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Abstract 11 

Calcium (Ca2+) plays a pivotal role in modulating neuronal-mediated responses to multimodal 12 
sensory stimuli.  Recent studies in Drosophila reveal class III (CIII) multidendritic (md) sensory 13 
neurons function as multimodal sensors regulating distinct behavioral responses to innocuous 14 
mechanical and nociceptive thermal stimuli. Functional analyses indicate that CIII-mediated 15 
multimodal behavioral output is dependent upon activation levels with stimulus-evoked Ca2+ 16 
displaying relatively low vs. high intracellular levels in response to gentle touch vs. noxious cold, 17 
respectively. However, the mechanistic bases underlying modality-specific differential Ca2+ 18 
responses in CIII neurons remain incompletely understood. We hypothesized that noxious cold-19 
evoked high intracellular Ca2+ responses in CIII neurons may rely upon Ca2+-induced Ca2+ release 20 
(CICR) mechanisms involving transient receptor potential (TRP) channels and/or metabotropic G-21 
protein coupled receptor (GPCR) activation to promote cold nociceptive behaviors. GABAB receptor 22 
mutants and CIII-specific knockdown resulted in impaired noxious cold-evoked behaviors. Gαq and 23 
Phospholipase C signaling are likewise required for noxious cold sensing. Additionally, ER localized 24 
Ca2+ channels including the Ryanodine receptor (RyR) and Inositol trisphosphate receptor (IP3R) are 25 
required for cold nociceptive behaviors. GPCR mediated signaling, through GABAB-R2 and IP3R, is 26 
not required in CIII neurons for innocuous touch evoked behaviors. However, CICR via RyR is 27 
required in CIII neurons for innocuous touch-evoked behaviors. Disruptions in GABAB -R2, IP3R and 28 
RyR in CIII neurons leads to significantly lower levels of cold-evoked Ca2+ responses indicating 29 
GPCR and CICR signaling mechanisms function in regulating Ca2+ release. CIII neurons exhibit 30 
bipartite cold-evoked firing patterns, where CIII neurons burst during rapid temperature change and 31 
tonically fire during steady state cold temperatures. GABAB-R2 knockdown in CIII neurons resulted 32 
in disorganized firing patterns during cold exposure. Upon ryanodine pharmacological application, 33 
CIII neurons exhibit increased bursting activity and with CIII specific RyR knockdown, there is an 34 
increase in cold-evoked tonic firing and decrease in bursting.  Lastly, our previous studies implicated 35 
the TRPP channel Pkd2 in cold nociception, and here, we show that Pkd2 and IP3R genetically 36 
interact in regulating cold-evoked behavior.  Collectively, these analyses support novel, modality-37 
specific roles for metabotropic GABAergic signaling and CICR mechanisms in regulating 38 
intracellular Ca2+ levels and cold-evoked behavioral output from multimodal CIII neurons. 39 

 40 
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1 Introduction 41 

Understanding how animals sense innocuous and/or potentially harmful stimuli, such as noxious 42 
temperature, chemical or mechanical insults, and respond appropriately is crucial for avoiding 43 
incipient damage that can lead to injury or death. Typically, upon sensing stimuli, an animal produces 44 
a set of behaviors that either mitigate or allow the animal to escape undesirable environmental 45 
conditions. Exposure to harmful temperatures can lead to impaired development, reproductive health, 46 
and survival, additionally, drastic changes in climate can lead to shifts in preferred temperature 47 
indices of species (Dowd et al., 2015; Williams et al., 2016). There are two types of metazoans: 48 
endotherms, which regulate body temperature independent of environment, and ectotherms, whose 49 
body temperature is dependent on environmental conditions (Clarke, 2014). Both endo- and 50 
ectotherms have adopted critical sensorimotor systems for maintaining thermal homeostasis and 51 
avoiding potentially harmful temperatures (Clarke, 2014; Gillooly et al., 2017). The somatosensory 52 
system plays a critical role in detecting thermal changes in vertebrates and invertebrates, where 53 
nociceptive neurons are strongly activated leading to tonic and/or bursting action potentials in 54 
response to potentially harmful stimuli (Himmel et al., 2017; Im & Galko, 2012). Integration and 55 
discrimination of sensory information is critical for animal survival, where failure to detect and avoid 56 
potentially harmful environmental cues can lead to injury. Understanding how integration and 57 
discrimination function in poly- or multi-modal sensory systems to generate stimulus relevant 58 
behavioral responses remain long-standing and active areas of research (Hu et al., 2017; Imambocus 59 
et al., 2022; Ohyama et al., 2015; Sherrington, 1906; Stockand & Eaton, 2013). 60 

The Drosophila melanogaster larval peripheral nervous system primarily detects noxious (chemical, 61 
mechanical and/or thermal) stimuli through high threshold nociceptors innervating the barrier 62 
epidermis and are similar to mammalian unmyelinated c-fiber nociceptors. (Himmel et al., 2017; Im 63 
& Galko, 2012). There two primary nociceptive neuronal types, polymodal CIV md neurons, 64 
sensitive to noxious thermal (high heat), mechanical, and chemical stimuli, where neural activation 65 
leads to characteristic corkscrew body roll followed by rapid peristalsis in Drosophila larvae (Burgos 66 
et al., 2018; Himmel et al., 2019; Lopez-Bellido et al., 2019; Ohyama et al., 2013; Ohyama et al., 67 
2015; Tracey et al., 2003; Vogelstein et al., 2014) and multimodal CIII md neurons that are sensitive 68 
to noxious thermal (cold) and innocuous mechanical stimuli (Jovanic et al., 2019; Kernan, 1994; 69 
Masson et al., 2020; Turner et al., 2016; Turner et al., 2018; Zhang et al., 2015). Detection of noxious 70 
(cold) and innocuous (mechanical) stimuli via CIII md neurons elicits stimulus specific behaviors. 71 
Noxious cold evokes sustained contraction (CT) of head and tail, thus reducing overall surface area 72 
to volume ratio, while innocuous mechanical stimulation leads to a suite of behaviors including head 73 
withdrawal, pause, turning, and/or reverse locomotion (Jovanic et al., 2016; Kernan, 1994; Turner et 74 
al., 2016; Zhang et al., 2015). Sensory discrimination in CIII md neurons is dependent upon stimulus 75 
specific increases in cytosolic calcium (Ca2+) levels, where noxious cold stimulation leads to high 76 
levels of cytosolic Ca2+ and innocuous mechanical stimulation leads to mild increase of cytosolic 77 
Ca2+ (Turner et al., 2016). However, the mechanistic bases underlying modality-specific differential 78 
Ca2+ responses in CIII neurons remain incompletely understood.  79 

In many animal species, transient receptor potential (TRP) channels have been implicated as primary 80 
sensory transducers for chemical, mechanical and thermal sensory modalities (Fowler & Montell, 81 
2013; Himmel & Cox, 2020; Himmel et al., 2017; Liman et al., 2014; Patapoutian & Macpherson, 82 
2006; Venkatachalam & Montell, 2007). Specifically, Pkd2, Trpm and nompC are required in cold 83 
sensitive CIII md neurons for noxious cold thermosensation and innocuous mechanosensation 84 
(Turner et al., 2016). Recent work has revealed chloride ion homeostasis and calcium-activated 85 
chloride channel function via the TMEM16/anoctamins, subdued and white walker (wwk, CG15270), 86 
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as required for cold nociception but dispensable for detection of innocuous mechanical sensory 87 
information (Himmel, Sakurai, et al., 2021) providing initial clues to molecular bases of multimodal 88 
sensory discrimination in these neurons. Here, we sought to identify molecular bases of multimodal 89 
sensory discrimination that arise from differential Ca2+ dynamics in CIII md neurons. Therefore, we 90 
investigated signaling pathways involved in increasing cytosolic Ca2+ concentrations. Intracellular 91 
increases in cytosolic Ca2+ can result from both ionotropic and metabotropic pathways. Ionotropic 92 
pathways include extracellular Ca2+ influx from voltage-gated Ca2+ channels and TRP channels 93 
localized on the plasma membrane and organellar Ca2+ efflux from mitochondria and endoplasmic 94 
reticulum (ER) (Berridge, 1998; Fowler & Montell, 2013; Grienberger & Konnerth, 2012; Turner et 95 
al., 2016; Verkhratsky & Petersen, 1998). Metabotropic pathways, specifically G protein coupled 96 
receptors (GPCRs), are involved in a variety of sensory systems including vision, olfaction, audition, 97 
and thermosensation, and in part, function through organellar Ca2+ release (Fukuto et al., 2004; Gu et 98 
al., 2022; Herman et al., 2018; Im et al., 2015; Imambocus et al., 2022; Jin et al., 2013; Julius & 99 
Nathans, 2012; Leung & Montell, 2017). ER luminal Ca2+ efflux into the cytosol functions through 100 
the Ca2+ induced Ca2+ release (CICR) pathway via ryanodine receptor (RyR) and inositol 101 
trisphosphate receptor (IP3R). We hypothesize that noxious cold-evoked high intracellular Ca2+ 102 
responses in CIII neurons may rely upon CICR mechanisms via transient receptor potential (TRP) 103 
channels and/or metabotropic GPCR activation to promote cold nociceptive behaviors. 104 

In this study, we found that metabotropic GPCR and CICR signaling pathway genes are expressed in 105 
CIII md neurons and are required for cold nociceptive behaviors in third instar Drosophila larvae. 106 
Impaired GABAB-R2 receptor, RyR and IP3R signaling leads to reductions in cold-evoked Ca2+ 107 
responses. Extracellular electrical recordings of CIII md neurons revealed GABAB-R2 is required for 108 
proper patterning of cold-evoked activity and cold-evoked RyR mediated Ca2+ dynamics promote 109 
neuronal bursting. GABAB-R2 receptor and IP3R signaling is required specifically for cold 110 
nociception but not innocuous mechanical sensation, whereas RyR is required for both innocuous 111 
mechanical sensation and noxious cold detection. GABAB-R2 receptor, RyR and IP3R signaling are 112 
not, however, required for CIII md neuron dendrite morphogenesis, action potential propagation or 113 
neurotransmitter release indicative of roles for these signaling machinery at the sensory transduction 114 
stage.  115 

2 Methods 116 

2.1 Fly Strains 117 

All Drosophila melanogaster strains used in this study are listed in (Supplementary Table 1). All 118 
Drosophila reagents were maintained on standard cornmeal diet in 12:12 hour light-dark cycle at 119 
~22°C. All experimental crosses were raised in 12:12 hour light-dark cycle at ~29°C, unless 120 
otherwise stated. We utilized several class III neuron GAL4 drivers: 19-12GAL4 (Xiang et al., 2010), 121 
nompCGAL4, and GMR83B04GAL4.  122 

2.2 Cold Plate Assay 123 

We assessed Drosophila melanogaster larval responses to noxious cold temperatures via cold plate 124 
assay (Turner et al., 2016; Patel and Cox, 2017), where we acutely expose third instar larvae to cold 125 
temperatures (Figure 2-2).  126 

Equipment:  We used Nikon DSLR (D5300) for recording larval behavioral response. The camera 127 
was mounted on a tripod, where the DSLR was facing down towards the table and focused on a pre-128 
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chilled (10°C) TE technologies Peltier plate (CP-031, TC-48-20, RS-100-12). We used goose neck 129 
oblique light source (Nikon, NI-150) to increase signal to noise ratio for better data processing.  130 

Experiment: All F1 genetic crosses progeny used in assessing cold-evoked responses were raised in 131 
29°C incubator. We tested age matched third instar larvae. We gently removed larvae from food 132 
using a thin brush and placed them on a wet Kimwipe. Next, food debris was passively removed by 133 
allowing the animals to freely locomote and then gently placing them on secondary wet Kimwipe. 134 
Using a spray bottle, we lightly misted water onto a thin black metal plate, after which we placed 5-7 135 
larvae onto the plate. We allowed larvae to resume locomotion, while removing any excess water 136 
droplets from around the animals. Next, we began video recording on DSLR (1920x1080 pixels at 30 137 
frames per seconds) and we placed the thin metal plate on a pre-chilled Peltier device. We assessed 138 
cold-evoked behaviors for first five seconds of stimulus.  139 

Semi-automatic video processing and behavioral quantification: For high throughput video 140 
processing, we used FIJI and Noldus Ethovision XT. We used video to video convertor 141 
(https://www.videotovideo.org/) for uncompressing raw video files. We manually selected the first 142 
frame at which cold stimulus was delivered. Next, using custom built FIJI macro we processed the 143 
videos. The custom macro first trims each video to desired duration, identifies individual larvae using 144 
automatic thresholding (Triangle method) and creates individually cropped (250x250pixels) larval 145 
videos. For increased throughput and signal to noise ratio, we next automatically removed 146 
background from individually cropped larval videos using automatic thresholding (Li method). For 147 
semi-automated quantitative surface area measurements, we utilized Noldus Ethovision XT software, 148 
only larvae that were elongated at the onset of the first frame were analyzed. For automatic data 149 
processing, we used custom built R macros. Briefly, custom R macro combined raw surface area 150 
measurements for individual animals within each genotype. Next, we calculated percent change in 151 
surface area over time, duration of response, and magnitude of behavioral response. Our primary 152 
threshold for behavioral analysis, derived from an in-depth examination of the behavior, percent 153 
contraction entails a response of at least a 10% reduction in surface area from initial area for at least 154 
0.5 seconds. From this metric we also derived CT duration, the total time an animal spends below -155 
10% change in surface area, and CT magnitude, defined as average percent change in surface area for 156 
duration of the assay.  157 

Statistical analysis: We preformed following statistical tests for all cold plate assay data analysis. 158 
%CT response: Fisher’s exact with Benjamini-Hochberg for multiple comparison. We used r for 159 
performing comparisons of percent behavior response between genotypes, we used Benjamini-160 
Hochberg multiple comparison correction. CT duration: Kruskal-Wallis with Benjamini, Krieger and 161 
Yekutieli for multiple comparisons. CT duration data are not normal. CT magnitude: One-way 162 
ANOVA with Holm-Šídák's for multiple comparisons.  163 

 164 

2.3 Confocal Imaging 165 

In vivo dendrite morphology imaging: For assessing md CIII dendrite morphology, we crossed class 166 
III specific driver driving membrane tagged GFP (nompCGal4> mCD4::tdGFP) to gene specific 167 
UAS-RNAi lines. Aged matched live third instar larvae were mounted on a microscope slide and 168 
anesthetized by using few drops of halocarbon and ether solution (1:5 v/v). Three-dimensional z-169 
stacks were imaged using Zeiss LSM780 with Plan-Apochromat 20x/0.8 M27 objective and 488nm 170 
laser. Image dimensions were 1024 by 1024 pixels (607.28µm x 607.28µm) with 2µm step size. 171 
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Quantitative dendrite morphology analysis was performed as previously described in (Das et al., 172 
2017).   173 

GABAB-R2 expression imaging: For visualizing GABAB-R2 expression in md neurons, we utilized a 174 
recently developed Drosophila reagent for CRISPR mediated insertion of RFP after the first exon in 175 
GABAB-R2 (Bloomington Stock# 84504). We visualized expression of GABAB-R2::RFP in md CIII 176 
neurons using nompCGal4> mCD4::tdGFP. We imaged the third instar larvae similar to dendrite 177 
morphology imaging. We captured red fluorescence using 561nm laser. We identified md CIII 178 
neurons using GFP signal, and we identified other md and es neurons based on cell body position. 179 
Red and green fluorescence intensity were analyzed using Zeiss Zen blue software.  180 

 181 

2.4 Calcium imaging assays 182 

GCaMP imaging: We utilized GCaMP6m for analyzing transient in vivo cold-evoked Ca2+ dynamics 183 
in class III md neurons. We mounted live intact third instar larvae expressing GCaMP6m and RNAi 184 
in CIII md neurons (19-12GAL4) onto microscope slide as described previously (Patel & Cox, 2017; 185 
Turner et al., 2016). We placed the microscope slide onto a small peltier stage (Linkam Scientific 186 
Instruments, Linkam Scientific, model: PE120, T95 linkpad and PE95) mounted on the microscope. 187 
Using Zeiss LSM780 laser confocal microscope, we imaged CIII md neuron (ddaF) in larval 188 
abdominal segment 1. After mounting the animal and visualizing the neuron of interest, we allowed 189 
the larva to acclimate to the set up and allowed calcium levels to return baseline. To mitigate 190 
condensation on the coverslip created from cold exposure, a very light air current was directed on top 191 
of the coverslip and below the objective lens. We next acquired time-lapse data (~13frames per 192 
second at 62.51µm x 62.51µm resolution) and with the following stimulus paradigm (30 seconds 193 
baseline (25°C), ramp down to 6°C at 20°C per minute, 10 seconds at 6°C, ramp up baseline at 20°C 194 
per minute, and hold at baseline for 30 seconds). 195 

Quantitative GCaMP analysis: We stabilized raw time-lapse videos using Rigid Body transformation 196 
from StackReg in FIJI. (Linkert et al., 2010; Schindelin et al., 2012; Thevenaz et al., 1998) We 197 
manually drew region of interest (ROI) around the cell body and measured area normalized 198 
fluorescence for each frame. Next, we calculated changes in fluorescence from baseline using the 199 
following equation: ∆"

"!"#$%&'$
= "'#"!"#$%&'$

"!"#$%&'$
∗ 100 We report normalized ΔF/Fbaseline overtime and 200 

report average peak ΔF/Fbaseline. 201 

CaMPARI assay and imaging: We utilized a Ca2+ integrator CaMPARI2 for assessing cold-evoked 202 
Ca2+ levels at a larger neural population level as previously described (Moeyaert et al., 2018; Patel & 203 
Cox, 2017; Turner et al., 2016). We expressed CaMPARI2 in CIII md neurons (GMR83B04GAL4) 204 
along with RNAi and tested age matched third instar larvae. We used our cold plate assay Peltier 205 
plate for delivering noxious cold stimulus and used AxioScope V16 Zeiss microscope for delivering 206 
photoconverting light. We placed individual third instar larvae on lightly water misted black metal 207 
plate. We allowed the animals to acclimate to plate before placing the black metal plate on the pre-208 
chilled (experimental) or room temperature (control) Peltier plate, while simultaneously exposing the 209 
animals to photoconverting light. We exposed the larvae to cold and photoconverting light for 20 210 
seconds. Next, within five minutes, we mounted the animals on a microscope slide and imaged dorsal 211 
clusters of CIII md neurons in abdominal segments 1-3. Imaging was conducted similarly as 212 
described in dendrite morphology imaging section.  213 
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CaMPARI quantitative analysis: For analyzing CaMPARI2 data, we chose a dual approach to 214 
analyze the red to green ratio from CaMPARI2 signal at the cell bodies and perform a modified Sholl 215 
analysis, where we measure fluorescence intensity at radial distances from the cell body.  216 

Cell body analysis – We created a custom automatic pipeline for drawing regions of interest, where 217 
users verify ROIs before fluorescence quantification. Using FIJI, we created a custom script, where a 218 
maximum intensity projection of each z-stack image is created. Next, the GFP signal was thresholded 219 
(Moments method), then background and branches are removed using erode and dilate functions. 220 
After background clearing only the cell bodies remain, and the Analyze particle function is used to 221 
draw ROIs around cell bodies. We next created a separate batch processing macro, where we 222 
manually verify the accuracy of each ROI and manually redraw any incorrect ROIs. Upon ROI 223 
verification, area normalized red and green fluorescence intensities were extracted. As previously 224 
described (Fosque et al., 2015; Im et al., 2018; Patel & Cox, 2017; Turner et al., 2016), we report 225 
evoked photoconverted CaMPARI signal as Fgreen/Fred ratio.  226 

Sholl intensity analysis – We created a set of sequential macros using FIJI for clearing background, 227 
drawing radial ROIs for cell body and dendrites of interest, and measuring fluorescence intensities at 228 
each radius. Briefly, for background clearing we manually threshold the GFP signal, remove neurites 229 
from neighboring cells using the “Paintbrush tool”, and using the “Wand tool” to select all branches 230 
and cell body for the neuron of interest. In a batch processing macro, which draws five-pixel wide 231 
radial ROIs at a single pixel interval, where only the dendrites and cell body are selected. After radial 232 
ROIs are drawn, area and area normalized red and green fluorescence intensities are quantified for 233 
each radial step from the center of the cell body. We report evoked photoconverted CaMPARI2 234 
signal as Fgreen/Fred ratios away from the center of the cell body. 235 

 236 

2.5 Optogenetic Assay 237 

We tested neural excitability and neural transmission capabilities for class III md neurons with RyR, 238 
IP3R or GABAB-R2 knockdown. We crossed each UAS-RNAi line with class III specific optogenetic 239 
line (19-12GAL4>ChETA::YFP). Drosophila do not produce a requisite light sensitive cofactor, all 240 
trans-retinal (ATR). Therefore, all adult animals in a cross were placed in ATR supplemented food, 241 
where the final ATR concentration in food plug was 1500µM. All F1 progeny were raised in ATR 242 
supplement food. All crosses were kept in a dark box at 29°C.  243 

Equipment: We created a custom rig for our optogenetic experiments, where we implemented 244 
principles of dark field illumination for high signal to noise ratio imaging of Drosophila larval 245 
behaviors. We used a ring stand to mount white led ring light, where we limited white light exposure 246 
to on 2.5cm circular opening on the stage. We placed two Thorlabs 470nm (M470L3-C4) led lights 247 
below the stage. We recorded animals from above using Canon T3i DSLR camera. We used Noldus 248 
Ethovision XT software and Thorlabs led systems for automatically recording and controlling blue 249 
light exposure. (Thorlabs: DC4100, DC4100-hub, and two M470L3-C4 led light. Noldus: mini-IO 250 
box)  251 

Experimental approach: We tested age matched third instar larvae for blue light evoked responses in 252 
a dark room. Using a brush, we gently picked out third instar larvae from food and placed them on 253 
wet Kimwipe. Next, the animals were placed on a lightly water misted thin clear glass plate. The 254 
glass plate was placed onto the optogenetic ring stage and animals were exposed to blue light. Our 255 
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neural stimulation paradigm was five seconds baseline (blue light off), 10 seconds of neural 256 
activation (blue light on) and five seconds neural inactivation (blue light off).  257 

Quantification and analysis: Drosophila larval surface area was measured live using Noldus 258 
Ethovision XT. We used similar data processing pipeline as for cold plate assay analysis including 259 
percent response, duration, and percent change in area over time. 260 

 261 

2.6 Microarray analysis 262 

We analyzed our previously published microarray datasets, which were deposited in Gene Expression 263 
Omnibus, md CIII (GSE69353), md CIV (GSE46154), and whole larval (GSE46154) microarray 264 
datasets from Cox lab (Iyer et al., 2013; Turner et al., 2016). 265 

 266 

2.7 Innocuous mechanical assay 267 

We tested age matched third instar Drosophila larvae for behavioral responses to innocuous 268 
mechanical stimulation. (Himmel, Sakurai, et al., 2021; Kernan, 1994; Turner et al., 2016) We placed 269 
third instar larvae on lightly misted black metal plate, same as cold plate assay, and allowed the 270 
animals to acclimate to the new arena. Using a single brush bristle, we gently touch the anterior 271 
segments. We performed three separate simulations with 30 seconds between each trial. We observed 272 
animal responses via Zeiss Stemi 305 microscope. After each mechanical stimulation, we manually 273 
scored the following behaviors: no response, pausing, head withdrawal, turning, and reverse 274 
locomotion. Each behavioral response receives a score of 1 and no response receives 0. We totaled 275 
scores from three trials for a max total of 12 and report average scores for each genotype. 276 
Additionally, we analyzed single trial total score (max 4), where we report proportion of each score 277 
in each trial for individual genotypes.   278 

 279 

2.8 Electrophysiology 280 

Extracellular recordings of age-matched third instar larvae were performed in de-muscled filleted 281 
preparations submerged in physiological saline and exposed to cold temperatures.  282 

Larval preparation: A third instar Drosophila larva was dissected using fine scissors along the ventral 283 
midline and was fixed to the bottom of the experimental chamber by pinning at the edge of the body 284 
wall of the fillet. After gently removing internal organs, longitudinal muscles were all removed by 285 
using a tungsten needle and fine scissors. The experimental chamber was filled with physiological 286 
saline (200µL) and perfused at 30-40µL/sec. The composition of saline is as follows in mM: NaCl 287 
120, KCl 3, MgCl2 4, CaCl2 1.5, NaHCO3 10, trehalose 10, glucose 10, TES 5, sucrose 10, HEPES 288 
10. (Xiang et al., 2010) 289 

Temperature control: Cold temperature stimulus was delivered using an in-line solution cooler (SC-290 
20, Warner Instruments, Hamden, CT, USA) and controlled by single channel temperature controller 291 
(CL-100, Warner Instruments, Hamden, CT, USA). The temperature in experimental chamber was 292 
constantly monitored by placing microprobe thermometer (BAT-12, Physitemp, Clifton, NJ, USA) 293 
close to larval fillet.  294 
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Extracellular recording: Class III md neuronal extracellular activity was recorded using a borosilicate 295 
glass micropipette electrode (tip diameter, 5-10µM) by applying gentle suction. Voltage clamp 296 
recordings were obtained using patch-clamp amplifier (MultiClamp 700A, Molecular Devices, San 297 
Jose, CA, USA). The patch-clamp amplifier output was digitized at 10kHz sampling rate using a 298 
Micro1401A/D (Cambridge Electronic Design, Milton, Cambridge, UK) and imported into a laptop 299 
using Spike2 software version 8 (Cambridge Electronic Design, Milton, Cambridge, UK).  300 

For gene knockdown experiments, we expressed GABAB-R2RNAi or RyRRNAi in GFP tagged class III 301 
md neurons using 19-12GAL4. Extracellular recordings of ddaF md CIII neurons were obtained during 302 
cold exposure. The following temperature paradigm was used: 30 seconds at room temperature 303 
(~22°C), fast ramp down to stimulus temperature (-3.3 ± 0.86 °C/s, mean ± SD) and hold for 60 304 
seconds, and fast ramp up to room temperature (-3.3 ± 0.86 °C/s, mean ± SD). We tested three 305 
stimulus temperatures (20°C, 15°C and 10°C), where stimulus delivery was randomized between 306 
animals and there was >2 min interval between trials.  307 

For ryanodine pharmacology, we used GFP tagged CIII ddaF neurons (19-12>GFP) and applied cold 308 
exposure similar to gene knockdown electrophysiological recordings. Ryanodine (10-6 M) was 309 
applied through the perfusion path. 310 

Spike sorting and firing rate classification: After each experiment, spikes were detected off-line by 311 
setting a threshold current in Spike2 software to calculate the average spiking rate in each time bin 312 
(10 sec). For bursting spikes, a group of three or more consecutive spikes with a spike interval of less 313 
than 0.15 seconds was considered as a burst, and the spikes that constitute each burst were defined as 314 
bursting spikes. The remaining spikes were defined as tonic spikes. 315 

 316 

2.9 Statistical analysis and data visualization 317 

Statistical analyses were performed using R (Fisher’s exact test) and GraphPad Prism. All data were 318 
graphed using GraphPad Prism.  319 

3 Results 320 

3.1 Metabotropic GABA receptors are required for cold nociception 321 

CIII md neurons differentially encode mechanical and thermal stimuli by utilizing differential 322 
activation levels mediated by Ca2+ signaling (Turner et al., 2016). Innocuous mechanical stimulation 323 
results in low evoked cytosolic Ca2+ responses, whereas noxious cold temperature results in high 324 
stimulus evoked cytosolic Ca2+ responses. Previous work has implicated the transient receptor 325 
potential (TRP) channels Pkd2, NompC, and Trpm in sensing innocuous mechanical stimuli and 326 
noxious cold (Turner et al., 2016), however, the molecular bases of how CIII md neurons 327 
discriminately encode modality-specific information to elicit stimulus-relevant behavioral output 328 
remain unclear. We hypothesize that differential cytosolic Ca2+ levels in CIII md neurons likely arise 329 
from signaling mechanisms involved in cytosolic Ca2+ dynamics. Therefore, we first investigated the 330 
roles of G protein coupled receptors (GPCR) in noxious cold-evoked Drosophila larval behaviors.   331 

We leveraged our previous cell type specific transcriptomic datasets to identify GPCRs that might be 332 
required in cold sensing specifically in CIII md neurons. We analyzed ionotropic GABAA (Rdl) and 333 
metabotropic GABAB (-R1, -R2, -R3) receptor expression levels in CIII md neurons, where on 334 
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average Rdl, GABAB-R1, and GABAB-R3 had lower expression compared GABAB-R2 (Figure 1A). 335 
Additionally, we analyzed metabotropic GABAB (-R1, -R2, -R3) receptor expression for enrichment 336 
in CIII neurons by comparing expression levels between CIII md neurons, CIV md neurons, and 337 
whole larvae (WL).  We have previously demonstrated that CIV neurons are largely cold-insensitive 338 
and are not required for cold-evoked CT behavior (Turner et al., 2016). CIII md neuron GABAB-R1 339 
receptor expression was 1.8-fold higher compared to CIV md neurons and 0.26-fold lower compared 340 
to WL (Figure 1B). CIII md neuron expression for GABAB-R2 and -R3 receptor were similar, with 341 
an ~4-fold higher expression compared to CIV md neurons and ~2-fold higher expression compared 342 
to WL (Figure 1B). To further validate our GABAB-R2 CIII md neuron expression data, we 343 
visualized GABAB-R2 receptor localization. In order to visualize GABAB-R2 expression, we took 344 
advantage of recently published CRISPR-mediated fluorescently tagged GABAB-R2 receptor, where 345 
red fluorescent protein (RFP) was inserted after the first exon (Deng et al., 2019). We co-expressed 346 
membrane tagged green fluorescent protein (mCD8::GFP) and GABAB-R2::RFP in CIII md neuron 347 
using the nompCGAL4 driver. Live confocal imaging data revealed that GABAB-R2::RFP expression is 348 
not limited to CIII md neurons, but extended to other PNS neurons including multiple md neuron 349 
subtypes (CI & CII) and external sensory (ES) neurons (Figure 1C). Interestingly, CII md neurons 350 
have the highest GABAB-R2::RFP expression, followed by ES and CI md neurons with CIII md 351 
neurons showing the lowest relative expression (Figure 1C). Collectively, transcriptome data reveal 352 
that GABAB-R2 receptor has the highest expression levels of the three metabotropic GABA receptors 353 
and GABAB-R2::RFP receptor expression is present on dendrites and the cell body of CIII md 354 
neurons. 355 

To assess the role of metabotropic GABAB receptors, we exposed the ventral surface of Drosophila 356 
larvae to acute noxious cold temperatures (≤10˚C) using a cold plate assay and observed stimulus 357 
evoked behavioral responses. Drosophila larvae have a stereotyped bilateral (anterior & posterior) 358 
withdrawal towards the middle of the animal, we defined this behavior as contraction (CT) response 359 
(Supplementary Figure 1) (Patel & Cox, 2017; Turner et al., 2016). Cold plate assays performed on 360 
mutant larvae carrying Minos-mediated integration cassette (MiMIC) gene traps for GABAB 361 
receptors revealed significant deficits in cold-evoked CT response (Figure 1D). Only heterozygotes 362 
were viable for GABAB-R1 and GABAB-R2 MiMICs, which had 11% and 20% CT response, 363 
respectively, compared to 57% CT response for genetic controls (w1118). Homozygous GABAB-R3 364 
MiMIC mutant larvae also had significant reduction in %CT response compared to control (19% v. 365 
57% CT response). GABAB (-R1, -R2, -R3) MiMICs all exhibited significant reductions in CT 366 
duration and magnitude of CT response compared to controls (Figure 1D). To independently validate 367 
our results for GABAB MiMICs, we used recently published GABAB truncation mutants (referred to 368 
as GABAB-KO) fused to RFP (Deng et al., 2019). GABAB (-R1, -R2, -R3) KO mutants all displayed 369 
significant reductions in CT response, CT duration and CT magnitude compared to control (Figure 370 
1D), similar to what we observed for GABAB (-R1, -R2, -R3) MiMICs. We also used corresponding 371 
genomic rescue constructs (referred to as GABAB-KI), where truncation mutants (GABAB-KO) were 372 
used to generate knock-ins by reinserting truncated exons and fusing GAL4 to the C-terminus and 373 
tested whether GABAB-KI would rescue noxious cold sensing deficits observed in GABAB-KO 374 
mutants. On their own, all GABAB (-R1, -R2, -R3) KI lines had mild, but insignificant reductions in 375 
cold-evoked CT behavioral response relative to control (Figure 1D). However, all GABAB (-R1, -R2, 376 
-R3) KI lines were sufficient to significantly rescue GABAB (-R1, -R2, -R3) KO mutant phenotypes 377 
for all the parameters tested (Figure 1D). Collectively, our whole animal mutant data suggest that 378 
GABAB (-R1, -R2, -R3) are required for noxious cold sensing in Drosophila larvae. 379 

We next drove expression of GABABRNAi using a cell type specific GAL4 driver for CIII md neurons 380 
(19-12GAL4) and assessed cold-evoked behavioral responses. We controlled for genetic background 381 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted May 13, 2022. ; https://doi.org/10.1101/2022.05.12.491647doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.12.491647
http://creativecommons.org/licenses/by-nc-nd/4.0/


  CICR mechanisms regulating cold nociception 

 
10 

(w1118), GAL4 expression (CIIIGAL4/+), and RNAi activity (LUCRNAi). All three control conditions 382 
had relatively similar %CT response, CT duration and CT magnitude. Only one of the two 383 
independent gene-specific RNAi lines tested for GABAB-R1, -R2, or -R3 gene knockdown led to 384 
significant reductions in %CT response compared to controls (Figure 1E). GABAB-R1 knockdown in 385 
CIII md neurons showed significant reductions in CT duration and magnitude in only one of the two 386 
RNAi lines tested. However, both RNAi lines tested for GABAB-R2 knockdown in CIII md neurons 387 
led to significant reductions in CT magnitude and duration (Figure 1E). GABAB-R3 knockdown in 388 
CIII md neurons had the mildest effect on cold-evoked CT behavioral response with only significant 389 
reductions in CT duration for both RNAi lines tested (Figure 1E). Whole animal mutations in 390 
GABAB receptors showed decreased cold sensitivity and cold sensitivity was rescued for all three 391 
GABAB receptors using KICRISPR constructs. Consistent with mutant analyses, our cell-type specific 392 
knockdowns of GABAB-R1 or -R2 led to strong reductions in cold-evoked responses, however, only 393 
GABAB-R2 showed similar deficits in cold-evoked responses using two independent RNAi lines.  394 
GABAB-R1 and -R2 form heterodimers, where GABAB-R1 contains GABA binding site and 395 
GABAB-R2 associates with heterotrimeric G-proteins (Benarroch, 2012; Papasergi-Scott et al., 396 
2020). Collectively, GABAB-R2 is highly enriched in CIII md neurons compared to other GABA 397 
receptors, impairments in GABAB-R2 signaling showed consistent phenotypes for both whole animal 398 
mutants and cell-specific gene knockdown in CIII md neurons, and GABAB-R2 binds to 399 
heterotrimeric G-proteins, therefore, we primarily focus on GABAB-R2 for the remainder of the 400 
analyses. 401 

 402 

3.2 Calcium induced calcium release mechanisms are necessary for cold sensing 403 

We next sought to investigate signaling mechanisms involved in stimulus specific neural activation 404 
levels of CIII md neurons through increases in cytosolic Ca2+. Noxious cold stimulus significantly 405 
increases cytosolic Ca2+ levels through Ca2+ permeant TRP channels which are required for proper 406 
cold-evoked CT responses (Turner et al., 2016). Apart from Ca2+ influx through TRP channels, 407 
another possible mechanism for elevating cytosolic Ca2+ is from intracellular stores mediated through 408 
GPCR downstream signaling. 409 

Activated GPCR’s may function through variety of trimeric G proteins including Gαi/o, Gαq, and Gαs. 410 
Gαi/o and Gαs generally function in opposing directions, whereby Gαi/o inhibits adenylyl cyclase to 411 
reduce cAMP and Gαs activates adenylyl cyclase to increase cAMP. Gαq activation leads to 412 
phospholipase Cβ (PLC) hydrolyzing phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol 413 
(DAG) and inositol 1,4,5-trisphosphate (IP3). Furthermore, IP3 production leads to activation of IP3 414 
receptors (IP3R) releasing endoplasmic reticulum (ER) luminal Ca2+ thereby increasing cytosolic 415 
Ca2+ levels. In rat hippocampal neuron cultures, GABAB mediated increases in Ca2+ current is 416 
dependent upon Gαq signaling, however, it is unknown whether PLC activation is required (Karls & 417 
Mynlieff, 2015). Additionally, GABAB receptors have previously been shown to co-localize with Gαq 418 
(Karls & Mynlieff, 2015). Therefore, we investigated whether the Gαq signaling pathway is required 419 
for Drosophila larval cold nociception. 420 

The Drosophila melanogaster genome encodes only one Gαq gene and three PLC genes (norpA, 421 
small wing (sl), and Plc21C). Our CIII md neuron transcriptome analysis revealed that Gαq, norpA, 422 
Plc21C and sl are expressed more than 1.25-fold compared to either CIV md neurons or whole larva 423 
(Supplementary Figure 2A). Next, we assessed the requirement for Gαq and PLCs in CIII md 424 
neurons for cold nociception. Two independent CIII md neuron specific knockdowns of Gαq led to 425 
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significant decreases in %CT response, CT duration and magnitude compared to controls. In 426 
addition, norpA, sl, and Plc21C gene knockdowns in CIII md neurons led to significant reductions in 427 
cold-evoked %CT response, CT duration and magnitude compared to controls (Supplementary 428 
Figure 2B). In summary, Gαq and PLCs are required for cold-evoked behaviors.  429 

TRP channels have been implicated in cold-evoked increases in cytosolic Ca2+ and we have shown 430 
evidence for metabotropic GABA signaling being required for cold nociception (Turner et al., 2016). 431 
Cytosolic Ca2+ concentrations are tightly controlled, where baseline concentrations range from 0.1-432 
1µM. By contrast, baseline ER luminal Ca2+ concentrations are maintained at much higher 433 
concentrations (10-3M) (Reddish et al., 2021). Plasma and ER membranes share close apposition to 434 
one another in neurons at cell body, dendrites, and axons, where Ca2+ second messenger signaling 435 
can be tightly regulated (Woll & Van Petegem, 2022; Wu et al., 2017). IP3R and RyR are two major 436 
Ca2+ ion channels located on ER membrane, where both receptors are activated by Ca2+ binding and 437 
additionally IP3R is also gated by IP3 (Woll & Van Petegem, 2022). Therefore, we hypothesize 438 
stimulus evoked TRP channel mediated increases in Ca2+ result in activation of CICR mechanism 439 
and/or GPCR signaling results in Ca2+ release from ER stores. 440 

Class III md neuron transcriptomics reveals relatively high levels of RyR and IP3R expression above 441 
background (Figure 2A). Comparative md neuron transcriptome analyses revealed that both IP3R 442 
and RyR are highly enriched in CIII md neurons compared to CIV md neurons (Figure 2B). RyR 443 
expression in CIII md neurons is 42-fold higher than whole larvae and IP3R expression in CIII md 444 
neurons is modestly enriched at 3.5-fold compared to whole larva (Figure 2B).   445 

Homozygous mutants for RyR or IP3R do not survive to the third instar larval developmental stage 446 
(Joshi et al., 2004) (data not shown). Therefore, we assessed cold-evoked behaviors of heterozygous 447 
mutants for IP3R including: IP3R90B0, a deficiency removing both IP3R and NMDAR genes, IP3Rug3, 448 
a missense mutant in the ligand binding domain that mutates polar serine to non-polar phenylalanine, 449 
and IP3Rka901, a mutation in the Ca2+ channel domain, where a conserved non-polar glycine is 450 
replaced with polar serine (Joshi et al., 2004; Venkatesh & Hasan, 1997). All three IP3R mutants had 451 
significant deficits in cold-evoked contraction behavior for %CT response, CT duration and 452 
magnitude compared to controls (Figure 2C). Three mutations for RyR were also tested for cold-453 
evoked responses including RyR16, RyRQ3878X, and RyRY4452X. RyR16 is a transposase mutant, where 454 
the translational start site and parts of the second exon are deleted. RyRQ3878X is a nonsense mutant 455 
introducing a stop codon in the Ca2+ binding domain and RyRY4452X is another nonsense mutation, 456 
where the receptor is truncated at the transmembrane/pore domain (Gao et al., 2013). Heterozygous 457 
mutants for RyR16 had subtle, but statistically non-significant, reductions in cold-evoked %CT 458 
response and CT magnitude, however, CT duration was significantly reduced compared to control 459 
(Figure 2C). RyRQ3878X and RyRY4452X heterozygous mutants both exhibited significant reductions in 460 
all three cold-evoked behavioral metrics (Figure 2C).  461 

Mutant analyses revealed that IP3R and RyR whole animal heterozygotes showed significant 462 
reductions in cold-evoked CT behaviors. Next, we performed cell type specific gene knockdown for 463 
RyR and IP3R to test whether these genes functions in cold sensitive CIII md neurons. We tested 464 
multiple independent UAS-RNAi transgenes targeting both genes. RNAi-mediated gene knockdowns 465 
for IP3R and RyR led to severe reductions in cold-evoked CT behaviors, where %CT response, CT 466 
duration and magnitude were significantly lower than controls (Figure 2D). Impairments in cold-467 
evoked CT behaviors for IP3R and RyR gene knockdowns were much stronger than mutants for the 468 
respective genes. Collectively, our genetic and behavioral studies implicate CICR molecular 469 
machinery including Gαq, PLCβ, IP3R and RyR in cold nociceptive behavior.  470 
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Additionally, we sought to decipher whether genes required for proper cytosolic and ER Ca2+ 471 
homeostasis may play a role in Drosophila larval cold sensitive neurons for cold nociception. We 472 
assessed the roles of store operated Ca2+ entry (SOCE), and Sarco/endoplasmic reticulum Ca2+ 473 
ATPase (SERCA), both of which are responsible for maintaining proper ER luminal Ca2+ levels, in 474 
cold-evoked behaviors. SOCE functions via multi-protein complex involving Stim, an ER luminal 475 
Ca2+ sensor, which serves as docking site between the plasma membrane (PM) and ER membrane, 476 
and Orai, a PM localized Ca2+ channel (Zheng et al., 2018). SERCA is a P-type Ca2+ transporter 477 
localized on the ER membrane that maintains proper ER luminal Ca2+ levels (Magyar et al., 1995). 478 
Firstly, transcriptomic analysis revealed that SERCA is enriched in CIII md neurons compared to CIV 479 
md neurons or whole larvae. Stim was highly enriched in CIII md neurons compared to CIV md 480 
neurons, however, only modestly enriched compared to whole larval transcriptome. Orai is only 481 
modestly enriched in CIII md neurons compared to CIV md neuron (Supplementary Figure 3A). 482 
CIII neuron specific knockdowns of SERCA, Stim or Orai lead to severe deficits in cold-evoked CT 483 
behaviors compared to controls (Supplementary Figure 3B). Collectively, our data reveal that 484 
GABAB receptor, G protein signaling, CICR, and ER Ca2+ homeostasis are required in CIII md 485 
neurons for Drosophila larval cold nociceptive behavior. 486 

 487 

 488 

3.3 GPCR and CICR signaling are not required for dendrite development or neural 489 
transmission 490 

To test the possibilities that cold-evoked behavioral phenotypes of GPCR and CICR signaling 491 
impairments arise due to impaired neural development, neurotransmitter release, general excitability, 492 
and/or general stimulus processing, we performed morphometric as well as optogenetic analyses. We 493 
first assessed the effects of cell type specific gene knockdown in CIII md neurons on dendrite 494 
development. Morphologically CIII md neurons are characterized by having actin-rich dendritic 495 
filopodia emanating from major branches coupled to space-filling properties (Grueber et al., 2002). 496 
Cell-type specific knockdown of GABAB-R2, IP3R or RyR did not result in significant defects in CIII 497 
md neuron dendritic morphology compared to controls (Figure 3A-C). Sholl analysis, which is used 498 
for quantitatively assessing spatial branch distribution, did not reveal any significant changes from 499 
control (Figure 3B). We performed a principal components analysis on multiple morphological 500 
metrics (dendrite branch length, terminal branches, branch density, and sholl analysis) and we did not 501 
visualize any distinct clusters for gene knockdowns of GABAB-R2, IP3R or RyR compared to controls 502 
(Figure 3C). 503 

Deficits in cold-evoked behavioral responses could be a byproduct of the inability of CIII md 504 
neurons to defects in general excitability and/or defects in properly communicating with downstream 505 
neurons due to lack of neurotransmission or action potential propagation. To assess neural 506 
excitability and neurotransmitter release, we co-expressed ChETA, an excitatory optogenetic 507 
channel, with gene knockdown for GABAB-R2, IP3R or RyR in CIII md neurons (Figure 3D). 508 
Drosophila larvae knocked down for GABAB-R2, IP3R or RyR in CIII md neurons were still able to 509 
perform CT behavior upon optogenetic activation suggesting that CIII md neurons are still able to 510 
generate action potentials and release neurotransmitter to downstream neurons (Figure 3E). Initial 511 
CT magnitude and %CT response between CIII md neuron specific gene knockdown and control 512 
were not significantly different (Figure 3F-G). These data indicate that general CIII md neuron 513 
function is not dependent on expression of GPCR and CICR genes.  514 
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3.4 GABAB-R2 and IP3R function in stimulus discrimination but RyR is required for 515 
multimodal processing 516 

CIII md neurons are multimodal sensor and respond to both noxious cold and innocuous mechanical 517 
stimuli. Thus far our data indicate that GPCR and CICR genes are required for cold nociception but 518 
are not responsible for dendrite development or general excitability. We hypothesize that the ability 519 
of CIII md neurons to detect and respond to innocuous mechanical stimuli is not dependent on GPCR 520 
and CICR signaling. To assess innocuous mechanical sensitivity of Drosophila larvae, we performed 521 
gentle touch assays using a fine brush bristle on animals with CIII md neuron specific gene 522 
knockdowns for GABAB-R2, IP3R or RyR (Kernan et al., 1994). Responses of Drosophila larvae to 523 
innocuous mechanical stimulation include pause, head withdrawal, turn and/or reverse locomotion, 524 
where an animal receives a score for performing each behavior, max score of 4 for each trail (Figure 525 
3H) (Himmel, Sakurai, et al., 2021; Kernan et al., 1994; Turner et al., 2016). Gentle touch-evoked 526 
responses of GABAB-R2 and IP3R knockdown in CIII md neurons were not significantly different 527 
from controls (Figure 3I-J). In contrast, RyR knockdown led to significant decreases in total gentle 528 
touch score compared to controls. Assessing individual trial data for proportions of gentle touch 529 
score revealed a greater portion of RyR knockdown larvae having no response (NR) and reduced 530 
proportion of animals performing a greater number of behaviors (Touch score 2 or higher) (Figure 531 
3I-J). Our data reveal that GABAB-R2 and IP3R are not required for innocuous mechanical sensation, 532 
whereas RyR knockdown leads to deficits in innocuous mechanosensation. Collectively, these 533 
findings indicate that GABAB-R2 and IP3R function in noxious cold stimulus discrimination, whereas 534 
RyR has a multimodal requirement for cold and innocuous touch sensation. 535 

 536 

3.5 GPCR and CICR signaling are required for cold-evoked Ca2+ dynamics 537 

CIII md neuron multimodality arises at least in part due to differential Ca2+ responses to stimuli, 538 
where high intracellular Ca2+ is observed in response to noxious cold and relatively low intracellular 539 
Ca2+ levels in response to innocuous touch. We hypothesize that GABAB and CICR signaling 540 
mechanisms are required for cold-evoked high intracellular Ca2+ levels in CIII neurons. To evaluate 541 
Ca2+ responses, we utilized a transient Ca2+ sensor GCaMP6. Using a cell type specific GAL4 driver, 542 
we expressed GCaMP6 and RNAi for either GABAB-R2, IP3R or RyR, in CIII neurons and imaged in 543 
vivo Ca2+ responses in intact Drosophila larvae (Figure 4A). In controls, there is a robust increase in 544 
GCaMP6 fluorescence in CIII md neuron cell bodies in response to noxious cold. Upon GABAB-R2 545 
knockdown, there is a nearly 35% reduction in cold-evoked Ca2+ transient compared to controls. IP3R 546 
or RyR knockdown in CIII md neurons leads to nearly 50% reduction Ca2+ response compared to 547 
controls (Figure 4B-C). Therefore, cold-evoked intracellular increases Ca2+ are dependent on GPCR 548 
and CICR signaling in CIII md neurons.  549 

Assessing Ca2+ transient using GCaMP6 allows for time resolved Ca2+ responses to stimulus, 550 
however, this experimental design has restrictions on spatial resolution and depend on restraining the 551 
animal during stimulus delivery. To overcome these experimental design limitations, we visualized 552 
Ca2+ responses via a Ca2+ integrator, CaMPARI2, which allows for greater spatial resolution and 553 
larvae can be unrestrained and freely moving during the stimulus delivery (Moeyaert et al., 2018). 554 
We co-expressed CaMPARI2 and GABAB-R2, IP3R or RyR RNAi in CIII md neurons and assessed 555 
cold-evoked CaMPARI2 responses along the body wall (Figure 4D). CaMPARI2’s fluorescence 556 
changes from green to red in presence of high intracellular Ca2+ and photoconverting (PC) light, 557 
where neuronal responses to stimuli are reported as Fred/Fgreen ratios (Fosque et al., 2015). We 558 
controlled for exposure to PC light, stimulus, and expression of the RNAi construct. When analyzing 559 
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neuronal cell bodies, control CIII md neurons have significantly higher Fred/Fgreen ratios compared to 560 
two no stimulus controls, one with or without PC light (Figure 4E). Knockdowns of GABAB-R2, 561 
IP3R or RyR in CIII md neurons results in significantly lower cold-evoked CaMPARI2 responses 562 
compared to controls (Figure 4E). 563 

In addition to analyzing CaMPARI2 responses at the cell body, we took advantage of greater spatial 564 
resolution of CaMPARI2 to analyze Fred/Fgreen ratios along the dendritic arbor. We implemented 565 
general principles of Sholl analysis to analyze neuronal CaMPARI2 red and green fluorescence 566 
intensities along the dendrite (Supplementary Figure 4A). A similar approach has been utilized to 567 
analyze the neuronal cytoskeleton (Nanda et al., 2021), however, we created new higher throughput 568 
custom FIJI scripts to analyze CaMPARI2 in somatosensory neurons. As with the cell body analysis, 569 
cold-evoked CaMPARI2 responses along the dendrites were also reduced for GABAB-R2, IP3R or 570 
RyR knockdowns (Supplementary Figure 4C). The observed reductions in Fred/Fgreen ratios are not 571 
due to differences in dendritic area of CIII md neurons across genotypes (Supplementary Figure 572 
4B). Collectively, these results demonstrate that GABAB and CICR genes are required for cold-573 
evoked Ca2+ responses of CIII md neurons.   574 

 575 

3.6 GABAB-R2 and ryanodine receptors are required for bursting in cold sensing neurons 576 

Here, we have demonstrated that GABAB-R2 and ryanodine receptors are required for cold-evoked 577 
behaviors, where they mediate increases in cytosolic Ca2+ in CIII md neurons in response to noxious 578 
cold temperatures. We hypothesized that GABAB-R2 and RyR are required for proper cold-evoked 579 
CIII firing patterns. We performed extra-cellular recordings of CIII neurons in third instar larval 580 
filets. We exposed Drosophila larvae to three different stimuli (20°C, 15°C and 10°C), where there is 581 
a rapid ramp down to the target temperature and followed with continuous exposure to the stimulus 582 
temperature, for a total of 60 seconds (Figure 5A). In controls, a rapid decrease in temperature 583 
causes increased firing composed mainly of bursts, defined as three or more consecutive spikes with 584 
an inter-spike interval of less than 0.15 seconds (Himmel, Letcher, et al., 2021; Himmel, Sakurai, et 585 
al., 2021) (Figure 5A, C). During steady state cold exposure, CIII md neurons generally show tonic 586 
spiking (Himmel, Letcher, et al., 2021) (Figure 5A, D). First, we assessed how loss of GABAB-R2 587 
receptor affected cold-evoked firing pattern of CIII md neurons (Figure 5A-B). GABAB-R2 588 
knockdown led to significant reductions in average spike rate at room temperature (pre-stimulus 589 
baseline) and at 20°C or 15°C cold exposure compared to controls (Figure 5A-B). However, we did 590 
not observe any change in cold-evoked firing upon 10°C exposure (Figure 5A-B). To further 591 
characterize how GABAB-R2 knockdown effects cold-evoked firing, we examined the composition of 592 
bursting and tonic activity in 10 second bins for the 10°C stimulus. GABAB-R2 knockdown led to a 593 
disorganized bursting pattern in cold exposed CIII md neuron, where on average there was a 28% 594 
increase in burst firing rate compared to controls (Figure 5C, E). Meanwhile, there were significant 595 
changes in tonic activity with an average of 28% reduction in tonic firing rate in GABAB-R2 depleted 596 
neurons compared to controls (Figure 5D, E). GABAB-R2 signaling is required for proper cold-597 
evoked electrical activity in CIII md neurons. 598 

Next, we assessed how loss of RyR signaling affected the cold-evoked firing pattern of CIII md 599 
neurons (Figure 6A-C, G). RyR knockdown led to a significant decrease in average spike rate at 600 
room temperature (pre-stimulus baseline) and at 20°C or 15°C cold exposure compared to their 601 
respective controls (Figure 6A, Supplementary Figure 5A). Similar to our findings with GABAB-602 
R2, the average spike rate was not significantly different in RyR depleted neurons relative to controls 603 
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in response to a 10°C stimulus (Figure 6A).  To further characterize the effects on RyR depletion, we 604 
parsed out bursting and tonic spikes. RyR knockdown led to significant reductions, an average of 605 
55% decrease, in cold-evoked bursts over the stimulus window (Figure 6B, G). Interestingly, RyR 606 
knockdown increased the tonic firing rate resulting in an average 53% percent increase in tonic firing 607 
rate within the first 30 seconds of stimulus compared to controls (Figure 6C, G). During last 30 608 
seconds of 10°C stimulus, there was an average 27% increase in tonic firing rate compared to 609 
controls (Figure 6C, G). Together, our physiological analyses of CIII neuron specific RyR 610 
knockdown revealed that RyR functions to promote bursting and restrict tonic firing in CIII md 611 
neurons.  612 

To independently investigate the relative effects of RyR depletion, we performed pharmacological 613 
experiments involving bath application of ryanodine (10-6 M) to larval filet preparations to activate 614 
RyRs, and assessed cold-evoked firing patterns of CIII md neurons (Figure 6D-F, H, 615 
Supplementary Figure 5B). In contrast to our observations with RyR knockdown (Figure 6A), 616 
ryanodine application led to significant increases in average firing rate at room temperature, as well 617 
as during 20°C, 15°C or 10°C stimulus (Figure 6D, Supplementary Figure 5B). We next explored 618 
the role of ryanodine application on the types of firing patterns in CIII md neurons and did not find 619 
statistically significant differences, however, percent change from control analyses revealed an 620 
increase in bursting upon ryanodine application. In bath-applied ryanodine conditions, CIII md 621 
neurons exposed to 10°C exhibited an average 144% increase in bursting activity compared to 622 
controls (Figure 6E, H). Overall, ryanodine application did not affect the tonic firing rate (Figure 623 
6F, H). These data support a role for RyR in promoting cold-evoked bursting activity in CIII md 624 
neuron (Figure 6I). 625 

 626 

3.7 TRP channel Pkd2 and IP3R genetically interact in cold nociception 627 

Drosophila larval cold-evoked behaviors are dependent on TRP channels, specifically Pkd2, and 628 
cold-evoked increases in CIII md neuron cytosolic Ca2+ levels require Pkd2 (Turner et al., 2016). 629 
CICR mechanisms function in amplifying second messenger Ca2+ signaling, which relies upon Ca2+ 630 
influx through pathways including TRP channel mediated increases in cytosolic Ca2+. We 631 
hypothesize that Pkd2 and IP3R function synergistically in sensing noxious cold stimuli. To assess 632 
whether, Pkd2 and IP3R genetically interact, we utilized a transheterozygote mutant approach where 633 
there is a single mutant copy for each gene. Single allele mutants for either Pkd21 or IP3Rka901 led to 634 
significant reductions in cold-evoked %CT response, CT duration and CT magnitude compared to 635 
controls (Figure 7). Drosophila larvae transheterozygous mutant for Pkd21 and IP3Rka901 had more 636 
severe reductions in cold-evoked CT behavior compared to either single allele mutants or controls 637 
(Figure 7). These analyses demonstrate a synergistic genetic interaction between IP3R and Pkd2 638 
suggesting TRP channel and CICR signaling may operate together to mediate cold-evoked 639 
nociceptive behavior. 640 

 641 

4 Discussion 642 

We have demonstrated that both metabotropic GABAB receptor and CICR signaling pathways are 643 
required in Drosophila melanogaster larva for cold nociceptive behaviors (Figure 8). First, we have 644 
shown that Drosophila larvae mutant for GABAB, IP3R, or RyR have impaired cold-evoked CT 645 
responses. GABAB, IP3R and RyR function is specifically required in CIII md neurons for cold 646 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted May 13, 2022. ; https://doi.org/10.1101/2022.05.12.491647doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.12.491647
http://creativecommons.org/licenses/by-nc-nd/4.0/


  CICR mechanisms regulating cold nociception 

 
16 

nociception, where gene knockdown results in reductions of cold-evoked Ca2+ responses. 647 
Additionally, our extracellular recordings show that cold-evoked CIII md neuronal bursting response 648 
is mediated by RyR presumptively related to Ca2+ release from ER stores. Behavioral and functional 649 
impairments in cold nociception are not due to structural or developmental defects of CIII md -650 
between GABAB-R2, IP3R or RyR knockdown and controls. Furthermore, loss of GABAB-R2, IP3R or 651 
RyR did not lead to significant reductions in CT responses when CIII md neurons were 652 
optogenetically stimulated indicating that CIII-mediated neurotransmission is functional.  653 

We show that GABAB-R2 in conjunction with Gaq/PLC mediated GPCR signaling is required for 654 
cold-evoked CT responses and evoked increases in cytosolic Ca2+. GABAB-R2/IP3R signaling are 655 
required for cold-evoked neural responses in CIII md neurons, when assessed by GCaMP or 656 
CaMPARI.  In vivo GCaMP analyses indicated that cold-evoked Ca2+ increases at the cell body are 657 
reduced during temperature ramp down and return to baseline in GABAB-R2/IP3R knockdowns 658 
compared to control. Additionally, CaMPARI analyses reveal that these reductions in cold-evoked 659 
Ca2+ are not restricted to the cell body but also seen on dendrites. Our results indicate that one GPCR 660 
downstream signaling mechanism via Gaq, PLCs and IP3R is required for cold-evoked behaviors. 661 
However, GPCR activation of Gaq and PLCs leading to local depletion of PIP2 generating IP3 and 662 
DAG may have other possible impacts on plasma membrane localized ion channels. PIP2 positively 663 
enhances conductance of voltage-gated Ca2+ channels (VGCCs), where PIP2 depletion through 664 
activation of either voltage sensitive lipid phosphatases, PLCs and/or Gq signaling pathways leads to 665 
inhibition of select VGCCs (Heneghan et al., 2009; Kammermeier et al., 2000; Liu et al., 2006; Suh 666 
et al., 2012). In rodents, dorsal root ganglion (DRG) neuronal pre-synaptic GABAB receptor function 667 
regulates N-type Ca2+ currents in a voltage dependent and independent manner (Callaghan et al., 668 
2008; Li et al., 2002; Raingo et al., 2007; Richman & Diverse-Pierluissi, 2004). Metabotropic GABA 669 
receptors function in neuroprotection, where research in cerebellar granule cell cultures has shown 670 
that GABAB mediated activation of RhoA and Rac functions through G13 to promote synaptic activity 671 
and reduce apoptotic cascades (Wang et al., 2021). In neonatal hippocampal cultures, GABAB 672 
receptors have been shown to colocalize with Gαq and function through IP3R and PKCα enhancing L-673 
type Ca2+ current (Karls & Mynlieff, 2015). Additionally, GABAB receptors are required in olfactory 674 
sensory neuron for Drosophila larval feeding responses (Slankster et al., 2020). These recent 675 
findings, including our reported findings, support new emerging roles for GABAB receptors in 676 
signaling pathways promoting stimulus evoked behaviors, where GABAB receptors are required for 677 
neural activity.   678 

 679 

It is as yet unclear how metabotropic GABA receptors are activated upon cold exposure. Potentially, 680 
GABA, the endogenous ligand, might be functioning at axon terminals of cold sensitive 681 
somatosensory neurons. Alternatively, Drosophila larval somatosensory neuronal cell bodies are 682 
wrapped in two types of glial cells (perineurial and sub-perineurial) (Yadav et al., 2019). Glial-to-683 
neuron communications in CIII md neurons may lead to cold-evoked activation of GABAB receptors.  684 
In another scenario, the activation of GABAB receptors may function via an as yet unidentified 685 
ligand, which may be released upon cold exposure locally near somatosensory neurons. The TrpA1 686 
channel is sensitive to both noxious heat and chemical stimuli (Arenas et al., 2017). A potential 687 
ligand for TrpA1 activation was identified as reactive oxygen species (ROS) and both D. 688 
melanogaster and S. mediterranea species exhibited stimulus evoked increases in ROS leading to 689 
TrpA1 activation  (Arenas et al., 2017). Identifying potential physiological ligands that may be 690 
generated upon cold exposure may provide insights into requirements of new signaling mechanisms 691 
in nociception and are fertile ground for future investigations. 692 
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ER Ca2+ homeostasis in CIII md neurons is necessary for nociceptive behavioral responses. Our 693 
results indicate that ER Ca2+ release (IP3R & RyR) and reuptake channels (SERCA, STIM, & ORAI) 694 
are required in CIII md neurons for cold-evoked CT responses. Expectedly, CIII neuron specific 695 
impairments in ER Ca2+ release channels led to significant reductions in cold-evoked increases in 696 
cytosolic Ca2+ which may ultimately disrupt electrical activation patterns and/or neurotransmission.  697 
Ryanodine receptor’s primary ligand is Ca2+ and the likely source of Ca2+ is through cold sensitive 698 
Ca2+ permeant channels (Woll & Van Petegem, 2022). However, IP3R mediated Ca2+ release requires 699 
either IP3 production through G-protein signaling or cytosolic Ca2+ binding to the receptor (Woll & 700 
Van Petegem, 2022). IP3R and RyR have a biphasic sensitivity to Ca2+ binding and precise cytosolic 701 
Ca2+ required for channel activation/inactivation are dependent on specific cell types and receptor 702 
isoforms (Bezprozvanny et al., 1991; Laver, 2018). Interestingly, GABAB-R2 and IP3R, which are 703 
known to function in the same molecular pathway in the neonatal hippocampus (Karls & Mynlieff, 704 
2015), are required for cold nociception and dispensable for innocuous mechanosensation, however, 705 
RyR is required for innocuous mechanosensation and noxious cold detection (Karls & Mynlieff, 706 
2015). This suggests that Ca2+ sensitivity curves for both RyR and IP3R may be functionally different 707 
in CIII md neurons to allow for gating innocuous/noxious responses.  708 

In response to noxious cold, CIII md neurons exhibit significant increases in cytosolic Ca2+ (Turner 709 
et al., 2016), coupled with temperature-dependent increases in electrical activity (Himmel, Letcher et 710 
al., 2021) where the CIII electrical responses to cold stimulus are linearly encoded as stimulus 711 
intensity increases. There are also linear increases in cold-evoked CT behavioral responses to 712 
increases in cold stimulus or optogenetic mediated activation of CIII md neurons (Turner et al., 713 
2016). GABAB-R2 or RyR knockdown resulted in reduced cold sensitivity, where in the innocuous 714 
cool range GABAB-R2 or RyR depleted neurons require a greater magnitude cold stimulus to achieve 715 
similar spike rates relative to controls (i.e. GABAB-R2 or RyR knockdown at 15°C vs. Control at 20°C 716 
have spike rates that show no statistical difference; Figure 5B, 6A). However, in the noxious range 717 
(≤10°C), we did not observe significant differences in spike rates for GABAB-R2 or RyR depleted 718 
neurons relative to controls suggesting that GABAB-R2 or RyR have functional sensitivity at milder 719 
stimulus intensities. We have previously implicated NompC, Trpm and Pkd2 in cold nociception, 720 
along with emerging evidence for proper chloride (Cl-) homeostasis being necessary for cold-evoked 721 
behaviors (Himmel, Sakurai, et al., 2021; Turner et al., 2016). It might be that at noxious cold 722 
temperature ranges that average spiking activity may be a result of TRP channels and Cl- signaling, 723 
where GABAB-R2 or RyR function in patterning of cold evoked electrical activity in CIII md 724 
neurons. In our experimental paradigm, cold (10°C) stimulation of CIII md neurons consists of an 725 
initial rapid temperature decrease to target temperature and then steady state exposure for remaining 726 
of the recording. In control CIII md neurons, bursting response is observed during the initial rapid 727 
temperature decrease and then electrical activity transitions to primarily tonic spiking during steady 728 
state cold exposure. RyR depletion in CIII neurons leads to reduced bursting but increased tonic 729 
spiking, whereas RyR activation via ryanodine application facilitates bursting but has no effect on 730 
tonic spiking. However, for GABAB-R2 knockdown in CIII md neurons, we observed a disorganized 731 
firing pattern, where the composition of bursting and tonic activity was altered compared to controls. 732 
Our analyses on bursting and tonic spike activity suggest an overall role of GABAB-R2 and RyR in 733 
establishing the normal cold-evoked firing pattern. Sensory perception results in a specifically 734 
patterned response that results in feature detections and behavioral choice selection (Allen & Marsat, 735 
2018; Doron et al., 2014). For example, sensory coding in the rat barrel cortex is dependent on spike 736 
frequency, where irregular sensory stimuli led to greater behavioral response rate and high frequency 737 
microstimulations resulted in the most robust behavioral response (Doron et al., 2014). In weakly 738 
electric fish, A. leptorhynchus, electrosensory lateral line utilizes a dual strategy for stimulus 739 
discrimination, where heterogenous and graded changes in firing convey greater information content 740 
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versus synchronous bursting which results in low information content regarding environmental cues 741 
relating to neighboring fish (Allen & Marsat, 2018). Additionally, in crickets, T. oceanicus, 742 
ultrasound sensitive AN2 interneurons have bursting spikes that are predictive of behavioral response 743 
(Marsat & Pollack, 2006). However, these investigations into neural encoding of sensory 744 
discrimination did not involve molecular bases of how action potential firing patterns at the level of 745 
individual neurons can encode stimulus evoked behavioral responses. Our findings present new 746 
possibilities for investigating the molecular bases of how sensory neuron spike patterning drives 747 
stimulus relevant behavioral responses.  748 

A naïve hypothesis would be that loss of function in ER Ca2+ reuptake pathways may lead to 749 
increases in cytosolic Ca2+ levels thereby enhancing cold-evoked responses. However, knockdown of 750 
SERCA, Stim, or Orai in CIII md neurons led to significant reductions in cold-evoked CT responses. 751 
Dysregulated increases in cytosolic Ca2+ levels can lead to impaired activity of voltage gated Ca2+ 752 
channels, which are inactivated through Ca2+-calmodulin (CaM) complexes (Hering et al., 1997) and 753 
calcium imaging studies in Drosophila wing disc development revealed that loss of SERCA led to 754 
severely reduced Ca2+ dynamics (Brodskiy et al., 2019). Hyper-elevated Ca2+ can also negatively 755 
regulate TRP channel function, whereby Ca2+-CaM binding leads to channel inactivation (Gordon-756 
Shaag et al., 2008), additionally, changes in Ca2+ gradients leading to localized outward Ca2+ current 757 
can cause long term inactivation of Pkd2 channels (DeCaen et al., 2016). Alternatively, excess Ca2+ 758 
might facilitate activation of Ca2+-activated K+ channels leading to disrupted firing patterns (Fakler & 759 
Adelman, 2008; Schumacher et al., 2001). How alterations in Ca2+ homeostasis lead to impaired cold 760 
insensitivity requires future investigations into interactions between Ca2+ signaling and PM localized 761 
ion channels. Alternatively, Ca2+ induced neuronal damage/degradation may also lead to impaired 762 
cold responses due to loss of function of ER Ca2+ reuptake machinery. High cytosolic Ca2+ could also 763 
lead to activation of Ca2+ sensitive proteases which have been shown to contribute to axonal 764 
degeneration (Vargas et al., 2015; Williams et al., 2014; Yang et al., 2013). Assessing roles of Ca2+ 765 
sensitive proteases, Calpains, which are ~10-fold upregulated in CIII md neurons compared to whole 766 
larva, in context of ER Ca2+ reuptake pathways and cold nociception may yield further insights into 767 
the importance of ER Ca2+ homeostasis. Overall, our data indicate that Ca2+ homeostasis is important 768 
for cold-evoked electrical patterning as well as behavioral output, where perturbations leading to 769 
reduced or excessive cytosolic Ca2+ result in disrupted cellular processes.  770 

Excessive increases in cytosolic Ca2+ can be cytotoxic, thus Ca2+ homeostasis is tightly regulated 771 
through local organization of Ca2+ sensors, channels, and transporters. GPCRs, G-protein signaling 772 
machinery, CICR signaling machinery, and Ca2+ reuptake proteins are required for cold nociceptive 773 
behaviors in Drosophila larvae. Elevated Ca2+ levels can impact multiple downstream targets 774 
including Ca2+-activated K+ or Cl- channels (Berg et al., 2012; Shah et al., 2006). Anoctamins are a 775 
highly conserved family of Ca2+ sensitive proteins that function as chloride ion channels, lipid 776 
scramblases, and/or molecular tethers for linking PM and ER membranes (Benarroch, 2017; Jha et 777 
al., 2019; Ye et al., 2018). Anoctamin 1, ANO1, is required for nociceptive heat sensing in DRGs and 778 
in nociceptive neurons. ANO1 is specifically activated by CICR induced cytosolic increase in Ca2+, 779 
which is dependent upon coupling with IP3R (Cho et al., 2012; Jin et al., 2013; Liu et al., 2010). We 780 
have recently implicated two Drosophila Anoctamin/TMEM16 channels, subdued, orthologous to 781 
human ANO1/2, and white walker (wwk), orthologous to human ANO8, in Drosophila larval cold 782 
nociception (Himmel, Sakurai, et al., 2021). CIII md neurons lacking subdued or wwk have impaired 783 
cold-evoked electrical response, where knockdown of either gene led to reductions in tonic spiking 784 
activity which contrasts with our findings that RyR depleted neurons exhibit reduced bursting activity 785 
suggesting that cold-evoked electrical activity patterns (i.e. bursting vs. tonic spiking) can be parsed 786 
at the molecular level (Himmel, Sakurai, et al., 2021). Similar to findings in DRG cell cultures, CIII 787 
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md neurons use excitatory Cl- current physiology, where CIII-specific optogenetic activation of a 788 
light sensitive Cl- channel, Aurora, evokes CT behavioral response (Cho et al., 2012; Himmel, 789 
Sakurai, et al., 2021). Additionally, increasing intracellular Cl- concentration in CIII md neurons via 790 
ncc69 overexpression, orthologous to human NKCC1, resulted in increased bursting activity. Cl- ion 791 
homeostasis is not required for innocuous mechanical sensation but it is required for cold 792 
nociception, which suggests similar functional roles in sensory discrimination for GABAB-R2, IP3R 793 
and stimulus evoked Cl- current in Drosophila multimodal CIII neurons (Himmel, Sakurai, et al., 794 
2021). However, it remains unclear whether Drosophila Anoctamins function in conjunction with 795 
GPCRs, IP3R or RyR for stimulus evoked activation of cold sensitive pathways.  796 

TRP channels are required for Drosophila larval cold nociceptive behaviors (Turner et al., 2016). 797 
Specifically, Pkd2 is required for cold-evoked increases in cytosolic Ca2+ and can confer cold 798 
sensitivity to non-cold sensitivity neurons. In mouse cell cultures, microdomains of Pkd2-IP3R 799 
interaction were required for CICR mechanism (Sammels et al., 2010). We explored whether a Pkd2 800 
and IP3R genetically interact in the cold nociceptive pathway. Transheterozygous mutant analyses 801 
indicate that Pkd2 and IP3R genetically interact and function synergistically in Drosophila larval cold 802 
nociception. Interestingly, Pkd2 function in Drosophila larva is not required for sensory 803 
discrimination between cold and innocuous touch (Turner et al., 2016).  IP3R and Pkd2 synergistic 804 
function in cold nociception may be independent of GPCR mediated activation of IP3R pathway 805 
because at least our results suggest that GABAB and IP3R are specifically required for cold sensing 806 
but not innocuous mechanical detection. Future investigations are required to clarify whether Pkd2, 807 
GABAB and IP3R co-localize with one another to form microdomains and how these molecules 808 
collectively contribute to modality-specific sensory discrimination.  809 

 810 

5 Figures 811 

 812 
Figure 1: Metabotropic GABAB are expressed in CIII md neurons and are required for cold-813 
evoked CT behavior. 814 

(A-B) md neuron transcriptomic analysis. (A) Quantile normalized expression levels of ionotropic 815 
(GABAA) and metabotropic (GABAB) receptors in CIII md neurons. All receptors are expressed above 816 
background levels and GABAB-R2 has very high expression in CIII md neurons. (B) Comparisons of 817 
transcriptomes between CIII md neurons and CIV md neurons or whole larvae (WL). We focused on 818 
metabotropic GABA receptors, which show, in general, greater expression in CIII md neurons 819 
compared to CIV md neurons or whole larvae (WL). (C) Visualization of GABAB-R2 expression in 820 
Drosophila larval PNS. CIII md neurons were visualized using membrane anchored GFP expression 821 
to mark overall morphology and GABAB-R2 expression was visualized using an RFP tagged 822 
GABAB-R2. GABAB-R2 RFP expression is detectable in CIII (ddaF, ddaA), CII (ddaB), CI (ddaD, 823 
ddaE) and ES neurons. Genotype: GABAB-R2::RFP, nompCGAL4>GFP. (D-E) Cold plate assay 824 
assessing cold-evoked behaviors of third instar Drosophila larvae. We report %CT (left), CT 825 
duration in seconds (middle), CT magnitude (right). (D) Whole animal mutant analysis of GABAB 826 
receptor’s role in cold-evoked behaviors. For each GABAB (-R1, -R2, -R3) receptor, we tested one 827 
MiMIC and one CRISPR knockout (KO) line (truncated after first exon and inserted RFP). 828 
Additionally, we tested CRISPR GAL4 knock-in (KI) line, which replaces the RFP of KOCRISPR with 829 
the remaining exons restoring receptor function. NAverage = 65. (E) Class III specific knockdown of 830 
GABAB (-R1, -R2, -R3) receptors. Control conditions include: w1118, 19-12GAL4/+, and 19-831 
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12>LucRNAi. There is no statistical difference between the controls. Knockdown of GABAB (-R1, -R2, 832 
-R3) receptors was tested with two independent RNAi lines and comparisons made to 19-12GAL4/+ 833 
control. NAverage = 46. Significant differences indicated via asterisks, where *p<0.05, **p<0.01, 834 
***p<0.001, and ****p<0.0001.  835 

 836 
 837 
 838 

Figure 2: Ca2+ induced Ca2+ release genes IP3 and ryanodine receptors are required for cold-839 
evoked behaviors.  840 

(A-B) Transcriptomic analysis using microarray datasets. (A) Quantile normalized expression of RyR 841 
and IP3R in CIII md neurons. (B) Comparative analysis of IP3R and RyR expression between CIII md 842 
neurons and CIV md neuron or whole larva (WL). (C-D) Cold plate analysis of RyR and IP3R. (C) 843 
Drosophila larvae heterozygous mutants for either IP3R (ug3, ka901 and 90B0 alleles) or RyR (16, 844 
Q3878X, and Y4452X alleles). All statistical comparisons were made to w1118. NAverage = 49. We 845 
report %CT (left), CT duration in seconds (middle), CT magnitude (right).  (D) IP3R or RyR 846 
knockdown specifically in CIII md neurons using 19-12GAL4 driver. Control conditions include: 847 
w1118, 19-12GAL4/+, and 19-12>LucRNAi. We report %CT (left), CT duration in seconds (middle), CT 848 
magnitude (right). There is no statistical difference between the controls. Knockdown of RyR and 849 
IP3R was tested using multiple independent RNAi lines and comparisons made to 19-12GAL4/+. 850 
NAverage = 55. Significant differences indicated via asterisks, where *p<0.05, **p<0.01, ***p<0.001, 851 
and ****p<0.0001. 852 

 853 

Figure 3: GPCR and CICR signaling are not required for CIII neuron dendrite development, 854 
general excitability, or neural transmission. 855 

(A-C) CIII md neuron dendrite morphometric analyses of cell type specific knockdown of GABAB-856 
R2, IP3R or RyR. CIII md neurons were visualized using nompCGAL4>GFP. (A) Representative 857 
images of CIII md neuron (ddaF) dendrites with either GABAB-R2, IP3R or RyR knockdown 858 
compared to control (LucRNAi). Scale bar = 100µm. (B) Sholl analysis of CIII md neuron dendrites, 859 
where numbers of intersections are plotted as a function of distance from the soma. (C) Principal 860 
components analysis of multiple morphometric parameters including total terminal branches, total 861 
dendritic length, branch density, max number of sholl intersections and distance at which the max 862 
intersections occur in Sholl analyses. NAverage = 10. (D-G) Neural activation of CIII md neurons using 863 
optogenetic actuator (ChETA) with cell type specific gene knockdown of GABAB-R2, IP3R or RyR. 864 
Genotype: 19-12>ChETA + gene-specific RNAi. (D) Schematic of optogenetic stimulation apparatus. 865 
(E) Plot of change in area over time for GABAB-R2, IP3R or RyR knockdown compared to control 866 
(LucRNAi). Blue bar represents 10 seconds of blue light exposure resulting in neural activation of CIII 867 
md neurons. (F) Optogenetic CIII md neuron activation evoked %CT response of GABAB-R2, IP3R or 868 
RyR knockdown compared to control. (G) CT duration in seconds for GABAB-R2, IP3R or RyR 869 
knockdown compared to control. (E-G) NAverage = 20. Statistics: %CT response: Fisher’s exact with 870 
Benjamini-Hochberg for multiple comparison. CT duration: One-way ANOVA with Holm-Šídák's 871 
for multiple comparisons. (H-J) Drosophila larval responses to innocuous mechanical stimulation. 872 
(H) Gentle touch assay scoring schematic. Each behavioral response receives 1 point and no points, if 873 
there was no response, for a maximum of 4 points per trial. (I) Proportion of each score per trial for 874 
each genotype. (J) Average total touch scores for each larva per genotype. NAverage = 30. Statistics: 875 
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Kruskal-Wallis with Benjamini, Krieger and Yekutieli for multiple comparisons. Significant 876 
differences indicated via asterisks, where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. 877 

 878 
 879 

Figure 4: GPCR and CICR signaling are required for cold-evoked Ca2+ dynamics. 880 

(A-C) Cold-evoked in vivo GCaMP6 imaging of CIII md neuron cell bodies. (A) Schematic of cold 881 
stimulus delivery and imaging system. (B) Plot of ΔF/Fbaseline over time of CIII md neuron cell body 882 
(ddaF) expressing GCaMP6m and gene knockdown for GABAB-R2, IP3R, or RyR compared to 883 
control (LucRNAi). (C) Max ΔF/Fbaseline for cold-evoked GCaMP response in CIII md neuron cell body. 884 
NAverage = 15. Statistics: One-way ANOVA with Holm-Šídák's for multiple comparisons. (D-E) in 885 
vivo analysis of CaMPARI2 responses to noxious cold in CIII md neurons expressing gene 886 
knockdowns for GABAB-R2, IP3R, or RyR compared to control (LucRNAi). (D) Graphical schematic of 887 
cold plate assay combined with photoconverting (PC) light and post hoc imaging. (E) Left: 888 
Representative images of CIII md neurons expressing CaMPARI2 and gene specific RNAi. Cell 889 
bodies are outline in dashed white line. Scale bar: 5µM. Right: CaMPARI2 responses of CIII md 890 
neurons (ddaA and ddaF) plotted as fluorescence ratios of Fred/Fgreen. NAverage = 62. Statistics: Kruskal-891 
Wallis with Benjamini, Krieger and Yekutieli for multiple comparisons. Significant differences 892 
indicated via asterisks, where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. 893 

 894 
 895 

Figure 5: GABAB-R2 receptor is required for proper composition of cold-evoked tonic and 896 
bursting pattern in CIII md neurons. 897 

 898 
(A) Representative physiological firing traces of CIII md neurons with GABAB-R2 knockdown 899 
compared to controls during each stimulus temperature (20°C, 15°C, 10°C) and below shows real 900 
time temperature exposure regimes of Drosophila larval filet. (B) Average spikes/seconds of CIII md 901 
neurons at room temperature (RT) or cold stimulations (20°C, 15°C, 10°C). NAverage = 32. Statistics: 902 
Multiple Mann-Whitney test with Benjamini, Krieger and Yekutieli for multiple comparisons. (C-D) 903 
10°C stimulus evoked tonic spike rate (C) and bursting spike rate (D). Individual spikes are 904 
considered to bursts, if inter spike interval is less than 0.15 seconds for at least 3 spikes and rest of 905 
the spikes counted as tonic spikes. Heatmap above each graph represents stimulus temperature. Spike 906 
rate is calculated in 10 second bins. Statistics: Multiple Mann-Whitney tests with Benjamini, Krieger 907 
and Yekutieli for multiple comparisons. (E) Percent change from control for bursting or tonic firing 908 
in GABAB-R2 knockdown. Significant differences indicated via asterisks, where *p<0.05, **p<0.01, 909 
and ***p<0.001. 910 

 911 
 912 

Figure 6: Ryanodine receptor mediates cold-evoked bursting in CIII md neurons. 913 

(A-C) Average spike rate of GFP tagged CIII md neurons expressing RyRRNAi compared to control. 914 
(A) Average spikes/seconds of CIII md neurons at room temperature (RT) or cold stimulations 915 
(20°C, 15°C, 10°C). NAverage = 29. Statistics: Multiple Mann-Whitney tests with Benjamini, Krieger 916 
and Yekutieli for multiple comparisons. (B-C) 10°C stimulus evoked bursting spike rate (B) and 917 
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tonic spike rate (C). Individual spikes are considered to bursts, if inter spike interval is less than 0.15 918 
seconds for at least 3 spikes and rest of the spikes counted as tonic spikes. Heatmap above each graph 919 
represents stimulus temperature. Spike rate is calculated in 10 second bins. Statistics: Multiple Mann-920 
Whitney test with Benjamini, Krieger and Yekutieli for multiple comparisons. (D-F) Average spike 921 
rate of GFP tagged CIII md neurons in response to cold stimulus under ryanodine (10-6 M) 922 
pharmacology application. (D) Average spikes/seconds of CIII md neurons at room temperature (RT) 923 
or cold stimulations (20°C, 15°C, 10°C). NAverage = 8. Statistics: Multiple Wilcoxon tests with 924 
Benjamini, Krieger and Yekutieli for multiple comparisons. (E-F) 10°C stimulus evoked bursting 925 
spike rate (E) and tonic spike rate (F). (G-H) Percent change from control for bursting or tonic firing 926 
in RyR knockdown (G) or ryanodine application (H) at 10°C. (I) CICR mechanism through RyR 927 
functions in generating cold-evoked burst firing pattern in CIII md neuron. Significant differences 928 
indicated via asterisks, where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. 929 

 930 
 931 

Figure 7: Pkd2 and IP3R genetically interact in cold nociception. 932 

Cold plate analysis of Drosophila larvae mutant for either/both Pkd21 and IP3Rka901. We report %CT 933 
(left), CT duration in seconds (middle), CT magnitude (right). Genotypes include: w1118, Pkd21/+, 934 
and IP3Rka901/+, Pkd21/IP3Rka901. NAverage = 70. Significant differences indicated via asterisks, where 935 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.  936 

 937 
 938 
Figure 8: Summary of molecules required for cold nociceptive behaviors.  939 
Plasma membrane localized TRP channels (Turner et al., 2016) and GPCR (GABAB-R2) are required 940 
for cold-evoked behaviors. Gαq and Plc signalling is also required for cold nociception. ER localized 941 
IP3R and RyR channels are required for cold-evoked CT response. GABAB-R2, IP3R and RyR are all 942 
required for cold-evoked Ca2+increases.  943 
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