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ABSTRACT 

 

 The tobacco hawkmoth, Manduca sexta, is a model organism that has been used to 

understand how animal’s olfactory systems process information. The neural circuits in its 

primary olfactory center, the AL, are analogous in many ways to the olfactory bulb in vertebrate 

species. In moths, individual neurons comprising the olfactory circuits in different synaptic 

centers are highly diverse and interconnected in very complicated ways, and thus are difficult to 

analyze. To overcome this problem, my project took “survey-like” approach to determine what 

types of individual neurons are connected to a specific largely unexplored higher olfactory 

center, the lateral horn. This region is targeted by all projection neurons – output neurons – of the 

AL. A particular region within the lateral horn (delta region) in male moths receives input from 

projection neurons that process information about conspecific female sex pheromone of this 

species. It remains unclear how many types of neurons innervate this region. An electroporation 

technique was used to probe this question using dissected male moths and passing a current 

through a dye-filled electrode. This technique allows the dye to be injected into the neurites in 

the vicinity of the electrode tip and travel through the inner network.  
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INTRODUCTION 

 

 The olfactory system is essential for many animal species in their functions such as 

foraging and mating. In order to study the neurobiology relating to olfaction, insect models have 

been widely used (Martin, et al, 2011). In various insect species, the olfactory system has been 

studied, and one of the most widely used organisms is Manduca sexta, also known as the 

hawkmoth. For Manduca sexta, its olfactory system is used to locate mates, food, and sites for 

oviposition, among others. The moth detects olfactory signals from its environment using various 

types of sensory hairs on its antennae, and the signals are then processed through its primary 

olfactory center, namely the AL (AL), which is analogous to the olfactory bulb in vertebrate 

species (Hildebrand and Shepherd, 1997). In addition, insect species are used to study the 

mechanisms of olfaction because the brain of an insect contains much smaller numbers of 

neurons than the brain of a vertebrate animal, and so the brain circuits are more tractable 

(Sakurai, et al., 2014). For this reason, this moth is highly studied for its ability to understand 

how other olfactory systems may work and respond to stimuli and how they process information.  

  Extensive studies have focused on the AL, while other higher-order centers are relatively 

less explored including areas such as the lateral horn in the protocerebrum (Løfaldli et al., 2012). 

In the AL of male moth, a special region called the macroglomerular complex (MGC) is 

particularly important because it is devoted to processing olfactory information about the 

conspecific female sex pheromone. As in the other regions of the AL, the olfactory sensory 

neurons from the antennae form synapses with interneurons in the AL in neuropil structures 

called glomeruli. One type of interneurons, the local neuron, confines their neurites in the AL 

and process olfactory information locally, and the other type of interneurons, the projection 

neuron, is responsible for transmitting information from the AL to elsewhere in the brain, 
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including the lateral horn in the protocerebrum. The MGC projection neurons send their axons to 

a subregion of the lateral horn called the delta region via at least three AL tracts. Therefore, the 

delta region can be viewed as a special second-order olfactory center devoted to processing 

information about sex pheromones. MGC projection neurons are connected to the lateral horn 

neurons through a converging-diverging pattern, meaning multiple projection neurons are 

connected to one lateral horn neuron (convergence) and also multiple lateral horn neurons are 

connected with a same projection neuron (divergence) (Tanaka, et al., 2012).   

 In order to properly study and understand the olfactory system, the higher order centers 

must also be studied. Toward this goal, it is important to know how many different types of 

neurons are found in the region. In a study conducted on locusts, lateral horn neurons were 

diverse, and ten different morphological classes were identified by means of intracellular 

staining (Gupta and Stopfer, 2012).  In Drosophila melanogaster, it was found that the lateral 

horn contains two different types of neurons. One of the two is more broadly tuned, meaning that 

the neuron responds to a greater number of odor stimuli and at various concentrations. The more 

narrowly tuned responds to a specific odor (Fisek and Wilson, 2014).  Because of these findings 

in Drosophila and locusts, it is believed that Manduca sexta may have multiple types of neurons 

that connect to the delta region of the lateral horn. In order to test this idea, an electroporation 

technique was developed for the moth preparations. In short, a polar or charged element, in this 

case a fluorescent dye, is loaded into an electrode tip and a voltage is applied through the 

electrode. When a single cell is targeted, the dye will travel through the electrode and flow into 

the cell due to the voltage running through it. This technique allows for cells in the vicinity of the 

electrode to be targeted and ultimately to be stained (Olofsson, et al., 2003).  
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 Through the electroporation technique, various types of neurons in or near the delta 

region of the lateral horn were stained in this study. Due to targeting errors, many of the stained 

structures do not include the lateral horn or reveal how many different types of cells innervate 

this region, but this survey allows for a greater understanding and mapping of the brain of 

Manduca sexta and how each part of the brain may connect to the rest. This study also confirms 

the utility of electroporation when implemented correctly.  

 

METHODS AND MATERIALS 

 

Insect rearing and collection: 

 Manduca sexta (Lepidoptera: Sphingidae) were reared on an artificial, wheat-germ based 

diet. From the colony lab, male pupae were bagged in brown paper bags and placed into a 

humidified chamber. Following the eclosion of the male moths, the moths were used within three 

to ten days.  

 

Electrode preparation: 

Glass capillaries (borosilicate with filament, 1mm OD-0.78mm ID), thin-walled 

capillaries were used in the experiment, and electrodes were made using an electrode puller 

(Sutter Instruments). A capillary was cut with the diamond knife to the correct length. The 

capillary was then cleaned to remove any oil or excess debris. The capillary tube was mounted in 

the puller, and a specific program was used in order to obtain the correct electrodes 

electroporation. The finished electrodes were then stored in a jar that contained some water on 

the bottom, to keep the electrodes moist. 

 

Dissection: 

A male moth was inserted into a plastic tube that has a “V” cut on it exposing the head 

and the upper thorax of the moth. The moth was secured by placing wax on the tube and onto the 
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thorax of the moth. Using a vacuum hose, the scales of the moth were removed. The tubed moth 

was then placed under the microscope. The proboscis was unraveled using forceps and then cut 

with scissors. The labial pulps were grabbed with the forceps and then cut off using the scissors. 

With forceps, the remaining proboscis was held while the cuticle along each eye was cut with 

scissors. The cuticle (skull of the head) and proboscis were then removed using a forceps. The 

head was then placed on a Sylgard-coated Petri dish.  

The head was stabilized using a finger with the AL facing upwards. Insect pins were 

instead into the cuticle that was left along the eyes to keep the head in place. Next, the head was 

cleaned by removing any leftover cuticle and any muscle tissue surrounding the brain. If needed, 

the head was held in place with a finger to keep it steady and to not move around. Using a razor 

blade, the cuticle was cut further back and then removed using a forceps. To open the head 

wider, the pin on one side was lifted, but not completely removed while another pin was inserted 

in the eye to open the head to allow for a wider view. The lifted pin was placed back into the dish 

as well and the same procedure was done on the other side of the brain. Tracheae and any 

remaining muscles were removed using forceps, and using a thinner, more delicate forceps, the 

brain was de-sheathed. 

 

Electroporation: 

The lights were turned off except for the ones used under the microscope that contain a 

yellow or red film covering in order to reduce photo bleach to the dye. Using an electrode, the tip 

of the electrode was filled with Microruby dye (Tetramethylrhodamine and biotin) by placing the 

electrode in the dye solution and allowing the dye to travel to the tip of the electrode. To create 

this solution, for every 0.1 of microruby used, 1 µL of deionized, distilled water were mixed 

together in a 1:10 ratio. The electrode holder was then filled with saline. The electrode was 
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removed from the dye solution, and the remainder of the electrode was filled with saline and then 

placed into the electrode holder.   

The Sylgard-coated dish containing the moth head was placed under the microscope. The 

electrode holder containing the electrode was placed into the micromanipulator. AA Grass S88 

stimulator connected to the stimulus isolation unit, which was connected to the 

micromanipulator. The Stimulator had the following parameters: 

Train Duration: 9 MS with the knob beneath at X1000. 

S2 Function: S2 TRAIN 

S2 Rate: 10 PPS with the knob beneath at X.1 

S2 Delay: 1.5 MS (where blue line is) with knob beneath at X.01 and single S2 pulses. 

S2 Duration: 5 MS with the knob beneath at X100. 

S2 Volts: 5.2 with knob underneath at X1. 

S2 Stimulus: ON 

On the Stimulus Isolation Unit, the following parameters should be used for Microruby dye: 

“Multiply Input Volts By” Knob at 1. 

Coupling: Direct 

Polarity: Normal 

Once everything was on and connected, the electrode was lowered to target the MGC 

(macroglomerular complex) in the AL. Once the electrode touched the brain at insertion, the 

electrode was lowered fifty microns, utilizing the micromanipulator. Saline solution was placed 

into the Sylgard dish to fill the dish and brain with the solution. The reference electrode was 

placed into the dish and was thus, covered in the saline solution. On the Stimulator, the “Train 

Mode” switch was flipped down (“single”) ten times, for a total of 100 pulses.   
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The electrode was then removed from the brain, and it was incubated for 3.5 hours in the 

dark with the saline solution changed every 30 minutes to keep the brain hydrated.  

After 3.5 hours, the pins from the brain were removed, and the head was tilted to enable 

viewing the brain dorsally. The head was then pinned down in the orientation in order to target 

the cell bodies connecting to the lateral horn.  

A new electrode was used, and its tip was filled with Lucifer Yellow dye by placing the 

electrode in the dye solution and allowing the dye to travel to the tip of the electrode. To create 

the LY solution, 1.64 mg of Lucifer yellow were mixed with 16.4 µL of deionized, distilled 

water, in a 1:10 ratio. The electrode holder was filled with saline, and bubbles within the holder 

were removed. Next, the electrode was removed from the dye solution and the rest of it was 

filled with saline solution. The electrode then was placed into the electrode holder.  

The stimulator’s parameters remained the same along with the stimulus isolation unit, 

with one exception. The polarity was changed from normal (positive) to negative because of the 

use of Lucifer Yellow dye.  

The electrode was lowered towards the brain to target the cell bodies that connect to the 

lateral horn. Once the electrode touched the brain at insertion, the electrode was lowered down 

by fifty microns. Saline solution was placed into the Sylgard-coated dish and was enough so that 

the dish was filled and the brain was covered in the saline solution. Then, the reference electrode 

was also placed into the saline, but was kept from touching the bottom of the dish. On the 

stimulator, the “Train Mode” switch was flipped down (“single”) five times, for a total of 50 

pulses. The electrode was then removed from the brain. The brain remained in saline solution, in 

darkness, for 30 minutes to allow for the dye to diffuse.  
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Dissection of brain from the head: 

After 30 minutes had passed, the brain was removed from the head capsule. First, the 

saline solution was removed from the dish. Then, the antennal nerve on each side of the brain 

was cut using small scissors.  One side was kept longer so as to know which side was which. 

Using a razor blade, the optic lobe along the compound eye was cut to sever the optic lobe on 

each side. Using a forceps, the brain was removed from the head by holding the optic lobe. 

Saline solution was added to the dish to keep the brain hydrated. The brain was then cleaned by 

removing any tracheae and sheath left on the rest of the brain. Finally, the brain was placed into a 

vial of fixative, formaldehyde solution. This solution was made by mixing 50 mL of a 5% 

formaldehyde solution, 50 mL of 0.2M solution of Sorenson’s phosphate buffer, and 3 g of 

sucrose.  

Dehydration: 

The fixative solution was removed from the vial using a pipette and then placed a 30% 

ethyl alcohol solution in a vial for 10 minutes and placed onto the infiltron machine which 

rotated the vial. The vial was covered to preserve the dye in the brain. The 30% ethyl alcohol 

solution was then removed from the vial with a pipette, and then a 50% ethyl alcohol solution 

was added to the vial. The vial was then again rotated using the infiltron machine for 1010 

minutes. The cycle was repeated for 70% and 95-100% ethyl alcohol solutions. With a 100% 

ethyl alcohol solution, the series is repeated three times, each for 10 minutes. Once the series was 

complete, the brain was stored in methyl salicylate. Methyl salicylate dissolves lipids, making 

the brain tissue semi-transparent.   

Fluorescent and Confocal microscope preparation:  

Using thin metal slides with a well in the middle, methyl salicylate was pipetted onto the 

slide, and the brain was then placed onto the slide with the AL facing upwards. Using a glass 

slide cover, cover the area with the glass. The metal slide should not contain any bubbles, and if 
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there was, they were removed. The mounted brain was then examined with a laser-scanning 

confocal microscope with filter settings for Microruby and Lucifer Yellow. Stacks of images 

were collected from all stained cells and neurites.  

RESULTS 

 Following the successful dehydration of the brain, the brains were first viewed under a 

fluorescent microscope to determine if staining had been achieved. Once a brain was determined 

to be suitable to have viable staining, the brain was then viewed under the confocal microscope, 

and the following figures were extracted from the data collected.  

 The labeling found within the figures is indicative of the dye that was used and what was 

stained on that preparation. In order to label the brain, consultation was done by utilizing the new 

nomenclature for studying insect brains (Ito, et al., 2014).  

 

 

 

 From Figure 1, the Microruby that was 

used to stain the MGC region of the brain does 

seem to be successful in finding the correct 

target. From the figure, it can be clearly seen 

where the electrode was placed, which is why 

the staining can be so strongly seen. This stain 

also does show the two tracts diverging off from 

one another stemming from the MGC in the AL.  

 

 

 
Figure 1 (above): Two tracts, mALT  

(medial AL tract) and lALT (lateral AL 

tract) extending from the AL and connect 

to the protocerebrum. The MGC 

(macroglomerular complex) which was 

targeted by dye injection can be clearly 

seen. Cell bodies in both medial and lateral 

clusters are also stained. D: dorsal; V: 

ventral; M: medial; L: lateral.  

 

 

MGC 

mALT 

lALT 
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              Figures 2-4 are from the same brain and confocal session. The progression and the tracts 

can be followed and again, demonstrating how the tracts diverge and then converge into a similar 

region, the lateral horn.  

 

 

 

  
 

 

MGC 

mALT 

lALT 

 

mALT 

MGC 

lALT 

 

mALT lALT 

Figures 2 (above left), 3 (above 

right) and 4 (left): Microruby and 

Lucifer Yellow dye was used to 

stain projection neurons in each of 

the two figures, beginning in the AL 

from the MGC area to the 

protocerebrum. Cell body clusters 

can be seen in both the medial and 

the lateral sides.  
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Figures 5 and 6 are again from same brain, and in this case, both dyes were seen in this 

preparation. The MGC was properly stained, and two of the three tracts can be seen and diverge 

off. However, the Lucifer Yellow dye is not found in the lateral horn region. The dye is found 

more medially, and was able to stain a part of the mushroom body in the form of the three 

different lobes. This structure is found deeper than the lateral horn, and indicates the electrode 

placement was incorrect.  

 

 

MGC 

mALT 

lALT 

MGC 

mALT 

lALT 

ML 

VL 
YL 

Figures 5 and 6 (above): Two tracts, mALT (medial AL tract ) and lALT (lateral AL 

tract) extending from the AL and connect to the protocerebrum. On the right figure, 

the three major lobes comprising of Kenyon cell fibers, VL (ventral lobe), YL (Y 

lobe), and the ML (medial lobe). 
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 In Figure 7, the target of the Microruby dye 

was stained, but the dye did not travel down 

completely into the lateral horn, found in the 

protecerebrum. Most of the dye seemed to have 

remained in the MGC region, which is most likely 

why the dye did not travel as far as expected. No 

Lucifer yellow dye was seen, thus not allowing for 

confirmation of how the two regions connect.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9 staining shows the mushroom 

body calyx which is found deeper than the 

lateral horn. It is also found medial in relation 

to the lateral horn. The staining of this structure 

indicates the wrong placement of the electrode 

that was filled with Lucifer Yellow dye.  

 

 

 

 
Figure 7 (above): Microruby dye was 

injected into the MGC of the AL and 

dispersed into two different tracts, lALT 

and the mALT. The mALT travelled 

further into the protocerebrum, but the 

lALT did not. Cell bodies in both the 

medial and lateral sides of the brain were 

stained as well.  

 

 

MGC 

mALT 
lALT 

 Figure 9 (above): Staining of the 

mushroom body calyx (CA) along with 

the staining of Kenyon cells. 

 

 

CA 
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Figures 10 and 11 were from the same brain, with Figure 11 showing a fuller picture of 

how the Lucifer Yellow dye was able to travel after encountering the AOTU. This structure is 

known to be found more superficially to the lateral horn, indicating an improper placement of the 

electrode.  

 

 

 

 

 

AOTU 

AOT 

AOTU 

AOT 
WEDC 

Figure 10 (above left): The staining of the AOTU (anterior optic tubercle) 

connecting to the AOT (anterior optic tract) which stems from the lobula and 

medulla of the optic lobe.  Figure 11 (above right): A fuller view of the staining 

seen showing the middle hemisphere to show the staining that stems off from the 

AOTU and AOT.  
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 Figure 12 (above): The staining of the 

LEF (lateral equatorial fascicle) and 

the POC (posterior optic commissure) 

along with minor cell body staining.  

 

 

POC 
LEF 

 
Figure 13 (above): The staining of the 

LEF (lateral equatorial fascicle), PYF 

(pyriform fascicle) and the PED 

(pedunculus).  

 

 

PYF PED 
LEF 

 
Figure 14 (above): The staining of the 

SAC (superior arch commissure).  

 

 

SAC 

 Figure 15 (above): The staining of 

the vVLPF (vertical ventrolateral 

protocerebrum fascicle) and the 

hVLPF (horizontal ventrolateral 

protocerebrum).  

 

 

vVLPF 

hVLPF 
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Figure 16 (above): The staining of 

axons of projection neurons that pass 

is front of the mushroom body calyx 

(CA) that send collaterals to this 

region.   

 

 
Figure 17 (above): The staining of 

the SFS (superior fiber system).  

 

 

SF

 
Figure 18 (above): The staining of 

the POC (posterior optic 

commissure) and the vVLPF 

(vertical ventrolateral 

protocerebrum).    

 

 

POC 

vVLPF 

 
Figure 19 (above): The staining of 

the mushroom body calyx (CA) 

and various Kenyon cells in a 

different brain preparation.  

 

 

CA 
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Figures 12-21 all contain stained structures that are either found deeper or more 

superficial to the lateral horn. The structures are not found in the same area as the lateral horn, 

meaning the electrode was not placed properly. 

However, the stains do show that the 

electroporation technique is a viable method to 

use.  

 

Figure 22 shows the staining of the MGC 

fairly clearly and the branching off of one of the 

tracts can be clearly seen. This one tract is the 

mALT which has various fibers that connect to it. 

The other tracts are not well seen, and may be 

 
Figure 20 (above): Staining of the three 

major lobes comprising of Kenyon cell 

fibers, VL (ventral lobe), YL (Y lobe), 

and the ML (medial lobe) in a different 

brain preparation.  

 

 

YL 
VL 

ML 

 Figure 21 (above): The staining of 

the three major lobes part of the 

mushroom body calyx comprising of 

Kenyon cell fibers, VL (ventral 

lobe), YL (Y lobe), and the ML 

(medial lobe) along with a faint 

staining of the AOTU (anterior optic 

tubercle.  

 

 

ML 

AOTU 

YL 

VL 

 
Figure 22 (above): The staining of the 

MGC (macroglomerular complex) and the 

mALT (medial AL tract) along with the 

staining of cell body clusters in the medial 

and lateral sides.  

 

 

mALT MGC 
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much fainter. However, the lateral cell bodies can be seen indicating that the lateral tract may 

also be stained, but just more faintly. The mALT is brighter and has more dye at its end, which 

may have been due to a possible leakage of dye that favored this tract. Neurites innervating a 

couple of glomeruli at the anteromedial portion of the AL were strongly labeled. Because the 

electrode was placed on the tract, all these staining 

in the AL indicate projection neurons.  

In Figure 23, an edge of the lateral horn 

appears to be stained due to the two tracts that are 

coming off of it. Those two tracts are known to 

connect down into the lateral horn region. This 

was done with the Lucifer yellow dye. However, 

no microruby staining was seen in this preparation, 

so it is possible that this region is not the lateral 

horn 

and 

could be some other tracts or another structure.  

 

Figure 24 appears to show the staining of 

the lateral horn and the three different tracts that 

connect from the AL. The full lateral horn is not 

able to be fully seen, but it may be due to the 

electrode not containing enough dye. The dye that 

was able to stain these tracts was Microruby, and so 

 
Figure 23 (above): The staining of the 

LH (lateral horn) edge, mALT (medial 

AL tract) and the mlALT (mediolateral 

AL tract).  

 

 

LH mALT 
mlALT 

 
Figure 24 (right): The staining of the three 

tracts that connect to the lateral horn (LH) 

which are the mALT (medial AL tract), 

the mlALT (mediolateral AL tract), and 

the lALT (lateral AL tract).  

 

 

LH mALT 
mlALT 

lALT 
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it is possible that it is not the lateral horn that was stained because the Microruby was targeting 

the MGC in the AL. The lateral horn is far deeper than the AL, but it is possible that the 

electrode was dropped further and instead injected dye into the lateral horn and the subsequent 

tracts.  

 

 

 The two figures, Figures 25 and 26 are from the same brain, but at different depths. It can 

be seen that the MGC is clearly stained, and the three different tracts can be seen stained, 

although they are much fainter in their stains. This is probably due to the massive staining in the 

MGC which is where the dye is concentrated.  

 

 

 

 

MGC 

mALT 
lALT 

mlALT 

MGC 
mALT 

Figure 25 (above left) and 26 (above right): The staining of the MGC 

and the three different tracts that stem off from the complex, the 

mALT, mlALT, and the lALT along with the staining of medial and 

lateral cell bodies.  
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DISCUSSION 
 

Upon viewing the stains that were achieved, it remains unclear how many different types 

of neurons are connected to the lateral horn. The results from this the survey do not allow firm 

conclusion on this point. Ideally, there would have been an overlap between the two dyes to 

show how the lateral horn neurons and projection neurons overlap in this region. However, when 

one area was stained, the other target area did not seem to show any staining, or it was found in 

the wrong area. These areas are either found deeper or more superficial to the lateral horn. The 

electrode used to attempt to stain this region was not oriented correctly which caused the staining 

of the other structures and tracts found within the brain. In other preparations, the brains 

exhibited very little to no staining in the brain, and at other times, the brain was so massively 

stained that the structures and cells were obscured.  This may have been caused by many 

different aspects in the experiment that may have been altered unknowingly.  

However, the results do show that the electroporation technique is a viable and useful 

tool for the staining of neurons or structures found within the brain, when performed properly 

and without any outside issue. Previous staining techniques utilized cobalt (Homberg, Montague, 

and Hildebrand, 1988) which massively stained cells. Through the use of electroporation, the 

staining is restricted to the cell that is being targeted, unless the extracellular space in the brain is 

injected. It is a technique that can be used to label and classify the brain in the moth brain.  

Furthermore, the results do support previous findings of different structures that were 

stained during these experiments. The first being that the macroglomerular complex (MGC) 

found within the AL does diverge off into three distinct tracts, the medial AL tract (mALT), the 

medio-lateral AL tract (mlALT), and the lateral AL tract (lALT). These three tracts are known to 

converge into the lateral horn. The results do seem to support this fact as well (see Figures 2-4, 
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and 23-24). Other structures found within the brain were also stained, again indicating that the 

technique can be very effective.  

The question of how many types of neurons still remains and although this survey may 

have been unsuccessful, the electroporation technique could be replicated to probe this question. 

The difference may be in how the two regions are targeted to possibly obtain better results. 

Another possibility to probe this question would be to perform intracellular recordings directly 

from the lateral horn in order to try to determine how many different cells are found in this 

region as well. From Drosophila melanogaster, findings suggest that the lateral horn has two 

different types of neurons, one that is more broadly tuned and the other being more finely tuned 

in response to different odors (Fisek and Wilson, 2014). Direct recordings from this region could 

help to determine whether there are multiple neurons in the region since they may respond 

differently to one another based upon the type of odor stimulus or the concentration of an odor 

mixture, just as Drosophila melanogaster.   

In conclusion, the lateral horn is a higher order olfactory center found in which not much 

research has been conducted in Manduca sexta. Although this area has been previously stained 

(Lei, et al., 2013), it is still not known what types of neurons are found in this region. The survey 

taken using electroporation as a means of staining did not yield sufficient results, but still gave 

promise to the technique and that there is a way in which to determine how many neurons are in 

this region. By studying this area and determining how many different neurons are found in the 

region along with what they look like, better insight into the brain can be established along with 

expanding upon the knowledge of how olfaction functions through its entire output. 
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