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Dopaminergic Neurons Encode a Distributed, Asymmetric
Representation of Temperature in Drosophila
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Department of Neuroscience, The Scripps Research Institute Florida, Jupiter, Florida 33458

Dopaminergic circuits modulate a wide variety of innate and learned behaviors in animals, including olfactory associative learning,
arousal, and temperature-preference behavior. It is not known whether distinct or overlapping sets of dopaminergic neurons modulate
these behaviors. Here, I have functionally characterized the dopaminergic circuits innervating the Drosophila mushroom body with in
vivo calcium imaging and conditional silencing of genetically defined subsets of neurons. Distinct subsets of PPL1 dopaminergic neurons
innervating the vertical lobes of the mushroom body responded to decreases in temperature, but not increases, with rapidly adapting
bursts of activity. PAM neurons innervating the horizontal lobes did not respond to temperature shifts. Ablation of the antennae and
maxillary palps reduced, but did not eliminate, the responses. Genetic silencing of dopaminergic neurons innervating the vertical
mushroom body lobes substantially reduced behavioral cold avoidance, but silencing smaller subsets of these neurons had no effect.
These data demonstrate that overlapping dopaminergic circuits encode a broadly distributed, asymmetric representation of temperature
that overlays regions implicated previously in learning, memory, and forgetting. Thus, diverse behaviors engage overlapping sets of
dopaminergic neurons that encode multimodal stimuli and innervate a single anatomical target, the mushroom body.

Introduction
Dopaminergic neurons are involved in modulating a variety of
behaviors in animals, including learning (Wise, 2004; Davis,
2011), arousal (Andretic et al., 2005), motor control (Hauber,
1998), motivation (Wise, 2004), addiction and obesity (Kenny,
2011; Lüscher and Malenka, 2011), and salience-based decision-
making (Zhang et al., 2007; Doya, 2008). The complexity of be-
havioral roles of dopamine is likely attributable, at least in part, to
the anatomical complexity of dopaminergic circuits. In mam-
mals, numerous dopaminergic neurons originate in the substan-
tia nigra and ventral tegmental area. Single-cell recordings have
revealed heterogeneity of dopaminergic neuron responses to re-
warding and aversive stimuli, and it appears that they comprise
multiple circuits with distinct roles in motivational control
(Bromberg-Martin et al., 2010). In Drosophila, dopaminergic
neurons innervate the mushroom body (among other regions)
(Mao and Davis, 2009), in which they modulate aversive learning
(Schwaerzel et al., 2003; Claridge-Chang et al., 2009; Aso et al.,
2010; Davis, 2011), forgetting (Berry et al., 2012; Plaçais et al.,
2012), state-dependent modulation of appetitive memory re-

trieval (Krashes et al., 2009), expression of ethanol-induced re-
ward memory (Kaun et al., 2011), arousal (Andretic et al., 2005;
Lebestky et al., 2009), and temperature-preference behavior
(Bang et al., 2011).

The role of dopamine in learned behaviors, particularly olfac-
tory aversive learning, is well established. Synaptic output of do-
paminergic neurons, as well as expression of dopamine receptors
on mushroom body neurons (the putative postsynaptic targets), is
necessary for aversive olfactory associative learning (Schwaerzel et
al., 2003; Kim et al., 2007). Furthermore, dopaminergic neurons
respond to negative reinforcers (Riemensperger et al., 2005; Mao
and Davis, 2009), and stimulation of dopaminergic neurons in
lieu of negative reinforcement leads to the formation of aversive
memory in both larvae and adult flies (Schroll et al., 2006;
Claridge-Chang et al., 2009; Aso et al., 2010, 2012). Dopamine
functions in concert with neuronal activity in the mushroom
bodies to synergistically elevate cAMP (Tomchik and Davis,
2009) and protein kinase A (Gervasi et al., 2010), providing a
mechanism through which mushroom bodies integrate infor-
mation about sensory stimuli and dopaminergic circuit
activity.

To understand the role of dopaminergic circuits in behavior,
it is critical to understand what information dopaminergic cir-
cuits encode and how it is transmitted across the multiple parallel
circuits that drive behavior. How dopaminergic neurons encode
stimuli related to innate versus learned behaviors and how this
information is segregated (or integrated) across dopaminergic
circuits are open questions. Here, I have physiologically charac-
terized the responses of dopaminergic neurons to changes in
temperature with in vivo functional imaging and examined the
behavioral effects of conditional silencing of subsets of these
neurons. I focused on dopaminergic neurons innervating the
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mushroom body, which have been implicated in both olfac-
tory learning (Waddell, 2010) and temperature-preference be-
havior (Bang et al., 2011). The results demonstrate that
dopaminergic neurons encode an asymmetric representation
of temperature that is broadly distributed across the PPL1
dopaminergic neurons innervating distinct spatial regions of
the mushroom body. Thus, multimodal sensory information
is integrated across multiple parallel channels with potentially
redundant behavioral function.

Materials and Methods
Fly maintenance and GAL4 drivers. Flies were cultured on standard corn-
meal/agar medium with 12 h light/dark cycles at 25°C unless otherwise
indicated. Various galactosidase-4 (GAL4) lines were used to drive ex-
pression of GAL4 in subsets of dopaminergic neurons, using a
mushroom-body-specific GAL80 repressor (MBGAL80) to remove
GAL4 expression in the mushroom body when necessary. The driver
lines were as follows: tyrosine hydroxylase (TH)–GAL4 (Friggi-Grelin et
al., 2003), w;MBGAL80;C150 (Dubnau et al., 2003), w;MBGAL80;
MZ840 (Tanaka et al., 2008), NP7198;MBGAL80 (Tanaka et al., 2008),
NP7135;MBGAL80 (Tanaka et al., 2008), C061;MBGAL80 (www.fly-
trap.org; Krashes et al., 2009), MZ604 (Ito et al., 1998; Tanaka et al.,
2008), NP2755/CyO (Tanaka et al., 2008), and NP5272 (Tanaka et al.,
2008). The MBGAL80 stock was constructed by Hiromu Tanimoto (Max
Planck Institut für Neurobiologie, Martinsried, Germany) and charac-
terized by Krashes et al. (2007).

In vivo imaging. Flies bearing a TH–GAL4 or Dopa decarboxylase
(Ddc)–GAL4 transgene were crossed with w;UAS–GCaMP3,UAS–red
fluorescent protein (RFP) flies. Progeny of either sex were collected �10
d after eclosion for imaging. Each fly was mounted in a fly holder de-
signed to allow saline to flow over the dorsal head (including the anten-
nae), thorax, and abdomen. The holder was custom fabricated by a
machine shop from polycarbonate, and a recording chamber (Warner
Instruments) was mounted on top. Myristic acid was used to hold the
fly’s body and head in place. A small window was cut in the cuticle above
the fly brain to allow optical access, and the recording chamber was filled
with saline containing the following (in mM): 103 NaCl, 3 KCl, 5 HEPES,
1.5 CaCl2, 4 MgCl2, 26 NaHCO3, NaH2PO4, 10 trehalose, 7 sucrose, and
10 glucose (Tomchik and Davis, 2009). The saline was perfused at 2
ml/min throughout the imaging. The temperature of the saline was mod-
ulated with an inline heater/cooler (Warner Instruments), monitored
with a thermistor placed 2 mm lateral and 1 mm anterior to the fly’s head,
and recorded via an analog-to-digital converter and associated software
(Axon Digidata 1440A; Molecular Devices). Activity of dopaminergic
neurons was monitored with a confocal microscope (Leica TCS SP5).
Images were collected at 2 Hz with 5� line averaging. One photomulti-
plier tube was used to detect GCaMP fluorescence (510 –550 nm), and
another was used to detect RFP fluorescence (610 –700 nm). Imaging
periods were 5 min for brief temperature shifts or 8 min for sustained
cooling. Regions of interest were drawn around neuropil or somata of
dopaminergic neurons innervating the mushroom body (Fig. 1B–D; see
Fig. 6 B, E,F ), and the mean fluorescence intensity was calculated. Dopa-
minergic neurons innervating the � and �� lobes were imaged simulta-
neously in the same plane of section (Fig. 1B), as were the MV1 and MP1
neurons (Fig. 1D); V1 neurons were imaged separately (Fig. 1C). Basal
temperature was maintained at 25°C during the experiments except
when otherwise indicated. Each brain region was imaged up to three
times per fly, recording the responses to (1) brief heating (32°C), (2) brief
cooling (18°C), and (3) sustained cooling (18°C for �2 min, with a total
ramp-hold time of 3 min). The starting stimulus for each animal was
alternated between the brief heating and cooling. When all three stimuli
were presented, the sustained cooling was presented last to avoid any
potential desensitization. A separate set of animals was recorded present-
ing only this stimulus to ensure that its presentation order did not affect
the experiment results, i.e., there was no significant difference in the
response amplitudes between brains when the cooling stimulus was pre-
sented first versus last (see Fig. 4C). Imaging data were analyzed essen-
tially as in the study by Berry et al. (2012). Briefly, normalized GCaMP

and RFP signals were calculated by fitting the minima of 5 s bins of time
series data to a line. To correct for motion, the ratio of the normalized
GCaMP/RFP signals was calculated to yield normalized, motion-
corrected time series data in units of %�F/F, and a three-point moving
average was applied.

Response magnitudes were calculated as the average %�F/F values
across the 5 s time period centered on the highest value within a given
time window (all time windows were 25 s in duration). The following
time windows were used for brief cooling/heating: pre (37.5– 62.5 s),
peak [cooling] (87.5–112.5 s), peak [heat] (75–100 s), and post
(162.5–187.5). The pre window was selected as the last 25-s stretch
before the chamber temperature was shifted. The peak window was
centered on the peak of the temperature shift as recorded in the
chamber (the heating element was slightly faster than the cooling,
reflected in the earlier peak time). The post window was the first 25 s
window in which the temperature had returned to a stable baseline.
For sustained cooling experiments, the following time windows were
used: pre (37.5– 62.5 s), peak (87.5–112.5 s), hold (167.5–192.5 s),
and post (347.5–372.5 s). In experiments in which some groups had
no response to the stimulus [e.g., when applying tetrodotoxin (TTX);
see Fig. 5B], I calculated the mean response across the entire 25 s time
window. Heat maps were generated in MATLAB (MathWorks). To
determine whether a cell or neuropil region exhibited robust re-
sponses to a stimulus, the peak �F/F response for each soma was
calculated, and the pre �F/F was subtracted to account for any ongo-
ing activity. Responses �10% �F/F were considered to be robust,
positive responses. For all imaging experiments, n � 10 flies.

Temperature-preference behavior assay. Flies of the genotype w;tubulin–
GAL80ts;UAS–Kir2.1 were crossed to various GAL4 lines. The flies
were reared at 18°C in a temperature, humidity, and light cycle-
controlled incubator (Conviron) and then either kept at 18°C (unin-
duced) or moved to 30°C (induced) for 4 d before testing (3 d for
C150 –GAL4 flies). Flies of both sexes were tested immediately after re-
moval from the incubator. All flies were age matched and �10 d after
eclosion; comparisons were made between paired groups of induced and
uninduced flies that were run simultaneously. Temperature preference
was assayed essentially as described previously (Sayeed and Benzer,
1996). An aluminum plate (65 � 10.16 cm) was placed with one end on
top of a hotplate and the other on a cold plate. Two fly run areas, 32 �
4.5 � 0.2 cm each, were fabricated from expanded polyvinyl chloride and
centered on top of the aluminum plate. The temperature gradient was
monitored with nine thermocouples (Pico Technologies), mounted ev-
ery 4 cm on the bottom of the aluminum plate underneath the fly run
area. A polycarbonate sheet was placed over the top of the apparatus and
coated with Rain-X (Illinois Toolworks) to prevent flies from evading the
temperature gradient (Hamada et al., 2008). A linear temperature gradi-
ent was set up, spanning �14 –38°C in the run area. The slope of a line fit
to the temperatures measured across the nine thermocouples was
0.757°C/cm. Groups of 30 flies each were lightly anesthetized with CO2,
with the exposure adjusted so that the flies were immobilized just long
enough to place them in the run areas and close the lid before they
resumed walking. The flies were allowed to distribute along the gradient
for 30 min and then photographed with a digital camera. Temperature at
each thermocouple was recorded once per minute with a data logger and
associated software (Pico Technologies). Fly positions across the gradient
were analyzed in Illustrator (Adobe Systems) by counting the number of
flies in each of 16 bins in an overlaid grid (every other bin boundary was
on a thermocouple). Avoidance indices (Hong et al., 2008) against low
temperatures (AIlow) and high temperatures (AIhigh) were calculated ac-
cording to the following equations:

AIlow �
Nint � Nlow

Nint � Nlow
,

AIhigh �
Nint � Nhigh

Nint � Nhigh
,

where Nlow is the number of flies in the region below 22.2°C, Nint is
the number of flies in the region between 22.2 and 26.7°C, and Nhigh
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is the number of flies in the region above 26.7°C. For each genotype,
n � 8.

Statistical analyses. Data were processed with custom MATLAB
(MathWorks) scripts. Statistical analyses were performed in Prism
(GraphPad Software). Omnibus ANOVAs followed by Bonferroni’s
multiple comparison tests were used to make comparisons across groups
when the �F/F values did not significantly differ from normality

(D’Agostino and Pearson’s test); Kruskal–Wallis tests followed by
Dunn’s post hoc analyses were used otherwise.

Results
To investigate the role of dopaminergic neurons in encoding
stimuli associated with an innate behavior (temperature-

Figure 1. Imaging setup and responses of dopaminergic neurons to brief cooling. A, Illustration of the dopaminergic neurons from the PPL1 cluster that innervate the mushroom body vertical lobes. The
mushroom body lobes are outlined, and each subset of dopaminergic neurons is illustrated in a different color. Arrows and horizontal lines indicate the planes of optical sections for the imaging experiments. D,
Dorsal; L, lateral; P, posterior; R, rostral. B–D, Confocal images of TH–GAL4�UAS–GCaMP expressed in the �/�� tips, V1 neuron, and MV1/MP1 neurons, respectively. E, Illustration of the imaging setup,
showing the fly mounted in the recording chamber, the flow of the saline solution (arrows), the thermistor used to monitor temperature next to the fly’s head, and the objective of the confocal microscope (not
to scale). F, Temperature recorded next to the fly’s head during brief cooling experiments. Mean (dark blue line)�SEM (light blue surround) are graphed (n�57). The orange dashed line fit to the cooling phase
shows the rate of the temperature change (	0.16°C/s). G, Peak response magnitudes during three time windows (Pre, Peak, and Post; see bottom of I ) across each subset of dopaminergic neurons. **p�0.01,
***p � 0.001 (Bonferroni’s test). H, Heat maps of the responses of individual dopaminergic neurons (1 imaged per fly) to cooling. I, Responses of each subset of dopaminergic neurons to cooling. Mean (dark
lines) � SEM (light surrounds) are shown. Vertical dashed gray lines show the beginning, peak, and end of the temperature shift.
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preference behavior), the effect of changes in temperature on
dopaminergic activity was measured with calcium imaging
in vivo. I expressed a genetically encoded calcium indicator,
GCaMP3 (Tian et al., 2009), under control of the GAL4/UAS
system (Brand and Perrimon, 1993). An RFP (Pramatarova et al.,
2006) was coexpressed and used to normalize the GCaMP re-
sponse and compensate for any small motions in the preparation.
Expression of GCaMP was initially targeted to dopaminergic
neurons innervating the vertical lobes of the mushroom body
using TH–GAL4 driver (Friggi-Grelin et al., 2003). This drives
expression in multiple sets of dopaminergic neurons innervating
distinct spatial regions of the mushroom body, such as V1 (in-
nervating the vertical lobe stalk), MP1 (heel), and MV1 (lower
stalk/junction), and dopaminergic neurons innervating the tips
of the mushroom body � and �� lobes (henceforth referred to
simply as � and ��) (Fig. 1A–D) (Tanaka et al., 2008). Dopami-
nergic neurons were imaged in vivo through a window in the
cuticle. Temperature of the saline bathing the brain and dorsal
aspect of the head (including the antennae), thorax, and abdo-
men was maintained at 25°C and ramped up or down to examine
the effect of temperature shifts on the dopaminergic neurons
(Fig. 1A–E).

Cooling the fly from 25 to 18°C (at a rate of 	0.16°C/s) gen-
erated increases in calcium activity across multiple dopaminergic
neurons (Fig. 1F–I). Peak response magnitudes were significantly
larger than the baseline values in all areas: �, ��, V1, MV1, and
MP1 [two-way ANOVA: F(4,2) � 51.86, p � 0.001; Bonferroni’s
test: t(2) � 5.41 (�), 3.71 (��), 3.35 (V1), 7.41 (MV1), and 8.21
(MP1), p � 0.01]. Similar to previous studies (Berry et al., 2012;
Plaçais et al., 2012), ongoing activity in MP1 and MV1 was ob-
served before any explicit experimental manipulation; this was
also observed in the � tip (Fig. 1H; see Fig. 3B). Thus, the cooling-
induced increase in calcium responses was observed across both
dopaminergic neurons that exhibited ongoing calcium activity
(�, MV1, MP1) and ones that did not (��, V1) (Fig. 1I). The
dopaminergic neurons were highly sensitive to the shift in tem-
perature; calcium transients reached a threshold response value
(defined as the mean baseline response 
 3 SDs) when the tem-
perature had dropped by 2.5 � 0.2°C (Fig. 2). There was no
significant difference in the threshold temperature across the dif-
ferent dopaminergic neurons (Kruskal–Wallis test: H � 2.44, p �
0.66). The responses peaked before the trough of the cooling
when analyzed across all neurons (two-way ANOVA: F(4,1) �
7.09, p � 0.01); post hoc analysis revealed that the MV1 neuron in
particular exhibited responses that peaked significantly sooner
than the peak temperature shift (Bonferroni’s test: t(4) � 3.02,
p � 0.05) (Fig. 2C). This suggested that the neurons may adapt to
the stimulus, a possibility explored further below.

To determine whether dopaminergic neurons respond sym-
metrically to temperature shifts (i.e., to temperature increases as
well as decreases), I ramped the temperature from 25 to 32°C.
Remarkably, there were no consistent responses to heating in any
of the imaged regions (Fig. 3B–D). A response to heating was
observed in only one fly in �, ��, and V1 (Fig. 3B), and it occurred
during the falling phase when the temperature was decreasing
from the peak (rather than increasing toward it). Ramping the
temperature further, up to 37°C, likewise produced no activity in
dopaminergic neurons. Thus, dopaminergic neurons encode
changes in temperature asymmetrically, responding specifically
to cooling (Fig. 3D).

Responses of dopaminergic neurons to cooling could reflect a
monotonic response to temperature, in which ongoing (tonic)
dopaminergic activity is inversely proportional to temperature.

Alternatively, the neurons could respond specifically to the
change in temperature (phasic activity) or combination of the
two (phasic–tonic activity). To distinguish among these possibil-
ities, I conducted an experiment in which the temperature was
ramped down and held at 18°C before returning to 25°C. The
total ramp-hold time was 3 min, with the temperature in the
recording chamber measuring �19°C for 136.9 � 13.3 s (mean �
SD) (Fig. 4A). Dopaminergic neurons exhibited increases in ac-
tivity as the temperature ramped down toward 18°C (Fig. 4B–D).
These responses quickly adapted to a lower steady-state level as
the temperature was held at 18°C. The onset peak was signifi-
cantly higher than the steady-state response in �, ��, MV1, and

Figure 2. Temporal dynamics of dopaminergic neuron responses to cooling. A, Example of a
GCaMP calcium trace recorded from MP1 during cooling, along with the temperature trace from
the same recording. This neuron reached a defined response threshold (mean 
 3 SDs) at
22.7°C (�temp � 2.3°C), marked by the intersection of the red dashed lines. B, Threshold
temperature (�temp; mean � SEM) calculated for each subset of dopaminergic neurons. C,
Time from the onset of cooling to the peak change in temperature (temperature minimum) and
the peak dopaminergic neuron response. *p � 0.05 (Bonferroni’s test), **p � 0.01 (two-way
ANOVA). The MV1 neurons peaked while the temperature was still falling.
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MP1 [two-way ANOVA: F(4,3) � 82.07;
Bonferroni’s test: t(3) � 7.87 (�), 6.23
(��), 4.07 (V1), 6.07 (MV1), and 8.19
(MP1), p � 0.01] (Fig. 4), whereas the
steady-state tonic activity was signifi-
cantly above baseline in � and MP1 (Bon-
ferroni’s test: t(3) � 5.43 and 3.03,
respectively, p � 0.05). Therefore, dopa-
minergic neurons exhibited primarily
phasic responses to cooling, with an addi-
tional, smaller tonic response component
in � and MP1. These data indicate that
dopaminergic responses are biased to-
ward the initial decrease in temperature.

The observation that dopaminergic
neurons responded to cooling raised the
question of which thermosensory neu-
rons underlie these responses. Thermore-
ceptors are located in various regions
across the body in insects, including the
antennae (Davis and Sokolove, 1975;
Sayeed and Benzer, 1996; Zars, 2001;
Gallio et al., 2011), brain (Hamada et al.,
2008), larval terminal organ and multi-
dendritic neurons (Liu et al., 2003), and
the tarsi (Kerkut and Taylor, 1957;
Reinouts van Haga and Mitchell, 1975).
To localize the neuronal circuitry un-
derlying the cold responses in dopami-
nergic neurons, I performed a set of
experimental manipulations and imaged
MV1 and MP1 while cooling the fly (Fig.
5). These experiments revealed a signifi-
cant main effect of treatment (two-way
ANOVA: F(4,2) � 25.58, p � 0.001). First,
I applied 1 �M TTX in the bath solution
to silence neuronal activity (n � 13).
This eliminated the responses to cooling
[Bonferroni’s test: t(1) � 6.17 (MV1)
and 6.78 (MP1) relative to controls, p �
0.001]. The peak �F/F values in fact
dropped below the prestimulation val-
ues as a result of a small but consistent
downward deflection of the traces [Bon-
ferroni’s test: t(1) � 5.00 (MV1) and 3.20
(MP1) relative to controls, p � 0.01].
This may reflect a small effect of tem-
perature on the reporter that was un-
masked once the cooling responses (that
are opposite in sign) were eliminated.
These data suggest that the responses
are not an intrinsic effect of temperature
on either the reporter or dopaminergic neurons and require
action potentials (i.e., neuronal activity), presumably in affer-
ent sensory pathways.

To determine which body structure contains the thermosen-
sory neurons that provide input to dopaminergic neurons, I per-
formed several surgical ablations and imaged the cooling
responses in MV1 and MP1 (Fig. 5). First, I tested whether the
thermoreceptors reside in the antenna (including the arista) by
ablating all three antennal segments bilaterally in a set of flies
(n � 19). The magnitude of the responses was reduced in MV1
significantly (Bonferroni’s test: t(1) � 3.17, p � 0.05), although

there was no significant difference in MP1 (Bonferroni’s test:
t(1) � 1.97, p � 0.05). This suggests that the antennae may pro-
vide some input to MV1, although they cannot be the sole source
because the responses were not completely eliminated. Next, I
tested the effect of ablating the antennae plus the maxillary palps
(n � 12), which eliminates all of the canonical olfactory receptor
neurons. This ablation significantly reduced the cooling re-
sponses in both MV1 and MP1 compared with intact animals
(Bonferroni’s test: t(1) � 4.41 and 4.07, respectively, p � 0.001).
Compared with the prestimulation responses, there remained a
significant peak response in MP1 but not MV1 (Fig. 5B). To

Figure 3. Dopaminergic neurons did not respond to increases in temperature. A, Temperature recorded next to the fly’s head
during brief heating experiments. Mean (dark red) � SEM (light red surround) are graphed (n � 30). B, Heat maps of the
responses of individual dopaminergic neurons (1 imaged per fly) to brief heating. C, Responses of each subset of dopaminergic
neurons to brief heating. Mean (dark lines) � SEM (light surrounds) are shown. Vertical dashed gray lines show the beginning,
peak, and end of the temperature shift. D, Dopaminergic neuron responses to heat across three response windows. For comparison,
peak responses to cooling are replotted (mean � SEM, without bars) from Figure 1G. **p � 0.01, ***p � 0.001 (Bonferroni’s test).
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determine whether thermosensors on the legs (including the
tarsi) contribute information to the dopaminergic neurons, the
legs were surgically ablated on a separate set of animals (n � 10).
There was no significant difference in the responses to cooling
relative to control animals in either MV1 or MP1 (Bonferroni’s
test: t(1) � 1.02 and 0.67, respectively, p � 0.05).

The responses of the dopaminergic neurons could be attrib-
utable to either the reduction in temperature below a particular
threshold (i.e., a fixed threshold below 25°C) or specifically to the
change in ambient temperature. To discriminate these possibil-
ities, I tested the responses to temperature ramps in animals start-
ing from 32°C. The flies were shifted to 32°C for 10 min before
imaging, at which point the temperature was ramped down to
25°C and back. This paradigm mimicked the 7°C temperature
drop in the above experiments but from a higher ambient tem-

perature. There was a significantly smaller
response to this stimulus in both MV1
and MP1 (n � 12; Bonferroni’s test: t(1) �
3.49 and 4.10, respectively, p � 0.01), al-
though the response was not eliminated in
MV1 (Fig. 5). This demonstrates that do-
paminergic neurons are capable of re-
sponding to changes in temperature that
occur from a higher baseline temperature
of 32°C.

The above data demonstrate nearly
ubiquitous responses to cooling in the
neuropil of the dopaminergic neurons in-
nervating the vertical mushroom body
lobes. This raised the question of whether
other classes of dopaminergic neurons re-
spond to temperature shifts as well. To ad-
dress this, I examined the responses of the
PAM cluster of dopaminergic neurons in-
nervating the horizontal mushroom body
lobes. Ddc–GAL4 promotes expression in
dopaminergic and serotonergic neurons
(Sitaraman et al., 2008); among these, the
cluster of PAM neurons that innervates
the horizontal lobes is dopaminergic (Liu
et al., 2012). I used this driver to express
GCaMP in these neurons and imaged the
neuropil of the dopaminergic neurons in-
nervating the horizontal lobes (Fig. 6B).
No significant responses were observed to
either heating or cooling in these neurons
(Fig. 6C,D) (Bonferroni’s test: t(1) � 1.66
and 2.34, respectively, p � 0.05). Thus,
the responses observed in the neurons en-
compassed by the TH–GAL4 driver were
specific to those classes of dopaminergic
neurons (�, ��, V1, MV1, and MP1). No-
tably, the neuropil of the PAM neurons is
adjacent to the MV1 and MP1 neurons, in
which consistent, robust responses to
cooling were observed.

Imaging the neuropil of the dopami-
nergic neurons gives a clear indication
as to whether there are global responses
within spatially separate clusters of neu-
rons but does not provide single-cell
resolution in many brain regions.
Therefore, to investigate how individual

dopaminergic neurons respond to cooling, I imaged the re-
sponses of individual somata with the TH–GAL4 driver. This
driver allows imaging of PPL1 somata, as well as a few scat-
tered PAM somata (Fig. 6 E, F ) (Mao and Davis, 2009). Of 21
PAM somata imaged, none exhibited responses to cooling
(Fig. 6G), and there was no significant difference between the
prestimulation and peak stimulation �F/F values (Fig. 6I )
(Bonferroni’s test: t(1) � 1.13, p � 0.05). In contrast, 12 of 22
PPL1 neurons exhibited robust responses exceeding 10% �F/F
(Fig. 6H ), and the peak-stimulation �F/F values were signifi-
cantly above precooling levels (Fig. 6I ) (Bonferroni’s test: t(1)

� 6.77, p � 0.0001). These data suggest that a subset of the
PPL1 neurons exhibit a specific sensory response to cooling,
with no significant responses observed in either the neuropil
or somata of PAM neurons (imaged with either GAL4 driver).

Figure 4. Dopaminergic neurons responded transiently to sustained cooling. A, Temperature recorded next to the fly’s head
during sustained cooling experiments. Mean (dark blue line) � SEM (light blue surround) are graphed (n � 57). B. Response
magnitudes during four time windows (Pre, Peak, Hold, and Post; see bottom of D) across each subset of dopaminergic neurons.
*p � 0.05, **p � 0.01, ***p � 0.001 (Bonferroni’s test). C, Peak cooling responses graphed based on whether the cooling
stimulus was presented first or last. These data are the same set as the peak cooling responses in B (pooled). There was no
significant effect of presentation order (two-way ANOVA: F(4,1) � 1.96, p � 0.05). D, Responses of each subset of dopaminergic
neurons to sustained cooling. Mean (dark lines) � SEM (light surrounds) are shown. Vertical dashed gray lines show the begin-
ning, peak, and end of the temperature shift.
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Flies behaviorally avoid both cold and
warm extremes, distributing around 24°C
when placed on a temperature gradient
(Fig. 7) (Sayeed and Benzer, 1996). A pre-
vious study documented a change in tem-
perature preference when dopaminergic
neurons encompassed by the TH–GAL4
driver were silenced (Bang et al., 2011),
but the subset(s) underlying this effect
were not identified. To determine
whether any subset of dopaminergic neu-
rons is differentially required for
temperature-preference behavior, I con-
ducted a series of temperature-preference
behavior assays using a temperature gra-
dient. The temporal and regional gene ex-
pression targeting (TARGET) system
(McGuire et al., 2003) was used to silence
subsets of dopaminergic neurons by con-
ditionally expressing the inwardly rectify-
ing K
 channel Kir2.1. The channel was
targeted to particular subsets of dopami-
nergic neurons with the following GAL4
drivers: TH–GAL4 (broad dopaminergic
driver), C150 (V1, MV1, and MP1),
MZ840, NP7135, and NP7198 (V1), C061
(MP1), and NP5272 (M3) (Fig. 7C).
GAL4 drivers that express specifically in
MV1, MZ604, and NP2755 generated
complete lethality when driving Kir2.1
and thus were not examined further.
When expressed pan-neuronally with the
elav–GAL4 driver, this channel produced lethality as measured
24 h after induction (switching the flies from 18 to 32°C), con-
firming the potency of expressing Kir2.1 with TARGET. Flies
with no Kir2.1 expression clustered around bins 8 and/or 9 on the
temperature gradient, corresponding to temperatures of 23.7–
26.7°C (Fig. 7D–G).

Silencing dopaminergic neurons using the broad TH–GAL4
driver resulted in a deficit in temperature-preference behavior.
The distribution of flies on the temperature gradient was flat-
tened in flies with induced expression of Kir2.1 in dopaminergic
neurons (Fig. 7D). The difference was reflected in a loss of cold
avoidance (n � 10; two-way ANOVA: F(5,1) � 17.93 for interac-
tion, p � 0.001; Bonferroni’s test: t(1) � 7.04, p � 0.001) (Fig.
7H), whereas heat avoidance was not significantly altered (t(1) �
2.56, p � 0.05) (Fig. 7I).

Next, I tested whether subsets of the dopaminergic neurons
innervating the mushroom body vertical lobes support
temperature-preference behavior. The V1 neuron was silenced
with expression of Kir2.1 under control of three indepen-
dent GAL4 drivers: MZ840, NP7198, and NP7135 (Fig. 7C,G–I).
Expression of Kir2.1 in V1 did not affect hot or cold avoidance
[Bonferroni’s test: t(1) � 0.62 and 0.04 (MZ840), 0.23 and 0.89
(NP7198), and 0.07 and 1.35 (NP7135) for AIhigh and AIlow, re-
spectively, p � 0.05] (Fig. 7G–I). The C061 driver was used to
express Kir2.1 in the MP1 neurons innervating the mushroom
body heel. Flies with silenced MP1 neurons also did not exhibit
any significant change in heat/cold avoidance [Bonferroni’s test:
t(1) � 1.72 (AIhigh) and 1.47 (AIlow), p � 0.05] (Fig. 7F,H,I).
C150, which drives expression in V1, MV, and MP, was also
tested. This driver produced lethality when flies were incubated at
30°C for �4 d, so I tested the flies with a 3 d incubation (Kir2.1

expression is effective within 16 h in this paradigm; Bang et al.,
2011). These flies also showed no change in avoidance indices
against high and low temperature during Kir2.1 induction [Bon-
ferroni’s test: t(1) � 0.97 (AIhigh) and 0.64 (AIlow), p � 0.05] (Fig.
7E,H,I). Finally, the NP5272 GAL4 driver was used to inhibit the
activity of the M3 neurons innervating a segment of the mush-
room body horizontal lobes (Tanaka et al., 2008). Again, these
flies showed no deficit in either high or low temperature avoid-
ance [Bonferroni’s test: t(1) � 1.30 (AIhigh) and 0.41 (AIlow), p �
0.05] (Fig. 7H, I).

The results of the temperature-preference behavior experi-
ments demonstrate that, although MV1 and MP1 exhibit robust
responses to cooling, they are not required for normal
temperature-preference behavior (and neither are V1 or M3).
This leaves the subset of dopaminergic neurons innervating the �
and �� tips as the neurons responsible for the cold avoidance
effect. Combined with the imaging data, these results suggest that
cooling elicits activity across broadly distributed dopaminergic
neurons and that a small subset of these neurons is capable of
supporting normal temperature-preference behavior. Given that
the MV1 and MP1 neurons strongly respond to cooling, it is likely
that these neurons function redundantly with the �, ��, and M3
dopaminergic neurons to encode temperature and guide appro-
priate behavioral responses.

Discussion
The present study addresses several fundamental questions re-
garding the role of dopaminergic neurons innervating the mush-
room body. First, do dopaminergic neurons encode stimulus
value? Second, to what extent do the parallel arrays of dopami-
nergic neurons innervating the mushroom body segregate func-

Figure 5. Dopaminergic responses to cooling after experimental manipulations. A, Responses in MP1 to brief cooling in controls
(replotted from Fig. 1), animals with surgical manipulations [ablation of the antennae, antennae plus maxillary palps (Ant 
 MP),
or legs], or addition of 1 �M TTX to the bath solution. Mean (dark lines) � SEM (light surrounds) are shown. Vertical dashed gray
lines show the time window (90 –110 s) in which the mean response was calculated for B. B, Mean responses of MV1 and MP1
neurons to the experimental manipulations in A, plus experiments in which the basal temperature was set at 32°C and then briefly
cooled to 25°C. Statistical significance of the pairwise comparison between the peak responses of each group with the control
group is indicated by asterisks above the bars, and significance of the peak response to the prestimulation �F/F magnitude is
indicated below the bars (Peak vs Pre). *p � 0.05, **p � 0.01, ***p � 0.001 (Bonferroni’s test).
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tionality in terms of learned versus innate
behaviors? Finally, what sensory informa-
tion contributes to dopaminergic activity?
The imaging and behavioral data suggest
that multiple subsets of dopaminergic
neurons encode a distributed, asymmetric
representation of temperature shifts.

In olfactory associative learning, activity in
the dopaminergic neurons innervating the
mushroom body vertical lobes is both neces-
sary and sufficient to generate aversion to a
paired odorant (Riemensperger et al., 2005;
Schroll et al., 2006; Claridge-Chang et al.,
2009; Aso et al., 2010, 2012). In addition,
dopaminergic neurons respond to aver-
sive stimuli that represent the aversive
unconditioned stimuli in pavlovian
learning (electric shocks) (Riemensperger
et al., 2005; Mao and Davis, 2009). These
data provide support for the hypothesis
that dopamine functions as an aversive re-
inforcer in the vertical lobes of the Dro-
sophila mushroom body, encoding
hedonic value in an inverse manner to the
reward-responsive dopaminergic neu-
rons in mammals (Bromberg-Martin et
al., 2010). Previous reports have docu-
mented responses to odors in dopaminer-
gic neurons of naive flies (Schroll et al.,
2006; Mao and Davis, 2009). Odors used
in olfactory classical conditioning are of-
ten intrinsically aversive over a wide range
of concentrations; therefore, this observa-
tion does not rule out a hedonic value-
coding model. However, several studies
have also uncovered roles of dopaminer-
gic circuits in appetitive forms of learning
in flies (Kim et al., 2007; Krashes et al.,
2009; Liu et al., 2012). Furthermore, do-
pamine is dispensable for a non-olfactory
form of spatial learning (Sitaraman et al.,
2008).

Given that flies avoid temperatures
both above and below their optimum
(�24°C), the hedonic value-coding
model of dopaminergic function would
predict dopaminergic responses to both
heating and cooling. These responses
should additionally be fast if they are in-
volved in directly modulating behavior.
However, dopaminergic neurons re-
sponded only to cooling in the present
study, contradicting a strict interpretation
of the hedonic value-coding model. In ad-
dition, asymmetric behavioral responses
to temperature shifts have been reported
in other studies. In a conditioned place
preference assay, heat serves as negative
reinforcer, but cooling has a slightly posi-
tive reinforcing property (Zars and Zars,
2006). Silencing dopaminergic neurons
innervating the vertical lobes affects
temperature-preference behavior asym-

Figure 6. Responses to cooling were specific to a subset of PPL1 dopaminergic neurons. A, Illustration of the dopaminergic
neurons from the PPL1 and PAM clusters that innervate the mushroom body vertical and horizontal lobes, respectively. The
mushroom body lobes are outlined, and each subset of dopaminergic neurons is illustrated in a different color. Arrows and
horizontal lines indicate the planes of optical sections for the imaging experiments. B, Confocal image of GCaMP expressed in the
PAM dopaminergic neurons innervating the horizontal mushroom body lobes, driven by Ddc–GAL4. The dotted line indicates the
outline of the PAM neuropil innervating the mushroom body. C, Responses of the PAM neuropil to cooling. Mean (dark lines) �
SEM (light surrounds) are shown at the top, with heat maps at the bottom. D, Responses of the PAM neuropil to heating. The layout
is the same as C. E, GCaMP expressed in the somata of PPL1 neurons with the TH–GAL4 driver. L, Left; R, right. F, GCaMP expressed
in scattered somata of PAM neurons with the TH–GAL4 driver. G, Heat map showing the responses of individual PAM somata to
cooling. H, Heat map showing the responses of individual PPL1 somata to cooling. I, Peak response magnitudes during three time
windows (Pre, Peak, and Post; see bottom of C, D) across neuropil of PAM neurons innervating the horizontal mushroom body lobes
(left) and the somata of PPL1 and PAM neurons (right). *p � 0.05, ***p � 0.001 (Bonferroni’s test).
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metrically, suppressing cold avoidance but leaving heat avoid-
ance essentially intact (Bang et al., 2011; present study). Thus,
multiple lines of evidence suggest that dopaminergic circuits in-
nervating the vertical lobes of the mushroom body do not encode
a pure punishment signal but rather perform a more complex
computation of environmental conditions.

Heating flies to temperatures that produce heat stress
(38°C for 19 min) impairs memory in a dopamine-dependent
manner (Zhang et al., 2008). This suggests that dopaminergic
neurons should respond positively to increases in tempera-
ture, an effect that was not observed in the present study.
These results may be reconciled in at least three ways. First,
heat affects flies in multiple ways, for example, modulating
locomotor activity and metabolism, as well as triggering cir-
cadian entrainment (Zimmerman et al., 1968; Kaushik et al.,

2007; Ueno et al., 2012), which will likely produce effects
across many brain regions. In addition, the dopamine effect
could be independent of the neurons that innervate the mush-
room body, because dopaminergic neurons project to many
brain regions (Friggi-Grelin et al., 2003; Mao and Davis,
2009). Finally, the imaging experiments here examined short-
term responses to acute temperature ramps (�3 min). Over
longer time intervals, dopaminergic neurons may increase
their tonic activity at high temperatures. Low-level increases
in tonic neuronal activity over relatively long time periods are
not easily detectable with calcium indicators in vivo.

Dopaminergic circuits are involved in modulating both innate
and learned behaviors. A major aim of this study was to examine
how the parallel arrays of dopaminergic neurons innervating the
mushroom body encode stimuli associated with these two cate-

Figure 7. The effects of silencing subsets of dopaminergic neurons on temperature-preference behavior. A, The behavioral apparatus and assay conditions. The bottom shows an illustration of
the experimental setup, and the mean recorded temperatures across the gradient are graphed at the top (n � 60). B, Illustration of temperature shifts for TARGET experiments. Flies were raised at
18°C and then either kept at 18°C or transferred to 30°C for 3– 4 d to induce Kir2.1 expression. C, Illustration of the dopaminergic neurons from the PPL1 cluster that innervate the mushroom body
lobes. The mushroom body lobes are outlined, and each subset of dopaminergic neurons is illustrated in a different color. The legend indicates the innervation region of each GAL4 driver. The � and
�� tips are innervated by dopaminergic neurons that are not yet delineated by individual GAL4 drivers. The V1, MV1, and MP1 neurons innervate the upper stalk, lower stalk/junction, and heel,
respectively. D, Dorsal; L, lateral; P, posterior. D–G, Distribution of flies across the temperature gradient, with and without induced Kir2.1 expression under control of different GAL4 drivers. The gray
arrows in D indicate the bins that were summed to calculate avoidance indices against high and low temperature. H, Avoidance index against low temperatures (AIlow) for all GAL4 lines described
in this study. ***p � 0.001 (Bonferroni’s test). I, Avoidance index against high temperatures (AIhigh) for all GAL4 lines described in this study.
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gories of behavior. Learned behaviors could be modulated by
dopaminergic circuits distinct from those modulating innate
behaviors, or both innate and learned behaviors could be
modulated by overlapping dopaminergic circuits. Previous
studies have begun to unravel the roles of several subsets of do-
paminergic neurons in learning and memory. The MP1 neurons
exert motivational control over appetitive memory retrieval
(Krashes et al., 2009) and aversive reinforcement (Aso et al., 2010,
2012). The set of dopaminergic neurons defined by the C150
driver, including the V1, MV1, and MP1 neurons, has been im-
plicated in forgetting (Berry et al., 2012). Thus, there is strong
evidence for a role of MP1 neurons in multiple aspects of learned
behavior, with V1 and MV1 also possibly playing a role in
forgetting.

To compare the role of dopaminergic neurons in encoding
stimuli related to an innate behavior (temperature-preference
behavior), I examined the encoding of temperature ramps by
dopaminergic neurons. Responses to temperature decreases were
broadly distributed across multiple subsets of PPL1 dopaminer-
gic neurons. These include neurons involved in motivational
control and aversive reinforcement based on hunger state (MP1),
forgetting (V1, MV1, and MP1), and neurons with no known role
in memory (dopaminergic neurons innervating the �/�� tips).

These different subsets include neurons with spontaneous burst-
ing activity (MV1, MP1, and � tip), as well as ones that do not
exhibit spontaneous activity (V1 and �� tip). Mao and Davis
(2009) imaged activity of dopaminergic neurons (�, ��, V1, and
MV1 regions) in response to both odors and electric shock. Al-
though each stimulus generated regional variations in magni-
tude, all subsets of dopaminergic neurons responded to odor and
shock. Thus, combined with the data from the present study,
there is no evidence for segregation of temperature coding from
other stimuli involved in associative learning— odor, shock,
hunger state, or forgetting signal—across different subsets of
PPL1 dopaminergic neurons innervating the mushroom body
(Fig. 8). However, there was a difference between the PPL1 clus-
ter and the PAM cluster, because the PAM cluster did not exhibit
responses to cooling.

A curious facet of the dopaminergic responses is their unidi-
rectional nature. Where do the sensory signals that feed into the
dopaminergic circuits arise?

Thermoreceptors, many of which are differentially cold
sensitive, are located in various regions across the body in
insects (Kerkut and Taylor, 1957; Davis and Sokolove, 1975;
Reinouts van Haga and Mitchell, 1975; Sayeed and Benzer,
1996; Zars, 2001; Liu et al., 2003; Hamada et al., 2008; Gallio et
al., 2011). The dopaminergic responses were reduced when
both the antennae and maxillary palps were ablated, suggest-
ing that they provide thermosensory input to the dopaminer-
gic neurons.

Dopaminergic neurons responded to cooling with primarily
phasic activity, consisting of a burst of activity at the onset of
cooling that dropped down to a lower steady-state level at or
somewhat above the baseline. Cold-sensitive primary sensory
neurons (as well as warm-sensitive ones) respond in a similar
phasic–tonic temporal manner (Hensel and Zotterman, 1951;
Lacher, 1964; Davis and Sokolove, 1975; Reinouts van Haga and
Mitchell, 1975). Therefore, the pattern of dopaminergic neuron
activity may follow the response pattern of the sensory neurons.
Nonetheless, this response pattern indicates that dopaminergic
neuron activity (and consequent release of dopamine onto post-
synaptic structures) emphasizes changes in external environmen-
tal conditions rather than the static value. Because dopaminergic
neurons are involved in learned behaviors, such as associative
learning, this response pattern would lend itself well to encoding
salient environmental changes. The phasic dopamine release
could function to upregulate neuronal plasticity in target struc-
tures (e.g., the mushroom body) during periods of environmen-
tal change that require acquiring new associative memories or
updating previously encoded associations.
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