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Abstract 

Pain is defined by the international association of pain as an “unpleasant sensory 

and emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage”.  Most people have experienced one form of pain or 

another and although such experiences can be unsavory, pain serves the basic need for 

the detection of dangerous stimuli that can cause bodily harm.  Because pain serves such 

an essential need, it is important to understand how the nervous system processes and 

encodes noxious or potentially tissue damaging stimuli.  This neural processing is called 

nociception.  

In this study, I use Drosophila larvae as a genetic model organism to study 

nociception.  In response to noxious thermal and mechanical stimuli, Drosophila larvae 

perform a nociceptive defensive behavior (termed nocifensive) where larvae rotate in a 

corkscrew like fashion along the long axis causing them to move in a lateral direction.  

Using this behavior and genetic tools which can manipulate neuronal output, we have 

identified the sensory neurons which serve as larval nociceptors as class IV 

multidendritic sensory neurons.  Further characterization of these larval nociceptors, has 

also shown that they are both cholinergic and peptidergic. 

After the identifying the larval nociceptors, I next identified several molecular 

components which are required for larval mechanical nociception.  I have found that the 
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degenerin epithelial sodium channel (DEG/ENaC) called pickpocket is required for larval 

mechanical nociception by using genetic mutants and RNAi knockdwon.  In addition, 

after performing a screen using RNAi to knockdown ion channel transcripts in larval 

nociceptors, I have identified two other DEG/ENaC channels which are required for 

larval mechanical nociception.  DEG/ENaCs are particularly interesting because they 

have been identified as candidate mechanotransducers in C. elegans for the gentle touch 

behavior.  I propose that DEG/ENaCs may serve as candidate mechanotransducers in 

larval mechanical nociception because they are not generally required for neuronal 

excitability.  However, future research will be required to establish their true role in 

mechanical nociceptive signaling. 

In addition to DEG/ENaCs, transient receptor potential (TRP) channels also play 

a role in nociception.  painless, a channel that was first identified in a thermal nociception 

screen on Drosophila larvae, is required for both thermal and mechanical nociception.  

The last section shows that multiple isoforms of painless exist and that these different 

isoforms may play different roles in thermal and mechanical nociception.   

Taken together, these results have begun to establish Drosophila larva as a model 

for studying nociception.  I have identified the sensory neurons used as larval 

nociceptors and shown that DEG/ENaC channels play an important role in larval 

mechanical nociception. 
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1 Introduction  

1.1 The focus of this research: Nociception 

This research examines the molecular basis of how organisms detect painful 

stimuli in their environment.  The ability of an organism to detect painful stimuli is 

critical to its survival since it allows the organism to detect potentially tissue-damaging 

stimuli and signals to the organism that something is wrong.  Organisms utilize sensory 

neurons in their somatic sensory systems to obtain information about their surroundings 

and to detect environmental stimuli.  These sensory neurons can be divided into two 

main subgroups based on the type of stimuli that they detect.  One group detects low-

threshold stimuli such as light touch and vibration.  The other group detects high-

threshold painful stimuli such as stubbing one’s toe or touching a hot stove.  Because 

this latter group contains sensory neurons that preferentially respond to high-threshold 

noxious stimuli, these neurons are referred to as nociceptors (noci is derived from the 

Latin word meaning “hurt”) (Raja, Ringkamp et al. 1999).  Nociceptors mediate 

nociception, a term commonly used to refer to the perception of the neural encoding and 

processing of noxious stimuli.  

Numerous studies of pain and nociception have uncovered several molecular 

components important in the functioning of nociceptors, or pain-sensing neurons.  

However, our understanding of how organisms actually convert sensory stimuli into 

neuronal signals is still somewhat limited.  To better understand the molecular 
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mechanisms of nociception, this research uses the genetically tractable animal model of 

Drosophila melanogaster.  This introduction will explore our current understanding of 

thermosensation and mechanosensation in vertebrates and invertebrate systems. 

 

1.2 Mammalian nociceptors 

The majority of research on nociception has been performed on mammalian 

systems.  The cell bodies of nociceptors are located in the dorsal root ganglion (DRG) 

and send two axonal projections: one projection goes to the periphery and the other 

synapses centrally in the dorsal horn.  High-threshold C and A-delta nociceptors 

generally synapse in laminae I (Rexed’s lamina) and II (substantia gelatinosa of the 

dorsal horn) with some projections also going to laminae IV, V, and VI.  Information is 

then transmitted via second-order projection neurons to laminae IV, V and VI (nucleus 

propius) which crosses the midline and ascends up the spinal column as the 

anterolateral system and spinothalamic tract and synapses at the ventral posterior 

portion of the thalamus.  (Purves, Chikaraishi et al. 2001), (Doubell, Mannion et al. 1999).   

The nociceptors utilized in conveying noxious sensory information can be broken down 

into two groups based on their myelination and conduction velocities: unmyelinated C-

fibers and lightly myelinated A-delta fibers.  The unmyelinated C-fibers conduct at 

velocities typically less than 2 m/s and A-delta fibers conduct at velocities at about 20 

m/s (Purves, Chikaraishi et al. 2001).   



 

3 

Characterization of nociceptors has laid the groundwork for the idea that 

molecular components within these neurons allow the conversion of environmental 

stimuli to neuronal signals.  Most early studies used only heat and mechanical stimuli, 

and responsive fibers were often referred to as mechano-heat sensitive nociceptors.  

However, a later study in primates (Davis, Meyer et al. 1993) showed that most 

nociceptors which were able to respond to both heat and mechanical stimuli were also 

able to respond to chemical stimuli; therefore, a number of these sensory neurons were 

labeled polymodal nociceptors (Raja, Ringkamp et al. 1999).   

 

1.3 Nociceptors and ion channels 

In order for nociceptors to respond to various noxious stimuli, cellular 

components must convert these stimuli into neuronal signals.  Neurons transmit 

information with electrical signals by controlling the current flow and voltage gradient 

across their cellular membranes.  In order to regulate these electrical signals, neurons 

utilize a group of genes encoding ion channels; these pore-containing proteins regulate 

the flow of ions and therefore the voltage gradient across a cellular membrane. The main 

elements responsible for the depolarization of cell membrane potentials are voltage 

gated sodium and calcium channels, while potassium channels are largely responsible 

for outward currents.  Ion channel properties can also be modified by other transmitters 
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or inflammatory mediators such as bradykinin, and prostaglandins which act via G-

protein coupled receptors and intracellular messengers (Bevan 1999).   

While our understanding of how neuronal signals are transmitted and 

propagated has grown, our knowledge of the initial events involved in transducing 

mechanical or thermal stimuli into a neuronal signal are still not well understood.  

Transduction of sensory stimuli occurs at the peripheral axon terminal of the primary 

afferent nociceptor (Bevan 1999).  Two families of membrane proteins have been 

implicated as receptors in sensory systems: G-protein coupled receptors and ion 

channels.   In certain sensory systems such as vision, taste and olfaction, G-protein 

coupled receptors are activated by sensory stimuli and they lead to depolarization of the 

membrane potential via ion channel activation.  Other sensory stimuli such as 

thermosensation and mechanosensation are thought to be detected directly through ion 

channels.  Mechanosensation is thought to be gated directly through ion channels 

because other signaling mechanisms operate at too slow a timescale (Tanner, Gold et al. 

1997), (Hudspeth 1997), (Mombaerts 2004).  Mechanically gated channels are believed to 

operate on the timescale of microseconds  whereas secondary or chemical messenger 

systems operate at a much slower timescales on the order of milliseconds (Corey and 

Hudspeth 1979), (Chalfie 2009).  The rest of this introduction will examine our current 

understanding of the molecular components involved in cellular thermosensation and 

mechanosensation. 
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1.4 Thermosensation in vertebrate nociceptors 

On type of sensory stimulus which activates sensory neurons is temperature.  

Different subsets of neurons are activated at different temperature thresholds which can 

vary from innocuous warmth to noxious heat.  Non-nociceptive warm-sensitive 

afferents respond with low firing rates at normal skin temperature (34°C) and gradually 

increase action potential (AP) firing as temperature increases, with a maximum firing 

rate of 41°C.  A different set of afferents does not level off at 41°C but continues to 

increase its firing rate as temperature increases (Hensel and Iggo 1971).   

In contrast, studies have shown that the threshold of activation of nociceptors is 

higher than warm-sensing afferents.  C-fiber mechano-heat nociceptors (CMH) have 

shown that the threshold for the majority of CMH fibers is between 39 to 41 degrees 

Celsius.  This threshold depends on the absolute temperature of the receptor beneath the 

skin rather than the rate of temperature change (Tillman, Treede et al. 1995).  Two 

groups of noxious heat-sensory neurons have also been identified based on their 

threshold of activation.  Studies in cultured sensory neurons have found that roughly 

45% of small to medium diameter neurons can respond to temperatures above 43°C (low 

threshold nociceptor) and a second smaller group of small to medium diameter neurons 

respond to temperatures above 52°C (high threshold nociceptor) (Nagy and Rang 1999).   
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1.5 Vertebrate temperature sensitive TRP channels 

It has been hypothesized that nociceptors detect different forms of stimuli, 

including temperature, via ion channels.  The first evidence in support of this hypothesis 

came with the identification of heat activated ion channels present in a subset of primary 

afferent neurons (Cesare and McNaughton 1996), (Reichling and Levine 1997).  Soon 

thereafter, the identification of the capsaicin receptor or transient receptor potential 

vanilloid receptor 1 (TRPV1) (Caterina, Schumacher et al. 1997),(Caterina and Julius 

2001), allowed new insight into the area of heat activated ion channels.  TRPV1 is part of 

a family of ion channels known as the transient receptor potential ion channels (TRP).  

These channels belong to the superfamily of hexahelical cation channels and like other 

members of this superfamily, TRP channels form complexes consisting of four pore-

forming subunits (Kedei, Szabo et al. 2001; Hoenderop, Voets et al. 2003).  Each subunit 

is thought to contain six hydrophobic transmembrane regions and a pore loop located 

between the fifth and sixth putative transmembrane segments.  The N and C terminal 

domains are believed to be intracellular where they may interact with other proteins, 

signaling molecules, or other TRP channel subunits (reviewed in (Ramsey, Delling et al. 

2005)). 

The TRP channels, whose origin is rooted in the insect visual sensory system, 

was originally identified in Drosophila mutants with electroretinograms that showed a 

transient response to continuous light rather than the sustained response seen in wild-
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type flies (Cosens and Manning 1969).  Interestingly, numerous studies have shown that 

these channels are not limited to functions in the visual system and instead comprise a 

large family of non-selective cation channels that are involved in a range of sensory 

processes.   

In addition to TRPV1, there are now seven other TRP channels that have been 

identified as thermosensitive and each has a slightly different activation threshold: [heat 

activated] TRPV1 (>43°C), TRPV2 (>52°C), TRPV3 (>34-38°C), TRPV4 (>~27-35°C), 

TRPM5 (<~25-28°C); [cold activated] TRPM8 (<17°C), and TRPA1 (<17°C) reviewed in 

(Tominaga and Caterina 2004), (Dhaka, Viswanath et al. 2006), (Damann, Voets et al. 

2008).  It should be noted that there are still conflicting reports regarding TRPA1’s 

intrinsic cold activation and its role in vivo (Bautista, Jordt et al. 2006), (Kwan, Allchorne 

et al. 2006).  More research will be required to resolve TRPA1’s role in cold sensation. 

 

1.5.1 TRPV channels and heat 

Possibly, the most studied subfamily of TRP channels in the context of 

nociception are the TRPV channels.  TRPV channel members have become well 

established as heat sensing ion channels and the TRPV channels cover a wide range of 

temperature activation, ranging from warm temperatures (TRPV3 and TRPV4) to 

noxious heat (TRPV1 and TRPV2).  Consistent with the idea that TRPV1 activates at 

noxious temperatures, TRPV1 is expressed primarily in small diameter sensory neurons 
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which give rise to unmyelinated C-fibers and the major layers to which C-fibers project, 

lamina I and II (Caterina, Schumacher et al. 1997), (Tominaga, Caterina et al. 1998).  

Interestingly, TRPV1 knockout mice behaviorally retain noxious heat detection even 

though cultured sensory neurons had almost no response to capsaicin and heat (42-

52°C).  Early studies using skin-nerve preparations that C-fibers had a smaller 

percentage of heat evoked responses and reduced heat evoked discharge (Caterina, 

Leffler et al. 2000), but later studies using ex-vivo and skin-nerve preparations did not 

find differences between wild-type and knockout mice (Woodbury, Zwick et al. 2004), 

(Zimmermann, Leffler et al. 2005).  This suggests that multiple channels are responsible 

for the heat responses in sensory neurons and that heat sensation in vivo may be more 

complex than a single ion channel detecting temperature above a specific threshold. 

Although the in vivo phenotype of TRPV1 knockout mice did not have a strong 

noxious heat sensory defect, numerous studies have consistently found that TRPV1 

deficient mice had severely reduced inflammation-induced heat hyperalgesia in 

response to complete Freud’s adjuvant, mustard oil, or carrageenan (Davis, Gray et al. 

2000), (Caterina, Leffler et al. 2000).  This is consistent with other studies that have 

shown that TRPV1 can be sensitized by mediators released from damaged, inflamed 

tissues or nociceptive neurons themselves (neurogenic inflammation).  Two such 

mediators such as extracellular ATP and bradykinin are able to potentiate TRPV1 

responses through purinergic (P2Y) and bradykinin (B2) receptors respectively via a 
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protein kinase C (PKC)-phosphorylation dependent manner.  This has been 

demonstrated in heterologous expression systems and native DRG neurons (Tominaga, 

Wada et al. 2001), (Sugiura, Tominaga et al. 2002), (Numazaki, Tominaga et al. 2002).   

ATP and bradykinin have also been shown to lower the threshold of activation of 

TRPV1 to a level close to body temperature.  Within these environments, it has been 

suggested that bradykinin and ATP may function as direct activators of TRPV1 (Reeh 

and Petho 2000), (Tominaga and Caterina 2004).  Decreased pH (< 6.0), which can occur 

in tissues that are experiencing ischemia or inflammation (acidosis) (Bevan and Geppetti 

1994), has been shown to modulate TRPV1 similarly by potentiating TRPV1 responses 

and lowering its threshold of activation to lower than body temperature (Tominaga, 

Caterina et al. 1998), (Tominaga and Caterina 2004).  This demonstrates that TRPV1, a 

heat activated ion channel, plays a clear role in inflammatory nociception and has made 

TRPV1 a potential therapeutic target for pain management. 

Interestingly, TRPV2, which has been reported to be activated above 52°C and 

whose expression includes medium to large diameter rat DRG neurons, has a less clearly 

defined role in nociception (Caterina, Rosen et al. 1999), (Ma 2001), (Ahluwalia, Urban et 

al. 2000), (Lewinter, Skinner et al. 2004) since nociceptors which do not express TRPV1 

and TRPV2 have normal nociceptor heat responses (Woodbury, Zwick et al. 2004).   

TRPV3 and TRPV4, in contrast to TRPV1 and TRPV2, have lower activation 

thresholds and both appear to play a role in thermotaxis.  TRPV3, which activates at 
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temperatures >33°C shows increasing responses at higher noxious temperatures and is 

expressed in mouse keratinocytes (Peier, Reeve et al. 2002), (Smith, Gunthorpe et al. 

2002), (Xu, Ramsey et al. 2002).  TRPV3’s expression in DRGs is less clear and varies on a 

species dependent basis.  It has not been detected in rat  DRGs (northern blot) (Peier, 

Moqrich et al. 2002), but has been detected in monkey (in situ) and human DRGs 

(quantitative PCR) (Xu, Ramsey et al. 2002), (Smith, Gunthorpe et al. 2002).  Two studies 

have shown that TRPV3-/- mice show a defect in thermotaxis.  In one assay, mice were 

given a choice between occupying a room temperature or 35°C surface.  Wild-type mice 

spent 92% of their time at the 35°C temperature whereas TRPV3-/- mice preferred it only 

64% of the time.  In a separate assay, TRPV3 deficient mice took longer to exhibit a 

thermal preference on a temperature gradient (Moqrich, Hwang et al. 2005).  While 

TRPV3 appears to play a role in thermotaxis, warm preference remains intact in TRPV3-/- 

mice suggesting that other proteins are required for warm sensation.   

TRPV4, with a temperature threshold around 25-34C, does not show increasing 

responses to elevated temperatures like TRPV3 but instead desensitizes upon sustained 

or repeated stimulation (Guler, Lee et al. 2002).  TRPV4 expression has been detected in 

several thermosensory tissues including the skin and hypothalamus but DRG expression 

data is mixed.  Some studies have reported it and others have not been able to detect it 

(Alessandri-Haber, Yeh et al. 2003), (Delany, Hurle et al. 2001), (Guler, Lee et al. 2002), 

(Liedtke, Choe et al. 2000), (Suzuki, Mizuno et al. 2003).  Studies on TRPV4 deficient 
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mice show defects in thermotaxis.  TRPV4-/- prefer warmer temperatures than do wild-

type mice and in temperature choice assays TRPV4-/- mice strongly prefer 34C whereas 

wild-type mice do not (Lee, Iida et al. 2005).   

In addition to playing roles in thermotaxis, TRPV3 and TRPV4 may also play 

roles in noxious heat sensation.  TRPV3 deficient mice have increased latencies in tail 

immersion and hot plate assays (Moqrich, Hwang et al. 2005).  TRPV4 deficient mice 

have been reported to have increased latencies in hot plate paw withdrawal responses 

when subcutaneously injected with carrageenan (Todaka, Taniguchi et al. 2004) and 

increased latencies in response to tail-heating (Lee, Iida et al. 2005) indicating roles in 

thermal hyperalgesia and acute heat nociception respectively.   However, other studies 

have not found differences in hot plate or radiant paw heating assays (Liedtke and 

Friedman 2003), (Suzuki, Mizuno et al. 2003), (Todaka, Taniguchi et al. 2004) or thermal 

hyperalgesia assays using CFA-induced inflammation and thermal gradients (Lee, Iida 

et al. 2005).   

One interesting model has been proposed where TRPV3 and TRPV4 expression 

in keratinocytes may mediate warm thermosensation.  The requirement of TRPV3 and 

TRPV4 in thermotaxis behavior and the studies showing that keratinocytes exhibit 

different characteristic heat evoked responses that depend on TRPV3 and TRPV4 

(Chung, Lee et al. 2003), (Chung, Lee et al. 2004), (Moqrich, Hwang et al. 2005) support 

this model.  In such a model, it is not known how keratinocytes would transmit 
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information regarding temperature.  One method would be to directly activate primary 

afferents via a synaptic connection; another would be to activate them via the release of 

specific signaling molecules.  It is also possible that keratinocytes could mediate 

thermotaxis without directly activating primary afferents such as via vasodilation 

(reviewed in (Dhaka, Viswanath et al. 2006)). 

While such a model has been proposed for warm sensation, no clear model has 

yet emerged to explain the detection of noxious heat.  Although TRPV1 and TRPV2 are 

clearly activated at noxious temperatures, knockout mice retain acute responses to 

noxious heat, suggesting that the story is more complex than a single channel allowing 

the detection of a small range of temperature.  One possibility is that multiple ion 

channels provide information regarding temperature, and any information lost by the 

removal of one channel can be compensated by input from other heat-sensitive channels.  

Another possibility is that the detection of and response to noxious heat utilizes 

completely separate genes (that may be different from ion channels) and that TRPV1 and 

TRPV2 are used for the detection of noxious heat in specific contexts (e.g. inflammation).  

What can be concluded thus far is that there is no clear picture yet for the detection of 

acute noxious stimuli in mammals and further research will be necessary to understand 

the detection of noxious heat in mammals. 
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1.5.2 Cold sensation, TRPM8, and TRPA1  

Just as our understanding of heat sensitive ion channels has grown since the 

discovery of TRPV1, similar studies have also shed light on our understanding of cold 

sensation.  Similar to heat, the sensation of cold can range from an innocuous cool 

sensation to a noxious burning cold sensation.  Typically, innocuous cool ranges 

between 30°C and 15°C whereas noxious cold covers temperatures less than 15°C (Davis 

and Pope 2002), (Hensel 1981), (Spray 1986).  In response to cold, cold fibers fire 

continuously and their rate increases as the temperature decreases.  When held at a 

constant temperature, fibers decrease their rate or adapt; introducing warmer 

temperatures also decreases the firing rate and turns the fibers off (Hensel 1981), (Spray 

1986), (Campero, Serra et al. 2001), (Darian-Smith, Johnson et al. 1973).    

Searches for cold sensing ion channels have led to the discovery of TRPM8 and 

TRPA1.  TRPM8 is expressed in a subset of cold activated sensory neurons and is 

activated by temperatures < 25-28°C and by compounds that trigger cooling sensations 

such as menthol, icilin, linalool, eucalyptol, and geraniol (Peier, Moqrich et al. 2002), 

(McKemy, Neuhausser et al. 2002), (Abe, Hosokawa et al. 2005), (Chuang, Neuhausser et 

al. 2004).  Low doses of menthol lower the activation threshold of TRPM8 (Voets, 

Droogmans et al. 2004), (Peier, Moqrich et al. 2002), (McKemy, Neuhausser et al. 2002) 

and intracellular calcium is also required for full activation (Chuang, Neuhausser et al. 

2004).  TRPM8 has been reported to have expression in roughly 10% of trigeminal and 
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dorsal root ganglia (Peier, Moqrich et al. 2002).  Mice deficient in TRM8 confirm its role 

in cool sensation since TRPM8-/- mice show decreased avoidance of cold temperatures in 

two choice temperature assays and a lack of response to the cold-sensing icilin 

compound.  TRPM8 deficient mice had normal responses to noxious (<0°C) cold 

temperatures suggesting the presence of at least one other noxious cold sensor. (Dhaka, 

Murray et al. 2007), (Colburn, Lubin et al. 2007).  Although TRPM8-/- mice had normal 

responses to noxious cold, it appears that TRPM8 may play a role in analgesia.  Cold-

induced analgesia decreases the response of formalin injection into mouse paws but 

TRPM8 deficient mice do not appear to exhibit the analgesic effects of lower 

temperatures (Dhaka, Murray et al. 2007).  Furthermore, TRPM8 has been reported to 

elicit analgesic effects and suppress sensitized pain responses in rats through a centrally 

mediated pathway that requires group II/III metabotropic glutamate receptors 

(Proudfoot, Garry et al. 2006). 

TRPA1, like TRPM8, has been reported to activate in response to cold but with a 

noxious threshold temperature of approximately < 17C (Story, Peier et al. 2003).  

However, this result is controversial as some labs have reported the ability to detect cold 

activation and others have not ((Jordt, Bautista et al. 2004), (Nagata, Duggan et al. 2005), 

(Story, Peier et al. 2003), (Karashima, Talavera et al. 2009), reviewed in (Dhaka, 

Viswanath et al. 2006)).  Work in TRPA1 deficient mice has not resolved this issue: two 

independent groups found conflicting results regarding TRPA1’s requirement for cold 
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sensation (Kwan, Allchorne et al. 2006), (Bautista, Jordt et al. 2006).  While its role in cold 

sensation is unresolved, TRPA1 plays a clear role in nociception.  It is expressed in small 

diameter nociceptors of dorsal root, trigeminal, and nodose ganglia (Nagata, Duggan et 

al. 2005), (Story, Peier et al. 2003) and is required for inflammatory pain.  TRPA1 can be 

activated by inflammatory mediators such as bradykinin (Bandell, Story et al. 2004), and 

cannabinoids (Jordt, Bautista et al. 2004) and irritants such as mustard oil, allicin, and 

tear gas (Bautista, Jordt et al. 2006), (Bautista, Movahed et al. 2005), (Kwan, Allchorne et 

al. 2006).  TRPA1 deficient mice show decreased mechanically and thermally induced 

behavioral responses to these irritants. 

 

1.6 Thermosensation in Drosophila 

The role of TRP channels and thermosensation is not limited to mammals and 

vertebrates.  In the invertebrate Drosophila melanogaster, TRP channels have also been 

found to be activated temperature.  However, in contrast to mammals, Drosophila TRPV 

channels have not been found to be thermosensitive (Kim, Chung et al. 2003; Gong, Son 

et al. 2004).  Thus far, only members of the TRPA family have been shown to be 

activated by heat, unlike the controversial cold activation in mice.   This was first 

suggested by the isolation of Drosophila lines with mutant forms of the painless gene, 

which were found to be defective in thermal and mechanical nociception.  painless 

mutants lack heat-activated action potentials detected in wild-type temperature-
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sensitive neurons (Tracey, Wilson et al. 2003).  In vitro studies of painless have shown 

that it is a cation channel with high Ca permeability (P ca:Pna : 44:1) and possesses an 

activation threshold of roughly 42.6°C in the presence of calcium.  It can be activated by 

heat in a membrane delimited manner in the presence of intracellular Ca.  Depending on 

the timing of a second heat stimulus, painless can also be either desensitized or 

sensitized.  If heat is applied to the channel and the initial current is allowed to 

desensitize, it becomes desensitized.  However, if a second heat stimulus is applied prior 

to complete inactivation, painless can become sensitized and repeated heat applications 

activate the channel at reduced temperatures (first stimulus: 42.5; second stimulus: 41.3; 

third stimulus: 41.2).  Normal activation appears to require the presence of Ca although 

it is not sufficient to trigger channel activation and is mediated in part by the N-terminal 

domain of painless which contains a putative EF domain in the ankyrin repeat region.  

Mutation in the candidate domain resulted in small heat evoked currents, increased 

temperature thresholds and higher Ca requirements for activation (Sokabe, Tsujiuchi et 

al. 2008).  This is similar to the finding that mammalian TRPA1 is activated directly by 

intracellular Ca and is dependent on an EF hand domain in the N-terminal region of 

TRPA1 (Zurborg, Yurgionas et al. 2007), (Doerner, Gisselmann et al. 2007).  

Additional studies have characterized two other heat sensitive members of the 

Drosophila TRPA family: dTRPA1 and pyrexia.  dTRPA1, the Drosophila orthologue of 

mammalian TRPA1, is activated by warm temperatures between 24-29C (Viswanath, 
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Story et al. 2003) in contrast to its cold activated mammalian counterpart.  dTRPA1 is 

expressed in two sets of larval CNS neurons and is required for normal thermotaxis; 

when dTRPA1 dsRNAs are injected into embryos, they fail to avoid elevated 

temperatures as larvae.  Because dTRPA1 is only detectable in the CNS, it has been 

proposed that these dTRPA1 neurons serve as core internal thermal sensors for 

Drosophila (Rosenzweig, Brennan et al. 2005) similar to the hypothalamus in mammals 

(Boulant 1998; Boulant 1998).  A study in adult flies has found results similar to those of 

the larva.  dTRPA1 is expressed in anterior cells of the CNS and is required for proper 

thermotaxis and temperature preference (Hamada, Rosenzweig et al. 2008).  However a 

recent study has suggested that dTRPA1 may be required downstream of a 

phospholipase C signaling cascade that amplifies differences in temperature rather than 

acting as a temperature sensor itself in thermotaxis (Kwon, Shim et al. 2008).  This study 

also suggested that thermotaxis may be mediated by a separate set of sensory neurons 

located near the larval mouthooks rather than in the CNS (Kwon, Shim et al. 2008).  

Consistent with the idea that dTRPA1 is expressed outside of the CNS, results from our 

lab also show that dTRPA1 is expressed in the sensory class IV multidendritic neurons.  

Furthermore, it is required for thermal nociception (currently unpublished, L.Z. and 

W.D.T.). 

pyrexia, similar to painless, has been shown to be expressed in peripheral 

multidendritic neurons, which are known to respond to temperature changes (Liu, 



 

18 

Yermolaieva et al. 2003; Tracey, Wilson et al. 2003; Lee, Lee et al. 2005).  When pyrexia 

(pyx) is expressed in Xenopus oocytes, pyrexia channels activate at temperatures higher 

than 40°C.  There are two known isoforms reported, pyx-A and pyx-B.  While homomeric 

channels are non-selective cation channels, heteromeric channels appear to 

preferentially select potassium ions, which is consistent for their reported role in 

neuronal protection from high temperature triggered neuronal firing.  It has been 

proposed that pyrexia is important in protecting flies from high temperature presumably 

via potassium hyperpolarization at high temperatures.  When pyx mutant flies are 

exposed to temperatures over 40°C, roughly 60% of pyrexia null flies are paralyzed 

within 3 minutes of exposure whereas only 9% of wild type flies are paralyzed (Lee, Lee 

et al. 2005).    

 

1.7 Model for temperature sensitive TRP channels 

Since a number of temperature sensitive ion channels have now been identified, 

a major question raised is what are the molecular mechanisms used to detect specific 

temperatures.  While these mechanisms are still largely unknown, recent evidence has 

suggested that for certain TRP channels, the C-terminal domain plays an important role 

in thermosensation.  When the C-terminal domain of the heat sensitive TRP channel 

TRPV1 is truncated in increasing amounts, there is a progressive reduction in the 

threshold of heat activation and a slowing of the activation rate of heat-invoked current.  
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Removal of the last 31 amino acids (aa) and 42 aa reduced the TRPV1 threshold of 

activation 3°C and 9°C respectively.  The 31 aa truncation also resulted in the slowing of 

the activation rate where the Q10 (rate change that occurs per 10°C) changes from 25.6 to 

4.7 (Vlachova, Teisinger et al. 2003).   In addition, chimeras created by swapping of the 

C-terminal domain of TRPV1 and TRPM8, a cold sensitive TRP channel, results in 

chimeric channels that take on the temperature sensing properties and PIP2 modulation 

corresponding to the properties of the donor C-terminus (Brauchi, Orta et al. 2006).  A 

TRPV1 channel with its C-terminal domain (CTD) switched with a TRPM8 CTD, is 

activated with cooling and activated by PIP2; while a TRPM8 channel with a TRPV1 

CTD is activated by heat and inhibited by PIP2.  Although these properties were able to 

be switched between the respective chimeric channels, the Q10 values of the chimeras 

were approximately 3 times smaller than seen in wild-type channels, suggesting that 

although coupling of temperature and channel opening was maintained, its efficiency 

was significantly lowered.   

While work has suggested that the CTD of certain TRP channels may convey 

thermosensation, two other studies have each proposed a thermodynamic model for 

thermosensation for TRP channels (Brauchi, Orio et al. 2004; Voets, Droogmans et al. 

2004).  Nilius and colleagues showed that TRPM8 and TRPV1 are voltage modulated 

and that temperature affects their voltage-sensitivity.  TRPV1 is known to activate at 

temperatures > 43°C.  Surprisingly, altering the voltage changes the temperature 
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threshold.  For example, at -100 mV, TRPV1 activates at 40°C and at +100mV, TRPV1 is 

open at room temperature.  Conversely, changing the temperature changes the V1/2 

(midpoint of voltage activation).  Thus temperature response and voltage modulation 

are intimately related.  Using a simple two-state model system (open, closed), they 

found that only the opening rate of TRPV1 was temperature dependent and its closing 

rate was not (TRPV1 opens more frequently at warm temperatures); for TRPM8 the 

closing rate was temperature sensitive and the opening rate was not (TRPM8 closes 

infrequently at cold temperatures).  The activation energies (Ea,open; Ea,close) associated 

with the opening and closing rates were significantly different for both channels: for 

TRPV1 Ea,open >> Ea, close and for TRPM8,  Ea,open << Ea, close.  The model proposes that 

temperature sensitivity occurs when sufficiently different activation energies exist 

between channel opening and closing.  Most voltage gated ion channels have similar 

temperature dependence of channel activation and deactivation (Ea,open ~ Ea, close) (Voets, 

Droogmans et al. 2004).   

Latorre and colleagues observed similar thermodynamic properties for TRPM8 

but claim that the fast component of cold-activated TRPM8 is voltage independent.  

They suggested a different model where TRPM8 activation involves separate sensors for 

cold and voltage.  They proposed three two-state model systems (cold sensor, voltage 

sensor, channel opening) that interact allosterically with each other to explain channel 

gating (Brauchi, Orta et al. 2006).  Although the models differ, these two studies suggest 
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that intrinsic thermodynamic channel properties are responsible for temperature gating.  

TRPM8 and TRPV1 can be activated by temperature changes in excised patches, 

suggesting that intracellular factors are not required for activation (Tominaga, Caterina 

et al. 1998; Reid and Flonta 2002).  In contrast, TRPV4 can be activated by heat in whole-

cell configuration but not in excised inside-out membrane patches, suggesting that an 

endogenous ligand is required (Watanabe, Vriens et al. 2002).  TRPV4 also contains a 

tyrosine residue in S3 that is essential for heat activation, possibly involving the binding 

of a phorbol ester released by heat (Vriens, Watanabe et al. 2004).  Conformational 

changes or temperature dependent changes in the lipid bilayer have also been 

hypothesized to result in channel opening (Clapham 2003; Voets, Droogmans et al. 

2004). 

 

1.8 Mechanosensation 

In addition to thermal stimuli, polymodal nociceptors can also detect strong 

mechanical stimuli.  Relatively little is known about how mechanotransduction occurs in 

living organisms even though it plays a critical role in a number of other systems 

including touch, hearing, the detection of osmotic changes, and proprioception.  Studies 

aimed at identifying and understanding the molecular components involved in 

mechanosensation have led to two main models of mechanosensation that I will refer to 

as the lipid tension model and the tethered model respectively.  The common theme to 
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both models is that ion channels lie at the center of the transduction complex since in 

both models, mechanical force leads to the flow of ions across cellular membranes.   

 

1.8.1 Lipid tension model of mechanotransduction 

Mechanosensation has likely existed since the emergence of the earliest life forms 

on earth since mechanosensitive currents are found in many extant prokaryotes where 

they are important for surviving in extreme osmotic conditions.  In E. Coli, increased 

osmotic pressure causes mechanosensitive (msc) channels to open and to release 

osmolytes, which relieves the pressure exerted upon the membrane.  The identity of the 

msc channels responsible for the mechanosensitive currents (MscL: msc of large unitary 

conductance, MscS: msc of small unitary conductance) was confirmed when bacteria 

which were mutant for MscL and MscS, lysed  upon mild changes in osmolarity (Levina, 

Totemeyer et al. 1999), reviewed in  (Kung 2005).  Furthermore, MscL currents were seen 

when suction was applied to patch clamp recordings of E. Coli spheroblasts (Martinac, 

Buechner et al. 1987) and MscL channel proteins that were purified and reconstituted in 

artificial liposomes; these were still able to open in response to pressure (Delcour, 

Martinac et al. 1989), (Sukharev, Martinac et al. 1993), (Sukharev, Blount et al. 1994), 

(Hase, Le Dain et al. 1995).  Because reconstituted Msc channels in pure lipid bilayers are 

still mechanically activated (Sukharev, Blount et al. 1994), (Perozo, Cortes et al. 2002), 

(Perozo, Kloda et al. 2002) no other cellular proteins or components are required to aid 
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in the transduction of force to the msc channels.   The channels are capable of directly 

sensing changes in intrinsic bilayer forces (reviewed in (Anishkin and Kung 2005)).  This 

has led to the lipid tension model of mechanotransduction which proposes that force is 

transmitted through the lipid membrane to the mechanosensitive channel which 

controls its opening probability (reviewed in  (Kung 2005), (Anishkin and Kung 2005)).   

In this model, the interaction between the lipid bilayer and the Msc channel are 

of critical importance in determining the open probability of the ion channel.  Studies 

which investigate changing the hydrophobicity of Msc channels and the lipid profiles of 

membranes have shown that such manipulations can affect Msc channel opening.  X-ray 

crystallography indicate that MscL exists as a homopentamer and each subunit contains 

two transmembrane (TM1, TM2) domains (Chang, Spencer et al. 1998).  The center of the 

channel contains a constriction towards the cytoplasmic side and is lined by 

hydrophobic components on the N-terminal domain of TM1 (Ou, Blount et al. 1998).   

Mutations in the hydrophobic constriction can cause either loss of function or gain of 

function mutants, suggesting that the hydrophobicity affects the gating and opening 

threshold of the channel (Li, Wray et al. 2004).   

In addition, the force profile of lipid bilayers has been analyzed (Cantor 1997), 

(Cantor 1999) and simulated (Lindhal and Edholm 2000), (Gullingsrud and Schulten 

2003).  In molecular dynamic simulations, the force profile of the membrane can be 

changed via membrane stretch or channel displacement and this change in force profile 
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can favor a different conformation of the ion channel, such as moving towards the open 

state (reviewed in (Kung 2005)).  Furthermore, changing the lipid composition of the 

bilayer can also alter the membrane force profile.  For example, adding cationic 

amphipaths to a red blood cell membrane causes it to form concave cups (cup formers) 

whereas adding anion amphipaths can cause convex bulges (crenators) (Sheetz and 

Singer 1974).  Different properties of the added lipids can affect activation of Msc 

channels.  Lipid solubility increases their ability to activate channels (Martinac, Adler et 

al. 1990) and activation only occurs when crenators or cupformers are added to one 

monolayer instead of both (Perozo, Kloda et al. 2002).  This is because addition of the 

lipds to both bilayers has a cancellation effect that prevents cup forming or crenation.  

Lipid shape, which can be approximated as inverted cones (e.g. polyunsaturated fatty 

acids such as arachadonic acid), rods (e.g. phospholipids), or upright cones (e.g. 

lysophospholipids), can affect the curvature and force profile of a lipid monolayer and 

affect the activation of Msc channels (reviewed in (Kung 2005)).  It has been theorized 

that anesthetics which are lipid soluble are able to change the lipid force profile as well 

(Cantor 1998).   

Evidence suggests that the lipid tension model also applies to higher level 

organisms as well.  TREK-1 (KCNKQ2) which belongs to the TREK family of two pore 

potassium ion channels has been shown to be heat activated (Maingret, Lauritzen et al. 

2000) and mechanically activated via membrane stretch and cell swelling.  In addition, 
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altering the lipid force profile with differently shaped lipids results in TREK-1 opening 

(Patel, Honore et al. 1998), similar to the Msc channels. TREK-1 is expressed in small 

sensory neurons in DRGs including TRPV1 positive nociceptors. Consistent with its 

expression in nociceptive neurons, knockout mice have been shown to have lower 

thresholds for mechanical stimuli and are more sensitive to noxious heat.  They were 

also found to exhibit thermal and mechanical hyperalgesia in the context of 

inflammation (Alloui, Zimmermann et al. 2006).  Other members of the two pore 

potassium channels, TREK2 (KCNK10), and TRAAK have also been shown to be 

mechanically gated (Dedman, Sharif-Naeini et al. 2009).   

Therefore, there is a significant amount of evidence for the lipid tension model of 

mechanosensation and it likely plays a role in a number of mechanosensitive scenarios.  

However, only a small number of candidate transduction molecules are activated by 

membrane stretch when expressed in heterologous cells (Chalfie 2009) which may 

suggest that at least one other model of mechanosensation may exist. 

 

1.8.2 Tethered model of mechanotransduction 

The other hypothesized model of mechanosensation is the tethered model which 

attaches extracellular or intracellular, (or both) tethers to a mechanosensitive ion channel 

in order to transduce force.  This model is consistent with studies in C. elegans mutants 

that are defective in gentle touch.  When C. elegans are gently touched with an eyebrow 
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hair near either the head or tail, they reverse direction to move away from the stimulus 

(Chalfie and Sulston 1981).  C. elegans possess six touch receptor neurons that contain 15-

protofilament microtubule bundles (Chalfie, Sulston et al. 1985),(Goodman 2006), (Hall 

and Altun 2008).  These neurons are distinct from the set of neurons that mediate harsh 

touch (Hall and Altun 2008) since animals lacking the touch receptor neurons are 

capable of responding to harsh touch administered via a platinum wire (Chalfie and 

Sulston 1981).  A screen for gentle touch defective mutants led to the identification of the 

candidate mechanotransducer mec-4 , mec-10 degenerin / epithelial sodium channel 

(DEG/ENaC) transduction complex.   

In addition to mec-4 and mec-10, many other genes were identified that are 

required for the light touch behavior (along the body wall).  The mechanotransducing 

complex (Chelur, Ernstrom et al. 2002), (Goodman, Ernstrom et al. 2002) is composed of 

several components: mec-4 and mec-10 are thought to be the pore forming subunits of the 

ion channel complex; other components include a paraoxonase-like protein mec-6 and 

stomatin-like proteins mec-2 and unc-24 (reviewed in (O'Hagan and Chalfie 2006), 

(Garcia-Anoveros and Corey 1997), (Goodman and Schwarz 2003), (Ernstrom and 

Chalfie 2002)).  Mutations in mec-4, mec-2, and mec-6 eliminate mechanoreceptive 

currents and touch sensitive Ca transients (Chalfie and Au 1989); (Chalfie and Sulston 

1981); (O'Hagan, Chalfie et al. 2005);(Suzuki, Kerr et al. 2003).  The function of human 

paraoxinases is unknown but it is known that stomatin is a component in red blood cell 
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membranes and is involved in cation transport regulation. Hereditary stomatocytosis 

results in a disease with altered cell permeability (Stewart, Argent et al. 1993).  Mec-2’s 

Stomatin-like domain is likely responsible for its association with the transduction 

complex (Goodman, Ernstrom et al. 2002), (Zhang, Arnadottir et al. 2004).  In addition, 

human proteins similar to mec-2 and mec-6, podocin and paraoxonase 1 and 3, may be 

involved in cholesterol regulation.  mec-2 binds cholesterol (Huber, Schermer et al. 2006) 

and paraoxonase 1 and 3 are thought to be involved in cholesterol oxidation (Getz and 

Reardon 2004).  This lipid regulation may suggest that the lipid environment is 

important for a functioning mechanotransduction complex and that the lipid tension 

model may be involved in C. elegans mechanosensation.   

Direct evidence that the mec-4 / mec-10 channel encodes the actual transduction 

channel was provided by (O'Hagan, Chalfie et al. 2005).  Although null alleles 

completely eliminated transduction currents (receptor potentials), the ion selectivity of 

the receptor potential was altered by missense mutations of mec-4 and mec-10 (O'Hagan, 

Chalfie et al. 2005).  Both the mec-4 (u2) mutation which results in a G716D mutation and 

the mec-10 (u20) which has a G676R mutation, shifted the reversal potentials of 

mechanoreceptive current (MRC) to negative potentials, suggesting that the ion channel 

selectivity had been altered.  Since the quality of the receptor potential is altered rather 

than eliminated by these mutations, the pore of the native channel must include these 

proteins (O'Hagan, Chalfie et al. 2005). 
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Other genes identified from the gentle touch screen suggest that other potential 

“tethers” may be part of the transduction complex.  The expression pattern of a mec-

4::YFP reporter, which labels punctate structures along the touch receptor neuron 

process (Chelur, Ernstrom et al. 2002), parallels the distribution of other MEC proteins 

suggesting they are all components of a single transduction apparatus. For example, the 

extracellular matrix proteins (ECM) mec-1 and mec-5 co-localize with mec-4::YFP puncta 

in vivo, and formation of the puncta is affected by mutations in mec-1, 5, and 9 (Emtage, 

Gu et al. 2004), (Du, Gu et al. 1996).  Mutation in any of these 3 ECMs also results in 

touch insensitivity.  Fifteen protofilament microtubule bundles in touch neurons are 

assembled from the mec-12 alpha-tubulin and mec-7 beta tubulin (Chalfie and Thomson 

1982), (Fukushige, Siddiqui et al. 1999), (Savage, Hamelin et al. 1989).  mec-7 null 

mutations results in touch insensitivity and a reduced mechanoreceptor current 

(O'Hagan, Chalfie et al. 2005) suggesting that these cytoskeletal components play a role.  

Their role increases efficiency of the MEC channel but is not completely required 

because a residual mechanosensory current remains in mec-7 mutants.  Since other 

tubulins are present in the touch neurons, it is possible that functional redundancy 

explains the residual response.  Identification of these cytoskeletal and ECM 

components in touch screens has given rise to a “tethered model” where the 

transduction channel interacts with components of the cytoskeleton and/or extracellular 

matrix to detect force (O'Hagan, Chalfie et al. 2005), (Goodman 2006).   
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1.8.3 TRP channels and mechanotransduction in C. elegans 

In addition to DEG/ENaCs, TRP channels have also been found to be required 

for other mechanosensory behaviors in C. elegans.  osm-9 belongs to the TRPV subfamily 

of TRP channels and is expressed in multiple sensory neurons including ASH neurons 

which act as polymodal nociceptors.  ASH neurons are required for noxious stimuli such 

as mechanical stimuli and high osmolarity and osm-9 mutants are defective in responses 

to noxious stimuli.  ocr-2, another C. elegans TRPV subfamily member, is also required 

for noxious behaviors although mutants have a milder phenotype.  Both osm-9 and ocr-2 

require each other for localization in the cilia (Colbert, Smith et al. 1997), (Tobin, Madsen 

et al. 2002).   Interestingly, mammalian TRPV4, which can be activated by osmolarity 

changes and mechanical stimuli, can rescue osm-9 mutant osmolarity and 

mechanosensitivity phenotypes.  Expression of TRPV4 in ASH neurons allows them to 

respond to hypertonicity and changes the threshold of osmosensation to that of the 

mammalian threshold.  However, it responds to hypotonicity when expressed in 

heterologous cells suggesting that other components within the ASH neuron can change 

the behavior of TRPV4.  These data coupled with the result that a point mutation in the 

pore loop of TRPV4, M680K, eliminates the rescue, suggest that TRPV4 acts as an 

osmosensor or a part of it (Martinac 2008).  This rescue appears specific to 

osmosensation since TRPV4 expression in ASH neurons does not rescue G-protein 



 

30 

mediated odorant behavioral phenotypes (reviewed in (Kahn-Kirby and Bargmann 

2006), (Damann, Voets et al. 2008)).  In addition to C. elegans TRPV channels, two other 

TRP channel subfamilies have been shown to play a role in mechanosensative functions. 

TRPA1 is required for repetitive nose-touch and foraging behaviors and can be 

mechanically activated when expressed heterologously in mammalian cells suggesting it 

plays a role in mechanosensation (Kindt, Viswanath et al. 2007).  TRP-4, the homologue 

of TRPN, is also involved in stretch-receptor mediated proprioception which is 

mediated by the stretch-activated DVA neurons (Li, Feng et al. 2006). 

 

1.8.4 TRP Channels and mechanosensation and Drosophila 

Studies similar to C. elegans touch insensitive mutants have also been performed 

in Drosophila.  nompA, an extracellular protein required for the connection of neuronal 

sensory endings and the cuticle (Chung, Zhu et al. 2001), was identified from a screen of 

mutants that lacked a response from mechanosensory bristles.  This protein could serve 

as a tether for a mechanosensitive channel which could play a similar role to the ECM 

proteins identified in C. elegans light touch and the tethered transduction complex.  

However, it is not clear if nompA tethers a mechanosensitive channel or only the 

dendrite to the cuticle.  nomp-C, a TRPN channel which was also identified from a screen 

of mechanoreceptive mutants, is perhaps the best TRP channel candidate that may 

function as a mechanotransducer.  Mutants almost completely lack mechanosensitive 
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currents save for a small mechanically gated residual response.  This residual response 

however leaves open the possibility that nomp-C may not be a mechanotransducer or 

that an additional transducer may be present.  Interestingly, nomp-C’s well conserved 

and unusual stretch of 29 ankyrin repeats in its N-terminal domain makes its N-terminal 

domain an attractive candidate as a cytoskeletal tether (Walker, Willingham et al. 2000).  

In addition to lacking bristle receptor potentials, nomp-C mutants have reduced antennal 

sound evoked potentials (Eberl, Hardy et al. 2000) suggesting a role in 

mechanosensation in the fly auditory apparatus.  Recent work now also points nomp-C 

towards a mechanotransduction role in the Drosophila hearing organ or Johnston’s organ 

(Gopfert, Albert et al. 2006).   This is distinct from two TRPV channels, inactive and 

nanchung, which are activated by hypo-osmotic shock in heterologous cells and are also 

required for sound evoked potentials.  The recent work by Gopfert points to their 

functional role in propagation and amplification of sound signals (Gopfert, Albert et al. 

2006), reviewed in (Kernan 2007). 

 

1.8.5 ASICs  

Despite the very strong evidence from C. elegans, DEG/ENaCs have yet to be 

clearly implicated as mechanotransducers in other species.  A number of studies have 

been performed on the mammalian acid sensing ion channels (ASICs), which belong to 

the DEG/ENaC family, investigating their potential role in mechanosensation in mice, 
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but a clear unifying model has not emerged (reviewed in (Wemmie, Price et al. 2006), 

(Lingueglia 2007)).  Most ASIC isoforms are present in primary sensory neurons of the 

dorsal root, trigeminal, and vagal ganglia (Lingueglia 2007) and some are also present in 

specialized cutaneous structures such as Meissner corpuscles and Merkel nerve endings 

(Price, McIlwrath et al. 2001), (Garcia-Anoveros, Samad et al. 2001), (Price, Lewin et al. 

2000).   Expression in these tissues suggests some role in mechanosensation.  However 

studies with ASIC knockout mice have been inconclusive on the roles for these channels 

in mechanosensation.  For example, in one study ASIC2 null mice were reported to have 

reduced sensitivity in low-threshold rapidly adapting mechanoreceptors (Price, Lewin et 

al. 2000) but another study reported no change in mechanosensation with an 

independently generated ASIC2 null (Roza, Puel et al. 2004).  ASIC1a null mice do not 

have any phenotype for cutaneous mechanosensation (Page, Brierley et al. 2004) 

whereas ASIC3 null mice have been reported to have an increased sensitivity to light 

touch but reduced sensitivity to noxious pinch (Price, McIlwrath et al. 2001).  In addition 

to cutaneous mechanosensation, ASIC1, ASIC2, and ASIC3 appear to be involved in 

visceral mechanosensation.  ASIC1a plays an inhibitory role and removal of this 

component increases sensitivity in splanchnic cololic afferents and vagal 

gastroesophogeal afferents.  Disruption of ASIC3 results in decreased 

mechanosensitivity in almost all visceral afferents except gastroesophageal mucosal 

receptors (Page, Brierley et al. 2004); (Jones, Xu et al. 2005);(Page, Brierley et al. 2004).   
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Although ASICs have been implicated in a number of mechanosensory functions, it is 

unclear how they are involved or whether they participate in a mechanotransduction 

complex like that of C. elegans.  

 

1.8.6 The gating spring hypothesis 

While somatosensory mechanotransduction in mammals is still not well 

understood, our understanding of the auditory hair cell and its mechanotransducer has 

been more thoroughly characterized; this has led to a specialized tethered model called 

the gating spring model.  The sensory organelle of the hair cell is a microvillar bundle 

which consists of many stereocilia and one tall kinocilium which degenerates after 

bundle maturation.  All are interconnected through several types of extracellular 

crosslinks.  Deflection of the bundle towards the kinocilium applies tension and opens 

ion channels located near the tips of the stereocilia (reviewed in (Garcia-Anoveros and 

Corey 1997)).  Because the response time (µs) of the mechanosensitive current is order of 

magnitudes faster than known second messenger systems (ms), a direct gating-spring 

model was proposed for transduction (Corey and Hudspeth 1983).  This property of fast 

response times has now been found in Drosophila melanogaster mechanoreceptors 

(Walker, Willingham et al. 2000) and chordotonal neurons (Albert, Nadrowski et al. 

2007) and C. elegans touch neurons (O'Hagan and Chalfie 2006) suggesting at least one 
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unifying property may be present in several mechanotransducers.  Namely, 

mechanotransduciton is too rapid for diffusion of second messengers. 

In the gating spring model, at least one extracellular or intracellular tether is 

anchored to the mechanosensitive ion channel and deflection of the stereocilia pulls on 

the channel through the tether causing it to open.  The tether acts like a spring in that 

deflection of the bundle stretches an elastic link, which transfers tension onto the 

channel protein and causes the channel to open.  The tension in this spring can be 

modulated to affect the open probability of the ion channel.  This model explains the 

importance of the direction of bundle deflection since deflection in the opposite 

direction slackens the elastic link and results in channel closure (Garcia-Anoveros and 

Corey 1997), (Gillespie and Walker 2001), (Gillespie and Walker 2001).  This model is 

also consistent with the kinetics of hair cell transduction (Corey and Hudspeth 1983) and 

was strongly supported when channel opening was found to be associated with bundle 

stiffness.  Further support also came from a study which showed that application of 

aminoglycosides resulted in hair cell bundle movement suggesting that a change in ion 

channel conformation resulted in gating displacement (Howard and Hudspeth 1988; 

Denk, Keolian et al. 1992).  Additionally, this model was consistent with an ion channel 

serving as the mechanotransducer because calcium imaging experiments suggest that 

deflection causes calcium entry into the tips of stereocilia (Denk, Holt et al. 1995).  A 

recent study using fast confocal imaging of calcium siganals in hair cells has suggested 
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that the mechanosensitive channel is located in all rows of stereocilia except the tallest 

row since the mechanosensitive ion channel is located at the base of the tips links, which 

are extracellular cross-links near the stereocilia apical ends (Figure 1-1) (Beurg, 

Fettiplace et al. 2009).   

The original identification of extracellular tip links (Pickles, Comis et al. 1984) 

initially led to the tip-link hypothesis.  This hypothesis proposed that tip links were 

elastic and directly attached to ion channels (Figure 1-2B) and that tension on the tip link 

would cause the channels to open (Corey and Sotomayor 2004).  Recently, two proteins 

have been identified as important components of the tip link: cadherin 23 (Siemens, Lillo 

et al. 2004; Sollner, Rauch et al. 2004), and protocadherin-15 (Ahmed, Goodyear et al. 

2006).  The identification of these components argues against the extracellular tip-link 

serving as the gating spring because molecular dynamic simulations have predicted that 

cadherin would be too stiff and require physiologically unrealistic large forces in order 

to stretch (Sotomayor, Corey et al. 2005).   

Given the proposed stiffness of the tip-link components and the known spring 

constant of the gating spring, a new model has been postulated placing the gating spring 

inside the cell (Figure 1-2C) (Corey and Sotomayor 2004).  Several properties of the hair 

cell conduction channel, such as high permeability to Ca2+ and large unitary 

conductance, are consistent with the possibility that it could be a TRP channel 

(Strassmaier and Gillespie 2002; Ricci, Crawford et al. 2003; Corey 2006).  Because there 



 

36 

are a large number of ankyrin repeats on several mechanoTRPs channels (Clapham 2003; 

Corey 2003), it has been proposed that an intracellular gating spring could be formed by 

the ankyrin repeats of a TRP channel.  Ankyrin repeats are 33 amino acid motifs 

occurring in at least four tandem repeats and are found in nearly all phyla (Lux, John et 

al. 1990; Bork 1993; Mosavi, Cammett et al. 2004).  Each repeat has two anti-parallel α 

helices that can stack into a superhelical structure (Michaely, Tomchick et al. 2002).  

Recent evidence using atomic force microscopy on tandem ankyrin-R repeats 

demonstrate that ankyrin repeats can behave as a linear and reversible molecular spring 

(Lee, Abdi et al. 2006) further supporting the idea that ankyrin repeats can serve as a 

gating spring.  In Drosophila and zebrafish, Nomp-C, a TRPN family member, has been 

proposed as a mechanotransducing channel (Clapham 2003; Corey 2003) because Nomp-

C mutants are defective in the detection of sound (Clapham 2003; Corey 2003), (Sidi, 

Friedrich et al. 2003), (Eberl, Hardy et al. 2000).  The number of ankyrin repeats (29) in 

Nomp-C has been conserved in Drosophila and zebrafish and similarly, frog Nomp-C 

has 28 ankyrin repeats (Shin, Adams et al. 2005).  It was proposed in 2004 that TRPA1 

may serve as the mechanotransduction ion channel in mammalian hair cells in part 

because simulations using 17 ankyrin repeats (TRPA1) predicted that the ankyrin 

repeats’ potential spring gating constant is similar to the gating spring calculated from 

experimental data of bullfrogs (1mN/m) (Howard and Hudspeth 1988; Sotomayor, 

Corey et al. 2005).  Later studies on TRPA1 knockout mice have shown that TRPA1 is 
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not required for hearing (Bautista, Jordt et al. 2006), (Kwan, Allchorne et al. 2006), but 

Nomp-C’s requirement for hearing in Drosophila and zebrafish still supports a potential 

role of TRP channels in hearing. 

 

1.9 Drosophila as a model for nociception 

The above sections have described our current understanding with regard to 

thermosensation and mechanosensation.  However, many of these studies have been 

performed outside of the context of nociception.  In order to develop a genetic model 

system that enables us to study the molecular mechanisms of nociception, we have 

developed a paradigm for studying nociception in Drosophila melanogaster larvae.  In 

response to a noxious stimulus, larvae respond with a stereotyped behavior termed 

nocifensive (nociceptive defensive behavior) escape locomotion (NEL); the larvae rotate 

around the long-axis of its body so that it moves in a corkscrew fashion.  Various 

noxious stimuli, including thermal, mechanical, and chemical noxious stimuli are able to 

elicit the same behavior.  The temperature threshold for triggering this nocifensive 

behavior is between 39-41°C, similar to the threshold seen in primates (Tracey, Wilson et 

al. 2003).  A forward genetic screen looking for mutants defective in this nocifensive 

rolling behavior has identified the TRPA channel painless which is required for both 

thermal and mechanical nociception as described above.  Wild type larvae, when 

stimulated with a 46°C heat probe on its side body wall, will typically roll in less than 3 
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seconds.  painless mutant larvae have increased latencies until rolling and the majority of 

larvae take more than 3 seconds to roll when stimulated with a 46°C heat probe.  In 

addition to showing a defect in thermal nociception, painless mutant larvae are also 

defective in mechanical nociception.  When stimulated with a 45 mN Von Frey fiber, 

wild-type larvae demonstrate nocifensive rolling after a stimulus over 90% of the time 

whereas painless mutant larvae exhibit nocifensive rolling only 13% of the time (Tracey, 

Wilson et al. 2003).  However, a higher stimulus, 100 mN, is able to trigger painless 

mutant rolling (81%) closer to wild-type levels suggesting that such a defect is not due to 

the ability to perform the rolling behavior after a mechanical stimulus. 

Consistent with the thermal nociception phenotype, painless mutant larval 

abdominal thermosensory wall neurons showed reduced responses to high 

temperatures.  In wild-type nerves, increasing the temperature to 38-40°C showed a 

markedly increased firing rate compared to low spontaneous firing below that 

temperature range.  However, painless mutant larval sensory neurons rarely if ever 

showed increased firing at raised temperatures (Tracey, Wilson et al. 2003).  A recent 

study has also demonstrated that painless is a heat activated channel with a threshold of 

roughly 42.6°C (Sokabe, Tsujiuchi et al. 2008). 

Because of painless’s role in larval nociception, painless expression was of 

particular interest because its expression pattern could include larval nociceptive 

sensory neurons.  Its expression was reported in multidendritic (MD) sensory neurons, 
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chordotonal neurons, and a subset of CNS neurons.  It was hypothesized that the 

primary larval nociceptors were included in the multidendritic sensory neurons (type II 

sensory neurons) rather than chordotonal neurons (a type I sensory neuron) because 

mutants lacking chordotonal neurons (atonal mutants) were not defective in 

nociception.  Furthermore, the abdominal wall thermosensory neurons suggested a 

sensory neuron phenotype.  In support of this hypothesis, genetic silencing of all 

multidendritic neurons eliminated almost all thermal nocifensive rolling at 46°C (Tracey, 

Wilson et al. 2003).  The role that painless plays in larval nociception also appears to 

persist into adulthood.  When placed on a hot copper plate or when their abdomen is 

heated via laser, wild-type adult flies jump quickly to escape the noxious heat.  In 

contrast, adult painless mutant flies showed increased latencies before jumping, 

indicating that painless is also required for adult nociception (Xu, Cang et al. 2006). 

In addition, painless is also required in adult flies for the avoidance of 

isothiocyanate (ITC), the pungent ingredient of wasabi which causes a burning sensation 

in mammals (Al-Anzi, Tracey et al. 2006).  However, it is unclear in which part of the 

signaling pathway of ITC avoidance painless plays because in a mammalian  

heterologous cell system, painless is not directly activated by ITC (Sokabe, Tsujiuchi et al. 

2008).  Thus, the identification of a TRPA channel required for Drosophila nociception 

suggests that Drosophila nociceptive machinery is conserved across invertebrates and 
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vertebrates since mammalian TRPA1 also plays a clear role in (inflammatory) 

nociception. 

 

1.10  Chapter previews 

The remainder of this work has focused on characterizing the circuitry and genes 

involved in larval nociception.   

Chapter 2 describes the general techniques used in this study.  This includes the 

mechanical and thermal nociception assays performed on Drosophila larvae, optogenetic 

(blue-light triggered) activation of larval neurons, and laser capture microdissection 

which is used to generate cDNA from specific cell types. 

Chapter 3 describes the mapping of larval nociceptors to class IV multidendritic 

neurons.  These neurons are polymodal because they are required for both thermal and 

mechanical nociception.  In addition, predatory parasitoid wasp attacks on Drosophila 

larvae are able to trigger larval nocifensive escape behavior which suggests an 

evolutionary adaptive function for this larval behavior. 

Chapter 4 describes the neurotransmitter characterization of larval nociceptors.  

They contain genes that are required for the production of acetylcholine, serotonin, and 

neuropeptides indicating that they are cholinergic, serotonergic, and peptidergic.  

acetylcholine is required for both mechanical and thermal nociception behavior in larval 

nociceptors. 
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Chapter 5 demonstrates that the DEG/ENaC channel pickpocket is required for 

larval mechanical nociception.  However, pickpocket is not required for not thermal 

nociception suggesting that detection of thermal and mechanical stimuli in larval 

polymodal nociceptors can be separated at a molecular level. 

Chapter 6 describes an RNAi screen for ion channels required for mechanical 

nocicpetion.  The screen identifies two DEG/ENaC channels that are required for larval 

mechanical nociception, balboa and stallone. 

Chapter 7 describes a structure function analysis of the painless gene.  painless, 

which is required for both thermal and mechanical nocicpetion, has distinct isoforms 

which vary in the length of the ankyrin repeat containing N-terminal domain.  Analysis 

of two isoforms suggests that alternatively spliced forms of painless are responsbible for 

different polymodal functions of painless.  
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Figure 1-1: New model of hair cell channel location.  A new study by (Beurg, Fettiplace 

et al. 2009) suggests that the mechanosensitive hair cell channel is located at the base of 

the tips links and at the tips stereocilia below the tallest row. 



 

43 

a b c 

T

Channel Channel 

Tip link 

Tip link gating 

spring model 

Hair cell 

bundle 

Tip link 

Figure 1-2: Gating spring models.  A: Hair cell bundle. B: Model with 

extracellular tip links as gating spring, C: Model with intracellular ankyrin 

repeats as the gating spring.  This model has been adjusted to place the channels 

at the base of the tip links as suggested by (Beurg, Fettiplace et al. 2009). 
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2 General methods 

2.1 Thermal nociception behavioral assay 

The thermal nociception behavioral tests were performed as described 

previously (Tracey, Wilson et al. 2003) with slight modifications.   On the first day, 

crosses were established using 6 virgin females and 3 male flies in each vial. For each 

genotype, 6 vials were established and maintained in a 25 oC, 75% humidity incubator.  

 On the sixth day of the experiment, wandering third instar larvae from vials 

were  rinsed out of the vial with distilled water and into a plastic 60mm petri dish. 

Excess water in the dish was aspirated such that the larvae remained moist, but not 

floating in the water that was remaining in the dish. 

The temperature of the noxious heat probe (a soldering iron sharpened to a chisel 

tip shape of 0.6 mm wide) was controlled by adjusting the voltage.  A digital 

thermocouple (Physitemp, BAT-12) welded to the tip of the probe was used to precisely 

measure its temperature.  The stimulus was delivered by gently touching the larvae 

laterally, in abdominal segments 4, 5, or 6. Each larva was tested only once and 

discarded after the test. Analysis of videotaped behavior was performed offline.  The 

response latency was measured as the time interval from the point at which the larva 

was first contacted by the probe, until it initiated the rolling movement (the beginning of 

the first, complete 360 degree roll). 
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2.2 Mechanical nociception behavioral assay 

In mechanical nociception assays, wandering third instar larvae were collected as 

described for thermal nociception assays and then stimulated with a 100 mN calibrated 

Von Frey filament.  Von Frey filaments were made from Omniflex monofilament fishing 

line Shakespeare™ (6 pound test, diameter 0.009 inch (0.23mm).  Fibers were cut to a 

length of 14mm and attached to a glass pipette such that 4mm of the fiber protruded 

from the end and 10mm anchored the fiber.   Von Frey fibers were calibrated by using 

them to depress a balance until the fishing line was seen to bend. The force (in grams) 

was recorded and converted to millinewtons by multiplying the measured grams by a 

factor of 9.8.  Noxious mechanical stimuli were delivered by rapidly depressing the larva 

with the fiber on the dorsal side.  The quick release allows the larvae unrestrained 

freedom to perform escape locomotion behavior.  The stimulus was delivered to 

abdominal segments four, five, or six. A positive response was scored if at least one 360 

degree revolution around the A/P axis occurred in response to the mechanical stimulus. 

 

2.3 Optogenetic activation of neurons 

Optogenetic activation in this work refers to a technique that depolarizes 

neurons using a blue-light activated ion channel, channelrhodopsin-2 (ChR2).  Creation of 

ChR2 transgenic flies is described in the chapter 3.  Four to six virgin female flies of the 

GAL4 driver strain were crossed to male flies of the UAS-ChR2YFP strain.  Females 
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were allowed to lay eggs for 24 hours on apple juice agar with a dollop of yeast paste 

(either all-trans retinal [atr+, 500 µM] or atr- [0.5% ethanol]. The larval progeny were 

allowed to develop and feed on the yeast paste for 72 additional hours.  For behavioral 

analysis the larvae were transferred to 60 mm plastic Petri dishes containing 1-2 ml 

deionized H2O.  Larvae were then stimulated with blue light (460-500nm) using the Hg 

light source of a Leica MZ16 FA stereomicroscope (145,000 lux).  Blue light pulses were 

manually controlled and lasted for several seconds.  Each larva was given three pulses 

of blue light.  Behavioral responses were videotaped and analyzed off line.  A positive 

nocifensive roll was scored if the larva completed at least 1 revolution (360 degrees) in 

response to any of the three blue light pulses.  A positive accordion phenotype was 

scored if segmental muscle contractions occurred in response to the blue light. 

 

2.4 Laser capture microdissection and gene chip analysis 

Laser capture of identified neurons, RNA amplification and microarray services 

were provided by the NIH Neurosciences Microarray Consortium 

(http://arrayconsortium.tgen.org).  Lines ppk Gal4 / UAS-mCD8::GFP, 2-21 Gal4 / UAS 

mCD8::GFP, and elav-Gal4 / UAS-mCD8::GFP were used to label class IV MD neurons, 

class I MD neurons, and CNS neurons respectively.  Third instar wandering larvae are 

collected and embedded in O.C.T. Compound (TISSUE-TEK 4583) in Cryomold Biopsy 

Disposable Vinyl Specimen Molds (10mm x 10 mm x 5mm; TISSUE-TEK 4565). The 
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animals are frozen in O.C.T. over dry ice and temporarily stored at -80˚C until 

processing.   

8 µm cross-sections are made through the larvae with a LEICA CM 1850 Cryostat 

and mounted on RNAse free silane-prep slides. All animals are expressing mCD8::GFP 

(membrane bound GFP) so no staining step is necessary. Slides are fixed for 30 s in 75% 

EtOH and then rinsed in RNase-free water to remove residual O.C.T. Slides are serially 

dehydrated (75%, 95%, 100%, 100% EtOH) for 30 s and soaked in xylenes for 10 min to 

remove the EtOH. GFP positive cells are identified and captured with the VERITAS 

Microdissection System onto CapSure HS LCM (ARCTURUS LCM 0214) caps.  

Four samples of each neuronal cell type were sampled and each sample is given 

a binary value of present or absence of each gene on the Affymetrix gene chip as well as 

a relative level of abundance (when compared to a separate cell type).   

Class IV MD neurons were chosen because they are larval nociceptors and class I 

MD neurons were chosen because they are a similar  in morphology (type II) to class IV 

MD neurons but are not sufficient to trigger NEL.  Class I MD neurons have been shown 

instead to be required for larval locomotion (Hughes and Thomas 2007).  CNS neurons 

were chosen as a non-sensory neuron control.   
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3 Identification of larval nociceptors 

3.1 Introduction 

Relatively little is known about the molecular and neuronal circuits that encode 

somatosensory information in Drosophila.  The circuits used by the brain to encode 

information about external temperature, touch, and body position are virtually 

unknown.  However, for other sensory systems, studies of Drosophila have led to an 

exquisitely detailed understanding, and to the realization that some of the basic 

principles that are used to encode sensory information are shared between mammalian 

and insect brains.  For example, the glomerular architecture of the olfactory system is 

evolutionarily conserved (Ressler, Sullivan et al. 1994; Vassar, Chao et al. 1994; 

Mombaerts, Wang et al. 1996; Gao, Yuan et al. 2000; Vosshall, Wong et al. 2000).  Thus, 

by analogy, the study of somatosensation in Drosophila may provide significant insight 

into basic and evolutionarily conserved mechanisms of somatosensory processing. 

To study this problem we previously developed a behavioral paradigm for the 

study of nociception (pain sensing) in the Drosophila larva(Tracey, Wilson et al. 2003).  

This paradigm was based upon the simple observation that Drosophila larvae produce a 

stereotyped defensive behavior in response to noxious mechanical, chemical or thermal 

stimuli.  The pattern of locomotion elicited by noxious stimulation causes the larvae to 

roll in a highly stereotyped corkscrew-like fashion (Tracey, Wilson et al. 2003).  This 

defensive motor output is completely distinct from the well-known rhythmic peristaltic 
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locomotion that is used for other larval behaviors such as foraging.  To our knowledge, 

the rolling pattern of locomotion occurs only following noxious stimulation (heat, 

mechanical or chemical).  The behavior is therefore nocifensive (defensive behavior that 

is elicited by sensory stimuli that have the potential to cause injury). 

Although the nocifensive behavior can be elicited readily in the laboratory, the 

relevance of the behavior to stimuli that might be encountered in the natural 

environment remains unclear.  For this behavior to have evolved, and for it to be 

innately encoded in the genome, the behavior presumably provides a selective 

advantage.  This advantage must exceed the energetic costs of maintaining the neuronal 

circuits that mediate the response.    

Predation is one possible selective pressure that may have favored the evolution 

of the rolling escape behavior.  For example, many small parasitoid wasps of the 

superfamilies Chalcidoidea and Ichneumonoidea attack Drosophila larvae (Carton, 

Bouletreau et al. 1986).  The female wasp penetrates the Drosophila larval cuticle with a 

sharp ovipositor and lays its egg.   The larval wasp then devours the Drosophila from 

within and an adult wasp eventually emerges rather than a fly.   The cellular immune 

system of the Drosophila larvae has the ability to encapsulate and destroy the wasp egg 

so that all wasp infections do not result in the death of the larva (Rizki, Rizki et al. 1990).  

An evolutionary arms-race causes the wasp to evolve its own strategies to disrupt the 

host immune system (Rizki and Rizki 1984; Russo, Brehelin et al. 2001; Morales, Chiu et 
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al. 2005).  Wasp parasitism is believed to impose strong selective pressures on Drosophila.   

Studies of natural populations of Drosophila have found rates of infection that exceed 

sixty percent (Powell 1997).  The ecological importance of wasp parasitism is not limited 

to Drosophila.   Greater than 300,000 species of parasitic wasps exist in nature, and they in 

turn affect many more species of plants and insects (Quicke 1997).  

Several previous lines of evidence suggest that multidendritic (md) sensory 

neurons of the larva might function as nociceptors.  First, they morphologically resemble 

vertebrate nociceptive neurons since they have multiply-branched  (Bodmer, Carretto et 

al. 1989; Merritt and Whitington 1995; Gao, Brenman et al. 1999; Williams and Shepherd 

1999; Moore, Jan et al. 2002; Anderson, Ressegui et al. 2005; Williams and Truman 2005; 

Shima, Kawaguchi et al. 2007) naked nerve endings attached to epidermal cells.  Second, 

larvae with genetically silenced md neurons are completely insensitive to noxious 

stimulation and fail to produce the nocifensive response (Tracey, Wilson et al. 2003; 

Rosenzweig, Brennan et al. 2005).  Third, the Painless TRP channel is required for 

nociception and is expressed in md neurons (Tracey, Wilson et al. 2003).  Based on these 

lines of evidence we have previously proposed that md neurons function as nociceptors. 

 However, the morphology of md neurons suggests that these neurons are not a 

uniform population of cells.  Rather, at least four morphological subtypes have been 

identified.  According to the complexity of the dendritic arbors and other morphological 

features, the neurons are termed Class I–IV.  The Class I neurons have the simplest 
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dendritic arbors while the Class IV are the most complex (Grueber, Jan et al. 2002).  

Central projections of each of the md neurons have been analyzed in detail (Merritt and 

Whitington 1995; Schrader and Merritt 2000; Grueber, Ye et al. 2007).  The projections 

were consistent with the possibility that the neurons within a morphological class might 

provide similar informational content to the brain (i.e. suggesting a similar function). 

The central axonal projections were found to vary among classes of md neurons, 

suggesting functional specialization among the classes (Grueber, Ye et al. 2007).  Class I 

neurons project to motor neuropile of the dorsal abdominal ganglion and have been 

proposed to provide feedback to motor neurons.  However, Class II, Class III and Class 

IV neurons all project to ventral neuropile and, by analogy to other insects, are predicted 

to have somatosensory functions.   

Several studies have suggested non-nociceptive functions for md neurons 

(Ainsley, Pettus et al. 2003; Hughes and Thomas 2007; Song, Onishi et al. 2007).  For 

example, deletion of pickpocket, which encodes a DEG/ENaC type ion channel that is 

expressed solely in the Class IV md neurons, results in an interesting larval locomotion 

phenotype.  pickpocket mutant larvae move more rapidly than the wildtype larvae and 

turn less frequently (Ainsley, Pettus et al. 2003).  More recently, Hughes and Thomas 

found that the synaptic output of Class I md neurons and the bipolar dendritic (dbd) 

neurons, were required for propagation of peristaltic muscle contraction that occurs 

during normal larval locomotion (Hughes and Thomas 2007). 
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The various central projection patterns and dendritic morphologies of 

multidendritic neurons led us to ask: are all multidendritic neurons nociceptors or is 

nociception function restricted to a particular subtype?  In addition, we have begun to 

investigate selective advantages that may have led to the evolution of rolling 

locomotion.   We propose that selective pressures imposed by parasitoid wasps may 

have played a role in the evolution of this behavior. 

 

3.2 Materials and methods 

3.2.1 Molecular cloning   

To generate UAS-Channelrhodopsin2-EYFP the ChR2-YFP fusion gene was PCR 

amplified from the pLECYT template using the forward primer 

(5’CACCATGGATTATGGAGGCGGCCTGAGT3’) and the reverse primer 

(5’CTATTACTTGTACAGCTCGTC3’). To generate UAS-Channelrhodopsin2-mCherry 

the humanized ChR2-mCherry fusion gene was PCR amplified from the pFCK-hChR2-

mCherry-W template using the forward primer 

(5’CACCATGGACTATGGCGGCGCTTTGTC3’) and  the reverse primer 

(5’TTACTTGTACAGCTCGTCCATGCCGAG3’).  The PCR products were then cloned 

into pENTR/D-TOPO (Invitrogen) and then into the Drosophila pUASt-W Gateway 

destination vector (Murphy 2003) using Clonase II (Invitrogen).  The UAS-ChR2-EYFP 
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and UAS-Chr2-mCherry constructs were used to generate transgenic animals by 

transposase mediated transformation of w1118. 

 

3.2.2 Fly strains 

 yw; GAL4109(2)80 (md-GAL4), w; c161-GAL4, w;1003.3-GAL4, ppk-GAL4,  w; 2-21-

GAL4,  w;UAS-mCD8::GFP, w; UAS-Channelrhodopsin-2::YFP The UASChR2YFP 

inserts of Line C and Line1 are on chromosome II.  The insertion of Line2 is found on 

chromosome II.  In Line AB two insertions are present: one on chromosome II and the 

other on chromsome III.  The w; UAS-Chop2 line (Schroll, Riemensperger et al. 2006) 

was a third chromsome insertion. Drosophila stocks were raised on standard cornmeal 

molasses fly food medium at 25°C.  Where possible balancers containing the Tb marker 

were used to follow inheritance of the UAS insertion(s).   Alternatively, YFP fluorescence 

provided a means to follow UAS-ChR2YFP inheritance. 

 

3.2.3 Wasp husbandry:   

Leptopilina boulardi-17 wasps were housed in plastic fly vials at 18oC and fed with 

several drops of 70% honey that was placed upon the plug of the vial.  To propagate the 

stock, roughly 30 Drosophila were allowed to seed a vial of cornmeal medim for 24 hours 

at 25oC.  The flies were then removed, and approximately ten wasps of mixed gender 

were added to the vial and allowed to infect the hatched first instar larvae for a period of 
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24 hours.  The infected vials were then maintained at 25oC until the next generation of 

wasps emerged after 3-4 weeks .  These protocols were kindly provided by Jorge 

Morales and Shubha Govind. 

To document the behavioral response to wasp attack roughly 30 female Canton-s 

flies were allowed to lay eggs for 4 hours on an apple juice agar plate with yeast paste.  

The larval progeny were then allowed to develop for an additional 72 hours until the 

first day of third instar.  A single mated Leptopilina boulardi 17 female parasitoid wasp 

was then placed on the apple juice plate with the third instar larvae and the interactions 

with larvae were video-recorded through a stereomicroscope.  The parasitoid wasps 

used in our experiments did not have prior experience infecting third instar larvae.    

 

3.2.4 Confocal microscopy 

For visualization of GAL4 driver patterns, larvae heterozygous for the indicated 

driver and UAS-mCD8-GFP were filleted, fixed in 4% paraformaldehyde, For 

immunostaining, mCD8-GFP was detected with rabbit anti-GFP (Invitrogen 1:1000) and 

the secondary anti-rabbit Alexa Fluor 568 (Molecular probes 1:1000) and the neurons 

were counterstained with FITC conjugated goat anti-HRP  (Cappel). Similar methods 

were used for detection of YFP tagged ChR2.   Microscopy was performed on a Zeiss 

LSM 5 Live Confocal System.  Images shown are maximum intensity projections of 

confocal Z-stacks, brightness and contrast were adjusted using Adobe Photoshop. 
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3.2.5 Optogenetic activation 

Please refer to general methods. 

 

3.3 Results 

3.3.1 GAL4 drivers that target multidendritic neuron subtypes 

The Drosophila GAL4/UAS system allows for targeting of gene expression to 

precise cells of the animal (Brand and Perrimon 1993; Gao, Brenman et al. 1999).  Several 

GAL4 drivers have been identified that allow for targeting of gene expression to 

arborizing md neurons.  We first examined these drivers to determine if they would be 

useful for targeting specific subsets of md neurons in behavioral experiments.  We 

planned to cross the drivers to UAS-tetanus toxin light chain (UAS-TnT-E) lines 

(Sweeney, Broadie et al. 1995) and then to test animals that were trans-heterozygous for 

the GAL4 driver and UAS-TnT-E in nociception behavioral assays.  Since the tetanus 

toxin light chain cleaves the v-snare synaptobrevin, it reduces evoked synaptic vesicle 

release in the neurons which express the GAL4 driver, effectively silencing them. 

Four GAL4 drivers were identified that would be useful for our purposes.  The 

GAL4109(2)80 driver (Gao, Brenman et al. 1999)(md-GAL4)  was expressed in all four 

classes of md neurons (Figure 3-1A) whose projections decorated the entire epidermis.    
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The class I and II neurons, whose relatively unbranched dendrites tile only a 

subset of the entire epidermis, were strongly targeted by the c161-GAL4 driver (Smith 

and Shepherd 1996; Williams and Truman 2005) (Figure 3-1B).  As mentioned above, 

based on central projections, and on behavioral evidence, the class I neurons have been 

previously proposed to function as proprioceptors (Grueber, Ye et al. 2007; Hughes and 

Thomas 2007).  The function of class II md neurons is not known.   

The class III and IV md neurons possess more complex dendrites that tile the 

entire epidermis.  There is no region that lacks endings from these cells, a feature that 

would be expected for nociceptive neurons.  The Class III neurons (as well as Class II 

neurons) were targeted by the recently described 1003.3-GAL4 driver (Figure 3-1C) 

(Hughes and Thomas 2007). Finally, the pickpocket1.9-GAL4 (ppk-GAL4) (Ainsley, Pettus 

et al. 2003) driver targets class IV md neurons (Figure 3-1D).  

 

3.3.2 Silencing of class IV multidendritic neurons eliminates thermal 
nociception behavior 

As shown previously, when md-GAL4 was used to drive the expression of UAS-

TnT-E in all four classes of md neurons, the behavioral response to noxious heat was 

completely abrogated (Tracey, Wilson et al. 2003) (Figure 3-2B) compared to controls 

without a driver UAS-TnT-E/+ (Figure 3-2A).   

We next assayed the c161-GAL4 driver which targeted to all neurons of the Class 

I and II subtypes.  Compared to the control (UAS-TnT-E/+), larvae expressing UAS-TnT-
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E under control of c161-GAL4 showed only a slight (although statistically significant, 

Wilcoxon Rank-Sum Test, p<0.05) delay in their initiation of nocifensive responses 

(Figure 3-2) to the noxious heat probe which contrasts with the results seen with md-

GAL4 (Figure 3-2B).  However, the rolling behavioral output did not appear to be as 

coordinated as in the wild type and it took these larvae longer than control lines to 

achieve a complete roll. This result is consistent with previous studies that implicated 

the Class I md neurons in proprioceptive feedback that plays a role in peristaltic 

locomotion. Our results may indicate that the Class I (or possibly the Class II) md 

neurons also provide proprioceptive feedback necessary for completion of rolling 

behavior. 

We also inactivated the Class II and Class III neurons using the 1003.3-GAL4 

driver to drive UAS-TnT-E.  These larvae appeared normal in their initiation of the 

behavioral response compared to the control UAS-TnT-E/+ (Wilcoxon Rank-Sum Test, 

p=0.32) (Figure 3-2D).  The rolling response of larvae with silenced Class II and Class III 

neurons appeared coordinated and we did not observe any obvious defects in the 

quality of the behavior.   This result also suggests that the coordination defects seen with 

the c161-GAL4 driver were unlikely to be due to inhibition of Class II neurons. 

The data shown above indicate that blocking the output of Class I and Class II, or 

of Class II and Class III neurons did not strongly affect thermal nociception responses. 

This suggested that the Class IV neurons might be the relevant neurons involved in the 
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thermal nociception response.  To test this we were able to specifically inactivate the 

Class IV neurons using the ppk-GAL4 driver.   Indeed, larvae of the ppk-GAL4/UAS-

TnT-E genotype showed a dramatically impaired thermal nociception response 

compared to the control UAS-TnT-E/+ (Figure 3-2E, Wilcoxon Rank-Sum Test 

p<0.00001).  The frequency of larvae that failed to perform nocifensive behavior even 

after 10 seconds of stimulation was significantly increased relative to control genotypes.  

The rare larvae of this genotype that did produce the rolling behavior appeared to be 

coordinated.  Although blocking the Class IV neurons did not completely eliminate 

thermal nociception, the remaining response could be due to an incomplete block of the 

synaptic output in these cells by tetanus toxin light chain.   Alternatively, parallel 

processing may occur through sensory neurons that we have yet to identify as 

nociceptive.  

Our prior studies indicated that strong mechanical stimuli elicited the same 

nocifensive behavior that can be elicited by noxious heat.   We thus tested which of the 

various subtypes of md neurons were required for mechanical responses (Figure 3-2F). 

Blocking the Class I and Class II neurons did impair the behavioral responses to 

mechanical stimuli.  However, this result is difficult to interpret given that these larvae 

also appeared uncoordinated as described above.  Blocking the output of classes II and 

III had a milder effect on mechanical nociception.   Finally, as with thermal nociception, 

blocking Class IV neurons most strongly diminished the response to mechanical stimuli 
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(Figure 3-2F) suggesting the possibility that these cells have polymodal nociceptive 

functions.  

Combined, these results suggested that the synaptic output of Class IV md 

neurons plays a major role in initiating nocifensive behavioral responses to noxious heat 

or mechanical stimulation.   However, there are caveats to this interpretation of the data.  

For example, although our data suggested that the Class IV md neurons are required for 

the nocifensive behavior they did not prove that these neurons are nociceptors.  Instead, 

it was possible that these neurons were required for the central nervous system to 

efficiently control the behavior.  For example, they could merely provide proprioceptive 

feedback. 

 

3.3.3 Optogenetic activation of Class IV neurons elicits nocifensive 
behavior. 

Therefore, we next tested whether activation of md neurons would be sufficient 

to elicit nocifensive behaviors.  If activating these neurons could be shown to trigger the 

nocifensive behavior, it would place them upstream of the rolling behavioral output in 

this neuronal pathway.   

Targeted photo-activation of neurons has been achieved using 

Channelrhodopsin-2 (Boyden, Zhang et al. 2005; Li, Gutierrez et al. 2005; Schroll, 

Riemensperger et al. 2006; Arenkiel, Peca et al. 2007; Wang, Peca et al. 2007; Zhang, 

Wang et al. 2007) (ChR2) a light activated cation channel (Nagel, Szellas et al. 2003) from 
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green algae.  Importantly, ChR2 has been shown to be capable of causing light induced 

action potentials in Drosophila motor neurons (Schroll, Riemensperger et al. 2006).  

Further, GAL4 lines were used to drive UAS-Channelrhodopsin-2 in dopaminergic or 

octopaminergic neurons.  Remarkably, illumination with blue light resulted in specific 

associative learning effects in larvae that were dependent on feeding of larvae all trans-

retinal (which forms the chromophore for Channelrhodopsin-2) (Schroll, Riemensperger 

et al. 2006).   

We generated flies that express fluorescently tagged Channelrhodopsin-2 (ChR2-

YFP or ChR2-mCherry) under control of the GAL4/UAS system (UAS-ChR2-YFP, UAS-

ChR2-mCherry) (Boyden, Zhang et al. 2005; Zhang, Wang et al. 2007).  The fluorescent 

tags allowed us to identify a priori, lines that generated detectable expression levels of 

ChR2 in the md neurons (Figure 3-3A,B).   Expression of identical ChR2-YFP and ChR2-

mCherry proteins has been previously shown to render rat hippocampal neurons light 

sensitive (Boyden, Zhang et al. 2005; Zhang, Wang et al. 2007).   

We selected several of the YFP tagged lines for behavioral analysis.  The lines 

selected showed detectable fluorescence in peripheral sensory neurons when we crossed 

them to appropriate GAL4 drivers (Figure 3-3B).  We chose a more strongly expressing 

line (AB) with UAS insertions on both the second and third chromosomes, for 

behavioral analysis and crossed it to the GAL4 strains described above.  The larval 

progeny from these crosses were raised to third instar fed on yeast paste that either 
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contained all-trans retinal (atr+) or on yeast paste that did not contain all-trans retinal (atr-

); the latter contained the diluent alone (0.5% EtOH).  Individual third instar larvae were 

then transferred to a small droplet of water in a Petri dish so that they could be viewed 

on a fluorescent stereomicroscope that was equipped with a video recorder (allowing 

the behavioral response to illumination of blue light to be recorded).   

The atr+ yeast paste had no effect in control larvae that lacked a GAL4 driver 

(UAS-ChrR2-YFP/+).  However, in the presence of GAL4 drivers we indeed observed 

behaviors to pulses of blue light (460-500nm) that were strongly dependent on feeding 

of all-trans retinal.  Even in the presence of GAL4 drivers, ChR2-YFP expressing larvae 

that were fed the atr- yeast paste only rarely produced behaviors in response to blue 

light (Figure 3-3C, D, Figure 3-4A, Supplementary Information, Video 1). 

We first tested the effects of expressing ChR2-YFP using the Class I-IV (md-

GAL4) driver.  In response to blue light pulses we found that the larvae performed one 

of two distinct behavioral responses.  In the most prevalent response, the blue light 

caused the larvae to simultaneously contract the muscles of all body segments and to 

scrunch like a compressed accordion (Figure 3-3C, similar to Supplementary 

Information Video 2).  

In a more rarely occurring response, the larvae rolled using a motor pattern that 

appeared quite similar to the nocifensive rolling behavior (Figure 3-3D).  However in 

these larvae, the light-induced rolling was eventually followed by the accordion like 
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muscle contraction behavior.  The latter behavior is never seen in response to noxious 

heat or mechanical stimuli.   

We hypothesized that the accordion like behavior and the rolling behavior might 

reflect activation of distinct behavioral pathways, as a consequence of activating 

multiple neurons with distinct functions.  For example, it seemed possible that some 

md-neurons might trigger segmental muscle contractions while others might trigger 

nocifensive rolling.  If this were the case, then the behaviors described above could be 

the result of competition for these two pathways by light induced activation of the 

relevant triggering sensory inputs. We thus further tested whether activation of the two 

behavioral pathways could be separated, by more precise targeting of the ChR2-YFP to 

distinct md-neuron subsets.    

Indeed, when we expressed ChR2-YFP in the Class I and II neurons (c161-GAL4), 

or in the Class II and III neurons (1003.3-GAL4) we never observed rolling behavior in 

response to illumination with blue light (Figure 3-3D).  Instead, the blue light caused the 

larvae to perform the accordion response with high penetrance (Figure 3-3C, Figure 

3-4B, Supplementary Information Video 2).  That we did not observe rolling behavior in 

response to activation of the Class I, II, or III neurons is consistent with the inactivation 

studies described above since we did not find evidence that the synaptic output of these 

neuronal types was strongly required for the initial steps of thermal nociception 

behavior. 
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We hypothesize that the accordion phenotype reflects a role for the Class II 

and/or Class III md neurons in propagating the wave of muscle contraction during 

peristaltic locomotion.  During normal locomotion, activation of the Class II or the Class 

III neurons may occur via muscle contraction within a segment.   This may produce a 

signal coordinating the contraction of muscles in the next segment.  The accordion 

phenotype likely represents a manifestation of this process, but in an abnormal situation 

where the signal is sent to all segments simultaneously via optogenetic activation.  

In contrast, optogenetic activation of Class IV md neurons (ppk-GAL4/UAS-

ChR2-YFP) caused robust nocifensive-like rolling behavior and never resulted in the 

accordion like behavior (Figure 3-3C,D, Figure 3-4C, Supplementary Information Video 

3).  The penetrance of the nocifensive response to the blue light pulse was impressive, 

with 87% of the larvae responding with rolling behavior in lines strongly expressing 

ChR2-YFP.  With lines that expressed ChR2-YFP more weakly, the same behavior was 

observed, but with a reduced frequency (Figure 3-3E). 

Qualitatively, this light induced nocifensive behavior appeared very similar to 

thermally and mechanically induced rolling behavior.   However, the light induced 

behavior was initiated very rapidly (<100 ms after the light was turned on.  This was 

more rapid than the rolling induced with our standard nociception stimulus of 47oC 

where the larvae often require thermal stimulation of several seconds to elicit the 

response. The rapid behavioral responses with ChR2-YFP likely reflect the extremely 
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rapid kinetics of light activated channel relative to slower kinetics of thermal nociception 

at 47oC.  Indeed, very rapid thermal nociception responses can also be observed (rolling 

that initiates <100ms following contact with the thermal probe) but these require a 

stronger thermal nociception stimulus (53oC probe) (W.D.T, R.Y.H, L.Z., unpublished).  

Combined, these data conclusively demonstrate that activation of Class IV md 

neurons of the third instar Drosophila larva is sufficient to trigger a nocifensive-like 

motor output. In addition, we have found that the output of the Class IV neurons is 

necessary for triggering normal nocifensive behavior in thermal and mechanical 

nociception assays.  We therefore propose that the class IV multidendritic neurons 

function as nociceptors. 

 

3.3.4 Paradoxical directionality of rolling behavior  

We have used a thermal stimulus as a convenient method for the identification of 

neurons and mutants that affect the nociception pathway.  To perform the rolling escape 

response, the larva uses its muscles to move in a highly coordinated fashion that is 

distinct from peristaltic locomotion.  This suggests the existence of multiple central 

pattern generators in the larval brain (Figure 3-7).  Rolling locomotion causes larvae to 

move at a significantly higher velocity (3-5 mm/sec) (R.H., L.Z., unpublished) than 

typical peristaltic locomotion (1mm/sec).  This increased velocity presumably provides a 

selective advantage in a rapid escape from a potentially damaging thermal insult.  
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However, it is unlikely that the rolling behavior evolved solely for thermal nociception 

since strong mechanical stimuli also elicit the rolling response. 

Indeed, the following observations suggest that thermal nociception is unlikely 

to be the only selective pressure that drove the evolution of this behavior.  Surprisingly, 

we have found that Drosophila larvae have a genetically encoded tendency to initially 

roll towards the noxious heat probe rather than to roll away from it.  When animals 

were stimulated on the right side of the body, the preferred initial direction of rolling 

was to the right (ie. rolling clockwise) (Figure 3-5A). When stimulated on the left the 

preferred direction of rolling was towards the left (rolling counter-clockwise) (Figure 

3-5A).  The result was that the animals tended to initially roll in a direction that pushed 

them against the thermal probe rather than in a direction that carried them away.  After 

failing to escape following several revolutions, the larvae did reverse direction of rolling.  

The choice of roll direction was not random, indicating that the larval brain was capable 

of sensing the direction from which the stimulus was coming.  Yet, paradoxically, the 

circuitry that controlled rolling was strongly biased to produce the initial direction of 

motor output towards the side of the body that had been stimulated.   

In natural populations of Drosophila then, there must be a strong selective 

advantage in directional rolling towards the side of the body in which the nociceptors 

have been activated.  It is not obvious to us how this would be the case if noxious heat 

were the sole selective pressure driving the evolution of this behavior. 



 

66 

 

3.3.5 Third instar larvae escape from wasp attacks by rolling 

We sought an explanation for this paradox in the natural ecology of Drosophila.   

Diverse species of parasitoid wasps require a Drosophila host in order to complete their 

life cycle.  For example, the figitid wasp, Leptopilina boulardi is an obligate and 

ubiquitous parasitoid of Drosophila melanogaster (Carton 1984).  Female Leptopilina lay 

their eggs within the Drosophila by penetrating the larval cuticle and epidermis using a 

sharp ovipositor.  It has been reported that larval hosts of sufficient size (third instar) 

can behaviourally defend from wasp attack with vigorous movements (van Lenteren, 

Isidoro et al. 1998).   Inexperienced wasps have been reported to be more susceptible to 

larval defenses while experienced wasps eventually learn to attack smaller, more 

defenseless, animals (van Lenteren, Isidoro et al. 1998).    Thus, we wished to observe 

larval behavioural responses to wasp attack in order to determine whether the defensive 

behaviours triggered by wasps was similar to the responses that were triggered by 

activation of Class IV neurons via Channelrhodopsin-2YFP. 

We reasoned that the very fine and highly branched dendrites of the Class IV 

multidendritic neurons might be capable of detecting attacks from the wasp ovipositor.  

If this were the case, wasp attack should elicit the rolling response.  We further reasoned 

that the bias in rolling direction that we observed experimentally might be of benefit in 

evading a wasp attack.  Rolling in the direction counter to the side of the attack might 
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actually assist the wasp in its attempts to penetrate the cuticle (Figure 3-5B).  In contrast, 

rolling towards the direction of wasp attack might deflect the ability of the wasp 

ovipositor to penetrate the cuticle and allow the larva to escape (Figure 3-5C).  We 

hypothesized that such a mechanism would favour the evolution of neuronal circuits 

that encoded a behavioral tendency to roll towards the side of the body in which 

nociceptors had been activated, rather than away. 

As we had predicted, we found that third instar Drosophila larvae did respond to 

attack by Leptopilina boulardi by producing the rolling response (Figure 6, Supplementary 

Video 4).  The wasp triggered rolling resembled both mechanical and optogenetically 

triggered rolling.  Also, as expected, we observed larvae that rolled towards the side of 

the body from which the wasp attack had come. However, the overall outcome of the 

larval responses was somewhat unexpected to us.  Surprisingly, as a consequence of the 

larva rolling towards the wasp, the thin threadlike ovipositor of the wasp became 

wrapped around the larva (Figure 3-6, Supplementary Video 4).  The rolling behavior of 

the larva thus acted like a spool winding a thread.  After the larva had performed 

several revolutions, the wasp ovipositor eventually reached the limits of its length.  The 

larva continued to roll and finally carried the wasp through the air and onto its back.  At 

this point the wasp, clearly in danger of getting stuck in the medium, appeared to 

prematurely break off its attack.  The larva then quickly left the area as the female wasp 

retracted its ovipositor.  
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3.4 Discussion 

In this study, we have provided strong evidence that at least one of the classes of 

Drosophila  multidendritic neuron is nociceptive.  These are the Class IV neurons which 

express the pickpocket gene.  First, we have shown that blocking the synaptic output of 

class IV md neurons significantly impairs thermal and mechanical nociception behavior.  

Second, we have shown that optogenetic activation of these neurons is sufficient to 

trigger the stereotyped rolling response.   

It is important to note that our data do not rule out the possibility that the Class 

IV neurons might have polymodal functions.  It is possible for example, that the firing 

rate triggered by nociceptive stimuli exceeds a critical threshold that triggers rolling 

while lower firing rates could be used to regulate turning or rate of locomotion.   The 

latter possibility would be consistent with prior studies which proposed that the Class 

IV md neurons function as proprioceptors.  This hypothesis was based on the fact that 

larvae mutant for pickpocket move rapidly and turn less frequently than wild type larvae 

and by the fact that pickpocket is solely expressed in Class IV neurons (Ainsley, Pettus et 

al. 2003).  It will be interesting to further investigate the pickpocket mutant phenotypes in 

light of the nociceptive function for the Class IV neurons that we have presented here.  

The differences in the central projections of distinct types of md neurons are 

notable in light of the functions that we have observed.  Of the four Classes of 
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multidendritic neurons, only the Class IV md neurons have projections which cross the 

midline to innervate contralateral post-synaptic targets (Grueber, Ye et al. 2007).  This 

has similarity to pain processing in vertebrate brains in which ascending tracts of the 

contralateral spinal chord carry painful sensory information to higher order neurons of 

the brain (Purves, Augustine et al. 2001).  Future studies will allow us to determine 

whether the brain of the larva is involved in perception of the noxious stimulus or 

whether lower level processing in the abdominal or thoracic ganglion plays a role. 

Perhaps the most interesting question related to this issue is whether input from 

the Class IV neurons of larvae, or of adult flies, results in a negative associative valence.  

In larvae, this might allow avoidance of regions of fruits whose odor is associated with 

the presences of wasps.  Interestingly, the Class IV neurons persist through 

metamorphosis and are present in adult flies (Williams and Truman 2005) where they 

are unlikely to activate a rolling central pattern generator.  Furthermore, noxious heat is 

known to be an effective unconditioned stimulus in adult Drosophila operant learning 

paradigms (Wolf and Heisenberg 1991; Wustmann, Rein et al. 1996; Liu, Wolf et al. 1999; 

Zars, Wolf et al. 2000).  Can optogenetic activation of the Class IV md neurons be used 

as a substitute for an unconditioned stimulus in operant negative associative learning 

paradigms?  Does electric shock used in olfactory learning paradigms activate 

overlapping neuronal circuits? 
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Our unambiguous identification of the Class IV md neurons as nociceptors opens 

the door to further analysis of these interesting questions and will allow us to dissect 

this neuronal circuit, from the molecule to the behavior.  In addition, our identification 

of parasitoid wasp attack as an ecologically relevant stimulus that elicits rolling 

demonstrates an evolutionarily important adaptive function for this fascinating 

behavior. 
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Figure 3-1: GAL4 drivers which target distinct subsets of multidendritic neurons. 
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Figure 3-1: GAL4 drivers which target distinct subsets of multidendritic neurons. 

 (A-D) Confocal microscope images of third instar larval multidendritic neurons (dorsal 

cluster labeled with UAS-MCD8-GFP). (A1-D1) Immunostaining with the pan-neuronal 

marker anti-HRP-FITC (green). (A2-D2) Co-immunostaining with anti-GFP (magenta). 

(A3-D3) Merge. (A4-D4) Schematic diagrams of a dorsal cluster of MD neurons labeled by 

class and name for each GAL4 driver. (A) Expression pattern of md-GAL4 (Class I-IV). 

(B) Expression pattern of c161-GAL4 (Class I-II).  (C) Expression pattern of 1003.3-GAL4 

(Class II-III).  (D) Expression pattern of ppk1.9-GAL4 (Class IV).  Roman numerals 

represent multidendritic neuron class. Asterisk indicates the dmdI neuron.  Scale bar is 

10 µm. 
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Figure 3-2: Class IV multidendritic neurons are necessary for nocifensive behavior. 
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Figure 3-2: Class IV multidendritic neurons are necessary for nocifensive behavior. 

 (A-F)  The distribution of latencies of thermal nocifensive behavior in third instar larvae 

that were lightly touched with a 47oC probe. (A) Nocifensive response of the UAS-

TnTE/+ larvae without a GAL4 driver (n=112). (B) Blocking the synaptic output of all 

four classes of multidendritic neurons completely blocked thermal nocifensive responses 

(n=27). (C) Blocking the output of class I and II md neurons using the C161-GAL4 driver 

slightly increases the latency of thermal nociception behavior (n=195). (D) Blocking the 

output of class II and III md neurons using the 1003.3-GAL4 driver did not affect 

thermal nociception behavior (n=63).  (E) Silencing of class IV multidendritic neurons 

dramatically impaired thermal nociception behavior (n=139). (F) Effects of blocking 

different subsets of md neurons upon the frequency of mechanical nociception behavior 

(UAS-TnTE/+ n=179, c161-GAL4 n=79, 1003.3-GAL4 n=61, ppk-GAL4 n=65).  In all 

panels, error bars indicate standard error of mean.  
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Figure 3-3: Optogenetic activation of Class IV multidendritic neurons is sufficient to 

elicit the nocifensive response. 
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Figure 3-3: Optogenetic activation of Class IV multidendritic neurons is sufficient to 

elicit the nocifensive response.  (A1-3) Expression of Channelrhodpsin2-YFP under 

control of ppk-GAL4. (A1) pan-neuronal marker anti-HRP (green).  (A2) anti-GFP 

(magenta).  (A3) Merge of a1 and a2.  (B) Expression levels of UAS-ChR2-YFP lines 

measured by pixel intensity of confocal images and normalized to staining intensity of 

line C.  (C) Optogenetic activation of various subsets of multidendritic neurons triggers 

the “accordion” phenotype at high frequency. (D) Optogenetic activation of Class IV 

multidendritic neurons elicited nocifensive rolling behavior at high frequency.  Rolling 

behavior with activation of classes I-IV was also elicited (15%). (E) ChR2-YFP expression 

levels are correlated with efficiency of nocifensive behavior.   Sample sizes for c and d 

(Class I neuron driver 2-21-GAL4: atr+ n=54, atr- n=43), (Class I-IV neuron driver md-

GAL4: atr+ n=103, atr- n=92 ), (Classes I & II driver c161-GAL4: atr+ n=117, atr- n=21), 

(Class II & III driver 1003.3-GAL4:  atr+ n=46, atr- n= 52),  (Class IV ppk-GAL4 atr+ n=181, 

atr- n=112).   Sample sizes for e (Chop2 n=173, Line 1 n=20, Line 2 n=84, Line AB n=181, 

Line C n=80). UAS-Chop2 is an untagged (no fused fluorescent protein) 

Channelrhodopsin-2 line from the Fiala laboratory(Schroll, Riemensperger et al. 2006) 

with an insertion on the third chromosome.  Error is standard error of the mean. 
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Figure 3-4: Optogenetic activation of Class IV md neurons triggers nocifensive 

response. 
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Figure 3-4: Optogenetic activation of Class IV md neurons triggers nocifensive 

response.  (A-C) Still images of third instar larvae and optogenetically activated 

behaviors extracted from videotaped responses.  (A,C) ppk-GAL4 UAS ChR2-YFP larvae 

that been fed atr- yeast (A) or atr+ yeast and illuminated with blue light. (B) c161-GAL4 

UAS ChR2-YFP larva fed ATR+ and illuminated with blue light.  (A) A larva expressing 

ChR2YFP in Class IV md neurons showed little response to the blue light when fed yeast 

paste lacking all-trans retinal.  (B) A larva expressing ChR2YFP in Class I and II md 

neurons simultaneously contracts muscles of every segment to produce the accordion 

like behavior (straight white arrows denote reduction in length of larva from 

contractions).   (C) A larva fed atr+ yeast and also expressing ChR2YFP in the Class IV 

md neurons produced a rolling motor response (curved arrow) that was 

indistinguishable from nocifensive rolling behavior.  Note the net lateral direction of 

movement (straight white arrows).  The time point of the sequence is shown in the left 

with illumination occurring at time zero.   
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Figure 3-5: Paradoxical directionality of rolling behavior 
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Figure 3-5: Paradoxical directionality of rolling behavior.  (A.) Directionality of larval 

rolling is biased.  Top: Larvae had a strong tendency to roll towards the heat stimulus.  

When stimulated on the right (n=114), they predominantly rolled to the right.  When 

stimulated on the left (n=102) they had a strong tendency to roll to the left. Roll direction 

was determined according to the first complete (ie. 360o) roll. Bottom: schematic 

representation of roll direction. (B) Hypothetical effects of rolling away from a wasp 

attack causes increased penetration.  (C) Hypothetical effects of rolling towards the side 

of the body where attacked.  In B and C the cross section of the larva is depicted as a 

circle and the ovipositor of the wasp attacking from above is depicted as a curved line. 
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Figure 3-6: Rolling behavior allows Drosophila larvae to escape from parasitoid wasp 

attack 
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Figure 3-6: Rolling behavior allows Drosophila larvae to escape from parasitoid wasp 

attack.  Leptopilina boulardi female and an early third instar Drosophila melanogaster larva.  

(a) Wasp ovipositor penetrates larval cuticle and epidermis; (b) Nocifensive rolling 

behavior is triggered.  The long threadlike ovipositor of the wasp is clearly visible 

(arrowhead). (c) Nocifensive rolling results in the ovipositor being wrapped around the 

larva. (d-f) Rolling of larva flips parasitoid wasp onto her side; (note that the image of 

the wasp in panel e is blurred due to its rapid movement during the exposure).  (g) larva 

moves quickly away from parasitoid wasp; (h) larva is freed from ovipositor.  Note: 

Images have been digitally adjusted to increase the contrast of the larva relative to the 

background (so that it could be easily seen).   
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Figure 3-7: Model for sensory control of alternate patterns of larval locomotion. 
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Figure 3-7: Model for sensory control of alternate patterns of larval locomotion. 

The Class IV neurons are both necessary and sufficient to trigger rolling escape 

behavior.  Other Classes of md-neurons modulate peristaltic locomotion through a 

distinct Central Pattern Generator.  When inappropriately activated via 

Channelrhodopsin the accordion phenotype is manifested. 
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4 Drosophila nociceptors are cholinergic and 
peptidergic 

4.1 Introduction 

Neurotransmitters, which are chemicals synthesized and released by neurons, 

are the major form of communication used in the nervous system.  They are involved in 

a multitude of functions ranging from muscle control at the neuromuscular junction to 

depression and psychosis in the central nervous system (CNS).  Identifying the 

neurotransmitters used by specific neurons is important because it can lead into further 

insight into the mechanisms of neuronal signaling.  The larval nociceptors of Drosophila 

melanogaster larvae have been mapped to class IV multidendritic (MD) neurons and 

these neurons are both required and sufficient for nocifensive escape locomotion, a 

larval behavior that occurs when larvae are stimulated with a mechanical or thermal 

noxious stimulus (Hwang, Zhong et al. 2007),(Tracey, Wilson et al. 2003).  Little is 

known, however, about the neurotransmitters used by larval nociceptors.  

Neurotransmitters, which can be separated into the two main neurochemical groups of 

classical neurotransmitters (acetylcholine, biogenic amines, amino acids) and 

neuropeptides, play a number of roles in the context of nociception.   

Mammalian nociceptors often co-express neuropeptides with the classical 

neurotransmitter glutamate.  Glutamate is the primary excitatory neurotransmitter used 

in mammals (Doubell, Mannion et al. 1999) and neuropeptides play a number of 

differing roles such as signaling the immune system (Raja, Ringkamp et al. 1999) and 
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modulating nociceptive signaling.  One example is the neuropeptide substance P (SP) 

which can prime neutrophils (Perianin, Snyderman et al. 1989) as well as induce 

hyperalgesia (Hunt, O'Brien et al. 2000).   

In this study, we use laser capture microdissection to identify the 

neurotransmitter phenotype of larval nociceptors.  Our results suggest that nociceptive 

MD neurons express choline acetyl transferase (ChAT) and vesicular acetylcholine transporter 

(VAChT) (Kitamoto, Wang et al. 1998) as well as transcripts for neuropeptides and 

neuropeptide related genes.  We demonstrate that ChAT, which is required for the 

production of acetylcholine, is necessary for larval nociception and that Ach is a 

neurotransmitter used in nociceptive signaling.  In addition we show differential ability 

of distinct classes of MD neurons to produce neuropeptides.  Class IV neuron terminals 

produce significantly more neuropeptide than other types.   

   

4.2 Materials and Methods 

4.2.1 Mechanical nociception assay. 

The mechanical nociception assay was performed as described in the general 

methods section with the modification that an 8 mm overhang with 10 mm anchor of 

fishing line was used to create a 50mN Von Frey Fiber. 
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4.2.2 Confocal microscopy 

For visualization of pre-proANF:EMD, larvae heterozygous for the indicated 

driver, UAS-mCD8-RFP, and UAS-preproANF:EMD were imaged with larvae placed 

between a glass slide and covership in the presence of hl3 (hemolymph like solution).   

Microscopy was performed on a Zeiss LSM 5 Live Confocal System.  Images shown are 

maximum intensity projections of confocal Z-stacks, brightness and contrast were 

adjusted using the included Zeiss image processing software. 

4.2.3 Fly strains 

Several lines were obtained from the Vienna Drosophila RNAi Center 

(http://stockcenter.vdrc.at/control/main): UAS dicer 2 (w[w1118], p{UAS-dicer 2, w[+]} 

insert is on the 3rd chromosome) (stock 60009); isogenic W1118 (stock 60000);  chat RNAi 

(line 40918);  amon RNAi (line 37023); and PHM RNAi (line 51058, 52052).  pickpocket1.9 

Gal4 (Ainsley, Pettus et al. 2003) is inserted on the second chromosome. 

 

4.3  Results 

4.3.1 Laser capture microdissection of multidendritic neurons 
identifies genes involved in acetylcholine, serotonin, and 
neuropeptide production 

To identify genes expressed in class IV MD neurons, we isolated these cells using 

laser capture microdissection (LCM).  RNA from the isolated cells was extracted, 

amplified and then used to probe Affymetrix microarrays.  We performed LCM and 
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microarray analysis on class IV MD, class I MD, and general CNS neurons to determine 

the relative amount of transcripts within each cell type.  Class I MD neurons were 

chosen because they are morphologically similar to class IV MD neurons (a type II 

sensory neuron), but their neuronal output is not sufficient (Hughes and Thomas 2007) 

for nociception behavior (Hwang, Zhong et al. 2007).  CNS neurons were used to 

identify genes from a non-peripheral neuron control.   

In order for cholinergic neurons to produce Ach, they require ChAT for Ach 

biosynthesis and VAChT for transport into synaptic vesicles (Kitamoto, Wang et al. 

1998).   The results of the microarray studies revealed the presence of ChAT and VAchT 

in class IV and class I MD neurons (Table 4-1) suggesting that these neurons are 

cholinergic.  Consistent with this, a previous report showed that these neurons express a 

Gal4 reporter driver of the ChAT gene (Salvaterra and Kitamoto 2001).  Surprisingly, the 

microarray also revealed the presence of dopa-decarboxylase (CG10697), which is required 

for the production of dopamine and serotonin.  Because microarray analysis did not 

readily detect tyrosine hydroxylase, an enzyme required for the production of dopamine 

(Neckameyer and White 1993), (Friggi-Grelin, Coulom et al. 2003), but did detect 

tryptophan hydroxylase (CG7399, henna) in MD neurons, which is required for serotonin 

production (Neckameyer and White 1992), this suggests that multidendritic neurons are 

serotonergic but not dopaminergic.   In addition, LCM also detected several genes 

involved in neuropeptide signaling: five neuropeptide receptors, 2 neuropeptides, and 5 
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neuropeptide processing genes were also detected in the larval nociceptors (Table 4-1), 

(Figure 4-1).   

The five peptide processing proteins are involved in amidation and peptide 

cleavage.  peptidyl-alpha-hydroxyglycine-alpha-amidating lyase  (PAL, CG5472) and peptidyl 

gycine alpha hydroxylating monooxygenase (PHM, CG3832) are used in a two-step process 

for C-terminal alpha-amidation of neuropeptides (Eipper, Milgram et al. 1993) and 

Drosophila PHM mutants die as late embryos indicating  an essential function (Jiang, 

Kolhekar et al. 2000), (Kolhekar, Roberts et al. 1997).   amontialldo (amon, CG6438) is the 

homolog of the mammalian neuropeptide processing protease PC2 and its helper 

protein is 7B2 (CG1168) (Hwang, Siekhaus et al. 2000).  Both amon and 7B2 are used in 

the proteolytic excision of active peptides from proprotein precursors.  amon is known to 

be required for hatching following early larval development, and larval hatching 

behavior (Siekhaus and Fuller 1999), (Rayburn, Gooding et al. 2003).  Similar to the 

proteoylic activity of amon, angiotensin converting enzyme (ance) (CG8827) is a peptidyl 

dipeptidase.  It is required for Drosophila spermiogensis (Hurst, Rylett et al. 2003) and is 

the homologue of the mammalian angiotensin converting enzyme which is important for 

converting angiotensin I to angiotensin II, a peptide important in the regulation of blood 

pressure (Berne and Levy 1998).    

In addition to the neuropeptide processing proteins, transcripts for two 

neuropeptides were identified in class IV MD neurons and one was found in class I MD 
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neurons.  Those detected in nociceptors included short neuropeptide F (snpf), and 

neuropeptide like protein 2 (nplp2).  The neuropeptide sNPF is the Drosophila ortholog of 

short neuropeptide Y (NPY) and has been shown to control larval and adult growth 

through the regulation of insulin-like peptides in insulin producing cells (Lee, Kwon et 

al. 2008).  Little is known about nplp2.  The peptide identified in class I MD neuron is ion 

transport peptide (ITP) which was first identified as a peptide involved in fluid regulation 

of the locust ileum (Audsley, McIntosh et al. 1992). 

Microarray analysis also revealed the presence of 5 neuropeptide receptors: 

CG30106, CG5042, CG8930, CG4822, CG8795 (Figure 4-1).  Three have not been 

characterized (CG30106, CG4822, and CG5042), and the other two appear to play roles in 

protein-hormone activity.  CG8795, which responds to PRXa peptides has been 

suggested to be involved in ecdysis (Park, Kim et al. 2002) and CG8930 or rickets is 

required for proper tanning in adults (Baker and Truman 2002).  

While these genes were present in class IV MD neurons, five were enriched 

(p<0.05) specifically in class IV versus class I MD neurons, suggesting a role more 

specific to nociception: PAL, PHM, amon, sNPF, and CG10306 (Figure 4-1).  The relative 

abundance of PAL, PHM, and amon ranged from 2-5 times the levels in class I MD 

neurons although they were also detected in class I and CNS neurons (Table 1).  In 

contrast, CG10306 and sNPF were speicifc to class IV MD neurons (Table 1). 
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4.3.2 Choline acetyltransferase is required for larval mechanical and 
thermal nociception 

 After we identified ChaT and VAChT, two genes involved in acetylcholine 

processing, in multidendritic neurons via LCM, we tested whether these gene were 

required for larval nociceptive behavior.  Because ChaT is expressed in a wide range of 

central nervous system (CNS) and peripheral nervous system (PNS) neurons, genetic 

mutants in ChAT are expected to have pleiotropic effects on behavior.  In order to 

specifically examine the function of ChAT in neurons, we used the Gal4-UAS binary 

system (Brand and Perrimon 1993) to target ChaT via RNAi specifically to nociceptors.  

In order to increase the effectiveness of RNAi, UAS dicer-2 (Dietzl, Chen et al. 2007) was 

built into the nociceptor specific ppkGal4 driver strain.   We tested mechanical nociception 

by stimulating wandering third instar larvae with a 50mN Von Frey fiber and recording 

the nocifensive responses.  Indeed, knockdown of ChaT in class IV MD nociceptors 

reduced  nocifensive responses and knockdown with UAS Dicer 2 resulted in a more 

pronounced decrease in nocifensive rolling behavior.  Increasing the dosage of the Gal4 

driver also increased the effect of RNAi, reducing nociception to a level that resembled 

ppkGal4 with UAS dicer 2 (Figure 4-2).   These data support the hypothesis that larval 

nociceptors require acetylcholine for mechanical nociceptive behavior. 

Class IV MD neurons are polymodally required for both mechanical and thermal 

nociception behaviors.  Consistent with this, knock down of ChaT in class IV MD 

neurons also resulted in reduced responses to a thermal nociception probe (Figure 4-3)  
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4.3.3 Expression of prepro-atrial natriuretic peptide in MD neurons 
suggests the presence of neuropeptide machinery 

Since neuropeptide processing transcripts showed enriched expression in class 

IV MD neurons, we tested whether class IV MD neurons were functionally capable of 

producing neuropeptides.  To do this, we expressed rat atrial natriuretic peptide fused 

to emerald GFP (preproANF::EMD) (Rao, Lang et al. 2001) in multidendritic neurons 

and imaged the mature fluorescent protein with confocal microscopy.  prepropANF, 

which has no Drosophila homologue, has been previously shown to be recognized by 

Drosophila sorting and processing machinery and is preferentially targeted to peptidergic 

nerve terminals (Rao, Lang et al. 2001).  We hypothesized that if class IV MD neurons 

were peptidergic, they would contain neuropeptide processing machinery that would 

allow the production of the mature ANF::EMD fluorescent neuropeptide.  In the PNS, 

fluorescence was only faintly detectable in the somata of MD neurons (Figure 4-4a-b’’).  

In contrast, bright fluorescence of ANF::EMD was seen at axonal nerve terminals (Figure 

4-4c-c’’) in the ventral nerve cord.  The GFP fluorescence in the nerve cord resembled the 

known ladder-like pattern of class IV MD neuron targets suggesting that these neurons 

are indeed capable of expressing neuropeptides.     

As mentioned above, neuropeptide processing genes were more highly 

expressed in class IV MD neurons relative to class I MD neurons.  To test whether 

expression levels of processing machinery was correlated with the ability of these cells to 
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process neuropeptides, we examined ANF::GFP fluorescence in animals where UAS 

ANF::GFP was expressed under control of a pan MD neuron driver.   We expressed 

preproANF::EMD in all 4 classes of MD neurons using MDGal4 and examined the 

fluorescence in the axonal projections of different classes (Figure 4-4d-d’’).  The class I 

MD axons project to the dorsal neuropil (Figure 4-4e-e’) whereas classes II-IV axons 

project to the ventral neuropil.  The class II-IV axons lie adjacent to each on either side of 

the midline in a mediolateral laminar pattern with class IV being the most medial and 

class II being the most lateral of three.  Class II also sends a separate more lateral 

projection to the ventral neuropil (Figure 4-4e’-e’’) (Merritt and Whitington 1995), 

(Grueber, Ye et al. 2007).  Surprisingly, when ANF::EMD is co-expressed with the 

transmembrane protein CD8::RFP, the amount of ANF relative to CD8 was dramatically 

higher in class IV MD axonal terminals relative to other MD neuron terminals (Figure 

4c-e, Figure 5).  This suggests that class IV MD neurons have higher capacity to produce 

neuropeptides when compared with other MD neurons classes.  This was consistent 

with the microarray data which showed an enrichment of neuropeptide related gene 

transcripts in class IV MD neurons relative to class I MD neurons.   

 

4.3.4 amon and PHM knockdown did not affect nociception  

Since no previous function has been described for neuropeptides in MD neurons, 

we tested whether knockdown of these genes would have an effect on larval 



 

94 

nociception.  We focused on the 5 genes which were enriched in class IV MD neurons.  

Three RNAi lines were available (at the time of this publication) from the Vienna 

Drosophila RNAi Center (VDRC); one targeted amon and two targeted PHM.  

Knockdown of either of these genes in class IV MD neurons did not have significant 

effects in larval mechanical (Figure 4-6) or thermal nociception (Figure 4-7).   

 

4.4 Discussion 

In this study, we have shown that larval nociceptors contain multiple 

neurotransmitters.  They are cholinergic, and express ddc which is required for 

dopamine and serotonin production.  They also express RNA encoding genes used in 

neuropeptide processing.  Knockdown of ChaT in larval nociceptors reduces larval 

thermal and mechanical nocifensive responses suggesting that they require Ach for 

nociceptive signaling. 

While the defects in mechanical nociception were significant, knockdown with 

ChaT RNAi did not create a defect in thermal nociception similar to that seen with 

genetic silencing using tetanus toxin (Sweeney, Broadie et al. 1995).   Silencing of class IV 

MD neurons with tetanus toxin results in approximately 70% of larvae taking more than 

10 seconds to respond to a noxious heat probe (Hwang, Zhong et al. 2007) whereas 

knockdown of ChaT in class IV MD neurons only resulted in slightly more than 20% of 

larvae taking more than 10 seconds to respond.  This mild defect compared to tetanus 
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toxin is difficult to interpret.  One possibility for this difference in nociception 

phenotypes is that knockdown with RNAi is incomplete and less effective than genetic 

silencing using tetanus toxin.  Another possibility is that a separate neurotransmitter 

(classical or neuropeptide) is required for thermal nociception.   Such a system has been 

seen in C. elegans where nociceptors which are involved in the avoidance of noxious heat 

are regulated by glutamate and neuropeptides (Wittenburg and Baumeister 1999).   

Similarly, it is still unclear what role neuropeptides play in larval nociceptors.  

Although knockdown of amon and PHM did not result in a nociceptive phenotype, this 

result is difficult to interpret because knockdown may not have been sufficient to elicit a 

behavioral phenotype.  Alternatively, neuropeptides may not play a direct role in acute 

responses to noxious stimuli and may perform a separate function such as 

neuromodulation.  One example can be seen with SP, which is present in vertebrate 

nociceptors, and is not required for acute nociception but instead plays a role in 

hypersensitivity associated with repeated stimuli (windup) (De Felipe, Herrero et al. 

1998).  Neuropeptides can also be released from vertebrate axonal terminals (Birklein 

and Schmelz 2008) and play a role separate from neuromodulation.  Release of 

neuropeptides including SP, calcitonin gene related peptide (CGRP), and neurokinin A 

(NKA) can trigger a host of responses known as neurogenic inflammation.  These 

responses include vasodilation, plasma extravasation, and signaling to lymphocytes and 

mast cells (Nadal 1996).  Additionally, SP and CGRP also stimulate epidermal cells 
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which are required for the repair and maintenance of skin integrity (Raja, Ringkamp et 

al. 1999), (Pappagallo 2004).  Therefore, the functions of neuropeptides are quite diverse 

and may not only be tied to acute nociceptive responses.   

Interestingly, the neuromodulatory role that neuropeptides can have on CNS 

neurons can also work in reverse and have effects on the PNS.  In mammals, NPY can 

have analgesic effects to thermal and mechanical stimuli (Hua, Boublik et al. 1991) and 

decreases nociceptive spinal reflexes (Xu, Hao et al. 1994).  This effect can occur through 

NPY signaling from the CNS since  NPY receptors can hyperpolarize small diameter 

neurons (Zhang, Bao et al. 1994).  A similar mechanism could potentially be present in 

larval nociceptors since a number of neuropeptide repceptors have been identified via 

LCM.  Further characterization of these receptors and functional investigation in their 

role in nociceptors will help elucidate what roles they truly have.   

Here we have shown that larval nociceptors contain more than one 

neurotransmitter.  They are cholinergic, peptidergic, and may be serotinergic.  The co-

expression of neuropeptides along with classical neurotransmitters is similar to that seen 

in vertebrate and C. elegans nociceptors and  future research will determine what other 

roles these transmitters play in nociceptive signaling. 

 



 

97 

4.4.1 Future studies 

Short term future experiments can be aimed at determining whether any of the 

other neurotransmitter related genes identified via LCM (that were not tested) are 

required for acute larval or thermal nociception.  With the availability of new RNAi lines 

against several of these genes, these questions can be addressed. 

In addition to testing whether these other genes are required for acute 

nociception, it will be interesting to determine whether there are any conserved 

functions that exist between the vertebrate and invertebrate systems.  To investigate 

some of these questions, an additional assay that can be used to evaluate larval 

hypersensitivity will be helpful in determining whether any neuropeptides play a 

neuromodulatory role.  Another interesting question that is raised is whether the 

neuropeptides present in larval nociceptors have the ability to affect the immune system 

similar to that seen in vertebrates.  Since vertebrate neuropeptide signaling can affect 

neutrophils and eosinophils (Nadal 1996), it will be interesting to determine whether a 

similar link exists between nociceptors in Drosophila and its innate immune system.  

With the identification of the neurotransmitters used in Drosophila larval nociceptors, 

this information can aid the future studies that can help answer these questions. 
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 Transcript presence    

Gene Class IV  Class I CNS Relative 

ratio (IV 

vs I) 

Class IV 

Raw expr. 

Levels 

P value 

Ach processing 

genes 

      

Choline acetyl 

transferase (ChAT) 

++++ ++++ ++++ n/a 357 +/- 106 n/a 

Vesicular 

acetylcholine 

transporter (VAChT) 

++++ ++++ ++++ n/a 917 +/- 447 n/a 

       

Monoamine 

processing genes 

      

Dopa decarboxylase 

(DDC, CG10697) 

++++ ++++ ++++ n/a 4666 +/- 

1036 

n/a 

       

Neuropeptide 

processing genes 

      

Peptidyl-alpha-

hydroxyglycine-

alpha-amidating 

lyase (PAL, CG5472) 

++++ ++++ ++++ 5 576 +/- 161 0.03 

Peptidyl glycine 

alpha hydroxylating 

monooxygenase 

(PHM, CG3832) 

++++ ++++ ++++ 4 762 +/- 110 0.01 

amontillado (amon, 

CG6438) 

++++ ++++ ++++ 2 1588 +/- 

264 

0.0007 

7B2 (CG1168) ++++ ++++ ++++ n/a 552 +/- 100 n/a 

Angiotensin 

converting enzyme 

(ance, CG8827) 

++++ ++++ ++++ n/a 1463 +/- 

534 

n/a 

       

Table 4-1: Neurotransmitter related genes identified by laser capture 

microdissection in MD neurons. 
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Neuropeptides       

Short neuropeptide F 

(sNPF, CG13968) 

++++ ---- +++/- 60 70 +/- 15 0.01 

Neuropeptide like 

precursor 2 (nplp2, 

CG11051) 

++++ ++++ ++++ n/a 1205 +/- 

398 

n/a 

Ion transport peptide 

(ITP, CG13586) 

++/-- ++++ ++++ n/a 285 +/- 110 n/a 

       

Neuropeptide 

receptors 

      

CG30106 (CG14484) ++++ ---- ---- 32 59 +/- 7 0.04 

CG5042 (LGR3) ++++ +/--- +/--- n/a 117 +/- 32 n/a 

CG8930 (rk) ++++ ++++ ++++ n/a 1593 +/- 

803 

n/a 

CG4822 ++++ ++/-- +/--- n/a 255 +/- 105 n/a 

CG8795 ++++ +++/- +++/- n/a 301 +/- 159 n/a 

 

Table 4-1: Neurotransmitter related genes identified by laser capture microdissection 

in MD neurons. (Continued).  Four samples of each neuron type was sent for analysis 

and each gene transcript is tested for presence or absence.  A “++++” under presence 

indicates detection in 4/4 samples.  The +++/- indicates detection in 3 out of 4 samples; 

++/--  = 2 out of 4 samples, and +/--- = 1 out of 4 samples.  A “----“indicates the transcript 

was not detected in any of the four samples.  Transcripts enriched in class IV MD 

neurons are listed under the column “relative ration (IV vs I)”.  The integer represents 

the fold increase in transcript level in class IV MD neurons relative to class I MD 

neurons.  The p value is the statistical significance of the fold change.  n/a (not 

applicable) indicates that the transcript was not significantly enriched.  Raw expression 

level is a unitless number which represents the average expression level of all samples 

taken from class IV MD neurons and is based on the levels of each transcript based on 

Affymetrix microarray analysis.  +/- represents SEM for each expression level average.



 

100 

 

Figure 4-1: LCM analysis revealed neurotransmitter related genes in class IV MD, class I MD, and CNS neurons.

a. b. 

c. d. 100 
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Figure 4-1: LCM analysis revealed neurotransmitter related genes in class IV MD, 

class I MD, and CNS neurons.  Raw expression data of genes related to (a) classical 

neurotransmitter processing (b) neuropeptide processing or neuropeptide genes and (c) 

neuropeptide receptor genes in CNS, class I, and class IV MD neurons.  Expression level 

is a unitless number based on the hybridization probe to cDNAs.  (d) Four gene 

transcripts were enriched in class IV MD neurons relative to class I MD neurons.  Y axis 

represents fold change. 
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Figure 4-2: ChaT is required in larval nociceptors for mechanical nociception.   
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Figure 4-2: ChaT is required in larval nociceptors for mechanical nociception.    
Knockdown of ChaT in larval nociceptors reduces nocifensive rolling in response to a 

noxious mechanical stimulus.  The pickpocket 1.9 Gal4 driver was used to express ChaT 

RNAi (with and without dicer-2) in class IV MD neurons.  Y axis is percent of larvae that 

had a nocifensive response.  X axis is the genotype.  Error bars are standard error of the 

mean.  ChaT RNAi/+ n=233, ppk Gal4/+;UAS dicer-2/+ n=223; ppk Gal4/+ n=87; 

ppk>>ChaT RNAi n=143; ppk>>ChaT RNAi, dicer2 n=240. 
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Figure 4-3: ChaT is required in larval nociceptors for thermal nociception.   
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Figure 4-3: ChaT is required in larval nociceptors for thermal nociception.  
Knockdown of ChaT in larval nociceptors results in a defect in thermal nocicpetion.  

Graphs plot the distribution of latencies of thermal nocifensive behavior in third instar 

larvae that were lightly touched on the body wall with a 46C probe.  (A) Nocifensive 

response of ChaT RNAi without the class IV MD neurons driver (ppk1.9 Gal4), n=193.  

(B) Expression of dicer 2 in class IV MD neurons without ectopic RNAi, n=130.  (C) 

Knockdown of ChaT without dicer-2 creates a mild increase in thermal latency, n=106.  

(D) Knockdown of ChaT with dicer-2 creates a more impaired thermal nociception 

response, n=143. 
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Figure 4-4: Live confocal images of ANF CNS and PNS expression in Drosophila 

larvae.   Larvae are expressing CD8::RFP (magenta) and neuropeptide prepro-ANF::GFP 

in class IV MD neurons (ppk Gal4) and classes I-IV MD neurons (MD Gal4).   (a-d) 

CD8::RFP (magenta).  (a’-d’) prepro-ANF-emerald GFP (green, 2001 Rao et al).  (a’’-d’’) 

merged images of a-d and a’-d’. (a-a’’) Class IV MD neurons. (b-b’’) Class I-IV MD 

neurons. prepro-ANF expression is primarily in the soma and absent from dendrites.   

Roman numerals and arrowheads indicate MD neuron class. (c-c’’) Class IV MD neuron 

projections into the CNS show  strong expression of prepro-ANF.  This indicates class IV 

MD neurons possess machinery for manufacturing neuropeptides and dense core 

vesicles. (d-d’’) Class I-IV MD neuron projections into CNS.   (e-e’’)  Magnified view of 

d’’ white box.  (e) Dorsal section  through e’ displaying class I CNS projections 

(arrowhead, roman numeral). (e’) Transverse view of 3D projection of d’’ showing  

dorsal  (class I) and ventral (class I-IV) MD neuron projections.  White lines indicate 

dorsal and ventral  sections through d’’ and are shown in (e’) and (e’’).  (e’’) Ventral 

optical section  through b’’ visualizing class II-IV CNS projections (arrowheads, roman 

numerals). (f) Quantification of magenta and green fluorescence along region of class I 

projections (white box) shows CD8::RFP (magenta) and ANF (green) fluorescence are of 

similar levels with slightly stronger magenta. (g) Quantifcation of magenta and green 

fluorescence along class II, III, and IV projections.  Class IV projections are clearly 

identifiable due to projections across the commisure ANF (green) fluorescence stronger 

in class IV MD neurons relative to CD8::RFP (magenta) . 
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Figure 4-5: Class IV MD neurons show the highest relative ANF::EMD fluorescence 

among different MD neurons classes.  Average pixel intensity of ANF and CD8:GFP 

was obtained from confocal images of larval brains (UAS preproANF:EMD/X; MD Gal4 

UAS CD8:GFP / +) for sample regions of class I, II, III, and IV CNS projections.    Ratio of 

ANF / CD8:GFP fluorescence was calculated for each projection class and then 

normalized to class I CNS projection ANF/CD8:GFP ratio within each sample.  Class IV 

MD neurons had highest relative fluorescence compared to all other classes of MD 

neurons.  n=3 for all neuron classes. 
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Figure 4-6: amon and phm knockdown does not affect mechanical nociception 
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Figure 4-6: amon and phm knockdown does not affect mechanical nociception.  

Nocifensive responses of wandering third instar larvae to a 50mN mechanical stimulus 

after amon and phm knockdown.  Ppk1.9 Gal4 / +; dicer-2/+ n=147, amon RNAi /+ n=36, 

phm (line 51058) / + n=63, phm (line 52052) / + n=60,  amon knockdown (ppk 1.9 Gal4 ; 

UAS dicer 2 (virgins) x amon RNAi (on x) female larvae tested) n=80, phm knockdown 

(ppk1.9 Gal4 ; UAS dicer 2 (virgins) x phm RNAi (line 51058) n=162, phm knockdown 

(ppk1.9 Gal4; UAS dicer 2 (virgins) x phm RNAi (line 52052) n=111.
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Figure 4-7 amon and phm 

knockdown does not affect 

thermal nociception 
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Figure 4-7 amon and phm knockdown does not affect thermal nociception.  Response 

times for nocifensive behavior in response to a 46C noxious heat probe.  (a) control 

larvae (pickpocket 1.9 Gal4 ; UAS dicer 2 x Canton-S), n=174. (b) control larvae of phm 

RNAi (VDRC line 52052 x Canton-S) n=61, (c) control larvae of amon RNAi (VDRC line 

37023 (X) x canton-s (female)) 37023 insert is on the X, female larvae tested, n=39, (d) 

control larvae of phm RNAi (VDRC line 51058 x Canton-S) n=87, (d) phm knockdown in 

class IV MD neurons (ppk 1.9 Gal4 ; UAS dicer 2 x phm RNAi VDRC 51058) n=223, (e) 

phm knockdown in class IV MD neurons (ppk 1.9 Gal4 ; UAS dicer 2 x phm RNAi VDRC 

51058) n=157, (f) phm knockdown in class IV MD neurons (ppk 1.9 Gal4 ; UAS dicer 2 x 

phm RNAi VDRC 52052) n=157, (g) amon knockdown in class IV MD neurons (ppk 1.9 

Gal4 ; UAS dicer 2 x amon RNAi VDRC 37023 (X), female larvae tested) n=82.  Y axis is 

percentage responding.  X axis is latency until rolling (seconds).  Error bars are SEM. 
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5 pickpocket is a DEG/ENaC Channel required for 
mechanical nociception in Drosophila larvae 

5.1 Introduction 

Mechanotransduction, the molecular detection of force, plays a critical role in the 

survival of living organisms.  In sensory systems, mechanotransduction is necessary for 

the sense of touch, hearing, the detection of osmotic changes, and proprioception.  

Mechanosensory cells are diverse even within an organism.  How do various eukaryotic 

cells detect these somewhat distinct mechanical forces?  A common theme that has 

emerged from mechanosensation studies in disparate organisms is that ion channels 

play a central role in mechanosensation.  In several models of neurosensory 

mechanotransduction, force gated ion channels transduce mechanical energy into an 

electrical current which depolarizes the sensory neuron.  It is thought that the 

transduction channels detect the force without the need for second messengers making 

neurosensory mechanotransduction orders of magnitude faster than sensory systems 

that rely on signalling cascades (such as phototransduction).  Despite the central role 

and importance of mechanotransduction channels few have been molecularly identified.  

Some mechanotransduciton channels have been found in prokaryotes, where 

they are important for surviving in extreme osmotic conditions. The Mechansensitive 

channel of large conductance (MscL) opens in response tension in the membrane.  This is 

true even in biochemical preparations of MscL reconstituted in artificial lysosomes.  This 

has led to a model where force is transmitted through the lipid membrane to the 
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mechanosensitive channel which responds directly to tension without the need for 

additional protein co-factors (reviewed in  (Kung 2005), (Anishkin and Kung 2005)).   

In C. elegans, mechanotransduction channels have been identified that require 

multiple proteins for efficient detection of force.  The required genes include mec-4 and 

mec-10 which encode founding members of the Degenerin / Epithelial Sodium Channel 

(Deg/ENaC) family. In addition to the pore forming MEC-4 and MEC-10 proteins, other 

components include a paraoxonase-like protein (Mec-6), stomatin-like proteins (mec-2 

and unc-24), extracellular matrix (ECM) proteins (mec-1 and mec-5), and alpha and beta 

tubulin (mec-12 and mec-7). (reviewed in (O'Hagan and Chalfie 2006), (Garcia-Anoveros 

and Corey 1997), (Goodman and Schwarz 2003), (Ernstrom and Chalfie 2002)).  

 Direct electrophysiological evidence strongly supports the idea that the mec-4 / 

mec-10 channels encode pore forming subunits of the mechanoreceptor transduction 

channel of body wall touch neurons (O'Hagan, Chalfie et al. 2005).  Although null alleles 

of mec-4 or mec-10 completely eliminated transduction currents (receptor potentials), 

the ion selectivity of the receptor potential was altered by missense mutations of mec-4 

and mec-10 (O'Hagan, Chalfie et al. 2005).  Because these mutations alter the quality of 

the transduction current rather than eliminating them, mec-4 and mec-10 must be pore -

forming subunits of the transduction channel.   

Despite the very strong evidence from C. elegans, DEG/ENaCs have yet to be 

clearly implicated as mechanotransducers in other species.  A number of studies have 
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been performed on the mammalian acid sensing ion channels (ASICs) which are related 

to DEG/ENaC but a clear role in mechanosensation has not been demonstrated 

(reviewed in (Wemmie, Price et al. 2006), (Lingueglia 2007)).  Studies with ASIC 

knockout mice have resulted in a mixed consensus on the roles for these channels in 

mechanosensation.  For example, ASIC2 null mice were reported to have reduced 

sensitivity in low-threshold rapidly adapting mechanoreceptors (Price, Lewin et al. 2000) 

but another study reported no change in mechanosensation with an independently 

generated ASIC2 null (Roza, Puel et al. 2004).  ASIC1a null mice do not have any 

phenotype for cutaneous mechanosensation (Page, Brierley et al. 2004) whereas ASIC3 

null mice have been reported to have an increased sensitivity to light touch but reduced 

sensitivity to noxious pinch (Price, McIlwrath et al. 2001).  In contrast to cutaneous 

mechanosensation, studies have found that ASICs (ASIC1, ASIC2, and ASIC3) are 

required for visceral mechanosensation.  For example, the disruption of ASIC3 results in 

decreased mechanosensitivity in almost all visceral afferents except gastroesophogeal 

mucosal receptors ((Page, Brierley et al. 2004); (Jones, Xu et al. 2005);(Page, Brierley et al. 

2004)).   Thus although ASICs have been implicated in a number of mechanosensory 

functions, it is unclear how they are involved or whether they participate in a 

mechanotransduction complex like that of C. elegans.   

Little is known about DEG/ENaCs and mechanosensation in Drosophila 

melanogaster. The most studied Drosophila DEG/ENaC channel was named pickpocket 
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(ppk).  The name pickpocket, derives from the precise expression pattern of this gene in a 

highly branched class of sensory neurons that innervate the larval (and adult) epidermis.  

The many neurites of the sensory neurons that express ppk suggested that the cells 

expressing it might be exquisitely sensitive to touch, such as those that might protect an 

unsuspecting victim from a pickpocket (Adams, Anderson et al. 1998). However, when 

genetic mutants for pickpocket were eventually identified, no role for the channel in the 

larval detection of gentle touch was identified (Ainsley, Pettus et al. 2003).  

Consistent with this, we have found that the ppk expressing sensory neurons, 

known as Class IV multidendritic neurons, have no detectable role in larval responses to 

gentle touch.  Instead, these neurons are required for behavioral responses to harsh 

(noxious) mechanical stimuli. The behavioral output of the Drosophila larvae to noxious 

mechanical stimuli is completely distinct from gentle touch responses.  In response to 

noxious mechanical stimulation, the Drosophila larvae use their muscles to rotate around 

the long body axis in a corkscrew like motion.  This escape locomotion behavior is also 

triggered by noxious heat stimulation of the larval body wall and therefore represents a 

common behavioral output to nociceptive sensory stimuli.   Using genetic silencing 

techniques, we have shown that synaptic output of the class IV MD neurons is necessary 

for eliciting the larval nocifensive behavior to noxious mechanical stimuli as well as 

noxious heat stimuli.  In addition, we have found that activation of the class IV neurons 

with the light activated ion channel (channelrhodopsin-2) protein is sufficient to trigger 
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the nocifensive larval escape response (Hwang, Zhong et al. 2007).  Thus, these cells 

function as polymodal nociceptors.  

painless, a TRPA channel expressed in multidendritic neurons, has been shown to 

be required for thermal nociception in Drosophila larvae and adults as well as for 

mechanical nociception in larvae.  painless mutants when stimulated with a heat probe 

raised to the noxious temperature of 46°C have a delayed time until initiation of 

nocifensive rolling at 46°C compared with wild type larvae.  Similarly, painless mutants 

require more than three times the mechanical force (100mN) to elicit an equivalent 

response in wild type larvae (30mN) (Tracey, Wilson et al. 2003).   

While painless mutants have been shown to be defective in both thermal and 

mechanical nociception, the nociceptive behavior is not completely eliminated, 

suggesting that other genes, channels, or pathways still persist.  In addition, since the 

painless channel is required for both thermal and mechanical nociception, it may not 

function as a direct mechanosensor but might play a more general role in the excitability 

of the nociceptive neurons.  Expression of Painless protein in heterologous cells shows 

that it is temperature sensitive but responses to osmotic challenge were not observed.  In 

addition, painless expression in gustatory neurons is required for detection of 

isothiocyanate compounds but the channel is not directly activated by isothiocyanates in 

heterologous cells.   
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Thus, with the identification of class IV MD neurons as larval nociceptors, we 

asked whether ppk is involved in nociception (Adams, Anderson et al. 1998), (Ainsley, 

Pettus et al. 2003). Our results indicate that ppk is required for mechanical nociception 

although it is not required for thermal nociception.  Larvae mutant for ppk show a 

dramatically reduced behavioral response to a nociceptive mechanical stimulus.  In 

addition, RNAi knockdown of ppk in class IV MD neurons phenocopies the effects of the 

mutant and produces a similar defect in larval nocifensive responses to a mechanical 

stimuli.  These results genetically separate mechanical harsh nociception from thermal 

nociception in Drosophila.  Furthermore, our results suggest an evolutionarily conserved 

role for DEG/ENaC channels in mechanotransduction.   

 

5.2 Materials and methods 

5.2.1 Fly Strains and husbandry 

The following fly strains were used: pickpocket1.9-GAL4, UAS-ppkRNAi (III) 

(Xu, Bogert et al. 2004),  Df(2L)A400, Df(2L)b88h49, UAS-dicer2 (III) (from VDRC), UAS-

Channelrhodopsin2-EYFP (lineC, II), elB8. The ppk elB mutant larvae were 

transheterozygous for the two deficiencies: Df(2L)A400/Df(2L)b88h49.  elB mutants 

consisted of elB8/Df(2L)A400 or elB8/Df(2L)b88h49. Channelrhodopsin experiments used 

virgins of the genotype pickpocket1.9Gal4 UAS ChR2 eYFP Line C/Cyo; dicer2 crossed 

to males of the corresponding UAS-RNAi line. Isogenic white males were used for 
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channelrhodopsin experimental controls and in both groups, only fluorescent larvae 

were tested.  If not specifically mentioned, fly lines were obtained from    Bloomington 

Stock Center. Flies were raised on standard cornmeal medium. All stocks were 

maintained at 25°C and 75% humidity.  

 

5.2.2 Behavioral assays 

The mechanical nociception assays were performed as described previously 

(Hwang et al., 2007), with slight modifications. Wandering third-instar larvae were 

stimulated with a 50mN calibrated Von Frey filament. Omniflex monofilament fishing 

line Shakespeare (6 lb test, diameter 0.009 inch [0.23 mm]) was cut to a length of 18 mm 

and attached to a glass pipette such that 8 mm of the fiber protruded from the end of the 

pipet and 10 mm anchored the fiber.   

 

5.2.3 Molecular biology: 

Genomic DNA was extracted from adult flies using QIAGEN DNeasy Tissue Kit. 

The following primers were used to amplify ppk and its neighboring genes.  Spel: 

forward 5' - TCA AGC AAC TGG ACC TAA ACC G - 3', reverse 5' - GTT ATC TCG 

TGA AAA TGA GTG GCG - 3'. ppk: forward 5' - AGC ACG ACC ATT CAC GGC ATA C 

- 3' reverse 5' - CCA AAG TTC ACT CAC TGG GCA TC - 3'; elB C-terminus: forward 5' - 

CGC AAT ACG ACG CTT TTC CG - 3', reverse 5' - TTG ATA GTT CCC CCT GTG AGG 
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TC - 3';  elB :  Forward primer 5' - AGC AGT CAT TCA TCC AGC GTT AG - 3', reverse 

primer 5' - TTC ATT CGG GCG TAG TTC AGA TAC - 3'; Pburs : forward primer 5' - 

CAA CCA TCG GTG ATA ACG CC – 3’, reverse primer 5' - TCG CCA CAT TTG AAG 

CAC TTG - 3'. 

 

5.2.4 ChR2 triggered nociception behavior 

ChR2 induced nociception behavior was similar to that seen in (Hwang, Zhong 

et al. 2007) with the modification that a blue light of 17,000 lux was used.  In addition, 

ten females and five males were used in each cage.  Crosses  were between virgins of the 

genotype (ppk1.9Gal4 ; UAS dicer-2) crossed to the appropriate RNAi line (or isogenic 

white control). 

 

Results 

5.2.5 Two overlapping deficiencies remove pickpocket  

The pickpocket locus is located on the left arm of chromosome 2 at the cytological 

position 35B1.  ppk is flanked by elbow B, a transcription factor involved in tracheal 

development (Dorfman, Glazer et al. 2002), and spel1, a gene involved in DNA mismatch 

repair (Flores and Engels 1999).  Two overlapping deficiencies Df(2L)b88h49 and 

Df(2L)A400 have been shown (Ainsley, Pettus et al. 2003) to overlap and to completely 

remove ppk.  Thus larvae and flies transheterozygous for these deficiencies are DNA 



 

121 

nulls for the ppk gene.  It was previously reported that the 44kb overlapping deficiency 

specifically removed ppk; leaving spel1 and elB intact (Ainsley, Pettus et al. 2003).  

However, the interval between spel1 and elbow B which contains ppk is approximately 

20kb suggesting that at least one other gene (spel1 or elbow B) must be removed if these 

deficiencies truly overlap by 44kb.  Therefore we reexamined these deficiencies first to 

confirm the absence of ppk, but also to test whether other genes are removed in the 

transheterozygous combination.  Polymerase chain reaction amplification of genomic 

DNA from transheterozygotes Df(2L)b88h49/Df(2L)A400 indicated that the overlap of 

these two deficiencies actually removes two genes, ppk1 and elB (Figure 5-2).  For the 

purpose of this discussion, we will refer to transheterozygous larvae of this genotype as 

ppk elBA400/B88.   

 

5.2.6 Behavioral reponses to gentle touch in pickpocket mutants 

Although the class IV MD neurons that are known to express ppk are nociceptive, 

it seemed possible that ppk could be expressed at low levels in non-nociceptive neurons.  

Therefore we first tested whether ppk was required for responses to gentle touch in 

Drosophila larvae (as DEG/ENaCs are in C. elegans).  Using the gentle touch assay 

previously developed by Kernan et al (Kernan, Cowan et al. 1994), we tested ppk 

elBA400/B99 mutant larvae for their behavioral response.  The ppk elBA400/B99 mutant larvae 

were indistinguishable from wildtype larvae (Figure 5-5).  Our results confirm a 
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previous report that which found no requirement for ppk  in gentle touch responses 

(Ainsley, Pettus et al. 2003).  

 

5.2.7 Thermal nociception responses of pickpocket mutants 

Our prior studies indicate that class IV MD neurons are required for nocifensive 

avoidance of noxious heat and  harsh mechanical stimuli.  Therefore to examine the 

function of ppk in nociception, we first tested whether ppk was required for avoidance of 

noxious heat.  ppk elBA400/B88 mutant larvae were tested for thermal nociception by 

stimulating them with a probe heated to 46°C and their latency to initiation of larval 

nocifensive escape behavior was recorded.  Wild type larvae initiate escape locomotion 

within the first 3 seconds of stimulation with the noxious heat probe.  Similarly, 

Df(2L)A400/+ heterozygotes showed a response that was indistinguishable from wild 

type.  The normal thermal nociception response of Df(2L)A400/+ demonstrates that 

removal of one copy of ppk does not cause a thermal nociception phenotype (Figure 

5-4A).  However, Df(2)b88h49/+ heterozygotes did show an impaired response to 

noxious heat (Figure 5-4B).  Thus, the Df(2)b88h49 strain shows a dominant impairment 

in thermal nociception.  Complete removal of ppk in the ppk elBA400/B88 genotype, if 

anything, showed improved thermal nociception relative to Df(2L)b88h49/+.  Since 

removal of an additional copy of ppk does not enhance the Df(2L)b88h49 phenotype and 



 

123 

since Df(2L)A400/+ shows wild type thermal nociception behavior, our results do not 

support a role for ppk in thermal nociception.   

 

5.2.8 pickpocket mutants are defective in mechanical nociception 

Given the lack of a clear thermal nociception phenotype in ppk elBA400/B88 mutants, 

we next tested the ppk mutants for defects in mechanical nociception.  To examine 

mechanical nociception behavior, ppk elBA400/B88 mutant larvae were examined for the 

nociceptive response to harsh mechanical stimuli delivered by 50 mN Von Frey fibers.   

In this assay, wandering third instar larvae were prodded with the Von Frey fiber on the 

dorsal midline between segments A4-A6.  Following such a stimulus, wild type larvae 

were seen to respond with nocifensive escape locomotion after prodding.  During escape 

locomotion, the larva rotates around its long body axis causing it to roll in a corkscrew 

fashion (Tracey, Wilson et al. 2003).  To quantify this behavioral response, larvae were 

prodded a single time with the Von Frey fiber and the larva’s behavioral response was 

recorded.  The percentage of larvae that responded to this stimulus with nocifensive 

rolling was calculated and averaged over trials.   

Given the dominant thermal nociception phenotype observed for the 

Df(2L)b88h49/+ deficiency, we first examined larvae that were heterozygous for either 

Df(2L)b88h49 or Df(2L)A400.  Both Df(2L)b88h49/+ and Df(2L)A400/+ showed a 

response that was indistinguishable from the wild type control (Figure 5-3A).  In 
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contrast, the transheterozygous ppk elBA400/B88 mutant larvae showed a significant 

reduction in nocifensive responses to the noxious mechanical stimuli.  The ppk elBA400/B88 

mutant larvae responded with nocifensive escape locomotion in only 27% of the trials 

while the heterozygous controls showed escape locomotion in 77% of trials.   Instead of 

escape locomotion, the mutant larvae often paused  locomotion following  the noxious 

mechanical stimulus, a behavior that resembles the wild type response to gentle touch.  

 

5.2.9 elbowB mutants complement mechanical nociception 
phenotypes 

Although ppk elBA400/B88 mutant larvae were defective for mechanical nociceptive 

behavior, it was possible that the mutant defect was due to the absence of elB rather than 

absence of ppk.  elB is a zinc-finger containing protein that is involved in several 

developmental processes. Expression of elB has been detected in a subset of tracheal 

trunks and elB mutants develop aberrant migration of dorsal and lateral tracheal 

branches in embryos (Dorfman, Glazer et al. 2002).  In addition, elB is expressed in the 

leg, wing, eye, and head primordia where it is involved in appendage formation via the 

repression of body wall genes (Weihe, Dorfman et al. 2004). Finally elB  plays a role in 

the regulation of the size of the eye-head primordium (Luque and Milan 2007). 

Although elB’s expression has not been found in larval nociceptors, a non-cell 

autonomous effect on nociception seemed possible.  In order to test this possibility, we 

performed complementation tests with the elB8 allele and and the deficiencies that 
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remove ppk (Df(2L)b88h49 and Df(2L)A400).  (elB8 is a  γ ray induced mutation of elB)   

The defective mechanical nociception phenotypes of the two deficiencies were fully 

complemented by elB8  (Figure 5-3) indicating that the nociception defects of ppk 

elBA400/B88 mutant larvae is unlikely to be a consequence of elB deficiency.  

 

5.2.10 RNAi knockdown of pickpocket in class IV multidendritic 
neurons  

In order to further determine whether the mechanical nociception defect 

observed in ppk elBA400/B88 larvae was due to removal of ppk, we used the GAL4-UAS 

system to drive expression of ppk-RNAi in class IV multidendritic neurons.  Indeed, 

there was a statistically significant reduction in the larval responses to harsh mechanical 

stimulation when the RNAi knockdown was performed using a single copy of the ppk-

Gal4 driver and a single copy of the UAS-ppk-RNAi (w; ppk-GAL4/+; UAS-ppk-RNAi/+).  

An even more severe phenotype was observed with increased expression levels of the 

RNAi transgene (using a strain that was homozygous for the ppk-Gal4 (two copies) 

driver and also homozygous for UAS ppk-RNAi (ppk-GAL4; UAS-ppkRNAi)).  Indeed, 

the defect in mechanical nociception in this strain was nearly as severe as was observed 

in the ppk elBA400/B88 null background (34%, Figure 5-3C).  Since ppk RNAi in the class IV 

MD neurons phenocopies the mechanical nociception defect seen in ppk elBA400/B88, it is 

likely that the defect of the ppk elBA400/B88 mutant is due to the absence of ppk.   
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The clearly observable mechanical nociception defects observed with ppk RNAi 

expressed in nociceptive neurons gave us an additional opportunity to test whether or 

not ppk plays a role in thermal nociception. If for example the ppk channels have a 

housekeeping function in the class IV MD neurons, we would also expect to observe a 

phenotype in thermal nociception phenotype caused be RNAi knockdown of the gene.  

On the other hand, if ppk functions specifically in mechanotransduction, then ppk RNAi 

would be unlikely to affect behavioral responses to noxious heat.  

To distinguish among these possibilities we examined the thermal nociception 

behaviors in larvae bearing a singly copy of the ppk-GAL4 and a single copy of UAS-ppk-

RNAi. These larvae showed wild type thermal nociception behavior (Figure 5-4F (w; 

ppk-GAL4/+; UAS-ppk-RNAi/+)).  In addition, normal responses to noxious heat were 

seen in larvae that had the higher dose of RNAi (Figure 5-4F (ppk-GAL4; UAS-ppkRNAi 

)).   Thus, thermal nociception pathways are insensitive to ppk-RNAi which contrasts 

with the results seen for mechanical nociception. 

 

5.2.11 pickpocket is not required for action potential 
propagation 

The specific requirement for ppk in mechanical nociception behavior suggests a 

possible role for ppk at the mechanotransduction step in these polymodal nociceptive 

sensory neurons. Nevertheless, we wished to further test the possibility that PPK might 

affect the general excitability of these neurons. We have previously shown that 
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expression of UAS-channelrhodopsin-2 (ChR2YFP)  under control of ppk-GAL4 can be 

used to activate class IV MD neurons with blue light which in turn triggers nocifensive 

escape locomotion (Hwang, Zhong et al. 2007).  Blue light activation of the larval 

nociceptors via ChR2YFP should therefore bypass mechanotransduction, but it should 

still depend on factors that control the general excitability of the neuron. Thus, if ppk has 

a non-specific function in Class IV multidendritic neurons then the blue light triggered 

escape locomotion should be impaired by ppk knockdown.  As a positive control, to 

confirm that blue light triggered escape locomotion indeed depends on a known sodium 

channel, we tested whether Class IV specific RNAi knockdown of para had an effect on 

blue light triggered behavior.  The para gene encodes an NaV type sodium channel that 

is essential for action potentials propagation in Drosophila (Wu and Ganetzky 1980), 

(Siddiqi and Benzer 1976).  Indeed, para knockdown with UAS-para-RNAi, resulted in a 

nearly complete block to optogenetically triggered escape locomotion.  In control larvae 

that expressed Chr2YFP in nociceptors, escape locomotion was seen in response to 81% 

of blue light pulses.  This was reduced to only 4% when para-RNAi was targeted to the 

same cells that expressed Chr2YFP.  In contrast, knockdown of ppk did not significantly 

affect the ChR2YFP triggered nocifensive rolling responses (Control: 81%, SEM 3% vs 

ppk knockdown: 74% SEM 7%, p=0.19, Figure 5-6).   Combined with the results described 

above, these data suggest a specific mechanosensory role for pickpocket in larval 

nociceptors.   
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5.3 Discussion 

In this study, we have provided evidence that the ppk gene, which is specifically 

expressed in polymodal nociceptors of the Drosophila larva (class IV md neurons), is 

required for mechanical nociception but not for thermal nociception in Drosophila 

larvae. Genetic null mutants of ppk showed severely impaired mechanical nociception 

behavior and RNAi knock-down of ppk gene expression in Class IV md neurons 

phenocopied this defect.  Unfortunately, a dominant thermal nociception defect in the 

Df(2L)b88h49/+ larvae does not allow us to completely rule out a role for ppk in thermal 

nociception.  Nevertheless, several lines of evidence argue against a role for ppk in 

thermal nociception. First, Df(2L)A400/+ shows wild type thermal nociception behavior 

which suggests that the dominant phenotype of Df(2L)b88h49/+ is not linked to removal 

of ppk.  Second, the dominant phenotype of Df(2L)b88h49/+  is not enhanced by further 

removal of ppk in Df(2L)b88h49/ Df(2L)A400 animals.   Finally, RNAi knockdown of ppk 

did not result in a defect in thermal nociception (despite the fact that mechanical 

nociception was phenocopied).  

The situation for ppk is distinct from that of the painless gene which is required 

for both thermal and mechanical nociception responses (Tracey, Wilson et al. 2003).  In 

heterologous cells, Painless currents can be activated by heat but not by osmotic 

pressure. This supports a direct role for Painless in transduction of thermal nociception 
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stimuli but a direct role as a mechanosensor remains unproven.   Interestingly, heat 

activated Painless currents are strongly affected by intracellular calcium ions. This 

sensitivity to calcium suggests that Painless in mechanical nociception could feasibly act 

downstream of Pickpocket.  For example, if Pickpocket functions as a direct 

mechanosensor, calcium influx through voltage gated channels might indirectly activate 

Painless.  In this model, the function of Painless would be as an amplifier of 

mechanically gated Pickpocket currents. Although expression of Pickpocket in 

heterologous cells has also not been found to produce mechanically activated currents, 

the absence of mechanical currents by heterologously Pickpocket channels may indicate 

that factors present in vivo are needed for the mechanical sensitivity of these channels.     

A model where Pickpocket functions as a component of mechanotransduction 

complex seems likely based on the well established functional role of DEG/ENaCs in the 

C. elegans mechanotransduction complex. The sub-cellular localization of the Pickpocket 

protein is found in discrete varicosities on the dendrites (Adams, Anderson et al. 1998) 

which is reminiscent of the punctate localization of the mechanotransduction complex of 

the touch receptor neuron processes in C. elegans (Chelur, Ernstrom et al. 2002).   

Interestingly, although the mechanical nociception stimulus used in our assays 

seems qualitatively distinct from the gentle touch used in C. elegans studies, our results 

suggest that the molecular machinery involved may be similar. This is somewhat 

surprising since the sensory neurons that utilize Deg/ENaC channels for gentle touch 
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detection in C. elegans (Chalfie, Sulston et al. 1985),(Goodman 2006), (Hall and Altun 

2008) are not involved in harsh touch responses.  Harsh touch along the body wall is 

mediated by sensory neuron PVD and harsh touch on the tail is mediated by neuron 

PVC (Hall and Altun 2008), (Chalfie and Sulston 1981).  Similarly, gentle touch to the 

body wall of the Drosophila larva is thought to be detected by ciliated chordotonal 

neurons which utilize the TRP channels Nomp-C, Iav, and Nan in mechanotransduction. 

Our identification of Pickpocket as a potential mechanotransducer in the 

nociceptive neurons suggests an evolutionarily conserved role for Deg/ENaCs in 

neurosensory mechanotransduction.  Furthermore, the pickpocket mutant phenotype 

genetically separates mechanical nociception from thermal nociception in Drosophila.  
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Figure 5-1: Expression of pickpocket in class IV multidendritic neurons 

(ppk GAL4/UAS mCD8::GFP).  Confocal micrographs of dorsal cluster 

peripheral neurons in third instar larva.  (A) Immunostaining with a pan-

neuronal marker (anti-HRP-FITC).  (B) Immunostaining with anti-GFP 

(magenta) in the ddaC neuron.   (C) Merge of A and B. 
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Figure 5-2: Genomic region containing the pickpocket gene. 
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Figure 5-2: Genomic region containing the pickpocket gene.  (A) Schematic 

representation of Df(2L)B88h49 and Df(2L)A400.  Double arrow indicates region overlap 

as determined by results Polymerase Chain Reaction (see panel B). Df(2L)B88h49/ 

Df(2L)A400 are deficient for both pickpocket and elB.  (B)  Results of PCR on genomic 

DNA from wildtype (wt) or Df(2L)B88h49/Df(2L)A400 (B88/A400).  On the distal side of 

pickpocket, spel1 is not deleted.  On the proximal side, pburs is present.  Within the 

overlap of the deficiencies, pickpocket and elB are both deleted. 
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Figure 5-3: pickpocket is required for mechanical nociception (larval nocifensive responses to 50mN Von Frey fiber). 
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Figure 5-3: pickpocket is required for mechanical nociception (larval nocifensive 

responses to 50mN Von Frey fiber).  (A) Response of deficiency lines (Df(2L)A400/+ 

(n=140), Df(2L)b88h49/+ (n=160), and Df(2L)A400/Df(2L)B88h49 (ppk null mutant, 

n=156)).  A400/B88 shows a severe reduction in nocifensive behavior.  (B)  Nociception 

behavior in elB mutants (elB8/+ (n=69), elB8/Df(2L)A400 (n=58), elB8/Df(2L)B88h49 

(n=74)).  (C) Nociception behavior with ppk RNAi (UAS ppkRNAi/+ (n=315), ppk-Gal4/+ 

(n=182), ppk-GAL4 UAS-ppk RNAi/+ ( n=223), ppk-GAL4 UASppk RNAi (n=96).
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Time to response (s) Time to response (s) Time to response (s) 

   Df(2L)A400/+ 

UAS-ppkRNAi/+ (46°C) 

Ppk-GAL4; UAS-ppkRNAi (46°C) 
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 Df(2L)b88h49/+ (46°C) ppk, elBA400b88(46°C) 

UAS-ppkRNAi/+ (46°C) 
 

ppk-GAL4/+ (46°C) 

Figure 5-4: pickpocket is not required for thermal 

nociception. 
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Figure 5-4: pickpocket is not required for thermal nociception.  Distribution latencies 

of thermal nocifensive rolling behavior in third-instar larvae that were lightly touched 

with a 46°C probe.  All Y axes are percentage of rolling.  All X axes are time in seconds 

until rolling.  All error bars are standard error of the mean.  (A) Df(2L)A400/+ (n=173)  

(B) Df(2L)B88h49,  (n=80)  (C) Df(2L)A400/Df(2L)B88h49, pickpocket null (n=100). (D) 

UAS ppk RNAi/+  (n=207) (E) ppk-Gal4/+ (n=153) (F) ppk-GAL4 UASppk RNAi/+ (n=73).  

(G) ppk-GAL4 UAS-ppkRNAi  (n=130).
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Figure 5-5: Behavioral responses to gentle touch in pickpocket mutants. 

Kernan light touch assay (Kernan, Cowan et al. 1994).  Df(2L)A400/Df(2L)b88h49 

(pickpocket null mutant, n=32) larvae do not appear different from control larvae 

(Canton-S, n=39)
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Control ppk knockdown para knockdown 

Figure 5-6: Knockdown of ppk does not affect ChR2 

triggered nocifensive behavior. 
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Figure 5-6: Knockdown of ppk does not affect ChR2 triggered nocifensive behavior.  

Genotype of control= ppk-GAL4 UAS ChR2-eYFP Line C / +, dicer 2 (n=245).  Genotype 

of ppk knockdown= ppk-GAL4 UAS ChR2-eYFP Line C / UAS ppk-RNAi ; UAS dicer 2 / 

+( n=103) (t-test relative to control, p=0.32).  Genotype of para knockdown =ppk-GAL4 

UAS ChR2-eYFP Line C / UAS para-RNAi ; UAS dicer 2 / +, n=115. 
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6 The Drosophila genes balboa and stallone encode 
DEG/ENaC channels required for mechanical 
nociception 

6.1 Introduction 

Specialized sensory neurons that are important for detecting potentially tissue 

damaging stimuli are called nociceptors.  Nociceptive neurons are activated by noxious 

mechanical, thermal, and chemical stimuli.  Despite the medical importance, the 

molecular components that allow these cells to respond to the potentially tissue 

damaging stimuli are largely unknown.  However, some progress in understanding the 

molecular mechanisms of noxious heat detection has been made.  For example, the 

transient receptor potential vanilloid receptor 1 (TRPV1) ion channel responds to a number 

of noxious stimuli including noxious temperature, capsacin which is the spicy ingredient 

in hot peppers, and protons which are often released in response to tissue injury 

(Tominaga, Caterina et al. 1998), (Caterina, Schumacher et al. 1997).   Consistent with 

several of the molecular properties of TRPV1, in vivo studies using knockout mice 

showed a strong defect in the response to inflammation induced heat hyperalgesia 

(Davis, Gray et al. 2000), (Caterina, Leffler et al. 2000).   

However, the molecular mechanisms of mechanical nociception are still largely a 

mystery.  In order to identify molecules important to mechanical nociception, we are 

studying the problem in the animal model Drosophila. In response to a harsh mechanical 

stimulus, Drosophila larvae produce a stereotyped escape behavior in which the larva 
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rotates around its long body axis.  In addition to harsh touch, this escape locomotion can 

be triggered by other noxious stimuli such as heat.  In a prior genetic screen for 

mutations that affect thermal nociception, the heat sensitive TRPA channel painless was 

identified.   painless mutants show an increased threshold for thermal nociception and 

although the screen was performed using noxious heat, painless mutants were also found 

to also show an increased threshold for mechanical nocieption (Tracey, Wilson et al. 

2003).   

More recently, we have identified the sensory neurons that trigger nocifensive 

escape locomotion as the multidendritic (MD) class IV sensory neurons (Hwang, Zhong 

et al. 2007).  Experiments using genetically encoded neuronal silencers and activators 

showed that class IV MD neurons are both required and sufficient for triggering 

nocifensive behavior.  Class IV MD neurons are non-ciliated neurons with highly 

branched naked dendrites that tile the larval epidermis (Grueber, Jan et al. 2002).  

Although silencing of class IV MD neurons most severely inhibits behavioral responses 

to noxious mechanical stimuli, silencing of other MD neurons classes also impairs 

mechanical nociception albeit to a lesser degree (classes I, II, and/or III) (Hwang, Zhong 

et al. 2007).  The class I and bipolar dendritic (bd) neurons are required for normal larval 

locomotion (Hughes and Thomas 2007) so their effects on mechanical nociception are 

likely an indirect consequence of this uncoordination.  However, silencing of class II and 

class III MD neurons impairs mechanical nociception without affecting locomotion 
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(Hwang, Zhong et al. 2007) suggesting a contribution to mechanical nociception 

sensation. 

A large body of evidence suggests that ion channels play a critical role in the 

detection of mechanical force such as stretch or pressure.  For example, when E. coli are 

osmotically challenged, mechanosensitive msc channels open in response to the 

increased osmotic pressure and allow solutes to pass from the cytoplasm to the outside 

world.  Electrophysiological recordings from biochemically purified Msc channels have 

shown responses to tension applied to the membrane even in reconstituted liposomes 

without any other additional proteins.  This has led to a model of mechanosensation 

where membrane tension is directly detected by the mechanosensitive ion channels 

(Martinac, Adler et al. 1990), (Martinac, Buechner et al. 1987),(Delcour, Martinac et al. 

1989), (Sukharev, Martinac et al. 1993), (Saimi, Martinac et al. 1994; Berrier, Besnard et al. 

1996), (Kung 2005).   

In invertebrates, forward genetic screens for mutants that are defective in 

behavioral responses to gentle touch have suggested a more complex mechanosensitive 

ion channel which relies upon additional extracellular and intracellular components for 

efficient mechanotransduction.  A screen for C. elegans mutants insensitive to gentle 

touch has identified a mechanical transduction complex that contains the MEC-4 and 

MEC-10 degenerin / epithelial sodium channels (DEG/ENaC) and potential tethers  such 

as the extracellular matrix proteins (MEC-5, MEC-9) and the cytoskeletal proteins 
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(MEC7 and MEC-12) which are required for wild-type gentle touch responses (reviewed 

in (O'Hagan and Chalfie 2006), (Ernstrom and Chalfie 2002), (Goodman and Schwarz 

2003), (Garcia-Anoveros and Corey 1997), (O'Hagan, Chalfie et al. 2005), (O'Hagan and 

Chalfie 2006).   

The other ion channel family that has been genetically implicated in metazoan 

mechanosensation is the transient receptor potential (TRP) family.  The TRP channel 

Nomp-C is a candidate mechanotransducer and is required for hearing in Drosophila 

(Eberl, Hardy et al. 2000) and zebra fish (Sidi, Friedrich et al. 2003) and mechanosensory 

currents in Drosophila sensory bristles (Walker, Willingham et al. 2000).   Several other 

TRP channels are candidate mechanotransducers.  Two Drosophila TRPV channels, 

inactive (IAV) (Gong, Son et al. 2004) and nanchung (nan) (Kim, Chung et al. 2003) are 

required for hearing and respond to hypo-osmotic shock in heterologous cells.  

Although mutant iav iand nan flies are completely deaf, mechanical responses 

resembling “the active process” of non-linear amplification of sounds are intact leadings 

to the suggestion that they may not be transduction molecules (Gopfert, Albert et al. 

2006).  In addition, painless, a Drosophila TRPA channel, is required for thermal and 

mechanical nociception but whether it acts at the mechanotransduction step or 

somewhere downstream has yet to be determined.  The first TRP channel implicated in 

mechanosensation was the c. elegans TRPV channel osm-9. Mutants for osm-9 are 

defective in their response to noxious hyperosmolarity and mechanical stimuli but the 



 

145 

mechanism through which osm-9 is activated by mechanical stimuli is still poorly 

understood (Colbert, Smith et al. 1997).   

Although gentle touch has been the subject of detailed genetic analysis, distinct 

sets of sensory neurons are responsible for detecting gentle touch and noxious 

mechanical stimuli.  This separation of mechanosensory function in neurons is found in 

mammals (Purves, Chikaraishi et al. 2001), C. elegans (Hall and Altun 2008), and 

Drosophila.  It is unknown if the molecular components required for the detection of 

small forces are similar to those required for detection of stronger forces.   

Here, we describe the results of a forward genetic screen designed to identify ion 

channels that play a role in mechanical nociception.  We implemented a tissue specific 

knockdown strategy to specifically reduce expression of ion channel subunits in sensory 

neurons.  This approach allowed us to specifically investigate potential mechanosensory 

roles for a large number of ion channels in sensory neurons.  In addition, the targeted 

knockdown approach allowed us to examine the function of channels even if they might 

otherwise cause pleiotropic effects in a genetic knockout.  Using laser capture 

microdissection (LCM), we examined expression of the channel subunits in class IV 

multidendritic neurons, class I multidendritic neurons, and CNS neurons.  Interestingly, 

only seven ion channels are strongly enriched in class IV MD neurons compared to type 

I MD neurons.  To narrow the list of candidate channels for acting at the transduction 

step, we examined whether the identified channels were also required for 
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optogenetically triggered escape locomotion.  This allowed us to rule out channels that 

play general roles in the excitability of the nociceptor neurons.  Taking this approach, 

two novel genes were identified that may function specifically in mechanotransduction, 

CG8546 and CG18110.  To reflect the mutant phenotype of insensitivity to noxious 

mechanical stimuli, we named these genes balboa and stallone, respectively.  Both genes 

belong to the degenerin/epithelial sodium channel (DEG/ENaC) family.   

 

6.2 Materials and methods 

6.2.1 Fly strains 

RNAi lines were obtained from the VDRC.  Lines with mechanical nociception 

phenotypes includeded VDRC lines 5110 (CG8546), 10268 (CG12904), 31362 (CG10830), 

51490 (CG4894), 40987 (CG2893), 45989 (CG8743), 36659 (CG7577), 1351 (CG18110), 6132 

(CG9907).  The VDRC Isogenic white was used a control. 

 

6.2.2 Mechanical nociception screen 

To carry out the screen, we crossed Gal4 driver females (MD Gal4; UAS dicer 2 

or pickpocket 1.9 Gal4; UAS dicer 2) to males bearing the UAS-RNAi transgene for each 

ion channel.  The flies were allowed to lay eggs for five to six days and the mechanical 

nociception assay was performed on third instar larval progeny as described in the 

general methods section. 
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To avoid experimental bias, each UAS-RNAi line was coded such that the 

experimenter was blinded to the genotype during the screening process.  The identity of 

the genes was revealed at the end of the screen.  Each larva was stimulated up to 3 times 

(approximately 1-2 seconds apart) and the stimulus that elicited nocifensive escape 

locomotion (NEL) was recorded.  A score of 3 was assigned to the larva if NEL was 

observed in response to the first stimulus; a score of 2 was assigned if NEL was seen 

response to the second stimulus; a score of 1 was assigned if the larvae performed NEL 

after 3 stimuli and a score of 0 was assigned to a larva that did not respond after 3 

stimuli.  The scores were averaged from the responses of 4-15 larvae from each genotype 

in the initial phase of the screen. 

For the initial screen, roughly 10-20 lines were tested per day and each day 

included control crosses for the driver line (MD Gal4/+; UAS dicer 2/+) crossed to the 

isogenic white background of the UAS-RNAi collection.  The crosses with mechanical 

nociception scores approximately one standard deviation away average of the controls 

were selected for resting.   

The protocol was repeated for these selected lines tagged for retesting except that 

2-3 groups of 20-40 larvae were tested.   
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6.2.3 Optogenetic activation 

Optogenetic activation of nocifensive escape locomotion was performed as 

described in the general methods section with slight modifications.  Ten virgin females 

of the genotype pickpocket1.9 Gal4 UAS-ChR2 Line C / Cyo ; UAS dicer 2 virgins were 

crossed to UAS-RNAi lines targeting specific ion channels.  Only fluorescent larvae 

(those which expressed ChR2 in class IV MD neurons) were scored for behavioral 

responses. 

 

6.3 Results 

6.3.1 UAS- RNAi lines targeting 94% of Drosophila ion channels 

A comprehensive list of the Drosophila melanogaster ion channels was created 

using the controlled vocabulary function at FlyBase (http://www.flybase.org) for all 

genes with ion channel activity (http://www.flybase.org/cgi-

bin/cvreport.html?id=GO:0005216).  This search identified 207 unique genes.  54 

additional channels were added using other search terms resulting in a total of 261 

channels (Table 6-1).  This number of channels reflects an increase of 116 predicted ion 

channels in the Drosophila genome when compared to a 2000 study (Littleton and 

Ganetzky 2000) which identified 145 predicted channels.  A large fraction of the 

increased channel number (sixty three) is due to novel divergent glutamate receptors 

that are involved in Drosophila olfaction (Benton, Vannice et al. 2009).  Because these 
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channels have been implicated in olfaction, we did not consider them as good 

candidates for mechanotransducers and screened only a subset of them (fourteen).     

UAS-RNAi lines targeting approximately 200 of the 212 remaining ion channel 

subunits were available from the Vienna Drosophila RNAi Center (VDRC) (Figure 6-1).  

We screened 326 lines representing 179 ion channels or 84% of the genome.  The 

remaining 21 ion channels are currently under investigation. 

 

6.3.2 The mechanical nociception screen 

To carry out the screen, we utilized the Gal4-UAS binary system and crossed 

UAS-RNAi lines a neuron specific neuron driver in order to knock down genes in 

specific neurons.  In order to increase the effectiveness of RNAi, a UAS dicer-2 (Dietzl, 

Chen et al. 2007) transgene was also harbored by each driver strain.  We then performed 

the mechanical nociception assay on third instar progeny.  In this assay, a von Frey fiber 

that delivers approximately 50mN of force was used to prod the mid dorsal region of 

segments A4-A6 of the larvae.  The number of stimuli required to trigger a nocifensive 

response was used as a measure of sensitivity to the mechanical stimulus.  A numerical 

score of 3 was assigned to larvae that responded on the first stimulus.  A score of 2 was 

assigned if the larva responded on the second stimulus and a score of 1 was assigned for 

a response on the third stimulus.  A score of 0 was assigned to larvae which did not 

respond even after 3 stimuli.  Larvae of the control genotype typically responded to the 
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mechanical nociception stimulus after the first or second prod with the Von Frey Fiber.  

In contrast, insensitive mutants showed an increased probability of a failure to respond, 

producing a lower mechanical nociception score.   

Because MD neurons of classes II, III, and IV contribute to mechanical 

nociception, we first tested the effects of knocking down the ion channels in all MD 

neurons.  To achieve this, UAS-RNAi lines crossed with MDGal4 (expression in MD 

classes I-IV) and the progeny were tested for mechanical nociception.  5-15 larvae of a 

particular genotype were tested initially.  Crosses in which the mechanical nociception 

scores were less than one standard deviation away from the mean of the control 

genotype were repeated (up to several times) (121 lines) in order to identify genotypes 

where the knockdown effects and behavioral phenotype were robust and reproducible.  

Nine UAS RNAi lines trageting nine genes showed significant reduction in mechanical 

nociception score relative to controls.  (Figure 6-2, Figure 6-3, Table 6-2, Figure 6-4). 

The channels targeted by these lines included four sodium channels (para, 

CG18110, ppk20, CG8546), one calcium channel (Ca-alpha 1D), two potassium channels 

(CG10830, CG12904), one cation channel (CT2520), and one mitochondrial gene 

(DmPorin2) (Figure 6-3, Table 6-2).  We named CG10830 and CG12904 as achilles and 

hector respectively after famous warriors in Greek mythology.  As several lines of 

evidence presented below suggest specific roles for CG8546 and CG18110 as possible 
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mechanical nocicpetion transduction channels we named thse genes balboa (CG8546) and 

stallone (CG18110). 

 

6.3.3 Knockdown of ion channel subunits identifies genes required 
for mechanical nociception in class IV MD neurons 

Although the silencing of any of the four classes of multidendritic neurons 

interferes with mechanical nociception, our prior evidence suggests that the class IV MD 

neurons have the most significant and specific role in nociception.  Silencing of the 

output of class IV MD neurons severely impairs mechanical nociception behavior and 

optogenetic activation of these cells triggers nocifensive escape locomotion.  Therefore, 

to test whether any of the identified channels might have a specific function in the class 

IV MD neurons, we tested the effects of knockding the channels down in these cells 

using the class IV specific driver ppkGal4. 

Interestingly, knockdown of only four out of nine channels in the class IV 

neurons significantly interfered with mechanical nociception behavior: para, achilles 

(CG10830), balboa (CG8548), stallone (CG18110) (Table 6-2, Table 6-5).  This suggests that 

the other channels may contribute to mechanical nociception behavior by functioning in 

class I, II, or III neurons.   
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6.3.4 Novel ion channel genes with specific expression in class IV 
MD neurons are required for mechanical nociception 

The results of the genetic screen suggested the existence of channels specifically 

required in class IV neurons and also other channels which function in other MD neuron 

types.  One possible explanation for these observations is that the distinct channels 

might be differentially expressed among MD neuron classes.  Therefore, to test this 

possibility, we directly examined ion channel RNA expression levels in distinct MD 

neuron classes.  In addition, to identify channels that might provide a widespread role in 

neuronal function we examined expression levels of the ion channels in the CNS.  We 

used laser capture microdissection to isolate CD8::GFP labeled cells of the different 

types from cryosectioned larvae.  RNA was then extracted from each of the cell types 

and amplified.  The amplified material was then fluorescently labeled and used to probe 

Affymetrix microarray chips.  To achieve statistical power, four independantly 

generated isolates of each cell type were processed and used to probe microarrays.   

Microarray analysis revealed that the majority of ion channels were not detected 

in MD neurons.  We defined “detected” as being detectable in at least three of the four 

samples for a specific neuron type.  Slightly more than 25% of channels were detected in 

either class IV or class I MD neurons and apprioximately 37% of channels in the CNS.  

Approximately 50% of channels were not detected in either MD neuron class and about 

40% were not detected in the CNS.   
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Of the channels isolated from the class I-IV MD neuron screen, five were 

detectable in either class IV or class I MD neurons.  Three were detected in more than 

one cell type, para, Ca-alpha 1D, and achilles, suggesting that they may play a more 

general role in neuronal function.  The other two genes were specifically expressed in 

class I or class IV MD neurons suggesting roles more specific to those cell types.  hector 

was expressed in class I MD neurons whereas balboa was expressed in class IV MD 

neurons (Table 6-3).   

Since four channels were required for nociception in class IV MD neurons, we 

compared the relative transcript levels between class IV and the morphologically similar 

class I MD neurons to determine if any channels were differentially expressed in larval 

nociceptors.  Seven ion channels were found to be significantly enriched (p<0.05) in class 

IV MD neurons (Table 6-4).   Five channels had 2-7 times more transcript in class IV MD 

neurons and two channels were dramatically enriched in by one to two orders of 

magnitude.  The two most enriched genes belonged to the DEG/ENaC family: balboa 

(110x) and pickpocket (ppk) (28x) (Table 6-3).  Importantly, balboa expression was 

exclusively detected in class IV MD neurons.  The very high enrichment of two 

DEG/ENaC channels in larval nociceptors suggests that their functions may play 

important roles specific to larval nociceptors.  This is consistent with the results in 

Chapter 5 which show that the DEG/ENaC channel pickpocket is also required for 

mechanical nociception. 
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6.3.5 Balboa and Stallone function specifically in mechanosensation 

We expected that the screen would isolate bona fide transduction channels as well 

as channels more generally required for neuronal excitability, a priori.  

Mechanotransduction channels are not expected to be important for the general 

excitability of the sensory neuron.  To test for general roles of the isolated channels, we 

tested whether knockdown of any of the four genes that reduced mechanical responses 

in these cells would affect the nocifensive escape locomotion triggered by activation of 

class IV MD neurons with channelrhodopsin-2 (ChR2) (Nagel, Szellas et al. 2003), 

(Hwang, Zhong et al. 2007).  We reasoned that since ChR2 bypasses the 

mechanotransduciton machinery to directly depolarize larval nociceptors, 

mechanotransduction channels would not be required for light triggered nocifensive 

escape locomotion.  In contrast, channels more generally involved in neuronal 

excitability should also be required for optogenetic responses.   

Indeed, knockdown of para dramatically decreased blue light triggered 

nociceptive escape locomotion from 81% (control) to 2%.  This finding is consistent with 

the known role for para in action potential propagation.  In addition, knockdown of 

achilles also impaired the optogenetic responses and decreased escape locomotion to 50% 

(p < 0.05).  This result is consistent with the significant RNA expression levels of achilles 

in the CNS and suggests a potentially widespread role for this channel in neuronal 

function.  However, light triggered behavioral responses were unaffected by knockdown 
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of balboa or stallone.  This finding, combined with the fact that both of these genes are 

homologs of known mechanical channels suggests that these two genes may function at 

the transduction step in nociceptive sensory neurons.  In addition, enrichment of balboa 

expression in class IV MD neurons makes a specific role likely.   

 

6.4 Discussion 

In this study, we have utilized tissue specific expression of RNAi for ion 

channels in order to screen for channels that are required in all classes of MD neurons 

and specifically in class IV MD neurons for larval mechanical nociception.  Nine 

channels have been identified as being required in at least one class of MD neurons and 

of those nine, four channels are required in larval nociceptors for mechanical 

nociception.  After further testing with ChR2, two DEG/ENaC channels were not 

required for ChR2 neuronal signaling.  These two DEG/ENaCs are candidates for 

mechanotransducers. 

While we have identified candidates for further investigation, it is important to 

note that false negative results of the screen may have caused us to miss important 

genes.  For example, painless is a TRPA ion channel expressed in all four classes of MD 

(and CNS) neurons is required for thermal and mechanical nociception and the VDRC 

UAS pain RNAi lines did not produce a detectable phenotype under the conditions used 

for the screen.  In addition, since RNAi is known to produce off target effects, genetic 
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mutants will need to be obtained in order to further verify the RNAi phenotypes 

observed in this screen. 

In the absence of genetic mutants, the severity of the RNAi phenotypes is 

difficult to interpret.  With the exception of para, none of the RNAi channels knocked 

down to a severe mechanical nociception defective phenotype.  One possible 

explanation is for this that knockdown with RNAi may be incomplete.  Variation in the 

knockdown eficency between RNAi lines will also contribute to the variance in 

phenotype so that severity of RNAi phenotypes may not be predictive of the severity of 

a genetic mutant.  In addition, redundancy or functional compensatory expression of 

other genes might cover for loss of certain genes.  One additional consideration is that 

the genetic background of the VDRC isogenic white has an elevated mechanical 

nociception threshold compared to strains such as canton-S (R.Y.H. unpublished results).  

This effect of genetic background may have obscured subtle phenotypes that might be 

observed in a different context.   

Taking these caveats into consideration, nine channels were isolated from the 

class I-IV MD neuron screen.  The roles for the isolated channels in MD neurons can be 

hypothesized from work in other systems or animal models.   

In some cases, channels could affect the general health of the neuron.  dmporin2 is 

a mitochondrial cation selective ion channel (Guarino, Specchia et al. 2006) whose 

known function is as part of the mitochondrial translocase of outer membrane (TOM) 
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(Neupert and Brunner 2002).  This gene could affect MD neuron mitochondria and 

energy production within the neuron and affect nociception in a trivial way.  However, 

more interesting and specific roles are possible.  For example it is possible that dmPorin2 

protein could be present in plasma membrane in addition to mitochondria.  Isolation of 

this channel which has bacterial homologues could indicate a primordial function in 

mechanosensation. 

Very little is known about hector which is predicted to be a Ca activated 

potassium channel (Lawniczak and Begun 2004) and achilles which is a predicted voltage 

dependent potassium channel.  Neither of these two genes has been characterized in 

Drosophila but achilles’s mammalian homolog Pfetin, was first described as a gene in 

mammalian fetal cochlea (Resendes, Kuo et al. 2004) although its functional role is still 

unknown.   

As expected, ion channels required for the propagation of action potentials were 

uncovered in the screen.  para (paralytic) is a pan-neuronally expressed (Hong and 

Ganetzky 1994) voltage sensitive Na ion channel first identified by mutations resulting 

in a temperature sensitive paralytic phenotype (Suzuki et al, 1971, Siddiqi and benzer 

1976).  The mutant phenotype results in a lack of action potentials (Wu and Ganetzky 

1980);(Siddiqi and Benzer 1976) effectively silencing neuronal output.  Consistent with 

its widespread function, larvae expressing para-RNAi in MD neurons were both 

uncoordinated and unresponsive to noxious mechanical stimuli.  However, expression 
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of para-RNAi in class IV MD neurons alone was severely defective in mechanical 

nociception in the absence of uncoordination.  The para locus encodes one of two NaV 

type channels that are present in the Drosophila genome.  Since para encodes at least 29 

distinct transcripts (Thackeray and Ganetzky 1994), (O'Dowd, Gee et al. 1995), (Blencowe 

and Graveley 2007), a nociceptor specific isoform seems possible.  Microarray analysis 

also demonstrates an enrichment of para in class IV MD neurons relative to CNS neurons 

(Table 6-3).  In mammals, the related Nav1.7 gene has also been found to play an 

important role in pain.  In humans it is one cause of congenital insensitivity to pain 

which is a genetic disease characterized by the absence of pain (Ahmad, Dahllund et al. 

2007).  It is also a cause of the autosomal dominant disease primary erythermalgia, 

which is characterized burning pain with redness and heat in the extremities, has been 

mapped to Nav1.7 (Yang, Wang et al. 2004) and mice conditionally knocked out for 

Nav1.7 in nociceptors have increased pain thresholds for thermal and mechanical 

stimuli and had reduced responses to inflammatory induced pain (Nassar, Stirling et al. 

2004). 

The calcium channel Ca-alpha1D (DmCa1D) which encodes an L type calcium 

channel most similar to mammalian CaV1.2 was isolated in the class I-IV MD screen.  

Mammalian L-type Ca channels have a number of well described neuronal functions 

including the regulation of gene expression (Cav1.2) (Dolmetsch, Pajvani et al. 2001; 

Weick, Groth et al. 2003), (Bito, Deisseroth et al. 1996), (Zhang, Maximov et al. 2005), 
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(Zhang, Fu et al. 2006), (Lipscombe, Helton et al. 2004), cell survival, and synaptic 

plasticity (Lipscombe, Helton et al. 2004).  In addition, L-type channels can regulate 

exocytosis of synaptic vesicles in specific cells and synapses such as the Xenopus 

neuromuscular junction (Lipscombe, Helton et al. 2004).  Interestingly Cav1.2 has also 

been suggested to mediate mechanosensative calcium entry in smooth muscles (Lyford, 

Strege et al. 2002).  In Drosophila, dmCa-1D mutants show defects in muscle calcium 

channel currents and muscle contractions (Eberl, Ren et al. 1998) which is consistent 

with well described mammalian L-type Ca channel function in muscles (Beam, Tanabe 

et al. 1989), (Franzini-Armstrong and Protasi 1997), (Reuter 1985), (Schneider and 

Chandler 1973), (Tanabe, Mikami et al. 1990), (Reuter, Porzig et al. 1988), (Tanabe, 

Mikami et al. 1990).  However, whether these defects are neuronal or muscle in origin, 

has yet to be determined.  Our results indicate that dmca-1D channels are present in class 

IV, class I MD, and CNS neurons (Table 6-3) and this channel may play a more general 

role in neuronal excitability.  The function of Ca-alpha 1D could be similar to C. elegans 

homologue which is important to the excitability of mechanosensory neurons but is 

believed to function downstream of mechanotransduction (Suzuki, Kerr et al. 2003). 

Channels of the transient receptor potential (TRP) channel family are known for 

their roles as cellular sensors, including potential roles in mechanosensation.  dTRPML1 

(CT25240) is a TRP channel whose mammalian ortholog is TRPML3.  In mice, mutations 

in TRPML3 lead to an increased open probability in hair cells and stereocilia and 
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underlie the hair cell degeneration and deafness of variant waddler mice.  Because of its 

expression pattern and its requirement for hearing, TRPML3 has been implicated in 

playing a sensory role in hair cells but its homology to lysosomal channels TRPML1 and 

2 and its localization to lysosomes in an in vitro hair cell model have been used as an 

argument against this possibility (Di Palma, Belyantseva et al. 2002; Nagata, Zheng et al. 

2008), (Nagata, Zheng et al. 2008), (Atiba-Davies and Noben-Trauth 2007).  In Drosophila, 

a recent study has shown that dTRPML1 mutants exhibit features similar to the genetic 

lysosomal storage disease mucolipidosis type IV.   Mutants are defective in cell 

autophagy, a lysosomal degradation process, and exhibit widespread neuronal 

degeneration and decreased synaptic transmission.  The neuronal degeneration is 

thought to arise from increased apoptosis as well as decreased clearance of apoptotic 

cells (Venkatachalam, Long et al. 2008), suggesting a non-mechanotransductive neuronal 

function for dTRPML1.   

Of major interest in the field of mechanotransduction is the identification of the 

molecular components that transduce force into an electrical signal.  The best 

characterized metazoan force sensing ion channel are the DEG/ENaC mec-4/mec-10 

(O'Hagan and Chalfie 2006), (Garcia-Anoveros and Corey 1997), (Goodman and 

Schwarz 2003).  Therefore it is interesting that three genes isolated in our screen belong 

to the DEG/ENaC channel family: ppk20, balboa, and stallone.  None of these genes have 

been previously characterized.  However, the DEG/ENaC channel pickpocket is known to 
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be expressed in class IV MD neurons (Adams, Anderson et al. 1998), (Ainsley, Pettus et 

al. 2003) and is hightly enriched in class IV MD neurons relative to class I MD neurons 

(Table 6-4).  Indeed, our unpublished results also implicate pickpocket in nociception.  We 

have found that balboa is expressed at even higher levels than pickpocket in class IV MD 

neurons and is related to a number of mammalian ENaC and ASIC (acid sensing ion 

channel) channels including ASIC3 and ASIC1a.  This channel is particularly interesting 

in that it is the most highly expressed ion channel in class IV MD neurons and it is 

expressed at undetectable levels in class I MD neurons and CNS (Table 6-4).   

Of the nine previously described channels, four channels are required in larval 

nociceptors.  This suggests that the five genes that do not show a phenotype with the 

class IV MD neuron driver may be required in other MD neurons classes (classes I-III).  

Since class II and III MD neurons are required for mechanical nociception responses, an 

interesting possibility is that they utilize different channels from class IV MD neurons.  

Since class III MD neurons tile the larval epidermis, these cells may provide parallel 

input which helps to encode the somatotopic location of the mechanical insult.   

Of the four channels isolated using the class IV specific driver, two promising 

candidate genes may be involved at the transduction step: balboa and stallone.  Both 

genes belong to the DEG/ENaC/ASIC family of ion channels and balboa is the most 

highly expressed ion channel in class IV (110x) MD neurons.  The second most expressed 

ion channel is pickpocket, suggesting roles specific to larval nociceptors for both of these 
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channels.  Recently, the crystal structure of ASIC1 has shown that ASICs can form 

trimers and DEG/ENaC/ASIC channels form heteromultimers in mice dorsal root 

ganglia (Benson, Xie et al. 2002) and in C. elegans (O'Hagan and Chalfie 2006).  This 

suggests the possibility that Drosophila DEG/ENaC subunits may also form oligoermic 

channels.  The pickpocket, balboa, and stallone channels are good candidates to test this 

possibility. 
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Figure 6-1: Ion channel representation in the VDRC.  There are 261 predicted ion 

channel subunits in the Drosophila genome.  Excluding the unannotated novel 

divergent ionotropic glumate channels suggested to be involved in olfaction, the VDRC 

contains lines representing 200 ion channel subunits or 94% of the remaining 212 

annotated ion channels listed in the genome.  326 lines representing 179 channels were 

screened.   

 

    Ion channels represented in the VDRC 

Figure 6-1: Ion channel representation in the VDRC. 
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Littleton & 

Ganetzky  

  2000 count 2009 Count 

Category Protein family   

Voltage gated 

sodium channels alpha subunit 2 3 

 beta subunit 0 0 

 TipE 2 4 

Voltage gated 

calcium channels alpha subunit 4 5 

 beta subunit 1 1 

 alpha2delta subunit 3 3 

 gamma subunit 1 1 

 other  1 

Calcium channels store operated  1 

Potassium channels Kv alpha subunit 5 12 

 Kv beta subunit 1 1 

 

KCNQ alpha 

subunit 1 1 

 MinK Beta subunit 0 0 

 EAG alpha subunit 3 3 

 MiRP1 Beta subunit 0 0 

 slo alpha subunit 1 1 

 slo beta subunit 0 0 

 slack alpha subunit 1 0 

 SK alpha subunit 1 1 

 Kir alpha subunit 3 3 

 2 pore  11 14 

Chloride channels  3 6 

CNG Channels  4 6 

Hyperpolarization-

activated channels  1 1 

Table 6-1: Ion channel genes in Drosophila. 
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Ionotropic glutamate 

receptors AMPA 3 4 

 kainate 15 10 

 NMDA 2 2 

 delta subtype 4 0 

 divergent/novel 6 63 

nACh receptors  10 15 

GABAa/glycine 

receptors  10 12 

Trp-like channels  13 15 

Amiloride sensitive 

sodium channels  24 31 

Ryanodine receptor  1 1 

IP3 receptor  1 1 

Innexins  8 8 

Water channel   7 

ABC transporter   6 

Mitocholdrial protein   6 

N/K Transporter   3 

Ca/K Transporter   2 

Other   7 

    

Total  145 261 

 

Table 6-1: Ion channel genes in Drosophila.  (Continued)  Ion channel genes in 

Drosophila genome.  2009 reference count is after (Littleton and Ganetzky 2000).  Channel 

types were identified by using a combination of Interpro 

(http://www.ebi.ac.uk/interpro/) protein domain analyses, Panther 

(http://www.pantherdb.org/) ion channel classification. 
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181 genes (326 RNAi lines) 
 

Screen in class I-
IV MD neurons  

Screen in class 
IV MD neurons 

ChR2 screen 

99 genes (121 Lines) retested 

9 genes isolated 

4 genes isolated 

2 genes isolated 

F1 larvae are tested for mechanical nociception  

Channels required in at 
least one MD neuron class 

Channels required in 
Class IV MD neurons 

Candidate 
mechanotrasnducers 

Figure 6-2: Screen for candidate mechanotransducing ion channels required for 

mechanical nociception.  Schematic of mechanical nociception screen and isolated genes 

at each step using the class I-IV MD neurons driver, the class IV MD neurons driver, and 

ChR2. 
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a 

b 

Figure 6-3: Distribution of mechanical nociception scores for all lines retested.  (a) 

distribution of mechanical nociception scores for lines tested with class I-IV MD 

neurons driver.  X axis shows mechanical nociception scores binned into 0.25 

increments.  Mean control score was 2.24.  (b) same data as shown in panel (a) plotted 

according to % response to first stimulus.   
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Gene name CG number Score (SEM, n) P value Notes 

Para CG9907 0.5 (0.15, 48) <10e-4 Uncoordinated 

stallone CG18110 1.5 (0.09, 68) 0.017  

Ppk20 CG7577 1.5 (0.09, 122) 0.004  

dTRPML CG8743 

(CT25240) 

1.7 (0.06, 105 ) 0.003  

DmPorin2 CG17137 1.8 (0.06, 58) 0.0004  

Ca-alpha1D  CG4894 1.5 (0.05, 124) 0.0185  

achilles CG10830 1.9 (0.11, 117) 0.03  

hector CG34363 1.7 (0.17, 179) 0.043  

balboa CG8546 1.9 (0.06, 107) 0.003  

Control  2.2 (0.10, 527)   

Table 6-2: Genes identified from mechanical nociception screen using class I-IV MD 

neuron driver.  Mechanical nociception scores and p value (1 tailed t-test) relative to 

isogenic white control. 
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Figure 6-4: Ion channel knockdown in class I-IV MD neurons decreases nocifensive 

rolling response after one stimulus.  Crosses were made from MD Gal4 ; UAS dicer 2 

virgins to UAS RNAi (males) for a given ion channel.  The control genotype was MD.9 

Gal4 ; UAS dicer 2 virgins x isogenic white (from the VDRC).  Y axis is percent response 

to a single 50mN mechanical stimulus.  X axis indicates ion channel that is targeted.  

Error bars are SEM. 
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Gene 

name 

CG number         Detection score Unadjusted raw expression 

level 

  Fold increase (adjusted) 

  Class IV Class I CNS IV I CNS  IV: I IV: CNS I: CNS 

balboa CG8546 4 1 0 1582.525 26.25 0.5  110x 3193x  

pickpocket CG3476 4 3 1 1364.4 57.5 6.575   28x 229x     8x 

ca-alpha1D CG4894 4 3 4 191.35 64.8 87.875    3x 3x  

para CG9907 4 4 1 401.8 243.05 32.9  9x     9x 

achilles CG10830 3 3 4 67.05 64.9 208.65    

stallone CG18110 1 0 0 14.25 5.975 6.975    

ppk20 CG7577 0 0 0 8.925 6.1 2.425    

dTRPML CG8743 

(CT2520) 

0 0 0 

6.825 4.525 11.575 

   

DmPorin2 CG17137 0 0 1 7.725 7.175 9.45    

hector CG34363 0 4 1 18.675 89.875 11.825  -17.0 -23x 

Table 6-3: Genes isolated in mechanical nociception screen using MD Gal4 UAS dicer 2 driver with the microarray 

expression levels. 
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Table 6-3: Genes isolated in mechanical nociception screen using MD Gal4 UAS dicer 

2 driver with the microarray expression levels.  Detection score indicates the number of 

replicants (out of four samples) where the presence/absence call was present above 

background.  This is an estimate of the reliability for weakly expressed genes.  

Knockdown of channels highlighted in red showed a reduced nociception score with 

ppkGal4.  Expression levels listed under “fold increase” are adjusted for probe 

hybridization efficiency within a gene chip.  Raw expression levels are not adjusted for 

probe hybridization efficiency. 
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Figure 6-5: Ion channel knockdown in larval nociceptors decreases nocifensive escape 

locomotion.  Larvae genotypes were made from the cross pickpocket1.9 Gal4 ; UAS dicer 2 

virgins to UAS RNAi for a given ion channel.  The control genotype was pickpocket1.9 

Gal4 ; UAS dicer 2 virgins x isogenic white (from the VDRC).  Y axis is percent response 

to a single 50mN mechanical stimulus.  X axis indicates ion channel that is targeted.  

Error bars are SEM. 
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CG Genes Fold 
increase 
(IV:I) 

P 
Value 

VDRC 
Collection 

Represented 
in screen 

Knockdown 
reduces 
mechanical 
nociception 

      Class 
I-IV 
MD 

Class 
I 

CG8546 CG8546 111 0.01 + + + + 
CG3478 Ppk 28 0.004 - - - - 
CG15899 Ca-

alpha1T 
7 0.01 + + - - 

CG12414 nAcRalpha 
80B 

5 0.04 + - - - 

CG33989 pHCl 4 0.04 - - - - 
CG4894 Ca-

alpha1D 
3 0.01 + + + - 

CG11155 CG11555 2 0.03 + + - - 
CG12157 Tom40 -3 0.04 + + - - 
CG34363 CG12904 -5 0.004 + + + - 

Table 6-4: Ion channel genes showing twofold or greater enrichment. 
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Table 6-4: Ion channel genes showing twofold or greater enrichment.  Genes were 

defined as enriched if a p value of < 0.05 was calculated.  Fold increase represents the 

amount of fold increase for a given gene.  Negative number indicate receiprocal fold 

change.  For example -3 indicate a threefold higher transcript level in class I MD neurons 

relative to class IV MD neurons. 

 



 

175 

 

Gene 
name 

CG 
number 

Score     (SEM, n) P value Notes 

Para CG9907 0.94 (0.13, 100) <10e-5 No uncoordination 
CG10830 CG10830 1.48 (0.18, 110) 0.008  
CG18110 CG18110 1.63 (0.08, 222) 0.013  
CG8546 CG8546 1.76 (0.17, 142) 0.002  
Control  2.12 (0.08, 342)   

Table 6-5: Genes isolated from mechanical nociception screen using class IV MD 

neurons driver.  Mechanical nociception scores and p value (1 tailed t-test) are relative 

to isogenic white control. 
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Figure 6-6: Effects of knockdown of specific ion channel genes on 

optogenetic nociception behavior.   
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Figure 6-6: Effects of knockdown of specific ion channel genes on optogenetic 

nociception behavior.  Knockdown of para and achilles (CG10830) results in decreased 

ChR2 induced nocifensive behavior.  Knockdown of stallone (CG18110) and balboa 

(CG8546) does not significantly decrease ChR2 induced rolling.  All genotypes contain 

one copy of ppk1.9 Gal4, UAS ChR2, UAS dicer2, and UAS RNAi.  Error bars are SEM. 
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7 Distinct painless isoforms are responsible for thermal 
and mechanical nociception 

7.1 Introduction 

Transient receptor potential (TRP) channels have been shown to be important in 

sensory modalities ranging from taste to phototransduction to thermosensation 

(reviewed in (Damann, Voets et al. 2008), (Clapham 2003)).  Several TRP channels are 

polymodal since they can be activated by more than one type of stimulus.  For example, 

TRPV1, a member of the vanilloid subfamily of TRP channels, can be activated by both 

capsacin and heat (Caterina, Schumacher et al. 1997) and has been suggested to play a 

role in a mechanically activated pathway in bladder urothelium (Birder, Nakamura et al. 

2002).  TRPM8, a member of the TRPM subfamily, is activated by cold temperatures and 

menthol (McKemy, Neuhausser et al. 2002), (Peier, Moqrich et al. 2002) and knockout 

mice have been shown to have deficits in cold sensation and icilin induced jumping 

(Dhaka, Murray et al. 2007), (Colburn, Lubin et al. 2007). 

painless is a Drosophila TRPA channel that is required for both thermal and 

mechanical nociception in Drosophila larva.  In response to a noxious stimulus, Drosophila 

larvae perform a nocifensive escape behavior where the larva rotates along its long axis 

in a corkscrew like manner (Tracey, Wilson et al. 2003).  painless mutant larvae show 

increased sensory thresholds for responses to noxious heat and noxious mechanical 

stimuli.  (Tracey, Wilson et al. 2003)  Similarly, adult mutants for painless show an 

impaired heat triggered jump reflex (Xu, Cang et al. 2006).  Electrophysiological 
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recordings from painless mutant larval abdominal thermosensory neurons showed 

decreased responses to high temperatures (Tracey, Wilson et al. 2003) and studies in 

heterologous expression systems have shown that painless is heat activated with a 

threshold of 42.6 C (Sokabe, Tsujiuchi et al. 2008) which is similar to the 39-41°C 

temperature threshold for triggering larval nocifensive rolling (Tracey, Wilson et al. 

2003).  These data suggest that painless may play a direct role in detecting noxious 

temperatures. 

With regard to mechanical nociception, the role of painless is more poorly 

understood.  When painless mutant larvae are stimulated with a noxious mechanical 

stimulus, mutants have a reduced rate of nocifensive rolling demonstrating that painless 

is required for mechanical nociception (Tracey, Wilson et al. 2003).  In vitro studies on 

painless expressed in human cells have not detected responses to hypo or hypertonic 

stimulation or direct touch with a glass pipette (Sokabe, Tsujiuchi et al. 2008) suggesting 

that painless is not directly mechanosensitive.  It is possible that painless may be involved 

downstream of mechanotranduction signaling or that painless may play a role as a 

housekeeping gene required for proper neuronal functioning of larval nociceptors.   On 

the other hand, in vitro studies are difficult to interpret since mechanosensitive channels 

may require in vivo components that may not be present in vitro.  This may be 

particularly true with expression of insect channels in mammalian cells since the 

required components may not be capable of interacting with the channel.  For example, 
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the C. elegans mechanotransduction complex which relies on the degenerin / epithelial 

sodium channels (DEG/ENaC) mec-4 and mec-10, requires both extracellular proteins 

(mec-1, mec-5, and mec-9) and intracellular components for wild-type mechanosensitive 

currents (reviewed in (O'Hagan and Chalfie 2006)).   In Drosophila, the extracellular 

protein NompA, is required for the connection between the mechanosensory neuronal 

sensory endings and cuticle (Chung, Zhu et al. 2001).  The identification of roles for 

extracellular proteins has led to one model of mechanosensation involving tethers that 

anchor the mechanosensitive channel or complex to intracellar and/or extracellular 

components (reviewed in (Garcia-Anoveros and Corey 1997), (O'Hagan and Chalfie 

2006)) that efficiently transmit force to the mechanosensitive channel.   

In the case of mechanosensitive TRP channels, it has been proposed that an N-

terminal domain (NTD) may play an important role in transmitting cytoskeletal force to 

the channels.  nomp-C is a TRPN channel which was identified in a screen for mutants 

that had defects in a bristle mechanically induced currents and contains an unusually 

long set of 29 N-terminal ankyrin repeats. (Walker, Willingham et al. 2000).  nomp-C is 

also required for hearing in both Drosophila (Eberl, Hardy et al. 2000) and Zebrafish (Sidi, 

Friedrich et al. 2003) and has been implicated as a mechanotransducer in Drosophila 

hearing (Gopfert, Albert et al. 2006).  It has been proposed that the ankyrin repeats of 

Nomp-C may function as a flexible gating spring (Howard and Bechstedt 2004) that can 

transmit force to the mechanosensative channel while being anchored to a cellular 
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component such as the cytoskeleton.  Consistent with the gating spring hypothesis, 

evidence has also shown that the ankyrin repeats of ankyrin-R can behave as a linear 

and reversible molecular spring (Lee, Abdi et al. 2006).  Such a gating spring model has 

been proposed for the elusive mechanosensitive ion channel in hair cells.  It was 

originally believed that the tip links which were extracellular cross links near the tips of 

stereocilia apical tips served as such a gating spring.  However, the identification of 

cadherin 23 (Siemens, Lillo et al. 2004; Sollner, Rauch et al. 2004), and protocadherin-15 

as components of tip links (Ahmed, Goodyear et al. 2006) argued against tips-links 

serving as the gating spring because molecular simulations predicted that cadherin 

would be too stiff to serve as the gating spring in hair cells (Sotomayor, Corey et al. 

2005).  This finding led to the possibility that the gating spring could exist intracellularly 

(Corey and Sotomayor 2004). 

Given the possibility that a mechanosensor could use an intracellular gating 

spring and such a gating spring has been proposed to function with the ankyirn repeats 

of nomp-C, it is important to understand what role ankyrin repeats may play in TRP 

channels.  Here we identify three isoforms of painless that vary in the length of the 

ankyrin repeat containing N-terminal domain and investigate the roles that the longest 

and shortest isoforms play in larval thermal and mechanical nociception.  The longest 

isoform, which contains the entire N-terminal domain, is sufficient to rescue painless 

thermal nociception but not mechanical nociception whereas the shortest isoform, which 
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contains a minimal region of the N-terminal domain, is sufficient to rescue mechanical 

nociception.  This suggests that alternatively spliced forms of painless are responsbible 

for the polymodal functions of painless. 

 

7.2 Materials and methods 

7.2.1 Molecular cloning 

The p60 isoform of painless contains amino acids 285-913.  The primers used to 

generate the product were F: 5’ ATGGATATCAACTCGAGACCA 3’ and 

R:5’CTTCCGGTCCTGGACCAGCT 3’.  The p103 isoform of painless contains amino 

acids 1-913 and the primers used to generate the contruct were F:5’ 

(CACC)ATGATGGCAGCCAGCGGG 3’ [(CACC) were required for the pENTR/D-

TOPO vector] and R: 5’ CTTCCGGTCCTGGACCAGCT 3’.  PCR products were cloned 

into Invitrogen pENTR/D-TOPO cloning vectors and then into pUASTw vectors from 

the Drosophila Gateway Vector Collection (Murphy 2003).  UAS-painless p103 YFP and 

painless p60 YFP were used to create transgenic flies by the transposase-mediated 

transformation of w1118. 

 

7.2.2 Confocal microscopy 

For visualization of painless p103 YFP and painless p60 YFP isoforms, larvae 

heterozygous for the painGal4 and UAS- painless p103 YFP or (painGal4  and ) painless p60 
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YFP were filleted, fixed in 4% paraformaldehyde, For immunostaining, YFP was 

detected with mouse anti-GFP (1:250) and the secondary anti-rabbit Alexa Fluor 488 

(Molecular probes 1:1000) and the neurons were counterstained with anti HRP (goat, 

1:250)  (Cappel) and the secondary alex fluor 568 (1:1000).  Microscopy was performed 

on a Zeiss LSM 5 Live Confocal System.  Images shown are maximum intensity 

projections of confocal Z-stacks, brightness and contrast were adjusted using Zeiss 

image processing software. 

 

7.3 Results 

7.3.1 Distinct isoforms of painless vary in the length of their N-
terminal domain 

Three transcripts of painless are detectable by northern blot analysis that were 

approximately 3.0kb, 2.0kb, and 1.0kb in length (Tracey, Wilson et al. 2003).  To identify 

these different transcripts of painless, we performed 5’ rapid amplification of 

complementary cDNA ends (5’ RACE).  The products identified three alternate isoforms 

of painless that differed only in the length of the N-terminal domain.  The three 

transcripts are predicted to encode three distinct protein isoforms of painless that differ 

in their N-terminal domain.  We will refer to these isoforms as p103, p78, and p60 based 

on the predicted molecular weights of the isoforms, assuming that they are translated 

from the first in-frame start codon and that they do not differ in the C-terminal domain.   
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The longest isoform, p103, is predicted to have 8 N-terminal ankyrin repeats, 6 

transmembrane domains, and a c-terminal domain (Tracey, Wilson et al. 2003).  Four of 

the ankyrin repeats of painless are degenerate and are not detected by ankyrin repeat 

algorithms.  The ankyrin repeat containing region spans approximately the first 400 

amino acids (aa) of painless.  The transcript encoding the intermediate isoform, p78, is 

alternatively spliced to produce a larger second intron than the longest transcript.  The 

shortest isoform, p60, contains a very short portion of the N-terminal domain (Figure 

7-1).  Analysis of the sequence of expressed sequence TAG (EST) database indicates 

5’EST sequences that independently confirm the existence of these alternate transcripts.  

Existing EST’s indicate a single 3’ end for painless transcripts and only a single 3’ 

polyadenylate site, suggesting a common CTD for all painless isoforms.  These results are 

consistent with variations in the N-terminal domain of TRP channels which have been 

previously reported.  There are two proven isoforms of the Drosophila TRPA channel 

pyrexia: pyx-A and pyx-B.  In pyx-A, the N-terminal ankyrin repeat containing domain 

is present and in pyx-B, it is not (Lee, Lee et al. 2005).  Similarly, TRPV1 has been 

reported to contain an isoform that does not contain its ankyrin repeat containing N-

terminal domain (Schumacher, Moff et al. 2000). 
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7.3.2 Generation of transgenic flies expressing the p103 and p60 
isoforms of painless  

In order to study what roles these different isoforms of painless might play in 

larval nociception, we generated files to express either the p103 isoform of painless or 

the short p60 isoform of painless.  In order to quantify expression of the transgenes, they 

were C-terminally tagged with yellow fluorescent protein (YFP): UAS- painless p103 -

VFP and UAS- painless p60 VFP.  When using painGal4, a Gal4 enhancer trap in the 

painless locus, to express the p103 isoform of painless, there is robust YFP fluorescence 

detected throughout pain-Gal4 expressing neurons (Figure 3-1A).  In particular, 

multidendritic neurons show robust expression throughout the entire neuron including 

the cell body and the dendrties.  In contrast, the expression levels of painless p60 were 

significantly lower.  This pattern differs from endogenous expression of painless p103 

since it is not readily detectable in the dendritic arbor.  painless p60 YFP fluorescence was 

difficult to visualize in living larvae but could be with anti-GFP antibody in fixed 

preparations (Figure 7-2B, C).  Expression is detectable in the secretory machinery of the 

cell body and typically not visible in the dendrites.  When visible in dendrites, 

expression was detected in regions proximal to the cell body (Figure 7-2B-C).  The 

relatively weak expression of painless p60 was observed in over ten independent 

insertions so it appears to be a property of the protein isoform rather than position effect 

on the transgene.  This suggests that the N-terminal domain of painless may be required 
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for enhanced ability of the protein and for efficient localization to the dendrites of 

multidendritic neurons.  

 

7.3.3 The p103 (full length) isoform of painless rescues thermal 
nociception but not mechanical nociception 

Because of the predicted gating spring function proposed for ankyrin repeats in 

nomp-C, we hypothesized that painless p103 would rescue mechanical nociception but 

not necessarily thermal nociception.  In order to study the potentially distinct roles of the 

painless p103 and painless p60 isoforms, we performed genetic rescue experiments in 

painless expressing sensory neurons.  In this study we used two alleles of painless, 

painGal4 and painNP7022.  painGal4 is a Gal4 enhancer trap with a transposable element that is 

inserted into the 5’ untranslated region of painless and has been reported to show 

expression in multidendritic neurons as well as chordotonal neurons and a subset of 

neurons in the CNS (Tracey, Wilson et al. 2003).  Multidendritic neurons are required for 

larval nociception and the class IV multidendritic neurons are larval nociceptors 

(Hwang, Zhong et al. 2007), (Tracey, Wilson et al. 2003).  Chordotonal neurons are not 

required for thermal nociception (Tracey, Wilson et al. 2003).  painNP7022 is another 

previously uncharacterized Gal4 enhancer trap of painless.  The painNP7022 insertion is 

within the first intron of painless and is not viable as a homozygous stock.  The gal4 

expression is currently under investigation.   
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Because painNP7022 has not been previously characterized, we tested whether 

painNP7022 larvae had a nociception phenotype.  We tested larvae that were 

transheterozygous for painGal4 and painNP7022 (painGal4/painNP7022) for larval behavioral 

responses to noxious heat and mechanical stimuli.  We did not use either genotype as a 

homozygous stock because painGal4 exhibits a mild thermal nociception phenotype and 

does not exhibit a robust mechanical nociception phenotype.  In addition, painNP7022 is not 

viable as a homozygous stock.  In wild type larvae touched with a probe heated to a 

noxious temperature (46°C), nocifensive escape behavior is triggered usually within 3 

seconds.  In contrast, painGal4/painNP7022 larvae showed a response that is typical for mutant 

alleles of painless (Figure 7-3) indicating allelism of the mutation.   

painGal4/painNP7022 often took longer than 3 seconds which is consistent with the 

previously reported painless thermal nociception phenotype.  For the mechanical 

nociception assay, larvae were stimulated with a 50mN calibrated Von-Frey fiber and 

their nocifensive response after one stimulus recorded.  Wild type larvae responded 

over 70% of the time whereas painNP7022/painGal4 transheterozygous larvae responded 

approximately 40% of the time.  Thus, painNP7022/painGal4 transheterozygous larvae 

exhibited thermal and mechanical nociception phenotypes. 

Because painless mutants are defective in thermal and mechanical nociception, we 

tested whether expression of the p103 isoform of painless would be sufficient to rescue 

the polymodal aspects of the painless nociceptive phenotype.  Expression of the p103 
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isoform in painless mutant larvae (painNP7022/painGa4; UAS painless p103 -VFP line 2) 

restored their responses to a 46°C thermal probe and was therefore sufficient to rescue 

the thermal nociception phenotype (Figure 7-4A-C).  Interestingly, the expression of the 

p103 isoform in painless mutant larvae was not able to rescue the mechanical 

nociception phenotype (Figure 7-4F).  Contrary to our original hypothesis, this suggests 

that the N-terminal domain of painless p103 may be involved in thermal nociception and 

not mechanical nociception. 

 

7.3.4 p60 (no ankyrin repeat) isoform of painless rescues mechanical 
nociception 

Because the p103 isoform of painless did not rescue the mechanical nociception 

phenotype, we next tested whether expression of the p60 isoform of painless was able to 

rescue mechanical nociception.  Surprisingly, expression of the p60 isoform restored 

painNP7022/painGa4  larval responses to a mechanical nociceptive stimulus and therefore 

rescued the painless mechanical nociception phenotype (Figure 7-4F).  Similarly, the p60 

isoform of painless was able to partially rescue the thermal nociception phenotype 

(Figure 7-4D-E).   

 

7.4 Discussion 

We have found at least three isoforms of painless that vary in the length of the 

ankyrin repeat containing N-terminal domain with the longest isoform containing the 
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full N-terminal domain and the shortest isoform, containing only a small portion of the 

N-terminal domain.  The painless p103 is sufficient to rescue the thermal nociception 

phenotype but does not rescue mechanical nociception.  The short isoform of painless can 

rescue mechanical nociception and one line partially recues thermal nociception while 

the other does not.   

These results are unexpected because based on the previously proposed model of 

ankyrin repeats serving as a gating spring in mechanosensing ion channels, we 

originally hypothesized that the painless p103 isoform which contained the ankyrin 

repeats would be able to rescue mechanical nociception.  These results suggest the 

opposite – that the ankyrin repeats are not required for mechanical nociception in 

Drosophila larvae.  Another interpretation of these data is that distinct isoforms of 

painless are responsible for different polymodalities of painless.  The painless p103 isoform 

may primarily be involed with thermal nociception whereas the p60 isoform is involved 

in mechanical nociception.  Interestingly, this suggests that the N-terminal domain may 

be involved in thermal nociception.  Studies of various TRP channels have not identified 

a uniform function for the NTD of TRP channels.  The two isoforms of pyrexia, a 

thermosensitive Drosophila TRPA channel that have been implicated in a 

thermoprotective function, differ in the presence of the N-terminal domain and yet both 

are thermosensitive (Lee, Lee et al. 2005).  This suggests that the N-terminal domain of 

pyrexia is not required for heat activation.  However, deletion of TRPV4’s ankyrin 
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repeats has been reported to abolish heat activated currents (Watanabe, Vriens et al. 

2002) but not its ability to respond to hypotonic stimuliation (Liedtke, Choe et al. 2000).  

On the other hand, TRPV1’s C-terminal domain (CTD) has also been implicated in a 

thermosensation.  Deletion of the CTD alters TRPV1’s temperature sensitivity and a 

chimera replacing a TRPM8 CTD with a TRPV1 CTD also confers TRPV1’s temperature 

sensitivity (Vlachova, Teisinger et al. 2003), (Brauchi, Orta et al. 2006).  Therefore, the 

NTD may play various roles in different TRP channels. 

With regard to mechanical nociception, the painless NTD is not required.  It has 

been previously proposed that the ankyrin repeats in the N-terminal domain of Nomp-C 

may serve as a gating spring (Howard and Bechstedt 2004).  Interestingly, this data 

actually fits a model where the ankyrin repeats can serve as an intracellular tether that 

when stretched, induces a conformational change that can lead to channel opening.  This 

model would predict that the long p103 isoform of painless would have a longer gating 

spring (more ankyrin repeats) with a smaller spring constant (making it less stiff) and 

thus be less sensitive to mechanosensitive signaling.  One simple analogy would be to 

imagine a slinky or taught string attached to attic stairs.  Pulling on the slinkly would 

pull the stairs down less than the taught string.  This would be consistent with the p103 

isoform showing a smaller response of nociceptive behavior since it would be less 

sensitive than the short p60 isoform.  Conversely, the shorter isoform of painless which 

has far fewer ankyrin repeats would have a stiffer gating spring that would cause 
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channel opening more easily leading to increased probability of nociceptive behavior 

with the same stimulus.  Further studies where the ankyrin repeat domain can be 

manipulated, its spring constant measured, and the behavioral consequences of those 

changes can be evaluated may perhaps be one way of truly testing the gating spring 

hypothesis.  However, the most parsimonious interpretation of our results is that the 

ankyrin repeats are not required for mechanical nociception and instead may play a role 

in thermal nociception. More studies will be required to answer these questions.     

It also appears that the ankyrin repeats play a role in the expression level of 

Painless protein and its subcellular localization.  painless p60 is expressed at very low 

levels in vivo.  In contrast, the p103 isoform is expressed robustly and throughout the 

multidendritic neurons including their dendrites.  The N-terminal domains of TRP 

channels have been implicated in a number of functions ranging from a molecular 

zipper required for multimerization in TRPV6 (Erler, Hirnet et al. 2004) to containing an 

EF-hand domain required for Ca activation in TRPA1 (Zurborg, Yurgionas et al. 2007), 

(Doerner, Gisselmann et al. 2007).  Interestingly, when the first four repeats of C. elegans 

nompC is fused to GFP, this subset of ankyrin repeats is sufficient to localize in the 

sensorying endings of CEP neurons suggesting that certain ankyrin repeats may be 

sufficient for protein localization as well (reviewed in (Ernstrom and Chalfie 2002)). 

In summary, our results suggest that the painless isoforms which vary in the NTD 

size, are responsible for the different polymodal functions of painless. 
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7.5 Future directions 

Because only two alleles of painless have been used in this study, it will be helpful 

to repeat these experiments with at least one other allelic combination of painless (e.g. 

pain1, pain2, pain3).  In particular because painGal4 does not have a robust mechanical 

nociception phenotype (unpublished R.Y.H., W.D.T.), generation of an allele of painless 

with a robust nociception phenotype which expresses Gal4 in multidendritic sensory 

neurons will be useful.   

Furthermore, two other issues warrant additional investigation: the low 

expression level and proximal dendrite expression painless p60.  While it is unclear if 

painless p60 plays a role as a mechanotransducer, there is evidence in mammalian 

systems that mechanotransducing ion channels may be expressed at low levels.  For 

example, it is estimated that there are only two channels per stereocilium in the 

mammalian auditory hair cell (Beurg, Fettiplace et al. 2009).  If a similar scenario applies 

to larval nociceptors, a low number of channels may be difficult to visualize in dendritic 

arbors.  Quantifying the levels of the three isoforms in wild type larvae can help 

determine whether thte p60 isoform is typically expressed at low levels.  Alternatively, 

because the NTD of painless is required for dendrite localization and TRP channels are 

known to form tetramers, it is possible that the painless p60 isoform requires 

multimerization with other isoforms of painless in order to traffic to the dendrites.  This 
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hypothesis can be tested by co-expressing painless p103 and painless p60 and observing 

whether the localization of painless p60 is altered.  Another possibility is that the p60 

isoform is not functionally required in the dendrites (e.g. it may amplify signals 

proximal to the cell body).  Addtionally, understanding the difference in thermal 

nociception rescue phenotypes between (e.g. expression levels) painless p60 line 2 and 

painless p60 line 1 may help provide further insight into what role painless p60 plays in 

thermal nociception. 

Another important question raised by these distinct isoforms of painless is 

whether the varying lengths of ankyrin repeats play a role in thermal or mechanical 

nociception. The gating spring model, which postulates that the ankyrin repeats 

function as a gating spring, suggests that the threshold or sensitivity of larval 

nociceptors changes with varying lengths of ankyrin repeats.  Such a mechanism could 

provide neurons a mechanism to detect different thresholds of stimuli.  This raises the 

question of whether larvae expressin the p78 isoform of painless, which has an 

intermediate length of ankyrin repeats compared to p103 and p60, has an intermediate 

rescue phenotype (or activation threshold) compared to p103 and p60.  Similar questions 

can also be asked for thermal nociception. 

Future studies addressing these questions will aid in further characterizing the 

roles that ankyrin repeats and the the distinct isoforms of painless play in its polymodal 

functions. 
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Figure 7-1: Multiple isoforms of painless.  Three isoforms of painless were 

identified via 5’ RACE.   The p103 isoform contains the entire predicted length of 

painless.  The p78 isoform of painless contains an alternate splice site that removes a 

larger second intron and results in an N-terminal domain approximately half the 

size of the p103 isoform’s N-terminal domain.  The p60 isoform contains only a 

small portion of the p103 N-terminal domain.  
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Figure 7-2: Generation of transgenic flies expressing the p103 and p60 isoform of 
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Figure 7-2: Generation of transgenic flies expressing the p103 and p60 isoform of 

painless.  A1-C1 show immune staining with anti-GFP antibody (green, anti-mouse 

1:250).  A2-C2 show immunostaining with a pan-neuronal marker (rabbit anti-HRP, 

1:250, magenta).  A3-C3 show merged images of A and B.  (A) expression pattern of 

painGal4 x UAS painless p103 VFP line 2.  (B) expression pattern of painGal4 x UAS painless 

p60 VFP line 1.  (C)  expression pattern of painGal4 x UAS painless p60 VFP line 2.  Inset is 

a magnified image of rectangular region.   



 

197 

 

 

 

  

 

.   

Control 

NP7022/pain-Gal4 

Latency until 

Latency until response (s) 

%
 r

es
po

nd
in

g 
Mechanical nociception 

C
ontrol 

N
P

7022/ pain-G
al4 

c.   a.   

b.   

Thermal nociception 

Figure 7-3: painNP7022/painGal4 is defective in thermal and mechanical nociception.  

A and B show the distribution of latencies of nocifensive behavior in third-instar 

larvae gently touched with a 46°C heat probe.  Y axis represents percent of larvae 

initiating a nocifensive response.  The x axis represents the latency until rolling in 

seconds (A) nocifensive response latencies of control (Canton-S) larvae, n=235.  (B) 

painNP7022/painGal4 larvae are defective in thermal nocicpetion, n=122.  (C)  Shows 

percent response of control and painNP7022/pain-Gal4 larvae in response to 50mN Von 

Frey fiber. 
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Figure 7-4: : A and B show the distribution of latencies of nocifensive behavior in third-

instar larvae gently touched with a 46C heat probe.  Y axis represents percent of larvae 

initiating a nocifensive response.  The x axis represents the latency until rolling in 

seconds (A) nocifensive response latencies of control (Canton-S) larvae, n=235.  (B) 

NP7022/pain-Gal4 larvae are defective in thermal nocicpetion, n=122.  (C) Expression of 

p103 painless-VFP line 2 in NP7022/pain-Gal4 is able to rescue the thermal nociception 

phenotype (D) Expression of p60 painless-VFP line 1 in a NP7022/pain-Gal4 background 

is able to rescue the thermal nociception phenotype, n=223 (E) Expression of p60 

painless-VFP line 2 in a NP7022/pain-Gal4 background is not able to rescue the thermal 

nociception phenotype, n=141 (F) Shows percent response of control, NP7022/pain-Gal4, 

and rescue of NP7022/pain-Gal4 using either the p103 or p60 isoform of painless larvae 

in response to a 50mN Von Frey fiber, Canton-S n=249, pain-Gal4/NP7022 n=201 

NP7022/pain-Gal4; UAS p60 painless-VFP line 1 n=343, NP7022/pain-Gal4; UAS p60 

painless-VFP line 2 n=184, NP7022/pain-Gal4; UAS p103 painless-VFP line 2 n=71.  
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8 Appendix 

8.1 Appendix A:  Split-GFP can be used to visualize painless 
homomeric complexes 

8.1.1 Introduction 

All TRP channels are believed to form tetrameric channels with cation permable 

pores (Clapham 2003), (Ramsey, Delling et al. 2005).  These mulitmeric channel 

complexes can be assembled as homomeric units or in some cases as heteromeric units.  

A hetermeric complex may result in a channel with properties different from those of 

homomeric complexes.  For example, TRPV5 and TRPV6 which can assemble as 

heteromeric subunits posses Ba2+ selectivity and Ca2+ dependent inactivation that is 

intermediate between the properties of TRPV5 and TRPV6 homomeric channels.  In 

addition, the potassium permability of pyrexia (pyx) A and Pyx-B heteromeric complexes 

is larger than either homomeric complex alone.  We sought a technique to test whether 

the TRPA channels painless could interact with itself or other TRP channels.  In order to 

look for protein interactions, we utilized the split-GFP technique which is based on the 

premise that when green fluorescent protein (GFP) is split into two halves, neither half is 

fluorescent.  However when the two haves are moved in close proximity to each other, 

they fluoresce.  This property has been used to detect protein-protein interactions 

(NGFP is the N-terminal portion of GFP, CGFP is the C-terminal portion of GFP) so that 

when each fragment is attached to a bait and a prey protein, interaction of the bait and 

prey will reassemble the GFP fragments and cause the fragments to fluoresce.  This 
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screen can detect interactions with a KD as low as 1mM (Wilson, Magliery et al. 2004; 

Magliery, Wilson et al. 2005).  Though this technique was demonstrated using cytosolic 

proteins, this method in can also be used for transmembrane proteins.  Here we show 

that the split-GFP assembly system can be used to detect interactions between the 

transmembrane protein painless demonstrating that painless forms homomeric channels. 

 

8.1.2 Materials and methods 

8.1.2.1 Molecular Cloning 

Split-GFP constructs were kindly provided by the Regan lab (Wilson, Magliery et 

al. 2004).  A His tag is present on the 5’ end of NGFP.  Overlap polymerase chain 

reaction (PCR) extension was used to fuse each split GFP fragment to painless.  NGFP 

was amplified with the following primers: (1) Forward 5’ 

CACCATGGCTAGCCATCACCACCA 3’ and (2) Reverse 5’ 

GAAGCCGCAGTTGTTAAAGTCCATGCTCGAGCCAGAGCCAGAGCCACC 3’ were 

used to generate a PCR product that contained NGFP and the first 24 base pairs of 

painless.  The latter primer contains the last 24 base pairs (bp) of NGFP and first 24 base 

pairs (bp) of painless.  painless was amplified with primers (3) Forward 

5’ATGGACTTTAACAACTGCGG 3’ and (4) Reverse 5’ 

TCACTTCCGGTCCTGGACCAGCTGTATT 3’.   The NGFP PCR product was then fused 

with painless PCR product using overlap extension PCR.  A similar approach was used 
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to create painless-CGFP.  Primers (5) Forward 5’ CACCATGGACTTTAACAACTGCGG 

3’ and (6) Reverse 5’ 

ATTCTTACCGCTTCCACCCGACGTCTTCCGGTCCTGGACCAGCTGTATT 3’ were 

used to create painless with a 24 bp overhang of the 5’ end of CGFP.  Primer 6 is made of 

the last 24 bp of painless and the first 24 bp of CGFP.  CGFP was amplified with primers 

(7) Forward 5’ ACGTCGGGTGGAAGCGGTAAGAAT 3’ and (8) Reverse 5’ 

TTAGTTGTACAGTTCATCCAT 3’.   PCR products were cloned into Invitrogen 

pENTR/D-TOPO cloning vectors and then into pUASTw vectors from the Drosophila 

Gateway Vector Collection (Murphy 2003).  UAS-NGFP-Painless and UAS-Painless-

CGFP were used to create transgenic flies by the transposase-mediated transformation 

of w1118. 

 

8.1.3 Results 

8.1.3.1 Painless forms homomeric complexes 

We fused the N terminal protein of the GFP fragment to the N terminal portion 

of Painless (NGFP-Painless) and the C-terminal GFP fragment to the C terminal portion 

of Painless (Painless-CGFP) using overlap extension PCR (Fig A-1).  We then transiently 

expressed these constructs in S2R+ Drosophila embryonic cells.  When either NGFP-

painless or painless-CGFP is expressed alone, no fluorescent cells are observed.  When 

both constructs are co-expressed together, fluorescent cells become visible with the 
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fluorescence often at or near the cell surface (Fig A-2).  This suggests that the Painless 

subunits are forming complexes that utilize Painless-Painless interactions since NGFP-

Painless and Painless-CGFP are close enough in proximity to allow fluorescence of the 

split-GFP fragments.   

 

8.1.3.2 Painless split-GFP proteins can be visualized in vivo 

We next wanted to test whether these constructs could function in larval neurons 

in vivo.  We generated transgenic flies that were able to express either NGFP-Painless, 

Painless-CGFP, or both in larval class IV sensory multidendritic neurons (ppk1.9 Gal4 

UAS NGFP-Painless; ppk1.9 Gal4 UAS Painless-CGFP; ppk1.9 Gal4 UAS NGFP-Painless 

UAS Painless-CGFP).  Consistent with our results with S2R+ cells, transgenic flies 

expressing either split-GFP Painless construct alone did not result in fluorescence but 

when co-expressed together, fluorescence was observed in class IV MD neurons. 

 

8.1.4 Discussion and future studies 

Here we have shown using the split-GFP assembly technique that the 

transmembrane protein painless forms homomeric complexes in vitro and in vivo.  The 

purpose of developing this system was to develop a technique that could allow the 

detection of other proteins that interact with painless.  By expressing one half of the split 

GFP construct on painless and the other half of the split GFP product on other candidate 
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proteins that interact with painless, proteins can be tested for their interaction with 

painless in vivo.  Such visualization of interactions in vivo can add additional information 

such as identifying the cellular localization of the protein interactions.  One property of 

the system is that the reassembly of split GFP may be irreversible (Magliery, Wilson et 

al. 2005) and thus can be useful in detecting transient interactions although it would not 

differentiate between transient and long-lasting protein interactions.  One caveat to this 

study is that it is unknown whether the painless split GFP proteins are functional and 

able to rescue the painless mutant phenotype.  One future step would be to determine 

whether NGFP-Painless or Painless-CGFP is sufficient to rescue the painless phenotype.  

Of particular interest is whether painless can form complexes with other members of the 

Drosophila TRPA family: dTRPA1, pyrexia, and water witch.  If true, it would be interesting 

to determine whether these potential heteromeric channels possess any properties that 

are distinct from their homomeric counterparts.     
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Figure 8-1: Split GFP assembly of painless. 
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Figure 8-1: Split GFP assembly of painless.  (A) His tagged NGFP was fused to the N-

terminal domain of painless.  CGFP was fused to the C-terminal domain of painless. (B-D) 

Expression of split-GFP painless constructs.  Expression of either (B) NGFP-Painless or 

(C) Painless-CGFP does not result in fluorescence.  (D) Co-expression of both NGFP-

Painless and Painless-CGFP results in positive fluorescence.  (E) Co-expression of both 

constructs in class IV MD neurons results in fluorescence (E). 
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8.2 Channelrhodopsin-2 and noxious heat induced larval 
nocifensive rolling depends on larval age 

8.2.1 Introduction 

Drosophila larvae respond to noxious stimuli with a behavior termed nocifensive 

rolling.  Previous studies of this behavior have used only wandering third instar larvae 

and have not investigated larval nociception at different larval ages.  In humans and 

rats, older individuals have pain modulations systems that operate in older adults but 

may not be fully functional in newborns (Marti, Gibson et al. 1987), (Jennings and 

Fitzgerald 1996), (Boucher, Jennings et al. 1998).  This is consistent with studies that have 

found that human newborn infants possess increased sensitivity to pain when compared 

to older age groups (Anand 1998), (Johnston, Stevens et al. 1995).  Therefore we were 

interested in studying whether larvae at different stages of growth responded differently 

than older larvae to the same noxious stimuli.  Here we show that younger larvae have 

an increased average latency until nocifensive rolling when stimulated with a noxious 

heat probe and that ChR2 induced rolling is decreased in younger larvae. 

 

8.2.2 Materials and methods 

8.2.2.1 Behavioral assays 

Larval thermal noxious behavior and ChR2 triggered nocifensive behavior was 

performed as described in (Hwang, Zhong et al. 2007).  UAS-ChR2 Line C crossed to 

pickpocket 1.9 Gal4 was used for ChR2 experiments.  In order to test larvae at specific 
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stages for thermal nociception, Canton-S or ppk/ChR2 Line C flies were allowed to lay 

eggs for four hours and the larval progeny were raised on apple juice plates and yeast 

paste for 24hrs, 48hrs, 72, or 96 hrs and then later tested as 1st instar, 2nd instar, 1st day 3rd 

instar, or 2nd day 3rd instar larvae respectively.   

 

8.2.3 Results 

8.2.3.1 Younger larvae have increased latency until rolling in response to a noxious 

heat stimulus 

We first tested whether first instar larvae were able to respond to a 47C noxious 

heat probe.  In response to the noxious heat stimulus, first instar larvae stop moving and 

eventually become paralyzed.  This paralysis is likely due to the large size discrepancy 

between the tip of the heat probe which is several times larger than a first instar larva.  

Such a large delivery of heat could lead to an increase in larval temperature and result in 

larval paralysis.  We were therefore were unable to investigate first instar rolling using 

our current equipment.   

We next tested second instar, first day third instar, and second day third instar 

larvae which were able to perform nocifensive rolling.  Larvae from each stage were able 

to move freely (and perform nocifensive rolling) when stimulated with a 47C heat probe 

suggesting that they were not paralyzed like first instar larvae.  All larval stages were 

able to readily perform nocifensive rolling without any obvious qualitative differences 

between larval stages.  However, when the latency of different stages of larvae are 



 

209 

analyzed, 2nd instar larvae responded on average in 6.1 seconds; 1st day 3rd instar larvae 

responded on average in 4.3seconds and 2nd day 3rd instar larvae responded in 3.38 

seconds.  These data show that that younger larvae had an increased latency until 

rolling at 47C (Fig B1).     

 

8.2.3.2 ChR2 induced nocifensive rolling occurs more frequently in older larvae 

Because larvae had increased latency of rolling at younger larval stages, we next 

wanted to test whether the increased latency was due to a decreased ability to perform 

the nocifensive behavior or whether it was due to the ability to detect thermal stimuli.  

To test this we observed whether activation of class IV MD neurons was able to trigger 

nocifensive rolling readily in all stages or whether there were differences between stages 

of larvae.  If rolling was equal between all stages of larvae, then this would suggest that 

the nocifensive rolling circuit was present and point towards a difference in thermal 

detection that resulted in an increased latency.  If ChR2 induced rolling decreased with 

larval age, no definitive conclusions can be reached because it cannot be ruled out that 

lack of rolling is due to an affect of age on the ChR2 system (e.g. levels of expression at 

different stages or ingestion of enough all-trans retinol).   

After testing, there was a strong relation between larval age and ChR2 triggered 

nocifensive rolling.  1st instar larvae did not roll in response to blue light and 2nd instar 

larvae rolled only 8% of the time.  3rd instar larvae however rolled 50% and 87% of the 
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time for 1st day and 2nd day third instar larvae respectively.  This decreased rolling in 

younger larvae is likely related to the ChR2 system since 2nd instar larvae are able to roll 

75% of the time in less than 10 seconds in response to noxious thermal stimuli. 

 

8.2.4 Discussion 

Our results indicate that larval age affects larval nocifensive behavior.  In 

response to noxious stimuli, younger larvae (starting from 2nd instar) have an increased 

average latency until rolling when compared with older 3rd instar larvae.  In addition, 

ChR2 triggered nocifensive behavior is also age dependent.  First and 2nd instar larvae 

rarely roll in response to blue light when ChR2 is expressed in class IV MD neuron 

larval nociceptors whereas 3rd instar larvae roll between 50-87% of the time. 

The increased latency of rolling in younger larvae suggests that the nociceptive 

circuit may still be developing at younger stages.  Such development could be taking 

place at either the sensory neuron level or upstream of the primary sensory neurons.  

Future studies aimed at investigating the larval sensory neurons responses to 

temperature may help shed some light onto this question.  One caveat to this study is 

that the same sized heat probe was used to stimulate 2nd instar, 1st day 3rd instar, and 2nd 

day 3rd instar larvae.  Because of the dramatic size differences between different larval 

stages, it is possible that the increased latency could be due to the increased ratio of heat 

to the smaller surface area and volume of younger larvae. To test this, heat probes with 
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smaller tips adjusted for the size of younger larvae could be used to test the latency of 

rolling of larvae in response to noxious stimuli.  However, the reason for the increased 

latency does not appear to be due to larval paralysis which can occur in first instar 

larvae since 2nd instar larvae are constantly moving even when stimulated with the heat 

probe for 10 seconds. 

While the result of the ChR2 induced rolling appear to parallel that of the 

thermal nociception and larval age, the decrease in ChR2 induced rolling is likely a 

result of the ChR2 system and not due to larval nociceptive circuitry.  The strongest 

argument for this is that 75% of 2nd instar larvae are still able to respond to a noxious 

heat stimulus within 10 seconds whereas the ChR2 triggered nocifensive behavior is 

dramatically less (8%) suggesting that although the ability of the larva to roll is present, 

the ChR2 is not sufficient to trigger rolling.  Two ChR2 related possibilities may be 

responsible for this decreased nocifensive rolling behavior.  One is that it is unclear how 

long larvae need to be feeding on all-trans retinal in order to generate enough functional 

ChR2 that will allow nocifensive rolling to be triggered with blue light.  The other 

possibility is that the expression level of ChR2 at younger states may not be sufficient to 

trigger nocifensive rolling at younger states.  Both could also play a role.  In order to 

trigger nocifensive rolling in younger larvae, a different technique than the current ChR2 

system will be required.
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Figure 8-2: Average Latency of different stages of larvae in response to a 47C heat 

probe.  Second stage instar larvae are mildly defective in their response latency 

when compared to third instar larvae.  n=63 for 2nd 3rd instar larvae, n=109 for 1st 

day 3rd instar larvae, n=140 for 2nd day 3rd instar larvae.  * indicates statistical 

significance.  * p=0.02 when compared to 2nd day 3rd instar.  **p <0.001 when 

compared either group. 
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Figure 8-3: ChR2 triggered rolling at different larval stages.  +ATR is with 500 µm all-trans 

retinal.  –ATR is with the 0.5% ETOH (negative control).  Younger larvae roll less frequently 

than older larvae. 
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