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ABSTRACT 

Many plant species have evolved to produce a variety of compounds that activate the 

Transient Receptor Potential (TRP) Channels, leading to many animal’s behavioral 

aversion to the chemicals the plants produce. The TRPA subfamily, which in mammals 

has one member (TRPA1) responds to many electrophiles, including allyl isothiocyanate 

(AITC). Drosophila have four homologs to the mammalian TRPA1: dTRPA1, painless, 

pyrexia, and water witch. dTRPA1 and painless are thought to play a role in the 

behavioral aversion to AITC, however the role of painless is controversial in the 

published literature. We have analyzed the behavioral phenotypes of painless, dTRPA1, 

and the double mutant using four behavioral assays: the proboscis extension reflex (PER), 

two-choice capillary feeding assay (CAFE), oviposition assay, and the locomotion assay. 

Results from studies using these assays all demonstrated the necessity of both receptors 

in the behavioral aversion to AITC.  Expression patterns of dTRPA1 and painless were 

evaluated in the periphery to determine if there was any coexpression between these two 

receptors. We observed an absence of colocalization in sensory cells in the legs. We also 

expressed UAS-ORK, which electrically silences cells, in sensory neurons, to evaluate 

the necessity of dTRPA1 and painless cell populations. Using all four behavioral assays, 

we determined the outputs from both dTRPA1 and painless cell populations were 

necessary for aversion to AITC. To assess if either dTRPA1 or painless cell populations 

were sufficient to elicit behavioral aversion, we expressed mammalian TRPV1 in 

dTRPA1 and painless cell populations to determine if we could confer aversion to 

capsaicin. Expression of TRPV1 in either cell population was not sufficient to elicit 
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aversion to capsaicin, demonstrating neither dTRPA1 nor painless cell populations are 

sufficient to elicit aversion. We used a dTRPA1-RNAi to determine if there was a 

subpopulation of cells with coexpression of these two receptors that we had not yet 

identified. With all four behavioral assays, we determined there is a subset of cells with 

coexpresion that are necessary for aversion to AITC. To assess if painless can act as a 

direct sensor to AITC, we expressed painless in Gr5A, a sugar sensor, in a painless 

mutant background and evaluated the behavioral phenotype using the CAFE assay. We 

saw a dose dependent appetitive response to AITC, suggesting painless acted as a direct 

sensor to AITC. Collectively, these results imply that each channel is necessary for 

behavioral aversion and there is a complex circuit involved in the chemical detection of 

AITC. 
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INTRODUCTION 

Chemical nociception 

Chemical nociception can be defined as the detection and subsequent avoidance of an 

irritant (Im and Galko, 2012). This detection is vital for an animal’s survival given the 

possible harmful repercussions of contacting or ingesting a noxious chemical. Common 

effects of exposure to chemical irritants in many animals include inflammation, nerve 

damage, and pain (Basbaum et al., 2009). One class of irritants, the reactive electrophiles, 

are noxious, tissue-damaging compounds that modify various biomolecules such as 

nucleic acids and proteins (Kang et al., 2010). One of these reactive electrophiles, allyl 

isothiocyanate (AITC), comes from the seeds of black and brown Indian mustard (Bessac 

and Jordt 2008), and serves as a defense for the plant against herbivory. AITC is also the 

chemical responsible for the pungent taste of mustard, horseradish, and wasabi (Bessac 

and Jordt 2008). A superfamily of receptor proteins, transient receptor potential channels 

(TRP), has evolved which responds to chemical irritants like AITC (Montell 2005). 

Although much is known about TRP channels and the detection of AITC, the cellular and 

molecular mechanisms underlying how this irritant acts as a repellent are poorly 

understood (Kang et al., 2010). 
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TRP channels and their role in detecting noxious irritants 

The transient receptor potential (TRP) channel family was originally described in the 

photoreceptors of Drosophila, where flies with trp gene mutations displayed a transient 

response to light (Minke and Cooke, 2002). Characterized by their homology, this 

superfamily of receptors has polymodal activation properties, meaning these receptors 

can respond to a variety of stimulants (Ramsey et al., 2006). In fact, TRP channels have 

been described as having the greatest diversity in activation mechanisms and selectivity 

of any group of ion channels (Venkatachalam and Montell 2007). TRP channels play 

critical roles in many sensory systems such as taste, vision, olfaction, touch, and 

thermosensation and osmosensation. This superfamily of receptors is divided into seven 

subfamilies that share similar structural components: TRPC, TRPV, TRPM, TRPN, 

TRPA, TRPP, and 

TRPML (Venkatachalam 

and Montell 2007). 

Structurally, all TRP 

channels form tetramers 

yielding cation-permeable 

pores. Each subunit 

consists of six 

transmembrane helices 

with cytoplasmic N and C termini of varying size, as shown in figure 1 (Cvetkov et al., 

2011). The cytoplasmic termini of these channels contain distinguishing domains that are 

used to define each subfamily.  

Figure 1: Structure of TRP channels. Each subunit 
consists of six transmembrane helices with cytoplasmic 
N and C termini of varying size.
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 The TRPA subfamily 

that plays a critical role 

in the detection of 

noxious irritants, 

including AITC 

(Bandell et al., 2004), 

is found across the 

metazoa. The human 

genome encodes one 

TRPA channel 

(TRPA1), the Drosophila genome four, and the honeybee genome two (Montell 2005). 

This difference in number of TRPA receptors has been hypothesized to be due to two 

different duplication events. The TRPA subfamily is distinguished from the other TRP 

subfamilies by its cytoplasmic domain of 14 N terminal ankyrin repeats and a potential C 

terminal coiled-coiled domain as shown in figure 2 (Cvetkov et al., 2011). Electrophiles, 

such as AITC, are thought to bind to conserved cysteine and lysine residues along the N 

terminal domain (Cvetkov et al., 2011). In Drosophila, activation of the channel can also 

be achieved by a variety of chemically non-reactive small molecules and noxious 

temperatures (Clapham 2003; Kwan and Corey 2009).  

Figure 2: Structure of TRPA channel. The TRPA 
channel has a unique cytoplasmic domain of 14N ankyrin 
repeats. 
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Drosophila and chemical nociception 

The Drosophila genome encodes four homologs of the mammalian TRPA1 gene: 

dTRPA1, painless, pyrexia, and water witch. dTRPA1 and painless appear to play vital 

roles in the detection of irritants and response to noxious temperature (Al-Anzi et al., 

2006; Kang et al., 2010) while, pyrexia plays a role in the response to noxious 

temperatures (Lee et al., 2005). water witch has been suggested to play a role in 

hydrosensation (Liu et al., 2007). Although these functions have been defined for the 

Drosophila TRPA1 homologs, there is the potential that more functions will be identified.  

Although dTRPA1 and painless are thought to play key roles in the aversion to noxious 

irritants, there is controversy in the literature regarding the role of painless in the 

behavioral aversion to AITC. The Benzer lab demonstrated that painless is necessary for 

the detection of and avoidance to AITC through two behavioral assays: the two-choice 

preference feeding assay and the proboscis extension reflex (PER) (Al-Anzi et al., 2006). 

In a modified version of the two-choice preference test, painless mutant flies showed 

reduced avoidance of AITC as compared to wild-type Canton-S flies. In addition, using a 

proboscis-extension-reflex assay, the painless mutant flies did not show a significant 

AITC inhibition of proboscis extension, further demonstrating that painless is necessary 

for behavioral aversion. However, the Garrity lab reported that dTRPA1 is necessary for 

the detection of and avoidance to AITC, but painless is not involved (Kang et al., 2010). 

Using the PER assay, dTRPA1 mutant flies showed no reduction in proboscis extension, 

while painless mutants remained responsive to AITC.  
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Heterologous expression of painless and dTRPA1, also called into doubt the specific roles 

of painless as an AITC sensor.  Upon application of AITC to Xenopus oocytes expressing 

dTRPA1, the cells exhibited AITC sensitivity (Kang et al., 2010). However, HEK-293 

cells expressing painless remained unresponsive (Sokabe et al., 2008). Together, these 

results support the idea that dTRPA1 is necessary for behavioral aversion to AITC. 

Conversely, the role of painless in this aversive response is unclear. In the present 

experiments, we hoped to gain a better understanding of the role of painless in the 

behavioral aversion to AITC in Drosophila, as well as reveal the underlying circuitry of 

chemical nociception. 

Previous results in our laboratory 

Two behavioral assays (PER and CAFE) were conducted to ask if painless is necessary 

for behavioral aversion to AITC. The PER assay, which uses the lack of proboscis 

extension as a measure of averseness, demonstrated that neither dTRPA1 nor painless 

mutants displayed any difference in their aversion to 1% sucrose and 1% sucrose + 2mM 

AITC (Shoaf 2012). In addition, the CAFE assay, which compares the amount of fluid 

drunk from two capillary tubes, demonstrated that neither dTRPA1nor painless displayed 

a significant difference in the consumption of 1% sucrose and 1% sucrose + 2mM AITC 

(Shoaf 2012). Together, these results suggested that both dTRPA1 and painless are 

necessary for the behavioral aversion to AITC. To determine whether dTRPA1 and 

painless were found in the same cells, cell specific markers were employed.  In the 

ventral nerve cord (VNC) a subset of painless cells were coexpressed with DH31 and a 
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subset of dTRPA1 cells were coexpressed with leucokinin. There was no overlap, 

demonstrating that there was no colocalization of dTRPA1 and painless in this subset of 

cells (Shoaf 2012).  

After elimination of the possibility of these two channels being colocalized in neurons of 

the VNC, we hypothesized that dTRPA1 serves as the receptor to AITC and painless 

functions in neurons downstream. To evaluate this circuitry, GCAMPII  transgene, a 

genetically encoded calcium channel, was employed in order to observe changes in 

calcium levels in dTRPA1 and painless expressing neurons in response to AITC. Both 

dTRPA1 and painless expressing neurons displayed significant changes in fluorescence 

after application of AITC, suggesting both can act as a sensor to AITC (Shoaf 2012). To 

further assess whether painless acts downstream of dTRPA1, the GCAMPII transgene was 

driven in painless expressing neurons in a dTRPA1 mutant background. Following AITC 

application, there was a significant change in fluorescence, suggesting that painless may, 

in fact, be a direct target of AITC (Shoaf 2012). 

Lastly, in order to confirm that painless was acting as a direct receptor of AITC, dTRPA1 

and painless were ectopically expressed in a subset of cells: adipokinetic hormone cells 

(AKH). AKH cells were chosen for ectopic expression due to their lack of response to 

AITC in wild-type Drosophila. Ectopic expression of dTRPA1 in AKH cells elicited 

significant changes in fluorescence upon application of AITC, whereas wild-type AKH 

cells did not (Shoaf 2012). Furthermore, expression of painless in AKH cells displayed 

significant changes in fluorescence upon application of AITC (Shoaf 2012). Together, 

these results suggest that painless can act as a direct sensor for AITC, contradicting 

previously published results (Sokabe et al., 2008). 
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Our previous work provided insight into the 

role of dTRPA1 and painless in the 

behavioral aversion to AITC. We now 

propose a model in which both dTRPA1 

and painless can act as direct, independent 

receptors of AITC. In addition, we 

hypothesize that both receptors are 

necessary but neither is sufficient, coming 

together in a convergent circuit as depicted 

in figure 3. Using several behavioral assays 

and fly lines, we aim to test this current 

hypothesis in order to gain a better 

knowledge of the circuitry behind chemical nociception. To evaluate further the roles of 

painless and dTRPA1 in the behavioral aversion to AITC, we used multiple independent 

measures and tested concentrations of sucrose (ranging from 1%-10%) and multiple 

concentrations of AITC (ranging from 0 mM-10 mM) to create a greater landscape of 

aversion. The four behavioral tests used were the PER, the CAFE, the oviposition, and 

the locomotion assays.  

Figure 3: Current Model of painless 
and dTRPA1. We propose convergent 
circuit model in which painless and 
dTRPA1 are both necessary but neither 
is sufficient.
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MATERIALS AND METHODS 

Drosophila stocks 

Drosophila stocks were kept on standard cornmeal-malt-molasses-agar medium with 

propionic acid. The 

following driver 

lines were used, all 

from the 

Bloomington Stock 

Center  

(Bloomington, IN): 

pain-GAL4, 

dTRPA1-GAL4, 

and Gr5A-GAL4 

(Table 1). The 

following UAS-

elements were used 

as well: UAS-CD8-

GFP, UAS-ORK, and UAS-trpV1 (Table 1).  The GAL4-UAS system is a powerful 

genetic tool used to study gene expression. The binary system is composed of two parts: 

the GAL4 gene, encoding a yeast transcription factor, and the UAS element, an upstream 

Table I: Functional description for all transcriptional 
activators and upstream activation sequences 
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activator sequence (Duffy 2002). The GAL4 specifically binds to the UAS element to 

activate gene transcription. Lastly, the mutant strains pain01 and dTRPA101 were obtained.

Chemicals and Solutions 

A solution in butylated hydroxytoluene (BHT) of allyl isothiocyanate, AITC, (Acros 

Organics), 94% stabilized with 0.01% alpha-tocopherol was diluted in distilled water to 

create working concentrations of 1 mM, 2 mM, 5 mM, and 10 mM AITC. Additionally, a 

96% pure solution of capsaicin (TCI America) was diluted in distilled water to make 

working concentrations of 12 µM and 33 µM capsaicin. Once the working concentrations 

were made, sucrose (SIGMA Life Sciences) was added to make the solutions of various 

sugar concentrations of 1%, 2%, 5%, and 10%.   

Protein Sequence Analysis  

The amino acid sequences of dTRPA1 and painless were obtained from FlyBase then 

compared to a 50-aa sequence implicated in behavioral aversion to AITC (Hinman et al., 

2006) using BLAST®.  

Proboscis Extension Reflex (PER)  

Three to five day old flies were separated by sex and starved for a 24 hour period on 2% 

agar medium at 25˚C. The flies were then anesthetized with CO2, glued with Elmer’s 

Wood Glue (The Home Depot) on their dorsal side to a petri dish (Genesee Scientific), 
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and allowed to recover for two hours at 25˚C before used in the assay. For each genotype 

(Table 2), three replicates of 60 males and 60 females were tested. Flies that did not show 

signs of movement after the two hour recovery period were omitted from the trial. A 

cotton swab (Target Incorporated) was used to deliver stimuli (or water control) to the 

flies. The swab was dipped into the solutions and then contacted the flies’ legs for three 

seconds. Water was used to create a baseline for measuring the proboscis reflex for each 

genotype. All of the combinations of sucrose (1%, 2%, 5%, 10%) and AITC (1 mM, 2 

mM, 5 mM, 10 mM) test solutions were used to measure the effect of varying 

concentrations of sucrose and AITC to the behavioral response. For trials with human 

trpv1 expressed in fly taste cells, capsaicin concentrations of 12 µM and 33 µM with 1% 

sucrose were tested.  

Upon presentation of the solution, an extension of the proboscis was given a score of 1, 

while lack thereof was given a score of 0. The percent of flies that extended their 

proboscis was calculated for each genotype. The genotypes used are shown in Table II. 

Statistical analyses were conducted in GraphPad using a One-Way ANOVA test within 

genotypes and a Tukey’s Test was employed to compare to 0 mM control solution.

Two-Choice Capillary Feeding Assay (CAFE) 

As a second independent measure of aversion, we adapted the CAFE assay. This assay 

quantitatively measures aversion by calculating the exact amount of food intake of the 

flies. Three to five day old flies were separated by sex, then starved for a 24 hour period 

on 2% agar medium at 25˚C. The flies were anesthetized using CO2 and five male flies or 
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five female flies were placed in each CAFE apparatus and kept in an incubator at 25˚C 

for 3 hours. For each genotype (Table 2), 10 

replicates of males and females were tested. The 

CAFE apparatus consisted of an inner vial 

(Genesee Scientific) with holes in the bottom. The 

vial was placed in a 50 ml conical tube (Genesee 

Scientific) containing a damp kimwipe 

(KIMTECH SCIENCE).   Two calibrated 5µL 

capillary tubes (Drummond Scientific Company) 

were inserted into the inner vial: one containing 

the control solution and the other the test solution. 

The control solution was 1% sucrose.  The test 

solution capillary contained sucrose (1%, 2%, 5%, 

10%) and AITC (1 mM, 2 mM, 5 mM, 10 mM). 

For the trials with the trpv1 genotypes, capsaicin concentrations of 12 µM and 33 µM 

with 1% sucrose were tested. Mineral oil (Sigma) was added to the top of each capillary 

to prevent evaporation of the solutions. After three hours, the amount consumed in each 

capillary tube was measured and the percent of test solution consumed was calculated. 

Statistical analyses were conducted using GraphPad using a T-Test.  

Figure 4: The CAFE 
apparatus.  
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Oviposition Assay  

Three day old female and male flies were 

placed on a split plate petri dish (Genesee 

Scientific), with different media placed on 

each side (figure 5). The plates were then 

placed in an incubator at 25˚C for 24 hours. 

For each genotype (Table 2), 10 replicates of 

10 females and 4 males were tested. Males 

were used in the assay to increase the 

amount of eggs layed in a 24 hour time 

period. On the split-plate, one half contained 

the control solution (minimal media) and the other half contained the experimental 

solution (minimal media + 1 mM AITC). For trials with the trpv1 genotypes, the 

experimental side was minimal media + 33 µM capsaicin. After 24, hours the total 

number of eggs laid on each side was counted and the preference index for each genotype 

(see Table 2) was calculated. Statistical analyses were conducted using GraphPad using a 

Wilcoxon Signed Rank Test to test for significant differences than a random distribution.

Locomotion Assay 

Three to five day old flies were separated by sex before being placed in the locomotion 

apparatus (figure 6). For each trial, one fly was placed in the apparatus, which consists of 

a Pyrex® Borosilicate Glass Disposable Pipet (VWR International) with two cotton balls 

Figure 5: The oviposition assay.
This apparatus consisted of a split 
plate petri dish with two different 
types of media on either side. 
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at each end, one saturated with dH20 and the other 2 mM AITC. For each genotype, ten 

replicates of male and 10 replicates female were tested. EthoVision software (Noldus 

Information Technology) was used to track the movement of each fly for ten minutes, 

after which the time spent on the two sides, (dH20 and 2 mM AITC) and distance from 

AITC point source was calculated. Statistical analyses were conducted using GraphPad 

using One-Way ANOVA Tests followed by a Tukey’s post-hoc analysis. 

Figure 6: The Locomotion Apparatus. A 10 cm glass tube was used with two 
cotton balls saturated with either dH20 or 2 mM AITC. 
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Table II: List of genotypes and the behavioral assays used
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Analysis of pain-GAL4 and dTRPA1-GAL4 Cell Population in the Periphery 

Images of the legs of Drosophila were taken on a Zeiss LSM 710 confocal microscope. 

Preparation of the legs consisted of one hour of fix in a paraformaldehyde/picric acid 

(PF/PA) solution at room temperature, six ten minute washes in phosphate buffered 

saline-Triton X (1X PBS-Tx), one hour in a 1:4 dilution of a 30% hydrogen peroxide 

stock solution to distilled water, followed by six ten minute washes in 1X PBS-Tx. The 

legs were then dehydrated in 70% glycerol and mounted onto a slide with FluoroGel 

mounting medium. Fluorescently labeled legs were imaged at 40X using a Zeiss LSM 

710 confocal microscope. Optical sections were collected at 0.95NA objective at .351-

µm intervals. Next, Z-stacks were taken and compiled into maximum intensity 

projections. Spectral separation was used with the images of the legs to remove 

autofluorescence of the cuticle. The images were exported as TIF files and stitched 

together in PowerPoint to form a picture of the entire leg. Adjustments were made to the 

brightness and contrast when required. 
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RESULTS 

Isoforms of painless and dTRPA1 display sequence homology to cysteine residues 
necessary for sensitivity to AITC 

Reactive electrophiles bind to the intracellular N terminus domain of TRPA1 through 

modification (Hinman et al., 2006). Previous reports have identified three specific 

cysteine residues within a 50-aa stretch between the ankyrin repeats and first 

transmembrane domain, C619, C39, and C663, implicated in behavioral aversion to 

AITC (Hinman et al., 2006), as depicted Figure 7. The cysteine residues necessary for 

AITC sensitivity are highlighted in red. The comparison analysis demonstrated that both 

painless and dTRPA1 do contain some of these cysteine residues. Interestingly, the 

specific homologous cysteine for these two channels is different. All isoforms of dTRPA1 

contain high sequence homology for the sequence highlighted in green (Figure 7), while 

all isoforms of painless contained high sequence homology for the sequence highlighted 

in blue (Figure 7). This high sequence homology of painless and dTRPA1 to two different 

vital cysteine residues is just one way in which these two gene products differ from one 

another.
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Are painless and dTRPA1 located in different cell types in the periphery?  

painless and dTRPA1 are not colocalized in a subset of neurons in the VNC (Shoaf 2012). 

However, because chemical detection occurs in the periphery, we wanted to test if 

painless and dTRPA1 remain in two distinct cell types at the primary site of detection, the 

legs. GFP labeling of painless and dTRPA1 neurons showed very different expression 

patterns which appear to be non-overlapping. dTRPA1 labeled legs had GFP positive 

cells located in the more proximal region of the leg (figure 8B), while painless labeled 

legs had GFP positive cells in the more distal portion of the leg (figure 8A). Furthermore, 

the number and location of the GFP labeled neurons in both painless and dTRPA1 

expressing legs was very consistent in each sample, with approximately 10-12 painless 

expressing cells and 4-5 dTRPA1 expressing cells.  
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Behavioral assays testing for aversion to AITC with painless and dTRPA1 gene products 

Proboscis Extension Reflex (PER) 

The first assay used was the PER assay because it is the standard in the field. At 2%, 5%, 

and 10% sucrose, the addition of any concentration of AITC (1 mM-10 mM) significantly 

decreased the appetitive response in wild-type animals (One-Way Anova, p<.05) 

demonstrating w1118 is averse to AITC, no matter how high the sucrose concentration 

(Figure 9). However, at 1% sucrose, none of the concentrations of AITC elicited aversion 

(Figure 9A). This is due to 1% sucrose not being an appetitive concentration on its own. 

In contrast, mutants for painless, pain01, and dTRPA1, dTRPA101, as well as the double 

mutant, pain01; dTRPA101, did not demonstrate any significant difference in the frequency 

of PER as the concentration of AITC is increased in the test solutions, suggesting that 

both painless and dTRPA1 are necessary for the behavioral aversion to AITC (Figure 9).

Two-Choice Capillary Feeding Assay (CAFE) 

Originally used as a feeding assay, CAFE can be used to determine aversiveness of a 

compound such as AITC, added to one of the capillaries. If the compound is aversive, the 

animals will consume more of the control solution (1% sucrose). At 1% vs. 1%, the 

addition of any concentration of AITC (1 mM-10 mM) led to the wild-type animals 

preferring the sucrose only capillary (Figure 10) (T-Test, p<.05). Both mutants for 

dTRPA1 and painless showed no preference for either the control or experimental 

capillary at all concentrations of AITC except 1% + 10 mM, where they showed 

significant preference for the experimental capillary (Figure 10) (T-Test, p< .05). The 

A

B
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double mutant showed no preference for either capillary at all concentrations of AITC 

(Figure 10).

At 1% vs. 2%, the addition of 2 mM, 5 mM, or 10 mM AITC led to the wild-type animals 

preferring the sucrose only capillary (Figure 11) (T-Test, p<.05). At 1 mM AITC, there 

was no preference for either capillary. Mutants for dTRPA1 showed no preference for 

either capillary at all concentrations of AITC. Mutants for painless showed preference for 

the experimental capillary at all concentrations of AITC, and the double mutant showed 

no preference for either capillary except at 10 mM AITC, where it exhibited a significant 

preference for the experimental capillary (T-Test, p< .05) (Figure 11). 

Oviposition Assay  

As a third measure of aversion, we employed the oviposition assay, in which female flies 

have a choice to lay their eggs on the control side (1% sucrose) or the experimental side 

(1% sucrose + 1 mM AITC) of a Petri dish. Using this assay, we demonstrated that wild-

type Drosophila prefer to lay their eggs on the control side (Wilcoxon Signed Rank Test, 

p= .005) (Figure 13). In contrast, mutants for painless and the double mutant showed no 

preference for either side of the plate (Figure 13).  However, the mutant for dTRPA1

showed significant preference for the AITC side (Wilcoxon Signed Rank Test, p= .002). 

These data strengthen the idea that both the painless and dTRPA1 channels are required 

for behavioral aversion to AITC.  

Locomotion Assay 

The fourth behavioral assay used to test the necessity of painless and dTRPA1 in aversion 

to AITC was the locomotion assay. Using this assay, an Anova indicated there was a 
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significant difference between genotypes (p<.0001) in comparing the average time spent 

in the AITC zone (figure 14A). Furthermore, the post-hoc test indicated the mutant for 

dTRPA1, dTRRPA101, the mutant for painless, pain01, and the double mutant, pain01; 

dTRPA101 were significantly different than the wild-type Drosophila (figure 14).  The 

average distance from AITC point source for w1118 was more than 5cm (halfway) (One-

Way T-Test, p<.05).  Mutants for dTRPA1, painless, and the double mutant were not, on 

average, more than 5cm from the point source (figure 14B). These data provide further 

confirmation that dTRPA1 and painless are necessary for the behavioral aversion to AITC. 



23 



24 



25 



26 



27 



28 



29 

Silencing the painless and dTRPA1 cell populations with the outward rectifying 

potassium channel (ORK) 

To provide more evidence that the cell populations labeled by the pain-GAL4 and 

dTRPA1-GAL4 drivers are necessary for the aversion to AITC, we electrically silenced 

these specific neuronal populations by expressing an outward rectifying potassium 

channel, UAS-ORK. The results from all four behavioral assays confirmed that both 

dTRPA1 and painless expressing cells are necessary for the flies’ aversion to AITC.

Proboscis Extension Reflex (PER) 

Using the PER assay, wild-type Drosophila, w1118 demonstrated significant decrease in 

proboscis extension when presented with AITC at 2%, 5%, and 10% sucrose (T-Test, 

p<.05). The parental controls, dTRPA1-GAL4, pain-GAL4, and UAS-ORK all displayed 

a significant decrease in proboscis extension when presented with an AITC solution at all 

concentrations of sucrose and AITC (T-Test, p<.05). Flies expressing UAS-ORK in 

neuronal cell populations captured by pain-GAL4 and dTRPA1-GAL4 displayed no 

decrease in the percent of proboscis extension (Figure 15). 

Two-Choice Capillary Feeding Assay (CAFE) 

At 1% vs. 1% sucrose, the addition of any concentration of AITC (1 mM-10 mM) to the 

experimental capillary led to the significant preference for the control capillary in wild-

type animals (Figure 16) (T-Test, p < .05). In all three of the parental genotypes, there 

was a significant preference for the control capillary at AITC concentrations of 2 mM, 5 

mM, and 10 mM (T-Test, p < .05). However, at 1 mM AITC, there was no preference for 

either capillary. When we electrically silenced either dTRPA1 or painless expressing cells, 
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there was no preference for either the control or experimental capillary at all 

concentrations of AITC (Figure 16). At 1% vs. 2% sucrose, the addition of 2 mM, 5 mM, 

or 10 mM AITC to the experimental capillary led to the significant preference for the 

control capillary in wild-type animals (T-Test, p < .05). At 1 mM AITC, the wild-type 

animals showed no preference for either capillary. In the parental controls, there was 

significant preference for the control capillary at all concentrations of AITC (T-Test, 

p< .05). Both dTRPA1 and painless electrically silenced cells showed no preference for 

either capillary (Figure 17). 

Oviposition Assay 

In the ovipositon assay, all of the control genotypes displayed significant preference for 

the sucrose only side: w1118 (p=.005), pain-GAL4 (p=.002), dTRPA1-GAL4 (p=.002), 

UAS-ork (p=.005) (Wilcoxon Signed Rank Test) (figure 18). Electrical silencing of cell 

populations labeled by the pain-GAL4 and dTRPA1-GAL4 drivers displayed no 

significant preference for either side of the plate (figure 18).  

Locomotion Assay 

The locomotion assay was also used to test the effect of expressing ORK channels in 

painless and dTRPA1 cell populations. The wild-type animals, w1118, pain-GAL4, 

dTRPA1-GAL4, and UAS-ORK stayed a significant distance (more than 5cm) away from 

the AITC point source (One-way T-test, p<.001) (figure 19, B), indicating that all of the 

controls were behaviorally averse to AITC. In contrary, pain-GAL4; UAS-ORK and 

dTRPA1-GAL4; UAS-ORK did not stay a significant distance away from the AITC point 

source (One-Way T-test, p=.5 and .5337) (figure 19, B), demonstrating a lack of aversion. 
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A one-way ANOVA and post hoc tests indicated that all control genotypes spent most of 

the time in the deionized water zone and were not significantly different from each other. 

The pain-GAL4; UAS-ORK and dTRPA1-GAL4; UAS-ORK were significantly different 

(p<.0001) (figure 19, A) and did not have a preference for either the deionized water or 

AITC zone.  
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Expression of TRPV1 in painless and dTRPA1 cells. 

In another test of our hypothesized model of the convergent circuit (figure 4) we 

employed the GAL4-UAS binary system to test the sufficiency of painless and dTRPA1 

in behavioral aversion. To evaluate the sufficiency of these two receptors, we expressed 

mammalian TRPV1 in painless and dTRPA1 expressing cells to test if we could elicit an 

aversion to capsaicin. TRPV1 is sensitive to capsaicin, the active pungent ingredient in 

chili peppers. Wild-type Drosophila do not express TRPV1 receptors, and thus, are not 

normally averse to capsaicin. Therefore, if painless and dTRPA1 are not sufficient on 

their own to elicit aversion, expression of TRPV1 in each of these cell types individually 

will not lead to behavioral aversion to capsaicin. However, if our model is correct, 

expression of TRPV1 in painless and dTRPA1 simultaneously should lead to behavioral 

aversion to capsaicin.  To test this hypothesis, we examined the behavioral response 

using the PER, CAFE and oviposition assays.  

Proboscis Extension Reflex (PER) 

In the PER assay, expression of TRPV1 in the cell populations uncovered by dTRPA1-

GAL4 did not result in a significant change in the frequency of PER to capsaicin (figure 

20). Similarly, Expression of TRPV1 in the cell population uncovered by pain-GAL4 did 

not result in a significant change in the appetitive response to capsaicin (figure 20). 

However, expression of TRPV1 in the neuronal cell populations labeled by dTRAP1-

GAL4 and pain-GAL4 simultaneously resulted in a significant decrease in the frequency 

of proboscis extension (T-Test p<.05), suggesting dTRPA1 and painless are not sufficient, 

but are necessary for aversion to AITC.  
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Two-Choice Feeding Assay (CAFE) 

Results from the CAFE assay were similar to the results from the PER assay. Expression 

of TRPV1 in neuronal cell populations labeled by dTRPA1-GAL4 or pain-GAL4 did not 

result in a significant difference in consumption between the control and capsaicin 

capillaries (figure 21). However, when TRPV1 was expressed in both cell populations at 

the same time, the animals demonstrated a significant preference for the control capillary 

over the capsaicin capillary (T-Test, p<.05).  

Oviposition Assay 

In the ovipositon assay, the Wilcoxon Signed Rank Test was used to test for preference 

for either the sucrose or sucrose + 33 µM capsaicin. The controls, w1118 (p =.03), 

dTRPA1-GAL4 (p = .002), and UAS-trpv (p = .01) displayed a significant preference for 

the 33 µM capsaicin side, where the pain-GAL4, Canton-S, pain-GAL4; dTRPA1-GAL4 

did not have any significant preference (figure 22). In addition, when TRPV1 was 

expressed under control of the pain-GAL4 or dTRPA1-GAL4 drivers, there was no 

significant preference for either side of the plate. However, when TRPV1 was expressed 

under the control of both the pain-GAL4 and dTRPA1-GAL4 drivers simultaneously, 

there was a significant preference for the sucrose only side (p= .0005) (figure 22). Taken 

together, data from the three behavioral assays indicate that neither painless or dTRPA1 

are sufficient, but both are necessary for behavioral aversion. 
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Expression of dTRPA1-RNA1 in dTRPA1and painless cells 

The VNC cell populations labeled by pain-GAL4 and dTRPA1-GAL4 are two distinct 

cell populations (Shoaf 2012). However, the dTRPA1-GAL4 driver does not capture all 

four of the dTRPA1 isoforms, and only labels two of them. Therefore, there is the 

possibility that there may be a population of cells where dTRPA1 and painless are 

colocalized. To test if there is a subpopulation of painless cells in which dTRPA1 

channels are present, a dTRPA1-RNAi was expressed only in these cell populations to 

inhibit gene expression of dTRPA1 only in painless expressing cells.  

Proboscis Extension Reflex (PER) 

In the PER assay, wild-type Drosophila displayed a significant decrease in the frequency 

of proboscis extension (T-Test, p< .05) as demonstrated previously (figure 23). In 

contrast, flies in which dTRPA1-RNAi expression was only in cells labeled by the pain-

GAL4 driver did not demonstrate a decrease in PER (figure 23). These data suggest that 

there is a population of dTRPA1 ion channels in painless neurons that are necessary for 

aversion. Furthermore, dTRPA1-RNAi was independently expressed in cells captured by 

dTRPA1-GAL4, and there was also no decrease in PER, phenocopying the null mutation 

(figure 23). Taken together, these data demonstrate that both the dTRPA1 ion channels in 

cell populations labeled by dTRPA1-GAL4 and pain-GAL4 are necessary for aversion to 

AITC. 

Two-Choice Feeding Assay (CAFE) 

In the CAFE assay, wild-type animals displayed a significant preference for the sucrose 

only solution, and consumed significantly less of the test solution (T-Test p< .05) as 
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demonstrated previously. dTRPA1-RNAi expressed in both dTRPA1-GAL4 and pain-

GAL4 cell populations did not display a difference in consumption between the two 

capillaries (figure 24). These data provide additional evidence that there are 

subpopulations of dTRPA1 ion channels in cell populations captured by pain-GAL4 and 

dTRPA1-GAL4, and both are necessary for aversion.

Oviposition Assay 

In the oviposition assay wild-type Drosophila displayed significant preference for the 

sucrose only side: w1118 (p=.005), pain-GAL4 (p=.002), dTRPA1-GAL4 (p=.002), 

dTRPA1-RNAi (p=.005).  Flies in which dTRPA1-RNAi was expressed in dTRPA1

expressing neurons displayed no significant preference for either side of the plate (figure 

26), again demonstrating the necessity of dTRPA1 in behavioral aversion. In addition, 

flies expressing dTRPA1-RNAi in pain expressing neurons did not display a significant 

preference (figure 26), additionally demonstrating that there are dTRPA1 channels in cells 

labeled by the pain-GAL4 which are necessary for aversion.  

Locomotion Assay 

The wild-type animals, w1118, pain-GAL4, dTRPA1-GAL4, and dTRPA1-RNAi stayed a 

significant distance (more than 5cm) away from the AITC point source (One-way T-test, 

p<.001) (figure 27, B), indicating that all of the controls were behaviorally averse to 

AITC. In contrary, pain-GAL4; dTRPA1-RNAi and dTRPA1-GAL4; dTRPA1-RNAi did 

not stay a significant distance away from the AITC point source (One-Way T-test, p=.5 

and .5337) (figure 27, B), demonstrating a lack of aversion. A one-way ANOVA and post 

hoc tests indicated that all control genotypes spent most of the time in the deionized 
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water zone and were not significantly different from each other. The pain-GAL4; 

dTRPA1-RNAi and dTRPA1-GAL4; dTRPA1-RNAi were significantly different 

(p<.0001) (figure 27, A) and did not have a preference for either the deionized water or 

AITC zone.  
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Can painless act as a direct sensor to AITC? 

To test if painless can act as a direct sensor to AITC, we expressed painless in sugar 

sensing neurons, Gr5A, in a painless mutant background and examined the behavioral 

response using the CAFE assay. The pain01/pain01; UAS-pain/Gr5A-GAL4 Drosophila 

exhibited a greater consumption of the experimental solution (sucrose + AITC) compared 

to the control (sucrose only) at all varying concentrations of AITC (figure 11). 

Furthermore, this increase in consumption increased as the concentration of AITC 

increased. These data confirm that painless does behaviorally act as a direct receptor to 

AITC.  
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DISCUSSION 

painless and dTRPA1 are located in distinct cell populations in the periphery 

painless and dTRPA1 are expressed in distinct cell populations in the VNC (Shoaf). 

Because nociception occurs in the periphery, we wanted to test if painless and dTRPA1 

remain in distinct cell populations in the legs, one of the main locations for 

chemoreception. Visualizing GFP in the periphery was a difficult process. The cuticle of 

Drosophila is very autofluorescent, and under the microscope looks entirely green. In 

order to visualize any type of staining in the periphery, spectral separation needed to be 

employed to subtract out the autofluorescence. Using GFP to label pain-GAL4 and 

dTRPA1-GAL4 cell populations, we observed very distinct patterns between the two. In 

addition, we observed many more painless specific cells than dTRPA1. The dTRPA1-

GAL4 driver is a lot weaker than the pain-GAL4 driver, so there is always the possibility 

some dTRPA1 cell populations were not able to be visualized. Additionally, work 

completed in Zhong et al., 2012, demonstrated the  dTRPA1-GAL4 we have only labels 

half of the dTRPA1 isoforms and the other half of the isoforms do respond to AITC. 

Therefore, there may be a subpopulation of cells in which coexpression of these two 

receptors occurs that we are not able to visualize without the other dTRPA1-GAL4. 

Because we demonstrated the dTRPA1 and painless cell populations our drivers label are 

distinct in the periphery, we hypothesize two different arrangements of the circuit. The 

first is dTRPA1 acts as a direct receptor to AITC that then activated painless downstream. 

This hypothesis makes the most sense since TRP channels function in multimeric units 

(Montel 2008). The second hypothesis is dTRPA1 and painless are part of a convergent 

circuit in which the outputs of both cell populations converge onto a third cell population.  
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painless and dTRPA1 gene products are required for the behavioral aversion to AITC 

The literature on the roles of painless and dTRPA1 in the behavioral aversion to AITC is 

divided. One report demonstrated that painless is necessary for the behavioral aversion to 

AITC using two independent behavioral assays, the proboscis extension reflex (PER) and 

two-choice preference feeding assay (Al-Anzi et al., 2006). Conversely, a later report 

showed that dTRPA1, and not painless, is required for the aversion to AITC by using a 

different modification of the PER assay (Kang et al., 2010).  

We utilized four different behavioral assays to dissect the roles of dTRPA1 and painless 

in the aversion to AITC: the proboscis extension reflex (PER), the two-choice capillary 

feeding assay (CAFE), the oviposition assay, and the locomotion assay. Our results 

support the literature involving the role of painless in aversion to AITC (Al-Anzi et al., 

2006), but contradicts another report stating painless is not necessary (Kang et al., 2010). 

In the PER assay, we observed significant differences in the percent of PER at sucrose 

concentrations (2%-10%) in combination with AITC concentrations of (1 mM-10 mM) in 

wild-type Drosophila but not in mutants for dTRPA1, painless, or the double mutant. At 

1% sucrose, we did not observe any significant changes in frequency of PER among all 

genotypes. This could be due to 1% sucrose not being sweet enough to elicit an appetitive 

response. In wild-type animals, the PER frequency at 1% was only around 20%, which is 

extremely low. This could be a basement effect, and is one fault of this assay. Because 

we are scoring aversion by the lack of an appetitive response, it makes it difficult to score 

aversion when the appetitive response is not present to begin with. Interestingly even 

with a very high sucrose concentration, 10% sucrose, only a small amount of irritant, 1 
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mM AITC, was necessary to elicit an aversive response, suggesting there is some 

interplay between the concentration of the appetitive and aversive stimuli.  

We then adapted the CAFE assay in order to have a more quantitative measure of 

aversion. Work in the Benzer lab also used a two-choice feeding assay demonstrating 

painless is necessary for aversion to AITC (Al-Anzi et al., 2006). However, this assay 

was very qualitative and subjective. In this assay, the fly’s abdomens were scored based 

on color as a measure of aversion to the AITC (Al-Anzi et al., 2006).  In our two-choice 

assay, we were able to measure the volume of food the flies consumed in a three hour 

time period. In the CAFE assay, we observed a significant decrease in the amount 

consumed of the test solution when AITC (1 mM-10 mM) was added in wild-type 

Drosophila but not in mutants for dTRPA1, painless, or the double mutant for 1% vs. 1% 

and 1% vs. 2%. However, at 1% vs. 5% and 1% vs. 10%, it became very difficult to parse 

out if the preference for either capillary was due to the appetitive or aversive stimuli. This 

was due to the experimental capillary containing both varying concentrations of sucrose 

and AITC.  Because of this complexity with the assay, we did not complete any statistical 

analyses on the preference for the experimental capillary in these experimental paradigms.   

The oviposition assay allowed us to test behavioral aversion in an ecologically relevant 

setting. The most important decision a female fly makes is where to lay her eggs. 

Therefore, we can hypothesize that a female fly would prefer to not lay her eggs on an 

aversive substance. Furthermore, the oviposition assay is most likely testing aversion in 

terms of contact chemosensation, in which the identification of receptors involved in 

insects is very limited (Montell 2009). Using a minimal media with apple juice, we 

demonstrated wild-type Drosophila laid more eggs on the minimal media only side of the 
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plate. The mutant for painless and the double mutant did not demonstrate a preference for 

either side. However, the mutant for dTRPA1 displayed a significant preference for the 

AITC side. This could be due to some residual AITC detection occurring since the 

painless receptor is fully functioning in the dTRPA1 mutant. It is important to note that 

the aversive response to AITC had been eliminated. This surprising preference for the 

AITC side could also be a result of other receptors and channels not yet identified. 

Previous studies have demonstrated painless flies show enhanced female sexual 

receptivity (Sakai et al., 2014). Interestingly, we did not see this increase in receptivity 

having an effect on the total number of eggs laid within the genotypes.  

We created the locomotion assay as a fourth measure of aversion. This assay was 

probably the easiest to conduct but one of the most telling. In this assay, we hypothesized 

that given the choice; a wild-type fly would stay far away from an aversive substance, 

while a fly that cannot detect the chemical would show no preference. The locomotion 

assay helped elucidate the roles of dTRPA1 and painless by demonstrating wild-type 

Drosophila on average, were located further than 5 cm from the AITC point source (more 

than halfway across the tube), and spent more time in the dH20 zone. In contrast, mutants 

for dTRPA1, painless, and the double mutant, had no significant difference in either of 

these two measurements. We also conducted a control with water on either side with 

wild-type Drosophila. Interestingly, the wild-type flies on average were located in the 

middle of the tube and showed no preference for either zone.  

There are differences between our experimental procedures and those of the other 

investigators that may resolve the contradictions regarding the role of painless in the 

behavioral aversion to AITC. In previous literature there is discrepancy in the 
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methodology of the PER assay. First, the flies were presented with the test solution a total 

of five times with a two minute rest period between offerings (Al-Anzi et al., 2006). Later 

reports also presented the test solution a total of five times with a two minute rest period 

between offerings (Kang et al., 2010). However, the method of scoring was different and 

only responses two through five were taken into account (Kang et al., 2010). Furthermore, 

in Al-Anzi et al. (2006) only one concentration of sucrose and AITC (1% sucrose + 2 

mM AITC) was tested. It could be possible that if a different concentration of sucrose and 

AITC were used, the aversive response could have been different. We demonstrated how 

the aversive response is dynamic over varying concentrations of appetitive and aversive 

stimuli. This was especially apparent in the PER assay at 10% sucrose. At this very high 

concentration of sucrose, the addition of only 1 mM AITC resulted in a significant 

aversion to AITC. This suggests the concentration of the appetitive stimuli does have an 

effect on the aversive behavior, at least in the PER assay. Furthermore, the concentration 

of AITC used by Kang et al. (2010) was not reported.  It could be possible the difference 

in results could be due to a difference in concentration. We observed different levels of 

aversion for all genotypes with the same concentration of sucrose and AITC, 

demonstrating there is a difference in the frequency of PER among genotypes. We also 

observed different basal levels of PER compared to Kang et al. (2010). For all genotypes, 

they observed almost 100% PER response from the first response of 1% sucrose. Similar 

responses were seen on the first offering of 1% sucrose + AITC among all genotypes 

(Kang et al., 2010). We observed a much lower frequency at 1% sucrose that varied 

among genotypes. In addition, in our hands, the mutants never demonstrated PER 

frequencies close to100% at any concentration of AITC. Due to these discrepancies and 
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subjectivity of the PER assay, we employed the three other aversion assays in order to 

gather a more comprehensive understanding of behavioral aversion. Furthermore, we 

sought to create a behavioral landscape to dissect the contributing roles of sucrose and 

AITC in the aversive response.  

Neuronal cell populations captured by the pain-GAL4 and dTRPA1-GAL4 driver are 

necessary for behavioral aversion to AITC 

Because we demonstrated dTRPA1 and painless are located in distinct cell populations in 

the central nervous system (Shoaf 2012) and periphery, we wanted to determine the roles 

the outputs of these cells have on behavioral aversion. To begin, we wanted to first test if 

the outputs from both dTRPA1 and painless cell populations are necessary to elicit 

aversion. To do this, we expressed UAS-ORK, an outward rectifying potassium channel 

in the cell populations labeled by the pain-GAL4 and dTRPA1-GAL4 drivers to 

electrically silence these cells. This causes an outward flow of potassium ions in the cell, 

increasing the voltage needed to create an action potential (Hodge 2009). In addition, it is 

important to note that the dTRPA1 and painless channels are still fully functional in the 

cell and able to bind to AITC. It is the decrease in the cells resting potential that inhibits 

normal action potential production.   

In the PER assay, all of the control genotypes demonstrated a significant decrease in the 

frequency of PER at sucrose concentrations (2%-10%) when AITC was present. However, 

at 1% sucrose w1118 did not demonstrate a significant decrease in PER, while the other 

controls (pain-GAL4, dTRPA1-GAL4, UAS- ORK), did show a decrease when AITC 
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was present. This was because the frequency of PER was extremely low for w1118. This 

could be a basement effect, and one of the faults of the PER assay. A difference in 

starvation phenotypes could explain the low frequency of PER. If pain-GAL4, dTRPA1-

GAL4, and UAS- ORK have a shorter life span under starvation conditions than w1118, 

they may be more hungry, leading to their higher PER frequency at 1% sucrose. We 

observed that when the cell populations labeled by pain-GAL4 were electrically silenced 

there was an increase in PER frequency as the concentration of AITC increased at all 

concentrations of sugar. This suggests that AITC detection is still occurring. However, 

there is no longer an aversive response associated with detection. It is interesting that a 

similar preference for AITC was seen in the PER assay, but with the dTRPA1 mutants.  

We also observed when the cells labeled by dTRPA1-GAL4 were electrically silenced, 

there was no change in PER frequency when AITC present, demonstrating the necessity 

of these cell populations for the aversion to AITC. 

In the CAFE assay at 1% vs. 1% sucrose, wild-type Drosophila preferred the control 

capillary at all concentrations of AITC. The parental genotypes also preferred the control 

capillary at all concentrations of AITC except the 1 mM. This could be explained by 1 

mM AITC not being too strong of an irritant to elicit an aversive response. When 

dTRPA1 or painless expressing cells were electrically silenced, there was no preference 

for either capillary at all concentrations of AITC. Not surprisingly, the same pattern was 

seen at 1% vs. 2% sucrose across all genotypes. At 5% and 10% sucrose, the responses 

were not evaluated due to complexity of separating the effects from sucrose or AITC 

concentrations. 
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In the oviposition assay the controls w1118, pain-GAL4, dTRPA1-GAL4, and UAS- ORK 

ORK  showed significant preference for the minimal media only side. pain-GAL4; UAS- 

ORK ORK did not show a preference for either side of the plate, suggesting that when 

painless cells are electrically silenced, behavioral aversion to AITC is gone. Interestingly, 

in dTRPA1-GAL4; UAS- ORK, we observed a significant preference for the AITC side. 

This suggests that although we have electrically silenced the cells labeled by dTRPA1-

GAL4, AITC can still be detected. However, this detection now leads to an appetitive 

response. It is interesting that the dTRPA1 mutants and electrically silenced dTRPA1 cell 

populations both showed a preference for the AITC side of the plate. It has been shown 

that dTRPA1 was required for avoiding aristolochic acid but not any other bitter 

compound (Kim et al., 2010). Therefore, it has been speculated that Drosophila do not 

rely on a single channel to mediate deterrence to noxious chemicals (Kim et al., 2010). It 

is possible that another receptor, such as painless, is still detecting the AITC, but the 

elimination of dTPRA1 cell populations’ results in the switch in behavioral response. 

In the locomotion assay, we observed that the controls, w1118, pain-GAL4, dTRPA1-

GAL4, and UAS-ork spent most of their time in the deionized water zone. pain-GAL4; 

UAS-ORK and dTRPA1-GAL4; UAS-ORK did not demonstrate a preference for either 

zone. Additionally, all the controls were not significantly different from one another. The 

controls were located a significant distance (more than 5 cm) from the AITC point source, 

while pain-GAL4; UAS-ORK and dTRPA1-GAL4; UAS-ORK were not, suggesting 

when UAS-ORK is expressed in these cells, they can no longer detect AITC. 

All four behavioral assays unequivocally demonstrate the same thing: dTRPA1 and 

painless cell populations are necessary for behavioral aversion to AITC. This is not a 
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surprising finding however, since it was demonstrated earlier that both dTRPA1 and 

painless gene products are necessary through using the mutants for dTRPA1 and painless. 

There is still a possibility that there are other receptors and cell populations necessary for 

aversion that has not yet been identified.  

Both painless and dTRPA1 cell populations are necessary but not sufficient for 

behavioral aversion to AITC 

After we demonstrated the necessity of dTRPA1 and painless gene products as well as the 

neuronal cell populations labeled by dTRPA1-GAL4 and pain-GAL4, we wanted to test if 

either dTRPA1 or painless is sufficient to elicit behavioral aversion to AITC. To do this, 

we expressed mammalian TRPV1 in dTRPA1 and painless cell populations. TRPV1 is 

TRP channel that responds to capsaicin, the active ingredient in chili peppers (Clapham 

2003). Wild-type Drosophila do not have a TRPV1 receptor (Ramsey et al., 2006). The 

lack of the TRPV1 receptor keeps wild-type Drosophila from being able to detect 

capsaicin and displaying any aversive response to the chemical. Previous studies have 

actually shown that wild-type Drosophila show a slight preference for capsaicin (Al-Anzi 

et al., 2006). To evaluate the sufficiency of painless and dTRPA1, we created two genetic 

lines in which mammalian TRPV1 is expressed in the cell populations labeled by the 

dTRPA1-GAL4 and pain-GAL4 drivers. We also created a third genetic line in which 

mammalian TRPV1 is expressed in both cell populations simultaneously. To test the 

sufficiency of these two channels we employed three behavioral assays: PER, CAFE, and 

the oviposition assay. The locomotion assay was not used because capsaicin is not a 
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volatile chemical. In this assay, the flies would not be able to detect the capsaicin unless 

they were touching the saturated cotton swab. 

In the PER assay, expression of mammalian TRPV1 in either dTRPA1 or painless 

expressing cells resulted in no significant decrease in the frequency of PER at both 

concentrations of capsaicin. However, expression of TRPV1 in both cell populations 

simultaneously resulted in a significant decrease in the frequency of PER at both 

concentrations, suggesting neither receptor is sufficient for behavioral aversion.  

In the CAFE assay, a similar phenotype was seen as in the PER assay. Expression of 

TRPV1 in either cell population did not result in a preference for either the control or 

experimental capillary. However, expression of TRPV1 in both cell populations resulted 

in the fly’s preference for the experimental capillary at 33 µM capsaicin.  

In the oviposition assay, we observed a significant preference for the capsaicin side in the 

controls, w1118, dTRPA1-GAL4, and UAS-trpv1. This is consistent with previous reports 

demonstrating wild-type Drosophila prefer capsaicin. The controls, pain-GAL4 and pain-

GAL4; dTRPA1-GAL4 did not show preference for either side. When TRPV1 was 

expressed in either cells labeled by pain-GAL4 or dTRPA1-GAL4, there was no 

significant preference for either side, suggesting capsaicin cannot be detected, and the 

input from either cell population is not sufficient on its own to elicit aversion. However, 

pain-GAL4; dTRPA1-GAL4; UAS-trpv1 demonstrated significant preference for the 

minimal media only side, suggesting the inputs from both are necessary for behavioral 

aversion.   
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These three experiments provide insight into how painless and dTRPA1 function together 

and are organized. It seems neither receptor is sufficient on its own to elicit aversion. 

These data suggest that dTRPA1 and painless are part of a convergent circuit, in which 

the outputs from both are necessary. It would be interesting to test the sufficiency of these 

two cell populations with a different method such as channel rhodopsin. If expression of 

channel rhodopsin in both cell populations is necessary for aversion to blue light, it 

would provide more evidence for a convergent circuit hypothesis. 

dTRPA1 is expressed in neuronal cell populations labeled by both the pain-GAL4 and 

dTRPA1-GAL4 and are necessary for aversion to AITC 

After reading Zhong et al., (2012) we realized our dTRPA1-GAL4 does not label all four 

dTRPA1 isoforms, but only half of them. In addition, it was demonstrated all four 

isoforms of dTRPA1 are sensitive to AITC (Zhong et al., 2012). Therefore, there was the 

possibility that there is a sub-population of cells that coexpress dTRPA1 and painless. To 

determine if coexpression of these two receptors is occurring, we employed a dTRPA1-

RNAi that knocks down gene expression of all isoforms of dTRPA1. By expressing 

dTRPA1-RNAi in dTRPA1 and painless expressing cells, we were able to determine 

whether dTRPA1 is present in painless expressing cells and if these receptors are 

necessary for aversion to AITC. Using all four behavioral assays, we demonstrated there 

is a sub-population of cells with coexpression of dTRPA1 and painless and the presence 

of dTRPA1 in these specific cell populations is necessary for aversion to AITC. This is 
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very interesting finding and further experiments will need to be completed to better 

understand this coexpression.  

painless acts as a direct sensor to AITC 

Because we previously demonstrated that painless and dTRPA1 are not colocalized in the 

CNS (Shoaf 2012), and painless can act as a direct sensor to AITC in ectopic expression 

in AKH cells (Shoaf 2012), we wanted to confirm that painless truly acts a direct sensor 

for AITC behaviorally. We generated a fly line in which painless is expressed in Gr5a 

cells in a pain-mutant background (pain01/pain01; UAS-pain/Gr5A-GAL4). The Gr5a

gene has been shown to be required for the fly’s sensory and behavioral response to the 

sugar, trehalose (Chyb et al., 2003). Therefore, if painless does indeed act as a direct 

receptor to AITC, expressing painless in Gr5a cells in a pain-mutant background should 

lead to a larger consumption of the AITC solution compared to the sucrose only solution. 

Furthermore, we hypothesize that the increase in consumption will increase linearly as 

the concentration of AITC is increased. Using the CAFE assay, we saw a linearly 

increase in consumption of the AITC solution as the concentration of AITC was 

increased, demonstrating painless does act as a direct sensor to AITC. 
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Future Directions 

Future directions include a comprehensive evaluation of the other two isoforms of 

dTRPA1 our driver does not label. Since we have preliminary evidence that there is a sub-

population of cells with coexpression of these two receptors, it is important to evaluate 

the roles of these two isoforms. To test this, we will need to obtain the other dTRPA1-

GAL4 and evaluate the behavioral response in all four assays. In addition, we can further 

examine the necessity of painless by obtaining the pain-RNAi and knocking down gene 

expression in painless and dTRPA1 expressing cell populations and examine the 

behavioral response using all four assays. Furthermore, we could combine the 

GAL4/UAS system with the Q system to label each cell population to further examine the 

coexpression of these two receptors. Additionally, the circuit could be further defined 

through utilizing channel rhodopsin. Expressing channel rhodopsin in each cell 

population, we would have a second method to test the sufficiency of these two cell 

populations.  
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