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SUMMARY: 25 

The goal of this protocol is to show how to perform an improved assay for mechanical nociception 26 

in Drosophila larvae. We use the assay here to demonstrate that mechanical hypersensitivity 27 

(allodynia and hyperalgesia) exists in Drosophila larvae. 28 

 29 

ABSTRACT: 30 

Published assays for mechanical nociception in Drosophila have led to variable assessments of 31 

behavior. Here, we fabricated, for use with Drosophila larvae, customized metal nickel-titanium 32 

alloy (nitinol) filaments. These mechanical probes are similar to the von Frey filaments used in 33 

vertebrates to measure mechanical nociception. Here, we demonstrate how to make and 34 

calibrate these mechanical probes and how to generate a full behavioral dose-response from 35 

subthreshold (innocuous or non-noxious range) to suprathreshold (low to high noxious range) 36 

stimuli. To demonstrate the utility of the probes, we investigated tissue damage-induced 37 

hypersensitivity in Drosophila larvae. Mechanical allodynia (hypersensitivity to a normally 38 

innocuous mechanical stimulus) and hyperalgesia (exaggerated responsiveness to a noxious 39 

mechanical stimulus) have not yet been established in Drosophila larvae. Using mechanical 40 

probes that are normally innocuous or probes that typically elicit an aversive behavior, we found 41 

that Drosophila larvae develop mechanical hypersensitization (both allodynia and hyperalgesia) 42 

after tissue damage. Thus, the mechanical probes and assay that we illustrate here will likely be 43 

Manuscript Click here to access/download;Manuscript;61911_R1_RE.docx

https://www.editorialmanager.com/jove/download.aspx?id=1256467&guid=d22a177d-28b4-40dc-910e-409dca486ce8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1256467&guid=d22a177d-28b4-40dc-910e-409dca486ce8&scheme=1


 

  

important tools to dissect the fundamental molecular/genetic mechanisms of mechanical 44 

hypersensitivity. 45 

 46 

INTRODUCTION: 47 

Drosophila larvae exhibit a characteristic aversive rolling behavior when exposed to different 48 

noxious stimuli: thermal1, mechanical2, and chemical3. This behavior is clearly distinct from 49 

normal locomotion. Here we describe an improved mechanical assay that can be used to assess 50 

mechanical nociception and mechanical sensitization. 51 

 52 

In a recent study, we fabricated von Frey-like filaments using nitinol wires4. Probes exerting 53 

different forces and pressures were made by varying the lengths and diameters of the nitinol 54 

wires forming each probe. Mechanical probes were calibrated and the measured force values (in 55 

millinewton, mN) were converted to pressure (kilopascal, kPa), based on the tip area of each 56 

probe4. Custom fabrication of mechanical probes allowed to us to generate subthreshold (≤200 57 

kPa) to suprathreshold (225 kPa to 5318 kPa) pressures, which could, in principle, be beneficial 58 

for studying mechanical hypersensitivity. Using these improved mechanical von Frey-like 59 

filaments, we showed that pressure4, as opposed to the previously examined force2,5,6 correlates 60 

more consistently with aversive behavioral responsiveness in Drosophila larvae. The improved 61 

mechanical assay described here also helped to identify a conserved Vascular Endothelial Growth 62 

Factor (VEGF)-related receptor tyrosine kinase signaling a pathway that regulates mechanical 63 

nociception in flies and rats4. 64 

 65 

Mechanical allodynia and hyperalgesia, two modalities of hypersensitivity, are relatively 66 

understudied in Drosophila larvae, compared to the thermal (heat and cold) and chemical 67 

sensory modalities3,7–10. This is probably due to the lack of specific mechanical probes that span 68 

from innocuous stimuli to the high noxious range2,5,6. A normally innocuous stimulus that elicits 69 

the typical aversive rolling behavior after Drosophila larvae experience tissue damage3,7 is 70 

referred to as allodynia. An exaggerated rolling response to a typically noxious stimulus is known 71 

as hyperalgesia7. Noxious stimuli are defined as those that elicit tissue damage and can activate 72 

nociceptors11. Noxious stimuli delivered to Drosophila larvae damage either the barrier 73 

epidermis, the peripheral nociceptive sensory neurons3,4,7, or both. 74 

 75 

In this article, we demonstrate how to custom fabricate and calibrate von Frey-like mechanical 76 

probes that are appropriate for Drosophila larvae. Further, we show how to use these probes to 77 

assay mechanical nociceptive responses in Drosophila larvae. Finally, we further demonstrate the 78 

utility of these probes by using them to demonstrate the presence of mechanical 79 

hypersensitivity, both allodynia and hyperalgesia, following tissue damage in Drosophila larvae 80 

(see Representative Results). 81 

 82 

PROTOCOL: 83 

 84 

1. Mechanical probe construction 85 

 86 



 

  

1.1. Cut each nitinol filament (Figure 1B), perpendicular to its long axis, to the specified length 87 

(Figure 1M–N) using a small wire cutter (Figure 1C). The filaments come in three different pre-88 

set diameters (Figure 1B). 89 

 90 

NOTE: The lengths specified here are a guide to achieve the approximate pressures indicated, 91 

using a similar protocol for construction of the mount. Ultimately, regardless of the length of the 92 

filament cut, and the depth of the hole in the mount, the filaments must be measured/calibrated 93 

on a balance to obtain the exact force/pressure value. 94 

 95 

1.2. Examine the tip of the filament under a stereomicroscope to ensure no sharp or irregular 96 

edges remain as these could cause tissue damage to the skin of the larvae and interfere with 97 

calibration. 98 

 99 

1.3. Manually smoothen the sharp edges of the mechanical probe using a sharpening stone until 100 

no sharp irregularities persist (Figure 1D). 101 

 102 

1.4. Make a hole towards the end of a wooden popsicle stick (Figure 1E) using a hypodermic 103 

needle (see Table of Materials). Insert the needle at least halfway through the height of the 104 

popsicle stick (Figure 1E). This creates a chamber for insertion of the nitinol filament. 105 

 106 

1.5. Apply wood glue to a single nitinol filament (Figure 1F) and insert the glue-coated filament 107 

into the needle slot in a wooden popsicle stick (Figure 1G). Allow to dry for ~5 h. 108 

 109 

1.6. Calibrate each mechanical probe by pressing it against a scale until the mechanical probe 110 

bends (Figure 1H–L). This is the point of maximum force that can be recorded in grams. 111 

Depending on the filament diameters (pre-set) and lengths (user-determined) a full range of 112 

forces and pressures can be generated. 113 

 114 

1.7. Convert the mass recorded in step 1.6 to force in millinewton (mN) using the formula f = ma 115 

(Force is equal to mass multiplied by gravitational acceleration). f: force; m: mass; a: gravitational 116 

acceleration (9.8 m/s2) (Figure 1M). 117 

 118 

1.8. Finally, convert the calculated force to pressure (force/area) in kilopascal (kPa) by dividing 119 

the measured force by the surface area of the filament tip (Figure 1M). To calculate the area, 120 

convert the diameter of the different nitinol filaments from inches (0.04”, 0.06”, and 0.08”) to 121 

centimeters. Then, πr2 (where, r = the nitinol filament radius) determines the area (see Figure 122 

1M). Preparing multiple probes using filaments of different diameters and lengths will generate 123 

a full set spanning the responsive range for Drosophila larvae (sample set shown in Figure 1N). 124 

 125 

NOTE: Check each mechanical probe at least every 3–4 weeks. When the pressure deviates by 126 

more than  3% from the original measure, a new mechanical probe must be fabricated. 127 

 128 

2. Preparation of larvae 129 

 130 



 

  

2.1. Raise control strain (w1118) larval progeny or larvae containing the transgenes ppk-Gal4>UAS-131 

mCD8-GFP (for visualizing damage to sensory neurons) on standard food in a 25 °C incubator. 132 

Typically, stocks are routinely maintained at 18 °C but both parents and larval offspring are reared 133 

at 25 °C on standard cornmeal food for experiments. 134 

 135 

NOTE: Adult flies (five males and ten females, 1:2 ratio) are kept in the fly vials, to allow egg 136 

laying, for about 24 h. The time after egg laying (AEL) begins from when the adults are removed. 137 

 138 

2.2. Collect the third instar larvae, after approximately 96 h of egg laying, by gently squirting tap 139 

water into the soft fly food containing the larvae. Wandering larvae that have left the food, or 140 

which have everted anterior or posterior spiracles, are too large/old for this assay. Second instar 141 

larvae (~ less than 4 mm in length) are too small. 142 

 143 

2.3. Pour out the contents of the soft fly food into a clean standard size Petri dish (100 mm x 15 144 

mm). 145 

 146 

2.4. Using forceps, sort mid third instar, medium sized, larvae (see Figure 2A) from smaller 147 

(second instar and early third instar) or larger (late or wandering third instar) larvae. Gentle 148 

manipulation with forceps to avoid any tissue damage to the larvae is recommended. 149 

 150 

NOTE: The transfer using forceps is based mostly on water tension and not by applying pressure 151 

to the larvae with the blades of the forceps. An alternative to the use of forceps for maneuvering 152 

larvae is soft paint brushes. With either tool, the user should practice transferring the animals, 153 

so as not to cause unintended tissue damage that could complicate behavioral measurements. 154 

 155 

2.5. Transfer the mid third instar larvae, using forceps, into a small Petri dish (30 mm x 15 mm) 156 

containing a small plug of fly food moistened with water at room temperature. Keep the larvae 157 

in the small Petri dish until the experiments are performed, but not longer than 20 min. 158 

 159 

NOTE: Generally, transferring 20–30 larvae to the food plug will give an adequate number for 20 160 

min of behavioral assays. 161 

 162 

3. Mechanical nociception assay 163 

 164 

3.1. Place a mid-third instar larva (using forceps) onto a thin pad of black or dark vinyl under a 165 

bright field stereomicroscope. The dark color provides contrast that improves visualization of the 166 

larva. It is preferable to have a freely movable piece of dark vinyl because it allows the user to 167 

align the larva without touching or hurting it. 168 

 169 

3.2. Put the optical fiber lights between the microscope objective lenses and the black or dark 170 

vinyl pad; this will allow adequate high contrast illumination for seeing the larva. 171 

 172 



 

  

3.3. Discard larvae that do not exhibit normal locomotion following transfer to the pad. These 173 

can interfere with the normal nociceptive behavioral response. For normal locomotion, see Video 174 

1. 175 

 176 

3.4. Wipe away, using a paper towel, any excess water surrounding the larva that might cause 177 

the larva to float on the vinyl pad. 178 

 179 

3.5. Orient the larva by moving the dark vinyl pad. The head/mouth of the larva should point to 180 

the left if you are right-handed and vice versa if you are left-handed (Figure 2A–B). 181 

 182 

3.6. Apply the chosen mechanical probe, typically for 1–2 s, onto the posterior dorsal side of the 183 

larva at approximately abdominal segment A8 (see Figure 2B), until the probe bends and elicits 184 

the previously measured amount of pressure (Figure 2C). It is important that the probe presses 185 

against the dorsal surface of the larva and compresses the larvae into the underlying pad at the 186 

point of probe contact. 187 

 188 

NOTE: At the point of contact between the tip of the nitinol filament and the dorsal cuticle-189 

epidermis, probes lower than 2,300 kPa, mainly bend without penetrating the cuticle and 190 

underlying tissues. Such probes seldom affect larval mortality4. At higher pressures (>5,000 kPa) 191 

the probes both bend and, occasionally, penetrate the cuticle and underlying tissues. Puncturing 192 

of the larvae impairs larval survival4 and, if observed, these larvae are typically discarded from 193 

behavioral analysis. 194 

 195 

3.7. Record the behavioral response for each larva. A positive nociceptive response (Video 2) is 196 

indicated if the larva shows a complete roll of 360˚ along the axis of its body within 3 s. Other 197 

responses (attempting to turn, fast crawling, and wiggling) are considered negative for the 198 

purposes of this assay. 199 

 200 

NOTE: Larvae stimulated with a subthreshold mechanical stimulus (200 kPa) did not elicit the 201 

typical nociceptive or rolling response (Video 3). Some larvae did exhibit fast forward or light 202 

touch responses such as changes in the direction of movement. 203 

 204 

3.8. Discard the larva and prepare the next one for assay, repeating steps 3.1 through 3.7. 205 

 206 

3.9. Repeat steps 3.1–3.7 until the desired number of larvae is reached (three to six sets of n = 207 

10 larvae were used here for each probe). 208 

 209 

NOTE: When using lower pressure mechanical probes (174–462 kPa), the assay will take more 210 

time per larva. This is because the tip of longer filaments oscillates more, making it harder to 211 

poke the larva in the center of the A8 segment. Practice is necessary with these probes. 212 

 213 

4. Confocal microscopy to assess neuronal morphology 214 

 215 



 

  

4.1. Place a larva (of genotype ppk-Gal4>UAS-mCD8-GFP to label sensory neurons) previously 216 

stimulated with a nitinol filament into an etherization chamber inside a Coplin jar containing a 217 

10 mL beaker carrying a cotton ball soaked with ~1 mL of diethyl ether. Let the larva sit in the 218 

chamber for ~5 min. 219 

 220 

NOTE: A detailed protocol for etherization is provided in a previous study published by our 221 

group12. 222 

 223 

4.2. Rinse the larva gently from the etherization chamber into a small Petri dish. 224 

 225 

4.3. Hav ready one microscope slide, two small coverslips (22 x 22 mm), and one long coverslip 226 

(22 x 54 mm) (see Table of Materials). 227 

 228 

4.4. Add small drops of ether:oil solution (1:5 ratio of ethyl ether to halocarbon oil solution, see 229 

Table of Materials) to both ends of the slide, then place the small coverslips on top of the small 230 

droplets. This arrangement creates a small space gap where the larva can fit. 231 

 232 

NOTE: Press the small coverslips against the microscope slide until it is difficult to slip. 233 

 234 

4.5. Add some drops of ether:oil solution on the middle of the microscope slide and then place 235 

the larva, using forceps, onto the center of the microscope slide (between the small coverslips). 236 

Make sure that the anteroposterior axis of the larva is parallel to the short side of the slide and 237 

that the dorsal side is facing up. 238 

 239 

4.6. Cover the larvae with the long coverslip placed on top of the larva and the two smaller 240 

coverslips. 241 

 242 

NOTE: Generously press the long coverslip until the larva is almost flat. 243 

 244 

4.7. Image segment A8 of the larva using a confocal microscope (see Table of Materials) using 245 

laser wavelength 488 (GFP). 246 

 247 

NOTE: Image the larva immediately because the anesthetization via ether will fade quickly (~5–248 

10 min) and the larva will wake up and move, which will complicate further imaging. 249 

 250 

4.8. Capture Z-stack images at a resolution of 1024 x 1024 pixels using a 20x numerical aperture 251 

(NA) 0.7 dry objective lens at 1x zoom, step size of 1.5 μm. 252 

 253 

5. Quantitation of tissue damage 254 

 255 

5.1. Collect and convert the Z-series stack images, from section 4.8, into a single Z projection (a 256 

flattening of multiple images taken at different focal planes into a single composite image). This 257 

can be performed using commercially available software (e.g., Olympus Fluoview) or any 258 

equivalent open source platform, e.g., Fiji/Image J. Save the single Z projection in the TIFF format. 259 



 

  

 260 

5.2. Open the image analysis program Fiji/ImageJ. 261 

 262 

5.3. Click on File, from the menu bar, and select Open from the window that is displayed. 263 

 264 

5.4. Select the stored single image projection, saved in the TIFF format, to be analyzed. 265 

 266 

5.5. Click on Edit, from the menu bar, and select the Invert option from the window that is 267 

displayed. 268 

 269 

5.6. Click on the Image, from the menu bar, then select Adjust, from the window that is displayed, 270 

and finally select the Brightness/Contrast option. 271 

 272 

5.7. Select the Freehand Shape option from the tool bar to measure the area of the gap (if any). 273 

 274 

5.8. Click on Analyze, from the menu bar, and select the Measure option. This will display the 275 

area of the gap or wound. 276 

 277 

REPRESENTATIVE RESULTS: 278 

We developed customized mechanical probes, using nitinol filaments (Figure 1A,N), to elicit 279 

mechanically-evoked behaviors and generated a full behavioral dose response curve using both 280 

innocuous and noxious mechanical probes of varying intensity (Figure 2D) demonstrating that 281 

these probes can be used to study baseline (in the absence of injury) mechanical nociception. 282 

 283 

Our behavioral assay results determined that probes exerting pressures below 200 kPa (~1.57 284 

mN) (Figure 1M), when applied to Drosophila larvae, do not provoke an aversive rolling response 285 

(Figure 2D and Video 3). As expected, these subthreshold or non-noxious mechanical probes (175 286 

kPa or 200 kPa) did not elicit visible neuronal tissue damage (Figure 2E). Because they do not 287 

induce damage, such probes could be useful to assess mechanical allodynia (hypersensitivity to 288 

a normally non-noxious mechanical stimuli). Conversely, suprathreshold or noxious probes (from 289 

462 kPa to 5,116 kPa), elicited an augmented behavioral response (Figure 2D) in a dose 290 

dependent manner—with the higher pressures eliciting stronger behavioral responses. As 291 

anticipated, suprathreshold mechanical pressure also induced dose-dependent tissue damage to 292 

the peripheral sensory neurons themselves (Figure 2E). The measured area of tissue damage (in 293 

µm2 ± standard deviation) taken from four larvae for each group were: 2,051.03 ± 703.81 (462 294 

kPa), 5,102.29 ± 1,004.67 (2,283 kPa), and 12,238.83 ± 3,724.11 (5,116 kPa). Thus, pressures 295 

greater than or equal to 462 kPa (~63 mN), which evoke an aversive rolling response (in 25% or 296 

more of the larvae) and cause visible neuronal tissue damage (Figure 2E), could be appropriate 297 

to study mechanical hyperalgesia (hypersensitivity to normally noxious mechanical stimuli). 298 

Nociceptive mechanical probes (≥462 kPa) always induce tissue damage (n = 10, evaluated 299 

qualitatively) but do not always provoke an aversive rolling response. 300 

 301 

To evaluate mechanical hypersensitivity (allodynia and hyperalgesia), we used a well-established 302 

Drosophila larval model of nociceptive sensitization that uses ultraviolet light (UV) irradiation to 303 



 

  

induce tissue damage7,12. This assay has helped to dissect the genetic and cellular mechanisms of 304 

thermal nociceptive hypersensitivity8-10,13-15. To determine whether UV treatment causes 305 

mechanical allodynia, mid third-instar control (w1118) larvae were mock-irradiated or UV-306 

irradiated (15–20 mJ/cm2) (Figure 3A). Then, the larvae were tested behaviorally at 2 h, 4 h, 8 h, 307 

16 h, and 24 h post-treatment with a normally subthreshold mechanical probe (200 kPa, 1.57 308 

mN). Approximately 20% of larvae responded as early as 2 h after UV treatment while 50% 309 

responded at 4 h, compared to 6.6% and 8.3% mock UV-irradiated animals, respectively (Figure 310 

3B). This indicates that UV-induced tissue damage causes mechanical allodynia at 4 h post-311 

irradiation. At later time points (8 h, 16 h, and 24 h) the behavioral response of the UV-treated 312 

larvae was in the range of 16%–20% responders (average mean of n = 3–6 sets of 10 larvae each), 313 

slightly increased (but not statistically significant) compared to the mock-irradiated control group 314 

(in the range of 3%–6% of responders, average mean of n = 3–6 sets of 10 larvae each) (Figure 315 

3B). 316 

 317 

To investigate mechanical hyperalgesia, a suprathreshold pressure (462 kPa, 3.63 mN), that 318 

normally induces an aversive rolling response in ~20% of larvae (Figure 2D) and causes neuronal 319 

tissue damage (Figure 2E), was used. We applied the 462 kPa probe onto the dorsal side of larvae 320 

with or without UV-induced tissue damage (Figure 3A). We found that larvae probed at 4 h, 8 h, 321 

and 16 h following UV treatment showed a significant increase in the aversive rolling response, 322 

with 4 h being the peak of the behavioral hypersensitivity (~60% responsive); mock UV-irradiated 323 

animals showed an ~27% of aversive response (Figure 3C). Similar to mechanical allodynia, the 324 

behavioral response at 8 h, 16 h, and 24 h of UV-treated animals (in the range of 36%–42%) was 325 

statistically indistinguishable from the non-treated larvae (in the range of 20%–26%). Larvae at 326 

the late third instar stage did show a slight decrease of the baseline behavioral response when 327 

compared with the middle third instar stage. We hypothesize this could be either by the 328 

increased size of the larvae (Figure 2A) or the increased thickness of the cuticle covering the 329 

body. This fact could explain why at a later stage of development the UV treatment does not 330 

induce greater mechanical sensitization, as observed 4 h post UV treatment. 331 

 332 

Taken together, our results indicate that Drosophila larvae develop both mechanical allodynia 333 

and mechanical hyperalgesia following UV-induced tissue damage. The peak time of mechanical 334 

allodynia and hyperalgesia is the same, 4 h after UV treatment; however, mechanical 335 

hyperalgesia has a more pronounced temporal tail as it returns to baseline more slowly compared 336 

to mechanical allodynia. 337 

 338 

FIGURE AND TABLE LEGENDS: 339 

 340 

Figure 1: Development of a Von Frey-like tool to evaluate mechanical nociception in Drosophila 341 

larvae. (A) Picture of a mechanical probe used to study mechanical nociception in Drosophila 342 

larvae. (B) Nitinol filaments of different diameters and the wire cutter used for probe assembly. 343 

Nitinol filaments and their relative diameters are shown to relative scale. (C) Picture of the 344 

diagonal wire cutter used to cut the nitinol filaments. (D) Smoothing the sharp edges of the cut 345 

nitinol filament with a sharpening stone. (E) Hypodermic needle used to make a hole into the 346 

wooden popsicle stick handle of the probe. The tip of the needle needs to reach at least half the 347 



 

  

height of the handle stick for secure filament insertion. (F–G) Attachment of the nitinol filament 348 

by gluing into a wooden popsicle stick handle with insertion hole. (H–L) Calibration of mechanical 349 

probes by pressing them against a scale. (M) Values of force (in mN) and pressure (in kPa) 350 

generated by different mechanical probes. The length of each nitinol filament used to construct 351 

the probes (P1–P10; P: probe) is detailed in centimeters (cm). (N) A picture of a complete set of 352 

mechanical probes, ranging from 174 kPa to 5,116 kPa. 353 

 354 

Figure 2: Mechanical nociception assay: Von Frey-like filaments generate a dose-response 355 

curve of aversive rolling behavior and cause tissue damage to sensory neurons. (A) Pictures of 356 

the different stages (second and third instar) of Drosophila larvae. Scale bar: 2 mm. (B) Cartoon 357 

of the dorsal view of the third instar Drosophila larvae. The red dot indicates the abdominal 358 

segment where the mechanical probe is applied. T: thoracic segment; A: abdominal segment. 359 

Other anatomical landmarks are labeled. (C) Cartoon of the assay: A mechanical probe is applied 360 

to the dorsal side of the larva until it bends against the surface below and is then held for 2 s. If 361 

the pressure is sufficiently high, this elicits an aversive rolling response upon release. (D) 362 

Behavioral dose response; each blue dot represents the percent of larvae that responded, with 363 

aversive rolling, to the mechanical stimulation within a set of 10 animals. Violin plot of the 364 

percent of aversive rolling behavior induced by different mechanical probes. kPa: kilopascals. Box 365 

plots represent median (green), whiskers (red) represent the 10th and 90th percentiles. (E) Tissue 366 

damage: Third instar larvae (of genotype ppk-Gal4>UAS-mCD8-GFP) to label nociceptive sensory 367 

neurons) were probed at dorsal segment A8 with the indicated pressures. Fluorescently labeled 368 

paired ddaC class IVs sensory neurons (across the dorsal midline) were then examined (see 369 

sections 4 and 5). White areas (red asterisks) represent gaps or tissue damage. Scale bar: 100 μm. 370 

In panel B, the larva is shown in the dorsal view, while in C it is the lateral view. Mechanical probes 371 

pressed against the dorsal cuticle-epidermis side of the larva produce a depression like-pocket at 372 

the point of contact of the tip of the probe and the surrounding areas. The solid black line curved 373 

toward the ventral side is the top of the pocket, while the dashed gray lateral line represents the 374 

lateral side and the bottom of the pocket. 375 

 376 

Figure 3: Mechanical hypersensitivity after UV damage. (A) Schematic of the experimental 377 

design to test sensitization. Mid third instar were mock treated (non-UV) or UV irradiated. The 378 

mechanical nociception assay was then performed at different time points (2 h, 4 h, 8 h, 16 h, 379 

and 24 h) following mock treatment or irradiation. (B) Mechanical allodynia: The percentage of 380 

larvae exhibiting aversive rolling after probing with a normally subthreshold or non-noxious 381 

mechanical stimulus (200 kPa, 1.57 mN) at the indicated time points after mock-treatment or UV 382 

irradiation. (C) Mechanical hyperalgesia: The percentage of larvae exhibiting aversive rolling after 383 

probing with a normally suprathreshold or noxious mechanical stimulus (462 kPa, 3.63 mN) at 384 

the indicated time points after mock-treatment or UV irradiation. Error bars indicate mean +/- 385 

SEM. Two-tailed unpaired t-test was used for statistical analysis: *p < 0.05, **p < 0.01; ns: not 386 

significant. Each red dot, in panels B and C, represents the mean proportion of 10 larvae, n = 3–387 

6 sets per timepoint/condition. 388 

 389 

Video 1: Normal locomotion of Drosophila larvae. 390 

 391 



 

  

Video 2: Noxious mechanical stimulation of Drosophila larvae. 392 

 393 

Video 3: Subthreshold mechanical stimulation of Drosophila larvae. 394 

 395 

DISCUSSION: 396 

We modified an established mechanical assay1,2,16 using customized mechanical probes 397 

fabricated from nitinol filaments. This metal alloy allows us to use smaller diameter filaments 398 

that are appropriate to the size of the Drosophila larvae. Fishing line-based monofilaments have 399 

dominated the field of fly mechanical nociception to date2,5,6,16. Our nitinol filaments maintain 400 

their shape and measured pressure for approximately ~3–5 months (in our experience). By 401 

varying the length and diameter of the nitinol filaments, the user can generate a wide range of 402 

pressures spanning from subthreshold to a nearly complete rolling response. In particular, 403 

making subthreshold probes is simpler with the smaller diameter nitinol filaments. Using these 404 

probes, we found that pressure, rather than force, elicits more consistent nocifensive behavioral 405 

responses4. We demonstrate here, using a well-established UV-induced nociceptive sensitization 406 

model7,10,13, that these filaments are also a useful tool for studying mechanical hypersensitivity—407 

allodynia and hyperalgesia. 408 

 409 

Previous studies using mechanical probes fabricated from fishing line have led to a certain 410 

variability in behavioral responsiveness2,6,16,17. Several factors may account for this. First, because 411 

pressure is the important variable, the buffing of the filament tip so that it is rounded and does 412 

not have any sharp edges is critical. Second, reporting pressure values rather than only force is 413 

important for the reproducibility of the experiments, because different mechanical probes that 414 

generate similar forces can elicit disparate pressures4. Third, it is critical to apply only one 415 

mechanical stimulation per larva using noxious probes, because such probes produce a dose-416 

dependent tissue damage at the epidermal4 and sensory neuronal levels (Figure 2E). A second or 417 

subsequent noxious mechanical stimulus, after tissue damage has been induced, could 418 

conceivably impair the function of the affected peripheral sensory neurons and elicit an altered 419 

behavioral response. In another study, larvae stimulated twice with noxious mechanical probes 420 

mostly displayed an enhanced behavioral response5, suggesting development of an acute 421 

mechanical sensitization (hyperalgesia), which might result from the tissue damage provoked by 422 

the first noxious mechanical stimulus. Conversely, other authors6 reported a mixed (increased or 423 

decreased) behavioral response, indicating that the altered behavioral response could be due to 424 

damage/dysfunction of the neuronal tissue. Stimulating each larva only once eliminates possible 425 

variance in behavioral responses resulting either from sensitization or tissue damage. Fourth, we 426 

mechanically stimulated segment A8, which is more posterior than previous studies (preferred 427 

areas A3–A4)2,5,16. Probes between ~3,900 kPa and 5,300 kPa applied to either segment A2 or A8 428 

did not show any behavioral differences4. In addition, A8, compared to A2–A4, is easier to 429 

stimulate with mechanical probes that generate lower pressures (<300 kPa) because the larva is 430 

thinner in this region and thus more easily compressed. Other studies showed that noxious 431 

mechanical stimulation of the posterior end of the larva (delivered by a rigid insect pin, held with 432 

forceps) mostly evoked forward locomotion, rather than an aversive or rolling response18. This 433 

different behavioral response could be due to differences in the properties of the used materials 434 

(bendable nitinol filament vs incompressible insect pin) or to different pressures delivered to the 435 



 

  

larvae (the pressure value of the insect pin was not reported). 436 

 437 

The development of a mechanical nociception assay for Drosophila larvae has enabled the field 438 

to discover that different mechanical sensory ion channels and neural circuits mediate 439 

mechanical nociception5,6,16,17. However, the study of the mechanical hypersensitivity (allodynia 440 

and hyperalgesia) has lagged, compared to sensitization of the other sensory modalities—441 

heat7,8,10,13,14, cold9, and chemical3. This lag may be due in part to the absence of suitable 442 

mechanical probes that can generate a full response range spanning subthreshold to 443 

suprathreshold pressures. Of particular importance, especially for assessing mechanical 444 

allodynia, are subthreshold probes that do not elicit an aversive rolling response from uninjured 445 

larvae. The significance of our improved mechanical probes is that they can be fabricated to span 446 

innocuous stimuli (subthreshold ~174 kPa–200 kPa) or the low to high noxious range 447 

(suprathreshold ~225 kPa to ~5,116 kPa). Here, we demonstrate using the nitinol von Frey-like 448 

filaments that Drosophila larvae develop both mechanical allodynia and mechanical hyperalgesia 449 

after UV irradiation. The mechanical sensitization shows some differences when compared to 450 

thermal sensitization. Both the onset and the peak of mechanical sensitization is earlier (~4 h) 451 

compared to thermal (heat) sensitization (~8 h for hyperalgesia and ~24 h for allodynia)7. In 452 

addition, the mechanical allodynia and hyperalgesia are concomitant (both peak at ~4 h). 453 

Furthermore, while heat sensitization (allodynia and hyperalgesia) resolves completely at later 454 

time points7, mechanical hypersensitivity exhibited a long tail that remained slightly above 455 

baseline. Cold sensitization in Drosophila involves a switch in cold-evoked behaviors9 and the 456 

emergence of new cold-evoked behaviors—a phenomenon that is not observed with mechanical 457 

stimulation. These differences in onset, duration, and observed behaviors suggest that each 458 

sensory modality may be controlled by different signaling pathways. Combining the sensitization 459 

assay described here with the powerful genetic tools available in Drosophila should allow a 460 

precise genetic dissection of the mechanical hypersensitivity (allodynia and hyperalgesia) 461 

observed. 462 

 463 

ACKNOWLEDGMENTS: 464 

We thank Thomas Wang for developing the prototype von Frey filaments, Patrick J. Huang for 465 

improving the mechanical probe assay, the Bloomington Drosophila Stock Center for the control 466 

(w1118) and ppk-Gal4>UAS-mCD8-GFP fly stocks, and Galko lab members for critically reading the 467 

manuscript. This work was supported by R21NS087360 and R35GM126929 to MJG. 468 

 469 

DISCLOSURES: 470 

The authors have nothing to disclose. 471 

 472 

REFERENCES: 473 

1. Tracey, W. D., Jr., Wilson, R. I., Laurent, G., Benzer, S. Painless, a Drosophila gene essential 474 

for nociception. Cell. 113 (2), 261–273 (2003). 475 

2. Zhong, L., Hwang, R. Y., Tracey, W. D. Pickpocket is a DEG/ENaC protein required for 476 

mechanical nociception in Drosophila larvae. Current Biology. 20 (5), 429–434 (2010). 477 



 

  

3. Lopez-Bellido, R., Himmel, N. J., Gutstein, H. B., Cox, D. N., Galko, M. J. An assay for 478 

chemical nociception in Drosophila larvae. Philosophical Transactions of the Royal Society of 479 

London. Series B: Biological Sciences. 374 (1785), 20190282 (2019). 480 

4. Lopez-Bellido, R. et al. Growth factor signaling regulates mechanical nociception in flies 481 

and vertebrates. Journal of Neuroscience. 39 (30), 6012–6030 (2019). 482 

5. Hu, C. et al. Sensory integration and neuromodulatory feedback facilitate Drosophila 483 

mechanonociceptive behavior. Nature Neuroscience. 20 (8), 1085–1095 (2017). 484 

6. Kim, S. E., Coste, B., Chadha, A., Cook, B., Patapoutian, A. The role of Drosophila Piezo in 485 

mechanical nociception. Nature. 483 (7388), 209–212 (2012). 486 

7. Babcock, D. T., Landry, C., Galko, M. J. Cytokine signaling mediates UV-induced 487 

nociceptive sensitization in Drosophila larvae. Current Biology. 19 (10), 799–806 (2009). 488 

8. Babcock, D. T. et al. Hedgehog signaling regulates nociceptive sensitization. Current 489 

Biology. 21 (18), 1525–1533 (2011). 490 

9. Turner, H. N., Patel, A. A., Cox, D. N., Galko, M. J. Injury-induced cold sensitization in 491 

Drosophila larvae involves behavioral shifts that require the TRP channel Brv1. PloS One. 13 (12), 492 

e0209577 (2018). 493 

10. Im, S. H. et al. Tachykinin acts upstream of autocrine Hedgehog signaling during 494 

nociceptive sensitization in Drosophila. eLife. 4, e10735 (2015). 495 

11. Cervero, F., Merskey, H. What is a noxious stimulus? Pain Forum. 5 (3), 157–161 (1996). 496 

12. Chattopadhyay, A., Gilstrap, A. V., Galko, M. J. Local and global methods of assessing 497 

thermal nociception in Drosophila larvae. Journal of Visualized Experiments: JoVE. (63), e3837 498 

(2012). 499 

13. Follansbee, T. L. et al. Drosophila nociceptive sensitization requires BMP signaling via the 500 

canonical SMAD pathway. Journal of Neuroscience. 37 (35), 8524–8533 (2017). 501 

14. Im, S. H., Patel, A. A., Cox, D. N., Galko, M. J. Drosophila insulin receptor regulates the 502 

persistence of injury-induced nociceptive sensitization. Disease Models & Mechanisms. 11 (5) 503 

(2018). 504 

15. Jo, J. et al. Drosophila caspase activity is required independently of apoptosis to produce 505 

active TNF/Eiger during nociceptive sensitization. Cell Death & Disease. 8 (5), e2786 (2017). 506 

16. Hwang, R. Y. et al. Nociceptive neurons protect Drosophila larvae from parasitoid wasps. 507 

Current Biology. 17 (24), 2105–2116 (2007). 508 

17. Guo, Y., Wang, Y., Wang, Q., Wang, Z. The role of PPK26 in Drosophila larval mechanical 509 

nociception. Cell Reports. 9 (4), 1183–1190 (2014). 510 

18. Takagi, S. et al. Divergent connectivity of homologous command-like neurons mediates 511 

segment-specific touch responses in Drosophila. Neuron. 96 (6), 1373–1387 e1376 (2017). 512 

 513 



Figure 1 Click here to access/download;Figure;Figure 1-01.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1251655&guid=7c84fda7-91fe-41e8-990f-79c6d9269fe3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1251655&guid=7c84fda7-91fe-41e8-990f-79c6d9269fe3&scheme=1


anterior posterior

dorsal

ventral

anterior posterior

Figure 2 Click here to access/download;Figure;Figure 2artboards-01-2-
2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1251409&guid=6da99c07-ea61-4489-9e4b-fe131611dbae&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1251409&guid=6da99c07-ea61-4489-9e4b-fe131611dbae&scheme=1


B

F

No UV Irradiation UV Irradiation

2h    4h    8h   16h     24h 2h    4h    8h   16h     24h
After mock treatment After UV irradiation

mock UV mock UV mock UV mock UV mock UV

0

20

40

60

80

100

%
 R

ol
l r

es
po

ns
e

ns

P=0.0001

ns ns ns

2 h 4 h 8 h 16 h 24 h

mock UV mock UV mock UV mock UV mock UV

0

20

40

60

80

100

%
 R

ol
l r

es
po

ns
e

ns

P=0.0085

P=0.0393

ns

2 h 4 h 8 h 16 h 24 h

**

*
P=0.0293

*

***

Mechanical allodynia

Mechanical hyperalgesia

A

C

200 kPa

462 kPa

Figure 3 Click here to access/download;Figure;Figure 3.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1251656&guid=7a596237-8174-4bc7-8b06-aa21d699e5d9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1251656&guid=7a596237-8174-4bc7-8b06-aa21d699e5d9&scheme=1


  

Video 1

Click here to access/download
Video or Animated Figure
Video 1_regresolu.mp4

https://www.editorialmanager.com/jove/download.aspx?id=1251657&guid=e43bc655-0844-465b-81ff-b21fc48dc6a5&scheme=1


  

Video 2

Click here to access/download
Video or Animated Figure

Video 2_regresol.mp4

https://www.editorialmanager.com/jove/download.aspx?id=1251658&guid=06ba2072-314a-49c1-accd-b13560a819e4&scheme=1


  

Video 3

Click here to access/download
Video or Animated Figure

Video3_Subthreshold_short.mp4

https://www.editorialmanager.com/jove/download.aspx?id=1251410&guid=ef413bee-5e6b-4385-9caf-bfa28514d3d1&scheme=1


Name of Material/ Equipment Company Catalog Number Comments/Description

Beaker Fisher 

Scientific

02-540C Beaker of 10 ml of 

capacity. Any similar 

container will do.
Black (Arkansas) bench stone Dan’s 

Whetston

e

SKU: I200306B24b-

HQ-BAB-622-C

Used to smoothe any 

irregularities of the nitinol 

wire tips. 

https://www.danswhetsto

ne.com/product/special-

extra-wide-black-bench-

stone-6-x-2-1-2-x-1-2/

Confocal microscope Olympus FV1000 Any equivalent confocal 

microscope will do
Coplin Jar Fisher 

Scientific

08-816 https://www.fishersci.co

m/shop/products/fisherbr

and-glass-staining-dishes-

10-slides-screw-

cap/08816#?keyword=08-

816
Diethyl ether Fisher 

Scientific

E138-500 For anesthetizing larvae.

Table of Materials Click here to access/download;Table of
Materials;JoVEMaterialsAlmostFinal092520_M.xlsx
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Etherization chamber This is a homemade 

customized chamber. 

Please see details of its 

construction in our 

previous published 

paper12. The purpose of 

the etherization chamber 

is allow entry of diethyl 

ether fumes but prevent 

larval escape.

Fiber Optic Light Guide Schott AG A08575 Schott Dual Gooseneck 23 

inch
Forceps Fine 

Science 

Tool

FS-1670 For transferring larvae

Glue Aleene's N/A Aleene's® Wood Glue, 

formerly called (Aleene's 

All-Purpose Wood Glue)

https://www.aleenes.com

/aleenes-wood-glue

Graspable holder Loew 

Cornell

N/A Loew-Cornell Simply Art 

Wood Colored Craft 

Sticks, 500 pieces. 
Halocarbon oil 700 Sigma H8898-100ML

Hypodermic needle 30G 1/2"L Fisher 

Scientific

NC1471286 BD Precisionglide® syringe 

needles, gauge 30, L 1/2  

inches. Used to make a 

hole into the wooden 

holder for the nitinol 

wires



Large  Petridish Falcon 351007 60 mm x 10 mm 

Polystyrene Petridish
Microscope (Zeiss) Stemi 2000 Carl Zeiss, 

Inc.

NT55-605 Any equivalent 

microscope will do 

Microscope Cover Glass 22x22 Fisher 12-545-B

Microscope Cover Glass 22x40 Corning 2980-224 Tickness 1 1/2

Microscope Slides Globe 

Scientific 

Inc.

1358Y

Mini Diagonal Cutter Fisher 

Scientific

S43981 For cutting nitinol filaments

Nitinol filaments, Diameters: 

0.004”, 0.006”, 0.008”

Mailin Co N/A Fifteen pieces of each 

diameter of 12” length 

were ordered.

https://malinco.com/
Piece of black vinyl Office 

Depot

N/A We use a small piece of 

vinyl cut from a binder. 

Dark color provides 

contrast. A small piece 

allows orientation of the 

larva 
Small Petridish Falcon 351008 35 mm x 10 mm 

Polystyrene Petridish
Spatula Fisher 

Scientific

21-401-10 Double-Ended Micro-

Tapered Stainless Steel 

Spatula. Used to place the 

food in the petri dish

Wipes Fisher 

Scientific

06-666A Kimpes KMTECH, Science 

Brand. Used to dry larvae 

of excess moisture. 



W 1118 Bloomingt

on 

Drosophila 

Stock 

Center

3605 Control strain for 

behavioral assays

ppk-Gal4>UAS-mCD8-GFP Bloomingt

on 

Drosophila 

Stock 

Center

8749 Strain for fluorescent 

labeling of class IV md 

neurons
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Response to the Reviewers' comments 
 
We are grateful that the reviewers in general were positive about our manuscript and 
thankful for their insightful and constructive comments. Below we address the reviewer 
comments/suggestions (their text in black bold). Our comments/responses to the 
reviewers are shown in red text and all new inserted changes/rearrangements in the 
manuscript text are shown in blue, along with directions as to where the new text can be 
found. 
 
Reviewer #1:  
 
Minor Concerns: 
Title and abstract: 
The only thing to say here is that the title makes one think this manuscript describes an 
"improved assay", yet it describes both a novel assay AND novel tools (customized 
filaments!) for testing mechanical nociception. 
 
We use “improved” because others before us have used von Frey-like filaments, though 
not ones that span the full response range. Please see our revised title which incorporates 
the idea of improved tools:  
 
An improved assay and tools for measuring mechanical nociception in Drosophila larvae 
 
Materials / equipment needed: 
In addition to the mention of their genotypes in the manuscript and Acknowledgements, 
I would find it useful to include the specific Bloomington Stock Center numbers for the 
specific fly stocks used in this work in the Material / Equipment list. 
 
We have added the relevant stock numbers from Bloomington in the table of Materials 
section.  
 
w1118: Stock# 3605 (Bloomington Drosophila Stock Center) 
Control strain for behavioral assays. 
 
ppk-Gal4>UAS-mCD8-GFP: Stock # 8749 (Bloomington Drosophila Stock Center) 
Strain for fluorescent labeling of class IV md neurons. 
 
Clarity of steps in procedure and/or Missing steps: 
 
Mechanical probes (#1): My comment here is that if one cuts a filament to an exactingly 
specific length such as 36.5 mm (Probe P6, Figure 1M), but then one makes the receiving 
hole in the popsicle stick with a needle, isn't what's important the actual length of the 
wire from its tip to where it inserts into the handle? So, for clarity, is the length shown 
in Figure 1M the original length of the cut wire, or the functional length once it is 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;JoVEReviewerResponsAlledits09_27_2020_M.docx
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mounted? I can't imagine the part of the wire imbedded in the wood glue contributes to 
its functional force delivery (?). Procedure #1 (step 1.1) implies it is the original cut 
length. If that's correct, we are fine. But if it's the functional length after mounting, this 
should be clarified. 
 
The issue of the functional length is a little murky- it depends whether the pressure is 
registering from the end of the insertion hole or from the edge of the mount. We don’t 
really know this for sure and what really matters in the end is the measured/calibrated 
pressure of the probe. The filament lengths should really be viewed as guides to achieve 
the approximate pressures listed here. In reality they are likely to be slightly variant in 
each case- why they need to be calibrated. Following the reviewer suggestion for 
clarification, we have added a note in the protocol #1, step 1.1, to clarify this. Please see 
page 3, lines 89-92:  
 
NOTE: The lengths specified here are a guide to achieve the approximate pressures 
indicated, using a similar protocol for construction of the mount. Ultimately, regardless of 
the length of filament cut, and the depth of the hole in the mount, the filaments must be 
measured/calibrated on a balance to obtain the exact force/pressure value. 
 
 Larvae prep (#2): Most people reading this know what's going on here, but the phrase 
"4-5 days after egg lay" (step 2.2) is potentially cryptic. I'm assuming the adults are kept 
in the bottles for only a specific window (12 hours? 24 hours?) so one can indeed do 
"timed collections" of offspring. Adding that detail before step 2.2 will clarify for a total 
novice. 
 
To clarify this point, we have added additional information in a Note of step 2.1, Please 
see page 4, lines 135-137, which now states: 
 
NOTE: Adult flies (five males and ten females, 1:2 ratio) are kept in the fly vials, to allow 
egg laying, for about 24 hours. The time after egg laying (AEL) begins from when the 
adults are removed.  
 
In addition, we have modified the step 2.2, please see page 4, lines 139-142, which now 
states: 
2.2. Collect 3rd instar larvae, after approximately 96 hours of egg laying, by gently 
squirting tap water into the soft fly food containing the larvae. Wandering larvae that 
have left the food, or which have everted anterior or posterior spiracles, are too large/old 
for this assay. Second instar larvae (~ less than 4 mm in length) are too small. 
 
Mechanical nociception assay (#3): The written descriptions here are clear. The only 
thing I can suggest is that in Figure 2B the larvae is shown in a dorsal view, while in 2C it 
is a lateral view. One can see this by how the brain is represented. For the utmost in 
clarity, perhaps note this in the Figure legend? The procedure clearly says to apply the 
probe dorsally (step 3.6). 
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To address this concern and make it easier for the readers to recognize the orientation of 
the animals in Figures, 2B and 2C, we have added the orientation of the cartoons in the 
figure 2 legend, panels 2B and 2C (please see page 9, line 357-358).  
 
In panel B the larva is showed in a dorsal view, while in C it is a lateral view. 
 
In addition, orientation lines (anterior: A, posterior: P, dorsal: D, and ventral: V) are 
displayed in each panel of Figure 2b and 2C. (Please see the new Figure 2). 
 
Also, in Figure 2C it looks like the larvae has been skewered by the probe - am I seeing it 
right that the dark probe is shown going through the body down to the lower surface? 
Surely this might happen, but perhaps a clearer image is the probe stopping at the 
epidermis, bending but not penetrating the surface ("presses against the dorsal surface 
and compresses the larvae" [step 3.6])? 
 
It is important to recall that larvae are filled with hemolymph- thus, they are 
compressible. When the mechanical probe is pressed against the dorsal cuticle-epidermis, 
it produces a depression like-pocket at the point of contact of the probe’s tip and the 
surrounding tissue. The solid black line curved toward the ventral side is the top of the 
pocket, while the dashed grey lateral line shape represents the lateral side and the 
bottom of the pocket.  Ultimately, the probe that contacts the dorsal surface of the larva 
presses against the surface underneath the ventral epidermis- the vinyl pad. Pressures less 
than 2300 kPa rarely elicit cuticle damage (measured by scab formation), but can produce 
epidermal (Lopez-Bellido et al., 2019, please see Figure 2) and neuronal tissue (Figure 2E) 
damage. Higher pressures (e.g., 5300 kPa) always cause cuticle, epidermal, and neuronal 
damage. We think that most of this damage is from compression of the tissues (not 
skewering) because it is rare for larvae to become stuck on the probes, even at the highest 
pressures. However, to address the reviewer´s concern and clarify step 3.6 in the 
manuscript we have added a note, please see page 5, lines 190-195, that states: 
 
NOTE: At the point of contact between the tip of the nitinol filament and the dorsal 
cuticle-epidermis, probes lower than 2300 kPa, mainly bend without penetrating the 
cuticle and underlying tissues. Such probes seldom affect larval mortality (Lopez-Bellido et 
al., 2019). At higher pressures (>5000 kPa) the probes both bend and, occasionally, 
penetrate the cuticle and underlying tissues. Puncturing of the larvae impairs larval 
survival (Lopez-Bellido., et al., 2019) and if this is observed these larvae are typically 
discarded from behavioral analysis. 
 
In addition, we have added information to figure legend 2. Please see page 9, line 358-
362, that states:  
 
Mechanical probes pressed against the dorsal cuticle-epidermis side of the larva produce 
a depression like-pocket at the point of contact of the tip of the probe and the 
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surrounding areas. The solid black line curved toward the ventral side is the top of the 
pocket, while the dashed grey lateral line represents the lateral side and the bottom of 
the pocket. 
 
Confocal microscopy (#4): In step 4.1 I would change the word "poked". "Stimulated" 
perhaps? "Poked" might be interpreted as skewered / penetrated. 
 
Please see page 6, line 217 that we have changed as suggested by the reviewer. 

“4.1. Place a larva (of genotype ppk-Gal4>UAS-mCD8-GFP to label sensory neurons) 
previously stimulated with a nitinol filament…”  

In step 4.5 it is noted that the A/P axis should be parallel to the slide's short end. But I 
would think it equally important to note the orientation of the D/V axis. Since you are 
stimulating on the dorsal side, perhaps simply noting "dorsal up" (or down depending 
on how you are doing the confocal slices) would be enough.  

Following the reviewer´s suggestion, we have added an additional information to step 4.5.  
Please see page 6, lines 231-232:  

4.5. “… Make sure the anteroposterior axis of the larva is parallel to the short side of the 
slide and the dorsal side is facing up.”  

In Figure 2E we are seemingly looking at paired ddaC class IVs across the dorsal midline 
(?). If that indeed the case, that information should be in Figure 2's legend! 
 
Yes, these are the paired ddaC neurons. Please see the changes in the new Figure legend 
2E, page 9, lines 355-356: 
 
Fluorescently labeled paired ddaC class IVs sensory neurons (across the dorsal midline) 
were then examined (see protocol sections 4 and 5). 
 
Quantification of damage (#5): Nothing to add. 
 
Reasonable results: 
The experimental data demonstrating the use of their novel, calibrated probes to elicit 
allodynic (to 200 kPa stimulation) as well as hyperalgesic (to 460 kPa stimulation) 
responses is clear and convincing. The mock-UV-treated larvae are the appropriate 
control. However, I do object to the description in both assays of "not returning to the 
normal baseline range" after 8 hours (allodynic, lines 270, 271) or after 24 hours 
(hyperalgesic, line 280). If there is not a statistical difference detected, I'd think one 
cannot then make note of differences between treatments! 
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We thank to the reviewer for this important note. To address the reviewer´s suggestion, 
we have deleted the sentence of the allodynia data (page 6, lines 270, 271 from the 
former manuscript). In addition, we have reworded the sentence of the hyperalgesia 
section. Please see the changes at page 8, lines 311-313, that states:  
 
Similar to mechanical allodynia, the behavioral response at 8, 16, and 24 hours of UV-
treated animals (range of 36-42 %) was statistically indistinguishable from the non-treated 
larvae (range 20-26%). 
 
 
Reviewer #2: 
 
Major Concerns: 
The only significant suggestion that I have is that I think the protocol would be improved 
by including a third movie showing the behavioral response to sub-threshold stimuli 
(e.g. 200 kPa). This movie could make clear to viewers the difference between the 
rolling behavior that is the nociceptive response and behaviors that are induced by sub-
threshold touch. 
 
To address the reviewer´s main concern we have added a third Movie showing the 
behavioral response of the larvae to the sub-threshold stimulus (200 kPa). Please see the 
description of the Movie 3 as a note of the step 3.7, page 5 lines 202-204:  
 
Note: larvae stimulated with a subthreshold mechanical stimulus (200 kPa) did not elicit 
the typical nociceptive or rolling response (Movie 3). Some larvae did exhibit fast forward 
or  light touch responses such as changes in the direction of movement. 
 
Minor Concerns: 
I also have several suggestions to improve the clarity of the text specifically about word 
choices and including more information about how data are displayed. I have included 
suggestions below, labeled by section and line numbers. 
 
Abstract 
Line 35: I think investigated rather than "investigate" is the proper tense for this verb. 
 
Thank you for catching this. We have changed it (please see line 35). 
 
Introduction 
Lines 56 & 57: The authors used probes that applied pressures below 200 kPa I think 
that "(<200 kPa)" is clearer in this sentence. 
 
We have added the “less than or equal to” symbol (≤) Please see the abstract at page 2, 
line 56, of the new manuscript. 
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Custom fabrication of mechanical probes allowed to us to generate subthreshold (≤ 200 
kPa)… 
 
Line 61: I think that this sentence would be clearer if you defined VEGF. Is it an acronym 
for Vascular Endothelial Growth Factor? 
 
Following this suggestion, we have defined the abbreviation on page 2, lines 61-62, which 
now reads: 
 
The improved mechanical assay described here also helped to identify a conserved 
Vascular Endothelial Growth Factor (VEGF)-related receptor….  
 
Protocol 
Lines 171-174 - I would like to see the response to a subthreshold stimulus included as a 
third movie. 
 
See above.  We have made a third Movie, showing the behavioral response of a larva to 
the sub-threshold stimulus (200 kPa). Please see the description of the Movie 3 as a note 
of the step 3.7, page 5 lines 202-204 states as:  
 
Note: larvae stimulated with a subthreshold mechanical stimulus (200 kPa) did not elicit 
the typical nociceptive or rolling response (Movie 3). Some larvae did exhibit fast forward 
locomotion but others light touch responses such as changes in the direction of 
movement. 
 
Lines 207 & 208 - This note could be improved by including an average time it takes for a 
larva to emerge from anesthetization. 
We have added this. Please see page 6 lines 238-239, that now states:  
 
Note: Image the larva immediately because the anesthetization via ether will fade quickly 
(~ 5-10 minutes) and the larva will wake up and move, which will complicate further 
imaging. 
 
Representative Results 
Lines 242-244: I think that it is clearer to state that your behavioral assay results 
demonstrate that probes that exert pressures below 200 kPa do not induce aversive 
responses in Drosophila larvae. 
 
We have changed the wording of page 7, line 272, as noted below.  In addition, we have 
added a call for the movie 3 in page 7, line 274 
 
Our behavioral assay results determined that probes exerting pressures below 200 kPa (~ 
1.57 mN) (Figure 1M), when applied to Drosophila larvae, do not provoke an aversive 
rolling response (Figure 2D and Movie 3).  
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Lines 251-253: The reported results are not as clear as possible. First, the authors should 
make clear whether the reported measured areas of tissue damage are averages for 
several individuals and if so how many larvae were examined. Second, the authors 
should clarify whether probes that induce responses in only a portion of the larvae (for 
example 462 kPa, figure 2D & 2E) always induce tissue damage or whether tissue 
damage is only seen in larvae that respond to the stimulus. 
 
To make it clearer for the readers we have added the number of larvae used to measure 
the tissue damage. Please see page 7, line 282. In addition, we have clarified that 
“nociceptive mechanical probes that always induce tissue damage (for example ≥ 462 kPa; 
n=10, evaluated qualitatively) do not always provoke an aversive rolling response” (please 
see pages 7-8, lines 287-288).  
 
The measured area of tissue damage (in μm2 ± standard deviation) taken from 4 larvae for 
each group were: 2051.03 ± 703.81 (462 kPa), 5102.29 ± 1004.67 (2283 kPa), and 
12238.83 ± 3724.11 (5116 kPa). Thus, pressures greater than or equal to 462 kPa (~ 63 
mN), which evoke an aversive rolling response (in 25% or more of the larvae) and cause 
visible neuronal tissue damage (Figure 2E), could be appropriate to study mechanical 
hyperalgesia (hypersensitivity to normally noxious mechanical stimuli). Nociceptive 
mechanical probes (≥ 462 kPa) always induce tissue damage (n=10, evaluated 
qualitatively) but do not always provoke an aversive rolling response. 
 
Line 266 & 271: There is no explanation in the figure legend for figure 3B for what the 
red circles specify. Do they represent the percentage of animals that respond for a set of 
ten animals as the results in figure 2D? This absence of information makes comparing 
the results difficult and the information should be included in the figure legend for 
figure 3. The authors should also make clear if they are reporting average values in the 
text. 
 
We thank to the reviewer for catching this undefined symbol in the Figure legend 3. To 
address this, we have defined the meaning of the red dots. Pease see it in the Figure 
legend 3 of the manuscript, page 9, lines 374-375: 
 
Each red dot, in panel B and C, represents the mean proportion of 10 larvae, n = 3-6 sets 
per timepoint/condition. 
 
In addition, we have added additional information in the results section to clarify the 
number of animals used and how the mean is reported. Please see page 8, lines 300-301, 
and page 8, lines 302-303, respectively: 
 
This indicates that UV-induced tissue damage causes mechanical allodynia at 4 hours post-
irradiation. At later time points (8, 16, and 24 hours) the behavioral response of the UV-
treated larvae was in the range of 16-20 % responders (average mean of n = 3-6 sets of 10 
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larvae each), slightly increased (but not statistically significant) compared to the mock-
irradiated control group (in the range of 3-6 % of responders, average mean of n = 3-6 sets 
of 10 larvae each) (Figure 3B).  
 
Line 278: The authors should explain if the red circles shown in Figure 3C represent the 
results for ten animals as the results in figure 2D. 
 
We thank to the reviewer for catching this undefined symbol in the Figure legend 3C. We 
have now defined the meaning of the red dots. Please see it in the Figure legend 3 of the 
manuscript, page 9, lines 374-375: 
 
Each red dot, in panel B and C, represents the mean proportion of 10 larvae, n = 3-6 sets 
per timepoint/condition. 
 
 
Figure Legends 
Figure 2 
Line 311: I think it would be clearer to state that each blue dot represents the 
percentage of larvae that responded to the probe in a set of 10 animals. 
 
We thank to the reviewer for catching this. We have now defined the meaning of the blue 
dots. Pease see it in the Figure legend 3 of the manuscript, page 9, lines 349-350: 
 
Behavioral dose response, each blue dot represents the percent of larvae that responded, 
with aversive rolling, to the mechanical stimulation within a set of 10 animals. Violin plot 
of the percent of aversive rolling behavior… 
 
Figure 3 
Lines 322-329: The description of the results shown in figure 3 B and 3C would be clearer 
if the authors stated what the red dots in the figures represented. 
 
See related comment above. We have now defined this.  
 
Discussion 
Line 343-345: This sentence is awkward. Perhaps it is clearer to state that "pressure, 
rather than force, elicits more consistent nocifensive behavioral responses." 
 
We have made this change on page 10, lines 394-395: 
 
Using these probes we found that pressure, rather than force, elicits more consistent 
nocifensive behavioral responses4.  
 
Reviewer #3:  
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Minor Concerns. Line 119: The authors describe periodic recalibration of the probe every 
3-4 weeks. Do the authors have data about what kind of deviation can be expected from 
the probe over time? How much deviation can reasonably be tolerated? 
 
We don’t have any specific data of the deviation of the pressure for each mechanical 
probe. We mostly use the middle range probe 2346 kPa (Lopez-Bellido et al., 2019) for 

behavioral experiments. Every time we noticed a change of the pressure  3 % from the 
originally measured pressure we decided to make a new mechanical probe.  To make it 
clear we have amended the original note of step 1.8 to clarify. Please find the changes in 
page 3, lines 125-126, which now state: 
 
NOTE: Check each mechanical probe at least every 3-4 weeks. When the pressure deviates 

by more than  3 % from that originally measure, a new mechanical probe must be 
fabricated. 
 
Line 128: The authors describe collection of mid-3rd instar larvae for their assays. Some 
previous work has used wandering 3rd instar larvae for mechanical nociception 
experiments (2). It also seems that the UV sensitization experiments conducted by the 
authors would end up with a variety of larval stages being tested, as all of the larvae are 
UV-injured at mid-3rd instar stage and then tested between 2 and 24 hours later. Can 
the authors comment on baseline differences in mechanical nociception between mid- 
and late-3rd instar stages? 
 
To address the reviewer comment, we have added an additional information in the result 
section, please see page 8, lines 313-318, which states: 
 
Larvae at the late third instar stage did show a slight decrease of the baseline behavioral 
response when compared with the middle third instar stage. We hypothesize this could be 
either by the increased size of the larvae (Figure 2A) or the increased thickness of cuticle 
covering the body. This fact could explain why at later stage of development the UV-
treatment does not induce greater mechanical sensitization, as observed 4 hours post UV-
treatment.  
 
Line 212: The authors describe a confocal analysis of tissue damage that is applicable to 
a specific software package that is not universally used. Would it be possible to include a 
one- or two-sentence explanation of what each step is meant to accomplish (where not 
obvious). This would make the analysis more reproducible for other software packages. 
 
We thank to the reviewer for this suggestion. We have added a brief explanation of the 
main idea of converting Z-series stack images. Please see pages 6-7, lines 244-247: 
 
5.1. Collect and convert the Z-series stack images, from section 4 .8, into a single Z 
projection (a flattening of multiple images taken at different focal planes into a single 
composite image). This can be performed using Olympus Fluoview software or any 
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equivalent such as open source platform Fiji/Image J. Save the single Z projection as a TIFF 
format. 
 
In addition, we have added an additional information for the image processing in step 5.4. 
Please see page 7, line 251, which states: 
 
5.4 Select the stored single image projection, saved as TIFF format, to be analyzed. 
 
Line 328: The authors describe using a t test to analyze nociception data. However, the 
data are presented as being proportional. Are the larvae assayed in smaller groups, and 
then mean proportions are calculated? This may just need some clarification. 
 
We appreciate the suggestion for a better explanation of the statistical analysis. We have 
rearranged the original statement. Please see page 9, lines 374-375, which states:  
Each red dot, in panel B and C, represents the mean proportion of 10 larvae, n = 3-6 sets 
per timepoint/condition.  
 
Reviewer #4:  
 
Major Concerns: 
none 
 
Minor Concerns: 
1. The authors describe that the stimulus should be applied to abdominal segment 8, 
which is different from previous assays developed using monofilaments (typically mid-
abdominal segments are stimulated her, e.g. Hwang et al. Curr. Biol. 2007, Hu et al. Nat. 
Neurosci. 2017). Moreover, a previous study suggested that noxious touch stimulation 
at the posterior end of larvae mostly induced forward locomotion rather than rolling 
(Takagi et al., Neuron 2017). Maybe the authors can discuss these differences, which 
might be intrinsic to the filaments used or the overall method assessing the behavioral 
responses. 
 
To address the reviewer’s comment, we have added additional information in the 
discussion section. A new reference was also added to the new manuscript, this is Takagi 
et al., 2017, represented by the number 18 as superscript. Please see pages 10-11, line 
415-425, which states: 
 
Fourth, we mechanically stimulated segment A8, which is more posterior than previous 
studies (preferred areas A3-A4) (Zhong et al., 2010, Hu et al., 2017, Hwang et al., 2007). 
Probes between ~3900 kPa and 5300 kPa applied to either segment A2 or A8 did not show 
any behavioral differences (Lopez-Bellido et al., 2019). In addition, A8 , compared to A2-
A4, is easier to stimulate with mechanical probes that generate lower pressures (<300 
kPa) because the larva is thinner in this region and thus more easily compressed. Other 
studies showed that noxious mechanical stimulation of the posterior end of the larva 
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(delivered by a rigid insect pin, held with forceps) mostly evoked forward locomotion, 
rather than an aversive or rolling response (Takagi et al., 2017). This different behavioral 
response could be due to differences in the properties of the used materials (bendable 
nitinol filament vs incompressible insect pin) or to different pressures delivered to the 
larvae (the pressure value of the insect pin was not reported). 
 
2. The authors state that their filaments allow more defined and reproducible results 
than previously used monofilaments. While I do not necessarily want to argue with this 
statement, it would be useful to compare how monofilaments differ in terms of 
stimulation accuracy and noxious stimulus-induced injury. 
 
Different groups using fishing line monofilaments have reported different behavioral 
responses using similar amount of force (Zhong et al., 2010, Hwang et al., 2007, Hu et al., 
2017, Kim et al, 2012). These differences could be due to several reasons and below we 
detail some of them. Forces/pressures with monofilaments and with nitinol filaments 
result when the filament bends. In our hands, mounting the filaments perpendicular to 
the handle (rather than parallel) is easier for the user and gives more reproducible 
behavioral results. In particular with nitinol filaments of lower diameter, the user can 
more reproducibly deliver the force/pressure. In addition, the diameter of fishing lines 
monofilaments used in the previous studies are wider than the nitinol filaments described 
here (0.009 in= 0.23 mm vs 0.004 in= 0.10 mm). Thus, the fishing line monofilaments are 
expected to stimulate a larger area of the epidermis and underlying neuronal cells. Fishing 
line monofilaments are thus likely to produce more epidermal/neuronal tissue damage in 
comparison to nitinol-based filaments (though there is no data on this as yet). A side by 
side comparison of nitinol filaments vs fishing monofilaments would help to clarify how 
they differ in stimulation accuracy and noxious stimulus-induced injury. We have not yet 
done this but we can attest that it is easier to create a set of filaments that span the full 
response range (especially the low end of the range, as here) using the nitinol filaments 
available in three different diameters.  
 
3. The protocol states that mid-3rd instar larvae should be used. However, the described 
staging in 2.2. is very broad and it might not be trivial for beginners to identify the 
correct larvae. A more precise description of animal selection and/or staging would be 
useful, particularly as noxious responses change during larval development. 
 
We have modified step 2.2. Please see page 4, lines 139-142, which states: 
 
2.2. Collect 3rd instar larvae, after approximately 96 hours of egg laying, by gently 
squirting tap water into the soft fly food containing the larvae. Wandering larvae that 
have left the food, or which have everted anterior or posterior spiracles, are too large/old 
for this assay. Second instar larvae (~ less than 4 mm in length) are too small. 
 
4. Using forceps as stated in the protocol might injure the larvae, so I would recommend 
using soft brushes for transferring animals during the experiment. 
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We understand the reviewer´s concern but in our experience and with practice the use of 
forceps does not induce any injury to the larvae if handle appropriately. We do 
recommend that the user practices maneuvering the larvae with forceps, before 
performing real experiments. Following the reviewer´s concern we have added a note, in 
protocol #2, step 2.4. please see page 4, lines 151-155, the note states:  
 
NOTE: The transfer using forceps is based on mostly on water tension and not by applying 
pressure to the larvae with the forceps blades. An alternative to the use of forceps for 
maneuvering larvae is soft paint brushes. With either tool, the user should practice 
transferring the animals, so as not to cause unintended tissue damage that could 
complicate behavioral measurements. 
 
5. The behavioral response to a specific force/pressure likely also depends on the 
substrate, e.g. vinyl tape used here. Have the authors explored other substrates 
including previously used agar plates? 
 
We agree that different underlying surfaces might affect the behavioral response and also 
the tissue damage. However, we have not tried agar plates for our experiments. It would 
be useful to compare different surfaces side by side with respect to the behavioral 
response of the larvae but we have not yet investigated this.  
 
6. The authors state that it is important to apply only one stimulus per animal, as 
otherwise the induced tissue damage might result in reduced responses. Previous work 
has however shown stronger responses to a 2nd subsequent mechanical stimulus 
suggesting acute sensitization of behavioral responses (Hu et al. Nat. Neurosci. 2017). It 
would be good to either test this with the new probes and/or to balance the discussion 
in this regard. 
 
Following the reviewer´s comment we have balanced our discussion. Please see page 10, 
lines 408-415, which now state: 
 
In another study, larvae stimulated twice with noxious mechanical probes mostly 
displayed an enhanced behavioral response (Hu et al., 2017), suggesting development of 
an acute mechanical sensitization (hyperalgesia), which might result from the tissue 
damage provoked by the first noxious mechanical stimulus. Conversely, other authors 
(Kim et al., 2012) reported a mixed (increased or decreased) behavioral response, 
indicating that the altered behavioral response could be due to damage/dysfunction of 
the neuronal tissue. Stimulating each larva only once eliminates possible variance in 
behavioral responses resulting either from sensitization or tissue damage.   


