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Abstract Sensing environmental temperature is crucial for

animal life. The model animal, Drosophila melanogaster,

can be investigated with a large number of genetic tools,

which have greatly facilitated studies of the cellular and

molecular mechanisms of thermal sensing. At the molec-

ular level, a group of proteins, including Transient

Receptor Potential channels and ionotropic receptors, have

been characterized as potential thermal sensors in both

larval and adult Drosophila. At the cellular and circuit

levels, peripheral and central thermosensory neurons have

been identified. More interestingly, thermal information

has been found to be specifically encoded by specific

central neurons. In this short review, we mainly survey the

progress in understanding the molecular mechanisms of

thermosensation and the neuronal mechanisms of thermal

information processing in the brain of Drosophila. Other

recent temperature-related findings such as its impact on

neurosecretion and thermotactic behavior in Drosophila

are also introduced.
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Introduction

Sensing environmental temperature and making proper

responses are crucial for animal survival. Temperature has

a profound impact on body weight [1–6], longevity [7],

behaviors such as those governed by circadian rhythms [8],

and the ability to sense itch [9] and pain [10]. How do

animals sense environmental temperature? Although a

number of thermosensory proteins have been identified at

the molecular level [11–19], factors that sense specific

temperatures over different ranges have not been well

characterized. Moreover, neurons that function down-

stream from the primary thermosensory neurons remain to

be discovered.

In Drosophila melanogaster, the molecular and cellular

bases of temperature sensation have been well studied and

significant progress has been made in the past few years

[20–22]. Here, we review these studies, focusing mainly on

the cellular and molecular basis of thermal sensation and

thermal information processing in the fruit fly.

Techniques for Studying Thermosensation
in Drosophila

Upon encountering a temperature that may be harmful,

animals try to escape and find a more comfortable place. A

convenient way to measure fly responses to temperature is

thermotaxis. Two behavioral paradigms are commonly used:

the thermal gradient test and the two-temperature choice

plate [22–25]. In the thermal gradient test, flies are allowed

to redistribute on a plate in which the temperature continu-

ously and evenly changes from one end to the other. Flies

primarily stay within their favorite temperature range. If

thermosensation is disrupted, the distribution range of their

favorite temperature shifts either to the cooler or warmer

side. In the two-temperature choice assay, flies must choose

between two temperatures, one being warm and the other

cool. Even if neither temperature is ideal, the flies have to

choose the more favorable one. Recently, a paradigm for

& Zhefeng Gong

zfgong@zju.edu.cn

1 Department of Neurobiology, Key Laboratory of Medical

Neurobiology of the Ministry of Health of China, Zhejiang

University School of Medicine, Hangzhou 310058, China

123

Neurosci. Bull. June, 2017, 33(3):317–322 www.neurosci.cn

DOI 10.1007/s12264-016-0087-9 www.springer.com/12264

http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-016-0087-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-016-0087-9&amp;domain=pdf
www.springer.com/12264


finer tracking and analysis of thermotactic behavior at higher

temporal resolution has been developed [26, 27]. But so far,

it has not been widely used for screening temperature sen-

sation-related neurons and molecules.

The thermotaxis assay is fast and convenient. However,

to study thermosensation at higher temporal resolution and

at the cellular level, Ca2? imaging is commonly used

[25, 27–30]. When temperature or temperature-change

excites certain neurons, the intracellular Ca2? concentra-

tion increases, causing brightening of the fluorescence of

ectopically-expressed genetically-encoded Ca2? indicators

such as GCaMP or RCaMP. Ca2? imaging can easily be

used to screen for temperature-sensitive neurons or mole-

cules with a standard fluorescence or confocal microscope.

Electrophysiological recording is also commonly used

in studying thermosensory neurons. The sensitivity and

temporal resolution of such recording are much higher than

those of Ca2? imaging (milliseconds versus seconds).

Thus, when a temperature change is too rapid or too small

to be detectable by Ca2? imaging, electrophysiological

recording is necessary [30–32].

Electrophysiological and Ca2?-imaging techniques can be

used to measure fast responses to temperature. However, if

we want to know the neuronal responses to chronic exposure

to cold or heat, a longer monitoring time is required.

Although this is practically challenging for electrophysio-

logical and Ca2?-imaging methods, Ca-LexA (Ca2?-depen-

dent nuclear import of LexA) provides a perfect solution

[33]. In Ca-LexA, excitation of neurons induces higher

intracellular Ca2? concentrations, which in turn leads to the

translocation into the nucleus of NFAT (Nuclear Factor of

Activated T cells) fused with LexA. This activates LexAop-

driven expression of green fluorescent protein (GFP).

Because the accumulation of the GFP signal is a relatively

chronic process, relatively long temperature exposure times

that extend from hours to days are generally required [34].

Neuronal Basis of Thermosensation in Drosophila

Temperature-Sensing Neurons

Primary thermosensory neurons in the peripheral nervous

system express temperature-sensitive proteins. Temperature

is sensed by both external and internal sensors. In adult flies,

sensory neurons that respond to rising (hot) or falling (cold)

temperatures are found in the antennae. Cold-sensing neu-

rons expressing brv1, a gene encoding a cold-sensitive

TRPP (transient receptor potential polycystic) channel, are

located both at the base of aristae and in the sacculus region

of the 3rd antennal segment [25]. Interestingly, in addition to

the three cold-sensing neurons that express brv1, three heat-

sensing neurons that express gustatory receptor GR28B(D),

a heat-sensitive protein, are located at the base of each arista

[32]. Together, these six neurons make an ideal thermal

sensation space. Importantly, the cold-sensing neurons are

inhibited by heat, while the heat-sensing neurons are

inhibited by cold. This means that removal of a hot (or cold)

stimulus can have an anti-inhibitory effect, thus producing a

cold (or hot) sensation. These temperature-sensing neurons

project to a central region called the proximal antennal

protocerebrum (PAP) to form synapses with downstream

projection neurons for further information processing.

Notably, the targets of cold- and heat-sensing neurons are

discrete in the PAP, indicating that cold and heat informa-

tion are processed separately [25].

Aside from these peripheral neurons on the body sur-

face, other internal neurons can also sense temperature.

Drosophila transient receptor potential A1 (dTRPA1) is

expressed in warmth-sensitive AC (anterior cell) neurons

located in the anterior part of the brain [30]. AC neurons

project toward several other brain regions, including the

antennal lobes where their neurites arborize in the two

glomeruli VL2a and VL2p. Like the peripheral heat-

sensing neurons described above, the neurons expressing

dTRPA1 also project to the PAP. These joint projections

likely form a heat-receptive center in the brain, although

further downstream circuits remain to be characterized.

Temperature sensors have also been identified in fly

larvae. Similar to the position of antennae in the adult

body, larval thermosensors are found in the anterior tip of

the larval head. The cell bodies of larval thermosensors are

located in two ganglia: the dorsal organ ganglion (DOG)

and the terminal organ ganglion (TOG) [27, 29, 35, 36].

The dendrites of these neurons extend to two structures just

beneath the skin called terminal organs and dorsal organs

[22], which may collect external temperature information.

At least for sensing cold, both TOG and DOG neurons

respond to temperature drops below 25 �C. As detailed

below, DOG neurons express the cool-responsive iono-

tropic receptors IR21a and IR25a [35]; these neurons

respond quickly to temperature drops, even when the basal

temperature is set as low as 17 �C, and their activity is

inhibited when temperature rises. While silencing DOG

thermosensing neurons abolishes larval avoidance of cold

temperature, blocking TOG thermosensing neurons does

not have the same effect. The TOG/DOG thermosensing

neurons project to the antennal lobes to form synapses with

secondary neurons, similar to olfactory neurons in the adult

and larval antennal lobes [37]. In addition to the TOG and

DOG neurons in the larval head, neurons of the lateral body

wall also respond to temperature changes within the

10–40 �C range (basal level at 18 �C), with multidendritic

neurons showing the strongest responses. Most of these

neurons appear to be activated by rising temperatures and

inhibited by dropping temperatures [29]. Nevertheless,
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because reproducing observations in individual neurons is

difficult, further investigation is required to address the

details of the thermal sensitivity conferred by these body-

wall neurons.

Internal Representation of Temperature

Frank et al. [38] identified secondary neurons that receive

input from the heat and cold cells located at the base of the

aristae and named them ‘‘thermal projection neu-

rons’’(tPNs). tPNs project to brain regions such as the

lateral protocerebrum, the mushroom bodies, and the lat-

eral horn. The most impressive finding was that these tPNs

display feature-representation properties. Some tPNs are

broadly-tuned, responding to both rising and falling tem-

peratures, with peak responses correlating well with stim-

ulus intensity. These broadly-tuned tPNs are the largest

group and project to all the target regions noted above. This

suggests that these neurons provide significant drive to

higher-order thermosensory regions during any tempera-

ture transient. Other tPNs are narrowly tuned and less

numerous. They come in two types: fast-adapting and

slow-adapting. Fast-adapting tPNs respond to the onset or

offset of a temperature rise or fall, with peak responses that

do not faithfully scale with stimulus intensity. Thus, fast-

adapting tPNs may be able to track rapidly-evolving tem-

perature transients. Slow-adapting tPNs respond to cold or

heat with peak responses that scale with the magnitude of

the stimulus. In these cells, the response persists as heating

or cooling continues. Accordingly, responses begin to

decay only after the temperature stops changing.

Interestingly, a group of cold-activated ‘‘OFF response’’

fast-adapting tPNs only respond to cooling preceded by a

heating phase. The response is evident only when tem-

perature drops to the baseline level. This suggests that

inhibitory interactions exist between circuits that process

heat and cold. Indeed, as reported in a paper published

back-to-back [39], ‘‘heat projection’’ neurons not only

receive excitatory input from heat-sensing neurons, they

also receive indirect excitatory input from cold-sensing

neurons. This is achieved through disinhibition, when cold-

sensing neurons reduce the activity of inhibitory interme-

diate connections onto heat projection neurons [39, 40].

The properties of these neurons provide new insights into

how thermal information is processed.

Deeper in the brain, Tomchik [41] reported that a dis-

tinct subset of PPL1 dopaminergic (DA) neurons projecting

to the vertical lobes of the mushroom bodies are responsive

to cooling, while protocerebral anterior medial-type DA

neurons projecting to the horizontal lobes of the mushroom

bodies are not. These PPL1 neurons exhibit primary phasic

responses to cooling, biased toward the initial decrease in

temperature. Although no direct evidence has shown that

these neurons receive inputs from the thermal sensory

neurons or thermal projection neurons described above,

ablating the antennae reduces the response of PPL1-DA

neurons in the MV1 region of the mushroom bodies when

temperatures drop. If the antennae and maxillary palps are

removed, the responses of DA neurons in both the MP1 and

MV1 regions of the mushroom bodies are reduced. These

observations suggest that the cold-responsive DA neurons

receive input from thermal sensory neurons in the antennae

and that thermal sensors may also exist in the maxillary

palps. Nevertheless, more evidence is needed to elaborate

on this proposal.

Impact of Temperature on Neurosecretory Neurons

Thermal information is received by some neurosecretory

cells, which in turn have physiological effects by releasing

neuropeptides. In Drosophila larvae, cold stimulates insu-

lin-producing cells (IPCs) through DOG neurons [34]. Cold

not only stimulates IPCs, but also enhances the expression

of insulin-like peptide coding genes (dilps) and the secre-

tion of insulin-like peptides. Elevated levels of insulin-like

peptides in the hemolymph in turn affect larval develop-

ment and growth. In addition to DILPs, our unpublished

observations indicate that cold also stimulates DH44 neu-

rons and induces higher expression levels of diuretic hor-

mone-44, a neuropeptide thought to mediate stress

responses. Some other secretory neurons that project to the

ring gland are also activated by cold. These findings sug-

gest that temperature, at least cold, affects a wide range of

neurosecretory cells and the expression and function of

neuropeptides, as well as having profound effects on

internal physiology, behaviors, and development.

Molecular Basis of Thermosensation in Drosophila

Transient Receptor Potential (TRP) Channels

In mammals, members of the TRP family are known to

confer thermal sensitivity [12, 18, 19, 25]. TRPA1 and

TRPM8 are cold sensors, while TRPV1-4 sense heat [25].

Among these, TRPA1, TRPV1, and TRPV2 function

within the noxious (i.e., painful) temperature range, while

the others function within the innocuous range (i.e., cool-

ness and warmth). In addition, TRPM3 is a nociceptive

heat sensor [17]. More recently, TRPM2 has been reported

to be a warmth sensor in mice [42, 43].

TRP channels are also known to confer thermal sensi-

tivity in the fruit fly, although the mechanisms differ from

those in mammals. dTRPA1, unlike its mammalian cold-

sensing homologue, has been identified as a warmth sensor

[23, 30, 44]. Compared with wild-type fly larvae, those
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carrying a TRPA1 loss-of-function mutation distribute

themselves in warmer temperature zones, ranging from

27 �C to 41 �C [22]. dTRPA1 mutant adult flies also show

reduced avoidance of warm temperatures ranging from

28–32 �C [30]. The isoform dTRPA1(B), but not

dTRPA1(A), confers thermosensitivity on neurons,

although the latter can make cells more thermally sensitive

[31, 45]. Ca2? imaging and electrophysiological recordings

from TRPA1-expressing neurons in the fly brain have

shown that they are activated specifically when the tem-

perature rises above 24.9 �C. Loss of dTRPA1 function

completely abolishes this response. Interestingly, Kwon

et al. reported that dTRPA1 is also required for larvae to

slightly prefer 18 �C over higher temperatures such as

19 �C. In this case, dTRPA1 may function downstream of

the Gq protein-signaling pathway as an indirect influence

on thermosensitive neurons, rather than as a direct ther-

mosensor [23]. In addition to sensing innocuous thermal

stimulation, dTRPA1 is also involved in avoiding noxious

heat [46].

An important implication of dTRPA1 studies is the

generation of flies in which dTRPA1 is ectopically

expressed in cells, which can then be excited by tempera-

tures [27 �C. Because thermal stimulation is convenient

and non-invasive, this technique has been quickly adopted

and is widely used in behavioral neuroscience [30, 47].

Another TRPA family member named painless senses

temperatures[42 �C [48], but is generally considered to

function primarily in nociception induced by high tem-

perature (temperatures [42 �C are usually considered

painful to flies).

Work from the Charles Zuker lab has revealed another

group of TRP channels as candidate cold sensors [25]. The

genes brv1, brv2, and brv3 all code for channels homologous

to mammalian TRPP channels, and are expressed in cold-

sensing neurons (temperature drop to as low as 11 �C), but
not in warmth-sensing neurons (temperatures [25 �C).
These genes are co-expressed in the same sensory neurons

and may work jointly to facilitate the ability to sense cold.

Ca2?-imaging assays show that ablating brv1 or brv2 elim-

inates the response to temperature drops in these neurons,

suggesting that they are required for sensing cold. In addi-

tion, the brv1/2/3 genes are also required for avoiding cold in

a two-temperature thermotaxis paradigm in which flies are

forced to choose between 25 �C and a lower temperature.

Non-TRP Proteins

Aside from TRP channels, studies have also found other

receptor proteins that confer thermal sensitivity. A gustatory

receptor GR28B(D) confers sensitivity to high temperature

in adult Drosophila [32]. In fact, GR28B(D) and

dTRPA1(B) are mutually replaceable for sensing high

temperature, although they are differentially expressed and

mediate different types of thermotactic behavior.

GR28B(D) is expressed in peripheral hot cells in the base of

the aristae in antennae, while dTRPA1 is expressed in AC

cells of the anterior brain. GR28B(D) is required for rapid

negative thermotaxis while dTPRA1 is required for slow

thermotaxis on a shallow and broad thermal gradient.

Members of another large protein family, the ionotropic

receptors IR21a and IR25a also function in thermosensation.

Generally considered to be involved in detecting tastes and

smells, they have also been found to be required for cold

sensing and cold-avoidance behavior in larvae [35]. These

receptors are expressed in larval DOG neurons that sense

cold. Ectopic expression of IR21a confers coolness sensi-

tivity in an IR25a-dependent manner, suggesting that these

two receptors work together in sensing cold.

Other Molecules and Neurons Involved
in Drosophila Thermotaxis

Besides the thermally-responsive molecules and neurons

described above, other proteins and neurons have been

shown to be involved in fly thermotaxis. The TRPC family

members TRP and TRPL proteins required for fly vision are

indispensable for avoiding coolness in larvae [44]. IAV

(inactive), a TRPV family member previously known to be

required for hearing in adult flies [49], is also required for

larval thermotaxis [50]. IAV function in the chordotonal

organs of flies is necessary for larval preference of 17.5 �C
over slightly lower temperatures of 14–16 �C [50]. Strik-

ingly, rhodopsins Rh1 (encoded by the ninaE gene), Rh5,

and Rh6, which are photoreceptors in the adult retina, are

also required for larval thermotaxis between 18 �C and a

slightly higher temperature ranging between 19 �C and

24 �C [51, 52]. However, it remains unclear whether these

proteins are direct thermosensors, or simply play a role

downstream of thermosensory neurons like dTRPA1 in

thermotaxis between 18 �C and slightly higher temperatures

[24]. According to a recent report, labellum mechanosen-

sation mediated by the TRPV family member nan—a close

homologue of iav—represses gustatory responses to sugar in

adult flies [53]. Thus, at least in the case of iav-dependent

thermotaxis, larval thermosensation may be regulated by

iav-mediated mechanosensation. Undoubtedly, more evi-

dence is needed to test this hypothesis.

Summary and Prospects

To date, studies on Drosophila thermosensation have lar-

gely been restricted to the primary sensory neurons and

related molecules required for thermosensation. A few
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studies have begun to investigate deeper into the brain for

higher-level thermal information-processing. Several

questions remain to be explored:

1. What are the cellular and molecular bases of cuta-

neous thermosensation? Because sensing tempera-

ture is distributed throughout the skin in mammals,

as well as in the larval body wall, we would expect

to find thermosensory neurons in the surface and

limbs of the adult fly. However, no such report has

been published.
2. What are the effects of chronic temperature exposure?

Although Gr2bB and dTRPA1 are involved in rapid

and relatively slow thermal avoidance, respectively,

sensory molecules or neurons that respond to chronic

temperature changes have not been identified. Since

chronic thermal experience greatly affects animal

physiology, this aspect deserves more investigation.

3. How does Drosophila sense internal temperature?

Most studies have investigated how flies sense changes

in environmental temperature. However, sensing inter-

nal temperature is also an important aspect of

thermosensation in warm-blooded animals. Although

fruit flies are cold-blooded, they might also have

internal temperature-sensing mechanisms that differ

from those in warm-blooded animals only in terms of

how body temperature is regulated.

4. How is thermal information processed in the brain?

Finding thermal representations in tPNs is just a first

glimpse of the mechanisms by which thermal infor-

mation is internally processed, and the bulk of

neuronal circuits downstream from these primary

and secondary neurons are still uncharacterized. So

far, few studies have investigated higher-level ther-

mal information-processing by neurons deeper in the

brain.

With the help of genetic tools and rapid building of the

connectome for the Drosophila brain, we believe that

solving these problems is foreseeable in the near future.
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