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ABSTRACT 33 
 34 
Complex animal behaviors are built from dynamical relationships between sensory inputs, 35 
neuronal activity, and motor outputs in patterns with strategic value. Connecting these patterns 36 
illuminates how nervous systems compute behavior. Here, we study Drosophila larva navigation 37 
up temperature gradients towards preferred temperatures (positive thermotaxis). By tracking the 38 
movements of animals responding to fixed spatial temperature gradients or random temperature 39 
fluctuations, we calculate the sensitivity and dynamics of the conversion of thermosensory 40 
inputs into motor responses. We discover three thermosensory neurons in each dorsal organ 41 
ganglion (DOG) that are required for positive thermotaxis. Random optogenetic stimulation of the 42 
DOG thermosensory neurons evokes behavioral patterns that mimic the response to temperature 43 
variations.  In vivo calcium and voltage imaging reveals that the DOG thermosensory neurons 44 
exhibit activity patterns with sensitivity and dynamics matched to the behavioral response. 45 
Temporal processing of temperature variations carried out by the DOG thermosensory neurons 46 
emerges in distinct motor responses during thermotaxis. 47 
 48 
Significance Statement 49 
A new set of thermosensory neurons embedded in the olfactory organ of the Drosophila larva is shown to 50 
be required to drive the animal up temperature gradients towards preferred environments. Optogenetics 51 
and optical neurophysiology reveal efficient sensory encoding of both favorable (warming) and 52 
unfavorable (cooling) stimuli for distinct components of thermotactic strategy by this one set of neurons. 53 
Cooling-evoked activation is used to curtail forward movements in unfavorable directions; warming-54 
evoked deactivation is used to orient new forward movements in favorable directions during turns. Our 55 
results pinpoint the locus of thermosensory perception for cool-avoidance behavior in the larva, and 56 
define how downstream circuits use thermosensory perception to organize navigational behavior. 57 
 58 

59 
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/body 60 

INTRODUCTION 61 
 62 
Navigation towards environmental conditions that improve survival and fitness is of near-universal 63 
importance in motile biological organisms.  Quantitative analysis of such animal behaviors to defined 64 
sensory inputs is a powerful approach to elucidate how behavior is encoded in underlying neurons and 65 
circuits. The advantage of studying navigation in small, optically transparent, genetically modifiable 66 
animals like C. elegans (1) or Drosophila larvae (2) is the opportunity to dissect sensory, neuronal, and 67 
behavioral dynamics in live animals using optical neurophysiology and optogenetics throughout the 68 
nervous system. 69 
 70 
The Drosophila melanogaster larva navigates gradients of many sensory cues including light, 71 
temperature, odors, and tastes, but with fewer neurons in its sensory periphery and brain than the adult. 72 
Moreover, the simpler body plan and crawling movements of the larva facilitate the precise quantification 73 
of behavioral dynamics. Poikilotherms like C. elegans or Drosophila use sensitive thermosensory 74 
mechanisms to navigate moderate temperature ranges, thereby enabling them to use their environments 75 
to regulate their own body temperatures (3, 4). Here, we study sensory and behavioral dynamics during 76 
positive thermotaxis (i.e., cool avoidance) by the Drosophila larva. Tracking the movements of Drosophila 77 
exploring temperature, olfactory, or gaseous gradients have shown that their navigation is generated by a 78 
sequence of two alternating motor programs: runs involving peristaltic forward movement that are 79 
interrupted by turns involving probing side-to-side head sweeps until the initiation of a new run (5-8). 80 
Larvae negotiating temperature gradients stochastically transition between runs and turns by strategies 81 
that cause runs pointed in favorable directions to be more frequent and longer than runs pointed in 82 
unfavorable directions. These transitions between runs and turns are dependent on temporal variations in 83 
ambient temperature. Warming over time is favorable and cooling is unfavorable during positive 84 
thermotaxis. However, the sensitivity and dependence of these transitions on measurements of 85 
temperature variations by the nervous system is not known.  86 
 87 
The sensory basis for positive thermotaxis in the Drosophila larva is also poorly understood. In adult 88 
Drosophila, separate sensory neurons in the arista of the antennae contribute to cold and warm 89 
avoidance (9). These sensory neurons project to distinct glomeruli in the brain, suggesting labeled lines 90 
from the sensory periphery to the brain that drive flies towards preferred temperatures. In addition, 91 
dTRPA1-expressing neurons in the central brain function as an internal temperature sensor that also 92 
contribute to warm avoidance (10). Several genes that can affect the range of preferred temperatures in 93 
larvae have been identified, which include transient receptor potential (TRP) channels and Rhodopsin 94 
(11, 12). None of these genes are required for driving larval movement towards preferred temperatures. It 95 
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has been suggested that the larva’s terminal organ ganglion (TOG) is activated by temperature changes, 96 
but specific neurons that might be required for positive thermotaxis were not identified (13). 97 
 98 
In earlier work, we used imaging systems that tracked individual larvae to uncover general rules for 99 
thermotactic behavioral strategy (5). Here, we used high-throughput/high-resolution behavioral assays to 100 
define the patterns of sensorimotor processing that produce these behavioral rules. We tracked the 101 
movements of large numbers of animals responding to fixed spatial gradients or defined random thermal 102 
fluctuations. Reverse-correlation methods yielded the temperature sensitivity as functions of time between 103 
stimulus history and motor responses that dictate how the larva uses its sensory experience to modulate 104 
behavior. We sought the relevant thermosensory neurons, and discovered three novel neurons that are 105 
necessary for positive thermotaxis in each dorsal organ ganglion (DOG). We characterized the dynamics 106 
of the DOG thermosensory neurons by imaging calcium dynamics using GCaMP and voltage dynamics 107 
using ArcLight in response to defined temperature waveforms: sine waves, ramps, and random thermal 108 
fluctuations (14). Reverse-correlation methods showed that the transformations from temperature 109 
dynamics into neuronal dynamics are well matched to behavioral response. Finally, we used random 110 
optogenetic stimulation of the DOG neurons combined with reverse-correlation methods to connect 111 
neuronal dynamics with behavior. We confirmed that both activation and deactivation of the DOG neurons 112 
– which signify cooling and warming, respectively – drive distinct motor state transitions during 113 
thermotaxis.  114 
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RESULTS 115 
 116 
Behavioral responses to thermosensory inputs  117 
When Drosophila larvae are placed on linear spatial temperature gradients between ~15 and 23 °C, they 118 
move up the temperature gradients towards warmer temperatures, a response called positive thermotaxis 119 
(Figure 1A). At temperatures above ~30 °C, they crawl down temperature gradients (Figure 1B). Earlier, 120 
using a single-animal tracking microscope that followed individual first instar larvae during thermotaxis, 121 
we uncovered biases in larval movement caused by temperature gradients that produce thermotaxis (5). 122 
The trajectory of a crawling larva consists of a sequence of alternating periods of forward movement 123 
(runs) and head sweeping movements (turns). During positive thermotaxis, transitions between these 124 
motor states are modulated by the gradient. First, the larva exhibits longer runs moving up gradients than 125 
down gradients (Figure 1C, left). Second, the larva modulates the size of turns, making larger course 126 
corrections after runs pointed down the gradient than up the gradient (Figure 1C, middle). Third, the larva 127 
modulates the direction of turns, starting more runs up the gradient than down the gradient (Figure 1C, 128 
right). 129 
 130 
To assess how transitions between motor states might be triggered by temperature gradients, we 131 
engineered a high-throughput behavioral analysis system to accumulate enough larval trajectories – 132 
many runs and turns exhibited at all angles – to discriminate the effects of small differences in 133 
thermosensory inputs on movements (Figure S1). We used high-pixel density video cameras to record the 134 
time-varying posture and movements of many second instar larvae performing thermotaxis across the 135 
surfaces of 22 x 22 cm agar plates, starting at 17.5 °C on a stable, linear gradient (6). 136 
 137 
Increasing the resolution of statistical analysis led to several new insights into the specific temperature-138 
triggered responses exhibited during thermotaxis. In stable spatial temperature gradients, the animal 139 
experiences temporal gradients by self-movement, the vector product of the animal's velocity and the 140 
temperature gradient. We determined the sensitivity of run durations to the sign and steepness of 141 
temperature gradients by calculating the temporal gradient that preceded all turns in all trajectories. We 142 
found that runs last longer when larvae move up gradients as compared to moving down gradients, but 143 
turning rate is not actually affected by positive temporal gradients. Turning rate specifically rises with 144 
negative temporal gradients as shallow as 0.005 °C/s (Figure 1D). During thermotaxis, larvae also 145 
regulate the size of the head sweeps at the end of each run (Figure 1E). Like run duration, we found that 146 
turn size was unaffected by positive temporal gradients but rose only with negative temporal gradients as 147 
shallow as 0.005 °C/s. Thus, runs are shortened and turns are widened by falling temperatures, but 148 
neither run length nor turn size are affected by rising temperatures.  149 
 150 
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The turn-to-run transition is how the larva picks the direction of new runs (5). When the body is initially 151 
parallel to the gradient, a head sweep will produce the same temporal gradients whether the head 152 
sweeps to the left or right. When the larva is headed up spatial gradients (0.23 °C/cm), side-to-side head 153 
movements generate negative temporal gradients near -0.002 °C/s. When headed down the gradient, 154 
side-to-side head movements generate positive temporal gradients near +0.005 °C/s; these temporal 155 
gradients are larger in magnitude than when the larva is headed up the gradient because the larva 156 
sweeps its head in larger angles when the temperature is dropping (Figure S1B). In these cases, the 157 
probability of starting a new run during each head sweep was ~73% (Figure 1F). 158 
 159 
In contrast, after runs pointed orthogonal to the gradient, head sweeps create temporal gradients (± 0.010 160 
°C/s on 0.23 °C/cm gradients) that depend on their direction. For these head sweeps, the probability of 161 
starting a new run dropped to ~62% when towards colder temperatures and rose to ~83% when towards 162 
warmer temperatures. Unlike the run to turn transition, which is specifically induced by cooling, the turn to 163 
run transition is induced by warming (Figure 1F).  164 
 165 
Reverse-correlation analysis of the computational structure of thermotactic strategy 166 
To identify the specific pattern of sensory input that triggers transitions between motor states, we turned 167 
to reverse-correlation methods. We built a Peltier-driven platform to subject freely moving larvae to 168 
spatially uniform random thermal flicker (see Supplemental Methods). Random rapid thermal fluctuations 169 
allowed us to explore a large space of possible sensory input patterns in each experiment, while every 170 
navigating animal experienced the same temperature stimulus (Figure 2A). Linear systems analysis, 171 
viewing the whole animal as the transducer, is the simplest model to estimate the transformation from 172 
stimulus input to motor response (15). In this scheme, the sensorimotor transformation can be 173 
represented as the average stimulus history that precedes each type of behavioral response. These 174 
response-triggered stimulus histories represent how the animal uses its sensory experiences to make 175 
behavioral decisions.  176 
 177 
We found that the response-triggered temperature history for the run-to-turn transition is characterized by 178 
a sharp drop in temperatures peaking at approximately -0.003 °C/s in a ~3 s period preceding the turn 179 
(Figure 2B). The millidegree sensitivities of behavioral responses to random thermal fluctuations 180 
compares well with our estimates of the sensitivity using linear spatial gradients (see above), and 181 
additionally provide an estimate of the time window over which the larva analyzes temperature variations 182 
in transitions between run and turn behaviors. During each run, the larva monitors temperature variations 183 
over a ~3 s interval, and initiates turns that are triggered by cooling. This is consistent with our 184 
observation on spatial gradients that runs are shortened by negative gradients but not lengthened by 185 
positive gradients (Figure 1D).  186 
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 187 
We also calculated the response-triggered temperature history for the turn-to-run transition. During each 188 
turn, the larva sweeps its head from side to side until it picks a new direction by starting a run and ending 189 
the turn. We found the stimulus history preceding the turn-to-run transition was a ~1 s interval of rising 190 
temperature peaking at ~0.002 °C/s. This warming phase is itself preceded by the cooling phase that 191 
initiated the turn (Figure 2C). Thus, during each turn, the larva monitors temperature variations with 192 
millidegree sensitivities, and is induced to start the new run when it detects warming. This is consistent 193 
with our observation on spatial gradients where the larva increases the likelihood of turning towards 194 
warmer temperatures by starting new runs when the head sweeps towards higher temperatures (Figure 195 
1F).   196 
 197 
Finally, we asked whether the linear filter obtained by reverse-correlation analysis has predictive value. 198 
We subjected larva to a specific stimulus waveform that started at 17.5 °C and ended at 16.5 °C, and 199 
experimentally measured the turning frequency before, during, and after the temperature change. We 200 
then predicted how the frequency should be modulated using the linear filter convolved with the stimulus 201 
waveform. The prediction of turning frequency to the stimulus waveform compares favorably with 202 
experimentally observed behavior, suggesting that the linear filter captures much of the sensorimotor 203 
transformation underlying larval thermotaxis. We expect that the prediction could be further improved by 204 
including nonlinearities into the transformation (e.g., linear-nonlinear models) or additional factors (e.g., 205 
generalized linear models) (16, 17).  206 
 207 
The dorsal organ is required for thermotactic behavior 208 
Our behavioral measurements set new criteria for the relevant sensory neurons for positive thermotaxis. 209 
Neurons that are required for thermotaxis had not yet been identified. Several proteins – TRP, TRPL, and 210 
Rhodopsin – have been suggested to have roles in thermotaxis by affecting the setpoint of the larva’s 211 
preferred temperature (12, 18). Another member of the transient receptor potential family of cation 212 
channels – inactive, which is largely expressed in the chordotonal organs along the larva’s body (Figure 213 
3A) – has also been proposed to affect the setpoint of the larva’s preferred temperature (19). We 214 
examined these candidates, but found that driving tetanus toxin light chain under the control of the iav 215 
promoter does not significantly affect positive thermotaxis (Figure S2). Mutants in trp and trpL were also 216 
capable of moving up spatial temperature gradients towards preferred temperatures (Figure S2).   217 
 218 
The two principal sensory structures for chemosensation are located in the larva’s head. The terminal 219 
organ ganglion (TOG) contains numerous gustatory receptors, and the dorsal organ ganglion (DOG) 220 
contains the olfactory receptors (Figure 3A) (20). One report suggested that the TOG contributes to cool 221 
avoidance based on calcium imaging with GCaMP and synaptic inactivation of neurons using the GH86 222 
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promoter (13).  Previously, we confirmed that transgenic lines that express TNT-C under the control of the 223 
GH86 promoter are incapable of crawling up temperature gradients (5). However, the GH86 promoter 224 
labels most neurons in the both the DOG and TOG, making it uncertain whether the DOG or TOG 225 
mediates the response.    226 
 227 
We used laser ablation to directly probe whether the TOG or DOG contribute to thermotaxis by cutting the 228 
nerves that run from these organs to the brain. We confirmed that these nerves do not regrow in the 24 h 229 
time interval between laser ablation and testing behavior (Figure S3A). We found that bilateral ablation of 230 
both maxillary nerves that run from the TOG had no effect on positive thermotaxis (Figure 3B). However, 231 
bilateral ablation of the antennal nerves that run from the DOG abolished positive thermotaxis (Figure 3B). 232 
We asked whether snipping the antennal nerves might lead to a general loss of navigational ability by 233 
testing phototaxis. In a checkerboard pattern of illumination projected on the surface of a gel, larvae will 234 
stay within the dark squares (21-23). Snipping the antennal nerves has no effect on phototaxis (Figure 235 
S3B), suggesting that the larvae are still capable of performing other modes of navigation.  The DOG, but 236 
not the TOG, is required for positive thermotaxis.   237 
 238 
Direct left/right spatial comparisons are thought to be important for larval olfactory navigation (2, 7, 24). 239 
We found that snipping just one antennal nerve did not affect positive thermotaxis (Figure 3B), so larvae 240 
do not require comparisons between the left and right DOG. We speculated that unilateral ablation of the 241 
antennal nerve might induce handedness in movement patterns: left and right dorsal organs might have 242 
different effects on left and right turning movements, for example. However, unilateral ablation did not bias 243 
the initiate head sweeps or start new runs toward either direction (Figure 3C). 244 
 245 
Three novel thermosensory neurons in each dorsal organ 246 
To narrow down the DOG neurons that might be required for positive thermotaxis, we used calcium 247 
imaging. We built a custom temperature-controlled stage (Figure S1C) to deliver different temperature 248 
waveforms during confocal imaging while minimizing motion artifacts with focus compensation. We 249 
subjected immobilized animals to sinusoidal temperature variations: 1.5 °C amplitude, 18 °C mean 250 
temperature, 60 s period, temperature variations that would evoke cool avoidance in behaving animals. 251 
Multineuronal calcium dynamics were imaged by driving GCaMP expression throughout the dorsal organ 252 
using the panneuronal elav promoter, or a large subset of DOG neurons using the NP4486 promoter, 253 
which had previously been shown to drive expression in cold-sensing neurons in the adult fly (9). Calcium 254 
imaging revealed three neurons in each dorsal organ that exhibited strong intracellular calcium dynamics 255 
coupled to the temperature waveform (Figure 3D and Supplementary Movie 2).  256 
 257 
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The thermosensory neurons are morphologically distinct from all other neurons in the DOG (Figure 3D, 258 
Supplementary Movie 3). The rest of the DOG neurons – olfactory receptor neurons and a few gustatory 259 
receptor neurons – send their dendrites to a dome of cuticle perforated by pores (25). In contrast, the 260 
thermosensory neurons develop large membrane-rich dendritic bulbs that appear 60 +/- 13% of the 261 
distance before reaching the dome (Figure 3D,E). These three thermosensory neurons are the only ones 262 
with this unique morphology in the DOG revealed by the panneuronal driver elav, indicating that they are 263 
the same three neurons labeled by the GH86 driver and the NP4486 driver. Because these drivers label 264 
many neurons in the DOG, we sought a sparser line in the GAL4 collection at Janelia Farm (26). We 265 
found that the R11F02 driver reliably and specifically labels the three thermosensory neurons with 266 
minimal expression in the rest of the animal (Figure 3F, Experimental Procedures, Supplementary Movie 267 
3).  268 
 269 
We found that driving tetanus toxin light chain in the DOG thermosensory neurons (R11F02-Gal4;UAS-270 
TeTxLC) completely abolished positive thermotaxis whereas driver control larvae (attP2 landing site; 271 
UAS-TeTxLC) were normal, suggesting that these thermosensory neurons are required to drive 272 
navigation up temperature gradients (Figure 3G). Because the GH86 promoter labels these three 273 
morphologically distinct neurons (Supplemental Movie 3), we suggest that disrupting thermotaxis by 274 
inactivation of GH86 expressing cells is not through inactivation of the TOG, as previously thought, but by 275 
inactivation of the R11F02-GAL4 expressing neurons in the DOG (13). 276 
 277 
We asked whether the DOG thermosensory neurons might express known chemoreceptors. We used a 278 
line that expresses RFP in all 21 olfactory neurons (Orco::RFP) while driving mCD8::GFP by the line 279 
R11F02 and observed no overlapping fluorescence in the dorsal organ (Figure 3H, left; Supplementary 280 
Movie 4). We followed the axons of the three thermosensory neurons and found that they run parallel to 281 
the axons of the 21 ORNs along the antennal nerve (Supplementary Movie 4). Each olfactory neuron 282 
innervates a distinct glomerulus within the larval antennal lobe (27, 28). The three thermosensory neurons 283 
do not innervate olfactory glomeruli, but glomeruli in a region posterior and slightly dorsal to the larval 284 
antennal lobe (Figure 3H, right; Supplementary Movie 4). The cellular expression patterns of all 68 285 
gustatory receptor genes have been systematically characterized (29). None of these expression patterns 286 
include neurons that resemble the thermosensory neurons. The thermosensory neurons do not appear to 287 
be previously characterized olfactory or gustatory neurons. 288 
 289 
Physiological properties of the thermosensory neurons 290 
To further probe the physiological properties of the three thermosensory neurons, we subjected animals 291 
to a variety of defined temperature waveforms and monitored calcium dynamics using GCaMP3 (30). 292 
First, to probe whether these neurons encode warming, cooling, or both, we subjected animals to two sets 293 
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of sinusoidal waveforms of temperature within the range of cool avoidance, either starting in the warming 294 
phase of the waveform (the +sin waveform) or starting at the cooling phase of the waveform (the –sin 295 
waveform) (Figure 4A). Interestingly, we found that two neurons exhibited the same pattern of calcium 296 
dynamics (what we call the A-type sensors, blue & green traces in Figure 4A) and one neuron exhibited a 297 
similar but different pattern (what we call the B-type sensor, red trace in Figure 4A). We distinguished the 298 
A-type sensors based on their stereotyped position within the dorsal organ, medial (blue) and lateral 299 
(green) (see Figure 3D). 300 
 301 
Both A-type sensors are activated at the onset of the –sin waveform (onset of cooling) with a large rise in 302 
intracellular calcium levels, but show little response at the onset of the +sin waveform (onset of warming) 303 
(Figure 4A). At subsequent warming and cooling phases during the continuing waveform, intracellular 304 
calcium levels drop and rise, respectively. In contrast, the B-type sensor shows a significant rise in 305 
intracellular calcium levels at the onset of the –sin waveform and a significant drop at the onset of the +sin 306 
waveform. During subsequent cooling and warming phases of either waveform, the B-type sensor shows 307 
increases and decreases in intracellular calcium levels, respectively. Thus, both A- and B- type sensors 308 
are activated by cooling and deactivated by warming. The two A-type sensors have low baseline calcium 309 
levels, thereby showing little change when naïve animals are exposed to warming (Figure 4B). The B-type 310 
sensors have higher baseline calcium levels, thereby showing a bigger drop in calcium levels when naïve 311 
animals are exposed to warming. 312 
 313 
Next, we tested the range of response of the A- and B-type sensors. Wild-type larvae prefer temperatures 314 
between ~22-28 °C, and crawl up gradients from lower temperatures (Fig. 1B). For these neurons to be 315 
able to contribute to the full range of cool avoidance, their range of sensitivity should extend at least up to 316 
preferred temperatures. We subjected larvae to negative linear temperature ramps starting at warm 317 
temperatures and found that both neuron types exhibited step increases in intracellular calcium levels but 318 
at different temperatures (Figure 4C). A-type sensory neurons are activated near 32 °C. B-type sensory 319 
neurons are activated near 26 °C.  Corresponding positive linear ramps starting at cold temperatures 320 
induced in both neuron types a drop in calcium levels that remained low (Figure 4C).  Thus, both neuronal 321 
types fully span the range of positive thermotaxis behavior. 322 
 323 
To characterize the limits to sensitivity of the A- and B-type neurons, we measured their intracellular 324 
calcium dynamics in response to sine waves of different amplitudes (Figure 4D). We observed detectable 325 
fluorescence changes induced by sinusoidal variations in temperature with gradients as small as ~0.005 326 
°C/sec, which compares well to the behavioral sensitivity to temperature gradients (see above). 327 
Interestingly, the increase in the magnitude of fluorescence changes appears to be logarithmic with 328 



 11 

increases in the magnitude of temporal gradients (growing linearly on a linear-log plot), and so the 329 
responses of these neurons is also not saturated with gradients as steep as 0.2 °C/s. 330 
 331 
Reverse correlation analysis had shown us that thermotactic behavioral responses are sensitive to 332 
temperature variations in time intervals as short as ~1-3 s. We asked whether the thermosensory neurons 333 
are capable of responding on this time scale. First, we subjected the animal to sinusoidal variations in 334 
temperature with a period of 3 s (i.e., alternating warming and cooling phases lasting 1.5 s each) and 335 
found that the thermosensory neurons were able to phase lock their calcium dynamics (using GCaMP5) 336 
to the thermosensory input (Figure 4E). Phase locking of calcium dynamics to sine waves suggests that a 337 
bidirectional electrophysiological response underlies calcium dynamics, as has been described in the 338 
principal thermosensory neurons in C. elegans (4). To visualize the changes in membrane potential that 339 
might accompany temperature changes we used ArcLight, a newly developed fluorescent reporter of 340 
membrane potential (14). The fluorescence of ArcLight decreases with membrane depolarization and 341 
increases with repolarization. When we expressed ArcLight in the thermosensory neurons, we found that 342 
warming is correlated with membrane repolarization and cooling is correlated with membrane 343 
depolarization (Figure 4E). Plotting dynamics of the GCaMP5 vs. ArcLight signals in thermosensory 344 
neurons driven by sinusoidal changes in temperature, we infer that increases and decreases in 345 
intracellular calcium levels are correlated with membrane depolarization and repolarization, respectively 346 
(Figure 4F). 347 
 348 
To further characterize temporal signal processing by the thermosensory neurons, we used reverse-349 
correlation analysis. We delivered defined random thermal fluctuations to immobilized larvae similar to the 350 
random waveforms in behavioral measurements, and quantified their calcium dynamics (Figure 5A). We 351 
calculated the stimulus history that preceded increases in thermosensory neuron activity for both the A- 352 
and B-type thermosensory neurons (Figure 5B). The stimulus input that activates either the A- or B-type 353 
neurons is a sharp drop in temperatures over ~3 s, where the drop and negative sign of the lobe indicates 354 
increased calcium activity during cooling, the shift from t = 0 indicates a short delay between stimulus and 355 
response, and the increase in temperature after the drop indicates a return to uncorrelated baseline 356 
activity.  This compares well with the sensory input that initiates transitions from run to turn behavior 357 
(Figure 2B). Calcium dynamics are uncorrelated with temperature variations more than ~3 s in the past, 358 
providing an estimate of the time window of signal transduction from temperature variations into neuronal 359 
activity patterns.   360 
 361 
Optogenetic activation of thermosensory neurons 362 
We turned to optogenetics to causally connect the activity patterns of the thermosensory neurons with 363 
behavioral dynamics in freely moving larvae. We tracked the movements of larvae expressing the red-364 
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shifted Channelrhodopsin CsChrimson (31) in the thermosensory neurons (R11F02>CsChrimson) while 365 
being subjected to red light (624 nm) that is outside their visual response spectrum. Depolarization of the 366 
three DOG thermosensors via red light illumination should mimic cooling, with the exception of ~1-2 s 367 
delay between illumination and depolarization in Drosophila neurons that is characteristic of CsChrimson 368 
(31). We used reverse-correlation analysis to quantify behavioral responses to optogenetic stimulation 369 
provided by random on/off flickering of red light (50% likelihood of illumination in every 0.25 s interval) 370 
(Figure 5C). We calculated the average stimulus histories that precede the initiation of new turns during 371 
runs (Figure 5C) and initiation of new runs during turns (Figure 5D). We found a sharp increase in the “on” 372 
probability of the LEDs in a ~3 s interval before the initiation of turns, which is consistent with the effect of 373 
cooling in triggering a run-to-turn transition when freely moving larvae were subjected to random thermal 374 
fluctuations. We found a sharp decrease in the “on” probability of the LEDs in the interval between turn 375 
initiation and an accepted head sweep, which is consistent with the effect of warming in promoting head 376 
sweep acceptance. We also note that the behavioral transitions in control larvae were uncorrelated with 377 
the light stimulus.  Taken together, these results suggest that optogenetically induced variations in the 378 
activity of the DOG thermosensory neurons in freely crawling larvae mimic the effects of warming and 379 
cooling on the full set of sensorimotor transformations underlying positive thermotaxis. 380 
 381 
Similarly to our analysis of behavioral responses to temperature variations (Fig. 2), we asked whether the 382 
linear filter between light-activation of CsChrimson and behavioral responses that we obtained using 383 
reverse-correlation has predictive value. We measured the behavioral response to a single “off” to “on” 384 
step in light intensity, and found a favorable comparison to a prediction of the behavioral response based 385 
on the linear filter obtained using random flicker (Fig. 5E). A slight delay in the behavioral transitions 386 
caused by optogenetic modulation in comparison to those caused by temperature (compare Figures 5C 387 
and 2) are likely due to the latency of CsChrimson (31). 388 
 389 

DISCUSSION 390 
 391 
Small animals with fewer sensory channels and simple body plans like the nematode C. elegans and the 392 
Drosophila larva make it possible to reduce complex animal behaviors like navigation into specific 393 
transformations between sensory inputs and motor outputs (32). Because these animals have small and 394 
accessible nervous systems, it is further possible to map these transformations to the activity patterns of 395 
specific neurons. Here, we undertook a quantitative analysis of navigational behavior and neuronal 396 
encoding during positive thermotaxis in Drosophila larva. We found that reverse correlation methods 397 
applied to behavior – viewing the animal itself as a linear transducer – is an effective tool in defining the 398 
stimulus inputs that trigger specific motor responses. We discovered and characterized three 399 
thermosensory neurons in each dorsal organ ganglion that drive positive thermotaxis. Their morphologies 400 
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of the DOG thermosensory neurons in Drosophila larvae are reminiscent of the thermosensory neurons in 401 
C. elegans. In C. elegans, thermotactic navigational behavior requires the AFD neurons, a subset of the 402 
amphid sensory neurons that are otherwise mostly olfactory and gustatory (33). Amphid sensory neurons 403 
send dendrites to a pore to sample the external chemical environment, except the membrane-rich 404 
sensory dendrites of the AFD neuron that terminate in a ciliary bulb before reaching the pore (34). Like C. 405 
elegans, the molecular thermoreceptor that functions in the Drosophila thermotaxis neurons remains to be 406 
identified. 407 
 408 
The three DOG thermosensory neurons exhibit the remarkable sensitivity to temperature variations 409 
(<0.005 °C/sec) that trigger thermotactic behavioral responses. This high thermal sensitivity is 410 
comparable to the most sensitive thermoreceptors in biology: the infrared receptor in snakes has been 411 
reported to exhibit sensitivity ~0.005 °C/sec (35); a cave beetle has been reported to exhibit sensitivity 412 
~0.003 °C/sec (36). The temporal dynamics of behavioral and thermosensory neuron responses are also 413 
highly comparable: similar intervals of thermosensory history are used to initiate transitions between run 414 
and turn behavior as well as to activate the thermosensory neurons (compare Figure 2B and Figure 5B), 415 
suggesting that temporal processing of temperature changes begins at the sensory periphery without 416 
substantial delays along downstream circuits. Importantly, we found that optogenetic activation of the 417 
thermosensory neurons causes transitions between run and turn behavior with similar dynamics as 418 
temperature-induced transitions during thermotaxis (compare Figure 2B and Figure 5C), providing direct 419 
evidence that these thermosensory neurons drive all components of navigational behavior. 420 
 421 
Like the thermosensory neurons in C. elegans, the DOG thermosensory neurons are bidirectional in that 422 
they respond to both cooling and warming by depolarizing and hyperpolarizing, respectively. This property 423 
makes them able to respond to alternating warming and cooling phases of a thermosensory input, which 424 
can rapidly occur during navigation on a spatial temperature gradient (Figure 4F). For example, the DOG 425 
thermosensory neurons would be poised to respond to a head sweep pointed towards higher 426 
temperatures after a run that was pointed towards lower temperatures. We found a difference between 427 
the A- and B-type DOG neurons in their responses to the onset of warming or cooling. Both neurons are 428 
activated by cooling, but high baseline calcium levels in the B-type neurons might make naïve animals 429 
more sensitive to sudden warming. Further mapping and analysis of the circuits downstream of the A- and 430 
B-type DOG neurons would help to discriminate their potentially distinct roles in thermotaxis.  These roles 431 
could also be illuminated by observing neuronal activity in freely moving, navigating larvae, as in C. 432 
elegans, once the motion compensation difficulties of the larger animal were overcome.   433 
 434 
Optogenetic analysis in behaving animals suggests that both activation and deactivation of the DOG 435 
thermosensory neurons are triggers for behavioral responses during positive thermotaxis. Cooling-436 
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mediated activation of the DOG neurons during runs causes the animal to initiate turns, thereby 437 
shortening runs that are pointed in an unfavorable direction. Warming-mediated deactivation of the DOG 438 
neurons causes the animal to initiate a new run during a turn, thereby causing the animal to pick new runs 439 
that are pointed towards favorable directions. Thus, the larva does not use separate sensors for detecting 440 
warming and cooling to encode favorable and unfavorable sensory inputs during positive thermotaxis, but 441 
differentially uses the activation and deactivation of one set of thermosensory neurons to promote 442 
transitions between motor states.  443 
 444 
It would be interesting to know to what extent principles for sensorimotor behavior underlying thermotaxis 445 
are conserved in the transformation of Drosophila body plan from larva to adult. Substantial progress has 446 
been made in understanding circuits for thermotaxis in the adult fly (3). Distinct peripheral sensory 447 
pathways for warm and cold avoidance that start in the fly antenna and project to the adult central brain, 448 
also to a region ventral to the antennal lobe, have now been identified (9, 37), as well as a distinct internal 449 
sensory pathway involving the AC warmth-sensors in the fly brain(10). The molecules, cells, and circuits 450 
for negative thermotaxis in Drosophila larva remain poorly understood, except at noxious temperatures 451 
(18, 38), and we have not yet identified circuits for negative thermotaxis (warm avoidance). Evaluating 452 
these possibilities will require more extensive mapping of thermosensory neurons and thermotaxis circuits 453 
in the larva.  454 
 455 
Small organisms like C. elegans and Drosphila offer the possibility of complete understanding of 456 
behavioral dynamics in terms of neuronal dynamics starting at the sensory periphery (16, 39, 40). The 457 
Drosophila larva is likely to be the next animal, after C. elegans, that offers a complete wiring diagram of 458 
an entire nervous system with synaptic resolution (41). Advances in optical neurophysiology may soon 459 
make it possible to record the activities of large ensembles of neurons in the Drosophila larva as has 460 
recently been accomplished in C. elegans and zebrafish larva (42-45). Following the outputs of sensory 461 
neurons to the central brain and beyond – combined with studies that quantitatively connect 462 
transformations from sensory inputs to neuronal activity patterns to motor outputs – will help unravel the 463 
complete encoding of complex behaviors like navigation from perception to action. 464 

 465 

466 
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EXPERIMENTAL PROCEDURES 467 

 468 
Drosophila strains and husbandry 469 
Drosophila were raised in vials or bottles with standard yeast-containing medium at 22 °C with alternating 470 
12-hour cycles of dark and light, except for R11F02>CsChrimson larvae, which were raised entirely in the 471 
dark at 22 °C and given yeast with 0.2 mM all-trans-retinal (ATR). The following strains were used: 472 
Canton-S (BL#1), GH86 (BL#36339), elav-GAL4 (BL#8760), iav-GAL4 (BL#36360), NP4486-GAL4 473 
(DGRC 104-694), R11F02-GAL4 (BL #49828), UAS-mCD8::GFP (BL#5137), UAS-GCaMP3 (BL#32236), 474 
UAS-GCaMP5 (BL #42037), UAS-ArcLight, UAS-TeTxLC (BL#28838), trpL[302] (BL#433), trp[343], and 475 
UAS-CsChrimson (BL #55136). John Carlson kindly provided Orco-RFP; UAS-mCD8::GFP.  476 
 477 
For the R11F02-GAL4 driver, consistent expression was only observed in the three cooling-responsive 478 
neurons in each DOG.  Dim expression (10-20% of the level of the DOG thermosensory neurons as 479 
quantified using GFP expression) was randomly observed in other sensory neurons and interneurons. 480 
From observations of 13 R11F02>mCD8::GFP larvae, we also found on average 0.85 +/- 0.15 other DOG 481 
neurons, 0.77 +/- 0.14 TOG neurons, 2.54 +/- 0.31 neurons in the pharynx region between the two DOGs, 482 
and 2.08 +/- 0.42 neurons in a 150x150x100-micron volume surrounding the LAL. However no 483 
temperature-responsive activity was observed in these other cells during calcium or voltage imaging 484 
experiments, suggesting that they represent leaky expression outside the thermotaxis circuit.  485 
 486 
Behavior experiments 487 
Adult flies were transferred to cages (Genesee Scientific) where eggs were laid on grape juice plates. 488 
Larvae were rinsed three times in distilled water, and second instar larvae were selected based on 489 
spiracle development under a dissecting microscope. All behavior experiments were conducted within an 490 
outer box with black walls and a sealed door that prevented any external light stimulus.  The stages were 491 
all mounted on vibration-damping legs to minimize mechanical agitation.  The agar gels were replaced 492 
following each experiment to prevent any potential odor remnants from persisting across experiments.  To 493 
acquire sufficient statistics for analysis, multiple larvae are recorded simultaneously; the low density of 494 
animals on the gel ensures that their trajectories rarely collide (see Supplemental Methods), and our 495 
navigation results are consistent with past work that quantified thermotaxis in a single-animal tracking 496 
setup (5).      497 
 498 
For spatial navigation assays, groups of 20-35 larvae placed in the central region of a 3-4 mm thick agar 499 
(Fisher Scientific) surface were allowed to crawl for 20 minutes. For post-laser ablation behavior 500 
experiments, larvae were tracked and recovered individually to later confirm ablation. Images were 501 
acquired at 4 or 5 Hz using a 5 megapixel CCD camera (Mightex) placed above the agar surface. For 502 
thermal fluctuation experiments, groups of ~20 larvae were placed evenly on a 300 µm thick agar surface, 503 
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and imaged at 14 Hz on a 5 megapixel CCD camera (Basler). Larvae were illuminated with four custom-504 
built LED bars arranged in a square around the gel; the illumination wavelength was 624 nm, outside the 505 
range visible to larval photosensors (22).  For the Channelrhodopsin CsChrimson optogenetic activation 506 
experiments, larvae were instead illuminated with infrared LED bars (875 nm), with images recorded at 4 507 
Hz; the red light used to induce neuronal activity was 624 nm with an intensity of 1.9 W/m2.   508 
 509 
In vivo calcium and voltage imaging  510 
Images were acquired on an upright microscope (Nikon Instruments LV100), with excitation light 511 
delivered and emitted light measured using a Revolution spinning-disk confocal setup (Andor 512 
Technology). Fluorescence and calcium imaging experiments used either a 60X 1.2 NA water immersion 513 
objective or a 40X 0.95 NA air objective (Nikon Instruments). Full details of the spinning-disk imaging set-514 
up are found in the supplemental methods.  515 
 516 
Anatomical imaging 517 
To characterize R11F02 expression, second instar larvae were dissected in cold Schneider's Drosophila 518 
medium (Life Technologies) and fixed with 4% paraformaldehyde in PBS with 0.1% Triton for 1 h on wet 519 
ice. Samples were then washed 4 x 20 minutes using PBST (PBS w/ 0.1% Triton) and blocked for 1 h 520 
with 5% heat-inactivated goat serum (Sigma) in PBST. Samples were then incubated overnight in primary 521 
antibody mixture of 1:1000 anti-GFP (A11122, Life Technologies) and 1:25 nc82 (DSHB, Iowa City, IA). 522 
The next day, specimens were washed 4 x 20 with PBST, blocked as previously described, and 523 
incubated with secondary antibodies of Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 555 goat anti-524 
mouse (Life Technologies) for 3 hours. Following a final 4 x 20 PBST wash, samples were suspended in 525 
low gelling temperature agarose (9414, Sigma) and imaged on a 2-photon confocal (LSM 780 NLO, 526 
Zeiss). To image the dendritic bulbs of the thermosensory neurons, first instar R11F02>mCD8::GFP 527 
larvae were rinsed in distilled water and fixed for two hours in 4% paraformaldehyde. Larvae were 528 
mounted onto coverslips with VectaShield (Vector Labs) and imaged with a 60X oil objective (NA = 1.35) 529 
on an Olympus Fluoview FV1000 confocal microscope. 530 
 531 
Laser ablation  532 
A MicroPoint high-intensity pulsed dye laser system (Andor Technology) was focused to a ~3 µm 533 
diameter spot, and a controlled series of 440 nm pulses was delivered to the nerve of interest in 534 
immobilized larvae at ~9 °C on the calcium imaging apparatus described in the supplemental methods. 535 
Orco-RFP; UAS-mCD8::GFP larvae were used for improved visual clarity when developing the ablation 536 
procedure, and GH86;UAS-mCD8::GFP for experiments. After ablation of one or more nerves, larvae 537 
were retrieved and allowed to recover overnight in yeast at 25 °C.     538 
 539 
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After recovery, larvae were placed on a 1% agar gel with a white light checkerboard array of bright and 540 
dark squares projected downwards onto the surface using a digital light projector (ViewSonic) with color 541 
filters removed and a broadband mirror. The squares were 3.6 cm wide, and the intensity was 70 W/m2 542 
for bright squares and 1.4 W/m2 for dark squares, conditions that evoke robust light avoidance (21, 22). 543 
Each larva began the assay in a light square, and for each boundary crossing during 10 min of 544 
observation, we recorded whether the larva crossed into dark squares or light squares. The probability of 545 
remaining in the dark square or crossing from a light square into a dark square was recorded as the 546 
preference for dark squares reported in Fig. 3D. Afterward, each larva capable of phototaxis was assayed 547 
for cool avoidance behavior three times before re-imaging with confocal microscopy to confirm severing. 548 
 549 
SUPPLEMENTAL INFORMATION 550 
Three figures, four movies, and supplemental methods are included in the online version of this paper. 551 
 552 
ACKNOWLEDGMENTS 553 
We are grateful to Drew Robson, Jennifer Li, Yun Zhang, James Truman, and Benjamin de Bivort for 554 
useful discussions and for reading the manuscript. We thank Hyuno Kim for assistance with confocal 555 
microscopy. We thank Richard Benton, John Carlson, and Gerry Rubin for sharing strains. This work was 556 
supported by the NIH Pioneer Award (to ADTS) and NIH NRSA Fellowships (to MK and AV). 557 
 558 
REFERENCES 559 
1. Lockery SR (2011) The computational worm: spatial orientation and its neuronal basis in C. 560 

elegans. Curr Opin Neurobiol 21:782–790. 561 

2. Gomez-Marin A, Duistermars BJ, Frye MA, Louis M (2010) Mechanisms of odor-tracking: multiple 562 
sensors for enhanced perception and behavior. Front Cell Neurosci 4:6. 563 

3. Garrity PA, Goodman MB, Samuel AD, Sengupta P (2010) Running hot and cold: behavioral 564 
strategies, neural circuits, and the molecular machinery for thermotaxis in C. elegans and 565 
Drosophila. Genes Dev 24:2365–2382. 566 

4. Ramot D, MacInnis BL, Goodman MB (2008) Bidirectional temperature-sensing by a single 567 
thermosensory neuron in C. elegans. Nat Neurosci 11:908–915. 568 

5. Luo L et al. (2010) Navigational Decision Making in Drosophila Thermotaxis. Journal of 569 
Neuroscience 30:4261–4272. 570 

6. Gershow M et al. (2012) Controlling airborne cues to study small animal navigation. Nature 571 
Methods 9:290–296. 572 

7. Gomez-Marin A, Stephens GJ, Louis M (2011) Active sampling and decision making in Drosophila 573 
chemotaxis. Nat Commun 2:441. 574 

8. Lahiri S et al. (2011) Two alternating motor programs drive navigation in Drosophila larva. PLoS 575 
ONE 6:e23180. 576 



 18 

9. Gallio M, Ofstad TA, Macpherson LJ, Wang JW, Zuker CS (2011) The Coding of Temperature in 577 
the Drosophila Brain. Cell 144:614–624. 578 

10. Hamada FN et al. (2008) An internal thermal sensor controlling temperature preference in 579 
Drosophila. 454:217–220. 580 

11. Rosenzweig M, Kang K, Garrity PA (2008) Distinct TRP channels are required for warm and cool 581 
avoidance in Drosophila melanogaster. 105:14668–14673. 582 

12. Shen WL et al. (2011) Function of Rhodopsin in Temperature Discrimination in Drosophila. 583 
Science 331:1333–1336. 584 

13. Liu L, Yermolaieva O, Johnson WA, Abboud FM, Welsh MJ (2003) Identification and function of 585 
thermosensory neurons in Drosophila larvae. Nat Neurosci 6:267–273. 586 

14. Jin L et al. (2012) Single Action Potentials and Subthreshold Electrical Events Imaged in Neurons 587 
with a Fluorescent Protein Voltage Probe. Neuron 75:779–785. 588 

15. Ringach D, Shapley R (2004) Reverse correlation in neurophysiology. Cognitive Science 28:147–589 
166. 590 

16. Kato S, Xu Y, Cho CE, Abbott LF, Bargmann CI (2014) Temporal Responses of C. elegans 591 
Chemosensory Neurons Are Preserved in Behavioral Dynamics. Neuron 81:616–628. 592 

17. Coen P et al. (2014) Dynamic sensory cues shape song structure in Drosophila. Nature 507:233–593 
237. 594 

18. Rosenzweig M (2005) The Drosophila ortholog of vertebrate TRPA1 regulates thermotaxis. Genes 595 
Dev 19:419–424. 596 

19. Kwon Y, Shen WL, Shim HS, Montell C (2010) Fine Thermotactic Discrimination between the 597 
Optimal and Slightly Cooler Temperatures via a TRPV Channel in Chordotonal Neurons. Journal 598 
of Neuroscience 30:10465–10471. 599 

20. Vosshall LB, Stocker RF (2007) Molecular Architecture of Smell and Taste in Drosophila. Annu 600 
Rev Neurosci 30:505–533. 601 

21. Xiang Y et al. (2010) Light-avoidance-mediating photoreceptors tile the Drosophila larval body 602 
wall. Nature 468:921–926. 603 

22. Sprecher SG, Pichaud F, Desplan C (2007) Adult and larval photoreceptors use different 604 
mechanisms to specify the same Rhodopsin fates. Genes Dev 21:2182–2195. 605 

23. Kane EA et al. (2013) Sensorimotor structure of Drosophila larva phototaxis. Proc Natl Acad Sci 606 
USA 110:E3868–77. 607 

24. Louis M, Huber T, Benton R, Sakmar TP, Vosshall LB (2007) Bilateral olfactory sensory input 608 
enhances chemotaxis behavior. Nat Neurosci 11:187–199. 609 

25. Kreher SA, Kwon JY, Carlson JR (2005) The molecular basis of odor coding in the Drosophila 610 
larva. Neuron 46:445–456. 611 

26. Pfeiffer BD et al. (2008) Tools for neuroanatomy and neurogenetics in Drosophila. Proc Natl Acad 612 



 19 

Sci USA 105:9715–9720. 613 

27. Python FO, Stocker RF (2002) Adult-like complexity of the larval antennal lobe ofD. melanogaster 614 
despite markedly low numbers of odorant receptor neurons. J Comp Neurol 445:374–387. 615 

28. Masuda-Nakagawa LM, Gendre N, O'Kane CJ, Stocker RF (2009) Localized olfactory 616 
representation in mushroom bodies of Drosophila larvae. Proc Natl Acad Sci USA 106:10314–617 
10319. 618 

29. Kwon JY, Dahanukar A, Weiss LA, Carlson JR (2011) Molecular and cellular organization of the 619 
taste system in the Drosophila larva. J Neurosci 31:15300–15309. 620 

30. Tian L et al. (2009) Imaging neural activity in worms, flies and mice with improved GCaMP calcium 621 
indicators. Nature Methods 6:875–881. 622 

31. Klapoetke NC et al. (2014) Independent optical excitation of distinct neural populations. Nature 623 
Methods 11:338–346. 624 

32. Clark DA, Freifeld L, Clandinin TR (2013) Mapping and Cracking Sensorimotor Circuits in Genetic 625 
Model Organisms. Neuron 78:583–595. 626 

33. Bargmann CI, Horvitz HR (1991) Chemosensory neurons with overlapping functions direct 627 
chemotaxis to multiple chemicals in C. elegans. Neuron 7:729–742. 628 

34. Mori I, Ohshima Y (1995) Neural regulation of thermotaxis in Caenorhabditis elegans. 376:344–629 
348. 630 

35. Bullock T, Diecke FP (1956) Properties of an infra-red receptor. The Journal of Physiology 631 
134:47–87. 632 

36. Loftus R, Corbi re-Tichan GL (1987) Response of antennal cold receptors of the catopid 633 
beetles,Speophyes lucidulus Delar. andCholera angustata Fab. to very slowly changing 634 
temperature. J Comp Physiol 161:399–405. 635 

37. Stocker RF, Singh RN, Schorderet M, Siddiqi O (1983) Projection patterns of different types of 636 
antennal sensilla in the antennal glomeruli of Drosophila melanogaster. Cell Tissue Res 232:237–637 
248. 638 

38. Hwang RY et al. (2007) Nociceptive Neurons Protect Drosophila Larvae from Parasitoid Wasps. 639 
Current Biology 17:2105–2116. 640 

39. Clark DA, Bursztyn L, Horowitz MA, Schnitzer MJ, Clandinin TR (2011) Defining the Computational 641 
Structure of the Motion Detector in Drosophila. Neuron 70:1165–1177. 642 

40. Eichner H, Joesch M, Schnell B, Reiff DF, Borst A (2011) Internal Structure of the Fly Elementary 643 
Motion Detector. Neuron 70:1155–1164. 644 

41. Cardona A et al. (2010) An Integrated Micro- and Macroarchitectural Analysis of the Drosophila 645 
Brain by Computer-Assisted Serial Section Electron Microscopy. PLoS Biol 8:e1000502. 646 

42. Schrödel T, Prevedel R, Aumayr K, Zimmer M, Vaziri A (2013) Brain-wide 3D imaging of neuronal 647 
activity in Caenorhabditis elegans with sculpted light. Nature Methods 10:1013–1020. 648 



 20 

43. Prevedel R et al. (2014) Simultaneous whole-animal 3D imaging of neuronal activity using light-649 
field microscopy. 11:727–730. 650 

44. Ahrens MB et al. (2012) Brain-wide neuronal dynamics during motor adaptation in zebrafish. 651 
Nature 485:471–477. 652 

45. Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ (2013) Whole-brain functional imaging at 653 
cellular resolution using light-sheet microscopy. Nature Methods 10:413–420. 654 

 655 

656 



 21 

 657 
FIGURE CAPTIONS 658 
Figure 1. Precise dependence of sensorimotor transformations on temperature gradients 659 

(A) Trajectory of an individual larva crawling for 120 s towards warmer temperatures (left to right) in a 660 
spatial temperature gradient of dT/dx = 0.23 °C/cm.  The track is segmented into runs (green) 661 
and turns (red).  Biases in the run-to-turn transitions (turn rate and turn size) and the turn-to-run 662 
transitions (turn direction) form the basis of navigation towards preferred conditions.   663 

(B) Population-level navigation as a function of the starting temperature on a spatial temperature 664 
gradient.  Second instar larvae crawl towards warmer temperatures when below 22 °C and 665 
towards colder temperatures when above ~28 °C.  Preference index is defined as the mean 666 
component of velocity in the x direction divided by the mean speed.  Each data point was 667 
calculated using trajectories from 128-256 larvae and error bars are +/- s.e.m.   668 

(C) Illustrations of behavioral biases in larval motion.  A larva crawling parallel to the temperature 669 
gradient and starting at the vertical black line will employ shorter runs (left) and wider turns 670 
(center) when headed towards colder conditions; a larva crawling perpendicular to the gradient 671 
will be more likely to turn towards the warmer side.   672 

(D) Larvae modulate turning rate and size in response to cooling. Turning rate as a function of the 673 
temporal gradients encountered by larvae during runs pointed in different directions while 674 
navigating the temperature gradients illustrated in Figure 1A. For positive temporal gradients 675 
(red), turning rate is constant regardless of the magnitude of the heating rate, while for negative 676 
temporal gradients (blue), turning rate progressively increases with gradient steepness.   677 

(E) Larvae also modulate turning size in response to cooling, with wider turns employed in response 678 
to steeper cooling gradients, and approximately the same size turns regardless of the steepness 679 
of warming gradients.   680 

(F) Trajectories as shown in Figure 1A were separated into runs in four octiles (up the gradient, down 681 
the gradient, and two orthogonal to the gradient). We calculated the mean temporal gradient (+/- 682 
s.e.m) experienced during head sweeps succeeding runs parallel to the gradient (gray octiles), 683 
during head sweeps towards colder temperatures (blue octiles) and during head sweeps towards 684 
warmer temperatures (red octiles) after runs orthogonal to the gradient (run directions illustrated 685 
by octiles). Next, we calculated the probability of starting a new run during each head sweep in 686 
each condition.  Statistics for D-F were calculated from trajectories exhibited by 85 wild-type 687 
larvae segmented into 3642 discrete runs. Error bars are +/- s.e.m. *** indicates p < 0.001. Mann-688 
Whitney-Wilcoxon test for turn rate; Student’s t-test for turn size and direction. 689 

   690 
FIGURE 2. Reverse-correlation analysis of thermotactic behavior 691 

(A) Behavioral event-triggered averaging of themotactic response.  Larvae crawling on a temperature 692 
gradient that is time-varying but spatially uniform (top) are subjected to random white noise 693 
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thermal flicker between 16 and 18 °C and up to 1 °C/s changes (middle).  Run-to-turn transition 694 
events are indicated by red dots, with a surrounding time window from a single transition (large 695 
red dot) shaded in gray for illustration. The temperature stimulus histories for all such transitions 696 
are then averaged together (bottom).  N = 60 wild type (Canton-S) larvae.  697 

(B)  Reverse-correlation response filter computed by the event-triggered averaging in A.  Top: 698 
averaged temperature (T) stimulus history.  Bottom: averaged change in temperature (dT/dt) 699 
stimulus history.  A sharp decrease in temperature immediately precedes the run-to-turn 700 
transition (defined as time t=0).  Red dot indicates the turn initiation and the blue dot the median 701 
time of the preceding turn-to-run transition.   702 

(C)  Reverse-correlation filter for the turn-to-run transition, where t=0 is defined to be the time 703 
corresponding to the maximum body bend angle during an accepted head sweep.  Top: averaged 704 
temperature (T) stimulus history.  Bottom: average change in temperature (dT/dt) stimulus 705 
history.  A sharp increase in temperature precedes the turn-to-run transition.  Blue dot indicates 706 
the accepted head sweep time and the red dot the median preceding run-to-turn transition time.   707 

(D) Predicting the run-to-turn transition probability. Larvae were subjected to a temperature waveform 708 
(top) from 17.5 to 16.5 °C starting at t=0s (N=90 animals).  The reverse-correlation filter in (B) 709 
convolved with the temperature waveform yields a predicted probability of turning over time 710 
(green trace), which compares with experimental measurement (black markers).  711 

 712 
FIGURE 3. Three thermosensory neurons in the dorsal organ are required for cool avoidance.  713 

(A) Schematic and fluorescence image of an elav>mCD8::GFP larva, labeling the entire nervous 714 
system, and highlighting relevant neuroanatomy including the location of the anterior sensory 715 
ganglia, central brain and ventral nerve cord, and chordotonal organs. The neurons in the dorsal 716 
organ have their cell bodies in the dorsal organ ganglion (DOG), sending sensory dendrites 717 
towards the central dome and axons along the antennal nerve to the larval antennal lobe. 718 

(B) Larvae with both antennal nerves severed cannot perform cold avoidance. Preference index 719 
towards the warm side of the spatial linear temperature gradient for larvae with no ablation 720 
performed (0), both maxillary nerves severed (2 MN), one antennal nerve severed (1 AN), or both 721 
antennal nerves severed (2 AN). 722 

(C) Single-sided ablation of the antennal nerve does not affect the statistics of head sweep behavior 723 
during thermotaxis. Neither the direction of the first head sweep nor the direction of the accepted 724 
head sweep are biased by unilateral ablation. A head sweep is defined as accepted when the 725 
larva initiated a new run during the head sweep. Error bars are mean +/- 1 s.e.m. ** represents 726 
P<0.01 calculated using Student’s t-test. 727 

(D) Three thermally responsive neurons in each DOG.  In vivo calcium imaging of the DOG in an 728 
NP4486>GCaMP3 first instar larva in response to a sinusoidal temperature waveform, 729 
highlighting the cell bodies of three thermosensory neurons (circles) and their dendritic bulb 730 
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structures (arrows) at two time points, ta and tb.  Images indicate a strong response to cooling in 731 
all three cells.   732 

(E) Image of the whole brain and ventral nerve cord (VNC) of a second instar larva expressing 733 
R11F02>GFP. The severed antennal nerve descends from the DOG and the fluorescently 734 
labeled neurons in the DOG innervate a region posterior to the antennal lobe. Right-hand-side 735 
dashed box: maximum intensity projection of the antennal lobe innervation viewed from an 736 
alternate angle to illustrate innervation from the DOG.   737 

(F) The three thermosensory neurons are not olfactory neurons.  Maximum intensity projections 738 
images of the DOG region in the front of the head (left) and in the central brain (right).  Larvae are 739 
R11F02>mCD8::GFP;Orco-RFP, with ORNs in red and the three thermosensory neurons in 740 
green (see also Supplementary Movie 3). The axons of the thermosensory neurons project to the 741 
ventral surface of the larval antennal lobe (LAL), whereas ORNs project to the LAL.  Blue arrows 742 
point along the larva’s central axis towards the front of the head.   743 

(G) The sensory dendrites of the three thermosensory neurons exhibit a large membrane-rich bulb 744 
before reaching the central dome, unlike the olfactory neurons in the DOG. Single-plane confocal 745 
image of an R11F02>mCD8::GFP larva DOG, showing two neurons and their bulbs (larger view, 746 
right).   747 

(H) Larvae expressing R11F02>TeTxLC do not exhibit positive thermotaxis up linear spatial 748 
temperature gradients (0.23 °C/cm, centered at 17.5 °C), indicating the necessity of the 749 
thermosensory neurons for this behavior response. Error bars are +/- s.e.m. and ** indicates 750 
P<0.01 (Student’s t-test).   751 

 752 
FIGURE 4. Optical neurophysiology of the thermosensory neurons 753 

(A) Calcium activity in the three thermosensory neurons (2 A-type sensors in green and blue, 1 B-754 
type sensor in red, see Figure 3D) in response to temperature modulation in NP4486>GCaMP3 755 
larvae. Percent changes in fluorescence levels (ΔF/F) upon sine-wave temperature modulation. 756 
The +sin waveforms (left) begin with the heating phase. The –sin waveforms (right) begin with the 757 
cooling phase. Individual (thin lines) and mean (thick lines) are shown for the lateral and medial 758 
A-type neurons (upper graphs) and B-type neurons (lower graphs).  759 

(B) Physiological response to heating vs. cooling.  Bar graph values represent averages of the 760 
max/min ∆F/F with respect to the initial F level before the onset of oscillating temperature 761 
waveforms.  The A-type neurons (upper left) show a stronger response to cooling than do B-type 762 
neurons (lower left).  N= 4 to 9 larvae were used for each measurement. Error bars are +/- s.e.m. 763 
** indicates P<0.01. 764 

(C) Activation threshold during cooling ramps. Individual traces (thin lines) and mean traces (thick 765 
lines) are shown for the A-type and B-type neurons during negative temperature ramps (top) and 766 
positive temperature ramps (middle). Histograms (bottom) show the activation temperature of A- 767 
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and B-type neurons (defined as the temperature coinciding with the half-maximal response 768 
response). N=10 larvae were used for each measurement. Error bars are +/- s.e.m. *** indicates 769 
P<0.001.   770 

(D) Sensitivity of neuronal response to temporal gradients. Temperature sine waves of equal period 771 
(60 s) and varying amplitude (inset) were applied while measuring calcium dynamics. The largest 772 
ΔF/F fractional change is plotted against the steepest temporal gradient within each cycle. N= 4 773 
to 22 larvae were used for each measurement.  Error bars are +/- s.e.m.   774 

(E) Representative traces of calcium dynamics (left) and voltage dynamics (right) measured using 775 
R11F02>GCaMP5 and R11F02>ArcLight larvae, respectively, during rapid temperature 776 
modulation (3 s period) in the three thermosensory neurons. 777 

(F) ArcLight fluorescence decreases with membrane depolarization, while GCaMP fluorescence 778 
signals increase with calcium levels. Representative traces of GCaMP vs. ArcLight fluorescence 779 
levels during sinusoidal temperature waveforms as shown in (E) show that calcium rises and falls 780 
with membrane depolarization and hyperpolarization, respectively, in both A-type (blue) and B-781 
type (red) neurons.   782 
 783 

FIGURE 5. Response filters for calcium dynamics and optogenetic activation of thermosensory 784 
neurons. 785 

(A) Defined random thermal fluctuation (top) induces calcium signals in the A- and B-type 786 
thermosensory neurons.  Thermal flicker noise has the same properties as in Figure 2A.  787 
Example trace from a single neuron (bottom) in one R11F02>GCaMP5 larva.   788 

(B) Cross-correlation between the temporal activity patterns in A- and B-type thermosensory neurons 789 
and the temporal pattern of defined random thermal fluctuation. For all three neurons, increased 790 
calcium activity is preceded by a period of cooling lasting several seconds, closely mirroring the 791 
behavioral response filters of Figure 2.  Data represent 25 neurons, each recorded for 5 minutes, 792 
taken from 7 animals.   793 

(C) Optogenetic activation of the DOG thermosensory neurons.  Defined random red LED light 794 
fluctuations (top left inset) induce activity in the thermosensory neurons of R11F02>CsChrimson 795 
larvae, leading to behavioral response mirroring positive thermotaxis.  The light is red (624 nm), 796 
with an ON level of 1.9 W/m2 and an OFF level of 0 W/m2.  Top: reverse correlation response 797 
filter generated from the average LED light stimulus preceding run-to-turn transitions.  The 798 
transition is (red dot) is set to t=0, and the blue dot denotes the median start time of the preceding 799 
run.  The run-to-turn transition is preceded by a sharp increase in light intensity, which mirrors 800 
sharp cooling of temperature.  Bottom: control data with R11F02>CsChrimson that have not been 801 
fed ATR, showing behavior that is uncorrelated with the light stimulus.   802 

(D) Response filters for the turn-to-run transition (accepted head sweeps) using optogenetic 803 
activation.  Larvae fed with ATR (top) respond to a decrease in LED light intensity (mirroring 804 
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warming) while control larvae not fed ATR have uncorrelated response.  For C and D, mean +/- 805 
s.e.m. denoted by black line and shading.  N=7904 turns from N=179 animals for +ATR 806 
conditions and 1108 turns from 44 animals for –ATR control conditions. 807 

(E) Predicting the run-to-turn transition probability.  Larvae were subjected to steps in light intensity 808 
(top).  The reverse-correlation filter in (D) convolved with the light intensity profile yields a 809 
predicted probability of turning (green trace), which we compare to the observed turning 810 
probability (black markers).  N = 60 R11F02>CsChrimson larvae with +ATR conditions.   811 

 812 
 813 
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