
Responses of Protocerebral Neurons of the
Manduca Sexta to Sex Pheromone Mixtures

Item Type text; Electronic Thesis

Authors Álvarez, Angélica

Citation Álvarez, Angélica. (2015). Responses of Protocerebral Neurons
of the Manduca Sexta to Sex Pheromone Mixtures (Bachelor's
thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:52:10

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/578956

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/578956




Álvarez 1 
 

ABSTRACT 
The olfactory system of the male hawkmoth Manduca sexta is able to discriminate 
against subtle differences among different mixtures of odorants. Behavioral assays 
show that this moth is more attracted to the pheromone blend made of two components 
(E10-Z12-hexadecadienal, or EZ; E10-E12-Z14-hexadecatrienal, or EEZ) in a 2:1 ratio. 
Alteration of this ratio reduces the attractiveness of the pheromone blend (Lei et al. 
2013; Martin et al. 2013). To further test the ratio-selection hypothesis, intracellular 
recordings from the pheromone-responsive neurons in the delta region of the lateral 
horn in the protocerebrum of the moth brain – a second-order olfactory center – were 
conducted and their responses to pheromone blends of different ratios were recorded 
and examined. However, from the available data we could not draw firm conclusions. 
This could be a result of many different factors: (1) targeted neuron may be localized 
outside of the delta region of the protocerebrum; (2) deteriorated condition of brain 
tissue due to handling; or (3) issues in the delivery of the stimulus protocol. Due to time 
constraints, the difficulties in staining individual neurons, and the complexity involved in 
using intracellular recording as a technique to analyze extremely specific neurons, the 
objectives of this study require further investigation.  
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INTRODUCTION  

The primary olfactory system, the antennal lobe of the Manduca sexta, receives signals 

from olfactory sensory neurons on the antennae and organizes these inputs to specific 

sets of neuropils called glomeruli (Tolbert and Hildebrand 1981). Glomeruli are regions 

of extensive synapses among the sensory neurons and the other two types of central 

neurons: projection neurons (PN) and local neurons (LN) (Homberg et al. 1989). The 

pheromone-responsive PNs or glomerular output neurons produce varying response 

patterns, which are then all sent to higher order structures in the protocerebrum, 

including the delta region of the lateral horn (LH) as well as the mushroom bodies (MB) 

in the protocerebrum (Homberg et al. 1989). Studies have shown that there is 

divergence and convergence taking place at the MB and the LH. These studies suggest 

that there is a reorganization of information at the site of the PNs targeting their 

postsynaptic neurons since these studies have revealed multiple PNs converging onto 

single postsynaptic neurons and one PN connecting with multiple postsynaptic neurons 

(Wong et al. 2002). 

 

Previous investigations in the hawk moth Manduca sexta have demonstrated 

synchronous spiking of projection neurons via stimulation of the antennae using volatile 

organic compounds (VOCs) (Lei et al. 2002; Lei et al. 2004; Riffell 2009a; Riffell 2009b). 

Volatile organic compounds are often used as the necessary olfactory cues that insects 

depend on for feeding, mating, and oviposition sites. For example, mixtures that make 

up the sex pheromones that are necessary for mating among closely related species of 

moths are made up of the same compounds and differ only in the blend of their 



Álvarez 4 
 

proportion or ratios (Anton et al. 1997; Tillman and JA 1999; Hagstrom et al. 2012).  To 

pick up on these olfactory cues, insects must be able to distinguish among varying 

blends of compounds that differ in their chemical composition, compound proportions, 

and compound concentrations (Bruce et al. 2005; Pickett et al. 2006; Najar-Rodriguez 

et al. 2010).  

 

Other previous investigations have revealed maximal synchronized spiking using two 

key sex pheromone components to stimulate the antennal lobe projection neurons in 

the macroglomerular complex (MGC) of the M. sexta at the natural ratio of 2:1 (Lei, 

Chiu, and Hildebrand 2013; Martin et al.  2013; Lei, Christensen, and Hildebrand 2002). 

When the two key sex pheromone components were presented in different ratios, the 

synchronous activity decreased from its maximal point (Martin et al.  2013). The key 

components involved were bombykal or BAL (E10-Z12-hexadecaienal) and EEZ (E10-

E12-Z14-hexadecatrienal) (Martin et al. 2013). The MGC otherwise identified as a 

cluster of enlarged glomeruli is significant in processing pheromone blends because 

axons of sex pheromone receptor neurons terminate at this site (Homberg et al. 1989).  

 

ORGANIZATION OF THE ANTENNAL LOBE 

In addition to the receptor neurons, interneurons – projections neurons (PN) and 

amacrine cell-like local neurons (LN) – can also be found in the antennal lobe. LNs 

confine their neurites in the antennal lobe. The PNs have dendrites in one or a few 

glomeuruli and axons that extend onto the protocerebrum. These axons are organized 

in several antennocerebral tracts (ACT), including two prominent tracts, the inner 
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antennocerebral tract (IACT) (recently renamed as medial antennal lobe tract or mALT) 

and the medial antennocerebral tract (MACT) (recently renamed as mediolateral 

antennal lobe tract or mlALT) (Homberg et al. 1989; Ito et al. 2014). 

 

BACKGROUND 

The ratio-selectivity observed at a behavioral level may be expressed by neuronal 

responses. In the antennal lobe, synthetic concentrations of the natural ratio produces 

synchronized spiking responses from the male-specific glomeruli of the moth. 

Protocerebral neurons in the delta region receive converging input from the antennal 

lobe of male moths, responding to sex-pheromone mixtures. This suggests that there 

may be neurons within the delta region that preferentially respond to the natural 2:1 

ratio of the pheromone.  

 

Recent studies of neurons in the protocerebrum have shown selectivity in response to 

the 2:1 natural ratio (BAL:EEZ) (Fig. 1). Previous studies have also shown that the delta 

region is a processing center for sex pheromones. The delta region, found anterior to 

the calyx, inferior to the dorsal edge of the calyx, and laterally adjacent to pedunculus, 

receives information from different tract fibers of information. Mass staining through 

pervious investigations have shown that MACT and IACT fibers exit the AL bypass the 

pedunculus and terminate at the delta region. However, IACT fibers continue to travel 

until reaching the calyx which is located the posterior region of the brain but then join 

MACT neurons at the lateral corner of the delta region (Lei et al. 2013). The sex 
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pheromone processing center, known as the delta region, is further complicated by the 

innervating fibers of the antennocerebral tracts (Fig. 2).  

 

Our hypothesis is that the neural responses at the delta region of the protocerebrum of 

the male M. sexta is the strongest to the natural 2:1 sex pheromone mixture and is 

weakest to the blends that deviate from the natural ratio. 

 

The outcome of this work will further our understanding of how higher-order olfactory 

neurons process olfactory information. The principles revealed from the male Manduca 

sexta hawkmoth brain may facilitate our understanding on the organization of the 

olfaction systems of higher animals. 
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Figure 1: Lei, Chiu and Hildebrand (2013) have been able to target a protocerebral 

neuron exhibiting a selective response to 2:1 pheromone ratio. Neuron is located 

nearest the superior-lateral protocerebrum and inferiormedial protocerebrum. (a). 

Peristimulus histograms exhibit excitatory responses to both single components (EEZ + 

BAL) as well as the natural 2:1 ratio (10ng EEZ + 20ng BAL). The black bar below the 

histograms indicates the time of stimulus delivery (b). The targeted neuron responded 

most strongly to the 2:1 ratio than to the single components but when the ratio deviated 

from the natural mixture, there were no significant changes present (c).  
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Figure 2 Previous investigations, most notably under Lei, Chiu and Hildebrand (2013), 

have been able to target neurons within the delta region that have responded to the 2:1 

ratio as well as ratios deviating from the natural ratio. Antennocerebral tracts linking the 

macroglomerular complex (MGC) to the protocerebrum shown via mass staining. The 

inner antennocerebral tract (IACT), the medial antennocerebral tract (MACT), and the 

outer antennocerebral tract (OACT) are all visible through this stain (a). The delta 
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region, situated just lateral to the pedunculus and anterior to the calyx, receive 

information from the MACT, IACT, and OACT fibers which add to the complexity of this 

particular sex pheromone processing center (b, c, d, e).   

 

MATERIALS & METHODS 

Intracellular recordings from neurons innervating the delta region will measure spiking 

responses to varying concentrations and ratios of sex pheromones. After the recording 

session, a fluorescent dye will be injected into the neurons through the use of 

hyperpolarizing currents. Staining methods with the use of fluorescent dye will also be 

utilized to study the morphological properties of the protocerebral neurons.  Spiking 

responses will be quantified after extracting the time stamps of individual neurons, using 

software DataPack, NeuroExplorer and MatLab.  

 

PREPARATION 

Lepidoptera Sphingidae Manduca sexta hawkmoths go through an average of a 45-day 

life cycle. They cycle through three stages before reaching adulthood: embryonic, larval 

and pupal stages. Larvae hatch four days after eggs are laid and have a larval period 

that include five instars (Sanes JR and Hildebrand 1976). They are raised in the 

laboratory on a wheat-based diet. Changes in light, temperature, chemical signals, or 

hormonal triggers may trigger the adult’s emergence from the pupae stage. Once pupae 

are close to molting, they are enclosed in a chamber set at 26°C under a photoperiod 

using 17 hours of light and 7 hours of dark. This prevents the moth from diapausing and 

allows it to continue developing (Sanes JR and Hildebrand 1976).  
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Adult male moths, one to three days post-eclosion, are enclosed in a plastic tube with 

their head and upper thorax on the outside. The plastic tubes which are capped on one 

end, have a shaped V cut into the side of the open end of the tube. The moths are fitted 

into the plastic tube with wax on the V cut of the tube to prevent their movement. 

Forceps and a vacuum are utilized to remove scales from the head and upper thorax of 

the moth (the scales of the moth are susceptible to causing allergic reactions within the 

laboratory). 

 

After being enclosed, the moths are held under a microscope. The proboscis and the 

labial palps are removed from the head using forceps. Two incisions are made along 

the compound eyes using scissors to cut into the dorsal head capsule. This part of the 

head is removed to create a window so to speak. A small cuticle in the head which 

stabilizes the head is also cut with scissors. The head is then isolated from the body 

using scissors. 

 

The head is placed on a petri dish with pins holding down bits of cuticle along the 

compound eyes nearest the antennae. All cuticle bits as well as cibarial pump and other 

muscles are removed from the head capsule to allow access to the brain. After muscles 

are removed, the trachea and the muscle nearest the antennae nerves are cleaned. 

The head is then repositioned with the antennae lobes oriented anteriorly and stabilized 

using pins. Head cuticle is removed to allow access to the brain that is now facing 

anteriorly. The dorsal region of the protocerebrum behind the antennae lobe is 
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desheathed using fine forceps to facilitate microelectrode penetration. The preparation 

is cleansed and moisturized with a saline solution using 150mM NaCl, 3mM CaCl2, 

3mM KCl, 10mM TES buffer, and 25 mM sucrose kept at a pH of 6.9 (Christensen et al. 

1987). A small ribbon of Kimwipe is placed behind and in front of the head making sure 

to touch the brain. 

 

The petri dish is positioned on the rig and saline and suction flows are adjusted. During 

experiments, brains must be repeatedly moisturized to allow for maximal electrical 

activity. The Kimwipe is placed behind and in front of the head to allow for a drip 

system. While on the rig, a saline tube will be adjusted to drip saline onto the petri dish. 

The saline will reach the ribbon of Kimwipe and because it extends to the brain, the 

brain will also remain moisturized.  

 

A reference electrode is positioned near the optic lobe. As for the recording electrode, 

tips of microelectrodes were filled with Lucifer Yellow, as previously stated. This was 

done by placing the capillary glass in the dye solution. The electrode holder was filled 

with LiCl. Bubbles in the electrode holder are carefully eliminated to allow for maximal 

conductance. It was extremely critical to keep bubbles out of the microelectrodes. 

Microelecrodes were also filled with LiCl. The microelectrode which was positioned onto 

the electrode holder on the rig, was positioned nearest to the brain using a 

micromanipulator.  
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Microelectrodes were checked for resistance by placing the electrode in saline. The 

voltage was brought to 0mV on an Axoclamp-2A (amplification 10x) and current was set 

to -0.50nA using a DC current command and was injected and then set back to 0mV 

using a bridge balance. With Lucifer Yellow, resistance was an average of 200-600 MΩ. 

To remove debris at the tip of the microelectrode capacitance neutralization was 

applied.  

 

Once resistance was tested and the drip system is set into place, the micromanipulator 

is used to slowly insert the tip of the electrode into the protocerebrum (Fig. 3). 

 

Figure 3 Placement of microelectrode on the moth brain. Image shows brain before 

removal of trachea and brain sheath (thin protective layer that wraps the brain). 
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ELECTROPHYSIOLOGY - INTRACELLULAR RECORDING  

Glass capillary tubes made of borosilicate with a filament of a wide outer diameter width 

of 1mm and a 0.58mm internal diameter were used in this experiment. These were cut 

using diamond knives to account for the length of the microelectrodes. They were then 

pulled using a laser puller (P-2000).  

 

The microelectrodes were filled with Lucifer Yellow solution (65 mM) and with a buffer 

solution of LiCl (200 mM). Alexa Fluor 568 hydrazide (10 mM) was used as a second 

dye under a buffer solution of KCl (200 mM). Microelectrodes were pulled at a range of 

resistance of 200-600 MΩ. Any microelectrode with a resistance outside this range was 

deemed defective and thrown in a glass bin.  

 

Before conducting recordings, the electrical potential of the rig had to be measured 

using a voltmeter to remove any potential noise source. The reference wire was placed 

in the physiological saline solution near the moth brain. Rig setup is shown in figure 4.  
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Figure 4 Image showing rig space with micromanipulator for stable movement of the 

recording electrode on the right and stimulus protocol delivery system on the left. 

Stimulus delivery is connected to a solenoid (not pictured) for a steady stream delivery. 

Petridish and saline drip system is positioned in the center. Reference electrode is 

setup in the center. 

 

STAINING / LABELING 

For staining, individual neurons with stable spiking activities were injected with Lucifer 

Yellow through hyperpolarizing current for 5-15min. Brains were then incised and 

cleaned (Fig. 5). Brains were fixed in 2.5% formaldehyde (pH 7.2) overnight at 4°C 
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dehydrated through a series of graded ethanols (50 to 100%). Brains were cleared for 

light diffraction using methyl salicylate for fluorescent and confocal microscopy. 

 

 

Figure 5 Brain after incision from head capsule for removal of any remnants of sheath 

or trachea for fix preparation.  

 

PHEROMONE DELIVERY 

Protocols for pheromone delivery slightly altered from Lei and Hong-Yan Chiu’s stimulus 

protocol. Bombykal or BAL (E10-Z12-hexadecaienal) was diluted in cyclohexane to a 

concentration series of 0.1 to 1,000 ng/ µl and EEZ (E10-E12-Z14-hexadecatrienal) was 
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diluted from 0.2 to 2,000 ng/ µl (Lei et al. 2013). Blends of different ratios deviating from 

the natural ratio of 2:1 were prepared from these stocks.  The stocks are as follows: 

EEZ (10ng), EEZ (10ng) + BAL (0.2ng), EEZ (10ng) + BAL (20ng), EEZ (10ng) + BAL 

(200ng), EEZ (10ng) + BAL (2000 ng), BAL (20ng), BAL (20ng) + EEZ (0.1ng), BAL 

(20ng) + EEZ (100ng), BAL (20ng) + EEZ (1000ng) plus solvent control (cyclohexane).  

 

One microliter of each ratio was placed on a filter paper in a 0.5ml glass syringe. 

Syringes were used to deliver stimuli through a solenoid controlled air stream. Stimuli 

was delivered in pulses of 3 with an interpulse interval of 2s for a duration of 100ms. Air 

pressure through the solenoid was at 20 psi.  

 

SPIKE ANALYSIS 

Datapack was utilized to extract time stamps of recorded spikes and then exported into 

Neuroexplorer. Time stamps were used to generate peristimulus time histograms and 

raster plots. Time stamps were analyzed using response times of individual neurons 

across all applied stimuli (pheromones delivered). To analyze neural responses, firing 

rates, response delays and the number of spikes under response time ranges for 

individual neurons across all applied stimuli were analyzed. 
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RESULTS 

Neurons were labeled with the fluorescent dye revealing their location near the intended 

delta region (fig. 7). However, the morphology of the neurons did not match up with 

previous reported studies of reported neurons in the delta region. 

 

Pheromone stimuli with the natural ratio as well as other ratios deviating from the 

natural ratio were delivered to the preparations. However, this neuron did not respond to 

the stimuli, probably because it was not in the right region (fig. 6). The same stimuli, 

however, evoked responses in some other neurons in the antennal lobe, indicating the 

viability of the stimuli. Based on the limited data collected in this study, no firm 

conclusion could be drawn. More experiments are needed. 
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Figure 6 Peristimulus time histograms showing spiking activities under stimulation of 

pheromone blends of different ratios. This neuron was not responsive to any of the 

stimuli.   
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Figure 7 One stained neuron from this study, however, does not resemble the 

morphology of reported neurons. 

 

Confocal microscopy was done after electrophysiological characterization. One stain 

revealed the projection of neurons from what appears to be the anterior to the posterior 

region of the brain close to the delta region. Although further staining would be required 

to locate the actual projection of this stain, the tract of information traveling posteriorally 

is notable in our studies of the antennocerebral tracts. This may also further confirm the 

presence of the innervation of information at these sites within the brain (fig. 9).  
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Figure 8 Anatomy of 

the M. sexta brain. 

Abbreviations: AL 

antennae lobe; AN 

antennae nerve; SOG 

suboesophagael  

ganglion. 

 

 

 

 

 

 

Figure 9 Montage of imaging through confocal microscopy showing projection of axons 

through ImageJ. Previous stains have shown connections between the protocerebrum 

and the MGC (see fig. 2). There appears to be connections from the anterior region 
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nearest the suboesophageal to the posterior region of the brain nearest the delta region. 

Further staining would be required to confirm the actual location of this projection (top 

row: left to right; bottom row: left to right). Traces outline dorsal and ventral sides of the 

brain (see fig. 8 for M. sexta brain anatomy). Filtered through a multiply layer via Adobe 

Photoshop CS for higher contrast.  

 

Another stain has also been able to map out the morphology of a few cell bodies within 

the brain. The morphology does not match that of reported neurons, but gives us insight 

into the variety of different types of morphological layouts of different neurons that can 

be found within the brain (fig. 10). The projection of neural information is also evident in 

this stain with what seems to be through the innervation of three different cell bodies 

with axons arborizing at different sites (fig. 10). 

 

 

Figure 10 Images of a stain through confocal microscopy set at different angles and 

stacked through ImageJ. Filtered through a multiply layer via Adobe Photoshop CS for 

higher contrast. Stained neurons do not resemble the morphology of reported neurons.  
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DISCUSSION 

ISSUES WITH EXPERIMENTAL TECHNIQUES 

Intracellular recording involves impaling individual neurons which can result in the 

impairment of the cell membrane. This technique requires a high skill level with a steep 

learning curve. Once mastered, it produces rewarding results especially from 

unexplored brain regions. Cautions need to be taken while doing recordings because 

breaking through the cell membrane may disrupt normal in-vivo functions of these 

olfactory neurons resulting in instable recordings. 

 

Although the location of the delta region has been identified through mass staining, it 

turned out to be difficult to get access to it using intracellular electrodes. There is no 

viable coordinate system with which to probe the electrode into the desired delta region.  

 

Another issue with data collecting involved time constrains. Once a neuron gives off 

stable activity, it is difficult to deliver all of the pheromones as well as to inject dye into 

the desired delta region before the neuron stops spiking. Everything needs to be perfect 

for getting stable recordings.  
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DATA ANALYSIS 

Time-stamp based spike analysis is a sensitive method for revealing the effect of odor 

stimuli. The three parameters to be analyzed (firing rates, response delays and the 

number of spikes under response time ranges) could not be taken into consideration 

under this study due to insufficient data collection.  

 

MULTIMODAL FUNCTIONS 

Previous research suggest that protocerebral neurons may encode more than one type 

of stimuli suggesting that these neurons may be multimodal. A previous study found that 

neurons responsive to solvent control had responses much stronger to odor stimuli. 

This may suggest that these neurons are able to integrate information from 

mechanosensory stimuli as well as olfactory stimuli (Lei et al. 2013). Previous research 

has also found that protocerebral neurons may be responsive to visual stimuli as well 

such as light. Integration of information from other dimensions of information such as 

visual and mechanosensory stimuli may have played a factor in our collection of data. 

 

FUTURE RESEARCH 

Further investigation and research into the neuronal responses of the delta region of the 

protocerebrum are required to further our understanding of higher-order olfactory 

systems. 
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