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SUMMARY  18 

Similar to other animals, the fly, Drosophila melanogaster, reduces its responsiveness to tastants with 19 

repeated exposure, a phenomenon called gustatory habituation. Previous studies have focused on 20 

the circuit basis of gustatory habituation in the fly chemosensory system 1,2. However, gustatory 21 

neurons reduce their firing rate during repeated stimulation 3, suggesting that cell-autonomous 22 

mechanisms also contribute to habituation. Here, we used deep learning-based pose estimation and 23 

optogenetic stimulation to demonstrate that continuous activation of sweet taste neurons causes 24 

gustatory habituation in flies. We conducted a transgenic RNAi screen to identify genes involved in 25 

this process and found that knocking down Histamine-gated chloride channel subunit 1 (HisCl1) in 26 

the sweet taste neurons significantly reduced gustatory habituation. Anatomical analysis showed that 27 

HisCl1 is expressed in the sweet taste neurons of various chemosensory organs. Using single sensilla 28 

electrophysiology, we showed that sweet taste neurons reduced their firing rate with prolonged 29 

exposure to sucrose. Knocking down HisCl1 in sweet taste neurons suppressed gustatory habituation 30 

by reducing the spike frequency adaptation observed in these neurons during high-concentration 31 

sucrose stimulation. Finally, we showed that flies lacking HisCl1 in sweet taste neurons increased 32 

their consumption of high-concentration sucrose solution at their first meal bout compared to control 33 

flies. Together, our results demonstrate that HisCl1 tunes spike frequency adaptation in sweet taste 34 

neurons and contributes to gustatory habituation and food intake regulation in flies. Since HisCl1 is 35 

highly conserved across many dipteran and hymenopteran species, our findings open a new direction 36 

in studying insect gustatory habituation.   37 
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RESULTS 38 

HisCl1 regulates gustatory habituation in sweet taste neurons 39 

The sense of taste allows animals to detect specific nutrients and avoid toxic compounds. The 40 

gustatory assessment of food is mainly regulated by the chemosensory neurons located in various 41 

taste organs 4-6. The fly, Drosophila melanogaster, can assess food quality via taste neurons located 42 

in the proboscis, legs, and wings 7-13. Stimulating sweet taste neurons in the labellum or legs triggers 43 

proboscis extension, followed by labellar opening and food ingestion 14-17. Taste neurons can alter 44 

their activity based on the metabolic state or when exposed continuously to a particular nutrient 18,19. 45 

For example, sweet taste neurons reduce their responsivity to sugars when flies are kept on a high-46 

sugar diet 20. These neurons also reduce their firing rate during prolonged sugar stimulation (Figures 47 

S1A and S1B), leading to a decrease in the proboscis extension response, a phenomenon called 48 

gustatory habituation 3. Previous studies have focused on the circuit basis of gustatory habituation in 49 

flies 2,18,19,21. Here we investigated the cell-intrinsic factors that allow sweet taste neurons to adapt to 50 

prolonged sensory stimuli.  51 

To study gustatory habituation, we stimulated sweet taste neurons using a red-shifted 52 

channelrhodopsin, Chrimson, in hungry flies walking on an air-suspended spherical treadmill (Figure 53 

1A). In these experiments, we chose to use optogenetic activation instead of sugar stimulation to 54 

minimize the effects of satiation upon sugar ingestion on the fly’s gustatory responsiveness. To 55 

automatically track the movements of the proboscis, we used DeepLabCutTM, a deep learning-based 56 

pose estimation software 22. We used the coordinates of the head, rostrum, and haustellum to 57 

calculate the angle of the rostrum (θ) and used this metric to quantify gustatory habituation (Figures 58 

1B and 1C). During the continuous activation (total duration=60s, constant LED) of sweet taste 59 

neurons (Gr64f>Chrimson), flies extended their proboscis, but this response was quickly abolished 60 

within seconds (Figure 1D and Video S1). In contrast, when sweet taste neurons were transiently 61 

activated (total duration=60s, 0.1Hz pulsed LED), flies extended their proboscis consistently upon 62 

each LED stimulus onset without showing any signs of habituation (Figure 1E and Video S2). These 63 

results confirmed that continuous activation of sweet taste neurons indeed leads to gustatory 64 

habituation.   65 

To identify cell-intrinsic factors regulating gustatory habituation in flies, we conducted a 66 

transgenic RNAi screen by knocking down specific genes in sweet taste neurons during continuous 67 

optogenetic activation. In the mammalian brain, Ca2+-activated Cl- channels (CACC) contribute to 68 

spike-frequency adaptation seen in the thalamocortical and hippocampal neurons 23. We 69 

hypothesized that a similar spike frequency adaptation mechanism might mediate gustatory 70 

habituation in the fly sweet taste neurons. To test our hypothesis, we first searched for chloride 71 

channel genes expressed in the fly proboscis using previously published RNA sequencing datasets 72 
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20. Next, using transgenic RNAi, we knocked down chloride channel genes (n=14) in the sweet taste 73 

neurons and tested these mutant flies in optogenetic activation experiments, identifying two genes, 74 

HisCl1 and Clc-a, as candidate regulators of gustatory habituation (Figure 2A and Figure S1C). 75 

Gr64f>HisCl1-RNAi and Gr64f>Clc-a-RNAi flies consistently exhibited reduced gustatory habituation 76 

during optogenetic activation (Figures 1C and 2B). Gr64f>HisCl1-RNAi induced the most significant 77 

suppression in gustatory habituation; these flies continued to extend their proboscis despite 78 

continuous stimulation of sweet taste neurons (Figure 2C and Video S3). To confirm the RNAi 79 

knockdown results, we tested HisCl1 null mutants (HisCl1-/-). When sweet taste neurons were 80 

continuously activated in HisCl1-/- mutants, these flies showed a robust suppression in gustatory 81 

habituation similar to Gr64f>HisCl1-RNAi flies (Figures 1E and 2D). Interestingly, flies heterozygous 82 

for HisCl1 (HisCl1+/-) behaved like hypomorphs; their gustatory habituation was not significantly 83 

different from HisCl1-/- mutants or controls (Figure 2E).     84 

HisCl1 gene encodes a histamine-gated chloride channel in flies. Two histamine-gated 85 

chloride channel genes are found in the Drosophila genome, HisCl1 and Ora transientless (Ort) 24-26.   86 

HisCl1 and Ort work together in the fly visual system to mediate the inhibition between R7 and R8 87 

photoreceptors 27. We hypothesized that Ort could also regulate gustatory habituation in sweet taste 88 

neurons similar to HisCl1.  However, knocking down Ort did not impact gustatory habituation during 89 

the continuous activation of sweet taste neurons (Figures S2A and S2B). Consistent with our 90 

behavioral results, we found that GAL4 knock-in to the Ort gene (Ort>) did not label neurons in the fly 91 

chemosensory organs, while many optic lobe neurons were labeled in these flies (Figure S2C). Our 92 

results demonstrated that HisCl1, but not Ort, modulates gustatory habituation in sweet taste neurons. 93 

HisCl1 suppresses spike frequency adaptation in sweet taste neurons during high-94 

concentration sugar stimulation 95 

To further investigate how HisCl1 regulates gustatory habituation, we first examined its expression 96 

pattern in the fly taste organs. Using a GAL4 knock-in (HisCl1>), we found that HisCl1 is broadly 97 

expressed in the labellum (Figure 3A). Our detailed anatomical characterization showed that HisCl1> 98 

labeled a subpopulation of sweet taste neurons expressing the sugar receptor Gr64f 17,28. We 99 

observed 5.5 ± 0.5 neurons that are co-labeled by HisCl1> and Gr64f> in the labellum (n=6), 1.25 ± 100 

0.48 in the labral sense organ (LSO) (n=4), and 0.5 ± 0.29 in the front tarsi (n=4) (Figure 3B). These 101 

results suggest that HisCl1+ and Gr64f+ cells contribute to gustatory habituation during continuous 102 

stimulation of sweet taste neurons.  103 

In flies, gustatory habituation is thought to be regulated by changes in the activity of taste 104 

circuits, mainly arising from postsynaptic partners of taste neurons1,2. However, sweet taste neurons 105 

also adapt their firing rate during continuous optogenetic stimulation 3 or during prolonged sugar 106 

exposure (Figures S1A and S1B), suggesting there should be changes in the intrinsic properties of 107 
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these neurons leading to a depression in the firing rate. We hypothesize that HisCl1 might regulate 108 

gustatory habituation by directly altering sweet taste neuron firing rate during continuous stimulation. 109 

To directly test our hypothesis, we recorded the activity of HisCl1+ and Gr64f+ neurons located in the 110 

L4 sensillum in response to prolonged sucrose stimulation (Figure 3C).  When the L4 sensillum was 111 

stimulated with 500mM sucrose, sweet taste neurons in both Gr64f>HisCl1-RNAi and control flies 112 

responded with a high initial firing rate that decreased within seconds, reaching a steady baseline 113 

(Figures 3C-3E). The firing rates reached a maximum between 0-1s after stimulus onset (Figures 3C 114 

and 3D). As we expected, the adaptation in firing rate was slower in Gr64f>HisCl1-RNAi flies 115 

compared to controls (Figures 3C and 3D, Figures S3C and 3D). To better quantify the temporal 116 

dynamics of neural activity during sugar stimulation, we compared the firing rates at early (0s≤t<1s), 117 

mid (10s≤t<11s and 30s≤t<31s), and late stages (50s≤t<51s) of the experiment (Figure 3D).  The 118 

firing rates of sweet taste neurons in Gr64f>HisCl1-RNAi and control flies were not significantly 119 

different during the early or late stages of the sugar stimulation (Figures 3D, 3F, and 3I). However, 120 

during the mid-stages, while control flies rapidly adapted their firing rate after stimulus onset, 121 

Gr64f>HisCl1-RNAi flies continued to respond to the sugar stimulus with significantly higher firing 122 

rates (Figures 3D, 3G, and 3H).  Interestingly, when we repeated the same experiment with 100mM 123 

sucrose solution, we found no differences in the firing rates of sweet taste neurons between the 124 

Gr64f>HisCl1-RNAi and control flies (Figures S3A and S3B). These results suggest that HisCl1 125 

regulates spike frequency adaptation in sweet taste neurons, specifically during high-concentration 126 

sugar stimulation.   127 

HisCl1 is required in sweet taste neurons to regulate high-concentration sugar ingestion  128 

Having established that HisCl1 regulates gustatory habituation and spike frequency adaptation in 129 

sweet taste neurons, we next explored how this behavioral and physiological adaptation impacts food 130 

intake behavior in flies. To quantify the temporal dynamics of food ingestion in Gr64f>HisCl1-RNAi 131 

and control flies, we used the Expresso automated food intake assay to capture meal-bouts of 132 

individual flies in real-time 29. We provided different concentrations of sucrose solution (20mM, 133 

100mM, and 500mM) to 19-23hr food-deprived flies and recorded their ingestion behavior for 30 134 

minutes (Figures 4A-4C). Our results showed that Gr64f>HisCl1-RNAi flies consumed significantly 135 

higher amounts of 500mM sucrose in their first meal bout compared to controls, while there were no 136 

differences in other concentrations tested between Gr64f>HisCl1-RNAi and control flies (Figures 4D-137 

4F). We repeated the same experiment for HisCl1-/- mutants and their genetic controls and found 138 

similar results (Figures S4A and S4B): HisCl1-/- mutants consumed higher amounts of 500mM sucrose 139 

in their first meal bout compared to control flies (Figure S4C), and this difference in the meal bout 140 

volume was not observed for flies tested with 100mM sucrose (Figure S4C). In these experiments, 141 

we also quantified the total volume ingested for each genotype and found no significant differences 142 

among the groups tested (Figure 4G and Figure S4D).  Our results demonstrate that HisCl1 function 143 
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is required in sweet taste neurons to regulate meal bout volume when flies consume high 144 

concentration sucrose. Our findings from optogenetic activation, single sensillum recording, and food 145 

intake experiments led us to conclude that HisCl1 function is required in sweet taste neurons to 146 

suppress excessive sugar intake by fine-tuning spike frequency adaptation in these neurons. 147 

DISCUSSION 148 

Gustatory habituation and dishabituation have been studied in Drosophila in the context of 149 

learning/memory and on the level of neural circuits 1. Here, we explored the cell-intrinsic mechanisms 150 

that regulate gustatory habituation in sweet taste neurons. We found a novel function for the 151 

histamine-gated chloride channel, HisCl1, in regulating temporal dynamics of sugar ingestion in 152 

hungry flies by fine-tuning the activity of sweet taste neurons. Interestingly, knocking down HisCl1 in 153 

sweet taste neurons specifically suppressed gustatory habituation in response to high-concentration 154 

sucrose stimulation suggesting other cell-intrinsic factors also contribute to spike frequency 155 

adaptation in sweet taste neurons. Recently, it has been shown that a high-sugar diet decreases the 156 

stimulus-evoked firing rate and calcium responses of sweet taste neurons in flies due to the elevated 157 

activity of a conserved sugar sensor, O-linked N-Acetylglucosamine transferase (OGT) 20. It is 158 

possible that HisCl1 and OGT work together or in parallel pathways to fine-tune the activity of sweet 159 

taste neurons. Moreover, HisCl1 is expressed in a subpopulation of taste neurons, indicating there 160 

might be other cell-intrinsic factors regulating gustatory habituation. For example, in our genetic 161 

screen, we also identified another chloride channel, Clc-a, as a putative regulator of gustatory 162 

habituation. Our results suggest that distinct chloride channels might finetune the activity of different 163 

classes of taste neurons in flies.    164 

How does HisCl1 regulate spike frequency adaptation in sweet taste neurons? In the 165 

mammalian brain, spike frequency adaption is regulated by Ca2+-activated chloride channels (CACC) 166 
23. When neurons are strongly activated, an increase in the local Ca2+ levels activate CACC, leading 167 

to an influx of Cl- and hyperpolarization of membrane potential, thereby decreasing the probability of 168 

spike generation 30. In the taste neurons of Necturus, an aquatic salamander, Ca2+-dependent Cl- 169 

currents contribute to gustatory habituation 31. It is unclear if such Ca2+-dependent mechanisms trigger 170 

HisCl1 activation in the fly sweet taste neurons. Alternatively, HisCl1 might regulate gustatory 171 

habituation by changing synaptic release at the sweet taste neuron terminals. In the photoreceptors, 172 

HisCl1 plays a role in circadian entrainment via histamine signaling 32,33. Likewise, sugar exposure 173 

might trigger histamine release in downstream circuits, which activate HisCl1 in the sweet taste 174 

neuron axon terminals leading to presynaptic depression and spike frequency adaptation. Such 175 

phenomenon of self-backpropagation of presynaptic depression has been previously reported in 176 

hippocampal neurons34,35. To discriminate between these two possibilities, one needs to determine 177 

the subcellular localization of HisCl1 in sweet taste neurons and characterize its Cl-channel properties 178 
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in response to the changes in intracellular Ca2+. Future experiments will address these open 179 

questions.  180 

 Our study also found that HisCl1 mutants increase their meal bout volume when ingesting a 181 

high-concentration sugar solution. We speculate that the increase in meal bout volume is mediated 182 

by the reduction in sensory adaptation in sweet taste neurons; when sweet taste neurons cannot 183 

reduce their firing rate during prolonged exposure to sugar, flies cannot cease ingestion leading to an 184 

increase in the meal bout volume. These findings suggest that one function of gustatory habituation 185 

in flies might be to avoid excessive sugar intake. Interestingly, HisCl1 is conserved across many 186 

dipteran and hymenopteran species, suggesting similar mechanisms might exist for regulating food 187 

ingestion in other insect species, including agricultural pests and human disease vectors. Overall, our 188 

study opens a new direction to studying the cell-intrinsic factors that regulate gustatory habituation in 189 

flies. We think this is a step forward in understanding how the insects adapt their behavior and sensory 190 

physiology when faced with persistent sensory stimuli.  191 

 192 
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MAIN-TEXT FIGURES, FIGURE TITLES, AND LEGENDS 
 

 
 
Figure 1. Continuous optogenetic activation of sweet taste neurons leads to gustatory 214 
habituation.   215 
(A) Schematic of the optogenetic stimulation and spherical treadmill setup.  216 
(B) Representative images for labeled body parts on the fly’s head (purple=Head, blue=Rostrum, 217 
green=Haustellum, and yellow=Labellum) and the rostrum angle (θ).  218 
(C) Schematic of the DeepLabCutTM pose estimation training process. 219 
(D-E) Change in rostrum angle (Δθ/θ0) is plotted over time (left, mean ± SEM) and as a heatmap 220 
(middle and right) in response to continuous (D) and pulsed (E) optogenetic activation (green=retinal 221 
fed flies, gray=no retinal controls, n=6-11). Magenta highlights represent when the LED light is ON 222 
for optogenetic activation. See also Videos S1 and S2.  223 
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Figure 2. Knock-down of HisCl1 and ClC-a in sweet taste neurons suppresses gustatory 224 
habituation 225 
(A) Outline of the transgenic RNAi screening procedure. 226 
(B) Average Δθ/θ0 for each RNAi line is quantified and plotted during continuous activation of sweet 227 
taste neurons. Magenta-labeled RNAi lines are significantly different from the control. (n=6-8, one-228 
way ANOVA with Bonferroni test, *p<0.05, **p<0.01, ns = non-significant). 229 
(C-D) Δθ/θ0 is plotted over time (mean ± SEM, n=6-12) for indicated genotypes in response to 230 
continuous optogenetic activation. Magenta highlights represent when the LED light is ON for 231 
optogenetic activation.  232 
(E) Average Δθ/θ0 during optogenetic stimulation for HisCl1-/- and controls in response to continuous 233 
activation of sweet taste neurons. (n=12, one-way ANOVA with Bonferroni test, genotypes labeled by 234 
different letters are statistically different from each other).  235 
See also Figure S1 and Video S3.   236 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 8, 2024. ; https://doi.org/10.1101/2024.05.06.592591doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592591
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

 9 

 
Figure 3. HisCl1 is expressed in sweet taste neurons and regulates spike frequency adaptation 237 
during continuous sugar stimulation in these neurons.  238 
(A) Expression of HisCl1> (green) in the labellum (Scale bar=50µm).  239 
(B) Co-labeling of neurons expressing Gr64f> (magenta) and HisCl1> (green) in the labellum, LSO, 240 
and front tarsi. White arrows indicate Gr64+ and HisCl1+ neurons (Scale bars=50µm). 241 
(C) Representative single sensillum recording traces from L4 sensilla of control (top) and 242 
Gr64f>HisCl1-RNAi (bottom) flies during a 60-second 500mM sucrose stimulation. Colored vertical 243 
bars indicate time windows for firing rate quantifications in D.  244 
(D) Representative single sensillum recording traces from L4 sensilla of control (top) and 245 
Gr64f>HisCl1-RNAi (bottom) flies during 500mM sucrose stimulation in indicated time windows.  246 
(E) Average L4 firing rates of control (gray) and Gr64f>HisCl1-RNAi (magenta) flies are plotted over 247 
time (mean ± SEM, n=6). 248 
(F-I) Average L4 firing rates of control (gray) and Gr64f>HisCl1-RNAi flies in indicated time windows 249 
(0-1s blue, 10-11s green, 30-31s orange, 50-51s yellow). Mean ± SEM, n=6, unpaired t-test with 250 
Welch’s correction, ns=non-significant, *p<0.05, ***p<0.001). 251 
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Figure 4. HisCl1 is required in sweet taste neurons to regulate sugar ingestion  252 
(A-C) Meal bout raster plots of 19-23hr food-deprived flies of indicated genotypes ingesting 20mM 253 
(A), 100mM (B), or 500mM (C) sucrose solution in the Expresso. The trial duration is 30 minutes 254 
(n=15-27, indicated in the y-axis of each plot). 255 
(D-F) Average first meal bout volume of flies from indicated genotypes ingesting 500mM (D), 100mM 256 
(E), or 20mM (F) sucrose solution in the Expresso (n=15-27, mean ± SEM, one-way ANOVA with 257 
Bonferroni test. Groups labeled with different letters are significantly different, ns=non-significant). 258 
(G) The average total volume ingested for flies from indicated genotypes offered 500mM sucrose 259 
solution in the Expresso (n=17-24, mean ± SEM, one-way ANOVA, ns=non-significant).  260 
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SUPPLEMENTAL FIGURES, FIGURE TITLES, AND LEGENDS  

 
Figure S1. Single sensillum recording of taste neurons during continuous sugar stimulation 261 
and optogenetics data for negative RNAi lines targeting chloride channel genes 262 
(A) Representative single sensillum recording traces from L4 sensilla of control flies during 100mM 263 
and 500mM sucrose stimulation.  264 
(B) The L4 firing rates during 100mM or 500mM sucrose stimulation are plotted over time (n=6-8, 265 
mean ± SEM, two-way ANOVA with Fisher’s pairwise comparison, * p<0.05). 266 
(C) Δθ/θ0 is plotted over time (mean ± SEM, n=6-8) for indicated genotypes in response to continuous 267 
optogenetic activation. Magenta highlights represent when the LED light is ON for optogenetic 268 
activation.  269 
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Figure S2. Knock-down of Ort in sweet taste neurons does not affect gustatory habituation. 270 
(A) Δθ/θ0 is plotted over time (mean ± SEM, n=6-8) for indicated genotypes in response to continuous 271 
optogenetic activation. Magenta highlights represent when the LED light is ON for optogenetic 272 
activation.  273 
(B) Average Δθ/θ0 during optogenetic stimulation for Ort-RNAi and control flies in response to 274 
continuous activation of sweet taste neurons (n=6-8, unpaired t-test with Welch’s corrections). 275 
(C) Labeling of neurons expressing Gr64f> (magenta) and Ort> (green) in the brain, VNC, labellum, 276 
and LSO. Ort> is expressed in the optic lobes and a few central neurons but not in any of the taste 277 
organs (Scale bars=50µm).  278 
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Figure S3. Knock-down of HisCl1 in sweet taste neurons suppresses spike frequency 279 
adaptation during high-concentration sucrose stimulation. 280 
(A) Representative single sensillum recording traces from L4 sensilla of Gr64f>HisCl1-RNAi and 281 
control flies during 100mM sucrose stimulation.  282 
(B) The L4 firing rates during 100mM sucrose stimulation are plotted over time for indicated genotypes 283 
(mean ± SEM, two-way ANOVA with Fisher’s pairwise comparison n=6-7). 284 
(C) Representative single sensillum recording traces from L4 sensilla of Gr64f>HisCl1-RNAi and 285 
control flies during 500mM sucrose stimulation.  286 
(D) The L4 firing rates during 500mM sucrose stimulation is plotted over time for indicated genotypes 287 
(mean ± SEM, two-way ANOVA with Fisher’s pairwise comparison n=6-7).  288 
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Figure S4. HisCl1 mutant flies increase their first bout volume while ingesting high-289 
concentration sugar solution.  290 
(A-B) Meal bout raster plots of 19-23hr food deprived HisCl1 mutant or control flies ingesting 100mM 291 
(A) or 500mM (B) sucrose solution in the Expresso. 292 
(C) Average first meal bout volume of HisCl1 mutant or control flies ingesting 100mM, or 500mM 293 
sucrose solution in the Expresso (100mM n=23-26, 500mM n=21-22, mean ± SEM unpaired t-test 294 
with Welch’s correction, ns=non-significant, *p<0.05). 295 
(D) Average total meal bout volume ingested for HisCl1 mutant, or control flies offered 100mM, or 296 
500mM sucrose solution in the Expresso (100mM n=23-26, 500mM n=21-22, mean ± SEM unpaired 297 
t-test with Welch’s correction, ns=non-significant, *p<0.05).  298 
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STAR METHODS 407 

RESOURCE AVAILABILITY 408 

Lead contact 409 

Further information and requests for resources and reagents should be directed to and will be fulfilled 410 

by the lead contact, Nilay Yapici (ny96@cornell.edu).  411 

Materials availability 412 

This study did not generate new unique reagents. 413 

Data and code availability  414 

• The data supporting this study's findings are available from the lead contact upon reasonable 415 

request.  416 

• This study did not generate new code.  417 

• Any additional information required to reanalyze the data reported in this paper is available from 418 

the lead contact upon reasonable request. 419 

 420 

EXPERIMENTAL MODEL AND SUBJECT DETAILS  421 

Flies 422 

Drosophila melanogaster was maintained on conventional cornmeal-agar-molasses medium at 25°C 423 

and 60-70% relative humidity under a 12hr light: 12hr dark cycle (lights on at 9 A.M.). Fly stocks and 424 

genotypes are detailed in Key Resources and Table S1. All fly stocks were obtained from Bloomington 425 

Drosophila Stock Center unless otherwise stated. The candidate genes targeted in the screen were 426 

selected for their functional annotation as Cl- channels and their expression in the fly proboscis based 427 

on previous RNA sequencing experiments 20.  428 

 429 

METHOD DETAILS 430 

Optogenetic activation on the spherical treadmill 431 

6–10-day old male flies were used in all optogenetic activation experiments. All flies were food 432 

deprived for 18-24 hours. During deprivation, test group flies were kept in a vial containing a Kimwipe 433 

(Kimtech Science™) soaked with 0.5mM all-trans-retinal (Sigma, R2500), and control flies were kept 434 

with a Kimwipe soaked with water. The spherical treadmill was custom-built from polyurethane foam 435 

(FR-7112, Last-A-Foam, General Plastics Manufacturing Company), as previously described 36. The 436 

ball had a 10mm diameter and a weight of 97mg, and it was air-floated by an air pump attached to a 437 

mass flow controller working at 0.45l/min. Two IR LED lights were used to illuminate the ball and the 438 

fly for better tracking quality (SZ-01-R8, Luxeon Star). The humidity of the air was maintained by 439 

passing it through a bottle humidifier (Salter Labs). During the optogenetic activation experiments, 440 

flies were tethered but allowed to walk on a spherical treadmill in the dark. Each trial started with a 441 

60s recording of fly behavior without optogenetic stimulation, followed by 60s optogenetic stimulation, 442 

and another 60s recording without stimulation. The 625nm red LED light (Thorlabs, M625F2) was 443 
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powered at 14µW/mm2 using a LED driver (Thorlabs, LEDD1B). During the optogenetic stimulation 444 

experiments, the red light was delivered to the fly using an optic fiber cannula (Thorlabs, CFMC22L20) 445 

(Figure 1). We used two optogenetic stimulation patterns; continuous activation (total duration=60s, 446 

LED constantly ON) and pulse activation (total duration=60s, LED 0.1Hz,100ms ON, 9900ms OFF). 447 

During the experiments, the movement of the fly’s proboscis was recorded using a Blackfly-S camera 448 

(BFS-U3-13Y3M-C, FLIR), and the fly/ball movements were recorded using a Firefly camera (FMVU-449 

03MTM-CS, FLIR). All videos were acquired at 30fps. A custom-written script in Python controlled all 450 

video recordings and optogenetic stimulation patterns. We used FicTrac software 37 to extract the fly 451 

locomotion data by tracking the ball's movements.  452 

Transgenic RNAi screen 453 

Each transgenic RNAi line was crossed to flies carrying Gr64f-GAL4 and UAS-CsChrimson-mCherry. 454 

To generate control flies, we crossed flies carrying Gr64f-GAL4 and UAS-CsChrimson-mCherry to 455 

w1118. 6–10-day old male flies from the progeny were tested in the optogenetic activation experiments.  456 

All flies tested were food deprived for 24 hours in a vial containing a Kimwipe (Kimtech Science™) 457 

soaked with 0.5mM all-trans-retinal. 458 

Expresso Food Intake Quantification 459 

Flies tested in the Expresso assay were prepared as described before 29.  Briefly, 6–10-day old male 460 

flies were food deprived for 19-24 hours in a fly vial containing a piece of Kimwipe (Kimtech 461 

Science™) soaked with 1ml MilliQ water. On the day of the experiment, sucrose (Sigma, S5390) 462 

solutions were freshly prepared. Each fly was placed into a test cuvette and allowed to habituate for 463 

5-10 mins before the start of the trial. Each trial lasted 30 mins, and the food intake data was recorded 464 

using the Expresso data acquisition software 29. 465 

Immunohistochemistry and Confocal Microscopy  466 

Brain immunohistochemistry was carried out as previously described 29 with minor modifications. First, 467 

brains were dissected and fixed for 25 min with 4% paraformaldehyde (PFA) in PBST (PBS+0.3% 468 

Triton-X). After washing with PBST (4 times, 15 mins each), they were incubated with the blocking 469 

solution (5% normal goat serum (NGS, Jackson Labs, 005-000-121) in PBST) for 1.5 hours. Next, 470 

brains were incubated with the primary antibodies for two days at 4°C. After washing with PBST (3 471 

times, 30 mins each), brains were incubated with the secondary antibodies for two days at 4°C. 472 

Finally, samples were mounted with SlowFade™ Gold Antifade Mountant (Thermo Fisher Scientific, 473 

S36936). Proboscis immunohistochemistry was carried out as previously described 38 with minor 474 

modifications. Proboscises were dissected and fixed with 4% PFA in PBST. After washing with PBST, 475 

samples were incubated with the blocking solution for 1.5 hours. Next, they were incubated with the 476 

primary antibodies for two days at 4°C. After washing with PBST (3 times, 30 min each), samples 477 

were incubated with the secondary antibodies for two days at 4°C. Samples were mounted with 478 
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SlowFade™ Gold Antifade Mountant (Thermo Fisher Scientific, S36936). For imaging tarsi, legs were 479 

dissected and fixed with 4% PFA in PBST. After washing with PBST (3 times, 30 mins each), legs 480 

were mounted with SlowFade™ Gold Antifade Mountant (Thermo Fisher Scientific, S36936). 481 

Following antibodies were used for the immunohistochemistry: chicken anti-GFP (1:2000, Abcam, 482 

ab13970), rabbit anti-DsRed (1:500, Takara Bio, 632496), and mouse anti-Brp (1:20, DSHB, nc82), 483 

goat anti-chicken Alexa 488 (1:1000, Invitrogen, A-11039), goat anti-rabbit Alexa 546 (1:500, 484 

Invitrogen, A-11035), and goat anti-mouse Alexa 633 (1:500, Invitrogen, A-21052). All images were 485 

acquired using a Zeiss Confocal microscope (LSM 880) equipped with a 20X water immersion 486 

objective (Nikon, W Plan-Apochromat 20x/1.0). Confocal images were processed using the FIJI 487 

software.  488 

Single Sensillum Electrophysiology 489 

We used the extracellular tip recording method to capture sucrose responses from the labellar taste 490 

sensilla as previously described 39. 6-10-day-old male flies were cold anesthetized, and the proboscis 491 

was immobilized by inserting the reference electrode containing the Beadle-Ephrussi Ringer solution 492 

through the thorax into the labellum. The neuronal firing rates of the L4 sensilla were recorded using 493 

a glass electrode (10-20 µm diameter) containing 100mM or 500mM sucrose mixed with an electrolyte 494 

(30 mM tricholine). The glass recording electrode was connected to the TastePROBE (Syntech) and 495 

the IDAC acquisition controller (Syntech). The signals were amplified (10x), band-pass-filtered (99-496 

3000 Hz), and sampled at 12 kHz.  497 

 498 

QUANTIFICATION AND STATISTICAL ANALYSIS 499 

Proboscis Movement Quantification 500 

The DeepLabCut software 22 was used to track the movements of the proboscis. The pose estimation 501 

model was trained by labeling the coordinates of four body parts on the fly's head (head, rostrum, 502 

haustellum, and labellum) in each video frame. For the training process, we used 1266 frames to 503 

create training datasets. After the first round of training, the network was evaluated for errors by 504 

quantifying the pixel distance between the observed and estimated coordinates. The frames with 505 

errors were corrected and merged into the original training dataset, and the network was re-trained. 506 

After all the training, the final average error distance was less than 5 pixels. We used a custom-written 507 

script in Python for data analysis to calculate the rostrum angle (θ) using the three coordinates: head 508 

(xhd, yhd), rostrum (xr, yr), and haustellum (xh, yh). Python script read all the output files from 509 

DeepLabCut as raw data, and the script collected three coordinates to compute the rostrum angle. 510 

Using three coordinates, two vectors were generated: 𝑅𝐻𝑑$$$$$$$$$⃗  (head-rostrum) and 𝑅𝐻$$$$$$⃗ (rostrum-511 

haustellum). To calculate the angle between the two vectors, we used the atan2 function that 512 

computes the counterclockwise angle between two vectors. Each rostrum angle was then averaged 513 

and aggregated in seconds. We calculated the Δθ/θ0 for all flies tested using the following formula, 514 
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  (θ0= initial angle t=0), θt= angle at time (t), D θ= θt - θ0). Average Δθ/θ0 was calculated by 515 

averaging all values during the stimulation period (t=60-120s).  516 

Electrophysiology Data Analysis 517 

To analyze neuronal firing rates in response to sugar stimulation, spikes were sorted manually, then 518 

the number of spikes per stimulation was determined using the Autospike software. Next, the total 519 

number of spikes was binned per second and plotted as a time series for each genotype. To quantify 520 

how neuronal firing rates changed between the early and the late phases of the recordings, average 521 

firing rates per genotype were calculated for the following time windows: short recordings 522 

(duration=6s); 0s ≤ t <3s and 4s ≤ t <7s), and long recordings (duration=60s); 0s ≤ t < 1s, 10s ≤ t < 523 

11s, 30s ≤ t < 31s, and 50s ≤ t < 51s). The average spike rates in each time window were compared 524 

between the controls and Gr64f>HisCl1 knock-down flies using the GraphPad Prism software. 525 

Expresso Food Intake Analysis 526 

We used a custom-written code to analyze the Expresso food intake data 40. Each automatically 527 

detected meal bout was manually checked, and if there were mislabeled eating meal bouts in a trial, 528 

those flies were excluded from the data set. These mislabeled trials were less than ~14% of total 529 

trials.  We calculated the average total food intake and first meal bout volume of flies that have taken 530 

at least one meal bout during the assay period. Flies that did not consume food were not included in 531 

the quantifications. Data were plotted as scatter plots, indicating the mean ± SEM. Statistical analyses 532 

were performed using GraphPad Prism software. 533 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 8, 2024. ; https://doi.org/10.1101/2024.05.06.592591doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592591
http://creativecommons.org/licenses/by-nc-nd/4.0/

