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SUMMARY

Thermosensation is an indispensable sensory
modality. Here, we study temperature coding in
Drosophila, and show that temperature is repre-
sented by a spatial map of activity in the brain. First,
we identify TRP channels that function in the fly
antenna to mediate the detection of cold stimuli.
Next, we identify the hot-sensing neurons and show
that hot and cold antennal receptors project onto
distinct, but adjacent glomeruli in the Proximal-
Antennal-Protocerebrum (PAP) forming a thermo-
topic map in the brain. We use two-photon imaging
to reveal the functional segregation of hot and cold
responses in the PAP, and show that silencing the
hot- or cold-sensing neurons produces animals with
distinct and discrete deficits in their behavioral
responses to thermal stimuli. Together, these results
demonstrate that dedicated populations of cells
orchestrate behavioral responses to different
temperature stimuli, and reveal a labeled-line logic
forthe coding of temperature information in the brain.

INTRODUCTION

The role of our senses is to create an internal representation of
the physical and chemical features of the external world. Sight,
hearing, touch, smell, and taste define the basic palette used
by scientists, artists, writers, and poets to illustrate how we
capture the world in our brains (Shakespeare went even further,
and in his Sonnet 141 tells us about the struggles between the
senses and the heart). Of course, we now recognize several
additional sensory systems, most prominently perhaps temper-
ature sensing.

Recent advances in the study of mammalian thermosensation
have provided fundamental insight into molecular mechanisms
mediating hot and cold temperature detection (Jordt et al,
2003; McKemy, 2007; Patapoutian et al., 2003). The detection of
thermal stimuli relies on receptor proteins activated directly by
changes in temperature. At present, four mammalian heat-acti-
vated (TRPV1-4) and two cold-activated (TRPM8 and TRPA1)

614 Cell 144, 614-624, February 18, 2011 ©2011 Elsevier Inc.

ion channels, all members of the Transient Receptor Potential
(TRP) family, have been shown to function as temperature recep-
tors. Some of these thermosensors operate in the noxious
(TRPV1, TRPV2, and TRPA1), and some in the innocuous
(TRPV3, TRPV4, TRPM8) temperature range (Basbaum et al.,
2009; Caterinaetal., 2000, 1999, 1997; Colburn et al., 2007; Dhaka
et al., 2007; Guler et al., 2002; Jordt et al., 2003; Lee et al., 2005;
McKemy et al., 2002; Moqrich et al., 2005; Peier et al., 20023,
2002b; Smith et al., 2002; Story et al., 2003; Xu et al., 2002).

Several cell types are likely to function as peripheral tempera-
ture sensors in mammals. Most notably, neurons located in the
dorsal root ganglion (DRG) project to the skin, where they detect
changes in temperature both in the noxious and innocuous
range (Basbaum et al., 2009; Jordt et al., 2003; Patapoutian
et al., 2003). TRP channel expression defines at least four
DRG neuron sub-classes: TRPV1 expressing (hot nociceptors),
TRPV1+TRPA1 expressing (putative hot-cold polymodal noci-
ceptors), TRPM8 expressing (cold sensors), and TRPV2 express-
ing cells (very high threshold hot nociceptors) (Basbaum et al.,
2009; Jordt et al., 2003; McKemy, 2007; Patapoutian et al.,
2003). Surprisingly, the “warm receptors” TRPV3 and TRPV4
do not appear to be expressed in DRG neurons, but rather in ker-
atinocytes within the skin (TRPV3; (Peier et al., 2002b), or very
broadly in both neural and non-neural tissues (TRPV4; (Plant
and Strotmann, 2007). The in vivo requirement of TRPs as ther-
mosensors was substantiated by the characterization of knock-
out mice lacking TRPV1, TRPV3, TRPV4 or TRPM8 (Caterina
et al., 2000; Colburn et al., 2007; Dhaka et al., 2007; Lee et al.,
2005; McKemy, 2007; Mogrich et al., 2005). Interestingly, while
the phenotypes were often partial and compound supporting
a model involving multiple (possibly overlapping) receptors
(Lumpkin and Caterina, 2007), some cases were very clear sug-
gesting a 1:1 correspondence between receptor expression and
behavior. For example, TRPM8 mutant mice are dramatically
impaired in their behavioral and physiological responses to
cold temperatures (Bautista et al., 2007; Colburn et al., 2007;
Dhaka et al., 2007). As TRPMS8 is expressed in most, if not
all, cold-sensing neurons (Dhaka et al., 2008; Kobayashi
et al., 2005; Takashima et al., 2007) but not in hot nociceptors
(Kobayashi et al., 2005), these results suggest that the coding
of temperature may be orchestrated by the activity of dedicated
cell types, each tuned to respond to a defined temperature range
(Lumpkin and Caterina, 2007).
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How do animals represent and process thermal stimuli?
Drosophila provides an attractive system to study temperature
coding: flies possess sensory systems anatomically and geneti-
cally simpler than those of vertebrates, and critically depend
on quick, reliable and robust temperature sensing for survival
(an important adaptation of poikilothermic organisms). In
Drosophila, two related TRP channels have been proposed as
temperature receptors: painless (Sokabe et al., 2008; Tracey
et al., 2003) and dTRPA1(Hamada et al., 2008; Kwon et al.,
2008; Rosenzweig et al., 2005). The painless channel is activated
by high, “noxious” heat (>42-45°C; (Sokabe et al., 2008), and is
expressed in peripheral multi-dendritic neurons of the larval
body wall (Tracey et al., 2003). As painless mutants also fail to
react to mechanical injury (Tracey et al., 2003), this channel
appears to be required for the function of bimodal thermal/
mechanical nociceptors. dTRPA1 was originally described as
a candidate hot receptor based on its ability to respond to
warm temperatures in heterologous expression systems (Viswa-
nath et al., 2003). Surprisingly, dTRPA1 doesn’t function in the
PNS, but rather in a small cluster of neurons within the brain
(Hamada et al., 2008). In addition to internal thermosensors,
adult flies have been suggested to have temperature receptors
located in antennae (Sayeed and Benzer, 1996; Zars, 2001).

To begin studying temperature coding in Drosophila, we iso-
lated mutants affecting behavioral responses to temperature.
Here, we describe candidate cold temperature receptors in
Drosophila and identify the peripheral neurons and the thermo-
sensory organs in which they function. We also used live imaging
to record the activity of the peripheral hot and cold thermosen-
sors and studied their function and projections to the brain.
Our results substantiate a labeled line wiring logic for cold and
hot sensors, and illustrate how the activity of these dedicated
cells may be used to orchestrate an animal’s temperature
preference.

RESULTS

brivido Genes Are Necessary for Behavioral Responses
to Cold Temperatures in Drosophila

In order to identify potential cold receptors in Drosophila, we
screened a collection of candidate P element insertions for
altered temperature preference in a simple two-choice assay.
Fifteen flies from each P element line were allowed to distribute
in a small arena divided into 4 quadrants, two were set to a refer-
ence temperature (25°C), and two to a test temperature (ranging
from 11 to 39°C). The time spent by the flies in each quadrant (in
a 3 min trial) was then computed to calculate an avoidance index
for the test temperature (see Experimental Procedures for
details). Wild-type flies display a clear preference for tempera-
tures in the range of 24°C-27°C (Sayeed and Benzer, 1996),
with robust avoidance to colder and warmer temperatures (Fig-
ure 1). One of the candidate lines, however, exhibited a markedly
altered behavior, with a clear deficit in their aversion to cold
temperatures (NP4486; Figure S1, available online). Interest-
ingly, this line carries a P element insertion approximately 2 Kb
downstream of a predicted Transient Receptor Potential (TRP)
ion channel (CG9472; Figure 1). To determine whether this ion
channel is in fact involved in thermosensation, we screened for

classical loss-of-function mutations within the CG9472 coding
region by Tilling (McCallum et al., 2000), and recovered a non-
sense mutation (brv1-56% > STOP) that truncates the protein within
the highly conserved ion transporter domain (Figure 1; (Bateman
et al., 2000). brv1-563 > STOP homozygous mutants are viable and
display no obvious morphological defects. However, these
mutant flies, much like the original NP4486 P element insertion
line, exhibit a selective deficit in their avoidance to cold temper-
atures (Figure 1). Because of this potential cold temperature
sensing deficit, we named CG9472 brivido-1 (brv1, ltalian for
shiver).

Brv1 is a member of the TRPP (polycistin) subfamily of TRP ion
channels (Montell et al., 2002). The Drosophila genome encodes
two additional uncharacterized TRPPs, CG16793 and CG13762
(here named brivido-2 and -3; Figure 1). Thus, we set out to test if
one or both of these TRP genes might be important for thermo-
sensation. Using Tilling, we screened for potential loss of func-
tion mutations in brv2, and recovered several mutants, including
one that carries a non-sense mutation that truncates the protein
before the ion transporter domain (brv2"2%° > STOR) Figure 1
shows that brv2 mutants display dramatic deficits in their avoid-
ance to cold temperatures, even as low as 11°C. Importantly, this
defect is due to the loss of the brv2 TRP channel, as introduction
of a wild-type gene completely restores normal temperature
preference to the mutant flies (Figure S1). brv3 maps to the X
chromosome, and was therefore not amenable to Tilling using
the existing mutant collections (Koundakjian et al., 2004). Hence,
we targeted an inducible brv3 RNAI transgene (Ni et al., 2009) to
all neurons (under the control of the scratch promoter, strongly
expressed in the PNS; (Roark et al., 1995) and monitored
the resulting flies for temperature choice defects. As seen for
brv1 and brv2 mutants, reducing brv3 transcript levels (Figure 1
and Figure S1, and see below) also impacted the animal’s
specific aversion to cold temperatures. Together, these results
reveal an important role for the Brivido TRP ion channels in
cold temperature sensing, and led us to hypothesize that Brv-
expressing cells might function as cold thermosensors in
Drosophila.

brv1 Expression Defines a Population of Antennal

Cold Receptors

Little is known about the identity or location of the cells that act
as cold temperature receptors in Drosophila. Electrophysiolog-
ical studies in other insects, however, have singled out the
antenna as an important substrate for cold detection (Altner
and Loftus, 1985). The original brv1 P element insertion line
also functions as an enhancer trap (Hayashi et al., 2002), there-
fore we used these flies to examine potential sites of brv1
expression in the antenna. NP4486-Gal4 drives UAS-GFP
reporter expression in different sets of cells in the antenna:
(@) mechanosensory neurons of the 2nd antennal segment
(Figure S2), (b) three ciliated neurons at the base of the arista
(Figure 2, open arrowheads), and (c) a small number (~15-20)
of neurons in the sacculus region of the 3rd antennal segment
(Figure 2, arrowhead). The expression in all 3 sites reflects the
expression of the native brv1 gene as all are labeled in in situ
hybridization experiments with an antisense brv1 probe (Fig-
ure S2). Could any of these neurons be the elusive antennal
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Figure 1. Temperature Preference Phenotypes of brivido Mutants

(A) Dendogram tree of TRP channels in Drosphila; brivido genes encode three members belonging to the TRPP subfamily (Montell et al., 2002). The diagrams to
the left illustrate the proposed secondary structure of Brv proteins, and the location of loss-of-function mutations in brv1 and brv2 (STOP).

(B and C) Two-choice assay of temperature preference in control flies. (B) Groups of 15 flies are tested in a chamber whose floor is tiled by four independently
controlled peltier elements. In each trial, a new test temperature (represented in blue) is chosen, and the position of the flies recorded for 180 s. Set and reference
temperatures are then switched for an additional 3 min trial. (C) Cumulative images of the flies’ position throughout the trial (illustrated in the right of panel b) are
analyzed to compute an avoidance index for each test temperature (gray bars in c, test temperatures varied between 11°C and 39°C, Reference temperature =
25°C; n =10, mean + SEM).

(D-F) Temperature preference phenotypes of (D) brv1-56% > STOP (E) prv2V205 > STOP and (F) scratch-Gal4 > brv3(RNAI) flies (n > 5, mean + SEM). Red bars denote
Al values significantly different from controls in the cold range (p < 0.05). In (F), lower asterisks indicate significant difference from scratch-Gal4/+ (Figure S1D) and

upper asterisks from +/UAS-brv3™™A (Figure S1E). In all panels, *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ANOVA. See also Figures STF-S1H.

cold receptors? To answer this question, we expressed
G-CaMP, a genetically-encoded calcium activity indicator (Nakai
etal.,, 2001; Wang et al., 2003), under the control of NP4486-Gal4
and investigated the functional responses of the brv7-express-
ing antennal neurons to temperature stimulation. To ensure the
integrity of the tissue during functional imaging, we used a set
up that permits monitoring G-CaMP’s fluorescence in real time
through the cuticle, yet still maintains single-cell resolution (see
Experimental Procedures). Our results (Figure 2 and Figure S2)
demonstrate that brv7-expressing neurons, both in the arista
and in the sacculus (but not in the 2nd antennal segment, data
not shown) respond rapidly, robustly, and selectively to cooling
stimuli. Remarkably, these cells are activated by temperature
drops as small as ~0.5°C, and their responses reliably mirror
the kinetics and amplitude of the stimulating cold pulse (Figure 2).
Importantly, these cells are not activated by hot stimuli (see
below).

Do Brvs function together in thermosensation? We have
attempted to define the cellular sites of expression for each of
the 3 brv genes, but have been unable to map the sites of expres-
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sion for brv2 and brv3 (data not shown). However, three pieces of
evidence strongly argue that brvs are co-expressed in cold
sensing neurons. First, loss-of-function of any one of the brv
genes results in strikingly similar defects in the behavioral
responses of adult flies to cold stimuli (Figure 1). Second, target-
ing brv3 RNAI to brv1-expressing neurons (under the control of
NP4486-Gal4) results in a cold sensing deficit comparable to
ubiquitous brv3 RNAI expression (Figure S1H). Third, we imaged
cold-induced calcium transients in brvl and brv2 mutant
animals. Our results (Figure 2) show that the cold-evoked
responses of brv1-expressing cells are severely affected in either
brv1 or brv2 mutant backgrounds. These results demonstrate
that brvs are required in the same neurons, and further substan-
tiate brv-expressing cells in the antenna as cold temperature
receptors.

A Population of “Hot” Receptors

In addition to the three brv7-expressing cold-sensing cells, the
arista also houses three additional neurons, for a total of six in
each arista (Foelix et al., 1989). We reasoned that an ideal
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Figure 2. brv1 and -2 Function in Cold Temperature Reception In Vivo

(A-D) Cold sensing neurons in the Drosophila antenna are revealed by expression of fluorescent reporters under the control of the brv1 enhancer trap NP4486-
Gal4. (A) NP4486-Gal4 drives CD8:GFP expression in neurons located in the sacculus region (arrowhead), and in a small number of neurons at the base of the
arista (open arrowhead). (B) Camera lucida-style drawing representing the position of the brv1-expressing neurons (the sacculus is represented by a dashed line
drawing). (C) High-magnification confocal stack showing ~15-20 brv1-expressing neurons in the sacculus. (D) An NLS:GFP nuclearly localized reporter marks the
3 brv1-expressing cells in the arista (open arrowheads).

(E and F) brv1-expressing aristal neurons respond to cooling stimuli. Shown in (E) is a basal fluorescence image, and (F) the maximal response during a stimulus of
At~5°C (from 22°C to 17°C), the lookup table represents AF/F%. (G) Temperature responses are reversible and scale with the magnitude of the stimulus
(responses of a single cell are shown as blue traces, AF/F%; gray traces denote stimuli in °C; in all panels the scale bar represents 10 um).

(H and I) Loss-of-function mutations in brivido1 and -2 severely affect the responses of the aristal cold-sensing neurons to cooling. Shown are G-CaMP responses
from (H) brv1-56% > STOP (light blue dots, n = 5) and (I) brv2"2%% > STOP (dark blue dots, n = 10) mutant flies compared to control flies (green dots); G-CaMP was
expressed under the pan-neural driver elav-Gal4. Each dot represents the response of a single cell to a stimulus; each animal was subjected to a maximum of 5
stimuli of different intensity (see Experimental Procedures, n =5 animals in [H] and n = 10 in [l]). Note the significant reduction in the responses of mutant animals;
we suggest that the small, residual activity seen in each of the mutant’s lines is likely the result of overlapping function among the different brv genes (see also

Figure S2).

temperature sensing-organ should house cold- and hot-
sensors, and therefore examined whether these three extra
neurons may function as hot temperature receptors. To sample
the activity of the six neurons in the same preparation, we engi-
neered flies expressing G-CaMP in all aristal neurons under the
control of the pan-neural driver elav-Gal4 (Lin and Goodman,
1994), and monitored their responses to cold- and hot tempera-
ture stimuli. All six aristal neurons indeed responded selectively
to temperature changes: 3 neurons exhibited calcium increases
to warming, but not cooling, and 3 to cooling but not warming
stimuli (Figure 3). Much like the brv-expressing cold receptor
neurons, aristal hot-sensing neurons were activated by temper-
ature increases as small as ~0.5°C, and their responses closely
tracked the temperature stimulus (Figure S3). Interestingly, each
population was inhibited by the opposite thermal stimuli, with hot
cells displaying a decrease in [Ca®*]i in response to cold stimuli,
while the cold cells exhibit a decrease in [Ca®*]i in response to
hot stimuli (Figure 3). Hence, the antenna contains two distinct
sets of thermoreceptors that together operate as opposite
cellular sensors: one set of cells that is activated by a rapid
rise in temperature but is inhibited by cold stimuli, and another

that is activated by cold temperature but is inhibited by hot
stimuli (Figure 3).

Recently, another TRP ion channel, dTRPA1, has been
proposed to function as a warmth receptor in a small group
of neurons in the Drosophila brain (i.e., an internal brain thermo-
sensor; (Hamada et al.,, 2008). Thus, we examined whether
dTRPAT1 plays a role in the responses of the antennal hot
sensing cells by recording the thermal-induced activity of these
neurons in a dTRPA1 mutant background. Our results demon-
strated no significant differences in hot responses between
wild-type and mutant animals (Figure S3), thus ruling out a signif-
icant role for dTRPAT in the detection of hot temperature by the
antenna.

Distinct Brain Targets for Hot and Cold
Thermoreceptors

How is the antennal temperature code relayed to the brain? Do
hot and cold channels converge onto the same target, or do
they project to different brain regions? To address these ques-
tions, we tracked the projections of the antennal thermorecep-
tors to the brain. To follow the projections of the cold receptors,
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Figure 3. Hot and Cold temperature Recep-
tors in the Drosophila Antenna

(A) Scanning electron micrograph of the
Drosophila antenna. The arista (white box) houses
six neurons, four of which are visible on the focal
plane shown in (B).

(B) Basal fluorescence and maximal response
images of 4 neurons expressing G-CaMP under

the control of elav-Gal4. Functional imaging
reveals that these cells respond to either hot (cells
1 and 2) or cold (cells 3 and 4) thermal stimuli
(Stimuli are At~5°C from 22°C; red dot: hot stim-
ulus; blue dot: cold stimulus).

(C) Response profile of the two hot- (cells 1 and 2in
panel [B]) and the two cold-sensing neurons (cells
3 and 4 in panel [B]) to a stimulus of At~5°C; red
traces denote responses of hot cells, and blue
traces depict the cold cells. Note that cold sensing
neurons display a drop in intracellular calcium in

(] response to hot stimuli, and the hot-sensing
80 neurons display a decrease in intracellular calcium
in response to warming (scale bar represents
20 3 60+ 20 um, see also Figure S3).
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[22°C 27°C | 22°G PEZ- | targeted by cold cells (Figure 4). Strik-

we expressed a membrane targeted GFP (CD8:GFP) under the
control of the brv1 enhancer trap, NP4486-Gal4. Because
NP4486 is also expressed in the brain (Figure S2), we relied on
an intersectional strategy to restrict expression of NP4486-
Gal4 only to antennal neurons (e.g., using eyeless-flippase
expressed in the antenna but not in the brain, and a FRT >
Gal80 > FRT transgene; see Experimental Procedures for
details). Figure 4 shows that projections from brv1 expressing
cold-sensing neurons converged onto a previously uncharacter-
ized region of the fly brain, arborizing into a discrete glomerulus
lying at the lateral margin of the Proximal Antennal Protocere-
brum (PAP).

What about the hot receptors? In order to track the projections
of the “hot” aristal neurons, we had to first identify selective
drivers for these cells. We screened Gal4 lines for reporter
expression in the arista and tested candidate lines on two
criteria. On the one hand, positive lines had to drive expression
of a GFP reporter in only 3 of the 6 arista cells. On the other
hand, these labeled cells should respond to hot but not cold
stimuli. Indeed, one line, HC-Gal4, drove CD8:GFP expression
in 3 out of the 6 aristal thermoreceptors, but not in any other
cell in the antenna or CNS. In addition, G-CaMP functional
imaging experiments proved that these 3 neurons respond
specifically to warming, but not cooling stimuli (Figure S3).
Therefore, using HC-Gal4 and CD8:GFP we examined the
projections of the hot receptors. Figure 4 demonstrates that
hot receptors also target the PAP. Notably, these projections
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ingly, the previously described internal

“warm” receptors (expressing dTRPA1;

(Hamada et al., 2008) also send projec-
tions to the hot glomerulus (Figure S4). Taken together, these
results reveal a thermotopic map of projections in the PAP.

A Functional Map of Temperature Representation

in the Protocerebrum

We reasoned that the topographic map of hot- and cold projec-
tions in the PAP would translate into a functional representation
of temperature in the brain. Thus, we used two-photon calcium
imaging (Denk et al., 1990) to examine activity in the brains of
flies expressing G-CaMP under the control of either NP4486-
Gal4 or HC-Gal4. Indeed, the PAP glomerulus targeted by the
cold neuron projections displayed robust calcium transients in
response to cold stimuli, while the PAP glomerulus formed by
the projections from the hot neurons was selectively stimulated
by hot temperature (Figure 5). Importantly, the activity of cold
and hot glomeruli was proportional to the stimulus intensity (Fig-
ure 5 and Figure S5) and -as seen in the cell bodies- each
glomerulus also responded to the opposite temperature stimuli
with a decrease in [Ca®*]i. We also expressed G-CaMP pan-
neurally (under the control of elav-Gal4) so as to simultaneously
image both PAP glomeruli, and examined the responses to hot
and cold stimulation. Again, only the two PAP glomeruli
responded to thermal stimulation, and displayed a high degree
of sensitivity and selectivity: the “hot” glomerulus was activated
exclusively by warming, and the “cold” one by cooling stimuli
(Figure 5). Finally, to validate the antennal thermosensors as
the major drivers of PAP activity, we showed that surgical



Figure 4. Hot and Cold Fibers Define Two Distinct Glomeruli in the
Protocerebrum

(A-G) Hot and cold antennal neurons target two distinct, but adjacent glomeruli
in the proximal antennal protocerebrum (PAP). (A) Schematic representation of
major centers in the fly brain highlighting the position of the PAP (in green). The
PAP lies just below the antennal lobe (AL, not shown on the left side of the brain
to reveal the PAP); MB, mushroom bodies. SPP: super peduncular proto-
cerebrum. AN: antennal nerve. SOG: sub esophageal ganglion. (B) PAP
projections of antennal cold receptors. NP4486-Gal4 flies carrying ey-FLP
(active in the antenna) and a tubulin-FRT > Gal80 > FRT transgene, reveal the
projections of cold thermoreceptors to the PAP (see text and Experimental
Procedures for details). Cold receptor afferents coalesce into a distinct
glomerulus at the lateral margin of the PAP (ACT, antennocerebral tract). (C)
Hot receptors (labeled by CD8:GFP driven by HC-Gal4) also target the PAP,
forming a similar, but non overlapping glomerulus. (D and E) Schematic illus-
tration of the PAP, with superimposed tracings of the projections shown in
panels (B) and (C) (blue: cold receptors; red: hot receptors). (F and G) Low
magnification confocal stacks showing symmetrical innervation of the PAP.
Panel (F) shows a brain from a NP4486-Gal4 fly and panel (G) from a HC-Gal4
animal. The strong labeling seen in the antennal nerve (AN) of NP4486-Gal4
flies originates in the NP4486-expressing mechanoreceptors of the second
antennal segment; these target the Antennal and Mechanosensory Motor

resection of a single antennal nerve dramatically reduced PAP
responses on the side of the lesion, while bilateral resection
affected responses on both sides of the brain (Figure S5 and
data not shown). Together, these results validate a functional
temperature map in the brain, and demonstrate that hot and
cold stimuli are each represented by a unique spatial pattern of
activity in the proximal antennal protocerebrum.

Labeled Lines for Temperature Processing

in Drosophila

To address how the segregated cold and hot inputs into the PAP
might be used to produce temperature choice behavior, we
examined the impact of functionally inactivating either the hot-
or the cold-sensing neurons by transgenically targeting expres-
sion of tetanus toxin light chain to these cells (TeNT is an endo-
peptidase that removes an essential component of the synaptic
machinery, (Sweeney et al.,, 1995). We hypothesized that if
a comparison of both inputs (responding to hot and cold) is
always necessary to determine the fly’s preferred temperature,
then inactivating either cell type should result in a deficit across
temperatures. However, if the hot and cold inputs operate as
independent conduits, then altering one input may not affect
the animal’s behavioral responses to the opposite temperature.
To inactivate the cold antennal thermoreceptors, we expressed
TeNT under the control of NP4486, again utilizing an ey-FLP
based intersectional strategy to minimize toxin expression in
other brain circuits (see Experimental Procedures for details);
to abolish synaptic activity from the hot cells we expressed
TeNT under HC-Gal4. Our results (Figure 6) demonstrate that
silencing either the hot- or the cold-sensing neurons results in
a highly selective loss of temperature behavior, with cold-cell
inactivation affecting only cold-avoidance, and hot-cell inactiva-
tion impacting only behavioral aversion to hot temperatures.
Thus, the anatomical separation of hot and cold thermorecep-
tors at the periphery results in “labeled lines” for hot and cold
which are interpreted largely independently to produce temper-
ature preference behavior.

DISCUSSION

A Conserved Logic for Encoding Temperature
Information at the Periphery

The Drosophila antenna is a remarkable “hub” for the fly’s
senses, housing cells specialized in detecting sound, humidity,
wind direction, gravity, pheromone and olfactory cues (Ha and
Smith, 2009; Kamikouchi et al., 2009; Liu et al., 2007; Sun
et al., 2009; Vosshall and Stocker, 2007; Yorozu et al., 2009).
Here, we show that the arista and sacculus, two unique struc-
tures in the antenna, contain thermoreceptors. The antennal
thermosensory cells belong to two functional classes: one is
activated by heating (hot receptors) and the other by cooling
(cold receptors). Notably, each cell type undergoes not only
a rapid, transient increase in calcium responses to the cognate
stimulus, but in addition a rapid [Ca®*]i drop to the opposite
one (i.e., heat for cold cells and cooling for hot cells). Both

Center (AMMC; data not shown; the scalebar represents 50 um; see also
Figure S4).
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(A-E) (A) Cold stimulation elicits robust calcium increases in the “cold” glomerulus, while (B) hot stimulation results in a specific decrease in Ca®*. Conversely, (C)
the “hot” glomerulus is inhibited by cold stimuli, and (D) activated by hot ones; hot and cold stimuli were At~5°C from ~25°C (red spot: hot stimulus; blue spot:
cold stimulus; G-CaMP was driven under the control of HC-Gal4 or NP4486-Gal4, respectively). (E) Stimulus-response plot representing the responses of “hot”
(red dots) and “cold” (blue dots) glomeruli. The responses are proportional to the magnitude of the temperature change, with “hot” glomeruli increasing G-CaMP
fluorescence in response to heating stimuli and decreasing it upon cooling. Vice versa, “cold” glomeruli are activated by cooling and appear inhibited by heating
stimuli (heating or cooling was from 25°C; each dot represents the response of a single glomerulus to a stimulus; each animal expressed G-CaMP under the
control of HC-Gal4 or NP4486-Gal4, and was subjected to a maximum of 3 stimuli of different intensity, see Experimental Procedures for details, n = 10).
(F-M) A similar pattern of activity is recorded in the PAP when G-CaMP is expressed throughout the brain using a pan-neuronal driver (elav-Gal4); two inde-
pendent experiments in two different animals are shown. Note the segregation in the response to “cold” (F and I) versus “hot” (G and L) stimuli (At~5°C from
25°C). Panels (H and M) are schematic drawings of the superimposed responses in each animal (see also Figure S5).

classes of neurons respond with high sensitivity to small temper-
ature changes (<0.5°C), and their calcium transients scale well
with the magnitude of the change, particularly for small stimuli
(At < 5°C). Thus, these cells are likely to report most accurately
the direction and magnitude of small, sudden changes in
temperature. Given that flies are poikilotherms, detecting and
reacting to changes in temperature with high sensitivity and
speed is vital to the survival of the animal.

Mammalian warm and cold thermoreceptive skin fibers are
characterized by robust spontaneous activity (which scale with
the absolute temperature over a rather broad range), and
respond with an abrupt increase in firing rate to either a sudden
increase (hot receptors) or to a sudden decrease (cold receptors)
in temperature. Interestingly, their resting firing rate decreases
sharply when challenged by the opposite thermal stimulus
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(Darian-Smith, 1971; Hensel, 1981). The fly antennal thermosen-
sors appear to have similar properties, with the caveat that
GCamP imaging does not allow us to monitor resting firing rates,
but rather changes in spiking frequency. Thus, we suggest that
mammals and flies might use a remarkably similar strategy to
encode temperature stimuli at the periphery: the activity of
specifically tuned populations of cells signals the direction of
the temperature change (hot and cold receptors), and the degree
to which they are activated signals the intensity of the change
(Lumpkin and Caterina, 2007).

Labeled Lines and a Map of Temperature

in the Protocerebrum

How is the peripheral temperature “code” represented in the fly
brain? The ability to selectively label defined populations of



A NP-Gal4NeyFLP/TenT n=5 B

0.5

HC-GAL4/TenT n=8

Figure 6. Labeled Lines for Temperature
Processing
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of cold and hot thermoreceptors reveal separate
channels for the processing of cold and hot
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range. In contrast, (B) Inactivation of hot receptors
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model predicts that altering one of the
lines should not affect the behavioral
response to the other: such manipulation
would just re-define the boundaries for
the preferred temperature. For example
a loss of the cold line would produce flies
which are no longer averse to tempera-
ture below 21°C, but still retain the
28°C warm limit. Indeed, this is precisely
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neurons allowed us to track the projections of the antennal hot
and cold receptors directly into the brain, and to image their
activity in response to temperature stimuli. Our results showed
that the axons of these neurons converge into anatomically
and functionally distinct glomeruli in the Proximal Antennal Pro-
tocerebrum (PAP). Thus, temperature, like the five classical
senses, is represented in a defined brain locus by a spatial
map of activity.

Given the segregation of hot and cold signals in the PAP, how
do flies choose their preferred temperature to orchestrate
behavior? We envision at least two potential scenarios: in one,
information from both lines (i.e., hot and cold) is combined some-
where upstream of the PAP to decode temperature signals,
generate a temperature reading and trigger the appropriate
behavioral responses. Alternatively, the “preferred temperature”
might be a default state, in essence a point (or temperature
range) defined by the independent activity of two labeled lines
each mediating behavioral aversion to temperatures above or
below this point (in this case temperatures below 21°C and
above 28°C). This push-push mechanism would de-mark the
boundaries of the non-aversive (i.e., preferred) temperature
range, and thus provide a very robust mechanism for transform-
ing temperature signals into a simple behavioral choice. This

35 39 11 15 19 23 27 31

what was observed, suggesting that
the preferred temperature may in fact be
set by the independent action of each
receptor system. Together, these results
substantiate a thermotopic map in the
fly brain, suggest a “labeled line” organi-
zation for temperature sensing, and illus-
trate how dedicated temperature signals from two independent
and opposing sensors (hot and cold receptors) can direct
behavior.

35 39

EXPERIMENTAL PROCEDURES

Experimental Animals and Transgenes

The brv1 NP4486 allele is from the Gal4 enhancer trap database at the DGRC,
Kyoto Institute of Technology (Hayashi et al., 2002). It harbors a single,
P(GawB) insert 2,249 bp downstream of the CG9472 STOP codon (Hayashi
et al., 2002). A single early termination mutation was identified for each brv1
and brv2 by Tilling (McCallum et al., 2000): for brv1 the nucleotide change
was T > A at position 1683 from the START codon, resulting in the L563 >
STOP change in the protein sequence. For brv2, we recovered a G > A change
at position 754 from the START codon, resulting in the early termination
W205 > STOP. The temperature preference phenotype of each mutant was
also tested in trans to a deletion uncovering the region (Df(SL)Exel9007 for
brv1 and Df(38L)Exel6131 for brv2) and was indistinguishable from that of
homozygous mutants (Figure S1 and data not shown): we conclude that these
alleles are likely null or strong loss of function mutations. The brv2 rescue
construct was produced by cloning a 4 Kb genomic fragment including
the brv2 coding region into a modified pCasper vector. The hot-cell Gal4 driver
line was identified from a collection covering a wide range of candidates with
expression in the antennae (Hayashi et al., 2002); flybase.org; pubmed.org).
To restrict expression of CD8:GFP and TeNT to antennal neurons
expressing NP4486, we used the following intersectional strategy: eyFLP is
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active in the antenna (and in the retina), but not in the brain. tubP-FRT >
Gal80 > FRT drives expression of the Gal4 inhibitor Gal80 ubiquitously,
effectively silencing NP4486-Gal4 mediated expression of the transgenes.
Only in the antenna, where eyFLP is active, the FRT > Gal80 > FRT cassette
is excised and lost, allowing Gal4-mediated expression. This effectively
limits transgene expression to the cells in which both eyFLP and NP4486 are
active.

Behavioral Assays

All assays were carried out in a room kept at ~24°C, ~40% RH. The temper-
ature gradient arena has been previously described (Sayeed and Benzer,
1996) (Figure S1). For two choice assays (Figure 1 and Figure 6) 15 flies are
placed on an arena consisting of four 1” square, individually addressable
Peltier tiles (Oven Industries Inc.). In each trial, flies are presented for 3’ with
a choice between 25°C and a test temperature between 11 and 39°C at 2°C
intervals (15 trials total). The position of flies is monitored during each trial to
calculate an avoidance index for each test temperature. The avoidance index
is defined as (Al = #flies at 25°C - #flies at test temp) / total # flies. Al values
were compared using t tests (Figures S1A and S1B) or by 2-way ANOVA
followed by Bonferroni post-tests when comparing more than 2 groups (Fig-
ure 1, Figure S1, and Figure 6). Kolmogorov-Smirnov tests where used to
confirm a normally distributed sample. Threshold p = 0.05. Constant variance
of the datasets was also confirmed by computing the Spearman rank correla-
tion between the absolute values of the residuals and the observed value of the
dependent variable, by SigmaPlot).

In Situ Hybridization and Immunohistochemistry

Fluorescent in situ hybridization was carried out as in (Benton et al., 2006) with
a brv1 digoxigenin-labeled RNA probe visualized with sheep anti-digoxigenin
(Boehringer), followed by donkey anti-sheep Cy3 (Jackson). We were unable
to detect brv2 or brv3 expression by ISH. Immunohistochemistry was per-
formed using standard protocols.

Real-Time PCR

Quantitative PCR was carried out in quintuplicates using Brilliant SYBR Green
PCR Master Mix (Stratagene) on a StepOnePlus real-time PCR system
(Applied Biosystems) using brv3 specific primers. Beta-actin served as the
endogenous normalization control.

Live Imaging and Two-Photon Microscopy
Confocal Images were obtained using a Zeiss LSM510 confocal microscope
with an argon-krypton laser. For live imaging through the cuticle, intact heads
or whole flies where mounted within a custom-built perfusion chamber
covered with a coverslip and imaged through a water-immersion 40X Zeiss
objective and a EM-CCD camera (Photonmax, Princeton Instruments). Image
series were acquired at 10 frames per second and analyzed using ImageJ and
a custom macro written in Igor Pro (Wavemetrics). To image the responses of
cold receptor neurons in brv1 and -2 mutant backgrounds (Figure 2), G-CaMP
was expressed in all aristal neurons (under elav-Gal4) in controls (background-
matched) and mutant animals. At the beginning of each experiment, a set of
defined hot and cold stimuli (At~3°C) was delivered while imaging on different
focal planes to identify the 3 hot and 3 cold cells in each arista (note that the
G-CaMP responses of hot cells -including inhibition to cold stimuli- remain
normal in brvl and -2 backgrounds). The most optically accessible cold
receptor cell in each arista was then imaged responding to various cold stimuli.
A maximum of 5 stimuli of different intensities was recorded for each
preparation.

For two-photon microscopy, we built a customized system based on
a Movable Objective Microscope (MOM) from Sutter (Sutter Inc.) in combina-
tion with a ultrafast Ti:Sapphire laser from Coherent (Chameleon). Live imaging
experiments were captured at four frames per second with a resolution of
128 x 128 pixels. Analysis of imaging data and AF/F calculations were per-
formed using Igor Pro and a custom macro as in (Wang et al., 2003). For
live imaging of PAP projections, fly heads where immobilized in a custom
built perfusion chamber. Sufficient head cuticle and connective tissue was
removed to allow optical access to the PAP. Temperature stimulation was
achieved by controlling the temperature of the medium, constantly flowing
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over the preparation at 5ml/min, by a custom-built system of 3 way valves
(Lee Instruments, response time 2ms). In all experiments, heating or cooling
was at ~1°C/sec. Temperature was recorded using a BAT-12 electronic ther-
mometer equipped with a custom microprobe (time constant .004 s, accuracy
0.01°C, Physitemp).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures and
five figures and can be found with this article online at doi:10.1016/j.cell.
2011.01.028.
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