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Abstract \
Noxious cold sensation is commonly associated with peripheral neuropathies; however, there has been limited progress in
understanding the mechanism. Here, we identify a novel role for peripherally expressed kappa opioid receptors [KORs] in noxious
cold hypersensitivity in a mouse model of chemotherapy. In this model, we show that oxaliplatin-induced cold hypersensitivity is
attenuated using norbinaltorphimine (NorBNI, KOR antagonist (10 mg/kg, i.p.) in both male and female mice. To further examine the
role of KORs in cold hypersensitivity, we show that activation of KOR with U50,488 (KOR agonist, 5 mg/kgi.p.) significantly increases
the number of jumps on a cold plate at 3'C as compared to controls, which is attenuated by KOR antagonist NorBNI. We have
determined that this effect is mediated through peripheral KORs using both pharmacology and a peripherally restricted KOR agonist,
ff(nle)r-NH2. Using a conditional knockout mouse model of KOR in the dorsal root ganglia (using PirtCre;Oprk™™, we see reduced
U50488-induced noxious cold hypersensitivity as compared to controls in male and female mice, confirming the role of KORs in the
dorsal root ganglia in mediating cold hypersensitivity. To confirm the role of peripheral KORs in oxaliplatin-induced cold allodynia, we
use the PirtCre;Oprk™" in our oxaliplatin-induced cold allodynia model. Here, we show that in the absence of KORs in dorsal root
ganglia, oxaliplatin-induced cold hypersensitivity is attenuated in male and female mice. Overall, our data suggest that peripheral
KORs modulate cold hypersensitivity in a mouse model of chemotherapy.
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1. Introduction

Cold hypersensitivity is defined as an exaggerated or abnormal
reaction to cold exposure, causing discomfort or the avoidance of
cold.®® This condition is often associated with neuropathic pain
from disorders such as multiple sclerosis, fioromyalgia, complex
regional pain syndrome, and chemotherapy-induced peripheral
neuropathy.” 19827180 Jp to 50% of patients with neuropathic
pain experience heightened sensory abnormalities, 14% of whom
report thermal allodynia.®? Medications used to treat neuropathic
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pain are predominantly nonsteroidal anti-inflammatory drugs
(NSAIDs) and p.-opioid agonists,®® all of which have very limited
success in relieving cold hypersensitivity. The lack of therapeutic
efficacy stems primarily from a limited understanding of the
mechanisms involved in the modulation of cold pain.

The underlying mechanisms of cold hypersensitivity associ-
ated with chronic pain are unclear, but recent work has shown
that silent as well as and cold-sensing neurons become active
and contribute to cold allodynia.*> The unmasking of cold
nociceptors has been validated in chronic pain models, such as
partial sciatic nerve ligation and ciguatera-poisoning model.*?
This shift in cold-sensing neuronal activity was further elucidated
in the acute oxaliplatin-induced cold allodynia model,*° wherein
an acute intraplantar oxaliplatin injection mediates reversible
sensory neurotoxicity with cold-triggered paresthesia and dys-
esthesia of hands and limbs.'*1%3° To better understand the
peripheral mechanisms mediating cold hypersensitivity,
researchers have also found that pregabalin reduces the
excitability of peptidergic A-fiber nociceptors, which decreases
oxaliplatin-induced hypersensitivity on a 10°C cold plate.*° Here,
we identify a new system involved in cold hypersensitivity and
pain: the kappa opioid receptor (KOR) system.

KORs are Gj-protein—-coupled receptors expressed centrally in
the brain and spinal cord, and peripherally in the dorsal root
ganglion (DRG),*®®° in three main types of sensory neurons,
peptidergic afferents, and two populations of low-threshold
mechanoreceptors (LTMRs).®® Selective activation of KORs is
antinociceptive for noxious heat stimuli, analgesic in chronic pain
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models, and inhibits itch transmission. '0:41:4446:50.69 \ng gng

others have shown that central KOR activation and upregulation
modulates the negative affect associated with peripheral nerve
injury and inflammatory pain models.*'** Conversely, studies
suggest that peripherally restricted KOR agonists selectively
inhibit chemical pain in capsaicin-induced neurogenic inflamma-
tory pain models and mechanical hypersensitivity induced by
surgical incision models.®® Together, these findings highlight the
complex role of the central and peripheral KOR system in different
pain and sensation modalities.

Here, we use a model of oxaliplatin-induced cold allodynia
to investigate the role of KORs in cold hypersensitivity associated
with oxaliplatin-induced neuropathy. Our study establishes the
role of KORs in mediating cold hypersensitivity associated with
the chemotherapy-induced peripheral neuropathy model. We
show that activation of peripheral KORs drives cold hypersensi-
tivity in naive mice and demonstrate that KOR inhibition
attenuates cold hypersensitivity associated with oxaliplatin-
induced peripheral neuropathy. We then show that conditionally
knocking out KORs in the DRG attenuates cold hypersensitivity
associated with acute oxaliplatin treatment. Together, these
findings identify a novel role for the kappa opioid system in
modulation of cold hypersensitivity.

30,42

2. Materials and methods
2.1. Animals

Adult C57BL/6J (The Jackson Laboratory #000664) male and
female mice (25-30 g) are used for all the behavioral experiments.
The PirtCre™ and Oprk1™" breeder mice were obtained from Dr.
Sarah Ross (University of Pittsburgh) developed by Dr. Xinzhong
Dong’s laboratory®® and crossed in our laboratory for more than 4
generations to obtain PirtCre; Oprk1™™. All animals were 9 to
12 weeks old at the beginning of the experiments. Mice were
group-housed in a 12/12-hour dark/light cycle environment
(lights are turned on at 6:00 am) and given access to food pellets
and water ad libitum. After weaning, all animals were transferred
to a holding facility adjacent to the laboratory and acclimated for
at least 7 days before experimentation. Before each experiment,
animals were acclimated to the behavior test room for at least
2 hours. All procedures were approved by the Washington
University Institutional Animal Care and Use Committee (IACUC)
in accordance with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

2.2. Drugs

For the behavioral experiments, U50488 (U50, Tocris CAS#
67197-96-0; KOR agonist, 5 mg/kg, i.p.), norbinaltorphimine
dihydrochloride (norBNI, Tocris CAS# 113158-34-2; KOR
antagonist, 10 mg/kg, i.p.), morphine sulfate (McKesson
#996806; w-opioid receptor [MOR] agonist, 10 mg/kg, s.c.),
and CR845 analogues (ff(nle)r-NH2 (D-phenylalanine-D-phenyl-
alanine-D-norleucine-D-arginine-NH2);  peripherally restricted
KOR agonist, 10 mg/kg, i.p., prepared in the Mclaughlin
laboratory)®>>°® were dissolved in 0.9% sterile saline. Oxaliplatin
(ApexBio, A8648) was dissolved in 5% glucose dH20 solution to
achieve a dosage of 100 pg.

2.3. Hot/cold plate assay

The hot/cold plate apparatus was adapted from the operant
thermal plantar assay.®' The floor of the apparatus is made of one
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127 X 127 X V4" aluminum plate (3003, MetalsDepot) fixed to
a cold plate Peltier cooler (CP-061, TE Technology), which
connects to an independent power supply (PS-12-8, 4A, TE
Technology) and temperature controller (TC-48-20, TE Technol-
ogy). Long cast acrylic tubing (15’ height, E-plastics) was used to
contain the mice on the plate. Male and female C57BL/6J wild-
type (WT) mice were habituated in Plexiglass boxes for 30 minutes
before i.p. injection of (1) U50, KOR agonist (5 mg/kg), (2) norBNI,
KOR antagonist (10 mg/kg), (3) saline (0.25 mL), or (4) ff(nle)r-
NH2, peripherally restricted KOR agonist (10 mg/kg). After
treatment, mice were placed on the plate for 5 minutes, and the
latency to jump and the number of jumps was recorded as
nocifensive responses. The plate temperature varied from 3°C to
42°C and was continuously monitored with a visual temperature
strip (liquid crystal temperature indicating sheets, Telatemp) and
a surface probe thermometer (Pro-surface Thermapen,
Thermoworks).

2.4. Rectal temperature measurements

Core body temperature was measured with a homeothermic
monitoring system attached to a flexible rectal probe (TCAT2LV
controller, Physitemp Instruments). On the test day, mice were
acclimated to the test room for 90 minutes and subsequently
injected i.p. with saline (0.25 mL), U50 (5 mg/kg), or ff(nle)r-NH2
(10 mg/kg). Immediately after injection, temperature was
recorded by rectal probe; an additional reading was obtained
30 minutes after injection.

2.5. Paw surface temperature measurements

Paw surface temperature readings were collected using a FLIR
One Pro LT (Teledyne, FLIR-Android version). On the test day,
mice were acclimated to the test room for 90 minutes and
subsequently injected i.p. with U50 (5 mg/kg) or saline (0.25 mL).
Immediately after injection, the mouse was mildy restrained and
an image was taken ensuring exposure of the paws to obtain
a clear reading of paw temperatures. An additional image was
acquired 30 minutes after injection. Data were processed on the
FLIR One app (Windows10, 64 bit version) capturing walking pad,
digits, center of the paw, and heels on the ventral side of paws to
calculate the paw surface temperatures.

2.6. Tail withdrawal assay

Mice were habituated to the experimenter for a week before the
assay by daily handling to minimize any stress that might impact
the assay.?® On the day of experiment, after US0 (5 mg/kg) or
saline (0.25 mL) i.p. injection, the mice were scruffed, and one-
third of the distal end of the tail was immersed in the hot (54.5°C)
water bath. The time taken for the tail to twitch or flick was
recorded. Single readings were recorded at 15, 30, 45, 60, 90,
and 120 minutes after treatment.

2.7. Von Frey test

Mechanical sensitivity was determined using manual von Frey
filaments after US0 (5 mg/kg) or saline (0.25 mL) i.p. treatments.
On the test day, individual mice were placed in an acrylic cylinder
on amesh floor and covered with a rectangular acrylic lid to avoid
escape. The mice were habituated to the apparatus for 2 hours
before testing. During the assay, a monofilament was applied
perpendicular to the plantar surface of the hind paw for 2 to 5
seconds. If the animal exhibited any nocifensive behaviors,
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including brisk paw withdrawal, licking, or shaking of the paw,
either during or immediately after the stimulus, a positive
response was recorded.?®> We used the “ascending stimulus”
method, in which monofilaments with increasing force are applied
until a withdrawal response is elicited. This was quantified as the
mechanical withdrawal threshold (g). The stimulus was repeated
3 times alternatively for each hind paw, and the mean of the 6
readings was calculated. A 10-minute break was included
between each reading to prevent hypersensitivity.

2.8. Acetone evaporation test

The acetone evaporation test was used to measure aversive
behaviors triggered by evaporative cooling.2® On the test day,
mice were placed on the mesh floor for 90 minutes for
acclimatization, and subsequently i.p. injected with U50
(6 mg/kg) or saline (0.25 mL). Postinjection, acetone (5-6 L)
was applied to the plantar surface of the hind paw using the
open end of a blunt 1-mL syringe, eliciting a rapid paw
withdrawal response (ie, elevation, shaking, or licking). The
response was recorded for 1 minute after each acetone
application. Application was repeated 3 times alternatively for
each hind paw, and the mean of the 6 readings was calculated;
a 10-min break was included between each reading to prevent
hypersensitivity.2'*6® Sensitivity to cold was determined either
by quantifying paw directed behavior, scoring the severity of the
response (ie, 0, no response; 1, brisk withdrawal or flick of the
paw; 2, repeated flicking of the paw; 3, repeated flicking of
the hind paw and licking of the paw), or measuring the latency to
lick the paw.

2.9. Open field test

Mouse locomotor behaviors were assessed using an open field
test (OFT) apparatus consisting of a 2500 cm? arena, 50% of
which we defined as the center.2*° Lighting was stabilized at ~25
lux for anxiety-like behaviors. On the test day, mice were
acclimated to the OFT room for 90 minutes and subsequently
i.p. injected with U50 (5 mg/kg) or saline (0.25 mL). Mice were
then placed in the OFT arena and allowed to roam for 20 minutes,
during which their movements were continuously recorded and
tracked using EthoVision 13 software (Noldus Information
Technologies). The total distance moved in the apparatus and
the time spent exploring the center were quantified to determine
sedative and anxiety-like behaviors, respectively.

2.10. Intracerebroventricular injections

Mice received intracerebroventricular (ICV) injections as pre-
viously described.'? Briefly, mice are anesthetized in an induction
chamber (3% isoflurane) and placed into a stereotaxic frame
(Kopf Instruments, Model 942), where they were maintained
under continuous anesthesia (2%-2.5% isoflurane). A craniotomy
was performed unilaterally and either KOR antagonist norBNI
(80 wmol, 2 L) or artificial cerebrospinal fluid (2aCSF) was injected
into the lateral ventricle at 200 nL/minute for 10 minutes with
a beveled Hamilton syringe (10 pL, 701 N) using the stereotaxic
coordinates from bregma: A/P: +0.40 mm, M/L: +1.5 mm, D/V:
—3 mm. Sterile nylon sutures (6.0 mm) were used to suture the
skin after the injection, and mice were allowed to recover for at
least week before behavioral experiments. On the experimental
day, postsurgery mice were i.p. injected with either U50 (5 mg/kg)
or saline (0.25 mL) and exposed to the cold plate.
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2.11. Immunohistochemistry

Histological verification of the ICV injection site was performed as
described.” Mice were briefly anesthetized with 0.2 mL of
a cocktail containing 100 mg/mL ketamine, 20 mg/mL xylazine,
and 10 mg/mL acepromazine and perfused intracardially with
ice-cold 4% paraformaldehyde in phosphate buffer (PB). Brains
were dissected, postfixed for 24 hours at 4°C, and cryoprotected
with 30% sucrose solutionin 0.1 M PB at 4°C for at least 24 hours,
cut into 30-pum sections, and processed forimmunostaining. The
ICV injection placements were confirmed using a Leica fluores-
cent microscope (DM6 series scope) with the Paxinos-Watson
atlas® as a reference. In total, 76 out of 85 WT mice (male and
female) had verified injections into the lateral ventricle, and the rest
were excluded from the analysis.

2.12. Acute oxaliplatin paw injection

We used the oxaliplatin-induced neuropathy model in mice.?#4?

The rapid onset of cold hypersensitivity after a single therapeutic
dose of oxaliplatin (3 mg/kg) mirrors the quick development of
cold allodynia seen in patients.?* In this study, we modified the
model to elicit a stronger response and to prevent the
lateralization of effects by injecting oxaliplatin into both paws.
Oxaliplatin (ApexBio, A8648) was dissolved in 5% glucose dH20
solution to achieve a dose of 100 pg. Mice received intraplantar
oxaliplatin injection of 50 pL per paw into both their hind paws.
Nocifensive behaviour was assessed on a cold plate at 3°C at 1
and 3 hours after oxaliplatin exposure. Nocifensive behaviors
recorded included a number of paw-directed responses such as
paw licking, biting, flinching, and shaking.

2.13. In situ hybridization

Oprk1™ and PirtCre;Oprk1"" male and female mice were
euthanized under isoflurane by decapitation, and lumbar DRG
were removed.®*®” Dorsal root ganglia were harvested, rapidly
frozen on dry ice in mounting medium (Tissue-Tek O.C.T.
Compound, Sakura) and stored at —80°C for 1 week. DRG
sections (5-7 uM) were cut at —20°C and thaw-mounted onto
Super Frost Plus slides (Fisher). Slides were stored at —80°C until
the following day. Fluorescent in situ hybridization (ISH) was
performed according to the RNAScope 2.0 Fluorescent Multiple
Kit User Manual for Fresh Frozen Tissue (Advanced Cell
Diagnostics), as described.”® Briefly, sections were fixed in 4%
paraformaldehyde and dehydrated with ethanol at increasing
concentrations 50%, 75%, and 100% (vol/vol in deionized water).
Sections were pretreated with hydrogen peroxide for 15 minutes
at room temperature and washed in PBS twice for 2 minutes
each. Post-wash, sections were pretreated with protease IV
solution and incubated with mouse Cre (312,281) (C1), oprk1
(816,111) (C2) target probes (Advanced Cell Diagnostics). After
probe hybridization, sections underwent probe signal amplifica-
tion steps followed by incubation with fluorescently labeled
probes for Cre (fluorescein), oprk1 (cyanin 3). Slides were
counterstained with DAPI, and coverslips were mounted with
Vectashield Hard Set mounting medium (Vector Laboratories). Al
samples were imaged under a Keyence BZ microscope with BZ-
X800 analyzer software (Keyence). Quantification of RNAscope
fluorescence was performed using RNAscope HiPlex Image
Registration Software (ACD) for background reduction, and
fluorescence quantification was performed using HALO image
analysis software (Indica Labs) at 20x magnification. Parameter
settings: Image Zoom: 1; Micron per Pixel: 0.75,488. Number of
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Probes: 2; Nuclear Stain: DAPI; Nuclear Contrast Threshold: 0.5;
Minimum Nuclear Intensity: 0.049; Nuclear Segmentation Ag-
gressiveness: 0.65; Fill Nuclear Holes: False; Nuclear Size:
11.3571.7; Minimum Nuclear Roundness: 0; Maximum Cyto-
plasm Radius: 7.5; Cell localization: True. Probe 1 KOR: Contrast
Threshold: 0.547; Signal Minimum Intensity: 0.15; Spot Size:
0.5288; Copy Intensity: 0.15; Spot Segmentation Aggressive-
ness: 0.95. Probe 2 Cre: Contrast Threshold: 0.25; Signal
Minimum Intensity: 0.1; Spot Size: 0.5298; Copy Intensity: 0.15;
Spot Segmentation Aggressiveness: 0.95. Publication-quality
images were acquired on a Nikon AXR confocal microscope
using a 20x and 60x oil-immersion objective, controlled by NIS-
Elements AR software (Nikon).

2.14. Statistical analysis

Datasets were tested for homogeneity of variance and normality
before being assigned to any parametric analysis. All experiments
are performed in multiple cohorts, including all treatment groups
in each round, to avoid nonspecific day or condition effects. Sex
differences were observed in behavior data; after which males
and females were analyzed separately. Treatments were
randomly assigned to animals before testing. G*Power was used
to estimate effect sizes and compute power analyses. Statistical
significance was considered *P< 0.05, **P< 0.01, **P< 0.001,
and ***P < 0.0001, determined by parametric or nonparametric
analysis as appropriate. We used a repeated measures 2-way
ANOVA for tail withdrawal assay analysis and 2-way ANOVA for
mechanical sensitivity analysis. For assessment of the cold plate
assay data, we used (1) Kruskal-Wallis followed by the Dunn
multiple comparison test for ordinal ranking, such as scoring the
number of jumps (nonparametric data); (2) nonparametric mixed-
effects 2-way ANOVA followed by Sidak post-hoc test for the
temperature curve; and (i) Mann-Whitney U test for experiments
using peripheral novel agonists. For characterization data
analysis, we used 2-way ANOVA. Statistical analyses were
performed in GraphPad Prism 8.0. All data were expressed as
mean = SEM.

3. Results

3.1. Kappa opioid receptors modulate cold hypersensitivity
associated with oxaliplatin-induced neuropathy

We used an acute oxaliplatin-induced peripheral neuropathy
model to assess whether KORs modulate cold hypersensitivity
linked to oxaliplatin-induced neuropathy®®“? (Fig. 1A, Fig. S1A,
supplemental digital content, http://links.lww.com/PAIN/C533).
Sixty minutes after the administration of oxaliplatin, we observed
an increase in paw-directed responses on a 3°C cold plate
compared to saline-injected controls in both male (Fig. 1B) and
female mice (Fig. 1C), as expected. The number of paw-directed
responses after oxaliplatin injection was significantly higher in
females compared to males at 60 minutes (Fig. S1B, supple-
mental digital content, http://links.lww.com/PAIN/C533) and
180 minutes (Fig. S1C, supplemental digital content, http://
links.lww.com/PAIN/C533), suggesting a potential sex difference
in response to oxaliplatin-induced cold hypersensitivity. To
determine whether potentiation of noxious hypersensitivity was
selectively induced by KOR, we pharmacologically blocked KOR
with  norBNI' (KOR antagonist, 10 mg/kg) and recorded
oxaliplatin-induced paw-directed responses on a 3°C cold plate.
NorBNI' significantly attenuated the number of paw-directed
responses compared to saline controls in both male and female
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Figure 1. Kappa opioid receptors modulate cold hypersensitivity associated
with oxaliplatin-induced neuropathy. (A) Outline of the experimental pro-
cedure. C57BL/6J mice were intraplantarly (i.pl.) injected with saline or
oxaliplatin (50 wg each paw) after 7 days of handling. Sixty minutes after
injection, mice were subjected to cold plate temperatures of 3°C, and the
number of responses was recorded. Mice were injected with saline or norBNI
(10 mg/kg i.p.) post cold plate behavior, and again subjected to the cold plate.
(B) In males, oxaliplatin significantly increased the number of responses at 3°C
at 60 minutes. Mann-Whitney U test analysis revealed an oxaliplatin effect z =
12 (**P < 0.001 vs respective saline treatment). Data are presented as
mean = SEM; n = 11 to 13 mice per group. (C) In females, oxaliplatin
significantly increased the number of responses at 3°C at 60 minutes.
Mann-Whitney U test analysis revealed an oxaliplatin effect z = 0 (***P < 0.001
vs respective saline treatment). Data are presented as mean = SEM; n = 11to
13 mice per group. (D) In males, norBNI significantly attenuated oxaliplatin-
induced cold responses at 3°C. Two-way ANOVA revealed oxaliplatin paw
injection effect F (1, o4y = 32.08, systemic norBNlinjection effect F 4 51y = 4.501
and an interaction of oxaliplatin and norBNI effect F (4, »4) = 4.599 followed by
Tukey post-hoc test (***P < 0.001 oxaliplatin—saline vs saline-saline, *P < 0.05
oxaliplatin—-norBNI vs oxaliplatin—saline). Data are presented as mean + SEM,;
n = 6 to 8 mice per group. (E) In females, norBNI significantly attenuated
oxaliplatin-induced cold responses at 3°C. Two-way ANOVA revealed
oxaliplatin paw injection effect F (1, 23 = 71.48, systemic norBNI injection
effect F (4, 23 = 9.563, and an interaction of oxaliplatin and norBNI effect F (4,
23) = 9.639 followed by Tukey post-hoc test (**P < 0.001 oxaliplatin-saline vs
saline-saline, ***P < 0.001 oxaliplatin-norBNI vs oxaliplatin-saline). Data are
presented as mean + SEM; n = 6 to 8 mice per group.

mice (Figs. 1D, E). The number of paw-directed responses was
significantly higher in females than in males after norBNI
treatment (Fig. S1C, supplemental digital content, http://links.
ww.com/PAIN/C533). Together, these findings suggest that
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KOR modulates cold hypersensitivity in our model of

chemotherapy-induced neuropathy.

3.2. Activation of kappa opioid receptors induces noxious
cold hypersensitivity in naive mice

To determine whether activation of KOR mediates temperature-
dependent hypersensitivity, we recorded jumping behavior
across a range of temperatures (3°C, 10°C, 15°C, 20°C, 30°C,
and 42°C) (Fig 2A, Fig. S2A, supplemental digital content, http://
links.lww.com/PAIN/C533), a well-established measure of noci-
fensive behavior.®'%2% At 3°C, treatment with the KOR agonist,
U50, significantly increased the number of jumps compared to
controls in male and female mice (Figs. 2B, C). This was
accompanied by a significant decrease in latency to jump (Figs.
2D, E). We did not observe sex differences in KOR-induced
hypersensitivity at 3°C (Fig. S2B&C, supplemental digital content,
http://links.lww.com/PAIN/C533). Interestingly, U50 also in-
creased the number of jumps and decreased latency to jump in
females but not males at 10°C (Fig. S2D&E, supplemental digital
content, http://links.lww.com/PAIN/C533). However, KOR acti-
vation had no effect on the number of jumps or the latency to jump
at 15°C (Fig. S2F&G, supplemental digital content, http://links.
Iww.com/PAIN/C533), 20°C (Fig. S2H&I, supplemental digital
content, http://links.lww.com/PAIN/C533), or 30°C (Fig. S2J&K,
supplemental digital content, http://links.lww.com/PAIN/C533).
Notably, at 42°C, the number of jumps increased across all
treatments (Fig. S2L, supplemental digital content, http://links.
lww.com/PAIN/C533), a well-known response to noxious heat®'
rather than KOR activation specifically. Interestingly, we observed
significantly increased sensitivity to noxious heat in females
compared to males (Fig. S2L&M, supplemental digital content,
http://links.lww.com/PAIN/C533), suggesting that female mice
may be more sensitive to KOR activation than male mice at
noxious hot temperatures. Together, these results show that
KOR activation selectively induces hypersensitivity to noxious
cold in naive mice.

To determine whether activation of KOR affects body
temperature, we recorded core body temperature and paw-
surface temperature using a rectal thermometer and thermal
camera (Fig. 2F). We showed that U50 did not alter core body
temperature (Figs. 2G, H) or paw surface temperature (Figs.
21-K) in males or in females at O minutes vs 30 minutes. However,
we observed that male mice injected with U50 have a significantly
higher core body temperature at 0 minutes and 30 minutes than
saline controls. Although the initial temperature is higher, this did
not change over time (Figs. 2G, H). Also, we observed that male
mice injected with U50 have a significantly lower paw surface
temperature at O minutes and 30 minutes compared with saline
controls. Although the initial temperature is lower, this did not
change over time (Figs. 2J, K). These findings confirm that KOR-
mediated cold hypersensitivity effects are unlikely due to impaired
central thermoregulation.

3.3. Activation of kappa opioid receptors is antinociceptive
at noxious hot temperatures

To determine whether activation of KOR mediates antinocicep-
tion at hot temperatures, we corroborated our findings with
published work showing that activation of KOR was antinoci-
ceptive in a warm water tail-withdrawal assay (Figs. 3A-C) and
the von Frey test of mechanical sensitivity (Figs. 3D-F).*® To
further substantiate that KOR-induced noxious cold hypersensi-
tivity is temperature-dependent, we used the acetone
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evaporation test (Fig. 3G). Acetone is known to mimic cool
temperatures in the range of 15°C to 21°C but not noxious cold
temperatures.?' % We showed that U50-mediated KOR activa-
tion did not alter paw withdrawal behavior (Fig. 3H) or the duration
of nocifensive responses (Fig. 3l). The dose of U50 we used in this
study (5 mg/kg) did not have the sedative effect observed at
higher doses,?® as demonstrated by the absence of differences in
locomotor activity between the groups (Figs. 3J-M).

3.4. Potentiation of noxious cold hypersensitivity is kappa
opioid receptor-selective

To determine whether potentiation of noxious hypersensitivity
was selectively induced by KOR, we pharmacologically blocked
KOR with norBNI (10 mg/kg i.p.) and recorded U50-potentiated
jumping response. Pharmacologically blocking KOR prevented
U50-induced noxious cold hypersensitivity at 3°C in both male
and female mice (Figs. 4A-C). NorBNI alone did not alter any
nocifensive responses, irrespective of sex (Figs. 4B, C).
Furthermore, activation of p-opioid receptors with morphine
(10 mg/kg) did not drive noxious cold hypersensitivity in male orin
female mice (Figs. 4D-F), suggesting that cold hypersensitivity is
a KOR-selective effect.

3.5. Peripheral kappa opioid receptors mediate noxious
cold hypersensitivity

To determine whether centrally and/or peripherally expressed
KOR mediates the observed increase in noxious cold hypersen-
sitivity, we first blocked central KOR by injecting norBNI (KOR
antagonist) intracerebroventricularly (ICV) and administered U50
systemically before placing the mice on the cold plate (Fig. 4G).
After systemic injection of U50 with central aCSF (aCSF + U50),
the number of jumps increased, compared to vehicle treatment
(aCSF + Sal) at 3°C in both male and female mice (Figs. 4H, I),
indicative of cold hypersensitivity. Central delivery of norBNI and
systemic administration of U50 (norBNI + U50) resulted in
noxious cold hypersensitivity in male and female mice (Figs. 4H,
1). Centrally administered norBNI alone (norBNI + saline) did not
alter cold sensitivity, as compared to the controls (aCSF + saline)
(Figs. 4H, 1). Although we did not include a positive control for
central KOR inhibition after ICV administration of norBNI, previous
studies indicate that norBNI effectively produces prolonged KOR
blockade.' 28 Together, these data suggest that central KOR
does not mediate noxious cold hypersensitivity.

To then determine whether the KOR-induced noxious cold
hypersensitivity is modulated by peripherally expressed KOR, we
used the peripherally restricted KOR agonist ff(nle)r-NH2
(10 mg/kg) (Fig. 4J).%755% Treatment with ff(nle)r-NH2 significantly
increased jumping on the cold plate at 3°C compared to saline
controls in both males and females (Figs. 4K, L) but did not alter
core body temperature (Fig. S3A-C, supplemental digital content,
http://links.lww.com/PAIN/C533) or paw surface temperature
(Fig. S3D&E, supplemental digital content, http://links.lww.com/
PAIN/C533). These findings suggest that peripherally expressed
KOR induces noxious cold hypersensitivity.

3.6. Peripheral kappa opioid receptors modulate cold
hypersensitivity in the oxaliplatin-induced neuropathy

To selectively target peripheral KOR in the primary sensory
neuron in the DRG, we generated a conditional knockout mouse
line by crossing PirtCre™ to Oprk1™ (Fig. 5A) in which KOR
expression is excised out in the Pirt expressing mice. Pirt,
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Figure 2. Activation of kappa opioid receptors induces noxious cold hypersensitivity in naive mice. (A) Outline of the experimental procedure. C57BL/6J mice were
intraperitoneally (i.p.) injected with saline or KOR agonist U50 (5 mg/kg) after 7 days of handling. Postinjection, mice were subjected to cold/hot plate temperatures of 3°C,
10°C, 15°C, 20°C, 30°C, and 42°C, and the number of jumps and latency to jump was recorded. (B) In males, U50 significantly increased the number of jumps at 3°C.
Nonparametric mixed-effects analysis (2-way ANOVA) revealed temperature effect F 5 s, = 8.92 followed by Sidak post-hoc test (‘P < 0.06 vs respective saline treatment).
Data are presented as mean = SEM; n = 5to 7 mice per group. (C) In females, U50 significantly increased the number of jumps at 3°C. Nonparametric mixed-effects analysis
(2-way ANOVA) revealed temperature effect F g, 57 = 3.937, treatment effect F 1, 57 = 4.956, and a treatment X temperature F s, 57y = 6.191 followed by Sidak post-hoc
test (**P < 0.001 vs respective saline treatment). Data are presented as mean = SEM; n = 5 to 7 mice per group. (D) Latency to jump after KOR activation was decreased in
males at 3°C only. Nonparametric mixed-effects analysis (2-way ANOVA) revealed temperature effect F s, 53 = 4.792, treatment effect F 1, s5) = 8.665, and a treatment X
temperature F s, sg = 2.446 followed by Sidak post-hoc test (**P < 0.001 vs respective saline treatment). Data are presented as mean = SEM; n = 5to 7 mice per group. (E)
Latency to jump after KOR activation was decreased in females at 3°C and 10°C. Nonparametric mixed-effects analysis (2-way ANOVA) revealed temperature effect F 5 a0 =
5.917, treatment effect F 1, 29 = 14.82, and a treatment x temperature F s, og) = 6.722 followed by Sidak post-hoc test (**P < 0.001 vs respective saline treatment). Data are
presented as mean + SEM; n = 5 to 7 mice per group. (F) Outline of the experimental procedure. C57BL/6J mice were habituated, and baseline rectal temperature and
thermal imaging of paw surface temperatures were measured, followed by systemic injections of saline or U50 and post-treatment temperature recordings. (G) KOR agonist
U50 did not alter core body temperature 30 minutes after drug administration in males. U50 mice had higher baseline core body temperatures compared to the saline
counterparts at both O minutes and 30 minutes. Two-way repeated measures ANOVA (mixed-effects analysis) revealed a treatment effect F 4 o5 = 10.70, followed by Fisher
LSD post-hoc test (P < 0.01 vs respective saline treatment). Data are expressed as mean = SEM; n = 6 to 10 mice per group. (H) KOR agonist U50 did not alter core body
temperature 30 minutes after drug administration in females. Data are expressed as mean = SEM; n= 6 to 10 mice per group. () Representative FLIR infrared camera
images from right hind paws of male and female mouse pre- and postsaline or U50 administration. (J) KOR agonist U50 did not alter paw surface temperatures in males. U50
mice had lower baseline paw surface temperatures compared to the saline counterparts at both O minutes and 30 minutes. Two-way repeated measures ANOVA (mixed-

effects analysis) revealed a treatment effect F (1, 15 = 17, followed by Fishers LSD post-hoc test (P < 0.01 vs respective saline treatment). Data are expressed as mean =+

SEM; n = 8to 9 mice per group. (K) KOR agonist U50 did not alter paw surface temperatures in females. Data are expressed as mean =+ SEM; n = 8 to 9 mice per group.
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Figure 3. Kappa opioid receptor activation is antinociceptive at noxious hot temperatures in naive mice. (A) Outline of experimental procedure. C57BL/6J mice
were intraperitoneally (i.p.) injected with saline or U50 after 7 days of handling. Postinjection, mice were subjected to tail withdrawal assays at 5 minutes,
15 minutes, 30 minutes, 60 minutes, 90 minutes, and 120 minutes. (B) U50-mediated antinociception in males (increase in tail withdrawal latency). Parametric
repeated measures ANOVA (2-way ANOVA) revealed time effect F g o7) = 4.064, dose effect F g, o7y = 8.036, and time x dose effect F (1, g7y = 42.85 followed by
Sidak post-hoc test (*P < 0.05, ***P < 0.001 vs respective saline treatment). Data are expressed as mean = SEM; n = 7 to 8 mice per group. (C) U50-mediated
antinociception in females (increase in tail withdrawal latency). Parametric repeated measures ANOVA (two-way ANOVA) revealed time effect F g o = 5.620,
dose effect F g, 95 = 13.33, and time x dose effect F 1, g5y = 28.63 followed by Sidak post-hoc test (P < 0.01, **P < 0.001 vs respective saline treatment). Data
are expressed as mean = SEM; n = 7 to 8 mice per group. (D) Timeline of experimental procedures for von Frey assays. C57BL/6J mice were habituated, and
baseline withdrawal threshold was scored. After systemic injection of saline or U50, a 30-minute post-treatment response to mechanical stimulus was recorded.
(E) U50 blocked mechanical sensitivity in males. Parametric repeated measures ANOVA (2-way ANOVA) revealed time effect F (1, 15y = 36, dose effect F (1, 15 =
10.96, and time X dose effect F (1, 15) = 36.54 followed by Sidak post-hoc test (**P < 0.001 vs respective saline treatment). Data are expressed as mean = SEM;
n = 6 to 8 mice per group. (F) U50 blocked mechanical sensitivity in females. Parametric repeated measures ANOVA (2 way ANOVA) revealed dose effect F (1,
12) = 15.26 and time X dose effect F (1, 12) = 5.127 followed by Sidak post-hoc test (**P < 0.001 vs respective saline treatment). Data are expressed as mean *
SEM; n = 6 to 8 mice per group. (G) Outline of the acetone evaporation test experimental procedure. C57BL/6J mice were habituated to the apparatus used in
acetone drop test after 7 days of handling. After habituation at 90 minutes, mice were intraperitoneally (i.p.) injected with either saline or U50 (KOR agonist,
5 mg/kg). Postinjection at 120 minutes, mice hind paws were dabbed with a drop of acetone or saline to evoke a withdrawal response. U50 had no effect on
acetone-evoked aversive behavior, as compared to saline, in males. The acetone-evoked aversive behavior was measured by quantifying (H) the nocifensive
responses (scoring the paw withdrawal frequency) and (l) duration of nocifensive response (scoring the latency of paw withdrawal response). Data are expressed
as mean = SEM; n=9 to 11/group. (J) Outline of the experimental procedure. C57BL/6J mice were habituated for 90 minutes to the room used for open field test
(OFT) assay after 7 days of handling. After habituation, mice were intraperitoneally (i.p.) injected with either saline or U50 (KOR agonist, 5 mg/kg). Postinjection at
120 minutes, mice were left in the OFT for 30 minutes to monitor the locomotor behavior. (K) Representative heat maps of OFT behavior in male and female saline
and U50 treatment groups. U50 had no sedative effect in the open field test in (L) males (M) females. Data are expressed as mean = SEM; n = 6 to 9/group.
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Figure 4. Potentiation of noxious cold hypersensitivity is kappa opioid receptor—selective and peripherally mediated. (A) Outline of the experimental procedure. On day 7,
C57BL/6J mice were intraperitoneally (i.p.) injected with saline or KOR antagonist norBNI (10 mg/kg) after 6 days of handling. On day 8, mice were again injected with saline or
norBNI (10 mg/kg) to block the KOR completely. Thirty minutes after saline/antagonist injection, the mice were injected with saline or U50 (5 mg/kg) followed by habituation and
cold plate assay at 3'C, and the number of jumps was recorded. (B) In males, activation of KOR by U50 significantly increased the number of jumps on a 3'C cold plate.
Kruskal-Wallis test revealed treatment effect H = 23.35 followed by Dunn post-hoc test (‘P < 0.05 U50 vs saline). KOR antagonism with norBNI blocked cold hypersensitivity
on a cold plate at 3'C (**P < 0.001 U50 vs U50-+norBNl). Data are presented as mean = SEM; n = 8 to 14 mice per group. (C) In females, activation of KOR by U50
significantly increased the number of jumps on a 3'C cold plate. Kruskal-Wallis test revealed treatment effect H = 23.28 followed by Dunn post-hoc analysis (*P < 0.05 U50 vs
saling). KOR antagonism with norBNI blocked cold hypersensitivity on a cold plate at 3'C (*P < 0.01 U50 vs U50-+norBN). Data are presented as mean + SEM; n = 8to 14
mice per group. (D) Outline of the experimental procedure. C57BL/6J mice were subcutaneously (s.c.) injected with saline or morphine (10 mg/kg) after 7 days of handling.
Postinjection, mice were habituated for 30 minutes followed by cold plate test at 3'C, and the number of jumps was recorded. (E) Morphine did not affect cold sensitivity in
males. Data are expressed as mean * SEM; n = 10 to 13 mice per group. (F) Morphine did not affect cold sensitivity in females. Data are expressed as mean + SEM; n = 12
mice per group. (G) Outline of the experimental procedure. After habituation, mice were intracerebroventricularly (ICV) injected with (norBNI or aCSF) (2 nmol/2 L), followed by
recovery for 7 days. Postrecovery on day 17, mice received systemic U50 or saline injections, followed by 30 minutes habituation and cold plate assay at 3°C. (H) Male mice
infused with aCSF and injected with U50 showed cold hypersensitivity, as compared to the control group in 3°C cold plate assays. Kruskal-Wallis test revealed treatment effect
H = 12.45 followed by Dunn post-hoc analysis (P = 0.06 aCSF [ICV] + saline [i.p.] vs aCSF [ICV] + U0 [i.p.]). Central KOR antagonism with norBNI had no effect on cold
hypersensitivity in males on a cold plate at 3°C (aCSF [ICV] + saline [i.p.] vs norBNI [ICV] 4+ U50 [i.p.]). Central KOR antagonism without peripheral activation did not elicit cold
hypersensitivity on a cold plate at 3°C (aCSF [ICV] + saline [i.p.] vs norBNI [ICV] +saline [i.p.])). Central KOR antagonism with peripheral activation elicited cold hypersensitivity
(*P < 0.05 aCSF [ICV]+saline [i.p.] vs norBNI [ICV] + U0 [i.p.]). Peripheral activation of KOR-mediated cold hypersensitivity was no different to central and peripheral KOR
activation—mediated cold sensitivity (norBNI [ICV]+U50 [i.p.] vs aCSF [ICV] + U50 [i.p.). Data are presented as mean += SEM; n = 8 to 10 mice per group. (I) Female mice
infused with aCSF and U50 showed cold hypersensitivity, as compared to the control group in 3C cold plate assays. Kruskal-Wallis test revealed treatment effect H = 28.67
followed by Dunn post-hoc analysis (*P < 0.05 aCSF [ICV] + U50 [i.p.] vs aCSF [ICV] + saline [i.p.]). Central KOR antagonism with norBNI had no effect on cold hypersensitivity
in females on a cold plate at 3°C (**P < 0.01 aCSF [ICV] + saline [i.p.] vs norBNI (ICV) + saline [i.p.]). Central KOR antagonism with peripheral activation elicited cold
hypersensitivity on a cold plate at 3'C (P < 0.01 aCSF [ICV] + saline [i.p.] vs norBNI [ICV] + U50 [i.p.]). Peripheral activation of KOR-mediated cold hypersensitivity was no
different to central and peripheral KOR activation—mediated cold sensitivity (norBNI[ICV] + U50 [i.p.] vs aCSF [ICV] + U50 [i.p.]). Data are presented as mean = SEM; n = 8to
14 mice per group. (J) Outline of the experimental procedure. C57BL/6J mice were intraperitoneally (i.p.) injected with saline or ff(nle)r--NH2 (10 mg/kg) after 7 days of handling.
Postinjection, mice were habituated for 30 minutes followed by cold plate test at 3'C, and the number of jumps was recorded. (K) In male mice, peripherally restricted agonist
ff(nle)r-NH2 significantly increased jumping on the cold plate at 3°C, compared to controls. Mann-Whitney U test revealed a treatment effect (**P < 0.001 saline vs ff(nle)r-
NH2). Data expressed as mean = SEM; n = 16 mice per group. (L) In female mice, peripherally restricted agonist ff(nle)r-NH2 significantly increased jumping on the cold plate
at 3'C, compared to controls. Mann-Whitney U test revealed a treatment effect (P < 0.05 saline vs ff(nle)r-NH2). Data expressed as mean + SEM; n = 7 to 10 mice per group.
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Figure 5. Peripheral kappa opioid receptors modulate cold hypersensitivity in the oxaliplatin-induced neuropathy. (A) Generation of the conditional knock-out
mouse line of the PirtCre;Oprk1™™ using PirtCre™~ and the oprk1™ mice. (B) Representative images of fluorescent in situ hybridization in DRG section of the
transcripts Oprk1, Cre, and DAPI in (1) Oprk1™™ and (2) PirtCre;Oprki1 ™" male mice. Representative image showing colocalization of Oprk1 and Cre at 60x in (1i)
Oprk1"™"and (2i) PirtCre;Oprk1™" male mice. Representative image of fluorescent in situ hybridization in a DRG section of the transcripts Oprk1, Cre and DAPIin (3)
Oprk1"" and (4) PirtCre;Oprk1™ female mice. Representative image showing colocalization of oprk7 and Cre at 60x in (3i) Oprk1™™ and (4i) PirtCre™;Oprk1"1
female mice. (C) Expression of Oprk1 transcripts in the PirtCre ™;0prk1™"" was significantly lower compared to Oprk1 in the DRG of both male and female. Two-
way ANOVA revealed genotype effect F (. 55 = 29.29 followed by post-hoc test (P < 0.001 PirtCre;Oprk™ vs Oprk™ males, *P < 0.05 PirtCre;Oprk™™ vs Oprk™
females). Data are presented as mean = SEM; n = 3/group. (D) Outline of the experimental procedure. PirtCre;Oprk1™™ or Oprk1™" mice were intraperitoneally
(i.p.) injected with saline or U50 after 7 days of handling. Postinjection, mice were habituated for 30 minutes followed by cold plate test at 3°C, and the number of
jumps was recorded. (E) In males, U50-potentiated cold nocifensive responses were attenuated in PirtCre;Oprk1™" compared to U50-treated Oprk1™ mice at
3°C. Mixed-effects analysis (2-way ANOVA) revealed treatment effect F 1 1g) = 5.792 followed by post-hoc test (*P < 0.05 PirtCre;Oprk™" U50 vs PirtCre;Oprk™"
saline treatment, *P < 0.05 Oprk™" U50 vs Oprk™" saline treatment, *P < 0.05 PirtCre;Oprk™" U50 vs Oprk™" U50 treatment). Data are presented as mean = SEM;

n = 4 to 7/group. (F) In females, U50-potentiated cold nocifensive responses were attenuated in PirtCre;Oprk1™" compared to U50-treated Oprk 1™ mice at 3°C.

Mixed-effects analysis (2-way ANOVA) revealed genotype effect F 1. 1 = 4.523 followed by post-hoc test (*P < 0.05 Oprk™" U50 vs Oprk™" saline treatment, *P <
0.05 PirtCre;Oprk™" U50 vs Oprk™" U50 treatment, *P < 0.05 PirtCre; Oprk”/ U50 vs PirtCre;Oprk™ saline treatment). Data are presented as mean + SEM; n = 5
to 7/group. (G) Outline of the experimental procedure. PirtCre;Oprk1"" mice were intraplantarly (i.pl.) injected with saline or oxaliplatin (50 n.g each paw) after 7 days
of handling. About 180 minutes postinjection, mice were subjected to cold plate temperatures of 3°C, and the number of responses was recorded. (H) In males,
cKO of KOR (PirtCre;Oprk™" significantly attenuated the number of responses to oxaliplatin injection compared to Oprk™" at 3°C. Mixed-effects analysis (two-way
ANOVA) revealed treatment effect F ;. 5 = 56.94, treatment X genotype interaction effect F (1, 25 = 9.356, followed by post-hoc test (***P < 0.001, Oprk™" U50 vs
Oprk™ saline treatment, **P < 0.01, PirtCre; O;orkﬂ/fI U50 vs PirtCre;Oprk™" saline treatment, *P < 0.05 vs PirtCre;Oprk™" U50 vs Oprk™" U50 treatment). Data are
presented as mean = SEM; n = 5 to 9/group. () In females, cKO of KOR (PirtCre; Oprk™ significantly attenuated the number of responses to oxaliplatin injection
compared to Oprk™". Mixed-effects analysis (2-way ANOVA) revealed treatment effect F (1, 20) = 75.61, treatment X genotype interaction effect F (1, o0 = 5.719,

followed by post-hoc test (***P < 0.001 Oprk™" U50 vs Oprk™ saline treatment, **P < 0.01 PirtCre; Oprk"/fI U50 vs PirtCre;Oprk™" saline treatment, *P < 0.05
PirtCre;0prk™" U50 vs Oprk™ U50 treatment). Data are presented as mean = SEM; n = 5 to 8/.group.
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a Phosphoinositide-Binding Protein, is predominantly expressed
in the primary sensory neurons.?23% To validate this genetic
cross, we used FISH to characterise the expression of KOR in
PirtCre cells (Fig. 5B). In PirtCre;Oprki™™ mice, oprk1 expression
was 3% in males and 2.7 % in females, compared to 14% in males
and 10.37% in females of the Oprk1™ mice (Fig. 5C). The FISH
data indicate a reduction in KOR expression in PirtCre;Oprk1™"
mice compared to Oprk1"" mice.

We first wanted to determine whether reduced KOR expres-
sion (Oprk™™ mice) attenuated cold hypersensitivity on the cold
plate assay (Fig. 5D). We showed that U50 significantly increased
the number of jumps as compared to controls on a cold plate at
3°C in male and female Oprk™" mice, as expected (Figs. 5E, F). In
contrast, selective loss of KOR in primary afferents using PirtCre;
Oprk1™" mice reduced cold hypersensitivity after U50 in both
male and female mice as compared to U50 treated Oprk1™" mice,
indicating that conditional knock out of KOR in the DRG
attenuates noxious cold hypersensitivity (Figs. 5E, F). These
findings suggest that (1) KOR in the DRG mediate cold
hypersensitivity and (2) KOR deletion in Pirt cells is specific for
cold hypersensitivity, as KOR-mediated mechanical (Fig. S4A-C,
supplemental digital content, http://links.lww.com/PAIN/C533)
and thermal antinociception remained unaffected (Fig. S4D-F,
supplemental digital content, http://links.lww.com/PAIN/C533).

To further determine whether KOR in the DRG mediates cold
hypersensitivity associated with acute oxaliplatin-induced pe-
ripheral neuropathy, we used the same conditional knockout
mouse line of KOR in primary afferents using PirtCre;Oprk1™®
mice and injected oxaliplatin into the paw (Fig. 5G). We wanted to
first validate that oxaliplatin induces nocifensive responses to
noxious cold in our PirtCre;Oprk1™" mouse, which we observed
in male and female mice as compared to saline controls (Figs.
5H, 1). As predicted, oxaliplatin significantly decreased the
number of responses in PirtCre;Oprki™" mice compared to
Oprk1™ (control mice), suggesting that KOR in the DRG
mediates the cold hypersensitivity associated with acute oxali-
platin injection (Figs. 5H, I). Overall, these data suggest a novel
role for peripheral kappa opioid receptors in the modulation of
cold hypersensitivity in the oxaliplatin-induced neuropathy.

4. Discussion

Here, we uncover and characterise a novel role for peripheral
KORs in the modulation of cold hypersensitivity. We extend these
findings in a model of oxaliplatin-induced neuropathy to show that
blockade of KOR attenuates oxaliplatin-induced cold hypersen-
sitivity in both male and female mice. In naive mice, we show that
activation of KOR increases jumping on the cold plate compared
to controls at noxious temperatures (3°C), suggesting that
activation KOR drives cold hypersensitivity. Moreover, this cold
hypersensitivity appears to be KOR selective as it is blocked by
NorBNI (KOR antagonist). Interestingly, central NorBNI adminis-
tration does not block U50-induced cold hypersensitivity,
suggesting a peripheral mechanism of action, further corrobo-
rated by using the peripherally restricted agonist ff(nle)r-NH2,
whichincreases cold sensitivity on the cold plate. Neither U50 nor
ff(nle)r-NH2 affect central thermoregulation or paw surface
temperature, as measured by rectal body temperature and
thermal camera, respectively. In the conditional knockout of KOR
in the DRG (PirtCre; Oprk1™), we show that KOR in the DRG
mediates cold hypersensitivity at 3°C. Importantly, we validate
these findings in a mouse model of oxaliplatin-induced neurop-
athy and associated cold hypersensitivity. PirtCre;Oprk™" (KORs
are knocked out in the DRG) show significant attenuation of
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oxaliplatin-induced cold nocifensive responses compared to
Oprk™™ (KORs are intact) on a cold plate at 3°C in male and female
mice, suggesting that KORs in the DRG drive the cold
hypersensitivity associated with oxaliplatin cold hypersensitivity.
Overall, our data suggest that peripheral KORs modulate cold
hypersensitivity, which in turn can be attenuated in the oxaliplatin-
dependent model of cold hypersensitivity.

4.1. Peripheral kappa opioid receptor mediates cold
hypersensitivity

We demonstrate that systemic KOR activation by U50 mediates
temperature-dependent hypersensitivity, specifically at noxious
cold temperatures. This response is KOR selective, stimulus-
dependent, and peripherally mediated. Studies using peripheral
injection of oxaliplatin have been shown to activate specific silent
cold-sensing neurons, without increasing the proportion of heat-
or mechanically sensitive cells in the DRG. This finding further
emphasizes the distinction between cold responses and those
evoked by mechanical or thermal stimuli.*?*® In addition, studies
in which U50 is used at doses eightfold higher than here suggest
that activation of KOR causes hypothermia in mice,®" which is
markedly influenced by tolerance developed upon repeated
administration of KOR agonists.*®%®7" In contrast, another study
revealed that a 30 mg/kg dose of U50 did not affect rectal body
temperature in mice.®! Together, these studies corroborate that
KOR activation selectively mediates noxious cold hypersensitiv-
ity. Importantly, both pharmacological activation (U50, ff(nle)r-
NH2) and genetic ablation of KOR in the DRG (PirtCre;Oprki1 ™™
converge to show that peripheral KOR is necessary and sufficient
to modulate noxious cold hypersensitivity, further corroborated in
our model of oxaliplatin-induced neuropathy. This supports
a model in which peripheral, rather than central, KOR signaling
drives cold hypersensitivity, highlighting a therapeutically relevant
target that avoids centrally mediated aversive effects.

4.2. Sex differences in kappa opioid receptor-mediated
cold hypersensitivity

To fully evaluate sex as a biological variable, we investigated KOR
modulation of noxious cold hypersensitivity in both males and
females using behavioral assays. We show that activation of KOR
potentiates both noxious and non-noxious cold hypersensitivity in
WT female mice but only noxious cold hypersensitivity in WT male
mice. In addition, we show that sex differences in KOR-mediated
cold hypersensitivity have been observed in oxaliplatin-induced
peripheral neuropathy. After oxaliplatin injection, female mice
exhibited significantly increased paw-directed responses com-
pared to their male counterparts, both at 60 minutes and
180 minutes postinjection. This highlights the sexually dimorphic
response to oxaliplatin-induced cold hypersensitivity between
male and female mice. Similarly in rats, females develop
oxaliplatin-induced hyperalgesia more quickly than male rats,
suggesting that the effects of oxaliplatin treatment differ between
the sexes.’® Furthermore, systemic oxaliplatin also induces the
development of cold hypersensitivity in both male and female
rats, with female subjects showing more severe responses.*’
Studies investigating the mechanisms of paclitaxel-induced
hyperalgesia, show that paclitaxel-induced neuropathy is exclu-
sively mediated through nociceptor glucocorticoid receptors, in
males but not females.?® Furthermore, studies exploring the role
of female sex hormones in paclitaxel-induced neuropathy have
observed that increased levels of proinflammatory cytokines,
such as IL-1B, IL-6, and TNF-«, along with their receptors in the
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DRG of female rats, are influenced by 17B-estradiol and
progesterone. This further highlights sexual dimorphism associ-
ated with chemotherapy-induced neuropathy.”® In addition to
neuropathy-driven sex differences, KOR-mediated pain process-
ing in animal models and clinical studies has been shown to be
differentially modulated in males and females.*'"%7® In the lateral
sensitization rat model, for example, intraplantar administration of
U50 potentiated antihyperalgesic activityin males only, suggest-
ing a sex-dependent effect.”® Similarly, administration of U50
increased tail withdrawal latency at 49°C in male but not female
mice.”? In peripheral nerve injury, negative affect is potentiated
after KOR activation and subsequently blocked with KOR
antagonist JDTic in male but not female mice.*" Similarly,
positron emission tomography clinical studies suggest that
KOR receptor binding is higher in men than in women, specifically
in the anterior cingulate cortex, a region associated with pain
affect.”® There is mounting evidence that KOR modulation of pain
is sex-dependent emphasizing the need to consider sex as
a potential variable in the study of pain.

4.3. Potential mechanisms mediating peripheral kappa
opioid receptor-induced cold hypersensitivity

The complex interplay between central and peripheral mecha-
nisms mediating cold hypersensitivity associated with neuropathic
pain remains largely unaddressed. One plausible mechanism by
which KOR regulates cold hypersensitivity involves modulation of
primary sensory neurons in the DRG. KORs are known to be
expressed in low-threshold mechanoreceptors and primary
afferent neurons in the DRG,**%° which is consistent with our
findings showing KOR expression in primary sensory neurons. This
is also consistent with DRG single-cell analyses, which localize
KOR expression predominantly to nociceptor and nonpeptidergic
(NP) neuron populations rather than to canonical TRPMS8-
expressing cold-sensing neurons.®>®° Research shows that
KOR activation by compounds like U50 triggers the activation of
heterotrimeric G proteins, leading to the release of GB/y dimers
that bind to VGCCs.9%3 Snyder et al. have shown that activation of
KOR by dynorphin mediates the inhibiton of VGCC,?° in the
primary afferent neurons, suggesting a direct relationship between
KOR activation and VGCC modulation in the primary afferent
neurons of naive mice. In neuropathic pain models, the role of
peripheral nociceptors in the DRG is unmasked and contributes to
cold hypersensitivity in chemotherapy-induced peripheral neurop-
athy (oxaliplatin and ciguatoxin-2) and partial sciatic nerve
injury.*>4® Consistent with the model, research by Issepon et al.
has shown that pregabalin alleviates cold hypersensitivity in
chemotherapy-induced peripheral neuropathy by silencing large-
diameter, silent cold-sensing neurons.®® This occurs through its
action on the 2381 subunit, which blocks voltage-gated calcium
channels (VGCCs) and modulates calcium responses associated
with cold hypersensitivity.%° In addition, in our study, we highlight
KOR expression in the DRG and nociceptors, as evidenced by the
absence of KOR in PirtCre;Oprk1™" mice. In addition, research
shows that KOR activation reduces cAMP and PKA signaling®©5;
however, KOR-mediated release of GRy subunits, modulation of
VGCCs might contribute to the sensitization of TRP channels,
further elucidating the link between the KOR and TRP channels. In
addition, Pirt modulates TRPV1 channel function® in the DRG, and
we show that there is a decrease in KOR expression in the DRG of
PirtCre;Oprk1™" mice, suggesting potential functional interaction
between KOR signaling and TRP channel-mediated pathway. We
hypothesize that KOR may mediate cold hypersensitivity through
the TRP channels via PKA/CAMP/Pirt activation in the primary
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sensory neurons. Together, these findings support a model in
which activating peripheral KOR signaling may modulate TRP
channel activity through VGCCs, leading to unmasking cold
nociceptors and thereby driving cold hypersensitivity in
chemotherapy-induced neuropathy.

4.4. Limitations

Further investigation into polymorphisms in the prodynorphin
gene'®2° and the heterodimerization of MOR and KOR,'” which
might play a role in the differential KOR-mediated cold hypersen-
sitivity associated with the oxaliplatin model, is warranted.
Research has shown that KOR polymorphism has been associ-
ated with predisposition to voluntary alcohol-drinking behavior in
experimental animals and have also been clinically associated with
addiction.®*58% |n addition, KOR polymorphism has been linked
to the opioid abstinence phenotype because of its antireward
mechanism, which contributes to mood regulation both preclini-
cally™7® and dlinically.?” Most polymorphism studies link
variants to behavioral phenotypes rather than direct receptor
activation states. Although constitutive KOR activity has been
shown in heterologous expression systems,'"*® there is currently
no in vivo evidence that naturally occurring Oprk1 polymorphisms
produce clearly demonstrated constitutively active receptor
activity. Importantly, the role of endogenous dynorphin in mediating
cold hypersensitivity has not been explored. The observation that
KOR inhibition attenuates oxaliplatin-induced cold hypersensitivity
does not, by itself, distinguish between endogenous dynorphin-
driven KOR signaling and constitutive KOR activity. Therefore, this
could be resolved by testing the phenotype and effect of
antagonists in prodyn-KO mice.

4.5. Peripheral kappa opioid receptor activation in current
treatment and future therapeutic potential

Kappa opioid receptors have long been considered promising
pain and itch-relieving targets because of their nonaddictive
profile.26-57-88 However, the most significant limitation to targeting
the KOR system has been the negative affect, primarily mediated
by the central activation of KOR,2®®® which has prompted
investigation into the therapeutic potential of peripherally
expressed KOR.%%7 For example, peripherally restricted KOR
agonists asimadoline, CR845, and TRK-820 (nalfurafine) have
demonstrated efficacy in clinical trials for pruritus.&3*37 Similarly,
we used ff(nle)r-NH2,%5%% to show that activation of peripheral
KOR increases cold sensitivity in male and female mice,
identifying a novel role for the peripheral KOR system in noxious
cold hypersensitivity.

In conclusion, we have identified a novel role for the KOR
system in mediating noxious cold hypersensitivity. The findings
presented suggest that this is restricted to peripheral KOR, which
is encouraging for the development of potential therapies as the
aversive centrally mediated side effects (that have limited trans-
lational traction) can be avoided.

Conflict of interest statement

The authors have no conflict of interest to declare.

Acknowledgements

The authors thank all members of the Al-Hasani and McCall
laboratories for helpful insight and discussion, and in particular the
technical staff for managing their mouse colony. The authors are

Copyright © 2026 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


www.painjournalonline.com

12 M.K. Madasu et al. @ 00 (2026) 1-14

thankful for technical assistance from the Pradhan’s Laboratory
(WashU) Gereau laboratory (WashU), Hongzhen Hu (Mount
Sinai), Steve Davidson (University of Cincinnati), and D.P.
Mohapatra (WashU). The authors especially thank Michael R.
Bruchas and Gina M. Story for early support in pursuit of this line
of work. Editing assistance was provided by InPrint: A Scientific
Communication Network at Washington University in St. Louis.

Funding: National Institute on Drug Abuse ROODA038725 (RA);
National Institute on Neurological Disorders and Stroke
RO1NS123070 (RA); National Institute on Neurological Disorders
and Stroke RO1INS117899 (JGM); National Institute on Neuro-
logical Diorders and Stroke ROTNS135401 (JGM and RA); The
Rita Allen Foundation with help from the Open Philanthropy
Projection (JGM).

Data availability: The data that support the findings of this study
are available from the corresponding author upon reasonable
request. All data in this manuscript have been made available at
Dryad https://datadryad.org/submission/364837.

Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PAIN/C533.

Article history:

Received 4 September 2025
Received in revised form 22 April 2026
Accepted 7 May 2026

Available online 7 July 2026

References

[1] Al-Hasani R, McCall JG, Foshage AM, Bruchas MR. Locus coeruleus
kappa-opioid receptors modulate reinstatement of cocaine place
preference through a noradrenergic mechanism.
Neuropsychopharmacology 2013;38:2484-97.

Al-Hasani R, McCall JG, Shin G, Gomez AM, Schmitz GP, Bernardi JM,

Pyo C-O, Park SI, Marcinkiewcz CM, Crowley NA, Krashes MJ, Lowell

BB, Kash TL, Rogers JA, Bruchas MR. Distinct subpopulations of nucleus

accumbens dynorphin neurons drive aversion and reward. Neuron 2015;

87:1063-77.

Albert-Vartanian A, Boyd MR, Hall AL, Morgado SJ, Nguyen E, Nguyen

VPH, Patel SP, Russo LJ, Shao AJ, Raffa RB. Will peripherally restricted

kappa-opioid receptor agonists (pKORAS) relieve pain with less opioid

adverse effects and abuse potential? J Clin Pharm Ther 2016;41:371-82.

[4] Aldrich JV, MclLaughlin JP. Peptide kappa opioid receptor ligands:
potential for drug development. AAPS J 2009;11:312-22.

[6] Aldrich JV, McLaughlin JP. Peptide kappa opioid receptor ligands and
their potential for drug development. Handb Exp Pharmacol 2022;271:
197-220.

[6] Allichorne AJ, Broom DC, Woolf CJ. Detection of cold pain, cold allodynia
and cold hyperalgesia in freely behaving rats. Mol Pain 2005;1:36.

[7] Attal N, Bouhassira D, Gautron M, Vaillant JN, Mitry E, Lepére C, Rougier

P, Guirimand F. Thermal hyperalgesia as a marker of oxaliplatin

neurotoxicity: a prospective quantified sensory assessment study. PAIN

2009;144:245-52.

Barber A, Bartoszyk GD, Greiner HE, Mauler F, Murray RD, Seyfried CA,

Simon M, Gottschlich R, Harting J, Lues |. Central and peripheral actions

of the novel k-opioid receptor agonist, EMD 60400. Br J Pharmacol 1994;

111:843-51.

Beck TC, Reichel CM, Helke KL, Bhadsavle SS, Dix TA. Non-addictive

orally-active kappa opioid agonists for the treatment of peripheral pain in

rats. Eur J Pharmacol 2019;856:172396.

[10] Berrino L, Pizzirusso A, Maione S, Vitagliano S, D’Amico M, Rossi F.
Hypothalamic paraventricular nucleus involvement in the pressor
response to N-methyl-d-aspartic acid in the periaqueductal grey
matter. Naunyn Schmiedebergs Arch Pharmacol 1996;353:157-60.

[11] Bruchas MR, Land BB, Aita M, Xu M, Barot SK, Li S, Chavkin C. Stress-
induced p38 mitogen-activated protein kinase activation mediates
k-opioid-dependent dysphoria. J Neurosci 2007;27:11614-23.

[2

3

[8

9

PAIN®

[12] Bruchas MR, Land BB, Lemos JC, Chavkin C. CRF1-R activation of the
dynorphin/kappa opioid system in the mouse basolateral amygdala
mediates anxiety-like behavior. PLoS One 2009;4:8528.

[13] Carlezon WA, Béguin C, Knoll AT, Cohen BM. Kappa-opioid ligands in the
study and treatment of mood disorders. Pharmacol Ther 2009;123:
334-43.

[14] Carozzi VAA, Canta A, Chiorazzi A. Chemotherapy-induced peripheral
neuropathy: what do we know about mechanisms? Neurosci Lett 2015;
596:90-107.

[15] Castellanos A, Pujol-Coma A, Andres-Bilbe A, Negm A, Callejo G, Soto D,
Noél J, Comes N, Gasull X. TRESK background K* channel deletion
selectively uncovers enhanced mechanical and cold sensitivity. J Physiol
2020;598:1017-38.

[16] Cersosimo RJ. Oxaliplatin-associated neuropathy: a review. Ann
Pharmacother 2005;39:128-35.

[17] Chakrabarti S, Liu N-J, Gintzler AR, Leeman SE. Formation of p.-/k-opioid
receptor heterodimer is sex-dependent and mediates female-specific
opioid analgesia. Proc Natl Acad Sci U S A 2010;107:20115-9.

[18] Chartoff EH, Mavrikaki M. Sex differences in kappa opioid receptor
function and their potential impact on addiction. Front Neurosci 2015;9:
466.

[19] Christogianni A, Bibb R, Davis SL, Jay O, Barnett M, Evangelou N,
Filingeri D. Temperature sensitivity in multiple sclerosis: an overview of its
impact on sensory and cognitive symptoms. Temperature 2018;5:
208-283.

[20] Clarke TK, Ambrose-Lanci L, Ferraro TN, Berrettini WH, Kampman KM,
Dackis CA, Pettinati HM, O’Brien CP, Oslin DW, Lohoff FW. Genetic
association analyses of PDYN polymorphisms with heroin and cocaine
addiction. Genes Brain Behav 2012;11:415-23.

[21] Colburn RW, Lubin MLou, Stone DJ, Wang Y, Lawrence D, D’Andrea
MRR, Brandt MR, Liu Y, Flores CM, Qin N. Attenuated cold sensitivity in
TRPM8 null mice. Neuron 2007;54:379-86.

[22] Cooper AH, Nie AA, Hedden NS, Herzog H, Taylor BK. De novo
expression of neuropeptide Y in sensory neurons does not contribute to
peripheral neuropathic pain. J Pain 2025;30:105385.

[23] Deuis JR, Dvorakova LS, Vetter |. Methods used to evaluate pain
behaviors in rodents. Front Mol Neurosci 2017;10:284.

[24] Deuis JR, Zimmermann K, Romanovsky AA, Possani LD, Cabot PJ,
Lewis RJ, Vetter |. An animal model of oxaliplatin-induced cold allodynia
reveals a crucial role for Nav1.6 in peripheral pain pathways. PAIN 2013;
154:1749-57.

[25] Dunn AD, Reed B, Erazo J, Ben-Ezra A, Kreek MJ. Signaling properties of
structurally diverse kappa opioid receptor ligands: toward in vitro models
of in vivo responses. ACS Chem Neurosci 2019;10:3590-600.

[26] Ferrari LF, Araldi D, Green PG, Levine JD. Marked sexual dimorphism in
neuroendocrine mechanisms for the exacerbation of paclitaxel-induced
painful peripheral neuropathy by stress. PAIN 2020;161:865-74.

[27] Greenwald MK, Demery C, Moses TEH, Burmeister M. Kappa-opioid
receptor gene (OPRK1) variations associated with opioid abstinence
behaviors among chronic heroin users. Front Pharmacol 2025;16:
1714546.

[28] Horan P, Taylor J, Yamamura HI, Porreca F. Extremely long-lasting
antagonistic actions of nor-binaltorphimine (nor-BNl) in the mouse tail-
flick test. J Pharmacol Exp Ther 1992;260:1237-43.

[29] Horan PJ, Porreca F. Lack of cross-tolerance between U69,593 and
bremazocine suggest k-opioid receptor multiplicity in mice. Eur J
Pharmacol 1993;239:93-8.

[30] Iseppon F, Luiz AP, Linley JE, Wood JN. Pregabalin silences oxaliplatin-
activated sensory neurons to relieve cold allodynia. eNeuro 2023;10:
ENEURO.0395-22.2022.

[31] Itoh J, Ukai M, Kameyama T. U-50,488H, a k-opioid receptor agonist,
markedly prevents memory dysfunctions induced by transient cerebral
ischemia in mice. Brain Res 1993;619:223-8.

[32] Jensen TS, Finnerup NB. Allodynia and hyperalgesia in neuropathic pain:
clinical manifestations and mechanisms. Lancet Neurol 2014;13:924-35.

[33] Kay S. Venous occlusion plethysmography in patients with cold related
symptoms after digital salvage procedures. J Hand Surg J Br 1985;10:
151-4.

[34] Keppel Hesselink JM. CR845 (difelikefalin), A kappa receptors agonist in
phase lll by CARA therapeutics: a case of “spin”. J Pharmacol Clin Res
2017;2:555588.

[35] Kim AY, Tang Z, Liu Q, Patel KN, Maag D, Geng Y, Dong X. Pirt,
a phosphoinositide-binding protein, functions as a regulatory subunit of
TRPV1. Cell 2008;133:475-85.

[36] Kudell, Hopps M, Cappelleri JC, Sadosky A, King-Concialdi K, Liebert R,
Parsons B, Hlavacek P, Alexander AH, DiBonaventura MD, Markman JD,
Farrar JT, Stacey BR. Characteristics of patients with neuropathic pain

Copyright © 2026 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


https://datadryad.org/submission/364837
http://links.lww.com/PAIN/C533

Month 2026 e VVolume 00 ¢ Number 00

syndromes screened by the painDETECT questionnaire and diagnosed
by physician exam. J Pain Res 2019;12:255-68.

[37] Kumagai H, Ebata T, Takamori K, Muramatsu T, Nakamoto H, Suzuki H.
Effect of a novel kappa-receptor agonist, nalfurafine hydrochloride, on
severe itch in 337 haemodialysis patients: a phase lll, randomized,
double-blind, placebo-controlled study. Nephrol Dial Transplant 2010;
25:1251-7.

[38] Land BB, Bruchas MR, Schattauer S, Giardino WJ, Aita M, Messinger D,
Hnasko TS, Palmiter RD, Chavkin C. Activation of the kappa opioid
receptor in the dorsal raphe nucleus mediates the aversive effects of
stress and reinstates drug seeking. Proc Natl Acad Sci U S A 2009;106:
19168-73.

[39] Land SR, Kopec JA, Cecchini RS, Ganz PA, Wieand HS, Colangelo
LH, Murphy K, Kuebler JP, Seay TE, Needles BM, Bearden JD, Colman
LK, Lanier KS, Pajon ER, Cella D, Smith RE, O’connell MJ, Costantino
JP, Wolmark N. Neurotoxicity from oxaliplatin combined with weekly
bolus fluorouracil and leucovorin as surgical adjuvant chemotherapy
for stage Il and Ill colon cancer: NSABP C-07. J Clin Oncol 2007;25:
2205-11.

[40] Leith JL, Koutsikou S, Lumb BM, Apps R. Spinal processing of noxious
and innocuous cold information: differential modulation by the
periaqueductal gray. J Neurosci 2010;30:4933-42.

[41] Liu SS, Pickens S, Burma NE, Ibarra-Lecue |, Yang H, Xue L, Cook C,
Hakimian JK, Severino AL, Lueptow L, Komarek K, Taylor AMWW,
Olmstead MC, Carroll Fl, Bass CE, Andrews AM, Walwyn W, Trang T,
Evans CJ, Leslie FM, Cahill CM. Kappa opioid receptors drive a tonic
aversive component of chronic pain. J Neurosci 2019;39:4162-78.

[42] Macdonald DI, Luiz AP, Iseppon F, Millet Q, Emery EC, Wood JN. Silent
cold-sensing neurons contribute to cold allodynia in neuropathic pain.
Brain 2021;144:1711-26.

[43] MacDonald DI, Wood JN, Emery EC. Molecular mechanisms of cold pain.
Neurobiol Pain 2020;7:100044.

[44] Massaly N, Copits BA, Wilson-Poe AR, Hipdlito L, Markovic T, Yoon HJ,
Liu S, Walicki MC, Bhatti DL, Sirohi S, Klaas A, Walker BM, Neve R,
Cahill CM, Shoghi KI, Gereau RW, McCall JG, Al-Hasani R, Bruchas
MR, Morén JA. Pain-induced negative affect is mediated via
recruitment of the nucleus accumbens kappa opioid system. Neuron
2019;102:564-73.€6.

[45] McCall JG, Al-Hasani R, Siuda ER, Hong DY, Norris AJ, Ford CP, Bruchas
MR. CRH engagement of the locus coeruleus noradrenergic system
mediates stress-induced anxiety. Neuron 2015;87:605-20.

[46] MclLaughlin JP, Xu M, Mackie K, Chavkin C. Phosphorylation of
a carboxyl-terminal serine within the «-opioid receptor produces
desensitization and internalization. J Biol Chem 2003;278:34631-40.

[47] Miguel CA, Noya-Riobd MV, Brumovsky PR, Villar MJ, Coronel MF. Sex-
related differences in oxaliplatin-induced changes in the expression of
transient receptor potential channels and their contribution to cold
hypersensitivity. Neurosci Lett 2022;788:136863.

[48] Milanés MV, Gonzalvez ML, Fuente T, Vargas ML. Pituitary-

adrenocortical response to acute and chronic administration of U-50

488H in the rat. Neuropeptides 1991;20:95-102.

Moy JK, Hartung JE, Duque MG, Friedman R, Nagarajan V, Loeza-

Alcocer E, Koerber HR, Christoph T, Schréder W, Gold MS. Distribution of

functional opioid receptors in human dorsal root ganglion neurons. PAIN

2020;161:1636-49.

Munanairi A, Liu X-Y, Barry DM, Yang Q, Yin J-B, Jin H, Li H, Meng Q-T,

Peng J-H, Wu Z-Y, Yin J, Zhou X-Y, Wan L, Mo P, Kim S, Huo F-Q, Jeffry

J, Li Y-Q, Bardoni R, Bruchas MR, Chen Z-F. Non-canonical opioid

signaling inhibits itch transmission in the spinal cord of mice. Cell Rep

2018;23:866-77.

Nemmani KVS, Gullapalli S, Ramarao P. Potentiation of k-opioid receptor

agonist-induced analgesia and hypothermia by fluoxetine. Pharmacol

Biochem Behav 2001;69:189-93.

[52] Nguyen MQ, von Buchholtz LJ, Reker AN, Ryba NJP, Davidson S. Single-
nucleus transcriptomic analysis of human dorsal root ganglion neurons.
Elife 2021;10:e71752.

[68] Paris JJ, Reilley KJ, McLaughlin JP. Kappa opioid receptor-mediated
disruption of novel object recognition: relevance for psychostimulant
treatment. J Addict Res Ther 2011;S4:007.

[64] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. London,
UK: Academic Press, 1998.

[65] Peckys D, Landwehrmeyer GB. Expression of mu, kappa, and delta
opioid receptor messenger RNA in the human CNS: a 33P in situ
hybridization study. Neuroscience 1999;88:1093-135.

[66] Porreca F, Burks TF. The spinal cord as a site of opioid effects on
gastrointestinal transit in the mouse. J Pharmacol Exp Ther 1983;227:
22-7.

[49

[50

[51

www. painjournalonline.com 13

[57] Porreca F, Mosberg HI, Hurst R, Hruby VJ, Burks TF. Roles of mu, delta
and kappa opioid receptors in spinal and supraspinal mediation of
gastrointestinal transit effects and hot-plate analgesia in the mouse.
J Pharmacol Exp Ther 1984;230:341-8.

[568] Porreca F, Mosberg HI, Omnaas JR, Burks TF, Cowan A. Supraspinal
and spinal potency of selective opioid agonists in the mouse writhing test.
J Pharmacol Exp Ther 1987;240:890 LP-94.

[59] Rawls SM, Robinson W, Patel S, Baron A. Beta-lactam antibiotic prevents
tolerance to the hypothermic effect of a kappa opioid receptor agonist.
Neuropharmacology 2008;55:865-70.

[60] Ray P, Torck A, Quigley L, Wangzhou A, Neiman M, Rao C, Lam T, Kim
J-Y, Kim TH, Zhang MQ, Dussor G, Price TJ. Comparative transcriptome
profiling of the human and mouse dorsal root ganglia: an RNA-seg-based
resource for pain and sensory neuroscience research. PAIN 2018;159:
1325-45.

[61] Reker AN, Chen S, Etter K, Burger T, Caudill M, Davidson S. The operant
plantar thermal assay: a novel device for assessing thermal pain tolerance
in mice. eNeuro 2020;7:ENEURO.0210-9.2020.

[62] Rusin Kl, Giovannucci DR, Stuenkel EL, Moises HC. Kappa-opioid
receptor activation modulates Ca2+ currents and secretion in isolated
neuroendocrine nerve terminals. J Neurosci 1997;17:6565-74.

[63] Sadja R, Alagem N, Reuveny E. Gating of GIRK channels: details of an
intricate, membrane-delimited signaling complex. Neuron 2003;39:
9-12.

[64] Saito M, Ehringer MA, Toth R, Oros M, Szakall |, Sikela JM, Vadasz C.
Variants of k-opioid receptor gene and mRNA in alcohol-preferring and
alcohol-avoiding mice. Alcohol 2003;29:39-49.

[65] Sheahan TD, Valtcheva MV, Mclivried LA, Pullen MY, Baranger DAAA,
Gereau RW. Metabotropic glutamate receptor 2/3 (mGIuR2/3) activation
suppresses TRPV1 sensitization in mouse, but not human, sensory
neurons. eNeuro 2018;5:ENEURO.0412-7.2018.

[66] Shippenberg TS, Stein C, Huber A, Millan MJ, Herz A. Motivational
effects of opioids in an animal model of prolonged inflammatory pain:
alteration in the effects of k-but not of w.-receptor agonists. PAIN 1988;
35:179-86.

[67] Sleigh JN, Weir GA, Schiavo G. A simple, step-by-step dissection
protocol for the rapid isolation of mouse dorsal root ganglia. BMC Res
Notes 2016;9:82.

[68] Slivicki RA, Saberi SA, lyer V, Vemuri VK, Makriyannis A, Hohmann AG.
Brain-permeant and -impermeant inhibitors of fatty acid amide
hydrolase synergize with the opioid analgesic morphine to suppress
chemotherapy-induced neuropathic nociception without enhancing
effects of morphine on gastrointestinal transit. J Pharmacol Exp Ther
2018;367:551-63.

[69] Snyder LM, Chiang MC, Loeza-Alcocer E, Omori Y, Hachisuka J,
Sheahan TD, Gale JR, Adelman PC, Sypek El, Fulton SA, Friedman RL,
Wright MC, Duque MG, Lee YS, Hu Z, Huang H, Cai X, Meerschaert KA,
Nagarajan V, Hirai T, Scherrer G, Kaplan DH, Porreca F, Davis BM, Gold
MS, Koerber HR, Ross SE. Kappa opioid receptor distribution and
function in primary afferents. Neuron 2018;99:1274-88.e6.

[70] Staurengo-FerrariL, Green PG, Araldi D, Ferrari LF, Miaskowski C, Levine
JD. Sexual dimorphism in the contribution of neuroendocrine stress axes
to oxaliplatin-induced painful peripheral neuropathy. PAIN 2021;162:
907-18.

[71] Tajerian M, Clark JD. New concepts in complex regional pain syndrome.
Hand Clin 2016;32:41-9.

[72] Taylor AMWW, Roberts KW, Pradhan AA, Akbari HA, Walwyn W, Lutfy K,
Carroll FI, Cahill CM, Evans CJ. Anti-nociception mediated by a k opioid
receptor agonist is blocked by a 8 receptor agonist. Br J Pharmacol 2015;
172:691-7083.

[73] Tejeda HA, Bonci A. Dynorphin/kappa-opioid receptor control of
dopamine dynamics: implications for negative affective states and
psychiatric disorders. Brain Res 2019;1713:91-101.

[74] Togashi Y, Umeuchi H, Okano K, Ando N, Yoshizawa Y, Honda T,
Kawamura K, Endoh T, Utsumi J, Kamei J, Tanaka T, Nagase H.
Antipruritic activity of the k-opioid receptor agonist, TRK-820. Eur J
Pharmacol 2002;435:259-64.

[75] Vadasz C, Saito M, Gyetvai B, Mikics E, Vadasz C. Scanning of five
chromosomes for alcohol consumption loci. Alcohol 2000;22:
25-34.

[76] Vijay A, Cavallo D, Goldberg A, de Laat B, Nabulsi N, Huang Y, Krishnan-
Sarin S, Morris ED. PET imaging reveals lower kappa opioid receptor
availability in alcoholics but no effect of age. Neuropsychopharmacology
2018;43:2539-47.

[77] Von Voigtlander PF, Lewis RA. U-50,488, a selective kappa opioid
agonist: Comparison to other reputed kappa agonists. Prog
Neuropsychopharmacology Biol Psychiatry 1982;6:467-70.

Copyright © 2026 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


www.painjournalonline.com

14 M.K. Madasu et al. @ 00 (2026) 1-14

[78] Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, Wu X, Vo HT, Ma
XJ, Luo Y. RNAscope: a novel in situ RNA analysis platform for formalin-
fixed, paraffin-embedded tissues. J Mol Diagn 2012;14:22-9.

[79] Wang YC, Li N, Zhao Y, Zhang LJ. Effects of female sex hormones on
chemotherapeutic paclitaxel-induced neuropathic pain and involvement
of inflammatory signal. J Biol Regul Homeost Agents 2018;32:1157-63.

[80] Wilbarger JL, Cook DB. Multisensory hypersensitivity in women with
fioromyalgia: implications for well being and intervention. Arch Phys Med
Rehabil 2011;92:653-6.

[81] Yalcin |, Charlet A, Freund-Mercier MJ, Barrot M, Poisbeau P.
Differentiating thermal allodynia and hyperalgesia using dynamic hot
and cold plate in rodents. J Pain 2009;10:767-73.

[82] Yamamizu K, Furuta S, Hamada Y, Yamashita A, Kuzumaki N, Narita M,
Doi K, Katayama S, Nagase H, Yamashita JK, Narita M. k opioids inhibit

[83]

[84]

[89]

PAIN®

tumor angiogenesis by suppressing VEGF signaling. Sci Rep 2013;3:
3213.

Yamamizu K, Furuta S, Katayama S, Narita M, Kuzumaki N, Imai S,
Nagase H, Suzuki T, Narita M, Yamashita JK. The « opioid system
regulates endothelial cell differentiation and pathfinding in vascular
development. Blood 2011;118:775-85.

Yuferov V, Fussell D, LaForge KS, Nielsen DA, Gordon D, Ho A, Leal SM,
Ott J, Kreek MJ. Redefinition of the human kappa opioid receptor gene
(OPRK1) structure and association of haplotypes with opiate addiction.
Pharmacogenetics 2004;14:793-804.

ZanGY, Wang Q, Wang YJ, Liu'Y, Hang A, Shu XH, Liu JG. Antagonism of
k opioid receptor in the nucleus accumbens prevents the depressive-like
behaviors following prolonged morphine abstinence. Behav Brain Res
2015;291:334-41.

Copyright © 2026 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.



