bioRxiv preprint doi: https://doi.org/10.1101/2020.07.09.196428; this version posted July 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Opponent thermosensory cells use flexible cross-inhibition
for context-dependent choice in Drosophila thermotaxis

Luis Hernandez-Nunez!-23, Alicia Chen'->#, Gonzalo Budelli*®7, Vincent Richter’, Anna Rist’, Andreas S. Thum’, Mason Klein?®,

Paul Garrity>®7, and Aravinthan D.T. Samuel'-2

! Department of Physics, Harvard University, Cambridge, MA 02138, USA, 2Center for Brain Science, Harvard University, Cambridge, MA 02138, USA, *Systems, Synthetic, and
Quantitative Biology PhD program, Harvard University, Cambridge, United States, “Harvard College, Harvard University, Cambridge, MA 02138, USA, 3National Center for
Behavioral Genomics, Brandeis University, Waltham, United States, 6Department of Biology, Brandeis University, Waltham, United States, 7Volen Center for Complex Systems,
Brandeis University, Waltham, United States, ®Department of Physics, University of Miami, Coral Gables,FL, United States, *University of Leipzig, Institute of Biology, TalstraBe

33, 04103 Leipzig, Germany

Animals often use sensory cells with opposing polarity that are
separately tuned to detect increments or decrements of environ-
mental stimuli. For example, cooling and warming cells de-
tect temperature changes;1*2 moist and dry cells detect humidity
changes;>* and ON-OFF retinal cells detect luminance changes.>:®
How animals integrate the outputs of opponent cells to navigate
towards favorable points along a sensory gradient from higher
or lower points remains poorly understood. Here, we show how
the outputs of warming cells (WCs) and cooling cells (CCs) in
the Drosophila larva are combined to produce context-dependent
thermotactic navigation. The newly discovered WCs and the pre-
viously described CCs’ require distinct but overlapping sets of
Ionotropic Receptors to sense temperature changes: Ir68a, Ir93a,
and Ir25a for WCs; Ir21a, Ir93a, and Ir25a for CCs. WCs and CCs
are bidirectional opponent sensors: WCs are activated by warm-
ing and inhibited by cooling, whereas CCs are activated by cool-
ing and inhibited by warming. Both WCs and CCs are sensitive
to temperature changes from high temperatures where the larva
avoids warming to low temperatures where it avoids cooling. How-
ever, at all temperatures, optogenetically-imposed fictive warming
of the WCs as well as fictive cooling of the CCs evoke avoidance
responses, and fictive cooling of the WCs as well as fictive warm-
ing of the CCs inhibit avoidance responses. We reconcile these sen-
sory properties and behavioral responses by showing that the larva
uses flexible cross-inhibition of the output pathways of WCs and
CCs when making perceptual choices during thermotaxis. Bal-
anced cross-inhibition near preferred temperatures suppresses any
directed movement on temperature gradients. Above preferred
temperatures, WCs mediate avoidance to warming while cross-
inhibiting avoidance to cooling. Below preferred temperatures,
CCs mediate avoidance to cooling while cross-inhibiting avoidance
to warming. Our results show how flexible cross-inhibition orches-
trates a context-dependent perceptual choice during a navigational
behavior.

Many animals from insects to mammals use specialized
thermosensory cells to sense warming or cooling.®° Behav-
ioral responses to warming and cooling are ambient tempera-
ture context-dependent: below preferred temperatures cooling
should evoke avoidance behaviors, above preferred tempera-
tures warming should evoke avoidance behaviors, and near pre-
ferred temperatures any avoidance behavior should be inhibited.
Thus, the outputs of thermosensory cells must be used flexibly
by behavioral algorithms to orient the animal towards preferred
temperatures from higher or lower points on a gradient.

Previous studies, in Caenorhabditis elegans,lo larval and
adult Drosophila melanogaster,’ larval zebrafish!'-!? and ro-
dents® have focused on the physiology of single thermosensory
cell types and their contribution to behavioral responses in a

specific temperature context. Deriving a behavioral algorithm
that incorporates the flexibility needed to make decisions in dif-
ferent temperature contexts requires determining how an animal
integrates the contributions of all relevant thermosensory cell
types to navigation at all temperatures.

Here, we investigate the sensory cells and behavioral algo-
rithms that guide Drosophila larva thermotaxis towards pre-
ferred temperatures (near 24°C), and away from high or low
temperatures. Previous work uncovered three anterior cooling
cells (CCs) in the Dorsal Organ Ganglion (DOG) that are re-
quired for cold avoidance from as low as 14°C towards 24°C.’
The CCs are not required for warm avoidance above 24°C. The
CCs are activated by cooling and inhibited by warming in a sur-
prisingly large range from 14°C to 34°C. Two A-type CCs have
uniform sensitivity to temperature changes from 14 to 34°C, and
one B-type CC has slightly less sensitivity above 25°C.” Thus,
the CCs are activated by cooling near 24°C where the larva has
a neutral behavioral response to temperature changes, and are
also activated by cooling above 24°C where it exhibits warm
avoidance.

Understanding thermotaxis in the Drosophila larva requires
identifying additional thermosensory cells and understanding
how the outputs of different thermosensory cells are combined
to make behavioral decisions at all temperatures. Here, we un-
cover warming cells (WCs) with close morphological and ge-
netic similarity to the previously described CCs. Using op-
togenetics, calcium imaging, precise temperature control, sen-
sory receptor mutants, and quantitative behavioral analysis, we
derive a behavioral algorithm for thermotaxis that uses ambi-
ent temperature context-dependent cross-inhibition between the
simultaneous outputs of the opponent sensory cells. Flexible
cross-inhibition allows the net effect of WC and CC output path-
ways to drive cold avoidance below 24°C, suppress avoidance
to temperature changes near 24°C, and drive warm avoidance
above 24°C. Our study shows how context-dependent decision-
making towards a preferred temperature is encoded in a predic-
tive model of thermotactic behavior that integrates the simulta-
neous outputs of opponent sensory cells to regulate avoidance
responses.

Identifying warming cells

To identify the warming-responsive counterparts of the cool-
ing cells (CCs), we used in vivo calcium imaging, expressing
GCaMP6m!3 under the control of the pebbled-Gal4 driver that
labels all anterior sensory cells in the larva.'* We subjected
larvae to sinusoidal temperature waveforms, volumetrically im-
aged all anterior sensory ganglia, and used constrained non-
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Figure 1. | The cellular and molecular basis of peripheric warming sensing. a-b, Warming Cells (WCs) are phasic bipolar sensors. a, b, Drosophila larvae expressing
GCaMP6m in the WCs (UAS-GCaMP6m;|r68a-Gal4) calcium response to a 1°C temperature increase (a) or decrease (a). (n=12 larvae, the shaded regions are the s.e.m.).
The medial WC is in red and the lateral WC in grey in the calcium response curves and in the bottom insets that show the CNMF borders for the medial and lateral WC
before, during, and after temperature stimulation. ¢,d, Anatomy of the WCs. c,Larvae expressing GFP in the WCs and RFP in the ORNs (UAS-GFP;Ir68a-Gal4/orco-RFP)
imaged in the DOG (cell bodies) and the antennal lobe (axon terminals). d, Electron microscopy reconstruction of the thermosensory dendritic bulbs shared by CCs and
WCs (scale bars= 1u m). The top inset shows a section in the lamellated outer segment and the bottom inset shows an unlamellated part of WCs and CCs dendritic pro-
cesses before the outer segment. e-g, Ir68a, Ir93a, and Ir25a are required for warming sensing. Fluorescence changes in the WCs of larvae with different genotypes exposed
to a sine wave of temperature. f, Wildtype: UAS-GCaMP6m;Ir68a-Gal4 (n=8 animals), Ir68a defective mutants: UAS-GCaMP6ém; 1r68a"® Ir68a-Gal4 (n=8 animals), Ir68a
rescue: UAS-GCaMP6m;(Ir68a”8,Ir68a-Gal4)/(Ir68aPB ,UAS-Ir68a) (n=10 animals). g, Wildtype: UAS-GCaMP6m/+;Ir68a-Gal4/+ (n=8 animals), Ir93a defective mutants: UAS-
GCaMP6m;Ir93aM/05555 | |r68a-Gal4/Ir93aM%55%5 (n=14 animals), Ir93a rescue: UAS-CaMP6m/+;(Ir93aM!0%555  |r68a-Gal4)/(Ir93aM'0%5%5 UAS-Ir93a) (n=8 animals). h, Wildtype:
+;Ir68a-Gal4/UAS-GCaMP6m (n=8 animals), Ir25a defective mutants: Ir25a?;Ir68a-Gal4/UAS-GCaMP6m (n=20 animals), Ir25a rescue: (Ir25aBAC, Ir25a2)/Ir25a;Ir68a-Gal4/UAS-
GCaMP6m (n=20 animals). Shaded regions are the s.e.m.
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negative matrix factorization (CNMF)' to analyze activity pat-
terns for evidence of temperature-sensitive cells. CNMF un-
covered two novel warming cells (WCs) in the DOG, and also
identified the three CCs. No other temperature-sensitive cells
were apparent in any anterior sensory ganglia (Supplementary
Fig. 1).

We sought cell-specific labels for the WCs.
adult and larval Drosophila express Ionotropic Receptors.
We screened Ir genes known to be expressed in the DOG, and
found that Ir68a-Gal4 exclusively labels the WCs (Supplemen-
tary Fig. 2, 3 and Extended Methods). With cell-specific la-
beling of the WCs using GCaMP6m, we quantified the sensi-
tivity and dynamics of their temperature-evoked responses. A
warming step evoked a transient increase in calcium levels that
adapted to baseline (Fig. la). A cooling step evoked a tran-
sient decrease before adaptation to baseline (Fig. 1b). The
temperature-evoked calcium dynamics of the two WCs were in-
distinguishable. Thus, the WCs are bidirectional phasic sensors
of temperature change, activated by warming and inhibited by
cooling. The CCs are also bidirectional phasic sensors, but ac-
tivated by cooling and inhibited by warming.” Thus, the WCs
and CCs represent opponent sensory cells.

Thermosensory cells in many animals have specialized mor-
phologies that presumably enhance temperature detection.'®2!
We used confocal and electron microscopy to reconstruct the
anatomy of the WCs and CCs to better understand any struc-
tural similarities. Both WCs and CCs are located in the DOG,
which mostly contains olfactory receptor neurons that project to
different glomeruli in the antennal lobe.”> We found that each
WC projects to a distinct warming glomerulus (Fig. 1c). The
CCs project to a single cooling glomerulus.” Thermosensory
glomeruli lay posterior and dorsal to the olfactory glomeruli.

Knowing the locations of the WCs and CCs, we were able
to reconstruct them using electron microscopy (Extended Meth-
ods). We found that the cell bodies and outer segments of the A-
type CCs and WCs are adjacent (Fig. 1d). The outer segments
of the CCs and WCs have specialized morphologies, presum-
ably containing signal transduction machinery. The CC outer
segments are large and lamellated with heavily infolded plasma
membranes. The WC outer segments are smaller and unlamel-
lated (Fig. 1d inset). These anatomical features are consistent
with those of the WCs and CCs of adult Drosophila.>"-?> The
larval WCs, but not the CCs, also have a thin dendrite that pro-
trudes to the surface of the olfactory dome (Fig. 1d, Supple-
mentary Fig. 4, and Supplementary Material). The cell body
and outer segment of the B-type CC are adjacent to a non-
thermosensitive cell of the DOG (Supplementary Fig. 1 and
Supplementary Material).

CCs in both
16-18

The molecular basis of warming sensing
Because Ir68a-Gal4 labels the WCs, we asked whether Ir68a
might directly contribute to their thermosensitivity. We con-
firmed the cell-specific expression of Ir68a in the WCs by exam-
ining a Gal4 reporter expressed under the control of the endoge-
nous Ir68a promoter (Ir68aT2A-Gal4y 23 e found that an Ir68a
mutation (Ir68a"8) abolished temperature-evoked calcium dy-
namics in the WCs (Fig. le). We were able to restore the ther-
mosensitivity of the WCs in the Ir684"® mutant by rescuing
cell-specific expression of the wild-type receptor (Fig. le).
Most Ionotropic Receptors in Drosophila are thought to func-
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tion as heteromers.?*2> For example, the CCs require a set of
three Ionotropic Receptors to respond to temperature changes:
Ir21a, Ir93a, and Ir25a.1%17 We used Ir21aT2A-Gak Jipeg 23 3
reporter of the endogenous Ir21a promoter to drive GFP expres-
sion and found that Ir21a expression is specific to the CCs in
the entire larva. To map the expression pattern of the [r93a re-
ceptor, we used immunostaining. We found that 1r93a is ex-
pressed only in the WCs and CCs (Supplementary Fig. 2).
Ir25a is expressed in many anterior sensory cells including the
WCs and CCs.> 162627 We found that mutations in either of
the two receptors shared by WCs and CCs, 1r93a (Ir93a™’) or
Ir25a (Ir254°), abolished WC thermosensitivity (Fig. 1f, g).
The thermosensitivity of the WCs in these mutants was restored
by rescuing cell-specific expression of the wild-type receptors
(Fig. 1f, g).

Our results suggest a model in which distinct but overlap-
ping sets of Ionotropic Receptors confer thermosensitivity to the
WCs and CCs. Ir68a is specifically needed by the WCs to sense
warming. Ir21a is specifically needed by the CCs to sense cool-
ing. Ir93a is needed by both WCs and CCs to sense any temper-
ature change in the larva. In adult Drosophila, 1r93a has been
shown to be needed for hygrosensation.? Ir25a is more broadly
expressed, acting as a co-receptor in many sensory neurons, in-
cluding gustatory and olfactory neurons, as well as thermo- and
hygro-receptors.>»2 We further tested this model by ectopic
expression of Ir68a and Ir21a in the CCs and WCs, respectively.
Ectopic expression of Ir68a in the CCs diminished their sensi-
tivity to cooling. Ectopic expression of Ir21a in the WCs trans-
formed them into cooling sensors (Supplementary Fig. 5).

Neural and behavioral responses regulated by opponent
thermosensors

Drosophila larvae prefer temperatures near 24°C. Below 24°C,
cooling evokes avoidance. Above 24°C, warming evokes avoid-
ance. We sought to map the interplay between ambient tem-
perature, temperature change, thermosensory neuron activity
and behavioral response valence. To do this, we developed
a temperature control technique to deliver the same tempera-
ture waveforms at multiple ambient temperatures during cal-
cium imaging and behavioral experiments (Supplementary Fig.
6 and Extended Methods). We used this setup to quantify the
temperature-evoked responses of freely behaving larvae, us-
ing an unsupervised classifier to segment behavioral sequences
(Supplementary Fig. 7, and Extended Methods). At tempera-
tures where the larva exhibits cold avoidance (<24°C), the most
frequent behavioral sequence is turning during cooling. At tem-
peratures for warm avoidance (>24°C), the most frequent be-
havioral sequence is turning during warming (Supplementary
Fig. 7). In all temperature ranges, turning is the avoidance re-
sponse that helps larvae find a more favorable orientation. Con-
sistent with previous studies of larval navigation,”-?%2% turning
rate captures the valence and intensity of the response to a stim-
ulus.

At preferred temperatures neither warming nor cooling
should evoke avoidance behaviors. We subjected larvae to fast
as well as slow sinusoidal temperature variations near 24°C.
The CCs are activated during the cooling phase and inhibited
during the warming phase, whereas the WCs are activated dur-
ing the warming phase and inhibited during the cooling phase
(Fig. 2c). Although neither temperature change should evoke
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Figure 2. | Warming and Cooling Cells drive motor programs of opposed valence. a, c, e, (Top panel) Fluorescence changes in the WCs of Ir68a-Gal4; UAS-GCaMP6m
larvae exposed to slow and fast sine waves of temperature centered at low, intermediate, and high temperatures. (red curves, n=8-10 animals, shaded regions are the s.e.m.).
(Mid panel) Fluorescence changes in the A-type CCs of R11F02-Gal4; UAS-GCaMP6m larvae exposed to slow and fast sine waves of temperature centered at low, intermediate,
and high temperatures. (cyan curves, n=7-10 animals, shaded regions are the s.e.m.). (Bottom panel) Fluorescence changes in the B-type CCs of R11F02-Gal4; UAS-GCaMP6m
larvae exposed to slow and fast sine waves of temperature centered at low, intermediate, and high temperatures. (blue curves, n=7-10 animals, shaded regions are the s.e.m.). b,d,
f, (Top panel) Turning rate of larvae expressing the red shifted optogenetic channel CsChrimson in the WCs (w'"'8;UAS-CsChrimson/+;Ir68a-Gal4/+) exposed to negative (‘fictive
cooling’) and positive (‘fictive warming’) ramps of red light. (red curves, n=116-125 animals, shaded regions are the s.e.m.). (Mid panel) Turning rate of larvae expressing the red
shifted optogenetic channel CsChrimson in the CCs (w'"'8;UAS-CsChrimson/+;R11F02-Gal4/+) exposed to positive (‘fictive cooling’) and negative ('fictive warming’) ramps of red
light. (n=90-101 animals, shaded regions are the s.e.m.). (Bottom panel) Turning rate of control larvae (w'''®; UAS-CsChrimson/+) fed with all-trans-retinal (ATR) and exposed
to positive and negative ramps of red light. (n=85-120 animals, shaded regions are the s.e.m.). Experiments in b were conducted at 17°C, in d at 24°C and in f at 32°C. g,
Summary of the positive or negative peak neural responses to cooling and warming. (Top panel) The WCs’ positive peak response to warming and negative peak response to
cooling are larger at lower and intermediate temperatures and closer to zero at high temperatures. (Mid panel) The A-type CCs positive peak response to cooling and negative
peak response to warming are statistically indistinguishable at all temperature baselines. (Bottom panel) The B-type CCs’ positive peak response to cooling and negative peak
response to warming are closer to zero at high temperatures. The error bars are s.e.m. of the individual neuron responses averaged to calculate the responses displayed in a,c, e.
The * indicate that the peak responses between the brackets are different with Kruskal-Wallis test p<0.01. The grey 'ns’ indicates no statistically significant difference. h, Summary
of optogenetic behavioral responses at all temperatures. (Top panel) The peak turning rate in response to optogenetically-imposed cooling (fictive cooling) in the WCs is lower
than the baseline at all temperatures, consistent with the WCs inhibiting cooling avoidance. The peak turning rate in response to optogeneticaly-imposed warming is higher than
the baseline at all temperatures, consistent with the WCs driving warming avoidance. (Mid panel) The peak turning rate in response to fictive cooling (fictive cooling) in the CCs is
higher than the baseline at all temperatures, consistent with the CCs driving cooling avoidance. The peak turning rate in response to fictive warming in the CCs is lower than the
baseline at all temperatures, consistent with the CCs inhibiting warming avoidance. (Bottom panel) Control animals fed with ATR display no turning rate increases or decreases at
all temperatures. The grey * indicates that the is a statistically significant difference between the peak turn rate and the baseline turn rate (Chi-square test with p<0.001). The grey
‘ns’ indicates no statistically significant difference.

avoidance near 24°C, WCs and CCs still display strong, op-  duced fictive temperature changes onto each cell type. Near the
ponent physiological responses to temperature change in this  larva’s preferred temperature, 24°C, we found that increasing
range. optogenetic stimulation of WCs (fictive warming) caused an in-
crease in turning rate (Fig. 2d). In contrast, decreasing optoge-
netic stimulation of WCs (fictive cooling), caused an decrease
in turning rate (Fig. 2d). We observed an opposite pattern with
the CCs. Decreasing optogenetic stimulation of the CCs (fictive
warming) caused a decrease in turning rate (Fig. 2d). Increas-
ing optogenetic stimulation of CCs (fictive cooling) caused an

Thermosensory stimuli simultaneously affect both WC and
CC activity, confounding attempts to distinguish the behav-
ioral consequences of WC versus CC activation. To manipu-
late WC and CC activity independently, we turned to optoge-
netics. With cell-specific expression of CsChrimson? in either
WCs or CCs using controlled optogenetic illumination, we in-
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Figure 3. A predictive model of thermotaxis driven by cooling and warming pathways. a, Mapping sensory neurons’ activity patterns to behavior. The mathematical function
that converts an optogenetic stimulus pattern in a specific type of sensory cells and behavior can be estimated using reverse-correlation of behavioral responses to white noise
optogenetic stimulation. In our case this is the transformation from optogenetic activation to turning rate. b, Linear filters obtained with white noise optogenetic stimulation of WCs
(curve in red) and CCs (curve in cyan). ¢, Schematic representation of the algorithm for thermotactic decision-making. The WCs and CCs outputs are convolved with behavior
filters (Extended Methods) and the filter outputs (Rcc and Rwc) are then combined linearly with the scalar weights wgc and wwc. d, At low temperatures, weg is larger than wyc
and consequently the contribution of the CCs is larger than the contribution of the WCs. Near preferred temperatures, in wge and wyc are close in value and consequently the
contribution of the WCs is similar to the contribution of the CCs. At high temperatures, wyc is larger than wec and consequently the contribution of the WCs is larger than the
contribution of the CCs. e, f, g, The outputs of the behavioral filter of the warming pathway (Ry¢) and the cooling pathway (Rc¢), scaled by their respective weights (wyc and
wee). This shows how the contribution of the WCs during cooling and the contribution of the CCs during warming is always negative. This is the resulting cross-inhibition of the
model. Below preferred temperatures (e), to drive cooling avoidance, wy¢ has to be smaller than wce. Near preferred temperatures f, to suppress avoidance behaviors, wy¢ and
wee values have to be similar. g Above preferred temperatures (g), to drive warming avoidance, wy ¢ has to be larger than wee. h (Top panel), Experimental results of the turning
rate response to sine waves of temperature of wildtype larvae (w'''® in green) and model predictions (in black). Shaded regions around the green curve are then s.e.m. (Bottom
panel) Correlations between the model predictions and experimental results at all temperatures.

increase in turning rate (Fig. 2d). Control animals exhibited avoidance responses to warming and cooling.
no behavioral responses to changes in optogenetic stimulation

(Fig. 2d). As the behavioral algorithm for thermotaxis must be flexible

to both drive warm avoidance above 24°C and cold avoidance

Thus, although warming and cooling do not evoke avoidance  below 24°C, we tested physiological and behavioral responses
behaviors at preferred temperatures, both WCs and CCs remain  at ambient temperatures above and below 24°C. During cold
physiologically responsive to temperature changes. Moreover, avoidance, warming has positive behavioral valence and cool-
both WCs and CCs continue to regulate behavior, as their op-  ing has negative behavioral valence. During warm avoidance,
togenetic stimulation evokes motor responses. Near preferred ~ warming has negative behavioral valence and cooling has posi-
temperatures, an underlying behavioral algorithm must inte- tive behavioral valence. Using calcium imaging, we found that
grate the outputs of the WCs and CCs in a way that inhibits  the CCs are activated by cooling and inhibited by warming with
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similar sensitivities at all temperatures (Fig. 2a, c, e, g). Thus,
the CCs do not appear to become more sensitive at cold temper-
atures to upregulate cold avoidance. Similarly, we found that
the WCs are activated by warming and inhibited by cooling at
all temperatures (Fig. 2a, c, e, g), and are even more sensitive
at cold temperatures (Fig. 2a, c, g). Likewise, the WCs do not
appear to become more sensitive at warm temperatures to up-
regulate warm avoidance. The flexibility in the algorithm for
thermotaxis is therefore not encoded in the physiological ther-
mosensitivity of WCs and CCs.

We used optogenetics to characterize the behavioral valence
associated with the individual activities of the WCs or CCs at
cold (17°C) and warm (32°C) temperatures. At all tempera-
tures, fictive cooling applied to the CCs or fictive warming ap-
plied to the WCs evokes responses with negative behavioral va-
lence (Fig. 2b, d, f, h). At all temperatures, fictive warming ap-
plied to CCs or fictive cooling applied to WCs evokes responses
with positive behavioral valence (Fig. 2b, d, f, h). To be able to
display warm avoidance, cold avoidance, or inhibit avoidance
at preferred temperatures, the larva must flexibly integrate the
outputs of the WCs and CCs when determining the behavioral
response to warming and cooling.

Flexible cross-inhibition underlies thermotaxis

How does an algorithm integrate the outputs of the WCs and
CCs? To uncover the behavioral algorithm from stimulus to
motor response, we needed to measure the transformation from
WC and CC activity into changes in turning rate. If one pro-
vides a linear system with a white-noise sensory stimulus, one
can use reverse-correlation analysis to infer the filters that trans-
form neural activity into behavior.?’ We used optogenetic white
noise stimulation of the WCs and CCs and reverse-correlation
analysis of behavioral responses to infer the filters that trans-
form neural activity into turning rate (Fig. 3a, and Extended
Methods). We found that these filters were identical for both
WCs and CCs (Fig. 3b). Identical filters suggest that function-
ally similar pathways transform the activities of the thermosen-
sory cells into behavior.

A linear model for the thermotaxis algorithm is fully deter-
mined by knowing how sensory inputs map to WC and CC ac-
tivity, how WC and CC activities separately map to turning rate,
and how sensory inputs map to turning rate. Our datasets span
these measurements, allowing us to calculate the scalar weights
(wwc and wee) of a linear model that combines the filtered out-
puts of the WCs and CCs to determine turning rate (Fig. 3c).
We used linear regression to calculate these weights for wild-
type animals responding to fast sinusoidal temperature changes
above, near, and below preferred temperatures (Fig. 3d). We
found that the WC and CC outputs are flexibly weighted in each
temperature range. Each weight depends on the absolute tem-
perature (Extended Methods). At high temperatures, WC output
is weighted 4x more strongly than CC output (Fig. 3d, g). At
low temperatures, CC output is weighted 2x more strongly than
WC output (Fig. 3d, e). At preferred temperatures, WC and CC
outputs are equally weighted (Fig. 3d, f).

The thermotaxis algorithm explains how WC and CC outputs
are effectively used to regulate behavior. During cold avoid-
ance, turning during cooling is stimulated by the CCs and cross-
inhibited by the WCs (Fig. 3e), resulting in a net increase in
turning during cooling (Fig. 3h left). During warm avoidance,
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turning during warming is stimulated by the WCs and cross-
inhibited by the CCs (Fig. 3g), resulting in a net increase in
turning during warming (Fig. 3h right). Near preferred temper-
atures, turning during warming and cooling are mutually inhib-
ited by the WCs and CCs (Fig. 3f), resulting in smaller turning
rates during cooling and warming (Fig. 3h center). These rules
amount to a cross-inhibitory algorithm that combines the simul-
taneous outputs of all thermosensory cells to generate thermo-
taxis.

The thermotaxis algorithm relies on the convolution of WC
and CC neural responses with the filters to predict turning rate.
These filters are biphasic in that they have both positive and neg-
ative parts (Fig. 3c). Biphasic filters are sensitive to the speed
of the input signal;*® therefore, we use fast and slow sinusoidal
temperature waves in the behavioral experiments to compare to
the algorithm predictions.

To test the algorithm, we used the weights measured using
wild-type larvae responding to fast and slow sinusoidal tem-
perature changes to predict the results of other experiments
in which specific subsets of thermoreceptors were inactivated
by mutation. Introducing non-functional mutations for recep-
tors that are required for warming (Ir68a’®) or cooling sensing
(Ir21a'?) is equivalent to calculating the output of the cross-
inhibition algorithm without WCs or CCs (Fig. 4a, b). Using a
mutant for Ir93a (Ir93a™") —a receptor only expressed in WCs
and CCs and required for their thermosensitivity— is equivalent
to measuring the behavioral responses in the absence of the
WCs’ and CCs’ thermosensory pathways. Therefore, the ex-
perimentally measured behavioral responses of 1r93a™! mutants
are the baseline turning rate of the behavioral algorithm. We
compared the predictions of our behavioral algorithm with the
experimentally measured behavioral responses of mutant ani-
mals that lacked functional receptors in either the WCs, CCs,
or both cell types. As predicted, inactivating WCs (via the
Ir68a"™® mutation) reduced turning during warming at high tem-
peratures (Fig. 4g) and also reduced cross-inhibition of turning
during cooling at preferred and low temperatures (Fig. 4c-f). As
predicted, inactivating CCs (via the Ir21a’?? mutation) reduced
turning during cooling at low temperatures (Fig. 3c, d) and re-
duced cross-inhibition of turning during warming at preferred
and high temperatures (Fig. 3e, f, g). Inactivating both WCs
and CCs (by the Ir93a™" mutation) caused thermal blindness at
preferred temperatures (Fig. 4e, f). However, inactivating both
WCs and CCs did not fully abolish behavioral responses at low
or high temperatures. These residual responses are likely due to
parallel thermosensory pathways that operate far from the pre-
ferred temperatures, constituting an additive correction to the
algorithm implemented by the WCs and CCs (Fig. 4e-h and
Extended Methods).

While the goal of the thermotaxis algorithm derived here is
to capture the polarity and intensity of behavioral responses, it
also successfully approximates the dynamics of the behavioral
responses of wildtype and mutant animals, with correlation co-
efficients between 0.65 and 0.95 (Supplementary Fig. 10).

Discussion

Behavioral algorithms are often inferred from single behav-
ioral responses to single stimulus types in specific environmen-
tal contexts.*? 11-12.17 Understanding animal behavior requires
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Figure 4. Flexible cross-inhibition between cooling and warming pathways controls thermotaxis. a, Schematic representation of the algorithm for thermotactic decision-
making for larvae defective for WCs function (w'''8; Ir68a"8). b, Schematic representation of the algorithm for thermotactic decision-making for larvae defective for WCs function
(w'"18; Ir212'3). c-h left, Experimental results of the turning rate response to fast (c, e, g) and slow (d, f, h) sine waves of temperature of wildtype larvae (w'''® in green), larvae
defective for CCs’ function (w'''8; Ir21a'®3 in cyan, larvae defective for WCs’ function (w'''8; Ir68a"® in red), and larvae defective for WCs and CCs function (w'''8; [r93aM05555
in purple. Shaded regions are the s.e.m. * indicate different mean turning rate during cooling or warming using Chi-squared test with Bonferroni correction (p<0.005). c-h right,
Quantitative predictions of the turning rate response to a fast (c, e, g) or slow (d, f, h) sine wave of temperature . Wildtype larvae’s turning rate in green, larvae defective for WCs’
function in red, larvae defective for CCs’ function in cyan, and larvae defective for WCs and CCs function in purple. w18 jn green, n=80in ¢, n=59 ind, n=50 in e, n=75 in f, n=62
ing, and n=72in q1. w'''8; Ir21a'2 in cyan, n=45 in ¢, n=70 in d, n=54 in e, n=73 in f), n=49 in g, and n=81 in h. w'"'8; Ir68a”E in red, n=61 in ¢, n=78 in d, n=59 in e, n=73 in f,
n=55in g, and n=77 in h. w'"'8; 1r93aM95%% in purple, n=42 in ¢, , n=65 in d, n=45 in e, n=59 in f, n=55 in g, and n=70 in h.

considering the neural responses of multiple types of sensors
and motor responses in different contexts. In sensory modali-
ties that use opponent sensors to encode environmental stimuli,
like photosensation, hygrosensation and thermosensation, often
one sensor has been studied without its counterpart, making
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our understanding of that sensory modality incomplete.*’-17

In thermosensation, the justification for studying sensory cells
function without their counterparts has been largely supported
by the labeled line hypothesis in which each sensory cell type
couples to a specific thermal stimulus and to a motor response
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that leads the animal to safety or preferred temperatures.!-3!:32

In this view, the outputs of different sensory cells do not nec-
essarily integrate to shape behavior. However, recent work in
Drosophila has uncovered surprisingly complex thermosensory
representations that are difficult to reconcile with simple hot
and cold labeled lines.>>3* In the Drosophila larva, both cool-
ing cells (CCs) and newly discovered warming cells (WCs) re-
spond in broad and overlapping temperature ranges that extend
both above and below preferred temperatures. This means that
warming and cooling cells are simultaneously active at high
temperatures where warming should be avoided and at low tem-
peratures where cooling should be avoided. In adult Drosophila,
interneurons that explicitly integrate both cooling and warming
signals have recently been characterized.’*3* How might brains
use different and simultaneously active sensors to compute be-
havior in different contexts? Here, we leveraged the robust ther-
mal preference, small thermosensory system, and simple motor
programs of the Drosophila larva to uncover new sensors and
algorithms for context-dependent choice during thermotaxis.

We found that the larva integrates the output of WCs and CCs
to compute behavioral responses. Genetic and cellular analy-
sis revealed significant similarities between the opponent sen-
sors. Each sensor requires a distinct but partly overlapping set of
Tonotropic Receptors to detect temperature changes. The WCs
require Ir68a, Ir93a, and Ir25a to detect warming. The CCs
require Ir21a, Ir93a, and Ir25a to detect cooling. These dis-
tinct thermosensory properties of the WCs and CCs are encoded
in their heteromeric expression of sets of Ir receptors. These
Tonotropic Receptors are conserved across insects®® and have
homologs in the disease vector mosquitoes Anopheles gambiae
and Aedes aegypti, which use temperature cues to identify hu-
man hosts.3¢37

We individually characterized and quantified the temperature
sensitivity and behavioral contributions of the WCs and CCs.
Using calcium imaging, we mapped how temperature changes
determine the activity of the WCs and CCs. Using quantita-
tive behavioral analysis, we mapped how temperature changes
determine motor response patterns. Using optogenetics, we
mapped how the separate activity patterns of each sensor deter-
mine motor responses. These multilevel measurements allowed
us to identify a thermotaxis algorithm that integrates the simul-
taneous outputs of the WCs and CCs at all temperatures.

We found that the larva uses a flexible cross-inhibitory al-
gorithm to determine motor responses to temperature changes.
Above 24°C warming is unfavorable because it carries the an-
imal further from preferred temperatures. In this temperature
range, avoidance responses during warming are stimulated by
WCs and cross-inhibited by CCs. Below 24°C, cooling is un-
favorable. In this temperature range, avoidance responses dur-
ing cooling are stimulated by CCs and cross-inhibited by WCs.
Near 24°C, both warming and cooling have neutral valence, and
balanced cross-inhibition from WCs and CCs suppresses avoid-
ance responses.

In perceptual choice models, cross-inhibition between com-
peting groups of neurons often enhances accuracy in decision-
making. In these model, such as the Usher-McClelland model
of primate decision-making, different neuron groups are used
to represent different choices.?® These neurons mutually cross-
inhibit their output pathways. The most strongly activated group
that represents a specific choice thus biases the decisions to-
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wards one outcome by suppressing all others.?®3° In the larva,
the choice is whether to avoid cooling or warming: at high
temperatures, warming should be avoided; at low temperatures
cooling should be avoided. At all temperatures, however, the
CCs are always more active during cooling and the WCs are al-
ways more active during warming. Thus, any cross-inhibition in
the outputs of the WCs and CCs has to be flexible for these neu-
rons to contribute differently to behavior in different contexts.

Here, we have uncovered the flexible cross-inhibition al-
gorithm that drives Drosophila larva thermotaxis. At differ-
ent temperatures, the algorithm assigns different weights to
the outputs of opponent thermosensory cells. Assigning more
weight to the output of either set of opponent sensors simulta-
neously increases its direct regulation of the avoidance response
and cross-inhibits that of the other set. At preferred temper-
atures, cross-inhibition is balanced to suppress avoidance re-
sponses to temperature changes. At higher or lower temper-
atures, imbalanced cross-inhibition allows warm or cold avoid-
ance to emerge. Understanding how the larval brain implements
flexible cross-inhibition in neural circuits will require mapping
downstream pathways using connectomics and physiology. Be-
cause cross-inhibition emerges from the polarity of the sensors
themselves, their bidirectional phasic responses, and the lin-
ear model that transforms WC and CC activity into turning re-
sponses, it would suffice for the brain to linearly sum the outputs
of the WCs and CCs to implement this algorithm. Our findings
set the stage for studying how brain circuits implement flexible
cross-inhibition in a decision-making algorithm.

Methods

Fly husbandry

Flies were raised at constant temperature (22 °C) and 50% hu-
midity on standard cornmeal agar-based medium. For experi-
ments with larvae, adult Drosophila melanogaster were trans-
ferred to collection cages (Genesee Scientific). One end of the
cage held a grape juice agar plate and fresh yeast paste. Flies
laid eggs on the agar plate for 2 days when the plate was re-
moved to collect larvae. For all experiments, early second in-
star larvae were selected based on spiracle development using a
dissection microscope.

Genotypes
The genotypes of fly stocks used in this study:

Effectors: UAS-GCaMP6m in the second chromo-
some: w[1118]; Ply[+t7.7] w[+mC]=20XUAS-IVS-
GCaMP6m]attP40 (from BDSC 42748). UAS-GCaMP6m
in the third chromosome: w[1118]; PBacy[+mDint2]
w[+mC]=20XUAS-IVS-GCaMP6mVKO00005 (from BDSC
42750). UAS-GFP: w[*]; P[y[+t7.7] w[+mC]=10XUAS-IVS-
mCD8::GFP]attP40 (from BDSC 32186). UAS-Ir68a and UAS-
Ir93a from.?> UAS-Ir25a from.** UAS-CsChrimson: w[1118];
Py[+t7.7] w[+mC]=20XUAS-IVS-CsChrimson.mVenusattP2
(from BDSC 55136).

Gald-Drivers: pebbled-Gal4 from.'*  w[1118];P[Ir68a-
Gal4]attp2 backcrossed from,> and w[1118]; Py[+t7.7]
w[+mC]=GMR11F02-GAL4attP2 from BDSC 49828.

Mutants: Ir68aF8 from,> 1r93aMI0555 from,!7 Ir21al!?3
from, 16 1r25a2 from,?” Ir25a-BAC from
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Confocal microscopy

All fluorescence imaging was performed using a spinning-disk
confocal setup using a 60x 1.2-N.A water immersion objective
(Nikon Instruments LV100; Andor). During functional imag-
ing in response to temperature changes, thermal expansion of
the objective lens was compensated using a piezoelectric ele-
ment.” For each experiment, larvae were washed with water
and partially immobilized under a cover slip.” The microscope
stage was temperature controlled using a Peltier thermoelectric
actuator (Custom Thermoelectric) controlled with an H-bridged
power driver and a two-degrees-of-freedom PID control algo-
rithm. This algorithm was implemented using a PID control
module (Accuthermo Technologies) operated by custom code
written in LabView (See Extended Methods). The Peltier el-
ement was cooled by flowing antifreeze through an attached
water block. The antifreeze was kept at 8-10°C using a VWR
chiller.

Thermotaxis behavioral apparatus

The thermotaxis behavioral apparatus was operated inside a
dark enclosure to prevent any light from causing phototactic
artifacts. The behavioral arena was mounted on vibration-
damping legs to eliminate mechanical artifacts. Dark-field il-
lumination was provided with custom-built infrared LED bars
(A 850nm) operated with 10% pulse width modulation to avoid
heating artifacts. The behavioral arena was temperature con-
trolled with four Peltier thermoelectric actuators (Custom Ther-
moelectric) controlled with an H-bridged power driver and a
two-degrees-of-freedom PID control algorithm. This algorithm
was implemented with PID control modules (Accuthermo Tech-
nologies) and custom code written in LabView (See Extended
Methods). Feedback signals for PID control were from thermo-
couples located in the behavioral arena as well as on the agar.

During behavioral experiments 15-18 larvae crawled freely
for 20 min on 10x10 cm agar squares with 4mm thickness.
These surfaces contained 2% agar and 0.1% activated charcoal
(Sigma-aldrich). Charcoal is used to increase contrast for imag-
ing with a CCD camera (Mightex) with a long-pass infrared fil-
ter (740nm) at 4 fps.

Optogenetic behavioral apparatus

For optogenetic experiments, animals were reared in cages with
grape juice plates with a mixture of 0.18 grams of yeast and
400 uL of 0.5mM all-trans-retinal (ATR). The cages were kept
in complete darkness until the experiment. The setup for op-
togenetic behavioral experiments is described elsewhere (*°).
In brief, optogenetic light stimulation was provided by a cus-
tom built LED matrix (SMD 5050 flexible LED strip lights,
12V DC, A625nm). Optogenetic stimulation was controlled
with an H bridge driver and custom code written for a LabJack
U3 controller. Light intensity was controlled via pulse-width-
modulation at 500kHz. Optogenetic stimulation was synchro-
nized with image acquisition. Dark-field illumination was pro-
vided using custom-built infrared LED light bars (4 = 850nm).
The wavelength of infrared illumination was chosen to avoid in-
terference with the red LED illumination for optogenetic stimu-
lation. Infrared LEDs for dark field illumination were mounted
using opto-mechanical elements to adjust the angle with respect
to the behavioral arena, avoiding larval ‘shadows’ that lowered
the efficiency of data acquisition. The red LEDs were connected

Hernandez-Nunez etal. | Cross-inhibition regulates thermotaxis

in parallel to produce uniform illumination. We verified uni-
form light intensity at 1.5 W/m2 +/- 0.02. The behavioral arena
was 22x22 cm and used the same agar composition as for ther-
motaxis behavior experiments. In each experiment, 25-30 lar-
vae were used and their movements were recorded with a CCD
camera with a long-pass infrared filter (740nm) at 4 fps. Tem-
perature was controlled in the same way as for thermotaxis be-
havior experiments.

Focused ion beam scanning electron microscopy (FIB-
SEM)

For FIB-SEM serial sectioning, second third instar wild type
Canton S larvae were used. After rinsing in PBS, the anterior
half of the larva was incubated in fixative (2% formaldehyde
with 2.5% glutardialdehyde in 0.1 M Na-cacodylate buffer,
pH 7.4, Sigma-Aldrich, Germany,) for 30-90 min. Then, the
head region was cut off and incubated in fresh fixative for
90 min. Samples were washed in Na-cacodylate, followed by
post-fixation in 1% osmium tetroxide (SERVA Electrophoresis
GmbH, Germany) for 2 hr at 48°C in the dark. En bloc staining
was carried out with 1% uranyl acetate and 1% phosphotungstic
acid in 70% EtOH in the dark over night before continuing the
alcohol dehydration the next day. Samples were transferred to
propylene oxide before embedded in Spurr (Plano,GmbH, Ger-
many) using ascending Spurr concentrations diluted in propy-
lene oxide for optimal tissue infiltration. Polymerization was
carried out at 65°C for 72 hr. Blocks were trimmed using an
Ultracut UCT microtome (Leica, Germany), mounted on con-
ventional SEM stubs, and sputtered with 80—100 nm platinum.
FIB-SEM serial sectioning was carried out using a FESEM Au-
riga Crossbeam workstation (Zeiss, Germany). FIB fine milling
was carried out with 500 pA.

Behavioral quantification

Behavior was pre-processed using MAGAT Analyzer
(https://github.com/samuellab/MAGATAnalyzer). Every
larva image was used to calculate its mid-line. Each mid-line
was then segmented in 11 points. Eight behavioral parame-
ters where calculated from the body contour and segmented
mid-line: speed, crab-speed, spine length, direction of motion,
forward/backward crawling bias, head turn, head angular speed,
and area of the larvae body (see extended methods for details).
The time traces of these behavioral parameters over one period
of a temperature sine wave stimulus were used to build an
interpoint dissimilarity matrix, followed by multidimensional
scaling, dimension selection, and an iterative denoising trees
algorithm to classify larvae motor sequences in response to
temperature fluctuations. This procedure was implemented
following.*! See the details of the calculations in the Extended
Methods.

Thermotaxis model

One component of a thermotaxis algorithm is the filter that
transforms the neural activity of CCs or WCs into behavioral
responses. We estimated these filters by combining results from
our calcium imaging experiments and optogenetic behavior ex-
periments (see Extended Methods and®®). In brief, the normal-
ized measured activity responses of WCs and CCs (measured
by calcium imaging) were convolved with the linear filters that
convert WC and CC activities into behavioral responses (mea-
sured using optogenetics and quantitative behavioral analysis).
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The result of these convolutions were weighted to reflect the
contribution of each sensor type to behavioral response as fol-
lows:

Recpum(t) = / Hecnm(T)scc(t — T)dt )
0

Rwerm(t) = / Hwenm()swelt — t)dt @)
0

Where Hwcyy,,, and Hccy,,n, are the convolution kernels for
the WCs and CCs, respectively. Each kernel is computed from
the signal history of the WCs (sy¢(r — 7)) and CCs (scc(f — 7).

The turning rates calculated from equations (1) and (2) are
linearly combined with scalar weights, wee and wy e, to obtain
the predicted turning rate Ry, (¢) as follows:

Rtum (t) = Wcc * RCCtum (t) +wwc * chturn (t) (3)

Because wee and wyc capture the relative contributions of
the CCs and WCs we parametrize them to vary between 0 and
1 with a fixed scaling factor k, such that:

wee =k (w) @)

wwe =kx(1—w) (5)

When w is 0, wee = 0 and behavior is entirely driven by the
WCs. When w is 0.5, wee = wwe = k/2 and behavior has equal
contributions from WCs and CCs. When w is 1, wyc = 0 and
behavior is entirely driven by the CCs. The fixed scalar pa-
rameter k sets the scale of the predicted turning responses. The
weights are determined as follows. First, w is fitted by linear
regression assuming k = 1 and normalizing the amplitude of the
predicted and experimentally measured responses — this step fits
the shape of the response. Second, k is linearly regressed to
match the amplitude of the responses. The predicted turning
rate is passed through a saturation function to guarantee posi-
tive values.
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