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ABSTRACT 

 

The detection of harmful chemical irritants is important for the avoidance of potential 

tissue-damaging and life threatening compounds. There are multiple physiological 

systems that exist to detect these irritants, and one specific target of these compounds is 

the TRPA1 channel. Drosophila possess four evolutionary homologs of mammalian 

TRPA1, two of which are painless and dTRPA1. These are thought to be involved in 

chemical nociception, though the specific role of painless in the behavioral aversion to 

the compound, allyl isothiocyanate (AITC), is disagreed upon. We have analyzed the 

behavioral phenotypes of painless and dTRPA1 mutants using the proboscis extension 

reflex (PER) and two-choice capillary feeding assays, both of which indicated the 

requirement for each channel in the aversion to AITC. Expression patterns of these two 

channels were evaluated to determine if there was any overlap in expression between 

painless and dTRPA1. We observed a lack of colocalization in the adult CNS. Cell 

populations were further defined by the identification of cell specific markers. Subsets of 

painless and dTRPA1-expressing cells coexpress the neuropeptides, DH31 and leucokinin, 

respectively. Additionally, we specifically expressed tetanus toxin, which blocks synaptic 

transmission, to verify that these drivers were capturing the aversive circuit. However, it 

is unclear whether painless and dTRPA1 are acting independently or in combination. To 

assess painless and dTRPA1 cell excitability, the GCaMP transgene was utilized to 

observe changes in calcium levels. Both painless and dTRPA1-expressing cells exhibited 

significant changes in fluorescence following the application of AITC. Notably, it was 

determined that activation via AITC occurred in a direct manner following the ectopic 
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expression of painless and dTRPA1 in AKH cells and evaluation of GCaMP responses 

for painless in a dTRPA1 mutant background. Collectively, these results suggest that each 

channel is acting independently to detect irritants and that both are required for 

behavioral aversion.
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INTRODUCTION 

 

Chemical nociception 

The detection and subsequent avoidance of potential harmful and tissue-damaging 

compounds is important for an organism’s survival. Chemosensory systems are therefore 

advantageous, as they allow for the detection of various noxious compounds that have the 

ability to modify nucleic acids, proteins, and other cellular components (Bessac and 

Jordt, 2008). There are numerous noxious compounds in the environment, such as those 

produced by plants as defense or those in insecticides, which can negatively impact 

survival in Drosophila. One class of irritants are known as reactive electrophiles, and 

include members such as allyl isothiocyanate (AITC), which is the active ingredient of 

the horseradish plant, acrolein, which is the irritating component of cigarette smoke, and 

citronella, the oil of which is a biopesticide (Bessac and Jordt 2008; Kwon et al., 2010). 

Given the importance to detect potential life-threatening compounds, multiple sensory 

systems exist. These include members of the transient receptor potential (TRP) ion 

channel family, gustatory receptors such as the bitter receptor, Gr66a, and various 

olfactory receptors (Montell, 2005; Moon et al., 2006; Vosshal and Stocker, 2007). 

 

TRP channels as modulators of chemical nociception 

TRP channels constitute a large superfamily of cation channels that are further 

subdivided into seven mammalian subfamilies: TRPA, TRPC, TRPM, TRPML, TRPN, 

TRPP, and TRPV (Ramsey et al., 2006). Though first identified in the eye of Drosophila, 

TRP channels are widespread in expression and found in a variety of tissue and cell types 
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in both vertebrates and invertebrates (Minke and Cook, 2002). These channels are 

polymodal and can be activated by a diverse array of chemical, thermal, and physical 

stimuli; this allows them to function as versatile sensors necessary for processes such as 

tactile sensation, humidity detection, vision, taste, temperature discrimination, hearing, 

and chemesthesis (Voets et al., 2005). Structurally, all TRP channels consist of six 

transmembrane regions, with a putative pore located between the fifth and sixth (Ramsey 

et al., 2006). This pore allows for the non-specific influx of cations, including both Na
+
 

and Ca
2+

. Similar to other six-transmembrane channels, TRP channels are made up of 

either homo- or heteromultimers of four TRP subunits (Clapham, 2003). 

 

Specifically, the TRPA1 ion channel is a key player in the detection of noxious irritants, 

although it is capable of serving as a thermosensor as well. TRPA1 is distinguished from 

other TRP channels by the presence of numerous N-terminal ankyrin repeats, which are 

33-residue motifs that facilitate various protein-protein interactions (Gaudet, 2008). It has 

been postulated that the ankyrin repeat domain region of TRPA1 is implicated in both 

electrophile sensing and calcium gating, serving as a non-EF hand domain calcium-

binding site. Additionally, the N-terminus contains a putative EF hand calcium-binding 

domain that is implicated in calcium-dependent receptor activation (Doerner et al., 2007). 

Chemical activation of TRPA1 occurs through the direct, reversible binding of irritants to 

specific residues of the channel (Hinman et al., 2006). In particular, five cysteines and 

one lysine are necessary for electrophile detection, mutations in which decrease 

sensitivity to such compounds (Cordero-Morales et al., 2011). This activation leads to the 

influx of cations through the pore, in this case favoring calcium and other divalent cations 



 

3 

preferentially. These responses can then be enhanced via further receptor activation 

following the release of calcium from intracellular stores (Jordt et al., 2004). 

 

Drosophila as a model for nociception 

Vertebrate and invertebrate TRPA1 channels share a common ancestor that has been 

conserved across ~500 million years of evolution as shown by phylogenetic analysis
 

(Kang et al., 2010). While there is only a single TRPA1 member in the mammalian 

TRPA subfamily (Story et al., 2003), the Drosophila genome encodes four TRPA 

homologs: painless, dTRPA1, pyrexia, and water witch. There is evidence in the literature 

that the painless and dTRPA1 are involved in the detection of chemicals and noxious 

temperatures greater than 40°C (Al-Anzi et al., 2006; Kang et al., 2010; Sokabe et al., 

2008), that pyrexia is also a thermosensor for noxious heat (Lee et al., 2005), and that 

water witch is required for hygrosensation (Liu et al., 2007). However, other yet 

unidentified functions may exist for each of these channels. 

 

Though painless and dTRPA1 are thought to be key players in chemical nociception in 

Drosophila, there is controversy in the literature regarding the specific role of painless in 

the behavioral aversion to AITC. Published reports first indicated the requirement of 

painless for the detection of noxious irritants, as exhibited by two behavioral assays: the 

two-choice preference feeding assay and the proboscis extension reflex (PER) assay (Al-

Anzi et al., 2006). In the two-choice preference feeding assay, wild-type Drosophila 

displayed a significant aversion to AITC, while painless mutants showed no preference. 

Furthermore, painless mutants did not display any aversion to AITC in the proboscis 
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reflex extension assay. However, later reports suggested that it was dTRPA1, not 

painless, which was actually required for the detection and subsequent behavioral 

aversion to AITC (Kang et al., 2010). Using the PER assay, it was shown that painless 

mutants were significantly averse to AITC, while dTRPA1 mutants did not display any 

aversion, contradicting previously published results. 

 

These conclusions of Kang et al. (2010) are supported by experiments in which painless 

and dTRPA1 were expressed in heterologous systems and AITC-evoked responses were 

evaluated. The expression of painless in HEK-293 cells resulted in a lack of AITC-

sensitivity, though the channel did respond to heating, validating its functionality (Sokabe 

et al., 2008). In contrast, heterologous expression of dTRPA1 in Xenopus oocytes 

conferred AITC-evoked changes in membrane potential (Kang et al., 2010).  

 

Collectively, these results support the hypothesis that dTRPA1 is directly activated by 

AITC and is required for aversive behaviors. In contrast, painless is suspected not to be 

directly involved in AITC detection, and its role in behavior is unclear. Therefore, we 

aimed to settle this controversy and elucidate the functional roles of each of these 

channels in the behavioral aversion to AITC, as well as to evaluate the circuit ultimately 

responsible for chemical nociception. 
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MATERIALS AND METHODS 

 

Drosophila cultures and stocks 

Drosophila stocks were maintained on standard cornmeal-malt–molasses-agar medium, 

supplemented with propionic acid. The following driver lines were employed, all from 

the Bloomington Stock Center (Bloomington, IN): pain-GAL4, trpA-GAL4, and AKH-

GAL4. Also obtained were the following UAS-elements: UAS-CD8-GFP, UAS-

GCaMPII, and UAS-TeTx, and the mutant strains, pain
01

 and w;trpA1III. 

 

Proboscis Extension Reflex assay 

Three to ten day old flies were starved for 24 hours on 2% agar, anesthetized with CO2, 

and affixed to glass slides ventral side up. Flies were allowed to recover for 2 hours at 

25⁰C. Flies that showed no sign of movement after this period were not used in the assay. 

For each genotype, four replicates of 15 males and four replicates of 15 females were 

tested. Before beginning, flies were provided with water on a cotton swab and allowed to 

drink until satiation. Flies were then presented with the control (1% sucrose) and test 

solution (1% sucrose + 2 mM AITC) by briefly making contact with their legs for 5 

seconds using a cotton swab. Half of the flies received the control solution first followed 

by the test solution, while the other half received the test solution preceding the control 

solution. The behavioral response was then scored; extension of the proboscis was given 

a 1, while no response was scored as a 0. Following each solution, flies were presented 

with water in order to evaluate if the response was valid and not due to thirst alone. The 

percent of flies that exhibited PER for the control and test solutions was calculated for 
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each genotype. Statistical analyses were conducted in GraphPad Prism (GraphPad 

Software, San Diego, CA) using Two-Way ANOVA tests, followed by post-hoc 

analyses. 

 

Two-choice capillary feeding assay 

Three to ten day old flies were starved for 24 hours on 2% agar and were placed in the 

inner chamber of the CAFÉ apparatus. For each genotype, 15 replicates of 5 males and 

15 replicates of 5 females were tested. The inner chamber consisted of an empty food vial 

with small holes in the bottom to allow for entry of water vapor from the outer chamber, 

a 50-ml conical tube filled with a damp Kimwipe. Calibrated 5 μl glass micropipettes 

were filled with a test solution containing either 1% sucrose or 1% sucrose + 2 mM AITC 

by capillary action and were inserted through the cap of the vial with 200 μl pipette tips. 

To minimize evaporation, the top of each capillary tube was covered with mineral oil. 

Flies were allowed to feed for 24 hours, after which the amount consumed was measured 

for each solution. Statistical analyses were conducted in GraphPad Prism using Two-Way 

ANOVA tests, followed by post-hoc analyses. 

 

Immunocytochemistry 

The brain and ventral nerve cord of adult Drosophila expressing the UAS-CD8-GFP 

transgene driven by either pain-GAL4 or trpA-GAL4 were dissected in 1% PBS-Tx and 

fixed in PF/PA. Tissue was washed 6 times with 1% PBS-Tx and incubated in block for 1 

hour. Primary antibody (α-DH31 or α-LK) was then added in a 1:500 dilution and 

incubated for 2 hours, after which six washes with 1% PBS-Tx were performed. The 



 

7 

Cy3-conjugated anti-rabbit secondary antibody was diluted 1:500 in block, incubated for 

2 hours, and the samples were washed 6 times with 1% PBS-Tx. Antisera against DH31 

and LK were previously validated (Johnson et al., 2005; Radford et al., 2002, 

respectively), and were generous gifts from Jan Veenstra. 

 

Imaging 

The brain and ventral nerve cord of adult Drosophila were mounted and imaged on a 

Zeiss LSM 710 confocal microscope (Carl Zeiss Imaging, Thornwood, NY). Using a 40X 

0.95 NA objective, overlapping fields of view were imaged as Z-stacks then flattened as 

maximum intensity projections. The images were exported as TIF files and stitched 

together in Adobe Photoshop (Adobe, San Jose, CA) to form a montage of the entire 

brain and ventral nerve cord. Adobe Photoshop was also used for cropping, in addition to 

brightness and contrast adjustments. 

 

GCaMP 

The ventral nerve cord of adult Drosophila expressing the UAS-GCaMPII transgene 

driven by either pain-GAL4 or trpA-GAL4 was dissected in HL3 solution (70 mM NaCl, 

5 mM KCl, 1.5 mM CaCl2-2H2O, 20 mM MgCl2-6H2O, 10 mM NaHCO2, 5 mM HEPES, 

5 mM trehalose, 115 mM sucrose, pH 7.2) (Stewart et al., 1994). Tissue was adhered to a 

glass coverslip using polylysine, immersed in HL3, and confocal imaging parameters 

were set. A 20X 0.8 NA objective with 2X digital zoom was used for imaging. Following 

application of AITC, Z-stacks were acquired 1/minute over a 30-minute time course and 

maximum percent change in fluorescence was calculated. To evaluate ectopic responses, 
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AKH cells expressing the UAS-GCaMPII transgene were dissected in AHL solution (108 

mM NaCl, 5 mM KCl, 2 mM CaCl2-2H2O, 8.2 mM MgCl2-6H2O, 5 mM HEPES, 1 mM 

NaH2PO4, 3 mM sucrose, 12 mM trehalose, pH 7.5) (Wang et al., 2003) and the same 

protocol was followed for imaging. Heat maps were created based on the pixel by pixel 

change in fluorescence using Zen imaging software (Carl Zeiss Imaging, Thornwood, 

NY). Statistical analyses were conducted in Microsoft Excel using Student’s t-tests. 
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RESULTS 

 

painless and dTRPA1 are both required for the behavioral aversion to AITC 

It was previously reported that dTRPA1 is a direct receptor for AITC and required for 

behavioral aversion to this irritant (Kang et al., 2010). In contrast, there is evidence that 

painless is not directly involved in the detection of AITC, and its role in aversive 

behaviors is unclear (Sokabe et al., 2008; Al-Anzi et al., 2006; Kang et al., 2010). 

Therefore, to further evaluate the roles of painless and dTRPA1 in the behavioral aversion 

to AITC, we examined behavioral phenotypes using the PER assay. Wild-type 

Drosophila exhibited higher % PER for 1% sucrose as compared to 1% sucrose + 2 mM 

AITC, indicating behavioral avoidance to the irritant (Figure 1). In contrast, Drosophila 

mutant for painless, dTRPA1, or both displayed no difference between % PER for 1% 

sucrose and 1% sucrose + 2 mM AITC. There was a non-significant trend in the 

interaction between genotype and solution (Two-Way ANOVA, p = 0.052), indicating 

that both painless and dTRPA1 are required for aversive behaviors in response to AITC. 

 

As an additional measure of behavioral aversion, we adapted the CAFÉ assay (Ja et al., 

2007) to incorporate quantification of food intake of solution containing sucrose versus 

sucrose + AITC. Using this two-choice assay, we observed that wild-type Drosophila 

consumed significantly more solution containing 1% sucrose as compared to 1% sucrose 

+ 2 mM AITC (Figure 2). In contrast, Drosophila mutant for either painless or dTRPA1 

displayed no significant difference between amount consumed for the two solutions. 

Specifically, there was a significant interaction between genotype and solution (Two-
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Way ANOVA, p < 0.0001).  Collectively, these data suggest that both painless and 

dTRPA1 are required for the behavioral aversion to AITC. 

 

Figure 1. painless and dTRPA1 are both required for the behavioral aversion to 

AITC (PER assay). Wild-type Drosophila show a reduction in % PER for 1% sucrose as 

compared to 1% sucrose + AITC, while flies mutant for painless, dTRPA1, or both show 

no difference between % PER for the two solutions. There was a non-significant trend in 

the interaction between genotype and solution (Two-Way ANOVA, p = 0.052). Bars 

represent mean +/- SEM for four replicates of fifteen flies.  
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Figure 2. painless and dTRPA1 are both required for the behavioral aversion to 

AITC (Two-choice capillary feeding assay).  Wild-type Drosophila show a significant 

reduction in the amount consumed for 1% sucrose as compared to 1% sucrose + AITC, 

while flies mutant for painless, dTRPA1, or both show no significant difference between 

the amount consumed for the two solutions. Specifically, there was a significant 

interaction between genotype and solution (Two-Way ANOVA, p < 0.0001). Bars 

represent mean +/- SEM for fifteen replicates of five males and fifteen replicates of five 

females.  

 

      

Expression patterns of painless and dTRPA1 

Because both painless and dTRPA1 were determined to be necessary for behavioral 

aversion, we speculated that these channels may be colocalized in the same cells (Figure 

3). In one case, painless and dTRPA1 may be coexpressed in a similar manner to 

mammalian TRPA1 and TRPV1 in trigeminal fibers (Akopian, 2001). Though TRPA1 

and TRPV1 have traditionally been thought to function as homomers, it has been shown 

that these channels can functionally interact and may occasionally form heterodimers that 
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radically influence channel properties and signaling. Alternatively, painless could be 

acting as a coreceptor necessary for proper dTRPA1 functioning, such as in the case of 

Or83b-dependent trafficking of other olfactory receptors in Drosophila (Benton et al., 

2006).  

 

Figure 3.  Hypothesis #1 regarding the circuit of painless and dTRPA1. We speculate 

that painless and dTRPA1 may be located in the same cells. It is possible that these 

channels are coexpressed, as in the case of TRPA1 and TRPV1 in the mammalian 

trigeminal nerve. Alternatively, painless may be serving as a coreceptor necessary for 

dTRPA1 function. 

 

              
 

Therefore, to evaluate colocalization of painless and dTRPA1, the UAS-CD8-GFP 

transgene was driven by either pain-GAL4 or trpA-GAL4. We planned to utilize these 

expression patterns in combination with a summation method to evaluate colocalization 

(Figure 4). To briefly summarize the summation method, the painless driver would result 

in labeling one cohort of cells, while the dTRPA1 driver would result in the labeling of 

another. Following evaluation of GFP expression patterns under control of both drivers, 

two possibilities could result: 1) the total number of cells equals the sum of the two 
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cohorts, indicating a lack of colocalization between the two channels, or 2) the total 

number of cells is less than the sum of the two cohorts, signifying colocalization of 

painless and dTRPA1. However, it is important to note that this summation method 

requires simple, robust expression patterns, as any error in counting cells could lead to 

the wrong conclusion regarding colocalization. 

 

Figure 4. Summation method to evaluate colocalization. We planned to utilize 

expression patterns of painless and dTRPA1 to analyze potential colocalization between 

the two channels using a summation method. The UAS-CD8-GFP transgene would be 

driven under the pain-GAL4 driver, trpA-GAL4 driver, then under both drivers and cells 

would be counted to determine if there was any overlap in painless- and dTRPA1-

expressing cells. 

           

 

Drosophila possess sensory neurons in the labellum and legs; consequently, expression 

patterns of painless and dTRPA1 were first evaluated in these locations because this is 

where the detection of AITC occurs. We observed expression of both channels in each 

location, although painless expression was much stronger and broader than expression of 
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dTRPA1 (Figure 5; Figure 6). Due to the observed different strengths of the drivers, we 

were unable to evaluate colocalization in the periphery using the summation method. 

 

Figure 5. Expression patterns of painless and dTRPA1 in sensory neurons of the 

labellum. The UAS-CD8-GFP transgene was driven by either the painless or dTRPA1 

driver and expression patterns in the labellum were evaluated. painless expression in the 

labellum is strong and broad, while dTRPA1 expression is weak and inconsistent due to 

different driver strengths. Therefore, we were unable to evaluate colocalization in the 

labellum.  
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Figure 6. Expression patterns of painless and dTRPA1 in sensory neurons of the leg. 

The UAS-CD8-GFP transgene was driven by either the painless or dTRPA1 driver and 

expression patterns in the leg were evaluated. Similar to the labellum, painless expression 

in the leg is strong and broad, while dTRPA1 expression is weak and inconsistent. 

Consequently, we were unable to evaluate colocalization in the periphery. 

      

 

Due to the fact that we were unable to evaluate any overlap in expression patterns of 

painless and dTRPA1 in the periphery, expression patterns in the central nervous system 

of third instar larvae and adult Drosophila were analyzed. In the larval CNS, painless and 

dTRPA1 expression was observed in numerous cells throughout the brain and ventral 

nerve cord (VNC), with strong painless expression in the mushroom bodies (Figure 7). 

However, due to the high possibility of error in counting cells in the larval CNS, it was 

again not possible to utilize the summation method to evaluate colocalization. 
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However, expression of painless and dTRPA1 was more restricted in the adult CNS, 

observed in fewer cells (Figure 8). Patterns of expression looked to be similar in the 

lower segment of the VNC, though it was unclear if these painless- and dTRPA1-

expressing neurons were colocalized simply based on anatomy. However, rather than 

using the summation method to evaluate possible overlap, we decided to assess 

colocalization through the use of cell-specific markers. 

 

Figure 7. Expression patterns of painless and dTRPA1 in the larval CNS. The UAS-

CD8-GFP transgene was driven by either the painless or dTRPA1 driver and expression 

patterns in the larval central nervous system were evaluated. We observed broad 

expression of both painless and dTRPA1, and due to the number of painless- and 

dTRPA1-expressing neurons, we were unable to evaluate colocalization. 
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Figure 8. Expression patterns of painless and dTRPA1 in the adult CNS. The UAS-

CD8-GFP transgene was driven by either the painless or dTRPA1 driver and expression 

patterns in the adult central nervous system were evaluated. We observed strong painless 

expression in the mushroom bodies, which does not overlap with the observed dTRPA1 

expression in the brain. Similar expression patterns were observed in the ventral nerve 

cord; therefore, based on anatomy, we speculated that these cells may be colocalized. 

    

 

Subsets of painless and dTRPA1 are colocalized with DH31 and LK 

In order to evaluate colocalization of painless and dTRPA1 in the adult VNC, painless 

and dTRPA1-expressing cells were further defined by the identification of cell-specific 

markers. Using immunocytochemistry, a subset of painless cells in the adult VNC were 

coexpressed with DH31, the homolog of mammalian CGRP (Johnson et al., 2005). 

Likewise, a subset of dTRPA1 cells in the adult VNC was observed to overlap with 

leucokinin, the homolog of mammalian Substance P (Radford et al., 2002) (Figure 9). In 
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vertebrates, CGRP and Substance P are coexpressed with TRPA1 in trigeminal fibers, 

potentially suggesting an evolutionarily conserved nature (Lee et al., 1985). 

 

Figure 9. Subsets of painless and dTRPA1 are colocalized with DH31 and LK, 

respectively. Using antibodies for various neuropeptides, we identified a subset of 

painless-expressing neurons in the ventral nerve cord that are colocalized with DH31, 

while a subset of dTRPA1-expressing neurons are colocalized with leucokinin. These are 

homologs to the mammalian trigeminal neurotransmitters, CGRP and Substance P, 

respectively, potentially suggesting an evolutionarily conserved nature to the circuit. 
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These cell-specific markers were then utilized to evaluate colocalization in the adult 

VNC, with the methodology pictorially represented below (Figure 10). 

 

Figure 10. The utilization of cell-specific markers to evaluate colocalization in the 

adult VNC. Cell-specific markers for a subset of painless- and dTRPA1-expressing 

neurons in the adult VNC were identified using antibodies for various neuropeptides and 

were then used to evaluate colocalization of the two channels using the methodology 

depicted in the following schematic. 

 

 

 

By using DH31 as a marker for painless-expressing neurons and LK as a marker for 

dTRPA1-expressing neurons in the lower segment of the adult VNC, we determined that 

there was no colocalization of painless and dTRPA1 in this location (Figure 11). 
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Figure 11. painless and dTRPA1 are not colocalized in the adult VNC. Using DH31 as 

a marker for a subset of painless-expressing neurons and leucokinin as a marker for a 

subset of dTRPA1-expressing neurons, we determined that painless and dTRPA1 are not 

colocalized in the adult ventral nerve cord. 

        

 

painless and dTRPA1 drivers capture the aversive circuit 

After evaluating expression patterns of painless and dTPRA1, we wanted to verify the 

authenticity of the pain-GAL4 and trpA-GAL4 drivers, and confirm that the painless and 

dTRPA1 drivers were capturing the relevant cells necessary for behavioral aversion. In 

order to accomplish these goals, we blocked synaptic transmission under the control of 

the painless and dTRPA1 drivers. Specifically, tetanus toxin (TeTx) was expressed under 

control of the pain-GAL4 and trpA-GAL4 drivers and behavioral phenotypes were 

analyzed with the PER assay. TeTx expression in painless-expressing neurons led to a 

phenocopy of the painless mutant phenotype; there was no significant difference between 

% PER for 1% sucrose and 1% sucrose + 2 mM AITC, while there was a significant 
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difference between % PER for the two solutions for Drosophila possessing only the pain-

GAL4 driver as a control (Figure 12). Specifically, there was a significant interaction 

between genotype and solution (Two-Way ANOVA, p = 0.0074). Additionally, there was 

a significant reduction in % PER following expression of TeTx under control of the 

dTRPA1 driver, while Drosophila possessing only the driver did not display a significant 

difference between % PER for the two solutions. Again, there was a significant 

interaction between genotype and solution (Two-Way ANOVA, p = 0.002). These data 

indicate that both the painless and dTRPA1 drivers capture cell populations required by 

the aversive circuit. 
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Figure 12. painless and dTRPA1 drivers capture the aversive circuit. The painless 

and dTRPA1 drivers were used to drive expression of TeTx to block synaptic 

transmission. TeTx expression in either painless- or dTPRA1-expressing neurons resulted 

in a phenocopy of the mutant phenotype, while Drosophila expressing just the driver 

displayed wild-type responses. Specifically, there was a significant interaction between 

genotype and solution with regard to both experiments (Two-Way ANOVA, p = 0.0074; 

p = 0.002). Bars represent mean +/- SEM for four replicates of fifteen flies. 
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AITC application causes increased calcium influx into painless- and dTRPA1-

expressing neurons  

To reconcile the fact that painless and dTRPA1 are not colocalized but are both necessary 

for behavioral aversion, we proposed a model in which dTRPA1 serves as the direct 

receptor for AITC in the periphery, congruent with the published dTRPA1 heterologous 

expression data (Kang et al., 2010), that then activates painless downstream leading to 

behavioral aversion (Figure 13). 

 

Figure 13. Hypothesis #2 regarding the circuit of painless and dTRPA1. After 

determining that painless and dTRPA1 were not colocalized, we hypothesized a second 

model in which dTRPA1 serves as the receptor for AITC, that then activates painless 

downstream, leading to behavioral aversion. 

                

    

To evaluate the physiology of this circuit, the GCaMPII transgene was utilized to observe 

changes in calcium levels in painless- and dTRPA1-expressing neurons in response to 

AITC. The adult VNC was dissected in a hemolymph-like solution and live-calcium 

imaging was conducted after application of AITC to the tissue. painless-expressing cells 
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exhibited significant changes in fluorescence over a thirty-minute time course in response 

to all concentrations, indicating increased calcium influx as compared to the application 

of HL3 as a control (Student’s t-test, 20 mM: p= 3.77E-07; 10 mM: p= 4.33E-08; 7 mM: 

p= 2.95E-05; 2 mM: p= 0.004) (Figure 14). This response increased in a dose-dependent 

manner, with higher concentrations of AITC eliciting higher ∆F/F values (Figure 15). 

Similar responses were observed in dTRPA1-expressing neurons as well. AITC 

application resulted in significant increases in fluorescence over the thirty-minute time 

course for all concentrations, which increased in a dose-dependent manner (Student’s t-

test, 20 mM: p = 1.65E-04; 10 mM: p = 0.014; 7 mM: p = 0.021; 2 mM: p = 0.026) 

(Figure 16; Figure 17). 
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Figure 14. AITC application causes increased calcium influx into painless-

expressing neurons. The GCaMPII transgene was utilized to observe changes in calcium 

levels in painless-expressing neurons in response to AITC. A) As exhibited by the 

representative responses below, painless-expressing neurons displayed significant 

increases in GCaMP fluorescence as compared to the application of HL3 as a control 

(Student’s t-test, 20 mM: p = 3.77E-07). Only responses in the subset expressing DH31 in 

the ventral nerve cord were evaluated. B) The pixel by pixel change in fluorescence is 

indicated by the heat map, in which red indicates the highest change in fluorescence. 

       

                             

A) 

B) 
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Figure 15. painless activation increases in a dose-dependent manner. AITC-evoked 

responses in painless-expressing neurons increased in a dose-dependent manner. Only 

responses in the subset expressing DH31 in the ventral nerve cord were evaluated (n= 15-

20 cells for each concentration). All AITC concentrations tested were significantly 

different from the control (Student’s t-test, 20 mM: p = 3.77E-07; 10 mM: p = 4.33E-08; 

7 mM: p = 2.95E-05; 2 mM: p = 0.004). 
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Figure 16. AITC application causes increased calcium influx into dTRPA1-

expressing neurons. The GCaMPII transgene was utilized to observe changes in calcium 

levels in dTRPA1-expressing neurons in response to AITC. A) As exhibited by the 

representative responses below, dTRPA1-expressing neurons displayed significant 

increases in GCaMP fluorescence as compared to the application of HL3 as a control 

(Student’s t-test, 20 mM: p = 1.65E-04). Only responses in the subset expressing 

leucokinin in the ventral nerve cord were evaluated. B) The pixel by pixel change in 

fluorescence is indicated by the heat map, in which red indicates the highest change in 

fluorescence. 

    

                                 

A) 

B) 
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Figure 17. dTRPA1 activation increases in a dose-dependent manner. AITC-evoked 

responses in dTRPA1-expressing neurons increased in a dose-dependent manner. Only 

responses in the subset expressing leucokinin in the ventral nerve cord were evaluated 

(n= 15-20 cells for each concentration). All AITC concentrations tested were 

significantly different from the control (Student’s t-test, 20 mM: p = 1.65E-04; 10 mM: p 

= 0.014; 7 mM: p = 0.021; 2 mM: p = 0.026). 

 

 

 

 



 

29 

We observed AITC-evoked responses in both painless- and dTRPA1-expressing neurons, 

but to fully assess if painless and dTRPA1 formed a sequential circuit, the GCaMPII 

transgene was driven in painless-expressing neurons in a dTRPA1 mutant background. 

Concurrent with the proposed model, elimination of dTRPA1 should lead to no 

downstream responses in painless-expressing cells (Figure 18). 

 

Figure 18. In a sequential circuit, elimination of dTRPA1 should lead to no 

downstream AITC-evoked responses in painless-expressing neurons. Consistent with 

the idea of a sequential circuit, painless-expressing neurons should show no response to 

AITC in the absence of dTRPA1. To test this hypothesis, AITC-evoked responses of 

painless-expressing neurons were analyzed in a dTRPA1 null background. 

 

                                      

 

Following AITC application, painless-expressing cells still displayed significant 

increases in calcium influx as compared to the control (Student’s t-test, p = 0.011) 

(Figure 19), indicating that painless signaling is not reliant on dTRPA1. This suggests 

that painless may be a direct target of AITC. 
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Figure 19. painless activation does not rely on dTRPA1. AITC-evoked responses of 

painless-expressing neurons were evaluated in a dTRPA1 mutant background. A) 

painless-expressing neurons still displayed a significant increase in GCaMP fluorescence 

in the absence of dTRPA1 (Student’s t-test, p = 0.011). Only responses in the subset 

expressing DH31 in the ventral nerve cord were evaluated. B) The pixel by pixel change 

in fluorescence is indicated by the heat map, in which red indicates the highest change in 

fluorescence. 

 

 

 

 

 

 

 

 

 

 

                     

 

 

 

 

 

  

A) 
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Ectopic expression of painless and dTRPA1 leads to direct activation 

In order to determine if painless was acting as a direct receptor for AITC (Figure 20), 

painless and dTRPA1 were ectopically expressed in AKH cells and the responses were 

observed following AITC application. Ectopic expression of dTRPA1 resulted in 

significant changes in fluorescence in response to AITC but not in response to AHL as a 

control; AKH cells normally do not express dTRPA1 and are not AITC responsive (One-

Way ANOVA using Tukey’s Multiple Comparison Test, p = 0.008) (Figure 21). 

Additionally, AKH cells expressing painless also showed increases in fluorescence 

following AITC application as opposed to application of AHL, while AKH cells without 

painless were not AITC-responsive (One-Way ANOVA, p = 0.0026) (Figure 22). 

Collectively, these results confirm that painless serves as a direct sensor for AITC, 

contradicting previous reports from the literature (Sokabe et al., 2008). 

 

 

Figure 20. Hypothesis #3: painless is a direct receptor for AITC. We observed 

GCaMP responses in painless-expressing neurons in the absence of dTRPA1, leading us 

to hypothesize that painless acts as a direct receptor for AITC. 
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Figure 21. Ectopic expression of dTRPA1 leads to direct activation. A) Ectopic 

expression of dTRPA1 in AKH cells resulted in significant changes in GCaMP 

fluorescence in response to AITC but not in response to AHL as a control. Additionally, 

AKH cells without dTRPA1 were not AITC-responsive (One-Way ANOVA using 

Tukey’s Multiple Comparison Test, p = 0.008). These data confirm this channel’s role as 

a direct receptor for AITC. B) The pixel by pixel change in fluorescence is indicated by 

the heat map, in which red indicates the highest change in fluorescence. 

      

                      

B) 

A) 
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Figure 22. Ectopic expression of painless leads to direct activation. A) Ectopic 

expression of painless in AKH cells resulted in significant changes in GCaMP 

fluorescence in response to AITC but not in response to AHL as a control. Additionally, 

AKH cells without painless were not AITC-responsive, indicating that this channel can 

serve as a direct receptor for AITC (One-Way ANOVA, p = 0.0026). B) The pixel by 

pixel change in fluorescence is indicated by the heat map, in which red indicates the 

highest change in fluorescence. 

  

 

 

 

 

 

 

 

 

 

     

 

 

  

B) 
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DISCUSSION 

 

We report that painless and dTRPA1 are both required for the behavioral aversion to 

AITC. Previous literature suggested the requirement of dTRPA1 for aversive behaviors to 

AITC (Kang et al., 2010), but the actual role of painless in behavioral aversion was 

unclear (Al-Anzi et al., 2006; Kang et al., 2010). These channels are not colocalized in 

the same neurons within the adult ventral nerve cord, suggesting that one channel is not 

serving as a coreceptor for the other. Furthermore, both painless- and dTRPA1-expressing 

neurons in the ventral nerve cord are AITC-responsive, and notably, painless-expressing 

neurons exhibit activation in the absence of dTRPA1. Additionally, ectopic expression of 

painless or dTRPA1 in AKH cells confers AITC sensitivity to these neuroendocrine cells. 

Collectively, these results eliminate the possibility of a sequential circuit in which 

activation of one channel by AITC stimulates the activation of the other cell group. We 

conclude that both painless and dTRPA1 are able to serve as direct receptors for AITC 

and propose a model in which painless and dTRPA1 are part of a convergent circuit, in 

which the inputs from both are required for behavioral aversion. 

 

 We utilized two independent behavioral assays, the PER assay and two-choice capillary 

feeding assay, and determined that both painless and dTRPA1 are required for the 

avoidance to AITC. Our results support the published literature concerning the roles of 

painless in aversion to AITC (Al-Anzi et al., 2006), and contradict a later study 

suggesting that painless was not involved (Kang et al., 2010). Similar to Al-Anzi et al. 

(2006), we observed a significant decrease in the % PER in response to 2 mM AITC for 
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wild-type Drosophila, while painless mutants displayed no significant difference in the % 

PER for the two solutions. Furthermore, the basal levels of PER were similar between our 

study and that of Al-Anzi et al. (2006).  

 

There are multiple factors related to the experimental details of the assays employed by 

us and the other investigators that may help to reconcile these results. First, in the hands 

of Kang et al. (2010), no genotype tested displayed any aversion to AITC upon the first 

offering. Consequently, multiple offerings were required in order for the wild-type to 

display any aversive behavior, so the % PER was only calculated for the second through 

fifth offerings. Additionally, using the capillary feeding assay, we noticed that painless 

and dTRPA1 mutants eat less than wild-type Drosophila. This reduced hunger, in 

combination with multiple offerings of a tastant, may explain why painless mutants 

appeared to be averse to AITC when this genotype could simply be satiated after the first 

offering. Lastly, we observed differences in basal PER levels as compared to Kang et al. 

(2010). For all genotypes tested, sucrose presentation alone resulted in ~100% PER, 

while PER levels for sucrose + AITC (concentration not reported) were also higher than 

those observed in our study or by Al-Anzi et al. (2006). 

 

Expression of painless and dTRPA1 was observed in the larval and adult CNS, labellum, 

and legs. Since Drosophila possess sensory neurons in the periphery, we expected to 

observe expression of each of these channels in the labellum and legs, as this is where the 

detection of irritants occurs. On the other hand, the significance of painless and dTRPA1 

expression centrally has not been elucidated. Expression of each of these channels in the 
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VNC could indicate central sites of processing information from peripheral inputs. 

Alternatively, painless and dTRPA1 could serve as the receptors for endogenous ligands, 

although these two possibilities are not mutually exclusive. It has been documented in the 

literature that mammalian TRPA1 has multiple endogenous agonists. For example, 4-

hydroxy-2-nonenal, nitrooelic acid, hydrogen peroxide, hydrogen sulfide, and various 

prostaglandins are direct activators of this channel, many of which are formed in response 

to physiological stress (Basbaum et al., 2009). Mammalian TRPA1 can also be 

modulated indirectly by proalgesic compounds, such as bradykinin via PLC-coupled 

receptor signaling. Therefore, the possibility exists that the Drosophila TRPA1 

homologs, painless and dTRPA1, also respond to endogenous compounds, though none 

have been specifically identified. 

 

Despite the behavioral requirement for each channel in the aversion to AITC, we 

determined that painless and dTRPA1 are not colocalized in the adult ventral nerve cord 

after evaluation of colocalization centrally with cell-specific markers. We also analyzed 

colocalization in the periphery, but due to weak and inconsistent expression of dTRPA1 

resulting from different driver strengths, we were unable to conclusively determine any 

overlap in expression patterns in these locations. Nevertheless, based on the available 

data, we speculate that painless and dTRPA1 are expressed in distinct cell populations. If 

this is the case, then the possibility that these are coexpressed or that one is serving as a 

coreceptor fails to explain the behavioral requirement of both channels.  
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We note that a subset of painless-expressing neurons in the VNC are colocalized with the 

neuropeptide, DH31, while a subset of dTRPA1-expressing neurons are colocalized with 

the neuropeptide, leucokinin (LK). DH31 and LK are the homologs of mammalian CGRP 

and Substance P, respectively, which are both neurotransmitters coexpressed with 

TRPA1 in trigeminal fibers (Doerner et al., 2007). DH31 and LK both serve as diuretic 

peptide hormones in Drosophila, which stimulate fluid secretion in Malpighian tubules 

(Johnson et al., 2005; Terhzaz et al., 1999), while CGRP and Substance P act as 

vasodilators in mammals (Brain et al., 1985; Lembeck and Holzer, 1979). Nevertheless, 

despite different physiological functions, the colocalization of painless and dTRPA1 with 

the homologs of CGRP and Substance P, respectively, potentially suggest an 

evolutionarily conserved nociceptive circuit.  

 

Not only did we refute the colocalization hypothesis, but we also determined that painless 

and dTRPA1 do not form a sequential circuit. To reconcile the fact that painless and 

dTRPA1 are not colocalized but are both necessary for behavioral aversion, we tested the 

hypothesis that dTRPA1 functions as the direct receptor for AITC in the periphery, that 

then activates painless downstream which culminates in aversive behavior. The 

demonstration that painless-expressing neurons displayed responses to AITC in a 

dTRPA1 null background suggests that these channels do not participate in a sequential 

circuit. Instead, the most parsimonious explanation for the given data is that painless is 

directly modified by AITC. 
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Due to the fact that this conclusion contradicts previous reports from the literature 

(Sokabe et al., 2008), we wanted to verify that painless was truly capable of serving as an 

AITC receptor. However, rather than trying to replicate the experiments conducted in 

HEK-293 cells, we ectopically expressed dTRPA1 and painless in AKH-expressing cells 

instead. AKH expression is restricted to approximately twelve neuroendocrine cells 

located in the corpus cardiacum of the adult ring gland; because the ring gland is 

anatomically distinct from the central nervous system, each channel could be isolated 

from any inputs and the direct effects of AITC application could be studied. Consistent 

with previous reports, ectopic expression of dTRPA1 conferred AITC-sensitivity. Notably 

though, we also saw increased GCaMP fluorescence following ectopic expression of 

painless, confirming this channel’s role as a direct sensor for AITC. 

 

As stated before, heterologous expression of painless in HEK-293 cells did not confer 

AITC-sensitivity, though noxious heat did evoke a response (Sokabe et al., 2008). 

However, it is important to note that the response of naïve HEK-293 cells to heating was 

not shown, leading to the possibility that painless was in fact non-functional. 

Furthermore, in a heterologous system, negative results are difficult to interpret. It has 

been established that some receptors are functional in certain cell types but not in others 

due to varying physicochemical properties of the membrane, which can be influenced by 

phospholipid, glycolipid, and sterol content (Opekarova and Tanner, 2003). Additionally, 

an appropriate host-cell environment is necessary to achieve proper post-translational 

processing and peptide folding (Millar, 1999). Though it is not clear what the specific 



 

39 

underlying mechanisms are that determine functionality of trpA channels, ectopic 

expression in AKH-expressing cells was sufficient for painless functionality. 

 

We propose a model in which painless and dTRPA1 can both serve as direct, independent 

receptors for AITC (Figure 23). Additionally, both are required for behavioral aversion, 

but neither is sufficient. Therefore, we speculate that painless and dTRPA1 may be part of 

a convergent circuit, in which the inputs from both non-redundant chemosensors are 

required for behavioral aversion. Support for this hypothesis lies in the known interplay 

between CGRP and Substance P signaling in the mammalian trigeminal nerve (Doerner 

et al., 2007), suggesting that DH31 and LK signaling pathways may similarly coincide 

centrally. 

 

Figure 23. Current model regarding the circuit of painless and dTRPA1. We propose 

a model in which painless and dTRPA1 are both AITC receptors and are part of a 

convergent circuit, in which the inputs from both are required for behavioral aversion. 

 

                               



 

40 

Additionally, the requirements of painless, dTRPA1, and pyrexia in the detection of 

noxious temperatures suggest convergence of these signaling pathways, and we speculate 

that the avoidance of noxious heat relies on the same circuit responsible for chemical 

nociception. It was shown that painless, dTRPA1, and pyrexia mutant larvae did not 

exhibit rolling behavior in response to a 46°C probe that is characteristic of noxious heat 

detection, indicating that each of these channels is necessary for thermal nociception 

(Neely et al., 2011). This pattern mimics that of chemical nociception, in which each 

channel is required for behavioral aversion, but none is sufficient. Interestingly, it has 

also been reported that dTRPA1 is necessary for proper thermal preference in the 

innocuous temperature range (Rosenzweig et al., 2005; Hamada et al., 2008). However, 

there is a lack of consensus regarding the specific temperature threshold required for 

dTRPA1-mediated aversive behavior, which may reflect differences in the experimental 

details of the assays. Therefore, the standardization of experimental methods for both 

thermal and chemical nociception assays is crucial in order to properly analyze the role of 

each channel in the nociceptive circuit. Additionally, since pyrexia has been implicated in 

the detection of noxious heat, it would be interesting to evaluate whether this channel is 

involved in chemical nociception as well. 

 

Future directions include comprehensive evaluation of this nociceptive circuit to 

determine if painless and dTRPA1 actually form a convergent pathway. If these channels 

are part of a convergent circuit, it is possible that the upregulation of signaling from one 

side of the circuit would be sufficient to result in behavioral aversion. To test this 

hypothesis, PER responses will be evaluated following the increase in excitability of 
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either painless- or dTRPA1-expressing neurons using NachBac, a sodium channel with a 

longer depolarization phase, in a dTRPA1 or painless mutant background, respectively. 

Additionally, this circuit can be further defined through the use of dual binary systems. 

Combining the GAL4/UAS system with LexA/VP16, we could directly stimulate one 

channel, using channelrhodopsin for example, and visualize activation in the other. Dual 

binary systems would also allow for the definitive analysis of colocalization through the 

use of different colored fluorophores in the same fly. Lastly, identifying additional 

subsets of painless- and dTRPA1-expressing cells and determining which subsets are 

relevant for behavioral aversion is yet another future goal. 
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