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ABSTRACT
The ability to detect and respond to noxious, potentially harmful stimuli—a process known as
nociception—is inarguably important for organismal survival. Thermal environment plays a
particularly important role in insect ecology and evolution, yet little is known concerning how
insects might sense and respond to cold. In Drosophila melanogaster (fruit fly) larvae,
temperatures below 10°C drive a robust contractile behavior of unknown function, which is
under the control of segmentally repeated Class III (CIII) sensory neurons. It has been previously
shown that CIII cold sensing is dependent on Transient Receptor Potential (TRP) channels, and
that CIII neurons also encode innocuous touch, but mechanisms underpinning CIII sensory
multimodality and cold discrimination are unknown. Here, I give an account of several
complementary studies which seek to uncover the ecological role of cold nociception, the
mechanisms by which cold nociceptors discriminately encode cold, and whether or not
Drosophila larvae have the ability to sense the “cooling agents” and TRP-agonists menthol and
icilin. The results of these studies demonstrate that: (1) Drosophila cold nociceptors function in
cold acclimation, the physiological mechanism by which insects adapt to seasonal changes in
temperature; (2) Drosophila cold nociceptors discriminately encode cold using excitatory
chloride currents, which can be leveraged to generate cold-hypersensitive larvae; and (3)
Drosophila larvae perform TRP-dependent rolling behaviors in response to menthol. Moreover, I
describe a set of bioinformatic and phylogenetic analyses seeking to understand the evolution of
TRP channels; here, I describe how amino acids critical to TRPM-menthol binding are conserved
across animal taxa, and outline the discovery of an ancient and previously unknown TRP
family—TRP Soromelastatin (TRPS)—which is notably absent in vertebrates and insects, among
others.
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1

1.1

INTRODUCTION

Noxious cold, cold nociception, and cold acclimation
Small ectotherms can be particularly susceptible to damage by chilling. In Drosophila

melanogaster, temperatures below 18°C lead to a transient reduction in female fecundity and egg
viability; below 11°C reproduction ceases, and below 10°C permanent effects on fertility start to
take hold and death becomes increasingly likely (Marshall & Sinclair, 2010; Mockett &
Matsumoto, 2014). D. melanogaster is considered a “chill-susceptible” insect species; while
some insects have evolved strategies for surviving or avoiding freezing, D. melanogaster larvae
can be killed by chilling well before the freezing point (Strachan et al., 2011).
This is perhaps not too surprising – most animals will die if their internal body fluids
freeze. As per Newton’s Law of Cooling (Anonymous, 1701), a body’s rate of cooling is directly
proportional to its surface area to volume ratio (SA:V). In short, this means that smaller bodies
cool faster than larger ones – as such, smaller animals may find themselves highly susceptible to
potentially dangerous cooling. This principle is in part reflected in the geographical distribution
of homeotherms; the size of animals of the same species, or of closely related species, tends to
increase as one moves toward colder climates (“Bergmann’s Rule”) (J. A. Allen, 1876;
Bergmann, 1848; Salewski & Watt, 2016; Sheridan & Bickford, 2011; F. A. Smith & Lyons,
2011).
Many species have developed behavioral strategies for reducing their surface area,
thereby reducing their rate of cooling (e.g. group-huddling in Emperor penguins (Contreras,
1984)). In response to noxious cold (≤10°C) D. melanogaster larvae primarily execute a highly
stereotyped, bilateral contraction (CT) response (Figure 1), where the head and tail tuck toward
the midline (Turner et al., 2016). This behavior is triggered by the activation of cold nociceptors
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innervating the barrier epidermis. In larvae, the primary cold nociceptors have been
demonstrated to be Class III (CIII) dendritic arborization (da) peripheral sensory neurons, with
Class II da (CII) and chordotonal (Ch) neurons also functioning in the noxious cold-sensing
neural ensemble (Turner et al., 2016; Turner, Patel, Cox, & Galko, 2018). In contrast, innocuous
cool sensing takes place among Ch neurons and thermosensors in the dorsal and terminal organ
ganglia; these sensors primarily inform thermotaxis, which is undoubtedly an important part of
maintaining optimal temperature (Klein et al., 2015; Kwon, Shen, Shim, & Montell, 2010; Ni et
al., 2016).

Figure 1-1. Cold-evoked contractile (CT) behavior

Given that CT results in a reduced surface area to volume ratio—which is a common
strategy for keeping warm (Canals, Rosenmann, & Bozinovic, 1997; Contreras, 1984; Gilbert,
Robertson, Le Maho, Naito, & Ancel, 2006; Hayes, Speakman, & Racey, 1992; Vickery &
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Millar, 1984)—cold nociception appears, prima facia, to be protective. This, however, is
speculative, and this behavior has not been studied in this capacity. Interestingly, relatively
closely related drosophilid species have radically different abilities to tolerate cold shocks
(Strachan et al., 2011); speculatively, differences in cold-evoked behaviors between species
might be a component of these varying cold tolerances. The CT behavior, however, has only
been characterized in D. melanogaster, and it remains wholly unknown what cold nociception
looks like from a species-inclusive view of Drosophila.
Many ectotherms have also evolved non-behavioral strategies for surviving cold,
including the ability to cold acclimate, wherein organismal physiology reorganizes in order to
better protect against cold shocks. These acclimation processes can occur rapidly (often called
“rapid cold hardening”; RCH) or in response to long-term cooling, including seasonal cooling
(often called “cold acclimation”) (Bowler, 2005; Teets, Gantz, & Kawarasaki, 2020).
A substantial and growing body of literature details how insect RCH and cold
acclimation are mediated by a plethora of physiological, genetic, and biochemical changes,
largely related to ionoregulatory balance (Andersen & Overgaard, 2020; Bayley, Sørensen,
Moos, Koštál, & Overgaard, 2020; Des Marteaux, Khazraeenia, et al., 2018; Des Marteaux,
Stinziano, & Sinclair, 2018; Gerber & Overgaard, 2018; Heath A. MacMillan et al., 2016;
Nadeau & Teets, 2020; Salehipour-shirazi, Ferguson, & Sinclair, 2017; Toxopeus, Des
Marteaux, & Sinclair, 2019; Toxopeus & Sinclair, 2018). While there is evidence that aspects of
RCH are mediated independently of the nervous system (Nadeau & Teets, 2020; Teets, Yi, Lee,
& Denlinger, 2013), there is also evidence that absolute temperature information encoded by
cold sensors drives changes in sleep and wakefulness, and that spreading depolarization in the
central nervous system is coincident with cold acclimation (Alpert et al., 2020; Andersen,
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Jensen, Robertson, & Overgaard, 2018). Yet, it remains unknown if the nervous system serves to
proximally activate cold acclimation, or to what degree peripheral sensory neurons might
function in this capacity – long-standing questions in the field of ectotherm biology (Bowler,
2005; Lagerspetz, 1974; Prosser & Nelson, 1981).
In Chapter 2, I give an account of cold nociceptive behavior among various drosophilid
larvae, describing cold-evoked behaviors in 11 species with known differences in their cold
tolerance (Kellermann et al., 2012; MacLean et al., 2019; Strachan et al., 2011). In addition, we
tested the hypothesis that cold nociception functions in cold acclimation, demonstrating that
chronic activation of cold nociceptors is sufficient for increasing larval cold tolerance.

1.2

Multimodal sensory discrimination in Class III cold nociceptors
In D. melanogaster larvae, two types of sensory neuron innervate the epidermis: type I

neurons, which have a single ciliated dendrite, and type II multidendritic (md) neurons, which
send characteristic naked dendritic projections to the epidermis (Bodmer & Jan, 1987; Brewster
& Bodmer, 1995; Gao, Brenman, Jan, & Jan, 1999; Grueber, Jan, & Jan, 2002). md neurons are
further subdivided into four classes based on their distinct dendritic morphologies (CI – CIV),
wherein each class responds to a different, but sometimes overlapping, stimulus ensemble
(Hwang et al., 2007; Sulkowski, Kurosawa, & Cox, 2011; Tracey, Wilson, Laurent, & Benzer,
2003; Turner et al., 2016; Zhong, Hwang, & Tracey, 2010).
Noxious stimuli are transduced by high-threshold sensory neurons referred to as
“nociceptors,” which often respond to more than one stimulus type – a property called sensory
poly- or multimodality (Himmel, Patel, & Cox; Le Bars, Gozariu, & Cadden, 2001; Sherrington,
1906; E. S. J. Smith & Lewin, 2009; Sneddon, 2004). For example, some vertebrate C-fibers
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transduce noxious thermal, chemical, and mechanical stimuli in addition to innocuous touch and
thermal changes (Craig, 2003).
Drosophila cold nociceptors are no exception. In addition to cold sensing, CIII neurons
also function in innocuous mechanosensation, and CIII neurons can differentiate between
noxious cold and innocuous touch, thereby driving stimulus-appropriate behaviors. Gentle touch
elicits a suite of behaviors dominated by a head-withdrawal (HW), and noxious cold elicits the
previously described contraction (CT) behavior (Kernan, Cowan, & Zuker, 1994; Turner et al.,
2016).
CIII neurons function via a high-low threshold detection system, where relatively high
levels of CIII activation are associated with CT, and low levels of CIII activation with HW. This
is evidenced in Ca2+ imaging experiments, where cold and touch elicit large and small Ca2+
transients, respectively. Further, it is possible to optogenetically elicit both behaviors – strong
activation of CIII neurons elicits CT, while less strong activation primarily drives HW (Turner et
al., 2016). The specific mechanisms whereby larvae discriminately encode cold from touch have
not yet been elucidated.
Stimulus-evoked CIII calcium transients are thought to occur as a result of the activation
of transient receptor potential (TRP) channels (Himmel et al.; Turner et al., 2016). TRP channels
are a family of highly conserved, variably selective cation channels which participate in
nociception across a wide variety of species (Venkatachalam & Montell, 2007). In Drosophila,
the TRP genes Pkd2, nompC, and Trpm are required for cold nociception (Turner et al., 2016).
These same TRP channels are likewise required for innocuous mechanosensation, and
thus are unlikely to be the only factors driving behavior selection (Turner et al., 2016); molecular
factors which participate in cold nociception, and not innocuous mechanosensation, have not
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been identified. Given the difference in magnitude of Ca2+ transients between the two CIIImediated sensory modalities, it stands to reason that Ca2+ activated channels may play some role.
This would be consistent with vertebrate systems, where Anoctamins—a family which includes
Ca2+ activated Cl- channels (CaCCs)—interact closely with TRP channels for nociception
(Takayama, Uta, Furue, & Tominaga, 2015; Tominaga & Takayama, 2014). In Chapter 3, I
describe the role of Anoctamins and excitatory chloride physiology in discriminately encoding
cold in Class III neurons and a transgenic Drosophila strain which can be used in the study of
neuropathic pain.

1.3

“Cooling agents” and the evolution of TRP channels
The primary cold sensors in vertebrates are TRPA1 and TRPM8, and although the

mechanisms of TRP thermosensitivity have not been fully elucidated, thermosensory function
may be conserved from common bilaterian TRPA and TRPM ancestors (Turner et al., 2016;
Winter, Gruschwitz, Eger, Touska, & Zimmermann, 2017; Zhong et al., 2012). However,
TRPA1 and TRPM8 also act as chemical sensors. TRPA1 binds to a number of electrophilic
chemicals (e.g., AITC), and this function is thought to have emerged in a common bilaterian
ancestor (Kang et al., 2010). Both TRPA1 and TRPM8 also bind to menthol and icilin – so called
“cooling agents” which elicit pleasant cooling sensations in humans (Bautista et al., 2007;
Karashima et al., 2007). Although thermal and electrophilic capacities of these TRP channels
may be conserved, it remains unknown if menthol sensing is equally ancient.
Menthol and icilin sensitivity has been characterized in several vertebrate species.
Menthol sensitivity is present in humans, rodents, avians, and amphibians (Myers, Sigal, &
Julius, 2009; Rath, Hilton, Sisco, & Van Horn, 2016; Xiao et al., 2008; Yamamoto, Takahashi,
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Saito, Tominaga, & Ohta, 2016), while icilin sensitivity is restricted to mammals and avians
(Myers et al., 2009; Yamamoto et al., 2016). Perhaps in contrast to the pleasant cooling
experienced by humans, menthol is thought to be aversive, and even toxic, to insects (AbedVieillard, Cortot, Everaerts, & Ferveur, 2014; Aggarwal et al., 2011; Samarasekera,
Weerasinghe, & Hemalal, 2007). The mechanisms by which insects sense menthol, and whether
or not they respond to icilin, remain unknown.
The vertebrate TRP Melastatin (TRPM) family typically consists of 8 distinct paralogues
(TRPM1-TRPM8) (Matsuura, Sokabe, Kohno, Tominaga, & Kadowaki, 2009; Peng, Shi, &
Kadowaki, 2015). It has been suggested that menthol sensitivity relies on several structures,
including a highly-conserved hydrophobic region in transmembrane segment 2, a voltage sensor
region in transmembrane segments 4 and 5, and a portion of the TRP domain near the Cterminus (Bandell et al., 2006; Rath et al., 2016; Voets, Owsianik, Janssens, Talavera, & Nilius,
2007). Interestingly, insects only have a single TRPM family member, Trpm (Matsuura et al.,
2009; Peng et al., 2015).
In contrast to the TRPM family, the vertebrate Ankyrin TRP (TRPA) family is very
small, typically only containing a single member, TRPA1 (Matsuura et al., 2009; Peng et al.,
2015). It has been suggested that menthol sensitivity is tied to specific serine and threonine
residues found in transmembrane segment 5 (Xiao et al., 2008). Insects, however, have 4 TRPA
family genes: TrpA1, painless, pyrexia, and water witch. TrpA1 is thought to be the orthologue to
vertebrate TRPA1, while the latter three genes are descended from a primordial gene lost to
vertebrates (Kang et al., 2010; Matsuura et al., 2009; Peng et al., 2015).
In Chapter 4, I describe menthol-evoked behavior in Drosophila larvae, demonstrate that
menthol-evoked behavior is Trpm- and TrpA1-dependent, and describe how some structural

HOW THE FLY YOUTH CHILL

8

bases for menthol sensitivity are conserved from a common protostome-deuterostome ancestor.
Thereafter, in Chapter 5, I describe a phylogenetic recharacterization of the TRPM family,
inspired by the results of Chapter 4. Here, I challenge the widespread, vertebrate-centric TRPM
nomenclature, and describe a novel TRP family which we call TRP Soromelastatin (TRPS).
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THE EVOLUTION AND ECOLOGY OF DROSOPHILID COLD NOCICEPTION
This chapter is adapted from (Himmel et al., 2021). Cold temperatures can be fatal to

insects, but many species have evolved the ability to cold acclimate, thereby increasing their cold
tolerance. While there is a growing body of knowledge concerning the mechanisms underlying
cold tolerance, relatively little is known concerning how insects sense noxious cold (cold
nociception), or how cold nociception might function in cold tolerance. In the present study, we
first sought to describe cold-nociceptive behavior among 11 drosophilid species with differing
cold tolerances and from differing climates. Behavioral analyses revealed that the predominant
cold-evoked response among drosophilid larvae is the contraction (CT) behavior, which is likely
inherited from a common ancestor. However, despite lack of phylogenetic signal (suggesting
trait lability), the CT behavior was highly transient and there was no clear evidence that cold
sensitivity was related to thermal environment; collectively this suggests that the behavior might
not be adaptive. We therefore sought to uncover an alternative way that cold nociception might
be protective. Using a combination of cold-shock assays, optogenetics, electrophysiology, and
methods to genetically disrupt neural transmission, we demonstrate that cold sensing neurons in
Drosophila melanogaster (Class III nociceptors) are sensitized by and critical to cold
acclimation. Moreover, we demonstrate that cold acclimation can be optogenetically-evoked,
sans cold. Collectively, these findings reveal that cold nociception constitutes a peripheral neural
basis for Drosophila larval cold acclimation.
2.1

Materials & Methods
2.1.1

Fly strains

All Drosophila stocks were maintained at 24°C, and all larval subjects were wandering
3rd instars. The OregonR (ORR) and w1118 strains were used to assess wild-type (WT) behavior
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and cold tolerance in D. melanogaster, respectively. Transgenic D. melanogaster strains
included: GAL4GMR37B02 (CII neurons); GAL419-12 (CIII neurons); GAL4iav (Ch neurons);
GAL41003.3 (CII and CIII neurons); GAL4nompC (CIII and Ch neurons, BDSC #36361); UASTeTxLC (active tetanus toxin light chain, TNT, BDSC #28837); UAS-TNTIMP (impaired tetanus
toxin light chain, BDSC #28840); UAS-mCD8::GFP (CD8-mediated membrane targeting of
GFP, BDSC #5130); and UAS-ChETA::YFP (engineered derivative of Channelrhodopsin2,
BDSC #36495).
Other drosophilid species were obtained from The National Drosophila Species Stock
Center at Cornell University: Drosophila arizonae (#15081-1271.39); Drosophila equinoxialis
(#14030-0741.00); Drosophila funebris (#15120-1911.01); Drosophila hydei (#15085-1641.04);
Drosophila willistoni (#14030-0811.00); Drosophila virilis (#15010-1051.00); Drosophila
simulans (#14021-0251.292); Drosophila pseudoobscura (#14011-0121.35); Drosophila
mojavensis (#15081-1352.47). Species distribution on map of annual mean temperature was
generated in R using climate data retrieved from WorldClim (https://www.worldclim.org) (Fick
& Hijmans, 2017) and location data provided by the Drosophila Species Stock Center.
2.1.2 Behavior Assays
Cold-evoked behaviors were assessed using the previously developed cold-plate and
cold-probe assays (Patel & Cox, 2017; Turner et al., 2016; Turner, Landry, & Galko, 2017). For
cold-plate, wandering 3rd instar larvae were acclimated to a room-temperature aluminum arena.
The arena was then transferred to a prechilled Peltier device (TE Technologies, CP0031) under
the control of a thermoelectric temperature controller (TE Technologies, TC-48-20). Behavior
was recorded from above for 30 seconds and assessed qualitatively post hoc. For cold-probe, the
cold probe apparatus (ProDev Engineering) was chilled to 6°C, and then placed at a 45° angle
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upon a posterior, medial, or anterior segment of the larva, and held for 5 seconds; behavior was
scored qualitatively at the time of the assay.
2.1.3 Cold Survival Assay
Larval cold tolerance was assessed using a modified cold-plate assay. Drosophila
populations were raised at 24°C until 3rd instar larvae were present. The entire population was
then incubated for 48 hours at 24°C or 10°C. After the incubation, only wandering 3rd instar
larvae were collected using a small paint brush, transferred to a room-temperature aluminum
arena, and allowed to acclimate until locomotion resumed. To deliver cold shock, the arena was
transferred to a Peltier device prechilled to 0°C. Larvae were cold-shocked for 60 minutes, then
removed from the arena and placed in a new Drosophila vial. As wandering 3rd instar larvae are
post-feeding, cold-shocked larvae were housed in vials containing 10mL of 3% agar instead of
food (to prevent desiccation and confounds due to food molding). Larvae were cold-shocked
immediately after incubation and the remaining populations were discarded. Survival was
assessed by counting the eventual number of adults eclosed as compared to the number of larvae
originally placed in the vial. Each experiment was performed in 3 replicates, with an independent
sample of 10 larvae each.
2.1.4 Optogenetics
GAL419-12>UAS-ChETA::YFP larvae were raised in Petri dishes, in constant darkness, at
24°C. As channelrhodopsins require all-trans-retinol (ATR) to function, larvae with identical
genotypes were either raised on food containing ATR (ATR+, 1.5mM) or standard food (ATR-,
as control). When 3rd instar larvae were present in the dish, the dish was transferred to a custombuilt OptoBox (Kaneko et al., 2017), where high intensity blue light was automatically delivered
at a frequency of 5 seconds every 5 minutes, for 48 hours. The OptoBox consists of a plastic
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storage bin segmented into 12 independent test chambers, each equipped with a blue LED with
an 80° lens (RapidLED, Cree XP-E2) under the control of an Arduino microcontroller (Arduino,
Uno Rev3). After 48 hours, the dishes were then removed from the OptoBox and wandering 3rd
instar larvae were used in the cold survival assay detailed above. Larvae were shocked
immediately following removal from the OptoBox, and the remaining populations were
discarded.
2.1.5 Phylogenetics
Amino acid sequences (Table 1) for Cytochome Oxidase I/II (mt:CoI/CoII) and alcohol
dehydrogenase (Adh) were aligned via MAFFT, using default settings. As the repleta group has
two copies of Adh, we used Adh1 for these species. Phylogenetic trees were generated via IQTree by the maximum likelihood approach, using an LG+F+R2 substitution model (as
determined by ModelFinder). Branch support was calculated by ultrafast bootstrapping (UFboot,
2000 replicates). Trees were visualized using iTOL, R, and Adobe Illustrator.
All additional phylogenetic analyses were performed in R using the phytools package. SER
ancestral state reconstruction was performed using a single-rate continuous-time Markov chain
model; pie-charts at interior nodes of the presented cladogram represent empirical Bayesian
posterior probabilities. % larvae CT (out of total population) ancestral states were mapped to an
ultrametric phylogeny by maximum likelihood via the chronos and contMap functions.
2.1.6 Electrophysiology
Demuscled fillet preparations were made from GAL419-12>UAS-mCD8::GFP larvae
housed in Petri dishes lined with Sylgard 184 (Dow Corning), which were filled and constantly
superfused with HL-3 saline. Extracellular recordings were made with a pipette (tip diameter, 5–
10 µm) connected to the headstage of a patch-clamp amplifier (Multiclamp 700A, Molecular
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Devices). Gentle suction was applied to draw the soma and a small portion of neurite into the
pipette. The amplifier was set to voltage-clamp mode to record neuronal spikes. The output
signals from the amplifier were digitized at a sampling frequency of 10 kHz using a Micro1401
A/D converter (Cambridge Electronic Design) and acquired into a laptop computer running
Windows 10 with Spike2 software v. 8 (Cambridge Electronic Design). To apply a low
temperature stimulation, saline was passed through an SC-20 in-line solution cooler (Warner
Instruments) connected to a CL-100 temperature controller (Warner Instruments). Average spike
frequency was measured during baseline room-temperature conditions (60 seconds) and during
superfusion of chilled saline (60 seconds at 20, 15, or 10°C).
2.1.7 Statistical Analyses
Due to a growing call for statistical analyses that do not rely on p-values (Ioannidis,
2019; Kelter, 2020; Keysers, Gazzola, & Wagenmakers, 2020; Matthews, Wasserstein, &
Spiegelhalter, 2017; Nuijten, Hartgerink, van Assen, Epskamp, & Wicherts, 2016; van Doorn et
al., 2020; Wasserstein & Lazar, 2016; Wasserstein, Schirm, & Lazar, 2019; Wetzels et al., 2011),
differences in mean and population proportions were analyzed using both traditional frequentist
statistics and Bayesian alternatives. z-tests were performed in Microsoft Excel and all other
analyses were performed in JASP (Bayesian analyses using default prior probability
distributions) (Team, 2020). Population proportions are presented as % ± standard error of the
proportion (SEP); differences in proportion were assessed by one-tailed z-test with the
Benjamini-Hochberg procedure (false discovery rate at 0.05) and the Bayesian A/B Test. All
other measures are presented as mean ± standard error of the mean (SEM); differences were
assessed by frequentist ANOVA with a Scheffé correction for multiple comparisons, and the
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Bayesian ANOVA with multiple comparisons by the Westfall-Johnson-Utts method (Westfall,
Johnson, & Utts, 1997).
For Bayesian analyses, degree of support for rejecting the null hypothesis was inferred by
computed Bayes Factors (BF), via the method originally proposed by Jeffreys (1961): “support
for the null hypothesis” (BF10 < 1); “barely worth mentioning” (BF10: 1-3); “substantial” (BF10:
3-10); “strong” (BF10: 10-30); “very strong” (BF10: 30-100); and “decisive (BF10 > 100).
Histograms and heatmaps were generated using GraphPad PRISM (GraphPad Software,
La Jolla, California, USA). In statistics bars and tables, green text indicates statistical
significance (α=0.05, frequentist) or substantial evidence in favor of the alternative hypothesis
(BF10 > 3, Bayesian). Red text indicates no statistical significance (frequentist) or less than
substantial evidence in favor of the alternative hypothesis (Bayesian). Population sizes (N) are
indicated in figure legends. n=30 for each condition unless otherwise stated.

2.2

Results

2.2.1 Cold nociception is widespread among drosophilid larvae
We have previously demonstrated that D. melanogaster larvae primarily respond to
noxious cold by performing a bilateral contraction (CT) along the head-to-tail axis (Turner et al.,
2016). We first assessed whether or not CT behavior is a widespread, conserved trait among
drosophilids by assessing cold-evoked behaviors (0-16°C) among 11 drosophilid species with
known differences in distribution and cold tolerance (Figures 2-1A and 2-1B) (Kellermann et
al., 2012; MacLean et al., 2019; Strachan et al., 2011).
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Figure 2-1. Cold-evoked behavior in diverse drosophilid species
(A) Map of species stock collection location (provided by the Drosophila Species Stock Center)
mapped on mean annual temperature, as extracted from climate data retrieved from WorldClim
(https://www.worldclim.org) (Fick & Hijmans, 2017). (B) Maximum likelihood phylogeny with
ultrafast bootstrapping (at nodes). This tree was generated using concatenated and aligned CoI,
CoII, and Adh sequences (Table 2-1). Most species chosen are chill susceptible (die in response
to sub-freezing temperatures) while 3 are freeze avoiding (able to survive to the supercooling
point) (Sinclair, Coello Alvarado, & Ferguson, 2015; Strachan, Tarnowski-Garner, Marshall, &
Sinclair, 2011). (C) Outline of the previously developed cold-plate behavioral assay (Patel &
Cox, 2017; Turner et al., 2016). Subject behaviors were recorded for 30s after application of
cold. (D-E) Ethogram and heatmap representations of full cold-evoked behavioral repertoires by
species and temperature. The predominant cold-evoked response among drosophilid larvae is a
bilateral, head-and-tail contraction (CT) behavior. Among repleta group species, an additional,
highly stereotyped behavior termed the spiracle extension response (SER) is present at low
temperatures. CT was typically transient; locomotion resumed at higher temperatures (at and
above appx. 8°C, depending on species), and lasting, flaccid paralysis occurred at lower
temperatures (appx. 0-10°C, depending on species). Larvae performed a variety of other
behaviors at relatively low frequencies, with no obvious patterns. N=2,970; n=30 for each
condition.
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Table 2-1. Sequences for phylogeny in Figure 2-1

Using the previously developed cold plate assay (Turner et al., 2016) (Figure 2-1C) we
observed 9 distinct, cold-evoked behaviors, with each species exhibiting a slightly different
behavioral repertoire. All species tested performed the CT response (Figure 2-1E), yet larvae
typically failed to remain contracted for the 30 second behavioral analysis; larvae either ceased
CT and resumed locomotion (at higher temperatures; at and above ~8°C, depending on species)
or ceased CT and were paralyzed by the cold (at lower temperatures; ~0-10°C, depending on
species). It therefore appears unlikely that the CT behavior itself would protect larvae from longterm noxious cold exposure.
In addition to CT, we observed a novel and notable behavior we termed the spiracle
extension response (SER) (Figure 2). In larvae, the posterior spiracles are part of a snorkel-like
respiratory organ with the ability to extend and contract, allowing larvae to respirate while
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Figure 2-2. Spiracle Extension Response (SER)
A robust spiracle extension response (SER) was performed by repleta species. (A) Description of
cold-evoked SER, with images (subject, D. arizonae). (B) % SER following segmental cold
stimulation via cold-probe assay ± standard error of the proportion. N=30, n=10. (C) Ancestral
state reconstruction by single-rate continuous-time Markov chain model indicates that the SER
behavior most likely evolved in a common repleta ancestor after the group split from other
drosophilids.

mostly submerged in semi-liquid media (Manning & Krasnow, 1993). In response to noxious
cold, larvae from the repleta group performed a highly stereotyped behavior wherein the
posterior stigmatophore—which contains the spiracular chamber—rapidly and greatly extended
from the contracted state (Figure 2-2A). This behavior typically occurred post-CT and was
accompanied by a robust tail-raise behavior. This behavior does not seem to be solely initiated
by direct, chill-induced contractions (Heath Andrew MacMillan, Findsen, Pedersen, &
Overgaard, 2014) in the musculature controlling the stigmatophore, as segmental cold
stimulation across the body also resulted in the SER (Figure 2-2B). SER likely emerged within
the repleta group (supported by ancestral state reconstruction; Figure 2-2C).
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Given the widespread incidence of CT, the behavior is likely inherited from a common
ancestor (Figure 2-3). We predicted that, if CT is adaptive, there might be evidence of trait
lability and/or of thermal environment placing selective pressure on its evolution. We assessed
this by measuring phylogenetic signal and investigating possible environmental correlates of CT
behavior. Computed measures of phylogenetic signal—Blomberg’s K (Blomberg, Garland, &
Ives, 2003) and Pagel’s λ (Pagel, 1999)—show no evidence of phylogenetic signal for the
incidence of CT (% CT in the entire intraspecies population tested; Figure 2-3A). This is
typically interpreted as trait lability, or that the trait is not evolving as a result of constant-rate

Figure 2-3. CT behavior in diverse drosophilid species
Heatmap representation of % CT by species and temperature. All species CT, but with slightly
different cold sensitivities. N=2,970; n=30 for each condition. % of larvae which performed CT
out of the total intraspecies population was color-mapped to the tree by maximum likelihood
ancestral state estimation (color at tip indicates value for that species). Blomberg’s K and
Pagel’s λ show no evidence of phylogenetic signal.
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genetic drift (Kamilar & Cooper, 2013; Münkemüller et al., 2012; Revell, Harmon, & Collar,
2008).
We initially predicted that species from colder environments would be less cold sensitive.
However, we found no correlations between the total % of subjects which CT across
temperatures (Total % CT) and a variety of cold-related climate variables (Table 2-2), possibly
indicating that the behavior is not evolving directly in response to differences in cold climate.
We additionally looked for correlations between environmental variables and the temperature
where at least 50% of subjects CT (CT50), the highest temperature at which CT appears (CTinit),
and the temperature where at least 50% of subjects ceased locomotion (L50). The only significant
correlation we found was between L50 and mean diurnal range, indicating that larvae adapted to
climates with rapid temperature swings can continue to locomote at lower temperatures.

Table 2-2. CT and environmental variable correlation analyses
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Figure 2-4. Total % CT
Correlations between environmental variables and Total % CT across temperatures.

20

HOW THE FLY YOUTH CHILL

Figure 2-5. Temperature of ≥50% subject CT (CT50)
Correlations between environmental variables and temperature of ≥50% subject CT (CT50).
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Figure 2-6. CT onset
Correlations between environmental variables and highest temperature of CT onset.
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Figure 2-7. Temperature of ≤50% subject locomotion (L50)
Correlations between environmental variables and temperature of ≤50% subject locomotion (L50)
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2.2.2 Silencing CIII cold nociceptors inhibits cold acclimation
Given the widespread presence of cold nociception among drosophilids, we next
questioned whether cold nociception plays a role in protecting larvae from noxious cold. We first
tested the hypothesis that cold nociception is a necessary component of cold acclimation. The
GAL4-UAS system was used to drive the expression of the light chain of tetanus toxin (TNT) in
targeted cold-sensing neural populations (CII, GAL437B02; CIII, GAL419-12; Ch, GAL4iav;
CII+CIII, GAL41003.3; and CIII+Ch, GAL4nompC), thereby selectively silencing neural
transmission. TNT expression in cold nociceptors has been previously shown to severely inhibit
the cold-evoked CT behavioral response (Turner et al., 2016).
Transgenic D. melanogaster populations were raised at 24°C until 3rd instars were present
and were thereafter incubated for 48 hours at either 24°C or 10°C, the latter to drive cold
acclimation. After incubation, only wandering 3rd instar larvae were chosen for experimentation
so as to developmentally match subjects. Wandering 3rd instar larvae were cold-shocked at 0°C
for 60 minutes by a modified cold-plate assay. Survival was assessed by the proportion of
animals that eclosed (Figure 2-8A). To control for any baseline differences in cold tolerance
between transgenic strains, cold tolerance was also assessed in subjects expressing an inactive
form of TNT (impaired TNT; TNTIMP) in the same GAL4 genetic backgrounds.
In accordance with previous studies (Colinet & Hoffmann, 2012; Hoffmann, Sørensen, &
Loeschcke, 2003; Heath A. MacMillan, Andersen, Loeschcke, & Overgaard, 2015; Overgaard,
Kristensen, Mitchell, & Hoffmann, 2011; Rako & Hoffmann, 2006; Ransberry, MacMillan, &
Sinclair, 2011), cold acclimated control animals (w1118 and TNTIMP) were more cold tolerant than
counterparts raised at room temperature (Figure 2-8B). Although the cold-acclimated nompC
control (CIII+Ch) condition was not significantly or substantially different from baseline,
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Bayesian statistics indicate that the hypothesis that they cold acclimate is ~2.4 times more likely
than the null hypothesis.

Figure 2-8. Cold nociceptors in cold acclimation and tolerance
Class III nociceptors are necessary for cold acclimation. (A) Outline of the approach used for
thermal acclimation and cold tolerance assessment. D. melanogaster larvae were acclimated to
either 24 or 10°C and subjected to 0°C cold shock for 60 minutes. The percentage of animals
which successfully eclosed constituted the % survival rate. (B) Control (w1118 and
GAL4>TNTIMP) larvae showed some baseline differences in cold tolerance, but showed increased
cold tolerance following cold acclimation, regardless. Bar charts show % animals which survived
cold shock ± standard error of the proportion. N=360; n=30 in each condition. (C) Silencing
CIII neurons via active tetanus toxin (TNT) resulted in an inability to cold acclimate; cold
acclimated larvae had similar cold tolerance to room temperature acclimated larvae. Silencing
CII and Chordotonal (Ch) neurons independently had no effect on cold acclimating capacity.
Silencing CIII neurons independently resulted in an increase in baseline cold tolerance, but this
was not apparently present when combinatorially silencing CIII with CII/Ch. Bar charts show %
animals which survived cold shock ± standard error of the proportion. N=300; n=30 in each
condition, experiments performed in triplicates of 10.
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In contrast, silencing CIII neurons (via GAL419-12, GAL410033., and GAL4nompC) resulted in
an inability to cold acclimate, indicating that CIII cold nociceptive neurons are necessary for
cold acclimation (Figure 2-8C). Silencing CII (GAL437B02) and Ch (GAL4iav) alone did not
inhibit the ability of larvae to cold acclimate. Surprisingly, silencing CIII neurons alone (GAL41912

) resulted in increased cold tolerance in room temperature-acclimated larvae, mimicking

survival rates of cold-acclimated larvae. Combinatorially silencing CIII with CII or Ch neurons
resulted in an inability to cold acclimate but did not obviously increase baseline cold tolerance.
Given that silencing CIII neurons via 3 different GAL4s (19-12, 1003.3, and nompC)
resulted in an inability to cold acclimate, the preponderance of evidence suggests that CIII
neurons are necessary for cold acclimation. Moreover, that single-class and CIII-combinatorial
silencing of CII and Ch (via 1003.3 and nompC GAL4s) doesn’t result in an obvious phenotype
in room temperature acclimated animals, these results suggest that CII and Ch neurons are not
necessary for cold acclimating capacity, but that they may play some role in modulating cold
tolerance. This is consistent with CII and Ch neurons functioning in cold nociception, but not in
an independently necessary capacity (Turner et al., 2016; Turner et al., 2018).
2.2.3 Developmental exposure to cold results in nociceptive hypersensitization
We next asked how cold acclimation impacts CIII function by recording cold-evoked
CIII activity following cold acclimation. Cold-evoked electrical activity was recorded from CIII
neurons in live, filleted larvae; CIII neurons were identified by GAL4-UAS-mediated GFP
labeling (GAL419-12>UAS-mCD8::GFP).
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Figure 2-9. Allodynia in cold acclimated CIII neurons
Cold acclimation results in nociceptive sensitization. (A-B) Representative traces of extracellular
CIII recordings in control and cold acclimated larvae. Neural activity was assessed at room
temperature, and during/following ramps to 20, 15, and 10°C. Bar chart details mean spike rate ±
standard error of the mean. N=43; control, n=32; cold acclimated, n=11. (C) Average spike
frequency of CIII neurons by temperature. CIII neurons in cold acclimated larvae were more
sensitive to temperature drops to 20 and 15°C.
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Electrophysiological recordings of CIII neurons reveal that cold acclimation results in
CIII hypersensitization; on average, CIII neurons in cold acclimated larvae responded more
strongly to temperature drops to 20°C and 15°C (Figure 2-9). Firing rates were increased and
sustained at 20°C and 15°C, and although mean firing rate was not significantly or substantially
increased at 10°C (Figure 2-9C), we observed an increased firing rate at the onset of chilling
(first 10 seconds), with activity quickly returning to control levels (Figure 2-10).

Figure 2-10. Cold-evoked CIII activity by 10s bins

2.2.4 Developmental optogenetic CIII activation increases cold tolerance
As CIII nociceptors were necessary for cold acclimation, we next tested the hypothesis
that CIII nociceptors drive cold acclimation by optogenetically activating CIII neurons sans cold
and assessing cold tolerance.
The GAL4-UAS system was used to drive expression of an engineered channelrhodopsin
(ChETA)—a light-gated cation channel—in CIII neurons. Transgenic D. melanogaster were
raised on food containing all-trans-retinol (ATR+, which is a necessary for the activity of
ChETA) or standard food (ATR-, control condition). Larvae were housed in Petri dishes with
2.5mL of food spread extremely thin over the base. 48 hours prior to assessing cold tolerance,
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dishes were transferred to a custom built OptoBox which houses 12 independently operated
chambers capable of delivering blue light at preset intervals. Blue light (~470nm) was delivered
for 5s every 5 minutes, a paradigm previously used for developmental activation of CIV
nociceptors (Kaneko et al., 2017). After 48 hours, larvae were cold-shocked at 0°C for 60
minutes (Figure 2-11A).
Developmental optogenetic activation of CIII neurons improved survival rates following
cold shock, indicating that the activation of cold nociceptors is sufficient for driving cold
acclimation (Figure 2-11B).

Figure 2-11. Simulated cold acclimation via optogenetics
Developmental activation of CIII neurons is sufficient for increasing cold tolerance. (A) Outline
of optogenetic acclimation and cold tolerance assay. Larvae expressing ChETA in CIII neurons
were raised on food + or – ATR and experimental subjects were exposed to 48 hours of blue
light exposure (5s every 5 min). (B) Developmentally activating CIII neurons optogenetically,
sans cold, resulted in larvae with higher cold tolerance. Bar charts show % animals which
survived cold shock ± standard error of the proportion. N=60; n=30 in each condition.
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Discussion
Herein, we have described some conflicting evidence concerning the adaptive nature of

the CT response. The CT response is widespread, occurs primarily at low, potentially harmful
temperatures, results in a reduced surface-area-to-volume ratio, and is conserved from a common
ancestor, collectively indicating that the behavior might be adaptive. The lack of phylogenetic
signal we detected may also be consistent with this, as values close to 0 may indicate trait
lability, perhaps suggesting that cold-evoked behavior has rapidly adapted as drosophilids have
entered new thermal environments.
Several points are worth considering, however. Firstly, we found no evidence that CT
incidence was correlated with any particular cold-climate variable. Secondly, we used a
relatively small sample of species, and only a single strain per species, which may lead to a
degree of uncertainty in both our assessments of intraspecies behavior and phylogenetic signal. It
remains commonplace and acceptable to use single strains in comparative Drosophila studies
(Jezovit, Rooke, Schneider, & Levine, 2020; Kellermann et al., 2012; Strachan et al., 2011;
Watanabe et al., 2019), however some studies have shown substantial differences in a variety of
metrics within species, across strains (Anderson, Scott, & Dukas, 2016; Colomb & Brembs,
2014; Qiu, Xiao, & Meldrum Robertson, 2017; Rahman et al., 2015). Our work here also
evidences this, given that different GAL4 genetic backgrounds appeared to have different
baseline cold tolerances (Figure 2-8B). Thirdly, low phylogenetic signal, despite being an
indication of trait lability, does not give evidence of any specific type of selection. The absence
of phylogenetic signal can therefore be interpreted several different ways; for example, it may
indicate rapid adaptation into specific niches, stabilizing selection, and/or evolution under
constant functional constraint (Kamilar & Cooper, 2013; Münkemüller et al., 2012; Revell et al.,
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2008). Fourthly, we observed that cold-evoked behaviors are highly transient – at low
temperatures larvae eventually enter a state of flaccid paralysis; even if CT had been longlasting, it seems unlikely that this change in shape would have significant impact on thermal
inertia given the incredibly small size of larvae. Finally, we observed no obvious baseline
collapse in cold-tolerance as a result of impairing cold nociception via TNT – in fact, one
condition resulted in dramatically increased cold tolerance (Figure 2-8C; 19-12 GAL4).
With these considerations in mind, we do not believe there is a strong argument to be
made that CT, or any noxious cold-evoked behavior, has long-term protective qualities in and of
itself. Although further work is required to better clarify the evolutionary history and plasticity of
insect cold nociceptive behavior, what remains clear is that drosophilid CT behavior is
widespread and inherited from a common ancestor.
In contrast, cold nociception is necessary for cold acclimation; silencing cold nociceptors
results in an inability to cold acclimate, and CIII activation appears sufficient for inducing cold
acclimation, as activating CIII neurons optogenetically leads to increased cold tolerance.
Whether or not the nervous system plays a role in thermal acclimation has been a longstanding question in ectotherm biology (Bowler, 2005; Lagerspetz, 1974; Prosser & Nelson,
1981); here we have implicated the peripheral nervous system in cold acclimation, but it remains
unknown what mechanisms might allow these neurons to interface with relevant tissues. Cold
acclimation is the result of a substantial number of changes within an organism, perhaps most
importantly changes in the ionoregulatory capacity of the insect renal system (Overgaard &
MacMillan, 2017). In many species the renal system is modulated by endocrine factors produced
by the nervous system; it therefore stands to reason that cold information encoded by cold
nociceptors may pass to the central nervous system, engaging some central neuroendocrine
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circuitry with downstream effects on gene expression or cell signaling, thereby having effects on
ion and water homeostasis. Several neuropeptides are involved in Drosophila renal ion
homeostasis (Halberg, Terhzaz, Cabrero, Davies, & Dow, 2015; Talsma et al., 2012; Zandawala
et al., 2018); one of these peptides, capa, has been shown to play a role in desiccation and cold
tolerance (Terhzaz et al., 2015), making it one of many candidate mechanisms by which
peripheral sensory information might be translated into physiological changes. Of course, not all
mechanisms of cold acclimation need be nervous-system dependent. As previously mentioned,
there is evidence that non-neuronal cells can detect cold via rapid calcium signaling, thereby
driving nervous-system independent cold hardening (Nadeau & Teets, 2020; Teets et al., 2013).
Curiously, these data indicate that silencing CIII neurons alone (via GAL419-12) may result
in an increase in baseline cold tolerance. One speculative hypothesis is that CIII neurons
contribute to both excitatory and inhibitory components, with the inhibitory component being
relatively strong under optimal thermal conditions (Figure 2-12). Under cold conditions, the
combined excitatory components of CIII, CII, and chordotonal neurons might overcome this
inhibition, thereby driving cold acclimation. Under such a hypothesis, the targeted silencing of
CIII neurons can result in a loss of inhibition, thereby driving cold acclimation under room
temperature acclimation. Alternatively, increased baseline cold tolerance under the CIII-TNT
condition it may indicate some degree of homeostatic compensation (or overcompensation) in
the cold-sensing circuit. Continued work on the downstream circuitry of these cold-sensing
neurons may shed light on these hypotheses. However, these results must be interpreted with a
degree of caution, as the high baseline cold tolerance in the GAL419-12>TNT condition makes it
difficult or impossible to detect any statistically significant increase in cold tolerance in coldreared GAL419-12>TNT animals. If our results reflect an inability to detect a change (rather than
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Figure 2-12. Hypothetical link between cold nociceptive circuitry and cold tolerance
Silencing CIII neurons alone leads to increased cold tolerance; this may reflect a loss of
inhibition under room temperature acclimation, whereas combinatorial silencing of CIII/CII and
CIII/Ch leads to an inability to cold acclimation via an accumulated loss of activation/excitatory
capacity.

the lack of change), one would alternatively conclude that it is a combination of Class III, Class
II, and Chordotonal neurons which are necessary for cold acclimation, and that silencing any
single neural class is insufficient for disabling cold nociception.
Interestingly, cold acclimation also resulted in nociceptor sensitization, arguably a form
of allodynia. One possible hypothesis is that cold acclimation induces a state of hyper-vigilance
in response to chilling, therefore better preparing larvae for cold shocks. Given that cold
acclimation is likely the result of long-term changes in physiology and gene expression (Heath
A. MacMillan et al., 2016; Toxopeus et al., 2019), it’s unclear how hyper-vigilance might lead to
increased cold tolerance, in and of itself. However, the presence of cold-induced hypersensitivity
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and the coincident increase in cold tolerance may be consistent with the hypothesis that
nociceptive hypersensitization provides survival advantage, a broader interpretation of a
hypothesis formulated by Crook, Walters, and colleagues, who observed that injury-induced
nociceptor sensitization results in decreased predation risk in squid (Crook, Dickson, Hanlon, &
Walters, 2014). Although our optogenetic experiments indicate that injury is unlikely to be a
necessary component (as it isn’t clear how optogenetic activation might injure neurons), whether
injury plays any role in cold acclimation is a subject which requires further study. Additional
studies are also required to elucidate whether cold tolerance is necessarily tied to sensitization, or
if nociceptive sensitization is simply a coincident phenomenon.
Further, as drosophilids are believed to overwinter under diapause as adults (M. J. Allen,
2007; Izquierdo, 1991), it’s unclear what the ecological relevance of larval cold nociception and
acclimation might be. Some environments see rapid changes in temperature from day to night
(e.g. some deserts) – perhaps the ability to cold acclimate as larvae would advantageous in
species from such environments. Our finding that L50 correlates with mean diurnal range is
perhaps consistent with this hypothesis.
In summary, we have shown that cold nociception is widespread among drosophilids and
that D. melanogaster CIII neurons are necessary and sufficient components of cold acclimation.
The results of these experiments suggest that insect cold acclimation has a peripheral neural basis
in cold nociception.
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CHLORIDE-DEPENDENT MECHANISMS OF COLD DISCRIMINATION
Noxious stimuli are transduced by high-threshold sensory neurons referred to as

nociceptors, and these sensory neurons often respond to more than one stimulus type – a property
called sensory poly- or multimodality (Himmel et al.; Le Bars et al., 2001; Sherrington, 1906; E.
S. J. Smith & Lewin, 2009; Sneddon, 2004). For example, some vertebrate C-fibers transduce
noxious thermal, chemical, and mechanical stimuli, as well as innocuous mechanical and thermal
stimuli (Craig, 2003). Although the ability to differentiate between sensory modalities is
inarguably important for organismal survival, it remains relatively poorly understood what
molecular mechanisms facilitate sensory multimodality within single neurons or neural subtypes;
and these systems are of direct importance human health, as the inability to discriminate between
noxious and innocuous stimuli is thought to underlie chronic neuropathic pain (Basbaum,
Bautista, Scherrer, & Julius, 2009; Lumpkin & Caterina, 2007; Woolf & Ma, 2007).
Like other animals, Drosophila melanogaster can sense and respond to noxious stimuli.
In larvae, nociception primarily begins in peripheral dendritic arborization neurons of the Class
III (CIII) and Class IV (CIV) subtypes. CIV neurons are polymodal high temperature,
mechanical, and chemical nociceptors, and activation of class IV neurons by any one of these
sensory multimodalities elicits a corkscrew-like rolling behavior (Himmel et al., 2019; Hwang et
al., 2007; Lopez-Bellido, Himmel, Gutstein, Cox, & Galko, 2019; Neely et al., 2011; Tracey et
al., 2003). In contrast, CIII neurons are multimodal cold nociceptors and gentle-touch
mechanosensors, and activation of CIII neurons drives stimulus-specific behaviors: acute
noxious cold primarily elicits a highly stereotyped, bilateral contraction (CT) response, wherein
the body rapidly shortens along the head-to-tail axis (Turner et al., 2016), while gentle touches
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elicit a suite of behaviors, including head-withdrawal, head casting/turning behavior, and reverse
locomotion (Kernan et al., 1994).
CIII neurons function via a high-low threshold detection system, whereby high levels of
CIII activation (and strong Ca2+ transients) are associated with CT, and low levels of activation
(and relatively modest Ca2+ transients) with touch-behaviors. This is evidenced in Ca2+ imaging
experiments and via optogenetics, where strong optogenetic activation of CIII neurons elicits CT
and less strong activation primarily drives head withdrawals (Turner et al., 2016). However,
molecular factors underlying this high-low threshold filter have not been elucidated. Given the
relatively constrained function and modality-specific behavioral outputs of CIII, this system
constitutes a good target for elucidating mechanisms underlying multimodality in single neural
classes.
Stimulus-evoked CIII calcium transients are thought to occur as a result of the activation
of Transient Receptor Potential (TRP) channels, a superfamily of variably selective cation
channels which participate in nociception across a wide variety of species (Himmel & Cox,
2020). In Drosophila, the TRP genes Pkd2, nompC, and Trpm are required for cold nociception
(Turner et al., 2016). In vertebrates, Ca2+-dependent channels of a variety of subtypes (e.g.
anoctamin/TMEM16 channels) interact with TRP channels in nociceptive systems in order to
drive appropriate levels of neural activation, making them a potential candidate mechanism
underlying Drosophila multimodality. It has been previously shown that the Drosophila gene
subdued has a conserved function as a Ca2+-activated Cl- channel (CaCC) (Le, Le, & Yang,
2019; Wong, Younger, Peters, Jan, & Jan, 2013), and that it is necessary for high temperatureevoked rolling (Jang et al., 2015). However, it is unknown whether or not subdued might
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function to encode stimulus-specific sensory information in multimodal neurons; we therefore
questioned whether anoctamins might function in CIII neurons in a modality-specific fashion.
In the present study we tested the hypothesis that anoctamins expressed in CIII neurons
are selectively involved in cold nociception. We have found that the anoctamins subdued and
white walker (CG15270)—here shown to be orthologous to human ANO1/2 and ANO8,
respectively—are required for cold nociception. Interestingly, anoctamins participate in an
excitatory capacity, suggesting that CIII neurons make use of excitatory Cl- currents. We
additionally provide evidence that CIII neurons likely use depolarizing Cl- currents to selectively
encode cold, and that overexpression of ncc69 (a fly homologue of NKCC1) is sufficient for
driving a neuropathic pain-like state in Drosophila larvae.
3.1

MATERIALS AND METHODS

3.1.1 Fly Strains
All Drosophila melanogaster stocks were maintained at 24°C under a 12:12 light cycle.
Genetic crosses were raised at 29°C under a 12:12 light cycle in order to accelerate development.
3rd instar larvae were used for all experiments. Publicly available transgenic strains were
originally sourced from the Bloomington Drosophila Stock Center (B) and the Vienna
Drosophila Resource Center (v) and included: T2A-GAL4white walker (B76649); UAS-Aurora
(B76327); UAS-mCD8::GFP (B5130); white walkerMI03516 (B36976); Df(2L)b87e25 (white
walker df, B3138); subduedMI15535 (B61082); Df(3R)Exel6184 (subdued df, B7663); UASsubdued RNAi (v32472 and v108953); UAS-white walker RNAi (B28650 and B62282); UASncc69 RNAi (B28682); and UAS-kcc RNAi (B34584). UAS-kcc was provided by Dr. Mark
Tanouye; UAS-ncc69 was provided by Dr. Don van Meyel; UAS-subdued and GAL4c240 were
provided by Dr. Changsoo Kim.
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CIII fusion lines and UAS-white walker were developed for this study and are available
upon request. For CIII::tdTomato we utilized Gateway cloning to combine the R83B04 (CIII)
enhancer with CD4-tdTomato by LR reaction (Invitrogen ref: 12538-120). Transgenic flies
carrying a 2nd chromosomal insertion of CIII:tdTomato (docking site: VK37) were generated by
Genetivision (Houston, TX). The R83B04 enhancer-containing entry vector was provided by the
FlyLight Project (Janelia Farm, HHMI). pDEST-HemmarR2—the vector for enhancer driven
CD4-tdTomato expression—was provided by Dr. Chun Han. For UAS-white walker, full-length
cDNA was synthesized (GenScript) and subcloned into pUAST-attB. Transgenic UAS-white
walker flies carrying a 3rd chromosomal insertion of UAS-white walker (docking site: VK20)
were generated by Genetivision.
3.1.2 Cold Behavior Assay
3rd instar larvae were raised in and collected from standard fly food vials, gently washed
in water, then acclimated to a room temperature, moistened, black-painted aluminum arena.
Once locomotion resumed, the arena was transferred to a prechilled Peltier device (TE
Technologies, CP0031) under the control of a thermoelectric temperature controller (TE
Technologies, TC-48-20). Behavior was recorded from above by a Nikon D5200 DSLR camera,
and the first 5 seconds of footage following contact between the arena and Peltier plate were
used for behavioral analysis. Videos were converted to the avi format by Video to Video
software (https://www.videotovideo.org/), and then further processed in the FIJI distribution of
ImageJ. Virtual stack images of larvae were converted to grayscale, thresholded, and
subsequently skeletonized into single pixel-wide lines representing larval length from tip to tip.
Length measurements were normalized to the length at time 0, and CT was counted if the larvae
passed the CT threshold at any point during the analysis. The CT threshold was defined as the

HOW THE FLY YOUTH CHILL

39

average peak w1118 decrease in length + 1.5X the standard deviation, as previously described
(Turner et al., 2016). This resulted in a CT threshold of approximately 0.7 (also presented as -0.3
change in normalized body length or 30% reduction in body length). Data are reported as % CT
and the peak magnitude of decrease in larval length.
3.1.3 Mechanosensation Assay
3rd instar larvae were collected, gently washed, then acclimated to the same arena used in
cold plate assays. Mechanosensitivity was scored similarly to previous reports (Kernan et al.,
1994; Turner et al., 2016): in brief, animals were brushed on an anterior segment by a single
paintbrush bristle and behavior was observed through a Zeiss Stemi 305 microscope. Gentle
touch behaviors include pausing/hesitating, head/anterior withdrawal (aka hunching), head
casting/turning, and reverse locomotion. Each subject was given 1 point if it performed one of
these behaviors (for a maximum of 4 points per trial). Each animal was subject to three touch
trials with 30 s intervals between each trial. The scores from the three trials were summed (for a
maximum of 12 points per subject), and averaged across each genotype.
3.1.4 Optogenetics
3rd instar larvae were collected, gently washed, then acclimated to a glass plate. The plate
was then transferred to a custom-built optogenetics-behavior rig fitted with bottom-mounted blue
LED illumination and a top-mounted Canon Rebel T3i DSLR camera. Blue light, video
recording, and larval tracking was handled automatically by Noldus EthoVision software;
behavior was recorded for 5 seconds in the absence of blue light, for 10 seconds with blue light
illumination, and for 5 additional seconds in the absence of blue light. Larval behavior was
quantified by automated tracking of larval area from above.
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3.1.5 Microscopy
For morphometric analyses, GFP tagged CIII neurons in 3rd instar larvae were imaged on
a Zeiss LSM 780 confocal microscope at 200X magnification. Images were collected as z-stacks
with a step size of 2.0 µm and at 1024×1024 resolution. Maximum intensity projections of zstacks were exported using Zen (blue edition) software and analyzed using the Analyze Skeleton
ImageJ plugin. Metrics were compiled using custom Python algorithms freely available upon
request.
To image GAL4 expression patterns, larvae were likewise imaged under Zeiss LSM 780
confocal microscope at various magnifications (scale bars present on relevant images), at various
locations (indicated in relevant figures/legends). Images were viewed and exported from Zen
(black edition) software and labeled in Adobe Illustrator.
3.1.6 Electrophysiology
Demuscled fillet preparations made from 3rd instar larvae were placed on the bottom of
an experimental chamber (200 µL) filled with HL-3 saline, which consisted of (in mM) 70 NaCl,
5 KCl, 1.5 CaCl2, 20 MgCl2, 10 NaHCO3, 5 trehalose, 115 sucrose, and 5 HEPES (pH 7.2). For
the low-chloride saline, sodium chloride and magnesium chloride were replaced with sodium
sulfate (Na2SO4, 35 mM) and magnesium sulfate (MgSO4, 20 mM). The osmolarity of the lowchloride saline was adjusted to become equal to HL-3 saline (355-360 mOsm) by adding sucrose
(up to 170 mM in total). The specimen was constantly perfused with HL-3 saline (30-40 µL/sec).
Switching between HL-3 and low-chloride saline was done by a three-way stopcock attached to
the inlet tube.
Cold temperature stimulation was administered by passing the saline through an in-line
solution cooler (SC-20, Warner Instruments, Hamden, CT, USA) connected to the controller
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device (CL-100, Warner Instruments, Hamden, CT, USA) (Figure 1). The saline temperature
was constantly monitored by a thermometer probe (BAT-12, Physitemp, Clifton, NJ, USA)
placed adjacent to the preparation.
The spiking activity of a GFP-tagged Class III neuron was recorded extracellularly by
using a borosilicate glass micropipette (tip diameter, 5–10 µm) by applying gentle suction. The
electrode was connected to the headstage of a patch-clamp amplifier (MultiClamp 700A,
Molecular Devices, San Jose, CA, USA) set to voltage-clamp mode. All recordings were made
from the CIII ddaA neuron in the dorsal cluster of the peripheral sensory neurons. The
amplifier's output was digitized at 10 kHz sampling rate using a Micro1401 A/D converter
(Cambridge Electronic Design, Cambridge, UK) and acquired into a laptop computer running
Windows 10 (Microsoft, Redmont, WA, USA) with Spike2 software v. 8 (Cambridge Electronic
Design, Cambridge, UK).
3.1.7 Phylogenetics
Starting with previously characterized ANO sequences from human (NCBI CCDS),
mouse (NCBI CCDS), and D. melanogaster (FlyBase), an ANO sequence database was
assembled by Blastp against protein sequence/model databases at Ensembl and the Okinawa
Institute of Science and Technology Marine Genomes Unit. In order to maximize useful
phylogenetic information, only Blast hits >300 amino acids in length with an E-value less than
1E−20 were retained.
Next, CD-HIT was used to identify and remove duplicate sequences and predicted
isoforms (threshold 90% similarity), retaining the longest isoform to maximize phylogenetic
information. Phobius was then used to predict TM topology; in order to further maximize
phylogenetic information, sequences with fewer than five predicted TM segments were removed.
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Sequences were thereafter aligned via MAFFT using default settings. The final
phylogenetic tree was generated via IQ-Tree by the maximum likelihood approach, using an
LG+R7 substitution model (as determined by ModelFinder). Branch support was calculated by
ultrafast bootstrapping (UFboot, 2000 replicates). In order to identify duplication events, the
maximum likelihood phylogeny was reconciled using NOTUNG 2.9.1. In order to formulate a
species tree-aware, and thus most parsimonious interpretation, of the resulting trees, weakly
supported branches were rearranged (UFboot 95 cutoff) against the species cladogram in Figure
3-12B. Edge weight threshold was set to 1.0, and the costs of duplications and losses were set to
1.5 and 1.0, respectively. Trees were visualized using iTOL and Adobe Illustrator.
3.1.8 Statistical Analyses
Due to a growing call for statistical analyses that do not rely on p-values (Ioannidis,
2019; Kelter, 2020; Keysers et al., 2020; Matthews et al., 2017; Nuijten et al., 2016; van Doorn
et al., 2020; Wasserstein & Lazar, 2016; Wasserstein et al., 2019; Wetzels et al., 2011),
differences in mean and population proportions were analyzed using both traditional frequentist
statistics and Bayesian alternatives.
Population proportions are presented as % ± standard error of the proportion (SEP);
differences in proportion were assessed by one-tailed (for 5°C experiments) or two-tailed (for
10°C experiments) z-test with a Bonferroni correction and the Bayesian A/B Test. All other
measures are presented as mean ± standard error of the mean (SEM); differences were assessed
by frequentist one- or two-way ANOVA with Dunnett’s post-hoc tests, repeated-measures
ANOVA, and Bayesian equivalents (Westfall et al., 1997), or frequentist and Bayesian t-test (in
the case of comparisons between only 2 groups). z-tests were performed in Microsoft Excel, twoway ANOVA in GraphPad PRISM, and all other analyses in JASP (Bayesian analyses using
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default prior probability distributions or priors adjusted by the Westfall-Johnson-Utts method)
(Team, 2020).
For Bayesian analyses, degree of support for rejecting the null hypothesis was inferred by
computed Bayes Factors (BF), via a modification on the method originally proposed by Jeffreys
(Jeffreys, 1961): “null hypothesis supported” (BF10 < 1); “weak” (BF10: 1-3); “substantial”
(BF10: 3-10); “strong” (BF10: 10-30); “very strong” (BF10: 30-100); “decisive” (BF10 > 100).
All graphs were generated using GraphPad PRISM (GraphPad Software, La Jolla,
California, USA) and Adobe Illustrator. Relevant n, adjusted p, and BF10 values are listed in
figure legends. In figures, asterisks (*) indicate statistical significance at α=0.05; daggers (†)
indicate weak evidence in favor of the alternative hypothesis; double daggers (‡) indicate at least
substantial evidence in favor of the alternative hypothesis; families of comparisons are grouped
by overhead bars.
3.2

RESULTS

3.2.1 The anoctamins subdued and CG15270/white walker are required for cold nociception
As anoctamins function in nociception in vertebrates, we predicted that they might
function in Drosophila nociceptors. Using the previously developed cold plate assay we recorded
larval behavior while delivering an acute ventral cold stimulus, which results in a robust
contraction (CT) behavior in wild-type larvae (Figure 3-1A). Larvae carrying homozygous
Minos-mediated integration cassette (MiMIC) alleles (Venken et al., 2011) for subdued and
CG15270 (Figure 3-1B) showed decreased cold sensitivity – fewer animals strongly CT in
response to noxious cold (Figure 3-1C, Figure 3-2) and mutant larvae had a reduced peak
magnitude of CT (measured by maximum magnitude reduction in length, Figure 3-1D).
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Figure 3-1. Anoctamins are required for cold nociception
(A) For cold plate assay, larvae are acclimated to a room temperature arena before being
transferred to a pre-chilled cold plate. CT is identified by measuring the length of skeletonized
larvae over the course of chilling. (B) Alleles, chromosomal deficiencies, and gene-specific
GAL4s used in this study. (C) % of animals which strongly CT in response to noxious cold
(≥30% reduction in body length). Mutations in subdued and white walker (CG15270) result in a
reduced percent of larvae which strongly CT in response to noxious cold. w1118 (n=30);
subduedMi/+ (n=30; p=0.13; BF10=4.417); subdueddf/+ (n=30; p=0.25; BF10=2.826); subduedMi/Mi
(n=30; p<0.001; BF10=461.34); subduedMi/df (n=30; p<0.001; BF10=997.24); white walkerMi/+
(n=30; p=0.45; BF10=2.00); white walkerdf/+ (n=30; p<0.001; BF10=997.24); white walkerMi/Mi
(n=30; p<0.001; BF10=997.24). (D) Mean peak magnitude in larval contraction, corresponding to
panel C. w1118 (n=30); subduedMi/+ (n=30; p=0.58; BF10=1.18); subdueddf/+ (n=30; p=1;
BF10=0.28); subduedMi/Mi (n=30; p<0.001; BF10=228.63); subduedMi/df (n=30; p=0.008;
BF10=737.03); white walkerMi/+ (n=30; p=0.58; BF10=1.60); white walkerdf/+ (n=30; p=.003;
BF10=324.11); white walkerMi/Mi (n=30; p<0.001; BF10=433.18).

HOW THE FLY YOUTH CHILL

45

Figure 3-2. Anoctamins are required for cold nociception, extended mutant data
(A) Heatmap representation of cold-evoked CT in wild-type and mutant conditions, where FP is
flaccid paralysis and CT is contraction. N=240, n=30 per condition. (B) % of animals from
anoctamin allele/deficiency experiments performing a particular CT response, where NR is No
Response (<10% reduction in length), Weak is ≥10% reduction in length, Moderate is ≥20%
reduction in length, and Strong is ≥30% reduction in length.
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3.2.2 subdued and white walker (CG15270) are required in CIII nociceptors
Transcriptomic data (cell type-specific microarray by magnetic bead isolation) indicate
that subdued and CG15270 are enriched in CIII cold nociceptors (GSE69353). To validate these
data, we drove expression of GFP using GAL4s under control of the native white walker and
subdued promoters, pairing these with a newly developed Class III::tdTomato fusion line. For
subdued, we used the previously validated GAL4c240, which did in fact drive GFP expression in
CIII nociceptors (Figure 3-3A, top). Consistent with previous reports, GAL4c240 also drove
strong GFP expression in CIV neurons (Jang et al., 2015) (Figure 3-4). For CG15270, we made
use of a T2A-GAL4 (Trojan GAL4) MiMIC construct which drives expression of a GAL4
alongside a mutant gene product, and which has been previously used as a method to evidence
gene expression (or at least, promotor activity) in a tissue (Lee et al., 2018). CG15270 T2AGAL4 drove expression of GFP in CIII nociceptors (Figure 3-3A, bottom); however, it is worth
noting that CG15270 appeared to be broadly expressed in neural tissues (Figure 3-5).
As subdued and white walker are expressed in CIII neurons, we next tested whether the
mutant phenotypes were due to loss of function in CIII nociceptors by driving CIII UASCG15270 or UAS-subdued expression in mutant backgrounds. For these experiments, we used
CIII GAL4s located on chromosomes other than the chromosome containing the experimental
gene (for CG15270, GAL419-12; for subdued, GAL4nompC). GAL4-UAS-mediated rescue in mutant
backgrounds increased cold sensitivity (Figure 13-3B, Figure S3-6), indicating that subdued and
CG15270 mutant phenotypes are due to anoctamin loss of function in CIII nociceptors.
These data suggest that CG15270 and subdued are required for cold nociception. We
therefore suggest the name white walker for CG15270, as the mutation makes larvae more
tolerant to noxious cold.
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Figure 3-3. subdued and white walker are expressed and function in CIII neurons
(A) UAS-GFP driven under the control of GAL4c240 and T2A-GAL4white walker evidences that
subdued and white walker are expressed in CIII neurons. (B) GAL4-UAS-mediated CIII rescue
of subdued and white walker in mutant backgrounds increased cold sensitivity. For % strong CT:
GAL4nompC;subduedMi/Mi (n=30); GAL4nompC/UAS-subdued;subduedMi/Mi (n=30; p=0.031;
BF10=3.57). white walkerMi/Mi;GAL419-12 (n=30); white walkerMi/Mi;GAL419-12/UAS-white walker
(n=30; p<0.001; BF10=281.95). For magnitude of CT: GAL4nompC;subduedMi/Mi (n=30);
GAL4nompC/UAS-subdued;subduedMi/Mi (n=30; p=0.049; BF10=1.61). white walkerMi/Mi;GAL419-12
(n=30); white walkerMi/Mi;GAL419-12/UAS-white walker (n=30; p<0.001; BF10=83.59).
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Figure 3-4. GAL4-c240 drives CIV expression
GAL4c240 driven UAS-GFP expression. Consistent with previous reports, GAL4c240 also shows
strong expression in CIV neurons.
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Figure 3-5. T2A-GAL4-white walker drives wide neural expression patterns
T2A-GAL4white walker driven UAS-GFP expression. T2A-GAL4white walker does not
singularly drive expression CIII neurons, but rather appears to ubiquitously mark neural tissues.
Examples: (A) T2A-GAL4white walker>GFP expression patterns in the dorsal sensory neuron
cluster (with CIII marked). (B) T2A-GAL4white walker>GFP in the central nervous system.
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Figure 3-6. subdued and white walker are expressed and function in CIII neurons,
extended rescue data
(A) Heatmap representation of cold-evoked CT in mutant GAL4 control and GAL4-UASmediated rescue conditions, where FP is flaccid paralysis and CT is contraction. N=120, n=30
per condition. (B) % of animals from rescue experiments performing a particular CT response,
where NR is No Response (<10% reduction in length), Weak is ≥10% reduction in length,
Moderate is ≥20% reduction in length, and Strong is ≥30% reduction in length.
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3.2.3 subdued and white walker positively regulate CT and cold-evoked CIII activity
In order to further test the hypothesis that subdued and white walker function in CIII
neurons, we next knocked down the expression of subdued and white walker by UAS-mediated
RNAi, targeting CIII neurons using the previously validated GAL419-12 driver (Turner et al.,
2016). UP-TORR indicates that these RNAi constructs have no predicted off target effects.
Consistent with the mutant phenotypes, CIII-specific knockdown of subdued and white walker
resulted in reduced % CT (Figure 3-7A, Figure 3-8) and reduced peak magnitude of CT (Figure
3-7B). Although subdued RNAi-2 showed a statistically insignificant decrease in % strong CT,
the phenotype is extremely similar to subdued RNAi-1 and Bayesian analyses indicate that there
is substantial evidence in favor of the difference. For further experimentation, we made use of
the RNAi line with the strongest phenotype.
As CIII-specific knockdown was sufficient for decreasing cold sensitivity, we next tested
the hypothesis that anoctamins are involved in cold-evoked neural activity. In control filet larvae,
CIII firing frequency had an inverse relationship with temperature; chilling resulted in bursting
activity, and steady-state cold resulted in tonic firing which increased in frequency with
decreased temperature. Consistent with behavioral experiments, CIII-specific knockdown of
subdued and white walker resulted in decreased cold-evoked CIII neural activity (Figure 3-9 and
3-10).
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Figure 3-7. CIII-specific knockdown of anoctamins, behavior
(A) % of animals which strongly CT in response to noxious cold (≥30% reduction in body
length). CIII-specific knockdown (GAL419-12) of subdued and white walker result in a reduced
percent of larvae which strongly CT in response to noxious cold. GAL4 control (n=30); subdued
RNAi-1 (n=30; p=0.039; BF10=7.64); subdued RNAi-2 (n=27; p=0.075; BF10=4.93); white
walker RNAi-1 (n=30; p=.002; BF10=71.17); white walker RNAi-2 (n=30; p<0.001;
BF10=138.15). (B) Mean peak magnitude in larval contraction, corresponding to panel A. GAL4
control (n=30); subdued RNAi-1 (n=30; p=0.049; BF10=3.98); subdued RNAi-2 (n=27; p=0.437;
BF10=0.78); white walker RNAi-1 (n=30; p=.005; BF10=89.25); white walker RNAi-2 (n=30;
p<0.001; BF10=6932.18).
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Figure 3-8. CIII-specific knockdown of anoctamins, extended behavior data
(A) Heatmap representation of cold-evoked CT in control and knockdown conditions, where FP
is flaccid paralysis (full body relaxation with an inability to locomote) and CT is contraction.
N=147, n=30 each condition, except subdued RNAi-2 (n=27). (B) % of animals from anoctamin
knockdown experiments performing a particular CT response, where NR is No Response (<10%
reduction in length), Weak is ≥10% reduction in length, Moderate is ≥20% reduction in length,
and Strong is ≥30% reduction in length.
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Figure 3-9. CIII-specific knockdown of anoctamins, electrophysiology
(A, B, C) Top: Heatmap representation of cold-evoked CIII activity (10°C), with each line
representing an individual sample prep. Middle: Representative traces of cold-evoked neural
activity over graph of temperature ramp. Knockdown of subdued and white walker results in
decreased cold-evoked firing, particularly in the steady-state tonic firing at steady-state
temperature. Bottom: Representation of average frequency from population binned by 10 sec.
Red and blue bars show the proportion of bursting vs tonic spiking activity. Knockdown of
subdued and white walker results in visibly decreased tonic firing.
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Figure 3-10. CIII-specific knockdown of anoctamins, electrophysiology, summary data
CIII-specific knockdown of subdued and white walker results in decreased cold-evoked firing
frequency at temperature ramps to 15°C and 10°C. Room Temp (N=78): GAL4 control (n=32);
white walker RNAi (n=24; p>0.99; BF10=0.274); subdued RNAi (n=22; p=>0.99; BF10=0.279).
20°C (N=65): GAL4 control (n=25); white walker RNAi (n=22; p=0.69; BF10=0.39); subdued
RNAi (n=18; p=0.90; BF10=0.32). 15°C (N=68): GAL4 control (n=27); white walker RNAi
(n=22; p=0.0082; BF10=3.64); subdued RNAi (n=19; p<0.001; BF10=92.73). 10°C (N=78):
GAL4 control (n=32); white walker RNAi (n=24; p<0.001; BF10=3310.09); subdued RNAi
(n=22; p<0.001; BF10=44346.95).
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3.2.4 subdued and white walker are not required for mechanosensation and do not play a
role in cold nociceptor dendritogenesis
We next tested the alternative hypothesis that these observed phenotypes reflect a loss of
general excitability of CIII neurons. As CIII neurons are multimodal cold nociceptors and gentle
touch mechanosensors, loss of general excitability or overall neural function would result in
decreased gentle-touch mechanosensitivity. Innocuous touch assays based on the Kernan assay
(Kernan et al., 1994) revealed that subdued and white walker loss of function does not affect
gentle-touch mechanosensitivity (Figure 3-11A-B). We also tested the alternative hypothesis
that decreased cold sensitivity was due to morphological defects in CIII neurons. CIII neurons
labeled with GFP show no dendritic morphology defects under subdued and white walker
knockdown conditions (Figure 3-11C-E); there were no quantitative differences in the number
of dendritic branches, total dendritic length, or dendritic branch density (Figure 3-11F-H).
3.2.5 Phylogeny supports that subdued is part of the ANO1/ANO2 subfamily of calciumactivated chloride channels
While previous work has phylogenetically characterized anoctamins (Medrano-Soto et
al., 2018; Milenkovic, Brockmann, Stöhr, Weber, & Strauss, 2010; Y. Wang et al., 2013), their
evolution and familial organization outside of vertebrates is relatively poorly understood, and
therefore limits our ability to formulate hypotheses of function based on phylogeny. We
therefore generated an anoctamin phylogeny which is inclusive of a wide range of animal taxa
(Figure 3-12 – 3-14). This phylogeny indicates that anoctamins are organized into 5 major
metazoan subfamilies which predate the Cnidaria-Bilateria split (including a subfamily we deem
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Figure 3-11. Alternative hypothesis testing
(A) There is no difference in gentle touch mechanosensation (sum Kernan touch scores, 3 trials
for each sample) in either subdued and white walker mutants (n=10 for each condition; p=0.20;
BF10=0.62) or CIII-knockdown (n=10 for each condition; p=0.70; BF10=0.27). (B) For each
genotype, there were no within subjects effects in gentle touch sensation across trials. w1118
(n=10; p=0.69; BF10=0.27); white walkerMi/Mi (n=10; p=0.19; BF10=0.85); subduedMi/Mi (n=10;
p=0.42; BF10=0.42); GAL4 control (n=10; p=0.39; BF10=0.50); white walker RNAi (n=10;
p=0.37; BF10=0.47); subdued RNAi (n=10; p=0.80; BF10=0.25). (C-E) Representative traces of
CIII neurons under control and knockdown conditions. (F) Measures of total dendritic length
show no differences between control and knockdown (n=10 for each condition; p=0.48;
BF10=0.34). (G) There is no difference in the number of branches between control and
knockdown (n=10 for each condition; p=0.70; BF10=0.27). (H) Dendritic branch density does not
differ between control and knockdown (n=10 for each condition; p=0.81; BF10=0.24).
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Figure 3-12. Phylogeny of Anoctamin/TMEM16 family channels
Anoctamin/TMEM16 channels form 5 metazoan and 6 nephrozoan clades. (A) Species,
cladogram, and number of sequences used in this analysis. (B) Maximum likelihood phylogeny
of animal anoctamins, rectified and rearranged against cladogram in B. subdued is a member of
the ANO1/2 clade of nephrozoan calcium-activated chloride channels, and of the clade of
metazoan anoctamins that includes mammalian ANO1/2/3/4/5/6/9. white walker is a member of
the ANO8 clade of metazoan anoctamins. Additionally, this phylogeny evidences a separate
clade of ANOs of unknown form and function we have deemed ANO11 (cyan).
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ANO11, which has not been previously described), and 6 major bilaterian subfamilies. subdued
has been previously determined to encode a Ca2+-activated Cl- channel (CaCC) (Wong et al.,
2013); consistent with these findings, this phylogeny evidences that subdued is a member of the
bilaterian ANO1/2 subfamily of CaCCs. white walker is one of the more distantly related
anoctamins and is of unknown function, but in contrast to subdued, has a single homologue in
humans (both part of the metazoan ANO8 subfamily).
3.2.6 CIII neurons likely make use of excitatory chloride currents to encode noxious cold
As subdued encodes an ANO1/ANO2 orthologue and Ca2+-activated Cl- channel (Wong
et al., 2013), and positively regulates cold nociception, we hypothesized that CIII neurons make
use of atypical, excitatory Cl- currents to encode noxious cold.
Across the animal kingdom, neural Cl- homeostasis is maintained by differential
expression of SLC12 co-transporters – in Drosophila, kazachoc (kcc) encodes an outwardly
facing K+-Cl- cotransporter, while ncc69 encodes an inwardly facing Na+-K+-Cl− cotransporter.
The differential expression of these cotransporters can therefore modulate the membranepotential effects of Cl- currents. Transcriptomic data indicate that kcc is downregulated and
ncc69 is upregulated in CIII neurons (GSE69353), indicating that CIII neurons may maintain
high intracellular Cl- concentrations, thereby facilitating depolarizing (and therefore excitatory)
Cl- currents. Using RNAi and UAS constructs, we knocked down and overexpressed ncc69 and
kcc in CIII, theoretically modulating Cl- homeostasis in CIII nociceptors.
Modulating the expression of SLC12 cotransporters affected cold-evoked behavior
(Figure 3-15, Figure 3-16). Knockdown of ncc69 and overexpression of kcc—both of which
would theoretically decrease intracellular Cl-—resulted in reduced % strong CT (difference
statistically different for ncc69 RNAi, and substantial evidence from Bayesian analyses for an
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Figure 3-15. Modulating SLC12 expression affects CT
(A) % of animals which strongly CT in response to noxious cold (≥30% reduction in body
length). CIII-specific knockdown (GAL419-12) of ncc69 results in a reduced percent of larvae
which strongly CT in response to noxious cold. GAL4 control (n=30); ncc69 RNAi (n=29;
p=0.038; BF10=7.96); ncc69 OE (n=30; p=1; BF10=0.58); kcc RNAi (n=29; p=0.91; BF10=0.99);
kcc OE (n=30; p=0.13; BF10=3.29). (B) Mean peak magnitude in larval contraction,
corresponding to panel A. GAL4 control (n=30); ncc69 RNAi (n=29; p=0.025; BF10=46.38);
ncc69 OE (n=30; p=0.77; BF10=0.38); kcc RNAi (n=29; p=0.51; BF10=0.68); kcc OE (n=30;
p=0.76; BF10=0.37).
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Figure 3-16. Modulating SLC12 expression affects CT, extended data
(A) Heatmap representation of cold-evoked CT in control, knockdown, and overexpression
conditions, where FP is flaccid paralysis and CT is contraction. N=148. (B) % of animals from
SLC12 manipulation experiments performing a particular CT response, where NR is No
Response (<10% reduction in length), Weak is ≥10% reduction in length, Moderate is ≥20%
reduction in length, and Strong is ≥30% reduction in length.
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effect in both ncc69 RNAi and kcc OE). In contrast, knockdown of kcc and overexpression of
ncc69—which would both theoretically increase intracellular Cl-—did not obviously affect
sensitivity to very noxious cold. Manipulating Cl- physiology in this fashion did not affect gentle
touch mechanosensitivity (Figure 3-17)
These results are consistent with the hypothesis that CIII Cl- currents are excitatory and
selectively required for cold. However, these results are not alone sufficient to disprove the
alternative hypothesis that Cl- currents are inhibitory; for example, inhibitory currents may be
required for patterning neural activity in such a way to appropriately drive behavior, as is the
case in CIV neurons with respect to hyperpolarizing K+ currents (Onodera, Baba, Murakami,
Uemura, & Usui, 2017; Terada et al., 2016).
In order to further test these competing hypotheses, we drove CIII expression of Aurora,
an engineered Cl- channel which gates in response to blue-light illumination (Wietek et al.,
2017). Typically, Aurora is employed as an inhibitory optogenetic tool. If CIII Cl- currents are
excitatory, one would expect optogenetic activation of these Cl- channels to result in CIIIassociated behaviors. In fact, blue-light illumination of freely locomoting GAL419-12>UASAurora larvae elicited CT behavior (frequently followed by head-casting and reverse locomotor
behavior), indicating that Cl- currents are excitatory and activate CIII neurons (Figure 3-18A-B).
These findings collectively disprove the hypothesis that cold-evoked CIII Cl- currents are
inhibitory.
3.2.7 Low extracellular chloride concentrations and overexpression of ncc69 results in
nociceptive sensitization
We next modulated extracellular Cl- in our electrophysiology preparations in order to
more directly observe the effect of the Cl- gradient on CIII activity. Decreasing extracellular Cl-

HOW THE FLY YOUTH CHILL

65

sensitized CIII neurons; bath application of low Cl- saline induced spontaneous CIII bursting and
increased sensitivity to innocuous cooling (Figure 3-18C-D), effects which could be washed out.
One of the hallmarks of neuropathic pain following spinal cord injury in mammals is
upregulation of NKCC1 (a human orthologue of ncc69) in peripheral sensory neurons, resulting
in increased intracellular Cl-, and thereby aberrantly excitatory Cl- currents, leading to
nociceptive sensitization and spontaneous nociceptor activity, much like we observed under low
Cl- saline conditions. In an attempt to genetically model neuropathic pain, we overexpressed
ncc69 in CIII neurons, predicting it would likewise cause nociceptive hypersensitivity.
Overexpression of ncc69 sensitized neurons to cooling and resulted in spontaneous, room
temperature CIII activity (Figure 3-19). Curiously, we did not observe significant deficits in CIII
firing under ncc69 knockdown.
Consistent with these electrophysiological observations, GAL-UAS-mediated
overexpression of ncc69 resulted in increased cold sensitivity at less-noxious temperatures; more
subjects strongly CT in response to less-noxious cold (Figure 3-20A, Figure 3-21) and the
magnitude of CT was substantially stronger (Figure 3-20B). However, larvae were not sensitized
to innocuous touch (Figure 3-17), and unexpectedly, the cold-sensitivity phenotype was not
mirrored by kcc knockdown (a sensitization phenotype only barely more likely than no
phenotype, as inferred by Bayesian analyses).
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Figure 3-17. Modulating SLC12 expression does not affect touch sensation
Results of gentle touch assay under SLC12 manipulations N=50. Manipulation of SLC12
cotransporter expression does not affect gentle touch mechanosensitivity. (A) Summed touch
scores. (B) Average scores across trials for ncc69 manipulations. (C) Average scores across trials
for kcc manipulations, as in Figure 4B.
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Figure 3-18. CIII chloride currents are likely excitatory
(A) Activation of CIII>Aurora activates CIII neurons, resulting in CT behavior. (B)
Quantification of CT behavior for control and CIII>Aurora. Blue light activation of the Clchannel Aurora causes a rapid reduction in normalized larval area from above, an indication of
CT behavior. Comparison of minimum larval area measured during blue light illumination,
GAL4 control (n=10); GAL419-12 > UAS-Aurora (n=20; p<0.001; BF10=134.78). (C) Application
of low Cl- saline to fileted electrophysiology preps causes spontaneous bursting activity. Under
normal conditions, neurons are silent, or show occasional, low frequency single-spiking. (D) The
presence of low Cl- saline causes spontaneous bursting and sensitizes CIII neurons to cooling.
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Figure 3-19. Knockdown ncc69 causes nociceptor hypersensitization
Overexpression of ncc69 causes nociceptive hypersensitization of CIII neurons. (A, B, C) Top:
Heatmap representation of cold-evoked CIII activity in, with each line representing an individual
sample prep. Middle: Representative traces of cold-evoked neural activity over graph of
temperature ramp. Overexpression of ncc69 results in spontaneous nociceptor activity and
increased cold sensitivity. Bottom: Representation of average frequency from population binned
by 10 sec. Red and blue bars show the proportion of bursting vs tonic spiking activity. (D)
Overexpression of ncc69 causes spontaneous neural activity and sensitizes neurons to cooling.
Room Temp: GAL4 control (n=13); ncc69 RNAi (n=12; p=0.99; BF10=0.22); UAS-ncc69 (n=12;
p<0.001; BF10=7.86). 20°C: GAL4 control (n=13); ncc69 RNAi (n=12; p=0.96; BF10=0.40);
UAS-ncc69 (n=11; p=0.020; BF10=2.23). 15°C: GAL4 control (n=13); ncc69 RNAi (n=12;
p=0.90; BF10=0.26); UAS-ncc69 (n=11; p=0.062; BF10=1.17). 10°C: GAL4 control (n=13);
ncc69 RNAi (n=12; p=0.77; BF10=0.60); UAS-ncc69 (n=11; p=0.0042; BF10=25.18).

HOW THE FLY YOUTH CHILL

69

Figure 3-20. Overexpression of ncc69 causes behavioral hypersensitization
Overexpression of ncc69 sensitizes CT behavior to less-noxious cold. (A) % of animals which
strongly CT in response to noxious cold (≥30% reduction in body length). CIII-specific (GAL41912
) overexpression of ncc69 results in an increased percentage of strong CT in response to lessnoxious cold. w1118 (n=28); GAL4 control (n=30; p=1; BF10=0.46); white walkerMi/Mi (n=30; p=1;
BF10=0.69); white walker RNAi (n=30; p=1; BF10=0.46); subduedMi/Mi (n=30; p=1; BF10=0.69);
subdued RNAi (n=30; p=1; BF10=0.46); UAS-ncc69 (n=30; p=0.026; BF10=28.79); kcc RNAi
(n=30; p=1; BF10=1.07). (B) Mean peak magnitude in larval contraction. w1118 (n=28); GAL4
control (n=30; p=1; BF10=0.27); white walkerMi/Mi (n=30; p=1; BF10=0.48); white walker RNAi
(n=30; p=1; BF10=0.52); subduedMi/Mi (n=30; p=1; BF10=0.27); subdued RNAi (n=30; p=1;
BF10=0.27); UAS-ncc69 (n=30; p=0.037; BF10=199.79); kcc RNAi (n=30; p=1; BF10=0.29).
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Figure 3-21. Knockdown of ncc69 causes behavioral hypersensitization, extended data
(A) Heatmap representation of cold-evoked CT in control, knockdown, and overexpression
conditions, where FP is flaccid paralysis and CT is contraction. (B) % of animals from SLC12
manipulation experiments performing a particular CT response, where NR is No Response
(<10% reduction in length), Weak is ≥10% reduction in length, Moderate is ≥20% reduction in
length, and Strong is ≥30% reduction in length.
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DISCUSSION
Here, we have shown that CIII cold nociceptors make use of excitatory Cl- currents in

order to selectively encode cold. Our current working hypothesis in light of these findings is as
follows: Cold-evoked, TRP-channel mediated Ca2+ currents activate Ca2+-activated Cl- channels
(CaCCs), which due to differential expression of ncc69 and kcc, results in depolarizing Clcurrents, enhancing neural activation in response to cold (Figure 3-22).
As subdued has been previously characterized as a CaCC, its role is consistent with the
hypothesis outlined above. However, the evolution of subdued has been implicitly debated in the
literature (Le et al., 2019; Wong et al., 2013), with suggestion that it may be more closely related
to ANO6 (Le et al., 2019). Our phylogenetic analysis strongly evidences that subdued is part of
the bilaterian ANO1/ANO2 subfamily of CaCCs. Moreover, our phylogeny suggests that insects
have no direct ANO6 homologue, as the diversification of ANO3, ANO4, ANO5, ANO6, and
ANO9 occurred after the protostome-deuterostome split. The role of subdued in cold nociception
therefore may constitute functional homology in the bilaterian ANO1/ANO2 subfamily, as
mammalian ANO1 has been shown to participate in nociception alongside mammalian TRP
channels (Takayama, Derouiche, Maruyama, & Tominaga, 2019). However, the possibility of
convergent evolution cannot yet be ruled out.
In contrast, white walker has not been demonstrated to function as a CaCC. Our
phylogeny evidences that white walker is part of the metazoan ANO8 subfamily; one important
function of mammalian ANO8 is to tether the endoplasmic reticulum (ER) and plasma
membrane (PM), thereby facilitating inter-membrane Ca2+ signaling (Jha, Chung, Vachel, &
Maleth, 2019). Therefore, one speculative hypothesis is that white walker likewise serves to
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couple the ER and PM, and that subsequently, ER-dependent Ca2+ signaling might promote the
CIII cold response.

Figure 3-22. Graphical summary of hypothesis
Graphical summary of hypothesis outlined in discussion: cold-evoked, TRP-channel mediated
Ca2+ currents activate Ca2+-activated Cl- channels (CaCCs), which due to differential expression
of ncc69 and kcc, results in depolarizing Cl- currents, enhancing neural activation in response to
cold.
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However, ANO8 has been shown to conduct Cl- when expressed heterologously (Tian,
Schreiber, & Kunzelmann, 2012), so Cl- channel function in Drosophila cannot be ruled out a
priori. As white walker appears to be broadly expressed in neural tissues, white walker may
function as a widely-necessary and fundamental component of insect neural machinery, and is
therefore likely to be a gene of interest in future studies.
In addition to the functions outlined above, anoctamins—including subdued (Le et al.,
2019)—are known to also function as lipid scramblases (Pedemonte & Galietta, 2014), which
could conceivably be important to unidentified signaling cascades critical to noxious cold
transduction.
The results of our ncc69 knockdown behavior, Cl--channel optogenetics, and Clelectrophysiology experiments are consistent with the hypothesis that CIII neurons make use of
atypical excitatory Cl- currents. However, we did not observe an effect on cold-evoked CIII
activity in response to ncc69 knockdown. As ncc69 knockdown defects are seen at 5°C, it may
be the case that this knockdown only affects electrical activity at very noxious temperatures. Our
inability to detect deficiencies in cold-evoked neural activity may therefore be due to limitations
in our electrophysiology preparation which currently limits our cooling to 10°C. These results
are still curious, however, as subdued and white walker knockdowns result in
electrophysiological defects at less-noxious (10°C) and innocuous (15°C) temperature drops.
Moreover, although we have substantial Bayesian evidence of an effect on % strong CT under
kcc overexpression, this difference was not evidenced by traditional frequentist statistics, the
phenotype did not clearly mimic ncc69 knockdown, nor did we see a difference in the mean peak
magnitude of CT response. Finally, it is worth noting that the ncc69 knockdown behavioral
phenotype appeared relatively modest as compared to anoctamin knockdown. In totality, these
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results may suggest that CIII Cl- homeostasis involves other cotransporters which can adapt in
either function or expression in response to loss or gain of function. Given the importance of this
system to behavior selection, CIII Cl- homeostasis will make an interesting target for future
experimentation.
Importantly, we have shown that overexpression of ncc69—a fly orthologue of
NKCC1—is sufficient for driving a neuropathic pain-like state in larvae. As misexpression of
NKCC1 is a major factor associated with neuropathic pain in humans, we posit that altered larval
cold nociception constitutes a new system in which to study neuropathic pain. Importantly, this
system is wholly genetic, and does not require injury or other methods of invoking nociceptive
hypersensitization, making it a high-throughput and easily accessible tool. Interestingly, RNAi
knockdown of kcc did not mirror the ncc69 overexpression phenotype. We speculate that this is
because native kcc expression levels are low enough that knockdown does not sufficiently
disrupt Cl- homeostasis. This might also be because of hypothetical unknown mechanisms of
compensation, as discussed above.
While it has been often stated that neuropathic pain is maladaptive, there is growing
support for the hypothesis that neuropathic pain may in fact be an adaptive mechanism – a
mechanism by which organisms are more readily able to respond to danger following insult
(Crook et al., 2014; Descalzi et al., 2017; Gasull, Liao, Dulin, Phelps, & Walters, 2005;
Géranton, 2019; Howard, Lopes, Lardie, Perez, & Crook, 2019; Khuong et al., 2019; Nesse &
Schulkin, 2019; Perrot-Minnot, Banchetry, & Cézilly; Price & Dussor, 2014; Takayama et al.,
2019; Walters, 2019; Walters & Williams, 2019; Williams, 2019). Nerve injury has been
previously shown to cause nociceptive hypersensitization in Drosophila, and has been
hypothesized to be protective (Khuong et al., 2019). Moreover, it has been recently shown that
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nociceptive hypersensitization of CIII neurons is coincident with cold acclimation, the
mechanism by which insects adapt to dips in temperature (Himmel et al., 2021). One speculative
hypothesis is that changes in expression levels of SLC12 transporters underlie these shifts in cold
acclimation-induced cold sensitivity. This would be consistent with a study demonstrating that a
number of genes in Drosophila involved in ion homeostasis are differentially regulated following
cold acclimation (Heath A. MacMillan et al., 2016). If this speculation is veridical, insect
thermal acclimation may serve as an example of how “maladaptive” neuropathic sensitization
can confer an adaptive advantage. It is therefore possible that these findings, and continued
study, will lead to not only advances relevant to human health, but also better our understanding
of nervous system evolution and the evolution of mechanisms underlying neuropathic
sensitization and pain.
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DROSOPHILA MENTHOL SENSITIVITY

This chapter is adapted from (Himmel et al., 2019). Menthol and icilin are often referred
to as “cooling agents” – while these chemicals don’t physically chill, topical application typically
elicits a pleasant cooling sensation in humans (Wei & Seid, 1983). Perhaps owing to its
perceived cooling properties, menthol has been used as a topical analgesic, typically focusing on
reducing the severity of itching and/or burning sensations (de Souza Romaneli et al., 2018; Liu
& Jordt, 2018; Ton, Phan, Abramyan, Shi, & Ahern, 2017). That said, what is pleasant, harmful,
or potentially painful will often be species-dependent. It has been previously reported that
menthol affects the behavior of insects; for example, menthol-infused foods are aversive to
Drosophila melanogaster, and there is some evidence that menthol functions as an insecticide
(Abed-Vieillard & Cortot, 2016; Abed-Vieillard et al., 2014; J. Rice & Coats, 1994; Kohno,
Sokabe, Tominaga, & Kadowaki, 2010; Maliszewska, Jankowska, Kletkiewicz, Stankiewicz, &
Rogalska, 2018; Samarasekera et al., 2007; Thorpe, 1939). However, relatively little is known
concerning how insects sense and respond to the cooling agents, as previous studies have largely
focused on deuterostomes, and with respect to molecular determinants among those species,
chiefly in terrestrial chordates (Bandell et al., 2006; Janssens & Voets, 2011; Malkia, Pertusa,
Fernández-Ballester, Ferrer-Montiel, & Viana, 2009; Myers et al., 2009; Pedretti, Marconi,
Bettinelli, & Vistoli, 2009; Peier et al., 2002; Pertusa, Rivera, González, Ugarte, & Madrid,
2018; Rath et al., 2016; Yin et al., 2018). By extension, it is unknown if possible shared
molecular mechanisms have their origins in a common ancestor.
Like many other compounds, menthol and icilin are thought to be transduced via transient
receptor potential (TRP) channels – primarily TRPM8 and TRPA1 (Karashima et al., 2007;
McKemy, Neuhausser, & Julius, 2002; Peier et al., 2002). TRP channels are variably selective
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cation channels which are differentially gated by a wide variety of thermal, chemical, and
mechanical stimuli. It is the multimodal nature of TRPM8 and TRPA1 – in humans constituted
by at least menthol, icilin, and cold sensing – which partly underlies their similar
phenomenological character (i.e. cooling) (Macpherson et al., 2007; McKemy et al., 2002; Story
et al., 2003).
The chordate TRPM (TRP Melastatin) family is typically divided into 8 distinct
paralogues (TRPM1-TRPM8) thought to have emerged sometime prior to the divergence of
tetrapods and fish (although fish are thought to have lost their TRPM8 orthologue) (S. Saito &
Shingai, 2006). TRPM8 is multimodal, responding to cold, menthol, and in mammals, icilin
(Dhaka et al., 2007; McKemy et al., 2002). It has been suggested that menthol directly binds
with TRPM8’s Voltage Sensor-Like Domain (VSLD), and gating requires interactions between
this domain, bound menthol molecules, and the highly conserved C-terminal TRP domain
(Janssens & Voets, 2011; Yin et al., 2018). TRPM8-menthol gating has been well characterized
in mammalian channels, and a number of critical amino acid residues have been identified in
both the VSLD and the TRP domain (Bandell et al., 2006; Malkia et al., 2009; Pedretti et al.,
2009; Rath et al., 2016; Yin et al., 2018).
In contrast to the TRPM family, the chordate TRPA (TRP Ankyrin) family is very small,
typically only containing a single member, TRPA1 (Kang et al., 2010; Peng et al., 2015). TRPA1
is a multimodal nociceptor involved in the detection of noxious cold, noxious heat, menthol,
icilin, and electrophilic chemicals such as allyl isothiocyanate (AITC; found in mustard oil and
wasabi) (Jordt et al., 2004; Karashima et al., 2007; Story et al., 2003; Vandewauw et al., 2018). It
has been suggested that TRPA1 menthol sensitivity is tied to specific serine and threonine
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residues found in transmembrane segment 5, and that several nearby residues are responsible for
species-specific TRPA1-menthol interactions (Xiao et al., 2008).
Insects lack a true TRPM8 orthologue. In fact, the Drosophila genomes contains only a
single TRPM family gene, Trpm (Figure 4-1, top) (Matsuura et al., 2009). While separated by
several gene duplication events and more than 550 million years of evolution, Drosophila Trpm
and its chordate counterpart, TRPM8, are both involved in cold sensing (Turner et al., 2016).
With respect to TRPAs, the Drosophila genome encodes 4 putative TRPA family genes (Figure
4-1, bottom): TrpA1 (the homologue to chordate TRPA1), painless, water witch, and pyrexia.
Like vertebrate TRPA1, Drosophila TrpA1 has been implicated in high-temperature and
chemical nociception (Himmel et al., 2017; Kang et al., 2010; Kim et al., 2010; Neely et al.,
2011; Turner et al., 2016; Zhong et al., 2012). TRPA1 high-temperature and electrophile
sensitivity is present in both protostomes and deuterostomes (Gracheva et al., 2010; Kang et al.,
2010; Moparthi et al., 2016; Neely et al., 2011; Peng et al., 2016; C. T. Saito et al., 2014; S. Saito
et al., 2012; Sato et al., 2014; G. Wang et al., 2009; X. Wang et al., 2018; Zhong et al., 2012).
While current evidence suggests – despite some controversy – that TRPA1 cold
sensitivity evolved relatively recently, perhaps among early synapsids (<300 mya) (Caspani &
Heppenstall, 2009; J. Chen et al., 2013; S. Saito & Tominaga, 2017), insect Trpm is involved in
cold sensing (Turner et al., 2016). As such, a growing body of evidence suggests that TRP
channel thermal and electrophile sensitivity may have a common origin predating the
protostome-deuterostome split (>550 mya). However, it remains unknown if TRPA and TRPMdependent menthol sensitivity is equally ancient. Here, we explore the mechanisms by which
Drosophila melanogaster senses and responds to the cooling agent menthol.

HOW THE FLY YOUTH CHILL

79

Figure 4-1. Drosophila TRPM and TRPA
The Drosophila melanogaster (Dm) genome encodes one TRPM (Trpm) and four TRPA
(TrpA1, painless, pyrexia, and water witch) channels. Mid-point rooted tree of Drosophila (Dm)
and human (Hs) TRPMs and TRPAs.
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Materials & Methods

4.1.1 Fly Strains
All Drosophila melanogaster stocks were maintained at 24°C under a 12:12 light:dark
cycle. In order to accelerate development, genetic crosses (and relevant controls) were raised for
5 days at 29°C under a 12:12 light:dark cycle. Wandering 3rd instar larvae were used for all
experiments. The ORR strain as used to assess wild-type behavior, and where appropriate, the
W1118 strain and outcrossed transgenic strains were used as genetic background controls.
Transgenic and mutant strains included: Trpm2 and wtrw1 (gifts of K. Venkatachalam);
TrpA1W903* and TrpA11 (gifts of W. D. Tracey); pyx3, pain70, and Trpm deficiency Df(2R)XTE-11
(gifts of M. J. Galko); GAL4GMR57C10 (pan-neuronal driver, BDSC no. 39171); GAL4ppk (CIV
driver, BDSC no. 32079); UAS-CaMPARI (BDSC no. 58763); UAS-TeTxLC (active tetanus
toxin, BDSC no. 28837); UAS-IMP-TNTVI-A (inactive tetanus toxin, BDSC no. 28840); UASTrpA1-RNAi 1 (BDSC no. 31384); UAS-TrpA1-RNAi 2 (BDSC no. 66905); UAS-Trpm-RNAi 1
(BDSC no. 31672); and UAS-Trpm-RNAi 2 (BDSC no. 31291).
4.1.2 Behavior Assays
L(-)-menthol (Acros Organics) and icilin (Tocris Bioscience) were suspended in liquid
DMSO at various concentrations. Solutions were discarded after 24 hours. Individual larval
subjects were placed in a well of a glass 9-well plate and 10µL of solution was delivered to the
well via micropipette. Subjects were observed for 60 seconds and their behaviors recorded. In
order to increase subject-background contrast in the representative image, an animal was left to
freely locomote on a moist black arena and menthol was applied as above.
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4.1.3 CaMPARI Fluorescence Microscopy
UAS-CaMPARI expression was driven via GAL4GMR57C10. Live, freely behaving larvae
were exposed to 8% menthol or vehicle as described above. Photoconverting light was delivered
under a Zeis AxioZoom V16 microscope as previously described (Im, Patel, Cox, & Galko,
2018; Patel & Cox, 2017). Larvae were subsequently placed in 1 drop of 1:5 diethyl
ether:halocarbon oil and secured between a slide and slide cover. The dorsal sensory neuron
cluster was imaged via Zeiss LSM780 confocal microscope, and the resulting z-stacks were
volume rendered as two-dimensional maximum intensity projections. Fluorescence intensity was
assessed using the FIJI distribution of ImageJ software.
4.1.4 Electrophysiology
To record single-unit spiking activity of CIV neurons, we first prepared fillet preparations
from GAL4ppk>UAS-mCD8::GFP larvae. Larvae were placed in a Petri dish lined with Sylgard®
184 (Dow Corning, Midland, MI, USA) filled with HL-3 saline. The ventral body wall was cut
open with fine scissors, and all muscles were carefully removed with a polished tungsten needle
and scissors. The preparation was then constantly superfused with HL-3 saline at a rate of 1 ml
min−1 at room temperature, and allowed to rest for more than 1 h before recording. Menthol was
first dissolved in DMSO at a concentration of 500 mM and then diluted in HL-3 saline to a final
concentration of 500 µM. Menthol was bath-applied to the specimen through superfusion.
Extracellular recordings were made with a macropatch pipette (tip diameter, 5–10 µm) connected
to the headstage of a patch-clamp amplifier (AxoPatch200B, Molecular Devices, Sunnyvale, CA,
USA). Gentle suction was applied to draw the soma and a small portion of neurite into the
pipette. The amplifier was set to the track mode to record neuronal spikes. The output signals
from the amplifier were digitized at a sampling frequency of 10 kHz using a Micro1401 A/D
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converter (Cambridge Electronic Design, Cambridge, UK) and acquired into a laptop computer
running Windows 10 with Spike2 software v. 8 (Cambridge Electric Design, Cambridge, UK).
Average spike frequency was measured in a 30 s time window during baseline control
conditions, superfusion of vehicle, and superfusion of menthol.
4.1.5 Phylogenetics
Amino acid sequences for previously characterized TRP channels were collected from
the following databases: JGI Genome (Monosiga brevicollis, Nematostella vectensis, and
Daphnia pulex), Ensembl (Danio rerio, Gallus gallus, and Strigamia maritima), NCBI (Hydra
vulgaris, Homo sapiens, Mus musculus, Apis mellifera, and Galendromus occidentalis),
WormBase (Caenorhabditis elegans), or FlyBase (Drosophila melanogaster). Panulirus argus
sequences were collected from Kozma et al., 2018 (Kozma et al., 2018). In order to identify
novel TRP channels, publicly available protein models based on genomic and/or transcriptomic
sequences for Acropora digitifera (Shinzato et al., 2011), Strongylocentrotus purpuratus
(Kudtarkar & Cameron, 2017; Yuan, He, Davidson, Samanta, & Cameron, 2008), Octopus
bimaculoides (Albertin et al., 2015), Priapulus caudatus (BioProject PRJNA20497, GenBank
AXZU00000000.2), and Aplysia californica (BioProject, PRJNA209509, GenBank
AASC00000000.3) were pBLASTed (Altschul et al., 1997) against D. melanogaster TRP
sequences. Sequences >200aa in length and with an E-value <1E-30 were retained and
subsequently analyzed via InterProScan (Jones et al., 2014). Sequences which had predicted
transmembrane segments and characteristic Ankyrin repeats (for TRPAs) were retained.
Accession numbers are available in Table 4-1.
Amino acid sequences were MUSCLE (Edgar, 2004) aligned in MEGA7 (Stecher,
Kumar, & Tamura, 2016). Poorly aligned regions and spurious sequences were identified and
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trimmed using automated methods packaged with TrimAl (Capella-Gutiérrez, Silla-Martínez, &
Gabaldón, 2009). As TRPA Ankyrin repeats were generally poorly aligned, they were manually
removed prior to automated trimming by excluding everything N-terminal of 20aa before the
start of predicted transmembrane segment 1. IQ-Tree was then used to perform a composition
chi2 test in order to assess sequence homogeneity within TRP subfamilies (H. A. Schmidt, Minh,
von Haeseler, & Nguyen, 2014). Due to extreme divergence, and in order to minimize possible
topology disruptions due to long branch attraction (Goldman & Parks, 2014; Kück, Mayer,
Wägele, & Misof, 2012; Philippe, Zhou, Brinkmann, Rodrigue, & Delsuc, 2005), C. elegans
TRPA-2, and P. argus TRPMm, TRPA-like1, and TRPA5-like1 were excluded from final
analyses; each failed the composition chi2 test and introduced extremely long branches with
weak support in a first-pass analysis. Final, trimmed alignments were used to generate
phylogenetic trees. Bayesian trees were constructed in MrBayes (version 3.2.6) using a mixed
amino acid substitution model and a gamma distributed rate of variation (Huelsenbeck, Ronquist,
Nielsen, & Bollback, 2001; Ronquist & Huelsenbeck, 2003). Two independent MCMC analyses
(initial settings: 1,000,000 chains with sampling every 10) were run until convergence (<0.01).
25% of the chain was considered burn-in and discarded. Maximum likelihood trees were
constructed in IQ-Tree using an amino acid substitution model automatically selected by
ModelFinder (Kalyaanamoorthy, Minh, Wong, von Haeseler, & Jermiin, 2017). Ultrafast
bootstrapping (2000 bootstraps) was also performed in IQ-Tree (Hoang, Vinh, Chernomor,
Minh, & von Haeseler, 2017). Trees were visualized and edited in iTOL (Letunic & Bork, 2016)
and Adobe Illustrator CS6. Branches with low support (posterior probability <0.7 or bootstrap
<70) were considered unresolved, and were collapsed to polytomies in the final trees. Ancestral
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sequence predictions were made in MEGA7 using the maximum likelihood approach against
previously generated alignments and Bayesian trees (Thornton, Jones, & Taylor, 1992).
4.1.6 Statistical Analyses
All statistical analyses were performed using GraphPad PRISM (GraphPad Software, La
Jolla, California, USA). Proportions are presented as % ± standard error of the proportion (SEP);
differences in proportion were assessed by Fischer’s exact test with a Bonferroni correction (*
p<0.05). Population averages are presented as mean ± standard error of the mean (SEM);
differences were assessed by either ANOVA with Tukey’s post-hoc test, or Student’s t-test (*
p<0.05).

4.2

Results

4.2.1 Menthol elicits Trpm- and TrpA1-dependent rolling behavior
Vehicle (DMSO), menthol, or icilin was topically applied to freely behaving Drosophila
melanogaster larvae, and their behaviors recorded (10uL, delivered via micropipette).
Mentholated solutions elicited a stereotyped rolling behavior, identical to a previously described
(Hwang et al., 2007; Tracey et al., 2003) nocifensive response (Figure 4-2A). The proportion of
animals which responded to menthol increased with increasing concentrations (Figure 4-2B).
Larvae did not appear to respond to DMSO alone, nor did they respond to icilin.
Given TRP-dependent mechanisms of menthol sensing in vertebrates, we hypothesized
that menthol-evoked rolling requires TRPM and TRPA channels. To test this, we assessed the
behavior of whole-animal Trpm, TrpA1, pyrexia, painless, and water witch mutants. Compared
to control, a significantly smaller proportion of homozygous TrpA1 and Trpm mutants rolled in
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Figure 4-2. Menthol-evoked behavior is TRPA- and TRPM-dependent
Drosophila larvae exhibit nocifensive rolling in response to menthol. (A) Menthol-evoked
rolling. Top, cartoon. Bottom, video stills. (B) Cumulative proportion of wild-type rollers in
response to menthol. The rolling response increased at higher menthol concentrations (%
w/v). Cumulative proportion ± s.e.p. n = 30 for each condition. (C) Proportion of rollers in
response to 8% menthol. Compared to wild-type, fewer TrpA1 and Trpm mutants rolled in
response to menthol (TrpA1W903*, p = 0.0221; TrpA11, p = 0.0479; Trpm2, p = 0.0221;
Trpm2/Trpmdf, p = 0.0221). Trpm and TrpA1 are haplosufficient for menthol sensitivity, but
fewer transheterozygous mutants rolled in response to menthol (p = 0.0090). Proportions
represented as % rollers ± s.e.p. n = 30 for each condition. (D) Latency to roll in response to
8% menthol. painless mutation sensitized rollers (p = 0.0006), while TrpA1W903* mutation
desensitized rollers (p = 0.0388). Latency represented as time to roll in seconds ± s.e.m. n
proportional to % rollers, where initial sample size was 30.
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response to menthol (Figure 4-2C), while painless mutation sensitized larvae to menthol –
homozygous pain70 mutants rolled, but did so with severely decreased latency (Figure 4-2D).
As TrpA1 and Trpm were both required for initiating the menthol-evoked response,
mutations were tested combinatorially. While heterozygous TrpA1 (TrpA1903+/+) and Trpm
(Trpm2/+) mutants had no apparent defects in their ability to detect menthol, trans-heterozygous
(TrpA1903+/+;Trpm2/+) mutation recapitulated the homozygous phenotype (Figure 4-2C).
4.2.2 Class IV nociceptors facilitate menthol-evoked rolling
Drosophila larvae have two known classes of nociceptors: Class III neurons (CIII) are
cold nociceptors and innocuous touch mechanosensors, whereas Class IV neurons (CIV) are
polymodal heat, mechanical, and chemical nociceptors (Himmel et al., 2017; Hwang et al., 2007;
Im & Galko, 2012; Turner et al., 2016; Yan et al., 2013). Because rolling behavior has been
previously associated with CIV nociceptor activation, we hypothesized that menthol-evoked
rolling required CIV activation. In order to assess activation patterns in vivo, the GAL4-UAS
system was used to drive pan-neuronal (GAL4GMR57C10) expression of CaMPARI (Fosque et al.,
2015), a genetically encoded calcium indicator. Live, freely behaving transgenic animals were
then exposed to menthol or vehicle, as above. Level of neural activation was assessed post-hoc,
in live animals, as a green-to-red shift in CaMPARI fluorescence, which occurs in the presence
of violet light as a function of change in intracellular Ca2+ concentration. CaMPARI analyses
revealed activation of CIV nociceptors in response to menthol (Figure 4-3A).
To directly assess menthol-evoked activation of CIV neurons, we performed single-unit
electrophysiological recordings of CIV neurons. Larvae were filleted, and mentholated saline
solutions were superfused across the preparations. Electrophysiological recordings demonstrate
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Figure 4-3. Menthol activates CIV nociceptors
(A) Topical application of menthol to whole animals resulted in an increased CIV Ca2+ response
relative to vehicle control. Left, representative CIV CaMPARI photoconversion visualized using
a 16-colour lookup table. Right, CIV neurons were significantly activated by 8% menthol, as
compared to vehicle control (p < 0.0001). Quantification of CaMPARI photoconversion by
Fred/Fgreen CaMPARI fluorescence intensities. Photoconversion presented as mean ± s.e.m. n = 18
for each condition. (B) Bath application of menthol activated CIV neurons in filleted
preparations relative to controls. Left, example CIV single-unit recordings (coloured brackets
depict detailed view of strong menthol-evoked spiking activity). Right, menthol superfusion (500
µM) elicited significantly increased average spike frequency in CIV neurons (p = 0.0001).
Average frequency in Hz ± s.e.m. Saline control, n = 18; DMSO control, n = 6; menthol, n = 15.
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that superfusion of menthol significantly increases spike frequency in CIV neurons relative to
controls.
In order to test the necessity of CIV neurons to menthol-evoked rolling, genetically
encoded active tetanus toxin (TNT) was used to silence chemical neurotransmission in CIV
neurons. GAL4ppk driven, CIV-specific TNT expression completely ablated menthol-evoked
rolling (Figure 4-4).
In light of TRP-mutant and CIV-TNT phenotypes, it stood to reason that menthol-evoked
behavior was mediated by TRP-dependent activation of CIV nociceptors. Cell-specific
microarray reveals that transcripts for TRPA and TRPM genes are detectibly expressed in CIV
nociceptors (GEO: GSE46154). Consistent with these data, CIV-targeted, RNAi-mediated
knockdown of Trpm or TrpA1 results in strongly inhibited menthol-evoked rolling (Figure 4-4).

Figure 4-4. TRP-dependent menthol sensitivity in CIV nociceptors
Silencing neural transmission in CIV neurons with active tetanus toxin (TNT) completely ablated
the menthol response, while CIV-driven expression of inactive TNT did not significantly affect
the rolling response. CIV-specific, RNAi-mediated knockdown using two independent
transgenes for TrpA1 and Trpm resulted in fewer animals rolling in response to menthol, as
compared to the control (TrpA1 RNAi 1, p = 0.0032; TrpA1 RNAi 2, p = 0.0018; Trpm RNAi 1,
p = 0.0032; and Trpm RNAi 2, p = 0.0032). Proportions represented as % ± s.e.p. n = 30 for each
condition.
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4.2.3 Residues critical to menthol sensing were present in an ancestral bilaterian
A number of specific amino acid residues have been associated with mammalian TRPM
(Bandell et al., 2006; Malkia et al., 2009; Pedretti et al., 2009; Rath et al., 2016; Yin et al., 2018)
and TRPA (Xiao et al., 2008) menthol sensitivity. Phylogenetic and sequence analyses were
performed in order to assess how well conserved these residues are across taxa, and to infer their
evolutionary history.
The amino acid sequences for 69 TRPM channels and 64 TRPA channels (Table 4-1)
were used to generate phylogenetic trees by both Bayesian and maximum likelihood approaches.
Both methods produced trees with largely consistent topologies (Figures 4-5—4-8). Trees were
constructed using previously and newly characterized TRP sequences across a variety of
metazoan species, with a choanoflagellate (Monosiga brevicollis) outgroup (Figure 4-9).
It has been previously noted that several species express TRPM-like channels which
cluster independent of, or differ greatly from, chordate and/or insect TRPMs (Driscoll, Stanfield,
Droste, & Horvitz, 2017; Kozma et al., 2018; Peng et al., 2015). In accordance with this, the
consensus TRPM phylogeny shows a group of protostome TRPMs located basally, near
choanoflagellate TRPMs (Figure 4-10, green). Previously published phylogenies have shown
most arthropod TRPMs to be more closely related to chordate TRPMs 1, 3, 6, and 7, yet this
relationship has not yet been formally discussed (Peng et al., 2015; S. Saito & Shingai, 2006).
These trees demonstrate that non-basal TRPM channels group into two monophyletic clades
(deemed αTRPM and βTRPM), which collectively constitute all other analyzed TRPM channels
(Figure 4-10, red and blue). Each clade contains protostome, deuterostome and cnidarian
TRPMs, indicating that these two clades may have existed prior to the protostome-deuterostome
split. The topology of these trees is consistent with a hypothesis that at
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Figure 4-5. TRPM maximum likelihood tree
Node values indicate bootstrap confidence. Bootstraps <70% have been collapsed.
Rooted in M. brevicollis TRPM sequences.
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Figure 4-6. TRPM Bayesian tree
Node values are posterior probabilities for that branch. Posterior probabilities <0.70 have been
collapsed. Rooted in M. brevicollis TRPM sequences.
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Figure 4-7. TRPA maximum likelihood tree
Node values indicate bootstrap confidence. Bootstraps <70% have been collapsed. Rooted in M.
brevicollis TRPA sequences.
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Figure 4-8. TRPA Bayesian tree
Node values are posterior probabilities for that branch. Posterior probabilities <0.70 have been
collapsed. Rooted in M. brevicollis TRPA sequences.
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Figure 4-9. TRPM and TRPA across Metazoa
Cladogram of species used in analysis. Asterisk (*) indicates that one or more previously known
sequences were discarded owing to extreme divergence, as described in the Material and
Methods. Right, domains previously identified as critical to menthol sensing.
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Figure 4-10. TRPM phylogeny
Bayesian consensus tree for TRPM channels. Posterior probabilities are indicated for each
internal branch. Branches with a posterior probability less than 0.70 were collapsed. For
aesthetic purposes, branch lengths were ignored when generating this figure. Trees with branch
lengths to scale are available in the electronic supplementary material. Green, basal clade; red,
αTRPM clade; blue, βTRPM clade.
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Figure 4-11. TRPA phylogeny
Bayesian consensus tree for TRPA channels. Posterior probabilities are indicated for each
internal branch. Branches with a posterior probability less than 0.70 were collapsed. For aesthetic
purposes, branch lengths were ignored when generating this figure. Trees with branch lengths to
scale are available in the electronic supplementary material. Orange, TRPA1 clade; grey, other
TRPAs; dark grey, clade previously described as ‘basal’.
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Figure 4-12. TRPM ancestral sequence reconstruction
Alignment for select TRPM sequences and ancestral sequence estimations (estimations based on
full alignment). Black arrows indicate previously identified mammalian critical residue sites. %
values represent probability of amino acid at the indicated site, at the color-coded node.
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Figure 4-13. TRPA1 ancestral sequence reconstruction
Alignment for select TRPA sequences and ancestral sequence estimations (estimations based on
full alignment). Black arrows indicate previously identified mammalian critical residue sites.
White arrows indicate sites which are critical depending on mammalian species. % values
represent probability of amino acid at the indicated site, at the color-coded node.
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least 3 distinct TRPM channels (basal TRPM, αTRPM, and βTRPM) were present in the last
common bilaterian ancestor, Urbilataria. Further, this hypothesis is compatible with previously
formulated hypotheses regarding the independent diversification of chordate TRPM channels
(Matsuura et al., 2009; Peng et al., 2015; S. Saito & Shingai, 2006).
As both α- and βTRPMs have been implicated in menthol sensing, ancestral sequence
predictions were generated for ancestral bilaterian α- and βTRPM. Four TRPM8 residues –
Y745, R842, Y1005, and L1009 – have been identified as critical to vertebrate menthol sensing
(Yin et al., 2018). Three of these residues, Y745, R842, and Y1005, are conserved in
Drosophila, and ancestral sequence predictions suggest that they are conserved from a common
ancestral bilaterian sequence (Figure 4-12). The only site which differs from chordate TRPM8 is
a predicted ancestral proline in place of L1009; proline, however, is more common at this site
across TRPM channels, including in Drosophila, and previous work has shown that L1009P
substitution in mouse TRPM8 does not affect menthol sensitivity (Bandell et al., 2006).
For TRPAs, both previously characterized clades – TRPA1 and the “basal” clade (Figure
4-11, orange and dark grey) – formed as expected, and conformed to other published topologies
(Kang et al., 2010; Kohno et al., 2010; Matsuura et al., 2009; Peng et al., 2015). Although the
term “basal” has been used to describe other TRPAs, Peng, Shi, and Kadowaki have suggested
that the TRPA1 clade is the most ancestral (Peng et al., 2015). This analysis does not clearly
support nor undermine this hypothesis. What is clear, however, is that the TRPA1 clade predates
the protostome-deuterostome split.
Previous work has shown that the TRPA1 pore region is important to mammalian
menthol sensitivity. Serine and threonine residues in TM5 are thought to be most critical to
menthol sensitivity (Figure 4-13, black arrows), and a variety of others (Figure 4-13, white
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arrows) are associated with species-specific differences in menthol sensitivity. These regions are
generally poorly conserved between mammals and other species (Figure 4-13), including other
chordates (e.g. G. gallus). In contrast to TRPM conservation, fewer critical TRPA1 residues
appear to be consistently conserved from a common bilaterian ancestor, and there is substantially
less certainty as to the identity of these ancestral sequences (Figure 4-13).
4.3

Discussion
We have demonstrated that Drosophila larvae execute a dose-dependent, menthol-

evoked, aversive rolling response consistent with the nocifensive behavior displayed in response
to noxious heat and mechanical insult. Cellularly, menthol exposure activates CIV nociceptors,
and blocking synaptic transmission in these neurons inhibits menthol-evoked rolling.
Molecularly, TrpA1 and Trpm are required for menthol-induced aversive behavior, and
genetically interact in this capacity.
Curiously, it has been previously reported that Drosophila TrpA1 does not directly gate
in response to menthol (Xiao et al., 2008). The study in question, however, used lower
concentrations of menthol applied to channels expressed in vitro. These sorts of discrepancies are
not uncommon in studies of other TRPA1 modalities, and there are similar conflicting reports
concerning TRPA1’s role in cold nociception: some groups report that TRPA1 acts as a direct
cold sensor, others state it responds to an indirect, cold-associated factor (Reactive Oxygen
Species and/or intracellular Ca2+), while others claim it only responds to innocuous cooling, or
does not respond to cold at all (Arenas et al., 2017; Chatzigeorgiou et al., 2010; J. Chen et al.,
2013; Doerner, Gisselmann, Hatt, & Wetzel, 2007; Sawada, Hosokawa, Hori, Matsumura, &
Kobayashi, 2007; Zurborg, Yurgionas, Jira, Caspani, & Heppenstall, 2007); some isoforms of
TRPA1 have been shown to directly gate in response to noxious high temperatures, yet the
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ability to perform high temperature nociception can be rescued by heat-insensitive isoforms
(Zhong et al., 2012); and there is still debate as to whether or not TRPA1 functions similarly in
vivo and in vitro (Caspani & Heppenstall, 2009). Further, TRPA1s are differentially activated
and/or inhibited by menthol, across species, across concentrations (J. Chen et al., 2013; Moparthi
et al., 2016). It is therefore unsurprising, if no less puzzling, that Drosophila TrpA1 is required
for menthol detection in vivo, yet the channel does not gate in response to relatively low
concentrations of menthol in vitro. Instead, these findings add further weight to the claim that we
may fundamentally misunderstand how TRPA1 functions, and that it may not be a simple sensor
which directly transduces an incredibly wide variety of stimuli.
Moreover, although menthol and TRPA/TRPM interactions are most frequently studied,
menthol is likely to be very promiscuous with respect to which channels it activates. Reports
suggest that menthol activates, potentiates, or inhibits voltage-gated Na+ channels, L-type
voltage-gated Ca2+ channels, the cystic fibrosis transmembrane conductance regulator, mouse
TRPV3, arthropod-specific TRPL, a wide variety of Ca2+ dependent channels, as well as GABA,
serotonin, and acetylcholine receptors (Gaudioso, Hao, Martin-Eauclaire, Gabriac, & Delmas,
2012; Kohno et al., 2010; Macpherson et al., 2006; Morise et al., 2010; Oz, El Nebrisi, Yang,
Howarth, & Al Kury, 2017; Parnas et al., 2009). Another possible menthol sensor—at least in
bees—is the hymenopteran specific TRPA (HsTRPA), which is more closely related to painless
than to TRPA1. HsTRPA1 thermal sensitivity is depressed by application of menthol (Kohno et
al., 2010). Here, we have shown that painless mutants are hypersensitive to menthol, suggesting
that the so-called basal TRPAs may be complex mediators of nociceptive sensitivity.
Currently, the menthol-specific ligand-binding and gating mechanisms of basal TRPA
receptors are less well understood when compared to TRPA1 and TRPM. However, these
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mechanisms are no doubt important, perhaps to species-specific behavioral responses, or to
menthol’s purported analgesic effect (de Souza Romaneli et al., 2018; Liu & Jordt, 2018;
Macpherson et al., 2006; Ton et al., 2017). Future studies will need to investigate not only how
these channels directly function in menthol sensing, but how they might interact with channels of
complex activation properties (i.e., TRPA1), as these interactions may explain differences in
TRPA1’s activity in vivo and in vitro.
Phylogenetic analyses have revealed that three TRPM clades—designated basal, αTRPM
and βTRPM—and the TRPA1 clade, probably predate the protostome–deuterostome split.
Further, many TRPM and TRPA1 residues critical to menthol sensing are conserved from
ancestral bilaterian channels (although more variably so for TRPA1s). That residues critical to
menthol sensing may predate the protostome-deuterostome split influences how we might
understand the evolution of menthol production and avoidance. There is some limited evidence
that menthol may be lethal to several insect species (J. Rice & Coats, 1994; Samarasekera et al.,
2007), including D. melanogaster (Thorpe, 1939); as such, the ability to sense and respond to
menthol may be adaptive. This would be particularly important for adult females, which rather
carefully select egg-laying sites and show aversion toward mentholated food (Abed-Vieillard &
Cortot, 2016). Yet residues critical to menthol sensitivity substantially predate the emergence of
Lamiaceae, the family of angiosperms which most notably produce menthol (Drew & Sytsma,
2012; Singh & Sharma, 2015). This appears consistent with early plants evolving menthol (or
broader terpene) production in order to repel animals, rather than early animal TRPs evolving
menthol-sensitivity in order to avoid plants. In fact, it is conceivable that the functional capacity
of these channels evolved in, or prior to, a common bilaterian ancestor.
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The structure of the urbilaterian nervous system is still under considerable debate (Bailly,
Reichert, & Hartenstein, 2013; Hejnol & Martindale, 2008; Leonid L. Moroz, 2009; L. L. Moroz,
2012; Northcutt, 2010). But, given that TRP channels function in similar ways, in similar subsets
of neurons, across taxa, it seems increasingly likely that ancestral TRP channels were expressed
in some form of urbilaterian neural tissues, and that these tissues responded to external cues.
Still, the function of conserved, menthol-associated residues in ancestral TRPs remains
mysterious. However, while menthol production appears to be restricted to plants, terpene
production (and more broadly, volatile organic compound production) is far more widespread,
with producers including plants, insects, protists, bacteria, and fungi (Schulz-Bohm, MartínSánchez, & Garbeva, 2017). In fact, these compounds have been hypothesized to function in
forms of microbial communication (R. Schmidt et al., 2017). With this in mind, and concerning
terpene sensing by early metazoan TRPs, one plausible hypothesis is that TRP-terpene sensitivity
emerged as an early method of communication. Alternatively (or perhaps as sub-hypotheses),
TRP-terpene sensing may have been employed as a mechanism by which to identify appropriate
food sources, or to signal potential danger, thereby possibly avoiding damage from predation or
infection.
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TRP SOROMELASTATIN & THE EVOLUTION OF TRP CHANNELS

This chapter is adapted from (Himmel et al., 2020). Transient receptor potential (TRP)
channels are a superfamily of ion channel commonly characterized by their 6 transmembrane
segments and broad sensory capacity. Among animals, TRP channels have been canonically
divided into 7 families (Peng et al., 2015; Venkatachalam & Montell, 2007): TRPA (ankyrin),
TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPN (no mechanoreceptor
potential C), TRPP (polycystin, or polycystic kidney disease), and TRPV (vanilloid; and a
proposed sister family, TRPVL). These TRP channels vary substantially, but TRPM has
arguably diversified the most with respect to function, participating in at least cardiac activity
(Yue et al., 2015), magnesium homeostasis (Hofmann et al., 2010; Schlingmann, Waldegger,
Konrad, Chubanov, & Gudermann, 2007), egg activation (Carlson, 2019), sperm thermotaxis
(De Blas et al., 2009), cell adhesion (Su et al., 2006), apoptosis (Driscoll et al., 2017),
inflammation (Ramachandran et al., 2013), and most famously, cold (Bautista et al., 2007;
Turner et al., 2016) and menthol (Himmel et al., 2019; McKemy et al., 2002; Peier et al., 2002)
sensing.
TRPM channels are also thought to be incredibly ancient, predating the emergence of
metazoans (>1000Ma) (Himmel et al., 2019; Peng et al., 2015). In some species, single
moonlighting proteins carry out several functions (e.g. Drosophila melanogaster Trpm), while in
others, functions are compartmentalized in a set of diverse paralogues (e.g. human TRPM1-8).
However, little is known about the evolutionary history of TRPMs, or to what degree channels
are related across taxa. Our understanding of TRPM evolution is additionally clouded by the
existence of several highly divergent putative TRPM channels with uncertain origins (Himmel et
al., 2019; Kozma et al., 2018; Peng et al., 2015; Teramoto, Lambie, & Iwasaki, 2005). Here, we
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made use of the rapidly growing body of genomic data in order to better characterize the
evolution of the TRPM family.
Via a stringent screening process, we assembled a database of >1,300 predicted TRPMlike sequences from 14 diverse eumetazoan phyla (Figure 5-1). In this database we gave
particular attention to underrepresented taxa, as well as included TRP genes identified in a
number of recently sequenced genomes (Table 5-1; including, but not limited to, acoel flatworm,
moon jelly, and great white shark). Herein, we elucidate the evolutionary history and familial
organization of both TRP melastatin, and a previously unrecognized sister family that predates
the Cnidaria-Bilateria split, TRP soromelastatin.
5.1

Materials & Methods

5.1.1 Data Collection & Curation
Starting with previously characterized TRPM sequences from human (NCBI CCDS),
mouse (NCBI CCDS), Drosophila melanogaster (FlyBase), and Caenorhabditis elegans
(WormBase), a TRPM-like protein sequence database was assembled by performing BLASTp
against NCBI collections of non-redundant protein sequences, with D. melanogaster Trpm
(isoform RE, FlyBase ID: FBtr0339077) serving as the bait sequence. Only BLAST hits >300
amino acids in length with an E-value less than 1E-30 were retained. As we were interested in
the origins of TRPM channels, and in less-studied taxa, only three tetrapod sequence-sets were
included, from human, mouse, and chicken.
In order to expand the taxa sampled, tBLASTn and BLASTp were used to search
genomically-informed gene models for 11 cnidarians, 2 xenacoelomorphs, 1 hemichordate, 1
nemertean, 1 phoronid, 2 agnathans, and 4 chondrichthyes (Table 5-1).
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We used several methods in order to validate and improve the quality of the initial
database. First, CD-HIT (threshold 90% similarity) was used to identify and remove duplicate
sequences and predicted isoforms, retaining the longest isoform (Fu, Niu, Zhu, Wu, & Li, 2012;
Huang, Niu, Gao, Fu, & Li, 2010; Li & Godzik, 2006). Phobius was then used to predict
transmembrane topology (Käll, Krogh, & Sonnhammer, 2004, 2007); sequences which did not
have at least 6 predicted transmembrane (TM) segments were removed. Sequences with more
than the 6 predicted TM segments were analyzed via InterProScan (Mitchell et al., 2019), and
those with more than 1 ion-transport domain were removed. More than 90% of the remaining
sequences contained a highly conserved glycine residue in the predicted TM domain
(corresponding to D. melanogaster G-1049); the vast majority of those missing this residue had
large gaps in an initial alignment and were subsequently removed.
Searches for TRPS (ced-11-like), TRPN, and TRPC sequences followed the same
protocol. For TRPS, sequences from Caenorhabditis elegans, Strigamia maritima, and Octopus
vulgaris were used as bait. For TRPN and TRPC datasets, Drosophila melanogaster nompC
(isoform PA, FlyBase ID: FBpp0084879) and Trp (isoform PA, Flybase ID: FBpp0084879)
served as bait sequences, respectively.
5.1.2 Principal Component Analysis
Principal component analysis (PCA) was used to help resolve protein families. TRPC,
TRPN, and TRPM/TRPS database sequences were aligned by MAFFT. A pairwise sequence
identity matrix was then computed, and PCA performed against it in Jalview (Waterhouse,
Procter, Martin, Clamp, & Barton, 2009). PCA was performed on a full-length alignment and on
an alignment trimmed to only include the TM segments. Data were exported from Jalview and
visualized and edited in GraphPad Prism and Adobe Illustrator CS6.
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5.1.3 Domain Identification
TRPS protein domains were identified by InterProScan (Mitchell et al., 2019). As
previous research has indicated that ankyrin repeats might go undetected in a variety of TRP
sequences (Schüler et al., 2015), we performed a secondary analysis using HMMER (Wheeler &
Eddy, 2013) and custom Hidden Markov Models specific to ankyrin repeats (models generated
by (Parra, Espada, Verstraete, & Ferreiro, 2015)).
5.1.4 Phylogenetics
For the maximum likelihood approach, sequences were first aligned using MAFFT with
default settings (Rozewicki, Li, Amada, Standley, & Katoh, 2019). Gap rich sites and poorlyaligned sequences were trimmed with TrimAl (Capella-Gutiérrez et al., 2009). IQ-Tree (Nguyen,
Schmidt, von Haeseler, & Minh, 2014) was then used to generate trees by the maximum
likelihood approach, using the best model automatically selected by ModelFinder
(Kalyaanamoorthy et al., 2017). Branch support was calculated by ultrafast bootstrapping
(Hoang, Chernomor, von Haeseler, Minh, & Vinh, 2017) (UFBoot, 2000 bootstraps).
In order to test the alternative hypothesis that some trees formed due to long-branch attraction,
gs2 was used to generate trees by the Graph Splitting method (Matsui & Iwasaki, 2019). Branch
support values were computed by the packaged edge perturbation method (EP, 2000 iterations).
All trees were visualized and edited in iTOL and Adobe Illustrator CS6.
5.1.5 Homologue Prediction via Tree Reconciliation
In order to identify duplication events, TRPS and TRPM phylograms were reconciled
using NOTUNG 2.9.1 (Durand, Halldórsson, & Vernot, 2006; Stolzer et al., 2012; Vernot,
Stolzer, Goldman, & Durand, 2008). Edge weight threshold was set to 1.0, and the costs of
duplications and losses were set to 1.5 and 1.0, respectively. In order to formulate the most
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parsimonious interpretation of the resulting trees, weak branches were rearranged (UFboot 95
cutoff) against a cladogram based in an NCBI taxonomic tree, wherein we placed
Xenacoelomorpha (represented by acoel flatworms) as the sister group to all other bilaterians
(Cannon et al., 2016), and Priapulida as an outgroup to all other ecdysozoans (Yamasaki,
Fujimoto, & Miyazaki, 2015). All other polytomies were randomly resolved using the ape
package in R (Paradis & Schliep, 2018).

5.2

Results

5.2.1 An ancient, unrecognized sister family to TRPM
Proteins within the same family typically have a high degree of sequence similarity, yet
highly divergent TRPM-like proteins have been catalogued, a notable example being
Caenorhabditis elegans cell death abnormal 11 (ced-11). The canonical C. elegans TRPMs gtl-1,
gtl-2, and gon-2 share roughly 40% sequence identity with each other. However, ced-11—often
considered a fourth C. elegans TRPM—shares approximately 18% sequence identity with the 3
canonical paralogues. Given this substantial difference, it seemed plausible that ced-11, and like
proteins, had been errantly included in the TRPM family.
The TRPC and TRPN families are typically thought to be most closely related to TRPM
(Peng et al., 2015), and therefore constituted hypothetical homes for ced-11. ced-11, however,
shares only 15% sequence identity with known C. elegans TRPC paralogues (trp-1 and trp-2),
and 14% sequence identity with C. elegans TRPN (trp-4). Yet sequence identity between trp-4
and its TRPC counterparts is approximately 20%. In other words, ced-11 is less similar to
TRPMs than TRPNs and TRPCs are to each other.
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In order to clarify the relationship of ced-11-like proteins to canonical TRPM channels,
we collected those sequences most similar to it from our initial TRPM-like sequence database,
and phylogenetically characterized them. BLASTing our database with ced-11-like sequences
recovered a number of sequences restricted to several protostome taxa and lancelets
(Cephalochordata).
For any species with a ced-11-like protein, we assembled a database of putative TRPC
and TRPN channel sequences. These sequences were then phylogenetically characterized
alongside cnidarian, xenacoelomorph (basal bilaterian worms), insect (D. melanogaster), and
human sequences. Cnidarians were included as the outgroup, and xenacoelomorphs as they form
a sister clade to all other bilaterians (Figure 5-1). In the resulting tree, ced-11-like proteins
formed a sister clade to the more traditional TRPM clade (Figure 5-2A). The traditional TRPM
clade included all the cnidarian and xenacoelomorph sequences, indicating that the ced-11like/TRPM-like split is a duplication event, and therefore that the two clades split before the
Cnidaria–Bilateria split (Figures 5-2B and 5-3). Although there are no ced-11-like sequences
present for Cnidaria or Xenacoelomorpha, this does not matter to the interpretation of these
results. Had Cnidaria and Xenacoelomorpha had representatives in both clades (or had all the
sequences been present in ced-11-like instead of TRPM-like), the node in question would still
represent a duplication event that predates the Cnidara–Bilateria split.
Two competing hypotheses could explain these findings: (1) ced-11-like proteins
constitute a distinct family of TRP channel which predates the cnidarian-bilaterian split, or (2) a
variety of TRPM channels emerged independently in various taxa and diversified extremely
rapidly, resulting in a clade which formed as a result of long-branch attraction, an artifact of
many phylogenetic analyses (Bergsten, 2005).
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Figure 5-1. Taxa used in TRPS study
Taxa included in these phylogenetic analyses, and relationships assumed throughout. TRPM and
TRPM-like sequences were collected for 318 species, from 14 diverse eumetazoan phyla
(Annelida, Arthropoda, Brachiopoda, Chordata, Cnidaria, Echinodermata, Hemichordata,
Mollusca, Nematoda, Nemertea, Phoronida, Priapulida, Tardigrada, and Xenacoelomorpha).
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Figure 5-2. ced-11-like channels are part of a novel TRP family
Caenorhabditis elegans ced-11, and ced-11-like sequences, belong to a previously unrecognized
family of TRP channels, the TRP soromelastatins (TRPS). TRPM-like and ced-11-like
sequences form two distinct clades, with the topology suggesting divergence prior to the
Cnidaria-Bilateria split. (A) Maximum likelihood tree showing the relationship between
traditional TRPM and TRPS/ced-11-like sequences among those species that have TRPS/ced-11like species. (B) Left, summary of maximum likelihood analysis and branch support (UFboot)
for indicated clades. Right, presence or absence of family in indicated taxa (where Bilateria is
Xenacoelomorpha+Nephrozoa). Solid lines in color indicate that the TRP family is present in
the indicated taxon, while dashed lines in grey indicate that no sequences were found for the
indicated taxon.
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Figure 5-3. Initial ced-11-like/TRPM/TRPC/TRPN phylogeny
TRPS constitutes a distinct family of TRP channel. Maximum liklihood tree for TRPM, TRPS
(ced-11-like), TRPN, and TRPC sequences, for all those species in the initial database that had a
ced-11-like sequence. UFboot confidence is indicated by red-green color scale with major branch
values listed.
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Hypothesis 2 appears highly unlikely. Most importantly, while C. elegans ced-11 itself
has a relatively long branch, when qualitatively compared to other clades, the branches within
the ced-11-like clade were not unusually long (Figures 5-2 and 5-3). We tested the long-branch
hypothesis by estimating trees which excluded Cnidaria and Xenacoelomorpha, which had the
longest branches on average. The resultant phylogram still evidenced the split between ced-11like and TRPM-like channels, with high branch confidence (Figure 5-4). We further tested this
hypothesis by generating a phylogram by the Graph Splitting method, which is reported to be
extremely robust when faced with the possibility of long-branch attraction in superfamily-level
datasets (Matsui & Iwasaki, 2019). This method likewise reproduced the ced-11-like-TRPM split
with high edge perturbation branch support (Figure 5-5). Additionally, principal component
analysis of a pairwise sequence identity matrix revealed that ced-11-like sequences cluster
together independent of TRPM-like sequences (Figures 5-6A and 5-7).
These results strongly indicate that these two lineages diverged in or prior to the last
cnidarian-bilaterian ancestor, and that ced-11-like proteins constitute an 8th family of metazoan
TRP channel. We have thus named the ced-11-like family of TRP channels TRP soromelastatin
(soro-, sister), or TRPS.
5.2.2 The structure of TRPS channels suggests a SLOG- and Nudix-linked ancestor
Although the function of TRPS channels remains largely unknown, domain prediction
reveals that both TRPM and TRPS channels share an N-terminal SMF/DprA-LOG (SLOG)
domain and a C-terminal ADP-ribose phosphohydrolase (Nudix) domain (Figure 5-6B). The
SLOG domain is thought to bind a variety of nucleotides but has not been extensively studied in
this capacity
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Figure 5-4. Maximum likelihood phylogeny with ced-11-like sequences, fully annotated
Maximum likelihood tree for TRPM, TRPS (ced-11-like), TRPN, and TRPC sequences
for all those species in initial database that had a ced-11-like sequence, but excluding
Xenacoelomorpha and Cnidaria in order to test for effects of long-branch attraction. UFboot
confidence is indicated by red-green color scale, with major branch values listed.
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Figure 5-5. Graph splitting phylogeny with ced-11-like sequences, fully annotated
Graph Splitting tree for TRPM, TRPS (ced-11-like), TRPN, and TRPC sequences for all
those species in initial database that had a ced-11-like sequence, in order to test for effects of
long-branch attraction. Edge perturbation (EP) confidence is indicated by red-green color scale,
with major branch values listed.
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Figure 5-6. TRPS is a distinct family of TRP channel
TRPS and TRPM are, putatively, structurally and functionally distinct, and their
domain arrangements suggest a SLOG- and Nudix-linked, Ankyrin-free TRPS-TRPM
ancestor. (A) Principal component analyses of pairwise sequence identity for alignment
of TRPC, TRPN, TRPM, and ced-11-like (TRPS) sequences show 4 distinct clusters.
3-dimensional PCA plot extracted from Jalview and plotted in two transformed,
arbitrary dimensions. (B) Like TRPM channels, these TRPS channels have both SLOG
and Nudix domains, but lack the kinase domain associated with a small subset of
TRPM channels. Moreover, these TRPS channels have a divergent consensus sequence
in the highly conserved TRP domain. (C) In C. elegans, TRPS (top; ced-11) and
TRPM (bottom; gon-2, gtl-1, and gtl-2) have non-overlapping co-expressed gene
networks. (D) Top, different GO terms are associated with C. elegans TRPS and
TRPM co-expression networks. Bottom, only a single GO term, “cell surface receptor
signaling pathway” (GO:0007166), showed statistically significant enrichment in the
TRPS gene network. This term does not appear for the TRPM network.
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Figure 5-7. PCA of TRPS/TRPM/TRPC/TRPN, transmembrane only
Principal component analyses of pairwise sequence identity for alignment of
TRPC, TRPN, TRPM, and ced-11-like (TRPS) sequences show 4 distinct
clusters. Alignment restricted to transmembrane segments. 3-dimensional
PCA plot extracted from Jalview and plotted in two transformed, arbitrary
dimensions.
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(Burroughs, Zhang, Schäffer, Iyer, & Aravind, 2015). Likewise, the Nudix domain has not been
well characterized, but it is known to function in ADP-dependent activation of TRPM2 (Fliegert
et al., 2017). TRPS channels may therefore be sensitive to ADP and possibly to a variety of other
nucleotides.
These results indicate that the ancestral TRPM–TRPS channel was likely both SLOGand Nudix-linked; this is consistent with previous suggestions that the TRPM ancestor was
Nudix-linked (Mederos y Schnitzler, Wäring, Gudermann, & Chubanov, 2008). Ankyrin repeats,
which are present in all TRP families except TRPM (Schüler et al., 2015), were not detected in
TRPS by either InterProScan or an HMMER query using additional Hidden Markov Models
specific to Ankyrin repeats. Ankyrin repeats were therefore most likely lost prior to the TRPM–
TRPS split.
The TRPM alpha kinase domain, which is only known to be present in vertebrate TRPM6
and TRPM7, is not present in these TRPS sequences. This is further evidence in support of the
hypothesis that the alpha kinase domain was gained relatively recently in vertebrates (Mederos y
Schnitzler et al., 2008), after the TRPM–TRPS split.
A notable difference between TRPM and TRPS channels lies in the TRP domain, a
highly conserved, hydrophobic region located C-terminally to the TM domain of TRPC, TRPN,
and TRPM channels (Venkatachalam & Montell, 2007). Consensus sequences for the initial
TRPM and TRPS data sets, while identical in TRP box 1, are divergent in TRP box 2 and the
intermediate TRP segment (Figure 5-6B). The TRP domain has been associated with PIP2
binding and menthol- and cold-evoked gating (Rohács, Lopes, Michailidis, & Logothetis, 2005);
differences in the TRP domain may therefore reflect differences in ligand selectivity or sensory
modality between TRPS and TRPM. The TRP domain has also been associated with the
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formation of the calcium-binding site in vertebrate TRPM2 and TRPM4 (Y. Chen et al., 2019);
as such, differences in the TRPS TRP domain may point to differences in calcium-binding
capacity compared with TRPM channels. These functional consequences, however, remain
speculative.
In order to gain some preliminary insight into putative functional divergence between
TRPS and TRPM, we leveraged the abundance of C. elegans transcriptomic data in order to
perform co-expression and gene ontology (GO) analyses (Figure 5-6). The results of these
analyses further indicate that TRPS and TRPM may be functionally divergent. When considered
individually, the TRPS and TRPM families have completely nonoverlapping co-expressed gene
networks (Figure 5-6C). Moreover, these gene networks do not share the majority of GO terms
associated with them (Figure 5-6D, top), and there is no overlap when considering terms
enriched to a statistically significant extent (Figure 5-6D, bottom). As with ced-11, however,
many of the co-expressed genes are uncharacterized or understudied, which is perhaps the reason
for only a single term being enriched in the TRPS network.
5.2.3 The TRPS family is largely restricted to protostomes
Having established that these TRPS sequences constitute a distinct set of channels, we
assembled a more complete TRPS sequence database and phylogenetically characterized the
channel family. These data suggest that, among Eumetazoa, TRPS genes are only present in
some protostomes and lancelets (Figures 5-8 and 5-9). This lack of widespread conservation
(most notably in vertebrates and insects) likely explains why the family had gone unnoticed until
now. TRPS was likely lost early in deuterostome evolution – among the ambulacrarians
(echinoderms and hemichordates), and in early Olfactores (tunicates and vertebrates) following
the olfactore-lancelet split. A recent study claims that Ambulacraria and Xenacoelomorpha
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Figure 5-8. The evolution of TRPS
The TRPS family is largely restricted to protostome lineages. Figure derived from reconciled
maximum likelihood tree of TRPS sequences. Red dots and colored branches indicate phylumspecific duplication events. Grey and dashed branches indicate that no TRPS sequences were
found for the indicated phylum, and were inferred to be loss events.
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Figure 5-9. TRPS phylogeny, fully annotated
Reconciled and rearranged maximum likelihood TRPS phylogram with
duplication sites (red) and UFboot branch support values listed. Branches
without support values were rearranged (<95 UFboot) by NOTUNG. Individual
expansion events occurred in molluscs, nematodes, tardigrades, and chelicerates.
While S. maritima has 2 TRPS genes, this was not assumed to represent a taxonwide duplication event due to it being the sole representative of Myriapoda.
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form sister clades (Philippe et al., 2019) – if this is the case, it may be more likely that TRPS was
lost early in so-called “xenambulacrarian” evolution (Figure 5-10, right).
TRPS duplication appears to have been limited during early animal evolution. While the
number of TRPS paralogues varies by species (Figure 5-9), duplication events occurred
independently in molluscs, nematodes, tardigrades, and chelicerates (including arachnids and
horseshoe crabs). Molluscs have two TRPS paralogues, but present lack of evidence for
lophotrochozoan TRPS outside of molluscs makes it difficult to predict at what point in spiralian
evolution the duplication event occurred. The simplest explanation is that it occurred specifically
in molluscs, and that a single TRPS copy was lost among other lophotrochozoan taxa.
Among Euarthropoda, TRPS appears in chelicerates and myriapods, but there is no
evidence for TRPS in crustaceans, springtails, or insects, suggesting that the single arthropod
TRPS was lost in Pancrustacea, conserved in Myriapoda, and expanded independently in
Chelicerata (Figure 5-11).
5.2.4 Two TRPM clades predate the Cnidaria-Bilateria split
We next phylogenetically characterized and reconciled TRPM sequences among major
taxa. Each set of sequences was initially assessed alongside cnidarian, xenacoelomorph,
Drosophila, and human sequences, and rooted with TRPS sequences.
The general consensus of these analyses indicates that the TRPM family is made up of
two distinct clades, here and previously deemed αTRPM and βTRPM (Himmel et al., 2019),
which emerged prior to the Cnidaria-Bilateria split (Figures 5-12—5-22). What might have
constituted a previously described basal clade can be wholly explained by the discovery of TRPS
(Himmel et al., 2019; Peng et al., 2015). In some of our initial phylograms, a basal or
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Figure 5-10. Deuterostome TRPS
Two hypotheses concerning the loss of TRPS in Ambulacraria and Olfactores. While a
monophyletic Deuterostomia has been well supported for some time (left), recent work has
suggested that Ambulacraria may be a sister clade to Xenacoelomorpha (right).
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Figure 5-11. Arthropod TRPS
The duplication in arthropod TRPS appears restricted to Chelicerata, and the simplest hypothesis
concerning TRPS loss is that it was lost early in the evolution of Pancrustacea.
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separate clade did appear, yet it always included Xenacoelomorpha and was inconsistent in its
topology across analyses (Figures 5-13—5-17), suggesting that Xenacoelomorpha acted as a
phylogenetically unstable rogue taxon (Thomson & Shaffer, 2010). In order to assess this
possibility, we performed a second set of analyses which excluded Xenacoelomorpha. This
resulted in trees with largely consistent topology despite differing taxon sampling, indicating that
xenacoelomorph sequences are in fact problematic (Figsures 5-18—5-22).
Due to the overwhelming consistency of trees with different taxon sampling, and the
inconsistency seen in trees including Xenacoelomorpha, xenacoelomorph TRPM sequences were
treated as rogue taxa. In addition, an extremely small subset of arthropod TRPMs (12 sequences
restricted to chelicerates and crustaceans; Figures 5-17 and 5-22) may be part of a previously
described Crustacea-specific TRPM sub-family (Kozma et al., 2018). These trees suggest that
these sequences are βTRPM-like and related to a subset of Cnidarian sequences, yet this clade is
not strongly evidenced in phylograms with different taxon sampling. Like Xenacoelomorpha, the
evolutionary histories of these sequences are left incertae sedis.
In summary, these results strongly support two duplication events predating the CnidariaBilateria split: the TRPS-TRPM split and the α-β TRPM split.
5.2.5 TRPM1-8 expansion occurred early in vertebrate evolution, and constitutes a poor
standard for TRPM familial organization
The vertebrate TRPM1-8 expansion has been the focus of the majority of TRPM
literature, and has been the principal basis for characterizing TRPM channels (Y. Chen et al.,
2019; Samanta, Hughes, & Moiseenkova-Bell, 2018; Zhang, Tóth, Szollosi, Chen, & Csanády,
2018). These trees evidence that the TRPM1-8 expansion occurred after the vertebrate-tunicate
split (Figures 5-12 and 5-23). As agnathans (jawless fish; lampreys and hagfish) have no
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representative in the βTRPM clade, it is possible that βTRPM expanded after agnathans and
other vertebrates split. However, two whole genome duplications (WGDs) likely occurred before
the common ancestor of vertebrates (Sacerdot, Louis, Bon, Berthelot, & Roest Crollius, 2018).
WGD may therefore be the basis of these TRPM expansions. As such, the most parsimonious
hypothesis is that both α- and βTRPM diversified before agnathans split from the ancestor of all
other vertebrates.
Although immunohistochemical evidence has previously suggested that TRPM8 is
present in teleost fish (Majhi et al., 2015), we found no evidence of it in available sequences for
ray-finned fish, cartilaginous fish, or agnathans (Figures 5-23 and 5-24). The most parsimonious
hypothesis prima facia would be that TRPM8 did not emerge until lobe-finned fish emerged. If
this were the case, the TRPM8 clade would be a branch off of the vertebrate TRPM2 clade. This
is not the case. Instead, these reconciled trees show that TRPM8 forms a sister clade to TRPM2,
the former not containing any non-lobe-finned sequences, and the latter containing lobe-finned
and non-lobe-finned sequences. This indicates that TRPM8 was independently lost in ray-finned
fish, cartilaginous fish, and agnathans but was conserved in the lobe-finned vertebrate lineage
(including tetrapods).
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Figure 5-12. The evolution of TRPM
Summary of the evolution of TRPM channels. The TRPM family is widely conserved and is
present in all phyla surveyed except Tardigrada. Figure derived from consensus topologies in
reconciled maximum likelihood trees generated against TRPM database sequences, with branch
support for duplication branches extracted from phylograms without Xenacoelomorpha. Asterisk
(*) indicates that a duplication branch most frequently formed due to rearrangement (initial
UFboot branch support <95). Here, phyla were expanded/collapsed to more easily show TRPM
diversification: Chordata was expanded into Cephalochordata (lancelets), Tunicata, and
Vertebrata; Echinodermata and Hemichordata were collapsed into Ambulacraria; and Annelida,
Nemertea, Brachiopoda, Phoronida, and Mollusca were collapsed into Lophotrochozoa. Red dots
indicate duplication events. Dashed lines in color indicate sequences considered incertae sedis.
Dashed lines in gray indicate that no sequences were found for the indicated taxon and were
inferred to be loss events.
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Figure 5-13. TRPM phylogeny, Ambulacraria
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Ambulacraria
(bold), with TRPM sequences from Cnidaria, Xenacoelomorpha, human, and Drosophila for
context, and TRPS sequences for rooting.
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Figure 5-14. TRPM phylogeny, Chordata (sans ray-finned fish)
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Chordata (bold,
excluding ray-finned fish), with TRPM sequences from Cnidaria, Xenacoelomorpha, human, and
Drosophila for context, and TRPS sequences for rooting.
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Figure 5-15. TRPM phylogeny, Lophotrochozoa
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Lophotrochozoa
(bold), with TRPM sequences from Cnidaria, Xenacoelomorpha, human, and Drosophila for
context, and TRPS sequences for rooting.
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Figure 5-16. TRPM phylogeny, Nematoda
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Priapulida and
Nematoda (bold), with TRPM sequences from Cnidaria, Xenacoelomorpha, human, and
Drosophila for context, and TRPS sequences for rooting.
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Figure 5-17. TRPM phylogeny, Arthropoda
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Priapulida and
Arthropoda (bold), with TRPM sequences from Cnidaria, Xenacoelomorpha, human, and
Drosophila for context, and TRPS sequences for rooting.
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Figure 5-18. TRPM phylogeny II, Ambulacraria
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Ambulacraria
(bold), with Xenacoelomorpha removed. Ambulacrarians have both α- and βTRPMs, and saw
independent expansion of βTRPM.
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Figure 5-19. TRPM phylogeny II, Chordata (sans ray-finned fish)
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Chordata (bold,
excluding ray-finned fish), with Xenacoelomorpha removed. Chordates have α- and βTRPMs,
and both α- and βTRPMs expanded in vertebrates.
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Figure 5-20. TRPM phylogeny II, Lophotrochozoa
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Lophotrochozoa
(bold), with Xenacoelomorpha removed. Lophotrochozoans have both α- and βTRPMs, and saw
independent expansion of βTRPM.
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Figure 5-21. TRPM phylogeny II, Nematoda
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Priapulida and
Nematoda (bold), with Xenacoelomorpha removed. Nematodes likely have both α- and
βTRPMs, and likely saw expansion in both. However, Toxocara canis TRPMs are the only
members of the nematode αTRPM clade.
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Figure 5-22. TRPM phylogeny II, Arthropoda
Reconciled and rearranged maximum likelihood tree of TRPM sequences from Priapulida and
Arthropoda (bold), with Xenacoelomorpha removed. The majority of Arthropods only have
αTRPM (many having only a single copy), but several chelicerates and crustaceans may have
channels more distantly related to human, priapulid, and cnidarian βTRPMs.
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Figure 5-23. Vertebrate-specific TRPM expansions
TRPM1-8 diversified soon after the vertebrate–tunicate split, and there is no evidence for
TRPM8 in jawless, cartilaginous, or ray-finned fish. Figure derived from reconciled tree of
chordate TRPM sequences. An “X” indicates inferred gene loss, or lack of evidence of that gene
in the indicated taxon.
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Figure 5-24. TRPM phylogeny, Chordata (inclusive)
Vertebrate TRPM8 was independently lost in most vertebrate lineages, surviving only
in the lobe-finned fish lineage (including tetrapods). Maximum likelihood tree of TRPM
sequences from Chordata (including lancelets, tunicates, agnathans, sharks, coelecanth,
tetrapods, and ray-finned fish), rooted in TRPS, with the 8 vertebrate TRPM clades labeled.
Unlabeled clades are from invertebrate species. UFboot confidence is indicated by red-green
color scale. Black indicates rearranged branches (<95 UFBoot).
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5.2.1 Discussion
The evolutionary history of TRPM channels has been clouded by divergent sequences,
making it uncertain if an ancestral clade of TRPMs had survived in species like C. elegans, or if
these species had independently evolved rapidly changing TRPM paralogues (Himmel et al.,
2019; Kozma et al., 2018; Peng et al., 2015; Teramoto et al., 2005). By taking advantage of the
abundance of publicly available genomic data, we have demonstrated that the difficulty in
phylogenetically characterizing TRPM channels is the result of an ancient, hidden family of
channels that appeared before the Cnidaria-Bilateria split – TRPS. By recognizing and
characterizing this family, we now better understand not only the evolution and diversification of
TRPM, but also the evolution of the broader TRP superfamily.
While some have been careful in describing TRP channels in taxon-specific ways
(Hofmann et al., 2010; Peng et al., 2015; S. Saito & Shingai, 2006), these findings are the
strongest challenge to the pervasive, vertebrate-centric dogma that the TRPM family is
constituted by 8 distinct paralogues organized into four subfamilies (Y. Chen et al., 2019;
Samanta et al., 2018; Zhang et al., 2018). These results instead support that the eumetazoan
TRPM family consists of two distinct radiations (αTRPM and βTRPM) which themselves
predate the Cnidaria-Bilateria split. Importantly, these findings support that TRPM
diversification occurred independently among cnidarians, ambulacrarians, lophotrochozoans, and
other taxa, and that the TRPM1-8 expansion is specific to vertebrates. Based on these findings,
we conclude that the TRPM1-8 nomenclature is at best evolutionarily uninformative (e.g. insect
channels being simply TRPM1- or 3-like) and at worst grossly inaccurate (e.g. cnidarian TRPMs
belonging to the TRPM2/8 subfamily) for describing members of this diverse family of critically
important ion channels.
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CONCLUSIONS

It was previously known that Drosophila CIII neurons detect noxious cold, and that both
noxious cold and activation of CIII neurons drives contraction (CT) behavior (Turner et al.,
2016). However, it was unclear how (or if) cold nociception might be protective. It was also
known that CIII neurons are multimodal, and that differential activation by cold and touch drives
different stimulus-relevant behaviors (Kernan et al., 1994; Turner et al., 2016). However, no
molecular mechanisms specific to cold nociception had been identified. It was additionally
unknown whether or not the chemicals menthol and icilin, which feel cold to humans, could
access the same nociceptive circuitry as cold in Drosophila. Here, I have described our attempts
to address these unknowns. Based on the results of the studies detailed above, I conclude the
following:
1. CT behavior is widespread amongst drosophilid larvae, but there is little to no evidence
that any cold-evoked nociceptive behavior is acutely protective.
2. Cold nociception serves as a proximal neural trigger to cold acclimation; importantly,
chronic activation of CIII neurons sans cold is sufficient for generating cold-hardy
larvae, and chronic cold activation hypersensitizes CIII neurons to cooling.
3. CIII neurons make use of subdued (which encodes an ANO1/2 Ca2+-activated Cl-channel) and white walker (which encodes an ANO8 of unknown function) to
discriminately encode noxious cold.
4. CIII neurons make use of excitatory Cl- currents for encoding cold. This can be
leveraged to generate cold-hypersensitive larvae via SLC12-dependent mechanisms
known to underly neuropathic pain following spinal cord injury.
5. Drosophila larvae do not respond to icilin in any obvious way.
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6. Unexpectedly, Drosophila larvae detect high concentrations of menthol via nociceptive
circuitry associated with heat, acid, and mechanical insult (causing a rolling behavior).
7. Like mammals, TRPM and TRPA channels are required for Drosophila menthol
sensing, and phylogenetic evidence suggests there may be structures critical to menthol
sensing conserved across animal TRPM channels.
8. A deep phylogenetic accounting of TRPM revealed that these channels are organized
into two clades which split prior to the Cnidaria-Bilateria split. Moreover, the canonical
TRPM1-8 clades are the result of vertebrate-specific expansions, giving us strong reason
to challenge the use of these terms to describe non-vertebrate TRPMs.
9. There exists an 8th family of animal TRP channel I have deemed TRP Soromelastatin
(TRPS) – this family includes the previously characterized C. elegans channel ced-11,
along with a host of newly identified putative channels of unknown function.
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