m-ALT, albeit more dorso-medially. The dm-ALT innervates the LH, the
inferior median protocerebrum, the lateral accessory lobe (LAL), and regions in the lateral
protocerebrum which overlaps with that of some I-ALT PNs (Homberg et al., 1988). The
individual dm-ALT PN reported by Rg et al. (2007), having its soma located in the LCC,
innervated one single glomerulus extensively and had some additional branches in other parts
of the AL. This neuron terminated in the ipsilateral MB and LH.

The t-ALT was first discovered in the fruit fly Drosophila melanogaster (Tanaka,
Endo, & Ito, 2012a; Tanaka, Suzuki, Dye, Ejima, & Stopfer, 2012b) and recently in H.
virescens (lan et al., 2016a; lan et al., 2016b). It consists of multiglomerular PNs that projects
along the m-ALT before turning laterally at the posterior edge of the central body. Ventral to
the pedunculus, the t-ALT bifurcates and sends one branch towards the calyces and another to
the LH. In D. melanogaster the t-ALT also innervates the calyces. Due to the unusual
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morphology, the t-ALT may have been characterized as another ALT. For instance, both
Homberg et al. (1988) and Rg et al. (2007) likely found t-ALT PNs but classified them as m-
ALT PNs (see figure 7C in Homberg et al. (1988) and figure 3F in Rg et al. (2007). In both
studies, these PNs were categorized as Plc neurons).

The precise number of ALTSs in the insect brains is species-specific, but in most orders
of insects, olfactory information is conveyed via the m-ALT, mI-ALT, and I-ALT to the
calyces and the lateral protocerebrum (reviewed by Galizia & Raéssler, 2010). Furthermore,
multiple PN subtypes have been reported in the three classical ALTs in moths (Homberg et
al., 1988; lan et al., 2016b; Rg et al., 2007), and also in t-ALT PNs in D. melanogaster
(Tanaka et al., 2012a). Despite little knowledge of the d-ALT, dm-ALT, and t-ALT in moths,
it is reasonable to expect subtypes in these ALTs. The ubiquitous presence of multiple,
parallel ALTs, which differ from another in glomerular innervation pattern, output regions in
the protocerebrum, and neurotransmitter content, suggests that they possess different
functional roles in olfactory processing (Galizia & Rossler, 2010). A similar structural and
functional organization is seen in the mammalian visual system, where separate, parallel
pathways mediate various features of visual stimuli (Livingstone & Hubel, 1988; reviewed by
Nassi & Callaway, 2009). For instance, multiglomerular PNs in D. melanogaster exhibit a
broader response profile to odorants than uniglomerular PNs (Wang et al., 2014). Differences
are also seen in neural levels further downstream. The calyces are predominantly innervated
by PNs in the m-ALT, and more sparsely by neurons in the I-ALT, t-ALT, and dm-ALT. This
suggests that odor information conveyed in these ALTs play a role in learned, odor-evoked
behaviors. Contrary, PNs in the mI-ALT and d-ALT may be more involved in innate
behavioral responses, as they projects primarily to the LH and other regions in the lateral
protocerebrum. In addition to anatomical differences in input and output organization, the mi-
ALT and d-ALT are also functionally separated from the other ALTs due to the release of
GABA. In D. melanogaster, inhibitory PNs have been shown to mediate odor attraction
(Strutz et al., 2014), and enhance odor discrimination by selectively inhibiting the activity of
low-frequency, but not high-frequency, excitatory PNs in the LH (Parnas, Lin, Huetteroth, &
Miesenbdck, 2013).
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ml-ALT
I-ALT
t-ALT
d-ALT
dm-ALT

Figure 4. Schematic representation of the six parallel ALTs reported in moths, in dorsal view. Note
that while all tracts terminate in the lateral protocerebrum, only the m-ALT, I-ALT, and t-ALT
innervates the calyces. Tracts that have multiglomerular arborizations in the AL are assigned by two
‘glomeruli’ in the AL. Uniglomerular tracts are indicated by a single glomerulus. The number of
neurons in each tract is roughly indicated by the width of the tract. AL, antennal lobe; Ca, calyces of
the mushroom body; CB, central body; LH, lateral horn; OL, optic lobe.

1.2.5 Olfactory processing in higher brain areas

With some exceptions, all ALTs project to two regions in the protocerebrum: the
calyces of the mushroom bodies and the lateral protocerebrum. In heliothine moths, the
mushroom bodies (MB) consist of the calyces, the pedunculus, and the various lobes (See
Figure 3B, 5A) (Rg et al., 2007). Within the calyces, terminal output synapses from neurons
involved in olfactory, visual, gustatory, and mechanosensory information processing contact
the dendrites of intrinsic MB cells known as Kenyon cells (Stopfer, 2014). Chemical ablation
of the MB in combination with behavioral assays have implied that this structure is critical for
associative olfactory learning (Connolly et al., 1996; de Belle & Heisenberg, 1994).

The lateral protocerebrum is a large neuropil consisting of the posterior lateral
protocerebrum (PLP), posterior ventro-lateral protocerebrum (PVLP), anterior ventro-lateral

protocerebrum (AVLP), LH, and superior lateral protocerebrum (SLP) (see Figure 5).
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Contrary to the MB, regions of the lateral protocerebrum are associated with experience-
independent behaviors, such as walking, flying, and courtship (de Belle & Heisenberg, 1994;
Heimbeck, Bugnon, Gendre, Keller, & Stocker, 2001; McBride et al., 1999). Projection
neurons target four regions in the lateral protocerebrum: the LH, AVLP, SLP, and the column
(Homberg et al., 1988; Rg et al., 2007; Seki, Aonuma, & Kanzaki, 2005; Zhao et al., 2014).
Projection neurons which innervate ordinary glomeruli terminate mainly in the LH, while PNs
with dendrites in the MGC innervate more anterior regions of the lateral protocerebrum,
notably the AVLP and SLP (previously referred to as the delta area of the inferior lateral
protocerebrum), and the column. A similar division of pheromone and non-pheromone
processing areas is also seen in D. melanogaster (Jefferis et al., 2007). Thus, pheromone and
non-pheromone odor information is processed in different regions of the lateral
protocerebrum. Additionally, the LH itself appear to be further partitioned into different
functional areas: in D. melanogaster, spatially separated areas of the LH encode odors of
opposite hedonic valence (attraction/avoidance) (Min, Ai, Shin, & Suh, 2013; Strutz et al.,
2014). Therefore, although the lateral protocerebrum is largely anatomically unstructured, it is

functionally organized into regions involved in distinct olfactory processes.

Figure 5. Model brain indicating various neuropils in the protocerebrum. (A) Frontal view, slightly
tilted dorsally. (B) Sagittal view. Arrows point to the column. aL, alpha-lobe; AL, antennal lobe;
AOTU, anterior optic tubercle; AVLP, anterior ventro-lateral protocerebrum; Ca, calyces of the
mushroom body; CB, central body; PL, beta-lobe; LH, lateral horn; GNG, gnathal ganglion; INP,
inferior neuropils; PLP, posterior lateral protocerebrum; PVLP, posterior ventro-lateral
protocerebrum; SLP, superior lateral protocerebrum; SNP, superior neuropil; VMNP, ventro-medial
neuropil. Scale bars: 50um. Modified from lan et al. (2016b).
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1.2.6 Modulation of odor processing in the antennal lobe by centrifugal neurons

Centrifugal neurons modulate neuronal activity in the primary olfactory processing
center in both vertebrates and invertebrates (Wilson & Mainen, 2006). In mammals, for
instance, serotonergic neurons projecting from the raphe nuclei in the brain stem provide top-
down modulation of mitral and tufted cells (Kapoor, Provost, Agarwal, & Murthy, 2016).
CNs in insects are assumed to modulate olfactory processing in the AL based on input from
other sensory modalities (Zhao, Pfuhl, Surlykke, Tro, & Berg, 2013a), the general state of the
animal (reviewed by Lizbinski & Dacks, 2018), or circadian rhythms (reviewed by
Kloppenburg & Mercer, 2008). In D. melanogaster, hunger, reproductive state, and sickness
may alter sensory thresholds and behavioral responses through the action of modulatory
neurons (reviewed by Sayin, Boehm, Kobler, De Backer, & Grunwald Kadow, 2018). In the
honeybee, an octopaminergic CN known as the ventral unpaired median (VUM) neuron have
extensive innervation throughout the ALs and the protocerebrum, and encodes the
unconditioned stimulus in appetitive, associative olfactory learning (see Figure 3C)
(Hammer, 1993; Hammer & Menzel, 1998).

The morphology and physiology of the CSD neuron have been studied in several
insect species (D. melanogaster: Coates et al., 2017; Bombyx mori: Hill, lwano, Gatellier, &
Kanzaki, 2002; M. sexta: Kent, Hoskins, & Hildebrand, 1987; Periplaneta americana:
Salecker & Distler, 1990; D. melanogaster: Zhang & Gaudry, 2016; Helicoverpa assaulta:
Zhao & Berg, 2009). The CSD neuron is present in most holometabolous insect orders, albeit
with some morphological differences (reviewed by Dacks, Christensen, & Hildebrand, 2006).
The soma of the CSD neurons is located in the postero-ventral region of one AL, while its
neurites arborize within every glomeruli in the contralateral AL (see Figure 3B). In the
protocerebrum, dendritic processes branch in the superior and lateral protocerebrum, in
addition to the calyces. Each insect brain contains two CSD neurons which mirror each other
in terms of dendritic arborizations, soma location, and terminal projection fields in the AL.
Little is known about the physiological responses of the CSD neuron to odorants and how it
influences AL processing. Previous studies of CSD neuron physiology in moths have
observed mechanosensory-like excitatory responses (Hill et al., 2002; Zhao & Berg, 2009),
whereas in D. melanogaster a wide range of odorants, including pheromones, elicits inhibition
(Zhang & Gaudry, 2016). This effect is likely mediated by inhibitory LNs. One exception is
ammonia, which induces an increase in spiking activity. Other lines of studies have suggested
that CSD neurons regulate sensitivity to sex pheromones. Bath application of serotonin in the
AL of M. sexta increases MGC PN excitability and responsiveness to sex pheromones, partly
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caused by reduction in K* currents (Kloppenburg, Ferns, & Mercer, 1999). Similar bath
application in the moth Bombyx mori elicits increased behavioral sensitivity to pheromones
(Gatellier, Nagao, & Kanzaki, 2004). This effect was shown to be concentration-dependent:
high concentration of serotonin decreased behavioral sensitivity. As the level of serotonin
fluctuates throughout the day and peaks when the moths are most active, CSD neurons have
been suggested to regulate AL neurons’ sensitivity to pheromones in accordance with
circadian rhythms (Kloppenburg & Mercer, 2008). However, a recent study in D.
melanogaster reported contradictory results, as PNs’ response to pheromones increased when
postsynaptic serotonin receptors were blocked, and conversely, PN response decreased when
presynaptic serotonin reuptake transporters were blocked (Zhang & Gaudry, 2016).
Furthermore, the same study demonstrated that optogenetic stimulation of the CSD neuron did
not modulate the sensitivity of AL neurons to pheromones. Thus, the exact function of

serotonergic modulation by the CSD neuron is still not determined.

1.3 Current knowledge gaps and aims of the study

The last decades have accumulated a considerable amount of knowledge of the
morphological and physiological characteristics of projection neurons in the m-ALT.
However, the morphology and functional role of neurons in the other ALTs remain poorly
understood. Similar to the visual system, the parallel organization of the olfactory system
suggests that the various pathways perform distinct functions in olfactory processing (Galizia
& Rossler, 2010). Even less is known about the centrifugal neurons that provide input to the
AL from higher brain areas. These neurons are morphologically diverse and may modulate
olfactory processing in different ways depending on their dendritic ramifications in the brain
and neurotransmitter content. Although recent studies of heliothine moths have begun to
unravel the structure and function of the parallel ALTs (lan et al., 2016a; lan et al., 2016b),
more data on the anatomy and physiology of individual PNs confined to the different tracts
and centrifugal neuron is needed. A better understanding of the structure-function relationship
of projection neurons and centrifugal neurons in the insect brain should help us understand the
general principles of how the olfactory system encodes, process, and represent odor
information our

The current study aims to investigate the morphological features projection neurons
and centrifugal neurons in H. armigera, and to examine the physiological responses of these
neurons to pheromone- and plant odorant, using intracellular recording and iontophoretic

staining in combination with confocal microscopy. Specifically, we will study projection
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neurons confined to the various ALTS, and see whether the response selectivity (broad or
narrow tuning) to odors can be correlated with morphological features and/or which tract they
project in. Furthermore, we will investigate the compartmentalized subsystem devoted to
processing of pheromone information, and see how this system is different from non-
pheromone olfactory systems in terms of structure and function. Regarding centrifugal
neurons, we aim to corroborate and expand on the previous knowledge on the morphological
and physiological properties of these neurons, and, if possible, gain insight into their role in

olfactory processing.
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2. Method

2.1 Insect preparation

Male pupae of the cotton bollworm H. Armigera (Lepidoptera: Noctuidae) from China
(provided by Henan Jiyuan Baiyun Industry Co., Ltd) were kept in climate chambers at 23-
25°C at 70% humidity in a phase-shifted day-night cycle (14h light, 10h dark). Half of the
insects were kept in a small rectangular container and upon hatching transferred into
cylindrical Plexiglas containers (diameter = 12.5 cm, height = 20 cm), while the other half
were kept in a larger cylindrical container (diameter = 29 cm, height = 40 cm) during both
pupae and imago phase. All moths had ad libitum access to a 10% sucrose solution. Carefully
selected, healthy adult moths (as guided by visual inspection of wings and antennae), one- to

six-days post eclosion, were used for intracellular recordings.

In preparation for intracellular recordings, a moth was stored for 10-20 minutes at 4°C
for sedation and placed in a 50-1000 pl plastic pipette to restrain movements. The tip of the
pipette had been cut off beforehand to expose the moth head and antennae. The head capsule
was immobilized by adding a layer of utility wax (Kerr Corporation, Romulus, MI, USA).
The specimen was then placed under a stereomicroscope (Leica) and a small piece of paper
was gently rubbed against the head cuticle to remove cephalic scales. The head cuticle was
cut open using a razor blade and the sheath encapsulating the brain was gently removed with
fine forceps. Next, the antennal muscles surrounding the antennal nerve were cut to reduce
antennal movements. Ringer’s solution (in mM: 150 NaCl, 3 CaCl2, 2 KCl, 25 sucrose, and
10 N-tris (hydroxymethyl)-methyl-2-amino-ethanesulfonic acid, pH 6.9) was applied
continuously to prevent desiccation of the brain. After intracellular recording and staining, the
preparation was kept overnight at 4°C to allow the dye to be transported within the recorded
neuron. The following the day the brain was dissected from the head capsule and stored in 4%
paraformaldehyde (Roti-histofix 4%, Carl Roth GmbH, Karlsruhe, Germany) for 1h in room
temperature. Subsequently, the brain was dehydrated in an increasing ethanol series (50%,
70%, 90%, 96%, 2 x 100%) for 10 minutes each before it was placed in methyl salicylate
(methyl 2-hydroxybenzonate) and stored at 4°C in darkness to prevent photobleaching of the
fluorescent dye. Prior to confocal microscopy, the brain was mounted in an aluminum plate in

methyl salicylate and covered by decker glass plates.
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2.2 Odor stimulation

The odor stimuli used in this study consisted of separate presentation of the primary
(Z11-16:AL) and secondary (Z9-16:AL) pheromone component; a 95:5 ratio blend of the
primary and secondary component; the behavioral antagonistic, interspecific component (Z9-
14:AL; and extracts from sunflower headspace. Sunflower headspace contains multiple
odorant components which activates OSNs in H. armigera (Rgstelien et al., 2005). Except
from sunflower headspace extracts, all stimuli was diluted in hexane to reach a concentration
of 50 ng/100 ul. Hexane served as the control stimulus. 20-ul of each stimuli including
control was applied onto a separate filter paper, which briefly was air-dried before it was
placed into a marked glass cartridge. Between the experiments, the stimuli was stored at -
18°C.

The odor delivery system consisted of two glass cartridges (ID: 0.4 cm) positioned
side by side, both pointed towards the antennae, at a distance of ~1.5cm from the antennae.
One cartridge was filled with a clean filter paper and applied a constant stream of air
(500ml/min) onto the antennae. The other cartridge was replaceable and allowed for manual
switching of the cartridges containing the various stimuli. Presentation of the stimuli was
initiated by a command in the software Spike2 (version 6.18, Cambridge Electronics Design),
which directed the airflow from the cartridge with the clean filter paper into the cartridge
containing the stimuli by a valve system for 400ms. The odor stimuli was renewed regularly

every 1-2 week during the experimental phase.

2.3 Intracellular recording and staining

Glass microelectrodes used for intracellular recording were pulled from borosilicate
capillaries (Hilgenberg, Germany; OD: 1 mm, ID: 0.75 mm) using a horizontal P-97
Flaming/Brown Pipette Puller (Sutter Instruments Inc., USA) and backfilled with the
fluorescent dye Micro-Ruby (dextran, tetramethylrhodamine with biotin, 3000MW, Life
Technologies, USA) and 0.2 M potassium acetate. The recording electrode had a resistance of
40-140 MQ in Ringer’s solution prior to entering the neural tissue. A micromanipulator
(Leica) was used to lower the microelectrode into the brain dorsally, aimed towards either the
lateral or the postero-medial area of one AL, to target either the MGC or the large-diameter
fibers containing PN axons. A chloridized silver wire serving as the reference electrode was
inserted into the mouth muscle tissues located anteriorly to the brain. If a stable contact with a
neuron could not be established within 30 minutes and/or the microelectrode broke (assessed

by checking if resistance dropped below 30 MQ) the remaining AL was used. The recording
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and reference electrode were connected to a headstage which relayed neuronal spike signals
into an amplifier (Axoprobe 1A, Axon Instruments). The signals were then monitored
continuously visually on an oscilloscope and auditory on a loudspeaker. The spike data was
stored and analyzed by Spike2. The sampling rate was 1000Hz. After recording neuronal
spiking activity, the neurons were iontophoretically stained by injecting 1.5-3.0 nA
depolarizing current pulses of 200 ms duration at 1 Hz for 5-15 minutes through the recording
electrode.

2.4 Confocal laser scanning microscopy

Whole mounted preparations went through a brief check in a light microscope (Leica,
DMC 4500) before they were scanned in a confocal microscope (Zeiss, LSM 800, Jena,
Germany) to produce serial scans. Two different objectives were used: a 10x water objective
(C-achroplan, 10x/0.45W) for overview images and a 20x air (Pan Neofluar 20x/0.5 NA) for
detailed images. A 543-nm helium laser (HeNel) was used to excite neurons labeled with
Micro-ruby (EXmax 555, EMmax 580) while a 488-nm argon laser was used to provide
background autofluorescence, illuminating the brain in its entirety. Each scanning frame had a
diameter of 10 um using the 10x objective or 2 um if the 20x objective was used. The pinhole
size was 1 airy unit and image resolution was 1024 x 1024 pixels. The resulting scans was
acquired and processed in Zen2 software (blue edition, Carl Zeiss Microscopy, GmbH, Jena,

Germany).

2.5 Data analysis

With the exception of a CN, only successfully stained individual neurons were used in
analyses of spike data (or, in some cases, 2-3 stained neurons that all belonged to the same
ALT). In all spike trains included in the analysis, stimuli presentations was separated by
minimum 10s to ensure that eventual neuronal responses from one stimulus trial did not affect
the subsequent trial. Furthermore, spike trains had to include the control stimulus to be
eligible for analyses. All spike trains included in data analyses went through spike sorting to
ensure the match between recorded spike and stained neuron. To study odor-evoked neuronal
responses, segments of the spike train lasting 2500ms (1000 ms pre-stimulation, 1500 ms
post-stimulation) were analyzed (see Figure 6). The neuronal responses was quantified and

visualized by creating color- and response plots, and PSTHs.
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Figure 6. Segments of the spike train that were subjected to data analysis. Stimulus duration indicated
by the grey transparent bar, 400ms. Spiking activity from the 1000ms preceding stimulus onset was
compared with the spiking activity occurring in the 1500ms following stimulus onset.

2.5.1 Spike sorting

Spike sorting was performed in Spike2, which generates action potential waveform
templates based on the shape and form of action potentials that occurred during the
intracellular recording. To generate accurate waveform templates, (1) an amplitude threshold
was set and (2) the onset and offset of the action potentials was determined, through visual
inspection of the raw data. The amplitude threshold ensured that Spike2 only detected and
classified action potentials of a given amplitude and not minor fluctuations in the raw data,
whereas the onset and offset of action potentials was set to avoid inclusion of multiple spikes
in a waveform template. Spike2 then assigned each action potential to a specific waveform
template and specified time of occurrence of each spike. The raw data was thoroughly
inspected to optimize the detection and classification of action potentials. If Spike2 generated
several waveform templates, indicating that the recorded spike train included waveforms from
two or more neurons, the average shape and duration of each waveform template was
examined. If the general shape, amplitude and full width at half maximum (FWHM) of the
different waveform templates did not significantly differ, they were assumed to originate from
the same neuron. To further establish that spike trains originated from one neuron, only spike
trains belonging to preparations containing one individually stained neuron were analyzed

(some exception were made, see Data analysis).
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2.5.2 Quantification and visualization of physiological responses

Peri-stimulus time histograms (PSTHs) displaying the number of spikes per second
were created in Spike2. To further quantify the odor-evoked responses a modified procedure
of that outlined in Reisenman, Dacks, and Hildebrand (2011) was followed. First, the
instantaneous spiking frequency (ISF) for each spike during the pre- and post-stimulus
window was calculated by the formula provided by Jarriault, Gadenne, Rospars, and Anton
(2009):

ISF = 1/(ti-ti-1),

where t denotes the spike time of the ith spike. Then, the statistical significant number of ISFs
in response to an odorant-stimulus was determined by calculating an upper and lower

threshold around the mean ISF in the pre-stimulus window:

A = mean srere + (Standard deviation - mean isepre * 1.96)

B = mean isrrre - (Standard deviation - mean isepre * 1.96)

These were calculated separately for each stimulus presentation. The spikes in the post-
stimulus window whose ISF were higher or lower than the values obtained in A and B, were
considered to be the statistically significant number of positive or negative spikes,

respectively.

If statistically significant ISFs above A (positive ISFs) and below B (negative ISFs) both were
present in the post-stimulus window, the number of negative ISFs was subtracted from the
positive ISFs to obtain the overall positive or negative response. This procedure was repeated
for all trials which presented the same stimulus in one neuron. They were then added together
to get a total number of positive or negative ISFs in response to an odorant. To determine
whether a neuron had an excitatory, inhibitory, or no response to an odorant stimulus, two

additional values were calculated:

C = mean number of significant ISFs evoked by control stimulus + (total number of positive

ISFs evoked by control *SEtotaL A)
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D = mean number of significant ISFs evoked by control stimulus - (total number of negative

ISFs evoked by control*SEtoraL B)

Here, SEtoTaL aA/SEToTaL B refer to the standard error of all A and B values calculated for each
presentation of a given stimulus. A response was considered excitatory if the mean number of
ISFs evoked by a stimulus was larger than C. If the mean number of ISFs was below D it was
classified as an inhibitory response. If the mean number of ISFs fell between C and D, it was
classified as no response. Three modifications had to be made to improve the subsequent
response classification: First, as observed in Reisenman et al. (2011), excitatory responses
were correctly classified but the procedure frequently failed to detect putative inhibitory
responses. Thus, for these responses, the total number of ISFs in the pre-stimulus window was
subtracted from the total number of ISFs in the post-stimulus window. The post-stimulus
window was set to 1000ms as the inhibitory response often was short-lasted and spiking
activity resumed quickly after stimulus offset. Second, some trials contained no spikes, and
thus no ISFs, in the pre-stimulus window, resulting in the erroneous calculation of the number
of statistically significant ISFs as zero. In these cases, all spikes in the post-stimulus window
was classified as statistically significant positive ISFs. Third, responses were often
misclassified as inhibitory, because the lower threshold (D-value) was set too high: whenever
the control stimulus elicited no negative ISFs, the D-value was set equal to the mean number
of ISFs evoked by the control stimulus. Thus, a response to an odorant consisting of a single,
positive ISF could be classified as inhibitory if the mean number of ISFs evoked by the
control stimulus was > 1. To resolve this, the lower threshold (D-value) was set equal to the
distance between the mean and the upper threshold (C-value), but in opposite direction. The
procedure correctly classified 74.4% of the responses, as compared to visual inspection of the
raw data. In the few cases were the classification appeared to be wrong, a visual inspection
had the final word. All quantification analyses was made in Matlab (Mathworks, Inc) using a

custom script.

2.6 Terminology

To describe the different antennal-lobe tracts and regions terminology from Ito et al.
(2014) was adopted. This paper outlines a common terminology of areas in the insect brain
using the D. Melanogaster as the reference model, developed by a group of leading

researchers on invertebrates. To describe the mushroom bodies, including the calyces,
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pedunculus, and the various lobes, terminology was adopted from Rg et al. (2007) who

conducted an anatomical study of these structures in H. virescens.

2.7 Ethical considerations

Insects belonging to the lepidopteran species are not included in the Regulation for use
of animals in research trials (Forskrift om bruk av dyr i forsgk). Nonetheless, care was taken
to provide an ethical treatment of the experimental subjects. The moths were housed in
Plexiglas containers in climate chambers which provided natural temperature and light
environment. The moths were cared for every day by changing soiled tissue papers (which
covered the floor and walls of the container) and ensuring that they had at libitum access to
sucrose water. To avoid space-related stress, no more than 8 moths were housed in one

container.
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3. Results

Through intracellular recordings and iontophoretic staining, we investigated the
morphological characteristics and physiological responses to pheromone and plant odors in
two principal types of AL neurons: projection neurons and centrifugal neurons. A total of 156
moths was used in this study, of which intracellular recordings were made in 126 neurons. 25
neurons were successfully stained according to the criteria stated in the Method section (see
2.5 data analysis). Three extra neurons were also included for data analysis, among them 2
PNs were collected by post doc Xi Chu and one CN by Ph.d student Jonas Hansen. In
addition, three preparations without electrophysiological examination were included only in
the anatomical analysis. The structure and function of 28 neurons (PN n = 25; CN n = 3) was
analyzed, in addition to morphological analyses of three neurons (PN n=2; CN n =1).
The morphological characteristics of all 31 neurons are displayed in Table 1, whereas the

physiological data of 28 neurons are reported in the section 3.3.

3.1 Projection neuron morphology
3.1.1 m-ALT projection neurons

Eighteen m-ALT PNs were successfully stained in this study (see Figure 7). These
neurons projected posteriorly from the AL and passed the lateral edge of the central body
before turning laterally and innervated the calyces and lateral protocerebrum. 11 neurons in
the m-ALT were classified as Pm_a_OG neurons, and 4 as Pm_a_MGC neurons, in
accordance with the subtypes presented in Homberg et al. (1988). Three m-ALT neurons
could not be classified into a distinct subtype due to weak staining of the dendritic area in the
AL and terminal projection field in the LH. This type of PNs have been described in H.
virescens and Helicoverpa assulta (Zhao & Berg, 2010; Zhao et al., 2014), and morphological
structures are rather similar across the species.

All Pm_a_OG neurons innervated a single, ordinary glomerulus, had the soma in the
MCC or LCC, and projected to the LH (see Figure 7A, B; Appendix Figure 1). As reported by
Homberg et al. (1988), there was a certain geometrical relationship between soma location
and innervated glomerulus. Projection neurons generally innervated a closely located
glomerulus. One Pm_a_OG (#1) neuron extended a side branch into an adjacent glomerulus,
in addition to the primary innervated glomerulus (see arrow in appendix figure 1D). This side
branch parted from the main dendrite just after the main dendrite exited the glomerulus, and

innervated an adjacent glomerulus. Similar innervation pattern has been observed by
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Homberg et al. (1988) and Rg et al. (2007). In the protocerebrum, the main axon of Pm_a_OG
neurons passed anteriorly to the calyces, and sent 3-5 branches into the calyces. Here, they
formed numerous varicosities (see dashed circle in Figure 7B). Such enlargements in
segments of the neurites are generally interpreted as presynaptic boutons (Cardona et al.,
2010). Then, the axon continued antero-laterally and terminated in the LH. Several side
branches extended from the main axon, each with a large number of blebs (see dashed circle
in Figure 7A). A few Pm_a_OG neurons also extended some branches from the LH anteriorly

into the posterior ventrolateral protocerebrum (PVLP).

Table 1

Total overview of the morphological characteristics of labeled projection neurons and centrifugal neurons

;3];11 Neurontype ALTs Subtype Somata location ]a::'le;;rdli;t;tcion Terminal projections
1 PN m-ALT Pm a OG Lcc AL (UG) Ca:LH

2 PN m-ALT Pm a OG MCC - Ca:LH

3 PN m-ALT - McCC - Ca:LH

4 PN m-ALT Pm a OG McCC AL (UG) Ca:LH

5 PN m-ALT Pm a OG MCC AL (UG) Ca:LH

6 PN m-ALT Pm a OG McCC AL (UG) Ca:LH

7 PN m-ALT Pm a OG - AL (UG) Ca;LH

8 PN m-ALT Pm_a MGC MCC AL (UG) Ca; PVLP; AVLP:SLP
9 PN m-ALT Pm a MGC MCC - Ca: LH: AVLP
10 PN m-ALT Pm_a MGC MCC - Ca; LH; PVLP; SLP
11 PN m-ALT Pm a OG - Ca; LH; PVLP

12 PN m-ALT Pm_a MGC MCC AL (UG) Ca; PVLP: AVLP; SLP
13 PN m-ALT  Pm a OG  MCC AL (UG) Ca:LH

14 PN m-ALT Pm a OG McCC AL (UG) Ca:LH

15 PN m-ALT - - - Ca;LH

16 PN m-ALT Pm a OG McCC AL (UG) Ca:LH

17 PN m-ALT - McCC - Ca; LH: SLP

18 PN m-ALT Pm a OG MCC - Ca;LH

19 PN mlALT  Pml a MGC LCC AL(MG) AVLP

20% PN mlALT  Pml a MGC LCC AL (MG) AVLP

21 PN ml-ALT Pml ¢ OG Lcc AL (UG) LH: PLP; SLP
22 PN I-ALT - - - LH

23 PN I-ALT - Lcc AL (MG) -

24* PN IFALT Pl a MGC Lcc AL (UG) AVLP; column
25 PN I-ALT Pl b OG Lcc AL (MG) AVLP

26%* PN t-ALT Pt b Lcc AL(MG) Ca; LH: PLP
27k PN d-ALT Pd Contralateral MCC AL (MG) Ca; LH; PLP;: PVLP; AVLP; SLP
28%*  CN BPC ~Ca SMP; SIP Both ALs

29 CN BPC ~Ca SMP; SIP Both ALs

30 CN CSD LCC Ca; CB; LH; SLP Contralateral AL
31 CN CSD LCC Ca; CB; LH; SLP Contralateral AL

Note. Bold font indicates that projection neurons innervate the macroglomerular complex (MCG). AL, antennal
lobe; AVLP, anterior ventro-lateral protocerebrum; Ca, calyx; CN, centrifugal neuron; CB, central body; CSD,
contralaterally projecting, serotonin-immunoreactive deutocerebral neuron; BPC, bilateral paired centrifugal
neuron; LCC, lateral cell cluster; LH, lateral horn; MCC, medial cell cluster; MG, multiglomerular; OG,
ordinary glomeruli; PN, projection neuron; PLP, posterior lateral protocerebrum; PVLP, posterior ventro-lateral
protocerebrum; SIP, superior intermediate protocerebrum; SLP, superior lateral protocerebrum; SMP, superior
medial protocerebrum; UG, uniglomerular. *Neurons were provided by Xi Chu or Jonas Hansen. ** Neurons
were not included in physiological analyses.



Figure 7. Confocal images of four medial antennal lobe tract (m-ALT) projection neurons (PNs), in
dorsal view. (A-B) Each PNs (#13, 6) in the m-ALT innervated a single, ordinary glomerulus (OG) in
the AL. These PNs projected to the calyces (Ca) and the lateral horn (LH). Note the many varicosities
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on the branches in the protocerebrum (indicated in dashed circles). (C-D) PNs (#7, 12) in the m-ALT
innervating the male-specific macroglomerular complex (MGC). Both neurons innervated the cumulus
unit. Note that these neurons have more sparse innervation of the calyces than OG PNs, and terminate
in the anterior ventrolateral protocerebrum (AVLP) and superior lateral protocerebrum (SLP). The
soma of all four neurons are located in the medial cell cluster (MCC). ACC, anterior cell cluster; CB,
central body; LCC, lateral cell cluster. Scale bars: 50 pum.

Medial-tract PNs with dendrites in the male-specific glomeruli, the MGC, were
observed in four preparations (two are shown in Figure 7C, D). From the AL, Pm_a_MGC
neurons followed the same pathway as the previously described Pm_a_OG neurons, but had
less extensive innervation of the calyces and projected to more anterior regions of the lateral
protocerebrum. The cell body of all Pm_a_MGC PNs was located in the MCC. Two
preparations contained individual PNs which innervated the cumulus unit of the MGC. One
unshown preparation contained two MGC PNs, one innervating the cumulus and one
innervating the dm-p unit. Identification of glomerular innervation could not be determined
for the fourth preparation, unshown data. Compared to Pm_a_OG neurons, the Pm_a MGC
PNs had fewer branches and smaller varicosities in the calyces and projected to anterior
regions of the lateral protocerebrum, including the PVLP and anterior ventro-lateral
protocerebrum (AVLP), were a few, short fibers were observed extending from the main
branches. From these areas, the neurons turned dorso-medially and projected one or two

branches into the superior lateral protocerebrum (SLP).

3.1.2 ml-ALT projection neurons

Three mI-ALT PNs with soma located in the LCC were reported in this study (see
Figure 8; Appendix Figure 2B). The main axon of neurons in the mI-ALT exited the AL along
with the m-ALT axon bundle but diverged anterior to the lateral edge of the central body.
From there, they projected directly to the lateral protocerebrum and did not innervate the
calyces. Two ml-ALT PNs had multiglomerular arborizations within the MGC, and were
named Pml_a_MGC as they were similar to the Pml_a_OG neurons reported in lan et al.
(2016Db) (Figure 8A; Appendix Figure 2B). Both Pml_a_MGC PNs passed off a side branch
within the AL. In one preparation (#19) this side branch was seen exiting the AL ventral to
the main axon and innervating areas in the LAL (see arrow in Figure 8A). In the other, (#20),
the branch appears to innervate two adjacent glomeruli (not shown due to weak staining).
Pml_a_MGC neurons projected laterally and terminated in the AVLP. Here, the main branch

gave rise to numerous short side branches, each with several varicosities.
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The third ml_ALT neuron, named Pml_c_OG, had a unique morphology by
innervating only one single glomerulus, located in the postero-ventral region of the AL
(Figure 8B). As other mI-ALT PNs, this neuron diverged from the m-ALT at the anterior edge
of the central body, but continued dorso-laterally and bifurcated ventral to the pedunculus.
One main branch projected ventro-laterally towards the lateral protocerebrum and diverged
into several thinner fibers with numerous large swellings which terminated in the posterior
lateral protocerebrum (PLP) (see arrow in Figure 8B) and partially in the LH. The main
branch then projected postero-medially and terminated at the base of the calyces in the SLP.
The other main branch continued posteriorly, parallel to the pendunculus, and terminated
anteriorly to the calyces where it had many varicosities. The two bifurcated fibers thus
appeared to have overlapping projection fields at the anterior base of the calyces in the SLP.
From the point of bifurcation to their terminal areas in the LH and SLP, both main branches

had several short, fine processes with several large swellings (see arrowheads in Figure 8B).

Figure 8. Confocal images of two projection neurons (PNs) in the medio-lateral antennal lobe tract
(mI-ALT), in dorsal view. (A) A multiglomerular PN (#19) with soma in the lateral cell cluster (LCC),
innervating all units of the MGC. A side branch can be seen bifurcating from the main axon within the
antennal lobe (AL) (arrow). The axon bends laterally at the edge of the central body and projects
directly to the anterior ventro-lateral protocerebrum (AVLP). (B) A uniglomerular mI-ALT PN (#21)
with soma in the LCC. After turning laterally, the axon bifurcated and projected one branch to the
posterior lateral protocerebrum (PLP) (indicated by the arrow) and the lateral horn (LH), and another
branch to the base of the calyces (Ca), in the superior lateral protocerebrum (SLP). Note the small
blebs extending from the two branches close to the bifurcation point (arrowheads). Scale bars: 50 pm.
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3.1.3 I-ALT projection neurons

In this study, 4 I-ALT neurons were stained (two are shown as for examples, see
Figure 9). Neurons in the I-ALT exited the AL ventral to the m-ALT and ml-ALT, and
immediately projected laterally towards the lateral protocerebrum. They did not innervate the
calyces. Three I-ALT PNs had the soma in the LCC, whereas soma location for the last
preparation could not be determined due to weak staining.

One I-ALT PN, named the PI_a_MGC PN, had dendritic ramifications within the
cumulus and passed off side branches into the ishtmus after exiting the AL (see arrowhead in
Figure 9A). The axon then continued laterally towards the lateral protocerebrum, where
several short processes extended into the AVLP. The axon then turned about 90 degrees and
continued dorso-medially, extending several short side branches and finally terminating
anterior to the a-lobes, in the pillar-shaped structure known as the column (lan et al., 2016a;
lan et al., 2016b).

One PI_b_OG PN had dendritic arborizations in several ordinary glomeruli, and upon
exiting the AL projected laterally toward the lateral protocerebrum (Figure 9B). A few side
branches extended from the main axon into the ventromedial neuropil (VMNP) while the
majority of branching occurred in the medial part of the AVLP. The axon finally terminated
in two large club-like structures in the lateral part of the AVLP (see arrows in Figure 9B).

The two remaining I-ALT PNs could not be classified into subtypes due to insufficient
staining of their terminal projections in the protocerebrum: one neuron had dendritic
arborizations in multiple, ordinary glomeruli (see Appendix Figure 2C). The other weakly

stained neuron projected through the I-ALT into AVLP (not shown).

3.1.4 t-ALT projection neuron

One t-ALT neuron was stained in one preparation (Figure 10). This neuron followed
the same pathway from the AL as fibers in the m-ALT, but projected laterally at the posterior
edge of the central body. The axon then bifurcated and innervated both the calyces and the
lateral protocerebrum. As it was morphologically dissimilar to the t-ALT neuron reported in
lan et al. (2016b) it was classified as Pt_b type. The Pt_b neuron had soma in the LCC and
dendritic innervations in several glomeruli, including OGs and the cumulus of the MGC.
Dendritic innervations were particularly strong in one large glomerulus located ventrally in
the AL (see dashed circle in Figure 10). Interestingly, two neurites originating from the main
axon exited the AL ventrally and posterio-medially and projected ventrally (see arrows in

Figure 10). However, due to weak staining, their terminal projection fields could not be
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determined. Shortly after the axon diverged from the m-ALT pathway and bended laterally, it
bifurcated and sent one branch posteriorly towards the calyces and another towards the lateral
protocerebrum. The branch that innervated the calyces divided into several smaller fibers,
each with numerous varicosities. The other branch projected to the PLP and the LH in the
lateral protocerebrum. All branches contained numerous, small blebs. A single fiber with a

small number of varicosities projected from the LH and back into the calyces (see arrowhead

in Figure 10).

Figure 9. Confocal images of lateral antennal lobe tract (I-ALT) neurons, in dorsal view. (A) Three
projection neurons (PNs) in the I-ALT (#24). All had cell body in the lateral cell cluster (LCC) and
dendrites in the cumulus unit of the macroglomerular complex. A side branch extended into the
isthmus (arrowhead). All projected to the anterior ventro-lateral protocerebrum (AVLP) and the
column (arrow). (B) PN (#25) innervating ordinary glomeruli (hot shown due to weak staining of
dendrites), soma in the LCC. A few branches innervated the ventro-medial neuropil (VMNP), and
the axon terminated in two club-like structures in the AVLP (arrows). Scale bars: 50 pm.
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Figure 10. Confocal image of one projection neuron in the transverse antennal lobe tract (t-ALT)
(#26), in dorsal view. The soma of this neuron was located in the lateral cell cluster. In the antennal
lobe (AL) it had dendritic ramifications in all glomeruli (not shown due to weak staining). One
glomerulus located ventrally in the AL was better stained than the remaining glomeruli (dashed circle).
Two neurites extended ventrally towards the gnathal ganglion (arrows). However, due to insufficient
staining they could not be traced completely. After turning laterally, the axon bifurcated and extended
one branch into the calyces (Ca) and another into the lateral horn (LH) and the posterior lateral
protocerebrum (PLP). A single neurite projected from the PLP to the calyces (arrowhead). CB, central
body. Scale bar: 50 pm.
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3.1.5 d-ALT projection neuron

Here, for the first time in heliothine moths, we describe the protocerebral projection
fields of a d-ALT neuron that was stained in one preparation (Figure 11). This neuron (Pd
type) projected dorso-laterally from the AL and innervated widespread regions of the lateral
protocerebrum. It had dendritic arborizations in multiple glomeruli in one AL, and several
side branches were seen extending from the main neurite (see arrow in Figure 11A, B, and
arrowhead in Figure 11B). From the AL, the neurite bifurcated and sent one branch through
the inferior antennal lobe commissure to the contralateral brain hemisphere, where its soma
resided in the MCC The other branch projected postero-laterally towards the ventro- and
dorso-lateral protocerebrum. Here, the main branch split into numerous blebby side branches
that innervated the PLP, PVLP, AVLP, LH, and SLP. In the SLP, the branches went posterior
and dorsal to the a-lobes. Additionally, a side branch diverged from the main neurite before it
reached the LH and projected postero-dorsally into the calyces (see arrowhead in Figure
11A). Due to the co-staining of a multiglomerular LN, the exact dendritic ramifications of the
Pd neuron in the AL could not be determined. However, given that several side branches
parted from the main neurite within the AL, and that by Kanzaki et al. (1989) reported a
multiglomerular Pd neuron, it is highly likely that the Pd neuron presented here also

innervated several glomeruli.

3.2 Centrifugal neuron morphology
Two different types of CNs were recorded and stained in this study: the CSD neuron
previously reported in several insect species (Dacks et al., 2006) and a previously unreported

bilateral, paired centrifugal neuron.

3.2.1 Contralaterally projecting, serotonin-immunoreactive neuron

The CSD neuron, which was stained in two preparations (Figure 12), was
morphologically similar to the CSD neurons reported in M. sexta (Kent et al., 1987), P.
americana (Salecker & Distler, 1990), B. mori (Hill et al., 2002), and H. assulta (Zhao &
Berg, 2009). In all these insect species, the CSD neuron had a large soma in one AL, dendritic
ramifications in large areas of the superior, lateral protocerebrum in both hemispheres, and
terminal output synapses in all glomeruli in the contralateral AL. However, as compared to

the previous report from the heliothine moth, H. assulta, the CSD neurons presented here
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were substantially better stained (particularly one preparation, i.e. Figure 12A). Therefore, the
morphology of this widespread neuron is considerably more accurately described here.

The primary neurite from the soma projected posteriorly along the m-ALT pathway. In
the postero-dorsal protocerebrum, the neurite bifurcated and extended one thick branch
laterally where it innervated regions in the ipsilateral SLP, LH, and the calyces. The other
branch crossed the midline through the superior postero-lateral protocerebral commissure, and
projected to the contralateral hemisphere. Here, it bifurcated into several side branches, which
innervated large areas of the SLP and LH, but not the calyces. The dendritic ramifications in
the SLP were extensive and had a meshwork-like appearance. The innervation pattern in the
two hemisphere was asymmetrical, and in the contralateral SLP. Additionally, the main
branch in the contralateral hemisphere passed off one neurite that continued along the m-ALT
pathway into the AL, and another neurite that extended towards the central body (see arrows
in figure 12B). The former neurite entered the contralateral AL (relative to the soma) where it
densely innervated every glomeruli. The latter neurite passed off numerous short side
branches as it projected antero-medially towards the midline (see arrow in Figure 13A).
Dorsal to the central body, the neurite bifurcated and extended a single process into the
central body (see arrowhead in Figure 13A). Here, it innervated the entire posterior region of
the central body. From the point of bifurcation, the remaining neurite continued postero-
dorsally and appeared to join the large branch in the ipsilateral (relative to the soma)
protocerebrum.

Interestingly, one CSD neuron (#30) extended a single branch anteriorly towards the
LAL and innervated areas around the a-lobes, although its precise location could not be
determined due to deformation of the brain (see dashed circle in Figure 13A). This CSD
neuron also had branches in the ipsilateral SLP that contained varicose, blebby terminals,
indicative of presynaptic boutons (see dashed circle in Figure 13B). Furthermore, the same
preparation Although the CSDs neuron mainly had uniform glomerular innervation pattern
throughout the AL (Figure 13c), one preparation (#28) had particularly strong innervation of a

single glomerulus located ventro-medially in the AL (see dashed circle in Figure 13D).
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Figure 11. Confocal images of one neuron in the dorsal antennal lobe tract (d-ALT) (#27). (A) Dorsal
view. This projection neuron (PN) had multiglomerular arborizations in the antennal lobe (AL) and
soma in the medial cell cluster in the contralateral AL. It had widespread innervation of several
regions in the lateral protocerebrum: anterior ventro-lateral protocerebrum (AVLP), lateral horn (LH),
posterior lateral protocerebrum (PLP), posterior ventro-lateral protocerebrum (PVLP), and superior
lateral protocerebrum (SLP). A single branch also extended into the calyces (Ca) (arrowhead). As the
axon entered the AL, two neurites bifurcated and innervated multiple glomeruli (arrow) (B) Frontal
view. Same neurites extending from the axon (arrow). An additional branch projected from the axon
into the AL (arrowhead). (C) Frontal view. The projection fields of this neuron extended ventrally, in
the AVLP, and dorsally, in the SLP. CB, central body. Note that a local interneuron (LN) with soma in
the lateral cell cluster was co-stained in this preparation. Scale bars: 50 pum.
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Figure 12. Confocal images of two contralaterally projecting, serotonin-immunoreactive deutocerebral
(CSD) neurons (#30-31), in dorsal view. (A-B) The soma of the CSD neuron resided in the postero-
ventral region of one antennal lobe (AL). From the soma, the primary neurite projected via the m-ALT
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into the posterior protocerebrum where it bifurcated. One branch continued laterally into the ipsilateral
superior lateral protocerebrum (SLP), lateral horn (LH), and calyces (Ca). The other branch crossed
the midline via the postero-lateral protocerebral commissure, and extended into the contralateral SLP
and LH. Two neurites extended from the contralateral branch (arrows, B). One followed the m-ALT
and innervated all glomeruli in the contralateral AL. The other branch projected antero-medially and
innervated the central body (CB). Scale bars: 50 um.

Figure 13. Confocal images of the contralaterally projecting, serotonin-immunoreactive deutocerebral
(CSD) neuron, in dorsal view. (A) One CSD neuron (#30) had a branch that projected towards the
lateral accessory lobe. As the brain was slightly deformed, the precise innervation of this branch could
not be determined. One neurite extended from the protocerebral branch and projected towards the
central body (CB) (arrow). Dorsal to the CB, it bifurcated and innervated the posterior region of the
CB. (B) Same CSD neuron also had varicose blebs, indicating presynaptic terminals, in some
processes in the ipsilateral (relative to the soma) branch in the superior lateral protocerebrum (SLP).
(C) One CSD neuron (#31) exhibited particularly strong innervation of a single glomerulus (dashed
circle). (D). Uniform, innervation of all glomeruli in the antennal lobe (AL). Scale bars: 50 pm.

3.2.2 Bilateral paired centrifugal neuron

Here we report a type of bilateral, paired centrifugal (BPC) neuron not previously
described in any insect species (Figure 14). The cell body of this neuron was located in the
protocerebrum, it had widespread dendritic ramifications in the dorsomedial regions of both

brain hemispheres and synaptic terminal output seemingly inn all glomeruli in both ALs. The
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neurites which projected to the AL resided outside of all known ALTs. Recording and
staining from this neuron type was obtained from two different preparations. In these two
preparations, the soma was located in opposite hemispheres, indicating that each neuron
mirrors the other and that there is at least one pair of morphologically ‘identical’ neurons.

Both stained neurons had a soma (~20 um in diameter) located in a cell cluster
positioned ventral to where the pedunculus exits the calyces. The primary neurite extending
from the soma projected anteriorly and dorso-medially towards the midline of the brain.
Dorsal to the central body, just prior to reaching the midline, the neurite bifurcated. One
neurite extended anteriorly, while the other neurite continued over the midline to the
contralateral hemisphere. Then, the neurites in both hemispheres of the brain each contacted a
large-diameter branch that projected laterally. Both of these thick branches bifurcated into
several smaller processes, which innervated large regions of the SLP and superior
intermediate protocerebrum (SIP). Smooth neurites, absent of varicosities and blebs, generally
indicates dendritic processes (Cardona et al., 2010). Two thin neurites extended from one
hemisphere to the other (see arrows in Figure 14A). From the dorsomedial protocerebrum,
both large-diameter branches then projected medially and antero-ventrally into the ALs. Here,
each branch formed sparse innervations in almost every glomeruli (see Figure 15).

Interestingly, this neuron did not innervate any of the lobes, despite extensive dendritic
ramifications in the protocerebrum (see Figure 15). Some dendritic processes were seen
innervating the anterior optic tubercle (see arrow in Figure 15A) and others targeted areas that
surrounded the Y tract, an additional fiber bundle projecting from the calyces observed in
heliothine moths (Rg et al., 2007), (see arrows in Figure 15B). The neurites that projected to
the ALs entered ventro-medially, medial to the S-lobes (see arrows in Figure 15C). No
staining was observed in one glomerulus in the contralateral AL (relative to the soma), located
medially to the dm-a and dm-p unit of the MGC (see dashed circle in Figure 15D). 1-2 thin
branches containing a low number of blebs innervated the remaining glomeruli in both ALs.
These terminal projections had fewer branches with larger varicosities as compared to the
CSD neurons (Figure 13D).
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Figure 14. Confocal images of two bilateral, paired centrifugal (BPC) neurons (#28-29), in dorsal
view. (A-B). The soma of the BPC neuron was located ventral to where the pendunculus exits the




calyces (Ca). From the soma, the primary neurite projected anteriorly and dorso-medially. Close to the
midline, the neurite bifurcated and extended one neurite anteriorly, while the other crossed the
midline. In the superior medial protocerebrum (SLP), both neurites contacted a large-diameter branch
which projected laterally into the SLP and superior intermediate protocerebrum (SIP). Here, the thick
branch bifurcated into several side smooth processes, indicating dendritic processes. From each of the
two thick branches, a thinner branch continued antero-ventrally and entered the antennal lobes (ALS)
ventrally. In the AL, each branch bifurcated and sparsely innervated almost all glomeruli. Note that in
(A, B), another neuron was co-stained with the BPC neuron. In (A), 2-3 projection neurons in the m-
ALT innervated the calyces and the lateral horn (LH). A descending neuron is also stained in the left
AL. In (B), the additional neuron had soma in the anterior cell cluster, projected in the m-ALT and
innervated large regions of the lateral protocerebrum. Scale bars: 50 um.

Figure 15. Confocal images of the bilateral, paired centrifugal (BPC) neuron, in dorsal view. Note the
sparse innervation of almost every glomeruli and the absence of innervation in any of the mushroom
body lobes. (A) A single branch was observed extending into the anterior optic tubercle (AOTU)
(arrow). (B) The BPC neuron innervated regions surrounding the Y tract (arrows) and the superior
intermediate protocerebrum (SIP), but not any of the lobes. (C) From each large branch in superior
medial protocerebrum and SIP, two neurites projected antero-ventrally (arrows). These did not enter
the antennal lobes (ALs) through any of the antennal lobe tracts. Rather, they entered medially and
ventrally. (D) The BPC neuron had sparse innervation in all glomeruli, except for a single glomerulus
located medially to the macroglomerular complex (dashed circle). BL, beta-lobe; oL, alpha- lobe; yL,
gamma-lobe. Scale bars: 50 um.
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3.3 Physiological responses of projection neurons and centrifugal neurons to odorant
stimuli

An overview of the level of activation (number of spikes) in PNs and CNs during the
presence of odorant and control stimuli is displayed in figure 17. Regarding the most
numerous PN category, the m-ALT PNSs, the majority of neurons did not exhibit differences in
the firing rate did not change during odor or control stimulation from the pre-stimulus firing
rate. A subset of m-ALT PNs (#1-5) exhibited increased firing rate in response to multiple
odorants, whereas some m-ALT PNs (#4, 7-8, 16-18) decreased their firing rate in response to
one or several odorants. Of the three mI-ALT PNs reported here, the two with glomerular
ramifications within the all units of the MGC (#19-20) showed an increase in firing rate to
one or several stimuli, particularly to the pheromone blend and primary pheromone
component, but not to the control. As the mI-ALT PNs, all I-ALT PNs (#22-25) demonstrated
increasing firing rate in response to one or several stimuli. One I-ALT PN (#24) identified as
innervating the MGC, had particularly strong increase in firing rate in response to the
pheromone blend. In another I-ALT PN (#22), both the pheromone blend, secondary
component, and interspecific antagonist elicited high levels of spiking activity.

In the CNs, presentations of various odorant stimuli elicited only modest increases in
firing rate, as compared to baseline. However, an exception was seen in one CN (#29). This
neuron exhibited a modest increase in firing frequency to the pheromone blend, Z11-16:AL,
and sunflower extract (see Appendix Figure 4). Although the firing rate was not as high as the
responses obtained in some PNs, they were still distinguishable from the pre-stimulus
spontaneous activity which was very low. Neither CSD neurons responded to pheromone or
plant odors or control stimulus.

Figure 16 shows the classification of CN and PN responses, based on a comparison to
the number of spikes elicited by odor stimuli and the control stimulus (see method section:
Quantification and visualization of physiological responses). The majority of m-ALT
PNs were classified as not responding to the odorant stimuli. Of the m-ALT PNs that were
classified as having excitatory and inhibitory responses, all but one (#17) responded only to a
single stimulus (either excitatory or inhibitory). Irrespective of ALTs, the pheromone blend
elicited excitation in four MGC PNs (#8, 19-20, 24), whereas one MGC PN (#9) was
inhibited by the sunflower extract. Three OG PNs (#5, 7, and 16) were inhibited by the
sunflower extract. One m-ALT PN (#17) and one I-ALT PN (#22) had a mixed response
profile, demonstrating excitation to one stimulus and inhibition to others. The mlI-ALT MGC

PNs had excitatory responses to more than one stimulus, a pattern that also was seen in one I-
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ALT PN (with mixed response profile) and one CN. Despite the increase in firing rate

observed in PNs belonging to various ALTSs to several stimuli (see above), this change was

often not significant when compared to level of activity evoked by the control stimulus. For

instance, both mI-ALT PNs exhibited increased firing rate to several odorants. However,

when analyzed quantitatively and compared to response during presentation of control

stimulus, only the primary pheromone component (Z11-16:AL) and the pheromone blend

elicited significant responses.
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Figure 16. Color-plot of the range of responses (based on the number of significant spikes; see
Method section 2.5.2 Quantification and visualization of physiological responses) of individual
neurons (PN n = 25; CN n = 3) to a 95:5 blend of the primary (Z11-16:AL) and secondary (Z9-16:AL)
pheromone component, the primary (Z11-16:AL) component, the secondary (Z9-16:AL) component,

the interspecific antagonist (Z29-14:AL), sunflower extracts, and control (hexane). Neurons within each
category (m-ALT, mI-ALT, I-ALT, and centrifugal) were ranked in ascending order of mean response

intensity.
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To further compare PN and CN responses to the odor stimuli, the response
classifications (excitatory, inhibitory, no response) of morphologically identified MGC (n =
7) and OG PNs (n = 13) were compared to the response classifications of CNs (n = 3) (Figure
17). Plant odors generally do not activate MGC PNs, and vice versa for pheromones and OG
PNs. Therefore, MGC PNs were compared with CNs in their response to the pheromone
blend (Figure 17A), while OG PNs were compared with CNs in their response to the
sunflower extract (Figure 17B). Four MGC PNs (#8, 19-20, 24) had excitatory responses to
the pheromone blend, and interestingly, so did one CN neuron (#29). This neuron also
responded with excitation to the sunflower extract. In comparison, the sunflower extract
elicited excitation in one OG PN (#18) and inhibition in four OG PNs (#5, 7, 16, 21).

1 No response
i B Excitation
2 B obibition
5 . No data
6
7
5
9
E 10
< 1
g8 1
13
14
15
16
17
18

ml-ALT
[T Y
— 9 L

I-ALT
B

Centrifugal
28R

95:5 Blend Z11-16:AL 79-16:AL 79-14:AL Sunflower

Figure 17. Response plot showing the classification of the responses of individual neurons (PN n = 25;
CN n = 3) to a 95:5 blend of the primary (Z11-16:AL) and secondary (Z9-16:AL) pheromone
component, the primary (Z11-16:AL) component, the secondary (Z9-16:AL) component, the
interspecific antagonist (Z9-14:AL), sunflower extracts, and control (hexane). Each response was
classified as either excitatory, inhibitory, or no response. Red bars indicates that stimuli was not tested.
Neurons are follow the same rank as in Figure 16.
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Figure 18. Histograms of the percentage of neurons that exhibited excitation, inhibition, or no
response. (A) The responses of projection neurons innervating the macroglomerular complex to 95:5
blend of the primary (Z11-16:AL) and secondary (Z9-16:AL) are compared against the responses of
centrifigual neurons. (B) The responses of projection neurons innervating ordinary glomeruli to the
sunflower extract are compared against the responses of centrifugal neurons.

Stimulation with pheromone- and plant odors elicited different excitatory response
patterns which were categorized based on the temporal length of the responses, spiking
frequency, as well as the co-occurrence of inhibition (Figure 19). The various excitation
patterns were independent which ALT the PNs projected in or whether the PNs innervated
OG or the MGC. Additionally, neurons would occasionally exhibit different excitation pattern
to different stimuli. Thus, individual PNs were not classified according physiological
response. Three types of physiological responses were seen in this study: monophasic,
biphasic, and triphasic response patterns.

A common monophasic response to pheromone or plant odors consisted of an increase
in firing rate shortly after the stimulus is introduced, which continues during the entire length
of the stimulus window (400ms) and for a short time after, before it resumed spontaneous
firing activity (short tonic response, Figure 19A). A less frequent monophasic response
pattern comprised of long-lasting excitatory (LLE) tonic response (Figure 19B). Here, the
firing rate increased first at the end of the stimulus presentation and then continued for several
seconds after the end of the stimulus presentation. Other neurons exhibited biphasic and
triphasic response patterns characterized by initial excitation subsequently followed by
inhibition (Figure 19C-E). One biphasic response pattern was characterized by a tonic
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excitation in which firing rate was increased for the remainder of the stimulus duration
followed by inhibition of spiking activity (Figure 19C). In comparison, the other biphasic
response pattern exhibited a short excitatory burst of spikes, which were subsequently
inhibited for the remainder of, and a short time period after, stimulus presentation (Figure
19D). The triphasic response pattern (phasic-tonic-inhibition) observed in some neurons
consisted of an initial short burst of spikes, then increased levels of firing rate during stimulus
presentation and then inhibition of spiking activity (Figure 19E). In contrast to the
heterogeneous nature of the excitatory responses, the all inhibitory responses constituted a
single, monophasic inhibitory response pattern (Figure 19F). Generally, the spiking activity
ceased shortly after presenting the stimulus and the inhibition continued for the remainder of
the stimulus duration and for a short period after, and then resumed pre-stimulus spontaneous

activity firing rate.
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Figure 19. The examples of response patterns of projection neurons, raw data on the left, PSTH displaying
spikes/second on the right. Duration of stimulus presentation indicated by the transparent grey bar (A)
Monophasic excitatory response, consisting of tonic firing lasting approximately the length of the stimulus. (B)
Monophasic, long-lasting excitation (LLE). Firing rate is tonic and prolonged, even after stimulus offset. (C)
Biphasic response, consisting of tonic firing lasting the length of the stimulus, followed by inhibition. (D)
Biphasic response, consisting of a rapid, phasic burst followed by inhibition. (D) Triphasic response: A rapid,
phasic burst of spikes is followed by tonic firing for the remainder of the stimulus duration, and finally inhibited.
(F) Monophasic inhibition. Generally, all inhibitory responses were similar: inhibition began shortly after
stimulus onset and briefly outlasted the duration of the stimulus. Scale bars: 10mV, 400ms.
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4. Discussion

Here, we have used intracellular recording and iontophoretic staining in combination
with confocal microscopy to elucidate the morphological and physiological characteristics of
projection neurons and centrifugal neurons. The 25 identified PNs were confined to one of
five different ALT: the medial, medio-lateral, lateral, transverse, and dorsal tract. (Actually,
the only tract missing is the dorso-medial ALT). The results presented here broadens the
previous anatomical descriptions of PNs in moths (Homberg et al., 1988; lan et al., 2016b; Rg
et al., 2007) by describing the complete morphology of a uniglomerular mI-ALT PN and a t-
ALT PN subtype, neither of which are reported previously. Furthermore, we present the first
anatomical examination of a d-ALT PN in heliothine moths.

Four CNs constituting two distinct categories were identified. One of these categories
includes a previously unreported centrifugal neuron with widespread dendritic and terminal
projections in the insect brain. The other category implies the CSD neuron. Here, we expand
on the original morphological description of CSD neurons in heliothine moths provided by
Zhao and Berg (2009).

Regarding physiological response properties, we obtained responses to pheromone and
plant odors in some of the PNs: MGC PNs responded primarily to pheromones, whereas OG
PNs responded to plant odors (e.g., Christensen & Hildebrand, 1987; Christensen et al., 1991;
Christensen et al., 1995). One CN responded to both pheromone and plant odors, suggesting a

role for this neuron in the olfactory processing of both pheromone and non-pheromone odors.

4.1 Structural and functional organization of the parallel olfactory pathways

4.1.1 Projection neurons are narrowly or broadly tuned to odors

The majority of PNs reported in the present study belonged to one of the three
classical ALTSs (i.e., the m-ALT, mI-ALT and I-ALT). Of these, most PNs were confined to
the m-ALT and all morphologically identified m-ALT PNs were categorized as the Pm_a
subtype. These results are consistent with earlier findings showing that the m-ALT is the most
prominent in terms of number of PNs, and consists mainly of homogeneous PNs with
uniglomerular dendritic arborizations and terminal projection fields in the calyces and LH
(Anton & Homberg, 1999; Homberg et al., 1988; lan et al., 2016b; Rg et al., 2007). Generally,
uniglomerular PNs are narrowly tuned and respond preferentially to one key odorant during
low stimulus concentration (King et al., 2000; Reisenman et al., 2004; Reisenman et al.,

2005). In support of this, we show that of the majority of uniglomerular PNs in the m-ALT
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exhibit little or no response to most of the tested stimuli, including the primary (Z11-16:AL)
and secondary (Z9-16:AL) pheromone components, a pheromone blend, interspecific signals
(Z29-14:AL), and sunflower extracts containing plant volatiles which activates multiple types
of OSNs in heliothine moths (Rgstelien et al., 2005). Of those m-ALT neurons that did
respond to odor stimulation, each neuron typically only responded to a single odor. Similarly,
the novel, uniglomerular neuron projecting in the mI-ALT (#21) exhibited highly specific
responses only to one odor (sunflower extract). This selective response to specific odors
among neurons arborizing within a single glomerulus suggest that odor tuning is determined
by innervation pattern in the AL. Taken together, this indicates that uniglomerular PNs signal
the presence of a particular odor in the environment, and may encode the identity of an odor.

Conversely, most neurons in the mI-ALT and I-ALT presented in the current study,
and those reported previously in other insect species (e.g., Abel, Rybak, & Menzel, 2001;
Homberg et al., 1988; lan et al., 2016b; Lgfaldli, Kvello, Kirkerud, & Mustaparta, 2012; Rg et
al., 2007; Tanaka et al., 2012a), had dendritic arborizations within all or most glomeruli and
projected mainly to the lateral protocerebrum. In this study, we demonstrated that most ml-
ALT and I-ALT PNs exhibited increased firing rates to several or all odor stimuli (Figure 12,
13). Broader response profiles in multiglomerular PNs, as compared to uniglomerular PN,
have also been seen in D. Melanogaster (Wang et al., 2014). It is likely that mI-ALT and I-
ALT PNs exhibit a broader odor tuning than uniglomerular neurons due to their
multiglomerular arborizations pattern within the AL. This type of dendritic innervation
pattern offers the possibility of integrating information across several glomeruli.
Consequently, multiglomerular neurons should be less able to discriminate among odors, as
sufficient activation of any innervated glomerulus would elicit a response in that neuron.
Thus, neurons arborizing in multiple glomeruli may signal the general presence of an odor
stimulus, but do not discriminate among odors.

A small subset of OG m-ALT PNs did, however, also exhibit a modest excitatory
response to several stimuli including control. Low frequency excitation during presentation of
a clean air puff or hexane has been observed in previous reports of OG and MGC PNs
(Christensen et al., 1991; Han et al., 2005; Jarriault et al., 2009; Kanzaki et al., 1989), and it
has been proposed that PNs may receive mechanosensory input in addition to olfactory input.
In support of this, Han et al. (2005) observed that mechanosensory neurons in the noctuid
moth Spodoptera littoralis had terminal projections within the antennal mechanosensory and
motor center and the AL. The same study also found that a number of PNs that were excited
by mechanosensory input exhibited increased levels of activity when mechanosensory input
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was presented together with pheromones. The authors suggested that integration of odor and

wind stimuli in the AL enhances orientation in an odor plume during up-wind flight.

4.1.2 Comparison of the pheromone and non-pheromone pathways

Projection neurons that innervated the male-specific MGC, exhibited anatomical and
functional characteristics which were distinctly different from neurons innervating ordinary
glomeruli, in accordance with previous reports (e.g., Christensen & Hildebrand, 1987;
Homberg et al., 1988; Kanzaki et al., 2003; Seki et al., 2005; Zhao & Berg, 2010). Notably,
the dendrites of MGC PNs were restricted to one or multiple units of the MGC, and their
axons mainly projected to regions of the lateral protocerebrum (AVLP, SLP, column), and,
more sparsely, in the calyces of the MB. In comparison, non-pheromone PNs innervated OG
and terminated mainly in the calyces of the MB and LH. In agreement with the anatomical
findings, MGC PNs and OG PNs were also functionally distinct: neurons innervating OG and
MGC showed virtually no overlap in their physiological responses, and were preferentially
tuned to plant volatiles and pheromones, respectively.

Two neurons which innervated the cumulus unit of the MGC, one m-ALT PN (#8)
and one I-ALT PN (#24), responded highly specific to the pheromone blend, thus exhibited
the characteristics of a “blend-specialist” (e.g., Anton & Hansson, 1995; Hartlieb et al., 1997;
Lei & Hansson, 1999; Wu et al., 1996). The two MGC neurons projecting in the mI-ALT
(#19-20) showed high level of activation to multiple odors. However, they responded
particularly strong to the pheromone blend and to the primary pheromone component (Z11-
16:AL). The two PNs confined to the medio-lateral tract may therefore be classified as
“component-specific”’ neurons. It has been proposed that the selective preference for the
pheromone blend, here seen in two “blend-specialist” and two “component-specific”’ neurons,
may determine the simultaneous arrival of individual pheromone components in a blend
(Vickers, 2006). Additionally, Christensen and Hildebrand (1997) observed that some MGC
PNs respond more strongly to the pheromone blend than to the individual pheromone
components (synergism); the blend also allows the MGC PNs to accurately track a pulsed
pheromone presentation aimed to mimic a naturally occurring pheromone plume. This
increased sensitivity for the pheromone blend likely reflects that many MGC PNs are
maximally tuned to detect the naturally occurring ratio of the primary and secondary
pheromone component released by the conspecific female.

In comparison, OG PNs responded only to the sunflower extract and not to any of the

pheromone components or the blend. Of the morphologically identified OG PNs, four (#5, 7,
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16, 21) were inhibited by the sunflower extract, while one (#18) exhibited an excitatory
response. Interestingly, the innervated glomeruli of three of four OG PNs that where inhibited
by the sunflower extract were located in the same dorso-lateral region of the AL (see dashed
circles in Appendix Figure 3).

A few neurons did show some overlap in their responses to pheromones and plant
odors. Notably, one MGC PN in the m-ALT (#9) was inhibited by the sunflower extract. In a
previous study, some PNs were shown to exhibit excitatory responses to both pheromones and
plant volatiles (Anton & Hansson, 1995). Some overlap in the physiological responses of
MGC and OG PNs might be expected as LNs suppress firing activity in some glomeruli to
enhance the signaling of other glomeruli (lateral inhibition). According to this, one may
observe inhibition in MGC PNs during stimulation with plant volatiles, and vice versa in OG
PNs when stimulating with pheromones. The inhibitory response during the presence of plant
odors, seen in one m-ALT MGC neuron here, appears to give some support to this idea.

Generally, however, the results presented here confirm the existence of
compartmentalized subsystems in the olfactory system of insects, which is structurally and
functionally specialized to detect and process pheromone and plant information, respectively.
Pheromone-sensitive PNs arborize exclusively in the MGC and respond preferentially to
pheromones. In the lateral protocerebrum, these neurons target an area that is spatially
separated from the output regions of PNs innervating non-pheromone glomeruli. The
differences in innervation pattern between MGC PNs and OG PNs in the calyces of the MB
further suggests that pheromone and non-pheromone odors play different roles in learned,
odor-evoked behaviors. As MGC PNs have sparse innervation of the calyces, pheromone
information appears to be more directly conveyed to regions of the lateral protocerebrum that
mediates innate, experience-independent behaviors. Contrary, odor information conveyed by
OG PNs may be involved in behaviors dependent on previous experience and environmental
cues. Unlike pheromones, which are rare and offer a very specific signal detected by a
sensitive olfactory sub-system, plant odors come in vast numbers in the environment, only
some of which are relevant to the organism (i.e. offering possibilities of food or oviposition).
In such an ambiguous environment, the ability to associate contextual cues, such as
biologically non-relevant plant odors or visual features of the landscape, with biologically

relevant plant odors, may offer an adaptive advantage for the organism.
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4.1.3 The response patterns of projection neurons

In the current study we have shown that there is considerable heterogeneity of odor-
evoked excitatory response patterns among PNs in the different ALTs. This is in
correspondence with previous studies of PN physiology (Barrozo et al., 2011; Christensen &
Hildebrand, 1987; Christensen et al., 1991; Christensen et al., 1995; Jarriault et al., 2009;
Kuebler et al., 2011; Lefaldli et al., 2012; Zhao & Berg, 2010).

The monophasic response pattern consisting of long-lasting excitation (LLE) was
observed in two OG PNs in response to sunflower extract and one MGC PN in response to
pheromone blend. Similar results have been reported both for MGC PNs (Lei & Hansson,
1999) and OG PNs (Lgfaldli et al., 2012), and in some protocerebral neurons in response to
pheromones (lwano et al., 2010; Kanzaki et al., 1991, Lei et al., 2001). These findings raise
an important question: is the LLE observed in AL and protocerebral neurons mediated by the
same underlying mechanism? Other studies have hypothesized that the LLE in protocerebral
olfactory neurons originates within the MB or LAL (lwano et al., 2010; Kanzaki et al., 1991).
However, the results presented here raises the possibility that LLE at the central level
(protocerebral olfactory neurons) originates in the AL, based on intrinsic connections of
OSNs, LNs, and PNs (a similar hypothesis was proposed by Lei & Hansson, 1999). If this is
the case, then LLE in PNs may be relayed to higher olfactory centers, including the LAL.
Interestingly, LLE in the LAL is assumed to underlie the zigzag searching locomotion in male
upwind flight in response to pheromones (lwano et al., 2010). Thus, LLE originating in the
AL may directly contribute to this behavioral response. The monophasic, short excitatory
responses were less frequently observed among PNs in the current study, although others have
reported an equal distribution of excitatory, inhibitory, and biphasic responses (Kuebler et al.,
2011). Based on an increase in spiking activity when a stimulus was presented in high
concentrations as compared to low concentrations, Kuebler et al. (2011) hypothesized that this
response pattern encodes stimulus concentration. In both monophasic responses, the absence
of inhibition following the initial excitation imply that PNs exhibiting these responses are not
influenced by GABAergic LNs.

Two out of five response profiles exhibited a biphasic, mixed response pattern in
which an initial excitation was followed by inhibition. This response pattern is frequently
observed in PNs (Barrozo et al., 2011; Jarriault et al., 2009; Lei & Hansson, 1999). Lei and
Hansson (1999) discuss that this PN response pattern could arise from by initial excitation
from OSNs, and subsequent inhibition from LNs, which are also postsynaptic to OSNSs.
Alternatively, OSNs excite PNs, which in turn form presynaptic connections to LNs. The LNs
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would then be activated and inhibit the PNs. However, the differences observed between the
response patterns (i.e. tonic-inhibition, phasic-inhibition) suggests that precise interactions
between OSNs, LNs, and PNs differ. Specifically, unlike the phasic-inhibition pattern, the
tonic-inhibition response pattern exhibits continued firing throughout the stimulus duration
followed by inhibition of spiking activity. Thus, LN inhibition appears to occur first at the
offset of the stimulus. This feature may allow PNs to encode the duration of the stimulus,
whereas it has been proposed that the phasic-inhibition response pattern would allow PNs to
accurately encode pulsed pheromone signals in an odor plume (Christensen & Hildebrand,
1997; Lei & Hansson, 1999).

The triphasic, mixed response pattern, phasic-tonic-inhibition, is less common but has
occasionally been observed in PNs (Jarriault et al., 2009). Similar to the biphasic tonic-
inhibition pattern, it appears that the late inhibition would also allow PNs with this response
profile to encode the duration of the stimulus. However, the addition of an initial phasic phase
may serve to rapidly signal the presence of a stimulus.

In contrast to the excitatory response patterns, the inhibitory responses observed in this
study were homogeneous and closely matched stimulus duration, similar to what previous
studies have found (Christensen & Hildebrand, 1987; Jarriault et al., 2009; Kuebler et al.,
2011). Differences in inhibitory responses have been observed, but then as an ability to follow
pulsed stimulus signals (Lei & Hansson, 1999). It is possible that similar findings could have
been observed in the current study if stimuli had been presented as a series of short pulses

instead of one single pulse.

4.2 Centrifugal neurons have widespread arborizations in the protocerebrum and output

terminals in the antennal lobe

4.2.1 Morphological and physiological properties of the contralaterally projecting, serotonin-
immunoreactive deutocerebral neuron

The morphological features of the CSD neurons presented in the current study
correspond to those seen in previous reports of this neuron in other insect species (Coates et
al., 2017; Dacks et al., 2006; Hill et al., 2002; Kent et al., 1987; Zhao & Berg, 2009). Notably,
the soma of the CSD neuron resided in the postero-ventral region of one AL, it had
asymmetrical dendritic ramifications covering vast regions of both protocerebral hemispheres,
and terminal output areas in all glomeruli in the contralateral AL. The particularly strong

staining of one CSD neuron (#30) allowed us to expand on the previous anatomical
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description of this neuron. Importantly, we were able to demonstrate an extensive meshwork
of branches in the lateral protocerebrum, suggesting that this area provides considerable input
to this neuron. Furthermore, we demonstrate that the CSD neuron also extends branches into
the central body and the calyces, similar to observations in M. sexta (Kent et al., 1987). The
current findings thus elaborates on the previous observation of the CSD neuron in the
heliothine moth, H. assulta (Zhao & Berg, 2009), in which no innervations of the central body
or calyces were seen. Given the strong staining obtained from one neuron in the current study,
the lack of innervation of these areas reported by Zhao and Berg (2009) likely stems from
insufficient staining of the neuron, rather than actual morphological differences.

In other insect species, such as the moth B. mori and the fruit fly, D. melanogaster, the
CSD neurons pass off neurites that innervates the ipsilateral LAL shortly after exiting the AL
(Dacks et al., 2006; Hill et al., 2002). The LAL is a pre-motor center which mediates signals
between the central body and thoracic motor centers, and serotonin-like immunoreactivity has
been observed in fibers in the LAL (Namiki & Kanzaki, 2016). Thus, it is possible that the
CSD neurons mediates serotonergic modulation of both olfactory processing in the AL and of
motor pathways in these species. However, no innervation of the LAL was observed here, nor
in previous reports from H. assulta (Zhao & Berg, 2009) and M. sexta (Kent et al., 1987). It
therefore appears that the CSD neuron possess morphological characteristics that differs
across species, and consequently, that it may serve somewhat different functions depending
on the insect species.

Previous examinations of the physiological responses of the CSD neuron have yielded
ambiguous results. In the moth B. mori, pheromone and control stimuli (hexane) stimuli both
evoked an excitatory response, thus indicating a mechanosensory response (Hill et al., 2002).
Zhao and Berg (2009) reported a CSD neuron that exhibited excitation to several pheromone
components, the blend and the plant oil ylang-ylang. These findings were interpreted as an
olfactory response, although a mechanosensory response were not ruled out due to lack of
control stimulus testing. Interestingly, this CSD neuron also contained two sets of spikes,
which differed in amplitude, duration, and firing rate (responses were seen only in the smaller
set of spikes). This finding might be a result of the recording site. They recorded from the AL
containing the synaptic output/dendritic terminals, and it is possible that these neurites possess
multiple zones in which spikes can be initiated. In contrast to these findings, a recent study in
D. melanogaster observed inhibitory responses to a wide range of plant and pheromone odors,
except for ammonia which elicited an excitatory response (Zhang & Gaudry, 2016). In the
present study, we demonstrate that neither plant volatiles nor pheromones elicits any response
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in the CSD neuron in H. armigera. The absence of response to the clean air puff demonstrate
that it is not sensitive to mechanosensory stimuli. Despite the fact that studies have
demonstrated that the CSD neuron receive presynaptic connections from certain, glomerulus-
specific OSNs in the AL (Coates et al., 2017; Sun et al., 1993), it is likely that it receives the
majority of input from the extensive dendritic ramifications in the superior and lateral
protocerebrum of both hemispheres, rather than from the AL. Thus, the evidence put forward
here suggests that rather than providing feedback to the AL based on olfactory processing, the
CSD neuron modulates AL processing based on input from non-olfactory networks, possibly

related to other sensory modalities or the general state of the animal.

4.2.2 Morphological and physiological properties of the bilateral, paired centrifugal neuron

The morphological features of the BPC neuron presented in the current study are
characteristic of modulatory centrifugal neurons: The cell body is located outside of the AL in
the protocerebrum; they have extensive, varicose branches that indicates presynaptic
terminals, which projects to all or most glomeruli; and fine, dendritic ramifications in large
parts of the protocerebrum. To the best of our knowledge, this neuron have not been reported
in previous studies of the insect brain. Mass staining of the AL in M. sexta (Homberg et al.,
1988) and H. virescens (lan et al., 2016a; Zhao et al., 2013a) have failed to show this neuron.
One explanation of this result may be that CNs on a general basis are not shown in mass
staining of the AL due to the low number of such neurons in the brain resulting in less
absorption of dye than PNs. Mass staining of the AL did, however, reveal the CSD neuron
(Kent et al., 1987). As the BPC neurons only have sparse glomerular innervation in the AL, it
is possible that they are less likely to absorb dye. Additionally, neither immunostaining with
GABA (moths: Berg et al., 2009; Hoskins et al., 1986; fruit fly: Okada, Awasaki, & Ito,
2009), octopamine (fruit fly: Busch, Selcho, Ito, & Tanimoto, 2009), histamine (reviewed by
Néssel, 1999), nor serotonin (moth: Kent et al., 1987) have revealed this neuron. However,
the presence of a large number of neuroactive substances the AL (reviewed by Homberg &
Miller, 1999) as well as electrically coupled synapses in the AL (Yaksi & Wilson, 2010),
suggests many alternative, possible mechanisms for this neuron to interact with other AL
neurons.

The cell body of the two BPC neurons are located in opposite hemispheres in the two
preparations, which indicates that each neuron is mirrored by a morphologically ‘identical’
neuron, similar to the previously described CSD neurons. Unlike the CSD neurons, which

have asymmetrically projections in the brain, the functional need for paired, symmetrical
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centrifugal neurons is less apparent. One explanation is that the neurons differ slightly in
micro-level morphology in the ALs. For instance, the CSD neuron receive glomerulus-
specific input in the AL (Coates et al., 2017; Sun et al., 1993). It is possible that each BPC
neuron also possess an innervation pattern in the AL that is variant between these neurons.
Further studies are needed to determine how the BCP are wired to intrinsic AL neurons, and if
they also receive input and provide output in the AL.

The BPC neurons have bilateral and largely symmetrical dendritic ramifications in the
SMP and SIP. These areas partially overlap with another CN, the multisensory ARM/VIR
neurons reported by Zhao et al. (2013a). However, these neurons also innervated the inferior
neuropils (INP) located more ventrally. Unfortunately, only olfactory stimuli were tested here,
making it impossible to say whether the BPC neuron also respond sensory stimuli in other
modalities. The SMP and SIP are unstructured neuropils and little is known of their function.
However, mass staining of the SMP in B. mori have shown that it is connected to a several
regions, including AVLP, SLP, MB, LAL, and CB (Namiki, Iwabuchi, Pansopha Kono, &
Kanzaki, 2014). In the same study, single cells innervating both the SMP and LAL were
excited by stimulation with pheromones, which suggests that the SMP participates in the
pheromone-processing circuit. Little is known about the third-order olfactory neurons
projecting from the LH in moths. However, based on the responding pattern of the BPC
neuron, it is possible that also plant odor information is relayed to SMP. The physiological
data obtained from the BPC neuron indicates that this neuron participates in the processing of
both pheromones and plant odors. Specifically, we observed excitatory responses to the
pheromone blend, the primary pheromone component (Z11-16:AL), and sunflower extract.
Based on the bilateral projections in the protocerebrum and the ALs, we may speculate that
this neuron receive both pheromone and plant odor information from the two hemispheres and
provide feedback to intrinsic AL neurons. Further physiological studies of the BPC neuron

should aid our understanding of its functional role in the insect brain.

4.3 The functional role of projection neurons and centrifugal neurons

Projection neurons are the principal output neurons from the primary olfactory center
in the insect brain, the antennal lobe (Wilson & Mainen, 2006). Here, we have demonstrated
PNs in five of the six parallel tracts (m-ALT, mI-ALT, I-ALT, t-ALT, d-ALT, and dm-ALT)
that have been reported in moths (Homberg et al., 1988; lan et al., 2016a; lan et al., 2016b).
These neurons innervated a single or multiple glomeruli and projected through one of the

ALTs to higher brain regions, including the calyces of the MB and lateral protocerebrum,
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regions that are involved in learned and innate odor-evoked behaviors, respectively. Through
the physiological responses obtained from PNs in the current study, we show that odor signals
that are detected by peripheral OSNs and conveyed to the AL, are transferred to higher brain
regions by the PNs. Centrifugal neurons, on the other hand, generally have extensive,
widespread dendritic ramifications throughout the protocerebrum and provide modulatory
input to all or most glomeruli in both ALs. Our physiological data indicates that some CNs
(e.g., BPC) may provide direct feedback to intrinsic AL neurons, based on olfactory
processing in the AL which in turn activates the CNs. Others may modulate the AL activity,
and alter sensory threshold and behavioral responses based on the internal state of the animal
(Lizbinski & Dacks, 2018) or input from non-olfactory sensory modalities, e.g. sound (Zhao
etal., 2013a).

4.4 Methodological considerations

The main aim of the current study was to examine the morphological and
physiological characteristics of PNs and CNs involved in olfactory processing. Some
considerations of the current study are worth mentioning. The variation of odorants tested for
each neuron was rather small, which makes the subsequent analysis of each neurons odor
tuning somewhat restricted. However, a wider range of odorants indicates a longer time would
be needed to test all stimulations. As a stable contact with a neuron only could be kept for 5-
15 minutes while using the sharp-electrode technique, inclusion of additional odorants would
likely have reduced the success rate of data collecting. Therefore, to keep a relevant high
success rate of experiments and at the same time test as many odorants is thus a tradeoff any
researcher must consider. Yet, the design of the stimulations used in this study included
multiple pheromone components and a sunflower mixture consisting of several components
known to activate OSNs, were sufficient to gain new insights in PN and CN physiology.
Furthermore, the sample largely consists of neurons in the m-ALT, which is a result of both
the number of neurons in this ALT but also the sampling strategy. Notably, the
microelectrodes were inserted postero-medially in the AL where the thick axons left the AL.
This positioning increased number of successful individual staining of neurons (as compared
to when sampling from other parts of the AL), but at the cost of acquiring more m-ALT
neurons.

The inclusion of quantitative analyses of neuronal responses in addition to visual
inspection was made to add statistical rigor to the analyses and to transition from the

subjectivity and bias inherent in human observers and to more objective calculation of
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responses to odorants. In doing so, we are aware that such an approach has limitations, and

that there exists no perfect algorithm able to determine what is and is not a neuronal response.

Rather, this should be seen as the first steps in an approach which may eventually result in
objective, standardized calculation of neuronal responses to stimuli.

The quality of the stained neurons using the fluorescent dye differed substantially
among various preparations. This difference depended largely on the contact between the
recording electrode and the neuron. Preparations frequently contained dye leakages and/or
multiple stained neurons. Whenever the morphology of various neuron types was described,

descriptions were made of the best stained preparation(s).
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. Conclusions

The staining of 25 PNs confined to one of five parallel ALTs points out the significance of
parallel olfactory processing in the moth brain. The generally good quality of the stained

preparations made it easy to classify all AL output neurons according to the tracts.

The majority of stained PNs consisting of uniglomerular medial-tract neurons responding
more specifically than multiglomerular PNs in other tracts indicates the prominent role of

the m-ALT in odor identification.

The finding of multiglomerular PNs in the lateral and medio-lateral ALT, which responded
more broadly to odors, indicates that these paths serve functions different from odor

identification.

Among the stained neurons was one notable PN confined to the dorsal ALT, described for

the first time in heliothine moths.

Another newly described type of PN, was a uniglomerular output neuron passing along the
ml-ALT. Most previously described PNs confined to this tract were multiglomerular.

A new centrifugal neuron, named BPC, previously not described in any insect species, was
discovered in the present study. The odor-evoked responses in the BPC neuron suggests

that it functions as feedback neuron.

The high-quality staining of the serotonin-immunoreactive centrifugal neuron obtained in

this study, allowed detailed description of this neuron’s morphology in the heliothine moth.
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Appendix A

Projection neurons in the medial antennal lobe tract

Appendix Figure 1. Confocal images of four uniglomerular projection neurons (PNs) in the medio-
lateral antennal lobe tract (m-ALT), in dorsal view. (A-B) Each individual PN (#5, 4) had the soma
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located in the medial cell cluster and innervated an ordinary glomerulus (OG). Their terminal output
connections in the protocerebrum where confined to the calyces (Ca) and the lateral horn (LH). (C)
OG PN (#10) in the m-ALT which projected to the calyces and the LH. Soma was not stained. (D) PN
(#1) with the soma in the lateral cell cluster. In addition to innervating an OG, this PN also extended a
neurite into an adjacent glomerulus (arrow). Terminal projections in the protocerebrum were observed
in the calyces and the LH. CB, central body. Scale bars: 50 pm.

74



Appendix B
Projection neurons in the medial, medio-lateral, and lateral antennal lobe tract

Appendix Figure 2. Confocal images of projection neurons (PNs) in the medial antennal lobe tract (m-
ALT) (A), medio-lateral antennal lobe tract (mI-ALT) (B), and lateral antennal lobe tract (I-ALT) (C),
in dorsal view. (A) A PN innervated the cumulus unit of the macroglomerular complex, projected in
the m-ALT and terminated in the anterior ventro-lateral protocerebrum (AVLP) and superior lateral
protocerebrum (SLP) (soma not stained). Additionally, one I-ALT PN can be seen (arrow). (B) A
multiglomerular PN (#20) in the mI-ALT had soma in the lateral cell cluster and innervated the MGC.
Terminal projections were observed in the AVLP. (C) A single PN innervated multiple ordinary
glomeruli (OG) in the antennal lobe (AL) and had soma located in the anterior cell cluster. Primary
neurite is not shown due to weak staining. Ca, calyces. Scale bars: 50 um.
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Appendix C
Projection neurons which were inhibited by the sunflower extract all innervate glomeruli in
the same region of the antennal lobe

Appendix Figure 3. Projection neurons (PNs) responding to sunflower extract all innervated glomeruli
is a specific region of the antennal lobe (AL). (A-C) Three PNs which all exhibited inhibition to the
sunflower extract all had dendrites in glomeruli located in the same dorso-lateral region of the AL,
close to the cumulus (Cu) unit of the macroglomerular complex. Scale bar: 50 pm.
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Appendix D
Raw data showing the physiological responses of the bilateral, paired centrifugal neurons to
odorant stimuli and control
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Appendix Figure 4. Raw data from the bilateral, paired centrifugal neuron. Note the increase in spikes
to the 95:5 blend of the primary (Z11-16:AL) and secondary (Z9-16:AL) pheromone component, the
primary (Z11-16:AL) pheromone component and sunflower extracts. Remaining stimuli elicits no
increase in firing frequencies. Scale bar: 10mV, 400ms.
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