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Differential modulation of thermal
preference after sensitization by
optogenetic or pharmacological
activation of heat-sensitive nociceptors

Jerry Li1 , Maham Zain2, and Robert P Bonin2,3

Abstract

Common approaches to studying mechanisms of chronic pain and sensory changes in pre-clinical animal models involve

measurement of acute, reflexive withdrawal responses evoked by noxious stimuli. These methods typically do not capture

more subtle changes in sensory processing nor report on the consequent behavioral changes. In addition, data collection and

analysis protocols are often labour-intensive and require direct investigator interactions, potentially introducing bias. In this

study, we develop and characterize a low-cost, easily assembled behavioral assay that yields self-reported temperature

preference from mice that is responsive to peripheral sensitization. This system uses a partially automated and freely

available analysis pipeline to streamline the data collection process and enable objective analysis. We found that after

intraplantar administration of the TrpV1 agonist, capsaicin, mice preferred to stay in cooler temperatures than saline injected

mice. We further observed that gabapentin, a non-opioid analgesic commonly prescribed to treat chronic pain, reversed this

aversion to higher temperatures. In contrast, optogenetic activation of the central terminals of TrpV1þ primary afferents via

in vivo spinal light delivery did not induce a similar change in thermal preference, indicating a possible role for peripheral

nociceptor activity in the modulation of temperature preference. We conclude that this easily produced and robust sensory

assay provides an alternative approach to investigate the contribution of central and peripheral mechanisms of sensory

processing that does not rely on reflexive responses evoked by noxious stimuli.
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Introduction

Chronic pain is pain that persists for more than three

months without clear protective benefits and can be a

disease by itself or arise from another underlying health

condition. These conditions may be precipitated by a

series of events or a combination of various risk factors

that affect multiple dimensions of an individual’s daily

life, including their emotional wellbeing, ability to per-

form daily tasks, and functioning in the workplace.1–3

On a cellular level, pathological pain can arise from neu-

rochemical and circuit level reorganization of primary

afferents and spinal dorsal horn neurons.4,5 These

changes not only manifest in the form of hyperalgesia,

where a painful stimulus is perceived as more painful,

but also allodynia where innocuous stimuli can also

begin to evoke pain. Thermal and mechanical allodynia
are features of many clinical pain conditions.6–8 These
are highly debilitating as they make innocuous stimuli
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such as warm water, a light breeze, and the feeling of
clothing against skin painful.

The mechanistic and behavioral examination of the
changes in sensory processing that accompany patholog-
ical pain are critical to the understanding of chronic pain
pathology and development of novel pain therapeutics.9

For many years now, little translational success has
placed current paradigms of pathological pain into ques-
tion.9,10 In preclinical studies of mice, researchers cannot
directly assess pain perception in the animals and are
limited to quantifying indirect behavioral or physiolog-
ical measures of pain. The most widely used assays for
studying pain use acute noxious stimuli to elicit reflexive,
nocifensive behaviors, such as limb withdrawal, groom-
ing, or paw licking. Typical stimulus-evoked pain assays
include the Hargreaves test, von Frey filaments, and cold
or hot plate tests.11,12 However, these assays fail to cap-
ture ongoing sensory changes in pain and rely on expo-
sure to noxious stimuli that are infrequently experienced
by patients. These assays are also often labour-intensive
and require extensive experimenter intervention, thus
lending them to increased subjectivity.13 Moreover,
reflexive nocifensive responses can be purely spinal
cord-mediated and can still be seen in anesthetized ani-
mals,11,14,15 and may not accurately reflect chronic pain
conditions that involve complex supraspinal sensory
integration. These concerns have led to increased usage
of unconditioned or non-evoked behavioral responses
with the aim of capturing endogenous indicators of
spontaneous or ongoing pain.11 Such measures include
operant assays, the Mouse Grimace Scale,16,17 automat-
ed behavioral tracking,11 weight-bearing or gait analysis,
nesting or burrowing behavior, ultrasonic vocalizations,
and free-choice temperature preference.18,19 Along with
increased adoption of assays for spontaneous pain, there
has also been an increase in the automation of data col-
lection. Automated analyses allow for reduced subjectiv-
ity by minimizing animal handling and removing the
need for physical restraints, thereby reducing stress on
the animals.

The automated assessment of thermal preference
provides a non-invasive approach to study behavioral
phenotypes emerging from central and peripheral mech-
anisms of sensitization. Changes in thermal sensitivity
can arise following activation of nociceptors expressing
the transient receptor potential cation channel subfamily
V member 1 (TrpV1) protein that is activated by noxious
heat (>43�C), endogenous lipids such as anandamide,
plant derivatives such as capsaicin and acidity.20–23

Thermal sensitization can consist of thermal hyperalge-
sia and/or allodynia, yet much of the existing literature
focuses on thermal hyperalgesia as measured by changes
in withdrawal thresholds to noxious temperatures.24–27

Aversion or nocifensive responses to innocuous cold and
warm temperatures, termed cold or heat allodynia, have

also been observed in pain models. The incidence of
thermal allodynia is partially determined by type of
pain model used, as heat allodynia has been more con-
sistently shown in inflammatory pain models as opposed
to neuropathic pain models,27–29 while cold allodynia is
often a prominent feature of neuropathic pain.30

Capsaicin, a TrpV1 agonist, has been shown to produce
significant thermal allodynia and hyperalgesia in both
humans and animals via activation of TrpV1.20 TrpV1
expression in the adult mouse sensory afferents is mostly
restricted to peptidergic C-fibers, a primary afferent sub-
type that is known to be critical for the relay of nocicep-
tion.31 In addition, recent strides in the development of
transgenic animals and optogenetics have allowed pre-
cise optical control of TrpV1-expressing afferents.
Specifically, in mice expressing the light-activated excit-
atory ion channel channelrhodopsin (ChR2) in TrpV1þ

primary afferents, the delivery of blue light to the periph-
ery induces nocifensive behaviors and withdrawal from
the light stimulus.32,33 The majority of optogenetic pain
research has used transdermal light to activate the pri-
mary afferents; while this is a non-invasive strategy, it
restricts the delivery of light to the periphery and can
complicate experiments involving concurrent optoge-
netic and thermal or mechanical stimulation.32,34 The
development of novel surgical techniques enables non-
restrictive optogenetic control of defined afferents and
the study of how defined nociceptor populations con-
tribute to nociceptive processing and pain-associated
behavior.35–37

The complementary approaches of non-invasive
behavioral testing and optogenetics allow for investiga-
tion into whether free choice temperature preference of
mice can serve as a measure of changes in thermal sen-
sitivity, and thermal allodynia in particular. Given the
need for improved approaches to non-invasively study
pathological sensory processing and associated behav-
iors, we created an automated assay for the assessment
of thermal preference in mice and studied changes in
thermal preference following pharmacological and opto-
genetic modulation of activity of the TrpV1 expressing
nociceptors.

Materials and methods

Thermal preference arena development and
calibration

A linear temperature gradient was created across a thin,
40.6� 10.2 cm plate of aluminum metal (Figure 1(a) and
(b)) and powered by rerouting different outputs from a
480 W ATX computer power supply to each electrical
component. Three 40mm� 40mm 50 W Peltier thermo-
electric devices (TEC1-1270640; Hubei I.T., Shanghai)
were used to create the gradient. Two Peltier devices
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were mounted beside each other on the underside of one
end of the aluminum sheet to provide cooling, while
another was mounted on the opposite end in the oppo-
site configuration to heat the aluminum sheet and create
the gradient. The Peltier devices were attached to the
aluminum sheet with thermoconductive paste to opti-
mize heat transfer. The two cooling Peltier devices
were each connected in parallel to a þ12 V pin and a
ground pin from the 12 V direct current (DC) connector,
while the single heating device was connected to a þ5 V
pin and ground pin from the Molex connector. The
Peltier devices providing cooling were each mounted

on 6.5 cm� 6.5 cm� 6.5 cm aluminum heat sinks. Heat
was dissipated from the heat sinks via two 6 cm cooling
fans, with their exhaust direction pointed away from the
heat sinks. The fans were connected in parallel to the
remaining þ12 V pin and ground pin from the 12V
DC connector. Lastly, a jumper wire was placed between
the green, 16th pin (PSU_ON#) and an adjacent ground
pin on the 24-pin ATX connector to allow the power
supply to turn on (Figure 1(a)). The level of noise pro-
duced by the power supply and fans cooling the Peltier
devices was measured for 5 minutes at stable tempera-
tures using the iOS app, Decibel X, version 7.0.0.

Figure 1. Automated assay setup and tracking parameters. (a) Circuit diagram indicating wiring, connections, and parts required to
reproduce setup. Two cooling Peltier devices and fans were each wired to þ12 V connections and ground pins from the 12 V DC
connector, while a single warming device was wired to the þ5 V pinout from the Molex connector. A short circuit was made between the
green, 16th pin (PSU_ON#) and adjacent ground pin to turn on the power supply. (b) A profile of the arena in which mice were placed,
tracked with a camera directly above. Peltier devices, powered by a 480 W computer power supply, on either ends of an aluminum plate
maintained a linear temperature gradient from 11.0� 0.6 (blue) to 51.0� 0.7�C (red). (c) Linear temperature gradient (r2¼ 0.89), with
each point, or zone, corresponding to measurements taken with an infrared thermometer every 2.0 cm of the arena. (d) Eighteen evenly
spaced, arbitrarily coloured, 2.0 cm divisions across the arena that correspond to different temperature zones tracked by EthoVision.
(e) Top: EthoVision’s heatmap analysis of mouse movement throughout the arena in one trial. Mouse position was determined by the
location of their centre, as shown in the bottom image. Warmer temperatures correspond to longer time spent in those regions. Bottom:
DeepLabCut tracking the mouse’s centre in the same trial. Four points on each corner of the arena were used to calculate the position of
the mouse.
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The cold, middle, and hot ends of the assay averaged

noise levels of 70.5, 68.3, and 67.9 dB, respectively.

Four walls of plexiglass lined with black paper on the

outer sides were then used to create a 36.0� 7.4 cm arena

atop the aluminum in which mice could freely explore.

Lastly, a Sony HDR-CX405 video camera was set up

directly above the arena to record 30-minute trials.

Before each trial, the arena’s temperature gradient was

calibrated by turning on the Peltier devices for 15 to 20

minutes and temperature measurements were taken with

an infrared thermometer at several points along the alu-

minum sheet.

Animals and housing

All experiments were conducted in accordance with the

Canadian Council on Animal Care and the University

of Toronto’s Animal Care and Use guidelines. Adult

(>8 weeks old), male CD-1 mice were used for the

capsaicin-induced sensitization experiments. 7-week old

male CD-1 mice were supplied by Charles River

Laboratories and housed in identical enriched home

cages in groups of 3–4 upon arrival. They were given a

week to habituate to the housing facility, with a 23.0�
0.5�C ambient temperature, 53� 13% relative humidity,

and 14 h light:10 h dark cycle. Experiments were con-

ducted on mice 8–16 weeks of age during the light cycle.

Food and water were given ad libitum in their home

cages throughout experiments. CD-1 mice were marked

on their tails and backs for identification and video

tracking, respectively, using a black permanent marker

24 hours before trials began, and any re-marking, if nec-

essary, at least 30 minutes before each trial. Mice were

placed in the powered-on and fully calibrated arena to

habituate to the assay for 30 minutes before each trial.
Adult male (>12 weeks old) TrpV1-ChR2 male mice

were used for the optogenetic sensitization experiments

and adult male (>12 weeks old) C57BL/6N male mice

were bred in-house and used to study the effects of the

surgical strategy on mouse well-being. All mice were
kept in groups of 1 to 4 mice per cage prior to ferrule

implantation and singly housed after the implantation

surgery with food and water provided ad libitum. Mice

expressing ChR2 in TrpV1þ nociceptive afferents

(TrpV1-ChR2) were generated by crossing mice express-

ing Cre-recombinase in TrpV1þ neurons with mice

expressing a loxP-flanked STOP cassette upstream of a

ChR2-EYFP fusion gene at the Rosa 26 locus (Rosa-

CAG-LSL-ChR2(H134R)-EYFP-WPRE; stock number

012569, The Jackson Laboratory, Bar Harbor, ME).

Capsaicin and gabapentin treatments

Two separate randomized crossover studies were con-

ducted. For the first set of trials, 30 minutes after an

ipsilateral hind paw injection of either saline (5mL) or
capsaicin (5mL, 0.5% w/v dissolved in 1:1:8 95% etha-
nol:Tween 20:saline), each mouse was recorded in the
arena for 30 minutes (Figure 2(a)). For the second set
of trials, each mouse first had an intraperitoneal injec-
tion of either saline (control) or gabapentin (100 mg/kg),
and then after 30 minutes, an ipsilateral hind paw injec-
tion of capsaicin of the same concentration (Figure 2(b)).
Previous work done in our lab has shown that gabapen-
tin at 100 mg/kg produces analgesia without impacting
locomotion in mice.38 After another 30 minutes, they
were recorded in the arena for 30 minutes. All capsaicin
injections were conducted after placing the mice under
light isoflurane anesthesia, with toe-pinch reflex present.
By the end of each set of trials, each mouse served as
their own control and had injections of both control and
treatment, with a 48-hour washout between each treat-
ment. For each mouse, after the initial control or treat-
ment injection, subsequent trial injections were done in
the contralateral hind paw. All capsaicin and gabapentin
injections were done using a 50 mL Hamilton syringe and
1mL syringe, respectively, fitted with 30-gauge needles.
All drug administrations were performed by a blinded
experimenter.

Ferrule production and implantation for optogenetic
light delivery

The surgical approach for the optogenetic experiments
was adapted from the protocols for in vivo optogenetics
described recently.35,37 The prepared ferrule was steril-
ized with 70% ethanol and consisted of a 1.25 mm fiber
optic ferrule (Ceramic ferrule, 1.25mm diameter, 440 mm
bore; Thor Labs, Germany) with a 400 mm fiber optic
core (Multimode fiber, 400 mm core, 0.39 NA; Thor
Labs, Germany) that protruded out at a maximum
length of 0.5 mm from the concave side of the ferrule.
Mice were initially anesthetized using 5% isoflurane and
then maintained on 2–2.5% isoflurane in a stereotactic
frame. The back of the mouse was shaved and a 1.5 cm
incision was made centered around the peak of the
dorsal spinal curvature. Small spring scissors were used
to make shallow incisions lateral to the T13 vertebrae
which was identified based on its location relative to the
peak of the dorsal spinal curve and the lowest rib. The
vertebra was clamped using 2 pairs of transverse spinal
adapters (Stoelting Co., Wood Dale, IL, USA) and the
flesh was removed using spring scissors and fine forceps.
Bleeding was controlled using autoclaved Kimwipes and
absorbable gelatin sponges (Gelfoam; Pfizer Inc.,
New York, NY, USA). After ensuring stability of the
vertebrae, a microdrill was used to flatten down the spi-
nous process and slightly abrade the surface of the bone
to promote adhesive bonding. The microdrill was then
used to drill a hole in the center of the right side of the
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vertebra. Once spinal tissue was visible through the burr
hole, the surgical site was cleared of any bone fragments
and the prepared ferrule was lowered in place using ste-
reotactic arms and cemented in place using Superglue
and C&B Metabond (Parkell Inc., Brentwood, NY,
USA). The skin around the implant was closed using a
surgical adhesive (GLUture; Zoetis Inc., Parsippany-
Troy Hills, NJ, USA). In the sham surgery animals, all
surgical manipulation was performed except for the
placement of the implant and its accompanying adhe-
sives. The mice were allowed to recover for a minimum
of 2 weeks prior to any behavioral testing.

Optogenetic light delivery

The implant in the mouse was coupled to a patch cable
(400 mm core, 0.39 NA; Thor Labs, Germany) using a
mating sleeve. The intensity and frequency of the 470 nm
laser was controlled using a LED driver (Thor Labs) and
a pulse width modulator (XY-LPWM; Protosupplies,
USA), respectively. The laser output intensities reported
here refer to the light intensity output from a test
implant coupled to a patch cable through a mating
sleeve. The output light intensity, measured using a
PM100 light meter (Thor Labs), was calibrated
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Figure 2. Gabapentin prevented capsaicin-induced change in thermal preference. (a) Experimental timeline for capsaicin or saline
injection. (b) Experimental timeline for trials with gabapentin or saline injection before the capsaicin injection. Total time spent in each
temperature zone after saline (c), capsaicin (d), salineþ capsaicin (g), or gabapentinþ capsaicin (h) administration, measured by EthoVision.
Error bars represent SEM. Comparison of mean preferred temperature between treatment groups showed capsaicin-treated mice pre-
ferred a cooler temperature of 31.3� 0.3�C, than did saline-treated mice, that preferred 32.7� 0.3�C (e). Conversely, gabapentin
administration before capsaicin prevented heat aversion from occurring (i), as demonstrated by gabapentin-treated mice that preferred a
warmer temperature of 32.4� 0.3�C versus saline-treated ones, that preferred 31.2� 0.4�C. (f and j) Paired t-tests of individual mice’s
mean preferred temperatures further reflected avoidance of higher temperatures in mice that received capsaicin (f), whereas this was
prevented in mice that received gabapentin (j). Sal, saline; Cap, capsaicin; GBP, gabapentin. *p< 0.05, ***p< 0.001
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with the current input from the LED driver. To deter-
mine the threshold light intensity for behavioral
response, the patch cable was coupled to the implant
while the mouse was under light isoflurane anesthesia.
Each mouse was given 20 minutes to recover from the
anesthetic and habituate to the fiber. The light intensity
was increased in incremental steps of 0.2mW with each
intensity being presented at a maximum of 20 seconds or
until a nocifensive response was observed. The first
intensity level at which nocifensive responses like biting
of the hind leg, fleeing and vocalization were first
observed was classified as the threshold light intensity.
Changes in thermal preference were assessed during
acute peri-threshold stimulation and post suprathres-
hold stimulation of the TrpV1þ neurons. Acute
peri-threshold stimulation was performed 2 weeks
post-operation and consisted of photo-activation at a
frequency of 10Hz with intensity being set at 80% of
the threshold light intensity. Suprathreshold stimulation
was performed in the same mice 1 week after peri-
threshold stimulation at 2Hz at 200% of the threshold
light intensity. 2Hz light stimulation has been shown to
produce optogenetically-induced LTP in ex vivo spinal
cord slices.39

Behavioral assessment of implanted mice

These experiments were performed 2 weeks post-
operation in 15-week old male ferrule implanted and
non-implanted sham surgery C57BL/6N mice

Rotarod

Evoked motor activity was tested in ferrule implanted
and non-implanted sham surgery C57BL/6N mice
using a rotarod (Bioseb, Chaville, France). Rotation
was started immediately after the mice were placed on
the rotarod, and accelerated from 4 to 40RPM over a
period of 120 s. The latency to fall was measured and a
cut-off time of 120 s was set. Trials were repeated five
times per mouse separated by 30min each.

Open field

Spontaneous locomotion and anxiety related behaviors
were assessed in ferrule implanted and non-implanted
sham surgery C57BL/6N mice using an open field
assay. The open field assay was conducted in a dimly
illuminated square box. The floor of the box measured
30� 30 cm. The mice were allowed to explore the novel
box for 15 minutes while they were video recorded using
an overhead video camera. The videos were later ana-
lyzed using EthoVision XT (Noldus Inc., Wageningen,
Netherlands). The center point of the mouse was
tracked, and total distance travelled, and time spent in
the center zone of the assay was analyzed.

Mechanical sensitivity

Mechanosensitivity was assessed using von Frey fila-

ments. Mice were placed in a small chamber with a

grid floor and allowed to habituate for 30 minutes.

Both hind paws were tested using the SUDO method40

and the paw withdrawal threshold was reported in pres-

sure (g/mm2).41 This distinction in paw was relevant

since the implant was always fixed on the right side of

the vertebrae and we therefore expected possible lateral-

ization in terms of behavioral or sensory deficit pro-

duced as the result of the implant.

Analysis of thermal preference

EthoVision was used to calculate the cumulative amount

of time each mouse spent in different temperatures

across the arena. The 36.0 cm length of the arena was

separated into eighteen 2.0 cm temperature zones

(Figure 1(d)). Heatmaps were generated along with coor-

dinates of each mouse’s centre-point position, hereafter

referred to as centre, within the arena (Figure 1(e)).

Coordinate samples were taken once per second for

each 30-minute trial, for a total of 1800 coordinates

per trial. Raw coordinates were given in centimetres

and converted into pixels for comparison with

DeepLabCut’s raw coordinates.
DeepLabCut (version 2.0.4.1, http://www.mousemo

torlab.org/deeplabcut) was used to validate

EthoVision’s tracking data (Figure 1(e)). DeepLabCut

is an open-source animal tracking program that uses

deep neural networks to recognize labelled points in

videos.16 DeepLabCut’s tracking algorithm was trained

to recognize the mouse’s centre, labelled as visually close

to EthoVision’s calculated centre as possible, with 200

distinct marked reference frames. All other settings were

left as default as specified in the setup protocol.42,43 No

further refinement of tracked points were performed

after training. All training and video analyses were

done using an NVIDIA GeForce RTX 2080Ti sup-

ported by an IntelVR CoreTM i7-4790 and 16GB of

RAM, on Ubuntu 18.04.2. Similarly, 1 coordinate

sample was taken per second for each 30-minute trial

by averaging the positions for all 30 frames each

second, for a total of 1800 coordinates per trial. Raw

coordinates were obtained in pixels and converted into

centimetres and zones for further validation of

EthoVision’s raw coordinates. All trial recordings were

recorded at 30 frames per second and normalized to a

16:9 aspect ratio, 1280x720 resolution using a scaling

factor for data analysis.
Video recordings obtained for the assessment of ther-

mal preference in the optogenetic experiments were also

manually scored for nocifensive behaviors using a macro
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in Microsoft Excel. All EthoVision analysis and manual

video scoring were done in a blinded manner.

Statistical analysis

Mean temperature preferences were determined by fit-

ting data to a Gaussian distribution with least squares

regression and no special handling of outliers. These

means of the controls and treatments were then com-

pared through a parametric paired two-tailed t-test.

Any unpaired mice were excluded from the calculation

of statistical significance. The performance of implanted

and sham surgery animals in behavioral experiments was

compared using unpaired two-tailed t-tests and repeated

measures two-way analysis of variance (ANOVA).

Paired two-tailed t-tests and repeated measures one-

way ANOVA were used to compare means in the behav-

ioral experiments conducted to validate our optogenetic

stimulation protocols. All statistical analyses were per-

formed in GraphPad Prism 8, with a significance level

set at P< 0.05. Data are presented as mean� standard

error of the mean (SEM).

Results

Arena calibration

To confirm the arena had a linear temperature gradient,

the temperature of the arena floor was measured every

2.0 cm along its length with an infrared thermometer

every 5 minutes for 1 hour. Once temperatures of the

floor stabilized, the cold, middle, and hot ends measured

temperatures of 11.0� 0.6�C, 29.0� 0.9�C, and 51.0�
0.7�C, respectively, and a clear linear gradient was

observed along the length of the arena (Figure 1(c)).

Capsaicin shifted temperature preference towards

lower temperatures

We first used the thermal preference assay to examine

whether intraplantar capsaicin would produce a change

in mouse thermal preference. We first performed an

intraplantar injection of either saline or capsaicin into

the mouse hind paw 30 minutes prior to testing in a

randomized crossover manner (Figure 2(a)). We found

that mice injected with saline showed a preference for a

temperature of 32.7� 0.3�C (Figure 2(c)), whereas those

treated with capsaicin preferred a slightly cooler temper-

ature of 31.3� 0.3�C (Figure 2(d)). Comparing both

groups via Gaussian fit of each treatment group’s

summed positional data over the experiment revealed a

small but significant difference between preferred tem-

peratures across the two treatment groups, with

capsaicin-treated mice preferring cooler temperatures

(Figure 2(e); F(3, 264)¼ 8.53, p< 0.0001). Moreover, this

shift to cooler temperatures was seen within mice with
paired analysis of mean preferred temperature after each
treatment, indicating that mice consistently showed a
preference for cooler temperatures after capsaicin was
administered (Figure 2(f); Paired t-test, t5¼ 3.52,
p¼ 0.017).

Gabapentin prevented capsaicin-induced heat
aversion

To assess if the capsaicin-induced avoidance of higher
temperatures was a result of pain associated with capsa-
icin injection rather than a systemic change in thermal
preference, we administered either saline or a non-opioid
analgesic, gabapentin, 30 minutes prior to capsaicin
injection (Figure 2(b)). Mice that received saline and
capsaicin preferred 31.2� 0.4�C (Figure 2(g)), whereas
mice that received gabapentin and capsaicin preferred
32.4� 0.3�C (Figure 2(h)). Comparing these two
groups with a Gaussian fit of the summed treatment
group positional data similarly revealed a small but sig-
nificant difference between their mean preferred temper-
atures, with gabapentin and capsaicin treated mice
preferring higher temperatures compared to mice that
were only treated with capsaicin (Figure 2(i); F(3,

264)¼ 3.74, p¼ 0.012). As before, this difference in tem-
perature preference was observed within mice as a paired
analysis consistently revealed a preference for higher
temperatures after treatment with gabapentin (Figure 2
(j); Paired t-test, t5¼ 3.06, p¼ 0.028).

DeepLabCut provides an open-source approach to the
assessment of mouse thermal preference

The positional analysis completed thus far employed
EthoVision, which is a versatile and commonly used
commercial behavioral tracking and analysis program.
EthoVision tracks animals via the contrast between the
animal and the background to assess the frame-by-frame
position of the animals and/or several body parts to cal-
culate a range of parameters including locomotion,
velocity, and activity.44–46 We further assessed whether
an open-source tracking software, DeepLabCut, could
similarly be used to detect positional differences
described in the thermal preference assays above as a
free alternative to EthoVision.

We first confirmed that DeepLabCut could track the
position of the centre of the mouse similarly to
EthoVision. The DeepLabCut training labels were cre-
ated as visually close to EthoVision’s centre as possible
before training its tracking algorithm. After training the
network with >1,000,000 iterations, the network was
able to detect the center of the mouse with an accuracy
of� 4.32 pixels (equivalent to � 0.17 cm) in test videos
compared to EthoVision. The mean temperature
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preference for each mouse tested above was then deter-

mined by EthoVision and DeepLabCut. Across all mice

there was an extremely high correlation between the

mean preference assessed with the two methods

(Figure 3(a); Pearson’s r¼ 0.94), indicating that

DeepLabCut can be used to assess mouse thermal pref-

erence. Moreover, we detected no significant differences

in the mean temperature preference of any treatment

group when comparing between analysis approaches

(Figure 3(b) and (c)).
To compare approaches at a pixel-level of tracking in

all samples, we then calculated the distance between

EthoVision and DeepLabCut’s predicted centre location

for every frame in the first trial of each treatment group

(Figure 3(c)). We found that the 95% confidence interval

of the median difference was -0.048 cm to 0.021 cm, with

a minimum and maximum difference in centre points of

–2.67 and 2.62 cm, respectively. Negative values repre-

sent samples where DeepLabCut’s predictions visually

fell to the left of the mouse, while positive values are

to the right. Because even the most extreme differences

did not exceed the visual size of the mice, these data

indicate that DeepLabCut largely provided the same

frame-by-frame precision observed with EthoVision.
Finally, we repeated the positional analysis of mice

treated with saline or capsaicin, and capsaicin or capsai-

cinþ gabapentin (Figure 2). As seen with EthoVision,

our positional analysis with DeepLabCut revealed

that mice treated with capsaicin preferred cooler temper-

atures than mice treated with saline (Figure 3(d) to (g)),

and that mice treated with gabapentin and capsaicin pre-

ferred warmer temperatures than those treated with

saline and capsaicin (Figure 3(h) to (k)). With similar

findings to EthoVision, mice treated with saline and
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capsaicin preferred temperatures of 33.7� 0.2�C and

31.2� 0.3�C, while those treated with saline or gabapen-

tin before capsaicin preferred 31.5� 0.3�C and 32.9�
0.2�C, respectively. These data further support that

DeepLabCut provides an open-source option for the

analysis of mouse thermal preference as assessed using

the low-cost thermal preference assay described here.

Optogenetic activation of the central terminals of

TrpV1þ afferents did not recapitulate changes in

thermal preference induced by intraplantar capsaicin

Having established that capsaicin can produce an aver-

sion to warmer temperatures we sought to assess wheth-

er optogenetic activation of the central terminals of the

TrpV1þ afferents would similarly shift thermal prefer-

ence. To deliver light to our region of interest the ferrule

implant was fixed in the T13 vertebra that overlies a

portion of the L4-L6 spinal cord region that receives

innervation from the hindlegs of the mouse (Figure 4

(a)).The implant was well tolerated by mice, with most

animals retaining implants for a minimum of 2 months.

To ensure that the implant had limited impact on mouse

motor and sensory function, we assessed evoked motor

activity, spontaneous locomotion and mechanical sensi-

tivity using rotarod, open field and von Frey filaments,

respectively, in ferrule implanted and sham operated

C57BL/6N mice. There was no difference in perfor-

mance on the rotarod between sham and implanted ani-

mals (Figure 4(b); Repeated measures two-way

ANOVA, effect of treatment: F(1, 4)¼ 0.15, p¼ 0.72,

effect of trial: F(1.8, 7.2)¼ 4.08, p¼ 0.070, effect of inter-

action: F(4, 16)¼ 0.52, p¼ 0.73). There was also no dif-

ference in distance travelled in the open field assay

(Figure 4(c); Unpaired t-test, p¼ 0.32). Overall, these

data indicate there was no difference in both evoked

and spontaneous motor activity between the two exper-

imental groups. Additionally, time spent in the center

zone was analyzed in the open field to assess for thig-

motaxis, an anxiety related behavior that can confound

results of a preference-based assay like the one described

within this paper. No differences were found for time

spent in the center zone of the open field between

implanted and sham mice (Figure 4(d); Unpaired t-

test, p¼ 0.62). Finally, no differences were found in the

paw withdrawal thresholds of the ipsilateral and contra-

lateral paws between the surgery and the sham animals,

indicating that the implant did not change nociceptive
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threshold.

Li et al. 9



thresholds or cause sensory deficit (Figure 4(e);
Repeated measures two-way ANOVA, effect of treat-
ment: F(1, 4)¼ 0.17, p¼ 0.71, effect of paw: F(1,

4)¼ 0.34, p¼ 0.59, effect of interaction: F(1, 4)¼ 0.003,
p¼ 0.96). We used implanted TrpV1-ChR2 mice for
the following experiments.

To assess whether stimulation of TrpV1þ fibers is
sufficient to induce changes in thermal preference, mice
were connected to the LED light source and placed on
the preference assay. Two different stimulation para-
digms were used: (1) to assess whether peri-threshold
stimulation can produce acute changes in thermal pref-
erence, mice were initially placed on the assay for 15
minutes with the LED off to establish baseline prefer-
ence, after which peri-threshold stimulation (10Hz, 80%
threshold intensity) was then initiated for another 15
minutes (Figure 5(a)); (2) to assess whether stimulation
at suprathreshold light intensities to initiate central sen-
sitization would change temperature preference. In this
paradigm, mice were placed on the assay for 15 minutes,
after which they were removed from the assay and
placed in an altered context where they received supra-
threshold stimulation (2Hz, 200% threshold intensity)
for 10 minutes followed by a 30-minute wait time
within that same context in accordance with previous
studies of optogenetic sensitization.36,39 The mice were
then placed back on the assay for 15 minutes for assess-
ment of temperature preference (Figure 5(b)).

The video recordings of the mice on the assay for the
peri-threshold thermal assay experiments were manually
scored for nocifensive licking and biting behavior. We
found that mice spent more time engaging in licking and
biting behavior during peri-threshold stimulation com-
pared to the same mice prior to stimulation (Figure 5(c);
Paired t-test, p¼ 0.02). Notably, the increased nocifen-
sive behavior only emerged after the five minutes of peri-
threshold stimulation (Figure 5(d); Repeated measures
one-way ANOVA, F(2.6, 13.1)¼ 7.29, p¼ 0.01). For the
TrpV1-ChR2 mice stimulated with peri-threshold stim-
ulation, mice had a thermal preference of 38.3� 0.7�C at
baseline (Figure 5(f)) prior to stimulation and a prefer-
ence of 38.6� 0.6�C during peri-threshold optogenetic
stimulation of TrpV1þ afferents (Figure 5(g)).
Comparing the summed positional data of the animals
at baseline and during peri-threshold stimulation
revealed no difference in the Gaussian curves fit of the
data sets (Figure 5(h); F(1,210)¼ 0.10, p¼ 0.75). Similarly,
no within-mouse change in thermal preference was
observed before and during peri-threshold stimulation
(Figure 5(i); t5¼ 0.21, p¼ 0.84), indicating that acute
excitation of TrpV1þ afferents does not modify thermal
preference.

In order to confirm suprathreshold stimulation
induced sensitization, we assessed mechanical paw with-
drawal thresholds using von Frey filaments in TrpV1-

ChR2 and C57BL/6N mice that received suprathreshold
stimulation. The suprathreshold stimulation intensity
used for C57BL/6N mice was the average suprathres-
hold intensity from all TrpV1-ChR2 mice.
Suprathreshold stimulation caused a decrease in the
paw withdrawal threshold of the ipsilateral paw of the
TrpV1-ChR2 mice but not the C57BL/6N mice (Figure 5
(e); Repeated measures one-way ANOVA, F(1.9,

9.8)¼ 6.88, p¼ 0.01) indicating that the change in
mechanical sensitivity was not a non-specific effect of
blue light. Having established that suprathreshold stim-
ulation successfully induced mechanical hypersensitivity,
we sought to assess whether it also induced changes in
thermal preference. Overall, TrpV1-ChR2 mice exhib-
ited a mean thermal preference of 31.2� 0.5�C at base-
line (Figure 5(j)) and 33.5� 0.3�C after suprathreshold
stimulation (Figure 5(k)). Comparing the summed posi-
tional data of the animals at baseline and after supra-
threshold stimulation revealed that sensitization by
optogenetic activation of central terminals of TrpV1þ

afferents unexpectedly produced a change in the overall
positional distribution of animals towards warmer tem-
peratures (Figure 5(l); F(1,174)¼ 12.49, p< 0.001). This
was in contrast to the opposite trend observed as a
part of the capsaicin experiments. However, a paired t-
test of the individual mouse temperature preferences
failed to hold the same trend as the cumulative
Gaussian fits (Figure 5(m); t4¼ 1.12, p¼ 0.33).

Discussion

Our findings show that an automated thermal selection
assay can reveal subtle changes in thermosensory pheno-
types in mice. We detected small, yet robust, differences
in temperature preference pre- and post-capsaicin treat-
ment using our minimally invasive assay using two dif-
ferent video assessment approaches. Our results also
show that the changes in thermal sensitivity differ
between mice injected with capsaicin, a TrpV1 agonist,
versus those that have TrpV1þ neurons activated opto-
genetically. Overall, the simplicity of our assay and ease
of access to the materials and technologies used support
its use as an easily implemented assay for investigation
of new analgesic drugs.

The significant translational gap in pain research has
promoted increased characterization of non-reflexive
indicators of pathological sensory processing, as these
may be of greater translational relevance.47 As opposed
to noxious stimulus-evoked pain assays, the investiga-
tion of behavioral responses of freely moving animals
in response to environmental stimuli allows us to capture
more subtle sensory and behavioral changes associated
with pain states. Unlike nocifensive reflexes that can be
evoked via spinal cord or subcortical circuits,11,14,15

chronic pain involves a distributed nociceptive network
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that integrates supraspinal regions that control affective,

cognitive, memory, and motor functions along with

spinal cord nociceptive processing.48 Therefore, a com-

prehensive preclinical assessment of pain would include

measures for both acute and spontaneous behavioral

responses to noxious and innocuous stimuli. Recent

studies have characterized a variety of spontaneous

mouse behaviors that may be reflective of pain state,

including free-choice temperature preference

assays.10,11,13,16–19,38 However, most assays used to

assess thermal preference rely on mouse avoidance

responses to noxious temperatures rather than assess-

ment of native preference.11 In contrast, our assay does

not necessarily expose mice to noxious temperature
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Figure 5. Optogenetic activation of the central terminals of the TrpV1þ afferents did not produce a shift in temperature preference. (a)
Experimental timeline for assessing temperature preference before and during peri-threshold activation of TrpV1þ neurons. (b)
Experimental timeline for assessing temperature before and after suprathreshold activation of TrpV1þ neurons. (c) Mice spent more time
licking and biting their hindquarter during peri-threshold stimulation than under baseline and (d) these nocifensive behaviors emerged after
more than 5 minutes of the peri-threshold stimulation being active (n¼ 6). (e) Suprathreshold stimulation caused a decrease in the paw
withdrawal threshold of the ipsilateral paw in only the TrpV1-ChR2 mice (n¼ 3-6 per group). Cumulative time spent in each temperature
zone during (f) Pre-stimulation and (g) during stimulation for the peri-threshold stimulation experiments calculated using Ethovision.
Cumulative time spent in each temperature zone during (j) Pre-stimulation and (k) after stimulation for the suprathreshold stimulation
experiments calculated using Ethovision. (h) Comparison of the peaks of the Gaussian regressions fit to the aggregated data from all mice
during pre-stimulation and stimulation conditions failed to reveal a shift in temperature preference during peri-threshold stimulation. (i) A
paired t-test of temperature preferences of the individual mice, obtained through Gaussian fits to individual mouse data, also did not show
a difference in preference under peri-threshold stimulation (n¼ 6). (l) Comparison of the peaks of the Gaussian regressions fit to the
aggregated data from all mice during pre-stimulation and post-stimulation conditions revealed that mice on average preferred a warmer
temperature post-suprathreshold stimulation. (m) However, a paired t-test of mouse-specific temperature preferences did not uphold this
trend and no differences were found in temperature preference pre- and post-suprathreshold stimulation (n¼ 5). *p< 0.05, **p< 0.005,
***p< 0.001; ns, not significant.
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ranges and therefore provides a measure of response to
innocuous temperature, allowing for a study of thermal
allodynia or thermotaxis.

The selection of a preferred temperature by mice
likely involves a complex evaluative process that integra-
tes body temperature, environmental temperature, and
the modulation of temperature sensation by pathological
conditions, such as peripheral or central sensitiza-
tion.49,50 Thus, in direct contrast to reflexive responses
in acute nociception assays, the preference of a particu-
lar temperature is driven by persistent sensory process-
ing and the motivation to move to different temperatures
may reflect non-reflexive and integrative sensory proc-
essing or coping behavior with important motivational
or homeostatic components, such as avoiding pain or
discomfort.51,52 Additionally, given that mice are a
prey species that tend to hide overt behavioral signs of
pain or distress,12,15 assays that rely on more subtle
behavioral outputs, such as thermal selection, may pro-
vide a unique insight into subtle but physiologically rel-
evant changes in sensory preferences and thresholds.

The intraplantar injection of capsaicin is associated
with thermal and mechanical sensitization.24–26 Our
findings that intraplantar capsaicin injection induces a
preference for cooler temperatures are consistent with
these findings, as thermal sensitization and heat allody-
nia would be expected to produce an aversion to warm
temperatures. Activation of TrpV1 receptors is not nec-
essary for the expression of thermal preference as previ-
ous research has shown that TrpV1 knockout mice
display normal behavior in thermal gradient
assays.50,53 This is not unexpected as TrpV1 is activated
by noxious temperatures and we did not observe the
mice actively exploring regions of the assay at or
above noxious temperature thresholds in this study.

However, while TrpV1 knockouts are mostly indistin-
guishable from their wild type counterparts in innocuous
thermal sensitivity, they fail to develop thermal allody-
nia and hyperalgesia during inflammation,54,55 implying
an increased role for TrpV1 activity in inflammation.
Indeed, TrpV1 has a lower thermal threshold in cases
of inflammatory pain and this effect is likely mediated
by phosphorylation-dependent upregulation of channel
function through inflammatory mediators.56–58 TrpV1
has multiple potential targets sites for phosphorylation
by protein kinases. There is a large body of evidence to
support the role of protein kinase C (PKC) and protein
kinase A (PKA) signalling pathways in the sensitization
of TrpV1.56–58 PKC, activated via bradykinin, phos-
phorylates TrpV1 and potentiates heat-evoked responses
by lowering the threshold temperature for channel acti-
vation.57,59–61 TrpV1 is also known to be sensitized
through the prostaglandin-mediated activation of
PKA.62,63 Capsaicin has been shown to result in periph-
eral neurogenic inflammation.64 This is often

characterized by the sustained release of an
“inflammatory soup” which most notably consists of
the peptides Substance-P and Calcitonin gene-related
peptide (CGRP), that are released from peripheral ter-
minals of primary afferents that trigger the release of
additional mediators from non-neuronal cells, such as
bradykinin, prostaglandins and neurotrophins
(NGF).65 Overall, the sensitization of TrpV1 renders
TrpV1þ afferents more excitable and lowers their ther-
mal threshold of activation. This peripheral inflamma-
tory process likely contributed to the change in thermal
preference of mice after intraplantar injection of capsa-
icin. In support of this, we observed that gabapentin
reduced thermal preference of mice injected with capsa-
icin. Gabapentin exerts part of its analgesic properties
through its ability to reduce the presence of inflamma-
tory mediators.66 As a result, this mechanism may
explain how gabapentin was able to reverse the effect
of capsaicin-induced warm temperature aversion.

We unexpectedly observed that acute peri-threshold
optogenetic activation of TrpV1þ afferent terminals in
the spinal cord did not alter thermal preference. This
finding suggests that the central activation of TrpV1þ

afferents itself is insufficient to induce changes in ther-
mal preference, which is likely driven by the multiple
factors that contribute to the difference between capsa-
icin-induced neuronal activation and optogenetic activa-
tion of central TrpV1þ afferent terminals. The breeding
strategy used to obtain TrpV1-ChR2 mice generates a
fate map of TrpV1 expression which is developmentally
regulated. TrpV1 is more broadly expressed during
embryogenesis and 2-weeks postnatally than in adults.
In fact, only 64% of the labelled neurons may respond to
capsaicin in the adult transgenic mouse. This suggests
that we are activating a broader class of primary affer-
ents in our optogenetic model than the capsaicin one,31

the effects of which may not be additive. Indeed, selec-
tive primary afferent innervation of excitatory and inhib-
itory interneurons in the spinal dorsal horn allow for
varied integration of incoming signals from the periph-
ery.67 Additionally, artificial single channel driven neu-
ronal activation fails to recapitulate physiological
neuronal firing and the change in thermal preference
likely requires a host of other changes beyond an
increase in the excitability of TrpV1þ afferents.

The administration of intraplantar capsaicin also
causes mechanical hyperalgesia arising from central sen-
sitization.68 It is possible that central sensitization fur-
ther contributed to the change in thermal preference
observed after capsaicin injection. However, we did not
observe a change in thermal preference towards lower
temperatures after induction of sensitization by supra-
threshold activation of central TrpV1-ChR2 terminals,
further supporting the argument that changes in thermal
preference caused by intraplantar capsaicin injection
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arises from peripheral mechanisms. Alternatively, it is
possible that the biophysical differences between
TrpV1 and ChR2 channels underlie the inconsistencies
in behavioral responses to capsaicin and optogenetic
afferent activation: TrpV1 is a non-selective, large pore
cation channel with a notable calcium permeability,69

while ChR2 is a lower conductance cation channel
with lower calcium permeablity.70 This raises the possi-
bility that the lack of calcium influx in the optogenetic
stimulation paradigm is a factor in the lack of behavioral
changes. However, the induction of mechanical sensiti-
zation we observed in response to central TrpV1-ChR2
activation implies that our optogenetic protocol is capa-
ble of recapitulating the central sensitization associated
with intraplantar capsaicin injection.

Our present findings suggest that peripheral inflam-
mation induced by capsaicin may be a crucial process by
which thermal sensory changes arise in some pain states.
Although not quantified, we also noted a lack of visual
signs of inflammation such as redness and edema in the
hind paws of the stimulated TrpV1-ChR2 implanted ani-
mals, as is typically seen in response to capsaicin.
Notably, previously studies optogenetically activating
hindleg nociceptors have also failed to produce neuro-
genic inflammation.33,39 Specifically, channelrhodopsin-
mediated activation of Nav1.8

þ39 and TrpV1þ33 primary
afferents has been shown to not produce neurogenic
inflammation. We speculate that the likely failure to pro-
duce peripheral neurogenic inflammation in this study
may further arise from the fact that we were activating
central projections of the primary afferent rather than
peripheral terminals. Future studies investigating
changes in thermal preference in other pain models,
including inflammatory models, such as intraplantar
injection of CFA and neuropathic models, such as
spared nerve injury (SNI), will further reveal whether
differing mechanisms of pathological pain have differing
consequences on thermal preference.

Usage of automation in pain research is steadily
increasing. Facial grimace scales for mice and rats have
now been paired with deep neural networks and special-
ized software, respectively, for recognizing subtle facial
expressions that reflect spontaneous pain with accuracy
comparable to a trained human evaluator.71,72 Here we
assessed thermal preference using DeepLabCut, an
open-source application that trains deep neural net-
works to track user-identified objects of interest in
video recordings without the need of physical markers
on the subjects themselves.42,43 We showed that
DeepLabCut could track mice comparably to
EthoVision, and that there was high fidelity and consis-
tency in tracking our desired points upon visual inspec-
tion on a frame-by-frame basis. However, as the
program is limited to only tracking coordinates of indi-
vidual points, more intricate software or algorithms

must be developed to characterize complex subject
behaviors or when working with multiple points, such
as hind paw licking after plantar injection of formalin.73

A major aim of this study was to produce a low-cost
and simple apparatus for assessing thermal preference in
mice. The materials used to create the arena, namely the
aluminum plate, wires, computer power supply,
Plexiglas, heat sinks, cooling fans, and video camera,
are readily available and sourced. Furthermore, assem-
bly of the arena and data analysis requires minimal engi-
neering, electronics, or programming expertise. In
comparison with commercially available systems, our
assay setup resembles Bioseb’s Thermal Gradient Test
(Bioseb, Chaville, France), whose temperature gradient
from 5 to 55�C is created using two temperature modu-
lators acting on opposite ends of a rectangular
aluminum-based corridor. Bioseb uses specialized soft-
ware to analyze video recordings of their trials by sepa-
rating the aluminum corridor into distinct temperature
zones, similar to our video analysis approach. Other aca-
demic assays used photobeam or infrared sensors along
equally-spaced intervals along the arena for mouse
detection as opposed to a camera.50,53,74 Consequently,
estimations of mice positions were limited to discrete
locations rather than along a continuous spectrum of
positions across the arena. This drawback is shared by
2-plate temperature preference and hot plate tests, in
that discrete temperatures may not accurately reflect a
mouse’s preferred temperature if it falls either in between
or outside those chosen temperatures. The temperature
range of gradient-based thermal choice assays range
from 0.8 to 55.0�C and generally report mice prefer tem-
peratures between 28.6 to 35.0�C,50,53,74–79 which direct-
ly aligns with the boundaries of temperature preferences
reported here.

Our assay had a temperature range from approxi-
mately 10�C to 50�C so as to allow for possible exposure
of the mice to noxious temperatures. As expected, mice
did not explore zones in the assay that had aversively
high or low temperatures but stayed within a preferred
range of temperatures consistent for mice. Depending on
the needs of the experimenter, one possible refinement of
our assay would be to reduce the range of temperatures
along the length of the assay, using either less powerful
Peltier devices or by incorporating potentiometers to
control the power supplied to the Peltier devices and to
modulate the temperature at the ends of the arena.
This would reduce the gradient of the temperature
change and potentially encourage both increased
mouse exploration of the arena within the innocuous
temperature range and increased precision of tempera-
ture preference estimates.

Notably, different strains, sexes, ages, and housing
conditions of mice can affect thermal preference.51,80,81

For example, older (>11 months) CD-1s prefer warmer
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temperatures, whereas older C57BL/6N mice do not.51,52

Singly housed older CD-1s also prefer warmer condi-
tions than group housed ones, while younger CD-1s
did not differ in preference when housed individually
or in groups.80,81 Furthermore, female mice also tend
to prefer warmer temperatures than males, likely attrib-
uted to differing metabolic needs, body composition,
and hormonal physiology.51,52 Our assay would allow
further research of such physiological variables in tem-
perature preference in addition to the pathological var-
iables examined here. Given that strain differences in
thermosensory and thermoregulatory processes52,82

have been reported, we acknowledge that mouse strain
may be a confounding factor for the difference in phe-
notypic response observed in response to capsaicin injec-
tions in CD-1 mice and optogenetic activation of
TrpV1þ neurons in TrpV1-ChR2 mice bred on a
C57BL/6N background.

Overall, we report the development and validation of
an easily sourced assay for the automated assessment of
thermal preference in mice. Using this assay, we con-
firmed changes in thermal preference induced by periph-
eral capsaicin injection, and further contrasted these
findings against the lack of a change in thermal prefer-
ence induced by optogenetic stimulation of TrpV1þ

afferents at the level of the spinal cord. These findings
support the use of this assay to investigate central and
peripheral mechanisms governing thermal preference in
freely behaving animals.
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