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Abbreviations 
AL  Antennal lobe 

ALT  Antennal lobe tract 

AMMC  Antennal-mechanosensory and motor center 

AST  Antennal suboesophageal tract 

Ca  Calyx 

CO2  Carbon dioxide      

Cu  Cumulus 

dALT  Dorsal ALT 

Dma  Anterior dorsomedial 

dmALT Dorsomedial ALT 

Dmp  Posterior dorsomedial 

EAG  Electroantennogram 

GNG  Gnathal ganlion 

GRs  Gustatory receptors 

HCO3
-  Bicarbonate 

IR  Ionotropic receptor 

lALT  Lateral ALT 

LH  Lateral horn 

LPO  Labial pit organ 

LPOG  Labial pit organ glomerulus 

mALT  Medial ALT 

MGC  Macroglomerular complex 

OG  Ordinary glomerulus 

OR  Odor receptor 

PN  Projection neuron
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ppm  Parts per million 

tALT  Transverse ALT 

VNC  Ventral nerve cord 
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Summary 
Insects detect external fluctuations in atmospheric carbon dioxide (CO2) for a 

variety of different reasons. Herbivorous species, like lepidopterans, can sense 

small variations in external CO2 for the purpose of finding a suitable host plant 

both in relation to feeding and egg laying. Lepidopteran species detect CO2 via a 

specialized organ located on the peripheral segment of the labial palps, the labial 

palp pit organ (LPO). Based on tracing of LPO sensory neurons targeting one 

distinct antennal-lobe (AL) glomerulus in the sphinx moth, the projections 

originating from the LPO was described as “an accessory olfactory pathway in 

Lepidoptera” already in the 1980 ties. 

Carbon dioxide is a ubiquitous gas abundant in Earth’s atmosphere and the 

concentration of this gas is currently increasing at an unprecedented rate. It is not 

known how the general rise in CO2 will influence organisms that use this gas as an 

environmental cue. Fluctuations in external CO2 may affect their behaviors in 

different ways, dependent on the species, ecological niche, and context. It is 

therefore important to acquire knowledge on the processing of atmospheric CO2 

input and the neural circuits involved in this system. 

The noctuid moth, Helicoverpa armigera, is a suitable model to unravel 

neural principles typifying the CO2 pathway. Both physiological and 

morphological characterizations of the CO2 sensory neurons have been performed 

previously in this species. In this PhD project, the main aim was to obtain new 

knowledge about the CO2 pathway in moths, from the periphery to higher brain 

centers. The first part of the work was accomplished by carrying out focused mass 

staining experiments labeling the sensory neurons in the labial pit organ (LPO) 

specifically. The previous studies, which included staining of sensory neurons 

located both inside and outside the pit organ, reported three main target areas, 

including the LPO glomerulus (LPOG) in both ALs, the gnathal ganglion, and the 

ventral nerve cord. By performing selective labeling of the LPO sensory neurons 

inside the pit and the neurons located outside the pit, we could demonstrate that the 
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LPO sensory neurons terminate in the LPOG exclusively while the additional 

sensory neurons target the two other regions, the gnathal ganglion and the ventral 

nerve cord. We also utilized the single-neuron labeling technique resulting in 

morphological identification of three main types of LPO sensory neurons; in 

addition to finding a bilateral and unilateral type, as expected, we also discovered a 

contralateral type. It is worth noticing that the CO2 information, being based on one 

signal molecule and targeting one distinct AL glomerulus, is conveyed along 

sensory projections forming such a complex and non-uniform pattern. 

The second part of this PhD study describes how CO2 information is 

relayed by second-order projection neurons (PNs) originating from the LPOG and 

terminating in higher brain centers. We investigated the morphologies of individual 

LPOG-PNs by means of the single-neuron labeling technique. Here, we discovered 

that the LPOG PNs differ significantly from the typical uniglomerular PNs 

originating in the ordinary glomeruli. The CO2 information is relayed to wide areas 

of the protocerebrum, but via other antennal lobe tracts (ALT) than the classical 

medial ALT. Many of the individually stained LPOG-PNs followed the relatively 

thin fiber bundle classified as the transverse ALT. Another unique property of the 

LPOG-PNs was that they often bypassed the calyces before terminating in the 

lateral horn (LH). Interestingly, we found that their terminal projections in the LH 

overlapped with projections of PNs connected with the ordinary glomeruli, 

possibly indicating that this is a site for integrating inputs from the plant odors and 

CO2. 

Since we found overlapping terminals of LPOG PNs and OG PNs in the 

LH, suggesting a crosstalk between these two sub-systems, we asked ourselves 

whether there might be a putative interaction between the CO2 and pheromone sub-

system at the lower synaptic level, i.e., the AL. Having access to the behaviorally 

relevant stimuli connected with the male-specific glomeruli in this species, we 

were able carry out calcium-imaging experiments to test whether CO2 might affect 

pheromone-elicited responses. By staining the uniglomerular medial-tract PNs with 

a calcium-sensitive dye we could measure the odor-evoked response in the 
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macroglomerular complex (MGC) during stimulation with the pheromone alone 

and in combination with CO2. The results showed decreased pheromone responses 

when the CO2 was added to the pheromone stimuli. When we resected the LPO, the 

suppression effect was eliminated for the lower concentrations of CO2, indicating 

the involvement of inhibitory local interneurons innervating both the LPOG and 

the MGC. The maintenance of the suppression for the high-concentration CO2, 

indicated an alternative input channel. Additional experiments including 

measurement of summated potentials from the antenna, indicated that high 

concentrations of CO2 may suppress the response of the antennal sensory neurons 

directly.  

Altogether, the results presented here expand our knowledge on how CO2 

information is transmitted from the periphery to the higher brain areas. 
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Introduction 
In the year 1752, a curious and meticulous young medical student named Joseph 

Black (1728-1799) performed a series of experiments in the chemistry lab with 

magnesia alba - a magnesium carbonate compound that loses weight when heated. 

Bemused with this finding, he speculated that different forms of air were integrated 

within the magnesium carbonate and that some of this air was released when 

heated. This air was therefore named ‘fixed air’. The fixed air was later identified 

as carbon dioxide (CO2; Black, 1756). The discovery of CO2 marked the beginning 

of a rapid advancement in exploring the functions of this gas, including its vital 

role in the photosynthesis of plants (Shevela et al., 2019) and cell respiration of 

animals (Cummins et al., 2014; West, 2014). Besides, carbon dioxide was reported 

to be connected with global warming already at the end of the eighteenth century 

(Anderson et al., 2016; Arrhenius, 1897), and its role as an anesthetic agent was 

discovered in the 1930s (Waters, 1933). Generally, living organisms have CO2-

sensitive pathways serving a variety of distinct functions (reviewed by Cummins et 

al., 2014). Insects, for example, can detect small variations in external CO2 

fluctuations for a variety of different reasons. Whereas mosquitos are attracted by 

increasing CO2 concentrations and thereby find humans and other animals (Gillies, 

1980; Wolff & Riffell, 2018), flying fruit flies utilize this gas for detecting rotten 

fruit (Faucher et al., 2013; Wasserman et al., 2013). Herbivorous insects, on the 

other hand, like moths, utilize the CO2 emitted by plants for finding nutritious hosts 

(Guerenstein et al., 2004b; Hättenschwiler & Schafellner, 2004; Rasch & Rembold, 

1994). In addition to the general importance of understanding the neural systems 

underlying the insect-specific abilities of detecting fluctuations in the external 

CO2-concentrations, the topic is especially relevant in our time because of the 

global climate change and the alarming increase in atmospheric CO2 level. Since 

the plant-feeding insects are crucial for plant pollination, the current rise in CO2 

concentration may interfere with their natural behavior in ways that can in fact 

severely impact the world food production. The need to understand how 
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information about CO2 is processed by the insect nervous system is therefore 

important both for basic and applied research. 

Carbon dioxide: The gas of life 

Carbon dioxide, a miracle molecule, makes life on earth possible. It was present in 

the atmosphere prior to the genesis of life. The level of CO2 in the atmosphere has 

fluctuated over various geological periods from around 7000 parts per million 

(ppm) during the Cambrian period (~ 500 million years ago) to around 600 ppm 

during the Cretaceous period (~ 100 million years ago; Hetherington & Raven, 

2005). The current level, just recently reported, is around 410 ppm (Blunden & 

Arndt, 2020). Life would not exist without CO2; this gas made it possible for 

organisms on land, in rivers, and even in the ocean to grow and prosper. Carbon 

dioxide is a ubiquitous odor molecule, and biological systems for detecting it exist 

in phylogenetically diverse organisms like plants, bacteria, insects, nematodes, and 

other animals (reviewed by Cummins et al., 2014). The gas is unique among 

odorants because of its small size, extreme volatility, and relative solubility in both 

water and lipids. Carbon dioxide is also environmentally ubiquitous at a relatively 

high concentration (0.04%) as compared to other typical odor molecules. A small 

change in the environmental CO2 may influence the activity of omnipresent insects. 

The global rise of atmospheric CO2 poses a putative threat to insects and the 

ecosystems they depend on (Burrows et al., 2011). The increase may facilitate 

several negative effects such as decreasing oviposition, disturbing pheromone 

detection (Guerenstein & Hildebrand, 2008; Robinson et al., 2012), and shifting the 

species’ distribution (Chen et al., 2011), possibly causing extinctions (Dirzo et al., 

2014). It is therefore utterly important to acquire knowledge on processing of 

atmospheric CO2 input and the neural circuits involved in this system. 
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Behavioral responses to CO2 – examples from different insect 

species 

Insects detect external CO2 fluctuations for a variety of different reasons. 

Concerning social insects, knowledge about their behavioral responses to external 

CO2 levels are obtained from studies performed in open environment as well as 

inside their nests. Social bees, for example, begin to fan their wings when the CO2 

level inside a beehive becomes too high (5,000 ppm), indicating poor ventilation 

and increased temperature (Seeley, 1974). Wingless ants, on the other hand, open 

or close the nest entrance to optimize ventilation (Kleineidam & Roces, 2000). In 

addition, ants use information about increasing CO2 concentration to locate their 

hive (Buehlmann et al., 2012). 

Solitary insects living in an open environment detect external CO2 for other 

purposes. Finding relevant food is one drive, even when they are several meters 

away from the source (Stange & Stowe, 1999). A fruit fly, for instance, feeds on 

fermented food sources that produce CO2. Therefore, we might expect that the fruit 

fly is always attracted to high concentrations of this gas. However, findings from 

experiments investigating walking versus flying behavior showed different results 

(Wasserman et al., 2013). A walking fruit fly always avoids high concentration of 

CO2 whereas a flying one is attracted to such a stimulus. Concerning walking flies, 

the avoidance response to CO2 might indicate that the insect is faced with a 

predator or another threat. In fact, stressed flies emit a particular CO2 like 

compound that may serve as a social signal to mediate conspecific avoidance 

behavior (Suh et al., 2004). 

Herbivorous insects, like lepidopterans, detect small variations in external 

CO2 for the purpose of finding a suitable host plant both in relation to feeding and 

egg laying (Guerenstein & Hildebrand, 2008). For instance, the female cactus 

moth, Cactoblastis cactorum, is reported to assess whether a particular individual  

of the host plant, Opuntia stricta, is suitable for oviposition by measuring its 

metabolic activity in the form of nightly CO2 assimilation (Stange, 1997; Stange et  
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al., 1995). Another example, related to feeding behavior, is the sphinx moth, 

Manduca sexta, and its ability of estimating, via measuring the CO2 level, the 

general health of the relevant host plant, Datura wrightii, including its abundance 

of nectar, and/or a flower not recently fed on (Guerenstein et al., 2004b; Thom et 

al., 2004). 

Helicoverpa armigera is a suitable model for studying the 

system devoted to CO2 

One of several good reasons for utilizing the noctuid moth, Helicoverpa armigera, 

as an object for studying neural principles devoted to CO2 processing is the 

knowledge on peripheral mechanisms already obtained in this species, including 

mapping of the peripheral part of the CO2 pathway (Zhao et al., 2013), 

physiological characterization of CO2 sensory neurons (Stange, 1992), and even the 

identification of CO2 receptors (Ning et al., 2016; Xu & Anderson, 2015). 

The natural habitats of this heliothine moth are widespread across all 

continents, except Antarctica. It is believed that the lepidopteran species arose at 

the same time as the flowering plants, in the late Cretaceous period (Kawahara et 

al., 2019) when the concentration of CO2 was around 600 ppm (Barral et al., 2017). 

Generally, these anthophilous adult insects feed on nectar and thereby pollinate 

their host plants. The noctuid moths are most active at the dusk, about one hour 

after sunset. Thereafter, the flight activity gradually decreases throughout the night 

(Riley et al., 1992). Generally, the activities of these herbivorous species are 

correlated with those of night blooming plants relying heavily on the insects for 

pollination. Here, moths benefit from the plants’ refreshing nectar (Guerenstein et 

al., 2004b; Thom et al., 2004) and from suitable sites for egg laying. The night 

blooming flowers open at dusk and release concentrations of CO2 up to 200 ppm 

above the ambient concentration (Guerenstein et al., 2004b), thereby indicating the 

abundance of fresh and high-quality nectar. Whereas adult moths serve an 

important role as pollinators, some of the larvae cause serious damage on crops, 
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however. The larvae of H. armigera is one of the most serious pests causing 

substantial damage on agriculture worldwide by injuring almost 200 food plants 

(Cunningham & Zalucki, 2014; Zalucki et al., 1986; Zalucki et al., 1994). Field 

experiments have shown that the larvae attack mostly young leaves, flowers, and 

the developing fruits (Hardwick, 1965). These parts of the plant have the highest 

metabolic activities and they therefore release higher amount of CO2 into the air. 

Also, fast-growing plant organs usually have a high respiration rate. Notably, CO2 

alone has been shown to be attractive for the larvae (Rasch & Rembold, 1994). 

Taken together, both the larvae and adults use the naturally occurring CO2 gradient 

surrounding relevant host plants or parts of host plants as an attractive stimulus. In 

both cases, the behaviors are important in an ecological context. 

The CO2-detecting organ is separated from the main olfactory 

organ in moths 

As in other lepidopteran species, there are two distinct olfactory sensory organs in 

H. armigera. Whereas the main organ, the antenna, is responsible for detecting 

volatile organic compounds including plant odors and pheromones, a special organ 

situated at the mouthparts is devoted to recognizing the inorganic CO2. This 

secondary olfactory organ, called the labial pit organ (LPO) is localized in the 

terminal segment of the labial palp (Fig. 1). The LPO organ is one of the 

synapomorphies of all lepidopteran species (Kristensen et al., 2007). The labial 

palp consists of three segments, of which the distal one has a pit-like structure that 

houses a densely packed array of sensilla. The numbers and morphologies of LPO 

sensilla vary across different lepidoptera species (Fig. 2). In the moths, H. 

armigera, Mythimna separata, and Grapholita molesta, for example, the pit houses 

two main types of sensilla – one hair- and one club-like type distributed in distal 

and proximal areas of the LPO, respectively (Dong et al., 2014; Song et al., 2016; 

Zhao et al., 2013). In other moths, the pit is reported to house mainly club-shaped 

sensilla (reviewed by Guerenstein & Hildebrand, 2008; Stange & Stowe, 1999). 

The purpose of the morphologically different sensilla types is unknown. The 
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hair-shaped sensillum type houses only one sensory neuron while the club-shaped 

type houses either one or two sensory neurons (Zhao et al., 2013). 

The LPO sensilla have multiple pores and thereby resemble the typical 

olfactory sensilla located on the antennae. However, the CO2 sensory neurons have 

a unique dendritic architecture, with considerably more branches than other 

chemosensory neurons (Guerenstein & Hildebrand, 2008; Shanbhag et al., 1999). 

The CO2 sensory neurons resemble in many ways the sensory neuron types 

responding to temperature and humidity. Firstly, all these neuron types respond to 

ambient changes (reviewed by Guerenstein & Hildebrand, 2008), secondly, all 

neuron types respond bidirectionally to gradient changes, and thirdly, the dendritic 

branching patterns of these neuron types are similar (Stange & Stowe, 1999). 

The name of the organ, ‘labial pit organ’ (LPO), was given by John 

Hildebrand and his collaborators (Kent et al., 1986). They traced the sensory  

neurons housed inside the labial pit in a group of sphinx moths, including Manduca 

sexta, and the silk moth, Bombyx mori. Since they demonstrated that the LPO 

sensory axons project directly into the antennal lobe (AL), the primary olfactory 

center of the insect brain, they also classified these projections as ‘an accessory 

olfactory pathway in Lepidoptera’ (Kent et al., 1986). 

 

 

 

 

 

Fig. 1: Position of the labial pit organ (LPO). (A) Lateral view of the moth head with the labial palp 
(black arrow). (A1) Frontal image showing the peripheral part of the labial palps, indicated by the white 
square box. (A2) Magnified image of the square box in (A1) showing the opening (white arrows) of the 
LPOs (picture source: Zhao et al., 2013). (B) Schematic diagram showing central projections of sensory 
neurons from the LPO and the antenna, respectively. Central projections of the sensory neurons 
housed inside the LPO are indicated by brown and those projecting from the antennae are indicated 
by blue. 

A1 
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Peripheral detection of the CO2 cues - sensory neuron 

properties  

Sensory neurons housed inside the LPO respond to changes in CO2 concentration. 

This was demonstrated for the first time by means of extracellular recordings from 

LPO sensory neurons in Rhodogastria moths (Bogner et al., 1986). A few years 

later, similar responses were recorded from LPO neurons in H. armigera (Stange, 

1992). In this study, Stange concluded that the sensory organ can detect 

fluctuations in CO2-density of 0.14%, or 0.5 ppm, which relate to the variations 

occurring in natural environments.  

Generally, electrophysiological recordings from many insect species within 

different orders have shown that the CO2 sensory neurons display phasic-tonic 

response profiles. This neuron type responds quickly with a phasic burst of action 

potentials as soon as it encounters the changes in CO2 concentration, clearly 

marking the onset of the stimulus. Reports about small variations in the onset of the 

phasic response may be due to differences in the experimental procedure and/or 

location of the CO2 sensory neurons (Bogner et al., 1986; Faucher et al., 2013; 

Grant & O'Connell, 2007; Ning et al., 2016). When the stimulus is prolonged, the 

phasic response plateau is transformed into a sustained firing frequency, 

constituting a tonic phase. The tonic phase is non-adapting (except for in 

Cactoblastis cactorum; Stange, 1997), differing from the typical odor responses, 

which adapt (Kaissling et al., 1987). In fact, recordings from ant CO2 sensory 

neurons showed no evidence of fatigue or adaptation during a stimulation period 

lasting more than an hour (Kleineidam et al., 2000). The non-adapting, phasic-tonic 

response allows continuous tracking of a filamentous plume of CO2, such as 

performed by, for example, mosquitoes (Grant et al., 1995). Whereas the CO2 

sensory neurons in higher insect orders usually display excitatory responses to 

fluctuations in concentration of the gas (Guerenstein et al., 2004a; Ziesmann, 

1996), some lower insect orders display inhibitory responses to CO2, such as 

damselflies (Piersanti et al., 2016), termites (Ziesmann, 1996), ticks (Steullet & 
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Guerin, 1992), and centipedes (Yamana et al., 1986). 

Do the CO2 sensory neurons respond to the CO2 stimulus only? Early 

studies assumed that these neurons were narrowly tuned, responding to CO2 

specifically. However, when testing other odor stimuli on fruit flies, it was shown 

that the CO2-tuned neurons actually responded more broadly (MacWilliam et al., 

2018). It was also demonstrated inhibitory responses in these sensory neurons 

during stimulation with amines. In damselflies, on the other hand, amines activate 

the CO2 sensory neurons via excitation (Piersanti et al., 2016). 

Surprisingly, the gaseous CO2 cue is detected by a type of gustatory 

receptor (GR), not an olfactory receptor. The co-located carbon dioxide receptors, 

GR21a and GR63a, were discovered in the fruit fly (Jones et al., 2007; Kwon et al., 

2007). These two GRs form a heterodimeric receptor shown to be necessary and 

sufficient for detection of CO2. The identification and characterization of these 

gustatory receptors led to the finding of similar receptors across different species 

(Robertson & Kent, 2009). The number of distinct GR types detecting CO2 varies 

slightly, ranging from three in moths and mosquitoes, to two in fruit flies, and none 

in honeybees (Robertson & Kent, 2009) (Fig.2).  

The CO2 gustatory receptors in moth were in fact identified in H. armigera 

(Xu & Anderson, 2015). The three receptors, named HarmGR 1, HarmGR 2, and 

HarmGR 3, are all expressed in the labial palps. Among these, the two co-

expressed receptors, HarmGR 1 and Harm GR 3, are required for detection of CO2 

whereas the remaining receptor, HarmGR 2, may act as a modulator (Ning et al., 

2016). Orthologs of HarmGR 1, HarmGR 2, and HarmGR 3 have been identified in 

mosquitoes, i.e. CquiGR 1, CquiGR 2, and CquiGR 3 (Xu et al., 2020). 

Interestingly, also here, two co-expressed receptors, CquiGR 2 and CquiGR 3, 

were found to display robust responses to CO2 (Xu et al., 2020), whereas co-

expression of receptors CquiGR 1 and CquiGR 2 did not induce any response to 

CO2. 
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The signal transduction cascade transforming the external CO2 signals into 

trains of neuronal action potentials in the sensory neurons is not yet uncovered. 

One possible transduction mechanism involves G-proteins (Yao & Carlson, 2010), 

similar to the transduction proposed for the standard odor receptors (ORs; Wicher 

et al., 2008). However, the idea implying that GRs may function as ligand-gated 

ion channels cannot be excluded. In addition, there has been uncertainty about 

whether it is the CO2 per se or a metabolic biproduct of CO2, such as bicarbonate 

or protons, that constitute the essential signal. Recent investigations from insects 

showed, however that the relevant signal binding to the gustatory receptor is the 

CO2 molecule itself, not the bicarbonate (Xu et al., 2020). Though, the exact 

binding site of the CO2 in the receptor molecule is not discovered.  

Generally, GRs are considered to be the most ancient of the chemosensory 

receptor proteins in arthropods (Eyun et al., 2017). The GRs are comparable with 

insects’ ORs and possess an internal N-terminus and an external C-terminus 

(Zhang et al., 2011). Gustatory receptors are mainly involved in gustation. In 

addition to their involvement in sensing carbon dioxide, there are a few cases 

reporting about gustatory receptors being involved in pheromone detection (Bray & 

Amrein, 2003).  

Different from the common air-borne odorants, like hydrophobic 

pheromones and plant odorants, which need odorant binding proteins (OBPs) for 

reaching to their respective receptors, the CO2 is moderately soluble in the 

sensillum lymph and may not require the binding proteins. Yet, one OBP (OBP5) 

was identified in the labial palp of H. armigera (Guo et al., 2018). At this point, 

however, it is not known whether OBP5 is selectively expressed in sensilla housing 

CO2 sensory neurons or in sensilla possibly housing other olfactory sensory 

neurons (Guo et al., 2018).
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Fig. 2: Phylogeny of various insect species including their CO2 sensory organ and number of 
CO2 gustatory receptors (GRs, indicated by dotted lines). I. elegans (Piersanti et al., 2016; Piersanti 
et al., 2010); L. migratoria (Wang et al., 2014); Z. nevadensis (Terrapon et al., 2014); S. lamanianus 
(Ziesmann, 1996); A. pisum (Robertson & Kent, 2009); P. humanus (Robertson & Kent, 2009); N. 
vitripennis (Robertson & Kent, 2009); L. humile (Robertson & Kent, 2009; Smith et al., 2011a); P. 
barbatus (Robertson & Kent, 2009; Smith et al., 2011b); A. sexdens (Kleineidam et al., 2000); A. 
mellifera (Robertson & Kent, 2009; Stange & Stowe, 1999); T. castaneum (Robertson & Kent, 2009); 
G. molesta (Song et al., 2016); P. rapae (Lee et al., 1985); D. plexippus (Zhan et al., 2011); H. 
melpomene (Briscoe et al., 2013); F. ryphea (Lastra-Valdés et al., 2020); C. cactorum (Stange et al., 
1995); A. astreus (Bogner et al., 1986); H. armigera (Zhao et al., 2013); M. separata (Dong et al., 2014); 
B. mori (Wanner & Robertson, 2008); M. sexta (Kent et al., 1986); A. gambiae (Lu et al., 2007; 
Robertson & Kent, 2009); C. quinquefasciatus (Robertson & Kent, 2009; Syed & Leal, 2007); A. aegypti 
(Bohbot et al., 2014; Erdelyan et al., 2012); D. melanogaster (Jones et al., 2007; Riesgo-Escovar et 
al., 1997); G. morsitans (Obiero et al., 2014; Soni et al., 2019); nk, not known
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Projections of the LPO sensory neurons target the primary 

olfactory center  

The axons of the CO2-responding sensory neurons in the LPO target a single 

glomerulus in the primary olfactory center, the antennal lobe (AL). Tracing studies 

from different lepidopteran species have reported a common projection pattern 

including stained axons confined to the labial nerve and bilateral innervations in 

the labial pit organ glomerulus (LPOG; Bogner et al., 1986; Kent et al., 1986; Ma 

et al., 2017; Zhao et al., 2013). The postero-ventrally located LPOG is one of the 

largest glomeruli in the moth AL (Zhao et al., 2016). In H. armigera, it is estimated 

that around 1200 LPO sensory neurons terminate in this glomerulus (Zhao et al., 

2013). Notably, the LPOG, being located postero-ventrally in the AL, is not 

innervated by any of the antennal sensory axons. The olfactory sensory neurons on 

the antenna, which project along the antennal nerve, terminate in all AL glomeruli 

except for the LPOG.  

Generally, the insect AL corresponds to the olfactory bulb (OB) in 

vertebrates (reviewed by Hildebrand & Shepherd, 1997). Both structures are 

composed of spherical structures called glomeruli which receive information from 

peripherally located olfactory neurons. Thus, they are the first relay station in the 

network of neurons processing olfactory information (Hansson & Christensen, 

1999). In the moth AL, the glomeruli are organized into three main groups: 1) the 

male-specific macroglomerular complex (MGC) which processes information 

about pheromones, 2) the ordinary glomeruli (OGs) which process information 

about plant odorants, and 3) the LPOG, devoted to encoding CO2 input (Zhao et al., 

2016). The AL of H. armigera, totally contains a total of 79 glomeruli, including 

three MGC units: the cumulus (Cu), the posterior dorsomedial unit (dmp), and 

anterior dorsomedial units (dma). The Cu and dmp receive input from sensory 

neurons detecting the primary and secondary pheromone components, 

cis-11-hexadecenal (Z11-16:Al) and cis-9-hexadecenal (Z9-16:Al), respectively, 

whereas, the dma receives input from sensory neurons tuned to an interspecific 
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signal acting as a behavioral antagonist, cis-9-tetradecenal (Z9-14:Al; Wu et al., 

2015). Notably, all antennal axons project into the ipsilateral AL exclusively, 

whereas the LPO axons send bilateral projections, terminating in the LPOG of both 

ALs – however, with somewhat denser innervation of the ipsi- than the 

contralateral side (Kent et al., 1986). Whereas antennal sensory neurons tuned to 

humidity and temperature are reported to project to the AL, taste and 

mechanosensory neurons bypass the AL and target regions in the tritocerebrum and 

antennal-mechanosensory and motor center (AMMC), respectively (Homberg et 

al., 1989; Jorgensen et al., 2006). Besides, sensory neurons in other appendages, 

such as the proboscis, terminate outside the AL as well (Kvello et al., 2006). 

Second-order signaling along parallel antennal-lobe tracts  

From the LPOG in the AL, the CO2 information is conveyed to higher brain centers 

via second-order projection neurons (PNs) passing along one of several parallel AL 

tracts (ALTs). Generally, the projections of the LPOG PNs in moths have been 

poorly described. So far, only one main study on this system has been carried out. 

This previous investigation, which was based on the intracellular recording and 

staining technique, reported morphological and physiological properties of six 

CO2-responding output neurons originating from the LPOG in M. sexta 

(Guerenstein et al., 2004a). The identified neurons responded to increased CO2 

concentrations applied to the LPO and not to the plant odors tested. The 

uniglomerular PNs, having dendritic arborizations in the LPOG only and a cell 

body located in the lateral cluster, were reported to project in the most prominent 

of the ALTs, the medial ALT (mALT), which targets two main protocerebral 

regions, i.e., the calyces of the mushroom bodies and the lateral horn (LH; 

Guerenstein et al., 2004a). A recent study on H. armigera reported a 

multiglomerular PN having dendritic arborizations both in the LPOG and other 

glomeruli (Kymre et al., 2021a). This neuron passed along another tract, the 

mediolateral ALT (mlALT), which is considerably thinner than the medial tract 

and projects directly to the lateral protocerebrum, including the LH, without
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innervating the calyces (Homberg et al., 1988; Kymre et al., 2021a). 

In addition to the above-mentioned tracts, the mALT and the mlALT, there 

are four more tracts in moths, i.e., the lateral-, transverse-, dorsomedial- and dorsal 

ALT (lALT, tALT, dmALT, and dALT, respectively; Homberg et al., 1988;Ian et 

al., 2016b; Kymre et al., 2021a). Altogether the medial-, mediolateral-, and lateral 

ALT are classified as the main tracts, seemingly being connected with most of the 

AL glomeruli. Thus, both pheromone-information from the three MGC-units and 

plant-odor information from the numerous OGs are carried along each of the three 

main tracts in H. armigera (Chu et al., 2020; Kymre et al., 2021b). The transverse- 

and dorsomedial ALT, on the other hand, are reported to convey signal information 

from distinct groups of AL glomeruli (Kymre et al., 2021a). Notably, these groups 

include glomeruli in the region housing the LPOG. In addition to the 

above-mentioned tracts, the antenno-suboesophageal tract (AST) connects the AL 

with ventrally located regions including the gnathal ganglion (GNG; Homberg et 

al., 1988). 

Higher brain centers processing chemosensory information 

As mentioned above, information from the two main olfactory sub-systems of male 

moths, devoted to pheromones and plant odors, are conveyed along all the main 

ALTs. In the protocerebral target areas, however, the most prominent tract, the 

medial, separates these two signal categories into spatially distinct regions. Both 

previous and recent studies have clearly demonstrated that the MGC-PNs terminate 

in the superior lateral protocerebrum (SLP) whereas PNs from OGs target the LH, 

which is located more laterally and ventrally (Chu et al., 2020; Homberg et al., 

1988; Kanzaki et al., 2003; Zhao et al., 2014). This kind of signal segregation 

includes the medial-tract axon terminals within the calyces as well (Chu et al., 

2020; Homberg et al., 1988). In fact, the only protocerebral region displaying 

substantial overlap of these signal categories is the column, a pillar-shaped 

structure within the superior intermediate protocerebrum (SIP) being innervated by 

lateral-tract PNs both from the MGC and the ordinary glomeruli (Chu et al., 2020). 
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In addition to the pheromone- and the plant odor sub-systems, the CO2 

arrangement constitutes a third olfactory sub-system in the male moth. Each of 

these sub-systems relates to three non-overlapping regions in the AL, formed by 

the MGC, the OGs, and the LPOG, respectively. Based on previous and recent data 

on the projection patterns of the two first-mentioned sub-systems, an interesting 

question is how the odor information from the third sub-system, tuned to CO2, is 

represented in the higher brain centers.  
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Aims of the thesis 
Principal aim: In this thesis, the main aim was to explore the neural pathway 

devoted to processing external CO2 signals in the noctuid moth, H. armigera  

- from the labial pit organ, through the primary olfactory processing center, and to 

the higher brain areas. By combining different experimental approaches, including 

mass staining experiments, sharp intracellular labeling of first- and second order 

neurons, confocal microscopy, three-dimensional reconstructions, and calcium 

imaging, we intend to characterize anatomical properties of single neurons and 

neuron populations and to explore how this arrangement may influence on other 

chemosensory sub-systems, such as the male-specific pheromone system. 

Specific aims 

i. To map the central projections of the LPO-sensory neurons specifically and 

to characterize the morphological structure of individual LPO-neurons. 

ii. To identify the morphologies of individual second-order PNs originating 

from the LPOG including which ALTs these neurons are confined to and 

which protocerebral areas they target. 

iii. To clarify whether the target areas of the LPOG-PNs overlap with terminal 

areas of PNs of the other two sub-systems, devoted to pheromones and plant 

odors, respectively. 

iv. To clarify whether external CO2 signals influence the activity in MGC 

medial-tract PNs. 
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Synopses of the individual papers 
Paper I 

KC, P., Chu, X., Kvello, P., Zhao, X.-C., Wang, G.-R., & Berg, B. G. (2020). 

Revisiting the Labial Pit Organ Pathway in the Noctuid Moth, Helicoverpa 

armigera. Frontiers in Physiology, 11(202). 

https://doi.org/10.3389/fphys.2020.00202. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this study we performed a thorough morphological characterization of the 

sensory neurons housed inside the labial pit organ (LPO), including neurons 

encapsulated by the hair-shaped and club-shaped sensilla. As indicated by the title 

of the article, we revisited the LPO pathway in the noctuid moth. In the previous 

reports (Kent et al., 1986; Zhao et al., 2013), which were based on mass staining 

experiments including not only LPO sensory neurons but also other sensory 

neurons originating from the external part of the labial palp, the massive labeling 

visualized in the data covered stained projections targeting three main areas of the 
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central nervous system: 1) the LPO glomerulus (LPOG) in both antennal lobes 

(ALs), 2) the gnathal ganglion (GNG) and adjacent regions, and 3) the ventral 

nerve cord (VNC). By utilizing a more focused mass staining technique labeling 

neurons only inside the LPO, we were able to show that the LPO sensory neurons 

project to the LPOG exclusively. Additional staining experiments including dye 

application onto the sensory neurons localized outside the LPO, demonstrated that 

these neurons target the GNG and the VNC. The focused mass staining could not 

resolve the morphologies of individual LPO sensory neurons types, however. 

Therefore, we performed additional iontophoretic staining experiments of single 

LPO sensory neurons (both inside the LPO and the LPOG). The results from this 

part of the study showed three morphological types of LPO neurons: one bilateral 

neuron type targeting both LPOGs; one unilateral neuron type targeting the 

ipsilateral LPOG only, and one contralateral neuron type targeting the LPOG in the 

contralateral AL. In addition to these findings, we also performed selective mass 

labeling of neurons housed by the two sensillum types, i.e. club-shaped versus hair-

shaped. Both staining experiments showed stronger innervation of the ipsilateral 

LPOG than the contralateral LPOG.  
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Paper II 

Chu, X., KC, P., Ian, E., Kvello, P., Liu, Y., Wang, G. R., & Berg, B. G. (2020). 

Neuronal architecture of the second-order CO2 pathway in the brain of a noctuid 

moth. Scientific Reports, 10(1), 19838. https://doi.org/10.1038/s41598-020-76918-

1.  

 

To obtain more information about the second-order level of the CO2-pathway, we 

carried out staining experiments from the projection neurons (PNs) conveying the 

signals from the labial pit organ glomerulus (LPOG) to higher protocerebral 
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regions. In this paper, we report the morphologies of individual LPOG PNs by 

utilizing the intracellular labeling technique in combination with confocal 

microscopy and digital reconstructions by means of the AMIRA visualization 

software. In addition, we performed focused mass staining experiments from 

several simultaneously stained LPOG PNs. Our data comprised totally 15 

individual LPOG PNs forming nine neuron subtypes. Each PN followed one of five 

antennal lobe tracts (ALTs): 1) the transverse ALT, 2) the medial ALT, 3) the 

lateral ALT, 4) the dorsomedial ALT, and 5) the antennal suboesophageal tract. 

Many of the PN types described here are novel – notably, 10 of the 15 PNs 

identified were confined to the relatively thin and, so far, poorly described 

transverse ALT. Generally, the population of uniglomerular LPOG PNs sent their 

branches to widespread protocerebral areas. An interesting finding was that the 

LPOG PNs innervated the mushroom body calyces modestly, whereas the lateral 

horn (LH) was substantially innervated. Many of the terminal branches overlapped 

in the LH. This result was corroborated by mass staining experiments as well. The 

LH is a previously well-described target area of plant-odor PNs originating from 

the numerous ordinary antennal-lobe glomeruli. We assume that the projection 

pattern indicates the importance of integrating the CO2 input with plant odor 

information in the higher brain center.  
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Paper III 

KC, P., Ian, E., Chu X., & Berg, B. G. (2021). Elevated levels of CO2 affect sex 

pheromone processing in the moth olfactory system. Unsubmitted manuscript. 
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Based on the new anatomical findings in paper II on the overlapping lateral-horn 

(LH) terminals of projection neurons (PNs) originating from the labial pit organ 

glomerulus (LPOG) and the ordinary glomeruli (OGs), respectively, we decided to 

investigate whether there might be a putative interaction of the CO2 system with 

the other olfactory sub-system, i.e, the male-specific system for pheromone 

processing, at the lower synaptic level, the antennal-lobe (AL) level. Paper III is an 

unpublished work containing data mainly from calcium imaging experiments 

including measurements of pheromone-evoked responses in the AL during 

exposure of different CO2 concentrations. Here, we applied a calcium-sensitive 

dye, Fura 2, into the calyces thereby labeling the medial-tract PNs selectively. 

Then, we perform calcium imaging measurements from the dendrites of the 

retrogradely labeled PNs in the male-specific region of the AL, the 

macroglomerular complex (MGC). As we intend to include the data obtained here 

into a more comprehensive study, we present the results as an unpublished 

manuscript. 

By testing the pheromone blend alone and together with different 

concentrations of CO2, we discovered that elevated levels of CO2 suppress the 

pheromone responses in the MGC. This could be due to activation of inhibitory 

local interneurons (LNs) innervating both the MGC and the LPOG. To investigate 

this issue, we performed new calcium imaging measurements in insects with 

removed LPOs. Interestingly, while no suppression was observed during 

application of low CO2 concentrations, the high concentration still induced a 

lowering of the pheromone response. To investigate whether the maintained 

suppression might originate from another putative CO2 channel, such as the 

antenna, we then performed electroantennogram (EAG) experiments. Here, we 

found a suppression effect of the pheromone-evoked EAG-responses during 

application of CO2 at the high concentration. 

Altogether, the results obtained indicate that CO2 suppresses pheromone-

responses of male-specific medial-tract PNs. This effect appears to originate from 

two different sources. At low CO2 concentration, the PNs receive inhibitory input 
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from AL LNs being activated by the LPO neurons, and at high concentration, the 

PNs are suppressed by the male-specific sensory input being directly influenced by 

CO2-signals in the antenna. 
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Discussion 
We employed Helicoverpa armigera as a model organism to investigate the CO2 

pathways, from the periphery to the higher brain centers. Initially, we updated the 

knowledge on the peripheral part of the signal pathway, including precise 

morphological identification of the LPO sensory neurons which were shown to 

project to the LPOGs exclusively. In addition to the previously reported bilateral 

LPO sensory neurons, our single-cell labeling experiments resulted in identification 

of two additional categories, i.e., one ipsilateral- and one contralateral. 

Furthermore, the relatively challenging task of mapping the second-order PNs 

originating in the LPOG and tracing their paths to the higher protocerebral brain 

centers was successfully achieved. The results obtained explored an assembly of 

morphologically diverse LPOG PNs including nine distinct types, all differing 

markedly from the ‘typical’ uniglomerular output neuron originating from the 

ordinary AL glomeruli. In line with the previous indication of the peripheral CO2 

projections in lepidoptera as an accessory olfactory pathway (Kent et al., 1986), 

our data indicated the relevance of integrating the CO2 input with the other classes 

of odor information in the brain – firstly, by the substantial overlap of plant odor 

and CO2 signals in the previously well-described higher-order olfactory center, the 

LH, and secondly, by the suppression effect induced by CO2 on pheromone 

responses at the lower synaptic levels. Shortly summarized, the three papers 

included in this thesis, provide new findings on the first- and second-order neurons 

of the CO2 pathway of the noctuid moth. 

Morphological properties typifying the LPO sensory neurons 

The LPO sensory neurons in moths are morphologically heterogenous 

The designation of the peripheral CO2 pathway in lepidoptera as an ‘accessory 

olfactory pathway’, utilized for the first time by researchers in John Hildebrand’s 

group, was based on mass staining experiments including application of dye onto 

the truncated part of the peripheral labial-palp segment. which demonstrated fibers 
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projecting to the LPOG, gnathal ganglion, and the ventral nerve cord (Kent et al., 

1986). It was, however, not clear whether all three projection areas originated from 

the LPO sensory neurons. Notably, one of the main findings published in paper I, is 

that the sensory neurons housed within the LPO project to the AL exclusively. This 

fact was clarified by implementing focused mass staining from the neurons housed 

inside the pit organ. We also managed to perform single-cell staining experiments 

demonstrating, for the first time, three morphologically distinct types of LPO 

sensory neurons. As expected, we found both bilateral and ipsilateral neurons. This 

coincides with both present and previous findings showing a somewhat stronger 

staining in the ipsilateral LPOG than the contralateral (Kent et al., 1986; Ma et al., 

2017; Zhao et al., 2013). However, the discovery of contralaterally projecting LPO 

neurons was in fact not expected. Generally, both the LPO sensory neurons and the 

olfactory sensory neurons (OSNs) on the antenna are bipolar neurons with two 

branches extending from the cell body – one dendritic part housed inside the 

sensillum and one axon projecting directly into the primary olfactory center of the 

brain. An essential difference, however, is that the antennal OSNs project their 

axons unilaterally while a substantial proportion of the LPO neurons project 

bilateral. The reason for this morphological difference is not yet clarified. 

Regarding the unilateral OSNs, this is a feature characterizing olfactory sensory 

neurons in almost all organisms, including both vertebrates and invertebrates 

(reviewed by Hildebrand & Shepherd, 1997). One relevant question is therefore 

why a significant number of LPO sensory neurons in moths are bilateral. One 

possible reason could be that the bilateral CO2 neurons contribute to increasing the 

signal-to-noise ratio (Louis et al., 2008). Actually, in fruit flies, which do possess 

bilateral olfactory sensory, these neurons possess a lower detection threshold and 

also have the ability to make concentration measurements with a resolution almost 

1.5 times better than unilateral sensory neurons (Louis et al., 2008). However, the 

next question would then be why this is more necessary for CO2 input than for 

common odor signals. An alternative explanation might be that the LPO neurons 

are directly involved in fine graded spatial orientation on the host plant based on
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distinct concentration gradients of CO2. Detection of optimal oviposition sites is 

essential for the success of the offspring, and it is well known that such spots 

include metabolically active parts of the plant releasing high levels of CO2. Thus, 

as compared with the ipsilateral projections from the main olfactory organ – which 

are reported not to detect chemical gradients (Kennedy, 1983; Kennedy & Marsh, 

1974; Mafra-Neto & Cardé, 1994) - the arrangement of the accessory organ, 

including bilateral projections makes sense because it may directly monitor fine 

fluctuations of the chemosensory signal locally within different parts of the plant. 

As mentioned above, the successful labeling of individual LPO neurons, 

included not only a bilateral and an ipsilateral type, as expected - but also a newly 

discovered contralateral type (Fig.3). As shown in Fig. 2C and D, Paper I, there are 

even two morphological sub-categories of these contralateral neurons – one 

following the main fiber bundle in the direction of the esophagus before crossing 

the midline, dorsally of the gnathal ganglion (GNG), and the other crossing the 

brain midline ventrally, already at the level of the GNG, and projecting 

contralaterally up to the AL. Interestingly, this contralateral course overlaps with 

that of the main fiber bundle of LPO projections originating from the other labial 

palp (see the figure below, which is reproduced from the Fig. S1 in the 

Supplementary Material of Paper I). The precise function of this pattern consisting 

of both parallel and overlapping projections is difficult to interpret. However, it is 

obvious that the LPO of the noctuid moth houses a morphologically multifaceted 

assembly of sensory neurons conveying signals about presumably one and the 

same stimulus, CO2. This arrangement may serve as an ideal model for future 

investigations of how the neural system encodes sensory input.  
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Fig. 3. Double-labeled preparation showing the staining pattern of sensory neurons originating 
from the terminal segment of the right (magenta) and left (green) labial palp respectively. (A) 
Confocal image (maximum intensity projection) showing sensory axons from the right palp, stained by 
Micro-Ruby. A thick sub-branch projects ipsilaterally (arrow) whereas a thin sub-branch projects 
contralaterally (arrowhead). (B) Double-labeling showing an overlay of the Micro-Ruby staining from 
the right palp (magenta) and Alexa-488 staining from the left palp (green). The thick fiber bundle from 
the left palp merges with the thin sub-bundle from the right palp (arrowhead). The non-focused mass 
staining including application of dye in the truncated part of the terminal labial palp resulted in labeled 
projections not only in the labial pit organ glomerulus (LPOG), but in the gnathal ganglion (GNG) and 
ventral nerve cord (VNC) as well. ES, esophagus; LbN, labial nerve; d, dorsal; v, ventral; l, lateral. 
Scale bars: 50 μm. 

Comparison of sensory neurons tuned to CO2 across different species 

Interestingly, a comparison across different insect orders, such as Lepidoptera and 

Diptera, demonstrates some similarities but also marked differences as concerns 

morphological characteristics of the sensory neurons tuned to CO2. The CO2 

sensory neurons in fruit flies and mosquitoes are housed on the antennae and the 

maxillary palp, respectively (Stocker et al., 1983). Like in lepidopterans, their 

axons project into one single glomerulus in the AL. Different from lepidopterans, 

however, fruit flies and most mosquitoes have ipsilateral CO2 projections (Anton et 

al., 2003; Suh et al., 2004). Another distinction between the two insect orders is the 

amount of sensory neurons tuned to CO2. In dipterans, the number of the CO2 

sensory neurons is quite small, that is 24-48 in fruit flies (Riesgo-Escovar et al., 

1997) and 80 in mosquitoes (Lu et al., 2007; Syed & Leal, 2007), whereas the 

lepidopteran species studied here, H. armigera, has approximately 1200 CO2 
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sensory neurons (Zhao et al., 2013). Regarding the lepidopteran species, diurnal 

butterflies and nocturnal moths have a similar system for detecting CO2. As 

demonstrated in figure 4, the nocturnal H. armigera and diurnal Aglais urticae 

possess comparable LPO projections, except for a weaker innervation of the 

contralateral LPOG in the butterfly (Fig 4). Whether this is due to methodological 

conditions or a real difference in the omposition of bilateral, unilateral, and 

contralateral neurons is not clarified. 

Fig. 4. Confocal images showing the central projection patterns of sensory neurons originating 
from the terminal segment of the labial palp in H. armigera and Aglais urticae. (A, B). In addition 
to the main projections inside the labial pit organ glomerulus (LPOG), a few branches ramifying outside 
the ipsilateral LPOG can be seen in both species (arrowheads); Figure a is adopted from paper I, and 
Figure b was kindly provided by Xi Chu; AL, antennal lobe; ES, esophagus; GNG, gnathal ganglion; 
LbN, labial nerve; VNC, ventral nerve cord. d, dorsal; v, ventral; l, lateral. Scale bars: 50 μm. 

Several studies have reported about physiological properties of LPO sensory 

neurons in moth species and their specific tuning to CO2 (Bogner et al., 1986; 

Guerenstein et al., 2004a; Stange, 1992). These sensory neurons are highly 

sensitive to small fluctuations in CO2 concentration. The LPO sensory neurons in 

H. armigera, for example, can detect an increase in the gas as low as 0.5 ppm over 

the ambient level (Stange, 1992). 
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Morphological properties of LPOG output neurons  

Second-order neurons from the LPOG project along uncommon AL tracts  

To explore how CO2 information is processed in the subsequent signal pathway, 

we performed a combination of single-cell labeling and mass labeling of the 

second-order PNs originating in the LPOG (paper II). One interesting topic that 

appeared from this part of our study is that the LPOG PNs are special by projecting 

to a large extent along other tracts than the classical medial tract, mALT. In fact, a 

majority of the stained LPOG output neurons, approximately 65%, were confined 

to the so far relatively poorly described transverse tract, tALT. As mentioned 

above, a recent article on AL neurons in heliothine moths reported that this 

relatively thin fiber bundle, identified as a separate tract in these species only five 

years ago, seems to be linked not to all glomeruli but to an assembly located 

ventro-posteriorly in the AL termed the VPGs, of which the LPOG is one of the 

units (Kymre et al., 2021a). Notably, the previous article by Kymre et al. 

mentioned another tract that appeared to originate exclusively from this VPG 

cluster – the dorsomedial tract, dmALT (Kymre et al., 2021a). This is in full 

agreement with the findings presented here, in paper II, including an LPOG PN 

passing along the dmALT. In contrast to the previously reported dorsomedial-tract 

PNs that were bilateral, the one presented here, in paper II, was unilateral, however 

– again indicating the uniqueness of the CO2 pathway. It is worth noting that the 

dmALT is the thinnest of all tracts; in M. sexta, it is reported to include only three 

axons (Homberg et al., 1988). Concerning the mapping of AL tracts conveying 

CO2 signals, it should be mentioned that our finding of only two medial-tract 

LPOG PNs, as reported in paper II, appears to contradict somehow with the 

previous report from M. sexta, including a majority of LPOG PNs passing along 

the mALT (Guerenstein et al., 2004a). However, at that time all transverse-tract 

PNs were classified as medial-tract neurons. The term transverse tract was 

introduced in the fruit fly in 2012 (Tanaka et al., 2012) and in the moth in 2016 

(Ian et al., 2016a). In the study performed by Hildebrand and his colleagues, the 
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neuron named ‘PN-2’, for example, is obviously confined to the transverse tract 

(see Fig. 6a in Guerenstein et al., 2004a).  

The second-order CO2 pathway bypasses to a significant degree the 

calyces 

Altogether, the LPOG PNs identified here were morphologically diverse, 

evidenced by 15 individual neurons forming as many as nine subtypes. Yet, most 

of them shared a morphological similarity in terms of not innervating the calyces. 

None of the medial-tract LPOG PNs identified here and only one-third of the 

transverse-tract LPOG PNs terminated in the calyces. Weak innervation in the 

calyces is also reported for second-order PNs conveying CO2 signals in fruit flies 

(Lin et al., 2013). Generally, the calyces are a well-known olfactory center for 

sensory integration and memory formation (Heisenberg et al., 1985). The modest 

terminal projections of the LPOG PNs in the calyces indicate that the CO2 input is 

negligibly involved in classic learning principles typifying this neuropil region. 

That is in fact not surprising since CO2 is a ubiquitous cue and as such is expected 

to have a minimal effect on experience-based olfactory learning mechanisms. 

Interestingly, PNs processing input about other ubiquitous cues, such as 

temperature and humidity, have also been reported to display little or no 

connection with the calyces in fruit flies and cockroaches (Marin et al., 2020; 

Nishino et al., 2003). 

Different from the majority of LPOG PNs stained here, the above-

mentioned LPOG PNs in M. sexta were reported to target the calyces on their route 

to the LH (Guerenstein et al., 2004a). Whether these differences are due to 

methodological issues or imply real interspecific distinctions are not clarified.
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Terminal projections of LPOG PNs and ordinary medial-tract PNs 

overlap in the LH 

Interestingly, as shown in paper II, the majority of stained LPOG PNs had 

overlapping projection terminals in the second higher-order olfactory center, the 

LH, which is assumed to play a role in innate behavior (Schultzhaus et al., 2017). It 

is well known that this area also receives axon terminals of numerous medial-tract 

PNs originating in the ordinary glomeruli (Homberg et al., 1988; Ian et al., 2016b; 

Kymre et al., 2021a). These glomeruli, in turn, receive input from the plant odor 

responding sensory neurons on the antennae of both males and females. A purely 

male-specific higher-order region, receiving input from the MGC glomeruli, is 

located more dorso-medially in the protocerebrum (Chu et al., 2020; Kymre et al., 

2021b). We found an overlap of terminal projections originating from LPOG PNs 

and PNs from ordinary glomeruli in the LH (Fig. 5), indicating the importance of 

that brain region for integration of sensory input about the CO2 and plant odors. 

This kind of incorporation corresponds well with the previously reported data from 

behavioral studies of these herbivorous species demonstrating the importance of 

detecting CO2 signals emitted by relevant host plants (Thom et al., 2004). Whether 

the second-order PNs of the two sub-systems make synaptic contact with the same 

third-order neurons is not known, however. 

 
Fig. 5. Projection patterns of an assembly of LPOG 
PNs and one typical medial-tract PN originating from 
an ordinary glomerulus. (A) Confocal image (maximum 
intensity projection) of LPOG-neurons obtained via 
anterograde labeling from the LPOG including PNs 
confined to the transverse, medial, and lateral antennal-
lobe tract (ALT; tALT, mALT, and lALT). Overlapping 
projection terminals occur in the lateral horn (LH) whereas 
the calyces (Ca) is weakly innervated. (B) Confocal image 
(maximum intensity projection) of a typical uniglomerular 
PN following the mALT and innervating the Ca and LH. 
Figures are adopted from paper II; L, lateral; P, posterior; 
Scale bars: 50 µm.  
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Comparison of the second-order CO2 pathway across different species 

Projection neurons tuned to CO2 have previously been identified in the fruit fly, D. 

melanogaster (Lin et al., 2013), the hawk moth, M. sexta (Guerenstein et al., 

2004a), and cotton bollworm, H. armigera (Paper II). A comparison of the 

morphological characteristics of the second-order PNs across these insect species 

demonstrates substantial similarities but also marked differences between the 

lepidopteran and the dipteran species. Even though the CO2 system in fruit flies 

serves a completely different role than that of moths, their CO2-PNs share many 

commonalities. Firstly, these PNs have minimal innervations in the calyces. In both 

insect groups, the axons of uniglomerular PNs innervating the calyces are confined 

either to the lALT or the tALT. (Lin et al., 2013; Paper II). Secondly, the PNs 

signaling input about CO2 generally have diverse branching patterns in the 

protocerebrum and innervate mostly the LH. Thirdly, no medial-tract CO2-PNs 

neither in fruit flies nor in moths seem to innervate the calyces. The most 

prominent morphological difference between the neuron populations of the two 

insect groups is that most CO2-specific PNs in fruit flies are multiglomerular 

whereas those in moths are uniglomerular. In conclusion, the second-order 

pathways for CO2 signaling in the two orders are comparable.  

A putative link between the subsystems devoted to CO2 and 

pheromones 

Paper II indicated that CO2 signals are essentially integrated with plant odor input 

at the second synaptic level and equivalently separated from pheromone 

information. However, since all three sub-systems are spatially represented in the 

AL in form of three non-overlapping glomerular arrangements – 1) LPOG, 2) 

MGC, and 3) ordinary glomeruli – that are interconnected via numerous 

multiglomerular local interneurons (LNs; Kymre et al., 2021a), we decided to 

investigate whether there are putative cross-talks between the pheromone and CO2 

system at the AL level. The relation between these two sub-systems of male moths 
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has not been investigated at any neuronal level previously. Even though all LPOG 

PNs identified in this study were uniglomerular neurons, the glomerulus itself, the 

LPOG, is not completely isolated but rather connected to other glomeruli by the 

large number of multiglomerular LNs in H. armigera. There are even a few 

multiglomerular PNs passing along the mediolateral tract, mlALT, that might be 

involved in this kind of crosstalk (Kymre et al., 2021a). 

 By performing retrograde labeling of all medial-tract output neurons with a 

calcium-sensitive dye (via dye application into the calyces), we could measure 

odor-evoked responses within distinct AL glomeruli (paper III). Here, we measured 

pheromone-induced responses in the easily identifiable MGC units. The 

stimulation with pheromone alone versus pheromone paired with CO2, showed a 

decrease of the ‘pure’ pheromone-response when the gas was added to the odor 

stimulus. Our initial assumption implying that this suppression effect was mediated 

solely via the multiglomerular LNs, however, was not supported by a follow-up 

experiment including removal of the LPO. The suppression effect was gone for the 

low concentration of CO2 but still present for the high concentration. Additional 

experiments including measurements of summated responses from the sensory 

neurons on the antennae (electroantennogram, EAG), indicated that the high-

concentration suppression effect might be mediated via peripheral input from the 

antennae. This suppression effect could be due to several conditions. One could be 

a conformation change of the pheromone binding protein in the sensillum lymph 

due to CO2-induced acidity (Mohanty et al., 2004). Another alternative reason 

could be that such an increase in acids activates ionotropic receptors (IRs) on the 

dendritic membrane of the OSNs. Studies in fruit flies have shown that carbonic 

acid, one of the metabolic products of hydration of CO2, binds to IRs expressed in 

OSNs (Ai et al., 2010). Here, the co-expressed IR64a and IR8a, being present in 

coeloconic sensilla, detect acids. It is unknown at this stage, however, whether 

similar types of IRs are expressed in pheromone-specific sensilla of male moths or 

in other types of olfactory sensilla of moths. However, recently the homologous of 

the IR64a gene was found on the antennae of H. armigera (Liu et al., 2018), 
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indicating that the neuron expressing this receptor protein could detect acidosis 

produced by increased CO2 concentrations. Whether an acid-sensing IR is, in fact, 

involved in suppressing the pheromone response is unknown. Future experiments 

utilizing genetically modified individuals lacking the relevant IRs might contribute 

to explaining the underlying mechanism. 

But what is the meaning of an LPO in male moths that is similar to the 

LPO in females - a significant function of which is to provide suitable sites for egg-

laying? It is generally accepted that CO2 signals emitted from night-blooming 

plants, which are often 200 ppm above ambient CO2 concentration (Guerenstein et 

al., 2004b), are important both for male and female moths since they guide the 

insects to relevant food sources. Generally, the CO2 sensing system seems to play 

an important role for nectar foraging. One exception, however, is the cactus moth 

where only females possess an LPO (Stange et al., 1995). Single sensillum 

recordings have revealed that the LPO sensory neurons can follow short, 

intermittent increases in CO2 level for stimuli delivered at a frequency as high as 

10 Hz, indicating that the moth is able to track a plume of CO2 and locate the 

source from relatively long distances (Guerenstein et al., 2004a; Stange, 1992). 

Another possible argument for the presence of a CO2 detecting system in male 

moths is that it might facilitate the detection of a calling female sitting on the host 

plant. However, the meaning of a CO2-induced suppression effect on the 

pheromone responses in the male moth is still an unanswered issue. Among 

sensible speculations, one might be that we see an effect similar to the previously 

reported interaction between pheromone and plant odor signaling including a 

mutual inhibition between two sub-systems (Deisig et al., 2012; Pregitzer et al., 

2012). 

In the experimental design, we performed two sets of calcium imaging 

measurements for each moth - one with intact and one with removed labial palps. 

During removal of the labial palp, the insect was taken out of the setup. This could 

have resulted in slight displacement of the focal plane during measurements in the 

second stimulation set. Besides, the physical intervention of taking away an 
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external organ may have influenced the total physiological condition of the insect. 

In future experiments, the surface of the palps should rather be covered, and with 

the insect positioned within the setup. Generally, the kind of calcium imaging 

experiments carried out here, would be optimally suited for genetically modified 

insects, especially distinct CO2 GR knock-out mutants. 

Methodological considerations 

The examination of the CO2 neural circuitry was enabled by the use of mainly three 

different experimental techniques: 1) anterograde and retrograde mass labeling, 2) 

intracellular single neuron staining, and 3) calcium imaging. Each of these methods 

allowed us to explore distinct aspects of A) the central projection pattern of the 

LPO sensory neurons, B) morphological characteristics of individual neurons at the 

two initial levels of the CO2 pathway, and C) the effect of paired pheromone and 

CO2 stimulation onto the odor-evoked responses in secondary medial-tract PNs. 

These methodological methods complemented each other by providing high- and 

low-resolution morphological data and combining them with physiological data. 

The results obtained from these approaches contribute to acquiring a relatively 

precise overview of the initial two levels of the CO2-processing pathway in the 

noctuid moth. Future studies should include further exploration of the 

physiological properties characterizing the various neuron types, both at the first 

and second level of the signaling pathway. Here, it is relevant to compare with the 

electrophysiological results previously obtained from LPO sensory neurons in H. 

armigera and LPOG PNs in M. sexta (Guerenstein et al., 2004a; Stange, 1992). In 

addition, it is absolutely relevant and feasible to test, at the AL level, whether CO2 

influences on plant-odor-responses in the large population medial-tract PNs 

connected with the numerous ordinary glomeruli.
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Conclusions 
1. The sensory neurons in the LPO project exclusively to the LPOG. Individual 

LPO sensory neurons are morphologically diverse including both bilaterally, 

ipsilaterally, and contralaterally projecting neurons.  

2. Sensory axons confined to the labial nerve and terminating in areas of the 

central nervous system, such as the GNG and the VNC, originate from sensory 

neurons located outside the LPO.  

3. Uniglomerular PNs from the LPOG display a projection pattern differing 

markedly from that of the typical AL PNs by passing their axons mainly along 

the transverse tract. The morphologically different LPOG PNs project along at 

least four additional antennal lobe tracts, i.e. the mALT, lALT, dmALT, and 

the AST.  

4. Generally, the LPOG PNs innervate the calyces weakly suggesting a modest 

role of this neuron population in associative memory formation. Notably, none 

of the medial-tract neurons originating in the LPOG had projection terminals 

in the Ca.  

5. Most of the labeled LPOG PNs terminated in the LH, in a region seemingly 

overlapping with the target area of PNs linked to the ordinary glomeruli, 

indicating that inputs about CO2 and plant odors are integrated in this region. 

6. While pheromones and CO2 are represented in spatially distinct protocerebral 

areas indicating a lack of signal exchange at the second synaptic level, inputs 

from the two types of chemosensory stimuli are linked at lower levels – 

indicated by suppression effects on the pheromone responses of second-order 

PNs from AL LNs as well as from male-specific antennal sensory neurons 

when CO2 is added to the relevant blend. 

7. Future studies should include a methodologically improved design to 

investigate more precisely how signals from CO2 and pheromones interact at 

the level of the antennal lobe and antenna, respectively.
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