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Multiple classes of cell surface receptors and ion channels participate in the detection of changes in environ-
mental stimuli, and thereby influence animal behavior. Among the many classes of ion channels, Transient
Receptor Potential (TRP) cation channels are notable in contributing to virtually every sensory modality,
and in controlling a daunting array of behaviors. TRP channels appear to be conserved in all metazoan organ-
isms including worms, insects and humans. Flies encode 13 TRPs, most of which are expressed and function
in sensory neurons, and impact behaviors ranging from phototaxis to thermotaxis, gravitaxis, the avoidance
of noxious tastants and smells and proprioception. Multiple diseases result from defects in TRPs, and flies
provide an excellent animal model for dissecting the mechanisms underlying “TRPopathies.” Drosophila
TRPs also function in the sensation of botanically derived insect repellents, and related TRPs in insect pests
are potential targets for the development of improved repellents to combat insect-borne diseases.

© 2012 Published by Elsevier Inc.
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Introduction

The Transient Receptor Potential (TRP) superfamily of ion chan-
nels comprises a collection of cation channels conserved from
worms to flies and humans (Ramsey et al., 2006; Venkatachalam
and Montell, 2007). The channels are arranged into seven subfam-
ilies based on primary amino acid sequence homology (TRPC, TRPV,
TRPA, TRPN, TRPM, TRPML, and TRPP) (Montell, 2005; Montell et
al., 2002). TRPs are activated through a wide variety of mechanisms
and participate in virtually every sensory modality (Table 1). Since the
cloning and characterization of the gene encoding the Drosophila TRP
channel, which functions in phototransduction (Montell and Rubin,
1989), twelve other fly TRP channels have been identified (Fig. 1).
Table 1
Properties of Drosophila Transient Receptor Potential (TRP) channels.

TRP channels with known sensory roles

Sub family Channel Abbrev. Selectivity PCa/PNa Physiolo

TRPC Transient Receptor Potential TRP 25–40 Gq/PLC s
TRP-Like TRPL Nonselec. cation Gq/PLC s

TRPγ TRPγ Nonselec. cation Gq/PLC s
TRPA TRPA1 TRPA1 – Heat (>

(AITC, N
Temp (1
arist. aci
citronell
light

Painless Pain 40 Heat (~3

Pyrexia Pyx 0.7 Heat (~4

Waterwitch Wtrw - -
TRPN No Mechano-receptor

Potential C
NOMPC – Mechan

TRPV Inactive Iav 2.8 Hypo-os

Nanchung Nan – Hypo-os

TRP channels without known sensory roles

Sub family Channel Abbrev. Selectivity PCa/PNa Physiolo
activatio

TRPM TRPM TRPM – –

TRPP Almost there Amo – –

TRPML TRP Mucolipin TRPML – –

Abbreviations: AITC, allyl isothiocyanate; arist. acid, aristolochic acid; NMM, N-methyl mal
Rh1, Rhodopsin 1.
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These channels are critical for sensing the external environment, and
function in vision, thermosensation, olfaction, taste, hygrosensation,
and mechanosensation. Consequently, these channels have a profound
impact on animal behavior. Due to their genetic tractability, flies are
an outstanding animal model for studying TRP channel function in the
contexts of sensory physiology and animal behavior.

Light sensation

TRP and TRPL and phototransduction in the adult visual systems

Light sensation in adult fruit flies contributes to a variety of behav-
iors such as the recognition of visual cues that initiate courtship,
gical modes of activation Sensory functions

ignaling, PUFA, H+, PIP2 depletion • Phototransduction
ignaling, PUFA, H+, PIP2 depletion • Phototransduction

• Cold sensation
ignaling, PUFA –

26 °C) reactive electrophiles
MM, CA)
8-24 °C, Rh1/PLC signaling)
d (Gq/PLC sig.),
al (Gq/PLC sig.),

• Warm temperature sensation
• Avoidance of noxious heat
• Comfortable temperature sensation
• Avoidance of aversive non-volatile irritants
• Avoidance of aversive tastants
• Avoidance of aversive odorants
• Avoidance of bright light
• Avoidance of mechanical stimulation

9–42 °C) • Avoidance of noxious heat
• Avoidance of mechanical stimulation
Avoidance of dry environments

• Gravity sensation
0 °C) • Noxious heat resistance

• Gravity sensation
• Humid air detection

ical stimulation • Light touch
• Locomotion
• Hearing

motic solution • Locomotion
• Hearing
• Gravity sensation
• Cold sensation

motic solution • Locomotion
• Hearing
• Gravity sensation
• Dry air detection

gical modes of
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• Mg2+ and Zn2+ homeostasis
• Sperm storage
• Locomotion
• Autophagy
• Clearance of apoptotic cells

eimide; CA, cinnamaldehyde; PLC, phospholipase C; PUFA, polyunsaturated fatty acid;
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Fig. 1. Phylogenetic tree of the Drosophila TRP channels. The tree was generated with
CLC Sequence Viewer 6.4 using the amino acid sequence of the predicted transmem-
brane domains of the 13 Drosophila TRP channels.
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circadian-driven activity patterns and the perception of images that
are important in navigation through the environment. One of the ear-
liest Drosophila mutations affecting the behavioral response to visual
cues during flight was originally referred to as the A-type mutation
(Cosens and Perry, 1972). These flies are behaviorally impaired
since they display only a transient rather than a sustained response
to bright light (Cosens and Manning, 1969) (Fig. 2A). On the basis
of this electrophysiological phenotype the mutation was subsequent-
ly re-named trp for transient receptor potential (Minke et al., 1975).
B

PLC
NORPA

Gq

5 
m

V

5 sec

wild-type trp

light light

A

C Rhodopsin

PIP2

DAG 
lipaseIP3 + H+ + DAG

Fig. 2. Predicted TRP structure and the phototransduction that leads to activation of TRP and
(performed by Dr. Zijing Chen). B) Predicted structure of the Drosophila TRP channel. The cha
and 6th transmembrane domains. The N-terminal region contains four ankyrin repeat doma
(CaM) binding site, and an INAD binding site. C) Model of Drosophila phototransduction. Li
vation of the TRP and TRPL channels and influx of cations. Abbreviations: 1-MAG, monoacyl
inositol 1,4,5-trisphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; MAG, monoacylg
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For the first 20 years following the initial description of the
A-type/trp mutation, there was no suggestion as to the molecular
function of the protein encoded by the wild-type gene until it was
cloned and characterized (Montell et al., 1985; Montell and Rubin,
1989). The predicted structural similarity to known ion channels pro-
vided the earliest indication that TRP might be a channel (Montell,
2011;Montell and Rubin, 1989) (Fig. 2B). However, if it were a channel,
the type of channel was unclear since light-induced quantum bumps
were still present in the mutant flies. The subsequent observation that
Ca2+ influx was reduced in the mutant animals in response to light
stimulation (Hardie and Minke, 1992) suggested that TRP might be a
Ca2+ permeable channel required for the light response. Nevertheless,
it remained possible that TRP was not a channel per se, but regulated
an endogenous channel. Two lines of observations demonstrate that
TRP is indeed a pore-forming subunit of a Ca2+ permeable channel.
First, expression of TRP in heterologous expression systems results in
a novel cation conductance, which is moderately selective for Ca2+

over Na+ (Vaca et al., 1994; Xu et al., 1997). Second, mutation of the
pore-loop in TRP reduced the Ca2+ selectivity in vivo (Liu et al., 2007a).

A nonselective cation channel related to TRP, referred to as TRP-Like
(TRPL), also participates in phototransduction and is responsible for the
remaining light response in the trpmutant (Hardie et al., 1997; Hu et al.,
1994; Niemeyer et al., 1996; Phillips et al., 1992; Xu et al., 1997). Loss of
Ca2+
Na+

Ca2+

Ca2+

TRP and TRPL

coiled coil
ankryin
repeats

TRP domain
CaM binding

INAD
binding

2-MAG
+ FA

1-MAG + PUFA

MAG
 lipase?

PUFA

? Na+

Na+

?

Ca2+

Na+

TRPL. A) Electroretinogram (ERG) recordings from trp+ (w1118) and trp343 mutant flies
nnel contains six transmembrane domains, with the pore loop located between the 5th
ins and a coiled coil domain, and the C-terminal tail contains a TRP domain, calmodulin
ght captured by rhodopsin initiates a Gq/PLC signaling cascade that culminates in acti-
glycerol; 2-MAG, 2-monoacylglycerol; DAG, diacylglycerol; FA, saturated fatty acid; IP3,
lycerol; P, pore loop indicated in TRP; PUFA, polyunsaturated fatty acid.
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TRPL causes a mild electrophysiological phenotype (Leung et al., 2000).
However, trpl;trp double mutants are blind (Niemeyer et al., 1996). The
transient light response in trp mutant photoreceptor cells arises since
the Ca2+ influx through the TRP channels is required for recycling of
PIP2, which is necessary for sustaining a visual response (Hardie et al.,
2001).

Despite the many years that have elapsed since the identification of
TRP and TRPL, the activationmechanismof these channels remains con-
troversial. Light captured by rhodopsin in the adult visual organs (the
compound eye, Hofbauer–Buchner eyelet, which is located internally
between the retina and the optic lobes, and ocelli; Fig. 3A and B),
A

D

E

Ccompound eye

ocelli H-B
eyelet

maxillary
palp

terminal organs/maxillary nerve
Bolwig organs/nerve class IV mu

brain/
ventral nerve cord

ant

mp

lab

oc
H-B e

1st ante

arborization
of the class IV multidendritic neurons

com
eye

Fig. 3. Drosophila sensory organs. A) Sensory organs in an adult fruit fly. Colored circles ind
eye, compound eye; H–B e, Hofbauer–Buchner (H–B) eyelet; mp, maxillary palp; lab, labell
lamina, but is shown superficially here and panel B. B) Top view of a fly head showing the
adapted from previous drawings (Gomez-Marin and Louis, 2012). E) Arborization of the cl
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leads to activation of a G-protein coupled signaling cascade that em-
ploys a phospholipase C (PLC) encoded by norpA (Fig. 2C). This results
in hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) in the
membrane, and formation of diacylglycerol (DAG), inositol 1,4,5-tris-
phosphate (IP3) and a H+ (Montell, 2012) (Fig. 2C). This signaling cas-
cade differs markedly from phototransduction in mammalian rods and
cones, which depends on cGMP as the second messenger, and culmi-
nates with a light-dependent decline in cGMP levels and closing of
cGMP-gated cation channels (Fu and Yau, 2007). However, ~1% of
mammalian retinal ganglion cells are intrinsically photosensitive
(ipRGCs), and sense light through a TRP-dependent cascade that bears
arista

labellum

2nd antennal segment

3rd antennal segment

dorsal organs/antennal nerve
ltidendritic/chordotonal neurons

taste

smell

vision

hearing/
gravity 
sensation

mechano-
sensation

(contains Johnston s organ)

(contains sacculus)

nnal segment

icate the spatial distributions of the sensory organs. Abbreviations: ant, antennae; com
um; oc, ocelli. The H–B eyelet is located internally in the brain between the retina and
visual organs. C) Frontal view of a fly head. D) Larval sensory organs. The cartoon is

ass IV multidendritic neurons that tile the body wall of larvae.
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great similarity to Drosophila phototransduction (Perez-Leighton et al.,
2011; Provencio et al., 2000; Sekaran et al., 2007; Warren et al., 2006;
Xue et al., 2011). These ipRGCs are primarily important in irradiance de-
tection rather than image formation, and contribute circadian rhythm
(Berson et al., 2002; Schmidt et al., 2011).

Despite the unresolved question as to the link between PIP2 hydro-
lysis and TRP and TRPL activation, there is agreement that IP3 does not
activate the channels since release of caged IP3 does not induce a light
response, and loss of the IP3 receptor has no effect on phototransduction
(Hardie, 1995; Raghu et al., 2000). Agonists thatmight gate the TRP and
TRPL channels are polyunsaturated fatty acids (PUFAs), which could be
generated through metabolism of DAG (Chyb et al., 1999) (Fig. 2C). In
support of this concept, amutation in inaE, which disrupts a DAG lipase,
has a profound effect on phototransduction (Leung et al., 2008). PUFAs
might activate the channels through direct interactions with the chan-
nels, or through modification of the membrane around TRP and TRPL.

An alternative proposal is that acidification combinedwith a decline
in inhibitory PIP2 activates the channels (Huang et al., 2010). Evidence
for this mechanism stems in part from the finding that depletion of
phosphoinositides plus addition of the protonophore, 2,4-dinitrophenol
to dissociated photoreceptors promotes activation of TRP and TRPL. The
channels are also activated by aweak, lipophilic acid (octanoic acid) but
not by non-lipophilic acids (Huang et al., 2010). There are at least two
possibilities to explain this latter observation. First, non-lipophilic
acids are less likely to permeate the cell membrane, and may not
cause sufficient intracellular acidification. Second, lipophilic acids
might not activate TRP and TRPL through acidification but rather via in-
teraction at the channel/membrane interface. Nevertheless, a recent
study concludes that TRPL expressed in HEK293 cells is activated by
PUFAs rather than a reduction in PIP2 and acidification (Lev et al.,
2011). Thus, no consensus has emerged concerning the link between
PIP2 hydrolysis and activation of the channels.
Dual TRP-dependent mechanisms for light sensation in larvae

Light detection inDrosophila larvae also employs TRP channels. In con-
trast to adults, which are positively phototactic,Drosophila larvae are neg-
atively phototactic. This makes sense, since early to mid-stage larvae
burrow into the ground, and light avoidance promotes this behavior. Lar-
vae also do not appear capable of discerning images. As such, they lack a
visual system similar to the sophisticated compound eye, which in adults
mediates image formation. Instead, larvae are endowedwith two types of
photoreceptor cells, one ofwhich—theBolwig organ (Fig. 3D), is in the an-
terior end of the larvae and is necessary for detecting low levels of light.
The 12 photoreceptor cells that comprise the Bolwig organ appear
to employ a Drosophila phototransduction cascade that couples rho-
dopsins to TRPL, but not TRP (Friedrich, 2008). The mechanisms of
TRPL activation in the Bolwig organ have not been studied in detail.
The photoreceptor cells in the Bolwig organ develop into the
extraretinal Hofbauer–Buchner eyelet in adults (Fig. 3B), which re-
tains expression of Rh5, Rh6, and TRPL. The H–B eyelet is situated
in the brain between the retina and optic lobes, and has been impli-
cated in modulating circadian rhythm (Helfrich-Forster et al., 2002;
Szular et al., 2012). However, a function for TRPL in circadian rhythm
has not been described.

Recent work demonstrates that larval detection of bright, poten-
tially damaging levels of light does not require the Bolwig organ,
but rather class IV multidendritic (mdIV) neurons, which tile the lar-
val body wall (Fig. 3D and E). These neurons are endowedwith exten-
sively branched dendritic arbors that span the surface of the larval
body. Ablation or inhibition of these polymodal nociceptors results
in deficiencies in the larvae's ability to sense and avoid bright light,
noxious thermal and mechanical stimuli, as well as excessively dry
environments (Johnson and Carder, 2012; Xiang et al., 2010; Zhong
et al., 2012).
Please cite this article as: Fowler MA, Montell C, Drosophila TRP chann
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The behavioral avoidance of high intensity light in larvae depends
on TRPA1 (Xiang et al., 2010). Surprisingly, a rhodopsin does not ap-
pear to be the light receptor that is linked to the activity of TRPA1.
One candidate receptor is the gustatory receptor, GR28b, which is relat-
ed to the light receptor (LITE-1) in Caenorhabditis elegans (Liu et al.,
2010). While mutation of Gr28b reduces light-induced firing of md
neurons (Xiang et al., 2010), it is not known if behavioral avoidance is
impaired. In addition, the link between GR28b and TRPA1 is unclear,
since there is no evidence that GR-related proteins are G-protein
coupled receptors (GPCRs).

Thermosensation

Fruit flies are poikilothermic animals, and are therefore extreme-
ly sensitive to changes in environmental temperature. Moreover,
their relatively simple neuronal architecture, and genetic tractability
make them an attractive animal model for studying the behavioral
and molecular mechanisms underlying thermosensation. The classi-
cal “thermoTRP” is mammalian TRPV1, which is activated directly by
moderately hot temperatures (≥42 °C) (Caterina et al., 1997). Drosophila
adults and larvae also use thermoTRPs for avoiding noxious heat and cold
and for discriminating small differences in temperature in the comfort-
able range, which is between 18 and 24 °C. Adults prefer 24 °C, while
wandering larvae favor 18 °C, consistent with the proclivity of these de-
veloping animals to burrow into the cool areas beneath the surface of
the ground. Drosophila thermoTRPs respond to temperature through
two distinct mechanisms, one of which emerged from characterizing
the discrimination of small temperature changes in the comfortable
range in larvae.

Thermal nociceptive escape response

Nociceptive responses are essential to allow animals to react very
quickly to potentially lethal sensory assaults, such as extremely hot tem-
peratures, noxious mechanical stimuli and dangerous chemicals. Larvae
exhibit a rolling andwrithing behavior referred to as a nocifensive escape
locomotion response when stimulated by either noxious temperatures
(>39 °C) or forceful mechanical stimulation, and this behavior is depen-
dent on mdIV neurons and the TRPA1 and Painless (Pain) channels
(Hwang et al., 2012; Neely et al., 2011; Tracey et al., 2003; Zhong et al.,
2012). Because Pain has a temperature activation threshold of ~39–
42 °C (Sokabe et al., 2008) and is expressed in mdIV neurons (Tracey et
al., 2003), it appears to be a direct sensor of noxious heat.

In adults, at least three TRP channels contribute to the nociceptive
responses to excessively hot temperatures, all of which belong to the
TRPA subfamily. These include TRPA1, Pain and Pyrexia (Pyx) (Lee et
al., 2005; Neely et al., 2011). The Pyx channel is directly activated by
hot temperatures with a threshold near 40 °C, and mutation of pyrexia
results in faster paralysis upon exposure to 40 °C (Lee et al., 2005).
Thus, Pyx appears to help flies function under extreme hot conditions.
TRPA1 and Pain also contribute to avoidance of noxious heat (46 °C)
(Neely et al., 2011).

Thermotaxis away from uncomfortably warm temperatures

In addition to the acute escape response to dangerous temperatures,
flies and larvae move away from temperatures outside of the preferred
18–24 °C range. In larvae, thermotactic avoidance of uncomfortably
warm temperatures is impaired by RNAi knockdown of trpA1
(Rosenzweig et al., 2005), consistent with the observation that TRPA1
is activated bywarm temperatures (Viswanath et al., 2003). This behav-
ior does not appear to require Pain or the md neurons that are required
for the nociceptive response to very hot temperatures (46 °C)
(Rosenzweig et al., 2005). A contribution of TRPA1 towarm thermotaxis
was confirmed by analyses of trpA1mutant flies (Kwon et al., 2008). In
adults, TRPA1 also contributes to warm thermotaxis, and does so
els and animal behavior, Life Sci (2012), http://dx.doi.org/10.1016/
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through functioning in anterior cell (AC) neurons in the brain. (Hamada
et al., 2008).

There are at least four TRPA1 isoforms (TRPA1-A–D) (Kwon et al.,
2010a; Zhong et al., 2012), which display different thresholds for
temperature activation and unique expression patterns [note that
the TRPA1-A and TRPA1-B isoforms in one study (Kang et al., 2012)
correspond to the TRPA-D and TRPA1-A isoforms referred to by
other groups (Kwon et al., 2010a; Zhong et al., 2012) and in the cur-
rent review]. Only TRPA1-A and TRPA1-D are thermally activated,
and a 37 amino acid region unique to these isoforms, which is juxta-
posed to the N-terminus of the transmembrane domains, appears to
contribute to their thermosensitivity (Zhong et al., 2012). TRPA1-D is
activated by temperatures starting at ~30–34 °C—too low for it to be
a candidate for directly mediating responses to noxious tempera-
tures (≥39 °C). Expression of TRPA1-C inmdIV neurons of trpA1mu-
tant larvae rescues the impairment in thermal escape. However, this
observation is perplexing because TRPA1-C is not a thermally acti-
vated channel. Thus the question arises as to the mechanism through
which this isoform confers thermal sensitivity to mdIV neurons. One
possibility is that Pain is the direct temperature sensor, and TRPA1-C
is activated downstream, and amplifies the response.
Thermotaxis away from uncomfortably cool temperatures

In mammals, TRPM8 serves as the cold sensor (McKemy et al.,
2002; Peier et al., 2002), however, there is no evidence currently
that the sole member of the TRPM family in Drosophila contributes
to thermosensation. Rather, fly TRPM functions in Mg2+ and Zn2+

homeostasis (Georgiev et al., 2010; Hofmann et al., 2010). A TRPV
channel (Inactive; Iav) in the chordotonal neurons (Fig. 3D), as
well as TRPL is required for sensing cool temperatures b17.5–18 °C,
which is the optimal temperature for larvae (Kwon et al., 2010b;
Rosenzweig et al., 2008). Neither Iav nor TRPL appears to be activat-
ed by cool temperatures in vitro (Kwon et al., 2010b; Rosenzweig et
al., 2008). Therefore, the mechanisms underlying cold sensation by
TRPL and Iav are not clear.
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Fig. 4. Simple two-way choice behavioral assays for testing temperature, olfactory and gustator
midline of an agarose-covered plate, which is placed on two aluminum plates kept at differen
temperature zone is scored after 15 min. The preference index is calculated using the formu
15 ml polystyrene tubes are prepared by placing 5 μl of odorant (e.g. citronellal) or the vehic
to prevent the flies from coming in direct contact with the odorant or the vehicle. Approximat
The number of flies in test zones A and B are counted after 30 min and the preference index is
choice assay. Flies are starved overnight and placed into a microtiter dish containing two tastan
dye. Flies are allowed to feed for 2 h before their abdomens are visually inspected for r
(NBlue+0.5NPurple)/(NRed+NBlue+NPurple).
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The direct cool/cold sensor in adult flies remains elusive. However,
three related proteins contribute to thermotaxis away from tempera-
ture such as 11–19 °C in favor of 25 °C (Gallio et al., 2011). These pro-
teins, called Brivido1-3 (Brv1-3) share sequence homology with
mammalian PKD1 proteins (Gallio et al., 2011), which bind to and
may regulate the activity of TRPP2 proteins (also called PKD2s)
(Consortium, 1995; Tsiokas, 2009). The Brv proteins contain ten trans-
membrane domains rather than six. While the last six have homology
to TRPP2s, there is currently no evidence that they or mammalian
PKD1s are channels, and are therefore not included in the TRP dendro-
gram (Fig. 1). Consistentwith previous evidence that the antennae con-
tribute to cold sensation (Altner and Loftus, 1985; Sayeed and Benzer,
1996), it appears that the brv genes are expressed and function in two
parts of the antenna—the sacculus in the 3rd antennal segment, and
the arista. In the arista, three neurons robustly respond to cold stimuli,
while three other neurons respond specifically to hot stimuli (Gallio et
al., 2011). Activation of these latter cells by heat is independent of
TRPA1, suggesting the presence of an unknown heat sensor that func-
tions in the antennae in addition to TRPA1, which functions as an inter-
nal thermosensor in anterior cell (AC) neurons in the brain (Hamada et
al., 2008).
Thermotaxis in the comfortable range through a thermosensory signaling
cascade

Animals, including Drosophila adults and larvae, are capable of dis-
cerning very small differences in temperature in the comfortable
range (18–24 °C), and seek out their ideal temperature. Surprisingly,
TRPA1 is also required in wandering larvae for choosing 18 °C over
slightly higher temperatures such as 19°–24 °C (Kwon et al., 2008)
(Fig. 4A). This finding was initially confusing, since temperatures in
the comfortable range fall below the threshold for direct thermal activa-
tion of TRPA1 (Viswanath et al., 2003). A resolution of this conundrum
is that TRPA1 is both directly and indirectly activated by changes in
temperature. In the comfortable range, temperature discrimination de-
pends on a signaling cascade that includes the same PLC (NORPA) and
esting  

icrotiter dish

one A 
testing  
zone B 

tronellal control chemical  

flies 

y discrimination. A) Larval temperature two-way choice assay. Larvae are placed along the
t temperatures by circulating water (e.g. 18 °C and 24 °C). The number of larvae in each
la: PI=(N18 °C−N24 °C)/(N18 °C+N24 °C). B) Direct airborne repellent test (DART). Two
le onto small pieces of Kimwipe at the bottom of each tube. Mesh screens are positioned
ely 100 flies are tapped into the tubes and the tubes are taped together along the midline.
calculated using the formula: PI=(NZone B−NZone A)/(NZone B+NZone A) C) Two-way taste
ts (e.g. sugar versus sugar mixed with a bitter tastant) mixed with either red or blue food
ed, blue, or purple color. The preference index is calculated using the formula: PI=
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Gq that function in phototransduction (Kwon et al., 2008). These find-
ings implicate a GPCR as the intrinsic thermosensor. Unexpectedly,
the GPCR essential for thermotaxis in the comfortable range is the
major rhodopsin (Rh1) required for light reception (Shen et al., 2011).
This role for rhodopsin is light-independent, as the thermotaxis assays
are performed in the dark.

The question arises as to the function of a thermosensory signal-
ing cascade, given that thermoTRPs including TRPA1 are capable of
being activated directly by changes in temperature. There are at
least two possible benefits of the indirect mechanism. First, by analo-
gy to phototransduction, the thermosensory signaling cascade might
allow for amplification of small temperatures differences in the com-
fortable range, and for adaptation to acceptable temperatures, such as
20° and 22 °C, if 18 °C is not available in the thermal landscape. Thus,
the directmechanism for activation of TRP channels appears to promote
survival, since adaptation to noxious conditions might lead to lethality.
The indirect mechanism could be considered a mechanism for promot-
ing quality of life—finding the perfect temperature. However, if this is
not possible to achieve, it may be okay to adapt.

The mechanism through which Rh1 contributes to thermosensation
remains unknown. Rhodopsins are very thermally stable, although they
have some intrinsic thermal activity (Baylor et al., 1980; Hardie et al.,
2002; Shen et al., 2011). One possibility is that an accessory factor am-
plifies the thermal sensitivity of Rh1 in larvae. Alternatively, since
there is evidence that GPCRs, including rhodopsins are dimers (Maeda
et al., 2006), it is possible that a second GPCR subunit binds to Rh1
and contributes to thermal sensitivity.

Mechanosensation

Mechanosensation allows animals to respond to soft touch, noxious
touch, sound, and gravity. Sensation of thesemechanical stimuli may be
carried out by channels that are gated either directly by changes in
force, such as Piezo proteins (Coste et al., 2012), or indirectly through
signaling cascades that are initiated by GPCRs (Storch et al., 2012).

Mild and noxious touch

The sense of soft touch in adult flies requires receptor neurons in
hair-like bristles (mechanosensory sensilla) on the legs, wings, and hal-
teres, which respond to small deformations in the cuticle that occur
during flight or movement, and can sense debris and initiate grooming
behavior. The TRPN channel, NOMPC (No Mechanoreceptor Potential
C), is localized to the tips of the ciliated mechanosensory bristles
(Walker et al., 2000), and loss of this channel causes a defect in the elec-
trophysiological response to mechanical stimulation in these sensilla in
adults (Walker et al., 2000)

The NOMPC protein includes a tandem array of 29 ankyrin repeats
in the N-terminal segment (Walker et al., 2000), which have been
proposed to comprise a mechanosensory gating spring (Howard and
Bechstedt, 2004). While Drosophila NOMPC has not been shown to
be an ion channel, the C. elegans NOMPC is activated by mechanical
stimuli in a microsecond timeframe and is therefore likely to be a
mechanotransduction channel (Kang et al., 2010b).

In contrast to adults, larvae lack bristle organs for mechanosensation,
and instead, sense soft and noxious touch through the mdIV neurons lo-
cated along the bodywall (Fig. 3D and E). Larvae also use lightmechanical
feedback provided by friction exerted on the body wall to avoid exces-
sively dry environments (Johnson andCarder, 2012). The friction generat-
ed during larval pupation as they exit the moist food environment,
requires Pain and an unrelated channel that is a member of the
degenerin/epithelial family of Na+ channels (Pickpocket) (Johnson and
Carder, 2012). Dysregulation of the activity of these channels impairs
the ability of larvae to determine proper pupation height.

The TRPA channels, Pain and TRPA1, which function in sensing
noxious heat, are also required in mdIV neurons for the escape
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response to strong mechanical stimuli (Tracey et al., 2003; Zhong
et al., 2012). How mdIV neurons contribute to both the nociceptive
escape response and light friction is not clear. However, examination
of mdIV-mediated behaviors that require TRPA1 or Pain reveals a pat-
tern. Mild avoidance behaviors such as to bright light or dry environ-
ments require either TRPA1 or Pain, but not both. More severe
behavioral responses such as the nocifensive escape responses to nox-
ious thermal and mechanical stimulation require the activation of
both channels, suggesting the possible model that mdIV-mediated be-
havioral responses are gated by the stimulus intensity and resulting
magnitude of neuronal activation. According to this model, a mild stim-
ulus is sufficient to activate a subset of ion channels, while a strong
stimulus activates a larger group of ion channels, causing more rapid
and/or greater depolarization and increased neuronal firing, resulting
in a more severe behavioral response.

Proprioception

Proprioception refers to awareness of the body parts and their
relative positions in space, and is essential for coordinated move-
ments. In adult flies, proprioceptive neurons are distributed in joints
of appendages, such as in the legs, wings and the balancing organ,
the halteres (Cheng et al., 2010). In larvae, proprioception appears
to require multidendritic neurons referred to as bipolar dendrite
(bd) neurons and class 1 dendritic arborization (da) neurons.
NOMPC is expressed in the femoral chordotonal neurons and in bd
and type 1 da neurons; and loss of NOMPC impairs locomotion and
proprioception in both larvae and adults (Cheng et al., 2010).

Gravity and sound sensation

The gravitational field induces negative geotaxis behavior in
adults, while auditory stimulation contributes to courtship and the
detection of other organisms and environmental stimuli. Fruit flies
respond to gravity and auditory stimuli through distinct neurons
housed in the same organ in the 2nd antennal segment—the so-called
Johnston's organ (Fig. 3C) (Göpfert et al., 2006; Sun et al., 2009). This
organ includes a greater number of mechanosensory neurons than
any other tissue in the fly. The use of separate gravity and sound sensing
neurons with different projection patterns into the brain bears similar-
ities to the mammalian vestibular and auditory systems (Göpfert et al.,
2006). Fruit flies hear through sound-induced vibrations of the 3rd an-
tennal segment, which in turn stimulates chordotonal neurons located
in the Johnston's organ.

At least five TRP channels participate in gravity and/or sound sensa-
tion. These include the two TRPV channels, Nanchung (Nan) and Iav,
which are expressed in both types of sensory neurons in the Johnston's
organ and are required for sensing both gravity and sound (Gong et al.,
2004; Kim et al., 2003; Sun et al., 2009). Two TRPA channels, Pain and
Pyx, participate in just gravitaxis (Sun et al., 2009). However, unlike
the other four TRP channels which are expressed in neurons in the
Johnston's organ, Pyx is expressed in non-neuronal cap cells that link
the chordotonal neurons with the mobile joint spanning the 2nd and
3rd antennal segments (Sun et al., 2009). One TRP channel, NOMPC,
functions in the auditory response only, and has been proposed to be
the elusive auditory transduction channel (Effertz et al., 2011; Sun et
al., 2009).

Hygrosensation

The ability of flies to monitor humidity levels in their environ-
ment is critical for their survival as it not only prevents dehydration,
but also allows them to detect moist environments for egg laying. In
flies, the hygrosensory receptors are located in bristle organs in the
distal antennae; and dry and moist air are detected via different sen-
silla that express unique channels. The TRPV channel, Nan, is required
els and animal behavior, Life Sci (2012), http://dx.doi.org/10.1016/
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for sensing moist air, while the TRPA channel, Waterwitch (Wtrw), is
necessary to detect dry air (Liu et al., 2007b). However, the mechanism
by which hygrosensory cells are activated by moisture levels in the
environment is unknown. Two possibilities are that the cells act as
chemosensors or mechanosensors. The latter possibility seems the
most plausible since Nan and Wtrw-expressing neurons project to
mechanosensitive centers in the brain (Liu et al., 2007b).

Chemosensation

The chemosensory modalities, taste and smell, are critical for
multiple animal behaviors, ranging from courtship and mating to
stimulating aggressive behavior, evaluating sites for egg-laying, for
discriminating safe from noxious foods and for detecting toxic
odors. While some insects are pollination vectors, in most cases in-
sects are deleterious for plants. Consequently, plants produce both
volatile and non-volatile repellent compounds, which are detected
through the senses of smell and taste, to ward away insect pests.

Smelling repellents

One of the most commonly used botanically derived insect repel-
lents is citronellal, and as with other odorants, it is detected through
olfactory receptor neurons (ORNs) housed in olfactory sensilla, which
are distributed on the 3rd antennal segment and maxillary palp
(Fig. 3A and C). Behavioral avoidance to volatile repellents can be
assayed using a simple two-way choice test (Fig. 4B), and loss of
TRPA1 impairs the aversion to citronellal (Kwon et al., 2010a).Drosoph-
ila TRPA1 is activated directly only by very high concentrations of citro-
nellal in vitro (Kwon et al., 2010a), suggesting that there is a signaling
cascade that couples citronellal exposure to activation of TRPA1. It
turns out that the same Gq and PLC (NORPA) that are required for
phototransduction, and for activation of TRPA1 in response to small dif-
ferences in temperature in the comfortable range (18–24 °C), also func-
tion in concert with TRPA1 in ORNs for citronellal avoidance (Kwon et
al., 2010a). Thus, high concentrations of citronellal may activate
TRPA1 directly, while the Gq/PLC/TRPA1 signaling cascade may serve
to amply the signal initiated by low concentrations of citronellal.

Surprisingly, while loss of trpA1 abolishes the avoidance response
to citronellal, citronellal-evoked action potentials are increased
(Kwon et al., 2010a). Rather, the action potentials are eliminated
by mutation of a protein that is a co-receptor (ORCO; formerly
OR83b) for another type of cation channel encoded by odorant re-
ceptors (ORs) (Sato et al., 2008; Smart et al., 2008; Wicher et al.,
2008). ORCO and gustatory receptors (GRs) also participate in avoid-
ance of the manmade repellent, DEET (Ditzen et al., 2008; Lee et al.,
2010; Syed and Leal, 2008). In the case of citronellal, there are two path-
ways required for avoidance behavior. It is possible that the amplified
response to citronellal following loss of TRPA1 results in rapid depletion
of ready releasable pools of neurotransmitters, effectively dampening
the overall response to citronellal.

Taste

In contrast to taste receptor cells in humans, which are limited to the
tongue, fly gustatory receptor neurons (GRNs) are contained in sensilla
distributed onmultiple body parts (Vosshall and Stocker, 2007). These in-
clude the labellum situated at the tip of the proboscis, which is the closest
fly equivalent to themammalian tongue (Fig. 3A and C). In addition, sen-
silla are located on the wing margins, legs, and the ovipositor of females
(Fig. 3A) (Singh, 1997; Stocker, 1994). The GRNs in the proboscis project
to the suboesophageal ganglion in the fly brain and drive attraction or re-
pulsion behaviors (Thorne et al., 2004; Wang et al., 2004). In flies, the
largest class of taste receptors are GRs, which are distantly related to fly
ORs (Clyne et al., 2000; Hallem et al., 2006; Montell, 2009; Robertson et
al., 2003; Scott et al., 2001). However, GRs are unrelated to mammalian
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taste receptors (TRs) (Chandrashekar et al., 2006; Hoon et al., 1999).
Mammalian TRs are GPCRs, and couple to a Gq/PLC signaling cascade
that culminates with activation of TRPM5 (Pérez et al., 2002; Zhang et
al., 2003).

Even though GRs represent the major class of taste receptors, flies
detect some aversive tastants through a signaling pathway that is
quite similar to themammalian taste transduction pathway. Plants pro-
duce an array of non-volatile compounds to repel insect pests, such as
aristolochic acid, and the repulsion to feeding on this and other tastants
can be assayed using a simple two-way choice test (Fig. 4C).
Aristolochic acid activates TRPA1 in GRNs in the proboscis through a
PLC-dependent signaling pathway (Kim et al., 2010). TRPA1 is also
expressed in GRNs in mouthparts, and can be activated directly by
small irritant chemicals such as allyl isothiocyanate (AITC), which is
the pungent component in wasabi (Kang et al., 2010a). Pain is also
expressed in GRNs and is required for avoidance to AITC (Al-Anzi et
al., 2006).

TRP channels and disease

Flies as an animal model for human “TRPopathies”

The genetic tractability of Drosophila makes this organism an appeal-
ing animal model for studying human diseases such as autosomal domi-
nant polycystic kidney disease (ADPKD) and mucolipidiosis type IV
(MLIV), which result from mutations in TRP channels (Venkatachalam
andMontell, 2007). ADPKD is characterized by renal cysts and kidney fail-
ure, and occurs as a result ofmutations in TRPP2 (PKD2) (Mochizuki et al.,
1996) and a large interacting protein with 11 transmembrane domains
(PKD1) (Consortium, 1995). TRPP2 appears to localize to primary cilia
in renal epithelial cells where it has been proposed to function as a
mechanosensitive channel to detect fluid flow (Nauli et al., 2003). The
Drosophila TRPP homolog, Almost there (Amo), localizes to the flagellated
sperm tail where it is required for sperm storage, indicating evolutionary
conservation of TRPP channel function in cilia (Gao et al., 2003; Köttgen et
al., 2011; Watnick et al., 2003).

MLIV is a severe childhood neurodegeneration disorder
(Wakabayashi et al., 2011) caused by loss-of-function mutations that
disrupt human TRPML1 (TRP Mucolipin1; MCOLN1) (Bargal et al.,
2000; Bassi et al., 2000; Sun et al., 2000). Unlike most TRP channels
that function in the plasma membrane, TRPML1 is primarily localized
to late endosomes and lysosomes (Kiselyov et al., 2005; Manzoni et
al., 2004; Venkatachalam et al., 2006). The disorder is characterized by
severe visual impairment, motor problems and mental retardation,
and there is no effective treatment (Wakabayashi et al., 2011). Flies
lacking the Drosophila homolog, TRPML, displays a phenotype reminis-
cent of the humandisease, including neurodegeneration andmotor def-
icits, and an accumulation of lysosome vesicles (Venkatachalam et al.,
2008). The neurodegeneration results from impairment of autophagic
removal of damaged mitochondria (Venkatachalam et al., 2008), due
to a defect in release of Ca2+ from late endosomes and a diminished fu-
sion of late endosomes/amphisomes and lysosomes (Wong et al., in
press). Loss of trpml, and the consequent decline in the completion of
autophagy reduces autophagic production of amino acids, thereby caus-
ing a decrease in activity of the serine/threonine kinase, TORC1 (Wong
et al., in press). As a result, there is diminished pupal survival, and this
phenotype is partially suppressed by feeding the mutant larvae an
amino acid-rich diet (Wong et al., in press). This latter finding raises
the possibility that an amino-acid rich diet might decrease the severity
of the clinical manifestations associated with MLIV.

Surprisingly, the trpmlmutant phenotype is rescued not only by ex-
pression of trpml+ in neurons, but also by expression of the wild-type
gene in phagocytic cells such as glia or hemocytes (Venkatachalam et
al., 2008). The basis for this rescue is that trpml function is required in
both neurons and phagocytic cells. In the absence of trpml in phagocytic
cells, the early-apoptotic neurons are not removed quickly. As a result,
els and animal behavior, Life Sci (2012), http://dx.doi.org/10.1016/
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there is an accumulation of late-apoptotic cells and release of cytotoxic
agents that promote the death of neighboring neurons through a by-
stander effect (Venkatachalam et al., 2008). The finding that trpml ex-
pression in glia suppresses the trpml mutant phenotype in flies raises
another therapeutic concept. The microglia in the human brain are
bone-marrow derived, and can cross the blood–brain barrier following
bone marrow transplantation. This suggests that bone marrow trans-
plantation might provide a potential therapy for MLIV.

TRPs and the control of insect pests

The identification of Drosophila TRP channels as sensors for insect
repellents opens the door to exploiting this finding to develop new
repellents to control insect-borne disease. While Drosophila TRPA1
is most effectively activated by citronellal through an indirect mode,
via a Gq/PLC signaling cascade, TRPA1 from themosquito vector forma-
laria, Anopheles gambiae, is potently and directly activated by citronellal
(Kwon et al., 2010a). The most effective repellent currently on themar-
ket is DEET, whichwas developed in the 1950s, and has limited potency
and duration (Katz et al., 2008). Thus, high-throughput screens for acti-
vators of Anopheles TRPA1 offer the potential to identify new classes of
repellents to combat insect-borne disease.
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