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Abstract

How organisms sense and respond to noxious temperatures is still poorly understood. Further, the mechanisms underlying sensitization of
the sensory machinery, such as in patients experiencing peripheral neuropathy or injury-induced sensitization, are not well characterized. The
genetically tractable Drosophila model has been used to study the cells and genes required for noxious heat detection, which has yielded
multiple conserved genes of interest. Little is known however about the cells and receptors important for noxious cold sensing. Although,
Drosophila does not survive prolonged exposure to cold temperatures (≤10 ºC), and will avoid cool, preferring warmer temperatures in behavioral
preference assays, how they sense and possibly avoid noxious cold stimuli has only recently been investigated.

Here we describe and characterize the first noxious cold (≤10 ºC) behavioral assay in Drosophila. Using this tool and assay, we show an
investigator how to qualitatively and quantitatively assess cold nociceptive behaviors. This can be done under normal/healthy culture conditions,
or presumably in the context of disease, injury or sensitization. Further, this assay can be applied to larvae selected for desired genotypes,
which might impact thermosensation, pain, or nociceptive sensitization. Given that pain is a highly conserved process, using this assay to further
study thermal nociception will likely glean important understanding of pain processes in other species, including vertebrates.

Video Link

The video component of this article can be found at https://www.jove.com/video/55568/

Introduction

Drosophila has proven to be highly useful for the identification of novel conserved genes and neuronal circuits that underlie complex behaviors.
Flies provide a sophisticated genetic toolkit and a simplified nervous system that allow for precise genetic and neuronal manipulation1,2,3,4 to
dissect the cellular and molecular bases of nociception5,6,7. Larvae are particularly useful for these analyses, given that behavioral assays for
gentle touch8,9,10, noxious heat11,12,13 and mechanical sensation of noxious stimuli4,11 have already been established, and the transparent larval
cuticle allows for live or fixed imaging of the epidermis and underlying sensory neurons. Recently, an assay for noxious cold has also been
developed7, which we describe in more detail here.

Using a fine, conical-tipped cold probe, we show that Drosophila larvae exhibit a set of cold-specific reactive behaviors, distinct from behaviors
observed during normal locomotion, following gentle touch, or after harsh mechanical or high temperature stimuli7,8,11. The cold-specific
behaviors include a robust full-body contraction (CT), a 45-90º raise of the posterior segments (PR) and a simultaneous raise of the anterior
and posterior segments into a U-Shape (US). The prevalence of these behaviors increases with decreasing temperatures but each peaks at
slightly different cold temperatures. Recent work suggests that CT responses are mediated by different peripheral sensory neurons than those
that respond to noxious heat or harsh mechanical stimuli7.

Much like vertebrate nociceptors, Drosophila multiple dendritic (md) peripheral sensory neurons have complex dendritic structures that arborize
over the epidermis1. md neurons are present in every larval body segment, projecting their axons to the ventral nerve cord14. md sensory
neurons are separated into four different classes (I-IV) based on dendritic morphology and have varying sensory functions4,9,10,15,16,17. While
class IV neurons are required for larval lateral body roll responses to high temperatures or harsh mechanical stimuli4, class III neurons are
required for gentle touch responses9,10 and are not only activated by cold, but also are required for the cold-evoked behavioral responses7. Both
class III and class IV neurons utilize discrete transient receptor potential (TRP) channels to facilitate behavioral responses to noxious7,11,18 and
non-noxious stimuli9,10,17,19. Further, larval nociception is sensitized following injury, at the cellular20 and behavioral levels12,21.
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The assay described here allows for the quantification of either normal, or potentially altered behavioral responses to cold temperatures ranging
from noxious cold (≤ 10 ºC), innocuous cool (11-17 ºC), to ambient temperatures (18-22 ºC). The cold temperatures used in this assay are
capable of directly activating class III sensory neurons, eliciting robust, reproducible calcium increases and cold-evoked behavioral responses,
which can be qualitatively and quantitatively analyzed7. This assay can be applied to larvae of virtually any genotype as well as to larvae
exposed to diverse environmental conditions (altered nutrition, injury, pharmacological agents) to determine both genetic and environmental
factors that impact cold nociception, nociceptive sensitization or nociceptive plasticity. Given that thermosensation is ubiquitous across many
species, this assay provides a valuable tool for the study of nociception and may uncover novel gene targets or neuronal interactions that will
improve our understanding of vertebrate nociception.

The custom-built cold probe (see cold probe, Table of Materials) utilizes a closed loop temperature controlled Peltier device, which cools the
aluminum shaft and conical tip through thermal conduction. A thermistor is embedded inside the aluminum conical tip reports the real-time
temperature on the control unit. A heat sink and fan are attached to the thermoelectric module to regulate the Peltier effect's heat load (Qc) so
the desired temperature range of (22-0 °C) can be achieved (see Thermal Control Unit, Table of Materials). The noxious cold stimulus of the
cold probe tip is applied by hand to the dorsal midline, to segment(s) equidistant from anterior and posterior ends (roughly segment A4, see
Figure 1A) of the larva. In response to cold stimuli, larvae generally produce one of three cold-evoked behaviors within a 10 s cutoff: a full body
contraction (CT), a 45-90º raise of anterior and posterior segments into a U-Shape (US), or a raise of the posterior segments (PR) (described
in Results). None of these behaviors are performed during normal peristaltic locomotion or foraging behavior. These behaviors are also distinct
from gentle touch responses and the aversive rolling response to high temperature or noxious mechanical stimuli.

Protocol

1. Preparation of Larvae

1. Raise stocks or genetic crosses in a 25 ºC incubator.
1. If culturing a cross, use 20-25 virgin females and 15-20 males per vial containing regular cornmeal fly media. Allow females to lay eggs

for approximately 48 h before transferring them to a new vial of food.

2. 4-5 days after egg lay, collect 3rd instar larvae of the desired genotype by gently squirting a stream of water into the mushy food and larvae,
and pour out the contents into a medium-sized, clean petri dish (60 mm x 15 mm).

3. Next, gently sort larvae by size using forceps or a paintbrush to preclude larger "wandering 3rd instar" or small sickly larvae from being tested.
Discard larvae containing any undesired genetic markers or balancers.

4. Have a fellow lab member label dishes or containers where sorted larvae will be placed so that the experimenter can be "blind" to the
experimental condition or genotype of the larvae if applicable. The experimenter can apply decoded labels to collected data after the
experiment using a key generated by a lab-member.

5. Using a scoopula, transfer a dime-sized amount of fresh food into a (35 mm x 10 mm or 60 mm x 15 mm) clean, labeled Petri dish filled half-
way with room temperature water.

6. Gently move the sorted larvae onto the food (to prevent starvation or desiccation if testing is anticipated to take more than 20 min) using
forceps or paintbrush.

2. Cold Probe Assay

1. Turn on the cold probe unit allowing a few min for it to cool to the desired temperature. If setting to lower temperatures, condensation will
likely form along the probe.

2. Wipe away any excess moisture with a laboratory wipe before application to the larva. When not in immediate use, place insulating cap on
probe to both insulate and to keep the tip clean and prevent damage.

3. Place a mid 3rd instar larva onto a thin piece of dark moveable vinyl (typically, use a small piece cut from a notebook binder) under a bright
field microscope. The black vinyl aids in contrast visualization and in moving the larva without touching it to align it properly with the probe.

4. Adjust the microscope (see Table of Materials) and light unit (see Table of Materials) to medium brightness (50-75% max brightness) to
provide contrast and prevent the larva from drying out too quickly.

5. Discard any larvae that do not first exhibit normal peristaltic locomotion as they could confound the results. The larva should be moist from
the Petri dish of water otherwise the larva will stick to the vinyl inhibiting normal locomotion. Water should not puddle around the larva.

6. Advance the probe by hand towards the larva at a 90º angle to the anteroposterior body axis, using the vinyl to move the larva into correct
position (see Figure 1A).

7. Orient the tip of the probe to gently lay across the mid dorsal surface of the larva with the probe at approximately a 45º angle to the
microscope stage.

8. Upon probe contact, start a laboratory timer. Apply enough downward pressure to slightly indent the surface of the larval cuticle while still
allowing forward or backward movement.

9. Hold the probe in place for up to 10 s or until a cold-evoked behavioral response is observed - whichever occurs first. Then remove the probe.
10. Record the observed behavioral response and the response latency. Larvae that do not respond within 10 s are considered "non-

responders". Latency can also be recorded for responders and used to measure changes in response robustness/amplitude.
11. Discard larva and prepare the next.
12. Repeat steps 2.3-2.11 until the desired number of test larvae is reached (three sets of n = 20-40 larvae were used here).
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Representative Results

Drosophila larvae move with a peristaltic motion that includes occasional pauses, head turns, and changes in direction22. In response to focal
application of a noxious cold stimulus however, larvae exhibit a set of unique behaviors, unlike the aversive lateral roll to noxious heat and
mechanical stimuli. These behaviors are also different from responses to gentle touch8,9,10 or to the touch of a room temperature probe. The
cold-evoked behaviors are as follows: scrunching their anterior and posterior segments towards the center of their body in a contraction (CT),
raising of their anterior and posterior segments (approximately 45-90°) into the air, making a U-shape (US), or raising only their posterior
segments (approximately 45-90°) into the air (PR) (Figure 1). The experimenter should be advised that these behavioral descriptions are
qualitative guidelines rather than quantitative cut-offs. These responses are observed over a range of cold temperatures from 3-18 ºC (Figure
2A). However, different behaviors peak over different cold ranges (Figures 2B and 2C): 3-8 ºC for PR and US and 9-14 ºC for CT. CT is the only
cold-evoked response occasionally observed in small percentage of larvae in response to gentle touch, using a room temperature (RT) probe
(Figure 2). Latency information can also be collected and statistically compared using this assay (see below for statistical tests used), which may
yield interesting information following injury or other environmental conditions.

To compare latencies of the different cold behaviors, cold-evoked responses were measured up to a 20 s cut-off at three cold-to-cool
temperatures (3, 10 and 20 ºC) as well as to a room temperature (RT) probe and plotted as cumulative responses observed over time (Figure
3). First, we observed that most responses to cold temperatures (3 ºC and 10 ºC) are observed between 1 and 10 s after probe application
(Figure 3A-3B), while CT responses appear to have longer frequencies at innocuous temperatures (20 ºC and room temperature (RT), Figure
3C-3D). Second, although US, PR and CT response versus latency curves were not significantly different from each other at 3 ºC (Figure 3A) at
10 ºC, 20 ºC and RT, the CT response versus latency curves were significantly different from US and/or PR, while US and PR curves were not
significantly different from each other at any temperature tested (by Long-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon test, Figure 3B-3D).
Interestingly, CT responses have significantly more "slow responders" (latency 3-10 s) than PR or US at 3 ºC when comparing latency data
categorically (Figure 3E). For this type of categorical comparison, cold-evoked responses were grouped into three latency categories: less than
4 s, between 4-10 s, and between 11-20 s (Figure 3E-3H). The percentage of responders for each behavior is represented as a proportion of
responders falling within each speed category (results were statistically compared between behaviors by a r x c contingency table). Again, this
analysis revealed no significant differences between PR and US latency responses (Figure 3E-3H), but CT responses were significantly different
from PR at 3 ºC and 10 ºC, and from US at all temperatures tested including the RT probe (Figure 3E-3F). Together, these data show that a 10
s assay cut-off is more than sufficient to collect meaningful data sets, and that the cold-evoked CT response occurs at relatively longer latencies
than US or PR responses. Since there is some variability in responses from larva to larva, we tested three sets of 20 larvae at each temperature
and reported the standard error of the mean for each response (Figure 3E-3H).

Since larval size (and therefore the relative size of the cold stimulus) can vary greatly between early and late 3rd instar larvae, early, middle and
late 3rd larvae were tested at 3 ºC and 10 ºC and their responses were compared (Figure 4). Four to five day old larval cultures were used to
collect larvae that were then grouped into early, mid or late 3rd instar stages roughly by their length/size (Figure 4). Interestingly, some response
variability was seen between developmental stages depending on the temperature being tested. At 3 ºC, early 3rd instar larvae showed fewer PR
and US responders and more CT responders (Figures 4A-4C). At 10 ºC however, no response varied substantially across developmental stages
(Figures 4D-4F). Comparing the total percent responders at the 10 s cut-off for each behavior at 3 ºC or 10 ºC reveals that only early 3rd instar
larvae have significantly different PR and CT responses at 3 ºC (Figures 4G and 4H).

Class III multiple dendritic sensory neurons are directly activated by cold temperatures and are required for the CT response to the cold probe7.
Robust CT responses can also arise when a cold stimulus is applied to anterior regions of the larva (the head) (Figure 5B). To determine if cold-
evoked responses resulting from direct stimulation of the head also require md neurons (including class III) a cold stimulus was gently applied
to the head of larvae (Figure 5A) expressing a tetanus toxin transgene in all md sensory neurons effectively electrically silencing them3. When
larvae are stimulated on the head with cold (6 ºC), a large percentage of larvae still produced a CT response, despite md neurons being silenced
(Figure 5B). This data suggests md neurons are not required for a cold-evoked CT when probing the head, and this response must therefore
require other types of sensory neurons, which could be identified using this tool and assay.
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Figure 1: Cold probe assay. (A) Diagram of cold probe application to 3rd instar control (w1118) larva. The aluminum cold probe tip, set to the
desired temperature, is lightly placed on the dorsal A4 segment of the larva for up to 10 s allowing free range of movement. (B) A cross-section
of the larva indicating the angle of the probe as it is applied. The probe should be held at an approximate 45º angle to the microscope stage
(dashed line), and perpendicularly to the anteroposterior body axis of the larva during the stimulation. (C) Diagram of the three cold-evoked
behaviors observed: (i) Contraction (CT) of the anterior and posterior towards the center of the larval body (grey arrows), (ii) U-Shape (US): a
45-90 (dashed lines) raise of the anterior and posterior, and (iii) Posterior Raise (PR): a 45-90 (dashed lines) raise of the posterior of the head
and tail towards the center of the larval body (grey arrows).
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Figure 2: Cold-evoked response versus temperature. (A) Percent of responders in middle 3rd instar control (w1118) larvae over a range of cold
temperatures (3-22 ºC) or room temperature (RT) probe. (B) Percent of PR, US and (C) CT responders at different cold temperatures with peak
responses indicated. (A-C) PR: posterior raise, US: U-Shape, CT: Contract. Error bars are standard error of the mean for 3 sets of n = 40 larvae,
responses averaged. Please click here to view a larger version of this figure.
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Figure 3: Cold-evoked response latency versus temperature. (A-D) Percent of cumulative US (red), PR (blue), or CT (green) responders
to cold probe at various temperatures (3º C, 10 ºC, 20 ºC and RT) over time (1-20 s) in control (w1118) larvae. (E-H) Average proportions of
fast (<4 s), slow (4-10 s), and late (11-12 s) responding larvae to cold probe at various temperatures (3º C, 10 ºC, 20 ºC and RT). (A-H) For
each temperature, n = 3 sets of 40 larvae were tested. PR: posterior raise, US: U-Shape, CT: Contract, RT: Room temperature. (A-D) NS: no
significant differences between data sets, * = p-value < 0.05, ** = p-value < 0.0001 by Long-rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon
test. (E-H) Error bars indicate s.e.m. * = p-value < 0.05, ** = p-value < 0.0001 by a r x c contingency table. Please click here to view a larger
version of this figure.

https://www.jove.com
https://www.jove.com
https://www.jove.com
http://ecsource.jove.com/files/ftp_upload/55568/55568fig3large.jpg
http://ecsource.jove.com/files/ftp_upload/55568/55568fig3large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments April 2017 |  122  | e55568 | Page 7 of 10

 

Figure 4: Cold-evoked response latency in early, middle and late 3rd instar larvae. Percent cumulative responders to a (A-C) 3 ºC or (D-F)
10 ºC cold probe over time (1-20 s) in early (black), middle (orange) or late (green) 3rd instar control (w1118) larvae. Responses versus latency
are separated by behavior: PR (A, D), US (B, E), CT (A-F). * = p-value <0.05, ** = p-value < 0.001 by Long-rank (Mantel-Cox) test and Gehan-
Breslow-Wilcoxon test. (G-H) Percent of cumulative responders to a (G) 3 ºC or (H) 10 ºC cold probe within 10 s in early, middle or late 3rd instar
larvae. Error bars indicate s.e.m. * = p-value < 0.05 by two-tailed Fisher's Exact test. n = 3 sets of 20 larvae. Please click here to view a larger
version of this figure.
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Figure 5: When stimulated in the head, cold-evoked CT responses do not require md sensory neurons. (A) Schematic of cold probe
assay when anterior is stimulated in 3rd instar larva. (B) Average percent CT responders to cold probe (6 ºC) when larvae are stimulated in the
most anterior segments. Grey bars: Genetic controls, Green bar: all md neurons silenced through expression of the tetanus toxin transgene. An
inactive form of the tetanus toxin transgene was used as an additional control ('Inactive Tetanus'), n = 3 sets of 30 larvae per genotype. Green
bar was not significantly reduced from all relevant genetic controls by two-tailed Fisher's Exact, test *p-value < 0.05. (B) Genotypes used (left to
right): w1118 (control), UAS-inactive tetanus/+ (UAS alone control), UAS-tetanus/+ (UAS alone control), MD-Gal4/+ (Gal4 alone control), MD-Gal4/
UAS-inactive tetanus (inactive tetanus control expressed in all md neurons), and MD-Gal4/UAS-active tetanus (experimental condition-active
tetanus expressed in all md neurons). Please click here to view a larger version of this figure.

 

Table 1: Fly food recipe for cold probe assay.

Discussion

The assay described here can be used to qualitatively and quantitatively assess nociception or nociceptive sensitization in larvae of various
genetic backgrounds, environmental influences, and/or damage-induced conditions. Since this assay allows for focal application of a cold
stimulus, with this tool one can assess the function of a subset of peripheral sensory neurons specifically in responding to cold temperatures.
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Interestingly, these cold-evoked behaviors seem to utilize different classes of sensory neurons than those activated by heat7,11, but the full
thermal nociceptive circuit is not yet fully understood. Like many other local nociceptive assays this assay is subject to some variability between
users depending on the application of the cold probe. However, the specific placement of the cold probe in the mid-body (avoiding the head and
tail) does not appear to have a significant impact on cold responses7. Practice and repetition can minimize this inter-user variability.

We previously characterized the cold probe assay and reported the specific cold-responsive neurons and sensory channels required to produce
the CT response7. Here we further characterize how latency data can be quantified and analyzed as another nociceptive measure, analyzing
data from longer cut-off points to determine the most optimal time window for the assay. We found that the majority of cold-evoked responses
occur within 10 second of stimulus application, making a 10 second cut off both economical and effective. Also, given that different cold-evoked
behaviors peak at different temperatures, the latencies of these responses are important to analyze separately, as done here, to fully appreciate
the robustness of the different responses at different temperatures. We also show, depending on the behavior being analyzed, how larval size
may impact cold-evoked responses. Therefore, keeping larval size consistent in all behavioral experiments will be necessary. Lastly, we show
how this assay can be used to identify, or rule out, sets of sensory neurons involved in cold nociception, which appears to vary depending on the
location of cold stimulation to the larva.

Now that a baseline cold nociception assay exists, we can incorporate methods of damage and/or sensitization to ask more complicated
questions about pain biology. For example, it is known that lateral body roll responses to innocuous or noxious heat are sensitized after UV
damage to the epidermis, requiring specific genetic mediators and TRP channels12,20,21. Whether similar UV damage to the epidermis results in
sensitized cold responses and whether similar genetic pathways are involved is unknown. Likewise, Drosophila are easily manipulated to induce
wounds23,24 or expose to pharmaceutical drugs25,26, which can be used to interrogate morphological and genetic changes to nociceptive neurons
and circuits.

There are a number of statistical tests that should be considered using this assay. The statistical test we used most commonly is the Fischer's
exact test with a Bonferroni correction for multiple comparisons, or the chi-square test. These tests are used when comparing average
responders in bar graph form (i.e. in Figure 3E-3H, Figure 4G-4H and Figure 5B). For comparing cumulative latencies in line graph form, we
used Long-rank (Mantel-Cox) test27,28 and the Gehan-Breslow-Wilcoxon test29,30 which are both typically used to compare survival distributions.
We suggest three sets of 20-40 larvae for each genotype/experiment to allow for calculation of standard error of the mean between repeated
sets.

To conclude, this assay allows for precise application of a noxious cold stimulus and the resulting behavioral responses in Drosophila larvae
have been characterized. There is still much we do not know about the cells and genes required for nociception in flies or vertebrates. With this
assay, one can utilize the highly tractable Drosophila system to quickly screen for conserved genes crucial for baseline nociception, identify
nociceptive circuits, and assess cellular and genetic changes that occur after tissue damage to cause nociceptive sensitization. Ultimately,
this assay will help the pain field gain valuable information about pain biology in a system that can be readily applied to more complex animal
models.
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