TYPE Methods

:' frontiers Frontiers in Behavioral Neuroscience CUBLISHED 05 December 2025

@ Check for updates

OPEN ACCESS

EDITED BY
Miriam A. Hickey,
University of Tartu, Estonia

REVIEWED BY
Christopher Dedek,

University of Toronto, Canada

Bruna Maitan Santos,

INRAE Centre Jouy-en-Josas, France

*CORRESPONDENCE
Yan Xu
xu2@pitt.edu

RECEIVED 19 September 2025
REVISED 13 November 2025
ACCEPTED 17 November 2025
PUBLISHED 05 December 2025

CITATION

Deakin T, Wei S, Wang Y, Rhoades RE,
Tillman TS, Tang P and Xu Y (2025)
Automated thermal gradient test for
unprovoked assessment of nociceptive
preference in rodents.

Front. Behav. Neurosci. 19:1709160.
doi: 10.3389/fnbeh.2025.1709160

COPYRIGHT

© 2025 Deakin, Wei, Wang, Rhoades, Tillman,
Tang and Xu. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Behavioral Neuroscience

pol 10.3389/fnbeh.2025.1709160

Automated thermal gradient test
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In animal models, reflexive responses to noxious stimuli (e.g., paw withdrawal in
von Frey, Hargreaves, or cold plantar tests) are largely spinal reflexes and their
quantitative measures (latency or threshold) may not directly reflect clinically
relevant pain perception as assessed by human quantitative sensory testing, which
captures both conscious sensory and affective components of pain as a subjective
experience. This study aims to develop a complementary behavioral testing strategy
for rapidly and automatically detecting rodents’ thermal responses under different
pain conditions without human interference. A device is engineered to create
a linear thermal gradient from 4 °C to 58 °C along a long aluminum floor of
four equal-size corridors, each having a dimension of 137 cm X 10 cm X 22 cm
(L x W x H) and allowing four freely roaming rodents to be simultaneously evaluated
to increase the throughput of in vivo pain testing. Animal behaviors influenced by
the temperature gradient are recorded by a camera and analyzed using ANY-Maze.
The duration of data collection is investigated, showing that the data collected in
as short as 10 min can adequately capture thermal preferences of mice along the
temperature gradient. Animal behaviors reveal differences in thermal nociception
between male and female mice, capture counterintuitive changes in nociceptive
thermal avoidance in the absence and presence of inflammatory pain, and show
analgesic effects of morphine (10 mg/kg subcutaneously) as well as its stimulation
of hyperactive locomotion. The sensitivity, reliability, and efficiency of the new
thermal gradient test will not only help mechanistic investigations of various thermal
sensing receptors but also enable high-throughput in vivo pain evaluation and
analgesic drug screening for developing new treatments for pain management.

KEYWORDS

self-reported pain behaviors, automated pain detection, thermal gradient, thermal
preference, pain assessment

Introduction

Clinical pain management remains a formidable challenge. An estimated 21% of the
population in the US is living with chronic pain (Rikard et al., 2023). Currently used pain
medications often have unwanted side effects and misuse potential that partially contributes
to the opioid epidemic (Kolodny et al., 2015). Preclinical pain research plays a significant role
in understanding the mechanisms underlying various pain conditions as well as possible
treatment strategies for pain management. Sensitive and objective behavior tests in preclinical
animal models are essential for accurate pain assessment and for the discovery and
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development of effective non-opioid analgesics (Gonzalez-Cano et al.,
2020; Sadler et al., 2022; Zhang et al., 2022).

Peripheral thermal sensation enables mammals to perceive
temperatures and react to noxiously hot or cold stimuli (Vriens et al.,
2014). The thresholds to heat and cold tolerance can vary under
different physiological and pathological conditions (Wang et al.,
2014). Because of this, thermal sensitivity assessments are routinely
used in preclinical pain research. The Hargreaves test, for example, is
commonly used to assess thermal pain sensation in rodents
(Hargreaves et al., 1988). While useful, the Hargreaves test has many
limitations (Deuis et al., 2017; Sadler et al., 2022). As pointed out by
Deuis et al. (2017), a major challenge in interpreting behavioral
nociceptive assays lies in distinguishing spinally mediated reflex
responses from true pain perception, which involves higher-order
neural processing. Reflexive behaviors, such as paw or tail withdrawal,
primarily reflect activation of segmental spinal circuits responsible for
protective motor outputs. In contrast, pain perception requires
through  the
spinoparabrachial pathways to supraspinal regions, including the

ascending  transmission spinothalamic  and
thalamus, somatosensory cortex, and limbic structures. Importantly,
the anatomical site of stimulation determines which neural circuits are
engaged. For example, hind paw testing using von Frey or Hargreaves
assays primarily activates lumbar spinal segments and relatively
simple reflex arcs. Consequently, differences in withdrawal thresholds
or latencies across body regions may not indicate true variations in
“pain sensitivity” but rather reflect differences in local innervation
density, fiber types, and spinal connectivity. Therefore, quantitative
outcomes from reflex-based tests should be interpreted within the
anatomical and neurophysiological context of the stimulated site.
Integrating these data with assays that assess affective-motivational
components of pain, such as conditioned place aversion or operant
tasks, offers a more comprehensive evaluation of pain-relevant
processing across multiple levels of the nervous system (Deuis et al.,
2017; Mogil, 2022).

Technically, administering the Hargreaves test is labor intensive
and data quality relies heavily on the experience of individuals
performing the test to differentiate whether a withdrawal is due to
pain or merely a supraspinal reflex (Rice et al., 2008). Human
intervention and confined spaces needed for the Hargreaves test
frequently trigger anxiety in rodents that may also compromise
accuracy of pain assessments (Deuis et al., 2017).

Compared to the Hargreaves test, the thermal place preference
test (TPPT) offers significant progress in automated and noninvasive
assessment of thermal sensitivities in rodents under different pain
conditions (Moqrich et al., 2005; Balayssac et al., 2014; Caporoso et
al., 2020). In TPPT, rodents move freely between two or more visually
indistinguishable compartments of different surface temperatures.
Human intervention is reduced to a minimum so that animals
experience less stress and anxiety. Thus, TPPT is more likely to offer
an unbiased assessment of thermal sensitivity and hypersensitivity
under different pain conditions and has a potential application in
high-throughput in vivo drug screening (Caporoso et al., 2020).
Despite these improvements, pairing temperatures for different
compartments in TPPT is often nontrivial and time consuming due
to activation of different direct or indirect thermal sensing receptors,
including the transient receptor potential (TRP) channel subclasses
(TRPA1, TRPMS, TRPV4, TRPV3, TRPV1, and TRPV2 for different
temperatures from 0 °C to >52 °C) (Qi et al., 2025). It often requires
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a rigorous searching process to optimize temperature pairs in TPPT
for different pain models.

To further develop methods for automated evaluation of thermal
sensitivity in rodents, we developed a thermal gradient test (TGT) in
the current study. TGT offers unparallel advantages by eliminating the
requirement for choosing temperature pairs. New experimental
parameters and pain dimensions can also be explored to differentiate
time-aggregated pain experience from nociception, hence providing
a more clinically relevant pain assessment than traditional reflex-
based measures. Here, we report a new design of TGT that not only
enables automated detection of thermal sensitivities under different
pain conditions but also provides unbiased results simultaneously for
multiple rodents. The reliability, sensitivity, and efficiency of this new
TGT assay are desirable for enhancing preclinical pain research and
more importantly, for making the rapid in vivo screening of novel
analgesics feasible.

Materials
Mice

All procedures were approved by the Institutional Animal Care and
Use Committee of the University of Pittsburgh (D16-00118). C57BL/6]
mice, aged 12 weeks or 30 weeks, were purchased from Jackson
Laboratories. The mice were habituated for two days upon arrival before
being used for experiments. They were housed in a temperature-
controlled (22 + 1 °C) and humidity-controlled (50 + 10%) room under
a 12-h light/dark cycle (light on at 7:00 a.m.). Water and food were
provided ad libitum. Animals with clear health concerns, such as
fighting wounds, were excluded due to potential impact on pain
sensitization. A total of 30 male and 47 female mice were included in
this project, but one female was excluded at a later stage due to fighting
wounds. Given the clinical and translational relevance to inflammatory
pain in the aging populations (Norton et al., 2024), particularly in
women (Wranker et al., 2016; Puto et al., 2024), we used 11 middle-aged
(30 weeks old) female mice for the complete Freund’s adjuvant (CFA)-
induced inflammation experiment. Prior to CFA injection, these mice
underwent the TGT to establish baseline data, which were analyzed
using the same methods applied to post-injection measurements.

Complete Freund'’s adjuvant for
inflammatory pain model

CFA was purchased from InvivoGen (vac-cfa-10). Each mouse in
the CFA group was injected with 25 pL of CFA to the left hind paw to
develop inflammatory pain. For CFA injection, mice were anesthetized
within 60 s with 5% isoflurane (1 L/min). After CFA injection, mice
were kept outside their home cage for 2-5 min on a 37 °C warming
pad until fully recovered from anesthesia. The CFA-injected mice were
tested 24 h after injection.

Morphine treatment

Injectable morphine sulfate (10 mg/mL) was purchased from
Covetrus North America (cat# 057202). For a more controllable
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injection volume, the original morphine sulfate was diluted to 5 mg/
mL using sterile phosphate-buffered saline (PBS, pH = 7.4, Sigma
Aldrich P3813-10PAK). Mice were restrained during subcutaneous
morphine administration. All behavior tests were performed 30 min
after the morphine injection. For repeated measurements on the same
mice, a minimum 48-h waiting period was given to ensure complete
morphine clearance.

Methods
Data collection and analysis

ANY-Maze records videos of TGT experiments at 15 frames per
second. Typically, we exclude the first 30 s of the video from the data
analysis, considering the heavily weighted exploratory behavior of mice
during that period. Thus, a 10-min TGT recording for each mouse
produces 8,550 data points that are analyzed by ANY-Maze for distance
traveled and time spent in different zones along the temperature
gradient. Prism 9.4.0 software (GraphPad) was used for statistical
analysis and for data presentation in all figures. Significance was
determined by the two-tail heteroscedastic or paired ¢ test and the extra
sum of squares F test depending on the chosen testing parameters, as
detailed in the main text and figure legends. A value of p < 0.05 is
considered significant. To estimate the number of animals needed for
different comparisons, we evaluated anticipated effect size relative to
the within-group standard deviation ¢ using Cohen’s d calculations
(Cohen, 1992): d = Au/o, where Ay represents the detectable mean
difference of a given variable between groups, and ¢ is the pooled
standard deviation of the population calculated by the equation

(SS_male+SS_female) ,with SS and DFd indicating the

(DFd_male +DFd _ female)
sum of squares and the degrees of freedom, respectively. To detect the

sex difference, we anticipate a ~1.5 °C difference in the temperature
preference based on pilot studies when the pooled ¢ within group is
~1.2 °C. Cohen’s d estimates N > 11/group to achieve 80% power with
a = 0.05. Similarly, for CFA inflammation evaluation, a large effect size
of >2 °C is expected, and Cohen’s d gives N = 6/group to achieve 80%
power with a = 0.05. However, using pooled ¢ from nonlinear/mixed
models is known to potentially lead to an inflated d and consequently
overestimate expected power (Hoenig and Heisey, 2001; Lazic et al.,
2018) because the actual between-subject variance is not entered into
the denominator. Thus, we increased N as reported in this manuscript
to achieve a robust and reliable comparison between groups.

TGT apparatus design and fabrication

We engineered an improved and easily scalable thermal gradient
device with four equal-size chambers (length, 137 cm; width, 10 cm;
and wall height, 22 cm) atop an aluminum plate (length, 157 cmy;
width, 45 cm; and thickness, 0.95 cm) with a stable temperature
gradient along the length of the plate. The top surface of the aluminum
plate, smoothed by 3-micro polishing films (Thomas Scientific, NJ,
United States), serves as the floor of the chambers. The bottom surface
of the plate rests on a 3.8-cm thick thermal insulating foam to
maintain temperature stability over time. The walls of the chambers
are made of black plastic boards with a matte finish and no reflection.
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Four 144-W core semiconductor thermoelectric Peltier units
(Walfront Electronics, Wuhan, China) are press-mounted to the top
surface at each end of the corridors. Two DC power supplies (B&K
Precision, Model 1900B, 0-16 VDC and 0-60 A, Yorba Linda, CA)
separately regulate Peltier devices at the two ends of the plate and
provide ~14 V (36.8 A) and ~6.3 V (12.8 A) to create a linear thermal
gradient ranging from 4 °C to 58 °C across the long axis, as confirmed
by surface temperature measurements using a thermocouple
(Grainger, Model GK11M, 3LRX4) that is connected to a Temperature
Monitor (Physitemp Instruments Inc., Thermalert Model TH-8,
Clifton, NJ). Photos of the TGT device are
Supplementary Figure S1.

shown in

Mice are always placed in the middle of the gradient at the
beginning of the TGT and allowed to roam freely along the corridors.
The center-of-mass body position and accumulative time spent by
individual mice in each temperature zone, determined experimentally
as detailed below in the Results section, are tracked by a video camera
mounted above the TGT device and recorded using ANY-Maze
(Stoelting Co., Wood Dale, IL, United States). The automated nature
of the data collection and analyses makes blinding unnecessary.

The TGT assay

All mice were habituated and allowed to move freely within
individual chambers at room temperature (20 1 °C) for >10 min one
or more days before TGT evaluations. The average body length of a
mouse is approximately 8 cm without considering the tail. However,
during the TGT, mice are actively running rather than remaining
stationary. This movement causes their body length to appear longer
due to front and hind paws touching a wider temperature range when
the center of mass is evaluated from the video recordings. Therefore,
we used the effective body length of a moving mouse as the basis for
dividing the full length of the corridor into 14 zones, each measuring
9.8 cm. The percent time distribution in the 14 zones shows a
U-shaped of the
(Supplementary Figure S2), reflecting the natural tendency of mice to

curve along the long axis chambers
prefer the corners at the two ends.

The device allows for simultaneous TGT measurements for four
mice (Figure 1A). The gradient in each corridor was measured in
individual zones using a calibrated thermocouple during the initial
temperature calibration and verified before and after each test to ensure
a stable and reproducible linear thermal gradient. The uniform thermal
conductivity of the plate ensures that the local surface temperature at a
given position along the gradient does not deviate appreciably from the
extrapolated setpoint, thereby providing a spatially stable and linear
thermal profile across testing zones (Figure 1B). Linear least squares fit
of temperatures as a function of the center position of each zone along
the long axis of the corridor (Figure 1B) converts the animals’ center-
of-mass body positions to the averaged zone temperatures being
experienced. We also perform calibration to adjust for any minor and
unexpected fluctuations in the room temperature.

The measurement duration in traditional thermal preference tests
varied widely in previously published investigations, ranging from a
few minutes to several hours (Lee et al., 2005; Mogqrich et al., 2005;
Caporoso et al., 2020). To achieve both accuracy and efficiency for in
vivo screening of new analgesics, we analyzed TGT data by sliding
time windows of data collection in a subset of 12 male mice, which

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1709160
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Deakin et al.

10.3389/fnbeh.2025.1709160

d 137 cm

(o2
S

(2]
o

N W b O
o O O

Temperature (°C)
o

—
oS o

1
R \QQ
Position (cm)

1 1
DY QD

1
Q

FIGURE 1

The thermal gradient test (TGT) apparatus. (@) Schematic of the TGT
device with four measurement corridors. (b) A linear relationship

(Y = 0.38X + 4.03, R? = 0.99) between distance (0-137 cm) and
temperature (4 °C-58 °C), determined for individual corridors
through independent measurements by three investigators.

were subjected to 60 min of data collection. A Gaussian distribution
of temperature preference emerges in less than 10 min, showing
rodents’ avoidance of cold (<18 °C) or hot (>42 °C) zones at two ends
of the corridors (Figure 2) and countering their natural behavioral
tendency toward the corners. Two-parameter Gaussian fitting results
in the most preferred temperature (7Tj..), at which the mice spend
most time during data collection. The data from the first 10 min and
the full 60 min show T, values of 30.5 + 0.7 °C and 30.5 + 0.4 °C,
respectively (Figure 2), which are not statistically different [extra sum
of squares F test, F(1, 330) = 1.38 x 107%; p = 0.997]. The fitting also
reports the width of the Gaussian distribution, or the standard
deviation (SD) of the distribution. As shown in Figure 2, the SD
decreases when the data collection time extends, changing from
10.3 £ 0.7 °C for 10 min to 8.5 + 0.4 °C for 60 min. This change is
statistically significant [F(1, 330) = 4.424; p = 0.0362]. Since the total
area under the curve is 100%, a narrower distribution corresponds to
a higher peak zone occupancy. Thus, the percent peak occupancy is a
dependent variable of SD, changing slightly from 14.3 + 0.8% for
10 min to 16.8+0.7% for 60 min (Figure 2). These changes are
primarily due to rodents’ learning of their preferred temperature zones
over a long testing time and subsequently spending more time or
“resting” with extended immobilization at their preferred temperature
zone to avoid the cold or hot zones at the two ends of corridors during
the later period of the 60-min data collection. Indeed, we observed a
significant increase in the percentage of accumulative resting time
(>3 s) with increasing test duration (54.0 £ 3.7% for 60 min versus
43.6 £ 2.8% for the first 10 min, p = 0.036, Supplementary Figure S3).
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FIGURE 2

Mice show temperature preference within 10 min of TGT. The
Gaussian curve fittings of the first 10-min or the entire 60-min data
resulted in T values with no statistical differences (p = 0.997). Data
were obtained from naive C57BL/6J male mice (n = 12) and are
reported as mean + SEM. At extreme temperatures, the SEM is
smaller than the symbol size.

The distribution of >3 s resting times as a function of zones follows a
similar distribution to the accumulative occupancy times in different
zones (Supplementary Figure S4A), suggesting that extending the
measurement time beyond 10 min only reaffirms the animals’ choice
of the preferred temperatures.

Results

TGT detects sex differences in thermal
sensitivity and temperature preference in
mice

Males and females perceive pain differently according to previous
human and animal studies (Kaikaew et al., 2017; Boerner et al., 2018;
Smith, 2019). Here, we use TGT to evaluate thermal preference of
naive male and female mice to validate the sensitivity of the TGT
method. Gaussian fitting of the TGT data from these two groups of
mice (Figure 3) resulted in significantly different T, values with
30.4 +0.3 °C for male and 32.2 +0.4 °C for female mice [F(1,
895) = 19.50; p < 0.0001]. The corresponding Gaussian distribution
widths are also statistically different between males (SD = 11.6 + 0.4
°C) and females (SD = 13.8 + 0.4 °C) [F(1, 895) = 22.27, p < 0.0001].
This is also reflected in the maximum occupancies of 12.9 + 0.8% and
11.4 + 0.7% for males and females, respectively. The power analysis
shows Cohen’s d of 1.23, suggesting a large effect size.

TGT captures inflammatory pain induced
by complete Freund'’s adjuvant

Changes in thermal sensitivity, including cold allodynia and heat
hypersensitivity, are often related to pain conditions. To test whether the
TGT assay can quantitatively capture pain states in mice, we compared
the results from female mice 24-h after intraplantar CFA injection in the
left hind paw against the female naive controls. We observed drastically
different Gaussian distributions (Figure 4) with a Cohen’s d of 1.73 for
alarge effect size. T, shifted significantly from 32.5 + 0.8 °C (naive) to
36.6 + 0.5 °C (CFA) [F(1,302) = 8.14; p < 0.0046], and SD is significantly
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FIGURE 3

Thermal sensitivity and preference of male and female mice revealed
by TGT. Occupancy of mice in different zones along the temperature
gradient in a 10-min assay exhibits a Gaussian distribution. Naive
male (n = 30, blue) and female (n = 36, red) C57BL/6J mice show
significantly different T,.., values (male 30.4 + 0.3 °C vs. female

32.2 + 04 °C) according to an extra sum of squares F test [F(1,

895) = 19.50; p < 0.0001]. Data are presented as mean + SEM.

narrowed from 14.3 + 0.9 °C for the naive controls to 6.1 + 0.5 °C for
the CFA mice [F(1, 302) = 46.09; p < 0.0001]. With narrowing of the
distribution, the corresponding peak occupancy of the comfortable
zone increased from 11.2 +0.5% to 22.9 + 1.7% of the measurement
time. The narrower distribution in the CFA group than in the naive
controls results primarily from a significantly lower occupancy in zones
with temperatures <30 °C and >45 °C (Figure 4) and significant increase
of immobile time of the CFA mice in the “comfortable” temperature
zones (Supplementary Figure S4B). This observation is consistent with
reported changes in thermal sensitivities of mice following CFA
inflammation of the hind paw (Allchorne et al.,, 2005). The CFA-induced
peripheral inflammation is known to elicit cold (Allchorne et al., 2005)
and warm allodynia and heat hyperalgesia (Hargreaves et al., 1988;
Dirig et al.,, 1997). In addition to heightened aversive sensitivity to
thermal extremes due to CFA-induced inflammation, reduced
spontaneous locomotor activity and exploratory behavior may
secondarily decrease occupancy in the extreme hot or cold zones.
Therefore, the diminished presence in noxious temperature areas likely
combined effect of altered

reflects a nociception and

suppressed locomotion.

TGT reveals complex behavioral effects of
morphine

Morphine is widely used as an analgesic in humans and in animal
research. The adverse effects associated with morphine are recognized
(Kim et al., 1998; Glare et al., 2006; Morgan et al., 2012; Caporoso et al.,
2020). Here, we use TGT to evaluate effects of morphine (10 mg/kg,
subcutaneously) on mice under different pain conditions, either pain free
(naive mice) or experiencing CFA-elicited inflammatory pain. TGT was
performed 30 min after morphine injection. In stark contrast to the
narrow Gaussian distributions of the CFA mice before morphine injection
(Figure 4), the CFA mice with morphine treatment presented an almost
flat distribution with a roughly equal occupancy along the temperature
gradient (Figure 5A). The nearly flat distribution was also observed in
naive mice after the morphine injection. The occupancy at the cold and
hot ends of the temperature gradient increased from complete avoidance
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TGT captures a distinctly different thermal response from mice with
and without CFA inflammation of the hind paw. Significant
differences in Tpea [32.5 + 0.8 °C vs. 36.7 + 0.5 °C; F(1, 302) = 8.14;
p < 0.0046] and Gaussian SD [14.3 + 0.9 °C vs. 6.1 + 0.5 °C; F(1,
302) = 46.09; p < 0.0001] were observed in female C57BL/6J mice
without CFA (naive, blue) and 24-h after CFA injections (CFA, red).
Data are reported as mean + SEM (n = 11). At extreme temperatures,
the SEM is smaller than the symbol size.

(0%) to nearly equal to other temperature zones (4-6% compared to the
theoretical equal distribution of 7.1% in 14 zones) when mice were under
the influence of morphine (Figure 5A), suggesting that morphine
significantly diminishes not only thermal hyperalgesia in mice
experiencing CFA-induced inflammatory pain, but also the temperature
sensitivity of the naive mice (Figure 5A).

In addition to the morphine-induced inhibition of thermal
hyperalgesia or hypersensitivity, TGT also revealed morphine-induced
hyperactive locomotion in mice. Both the naive + morphine and
CFA + morphine mice exhibited increased locomotor activity, which
was quantified by the distances traveled within a defined time window
(e.g., 10 min) (Figure 5B). The observation is consistent with previous
reports that morphine can induce hyperactivity in rodents (Caporoso
et al., 2020; Acevedo-Canabal et al., 2023).

Discussion

In this study, we demonstrated a streamlined protocol to evaluate
nociceptive thermal avoidance in rodents by unprovoked and self-
reported behaviors of temperature preference in an automated
fashion. The results suggest that a 10-min TGT can capture essential
information (e.g., T,c.x) comparable to that revealed in significantly
longer durations (e.g., 60 min), thereby enabling a significantly higher
throughput of in vivo behavioral pain evaluation than the conventional
methods on non-communicating animals. As shown in Figure 2, a
TGT with 10-min data collection is adequate for determining Tjc.
which is often all that is needed for in vivo screening of new analgesics
in a pain model. However, optimal durations for TGT data collection
depend on emphases of different applications. For drug screening, a
reasonable balance between accuracy and efficiency dictates the short
duration so that many compounds and animals can be screened
quickly and cost-effectively.

There are two major commercial devices for automated detection
of thermal sensitivity in rodents. One is the thermal gradient ring
(TGR), which is designed using Zimmermann’s method (Touska et al.,
2016) and sold by Ugo Basile, Animalab, and ANY-maze. TGR
removes potential biases from edge-seeking behavior that may occur
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FIGURE 5

Morphine effects revealed by TGT. (a) Temperature zone occupancy distributions are plotted for female naive + morphine (blue) and CFA + morphine
(red) C57BL/6J mice 30-min post morphine injection (10 mg/kg, s.c.). The occupancy distributions of morphine-free mice from Figure 4 are included
for comparison (dotted lines, blue: naive, red: CFA). (b) Morphine induces hyperactive locomotion in both naive + morphine (blue) and

CFA + morphine (red) mice, which traveled significantly greater distances than their morphine-free counterparts according to the two-tailed unpaired
(naive) or paired (CFA) t-tests. Additionally, CFA + morphine mice traveled a significantly greater distance than naive + morphine mice. All data are
presented as means + SEM (n = 11). *p < 0.05, ***p < 0.001, ****p < 0.0001, and "™p > 0.05

in linear assays. However, as shown in our data, edge-seeking is not an
issue in detection with a linear thermal gradient. Mice spent a minimal
time at both ends of the plate to avoid cold and hot temperatures.
Additionally, our TGT design offers several advantages. First, our TGT
device covers 4 °C-58 °C continuously. All commercially available
TGRs require the experimenter to pre-define the temperature range
before the trial begins, either from room temperature to 65 °C using
the heating device or from 4 °C to 35 °C using the heating/cooling
device. Second, a commercial TGR allows only one rodent at a time in
each trial, but ours can test four rodents simultaneously, significantly
increasing efficiency that is crucial for screening new analgesic
candidates in vivo. Third, the cost for our TGT device is only a fraction
of the price for a commercial TGR system, making this cost-effective
method more broadly accessible to the pain research community. The
second and third advantages of our TGT system are also true when
compared to a commercial TGT system (HBIO-Panlab). Furthermore,
our TGT device has a much longer dimension (0-137 cm) and
broader temperature range (4-58 °C), providing a significantly better
temperature resolution [(58 — 4)°C/137 cm = 0.39 °C/cm] than the
commercial device. Thus, our TGT system is a welcome addition to
pre-clinical pain research considering the temperature range and
resolution, efficiency in data turnover, and cost-effectiveness.
Supplementary Table 1 presents a comparison between our TGT and
traditional assays, including the Hargreaves and hot plate tests.
Female rodents are known to prefer slightly warmer temperatures
than males (Gaskill et al., 2009). We used this known sex difference
on temperature preference to gauge the measurement sensitivity of
TGT. The observed preference of female mice to a higher T, is
consistent with a previous report using a different experimental
method (Kaikaew et al., 2017), in which mice were allowed to choose
between two temperatures (29 °C vs. 32 °C) and showed that female
mice resided much longer at 32 °C than at 29 °C and behaved
significantly differently from their male counterparts in the same
experimental setting (Kaikaew et al., 2017). Note that a large number
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of female mice (n = 36) was used to mitigate the potential influence of
estrous cycle variability on sex-dependent responses, as estrous stages
were not closely monitored. Our TGT data not only confirm the
different T, between male and female mice but also reveal an overall
narrower tolerable temperature range and stronger preference of
22-30 °C for male mice. The underlying mechanism for this sex
difference remains unknown and warrants further investigation,
considering that the difference in thermal preference between males
and females has been supported and validated by different
experimental methods and independent research laboratories.

The results in Figure 4 comparing the animal behaviors with and
without CFA-induced inflammatory pain illustrate added dimensions
of TGT in pain assessments that are difficult to obtain with the
conventional pain evaluation methods. Traditional thermal sensitivity
tests, such as Hargreaves and acetone tests, can detect allodynia or
hypersensitivity after inflammation based on shortened latencies of
supraspinal reflexes as a nociceptive nerve process but cannot report
thermally induced pain as an experience when animals are given a
wide range of temperature options. The shift of preferred temperature
(Tpea) to nearly the body temperature with a significantly narrower
distribution under CFA-induced inflammation is unexpected based
on the perceived hypersensitivity to heat under inflammation.
However, our observation is consistent mechanistically with the
known interplay among different subtypes of TRP channels that are
responsible for temperature sensing. Extensive investigations have
been carried out to understand thermo-TRP channels for sensing
various temperatures (Qi et al., 2025), showing that TRPA1 (ankyrin
1), TRPMS (melastatin 8), TRPV4 (vanilloid 4), TRPV3, TRPV1, and
TRPV?2 are responsible for cold and heat sensitivity at temperatures
<17 °C, 15-28 °C, 25-35 °C, 32-39 °C, >42 °C, and >52 °C,
respectively. Under the normal physiological conditions, the preferred
temperature range for female mice (~32 °C) is primarily regulated
predominantly by TRPM8, TRPV4, and TRPV3. While there is
evidence that the expression levels of TRPV3 in keratinocytes and
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TRPV4 in dorsal root ganglia are upregulated after CFA-induced
inflammation (Chen et al, 2012; Gazerani et al., 2016), their
involvement in warm allodynia remains controversial (Huang et al.,
2011). Knockout (KO) studies showed that thermal sensitivity is
similar between the wildtype and TRPV3/TRPV4 KO mice after
CFA-induced inflammation, suggesting that TRPV3 and TRPV4 have
limited contributions to warm allodynia (Huang et al., 2011). The
interactions among other thermo-TRP channels, particularly TRPMS,
TRPA1, and TRPV1, have been suggested recently as a potential cause
of cold and warm hypersensitivity after inflammation (Yang et al.,
2023). Using the same TGT concept with a different device design, Li
etal. (2021) found that TrpV1-ChR2 mice preferred ~2.3 °C warmer
temperature after suprathreshold stimulation, which increased firing
of TrpV1' afferents and initiated central sensitization. This
“unexpected” result is consistent with our finding in CFA mice
(Figure 4) and supports the involvement of TrpV1 in CFA-induced
changes in thermal sensitivity. A shift toward warmer temperatures
that
counterbalances sensitized C-fibers by mild external warmth.

may reflect a coping or analgesic-seeking response
Innocuous warmth can desensitize TrpV1 (Joseph et al., 2013; Luo et
al., 2019) and engage spinal circuits that suppress nociception via
activation of inhibitory tones (Kim et al., 2012; Wang et al., 2022).
Warmth also suppresses and desensitizes TrpA1 that can attenuate
persistent pain at the site of injury (Wang et al., 2012). The precise
mechanisms driving the shift toward warmer temperatures detected
by the automated self-reporting paradigm await further investigation.

It is worth noting that TGT can detect not only analgesic action of
a drug but also other central nervous system effects that go beyond
thermal nociception. As shown in Figure 5B, before morphine
treatment, the CFA mice traveled significantly shorter distances than the
naive mice due to inflammatory pain (9.7 £ 1.1 m vs. 25.1 + 1.7 m,
P <0.001). Interestingly, after morphine injection, the CFA + morphine
mice traveled significantly longer distances than the naive + morphine
mice (79.0 £ 11.5 m vs. 50.4 £ 5.4 m, p = 0.0273). The opioid-induced
increase in locomotor activity is often attributed to increased dopamine
neurotransmission within the mesolimbic system (Broelkamp et al.,
1979; Kelley et al., 1980; Kalivas et al., 1983; Hnasko et al., 2005; Botz-
Zapp etal., 2021). Why did the CFA + morphine mice show significantly
higher locomotor activity than the naive + morphine mice? Pain
sensitization, such as in CFA-induced inflammatory pain, can disinhibit
the mesolimbic dopamine circuit (Taylor et al., 2016; Ma et al., 2023)
and alter the population and function of dopamine receptors in the
striatum (Kienast et al., 2008; Wawrzczak-Bargiela et al., 2020; Simpson
et al., 2022), albeit the pain-related changes in dopamine receptors are
complex and content-dependent. The nigrostriatal dopamine pathway
(Bjorklund and Stenevi, 1979; Haber et al., 2000) is likely responsible for
the elevated morphine effect on locomotion of mice experiencing
inflammatory pain (CFA + morphine), but this mechanism requires a
more in-depth investigation to elucidate specific pathways. Similarly,
since response to opioid treatment is often used as a surrogate measure
of nociception and pain (Fatt et al., 2024), it would be interesting in
future studies to investigate if CFA-induced pain in other areas of the
body not in direct contact with the thermal gradient surface, such as in
the orofacial region, can trigger altered thermal avoidance behaviors due
to central sensitization. The unprovoked behaviors in TGT enable such
mechanistic investigations that are impossible by the traditional thermal
sensitivity tests based on provoked reflexes. Given that morphine
administration in our experiments altered both thermal preference and
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locomotor activity (Figure 5), future studies incorporating an analgesic
that does not affect locomotor activity would further strengthen the
specificity of TGT in assessing thermal nociception and pain.

It should also be noted that TGT captures animals’ self-reported
thermal preference, which is likely reflecting the comfortable
temperature range experienced by the animals under normal and
pathological conditions. Clinically, distinctions between discomfort
and pain have been made (Ashkenazy and DeKeyser Ganz, 2019),
where not all thermal discomforts are associated with pain. Hence,
changes in T can potentially be influenced by the ambient
temperature to account for animals’ seeking for “more comfortable”
temperatures relative to the “normal” steady-state environment. For
this reason, all animals in the current study were housed with room
temperatures closely monitored and regulated. Thermal avoidance, as
revealed by the changes in the SD of the Gaussian distribution, may
depend more directly on nociception and pain experience.

Conclusion

We present a newly designed, automated thermal gradient test for
high-throughput in vivo assessments of thermal nociception and pain in
rodents without human interference. The new method can differentiate
nociceptive and inflammatory pain between male and female mice and
quantify antinociception or analgesic effects and hyperlocomotive
activities under morphine analgesia. The results demonstrate that the
new TGT device and assay are sensitive and eflicient for detecting
nociception and pain in mice. The quality of data resulting from objective
data collection and the rapid turnover time make this automated
behavioral testing an attractive choice for preclinical pain investigations,
particularly for in vivo screening of new analgesics. Additionally, the low
cost of the TGT device makes it affordable for most laboratories and can
generate a broad impact to the pain research field. Moreover, this
enabling technology will help resolve current controversies surrounding
the roles of various thermal sensing receptors in heat- and cold-induced
pain, thereby accelerating in vivo pain evaluation and screening of new
analgesics intended to target these receptors.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement
The animal study was approved by the Institutional Animal
Care and Use Committee, University of Pittsburgh. The study was

conducted in accordance with the local legislation and
institutional requirements.

Author contributions

TD: Methodology, Validation, Data curation, Investigation,
Writing — original draft, Formal analysis. SW: Validation, Formal

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1709160
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Deakin et al.

analysis, Writing — review & editing, Investigation, Methodology. YW:
Formal analysis, Writing — review & editing. RR: Investigation,
Writing - review & editing, Methodology. TT: Methodology,
Investigation, Writing - review & editing. PT: Validation,
Conceptualization, Formal analysis, Data curation, Funding acquisition,
Investigation, Supervision, Writing — review & editing, Writing -
original draft. YX: Conceptualization, Methodology, Investigation,
Supervision, Writing — review & editing, Formal analysis, Resources,
Funding acquisition, Project administration, Writing — original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The reported research was
supported by the US National Institutes of Health (NTH, ROINS122830
to YX). RR was supported by an NIH training grant (T32GM075770,
PI/PD: YX).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Acevedo-Canabal, A., Grim, T. W,, Schmid, C. L., Mcfague, N., Stahl, E. L.,
Kennedy, N. M,, et al. (2023). Hyperactivity in mice induced by opioid agonists with
partial intrinsic efficacy and biased agonism administered alone and in combination
with morphine. Biomolecules 13:935. doi: 10.3390/biom13060935

Allchorne, A. J., Broom, D. C., and Woolf, C. J. (2005). Detection of cold pain, cold
allodynia and cold hyperalgesia in freely behaving rats. Mol. Pain 1:36. doi:
10.1186/1744-8069-1-36

Ashkenazy, S., and Dekeyser Ganz, F. (2019). The differentiation between pain and
discomfort: a concept analysis of discomfort. Pain Manag. Nurs. 20, 556-562. doi:
10.1016/j.pmn.2019.05.003

Balayssac, D., Ling, B., Ferrier, J., Pereira, B., Eschalier, A., and Authier, N. (2014).
Assessment of thermal sensitivity in rats using the thermal place preference test:
description and application in the study of oxaliplatin-induced acute thermal
hypersensitivity and inflammatory pain models. Behav. Pharmacol. 25, 99-111. doi:
10.1097/FBP.0000000000000026

Bjorklund, A., and Stenevi, U. (1979). Reconstruction of the nigrostriatal dopamine
pathway by intracerebral nigral transplants. Brain Res. 177, 555-560. doi:
10.1016/0006-8993(79)90472-4

Boerner, K. E., Chambers, C. T., Gahagan, J., Keogh, E., Fillingim, R. B., and Mogil, J. S.
(2018). Conceptual complexity of gender and its relevance to pain. Pain 159, 2137-2141.
doi: 10.1097/.pain.0000000000001275

Botz-Zapp, C. A,, Foster, S. L., Pulley, D. M., Hempel, B., Bi, G. H., Xi, Z. X,, et al.
(2021). Effects of the selective dopamine D receptor antagonist PG01037 on morphine-
induced hyperactivity and antinociception in mice. Behav. Brain Res. 415:113506. doi:
10.1016/j.bbr.2021.113506

Broekkamp, C. L., Phillips, A. G., and Cools, A. R. (1979). Stimulant effects of enkephalin
microinjection into the dopaminergic A10 area. Nature 278, 560-562. doi: 10.1038/278560a0

Caporoso, J., Moses, M., Koper, K., Tillman, T. S., Jiang, L., Brandon, N,, et al. (2020).
A thermal place preference test for discovery of neuropathic pain drugs. ACS Chem.
Neurosci. 11, 1006-1012. doi: 10.1021/acschemneuro.0c00013

Chen, W. H., Tzen, J. T,, Hsieh, C. L., Chen, Y. H,, Lin, T. J., Chen, S. Y., et al. (2012).
Attenuation of TRPV1 and TRPV4 expression and function in mouse inflammatory
pain models using electroacupuncture. Evid. Based Complement. Alternat. Med.
2012:636848. doi: 10.1155/2012/636848

Cohen, J. (1992). A power primer. Psychol. Bull. 112,
10.1037/0033-2909.112.1.155

Deuis, J. R., Dvorakova, L. S., and Vetter, I. (2017). Methods used to evaluate pain
behaviors in rodents. Front. Mol. Neurosci. 10:284. doi: 10.3389/fnmol.2017.00284

155-159. doi:

Frontiers in Behavioral Neuroscience

10.3389/fnbeh.2025.1709160

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnbeh.2025.1709160/
full#supplementary-material

Dirig, D. M., Salami, A., Rathbun, M. L., Ozaki, G. T., and Yaksh, T. L. (1997).
Characterization of variables defining hindpaw withdrawal latency evoked by
radiant thermal stimuli. J. Neurosci. Methods 76, 183-191. doi: 10.1016/
$0165-0270(97)00097-6

Fatt, M. P, Zhang, M. D., Kupari, J., Altinkok, M., Yang, Y., Hu, Y, et al. (2024).
Morphine-responsive neurons that regulate mechanical antinociception. Science
385:ead06593. doi: 10.1126/science.ado6593

Gaskill, B. N, Rohr, S. A, Pajor, E. A, Lucas, J. R, and Garner, J. P. (2009). Some like
it hot: mouse temperature preferences in laboratory housing. Appl. Anim. Behav. Sci.
116, 279-285. doi: 10.1016/j.applanim.2008.10.002

Gazerani, S., Zaringhalam, J., Manaheji, H., and Golabi, S. (2016). The role of C fibers
in spinal microglia induction and possible relation with TRPV3 expression during
chronic inflammatory arthritis in rats. Basic Clin. Neurosci. 7, 231-240. doi: 10.15412/].
BCN.03070308

Glare, P,, Walsh, D., and Sheehan, D. (2006). The adverse effects of morphine: a
prospective survey of common symptoms during repeated dosing for chronic cancer
pain. Am. J. Hosp. Palliat. Care 23, 229-235. doi: 10.1177/1049909106289068

Gonzalez-Cano, R., Montilla-Garcia, A., Ruiz-Cantero, M. C., Bravo-Caparros, I.,
Tejada, M. A., Nieto, E. R., et al. (2020). The search for translational pain outcomes to
refine analgesic development: where did we come from and where are we going?
Neurosci. Biobehav. Rev. 113, 238-261. doi: 10.1016/j.neubiorev.2020.03.004

Haber, S. N., Fudge, J. L., and Mcfarland, N. R. (2000). Striatonigrostriatal pathways
in primates form an ascending spiral from the shell to the dorsolateral striatum. J.
Neurosci. 20, 2369-2382. doi: 10.1523/J]NEUROSCI.20-06-02369.2000

Hargreaves, K., Dubner, R., Brown, E, Flores, C., and Joris, J. (1988). A new and
sensitive method for measuring thermal nociception in cutaneous hyperalgesia. Pain
32, 77-88. doi: 10.1016/0304-3959(88)90026-7

Hnasko, T. S., Sotak, B. N, and Palmiter, R. D. (2005). Morphine reward in dopamine-
deficient mice. Nature 438, 854-857. doi: 10.1038/nature04172

Hoenig, ]. M., and Heisey, D. M. (2001). The abuse of power: the pervasive fallacy of power
calculations for data analysis. Am. Stat. 55, 19-24. doi: 10.1198/000313001300339897

Huang, S. M., Li, X,, Yu, Y., Wang, ], and Caterina, M. J. (2011). TRPV3 and TRPV4
ion channels are not major contributors to mouse heat sensation. Mol. Pain 7:37. doi:
10.1186/1744-8069-7-37

Joseph, J., Wang, S., Lee, ], Ro, ]. Y., and Chung, M. K. (2013). Carboxyl-terminal
domain of transient receptor potential vanilloid 1 contains distinct segments

differentially involved in capsaicin- and heat-induced desensitization. J. Biol. Chem. 288,
35690-35702. doi: 10.1074/jbc.M113.513374

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1709160
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnbeh.2025.1709160/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2025.1709160/full#supplementary-material
https://doi.org/10.3390/biom13060935
https://doi.org/10.1186/1744-8069-1-36
https://doi.org/10.1016/j.pmn.2019.05.003
https://doi.org/10.1097/FBP.0000000000000026
https://doi.org/10.1016/0006-8993(79)90472-4
https://doi.org/10.1097/j.pain.0000000000001275
https://doi.org/10.1016/j.bbr.2021.113506
https://doi.org/10.1038/278560a0
https://doi.org/10.1021/acschemneuro.0c00013
https://doi.org/10.1155/2012/636848
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.3389/fnmol.2017.00284
https://doi.org/10.1016/S0165-0270(97)00097-6
https://doi.org/10.1016/S0165-0270(97)00097-6
https://doi.org/10.1126/science.ado6593
https://doi.org/10.1016/j.applanim.2008.10.002
https://doi.org/10.15412/J.BCN.03070308
https://doi.org/10.15412/J.BCN.03070308
https://doi.org/10.1177/1049909106289068
https://doi.org/10.1016/j.neubiorev.2020.03.004
https://doi.org/10.1523/JNEUROSCI.20-06-02369.2000
https://doi.org/10.1016/0304-3959(88)90026-7
https://doi.org/10.1038/nature04172
https://doi.org/10.1198/000313001300339897
https://doi.org/10.1186/1744-8069-7-37
https://doi.org/10.1074/jbc.M113.513374

Deakin et al.

Kaikaew, K., Steenbergen, J., Themmen, A. P. N, Visser, J. A., and Grefhorst, A. (2017).
Sex difference in thermal preference of adult mice does not depend on presence of the
gonads. Biol. Sex Differ. 8:24. doi: 10.1186/513293-017-0145-7

Kalivas, P. W,, Widerlov, E., Stanley, D., Breese, G., and Prange, A. J. Jr. (1983).
Enkephalin action on the mesolimbic system: a dopamine-dependent and a dopamine-
independent increase in locomotor activity. J. Pharmacol. Exp. Ther. 227, 229-237. doi:
10.1016/S0022-3565(25)22000-6

Kelley, A. E., Stinus, L., and Iversen, S. D. (1980). Interactions between D-ala-met-
enkephalin, A10 dopaminergic neurones, and spontaneous behaviour in the rat. Behav.
Brain Res. 1, 3-24. doi: 10.1016/0166-4328(80)90043-1

Kienast, T., Siessmeier, T., Wrase, J., Braus, D. E, Smolka, M. N., Buchholz, H. G., et al.
(2008). Ratio of dopamine synthesis capacity to D2 receptor availability in ventral
striatum correlates with central processing of affective stimuli. Eur. J. Nucl. Med. Mol.
Imaging 35, 1147-1158. doi: 10.1007/500259-007-0683-z

Kim, Y. H., Back, S. K., Davies, A. J., Jeong, H., Jo, H. ], Chung, G, et al. (2012).
TRPV1 in GABAergic interneurons mediates neuropathic mechanical allodynia and
disinhibition of the nociceptive circuitry in the spinal cord. Neuron 74, 640-647. doi:
10.1016/j.neuron.2012.02.039

Kim, H.-S., Jang, C.-G., Oh, K.-W,, Oh, S., Rheu, H.-M., Rhee, G.-S,, et al. (1998). Effects
of ginseng total saponin on morphine-induced hyperactivity and conditioned place
preference in mice. J. Ethnopharmacol. 60, 33-42. doi: 10.1016/S0378-8741(97)00131-1

Kolodny, A., Courtwright, D. T., Hwang, C. S., Kreiner, P, Eadie, J. L., Clark, T. W,
et al. (2015). The prescription opioid and heroin crisis: a public health approach to an
epidemic of addiction. Annu. Rev. Public Health 36, 559-574. doi: 10.1146/annurev-
publhealth-031914-122957

Lazic, S. E., Clarke-Williams, C. J., and Munafo, M. R. (2018). What exactly is ‘N in cell
culture and animal experiments? PLoS Biol. 16:¢2005282. doi: 10.1371/journal.pbio.2005282

Lee, H., lida, T., Mizuno, A., Suzuki, M., and Caterina, M. J. (2005). Altered thermal
selection behavior in mice lacking transient receptor potential vanilloid 4. J. Neurosci.
25, 1304-1310. doi: 10.1523/INEUROSCI.4745.04.2005

Li, J., Zain, M., and Bonin, R. P. (2021). Differential modulation of thermal preference
after sensitization by optogenetic or pharmacological activation of heat-sensitive
nociceptors. Mol. Pain 17:17448069211000910. doi: 10.1177/17448069211000910

Luo, L., Wang, Y., Li, B., Xu, L., Kamau, P. M., Zheng, ]., et al. (2019). Molecular basis
for heat desensitization of TRPV1 ion channels. Nat. Commun. 10:2134. doi: 10.1038/
$41467-019-09965-6

Ma, Y., Zhao, W., Chen, D., Zhou, D., Gao, Y., Bian, Y,, et al. (2023). Disinhibition of

mesolimbic dopamine circuit by the lateral hypothalamus regulates pain sensation. J.
Neurosci. 43, 4525-4540. doi: 10.1523/JNEUROSCI.2298-22.2023

Mogil, J. S. (2022). The history of pain measurement in humans and animals. Front.
Pain Res. 3:1031058. doi: 10.3389/fpain.2022.1031058

Moqrich, A., Hwang, S. W,, Earley, T.J., Petrus, M. J., Murray, A. N., Spencer, K. S.,

et al. (2005). Impaired thermosensation in mice lacking TRPV3, a heat and camphor
sensor in the skin. Science 307, 1468-1472. doi: 10.1126/science.1108609

Morgan, D., Mitzelfelt, J. D., Koerper, L. M., and Carter, C. S. (2012). Effects of
morphine on thermal sensitivity in adult and aged rats. J. Gerontol. A 67, 705-713. doi:
10.1093/gerona/glr210

Norton, S. A., Blaydon, L. M., Niehaus, M., Miller, A. P, Hill, P. L., Oltmanns, T. E,
et al. (2024). Inflammation is associated with pain and fatigue in older adults. Brain
Behav. Immun. Health 42:100874. doi: 10.1016/j.bbih.2024.100874

Puto, G., Repka, I, and Gniadek, A. (2024). Gender differences in the quantitative and
qualitative assessment of chronic pain among older people. Front. Public Health
12:1344381. doi: 10.3389/fpubh.2024.1344381

Frontiers in Behavioral Neuroscience

09

10.3389/fnbeh.2025.1709160

Qi, Y., Gong, H., Shen, Z., Wu, L., Xu, Z., Shi, N,, et al. (2025). TRPMS8 and TRPA1
ideal targets for treating cold-induced pain. Eur. J. Med. Chem. 282:117043. doi:
10.1016/j.¢jmech.2024.117043

Rice, A. S. C., Cimino-Brown, D., Eisenach, J. C., Kontinen, V. K., Lacroix-Fralish, M. L.,
Machin, L, et al. (2008). Animal models and the prediction of efficacy in clinical trials
of analgesic drugs: a critical appraisal and call for uniform reporting standards. Pain 139,
243-247. doi: 10.1016/j.pain.2008.08.017

Rikard, S. M., Strahan, A. E., Schmit, K. M., and Guy, G. P. (2023). Chronic pain
among adults—United States, 2019-2021. MMWR Morb. Mortal Wkly. Rep. 72, 379-385.
doi: 10.15585/mmwr.mm?7215al

Sadler, K. E., Mogil, J. S., and Stucky, C. L. (2022). Innovations and advances in
modelling and measuring pain in animals. Nat. Rev. Neurosci. 23, 70-85. doi: 10.1038/
541583-021-00536-7

Simpson, E. H., Gallo, E. E, Balsam, P. D,, Javitch, J. A., and Kellendonk, C. (2022).
How changes in dopamine D2 receptor levels alter striatal circuit function and
motivation. Mol. Psychiatry 27, 436-444. doi: 10.1038/s41380-021-01253-4

Smith, J. C. (2019). A review of strain and sex differences in response to pain and
analgesia in mice. Comp. Med. 69, 490-500. doi: 10.30802/AALAS-CM-19-000066

Taylor, A. M. W,, Becker, S., Schweinhardt, P., and Cahill, C. (2016). Mesolimbic
dopamine signaling in acute and chronic pain: implications for motivation,
analgesia, and addiction. Pain 157, 1194-1198. doi: 10.1097/j.
pain.0000000000000494

Touska, F, Winter, Z., Mueller, A., Vlachova, V, Larsen, J., and Zimmermann, K.
(2016). Comprehensive thermal preference phenotyping in mice using a novel
automated  circular  gradient  assay. = Temperature 3, 77-91.  doi:
10.1080/23328940.2015.1135689

Vriens, J., Nilius, B., and Voets, T. (2014). Peripheral thermosensation in mammals.
Nat. Rev. Neurosci. 15, 573-589. doi: 10.1038/nrn3784

Wang, H., Chen, W,, Dong, Z., Xing, G., Cui, W,, Yao, L., et al. (2022). A novel spinal
neuron connection for heat sensation. Neuron 110, 2315-2333. doi: 10.1016/j.
neuron.2022.04.021

Wang, S., Lee, J., Ro, J. Y,, and Chung, M. K. (2012). Warmth suppresses and
desensitizes damage-sensing ion channel TRPALl. Mol. Pain 8:22. doi:
10.1186/1744-8069-8-22

Wang, H., Wang, B., Normoyle, K. P, Jackson, K., Spitler, K., Sharrock, M. E, et al.
(2014). Brain temperature and its fundamental properties: a review for clinical
neuroscientists. Front. Neurosci. 8:307. doi: 10.3389/fnins.2014.00307

Wawrzczak-Bargiela, A., Ziolkowska, B., Piotrowska, A., Starnowska-Sokol, J.,
Rojewska, E., Mika, J., et al. (2020). Neuropathic pain dysregulates gene expression of
the forebrain opioid and dopamine systems. Neurotox. Res. 37, 800-814. doi: 10.1007/
512640-020-00166-4

Wranker, L. S., Rennemark, M., and Berglund, J. (2016). Pain among older adults
from a gender perspective: findings from the Swedish National Study on Aging and
Care (SNAC-Blekinge). Scand. J. Public Health 44, 258-263. doi:
10.1177/1403494815618842

Yang, C., Yamaki, S., Jung, T., Kim, B., Huyhn, R., and Mckemy, D. D. (2023).
Endogenous inflammatory mediators produced by injury activate TRPV1 and
TRPA1 nociceptors to induce sexually dimorphic cold pain that is dependent on
TRPM8 and GFRalpha3. J. Neurosci. 43, 2803-2814. doi: 10.1523/
JNEUROSCI.2303-22.2023

Zhang, Z., Roberson, D. P, Kotoda, M., Boivin, B., Bohnslav, J. P., Gonzalez-Cano, R.,
et al. (2022). Automated preclinical detection of mechanical pain hypersensitivity and
analgesia. Pain 163, 2326-2336. doi: 10.1097/§.pain.0000000000002680

frontiersin.org


https://doi.org/10.3389/fnbeh.2025.1709160
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s13293-017-0145-7
https://doi.org/10.1016/S0022-3565(25)22000-6
https://doi.org/10.1016/0166-4328(80)90043-1
https://doi.org/10.1007/s00259-007-0683-z
https://doi.org/10.1016/j.neuron.2012.02.039
https://doi.org/10.1016/S0378-8741(97)00131-1
https://doi.org/10.1146/annurev-publhealth-031914-122957
https://doi.org/10.1146/annurev-publhealth-031914-122957
https://doi.org/10.1371/journal.pbio.2005282
https://doi.org/10.1523/JNEUROSCI.4745.04.2005
https://doi.org/10.1177/17448069211000910
https://doi.org/10.1038/s41467-019-09965-6
https://doi.org/10.1038/s41467-019-09965-6
https://doi.org/10.1523/JNEUROSCI.2298-22.2023
https://doi.org/10.3389/fpain.2022.1031058
https://doi.org/10.1126/science.1108609
https://doi.org/10.1093/gerona/glr210
https://doi.org/10.1016/j.bbih.2024.100874
https://doi.org/10.3389/fpubh.2024.1344381
https://doi.org/10.1016/j.ejmech.2024.117043
https://doi.org/10.1016/j.pain.2008.08.017
https://doi.org/10.15585/mmwr.mm7215a1
https://doi.org/10.1038/s41583-021-00536-7
https://doi.org/10.1038/s41583-021-00536-7
https://doi.org/10.1038/s41380-021-01253-4
https://doi.org/10.30802/AALAS-CM-19-000066
https://doi.org/10.1097/j.pain.0000000000000494
https://doi.org/10.1097/j.pain.0000000000000494
https://doi.org/10.1080/23328940.2015.1135689
https://doi.org/10.1038/nrn3784
https://doi.org/10.1016/j.neuron.2022.04.021
https://doi.org/10.1016/j.neuron.2022.04.021
https://doi.org/10.1186/1744-8069-8-22
https://doi.org/10.3389/fnins.2014.00307
https://doi.org/10.1007/s12640-020-00166-4
https://doi.org/10.1007/s12640-020-00166-4
https://doi.org/10.1177/1403494815618842
https://doi.org/10.1523/JNEUROSCI.2303-22.2023
https://doi.org/10.1523/JNEUROSCI.2303-22.2023
https://doi.org/10.1097/j.pain.0000000000002680

	Automated thermal gradient test for unprovoked assessment of nociceptive preference in rodents
	Introduction
	Materials
	Mice
	Complete Freund’s adjuvant for inflammatory pain model
	Morphine treatment

	Methods
	Data collection and analysis
	TGT apparatus design and fabrication
	The TGT assay

	Results
	TGT detects sex differences in thermal sensitivity and temperature preference in mice
	TGT captures inflammatory pain induced by complete Freund’s adjuvant
	TGT reveals complex behavioral effects of morphine

	Discussion
	Conclusion

	References

